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A parametric study of tuned mass dampers for a long span transmission tower-line system under wind loads is done in this paper.
A three-dimensional finite element model of transmission tower-line system is established by SAP2000 software to numerically
verify the effectiveness of the tuned mass damper device. The wind load time history is simulated based on Kaimal spectrum by
the harmony superposition method. The equations of motion of a system with tuned mass damper under wind load excitation are
proposed, and the schematic of tuned mass damper is introduced. The effects of mass ratio, frequency ratio, damping ratio, the
change of the sag of transmission line, and the robustness of TMD are investigated, respectively. Results show that (1) the change
of mass ratio has a greater effect on the vibration reduction ratio than those of frequency ratio and damping ratio, and the best
vibration reduction ratio of TMD is not the frequency ratio of 1; (2) the sag-span ratio has an insignificant effect on the vibration
reduction ratio of transmission tower when the change of sag-span ratio is not large; and (3) the effect of ice should be considered
when the robustness study of TMD is carried out.

1. Introduction

With the development of industry, transmission tower and
line are more and more important as a lifeline project in
power system. Its failure may lead to the outage of power
supply [1]. The transmission tower-line system is very sen-
sitive to wind loads due to its large span and high rise and
being flexible. Many transmission towers are damaged due to
strong wind loads in recent investigations [2]. For example,
in 2002, the strong wind appeared in Liaoning province of
China which resulted in the damage of many transmission
towers. Due to the occurrence of the strong wind in 2005,
the transmission towers are damaged seriously in Jiangsu
province of China. In 2009, the transmission tower was
broken owing towind and ice in Australia. Thewind-induced
collapse of transmission towers is shown in Figure 1. It is
of great importance to reduce the response of transmission
towers and improve the reliability of transmission towers
under wind loads.

A few researchers have studied the vibration control of
transmission tower-line system under wind action in recent
years. Wu and Yang [3] designed an active mass driver for

installation on the upper observation deck of the 310m
Nanjing TV transmission tower in China in order to reduce
the acceleration response under strong wind gusts. Fur-
thermore, Wu and Yang [4] presented the linear quadratic
Gaussian (LQG) control strategy using acceleration feedback
to reduce the tower responses under coupled lateral torsional
motion. Battista et al. [5] envisaged nonlinear pendulum-like
dampers (NPLD) installed on the towers and demonstrated
the efficiency with the aid of comparisons between numerical
results obtained from the controlled and the uncontrolled
systems. He et al. [6] proposed a suspended mass pendulum
(SMP) for vibration reduction of a transmission tower. Both
numerical and experimental results verified that the SMPwas
very effective in reducing acceleration of the tower. Chen
et al. [7] carried out the control of wind-induced response
of transmission tower-line system using magnetorheological
(MR) dampers. The results demonstrated that the incor-
poration of MR dampers into the transmission tower-line
system can substantially suppress the wind-induced collapse
of transmission tower. In addition, Chen et al. [8] studied the
vibration control and performance evaluation on a transmis-
sion tower-line system by using friction dampers subjected
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Figure 1: Wind-induced collapse of transmission towers.
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Figure 2: Schematic diagram of long span transmission tower-line system.

to wind excitations. The results showed the application of
friction dampers with optimal parameters could significantly
reduce wind-induced responses of the transmission tower-
line system. Zhang et al. [9] proposed the utilization of the
internal resonance feature of the spring pendulum (SP) to
reduce the wind-induced vibration of a transmission tower.
Tian and Gai [10] proposed a new type of vibration control
device, that is, pounding tuned mass damper (PTMD), and
PTMD was very effective in reducing the wind-induced
vibration and the vibration control performance improved
as the external wind load increases. However, there are few
studies about the parametric study of vibration control for
long span transmission tower-line system under wind loads.

A parametric study of tuned mass damper (TMD) for
long span transmission tower-line system under wind loads is
investigated in this paper. A three-dimensional finite element
model of long span transmission tower-line system is estab-
lished by SAP2000 software based on a real project. The wind
load time history is simulated by the harmony superposition
method.The finite element simulation of TMD is introduced.
The effects of mass ratio, frequency ratio, and damping ratio
of TMD are studied, respectively. Furthermore, the effects of
change of the sag of transmission line and the robustness of
TMD are investigated, respectively.

2. Structural Model

The long span transmission tower-line system across Huang-
he River in China is studied in this paper. Figure 2 gives
the schematic diagram of long span transmission tower-line
system. The long span transmission tower-line system con-
sists of four transmission towers and three span transmission
lines. North and south side towers are tension type, while

Figure 3: Practical graph of transmission tower-line system.

north and south towers are tangent type. The span across the
Huanghe River is 1118m, and the north and south side spans
are 294m and 285m, respectively. Figure 3 gives the practical
graph of transmission tower-line system. The size of tangent
tower with the total height of 122m is shown in Figure 4. The
structural members of the transmission tower are made of
steel tubewith 206 Gpa elasticmodulus.The type of the upper
two ground lines is OPGW-180 and the type of the lower six
two-bundled conductor lines is LHBGJ-400/95. The three-
dimensional finite model of the coupled transmission tower-
line system is established by SAP2000 software as shown in
Figure 5. The beam and cable element are selected for the
simulation of transmission tower and line, respectively. The
base points of the transmission tower are assumed to be fixed
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Figure 5: Three-dimensional finite model of the long span trans-
mission tower-line coupled system.

and the connections between transmission towers and lines
are hinged by insulators. As shown in Figure 5, the wind angle
of 0∘ can be assumed as the longitudinal direction along the
transmission line, while the wind angle of 90∘ can be assumed
as the transverse direction perpendicular to the transmission
line.

3. Wind Load Simulation

The wind excitations of transmission tower-line system are
simulated by harmony superposition method [11, 12]. The
target power spectrum is Kaimal fluctuating wind power
spectrum [13]. Wind is generated due to the air flow in the
atmospheric boundary layer.Themovement of the wind field
is a heterogeneous random process related to the space and
time. Wind velocity profile is used to describe the variation
of the mean wind along the height. The logarithmic function
is used to calculate the mean wind and can be expressed as

V (𝑧) = 1𝑘𝑢∗ ln(
𝑧
𝑧0) , (1)

Table 1: The positions of wind load and windward area.

Points Height (m) Windward area (m2)
1 8 21.66
2 23.75 17.81
3 38.5 13.39
4 50.5 11.62
5 61.5 8.21
6 71.5 7.80
7 80.5 5.11
8 86.5 4.15
9 92 5.72
10 99.5 3.49
11 104.5 13.93
12 109.75 3.35
13 116.5 15.66

where 𝑧 is the standard height. 𝑘 is the Karman constant equal
to 0.4. V(𝑧) is the mean wind speed at the height of 𝑧. 𝑧0 is the
roughness length. 𝑢∗ is the friction velocity.

The Kaimal spectrum is adopted as target spectrum to
simulated turbulent wind for the high transmission tower.
The Kaimal spectrum can be expressed as

𝑛𝑆V (𝑛)
𝑢∗ = 200𝑥

(1 + 50𝑥)5/3 , (2)

where 𝑥 = 1200𝑛/V10. V10 is the wind speed of standard
height. 𝑛 is the frequency of fluctuating wind.

The harmony superposition method proposed by Shi-
nozuka is a numerical simulation method to simulate the
steady random process. According to the theory of Shi-
nozuka, when 𝑁 → ∞, velocity time series of fluctuating
wind 𝑢𝑖(𝑡) can be expressed as follows:

𝑢𝑖 (𝑡)

=
𝑖

∑
𝑙=1

𝑁

∑
𝑘=1

󵄨󵄨󵄨󵄨𝐻𝑖𝑙 (𝜔𝑘)󵄨󵄨󵄨󵄨 √2Δ𝜔𝑘 cos [𝜔𝑘𝑡 − 𝜃𝑖𝑙 (𝜔𝑘) + 𝜑𝑙𝑘]

𝑖 = 1, 2, . . . , 𝑚,

(3)

where 𝑁 is the division numbers of fluctuating wind fre-
quency. 𝐻𝑖𝑙 is obtained from Cholesky decomposition of the
wind cross-spectral density matrix. 𝜃𝑖𝑙(𝜔) is the phase angle
between the two different loading points. 𝜑𝑙𝑘 is the uniformly
random numbers in [0, 2𝜋]. Δ𝜔𝑘 is the frequency increment.
𝜔𝑘 = 𝑘Δ𝜔𝑘 − ((𝑁 − 𝑙)/𝑁)Δ𝜔𝑘.

It is very difficult to simulate the wind velocity history
for every node of the transmission tower and line because
the nodes of the transmission tower and line are too much.
Considering sufficient accuracy, the transmission tower is
divided into 13 regions and each region can be simplified as
one simulation point shown in Figure 4.The positions of each
region center and windward area are listed in Table 1. The
middle span and side span of transmission line are divided
into 27 and 12 regions, respectively. The spatial correlation
function for wind velocities is taken into account in the
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Figure 6: The simulated fluctuating wind time histories of points 5 and 10.
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Figure 7: Comparison between simulated and objective wind spectra.

mathematical model for wind forces acting on lines and
towers.

Mean wind speed at 10m height is assumed to be 30m/s.
Based on the above method, the fluctuating wind speeds of
wind loads are simulated. The fluctuating wind speed time
histories of points 5 and 10 are shown in Figure 6. The
comparison between simulated and target spectra is to verify
the reliability of the simulation method as shown in Figure 7.
It can be seen from the figure that the spectral line trend of
simulated spectrum is consistent with that of target spectrum,
which illustrates the simulation method is reasonable.

The along-wind loads are calculated by the following:

𝐹 (𝑡) = 𝜇𝑠𝐴𝑉 (𝑡)
2

1.6 , (4)

where 𝐴 is the windward area in Table 1. 𝜇𝑠 is the shape
coefficient. The shape coefficients of transmission tower and
line are equal to 1.35 and 1.1, respectively. 𝑉(𝑡) is the wind
speed of simulation point.

4. Mechanism of the TMD

4.1. Equations of Motion of a System with TMD under
Wind Load. TMD is a dynamic absorber consisting of a
mass, spring, and damping. The TMD is considered in the
transmission tower only in the paper. The structure with
tuned mass damper can be simplified as a single-degree-of-
freedom system, as shown inFigure 8.The equation ofmotion
of TMD can be written as

𝑚𝑑 (𝑥̈𝑑 + 𝑥̈) + 𝑐𝑑𝑥̇𝑑 + 𝑘𝑑𝑥𝑑 = 0, (5)
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where 𝑥𝑑 is the displacement of the TMD and 𝑥 is the
displacement of the structure. 𝑚𝑑, 𝑐𝑑, and 𝑘𝑑 are the mass,
damping, and stiffness of the TMD, respectively. The mass,
damping, and stiffness of the TMD would be calculated in
the next section.

The equation of motion of structure with TMD under
wind load can be expressed as

𝑀𝑥̈ + 𝐶𝑥̇ + 𝐾𝑥 − 𝑐𝑑𝑥̇𝑑 − 𝑘𝑑𝑥𝑑 = 𝐹 (𝑡) , (6)

where𝑀, 𝐶, and 𝐾 are the mass, damping, and stiffness of
the structure, respectively. The mass, damping, and stiffness
of the structure are calculated by the along-wind fundamental
vibration mode for wind directions 0∘ and 90∘, respectively.
𝐹(𝑡) is the wind load.

4.2. Finite Element Simulation of TMD. The TMD is simu-
lated by mass element, linear element, and damping element
in SAP2000, as shown in Figure 9. The mass, stiffness, and
damping of TMD can be derived as

𝑚𝑑 = 𝜇𝑀,
𝑘𝑑 = 𝑚𝑑𝜔2𝑑,
𝑐𝑑 = 2𝑚𝑑𝜔𝑑𝜉,

(7)

where𝑀 is the mass of the control structure. 𝜇 is the mass
ratio. 𝜔𝑑 is the frequency of the control structure. 𝜉 is the
damping ratio of the TMD.

TheMaxwell calculation model of damping 𝑐𝑚 and spring𝑘𝑚 in series is used to simulate damping 𝑐𝑑 as shown
in Figure 10 [14]. The displacement of the spring 𝑘𝑚 and

i j

kmcm

Figure 10: Schematic of Maxwell model.

damping 𝑐𝑚 is defined as 𝑑𝑘 and 𝑑𝑐, respectively. The related
equations of the Maxwell model can be expressed as

𝑓𝑑 = 𝑘𝑚𝑑𝑘 = 𝑐𝑚𝑑̇𝑐,
𝑑 = 𝑑𝑘 + 𝑑𝑐,

(8)

where 𝑑 is the deformation between 𝑖 and 𝑗. When 𝑘𝑚 is large
enough and 𝑑𝑘 is small enough, 𝑑 = 𝑑𝑐 can be obtained.
Meanwhile, 𝑓𝑑 = 𝑐𝑚𝑑̇ can be derived and 𝑐𝑚 is the damping
of TMD.

5. Parameters Study of TMD

Thetransmission tower-line systemmodels shown inFigure 4
without control and with the TMD are analyzed, respectively.
The Newmark-𝛽method is applied in the numerical integra-
tion. The geometric nonlinearity is taken into account due to
large deformation. The damping ratios of the transmission
tower and transmission line are assumed to be 0.02 and
0.01, respectively. The vibration of the first mode of the
transmission tower under wind load is controlled by TMD,
and the TMD is installed on the top of the transmission tower.
To obtain the optimal control parameters, the effects of mass
ratio, frequency ratio, and damping ratio are investigated,
respectively. The mass ratio between TMD and structure can
be defined as 𝜇 = 𝑚𝑑/𝑀 × 100%. The frequency ratio
between TMD and structure can be defined as 𝑓 = 𝜔𝑑/𝜔𝑠.
The vibration reduction ratio can be defined as

𝛿 = 𝑅0 − 𝑅1𝑅0 × 100%, (9)

where 𝑅0 and 𝑅1 are the response of the transmission tower
without and with control, respectively.

5.1. Effect of Mass Ratio. To study the effect of mass ratio
between TMD and tower on the vibration reduction ratio,
eight different mass ratios are considered in the analysis,
0.5%, 1%, 2%, 3%, 4%, 5%, 6%, and 7%, to cover the range
of the mass ratio in the engineering. In all these cases, the
frequency ratio between TMD and tower is assumed to be 1,
and the damping ratio of TMD is assumed to be 0.1.

As shown in Figure 11, the vibration reduction ratios of
axial force along the height of tower with different mass ratios
are given. It can be seen from the figure that the vibration
reduction ratio of axial force of tower under different wind
attack angles increases gradually with the increasing mass
ratio. The maximum vibration reduction ratio of axial force
of tower could exceed 50% when the mass ratio reaches 7%.
The vibration reduction ratios of axial force of tower under 0∘
wind attack angle are less than those under 90∘ wind attack
angle when the mass ratio is less than 4%. However, the
vibration reduction ratios of axial force of tower under 0∘
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Figure 11: Vibration reduction ratio of axial force along the height of tower.
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Figure 12: Vibration reduction ratios of displacement and acceleration at the top of tower.

wind attack angle are close to those under 90∘ wind attack
angle when the mass ratio is larger than 5%. The results also
show that the increasing speed of the vibration reduction
ratio of axial force decreases with the increasing mass ratio.

The vibration reduction ratios of displacement and accel-
eration at the top of tower with different mass ratios under
different wind attack angles are shown in Figure 12. As
shown in Figure 12(a), the vibration reduction ratios of
displacement and acceleration under 0∘ wind attack angle
have an increasing tendency with the increasing mass ratio.
However, the increasing speed of the vibration reduction
ratio of acceleration obviously decreases when the mass ratio

exceeds 4%. The vibration reduction ratio of displacement
is not significant with the increasing mass ratio. It also
can be seen from Figure 12(b) that the increasing speeds
of the vibration reduction ratios of the displacement and
acceleration under 90∘ wind attack angle are slow when
the mass ratio exceeds 3%. The vibration reduction ratio of
acceleration decreases with the increasing mass ratio when
the mass ratio exceeds 5%, and the curve of the vibration
reduction ratio of acceleration shows inflection point.

The above analysis shows that the increasing mass ratio
has a significant effect on the vibration reduction ratio. The
increasing speed of the vibration reduction ratio of tower
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Figure 13: Vibration reduction ratio of axial force along the height of tower.

under 0∘ wind attack angle decreases when the mass ratio
exceeds 4%, so the mass ratio of 4% could be selected as an
optimal mass ratio. The increasing speeds of the vibration
reduction ratios of tower under 90∘ wind attack angle are slow
when the mass ratio exceeds 3%, and the mass ratio of 3%
could be selected as an optimal mass ratio.

5.2. Effect of Frequency Ratio. To investigate the effect of
frequency ratio between TMD and tower on the vibration
reduction ratio, eleven different frequency ratios are consid-
ered in the analysis, 0.90, 0.92, 0.94, 0.96, 0.98, 1.00, 1.02, 1.04,
1.06, 1.08, and 1.10. In all these cases, the mass ratio between
TMD and tower is assumed to be 2%, and the damping ratio
of TMD is assumed to be 0.1.

The vibration reduction ratios of axial force along the
height of tower with different frequency ratios under different
wind attack angles are shown in Figure 13. It is clear from
Figure 13 that the vibration reduction ratio of axial force
decreases gradually with the increasing frequency ratio. It
also can be seen from the figure that the change of frequency
ratio has a little influence on the vibration reduction ratio
of axial force under 90∘ wind attack angle. The minimum
vibration reduction ratio of axial force exceeds 10% with the
variation of frequency ratios.

The vibration reduction ratios of displacement and accel-
eration at the top of tower with different frequency ratios
under different wind attack angles are shown in Figure 14.
It is clear that the vibration reduction ratios of acceleration
increase with the increasing frequency ratio. However, the
variation tendencies of vibration reduction ratio of dis-
placement under two wind attack angles are different. The
vibration reduction ratio of displacement under 0∘ wind

attack angle decreaseswith the increasing frequency ratio, but
the vibration reduction ratio of displacement under 90∘ wind
attack angle increases with the increasing frequency ratio.

From the analysis above, it can be seen that the change
of frequency ratio has a little influence on the vibration
reduction ratio. Considering the vibration reduction ratio
of axial force along the height of tower, displacement and
acceleration at the top of tower, the frequency ratio of 0.98
could be selected as an optimal frequency ratio.

5.3. Effect of Damping Ratio. To research the effect of damp-
ing ratio of TMD on the vibration reduction ratio, eleven
different damping ratios are considered in the analysis, 0,
0.02, 0.04, 0.06, 0.08, 0.10, 0.12, 0.14, 0.16, 0.18, and 0.20. In
all these cases, the mass ratio and frequency ratio between
TMD and tower are assumed to 2% and 1, respectively.

The vibration reduction ratios of axial force along the
height of tower with different damping ratios are shown
in Figure 15. It is clear from the figure that the vibration
reduction ratio of axial force decreases with the increasing
damping ratio. The variations of damping ratio have a greater
influence on the vibration reduction ratio of axial force under
0∘ wind attack angle than that of under 90∘ wind attack angle.

Figure 16 shows the vibration reduction ratios of displace-
ment and acceleration at the top of tower under different wind
attack angles. The vibration reduction ratio of acceleration
decreases gradually with the increasing damping ratio when
the damping ratio exceeds 0.02. The variation of vibration
reduction ratio of displacement under 0∘ wind attack angle
is just opposite to that of under 90∘ wind attack angle. The
vibration reduction ratio of displacement under 0∘ wind
attack angle decreases gradually with the increasing damping
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Figure 14: Vibration reduction ratio of displacement and acceleration at the top of tower.
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Figure 15: Vibration reduction ratio of axial force along the height of tower.

ratio, but the vibration reduction ratio of displacement under
90∘ wind attack angle increases gradually with the increasing
damping ratio.

The above discussion shows that the damping ratio has
a greater influence on the vibration reduction ratio under 0∘
wind attack angle than that of under 90∘ wind attack angle.
Considering the vibration reduction ratio of axial force along
the height of tower, displacement and acceleration at the top
of tower, the optimal damping ratio of 0.08 could be selected
as an optimal damping ratio.

In conclusion, the mass ratio has a greater effect on the
vibration reduction ratio than those of frequency ratio and
damping ratio. The best vibration reduction ratio of TMD is
not the frequency ratio of 1. The optimal parameters of TMD
under different wind attack angles are listed in Table 2.

6. Effect of Sag-Span Ratio

In this section, the change of the sag of transmission line is
discussed based on the optimal parameters of TMD shown
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Figure 16: Vibration reduction ratio of displacement and acceleration at the top of tower.

Table 2: Optimal parameters of TMD under different wind attack
angles.

Optimal parameter 0∘ wind attack angle 90∘ wind attack angle
Mass ratio (%) 3% 4%
Frequency ratio 0.98 0.98
Damping ratio 0.08 0.08

in Table 2. The current state of the sag of transmission line
is 55m and the span of transmission towers is 1118m, so the
sag-span ratio is 0.049.Thevibration reduction ratios of TMD
under different wind attack angles considering the effect
of sag-span ratio are analyzed, respectively. The vibration
reduction ratios of TMD with different sag-span ratio are
listed inTable 3. It can be seen from the table that the sag-span
ratio has a little influence on the vibration reduction ratio.
Because the span of the transmission towers is very large and
the change of the sag of transmission line ranges in 5 meters,
the change of sag-span ratio is small. Therefore, the sag-span
ratio has an insignificant effect on the vibration reduction
ratio of transmission tower when the change of sag-span ratio
is not large.

7. Robustness Study

To study the robustness of TMD, the case that ice loads
are on the transmission tower and line is taken into con-
sideration. The increasing of the cross sectional area of
the members, insulators, and transmission lines caused by
icing is equivalent to the change of the material density in
transmission tower-line system. Meanwhile, the wind loads
in each simulation point are varied owing to the increasing of
the windshield area. The optimal parameters of TMD under
different wind attack angles shown in Table 2 are selected in
this section.

As shown in Table 4, the vibration reduction ratios of
TMDof the transmission tower-line systemwithout and with
considering ice are analyzed, respectively. The thickness of
ice is assumed to be 5mm. It can be seen from Table 4 that
the vibration reduction ratios of axial force and acceleration
decrease when the ice load is considered, but the vibration
reduction ratio of the displacement increases. Owing to the
effect of ice, the vibration frequency and wind load of the
transmission tower-line system should be changed, and it
would affect the vibration reduction ratio. Therefore, the
effect of ice should be considered when the robustness study
of TMD is carried out.

8. Conclusion

The parametric study of tuned mass damper for long span
transmission tower-line system under wind loads is carried
out. The three-dimensional finite element model of long
span transmission tower-line system is established. The wind
load time history is simulated by the harmony superposition
method. The effects of mass ratio, frequency ratio, damping
ratio, the sag of transmission line, and the robustness of
TMD are investigated, respectively. Based on above study, the
following conclusions are drawn:

(1) The increasing mass ratio has a significant effect on
the vibration reduction ratio. The vibration reduction
ratios increase with the increasing mass ratio, but the
increasing speed of the vibration reduction ratio of
tower decreases when themass ratio exceeds a certain
ratio. The mass ratio of 4% and 3% could be selected
as an optimal mass ratio under 0∘ and 90∘ wind attack
angles, respectively.

(2) The change of the frequency ratio has a little influence
on the vibration reduction ratio. The vibration reduc-
tion ratios of axial force and acceleration increase
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Table 3: Vibration reduction ratio of TMD with different sag-span ratio (%).

Response Line sag (m) Sag-span ratio Wind angle of 90∘ Wind angle of 0∘

Axial force
50 0.045 19.6 29.7
55 0.049 17.2 28.3
60 0.054 19.1 30.1

Displacement
50 0.045 4.2 5.7
55 0.049 3.8 6.2
60 0.054 4.6 5.6

Acceleration
50 0.045 46.1 60.1
55 0.049 50.2 61.3
60 0.054 45.6 63.4

Table 4: Vibration reduction ratio of TMD without and with considering ice (%).

Response Ice thickness (mm) Wind angle of 90∘ Wind angle of 0∘

Axial force 0 17.2 28.3
5 16.8 22.4

Displacement 0 3.8 6.2
5 6.7 7.1

Acceleration 0 50.2 61.3
5 44 58

with the increasing frequency ratio, but the variation
tendencies of vibration reduction ratio of displace-
ment under two wind attack angles are different. The
frequency ratio of 0.98 could be selected as an optimal
frequency ratio under 0∘ and 90∘ wind attack angles.

(3) The damping ratio has a greater influence on the
vibration reduction ratio under 0∘ wind attack angle
than that of under 90∘ wind attack angle. The vibra-
tion reduction ratios of axial force and acceleration
decrease with the increasing damping ratio, while the
variation of vibration reduction ratio of displacement
under 0∘ wind attack angle is just opposite to that of
under 90∘ wind attack angle. The damping ratio of
0.08 could be selected as an optimal damping ratio
under 0∘ and 90∘ wind attack angles.

(4) The sag-span ratio has an insignificant effect on the
vibration reduction ratio of transmission tower when
the change of sag-span ratio is not large. The change
of vibration frequency and wind load of the transmis-
sion tower-line system should be varied due to the
effect of ice, and the vibration reduction ratio would
be changed. The effect of ice should be considered
when the robustness study of TMD is carried out.
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