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Abstract

This work investigates the performance of a moving damper for overhead transmission lines. The damper or absorber
consists of mass-spring-damper-mass system. The absorber is connected to a single conductor subjected to pretension
and wind force. The governing equations of motion are obtained using Hamilton’s principle, and numerical analysis is
carried out using MATLAB®. The model is validated by comparing the present results to those in the literature.
Parametric studies are conducted to investigate the performance of the proposed absorber. The results indicate that
a moving absorber can be more effective than a fixed absorber. It is also demonstrated that the vibration displacement

decreases with increasing forcing frequency and decreasing absorber speed.
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I. Introduction

Aeolian vibration of overhead transmission lines has
been a subject of study for many years. The development
of repetitive cycle motions resulting from the wind force
can cause tremendous damage to power networks. This
type of wind-induced motion is specific to single con-
ductor, and it is characterized by low amplitudes and
high frequency vibration. The frequency of Aeolian
vibration ranges from 3 to 150Hz while the wind
speed ranges from 1 to 7m/s (Barry et al., 2013, 2014c,
2015b; EPRI, 2006). The amplitude of vibration is usu-
ally less than the diameter of the conductor.

Aluminum conductor steel reinforced is the most
common conductor utilized in overhead transmission
lines. It consists of aluminum outer layers and steel
inner layers. The outer layers are for electric power
transmission and the inner layers are for strength
required to support the weight of the cable without
straining the aluminum. The conductor diameter
ranges from 6 to 50 mm.

When vibration is left uncontrolled, it causes fatigue
failure at the point of contact between the cable and the
suspension clamps. Aecolian vibration is usually con-
trolled by attaching Stockbridge dampers or reducing
the cable tension (Oliveira and Preire, 1994). The role
of the damper is to reduce the vibration amplitude to a
safe level. The reduction of tension also minimizes the
vibration level.

Numerous authors have examined vibration of
transmission lines by using the energy balance method
(Kraus and Hagerdorn, 1991; Oliveira and Preire, 1994;
Shafer, 1984; Verma and Hagerdorn, 2005) and the
method of impedance (Nigol et al., 1985; Rawlins,
1958; Tompkins et al., 1956). An attempt to depart
from the energy balance method is reported (Barry
et al., 2014c, 2016). Both conductor and Stockbridge
dampers are modeled as Euler—Bernoulli beams in
Barry et al. (2014c) while in Barry et al. (2016) only
the conductor is modeled as a beam. The Stockbridge
damper is reduced to a mass-spring-damper-mass
system. In Barry et al. (2014c) and Barry et al. (2016),
it was demonstrated that the efficiency of Stockbridge
dampers is characterized by the number of resonant
frequencies they possess and their location on the con-
ductor. In fact, Stockbridge dampers were found to be
inefficient when their locations coincide with a vibra-
tion node. Hence, there is a need for replacing the static
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Stockbridge damper with a dynamic damper. This will
allow significant vibration attenuation of the conductor
at any forcing frequency provided that the dynamic
damper is capable of positioning itself at an antinode
at any time. Recently, Barry et al (2015a), disclosed a
mobile damper mechanism capable of positioning itself
at an antinode at any time. The disclosed mobile
damper is patent pending.

The vibration of a beam with moving or fixed absor-
ber consisting of a mass or spring-damper-mass systems
has been investigated by numerous authors (Chang
et al., 2006; Gasic¢ et al., 2011; Jacksic et al., 2014;
Majumder and Manohar, 2002; Oguamanam and
Hansen, 1998; Pesterev and Bergman, 2000; Pesterev
et al., 2001, 2003; Stancioiu et al, 2008; Yang, et al.,
2000) and (Barry et al., 2014a, 2014b; Alkhaldi et al.,
2013, 2013; Samani and Pellicano, 2009, 2012; Samani
et al., 2013; Snowdon, 1965; Song et al., 2016; Wu,
2006), respectively. However, no work has been reported
for the combination of a beam under tensile load with a
dynamic absorber consisting of an in-span mass con-
nected to a small suspended mass through a spring-
damper system. The present paper examines this
system. It is an extension of Barry et al. (2016), in that
the conductor is modeled as a beam subjected to a tensile
force while the Stockbridge damper is modeled as a
moving mass-spring-damper-mass system. The whole
system (i.c., beam under a tensile load with a dynamic
absorber) is subjected to a wind force.

2. System description

Figure 1(a) illustrates a schematic diagram for a
Stockbridge damper attached to a single conductor
with length of L, a flexural rigidity of EI, and mass
per unit length m. The Stockbridge damper consists
of an in-span mass m,. (clamp) and a messenger or
(damper cable) which is fixed to the bottom edge of
the clamp. At each end of the messenger, there is a
mass or counterweight (m, and mg). Each mass with
its messenger can be modeled as a cantilever Euler—
Bernoulli beam with mass at each end, as shown in
Figure 1(b). The two cantilever beams can further be
reduced to an equivalent single degree of freedom
system, which has equivalent mass m,, equivalent stiff-
ness k, and equivalent damping coefficient ¢, as shown
in Figure 1(c). The Stockbridge damper is usually
installed at 2-5m from the tower. This distance repre-
sents around 1-2% of the total length of the conductor.
At this distance, the damper may work effectively for a
specific excitation frequency provided that the location
of the absorber does not coincide with a node.
However, the span length of the conductor in transmis-
sion lines is very long; it is impossible for a fixed
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Figure 1. (a) schematic of Stockbridge damper attached to a
conductor; (b) schematic of each side of the messenger damper
with end masses; (c) schematic of a simply supported beam with
a moving mass-spring-damper-mass absorber.

absorber to cover a wider range of frequencies. The
proposed absorber can be installed on transmission
lines as a Stockbridge damper with wheels and driving
motor in replacement of the clamp. Other mechanisms
that are used in moving robots for power transmission
lines inspection can also be employed as a possible way
to move the absorber along the conductor (Li and
Ruan, 2010; Park et al., 2012; Wang et al., 2010).

3. Mathematical model

The position vectors for the beam, in-span mass, and
the suspended mass are given as

rp = xi + y(x, 1)) (1)
Fe = xci + y(xca t)j (2)
rg = X+ 3)

The velocity vectors are obtained by taking the
derivative with respect to time as the following:

o).

', — 4

rp Y. J “4)
. dxe. (d(xe, 1) ap(xe, 1) dx. .
=g 't ( o T ox. dt ) ©)
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(6)

Fq =

X
dr
where the term d(f;‘ is the velocity of absorber v,,.

The kinetic energy of the system can be obtained as

T=Tb+Tc+Ta (7)

where T, T,, and T, are the kinetic energy of the beam,
the in-span mass, and the absorber respectively. Each
one of these energies may be expressed as

1 L (ay(x, 1) 2
T;,_Emfo( or )dx
1 dx\* | (0v(xe ) | (xe,n) dx.\’
T“‘E’”"((E) +< TR w) ©)
2
1 a(ay(x(,'a Z)+8y(xfa Z) %_V> (10)

T,.== .
" ot 0x, dr
The potential energy of the system can be defined as

®)

2

1 d?y y(xe, 1)
V_EEI/O (d )dx~|— k(y(x, 1) — v)* 4 = ( o
Wxe, 0 dy. L\’ v\’
+ o .dl—v> +2T/0 o) & (11)

Using these energy expressions along with
Hamilton’s principle, the governing equations of
motion of the system are obtained as

dy dy o dy
IF +m @—F Td— = Fx, 1) — (F + [2)G(x, 1)
(12)
d?y
maW—Fzzo xe(0,L),1>0 (13)

Because the two suspended masses are too small
compared to the other masses, and the velocity of the
absorber is supposed to be low, the effect of Coriolis
acceleration can be neglected, so F; and F> become

32
F] = m, (a—l‘i}>

W (x,
V(xe, 1) v.>
o1

(14)

Fy = k(y(x, 1) — v) + c( (15)

where y is the displacement of beam, and v is the abso-
lute displacement of m1,.

The G(x,t) is used to define the location profile of
the absorber by using the Dirac delta function and
Heaviside step function. The function G(x,t) can be
expressed as

g1, fixed absorber
, one way moving absorber
Ga.n=1"% rmone (16)
g3, two way moving absorber
g4, two way moving absorber
where
g1 =38(x —0.02L) (17a)
L
o= 8x- Val)H(O.l V.o t) (17b)
a

g3—6(x—Vt)H< é—)—i—S(x—(ZL Vi) H

(o uost )

L
g4=g +d(x—(09L — V,,t))H(O.l v~ t)

a

(17¢)

L L
+8(x—(1.1L — Vat))H(t —0.1 7)}1(0.27 - r)

a

(17d)
where the Heaviside step function is defined as
L 1 t< VL
Hl——1t)= ‘ 18
<Va > { 0 > VL“ (19

The boundary conditions and initial conditions are
defined as

¥0,0)=0; y(,)=0
*y 2 (19a)
@(09 [) —0, W(La [)_07
ay
(x,0)=0: EZO; (19b)
av

0)=0;, —=0; 19

W) =0: = (199)
The wind excitation force F(t) is given as

F(1) = fosin wt (20)
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where w is the excitation frequency and f; is the drag
force, which can be expressed as
fo=0.50dCyqV? (21)
where d is the diameter of conductor, p is the density of
fluid (wind), C, is the drag coefficient, and V,, is the
velocity of wind.
The transverse displacement of the beam, which is
the solution of the partial differential equation in
Equation (12), can be introduced in the form of separ-

ation of variable (eigenfunction expansion) as in
Samani and Pellicano (2009):

W)= 3 0,04, (1) (22)
r=1

where A,(t) are unknown functions of time and ®,(x)
are the normalized eigenfunctions. Following Samani
and Pellicano (2009) and Barry et al. (2014), the eigen-
functions of the bare beam with tension can be
obtained as

2 . -T T2 me?
CD,A(X):\/%SIH (\Iz—EI—l— /4(EI) El)x) (23)

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

(n) 2 EI(, N r2TL?
r =\ = —\r
@ L m m2El

By substituting Equation (22) into Equations (12)
and (13) yields

EIZ

24)

d“cpk d>o, > d’A,
A+ TY ——4 @
K+ Z k+WlZ k=775 ar

|:mc (i (o7 dzAk) +k (i O A, — v)
X=v,t X=v,t

k=1

+ c(i DAy — v) } G(1) + F(x, 1)

k=1
(25)

3

o0
mai}(f)—k(zq)kx‘lk—v> —c(ZCDkAk—\}> =0
k=1 X=v,t k=1 X=V,t

=V,

(26)

Multiplying Equation (25) by ®,(x), integrating over
the length and applying the orthogonality conditions

yields
A1) + M, [Z /'ir(t)d%(d)} Dy(®
r=1

+ 26, A1) + 24, (1) + {k[z A(DD(d) - v(r)}

r=1

+ C|:Z A ()®,(d) — \}(t):| }D,(1) = Ny(2) (27)
r=1
M (1) — k[i A () Py(d) — V(t)}
N r=1 (28)
- C[Z A (0)®,(d) — \B(t)i| =0
r=1
where N,(f) and D,(f) can be defined as
L
Ny(t) = / O, (x)F(x,t)dx, r=1,2,... (29)
0
L
D,(1) = / D,(x)G(x,t)dx, r=1,2,... (30)
0

and d is the position of absorber, which is equal to a
constant in case of fixed absorber and v,¢ in case of
moving absorber.

The orthogonality conditions for bare beam sub-
jected to tensile axial force can be expressed as

L d’®,(x) dd,(x) o,
/(; (D |:dx2 (EI dx 5 ) +dx (TT>:|(1X = C()rgm

(3D

L
/mCD,(x)d)S(x)dx, rs=1,23... (32)
0

The performance of the proposed absorber can be
evaluated by determining the energy dissipation and is
expressed as

1 o0 2
E= / c[v(t)—ZA,.(t)CD(vat):| de (33)
0 r=0

By calculating the energy dissipation for various exci-
tation frequencies and various absorber speeds, the opti-
mum parameters of this absorber can be determined.

The efficiency of the absorber can be obtained as in
Samani and Pellicano (2009)

E
=15 (34)
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where W is the input energy due to the external force,
and it can be expressed as

to pL )
W= /O /O F(x, ®(x)A(f)dx dt (35)

4. Numerical analysis

In the present study, the solution of the ordinary dif-
ferential equation system, Equations 30 and 31, are
obtained numerically using MATLAB®. The simula-
tion includes ten mode expansions and it is based on
two different span lengths. The first span length is 4m

Table I. Parameters of beams and applying load.

which serves for validation of the present model. The
second span length, 27.25m, was used in laboratory
testing (Barry et al., 2016) and serves for validation
purposes. The value of each parameter in the current
study is listed in Tables 1 and 2.

5. Validation

To check for the accuracy of the proposed model, the
results of the present simulation are compared to those
in the literature. The first case consists of a beam with a
fixed absorber and without tension as in Samani and
Pellicano (2009). The results are depicted in Figure 2
and show very good agreement.

L (m) El (N-mz) m (kg/m) T (N) w (rad/s) fo (N/m)

4.00 13959 1.7595 0 0 9.8000
27.25 1602.0 1.6286 27840 125.66 0.4320
Table 2. Parameters of absorber.
L (m) Vg (m/s) me (kg) mq (kg) k (N/m) ¢ (N-s/m)

4.00 v 0 1.4076 877.92 12.98
27.25 0.1 0.2 4.8000 1356.96 177.00

-3
1.6 e T T T T T T

Maximum Displacement (m)

0.8 1 1 |

Present Simulation
* Samani & Pellicano, 2009| |

0 10 20 30
Velocity (m/s)

40 50 60 70

Figure 2. Comparisons of a beam with an attached fixed absorber subjected to moving load.
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The second validation of the present model is
conducted by comparison with Soares et al. (2010)
which consists of a simply supported beam with a
moving absorber and no tension. The results are
depicted in Figure 3 and show very good
agreement.

6. Time response for different types of
motion
Figures 4-6 depict the time response for both fixed

absorber and moving absorber. The horizontal axis
represents the non-dimensional time, which is the time
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* Soares, et al., 2010
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Figure 3. Comparisons of a beam with an attached moving absorber subjected to moving load.
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Figure 4. Time response at the mid-span of the conductor for fixed absorber and one way moving absorber. v, = 0.l m/a; f=20Hz.



4102

Journal of Vibration and Control 24(18)

1.5 T T T

0.5

Nondimensional displacement
=d

T T T T T
— Fixed absorber
— Moving absorber

L

MJ
|

15 1 L L 1
0 0.1 0.2 03 0.4

1 |
0.5 0.6 0.7 0.8 09 1
Nondimensional time

Figure 5. Time response at the mid-span of the conductor for fixed absorber and two way moving absorber. v,=0.1 m/a; f=20Hz.
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Figure 6. Time response at the mid-span of the conductor for fixed absorber and two two-way moving absorbers.

divided by the required time to complete the absorber
movement. The vertical axis represents the non-dimen-
sional displacement, which is the displacement divided
by the maximum displacement achieved by the fixed
absorber. In the case of the moving absorber, the absor-
ber is considered to move in one-way (only forward)
and two-ways (forward and backward). For the one-
way moving absorber, it is observed from Figure 4 that

the displacement significantly decreases with time com-
pared to the displacement of a fixed absorber. It is also
demonstrated that the maximum displacement is
slightly higher for the case of a moving absorber at
the beginning of the transient response.

In the case of the moving forward and backward
absorber, the vibration displacement is reduced signifi-
cantly as shown in Figure 5. The results in this figure
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Figure 7. Time response for different absorber velocity.
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Figure 8. Maximum displacement with variable absorber speeds and forcing frequency.

also indicate that during the time period when the
absorber moves forward (half duration), the response
is similar to that of the one-way moving absorber.
For a span length of 27.5m, the results in Figure 6
indicate more reduction in the vibration displacement
when an additional absorber is attached at the other
end of the conductor. Figure 6 also illustrates that
there is a slight increase in the displacement when the

absorber starts moving backward, but the vibration dis-
placement is reduced significantly afterwards.

1. The effect of various parameters on
the maximum displacement

Figures 7 and 8 show the maximum displacement (i.e.,
transient response) for variable absorber speeds.
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Figure 9. Steady state response for three different absorber speeds.
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Figure 10. Energy absorbed by absorber for variable frequencies.

The results in Figure 7 show that the maximum dis-
placement changes with the speed of absorber. For fur-
ther consideration, the maximum displacement is
plotted with variable frequencies and absorber speeds
as shown in Figure 8. It is observed that the maximum
displacement decreases as the frequency increases.
The results also indicate that the maximum displace-
ment generally reduces as the speed of the absorber

increases for all frequency values. However, near res-
onance, the maximum displacement fluctuates continu-
ously with absorber speed for frequencies lower
than 10 Hz.

Although the results in Figure 8 show that the tran-
sient vibration displacement decreases with increasing
absorber velocity, the steady state vibration displace-
ment increases with increasing absorber velocity.
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Figure 11. The efficiency of moving and fixed absorber.
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Figure 12. Coverage range of moving absorber with variable absorber speeds and mass ratio.

At the same time, the number of cycles decreases as the
velocity of the absorber increases as shown in Figure 9.

8. Performance of moving absorber
based on its efficiency

A more reasonable investigation of the performance
of the moving absorber can be achieved by calculating

the energy dissipation by the absorber and the
efficiency.

Figure 10 illustrates the energy absorbed by the
absorber for different frequencies. It is observed that
the moving damper can absorb more energy for a
wider range of frequencies.

The efficiency of both absorbers is depicted in
Figure. 11. The results indicate that the efficiency of
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Figure 13. Coverage range of moving absorber with variable spring stiffness. v, = 0.6 m/s.

moving absorber is higher than the fixed absorber. This
implies that the area under the efficiency curve is also
higher for the moving absorber. Increasing the area
under this curve means increasing the coverage range
of frequencies thereby enhancing the absorber’s per-
formance. Figure 12 depicts the area under the effi-
ciency—frequency curve for variable absorber speeds
and mass ratios (i.e., mass ratio is the ratio between
the clamped mass to the suspended mass such that
the sum of these masses does not exceed 5Skg). The
results indicate that the efficiency of the absorber
decreases with increasing velocity and increasing sus-
pended mass. Figure 13 shows the area under the effi-
ciency—frequency curve for variable spring stiffness. It
indicates that the optimum coverage can be achieved at
stiffness value around 1490 N/m.

9. Conclusion

In this paper, a novel Aeolian vibration absorber is
proposed. The absorber consists of a mass-spring-
damper-mass system and moves along a specific
region to cover a wider range of frequencies.
Hamilton’s principle is used to obtain the governing
equations of motion. Numerical simulation is carried
out using MATLAB®. Parametric studies are con-
ducted to determine how certain parameters affect the
performance of the absorber. Numerical studies indi-
cate that a moving vibration absorber significantly
reduces Aeolian vibration for a wider range of frequen-
cies. The results also show that a significant reduction
of Aecolian vibration can be achieved by using two
absorbers moving forward and backward. It is also

observed that the maximum transient vibration dis-
placement decreases with increasing absorber velocity.
However, the steady state vibration displacement
increases with increasing velocity. The results of the
numerical analysis also demonstrate that a moving
damper dissipates more energy in a wider range of fre-
quencies than a fixed damper. This is an indication that
the moving absorber is more effective than a fixed
absorber.
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absorber on suppressing the dynamic responses of a beam

Appendix

Nomenclature

Symbols Definition Units
A The assumed functions of time s

¢ The damping coefficient for damper in absorber N.s/m?
Cy The drag coefficient -

d The diameter of conductor m
EI The stiffness of the beam N.m*
E The energy absorption by the absorber Joule
eff The effectiveness of absorber -
F(x,t) The applied axial force N

fo The magnitude of force N

F, Force due to in-span mass N

F, Force due to absorber N

g The profile function of location for fixed absorber -

o The profile function of motion for one way absorber —

g3 The profile function of motion for two-way absorber -

g4 The profile function of motion for two-moving absorber —
H(t) Heaviside function -

k The stiffness of spring in the absorber N/m
L The length of the beam m

m Mass per unit length for the beam kg/m
my, The mass of absorber kg
m,. The mass of mid span kg

t Time s

Fu The position vector of suspended mass m

rp The position vector of beam m

re The position vector of in-span mass m

T Applied tension on the beam N

T The total kinetic energy J

T, Kinetic energy of the suspended mass J

T, Kinetic energy of the beam J

T. Kinetic energy of the in-span mass J

u The net displacement of absorber mass m

V The total potential energy of the system J

v The absolute displacement of absorber mass m

Vg The velocity of absorber m/s

(continued)
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Continued
Symbols Definition Units
Vi The wind velocity m/s
W The work done by the beam J
X Position on the beam m
X, Position of the absorber m
y The lateral displacement of the beam m
p The density of air m’/kg
1) Dirac function -

O] Displacement function m
w, Natural frequency rad/s
1) Forcing frequency rad/s




