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Abstract

High-voltage transmission tower line system is very prone to wind

vibration fatigue damage and extreme cases of dynamic collapse

damage, so to solve the vibration of the transmission tower line

system caused by wind load, the study by building a finite element

model to analyse the wind load and wind vibration response, and

experimental analysis of the fatigue life of the transmission tower

line system and the mechanical properties of the transmission tower

under the broken line condition. According to the findings, the

pulsating wind speed is within the value range of −20m/s to 20m/s

in 200 s, with an overall trend of constant fluctuation, while the

displacement, velocity and acceleration response of the five nodes

of the transmission tower under the simulated wind load all show

the characteristics of small at the bottom and large at the top.

In addition, the actual fatigue life of the transmission tower is

50.3 years when the survival rate is 90%, and 21.1 years when

the survival rate is 99.9%. Meanwhile, the maximum values of two

indicators, maximum displacement at the top and stress value at

the stress maximum, appear in the case of working condition 5,

which are 2.78 times and 3.43 times of the unbroken case. Taken

together, to avoid the damage of transmission lines caused by wind

vibration fatigue, the design safety factor of conductors and ground

wires should be increased as much as possible, which is of great

significance for solving the actual fatigue damage of transmission

tower line system under the effect of wind vibration fatigue.
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1. Introduction

The power industry has gradually become a pillar industry
of a country with the development of technology, but
with the continuous increase in the quality and quantity
of transmission lines, the actual load of transmission
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towers (TT) is also gradually increasing [1], [2]. From
the current frequent power system accidents, the TT line
system (TTLS) is highly susceptible to serious damage
under the threat of natural disasters, such as typhoons,
resulting in the paralysis of the entire power grid and power
system [3], [4]. Due to the unique geographical location of
transmission lines, secondary disasters caused by collapse
of TTs can also bring huge losses to society. The current
design method for TT and line systems is difficult to
cope with the actual damage caused by natural disasters,
and when designing TTs and lines, only materials and
other aspects are used to improve their stiffness. Therefore,
the study analysed the wind load and wind vibration
response (WVR) by constructing a finite element model,
and analysed the fatigue life of the TT and the mechanical
performance of the TT under disconnection conditions. Its
purpose is to effectively reduce the occurrence of vibration
problems in the TTLS caused by wind load, and to lay a
theoretical foundation for the development of subsequent
vibration reduction measures.

The research is mainly conducted from four parts. The
first part is a discussion and summary of the relevant
research of the current TTLS. The second part mainly
analyses the fatigue performance of the TTLS under wind-
induced fatigue damage, including the analysis of its wind
load characteristics, wind-induced vibration response, and
fatigue life. The third part is a study on the fatigue
life and mechanical properties of the TTLS under WVR.
The final part is a summary and discussion of the entire
article.

2. Related Work

High-voltage TT system structure characteristics is very
vulnerable to earthquakes, typhoons and other natural
disasters, resulting in damage to the tower system
structure and even collapse, resulting in a series of
serious consequences [5], [6]. In typhoon-prone coastal
areas, the WVR of transmission lines is more significant
when they are subjected to wind loads. A wide range
of domestic and foreign scholars have conducted in-depth
research on it. Asyraf et al. [7] proposed filament-wound
polymer composites as structural constituent materials
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for TT cross-arms for the problem of high risk of TTLS
in extreme weather, thus providing data support for
the stability of TTLS based on verifying its potential
application. Bennett J A et al. addressed the safety
issues of transmission towers during hurricane weather by
constructing an energy system optimization model that
incorporates hurricane risk, thereby effectively enhancing
the response capacity to extreme weather events [8].
İşleyen et al. [9] proposed the idea of carbon fibre-
reinforced polymer application in transmission lines for
the application of wood structural materials in TTLS,
thus effectively enhancing the stiffness of the TTLS. Zhao
et al. [10] addressed the problems related to the vibration
performance of TTLS by using tuned mass dampers to
influence the vibration response of TTs, thus effectively
improving the vibration damping performance of the
TTLS.

In addition, Nguyen and Vu [11] designed a classifica-
tion model depending on integrated differential evolution
and optimisation algorithm for the quality problem of
TT structure, thus effectively optimising the structural
material of TT. Ogbonna V E et al. proposed the
use of glass fiber reinforced epoxy resin composite
materials as insulation materials for transmission towers
in response to the stiffness issue of transmission towers
in high-voltage transmission lines, effectively enhancing
the corrosion and fracture resistance performance of the
transmission tower line system [12]. Tapia-Hernández and
De-León-Escobedo [13] address the WVR of high-voltage
TTs under wind loads by proposing a vulnerability function
for the transverse load pattern based on an example
of a section of line in Mexico, thus providing data to
support the stiffness and strength enhancement of TTs.
Qiu et al. [14] address the problem of transmission line
and the problem of bird hazards in the tower system,
by combining lightweight convolutional neural networks
based on the proposed method of fault detection in the
TTLS, thus effectively improving the safety of transmission
lines.

From the research of foreign scholars, it can be seen
that the current and related design codes design the
TTLS only from the material and structure to strengthen
the TTLS stiffness and strength, but the actual natural
disasters have strong uncertainty, so the traditional TTLS
in the face of the current natural disasters has been difficult
to apply. Therefore, the study analyses the wind load and
WVR by constructing a finite element model, and actually
analyses the fatigue life of the TTLS and the mechanical
performance of the TT under the disconnection condition,
which can provide new ideas for the TTLS and also provide
data and theoretical support for the subsequent research
of the vibration damping system, which is innovative.

3. Fatigue Performance Analysis of TT System
under Wind Vibration Fatigue Damage

Unlike other tower structures, the head of the TT
has a large mass and complex structure, resulting
in a more sensitive response to wind vibration. This
section first analyses the characteristics of wind load, then

studies its WVR, and then analyses the fatigue life of
the TTLS.

3.1 Wind Load Characteristic Analysis for TTLS

To address the problems related to the vibration of
the TTLS, the fatigue performance of the TTLS was
studied under its wind load simulation. The wind loads
in practice can be divided into long-period and short-
period, with the former usually referred to as mean
wind and the latter as pulsating wind [15]. In addition,
the parameters related to energy and spatial features
can effectively describe the statistical characteristics of
fluctuating winds, while the parameters related to energy
features include turbulence and the actual power spectrum
of fluctuating winds, while the parameters related to
spatial features include the integral scale of turbulence
and spatial correlation [16]. In wind load simulation,
the time history curve obtained from its random process
is usually simulated. Currently, research methods for
wind load mainly include linear filtering method and
harmonic synthesis method [17]. Among them, in specific
nodes of actual TT structures, the relevant wind speed
can be regarded as a stationary Gaussian randomisation
process. Therefore, the harmonic synthesis method can be
chosen for simulation, and the actual sampling function
of the stationary Gaussian randomisation process can be
approximated using trigonometric function simulation, as
expressed in equation (1).

xd (t) = φ2
x

√
2

ϕ

ϕ∑
i=1

cos (sit+ δi) (1)

In (1), xd (t) denotes the approximate simulated
value of the sampling function of the smooth Gaussian
stochastic processx (t); φ2

x denotes the variance; si denotes
the randomness variable of the density function of the
correlation probability; δi denotes the randomness variable
with values from 0 to 2π; ϕ denotes a positive integer
that tends to infinity continuously. Among them, the
expressions of pulsating WS and pulsating wind force
calculation in the simulated form are shown in (2).


Mj (t) =

∑j
i=1

∑N
l=1 |Xji (sl)| ·

√
2∆s · cos [slt− ρji (sl) + λil (sl)]

LD (t) = 1
2 τYOD (ε) [U (t)]2

(2)

In (2), Mj (t) represents the pulsating WS in the
simulated form;Xji (sl) represents the value of the elements
in row j and column i of the lower triangular matrix at
s = sl; ρji (sl) represents the actual phase angle between
different loads; λil represents the randomness value between
0 and 2π; N stands for the actual quantity of samples;
LD (t) represents the pulsating wind; τ represents the
actual density of air; Y represents the actual area of the
windward side in the effective case of the structure; OD (ε)
represents the associated drag coefficient corresponding to
the angle of attack; and U (t) denotes the time range of
WS.
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3.2 TTLS Wind Vibration Response Study

Based on the analysis and simulation of wind load
characteristics, the WVR of the TTLS is analysed using the
time domain. The time-domain method adopts the time-
domain method of wind load, which can more accurately
obtain the response of the structure under wind load.
Therefore, the time-domain method is selected for WVR
analysis in the study [18]. Applying Newmark in practical
time-domain methods- β) To conduct analysis. The
dynamic calculation expression of the TT line structure is
shown in (3).

Wp̈t+∆t +Bṗt+∆t +Gpt+∆t = Qt+∆t + ϑt+∆t (3)

In (3), W represents the mass matrix of the TTLS;
p̈t+∆t, ṗt+∆t, and pt+∆t represent the acceleration vector,
velocity vector, and displacement vector of the nodes;
B represents the damping matrix;G represents the stiffness
matrix of the TTLS; Q represents the wind spectrum
density matrix; ϑ represents the dynamic load array of the
nodes; andt+ ∆t represents the time point. Therefore, the
differential form of velocity and displacement at t + ∆t is
expressed as shown in (4).ṗt+∆t = ṗt+∆t + [(1 − χ) p̈t + χp̈t+∆t] ∆t

pt+∆t = pt + ṗt∆t+
[(

1
2 − α

)
p̈t + αp̈t+∆t

]
∆t2

(4)

In (4), χ and α denote the quantity of parameters; ∆t
denotes the time step. The acceleration and velocity at the
moment of t + ∆t are rewritten accordingly to obtain the
displacement function expression as shown in (5).ṗt+∆t = pt+∆t

α∆t2 − pt
α∆t2 − ṗt

α∆t −
( 1

2−α)p̈t
α

ṗt+∆t = χpt+∆t

α∆t − χpt
α∆t +

(
1 − χ

α

)
ṗt + ∆t

(
1 − χ

2α

)
p̈t

(5)

The optimisation expression obtained by substituting
(5) into (3) is shown in (6).

G∗pt+∆t = E∗ (6)

In (6), G∗ denotes the equivalent stiffness matrix; E∗

denotes the dynamic value. The calculated expressions of
the corresponding elements in (6) are shown in (7).


G∗ = 1

α∆t2
W + χ

α∆t
B + G

E∗ = Qt+∆t + ϑt+∆t + W
[

pt
α∆t2

+ ṗt
α∆t2

+
(

1
2α

− 1
)
p̈t
]

+

B
[
χpt
α∆t

−
(
1 − χ

α

)
pt −

(
1 − χ

2α

)
∆tp̈t

] (7)

When considering the damping calculation of practical
engineering, Rayleigh damping assumption is generally
chosen, and the corresponding expression is shown in (8).

B = ζW + ξG (8)

In (8), ξ and ξ represent two constants to be
determined. Based on this, the structural damping example

Figure 1. The finite element model structure of the TT.

is shown in (9).
ηn = ζ

2sn
+ ξsn

2ζξ
 = 2snsm

s2n−s2m

sn −sm
−1
sn

1
sm

ηmηn
 (9)

In (9), η denotes the structural damping ratio.
Therefore, before proceeding to the subsequent fatigue
life and mechanical properties of the TTLS, the study
constructed a finite element model of an actual TT of
220 kV in finite element analysis software (ANSYS15.0)
using hybrid beam-pole cells, and its structure is drawn as
shown in Fig. 1.

From Fig. 1, the constructed finite element model of
the TT has an overall height of 21 m and a root opening
of 3.73 m, which is a typical dry-shaped TT. Due to the
actual WS being affected by the vertical height of the TT,
the wind load borne by the TT at different height points
is different. In order to simplify the actual calculation, the
TT contains four sections, set as A–D; and set 5 typical
nodes, numbered 1–5.

3.3 Fatigue Life Analysis of Power TT System

Under the action of WVR, the relevant structural
components of the TT may experience fatigue damage.
Long-term operation of the TT under natural loads
such as wind load can lead to accidents such as waist
breakage. Therefore, it is necessary to analyse its fatigue
life. The actual materials related to TTs and lines have
different fatigue limits under different cyclic characteristics.
Generally, they can be converted into equivalent zero mean
stress. Through comparison, the average stress correction
equation (Goodman) was selected for conversion, and the
expression of the equation is shown in (10).

Aa = A−1

[
1 −

(
Am
Ah

)2
]

(10)
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In (10), Aa represents the equivalent zero-mean stress;
A−1 represents the actual strength limit of the material in
question; Am represents the magnitude of the stress; and
Ah represents the mean value of the stress. Based on (10),
the general expression of the Probability Stress Number of
Cycles (P-S-N) curve for lifespan is shown in (11).

lg τq = dq + cq lgA (11)

In (11), τq represents the fatigue life when the survival
probability is q; dq and cq represent the material constants
associated with the survival probability. When the actual
load produces a relevant stress on the material higher than
the fatigue limit of the material, each cycle will cause
damage to the material, and the accumulated damage is
expressed as shown in (12).

J =

φ∑
r=1

er

∫
E′r (12)

In (12), J indicates the cumulative damage value;er
indicates the actual number of cycles of the r level load; E′r
indicates the actual fatigue damage under the r level load; φ
indicates the actual number of levels of variable amplitude
load stress level. In the current domestic theory of fatigue
damage research, the more widely used assumption is that
fatigue damage will occur when the actual energy absorbed
by the structure reaches the limit value, based on the
assumption of the limit value of the relevant expression is
shown in (13).

M ′1
M ′

=
e1

E′
(13)

In (13), M ′ indicates the limit value of absorbable
energy; E′ indicates the total number of cycles. Based on
this, the damage rate, fatigue life and total fatigue life are
expressed as shown in (14).

SS = e
E′

PL = 1
SS

PLTotal = PL× t′

(14)

In (14), SS indicates the damage rate; PL indicates the
fatigue life, i.e., the tower will be fatigued after loading
PL times; PLTotal indicates the total life of the tower; t′

indicates the duration of the load.

4. Research on Fatigue Life and Mechanical
Properties of TT System under WVR

To verify the fatigue performance of the TTLS, the study
first uses numerical simulation to simulate the wind load
and use it to derive the WVR, and on the basis of which
the fatigue life under wind load is calculated, and finally
the mechanical properties such as displacement and stress
of the TT under the case of broken line are analysed.
Among them, the pulsating WS at a height of 10 m and
the synthetic WS correlation curve are shown in Fig. 2.

From Fig. 3, it can be seen that the fluctuating wind
speed is within the numerical range of −20 m/s to 20

Figure 2. Fluctuating WS curve and composite WS power
spectral density curve at 10 m height.

Figure 3. Comparison results of simulated wind speed
spectrum and self-power spectral density curve.

Figure 4. Displacement response results of five typical
nodes on the TT.

m/s within 200 s; the synthetic wind speed is within
the numerical range of 10 m/s to 50 m/s within 200 s.
Therefore, the comparison results of the simulated wind
speed spectrum and the self-power spectral density curve
based on the wind speed curve results of the two are shown
in Fig. 3.

From Fig. 4, under the dual logarithmic coordinate
system, the simulated wind speed spectral power fluctuates
continuously, and the target wind speed spectral power
shows a trend of first increasing and then decreasing. The
simulated wind speed spectral power shows a fluctuating
and decreasing trend in natural coordinates. Overall, the
overall overlap between the two curves is relatively high,
indicating the effectiveness of the harmonic synthesis
method in simulating wind loads. Among them, the
displacement response results of the five nodes in Fig. 1
are shown in Fig. 4.
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Figure 5. Result of acceleration response of five nodes.

Table 1
Wind-induced WVR and Maximum Displacement Wind-induced Vibration Coefficient of TTs

Node number

1 2 3 4 5

Synthetic
WS
conditions

Maximum
speed

3.046 × 10−1 m/s 2.401× 10−1 m/s 2.360 × 10−1 m/s 3.357 × 10−1 m/s 11.528 × 10−1 m/s

Maximum
displacement

3.282 × 10 m−2 2.635 × 10 m−2 3.632 × 10 m−2 7.982 × 10 m−2 8.834 × 10 m−2

Maximum
acceleration

4.117 × 10−1 m/s24.404 × 10−1 m/s24.692 × 10−1 m/s211.011 × 10−1 m/s210.146 × 10−1 m/s2

Maximum displacement 2.557 2.603 2.626 2.588 2.659

wind vibration coefficient

Static displacement at 1.283 × 10 m−2 1.012 × 10 m−2 1.383 × 10 m−2 3.084 × 10 m−2 3.322 × 10 m−2

average WS

Comprehensive Fig. 4 illustrated that the displace-
ment response of the five nodes shows an overall trend of
fluctuation and fluctuation within 1,000 s. In addition, the
results of the acceleration response of the five nodes are
shown in Fig. 6.

The combined Fig. 5 shows that the acceleration
response of the five nodes fluctuates more frequently within
1000 s. Based on this, the TT WVR and maximum
displacement wind vibration coefficients are illustrated in
Table 1.

From Table 1, all five nodes show a growing trend

in these five indicators, only the maximum acceleration

of 10.146 × 10 m/s−12 at node 5 is smaller than

that of 11.011 × 10−1 m/s2 at node 4. Comprehensive
Figs. 4 and 5 and Table 1, the displacement, velocity
and acceleration response of the TT all exhibit the
characteristics of small at the bottom and large at the top.
On this basis, the rainfall counting method and the P-S-N
curve are introduced to calculate the fatigue life of the TT
under the wind load. Among them, under the application of
rain flow counting method, the nodes of TT in ANSYS15.0
software are analysed for stress. As a result, the stress
response and rain flow counting of this node under the
wind load of Fig. 4 to Table 1 are shown in Fig. 6.

From Fig. 6, it can be seen that in the stress response
curve of the node at the point of maximum stress, the stress
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Figure 6. Node stress response and rain flow count at the
point of maximum stress at the waist: (a) stress response
curves of nodes at the point of maximum stress; and
(b) rain flow counting results of node stress response at the
point of maximum stress.

value within 1,000 s is similar to the WVR in Figs. 5 and 6,
showing a continuous fluctuation trend. Overall, the overall
counting results indicate the presence of asymmetric cycles,
so (11) can be used to convert to equivalent zero mean
stress, and combined with (12) to calculate subsequent
fatigue life values. Therefore, the material constant values
and survival rates of the TT P-S-N under the action of
P-S-N for 90% and 99.9% conditions double logarithmic
coordinate system are shown in Fig. 7.

From Fig. 7, with the survival rates of 90% and 99%,
the stress values continue to decrease as the number of
cycles increases, but the latter has a higher rate than the

Figure 7. Material constant values and S-N curves for TT
P-S-N curves under 90% and 99.9% survival rates:

former. Finally, the wind load simulation method based
on Fig. 2 to Fig. 3 is used to simulate the broken line
working condition under a 12-step typhoon. The specific
breaking conditions include breaking any wire but the
ground wire is not broken, breaking any ground wire but
the wire is not broken, breaking a wire on each side
in the same file, breaking a ground wire on each side
in the same file, breaking the wire and ground wire in
the same file, and breaking the wire and ground wire
on opposite sides in different files. And the six working
conditions are set to 1–6, the first two working conditions
are asymmetric load, the middle three are symmetric load,
and the last working condition is torque load. Among
them, the composite wind speed at 10 m below the 12 level
typhoon always fluctuates between 0 and 80 m/s, with a

Figure 8. Maximum displacement change at the top under the condition of no disconnection and 6 working conditions:
(a) Displacement response results under unbroken working conditions; (b) Displacement response results for condition 1 and
condition 2; (c) Displacement response results for condition 3 and condition 4; and (d) Displacement response results for
condition 5 and condition 6.
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maximum value of about 78 m/s and a minimum value
of about 8 m/s. Under this wind speed variation, the
average wind speed of 35 m/s was taken for subsequent
experiments. Based on this, the maximum displacement
changes at the top under the non-disconnection condition
and 6 working conditions are shown in Fig. 8.

In Fig. 8, the maximum displacement change within
1,000 s in the unbroken condition is maintained between
−0.2 m and 0.2 m, and the difference between the
unbroken condition and the condition 1 is not large, but
exceeds 0.2 m only in the first few tens of seconds; in
the condition 2, the first few tens of seconds are higher
than 0.2 m and lower than 0.2 m, and the rest of the
interval changes are similar. And the fluctuation change of
working condition 4 is the biggest, and the displacement
change is between −0.4 and 0.6 in the first few tens of
seconds.

5. Conclusion

For the wind load, especially typhoon-induced vibration
of high-voltage TTLS, the study constructed a real TT
finite element model, and used it to experimentally analyse
the WVR of the TTLS, the fatigue life of the TT under
wind load and the mechanical properties of the TT under
disconnection conditions. According to the findings, the
simulated WS spectrum power fluctuates continuously
in double logarithmic coordinates, and the target WS
spectrum power shows a trend of increasing and then
decreasing, with the highest not exceeding 103. In a
comprehensive view, in the TT vibration suppression is
mainly from the suppression of the top of the tower, and
the TT needs to choose a suitable height to reduce the
dynamic displacement. At the same time, in the area with
many typhoons, the design safety factor of conductors and
ground wires should be increased as much as possible to
avoid the damage of transmission lines caused by typhoons.
However, the finite element model constructed by the
study does not achieve dynamic similarity, so subsequent
optimisation is needed.
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