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Abstract

Stockbridge dampers are devices extensively used to reduce vibration amplitude on electric lines due to wind, avoiding the risk
of fatigue on the line. Acceptable performance of dampers must be maintained for a wide range of excitation frequencies, which
have a correspondence with the wind velocity. In this paper a formal approach for optimizing Stockbridge dampers parameters
is proposed. In one case, optimal damper parameters are calculated for maximum vibration attenuation as the objective, and in a
second case, such parameters are determined for a minimum cost of the damper materials as the goal. In both cases, influences of
dynamic parameters of dampers on the defined objective function are determined. Dynamic response of a conductor strand with a
damper attached is iteratively calculated by means of an optimization procedure applying finite element method. Analysis of the
influence of parameters led to a simplified optimization model reducing the problem to a regular optimization analysis.

Resumen

Los amortiguadores tipo Stockbridge son dispositivos que se han usado ampliamente en lineas eléctricas para reducir la amplitud de
vibracién causada por el viento, evitando con esto el riesgo de fatiga en la linea. Los amortiguadores deben mantener un desem-
pefio aceptable para un rango amplio de frecuencias de excitacion, las cuales tienen una correspondencia directa con la velocidad
del viento. En este articulo se presentan dos metodologias para la optimacién de los pardmetros de este tipo de amortiguadores.
En un primer caso, los pardmetros del amortiguador se determinan de tal manera que la atenuacién de la vibracién sea méaxima,
mientras que en el segundo caso, dichos pardmetros se determinan para minimizar su costo. En ambos casos se analiza la influencia
que los pardmetros tienen en la funcién objetivo. Adicionalmente, la respuesta dindmica de un tramo de linea con su amortiguador
se evalta de manera iterativa con un procedimiento de optimacién aplicando la técnica de elemento finito. El andlisis de la influencia
de los pardmetros conlleva a un modelo simplificado sobre el que se aplica un andlisis de optimacién no lineal.
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Introducction

Since 1924, when G. H. Stockbridge patented the damper
that now carries his name, these mechanical devices have
been modified a number of times to improve their performan-
ce. Such dampers have two masses attached to the ends of a
strand cable, called the messenger cable, which is supported
from the middle by a clamp rigidly assembled to the electric
line, Fig. 1. The function of this type of dampers is to dissipa-
te mechanical energy from the electrical conductor as heat
caused by friction between wires of the messenger cable. The
purpose of such effect is to reduce the vibration amplitude of
the electric conductor protecting it from mechanical fatigue.

Vibration frequency of electric conductors is directly related
to wind speed, [1]. Dampers must have sufficient dissipation
capability for the interval of wind speed expected in the
field. In addition, dampers must resist the reversing stresses
on wires of messenger cable. Optimization of a damper from
the point of view of its performance includes the definition
of an objective function in terms of attenuation (reduction of
conductor vibration amplitude) for the expected interval of
vibration frequencies. A natural constraint in the optimization
of a damper is the requirement for the messenger cable to
endure the reversing stresses for a large number of cycles.

Palabras Clave:
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A second criterion to optimize the dampers is to minimize the
cost of manufacturing materials. In this case, a constraint to
insure a sufficient capacity to reduce the conductor vibration
amplitude needs to be included, in addition to the constraint
related to endurance.
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Figure 1. Components of a Stockbridge damper

Analysis of the response of conductors with assembled dam-
pers is necessary for the optimization process. Many authors
have significatively contributed to the understanding and
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analysis of conductor dynamic response. Claren and Diana
[2] reported an analytical method to determine the response
of a conductor span with dampers and local exciting force.
In addition, these authors analysed the response of dampers
alone and presented an experimental method to determine
the dynamic parameters of dampers. Rawlins [3,4] reported
a comprehensive discussion on the main concepts on vibration
of transmission lines including the theoretical development of
the method of nodes and antinodes to evaluate efficiency of
dampers. It is commonly accepted that the Stockbridge dam-
pers cause a reduction in the amplitude of aeolian vibration
because of their dissipative power. Feldmann [5], mentioned
that the non-linear behaviour in this type of damper explains
its high efficiency. Unfortunately, these non-linearities have
been examined with little success because of theoretical and
experimental difficulties. Graphic methods have been emplo-
yed in practical cases due to their simplicity. Most recently, an
analysis for the capacity of dampers for energy dissipation
has been reported by Richardson [6], who presents a sim-
ple method to determine if the dampers are needed and to
calculate how much damping is required. The method com-
pares the wind energy input and conductor energy loss and
the difference between both represents an energy shortfall
that must be supplied by dampers. Hence, this shortfall beco-
mes a performance requirement for the damper. Hagedorn
[7] proposed a method to determine optimal parameters of
dampers for a maximum dissipation of energy. However, no
practical constraints were incorporated to limit the damper
mass to acceptable values. Markiewics [8] presented an op-
timization analysis of Stockbridge dampers for dead-end
spans. The author shows that the optimum damper for such
spans differs significantly from a commercial damper.

The purpose of this paper is to propose a general optimi-
zation method for Stockbridge dampers, where an objective
function may be defined according to the particular goal of a
designer, which may be subjected to specific design constra-
ints. In particular, the cases for maximum attenuation (reduc-
tion of amplitude vibration) and minimum cost of materials as
objective functions are presented.

Vibration of lines with dampers
The physical system often used to evaluate the attenuation
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Figure 2. Experimental span of length L = 30 m with an exciting
harmonic force applied at x, = 1.2 m, a Stockbridge damper placed
at x, = 1.2 m and two acceleration sensors, each one located at a

specific distance a from each end.
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capacity of a damper includes a span of a stranded con-
ductor larger than 30 m under a tension of a quarter of its
ultimate strength, being excited by an harmonic force located
close to one end of the conductor and a Stockbridge damper
close to the opposite end of the same conductor, Fig. 2.

Several authors referenced above analytically predicted the
dynamic response of this type of continuous system. With the
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Figure 3. Finite element model of the strand cable with exciting force and
damper.

present availability of finite element computer programs, a
discrete model was considered to facilitate the determination
of the response of such a physical system, [?], Fig. 3.

The finite element model of the cable was made using cable
type elements [10], connected by nodes 1-2, 2-3 and so on
through 107-108. In addition, two beam elements (connected
by nodes 109-110 and 109-112) and two mass elements (at
nodes 111 and 113) are used in the finite element model to
simulate the damper.

Boundary conditions for the finite element model are defined

as:
UX] = UXlog =0 (1
UY1 = UY108 =0 (2)
u,=u, =0 (3)

Where, U, Uy and U_ are respectively the displacements in
X, Y and Z direction for nodes 1 and 108. Table 1 shows the
parameters of the system that define the properties of the
finite element model.

Table 1. Parameters of the strand cable

Parameter Valve Parameter Value
Diameter of conductor wire  0.00328 m  Number of aluminum wires 54
Number of steel wires 7 Conductor overall diameter ~ 0.02951 m
Ultimate tension resistance 149720 N Mass per unit of length 1723 kg/m
Conducror self-damping ~ 0.000603  Length 50m

To compare the improvement of the system when a damper
is used, the natural frequencies and the corresponding ampli-
tude of vibration at the point in the system where the sensor
is located were calculated for both cases (with and without
damper) and are reported in Table 2.
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It can be observed that from 7 to 25 Hz the vibration am-
plitude is reduced by the use of a damper in the cable. This
reduction is in the range from 80 to 90 percent evaluated on
the point where the transducer is located. To show this, the
vibration amplitude at both sides of the conductor (damping
and no damping) is plotted against the frequency for all the
vibration range. Figures 4 and 5 show the conductor vibration
amplitude at nodes 4 and 105, representing the points in
the system where the sensors are located at the no damping
side and at the damping side respectively, for the following
three cases: a) when a damper is used, b) when no damper
is used, and c) when an equivalent concentrated mass is used
instead of the damper. From these figures it can be observed
the effect on the reduction in the vibration amplitude of the
system with the use of a damper. However a concentrated
mass (dynamically equivalent to the mass of the damper),
does not affect the vibration amplitude of the system beyond
frequencies in the range from 7 to 13 Hz (near the first natu-
ral frequency of the system).

Table 2. Natural frecuencies and vibration amplitude of system

Cable with damper Cable without damper

Matural Amplitude Matural Amplitude
frequency [Hz] [mm] frequency [Hz] [mm]
702 1.12 718 215
8.29 071 8.62 3.05
9.49 0.4 10.06 4.00
11.75 0.5 11.50 5.50
12.09 0.65 1295 2.90
13.4% 0.81 14.4 370
14.38 0.93 15.85 2.25
17.865 1.00 17.31 2.65
19.33 1.12 18.79 2.35
20.82 1.1& 0.23 2.34
22.31 1.18 21.70 2.32
23.81 1.105 23.18 2.15
2532 1.09 24.66 2.00
24.84 1.03 24615 1.75
28.37 0.99 27.61 1.50
29.90 0.91 2914 1.30
31.44 0.87 30.65 1.20
3299 07e 3216 1.05
34.55 073 33.68 0.90
36.11 0.68 35.21 0.80
37.47 0.61 3674 070

A criterion that have been applied to evaluate the perfor-
mance of dampers for all the range of vibration frequencies
is the average or mean value of the attenuation V evaluated
at points on the cable where the transducers are located (see
Fig 2). The attenuation is defined as function of the amplitude

of vibration of the cable Y, by the following equations:

vy = 100[1-@] (4)
Y uo

Vp = 100[1-7\“"3] (3)
P Y po

Where, the subindex in V and the first subindex in Y are rela-
ted to the location of the transducer, at the damping side (D)
or at the no damping side (U), while the second subindex in
Y refers to the presence (D) or absence (O) of the damper. It
is required that the average value of the attenuation, called
efficiency, for both acceleration transducers be greater than
80 percent.
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Figure 4. Vibration amplitude of system at the end of conductor where

the force is applied, for a force amplitude of 5 N.
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Figure 5. Vibration amplitude of system at the end of conductor where
the damper is placed, for a force amplitude of 5 N.

Vibration of dampers

Endurance of dampers is evaluated by exciting a sample of
a lot of commercial dampers on a vibration table. The exci-
tation frequency f [Hz] should be the first natural frequency
of the damper and the amplitude of excitation Ua is given
by Eq. 8. In order for a damper to be accepted it is required
to endure 107 cycles, under the above described conditions,
[11].

Acceleration transducers are located at the center of mass
of the damper and on the vibration table. Signals from such
transducers are used to determine the self-damping coeffi-
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cient for the messenger cable. For this purpose the damper is
assumed as a discrete system with two degrees of freedom,
which natural frequencies ® (rad/s) may be experimentally
found or calculated by the following equation, [2].

2 2 ’ 2
[Jor+%—mLG]t\/(Jor+%—mLG] —%(Jor—mGz) (6)

(mJor - mle)

wlz,z =2k

Where k and L are the stiffness and length of messenger
cable respectively, J . is the mass moment of inertia about the
point of contact O° between the messenger cable and the
mass, G is the distance from point O” to the center of mass
of the damper O and m is the mass of one of the damper
weights.

The stress on the messenger cable was calculated in terms of
the dynamic response of the damper, considering the deflec-
tion of one single wire, which was analysed as a cantilever
beam. An expression for the calculation of the bending stress
G on a single wire is the following, [12].

ad L2 RV
o= U [+ (i) 7)

where d is the diameter of a single wire of the messenger

cable, and:
_0.02547_0.0127 (8)
! o f
4
Ia = ﬂ ka — 3E31a
64 L

max

2
A'max =2 ka L Amax COS(Bu) 'g ka L2 ROT, COS(Bq))

2
Bmax = -2 ka L Amax sen (Bu)+§ ka L2 ROTmax sen (Btb)
B. = tan"! Ui Hicos B, +Uj, Hacos B,
¢ Un Hisen B, + U Hasen 3,

.1 Ui Hicos B+ Uz Ha cos B,
Uz Hysen B + Uy Hasen B,

By = tan

B, =arctan

_ u
=arctan
-R? B, 1-R3

where L is the damping coefficient for the messenger cable,
and

Amax :\/(Un Hicos B, + U, Hay cos )+ (Uy Hysen B, + Uy Hysen By)’

ROT max = \/(Uzl Hicos By + Uy Hacos By)’ + (U Hysen By + Uy, Hasen B,)°

o _ o ., _ 4k-mo] _ 4k-ma)
Ri=== R2=—%5 & 2 0y 2
2 2kL-mG o} 2kL-mG o’

S S R B S

" mr I, ol -204mG 2 \mtl, 2 -20,mG

Uai=a1Un Un=o2Un
H :(—U|]+U12G)mm2 Hz:(_U]2+UZZG) m @’
of J(A-R))*+p? O3(1-R,y) +?

Optimization procedure

An optimization algorithm was incorporated into the finite ele-
ment code [10] in order to search for an optimum following a
defined optimization technique. Among the most popular op-

| Marzo 2008, Vol.2

M| Navarro C. C,, Lara L. A, Colin V. J., Razo G. J., AguileraC. L. A.

timization techniques are zero and first order methods. Howe-
ver calculation of the objective function and its derivatives for
each point into the design region is not performed directly. It
is necessary to calculate the response of the system for each
one of its natural frequencies for each set of the design va-
riables along the optimization procedure. Then, the objective
function and constraints for the problem are calculated and
a search direction is defined looking for the optimum. For
the particular case of optimization of Stockbridge dampers,
Figs. 6 and 7 show a general flow chart for the optimization
procedure.

Optimization Problem
Formulation

¥

Finite Element
Model Definition

Stress h Optimization Efficiency
Analysis Algorithm - Analysis
Optimum
Parameters

Figure 6. General procedure for searching optimum parameters of
Stockbridge dampers.

Optimization for Maximum Attenuation

As was mentioned previously, the mean attenuation or effi-
ciency of a damper is required to be greater than 80 percent
when the system of Fig. 2 is excited to each one of its first n
natural frequencies in the range of locally expected winds.
Based on this criterion the optimization problem will be to
maximize the efficiency (mean attenuation) at the damping
side, then the objective function may be defined as [13]:

- V,
G %

D

- Maximize (?)

Subject to inequality constraints related to the mean attenua-
tion of the cable at the no damping side, and the endurance
stress due to fatigue of the messenger cable. The first constraint
may be defined as:

Vu _2Vu s g (10)
n

In order to meet the endurance requirement mentioned above
it is necessary to keep the stresses of a wire lower than its
endurance then, the second constraint may be defined as:

SC
csﬁ (11)
where:
VD is the mean attenuation or efficiency corresponding
to the damping side.
VU is the mean attenuation or efficiency corresponding

to the no damping side.
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\ is the attenuation for the ith vibration mode, on the
damping side.
V. is the attenuation for the ith vibration mode, on the

no damping side.
n is the number of modes of vibration to be considered.
G is the stress due to fatigue
S, is the endurance stress of the messenger cable material
N is the safety factor for fatigue

Are there a
sufficient number
of design variables
sets

Define objective function
and constraints using
polynomial approximation

Y

Reduce problem to an
unconstrained one, using
penalty functions

Generate a random set of l
values for the design
variables Searching the minimum using
Sequential Unconstrained [

Minimization Techniques

Finding a new set of design
variables values

Converged?

Do a new analysis

Y

Maximum number
of iterations was
reached?

Print Results

Exit N
Figure 7. General flow chart for the optimization of Stockbridge dampers

The design variables selected for the optimization analysis,
all related to the damper, are: the mass m, its moment of
inertia respect to the center of mass J, the length of the mes-
senger cable L and the location of the center of mass related
to the point of contact of the messenger cable and weight G.
Table 3, shows the interval for each variable.

Table 3. Lower and upper limits for the design variables

Variable Limits
m 1-20 [kg]
J 0.003 - 0.01 [kg-m]
L 0.15-0.25 [m]
G 0.001 - 0.01 [m]

It was of especial interest to explore the influence of each
design variable on the objective function. To do that, the ob-
jective function was calculated for several values of one of
the four design variables maintaining the other three as cons-
tant. Fig. 8 shows the effect of each variable on the objective
function for the particular case of a commercial cable. It is
evident that mass is the most important variable followed by
the length of the messenger cable. The influence of the mo-
ment of inertia J and the location of center of gravity G are

small for the interval considered. In order to facilitate the
interpretation of the objective function and constraints within
the design area, a second set of optimization runs considering
only mass and length as design variables, was done. For the
interval of these variables, the objective function and cons-
traints were calculated for a fine mesh and then the following
nonlinear regressions were determined:

2
EFII =98.28 +11.07L 43,0912 - >:04=7:29L+33.26L° (12)
m
2 2
EF12=95<63+4.51L—18.3L2+1‘36+2‘64L 7790 2.67+2.83L-12.73L (13)
m m
2
FAC=—1.17+236L-26812 + 22 180IL 3921
m (14)
where:
EFI1 is the efficiency of the damping side.
EFI2 is the efficiency of the no damping side.
FAC is the safety factor N.
99
#-.--_-__
98 / m [kg]
o ECECTEY. 'PRPTPTY PO suvneny IR -y
= = i
g g7 veweo L [m]
1§ m=3%kg J=01514kgm G
§ % L=0215m G=0007m memas @l
=
95 l | \

0 1

Figure 8. Influence of design variables on objective function

Parametric representation of these equations is shown in Fig.
9. It can be seen from this graphic that an increment of mass
contributes to increase the attenuation. However, after a cer-
tain value of mass, the corresponding increment on attenua-
tion is not important. On the other hand an increment in the
mass reduces the safety factor drastically.

It is important to mention that once equations (12), (13) and
(14) are determined the optimization problem is reduced to
a regular one, being possible to apply common optimization
algorithms for multivariable constrained problems, or sequen-
tial unconstrained minimization algorithms, [14].

The optimal parameters of the damper for maximum efficien-
cy and the corresponding average efficiency in both ends of
the conductor are presented in Table 4.

100
99 = 4
=
= og
g eL=0215
& 97 mL=012
& / aL=017
Yogg ®L=025 —
95 T
0 2 3 10

4
Mass [kg]

Figure 9. Efficiency on the damping side vs Mass for different
lengths of the messenger cable, maintaining G and J as constant
(G=0.007m, and J=0.1514 kg-m?).
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Optimization for Minimun Cost
A second approach to the problem is to minimize the cost of
materials and still meet the design requirements. In this case
the objective function may be defined as:

Minimize Cost = 2( C L+ C m) (15)
Subject to constraints related to the mean attenuation of the
cable at both (damping and no damping) sides, and the en-
durance stress due to fatigue of the messenger cable. These
inequality constraints are defined as follows:

Vp = 2V, 208 (16)
n

Voo 2Vi 505 (17)
n

o< (18)

N

where:

C. is the unit cost of messenger cable

C, is the unit cost of material for the mass

Then, the solution was obtained substituting equations (12), (13)
and (14) in the constraint equations. For the case of two design
variables (mass m and length of messenger cable L) the feasible
design area and the optimum solution are shown in Fig. 10.

Mass [kg]

0.1 0.14 0.17 0.21 0.25

Lenght of messenger cable [m]

F.O. = Objective function  EFI1 = Efficiency at damping side
FAC = Safety factor EFI2 = Efficiency at no damping side
Figure 10. Feasible design area and optimum design

Table 4. Comparison of optimal parameters and commercial data for a
specific damper.

Parameter Minimum  Maximum Commercial
Cost Efficiency Damper
Mass m, kg 247 50 39
Length of messenger cable L, m 0.20 015 0215
Moment of inertia J, kg-m2 01514 01514 0.1514
Distance from center of mass to end of cable G, m  0.007 0.007 0.007
Efficiency [damping side], EFIT (%) 97.24 98.33 Mot Available
Efficiency no damping side), EFI2 [%4) 9599 95.64 Mot Available
Safety Facter, FAC 8.00 535 Not Available
Minimum cost of materials C, § 1.054 1.943 1.5314
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Finally, Table 4 presents the optimum values for the design
variables and parameters of the Stockbridge damper obtai-
ned from the optimization process, and their comparison with
commercial parameter data.

Discussion and Conclusions

The proposed optimization procedure permits to select the
objective function of greatest interest for the designer of
Stockbridge dampers. From the analysis previously presen-
ted, the following conclusions may be noted:

1. Vibration attenuation is mainly influenced by mass
of the damper weight, according to a continuously growing
relation. However, the rate of growing of attenuation decrea-
ses as the mass increases. This situation suggests the establish-
ment of an interval for the mass to maintain this variable into
practical values.

2. The relationship between the safety factor and
fatigue of the messenger cable decreases continuously with
the increment of mass of damper. This is in fact a reason to
limit the maximum value of the mass.

3. The length of messenger cable is the second most
important variable influencing attenuation. Up to certain limit,
the shortest value of the length produced the highest attenua-
tion.

4. The safety factor showed a decreasing variation
with the length of messenger cable, within the limits establis-
hed for the analysis.

5. The finite element method is an efficient tool in the
optimization of dampers and in the analysis of influence of
variables, making it possible to explore parameter within the
design area.
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