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Abstract: The tension cable-supported power transmission structure (TC-PTS) is a new type of power
transmission structure suitable for mountainous terrain, and is sensitive to wind load. In this regard,
a nonlinear finite element analysis model of wind-induced vibration is proposed for the TC-PTS, and
the wind-induced vibration response of the structure is analyzed. Firstly, the tangent stiffness matrix
of the three-dimensional truss element for the supporting suspension cable and transmission line,
considering the geometric nonlinearity of structures, is derived through the relationship between the
element elastic energy and its displacement. Subsequently, the element mass matrix and damping
matrix of the supporting suspension cable and transmission line, as well as the element nodal load
vector obtained from wind load equivalence, are given. Then, based on the nonlinear finite element
theory, the nonlinear dynamic equation of wind-induced vibration is established for the TC-PTS
and solved using the Newmark- method combined with the Newton-Raphson iterative method.
Furthermore, the rain-flow counting method and Miner’s linear fatigue cumulative damage theory
were used for wind-induced fatigue damage assessment. Finally, a two-span TC-PTS was selected as
an example, and the wind-induced nonlinear vibration and fatigue damage assessment were analyzed
through the proposed model. The results show that the proposed model has high computational
accuracy and efficiency. The first three order vibration modes of the supporting-conductor part of the
two-span TC-PTS were antisymmetric vertical bending, symmetric side bending, and antisymmetric
side bending. With the increase in wind speed and wind direction angle, the maximum lateral
displacement and tension of the supporting suspension cable and transmission line increased, and
their degree of increase showed a nonlinear trend. In terms of the wind-induced fatigue analysis
results of TC-PTS, the fatigue damage at the end of the supporting-conductor suspension cable was
greater than the fatigue damage at its midpoint. Compared to the fatigue damage at the midpoint of
the conductor, the fatigue damage at the end of the conductor was less affected by the wind direction
angle, and both were more significantly affected by the wind speed.

Keywords: tension cable-supported power transmission structure; wind-induced vibration; nonlinear
finite element; wind-induced fatigue damage

1. Introduction

As a part of electric energy infrastructure, a high-voltage transmission tower-line
system is an important part of the transmission and distribution systems in the power
grid [1]. With the boom in the development of power grid construction, the number of
power transmission structures erected in mountainous terrains has been increasing [2].
However, the paths required for transmission line corridors in mountainous areas are
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becoming tighter, and the selection of tower locations is becoming increasingly difficult.
For example, in the karst terrain of Guangxi, the Danxia terrain of Xinjiang, and other
special and complex mountainous terrain in China, tower positions of the transmission
tower-line system are often difficult to set up, owing to terrain restrictions, resulting in a
wide range of line rerouting.

Therefore, in recent years, the electric power industry has begun the investigation of
new power transmission structures that are well-suited for mountainous areas. A typical
structure is the tension cable-supported power transmission structure (TC-PTS), which
is a new form of overhead power transmission structure. The TC-PTS primarily consists
of a conductor, ground wire, supporting-conductor suspension cable, supporting-ground
wire suspension cable, tension-resistant insulator strings, and fixed brackets. The structural
schematics are illustrated in Figure 1. Among them, the supporting suspension cable made
of high-strength steel strands is the main load-bearing structure, and is usually fixed in
mountain rock or rigid fixed brackets, with the transmission line through the connection of
fittings and the supporting suspension cable forming a coupling system.

Ground wire  Supporting-ground

wire suspension cable _.
p Fixed end

Supporting- \
conductor \. insulator
suspension cable string

Figure 1. Schematic diagram of the tension cable-supported power transmission structure.

The supporting suspension cables and transmission lines in TC-PTS are large-span,
highly flexible spatial suspension structures, and are typical wind-sensitive structures. In
addition, the structures have mechanical characteristics such as large deformation and small
strain, and the geometric nonlinear effect is significant. Compared with the transmission
line and transmission tower-line systems, the transmission line of the TC-PTS forms a more
flexible coupled system with supporting suspension cables, and its geometric nonlinear
effect is more significant. Scholars have conducted a series of studies to address the wind-
induced nonlinear vibration problem of transmission lines and transmission tower line
systems. In early studies, transmission lines were usually considered to be suspension
structures, and their static and dynamic characteristics were analyzed [3-5]. With the
development of the finite element method and large deformation theory, the wind-induced
vibration analysis of transmission lines and tower-line systems is generally performed
using a nonlinear finite element method. The mechanical model of the transmission line
and the tower-line system based on the truss element is convenient for performing various
types of wind vibration and other static and dynamic analysis [6,7]. The mechanical model
of the transmission line and tower-line system established using a cable element and beam
element can consider the torsional and bending capacity of the transmission line and then
study complex wind vibration problems such as galloping [8-13]. Scholars have examined
the dynamic models of transmission lines and tower-line systems in depth, as well as the
nonlinear vibration issues generated by wind, using rigorous theoretical investigations
and numerical simulations. These studies have resulted in noteworthy study outcomes.
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However, nonlinear dynamic modeling and wind-induced vibration analyses of TC-PTS
have rarely been reported. In addition, TC-PTS is prone to wind-induced fatigue damage
under the wind load, and it is necessary to evaluate the wind-induced fatigue of TC-PTS.
The rain-flow method and the equivalent structural stress method [14,15] are often used
for the wind-induced fatigue assessment. In order to evaluate the safety of TC-PTS, a
framework for the wind-induced fatigue assessment needs to be proposed.

To this end, this study establishes a finite element model of TC-PTS based on 3D
truss elements, then the nonlinear dynamic equations of the structure are formed, and the
iterative solution process of the Newmark-3 method combined with the Newton—Raphson
method is provided. In addition, wind vibration fatigue assessment was performed by
combining the rainfall counting method with the Miner linear fatigue cumulative damage
theory. The remainder of this paper is organized as follows: Section 2 exhibits the simpli-
fied mechanical model of TC-PTS. The nonlinear finite element equation of wind-induced
vibration and fatigue damage assessment method for TC-PTS is shown in Section 3. Subse-
quently, Section 4 provides an example and the corresponding discussion. Finally, some
conclusions are summarized in Section 5.

2. Simplified Mechanical Model of TC-PTS
2.1. Structural Parameters and Boundary Conditions

The simplified model and the structural parameters of the TC-PTS are shown in
Figure 2. I; is the horizontal distance between the ends on both sides of the same suspension
cable, I; is the horizontal distance between two adjacent spans of the suspension cable, i,
is the height difference between the ends of both sides of the same suspension cable, /. is
the height difference between the positions of the same span of the conductor or ground
wire in the adjacent hanging points of the suspension cable, and /i, is the height difference
between the ends of the supporting-ground wire suspension cable and the corresponding
ends of the supporting-conductor suspension cable.
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Figure 2. Simplified model and structural parameters of the tension cable-supported power transmis-
sion structure.

The connections between the ends of the supporting suspension cables, the fixed sup-
ports, and the connections between the transmission lines and corresponding suspension
cables at the boundaries are hinged. Therefore, all the supports at the TC-PTS boundary
can be considered as fixed hinged supports.
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2.2. Initial Shape of TC-PTS

To establish a finite element model of the TC-PTS that considers the geometric non-
linear effect, it is necessary to first obtain the initial shape and initial internal force under
gravity loading. For the supporting suspension cables and transmission lines of the TC-
PTS, the initial shape can be simplified as a parabolic model, and the functional expression
required to establish this parabolic model is

y=4xfu(l—x/1)/1 M

where y is the vertical distance from the calculation point to the starting point, x is the
horizontal distance from the calculation point to the starting point, [ is the horizontal
distance from the end point to the starting point, and f,, is the spanning mid-arc droop
calculated according to Equation (2):

fun = q1*/ (80 cos B) ©)

where g is the gravity load per element volume of the supporting suspension cable or
transmission line, oy is the horizontal stress of the suspension cable, § is the angle of
elevation difference, and tanf = h/I, where h is hs or h. and [ is the corresponding Is or I.

2.3. The Mechanical Characteristics of TC-PTS

In TC-PTS, the supporting suspension cables and transmission lines are mainly sub-
jected to tension, and to a lesser extent, they will also be subjected to bending and torsional
moments. It is reasonable to neglect the bending and torsional capacities in wind vibra-
tion response analysis without considering torsion [16]. Therefore, in the TC-PTS wind
vibration analysis, the supporting suspension cables and transmission lines were primarily
considered for the axial tensile capacity.

3. Nonlinear Finite Element Analytical Model of Wind-Induced Vibration and Fatigue
Damage Assessment for TC-PTS

3.1. Element Stiffness Matrix for Supporting Suspension Cables and Transmission Lines

According to the mechanical characteristics of the TC-PTS, its supporting suspension
and transmission line wind vibration are large deformation and small strain problems.
Combined with the force characteristics of this power transmission structure, the finite
element model shown in Figure 3 can be established using a 3D truss element by considering
geometric nonlinear effects. Generally, the element stiffness matrix can be established
using both the local and global coordinate systems. Compared with the stiffness matrix
established in the local coordinate system [13,17,18], the element stiffness matrix in the
global coordinate system [19-21] can be directly grouped into the system stiffness matrix.
It can be directly grouped into a system stiffness matrix to effectively avoid the coordinate
conversion process. For the three-dimensional truss element in the global coordinate system,
the stiffness matrices are mostly derived using the principle of virtual work [19] and by
deriving the truss ends [21]. However, the virtual work principle requires multiple integrals,
and often results in implicit stiffness matrices that are difficult to apply directly, whereas the
truss end strives for derivatives that require more complicated vector operations. Therefore,
this study simplifies the operation through the relationship between the elastic energy of
the 3D truss element and its deformation, and derives the explicit stiffness matrix of the 3D
truss element under the global coordinate system.
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Figure 3. Simplified finite element model and node displacements.

In Figure 3, the physical quantities at the initial moment (Cy state) are known quantities,
and the node vectors at both ends of the element in the global coordinate system are

T
{ Oﬂi iz}
0
%

{x vy
T
{5 v 7}
The principle of vector subtraction is then used to obtain the element vectors of the
truss element in the global coordinate system.

®)

T
Ca,="a;—"a;={xj—xi yi-vi z—z} (4)

After time ¢, the truss element undergoes a displacement deformation movement to
C; state, and the displacement vector of the nodes at both ends of the element under the
global coordinate system is

T
u; = { u; 0; Wi }
T &)
up={u v w}
From Equations (3) and (5), the node vectors at both ends of the element in the global
coordinate system are
t, 0
a,="a,+u
tl_0 , (6)
{ a;="a; + uj

Therefore, the element vector of the truss element at time ¢ is

ta, = %a, + uj —u; (7)

According to the node displacement vector, the element displacement vector can be
expressed as

T
U = {ui U;  w; M]' ZJ]' w]} (8)
Equation (7) can be further expressed as Equation (8) as

fa, ="a, + [~DLyxs Iyxs|ue )
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where I35 is the 3rd order element matrix.
At Cy state, the truss element in the state has no strain and its element length is

0] = ’OaE’ =4/%0, (10)

At C; state, the length of the truss element in the state is

1'=|'a,| =/tala, (11)

At this point, the strain in the truss element is
fe = (1 =01) /0 (12)

The truss element elastic energy ‘U at time ¢ can be calculated using Equation (13):

= /V /Otg o(e)dedV (13)

where o (e) is the stress of the truss element, and the relationship between stress and strain
in the linear elastic range is o(¢) = E¢, E is the Young’s modulus, V is the element volume,
and when the cross-section area of the truss element is a constant value of A, Equation (13)
can be further expressed as

U = %EAON(& (14)

The element tangent stiffness matrix at time ¢ in the global coordinate system can be
calculated using the Hessian matrix, as follows:

*'u
t
Ke= 15
© 7 dtueotul (1)
The final result of the element tangent stiffness matrix at time ¢ is:

; EAte [ Bxs —Lx3| EA['alal —'alal

Ke=—— B3|ty t Tty t,T (16)

—I3x3  I3x3 —a,a, a4, a,

The element tangent stiffness matrix ‘K, shown in Equation (16) is derived by intro-
ducing only the linear elasticity assumption and not the small deformation assumption,
which is an exact tangent stiffness matrix at any displacement. Therefore, it is applicable to
the case of arbitrarily large deformations and small strains.

3.2. Element Mass Matrix and Damping Matrix

The TC-PTS finite element model mass matrix is constructed using a consistent mass
matrix with an element-consistent mass matrix, as follows:

010A |2I I
M, = g 3x3 3><3] (17)

I3vz 2343

where %7is the initial length of the element and p is the mass density of the element, respectively.
The element damping matrix is constructed using Rayleigh damping;:

'C, = woM, + B,'K, (18)
where a;, and B, are the Rayleigh damping constants calculated using Equations (19) and (20):

wy = 2 Wi Wi / (Wi + W) (19)
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Bo = 2(rowia — Eawin) / (wiy + wiiy) (20)

where wy1 and wy; are the intrinsic frequencies of the k1st and k2nd order modes, respec-
tively; &1 and &y, are the damping ratios corresponding to the k1st and k2nd order modes,
respectively. This can be considered as B, = 0 [22]. In this case, !C, is not affected by the
change in structural displacement, namely, C,.

3.3. Equivalent Nodal Load Vector

The primary loads to which the TC-PTS was subjected were gravity and wind. The
static and dynamic displacements of this power transmission structure are based on the
gravity load equilibrium position. Therefore, when calculating the structural equivalent
nodal load vector, the gravity load is equivalent to the internal nodal load vector at the
reference position. For the truss elements of the TC-PTS finite element model, the wind
load per unit length was calculated using Equation (21):

1
Fp = 5pairVZCp A (21)

where p,;; is the air density, V, is the wind speed, Cp is the drag coefficient, and A, is the
windward projected area per unit length of the truss element, for supporting suspension
cables A, = dcosf, for transmission lines A,, = dsinf, d is the diameter of the truss element,
and 6 is the angle of the wind direction (shown in Figure 4).

m 6=90°
[
L
- Transmission line
0=0° __ Supporting
suspension cable
Vertical view

Figure 4. Schematic diagram of wind direction angle 6.
V, can be calculated using Equation (22):
Ve = Vi(z) + V(1) (22)

where V(z) is the average wind speed and V(t) is the pulsating wind speed.
The pulsating wind speed V(t) is generated by the harmonic synthesis method [23].
The average wind speed V;(z) can be calculated from the exponential law according to
Equation (23):
Vs(z) = (2/10)" V1o (23)

where Vg is the reference average wind speed at the height of 10 m, z is the height, and «
is the ground roughness coefficient. As TC-PTS is in the mountainous terrain, its ground
roughness category can be considered as C. According to the “Code for Structural Loads of
Buildings” [24], « is taken as 0.22.

The wind loads on the element are converted to element equivalent nodal loads, namely:

F, F;

]xF

1 T
'F,='1[Fx F v Fi (24)

Y

where Fj, is the equivalent nodal load of the wind load in the X-direction at node i, and the
rest are similar.
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3.4. Establishment of the Nonlinear Dynamic Equation

The mass matrix, stiffness matrix, damping matrix, and equivalent nodal load vectors
of each element of the TC-PTS were assembled, respectively, and the nonlinear dynamic
equations of the structure were established based on the updated Lagrangian formulation
at the reference position:

Mt+At1./.l + Ct+At1:l + t+AtQ _ OQ — t+AtF (25)

where ‘+A; and 4% are the acceleration and velocity vectors of the structure at time
t+At, and M and C are the mass and damping matrix of the structure. ‘+24/Q and °Q are the
internal load vectors; that is, the internal nodal load vectors at time ¢t + At and the reference
position, respectively. In addition, {+AF is the equivalent nodal load vector of the structure
at time t + At.

When At is sufficiently small, the displacement increment of the structure within a time
step is small, and {4/Q and 'K can be approximated using the following linear relationship:

t+AtQ — tQ + tKu (26)

where fQ is the internal nodal load vector at time ¢, {K is the stiffness matrix of the structure
at time t, and u is the displacement increment within At; that is u = 8ty — ty.

Combining Equations (25) and (26), the nonlinear dynamic equation in the form of
displacement increments can be obtained:

Mt+Ati'l 4 Ct+Atil 4 tKu — f+AtF _ [tQ _ OQ} (27)

3.5. Solution of the Nonlinear Dynamical Equation

The Newmark-8 method is used to solve the nonlinear finite element equations shown
in Equation (27). Because Equation (26) is a linear approximation, the displacement in-
crement of the solution produces a large error accumulation as the time step increases.
Therefore, to improve the accuracy of the solution and avoid the accumulation of numerical
instability within each time step, the Newton-Raphson iterative method was used in this
study for balanced iterative calculation. The solution process is summarized as follows.

Step 1: Calculate the individual element characterization matrices UK,, M,, and C,
based on the initial shape and strain of the element, and then assemble them to obtain the
characterization matrices °K, M, and C of the structure.

Step 2: Apply the initial equivalent nodal load °F, and then calculate % from the
initial conditions “u and u:

% = M1 [°F — C% — °K'u]
Step 3: Select the time step At and calculate the integration constant [25] using the

known physical quantities at time ¢. The effective stiffness matrix was calculated before
(0)

performing the iterations of ‘K"’
RO — g coM + ¢1C

Step 4: Perform Newton-Raphson iterations. Calculate the effective load vector *A/F
at time t + At:

PRALE — PEATE 4 Mco'u 4 cp'it + c3'it] + Cler'u + c4tit + c5'it]
From this, calculate the unbalanced force vector for the first iteration 8¢ F(0);

t+At?(0) — AL [tQ(O) _ OQ] _ [C0M+ C1C] [t+Atu(O) _ tu]
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where tQ(O) is the internal nodal load vector before the first iteration, and T2t is the
displacement before the first iteration, namely ‘u.
Solve for the displacement increment u) after the first iteration at time ¢ + At:

1):

. (0),~1 R
ul [tK(O)] [t+At1:(0)]
Step 5: Update ‘K1) and fQ(") and update the effective stiffness matrix k™ and the
displacement before iteration f*+43(1)

FAL,(1) _ tA8,(0) 4 4, (1)

)Z

and the unbalanced force vector '+ F!
tatp) _ trarp [tQ(l) —0Q] — [coM + ¢1C] [t+Atu(1) —ty)
and calculate the displacement increment after the second iteration u(2):
4@ — [tk(l)]*l[tﬂ;tﬁ(l)]

. 1)
Step 6: Determine whether the L2 norm of the unbalanced force vector T F () satisfies
the convergence condition; if not, loop Step 5 until the convergence condition is satisfied; if
so, end the Newton—Raphson iteration to obtain the final nonlinear displacement ALy at

time t+At, and then obtain the velocity *!1 and acceleration ‘'3 at time  + At.

3.6. Wind-Induced Fatigue Damage Assessment of TC-PTS

Using the displacement time history and velocity time history obtained from the above
TC-PTS wind vibration nonlinear finite element analysis model, the stress time history of
each part of the TC-PTS could be derived. The rain-flow counting method was then used
to process the stress time history and obtain the stress amplitude distribution statistically.
Finally, the number of stress cycles in which fatigue damage occurs can be obtained using
the S-N curve. The logarithmic form of the S-N curve is shown in Equation (28):

IgN = C — mlgS (28)

where N is the number of stress cycles in which fatigue damage occurs, C and m are the
material fatigue parameters, and S is the stress amplitude.

The fatigue parameters for support suspension materials [26] were obtained from
C = 13.84 and m = 3.5. The fatigue parameters of the transmission line materials [27] are
available for N < 2 x 107, C = 13.27, and m = 5, as well as for N > 2 x 107, C = 14.40, and
m = 5.95.

According to Miner’s linear fatigue cumulative damage criterion, the wind vibration
fatigue damage of each part of the TC-PTS is as follows:

k
D= Z Tli/Ni (29)
i=1

1=

where D is the total fatigue damage value. When D = 1, fatigue damage occurs, k is the total
number of stress amplitudes, n; is the number of times the ith stress amplitude occurs, and
Nj is the number of stress cycles corresponding to the ith stress amplitude where fatigue
damage occurs.
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In addition, wind vibration fatigue damage analysis of the supported suspension
cables and transmission lines must consider the effect of the average stress. The Goodman
model is often used to correct for the effect of the nonzero average stress S;;, namely:

S =S5o(1—Sm/St) (30)

where S is the actual stress amplitude, Sy is the equivalent stress amplitude at zero average
stress, Sy, is the average stress, and S; is the tensile strength of a material.

4. Example Analysis
4.1. Example Description

In this study, a two-span TC-PTS, as shown in Figure 5, was considered as the research
object for wind vibration response analysis and fatigue damage assessment. The Kaimal
spectrum was used as the wind speed power spectral density function, the wind speed
time duration was taken as 600 s, the structural parameters of the two-span TC-PTS were [,
=1000 m, I, = 800 m, hwg =20m, h; = 0 m, and h, = 0 m, respectively, and the endpoints
of the supporting-conductor suspension cables were considered to be fixed at a height of
300 m. All the calculations required for the analysis in this study were performed on a
computer with an Intel i5-9400F CPU (manufactured by Intel, Santa Clara, CA, USA) and
32 GB of RAM (manufactured by Corsair Memory, Fremont, CA, USA).

Supporting-ground wire
suspension cable

. Ground wire
Constraints at boundary

Supporting-conductor Conductor

suspension cable

Constraints at boundary

™~ Supporting-ground !
_— wire suspension cable |
(one in a group)

Supporting-conductor suspension |
cable (two in a group)

Coupled node

Figure 5. A two-span tension cable-supported power transmission structure.

Using the proposed model, the first five orders of natural frequency and the first three
orders of the vibration mode of this power transmission structure can be calculated, as
shown in Table 1 and Figure 6, respectively. The results of the frequency analysis in Table 1
show that the first five orders of intrinsic frequencies of the supporting-conductor part are
77.89%, 78.65%, 78.28%, 78.30%, and 78.30% of the corresponding values of the supporting-
ground wire part. The lower-order natural frequency of the supporting-conductor part
was lower than that of the supporting-ground wire part. As shown in Figure 6, for the
supporting-conductor part, the first-, second-, and third-order vibration modes were anti-
symmetric vertical bending, symmetric lateral bending, and antisymmetric lateral bend-
ing, respectively.
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Table 1. First five orders of natural frequency of TC-PTS.

Parts Frequency Order I\/I[)Zgl;;)/ilﬁldz) ANSYS/(Hz)

first order 0.08063 0.08063

second order 0.08174 0.08174

The supporting-conductor part third order 0.08186 0.08186
fourth order 0.08188 0.08188

fifth order 0.08188 0.08188

first order 0.1035 0.1035

second order 0.1039 0.1039

The supporting-ground wire part third order 0.1046 0.1046
fourth order 0.1046 0.1046

fifth order 0.1046 0.1046

400
300
200
100

0
1000 _
99050 — Initial shape
700 First order vibration mode
500 0
400 w00 20
300 a0 0% -
200 1000
100 1200

0 1600 1400

(a)

400

00 — Initial shape
800 Second order vibration mode

500 0
400 a0 2 _
300 800 600 Initial shape

2000 1200 1000 — Second order vibration mode
1400
0 1600

(b)

400
300
200
100

0 —
1000 — Initial shape
900Boo Third order vibration mode

500 0
400 awo 20
300 g0 9%
200 1000

100 1400 1200

0 1600
()

Figure 6. First three orders mode of vibration of the supporting-conductor part obtained by the
proposed model (left) and ANSYS (right). (a) First order vibration mode; (b) second order vibration
mode; (c) third order vibration mode.

To verify the correctness and calculation accuracy of the proposed model, ANSYS
(ANSYS, Inc., Canonsburg, PA, USA) was used to perform a modal analysis, and the results
of the two calculations were compared. In the ANSYS model, the supporting suspension
and transmission lines were simulated using the Link180 element, and the structural
parameters, boundary conditions, and other parameters were consistent with those of the
model in this study. The ANSYS calculation results are also given in Table 1 and Figure 6,
respectively, and it can be seen that the maximum absolute value of the relative error of
the frequency results of the proposed model is 0.001%, which is more accurate, and the
vibration modes are also consistent.
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4.2. Wind-Induced Vibration Response of TC-PTS
4.2.1. Time History Analysis of TC-PTS Wind-Induced Vibration Response

The time history analysis of the wind-induced vibration response of TC-PTS was
performed by considering the working conditions of the wind speed Vjp = 15m/s and
wind direction angle 6 = 90°. The standard deviation (¢) of the lateral displacement time
history results at each node position of a single span conductor in TC-PTS is shown in
Figure 7, and it can be seen that the standard deviation of lateral displacement in the center
of the conductor is the largest, which is 2.34 m, indicating that the location in the center
of the conductor is more significantly affected by wind load, and the standard deviation
values of lateral displacement in the remaining locations are roughly symmetrical along
the location in the center of the conductor. The lateral displacement time histories at the
center of the conductor are shown in Figure 8, and the average and maximum values of the
lateral displacement time histories in Figure 8 are listed in Table 2. The results in Table 2
and Figure 8 show that the average value of lateral displacement in the conductor under
wind load in this condition is 23.33 m, and its maximum value is 29.70 m. The lateral
displacement is distributed from the minimum value of 16 m to the maximum value of
29.70 m, with a large variation.

0 1 1 1
0 200 400 600 800
Y/m

Figure 7. Mean square deviation of lateral displacement at each position of a single-span conductor.

40
—Proposed method
---ANSYS

T it
W

0 100 200 300 400 500 600
s

u/m

Figure 8. The lateral displacement time history of the conductor midpoint.

Table 2. Average and maximum values obtained by the proposed model and ANSYS.

Terms Average Values Maximum Values
Proposed model 23.33m 29.70 m
ANSYS 23.36m 29.95m
Relative error/ (%) 0.13 0.83

Similarly, the time history of the midpoint displacement of the conductor computed
by ANSYS is plotted in Figure 8 and Table 2, whereas the computational efficiency of the
proposed model is listed in Table 3. From Figure 8 and Table 2, it can be observed that the
relative errors of the mean and maximum values of the lateral displacement time history
obtained by the proposed model were 0.13% and 0.83%, respectively, and its accuracy
was high. Simultaneously, the lateral displacement time history curves obtained by the
proposed model had a consistent trend with the ANSYS results, which had a high degree
of agreement. The results in Table 3 show that the computation time required by ANSYS to
analyze the lateral displacement in the conductor was 35.88 min, whereas the computation
time of the proposed model was 1.50 min, and its computational cost was only 4.19% of
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the former. Therefore, the proposed model can be applied to the wind-induced vibration
nonlinear finite element analysis for TC-PTS more efficiently.

Table 3. Calculation efficiency obtained by the proposed model and ANSYS.

Terms Computing Time/min Calculation Efficiency/%
Proposed model 1.50 4.19
ANSYS 35.88 -

4.2.2. Effect of Different Wind Direction Angles on TC-PTS Wind-Induced
Vibration Response

In this section, the influence of different wind direction angles (6 taken as 0°, 45°,
60°, and 90°) on the maximum lateral displacement of the transmission line and the
maximum tension of the supporting suspension cables of TC-PTS at Vjg = 20m/s are
investigated. The variation in the maximum lateral displacement of the transmission line
and the maximum tension of the supporting suspension cable with the wind direction angle
6 is shown in Figure 9. In Figure 9a, it can be seen that the maximum lateral displacement
of the transmission line increases with the increase in 6, and initially it tends to be faster,
and then slower, subsequently. In Figure 9b, the maximum tension of the supporting
suspension cable increases with the increase in 6. The change in the incremental magnitude
of the maximum lateral displacement of the transmission line was also owing to the stress-
stiffening effect of the structure. Considering the conductor as an example, the maximum
lateral displacements of the conductor were 0.0071, 21.15, 28.12, and 32.96 m for wind
direction angles of 0°, 45°, 60°, and 90°, respectively, and the most unfavorable wind
direction angle for the maximum lateral displacement of the transmission line was 90°. The
maximum tension of the supporting suspension cables increased with the wind direction
angle because the downwind projected area of the transmission line was larger than that
of the supporting suspension cables. As the wind direction angle increased, the global
wind load on the structure increased. Therefore, the wind direction angle had a more
significant effect on both the lateral displacement of the transmission line and the tension
of the supporting suspension cables, and the most unfavorable wind direction angle for the
two-span TC-PTS was 90°.

40 _ 300 60 o

g B

=1 =]

e H

£ | e
8 £2 18£S
s 83 23
= 5
220} 28 gl
i g is
s 28 53
E10} 28 1505 2
g 57 g

£ & onor ]

> ol —4— Conductor 2 —— Supporting-conductor suspension cable g

—— Ground wire = —e— Supporting-ground wire suspension cable é

g k]

=

- - - . 260 — . : . 45
0 »30 o 60 90 0 30 60 90 120
Wind direction angle /< Wind direction angle 0/°

(a) (b)

Figure 9. The influence of wind direction angle 6. (a) Maximum lateral displacement of the transmis-
sion line; (b) maximum tension of the supporting suspension cable.

4.2.3. Effect of Different Wind Speeds on the Wind-Induced Vibration Response of TC-PTS

Based on the conclusions of the above analysis, this section examines the effect of the
change in wind speed V19 on the maximum lateral displacement of the transmission line
and the maximum tension of the supporting suspension cables under the most unfavorable
wind direction angle of 90° working conditions. The variation in the maximum lateral dis-
placement of the transmission line and the maximum tension of the supporting suspension
cable with the wind speed Vg at 8 = 90° is shown in Figure 10. In Figure 10a, it can be
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seen that the maximum lateral displacement of the transmission line increases with the
increase in V19, and the magnitude of the increase tends to be faster, initially, and becomes
slow subsequently. This phenomenon is more obvious on the conductor. In Figure 10b,
the maximum tension of the supporting suspension cables increases with the increase
in Vg all the time. The change in the maximum lateral displacement increment of the
transmission line is due to the stress stiffening effect of the structure. According to Equation
(16), the element tangent stiffness increases with the increase in displacement, and the
lateral stiffness of the structure also increases gradually with the increase in displacement.
When the lateral stiffness is larger, the increase in lateral displacement of the transmission
line will slow down.
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Figure 10. The influence of wind speed V'1g. (a) Maximum lateral displacement of the transmission
line; (b) maximum tension of the supporting suspension cable.

The maximum lateral displacement of a transmission line refers to the greatest hori-
zontal movement experienced by the line due to external forces or factors. In this study,
the maximum lateral displacement of the conductor is taken as a case in point. The wind
speeds considered are 5, 10, 15, 20, 25, and 30 m/s, while the corresponding maximum
lateral displacements of the conductor are measured as 2.83, 11.03, 22.48, 32.96, 40.16, and
44.78 m, respectively. The wind speed is from 5 m/s, and with every increase of 5 m/s,
the maximum lateral displacement of the conductor increases by 8.20, 11.45, 10.48, 7.21,
and 4.62 m, respectively. Therefore, in the case of smaller wind speed, the increase in wind
speed will be higher. The maximum lateral displacement of the conductor increases by
8.20, 11.45, 10.48, 7.21, and 4.62 m. Therefore, the increase in wind speed increases the
maximum lateral displacement of the transmission line more significantly when the wind
speed is low, whereas the maximum lateral displacement of the transmission line is less
affected by the wind speed when the wind speed is high. The change in the maximum
tension of the supporting suspension cables is due to the fact that the suspension tension is
required to balance the equivalent nodal loads, and the increase in wind speed increases
the suspension tension all the time.

For the maximum tension of supporting suspension cables, taking the maximum
tension of supporting-conductor suspension cable as an example, the wind speed starts
from 5 m/s, and for every increase of 5 m/s, the maximum tension of the supporting-
conductor suspension cable increases by 6.59, 11.05, 15.62, 20.38, and 25.47 kN, respectively,
and the increment of the maximum tension is approximately linearly related to the wind
speed, and the maximum tension and the quadratic of the wind speed are approximately
linearly correlated. When the wind speed is small, the maximum tension of the supporting
suspension cable is less affected by wind speed, while when the wind speed is larger, the
maximum tension of the supporting suspension cable is more significantly affected by
wind speed.
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Therefore, at lower wind speeds Vg, the lateral displacement of the transmission line
was more affected by the wind speed than the tension of the supporting suspension cable,
and at higher wind speeds V7, the tension of the supporting suspension cable was more
notably affected by wind speeds than the lateral displacement of the transmission line.

4.3. Wind-Induced Fatigue Damage of TC-PTS
4.3.1. Wind-Induced Fatigue Damage Assessment of TC-PTS

To comprehensively analyze the wind vibration fatigue damage condition of the two-
span TC-PTS, the ends and midpoint of the supporting-conductor suspension cable and
conductor were selected as fatigue analysis parts. The ends and midpoint of the supporting-
conductor suspension cable and conductor are points A, B, C, and D, respectively. The
wind-induced fatigue damage of each fatigue analysis part of the two-span TC-PTS was
calculated by considering the working conditions of wind speed Vjp = 15m/s and wind
direction angle § = 90° as examples. The stress time history of each fatigue analysis part
is shown in Figure 11, and the corresponding mean stress, mean square deviation, and
fatigue damage are listed in Table 4. It can be observed that, compared with point A, the
stress mean value of point B is larger, but the mean square deviation is smaller, and its
fatigue damage is smaller because the stress amplitude has a more significant effect on
the fatigue damage value: the larger the mean square deviation, the more frequently the
high stress amplitude occurs, and the more serious the corresponding fatigue damage. The
mean stress value and mean square deviation of point C were greater than those of point D,
and the fatigue damage value was also greater.
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Figure 11. Stress time history of each part. (a) The supporting-conductor suspension cable;
(b) the conductor.

Table 4. Fatigue damage of each part.

Part Mean Value of Mean Square Deviation Fatigue Damage
Stress/(MPa) of Stress/(MPa)
Point A 315.04 9.12 9.70 x 10~ 11
Point B 320.96 8.37 7.79 x 10~11
Point C 63.70 1.87 1.41 x 10712
Point D 62.36 1.83 496 x 10713

4.3.2. Effect of Different Wind Direction Angles on Wind-Induced Fatigue Damage
of TC-PTS

At Vg = 20 m/s, the influences of different wind direction angles 6 on the fatigue
damage of various parts of the TC-PTS are listed in Table 5. With a gradual increase in
the wind direction angle, the wind load acting on the conductor is larger because of the
coupling effect between the conductor and the supporting-conductor suspension cable,
and the load borne by the supporting-conductor suspension cable also gradually increases.
Therefore, the fatigue damage of each part increases. In the same working conditions,
the fatigue damage of the supporting-conductor suspension cable end (point A) is larger
than that of the midpoint (point B), while the fatigue damage of the conductor end (point
C) is smaller than that of the midpoint (point D). It is easy to see that, among all the
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wind direction angles, the 90° wind direction angle has the most significant effect on the

wind-induced fatigue damage of the TC-PTS.

Table 5. Fatigue damage of each part under different wind directions.

Wind Direction/(°)
Case
0 45 60 90
Point A 291 x 10712 443 x 1071 2.72 x 10710 1.80 x 10~°
Point B 330 x 10712 1.29 x 10~11 1.43 x 10710 8.87 x 10710
Point C 201 x 10714 117 x 10713 1.33 x 10712 6.13 x 10~ 11
Point D 1.50 x 10~ 14 525 x 10713 9.28 x 10712 411 x 10710

4.3.3. Effect of Different Wind Speeds on Wind-Induced Fatigue Damage of TC-PTS

Under the 90° wind direction angle condition, the effect of wind speed Vg change
on the fatigue damage of each part of TC-PTS is shown in Table 6. As shown in the table,
the wind-induced fatigue damage of each part increases with an increase in the wind
speed Vo, and the fatigue damage at the end of the supporting-conductor suspension
cable (point A) is larger than the fatigue damage of the midpoint (point B) under the same
working conditions. With the gradual increase in wind speed V7, the fatigue damage to all
parts of the supporting-conductor suspension cable and conductor showed a tendency to
increase faster and then slower. The fatigue damage of all parts of the supporting-conductor
suspension cable increased gradually from 10~1¢ to 10~8, whereas the fatigue damage of
all parts of the conductor increased gradually from 10~ to 10~7. When the wind direction
angle was 90°, the wind load per unit length of the conductor was greater than that of
the supporting-conductor suspension cable, and the fatigue damage of each part of the
conductor increased more than that of the supporting-conductor suspension cable.

Table 6. Fatigue damage of each part under different wind speeds.

Spee‘:;]/l(l:nd- s-1) Point A Point B Point C Point D
5 1.40 x 10715 1.31 x 10716 1.14 x 102 2.64 x 10725
10 2.87 x 10712 1.59 x 1013 5.13 x 10718 1.47 x 10716
15 9.70 x 10~ 11 7.79 x 10~ 11 1.41 x 10712 496 x 10713
20 1.80 x 10~° 8.87 x 1010 6.13 x 10~ 11 411 x 10710
25 7.72 x 1077 3.84 x 1077 1.59 x 1078 8.39 x 108
30 5.81 x 1078 1.70 x 1078 8.03 x 107 3.32 x 1077

5. Conclusions

The TC-PTS is a new class of power transmission structures suitable for mountainous
terrain. A nonlinear finite element model of the wind-induced vibration of the TC-PTS was
proposed using the nonlinear finite element method. Wind-induced vibration response
analysis and fatigue damage assessment were performed for a two-span TC-PTS, and the
effects of wind speed and wind direction angle on the wind-induced vibration response
and fatigue damage of the TC-PTS were discussed. The main conclusions are as follows:

(1) The proposed model calculates the natural frequency and displacement time history
with high accuracy and efficiency, and the computational cost of obtaining the dynamic
response is only 4.19% of that of ANSYS.

(2) For the mean wind load, at smaller wind speeds, the lateral displacement of the
transmission line is more affected by wind speeds than the tension of the supporting
suspension cable; at larger wind speeds, the tension of the supporting suspension
cable is more notably affected by wind speeds than the lateral displacement of the
transmission line.

(3) The fatigue damage value at the end of the supporting-conductor suspension cable
was slightly greater than that at the midpoint. For the conductor, under the wind
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direction angle cases, the midpoint fatigue damage value is greater than the end
fatigue damage value, whereas under the wind speed cases, the end and midpoint
fatigue damage values have no obvious comparison.

(4) The wind-induced vibration response and fatigue damage of TC-PTS were signifi-
cantly affected by the wind direction angle, and the results of the arithmetic analysis
showed that the most unfavorable wind direction angle for TC-PTS was 90°.

Although this paper proposes a framework for the wind-induced vibration response
analysis and fatigue damage assessment of TC-PTS, there still remain aspects that can be
improved further. For example, the design wind speed or extreme wind speed characteris-
tics of the terrain where TC-PTS is located may differ from the characteristics of the flat
ground wind field. The design wind speed or extreme wind speed of the terrain where
TC-PTS is located can be obtained by filed measurement or other methods, and then the
impact of its uncertainty on the wind-induced vibration response and fatigue damage of
TC-PTS can be considered.
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