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Abstract: A dynamic model of an aeolian vibration damper for overhead power transmission line conductors has
been developed, taking into account energy dissipation in the material structure. Based on the model, a dynamic
stiffness matrix of the damper has been obtained, intended for use in a combined dynamic model of "conductor —
damper". The damper's cable consoles are considered as beams made of a material with internal friction, to
which the concept of microplastic deformations is applied. It is believed that the damper design is symmetrical
relative to the vertical plane of the conductor sag, and during oscillations, it moves in this plane. The equations
of oscillations are obtained in Lagrange form in matrix notations. The influence of the damping coefficient on
energy dissipation power and oscillation amplitudes in resonance modes has been studied. The coefficients of
amplitude and phase distribution (shape factor) of translational and rotational oscillations of loads have been de-
termined depending on the radius of inertia and load eccentricity. Dimensionless nomograms of the damper
arm's natural frequencies have been constructed in relevant parameter change ranges. The dependence of dimen-
sionless dissipation power on frequency has been investigated.
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Aunnotanusi: Pa3paborana [uHaMHUYeCKash MOJIENb TaCHTEIsl S0J0BOW BHOpAIMK MPOBOOB BO3AYIIHBIX JIMHUN
JNEKTPOIEPeIaun ¢ YIETOM YHEPropacCesiHUsl B CTPYKType MaTepuana. Ha ocHOBe Mojesu mojydeHa MaTpHia
JMHAMHYECKOW JKECTKOCTH TacHTeNlsl, MPeJHa3HAueHHAs [UIsl UCIIOIb30BaHKs B O0bEIMHEHHON AMHAMUYECKON
MO/IEITH «IPOBOJI — rACUTENbY». TPOCOBbIE KOHCOJIM TaCUTENsl PACCMATPUBAIOTCS KaK OallKU U3 MaTepuana, oosa-
JIAfOIIEer0 BHYTPEHHHM TPEHHEM, K KOTOPOMY IIPUMEHSIETCS KOHIICHIMS MHUKPOIUIACTHUECKHUX e(hOopMaIluii.
CumTaeTCst, YTO KOHCTPYKIIMSI TaCHTENISI CHMMETPHYHA OTHOCHTCIBHO BEPTHKAJILHON TUIOCKOCTH IMPOBUCAHUS
MIPOBO/A U MPU KOJIEOAHHUSX OHA COBEPIIACT JIBIKEHHUE B ATOM INIOCKOCTH. YPaBHEHUs KOJICOaHUI TIOTyYeHbI B
¢dopme Jlarpamxka B MatpudHoM Buje. MccienoBano BiusiHUE KOd(pQUIIUEHTA eMII(DUPOBAHUS HA MOIIHOCTh
JUCCHTIAIIMK SHEPTHH W aMIUIATY/bI KOJICOaHUN B PE30HAHCHBIX pekumax. OrnpeesieHbl KOdPPUIIMEHTHI pac-
npejencHus aMIuTya U (haz-(ko3hduimeHt Gopmbl) MOCTYNATSIBHBIX U BpaIllaTeIbHBIX KOJICOAHUI rpy30B B
3aBHCHMOCTH OT PajJlyca WHEPIUHN U DKCIICHTPUCUTETa TPy30B. [locTpoeHs! Oe3pa3MepHbIe HOMOTPaMMBbI COO-
CTBCHHBIX YacTOT IUIcYa TaCUTEI B aKTYaIbHBIX JHMAlla30HAX M3MCHEHHUS mapameTpoB. VccienoBaHa 3aBUCH-
MOCTB 0e3pa3MepHOI MOITHOCTH JUCCUTIAIIAN OT YaCTOTHI.
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1. INTRODUCTION

The paper examines dynamic models of Stock-
bridge dampers utilized on overhead power
lines (OHL) for the mitigation of aeolian vibra-
tions, which arise from the intermittent release
of Karman vortices from the conductor in wind
flow [1]. Figure 1 depicts a frequently employed
damper along with a schematic representation of
its installation on a conductor [2].

b)
Figure 1. Vibration damper (a) and its
installation diagram on the OHL conductor (b)

Mechanically, the damper consists of a pair of
double arms (oscillators), with the inertial ele-
ments constructed as massive weights and the
elastic elements designed according to tradition-
al principles using elastic console cables. These
cables also serve as dampers due to friction
among the spiral wires that comprise them. In
the presence of aeolian vibrations, a stationary
transverse wave is established within the span,
leading to kinematic excitation of the damper
connected to the conductor. This excitation re-
sults in translational movement primarily in the
vertical direction and rotation around an axis
perpendicular to the plane of the conductor's
sagging. Typically, the damper designs exhibit
symmetry concerning the vertical plane of the
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conductor's sagging, and during oscillations,
they perform planar motion within this plane.
The Stockbridge damper was developed in 1925
by George H. Stockbridge following several in-
stances of damage to power transmission lines
attributed to aeolian vibration [3]. Subsequently,
the Stockbridge damper entered an extended
phase of development and enhancement [3-7].
In 1932, R. Monroe and R. Templin proposed a
two-degree-of-freedom damper.

Modern designs were developed as a result of
extensive research conducted in the late 1960s
and 1970s [6]. In 1968, R. Claren and G. Diana
developed a variant of an asymmetric damper
with various weights and arms of cable ele-
ments. A damper with two attachment points to
a conductor, known as the Haro damper, was
developed by L. Haro and T. Seppa in 1970.
The Dogbone variant is another modern damper
design that resembles a dog bone in shape. The
damper was proposed by the Australian engi-
neer and inventor Philip W. Dulhunty around
1976. The weights of the damper are slightly
shifted to the side to create a third torsional de-
gree of freedom, which allows the cable not on-
ly to bend vertically, but also to twist.

Despite the successful development of aeolian
vibration dampers, practically no rules for de-
signing dampers, analyzing their effectiveness
and use were published at that time. Since the
early 1970s, the first mathematical models of
vibrations of Stockbridge dampers and similar
variants began to appear [8-16]. H. Wagner et
al. (1973) investigated the dynamic response of
a symmetrical Stockbridge damper, which was
modeled as a massless cable with weights at-
tached to its ends [9]. P. Hagedorn (1980) pro-
posed the concept of optimal the mechanical
impedance of the damper, using a simple com-
putational model [13]. The correctness of P.
Hagedorn's approximate calculations was sub-
sequently confirmed by B. Schaefer (1981) [15].
Based on these works, new design concepts for
dampers with increased efficiency were consid-
ered [14].

In 1995, M. Markiewicz published a method
and computational model for estimating the op-
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timal dynamic characteristics of Stockbridge
dampers designed for installation near anchor
supports [16]. It is shown that the efficiency of a
standard damper used in such spans can be in-
creased due to its correct location on the con-
ductor.

The bibliography of further research is exten-
sive and covers various aspects of the vibrations
of dampers themselves and the "conductor —
dampers" systems. Significant results have been
published, for example, in works [17-29].

In this paper, a dynamic vibration model of the
damper is constructed, focused on further use in
the combined dynamic model "conductor —
damper". Such a combination is easily carried
out if the dynamic stiffness matrix of the damp-
er is known, which relates the amplitudes of the
generalized forces applied to the clamp to the
amplitudes of the generalized displacements
caused by them. This article describes a dynam-
ic model of the damper and a method for con-
structing the mentioned dynamic stiffness ma-
trix, analyzes the spectrum of natural vibrations
of the damper depending on the dimensionless
values of the radius of inertia, the eccentricity of
the weights and the damping coefficient. The
dissipation in the elastic console is taken into
account based on the model of internal friction,
according to which the modulus of elasticity of
the material is considered a complex quantity,
the imaginary part of which characterizes the
dissipation of vibration energy.

2. PHYSICAL MODEL AND VIBRATION
EQUATIONS

The main function of a vibration damper is to
dissipate mechanical energy due to friction and
to change the shape of the conductor in the edge
zone of the span in order to reduce bending de-
formations. In traditional Stockbridge type
dampers with a console made of a cable, friction
is provided by internal friction when the spiral
wires that make up the cable slip. This allows
consoles to be considered as beams made of a
material with internal friction, to which the con-
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cept of microplastic deformations is applied [30,
31]. According to this model, the modulus of
material elasticity is assumed to be complex:
E, = E(1+in), where 1 is the damping coeffi-

cient, which has the order of the logarithmic
decrement of vibrations. Usually, due to the
smallness of the internal friction, it is assumed

that n° << 1. However, in this case, the damping

1s not assumed to be small. A refined version of
relation is also known [31], which is used fur-
ther:

E, =E(a+ib),
1-n'/4 . q (1)
1+17° /4 1+n7/4°
Since a’+b*=1, then ao°+b*=1, where

y =arctg(b/a) and E, = Ee" . Therefore, tak-
ing into account the designation D = FEI, the
flexural rigidity of the console —

D =EI=Ele" =De". ()
The primary mass of the damper is concentrated
in the weights and the clamp; therefore, the iner-
tia of the console is not taken into account.
The inertial elements of the damper — the clamp
(along with the segment of conductor it encom-

passes) and the weights — are considered as rigid
bodies characterized by their masses m,, mo-

ments of inertia in the vertical plane J, = m;’
relative to their centers of mass C,, and the dis-
tances (eccentricities) |d,.| =PC, between the

centers of mass and the point designated as the
pole. The indices i=0,1,2 refer to the clamp,
the left arm, and the right arm, as illustrated in
figure 2.

Depending on the configuration of the weight,
its center of mass C, can be located on different

sides of the attachment point P to the console.

This option is used, for example, in VORTX™
vibration dampers by the well-known company
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PLP (Preformed Line Products). This circum-
stance is taken into account by the sign of the
eccentricity: d, <0, d, >0. Both possible at-

tachment options for the weights are schemati-
cally shown in figure 1.2.

(0] X
P P
1oty
d)| |P,
h i R,
C,
X, a, X,
P 0, o, PN 7
2b L, “|d] C
d\C,
2T A

Figure 2. On deriving the vibration
equations of the damper

It is assumed that the inertial characteristics of
the loads, the lengths of the consoles L, and the

eccentricities d; in the arms of the damper are

different. This difference expands the frequency
range of the damper and is used in practice.

The oscillations of the damper are considered
with respect to a stationary right coordinate sys-
tem Oxyz, the origin of which is located on the
axis of the stationary conductor that is in equi-
librium, and the longitudinal axis x is directed
along the tangent. When aeolian vibration oc-
curs, the clamp, along with the conductor, per-
forms vertical and rotational oscillations relative
to the axis Oz. Horizontal movements of the
clamp can be neglected, as the longitudinal
stiffness of the conductor is significantly greater
than the transverse stiffness. The position of the
clamp is determined by the vertical displace-
ment y, of the point F, and the angle of rota-

tion ¢, relative to the stationary coordinate sys-
tem. In addition to the stationary coordinate sys-
tem, movable systems Ox,y,z, (i=1,2) are in-

troduced for each arm, which are associated
with the clamp and therefore convenient for de-
termining the deformations of the consoles.

As generalized coordinates for the clamp, the
absolute coordinate y, and the angle of rotation
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¢, are chosen. It is advisable to choose the other

generalized coordinates in such a way that the
potential energy can be expressed as simply as
possible in terms of the deflections and angles
of rotation of the extreme sections of the con-
sole. This is convenient for further development
of the model towards a more accurate account
of the mechanical characteristics of the console,
for example, to account for the dependence of
the bending stiffness of the cables on their de-
flection [32]. For this purpose, movable coordi-
nate systems O.x,y,z, are used, relative to which

1

the position of the weights is defined by the ver-
tical displacements y,, of the points £, and

the angles of rotation ¢,,. Then, the potential

energy of the elastic deformations of the console
takes the simplest form:

1

1, :%(gi“yf +28°y,0,+ 879} )

where y,, @, are deflection and angle of rota-
tion at the extreme section of the console, and

mn

g'" — elements of the stiffness matrix of the
i-th console:

G- 12D,/ —6D, /I
\-6D, /2 4D/L )

i

In the case under consideration

2

11 = %Z(gﬁ Vi +2g v telel). B

i=1

The total potential energy consists of the energy
of elastic deformations of the console 77 and
the energy of the change in the center of gravity
of the weights U . Let's evaluate these compo-
nents. The inertia force of the weight, deforming
the console, is of the order of F =mA®*, where
A — the amplitude of oscillations with frequen-
cy o, and creates an average bending moment
M =~ mAw’L in the console, which corresponds
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to the deformation energy I7: M’L/D, . The
gravitational part of the potential energy
U =mgA. Comparing these values, we find:
U : mAo'L’/(D,g). Even in the low-
frequency range of aeolian vibration, at the am-
plitude 4~0.01m and typical parameters of the

dampers [33], the elastic energy exceeds the
gravitational energy by 1-2 orders of magnitude.
It follows that the "pendulum" effect is insignif-
icant for the operation of the system as an oscil-
lation damper.

Kinetic energy of the damper:

K=oV o)+ 21 (8- ]
PV ().

where V> are the squares of the absolute veloci-
ties of the centers of mass of the clamp (i=0)
and weights (i=1,2), expressed in terms of
their vertical and horizontal components:

Vi = i
V;? =(K+%+d&-R& c:osocl)2 +
+R!&sin’ a,,
vy =(%+B8+d,& +R2(§bcosa2)2+

2 i a2
+R;¢& sin” oL,

It is indicated here: sz = (Ll,2 +d,, + b)2 +h,

and further it is taken into account that
R ,cosa,, =L ,+d,+b=1, (see figure 2).

The elementary work of the external forces ap-
plied to the clamp from the conductor side is

equal to: 64, = F.0y,, 04,=M_50,.

The equations of vibrations in the Lagrangian
form [34, 35] can be presented in matrix nota-
tions. We will introduce a column vector of
generalized coordinates and generalized exter-
nal forces:

q=(y0 ©o 1 O (Pz)T:(qo q, qz)Ta(4)
Q=(F.M.0 0 00),

as well as the inertia and stiffness matrices,
which can be conveniently represented in block
form:

Mll Mlz M13
M= M, M, 0 |
M1T3 0 M33 (5)
0 0 0
cC=D|0 C, 0 |;
0 0 C,

where:
my =my+m, +m,,

0, = mo(ro2 +d§)+m1(R12 +r12)+mz(R22 +r22)

— mass and moment of inertia of the entire
damper relative to the pole O; 0, =m,(r” +d})
— moments of inertia of weights relative to the
poles F; C=md, N, =ml, n, = mz'(ri2 +dl)
(i=12); C,,=G,, C;=G,; 0 — zero 2x2-
matrix.

Then the equations of vibrations will be written
in the form:

M@E-Cq=0. (6)
The forced vibrations of the damper installed on
the vibrating conductor in the OHL span (span

mode) [36] are excited by the action of periodic
force and moment from the conductor, so that
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the vector of generalized forces in the right part
of (6) has the form

Q=(Fe™ M. 0000). (7)

This mode is further considered when determin-
ing the dynamic stiffness matrix used in con-
structing the combined "conductor — damper"
model.

Important characteristics of vibration dampers
include  natural frequencies, amplitude-
frequency characteristics (AFC), and the power
of mechanical energy dissipation performed by
the damping element of the damper. Current
regulatory documents, for example [36], provide
for its experimental determination through tests
on a vibration stand that implements harmonic
oscillations of the platform with an amplitude
that changes according to the law A(w).

In this case, the damper clamp is fixed immova-
bly on the stand platform, while the weights per-
form a complex motion: a translational motion
together with the stand platform and a relative
motion with respect to the platform (stand
mode). Then the loads are affected by the inertia
of the portable motion, which reduces to a force
and a moment with amplitudes m 4w’ and

dmAo’, as follows from (5), at

v, = Ae™, ¢, =0.

Therefore, in relation to this mode, in the gen-
eral equation (6), the vector ¢ defines the rela-
tive motion, and the vector @ defines the port-

able inertia forces. When testing the dampers,
the frequency amplitude is scanned in such a
way that the set amplitude of the platform speed

is maintained 4o=V =(0.05-0.2)m/s, so that
0=(0 0 moV dmoV moV dmoV) .

In the experiments, the damper arms oscillate
practically independently; the weak mutual in-
fluence due to the elasticity of the clamp should
be attributed to nonlinear effects that are insig-
nificant in this case and is not taken into ac-
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count. Such independent — partial oscillations of
individual arms are also of interest and are de-
scribed by equation (6), if instead of the general
matrices 4, C, we use their blocks 4,,, C,,,

or, 4, C;:

(C22—0)2M22)q1 =0, ®)
(C33 —0)2M33)q2 =0,.

2. DYNAMIC CHARACTERISTICS OF
THE DAMPER

In the following, we will focus on the design
parameters that are typical for practically used

vibration dampers (see table 1).

Table 1. Parameters of a typical vibration

damper
Weight
Mass Radius of in- Eccentricity
m, kg ertia 7, mm d, mm
1 40 15
Console
Bending stiffness Length
D,N-m’ L, mm
1-6 100
Clamp
Mass Moment of inertia
my, kg J,, kg-m’
0.3 0.0003

Setting the bending stiffness in the form of a
range is due to the fact that this parameter for a
console made of a spiral cable depends on the
amplitude of the weight vibrations. At low am-
plitudes, the individual wires are pressed against
each other and the console deforms like a solid
section beam; in this case, the stiffness has the
maximum value D~6 H-m>. At high ampli-

tudes, the wires slip each other in the console, as
a result of which each of them bends inde-
pendently; as a result, the stiffness of the con-
sole decreases and reaches a minimum value
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D ~1 H-m?. This means that the elastic element

in the form of a spiral cable, generally speaking,
has a non-linearity.

Partial oscillations realized in the stand mode
are described by equations (8). Due to the iden-
tity of the equations, the subscripts will be omit-
ted when considering a single equation. Let us
write down the system of equations with respect
to the oscillation amplitudes in an expanded

iot iot

form, assuming: y = Ye™', ¢ = ®e'™" :

N e’ 2 _ oYY m
& S R B 2 R )
g7 -0 | D o

g12 —c .
In the following, the notation is used:

p=r/L,6=d/L, f=Y]L,

p=oymlL[3D =o/wo,,

where o, is the lowest natural frequency of the

console with bending stiffness and point mass
m at the free end of the console. Turning to
these variables, we transform the system (9) to
the form

4e™ - p? 2" - 8p’ f _
—2¢" —8p* 4V [3-(8 +p*)p* )\ D

Vp (1
Lo, 5)

Considering (1), (2), the solution of these equa-
tions is written as:

f—L£[2e"“’[z+8j—pzp2}= %

Lo, A 3 Lo,

(10)

(11)
o =L (1+25)=——&
Lay, A L,

Here:

A(p) = p2p4 —4pzei"’c+462i“’/3 = Ay +iA,

is the determinant of the system (10); dimen-
sionless variables:

A, =p’p* —4p2ca+4(a2 —bz)/3,
A= 4b(2a—pzc);

P it -iny, (12
AZR +Af R 1 R 1
$=—L _201+28)a+ib)A, —iA),
A2 +A? A
with coefficients:
=1/3+p* +8(8+1),
c=1/3+p +3(5+1) 13)

fo=2a(2/3+8)-p’p*, f,=2b(2/3+3).

The ratio of amplitudes during frequency scan-
ning varies according to the law:

& 2(1+29)

P=-g=—"s—m Be+B), (14
P
where are the real and imaginary parts:
Pr =afp +0f1, Bi=bfp—afi. (15)

Let's first consider the characteristics of the
damper without taking into account damping.

The equation Re[A( p)] =0 defines the natural

frequencies of free harmonic oscillations of a
conservative system. In the expanded form —

(3p7/4) p* =3cp” +1=0 (16)

with discriminant 9(3,p) =9¢* —3p> > 0.

It is fundamentally important that the natural
frequencies of the damper are located in the cur-
rent frequency range characteristic of aeolian
vibration. As can be seen, the dimensionless
partial frequencies of the damper are determined
by two parameters 0 and p, moreover, a pair

of values 8=-1/2, p=1/12=0,289 (solu-
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tion of the system of equations 09/05=0,
03/0p=0) plays a special role: for these val-

ues, the discriminant of equation (16) is zero
and its roots are multiples. In dimensional vari-

ables, this means that when d =—+/3r both fre-
quencies coincide: ®, = ®, =+/12D/mL’ .
Figure 3 shows the dependences of the dimen-
sionless frequencies p,, on the eccentricity of
the load (parameter o) at different values of the
radius of inertia (parameter p ).

The curves corresponding to
§=-1/2, p=1/4/12~0.289 are limiting:
at 8——1/2, the frequencies approach each
other: the lower frequency p, reaches its max-
imum, and the upper frequency p, reaches its
minimum, and p,(-1/2) = p,(-1/2)=2.

0 : ;
-1 —-0.5 0 0.5 1

Figure 3. Dependencies p,,(d) for
different parameter values p =0.2, 0.289, 0.4
(curves 1, 2, 3, respectively)

The symmetry of the curves relative to the ver-
tical 8 =—1/2 shows that from the point of view

of controlling the natural frequencies by choos-
ing the geometry of the damper, the schemes at

8| >1/2 are irrational. For designing a low-

frequency damper for damping vibration, for
example, in the band =5Hz and below, a

Volume 21, Issue 4, 2025

scheme in which both frequencies lie in a nar-
row low-frequency region may be rational. The
proximity of the frequencies is achieved by
purely geometric means: negative eccentricity
and mass distribution, and the "smallness" of the
frequencies is achieved by choosing the parame-
ters that determine the scale frequency

o, =+/3D/mL’ .

From the point of view of practical properties
of the damper, designs with multiple frequen-
cies should be considered irrational for the
following reasons. Firstly, instead of two fre-
quencies at which the damping effect is mani-
fested, there remains one, which narrows the
operating frequency range of the device. Sec-
ondly, transverse and torsional vibrations are
realized independently, i.e. there is no connec-
tion between them, which leads to a decrease
in the damping efficiency. In this regard, it is
possible not to consider variants with a strong
negative eccentricity, when &<-1/2. The
proximity of &~—1/2 is also inappropriate,
since in this case the amplitude distribution
coefficients (shape factor) and phase relation-
ships of translational and torsional vibrations
of loads, determined from the first equation
(10) at y =0, reveal a strong dependence on

the geometric parameters o and p:

_ q)l,z _ 4_p12,2 (5,p)

v, = - . a7
f, 248 p,(8,p)

Note the difference between relations (14) and
(17). The first relates to forced oscillations and
is a function of the excitation frequency; the
second relates to free oscillations at natural fre-
quencies. Of course, at natural frequencies in
the absence of damping they coincide:
Yi2 = BI,Z'

The signs of the quantities y,, determine the
relationship of the oscillation phases. With a
positive eccentricity (6> 0), the denominator

is positive and the sign of the coefficients vy, ,

depends only on the frequency. As follows
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from the graphs in figure 3 p <2, p,>2.

Therefore, at the first natural frequency, the
generalized coordinates change in phase, and
at the second, they are in antiphase, regardless
of the parameters d, p and, therefore, the ge-

ometry of the weights. However, with a nega-
tive eccentricity (8<0), the signs and values

of the shape factors depend in a complex way
on the relationship of the geometric parame-
ters O, p, as evidenced by the curves in figure

4. In practical terms, such a strong depend-
ence can manifest itself in instability of the
oscillation modes.

Taking into account the above, nomograms of
the natural frequencies of the damper arm in
the current ranges of change of the eccen-
tricity (p) and the radius of gyration of the
load (0) are calculated (figure 5). The given
dependencies can be used for rational "tun-
ing" of the damper to the required frequency
range.

Ya
30

20¢

—10}

=20}

30 - ; - :
0.6 0.4 0.2 i
Figure 4. Dependencies of the form factor
v,(8) for different values of the parameter

p=0.2,0.3, 0.35, 0.4, 0.5 (curves 1-5)

With small damping, the natural frequencies
practically coincide with the resonant frequen-
cies of the real system. However, in the case of
a damper, the function of which is to dampen

oscillations, it is advisable to make the attenua-
tion sufficiently large, which can lead to a di-
vergence of the natural and resonant frequen-
cies.

The latter are revealed in the amplitude-
frequency characteristics, determined experi-
mentally during tests on a vibration stand or
theoretically from the solution of non-
homogeneous equations. Since the conditions
for excitation of forced oscillations can be dif-
ferent, the AFC also differ. Of practical im-
portance are the conditions of the stand and
the conditions of the flight, that is, excitation
from the side of the wire on which the damper
is installed.

Let us consider a variant of an equal-shoulder
damper under stand conditions, returning to
equations (10) and their solution (11). In ac-
cordance with formulas (12), expressions for

modules of functions j%p), C%(p) have the
form:

/k-k/i
A”

2a+2&

v R+AI

Formulas (18) represent the AFC of the damper
under stand conditions. They are graphically
shown in figure 6 a) and b). The calculations
were performed using the values of the parame-
ters: N=0.1...0.5, p=0.4, 5=0.15.

The graphs of the functions

)=
#p)|=p

(18)

show that in this case damping plays a signifi-
cant role only at resonances; at intermediate fre-
quencies, the calculation results with and with-
out internal friction are almost identical. The
resonant frequencies of the damped and con-
servative systems (the latter are equal in this
case p, =0.72, p, =4.02) also practically coin-

cide.
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Figure 6. AFC of the damper at different val-
ues of the damping coefficient (curves 1-5)

Note that, as follows from (11), at

p~+J4/3+28 / p, the amplitude of vertical vi-

brations of the load drops sharply (in the ab-
sence of friction, it turns to zero). This is a
manifestation of the Den Hartog effect [37],
when, during forced oscillations of a system
with two degrees of freedom at a certain fre-
quency, one of the generalized coordinates
"freezes", which is used to dampen vibrations.
This effect is clearly manifested in the absence
of friction (the first curve in figure 6 a), how-
ever, in relation to the damper, it is rather a
negative factor. Note also that the dimension-

less AFC |/%p) C%(p)| do not depend on the

9
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frequency scanning mode, which appears only
when returning to the dimensional values ac-
cording to (11).

P
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0.8
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—0.5 0 0.5 |
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Figure 5. Dependences of the dimensionless

natural frequencies of the damper arm p, ,(0)

at p=0.2-1.2 (curves 1-11 in increments

0.1), the dotted line shows the dependences at
the "boundary" value p =0.289

Next, we consider the frequency dependence of
dissipation on the frequency of forced oscilla-
tions. The power dissipation of mechanical en-
ergy due to internal friction in each arm of the
damper, as follows from (3), is equal to the im-
aginary part of the amplitude value of the poten-
tial energy divided by a quarter of the oscilla-
tion period:
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12D®

W = siny .

—\r fq>+;c1>2

Considering (11) and the relation (14) between
the amplitudes of translational and rotational
oscillations, we find:

W=mV’e,0(3,p.v,p),

where

siny (19)

1
B2
p+3P

4
®(8,p,\|f,p)=;p

is a dimensionless function of only the dimen-
sionless geometric parameters of the damper,
the damping coefficient in the form (2) and the
frequency. Using (12)-(15), it is not difficult to
obtain expressions for modules:

Pl it
e G
where
Op =fiu + /i~
—2(1+26>[BR—§ fi”; (8 - Bf)},
:—2(1+26)B{ 4;”; B, }

Then, instead of (19), we will have the formula:
O(3.p,y,p) =

3
_4_»r O +0; siny.

2 2
T Ay + A

(20)

Figure 7 shows the dependences of the dimen-
sionless dissipation power (20) on the frequency
p atvalues n=0.1,0.5.

e
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/) NN
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Figure 7. Dependence of the dimensionless
dissipation power on the frequency at values
n=0.1, 0.5 (curves 1, 2); p=0.4, 5=0.15
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Note that as the damping coefficient increases,
the dissipation power at the resonances de-
creases, while away from the resonances, on
the contrary, it increases. At first glance, this
strange phenomenon is explained by the fact
that as m increases, the resonant amplitude of

oscillations a decreases For example, for a
single-degree oscillator with internal friction,
excited by a vibration stand with a table am-
plitude A4, it is inversely proportional to n:

a~ A/n. At the same time, the power of dis-

sipation w~a’n. It follows that w~A2/n. A

similar result holds for an oscillator with vis-
cous Rayleigh friction. In the practice of de-
signing and testing dampers, it is known that
the dissipation power is reduced by artificially
increasing damping by increasing interwire
friction, which led to the "locking" of the ca-
ble console.

In a system with two degrees of freedom, the
situation is different. Figure 8 shows the de-
pendences of the dissipation power at the
damper resonances on the damping coefficient
(solid curves).
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Figure 8. The influence of the damping
coefficient on the dimensionless dissipation
power (solid curves 1, 3) and the amplitude of
vertical oscillations (dashed curves 2, 4) in
resonant modes at p. =0.719 (curves 1, 2) and

p, =4.02 (curves 3, 4); p=0.4, 5=0.15

Similar dependences for the amplitudes of verti-
cal oscillations are also shown here. As can be
seen, for each resonance frequency there is a
value at which the dissipation reaches a maxi-
mum. However, these maxima are achieved at
the cost of too large amplitudes, which are un-
acceptable in practice for reasons of strength.
Note that the damping coefficient in this case is
considered constant, whereas it can depend on
the amplitude of oscillations, especially in ca-
ble-type consoles, in which the interwire friction
obviously depends on the manufacturing tech-
nology. It follows that the choice of the design
parameters of the damper should be based on an
experimental study of its damping characteris-
tics. The same applies to the amplitude depend-
ence of the bending stiffness.

3. DYNAMIC STIFFNESS MATRIX OF
THE DAMPER

When combining a conductor in the overhead
line span with a vibration damper, it is conven-
ient to characterize the latter with a dynamic

Volume 21, Issue 4, 2025

stiffness matrix calculated at the attachment
point to the clamp. Dynamic stiffness has the
same meaning as static stiffness, but differs
from it in that it does not relate force to dis-
placement, but rather their amplitudes during
forced vibrations, and thus depends on frequen-
cy [38].

We will proceed from equations (6), taking into
account the internal damping, which now plays
a significant role. We will represent the vector
of amplitudes of the generalized forces acting
on the clamp from the wire side in accordance
with formulas (7) in the form: Q = Q%™". We

will use a similar form for the desired solution:
0 iot

q=qe
of the oscillations.
Let us introduce the following notation by anal-

ogy with (1.4) Q)=(F. M), 0=(00),

q) =" ®))", which allow us to rewrite the

, where ¢’ is the complex amplitude

system (6) in expanded form:
~o’ (Mllq(()) +M12q10 +M13q§):Q(())’
~ o’ M qq +(G1 _(DzMzz)qlo =0,
~o’'M/q] +(G2 —w2M33)q2° =0.
From the last two equations we express the vec-
tors qE , through the vector ¢, :
0 _ (G -’ M Mg
9 =0 ( 1T 22) 1290
-1
4 =0’ (Gz —0)2M33) Myq,.

Then from the first
C'q) =0, , where

equation we have:

C"=—o* {M11 + [Mn (G, -o'M,, )‘l M+

+M,, (Gz _C‘)2]W33)71 Mlj;:|}

is the desired matrix of the dynamic stiffness of
the damper. Note that the elements of the matrix

67



Alexander N. Danilin, Andrey P. Zakharov, Alexander E. Fedorov, Valery A. Feldstein

are complex quantities. Therefore, for example,
the modulus of the displacement determined us-
ing the rigidity matrix determines its amplitude,
and the argument is the phase shift of the dis-
placement relative to the harmonic force caus-
ing it.

The obtained stiffness matrix allows to easily
include the damper in the dynamic model of the
span, since it can be considered as a set of con-
centrated “springs” characterized by dynamic
stiffnesses and connected to the conductor.

CONCLUSION

The developed dynamic model covers the main
properties of Stockbridge vibration dampers,
widely used to reduce the amplitudes of acolian
vibration of overhead power transmission line
conductors. The model and the results obtained
on its basis can be used for design calculations
of damper natural frequencies. The obtained dy-
namic stiffness can be used to include the
damper in the dynamic span model, which is
necessary to assess the effectiveness of the
damper and determine the best position of the
damper in the span.

Taking into account the nonlinearity of the elas-
tic characteristics of the console is the subject of
further development of this model.
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