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Abstract. The object of research in this paper is the split phase of
overhead power lines. The study of the aeroelastic instability of the icy
conductors of the split phase for a multi-span system has already been
explored using the method of determining the Hurwitz stability criterion.
In multi-span systems, where conductors are interconnected through a
garland of insulators, the garlands themselves are involved in an oscillatory
process. As a result of this, mutual influence of adjacent spans is observed
- energy is transferred from one span to another. The paper investigates the
aeroelastic instability of the icy conductors of the split phase in the anchor
span, which is characterized by two intrinsic features: the attachment point
of conductors on the supports is fixed and mutual effects between adjacent
spans are not observed. The study of motion instability is carried out by the
first approximation method, that is, on the basis of linearization of the
nonlinear equation at the equilibrium point and further investigation of the
linearized equation in the vicinity of this point. The results of the study are
based on the novelty of the carried out experiments - taking into account
the peculiarities of the anchor span and the findings based on the analysis
of empirical data.

1 Introduction

A lot of research and papers have been devoted to the study of galloping conductors [1-
11]. For example, in [1] the research is devoted to assessing the maximum excursion of
single conductors and bundled galloping of conductors.

Interesting contributions may also come from the comparison between
analytical/numerical results and experimental data inferred from full-scale galloping
observations [2], wind tunnel tests [3,4] or on a high-voltage overhead test line [5]. Free
torsional oscillation of a split conductor of an overhead transmission line is considered. The
obtained calculation formulas are recommended for use in the design of new overhead
transmission lines with split conductors and reconstruction of lines being already in
operation [6]. Numerical approaches based on the curved cable-beam theory are considered
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promising for single cables [7]. Galloping refers to wind-induced, low-frequency large-
amplitude oscillations that have been more frequently observed for a bundle conductor than
for a single conductor [8]. The galloping instability analysis shows that the occurrence of
negative aerodynamic damping strongly depends on the critical flow state. In all cases
considered in [9], the critical Reynolds number effects are shown to include aerodynamic
forces that could well be responsible for the whole range of translational galloping
instabilities and the part range of torsional flutter and 3-DOF galloping instabilities for
semi-elliptical cylinders.

The study of transverse galloping at low values of the Reynolds number allows the
following observations to be made [10]: galloping for a square cylinder is observed only for
Reynolds number larger than 140; and a sinusoidal quasi-steady model accurately
reproduces amplitudes obtained from fluid—structure interaction simulations for moderately
high values of the mass ratio.

2 Determination of the critical speed of wind leading to
aerodynamic instability of conductors

Currently, a serious part of the analysis of the phenomena of "galloping" is determining
the value of the minimum (critical) wind speed, leading to an unstable state of the icy
conductor of power lines. There are few works regarding this issue [11-16], especially
concerning the split-phase [14]. Below, a method for determining the critical velocity for
the split-phase of the lines of the anchor section is proposed by the authors. In [17,18], a
mathematical model of the galloping of conductors of a split-phase with two degrees of
freedom is presented. Neglecting the generalized coordinates of torsional motion in this
model, we obtain the equations of motion for galloping of conductors with one degree of
freedom

a(t) + kya(t) + kpa®(t) + w2a(t) + kza?(t) + kya®(@) + ki3 =0 (1)

where the coefficients of the equation are calculated with the following expressions:
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Here a(?) is the generalized coordinate of linear displacements, m;

! - span length, m;

g — acceleration of gravity force, m/s?;

p — the density of the air stream, daN~s2/m4;

ds — the typical size of the cross section of the ice-covered conductor, m;
& — decrement of damping;

V — wind speed, m/s;

P, - weight per unit length of conductor, daN/m;

Py - weight per unit length of icy conductor, daN/m;
T — conductor tension, daN;
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E — elastic modulus, daN/mmz;

F — conductor cross-sectional area, mmz;

Cpy - acrodynamic coefficient of force of frontal pressure;

Cpo and Cy, - aerodynamic lift factors;

o, — frequency of free transverse vibration of the conductor, rad/s.

Introducing the notation a(?)=y, and d(z)=y,;, we represent (1) in the normal form

{ Yo = Y1
Vi =—ki-y1— ko yP —wi-yo— ks y§ —kay§ — ki @)

Equating the equations in the system (2) ¥, (¢2)=0 and y; (#)=0 we obtain an expression
for the determination of the equilibrium position
3_ ks o wd kiz _
Yo +k4J’o+k4J’o+k4—0- (3)

The solution of equations (3) by the iterative method gives the following result
 _ kis
Yo1 & T2 “4)

where Yy, - the result of the first approximation.
We linearize system (2) in a neighborhood of the equilibrium point 0.25 point (yy;, 0)

Yo = Y1
. 2ksk
}’12(%_0)2)3’0_"1'3’1- O]

The characteristic equation of a linearized system (5) is:
24k p @il xp? tky o pt @i =0 6
P tkiptws——5mmp ki ptwg=0 (6)
The characteristic equation (6) has complex conjugate roots

1 .
P12 = _Ekl 1 jwg. (7)

The solution of the linearized equation, taking into account the initial conditions
vo=a (0) =Ayand y,=a (0) =0 has the form

k1, ,
a(t) =Agez * (coswat + ;Tlsmwat), ®)
a

where
_ §'wg—2b3'(Cpo+CrLo)V
- .

kq

As follows from formula (8), under the condition k=0, the split phase performs

undamped periodic oscillations. Equating the coefficient K, to zero, we find the minimum
wind speed at which the split phase performs undamped oscillations with a constant
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amplitude A, and frequency M, (the value of coefficient bs is taken into account during the

transformation)
Py 6wqg
VH = W~ %a
KR ™ 2g-p-ds-(Cpo+CLo) ©

It follows from formula (9) that the lower critical speed is influenced by the damping
decrement [20], the weight of the ice sediment, the frequency of natural transverse
vibrations of the conductors (therefore, the characteristics of power lines), air density,
geometric dimensions, and stationary aerodynamic coefficients of ice deposition. A similar
study was carried out in [19], only with respect to a multi-span system, when the
conductors are interconnected through garlands of insulators. In [19], processes for a multi-
span system are considered whereas this paper considers an anchor span. The novelty of the
present work consists in experiments and conclusions related to various features of the
anchor span. The analysis of experiments has shown that the value of the critical wind
speed at which the galloping of conductors is excited does not depend on the method of
attaching the conductor to the support (rigid attachment or through garlands of insulators
that give some mobility). If in article [19] the calculation formula is obtained by applying
Hurwitz stability criterion, the novelty in the present elaboration consists in researching the
stability of nonlinear systems which has been conducted in the first approximation, i.e.
based on the linearization of nonlinear equations at the equilibrium point and on the further
study of the linearized equation in the neighbourhood of these points.

Therefore, the value of the lower critical speed is not affected by the way the conductor
is fixed to the support, that is, rigid anchor fastening or movable - through the garlands of
insulators.

3 The modeling process

The verification of the obtained results has been carried out by modeling of the initial
nonlinear system (2) in the vicinity of the critical velocity (9). Transients are obtained using
Mathcad and applying the Runge-Kutta method with a fixed step which is shown in Fig.1,2.
The calculations have been performed for a split phase of 3 conductors AC-300/39.
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Fig. 1. Transient processes in /=200 m and 10 daN/mm?* where V = 1m/s < Vig
In the figure - the ordinate: A, m - amplitude galloping of conductors; on the abscissa:
T, s - the current time.
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As follows from Fig.1, if the wind speed is less than the critical speed determined by the
formula (9) (V < Vkg), then the oscillation process (galloping of conductor) is not supported
by the system and fades over time.
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Fig. 2. Transient processes in /=200 m and 10 daN/mm’ where V = 1,6 m/s > Vg

If the wind speed is greater than the critical speed determined by the formula (9)
(V > Vgg), then the oscillation process is supported by the system and after the end of the
transition process, a stable oscillation process with an amplitude of 0,25 m is observed
(Fig.2). It should also be noted, that usually the frequency of the galloping coincides with
the frequency of the free oscillation of the conductor.
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Fig. 3. Transient processes in /=200 m and 10 daN/mm’ where V = 2,1 m/s > Vg

Fig. 3 shows the simulation result for the wind speed V'=2,/ m/s and for the obtained
critical speed Viz=1,72 m/s. As can be seen from Fig.3, after the end of the transition
process, the duration of which has been approximately 900 s, there is a stable oscillatory
process with amplitudes of 0,254 m and 0,263 m, respectively. It should be noted, that the
amplitudes are not the same when the phenomenon of conductor galloping occurs. The
movement of the conductor from the static balance to the upper position is slightly higher
compared to the lower position. This has been repeatedly confirmed by numerous
observations of the galloping of conductors on existing power lines and on experimental
installations.
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4 Conclusions

The proposed calculation formula for the critical wind speed allows for an analysis of
the characteristics of the air line, stationary aerodynamic coefficients of ice deposition and
damping decrement on the stability of icy split-phase conductors in the wind flow.

Based on this analysis, the following conclusions are drawn:

1. The value of the lower critical wind speed at which the excited galloping of the
conductors is significantly affected by the frequency of the free transverse vibrations of the
conductors of the split phase, the damping decrement, and the aerodynamic characteristics
of the profile of the icy conductors;

2. The configuration of the split phase (the number of conductors in the phase)
practically does not affect the critical wind speed;

3. The lower critical wind speed does not depend on the method of attaching the
conductor to the support (rigid or having a certain degree of freedom), that is, the galloping
of the icy conductors of the split phase in the anchor span and multi-span system is excited
under the same conditions.

Along with the novelty presented in the work, another significant advantage of the
study is the developed calculation formula of the critical speed which can be used as an
engineering method for estimating the critical (threshold) wind speed, which will allow
dividing the boundary of a stable galloping from an unstable one and thus make it possible
to construct areas of occurrence of the galloping of conductors for a specific air line at the
specified parameters, conductor grade, acrodynamic characteristics and the decrement of
oscillation. The scientific and practical results of this research work can also be used for
further studies of conductor galloping, for compiling zoning maps of the territories
according to the frequency of occurrence of galloping, taking into account climatic and
geographical features, and for developing measures for protecting overhead power lines
from galloping.
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