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The partial differential galloping equation of iced quad conductors can be transformed into an ordinary differential galloping
equation by two discrete methods: one is a direct discrete method and the other is an indirect discrete method. The two discrete
methods are reasonable and effective and have their own advantages and disadvantages, but whether the two different discrete
methods would cause the differences in galloping characteristics of the iced quad conductor has not been studied. Based on this
concept, this paper studies this problem systematically. Firstly, based on the variational principle for Hamiltonian, the partial
differential galloping equation with 3DOFs of the iced quad bundle conductor is derived and then two discrete methods are used
to transform the partial differential galloping equation into an ordinary differential galloping equation. One is to use a direct
method to transform partial differential galloping equation into an ordinary differential galloping equation, while the other is to
use an indirect method to transform partial differential galloping equation into an ordinary differential galloping equation.
Secondly, based on the wind tunnel test, the three-component aerodynamic coefficients of each subconductor of the iced quad
conductor are obtained, and the equivalent aerodynamic coefficients at the central axis of the quad bundle conductor are obtained
by using a reasonable method. Then, the aerodynamic coefficients are fitted by Taylor rules and the aerodynamic coefficients of
wind angle of attack which is 55° are used in the analysis of galloping characteristics of the iced quad conductor. Finally, based on
the numerical method, the displacement response of the two discrete methods is obtained. By comparing the differences of the
displacement response obtained by the two discrete methods, it is found that the two discrete methods have certain influences on
the phase, frequency, and amplitude of the iced quad bundle conductor. By comparing the calculation process of these two discrete
methods, it can be obtained that the calculation process of the direct discrete method is more complex and the calculation process
of the indirect discrete method is simpler. By comparing the calculation results of these two discrete methods, the amplitude
obtained by the indirect discrete method is bigger than that obtained by the direct discrete method, especially the amplitude in the
torsional direction. The research conclusion of this paper can offer some guidance to civil and electric engineering.

1. Introduction

With the rapid development of power grid, the galloping
characteristics of iced transmission lines have attracted the
attention of most scholars [1-5]. In fact, the span length of
transmission lines is far larger than its diameter, which
belongs to the flexible cable structure. For cable structure,
Irvine firstly studied the statics and linear and nonlinear
dynamics of the suspension cable structure and proposed

important Irvine parameters [6]. Perkins divided the ex-
ternal excitation of elastic suspension cable into two types,
parametric excitation and periodic excitation, and studied
the interaction between mode shapes and mode shapes of
elastic suspension cable [7]. Rega firstly systematically
expounded the mechanical modeling, response, and non-
linear phenomena of the suspension cable from the theo-
retical analysis, then verified the correctness of the
theoretical analysis from the experiment, and found lots of
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valuable guidance and suggestions for civil and electric en-
gineering [8]. Some scholars also have made many contri-
butions to the study of suspension structure. Lilien and
Havard established the finite element model of conductor
with 6-DOF joints based on the space curved beam theory,
then used the Newton-Raphson method to solve the static
nonlinear problem, and found some very meaningful con-
clusions [9]. Based on the existing research, Yan et al. con-
sidered the influences of bending stiffness on the suspension
cable and modified the error of bending stiffness not con-
sidered in the existing literature [10]. According to the var-
iational principle for Hamiltonian, Xiao et al. deduced the
nonlinear dynamic equation with 3DOFs considering
bending stiffness of suspension cable, then analyzed the
possible internal resonance modes of the cable by the mul-
tiscale method, and studied the influences of bending stiffness
on internal resonance by the numerical method [11].

Although the existing papers are based on the cable
structure to analyze the vibration characteristics of iced
transmission lines, the galloping of iced transmission lines is
different from the vibration of cable. Because the galloping
characteristics of transmission lines are related to ice type,
ice thickness, and other factors, the galloping of transmis-
sion lines is essentially a fluid-structure coupling. vibration.
Because the galloping of iced transmission lines is affected by
aerodynamic loads, the top priority of studying the galloping
characteristics is to obtain the three-dimensional aerody-
namic coeficients of transmission lines. Zhao et al. analyzed
the actual galloping data of a single conductor, two-bundle
conductor, three-bundle conductor, and quad bundle
conductor and then obtained some valuable results, which
can provide some references for the study of the galloping
characteristics of conductor [12]. Kimura et al. made the
static wind tunnel test and dynamic wind tunnel test on the
crescent iced conductor and then analyzed the differences
between static aerodynamic characteristics and dynamic
aerodynamic characteristics [13]. Lou et al. investigated the
influences of iced thickness, initial iced accretion angle, and
subconductor on the aerodynamic properties [14], and Cai
et al. measured the aerodynamic coefficients of the iced 8-
bundle conductor under different turbulence intensities flow
by the wind tunnel experiment [15].

In order to study the galloping characteristics of the iced
quad conductor, the partial differential galloping equation of
iced quad conductor is firstly required; then the partial
differential galloping equation should be transformed into
an ordinary differential galloping equation by the reasonable
method. While according to existing literature, it can be
found that some scholars are used to choose the direct
discrete method to transform the partial differential gal-
loping equation into ordinary differential galloping equa-
tion, while others are used to select the indirect discrete
method to transform partial differential galloping equation
into ordinary differential galloping equation. These two
discrete methods both are correct and effective, but whether
these two discrete methods would affect the galloping
characteristics of the iced quad bundle conductor has not
been studied by anyone. Based on this concept, this paper
systematically studies the influences of the two different
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discrete methods on galloping characteristics of the iced
quad bundle conductor. In this paper, the partial differential
galloping equation of iced quad conductor with 3DOFs is
established firstly, then two different methods are used to
transform the partial differential galloping equation into an
ordinary differential galloping equation. Then, through the
wind tunnel test, the three-component aerodynamic coef-
ficients of the quad bundle conductor are measured, and the
equivalent aerodynamic coeflicients at the central axis of the
quad bundle conductor are obtained by a reasonable
method. Finally, the galloping characteristics of the iced
quad conductor are studied, and the influences of two
different discrete methods on the displacement response of
the iced quad conductor are also investigated.

2. Galloping Equation of the Iced Conductor

2.1. Mathematical Model and Galloping Equation. The
mathematical model of transmission lines is established as
shown in Figure 1. The two ends of the conductor are
constrained by fixed supports. I'; is the equilibrium con-
figuration under the action of gravity and I'; is the dynamic
configuration under the action of gravity and other external
loads.

In order to obtain the galloping equation of the con-
ductor, the Cartesian coordinate system has been established
and the left support of the conductor has been taken as the
origin of the Cartesian coordinate system, which can be seen
in Figure 1.

Because of the influences of iced, the cross-sectional area
of the conductor would become noncircular, so its center of
mass is not at the center of the circle. The variational
principle for Hamiltonian belongs to the energy method,
which is essentially the conservation of energy in the system.
Although the conductor would rotate eccentrically due to
the influences of iced, the variational principle for Hamil-
tonian would be also suitable for the derivation of the
galloping equation of the conductor. Since it can be obtained
from the variational principle for Hamiltonian,

[k~ [T+ [owr =0 (1)

where 8k” is the kinetic energy of the iced conductor, § [ is
the potential energy of the iced conductor, and dw' is the
virtual work associated with gravity, external, and damping
forces.

Kinetic energy, potential energy, and virtual work of the
conductor are, respectively, as follows:

1 1 ) 1 (! .2 1 . 1 .
j kvds:J — i ds+7J. J6 ds+J szu36ds—j s,1,0ds,
0 02 2 Jo 0 0o’

(2a)

1 1 1
J H ds = J (T€+—EA€2>dS
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FiGure 1: The mathematical model of the conductor.

I 3 .
JO Sw' ds = <1—ZI I ciui> +(p9 - c99), (2¢)

where S, and S, are static moments, EI is bending stiffness,
EA is tensile stiffness, GIp is torsional stiffness, ¢ is tensile
strain, J is moment of inertia, 0 is torsional angle, u; is
dynamic displacement, ¢4 is torsional strain, p; and py are
external aerodynamic forces, ¢; and ¢y are damping coeffi-
cients, T is static tension, and [ is span length.

Substituting equations (2a)-(2c) into equation (1), can
obtain that

0 dx; Oy, - . .
g 1H(E + g) + EA@} :(]6 + Szu3 - Syu2)8i9

4

+(8.8,5 = $,0,,)0 + EI%
2
- Glpg—x?(?ie + mu;,
(3)
where
e o
ds 0s 2\ 0s ds = 0Os

Only considering the vertical (u,), transverse (u3), and
torsional (6) movement of the conductor and ignoring the
horizontal (u#,) movement of the conductor and then
substituting equation (4) into equation (3), the partial dif-
ferential galloping equation of the conductor in vertical (u,),
transverse (u3), and torsional direction (6) can be obtained
as follows:

b) dyou, 1[(0u,\* [ous\]|/dy ou, ouy | ooty
a {EA[dx a*‘i |:<ax> + g ai‘i +H$ = mu, Sy6+EI ax4 +f2u2 pz, (Sa)
0 dyou, 1|(ou, ? Ou, ? Ou, ou, . - 0'u, .
— A EA|—=—+-|| == — — |+H—} = S,0+El—= - s, 5b
Ox { [dx Ox N 2 [( ax) - Ox N Ox iy *9:0F oxt * fats = Py (5b)
- . . 00 . (5¢)
(]6+Szu3—8yu2)—Glpg+f99—p9=O. ¢

2.2. Direct Discrete Method. 'The experts represented by Lou
et al. [16, 17] generally transformed the partial differential
galloping equation into an ordinary differential galloping

0(x,1) = yy(x)qy (1), (6¢)

where y,, ¥, and yy are mode shapes and ¢, ¢3, and g are
vibration functions.

equation by direct discrete method; that is, equation (4) is Substituting equations (6a)-(6¢c) into equations
directly substituted into equation (3). (5a)-(5c), then it can be obtained that
The detailed steps of the direct discrete method are given
below. The dynamic displacements can be expressed as
u, (x, 1) =y, (x)q, (b), (6a)
us (x, 1) = 3 (x)gs (2), (6b)
a , , , . . 1 .
I {Hy,q, + EAC(y' +y,q,)} = my,g, —S,VWedp + EI, g, + fav24: — Pas (7a)
a . . 1 .
Ep {Hysq; + EAL(y3q5)} = mysds +S.¥edo + Elvs g + f3¥345 — pss (7b)

(]‘//o"ie —-S.¥3q; + Sy‘lfz"iz) = Gl ygde — foVede + Po> (7¢)



where
1, 3
€=y, +-(v'20 + v'305)- ®)
Using the Galerkin method for equation (7a), then it can
be obtained that

bigy +byg, +b4q, + b5q§ + bsqg + bsqg + bgqyﬁ +bigdg = PPa-
(9a)

Using the Galerkin method for equation (7b), then it can
be obtained that

€193 + €243 +63q5 + C5q2q5 + qug% + CM; + 34y = PPs-
(9b)

Using the Galerkin method for equation (7c¢), then it can
be obtained that

digg +dyqg +dsgs +duG, +dsqy = ppy (%)

o0 [EA ("dyou, 1[fou,\’ [ou;\*], (dy ou,
a{TJaazKa o) M ax o
1 2 2
iE_AJd_y%+l Q) (%) g
ox | I Jodx ox 2|\ ox 0x X

P 70
(6 + S,y = 8,1i5) = Gl ==+ fof) — py = 0.

Substituting equations (6a)-(6¢) into equation (11a) and
using the Galerkin method, then it can be obtained that

bid, +byd, +biq, + bigs + beqs + bids + b5 + bygds = PPy
(12a)

Substituting equations (6a)-(6¢) into equation (11b) and
using the Galerkin method, then it can be obtained that

1 e /- i ! 12 13 P li
C1qs +Cq3 +C3q3 + Csqaq3 + g3 + C7q5 + Cgqg = PP

(12b)

Substituting equations (6a)-(6¢) into equation (11c¢) and
using the Galerkin method, then it can be obtained that

didp +dydp + dsds +dudy +dsqy = pps. (120)
Equations (12a)-(12c) are the three-degree-of-freedom

coupling ordinary differential galloping equation of the iced

conductor obtained by the indirect discrete method.

2.4. Aerodynamic Loads on the Iced Conductor. The math-
ematical model of aerodynamic load on the iced conductor is
established as shown in Figure 2. The iced model is crescent,
Fy, is aerodynamic lift, F is aerodynamic drag, U is true
wind speed, Ur is relative wind speed, and D is the diameter
of the conductor.
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Equations (9a)-(9c) are the three-degree-of-freedom
coupling ordinary differential galloping equation of iced
conductor obtained by the direct discrete method, and the
expression of the coefficients involved in equations (9a)-(9¢)
is shown in the appendix.

2.3. Indirect Discrete Method. Some experts [18, 19] thought
that the axial galloping of the iced conductor is very weak, so
the influences of its axial inertia force can be ignored. Based
on this concept, equation (4) can be averaged along the span
length; that is,

1 (' [dx; 0w, 1[0, \*/dx, oy
mo_ 2| | 2R T Rt st P PV 10
© ljo[ds as+2(as>:|<ds+as)dx (10)

Substituting equation (10) into equations (5a)-(5¢), then
it can be obtained that

4
)+H%}:md2 —Syé+EI%+f2ﬂ2—p2, (11a)
ou, N i 84”3 ;
+Ha = mus +829+Elg+f3u3_p3> (llb)
(11¢)

P, is aerodynamic load in the vertical direction, p; is
aerodynamic load in the transverse direction, p, is the
aerodynamic load in the torsional direction; then,

P, = Fycos(a,) — Fpsin(a,) = 0.5pU2DCy(oc), (13a)
p; = Fysin(a,) + Fp cos(a,) = 0.5pU°DC, (),  (13b)
pg = 0.5pU>D*Cy; (), (13¢)

where Cy(@), C.(«), and Cy(«) are aerodynamic coefficients,
a is instantaneous wind angle of attack, and p is air density.
The aerodynamic coefficients can be fitted by a cubic curve;
that is,

c, (a) = oy + a2a2 + oc3(x3, (14a)
C, () = o+ fya’ + o, (14b)
Cu (@) = pra + 9,0 + p30°, (14¢)

where «; f8; and y; are the three-component coefficients
determined by wind tunnel test, which are related to the
initial wind angle of attack, torsional angle, and relative wind
speed.
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F; (relative lift)

(b)

F1GURE 2: Cross-sectional model of the iced conductor and relative flow. (a) Cross-sectional model of the iced conductor. (b) Relative flow in
the quasi-steady assumption.

According to equations (13a)-(13c) and equations

(14a)-(14c), then using the Galerkin method, it can be
obtained that

o (15a)

pUZD(( %)w (x)ds () +(5—)[%<x>qz<t>] (ﬁi)[wz (x)42(t)]3)W3 (dx,  (15b)

I
ppy = ppa(t) = JO%pU2D2(<—%)w2 (x)g, (1) +( )[Wz (x)g, (1] <Y33>[‘//z(x)ljz(t)]3>1//3(x)dx. (15¢)

By substituting equations (15a)-(15c) into equations
(92)-(9¢), the ordinary differential equation with consid-
ering the influences of aerodynamic loads on the iced

/ 1
pp2 = pPI(D) = joszZD((—%)wz (<) (1) +(U—2) (2 (> O —(—3) (2 ()4 (1) )wz (x)dx,

1
pps = pp3(t) = J

=

0

conductor under direct discrete method can be obtained as
follows:

13y + (by +17)dy + bygy + bss + beds + byqs + bodyd; + brody + b1 + b1y = 0

. 2 3 . £ * 22 * .3
€13 + €G3 + C3q3 + €542 q3 + Ccqrq3 + €745 + Csg + Coqy + €194y + €11, =0 (16)

d\Gg + dyqy + dsds + dydy + dsqg + dgd, + d;qg + dgq; =0,

where the expression of the coefficients involved in equation By substituting equations (15a)-(15c) into equations
(16) is shown in the appendix.

(12a)-(12c), the ordinary differential equation with
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FiGUure 3: Wind tunnel with low wind speed (1.4 m x 1.4 m).

FiGure 4: Iced model.

considering the influences of aerodynamic loads on the iced
conductor under indirect discrete method can be obtained as
follows:

big, +(by+b")q, + byg, + bslqg + béq§ + béqi + béquﬁ +bygdp + b?lqg + bi‘zfﬁ =0,

I ! ! ! 12 13 I * * 22 * .3
€193 + €G3 + €3G3 + €523 + 69593 + €705 + Csqg + Co G + €195 + 1145 = 0, (17)

didg +dyge + dyids + diidy + diqe + didy + digs + dy s = 0,

where the expression of the coeflicients involved in equation
(17) is shown in the appendix.

3. Wind Tunnel Tests

In order to obtain the three-component aerodynamic co-
efficients of the crescent iced quad bundle conductor, the
wind tunnel test was carried out in China Aerodynamics
Research and Development center. The quasi-static method
is used to test the aerodynamic coefficients of a cross-sec-
tional model of the iced conductor. The picture of
1.4m x 1.4 m wind tunnel with low wind speed is shown in

Figure 3, the picture of the iced model is shown in Figure 4,
and the picture of the force-measuring model is shown in
Figure 5.

After measuring the aerodynamic loads, the top motor
of force-measuring model would drive force-measuring
model to rotate 5% then, the aerodynamic load is measured
again and the range of measurement is 0°~180°. The
aerodynamic coeflicients of the iced quad bundle con-
ductor measured by the wind tunnel test include aero-
dynamic drag, lift, and moment coeflicients; then, the
dimensionless aerodynamic parameters are defined as
follows:
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FIGURE 5: Force-measuring model.
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FiGgure 6: Continued.
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FIGURE 6: Aerodynamic coefficients under various wind velocities. (a) Aerodynamic coefficients of subconductor 1. (b) Aerodynamic
coeflicients of conductor 2. (c) Aerodynamic coeflicients of subconductor 3. (d) Aerodynamic coefficients of subconductor 4.

___ by
P 0.5pUL D’
c -1 18
Y 0.5pUL D (18)
__ M
M 0.5p0°LDY

where L is the effective length of the conductor, Fp, is the lift
load of the conductor, Fy is the drag load, and M; is the
torque of the conductor, respectively.

According to the wind tunnel test, the aerodynamic
coeficients of crescent iced quad bundle conductor with
12 mm iced thickness under the wind speed of 10 m/s, 12 m/
s, 14m/s, and 18 m/s are shown in Figure 6.

Form Figure 6, when « is less than 40°, the curves of the
aerodynamic lift coefficients show an upward trend. When «
is in the range of 40°~120°, the curves of the aerodynamic lift
coefficients show a downward trend. When « is in the range
of 120°~160°, the curves of the aerodynamic lift coefficients
have another downing range, but its downward trend is
more obvious than that of « being in the range of 40°~120°.
When « is in the range of 160°~180°, the curves of aero-
dynamic lift coefficients show an upward trend again.

The aerodynamic drag coefficients of subconductor 1 are
affected by the wake of subconductor 2 when « is 135°. The
aerodynamic drag coeflicients of subconductor 3 drop
suddenly influenced by the wake of subconductor 2 when «
is near 45°. The aerodynamic drag coefficients of subcon-
ductor 4 are affected by the wake effect of subconductor 1,
subconductor 2, and subconductor 3 when « is about 45°,
90°, and 135°, respectively.

When « is less than 45°, the curves of the aerodynamic
torque coefficients increase with a. When « is greater than
45°, the curves of the aerodynamic torque coeflicients de-
crease with a.

Because the subconductor of the iced quad bundle would
be effect by wake effects, it is not reasonable to choose the
aerodynamic coefficients of one subconductor to study the
galloping characteristics of the iced quad bundle conductor.
In practical civil engineering, the galloping of the quad
bundle conductor usually is expressed as the whole vibration
of the quad bundle conductor, so the aerodynamic coeffi-
cients at the central axis of the quad bundle conductor are
obtained by choosing a reasonable method in this paper.

In order to obtain the three-component aerodynamic
coefficients at the central axis of the quad bundle, the
equivalent aerodynamic lift coefficients and drag coeflicients
at the central axis of the quad bundle are defined as follows:

1,

_N;CL, (193)
1 ¥,

_ﬁ;cD, (19b)

where C} and C},, respectively, represent the aerodynamic
lift coeflicients and aerodynamic drag coeflicients of each
subconductor of the quad bundle conductor and N repre-
sents the number of each subconductor.

The equivalent aerodynamic moment coefficients at the
central axis of the quad bundle are defined as follows:

Y=y lChsrCiprCln] (%9
where the physical meaning of C} ¢, CY, 1,, and C} | is the
contribution of the torque, drag, and lift of the subconductor
to the quad bundle conductor.

According to equations (19a)-(19¢), it can be obtained
that three-component aerodynamic coefficients at the cen-
tral axis of the quad bundle under the wind speed of 18 m/s
are shown in Figure 7.
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FIGURE 7: Aerodynamic coefficients at the central axis of the quad bundle.

It can be seen from Figure 7 that the curve of the  160°-180° and it would be easy to gallop. Selecting the three-
equivalent aerodynamic lift coeflicient of the quad bundle =~ component aerodynamic coefficients when « is 55°, then
has a negative slope when « is in the ranges of 40°-120"and  according to Taylor’ rules, it can be obtained that

oC o’C o’c
C,(a) =(Cy|0£=0)+(—ay|oc:0)(x+< aazy —0>(x2+< aa3y|a:o>a3+o(a4), (20a)
C,(a) =(C,la=0) + o9C, a+ BZCZ 0o + 83Cz =0 o’ +O(oc4) (20Db)
‘ T 0 o’ o’ ’
Cy (@) = (Cyla=0) + Cn la=0 aZCM| =0 )’ + a3CM| =0 )o’ +O(a) (20¢)
M= Gl = oo oa’ R oo’ “= ) ©)

where the right items of equation (20a) can be expressed as

(C la = ) Cy cos(a) + Cp sin(a) = (Cpla = 0), (21a)
oCp oC
( ) ((cosa Cpsina + 5 Dsina +Cp cosoc)loc 0) a—(xL+CD, (21b)
ac, . ’Cp aC, _ _J\_9C ,%p
< > —Zasma—CLcosa+Wcoszx+2Wcosa—CDsmzx la=0 e -Cp + aoc’ (21¢)

o’C °C o’C aC ’C o’C aC
<a 3y|oc=0> =<<a 3Lcosa—3a—2Lsina—3a—aLcosoc+CLsinoc+a—3Dsinoc+3 p chosoc—?aa—o?sin(x—CDcosa)kx:0)
o o o o o

:a3CL_3£+ *Cp
oo’ da 9’

-Cp. (21d)
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For the constant term in equations (21a)-(21d) is a fixed
value, which would not affect the galloping characteristics of
the iced quad bundle conductor, then by ignoring the

2 3 2
c, :(a&+CD>a+(aﬁ—CL+ZaC—D>a2 +(a CL—38&+38&—CD>«X3 +O(oc4).
o oa o

In the same way, the aerodynamic coeflicients in the
transverse and torsional direction can be expressed as

2

o o

2 o’ 0 o’ 2 o’
C, :<&+CL)a +(a—CD—CD _2&)0‘2 +( Cp —3&—36—CZL+CL)oc3 + O((x4),
(04 (04

oCy BZCM 2 83CM 3 4
C = (0] .
() 3 o+ P o+ o o+ (oc)

Let the coeflicients of the primary term, the coefficient of
the secondary term, and the coefficient of the tertiary term of
« in equation (22a) be «;, a,, and a3, respectively; that is,

oC
5 tCo =
o’C aC
WZL_CL‘I—ZE)—()?:‘XZ’ (23)
o°c, _oc, o C
L3132 P _C,=a,.

o’ Ja o’
Then, Cy(«) can be expressed as
C,=ma+ o + 0c3oc3. (24a)

In the same way, Cz(«a) and C,(«) can be expressed as

C, = Bra+ B,a° + By, (24b)
Cu = Y1& + 7,0 + 50, (24¢)

Finally, it can be obtained that
C, = —0.96060a — 1.40716a" + 97.623150, (25a)
C, = 2.39795a — 7.00826a° — 119.956124, (25b)
Cyy = 2.6744a + 22.30868a° — 132.0081¢. (25¢)

Advances in Civil Engineering

constant term and substituting equations (21a)-(21d) into
equation (20a), it can be obtained that

da’ ToJi oo’ (220)
. % (22b)
(22¢)

4. Numerical Analysis

The galloping characteristics of the iced quad bundle con-
ductor are investigated and the galloping characteristics of
the iced quad bundle conductor obtained by these two
discrete methods will be compared in this paper. Since the
physical parameters of the iced quad bundle conductor are
involved, the parameters of the quad bundle conductor are
listed in Table 1 [20].

By substituting the physical parameters into equations
(16) and (17) and combining the three-component aero-
dynamic coeflicients in equation (25), the displacement
response of the iced quad bundle conductor under direct
discrete method and indirect discrete method can be ob-
tained by using the Runge-Kutta method, as shown in
Figures 8 and 9.

From Figures 8 and 9, it can be seen that the iced quad
bundle conductor gradually tends to be stable at 400 s under
these two discrete methods; that is, the differences in the
discrete method would not change the time when the iced
quad bundle conductor reaches the steady state. It also can
be found that the amplitudes obtained by these two discrete
methods are different to some extent, and the most obvious
differences are amplitude in the torsional direction.

In order to compare the differences of the displacement
response obtained by these two discrete methods more
clearly, selecting the data as the iced quad bundle conductor
is in the steady state to obtain the local curves of dis-
placement response, which are shown in Figure 10.
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TaBLE 1: Physical parameters of the conductor.
Parameters Notation Units For line
Axial rigidity AE 10°N 13.30
Torsional rigidity Glp Nm’rad™’ 101
Diameter D 10°m 18.80
Tension H 10°N 21.73
Damping (y) e 107 0.067
Damping (z) 8 107 0.067
Damping (6) ) 1072 0.253
Mass per unit length M kg m™’ 1.53
The moment of inertia J 10 *kg m’m ™" 57.02
The static moment Sy kg m m™' 0.000459
The static moment Sy kg m m™’ -0.000145

9> (m)

0.005 T T T

0 100 200

(a)

300
t(s)

qg(m)

-0.01

0.000
g
= _0.005
~0.010
1
1 1 1
500 600 0 100 200 300
t(s)
(b)

100 200 300 400 500 600
t(s)
(c)

400 500 600

Ficure 8: Displacement response under direct discrete method. (a) Vertical displacement. (b) Transverse displacement. (c) Torsional

displacement.
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FiGure 9: Displacement response under indirect discrete method. (a) Vertical displacement. (b) Transverse displacement. (c) Torsional

displacement.
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FiGure 11: Amplitude diagrams. (a) Direct discrete method. (b) Indirect discrete method.

It can be seen from Figure 10 that, in the transverse and
torsional directions, the amplitude of the indirect discrete
method is greater than that of the direct discrete method,
and the differences of the amplitude in the torsional di-
rection are particularly obvious. The frequency, phase, and
amplitude of the iced quad bundle conductor obtained by
the two discrete methods are different to some extent.
Different discrete methods may lead to some errors between
the theoretical results and the actual conditions, which is a
noteworthy phenomenon.

When the iced quad bundle conductor is galloping, the
amplitude is one of the most concerned parameters for the
studying of galloping characteristics. Because the amplitude
in the torsion direction obtained by the two discrete
methods has obvious differences, in order to compare the
amplitude in the torsion direction obtained by the two
discrete methods more clearly, amplitude diagrams below
are obtained which are shown in Figure 11.

Form Figure 11, the maximum amplitude in the torsion
direction obtained by the direct discrete method is
0.02680 m, while the maximum amplitude in the torsion
direction obtained by the indirect discrete method is
0.06300 m. This is because the indirect discrete method
ignores the axial inertial force of the iced quad bundle
conductor, which leads to the increase of the amplitude in
the torsional direction compared with the amplitude in the
torsional direction obtained by the direct discrete method.

5. Conclusions

Firstly, based on the variational principle for Hamiltonian,
the partial differential galloping equation with 3DOFs of
the iced quad bundle conductor is derived; then two dis-
crete methods are used to transform the partial differential
galloping equation into an ordinary differential galloping
equation. Secondly, based on the wind tunnel test, the
three-component aerodynamic coefficients of each sub-
conductor of the iced quad conductor are obtained; then,
the equivalent aerodynamic coefficients at the central axis
of the quad bundle conductor are obtained by using a
reasonable method. Finally, based on the numerical
method, the displacement responses of the two discrete
methods are obtained. The following conclusions can be
listed:

(1) Based on the wind tunnel test, it can obtain that
each subconductor of the iced quad bundle
conductor would be effect by wake effects, so it is
not reasonable to choose the aerodynamic coef-
ficients of one subconductor to investigation on
the galloping characteristics of the iced quad
bundle conductor. For studying the galloping
characteristics of the iced quad bundle conductor,
three-component aerodynamic coeflicients at the
central axis of the quad bundle should be obtained
firstly.
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(2) Based on the numerical method, it can be obtained

that the amplitude of the indirect discrete method is pp, = J Py, dx,

greater than that of the direct discrete method, and ?

the differences of the amplitude in the torsional b = J my? dx,

direction are particularly obvious. The frequency and Pl

phase of the galloping of the iced quad bundle b~ ! 24

conductor obtained by the two discrete methods are 27 Jo favadx,

also different to some extent. This is because the 1 w EA I

indirect discrete method ignores the axial inertial b, = JO(EIWZ T " Jo y'v,dx - H wﬁ’)% dx,

force of the iced quad bundle conductor, which leads
to the increase of the amplitude in the torsional
direction compared with the amplitude in the tor- (A.3)
sional direction obtained by the direct discrete

method. I (/EA Lo,
) b/ I J _y” J 1/// dx
(3) Based on the fact that the calculation process of the > o\ 2l 0 2
partial differential galloping equation is transformed L/EA (!
into an ordinary differential galloping equation, it can + J (l% J vyl dx) }» v, dx,
be obtained that the calculation process of the direct 0 0
discrete method is more complex and the calculation , PEA , (1 2 (A.4)
P bl=-| — dxy, dx
process of the indirect discrete method is simpler. 6 0 21 Y 0 Vs 2
However, based on the calculation results of the , I
galloping characteristics, the amplitude obtained by by =- J S, vy, dx,
the indirect discrete method is bigger than that ob- 0
tained by the direct discrete method, especially the
amplitude in the torsional direction. This is because . 1
the indirect discrete method ignores the axial inertial bl = J' EA J 24 d
force of the iced quad bundle conductor since the s ( DREH PR A
amplitude in the torsional direction obtained by it is I /EA 5
worthy of further discussion. by = - J ( 5 2 J y' 3dx)1//2 dx,
!
i 2
. ppy = Jo favz dx, (A.5)
Appendix .
¢ = J I’}’ll//§ dx,
0
! : 2
b, = J my; dx, 2= Jo faysdx
0
: 2
b, = j Fovldx, .
0 & =I Elyy —=— (Hys) |y; dx,
(A1) 0 0x
! ! 0 ! 12 _ ! 0 EA oo d ( A 6)
b, = JO Elys- = (Hyj+EAy y)) by, dx, &= | 5, (BAVIY:Y Jys dx, '
Co=- Il 3(%1#1#’1#’2)1// dx
' 9 /3EA L 6 00x\ 2 VA ’
bs = - Joa< 5 Y 1/’lz)‘/’z dx,
2
T ¢ 0 Jx S Vs ¥ dx
b = _j a(j)”‘l/aﬁfz dx, 1
? 3 Cg = Josz%% dx,
b= [ 5o (33 paax !
0% pps = J psys dx, (A7)
10 (EA , (A2) 0
by = _J 3x <7V/2‘// 3)1//2 dx, Lo,
? x = J my; dx,
0
by = - Jo S, ey, dx, R i
6= JO f3y3dx,
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l !
;= JO(EIW3 - Hyj )1/’3 dx,

¢y = JO Yoys dx,
pps= j:psws dx,

d, = J; Juj dx,

d, = J: fe‘lfé dx,

ppi= Jopellfe dx,
R S R o 2
. S| o

b, = jo _EpuzD(U—ZZ)% (x)dx,
. | o

b, = jo - pUZD(—U—g)% (x)'dx,

(A.8)

(A.9)

(A.10)

(A.11)

(A.12)
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1
i = | —1pU2D(—ﬁ)wz (O, (x)dx,

0 2 U

L ; (A.13)
Clp = Jo —EP (_22)[1//2(’0] 3 (x)dx,
% ! 1 2 ( ﬁ?a)
¢, =| —=pUD| —3 [1//2(x)] V3 (x)dx,

If j U’ (A.14)

d; = [ o0 D (1) s (01,

1
d; :J —lpU (V—zz) ¥, (0] vy (x)dx,

0o 2 U

L N (A.15)
dy = JO ‘ZPUZDZ( U)[Vlz ()] g (x)dx.
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