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Abstract

Aeolian vibrations are a major contributor to fatigue in overhead power transmission lines. These oscillations are commonly
controlled using fixed dampers, such as Stockbridge units. Nevertheless, the performance of such dampers strongly depends
on proper tuning and placement along the line, which can limit their effectiveness under varying operational conditions. To
overcome these limitations, moving vibration absorbers have been proposed as a more adaptable solution. However, despite
their promise, existing literature has largely neglected the nonlinear effects introduced by both the wind-induced lift force
and the dynamic behavior of the moving vibration absorbers themselves. While prior work has studied either fixed nonlinear
absorbers or mobile linear absorbers under wind-induced vibrations, this study, for the first time, combines a nonlinear
wind excitation model with four nonlinear dynamic absorber profiles, including two two-way motion profiles, and quantifies
vibration suppression under transient wind conditions. The aerodynamic lift due to wind is represented using a nonlinear
Van der Pol oscillator, whereas the vibration absorber exhibits a restoring force with a cubic stiffness component. Through
numerical simulations, we evaluate the performance of nonlinear vibration absorbers with different motion profiles under
resonance conditions. Results indicate that nonlinear moving vibration absorbers are more effective in suppressing transverse
vibrations compared to their linear, fixed counterparts, offering a more robust damping mechanism. Furthermore, parametric
studies explore the effects of absorber velocity, nonlinear stiffness, and damping ratio on system response. We find that the
two two-way motion profile consistently yields the highest energy dissipation efficient, hence, superior vibration suppression.
These findings offer new guidelines for the design of advanced damping systems in power transmission lines subjected to
wind-induced vibrations.

Keywords Self-excited oscillator - Nonlinear moving absorber - Powerline - Vortex-induced vibration - Aeolian vibration -
Structural vibration mitigation

1 Introduction damages to the cables [2, 3]. Therefore, the development
of effective vibration mitigation strategies for transmission
lines during aeolian vibrations has become a critical area of
research.

Traditionally, passive dampers, such as Stockbridge dampers,

Wind-induced (Aeolian) vibrations in high-voltage power
lines represent a critical phenomenon that significantly
impacts the structural integrity and reliability of these sys-

tems. These vibrations are typically characterized by small
amplitude flexural oscillations caused by the interaction
between light to moderate-speed winds with the conductor’s
natural frequency [1]. Despite their small amplitude, these
vibrations can lead to fatigue and ultimately, the failure of
the transmission lines, potentially resulting in catastrophic
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are employed to control undesirable vibrations in power
transmission lines [4—7]. The popularity of passive dampers
is attributed to their cost-effectiveness, simplicity, reliabil-
ity, and ease of maintenance. Their effectiveness has been
demonstrated across a wide range of wind- and flow-induced
vibration problems, including cable vibration control, pas-
sive mitigation of aeroelastic instabilities, and suppression of
flutter and limit-cycle oscillations in lifting surfaces. By dis-
sipating or redirecting vibration energy, these devices reduce
oscillation amplitudes and enhance the stability of engineer-
ing systems under wind-induced conditions.[8—10]. Within
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power transmission lines specifically, the performance of a
Stockbridge damper depends on the number of resonant fre-
quencies it can achieve and its placement along the span of
the conductor [11-13]. Typically, these dampers are installed
near the ends of the conductor, primarily due to the improved
accessibility in these regions, which facilitates inspection
and simplifies maintenance procedures. However, in these
locations, variable wind patterns can diminish the overall per-
formance of the dampers due to variations in the amplitude
and frequency of the wind. For instance, the fixed position
of a Stockbridge damper may coincide with nodal points of
a vibration mode of the conductor, significantly hindering its
ability to mitigate vibration [11].

To address the challenges associated with fixed Stock-
bridge dampers, Bukhari et al. [14] investigated the use of
moving vibration absorbers on power lines. Later, Kakou
et al. [11] implemented a PID-based control system on a
moving absorber for both vibration suppression and power
line inspection. Both studies suggest that moving absorbers
outperform their fixed counterparts in vibration suppression.
However, these studies have not yet considered the effects of
nonlinearity in fluid—structure interaction and the behavior
of moving absorbers.

While aeolian vibrations are similar to vortex-induced
vibrations (VIV), they are distinct in their manifestation.
Aeolian vibrations occur due to the cross-flow of air over
slender bodies, such as powerlines, and are typically asso-
ciated with higher frequency and low amplitude [15]. In
aeolian vibrations, the unsteady aerodynamic force caused
by the cross-flow of wind over power lines forms a bound-
ary layer that separates near the rear end of the cross-section
of the body. As the flow passes the structure, vortices are
shed, forming a von Karman vortex street in its wake. This
alternating shedding generates an uneven pressure distri-
bution along the structure, producing fluid forces that can
excite the structure’s natural frequencies and induce aeo-
lian vibrations. [16]. Due to the complex nature of these
interactions, sinusoidal force approximations are often inad-
equate for moving bodies such as stretching cylinders and
sheets [17-19]. Consequently, more sophisticated models
for the wake-oscillator, such as the van der Pol-type [20]
or a Rayleigh type [21] oscillators, have been employed to
more accurately represent these phenomena. These models,
which integrate self-sustaining oscillations via mechanisms
such as negative damping, provide a more accurate represen-
tation of the complex dynamics involved in VIV and Aeolian
vibrations. Empirical validations of these models have shown
good agreement with experimental observations, establish-
ing them as valuable tools for understanding and predicting
the dynamics of structures subjected to VIV [22-24].

To handle the nonlinear WIV caused by the nonstationary
and stochastic nature of wind, which can be modeled as the
nonlinear van der Pol oscillator [7, 25, 26], nonlinear vibra-
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tion absorbers have been found to be more effective [27-32].
Recent investigations in other high-performance structures
have demonstrated the effectiveness of nonlinear and adap-
tive vibration mitigation. These include nonlinear energy-
sink—based (NES) spacecraft vibration control with inte-
grated energy harvesting [33], active varying-stiffness NES
designs that improve broadband suppression [34], and high-
static—low-dynamic-stiffness isolators employing adjustable
buckling beams for improved attenuation [35]. Collectively,
these studies highlight the capability of nonlinear mecha-
nisms to provide robust vibration attenuation. The superiority
of nonlinear vibration absorbers over their linear alternatives
can be attributed to their ability to suppress vibrations over
a wide frequency spectrum [27, 29], and their robustness
against unpredictable environmental conditions [30]. For
example, Samani et al. [31] investigated the effect of a non-
linear tuned dynamic absorber versus a linear tuned dynamic
absorber to control the vibration of a beam with a moving
load. They observed that nonlinear vibration absorbers with
cubic nonlinearity significantly reduced the maximum ampli-
tude of vibrations. More recently, Zhang et al.[32] studied
the vibration capability of a nonlinear energy sink with cubic
nonlinear damping. They observed that a cubic nonlinear-
damping NES could outperform its linear-damping NES
counterpart in mitigating vibrations within nonlinear sys-
tems.

Although previous studies [11, 14] have demonstrated the
superior performance of moving absorbers compared to fixed
absorbers in suppressing vibrations, they have overlooked
the combined nonlinearities present in both wind-structure
interaction and absorber dynamics. This nonlinear interac-
tion between the vibration absorber and the wind plays a
critical role in determining absorber performance, especially
under transient wind excitation. In this work, for the first
time, we numerically investigate the combined effect of a
nonlinear aerodynamic lift force, represented using a non-
linear wake oscillator, and a nonlinear moving vibration
absorber with cubic stiffness and damping. Euler-Bernoulli
beam is employed to model the conductor,while the nonlin-
ear moving absorber is represented as a lumped-parameter
spring-mass-damper system. Four different motion profiles
for the absorber, including the novel two-two-way motion
profile, are studied under resonance conditions. The perfor-
mance of various configurations of the moving absorber is
analyzed and compared to that of a fixed absorber through
time-history analysis. We observe the superior performance
of the two two-way moving nonlinear vibration absorber
profiles in suppressing vibrations in overhead power trans-
mission lines. Parametric studies are also conducted to
evaluate the effects of system parameters, including absorber
velocity, nonlinear stiffness, and mass ratio. Overall, this
contribution represents a novel and comprehensive approach
to modeling aeolian vibration suppression, where nonlinear
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Fig.1 Design concept of the moving absorber embedded to an overhead
conductor [11]

excitation, nonlinear absorption, and dynamic mobility are
jointly considered.

The rest of the paper is organized as follows. In Sect. 2,
we present the mathematical model for the coupled system
of beam—wake oscillator along with a discussion on model
convergence. Section3 examines the effectiveness of the
nonlinear absorber in suppressing conductor vibrations. A
detailed study on the influence of key parameters on the sys-
tem response and an evaluation of the absorber’s efficiency
are also provided. Finally, conclusions are drawn in Sect. 4.

2 Mathematical modeling

A prototype of a moving vibration absorber for power lines,
as proposed by Kakou et al. [11], is illustrated in Fig. 1.
The design of this absorber is inspired by power line inspec-
tion robots and Aeolian vibration damper technology [36].
A schematic of the dynamic system, including a cable with
a moving damper at different time-instants, is presented in
Fig. 2. For the current analysis, the powerline is modeled
as an Euler-Bernoulli beam with length /, flexural rigidity
E1, mass per unit length m, and is subjected to an axial
pretension force 7. The moving absorber is modeled as an
span-mounted mass-spring-damper-mass system, compris-
ing an span-mounted mass m,, vertically suspended mass
mgp, linear and nonlinear stiffness components k and k&,
respectively, and linear and nonlinear viscous damping com-
ponents ¢ and ¢;, respectively.

The moving absorber traverses along the length of the
conductor with a constant velocity of v,,. Let x. and xgp
denote the positions of the mass along the span and the verti-
cally suspended absorber, respectively, along the conductor
length [0, /]. We can express the velocity as

Vab = X¢ = Xab-

Let w(x, t) denote the transverse displacement of the cable
atapoint x, w(x,, t) the transverse displacement of the span-
mounted mass at position x. at a time ¢ and z(¢) the transverse
displacement of the absorber mass at a time ¢. Thus, the
position vectors for a point in the cable at x, the span-mounted
mass, and the absorber mass at a given time ¢ are given by

Fpm = Xi +w(x,1) J, (1a)
re=xc(0)i+w(xe1)J, (1b)
Fap =Xc ()i +2z()]. (le)

Subsequently, the velocity vectors for a point x in the beam,
the span-mounted mass, and the absorber mass are given by

. ow (x,1) , (2a)
Fom = ——— a
bm 9t J

Jw ow
. _ . Jw Jw . . o
Fe = vapi + ( T . Uab) J (2b)
Fap = Vapi +2j (2¢)

Accordingly, the total kinetic energy of the system is given
by

T:Tbm+Tc+Tab’ (3)
where Tp,,, T,, and Ty, represent the kinetic energies of the

beam, the span-mounted, and the absorber, respectively, and
are given by:

1 1
Tom = 5pA fo w?dx, (4a)
1 ! 2 . / 2
T, = Emcf [vab+(w+w Vab) ] 8 (x —x.)dx
0
(4b)
1 2 .2
T = Emab [Uab +z ] . (4¢)

In the above expressions, the Dirac delta function § (x —x.)
is introduced to ensure that the kinetic energy of the span-
mounted mass is evaluated at the position x = x., where the
deflection of the span-mounted mass matches the transverse
deflection of the cable.

Next, the system’s stored potential energy, U, is given by

U=me+Uab+UP, (5)

where Uy, is the strain energy due to the flexural defor-
mation of the beam, U,y is the potential energy associated
with the deformation of linear and nonlinear springs of the
absorber, and Up represents the work done by the axial
tension due to the deformation of the cable. In the current

@ Springer



616 Page 4 of 20 E.Basta et al.
Xc
j‘i#- o “k
» »
k‘nl Cni
| Map > Vap
Z

Fig.2 Schematic of a nonlinear moving absorber on the overhead conductor

analysis, the conductor is supported at both ends. Addition-
ally, the axial pretension P is kept constant throughout the
analysis. Accordingly, these components are expressed as

1 I
Upm = 5 EI f (w”) dx, (6a)
0

L1 21
UabZ/ {—k(w—z) +_knl(w_z)4} 3 (x —x) dx,
o 12 4
(6b)

1 ! N2
Up:—P/ (w)dx. (6¢)
2 Jo

The work done by nonconservative forces, such as fluid—
structure interaction and viscous dissipation through the
damper, is given by [37]

l l 1
WT=/ fwwdx+|:/ {—c(u')—i—u/vab—i)z
0 0o (2
1
+4_1 cnl(w+w/vab—2)4}8(x — Xc) dx] . (D

In Eq. 7, the first integral represents the work done by
the fluid—structure interaction, where f,,w dx quantifies the
energy input from the fluctuating lift force f;, acting over the
transverse displacement w. The second integral represents
the work done by the linear and nonlinear viscous damping
forces, localized at the absorber position x, through the Dirac
delta function §(x — x.).

It should be noted that the term w + w’v,, — z in Eq. 7
arises from the relative velocity between the moving cable
and the vertically suspended mass. Specifically, w = 83—';’ is
the local transverse velocity of the cable at x., while w’vgp
results from applying the chain rule to the material derivative

of w:

Jw dx,
ax dt’

dw_8w+
dt ot
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dx,
with % = v, being the horizontal speed of the absorber

while the term z represents the vertical velocity of the ver-
tically suspended mass. Together, these terms capture the
relative motion across the damper, which governs energy
dissipation through the viscous damper. The linear (c;) and
nonlinear (c,;) damping coefficients appear in the integrand
to model this dissipation consistently within Hamilton’s prin-
ciple. InEq. (7), the fluctuating lift force across the conductor,
fw,isrelated to fluctuating lift coefficient, C , by the expres-
sion [38]

2
prViDCy
Sfw= —fz , 8)

where ps is the fluid density, Vy is the surrounding fluid
velocity, and D is a characteristic dimension such as the
conductor diameter. Using the relationship between the drag
force f; and drag coefficient Cy,

1
fa=5psViDCa,
Eq. (8) can be written as
Jw=-"Cr. ©))

Furthermore, C;, follows the equation [38]

2a
CLx,1)=q(x,1)— w (10)

Wsh

where ¢ is the wake variable, « is stall-related parameter, wyy,
is the vortex-shedding frequency. The second component in
Eq. (10), referred to as the stall term, enables the system’s
self-limiting behavior by producing a negative slope in the lift
coefficient during large-amplitude oscillations. As described
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in [38], the wake variable, ¢ (x, ), follows the nonlinear van
der Pol equation.

G —omn (Clo—44%) 4+ 0la = oy an

where p is the damping factor, y is the coupling term, and
Cro is the lift coefficient for a stationary cylinder. It should
be noted that the specific values of these parameters are deter-
mined by the dynamic interaction between the conductor and
the surrounding wind and can be extracted via experimental
measurements.

To provide an intuitive view of the aerodynamic exci-
tation mechanism, a schematic representation of the wake
oscillator coupled to the powerline is shown in Fig. 3. As
wind flows past the powerline, alternating vortex shedding
induces the wake variable g (x, t), modeled using a non-
linear van-der Pol oscillator that captures the self-excited
and self-limiting nature of vortex-induced vibrations. The
wake variable governs the fluctuating lift coefficient and
the resulting distributed aerodynamic force fy, (x,t) acting
on the cable, while the cable’s transverse velocity w(x, )
simultaneously feeds back into the wake dynamics through
the velocity-coupling term in Eq. (11). Additionally, the
structural displacement w(x, ¢) is further coupled to the
moving absorber through the nonlinear stiffness and damp-
ing elements, enabling energy transfer from the cable to
the absorber and its subsequent dissipation. This combined
fluid—structure—absorber interaction ensures both the aero-
dynamic energy input and the nonlinear absorber-induced
dissipation mechanisms.

Next, using the energy expressions and work done
obtained earlier, and employing the generalized Hamilton’s
principle which states

15
8/2(7(—T—W)dt:0 (12)
1

for each generalized coordinate {w, z} along with the wake
oscillator equation (van der Pol) from Eq. (11), the result-
ing equations of motion governing the beam, the moving
absorber, and the fluid forces are expressed as follows:

EIw" + pAd — Pw” = fu — (fe + fap) g (x,1) (132)

meZ — fab =0 (13b)

G — o (Clo—49%) 4+ olq = oy (130)

Because the vertically suspended mass is small compared
to the main system mass, and the absorber’s velocity remains
low, the influence of Coriolis acceleration can be disregarded.
Consequently, the expressions for concentrated forces from
the span-mounted mass f. and the absorber f,; along with

the transverse fluid force f,, read:

felx, ) =m0 (14a)
Fap (e, 1) =k (w — 2) + kn(w — 2)> + ¢ (1 — 2)
+ e — 2)° (14b)
Jwx, 1) = fo (61 - 2_aw> (140)
Cya Wsh

Furthermore, the motion of the absorber along the cable
is described by four distinct location profiles, collectively
represented by the function g(x, ) in Eq. (13). Each pro-
file corresponds to a specific configuration that determines
whether the absorber remains fixed or moves along the span.
These profiles are defined using Dirac delta and Heaviside
step functions to specify the absorber’s position at any given
time. For clarity, the complete piecewise definition of g(x, ¢)
is provided in Eq. (15), with the four configurations listed
below.

g1(x), fixed absorber,

g(x,1) = g2(x,t), one-way moving absorber,
g3(x,t), two-way moving absorber,
ga(x,t), double two-way moving absorbers.

15)

The four configurations are detailed below. Note that, to
provide a systematic framework for isolating the effect of
the absorber’s nonlinearity without introducing additional
variables, these configurations follow the benchmark setups
adopted in prior studies [11, 14] on linear moving absorbers.

e Fixed absorber (g1): 6 (x —0.02/) This profile represents
a stationary absorber located at 2% of the conductor’s
length, functioning as a traditional damper

e One-Way Moving Absorber (g>):

0<r<%l
— Vab

5(x — vgpt) © (3—“ _ t) ,

1b

S(x — 0.10), t> QU

Vab

82 =

This profile models an absorber that moves from left

to right with a constant velocity v,p, covering 10%

of the conductor’s length. The motion is active during
0.11

0 <t < o governed by the Heaviside step func-

tion © (?}—1; — t). After this time, the absorber stops and

behaves as a fixed absorber at 10% of the conductor’s
length.
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Fig.3 Schematic representation of the bidirectional coupling between the cable motion w(x, #) and the distributed wake variable ¢ (x, t) governed

by the nonlinear Van der Pol oscillator

e Two-Way Moving Absorber (g3):

0.1/
S(x—vabt)®< —t)

Vab

0.1/
46 (x — 0.1l = [0.1] —vgpt]) © <t - )

0.21 b
@( - —t)

Vab 0.2/
§(x) t > T

0<r<?22
— Vab

This profile describes an absorber that first moves from
left to right, covering 10% of the cable’s length. This

— t) during

motion is captured by §(x — v,pt) © (
Vab

0.1/ 0.1/

0 <t < —. Aftert = ——, the first term becomes
Vab Vab .

zero, and the second term activates, modeling the reverse

. For

motion from right to left during (1))._1]]1 <t <
“ Vab

t > =
Vg
x=0.

e Double Two-Way Moving Absorbers (g4):

, the absorber behaves as a fixed absorber at
b

0.17
g3+ 6 (x —[0.9] — vgpt]) ® 5

b
0.11
8t — 1 — [0.11 — vapt]) © _¢
_ Vab

B 0.21 0.21
® —t 0<t<
Vab Vab

SG) +8(x —0.90) >

Vab
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This profile captures the motion of two absorbers at oppo-
site ends of the conductor. The first absorber follows the
dynamics of g3, moving back and forth at the left end
of the cable. The second absorber, located at 90% of the
conductor’s length, moves in a similar two-way fashion,
covering 10% of the cable length from the right side. For

t > , both absorbers behave as fixed absorbers at

. Uab .
their respective endpoints.

With the location profiles of the absorber established, we
now define the boundary and initial conditions for the sys-
tem. In this analysis, the cable is modeled with conventional
boundary conditions for a simply supported configuration.
The initial conditions correspond to a stationary cable, imply-
ing that:

BCs: w(0,1) =0, w(0,¢) =0, w” (0,1) =0,
w’ (L, t) = 0; (16a)
ICs: w(x,0)=0, w(x,0)=0,z(0)=0, =0 (16b)

A nonzero initial condition for the wake variable g corre-
sponds to initiating wake dynamics, which generate a wake
force that induces the response of the coupled structure, lead-
ing to a realistic initiation of oscillations. Accordingly, the
following initial conditions are defined for the wake oscilla-
tor:

g0 #0, ¢0)=0 (17)

Different methodologies can be employed to solve the
dynamical system described by Egs. (13), (14), (16) and (17).
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One widely used approach is the Galerkin projection method,
which transforms the continuous PDE model into a discrete
set of ordinary differential equations (ODEs). This method
requires a set of basis functions which satisfy the essential
boundary condition of the system. Accordingly, the solutions
for w(x, t) and ¢ (x, t) can be approximated as:

w6 =Y du;(x)-a; 1)

J=1

and g (x,0) =) ¢g; (X)-G; (1) (18)

j=1

where ¢, j (x) and ¢, i (x) are the spatial basis functions
for w and ¢, respectively, and a; (t) and g; (¢) are the cor-
responding temporal coordinates. In the current analysis,
w (x, t) and g (x, ) demonstrate identical mode shapes [7],
implying that

buwj (X) =¢g; (x) = ¢; (x).

For a simply supported cable under pretension, the mode
shapes ¢; (x) are given by [39]:

2 -p P2 pAw;
¢ (x) = msm J 3E] + HEI? + E7 X (19)

where w; represents the natural frequencies of the bare
beam and is given by

7\2 |EI j2 P12
= (= f— i4 2
@ (l)\/pA <]+n2E1) 0)

Upon substituting the assumed solution into the governing
equation of motion (13), we obtain

oo o0 oo
EIY ¢f"aj—PY_¢jaj+pA) ;i
j=1 =1 j=1

thka | Y {¢jai} -z (Z {pmam} — z)

+cni Z ¢Ja] (Z {bmam} — Z)
j=1 m=1
(Z {Bnén} — z)] G (x,1) 1)
n=1

while the equation of motion of the absorber becomes

j=1 X=X¢
— ku Z {¢]aj (Z {pman} — )
Jj=1 =l
(Z {pnan} — Z):| C(Z ¢ja;} — )
n=1 X=xXc k=1 X=Xx¢
Cnl Z {¢./aj}
=1

(Zwmam}—z) (Z{man}—zﬂ =0 (22
m=1 n=1 X=x

=X¢

and the van der Pol oscillator equation is given by:

o0 . o o0
> id; —omn | Clo— 4> 6id; > bmim
j=1 j=1 m=1
o0 o0
2 2 ~
D Ondn+ ] ) 0jd;
n=1 j=1

= wsny Z(f)jilj (23)

j=1

Since the assumed forms of the solutions are not exact
solutions to the system, Egs. (21), (22) and (23) are not sat-
isfied identically, resulting in residual errors. To minimize
these residuals, we apply the standard Galerkin projection
method and use the following identities:

Lol a2 ?¢; )\ d [ de;(x)
/()¢k|:dx2(E1 dx? _E<P dx )dx

= w?Sjk
2 s
_ { oF J =k (24a)
0 j#k
I 1 j=k
fo PAPE (x)pj (x)dx =i = {0 jEk (24b)
1
fo 97 (x) 92 (x) dx (249
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f} [— (191 ésin (l@j)) — Zsm (l@l)cos (191)] =k
F* [ feos (216) + §sin? (16;) — gh-sin® (16 )sin (416)
329j sin (206;) — 969 sin (616 )] J#k
(24d)
where
F=/Z and 6 —F L~ pho] (25)
=,/ — an =
m J 2EI 4ED* EI
to get
[o¢]
iy + 2 gy + wpag + | me (Z ¢jﬁj)
=1
+k (Z {9jaj} - Z)
j=1
tc (Z {9ja;} - i)
j=1
%0 % 26
+knl (Z {#jaj} —Z) (Z (émam) _Z> o
j=1 m=1
Jo) 00
(Z {pnan} — Z) +cni Z {¢Jaj} -z
n=1 Jj=1
(Z {¢mam} — z) (Z {nan) — z)}
m=1 n=1 X=X¢
- S (. 20,
8k (1) = Cuph (th " o ak)
- [k (z e ) + b (Z (o70,] )
j=1
(Z ($mam) - z) (Z {¢nan} — z)
m=1 n=1
(26b)

¢ (i_o: {d)jdj} _i) +cnl (Z_: ¢]a] Z)

0 00
< {bmam} — > (Z {pnan} — Z)]
m=1 n=1 x=x

=Xc

Gx — wshitCio di + 4pAwgu

qu q,/tbk ¢2dX+2 Z qkq,q,/¢k ¢ dx

j=1
j#k
+ wfh(?k = wspyak
(26¢)

for k = 1..N. In the above equation ¢ represents the damp-

ing coefficient for the cable. Moreover, in Eq. (26) g (¢) is
defined as

@ Springer

Euler Bernoulli theory coupled with wake
oscillator and discrete moving absorber equation
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3
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Runge-Kutta scheme (R-k)

Nonlinear response effect of nonlinear
moving absorber

Fig. 4 Modeling approach and analysis of a powerline equipped with
a nonlinear moving absorber under wind forces

!
8k (1) =f0 Gr(x) g(x, 1) dx 27)

A flowchart outlining the main steps of the model devel-
opment is provided in Fig. 4. The formulation begins with
the governing equations of an Euler—Bernoulli cable cou-
pled to a nonlinear wake oscillator and a nonlinear moving
absorber. These equations are reduced via a Galerkin pro-
jection to obtain a finite set of coupled nonlinear ordinary
differential equations. Numerical integration of this reduced-
order model is then used to examine the nonlinear dynamics
of the cable—wake—absorber system for different absorber
configurations, speeds, and parameter sets.

To evaluate the efficacy of the proposed nonlinear vibra-
tion absorber, we define the energy dissipation index 7 as the
ratio of dissipated energy E to input energy E;,

Eq
Ein .

n= (28)

Here E;,, represents the total input energy supplied to the
beam by the force f,,, which acts at a location x s along the
length of cable. It is expressed as

7 1 S
EianO/ Jw (x, 1) |:Z¢(X)a(l‘):| dx dt .
070 i=1

X=xy
(29)
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Table 1 Structural properties of cable, absorber, and van-der Pol oscil-
lator

Parameter Unit Value Parameter Unit Value

l m 27.25 Fy N/m 0.4320
EI N-m? 1602 w1 rad 15.0734
pPA kg/m 1.6286 mg kg 4.8

P N/m 27840 Vab m/s 0.1

me kg 0.2 o - 0

k N/m 1356.96 Cro - 0.28

c N-s/m 177.0 cd - 1

Similarly E4, the energy dissipated by the linear an nonlinear
damping elements of the moving absorber and is given by

2
1 S
Ed=/0 ez =3 {8y i o)
j=1
o 4
Feu | 20 =Y {¢ () a; (1)} dr (30)
j=1 .

In the above expressions, 7y is the duration for which f,, is
applied and the #; is the large enough time to ensure that
transient dynamics are nearly damped.

2.1 Convergence of the Galerkin approximation

Before proceeding with the numerical simulation of the sys-
tem, it is necessary to select an appropriate truncation level
for the Galerkin approximation of w(x, ) and ¢q(x,t). To
achieve this, we analyze the Bode plot of the bare beam,
using the structural properties listed in Table 1 [2, 14]. The
Bode plot for different numbers of terms in the expansion is
presented in Fig.5.

From Fig. 5, it is evident that the Bode plots for N = 5
and N = 10 terms in the expansion closely match for lower
modes, further implying that N = 5 is sufficient to capture
the system’s primary dynamics in these modes. However, for
higher modes, a larger number of terms is required to accu-
rately capture the peaks and the associated dynamic response.
Since the current analysis focuses on the system’s response
dominated by the first few modes, selecting N = 5 for the
approximation provides sufficient accuracy while maintain-
ing computational efficiency.

In the next section, we present results on the dynamic
behavior of the system and the corresponding frequency
response curve.

3 Numerical results and analysis

This section analyzes the dynamic characteristics of the con-
ductor integrated with a nonlinear vibration absorber, with
the aerodynamic forces represented through a wake oscil-
lator model. Before analyzing the system’s response for
various system parameter combinations, it is necessary to
identify the parameters of the semi-empirical wake oscillator
model. Specifically, the key parameters n and y are deter-
mined by comparing the response of the current model with
experimental results reported in earlier studies. Bukhari et
al. [14] analyzed the dynamics of the conductor with a mov-
ing absorber using a sinusoidal model for the lift force based
on experimental data [31, 40]. In the current analysis, these
parameters are identified by comparing the response of the
coupled beam—oscillator model against that of the sinusoidal
model at a given frequency.

To achieve this, we first set the stall term («) to zero to
ensure that damping in the system arises solely from the
structural damping of the conductor and the moving vibra-
tion absorber. Additionally, the excitation amplitude of the
harmonic forcing is scaled using the steady-state behaviour
of the wake variable ¢ over a given frequency range. Next,
the numerical values of 1 and y are determined by match-
ing the midpoint motion of the conductor between the wake
oscillator model and the harmonic model.For this analysis,
a one-way moving absorber is considered, with a constant
velocity vy, = 0.1m/s, while the conductor is excited at
a frequency f = 20 Hz. The time-domain response of
both models shows good agreement for parameter values of
y = 1.2534 x 1072 and p = 0.3763, as depicted in Fig. 6.
Therefore, the identified parameter values are used in the
subsequent analysis unless otherwise specified.

Next, we evaluate the system’s frequency behavior under
the wake oscillator model versus the sinusoidal model for the
lift force. This step also serves to highlight the motivation
behind the current analysis. The frequency response curve,
shown in Fig. 7, reveals a significant difference between
the two models at the resonance at f; = 2.399Hz. More
specifically, the sinusoidal model fails to capture the effect
of nonlinearity at resonance, whereas the van der Pol oscil-
lator demonstrates hardening nonlinearity at resonance. This
behavior can be attributed to the velocity-dependent damping
term in the van der Pol oscillator, which is quadratic in nature.
Capturing such nonlinear effects is essential for accurately
representing the dynamics of the current nonlinear system,
making the self-excited nonlinear oscillator a suitable choice
for modeling the aerodynamic lift force.

In this section, our focus shifts towards numerical simu-
lations, aiming to fulfill several key objectives. Firstly, we
intend to compare the time responses of different location
profiles, G (x, t) associated with both linear and nonlinear
absorbers. Secondly, our goal is to examine how different

@ Springer



616  Page 10 of 20

E.Bastaetal.

Fig.5 Convergence analysis of 10!

the Bode plot for the bare beam
using reduced models with
N =1, 2,5 and 10 modes
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1073 ¢

T T T
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Fig.6 Comparison of the time x1074

2.5

responses obtained using two
different force models at 20 Hz

— Average Sinusoidal model [14]
--=- Wake oscillator model

parameters influence the overall system response. Lastly, an
assessment of the efficiency of the nonlinear absorber based
on the portion of the wind energy dissipated, seeking to iden-
tify the optimal placement location. To maintain alignment
with empirical data, we adhere to the structural and fluid
properties outlined in the referenced experiments [2], with
concise details provided in Table 1 as per [14].

With the values of i and y identified, we now present the
temporal behavior of the system for the various location pro-
files discussed earlier, considering both linear and nonlinear
moving dampers. This analysis evaluates the effectiveness
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of the nonlinear moving absorber in comparison to its linear
counterparts.

3.1 Time response for absorber profiles

In this section, we assess the performance of the nonlinear
vibration absorber compared to its linear counterpart across
various location profiles, G (x, ). For this purpose, we exam-
ine the time response of the conductor’s midspan, w(0.5, t),
over the time interval required for the absorber to complete
its motion. These time histories are shown in Figs. 8, 9, 10,
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—— Average Sinsusoidal Model [14]

Fig.7 Analysis of the
frequency behavior of the cable 0.14
near the first natural frequency
using two force models 0.12 ——Wake Oscillator Model
0.1
2
? 0.08
&
3 0.06
0.04
0.02
0 1
0.9620 0.9752

and 11, corresponding to the location profiles g1, g2, g3,
and g4, respectively. For this numerical analysis, we use the
parameter values for the linear vibration absorber listed in
Table 1, while for the nonlinear vibration absorber, we use
k = 1356.96, ¢ = 0, kp; = 1356.96 and ¢,; = 177,
unless stated otherwise. Additionally, for all location pro-
files, the conductor is excited near its first natural frequency
J1=2.415Hz.

Figure 8 illustrates the midspan displacement for the fixed
absorber profile g1, comparing the performance of linear and
nonlinear vibration absorbers. Based on Fig. 8, it is evident
that the vibration amplitude w at midspan corresponding to
the nonlinear vibration absorber remains significantly lower
than that of its linear counterpart. This observation arises due
to, at resonance, the system reaches its maximum amplitude,
which leads to a more significant increase in the damping
force provided by the nonlinear absorber.

Although the midspan vibration amplitude for the fixed
absorber profile is reduced with the implementation of a non-
linear vibration absorber compared to the linear counterpart,
it still remains relatively high. This observation motivates
further exploration of other methodologies, including mov-
ing vibration absorbers, to achieve more effective vibration
suppression.

To evaluate the performance of the moving vibration
absorber, We investigate the midspan response of the con-
ductor with a nonlinear absorber in contrast to the linear
configuration, based on the location profile g» (one-way
moving absorber). For completeness, we also include a com-
parison with the fixed vibration absorber, as shown in Fig.9.
As noted earlier, the vibration absorber in profile go moves
forward along the conductor and ceases motion after com-
pleting its course. From Fig. 9, it is observed that while the
moving linear absorber reduces the vibration amplitude com-

0.9885 1 1.015
Q/w1

1.0283

pared to the fixed absorber, the performance of the absorber
can be improved significantly by including nonlinear ele-
ments in it. This enhanced performance of the absorber is
attributed to the ability of the moving absorber to traverse
to more effective locations along the conductor, which is not
attainable in the fixed absorber.

Next, we assess the performance of linear and nonlinear
absorbers for the third location profile g3 (two-way moving
absorber). The corresponding time histories for the midspan
are compared against the fixed absorber and are presented in
Fig. 10. From Fig. 10, it is evident that the moving nonlinear
absorber demonstrates greater effectiveness than the mov-
ing linear and fixed absorbers. Specifically, at resonance, the
maximum vibration amplitude is reduced to less than half of
that observed with the fixed linear absorber, and this occurs
over a time period that is half as long as that of the one-way
moving absorber. We emphasize that the cable response does
not diminish entirely, as the van der Pol oscillator exhibits
limit cycle oscillations due to its nonlinear damping charac-
teristics.

Finally, we compare the performance of linear and non-
linear absorbers for the fourth location profile g4, which
involves two two-way moving absorbers covering 10% of
the conductor’s length (27.5 m) on both sides. The corre-
spoding time histories are presented in Fig. 11. From Fig. 11,
itis evident that there is a further decrease in vibration ampli-
tude compared to other location profiles. As with the other
profiles, the nonlinear absorber is more effective than its lin-
ear counterpart for profile g4. Additionally, the inclusion of
an extra nonlinear absorber leads to pronounced nonlineari-
ties in the system, causing some fluctuations in the response
before the system settles into a limit cycle.

To this end, we emphasize that at resonance and with an
appropriate choice of system parameters, including absorber
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—Fixed linear absorber [14]
—Fixed nonlinear absorber

Fig.8 Time response
comparison at mid-span 0.06 -
between a fixed linear absorber
and a corresponding nonlinear
configuration at f = 2.415 Hz 0.04 +
0.02 -
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—Fixed linear absorber .
—One-way moving linear absorber
——One-way moving nonlinear absorber
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Fig.9 Comparison of midspan :
time response of the conductor 0.06
for fixed nonlinear, one-way
linear, and one-way nonlinear
vibration absorbers at 0.04 -
f=2414Hz
0.02 -
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=
S 0
S
3
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velocity, nonlinear stiffness, damping, and van der Pol
parameters, the nonlinear moving absorber outperforms its
linear counterpart in mitigating cable vibrations. Accord-
ingly, a parametric analysis is conducted and presented next.

3.2 Influence of the main parameters on the system
behavior

In this section, we examine the influence of various system
parameters on the cable’s behavior. These include absorber
parameters such as nonlinear stiffness, nonlinear damping,
velocity, and weight distribution, as well as van der Pol
oscillator parameters, including the coupling term, damping
coefficient, and stall term. This analysis aims to identify the
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key parameters and their optimal values for effective vibra-
tion mitigation.

We begin by examining the impact of the velocity of
the nonlinear moving absorber. Increased absorber velocity
can influence resonance effects, thereby affecting the rate of
energy dissipation. However, excessively high velocities can
also lead to material fatigue, degradation, and potential struc-
tural damage over time. Therefore, in the analysis, we restrict
ourselves to moderate velocity of the absorber ranging from
0.1 m/s to 1 m/s, across excitation frequencies from 0 Hz to
20 Hz. The results, presented as a contour plot in Fig. 12aA
3D plot illustrating the variation of maximum displacement
at the midspan of the cable with varying absorber velocity
and frequency is shown in Fig. 12b



Mitigation of vortex-induced vibrations in transmission...

Page 130f20 616

—Two-way moving nonlinear absorber ‘

|

TR RRRIR
i

15 20 25 30 35 40 45 50

—Two-way two linear absorbers (two absorbers)
—Two-way two nonlinear absorber (two absorbers)

LR

.

Fig. 10 Comparison of midspan ‘ ‘ ‘
time response of the conductor —Fixed linear absorber
for fixed nonlinear, two-way —Two-way moving linear absorber
linear, and two-way nonlinear 0.1
vibration absorbers at
f=2415Hz
0.05
£
=
5 0
e
3
-0.05
-0.1
-0.15 ‘ ‘
0 5 10
Fig. 11 Comparison of midspan 0.15 ‘ ‘ ‘
time response of the conductor —Fixed linear absorber
for fixed nonlinear, two two-way
linear, and two two-way 0.1
nonlinear vibration absorbers at
f=2415Hz
0.05
£
=
S 0
=
3
-0.05
-0.1
-0.15 ‘ ‘
0 5 10

Next, we examine the effect of nonlinear stiffness and
damping on the maximum vibration amplitude and compare
it against the linear absorber. A 3D plot illustrating the nor-
malized maximum displacement of the midspan (relative to
the maximum displacement of the mid-span corresponding to
the linear absorber) is shown in Fig. 13 for various nonlinear
stiffness and damping coefficient values at f = 2.399 Hz.
For this analysis, the absorber’s position is fixed at 2% of the
conductor’s length. From Fig. 13, we observe that an increase
in nonlinear damping results in a significant reduction in
the maximum amplitude. In contrast, changes in nonlinear
stiffness have a less pronounced effect on the maximum
amplitude. Furthermore, for the given values of other system
parameters, critical values of nonlinear stiffness and damp-

15 20 25 30 35 40 45 50
t[s]

ing exist below which the linear absorber is more effective in
reducing vibrations. This observation highlights the impor-
tance of carefully selecting nonlinear stiffness and damping
values to ensure efficient vibration suppression.

Having established the effects of absorber velocity, non-
linear stiffness, and damping, we now investigate the influ-
ence of weight distribution between the span-mounted mass
and the vertically suspended mass of the absorber. To quan-
tify this effect, we introduce the mass ratio 8, defined as
the ratio of the span-mounted mass to the total mass of
the absorber. A thorough understanding of the mass ratios’
effect on the system’s long-term performance and relia-
bility is essential, as an improper selection of § can lead
to system instability, excessive stress on components, and
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Fig.12 (a) Maximum
displacement under varying
absorber velocities and
excitation frequencies. (b) 3-D
zoomed view of (a) in the
frequency range of 2.1-to 2.8 Hz
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reduced absorber effectiveness over time. For this analysis,
the absorber is placed at 10% of the conductor’s length, with
ky = 1000 N/m? and c,; = 1000 N-s*/m>. The steady-
state response for different mass ratio values is presented in
Fig. 14. From Fig. 14, we find that lower mass ratios corre-
spond to reduced steady-state displacement, suggesting that a
lighter span-mounted mass and heavier vertically suspended
mass, for a given total absorber mass, are more effective
for vibration suppression. However, increasing the verti-
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cally suspended mass could lead to system instability during
operation. Additionally, a heavier vertically suspended mass
is likely to require greater energy consumption to move
between positions, which may impact the system’s efficiency.
Therefore, careful selection of the mass ratio § is crucial to
achieving enhanced absorber performance while maintaining
system stability and energy efficiency.

After examining the effects of absorber parameters, we
now investigate the influence of the van der Pol oscillator
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parameters on the system dynamics. For this analysis, the
frequency response curve at the first natural frequency of the
system is utilized.

We begin by analyzing how the coupling coefficient y,
affects the response system as shown in Fig. 15. From Fig. 15,
itis evident that as y increases, both the nonlinearity and the
maximum amplitude at resonance also increase. This behav-
ior can be attributed to the fact that higher values of y enhance
energy transfer between the cable and the wake oscillator.
This intensified energy exchange amplifies nonlinear effects,
such as amplitude-dependent stiffness and damping, which
in turn lead to complex nonlinear dynamics at resonance,
including a more pronounced jump phenomenon.

Next, we examine the effect of the damping coefficient p
on the frequency response near the first natural frequency,
as depicted in Fig. 16. As expected, increasing u reduces
the resonant amplitude. Interestingly, while higher damping
coefficients introduce greater nonlinearity into the system,
they also enhance the system’s stability. This stabilization is
evident from the reduced jump phenomena observed in the
frequency response curves.

Finally, the effect of the stall parameter « is analyzed, as
illustrated in Fig. 17. It can be observed from Fig. 17 that
increasing « leads to a reduction in the maximum steady-
state amplitude. This behavior can be explained using Eq.
(14)c, where the stall term is coupled with the cable velocity.

@ Springer



616  Page 16 of 20 E.Bastaetal.
Fig. 15 Influence of different 0.16
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A higher o effectively increases the system’s damping, which
in turn lowers the peak steady-state amplitude and diminishes
the overall nonlinearity of the system.

Having investigated the influence of various system
parameters on the cable’s response, the subsequent section
evaluates the performance of the nonlinear moving absorber
with a focus on energy efficiency.

3.3 Performance of the nonlinear absorber based on
its efficiency

As previously mentioned, one way to quantify the effec-
tiveness of the nonlinear moving vibration absorber is by
evaluating its ability to dissipate input energy at resonance.
The efficiency of the nonlinear moving absorber is calculated
using Egs. (28)—(29).

For this analysis, a half-sinusoidal pulse is used as the
input force, consistent with prior studies [31, 41]. To val-
idate the accuracy of the current model under half-sine
pulse excitation, Fig. 18 presents a comparison between the
results of the current model and those reported by Georgiades
and Vakakis [41]. The comparison shows good agreement,
demonstrating the reliability of the present model. With this
validation, the efficiency of the nonlinear moving absorber of
the current system is evaluated by considering the following
impulsive excitation force

0.432sin 2nt/T) ,

f(t):{ . 0<t<T)2

t<Oandt>T/2 S

where T = f,, = 2.399 Hz. Figure 19 illustrates the fraction
of energy (n) dissipated by the linear and nonlinear absorbers
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for different normalized absorber positions (d/I). The linear
absorber is characterized by k = 1000 N/m and ¢ = 1000
N-s/m, while the non-linear stiffness and damping for the
nonlinear absorber are k,; = 1000 N/m? and ¢,; = 1000
N-(s/m)3. The excitation force is applied at x r = 30% of
the conductor’s length. The numerical simulations depicted
in Fig. 19 were performed up to t=150s, which is sufficient
for the transient dynamics to subside. Accordingly, the maxi-
mal energy dissipation (1, >> 1) was nearly attained. From
Fig. 19, it is evident that the dissipated energy is highly sen-
sitive to the absorber’s location. Higher efficiency values are
observed when the absorber is positioned close to the beam’s
midpoint, whereas efficiency decreases markedly near the
beam ends. Additionally, the nonlinear absorber consistently
outperforms its linear counterpart across all locations. These
results demonstrate that a properly designed and optimally
located nonlinear absorber can effectively capture and dis-
sipate a large fraction of the energy induced in the beam.
Furthermore, the energy dissipation is irreversible due to the
inherent nonlinearity, as reflected by the considerable energy
absorbed by the nonlinear damper component of the nonlin-
ear vibration absorber.

3.4 Practical considerations and implementation
prospects

While the present study focuses on the theoretical and
numerical investigation of nonlinear moving absorbers, it
is important to briefly discuss their practical prospects and
challenges in real transmission-line systems. Compared with
traditional fixed Stockbridge dampers, a nonlinear moving
absorber offers several potential advantages, including the
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ability to avoid nodal locations, adapt to spatially varying
wind fields, and maintain effective energy exchange over
a wider range of operating conditions due to its inherent
nonlinear characteristics. These features make the concept
promising for mitigating aeolian vibrations under variable or
transient wind environments.

From an engineering standpoint, several implementation
challenges must be addressed. A moving absorber requires
a reliable mechanical guidance system capable of operat-
ing under outdoor conditions, ice loading, and long-term
wear. The introduction of nonlinear stiffness and damping
components increases design complexity and cost relative to

conventional passive devices. Furthermore, regular inspec-
tion and maintenance procedures would need to be adapted
to account for a mobile device operating along a conductor
span. Integration with existing transmission-line hardware,
such as spacers and suspension clamps, also requires careful
consideration.

Despite these challenges, the growing interest in mobile
inspection robots, autonomous monitoring devices, and
adaptive damping systems suggests that moving absorbers,
particularly nonlinear configurations, may become increas-
ingly viable as supporting technologies mature. Future
improvements may include lightweight composite hous-
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ings, wear-resistant guide rollers, and semi-active or hybrid
designs that combine passive nonlinear components with
low-power actuation. These developments could signifi-
cantly improve durability, reduce maintenance demands,
and increase the practical adoption of nonlinear moving
absorbers in actual transmission-line networks.

4 Conclusion
In this study, we investigated the effectiveness of nonlinear

moving vibration absorbers with different motion profiles in
mitigating vibrations in overhead power-transmission lines,

@ Springer

particularly near resonance at the first natural frequency. The
equations of motion were obtained by applying Hamilton’s
principle, and the nonlinear aerodynamic lift force was rep-
resented using a nonlinear self-excited oscillator to capture
wake-induced effects. We analyzed four motion profiles of
nonlinear moving absorbers, including fixed, one-way, two-
way, and two-two-way moving absorbers. We observed that
in all cases, the nonlinear vibration absorber outperformed
its linear counterpart in suppressing powerline vibrations.
A detailed parametric analysis was conducted to identify
key system and design parameters and their optimal values
to increase the effectiveness of the vibration absorber. We
observed that higher absorber velocities offered better vibra-
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tion suppression; however, excessive speeds could induce
structural stress and diminish performance. We identified
threshold values for nonlinear stiffness and damping, beyond
which nonlinear moving vibration absorbers consistently
outperformed their linear counterparts. Regarding mass dis-
tribution, we observed a lower span-mounted mass ratio
reduced steady-state vibration amplitudes, although we also
observed a trade-off between energy efficiency and vibration
control, requiring careful tuning of system parameters. Fur-
thermore, we observed that an increase in the damping and
stall coefficients in the van der Pol oscillator led to lower
vibration amplitudes, while higher values of the coupling
coefficient amplified nonlinearities in the frequency response
curves. The energy analysis also demonstrated that nonlin-
ear absorbers, particularly those with two-two-way motion,
were significantly more efficient in dissipating input energy
than conventional fixed or linear absorbers.

Overall, this work presents a novel and comprehensive
framework that jointly considers nonlinear wind excitation,
nonlinear damping behavior, and dynamic absorber mobil-
ity. These findings offer practical design guidelines and
demonstrate that nonlinear moving absorbers, when prop-
erly optimized, provide a robust and efficient solution for
vibration mitigation in power transmission lines.
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