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Abstract 13 

Galloping of overhead transmission lines is characterised by large-amplitude, low-frequency, vertical–14 

horizontal–torsional three degree-of-freedom (DoF) oscillations, which can potentially induce interphase short 15 

circuits and fatigue in the conductors and support structures. Numerical analyses are useful for estimating the 16 

galloping response of transmission lines, and unsteady aerodynamic forces should be evaluated for accurate 17 

simulation. In this study, the unsteady aerodynamic force modelling of four-bundled conductors is investigated 18 

based on aerodynamic force measurement test results. Three types of unsteady aerodynamic force measurement 19 

tests were performed: under constant torsional angular velocity and under torsional and vertical 1-DoF 20 

sinusoidal oscillations. Evaluating the dependence of the aerodynamic forces on the various motions enabled an 21 

improved unsteady aerodynamic force model to be developed, considering the effect of angular velocity. First, 22 
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two-variable aerodynamic coefficients were proposed as a function of the angle of attack and non-dimensional 23 

angular velocity. These coefficients were determined via tests performed at constant torsional angular 24 

velocities; results with different combinations of wind speed and angular velocity confirmed that the non-25 

dimensional angular velocity can be used to define the unsteady aerodynamic forces. Then, the validity of the 26 

two-variable aerodynamic force formulation was confirmed for predicting torsional or vertical 1-DoF 27 

oscillations, by comparing the unsteady aerodynamic force obtained via the sinusoidal forced-vibration tests 28 

and via the constant angular-velocity tests. Finally, results of the time-history analyses using the two-variable 29 

aerodynamic coefficients were compared with those of previous wind-response measurement tests to obtain the 30 

best unsteady aerodynamic force model for simulating large-amplitude 3-DoF galloping. These results indicate 31 

that the unsteady aerodynamic forces for 3-DoF-galloping of four-bundled conductors can be evaluated using 32 

the relative angle of attack, the rate of change of the relative angle of attack, and the relative wind speed, using 33 

two-variable aerodynamic coefficients measured under constant angular velocity conditions. 34 

 35 
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 39 

1. Introduction 40 

Large-amplitude, low-frequency, wind-induced vibrations occasionally occur on overhead transmission lines 41 

subjected to ice and snow accretion and strong winds. Such vibrations are called ‘galloping’, and they are 42 

problematic because they can induce interphase short circuits and fatigue in the conductors, the cross-arms of 43 

the towers, and insulators of the transmission line (CIGRE, 2007; Farzaneh, 2008). The galloping of overhead 44 
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transmission lines is characterised by large-amplitude, low-frequency, and vertical-horizontal-torsional three-45 

degrees-of-freedom (3-DoF) coupled oscillations. Anti-galloping devices are installed on existing lines to 46 

prevent accidents caused by galloping. Further, the towers are designed to maintain a specific distance between 47 

conductors for the construction of new lines. Thus, solutions for the galloping problem should focus on not 48 

only the conditions under which it occurs, but also the oscillation amplitudes under various structural 49 

conditions. 50 

Field observations of full-scale transmission lines have been conducted to investigate the actual 51 

characteristics of ice accretion and to analyse the dynamic response of the lines to galloping (Morishita et al., 52 

1984; Yukino et al., 1995; Lilien et al., 1998; Mitsuzuka 2007; Matsumiya et al., 2012). However, obtaining 53 

several sets of galloping data is difficult because climatic conditions that cause galloping may occur rarely 54 

during the observation period. Therefore, observations of transmission lines with the addition of plastic 55 

imitation ice have been conducted to increase the chances of obtaining galloping data (Lilien and Vinogradov 56 

2002; Van Dyke and Laneville, 2008). In addition to understanding the actual phenomena via field 57 

observations, numerical analysis methods for simulating the galloping of full-scale overhead transmission lines 58 

have been developed (Yu et al., 1993; Desai et al., 1996; Wang and Lillien, 1998; Shimizu et al., 1998, 2005; 59 

Liu et al., 2009). These analysis methods have focused on the development of structural modelling; the ice 60 

accretion shape and wind speed distribution are obtained as input conditions from other investigations. Further, 61 

the aerodynamic forces acting on the lines are considered as quasi-steady aerodynamic forces (Den Hartog, 62 

1956; Parkinson and Smith, 1964) that are measured using steady-state aerodynamic coefficients that depend 63 

on the ice accretion shape. Many wind-tunnel tests and numerical fluid analyses have been conducted to obtain 64 

the steady-state aerodynamic coefficients (Chabart and Lilien, 1998; Shimizu et al., 2004; Propplewell, 2005; 65 

Matsumiya et al., 2011; Ishihara and Oka 2018).  66 
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Actual aerodynamic forces may differ from the assumed quasi-steady aerodynamic forces during 67 

large-amplitude motion. Kimura et al. (1999) and Phuc et al. (2004) performed aerodynamic force 68 

measurement tests under large-amplitude forced torsional vibrations, and they proposed that the unsteady 69 

aerodynamic forces depend on the torsional velocity of the four-bundled conductor, which is not considered in 70 

normal quasi-steady aerodynamic theory. To overcome this limitation, an improvement was achieved by 71 

formulating the quasi-steady aerodynamic forces of a four-bundled conductor during large-amplitude galloping 72 

independently for each sub-conductor, instead of formulating it for the whole bundle (Matsumiya et al., 2018). 73 

To validate this analysis, Matsumiya et al. (2018) developed an experimental technique for the elastic support 74 

of a sectional model in a wind tunnel. Using this technique, large-amplitude, low-frequency, vertical-horizontal-75 

torsional 3-DoF galloping motion can be simulated physically. In previous wind-response measurement tests 76 

for conductor galloping, the oscillation amplitude was limited to a comparatively small range because of 77 

equipment limitations (Chabart and Lilien, 1998; Kimura et al., 1998; Waris et al., 2008). The results of time-78 

history analysis using the quasi-steady aerodynamic forces with the improvement showed good agreement with 79 

the sectional model test results (Matsumiya et al., 2018). Hence it was shown that aerodynamic forces caused 80 

by torsional velocities can be formulated using the individual sub-conductor aerodynamic force model. This 81 

formulation is equivalent to one that considers the aerodynamic coefficients on the overall bundle as functions 82 

of the relative angle of attack and non-dimensional torsional velocity. Time-history response analyses that 83 

consider the aerodynamic forces attributed to the torsional velocity can hence be performed using two-variable-84 

dependent aerodynamic coefficients. 85 

In this study, aerodynamic force measurement tests were performed using servomotors with a range of 86 

input waveforms to investigate the unsteady aerodynamic force characteristics of four-bundled conductors and 87 

evaluate the use of two-variable aerodynamic coefficients for simulating various motions. First, the two-88 
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variable aerodynamic coefficients (i.e., functions of the angle of attack and non-dimensional angular velocity) 89 

were measured from tests performed at constant torsional angular velocity. The dependence of the lift, drag and 90 

moment coefficients on the torsional angular velocity was found to be consistent with that from comparing with 91 

the values calculated from the quasi-steady aerodynamic force for each sub-conductor. Then, the unsteady 92 

aerodynamic force coefficients used for flutter analysis on bridge decks (Scanlan and Tomko, 1971) were 93 

measured, varying the oscillation amplitudes in torsional or vertical 1-DoF sinusoidal forced-vibration tests. 94 

Unsteady aerodynamic coefficients (equivalent to flutter derivatives) were calculated using the two-variable 95 

aerodynamic coefficients by simulating forced oscillations, which were then compared with the measured 96 

unsteady aerodynamic force coefficients from the sinusoidal motion tests, to confirm the validity of the 97 

aerodynamic force formulation using the two variables. The best modelling of unsteady aerodynamic forces for 98 

simulating large-amplitude 3-DoF galloping was achieved by comparing the results of the time-history analysis 99 

using the aerodynamic coefficients obtained in this study and those of the previous study using wind-response 100 

measurement tests (Matsumiya et al., 2018).  101 

The remainder of this paper is organised as follows: Section 2 presents the conditions and relevant 102 

results of the wind-response measurement tests using the four-bundled conductor section model, reported in 103 

Matsumiya et al. (2018). Section 3 presents the unsteady aerodynamic force measurement test setup under three 104 

motion conditions — constant torsional angular velocity and with torsional and vertical 1-DoF sinusoidal 105 

oscillations. The measured aerodynamic coefficient definitions are also presented in Section 3. Section 4 106 

presents the unsteady aerodynamic force measurement test results. The two-variable aerodynamic coefficients 107 

obtained from the constant torsional angular velocity tests are presented and compared with the calculated 108 

values from the quasi-steady aerodynamic force for each sub-conductor. Additionally, the unsteady 109 

aerodynamic coefficients obtained from the tests with torsional and vertical sinusoidal oscillations are presented 110 
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and compared with the calculated values from the two-variable aerodynamic coefficients. Section 5 presents the 111 

discussion of the unsteady aerodynamic force modelling for vertical-horizontal-torsional-3-DoF motion. 112 

Finally, Section 6 presents the conclusions. 113 

 114 

2. Wind-response measurement tests for validating the quasi-steady aerodynamic force formulation  115 

The results of wind-response measurement tests performed previously (Matsumiya et al., 2018) were used to 116 

validate the unsteady aerodynamic force modelling for simulating large-amplitude 3-DoF galloping of a four-117 

bundled conductor. This previous research indicated the importance of aerodynamic forces caused by torsional 118 

velocities for simulating the wind-response test results and the applicability of two-variable aerodynamic 119 

coefficients. These coefficients are defined as functions of the angle of attack and non-dimensional torsional 120 

velocity, and can be evaluated from equivalence with the quasi-steady aerodynamic formulation for individual 121 

sub-conductors.  122 

 123 

2.1 Experimental setup and equations of motion for time-history analysis 124 

Fig. 1 shows the elastic support method of the section model for physically simulating galloping of a four-125 

bundled conductor in an open-circuit blow-down type wind tunnel. This method is characterised by the support 126 

from multiple long elastic cords with low rigidity. This unique support method allows the section model to 127 

vibrate with large amplitudes at low frequencies in the vertical, horizontal, and torsional directions. The non-128 

linear governing equations for the associated 3-DoF of motion were derived, and it was verified that the time-129 

history analyses for simulating the wind-response measurement tests can be performed using these equations 130 

(Matsumiya et al., 2018). The non-linear equations of motion, using the parameters shown in Fig.1 (a), are 131 

given as 132 
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𝑚𝑚𝑦̈𝑦 + 2𝑚𝑚𝜔𝜔𝑦𝑦0𝜁𝜁𝑦𝑦�𝐴𝐴𝑦𝑦�𝑦̇𝑦 + 𝑅𝑅𝑦𝑦(𝑦𝑦, 𝑧𝑧,𝜃𝜃) = 𝐹𝐹𝑦𝑦,
𝑚𝑚𝑧̈𝑧 + 2𝑚𝑚𝜔𝜔𝑧𝑧0𝜁𝜁𝑧𝑧(𝐴𝐴𝑧𝑧)𝑧̇𝑧 + 𝑅𝑅𝑧𝑧(𝑦𝑦, 𝑧𝑧,𝜃𝜃) = 𝐹𝐹𝑧𝑧,
𝐼𝐼𝜃̈𝜃 + 2𝐼𝐼𝜔𝜔𝜃𝜃0𝜁𝜁𝜃𝜃(𝐴𝐴𝜃𝜃)𝜃̇𝜃 + 𝑅𝑅𝜃𝜃(𝑦𝑦, 𝑧𝑧,𝜃𝜃) = 𝐹𝐹𝜃𝜃,

(1) 133 

where 𝑦𝑦, 𝑧𝑧, and 𝜃𝜃 denote the vertical displacement, horizontal displacement and torsional angle, respectively 134 

and the dots represent differentiation with respect to time. 𝜔𝜔𝑞𝑞0(𝑞𝑞 = 𝑦𝑦, 𝑧𝑧,𝜃𝜃) represents the circular natural 135 

frequency for each direction when the amplitude is infinitesimally small. 𝜁𝜁𝑞𝑞(𝑞𝑞 = 𝑦𝑦, 𝑧𝑧,𝜃𝜃) represents the 136 

structural damping ratio for each direction, which was assumed to be a function of the corresponding oscillation 137 

amplitude 𝐴𝐴𝑞𝑞(𝑞𝑞 = 𝑦𝑦, 𝑧𝑧,𝜃𝜃). Each function was determined by free vibration tests at a wind speed of 0 m/s, as 138 

described below. 𝑅𝑅𝑞𝑞(𝑞𝑞 = 𝑦𝑦, 𝑧𝑧,𝜃𝜃) represents the restoring force for each direction, and each one was 139 

theoretically derived as a non-linear function of the displacements and torsional angle, by considering the 140 

geometry for large deflections and the corresponding tension change in the elastic cords. For the verified 141 

formulations of 𝑅𝑅𝑞𝑞, please refer to Matsumiya et al. (2018). 𝐹𝐹𝑞𝑞(𝑞𝑞 = 𝑦𝑦, 𝑧𝑧,𝜃𝜃) represents the aerodynamic force 142 

(or moment) in each direction. The aerodynamic forces (and moment) are non-linear functions that depend on 143 

the motion of the body. Proposing the best model of these forces is the goal of the present study. 144 

 145 

Fig. 2 shows the cross-section of the model of the four-bundled conductor with a simulated ice-146 

accretion shape, with a sharp triangular tip, on each sub-conductor. The dimensions of the model were identical 147 

to those of aluminium conductor steel-reinforced (ACSR) conductors with a nominal cross-sectional area of 148 
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: Mass moment of inertia

: Cords distance
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: Wind speed, : Air density

: Horizontal length of cords

Holding stay 

Elastic cords 

Section model Outlet of  
wind tunnel 

(a) Overview                                (b) Experimental setup 
Fig. 1 Elastic support method for the section model (Matsumiya et al., 2018) 



8 
 

410 mm2. The mass and mass moment of inertia of the model, per unit length (including the effective 149 

contributions from the endplates), were also identical to the values for actual conductors. The test conditions are 150 

presented in Table 1. Although the natural frequencies in these tests depend on the oscillation amplitudes, they 151 

can be accurately estimated by the governing equations described in Eqs. (1) and the test conditions shown in 152 

Table 1, as shown in Fig. 3 (Matsumiya et al., 2018). The natural frequencies calculated theoretically, with the 153 

assumption of infinitesimally small amplitudes, are listed in Table 2. The natural frequencies — 𝑓𝑓𝑦𝑦0, 𝑓𝑓𝑧𝑧0, and 154 

𝑓𝑓𝜃𝜃0(= 𝜔𝜔𝑞𝑞0
2𝜋𝜋

, 𝑞𝑞 = 𝑦𝑦, 𝑧𝑧,𝜃𝜃) — were set to correspond to those of the first asymmetric modes, in which galloping is 155 

likely to occur, on actual transmission lines that have a span length of approximately 250–300 m.  156 

 157 
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 159 

 160 

2.2 Structural damping modelling 161 

The structural damping ratio 𝜁𝜁𝑞𝑞, for vibrations in each direction, changes with oscillation amplitude. Fig. 4 162 

shows the characteristics of the structural damping ratios, which were measured using free vibration tests at a 163 

wind speed of 0 m/s and setup torsional angle (mean torsional angle) 𝜃𝜃0 = 0°. In accordance with the 164 

definition in Eqs. (1), the amplitude-dependent damping ratios were calculated, considering the circular natural 165 

frequency 𝜔𝜔𝑞𝑞0 as a constant value in the damping term, which corresponds to the theoretical infinitesimal-166 

amplitude frequencies shown in Table 2. The damping ratios 𝜁𝜁𝑞𝑞𝑞𝑞 change with amplitude 𝐴𝐴𝑞𝑞(𝑞𝑞 = 𝑦𝑦, 𝑧𝑧,𝜃𝜃), 167 

and they can be linearly approximated by fitting the function  168 

𝜁𝜁𝑞𝑞𝑞𝑞�𝐴𝐴𝑞𝑞� = 𝜁𝜁𝑞𝑞0 + 𝜁𝜁𝑞𝑞1𝐴𝐴𝑞𝑞 , (2) 169 

where 𝜁𝜁𝑞𝑞0 and 𝜁𝜁𝑞𝑞1(𝑞𝑞 = 𝑦𝑦, 𝑧𝑧,𝜃𝜃) are the coefficients identified by the free vibration tests at a wind speed of 0 170 

m/s. Compared to the previous study (Matsumiya et al., 2018), the modelling of the structural damping in this 171 

study was much improved by allowing for the contribution from aerodynamic damping from the model moving 172 

through the still air in the free vibration tests. This aerodynamic damping component depends on the oscillation 173 

Table 1 Test conditions (Matsumiya et al., 2018) 
Parameter Value 

Mass of model: 𝑚𝑚 6.692 kg 
Mass moment of inertia: 𝐼𝐼 0.535 kg·m2 

Model length: 𝑙𝑙 1.000 m 
Spacing of sub-conductors: 𝐵𝐵 0.400 m 

Diameter of sub-conductors: 𝐷𝐷 0.0285 m 
Horizontal length of cords: 𝐿𝐿 6.255 m 

Spacing of cords: √2𝑅𝑅 0.400 m 
Axial rigidity of each cord: 𝐸𝐸𝐸𝐸 176.4 N 

Sag of cords: 𝐻𝐻 1.560 m 
Tension of each cord: 𝑇𝑇 33.9 N 

Wind speed: 𝑈𝑈 10.2 m/s 
Air density: 𝜌𝜌 1.20 kg/m3 

 

Table 2 Theoretical natural frequencies 
(Matsumiya et al., 2018) 
Direction Value (Hz) 

Vertical frequency: 𝑓𝑓𝑦𝑦0 0.456 
Horizontal frequency: 𝑓𝑓𝑧𝑧0 0.399 
Torsional frequency: 𝑓𝑓𝜃𝜃0 0.428 
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amplitude, and it becomes zero when the amplitude is zero. The aerodynamic damping contribution to the total 174 

measured damping can be theoretically estimated using quasi-steady aerodynamic theory and equating the 175 

energy dissipation in one vibration cycle to that from equivalent viscous damping. Furthermore, the relative 176 

angle of attack of each sub-conductor, with the model oscillating in a single degree of freedom at a wind speed 177 

of 0 m/s, has only one constant value for the positive velocity part of the vibration cycle and another constant 178 

value for the negative velocity part. The aerodynamic damping contribution to the measured damping, 179 

𝜁𝜁𝑞𝑞𝑞𝑞 (𝑞𝑞 = 𝑦𝑦, 𝑧𝑧,𝜃𝜃), can hence be obtained from the following equations: 180 

� �2𝑚𝑚𝜔𝜔𝑦𝑦0𝜁𝜁𝑦𝑦𝑦𝑦𝑦̇𝑦 × 𝑦̇𝑦�d𝑡𝑡 
2𝜋𝜋
𝜔𝜔𝑦𝑦

0
= � �

1
2
𝜌𝜌𝑦̇𝑦24𝐷𝐷𝐷𝐷𝐶𝐶𝐷𝐷𝐷𝐷(−90°) × 𝑦̇𝑦� 𝑑𝑑𝑑𝑑

𝜋𝜋
𝜔𝜔𝑦𝑦

0
− � �

1
2
𝜌𝜌𝑦̇𝑦24𝐷𝐷𝐷𝐷𝐶𝐶𝐷𝐷𝐷𝐷(90°) × 𝑦̇𝑦� 𝑑𝑑𝑑𝑑

2𝜋𝜋
𝜔𝜔𝑦𝑦
𝜋𝜋
𝜔𝜔𝑦𝑦

,

� (2𝑚𝑚𝜔𝜔𝑧𝑧0𝜁𝜁𝑧𝑧𝑧𝑧𝑧̇𝑧 × 𝑧̇𝑧)𝑑𝑑𝑑𝑑 
2𝜋𝜋
𝜔𝜔𝑧𝑧

0
= � �

1
2
𝜌𝜌𝑧̇𝑧24𝐷𝐷𝐷𝐷𝐶𝐶𝐷𝐷𝐷𝐷(180°) × 𝑧̇𝑧� 𝑑𝑑𝑑𝑑

𝜋𝜋
𝜔𝜔𝑧𝑧

0
− � �

1
2
𝜌𝜌𝑧̇𝑧24𝐷𝐷𝐷𝐷𝐶𝐶𝐷𝐷𝐷𝐷(0°) × 𝑧̇𝑧� 𝑑𝑑𝑑𝑑

2𝜋𝜋
𝜔𝜔𝑧𝑧
𝜋𝜋
𝜔𝜔𝑧𝑧

,

� �2𝐼𝐼𝜔𝜔𝜃𝜃0𝜁𝜁𝜃𝜃𝜃𝜃𝜃̇𝜃 × 𝜃̇𝜃�𝑑𝑑𝑑𝑑 
2𝜋𝜋
𝜔𝜔𝜃𝜃

0
= � �

1
2
𝜌𝜌 �

𝐵𝐵
√2
�
3

𝜃̇𝜃2𝐷𝐷𝐷𝐷�𝐶𝐶𝐷𝐷𝐷𝐷(−135°) + 𝐶𝐶𝐷𝐷𝐷𝐷(−45°) + 𝐶𝐶𝐷𝐷𝐷𝐷(45°) + 𝐶𝐶𝐷𝐷𝐷𝐷(135°)� × 𝜃̇𝜃� 𝑑𝑑𝑑𝑑
𝜋𝜋
𝜔𝜔𝜃𝜃

0

                               −� �
1
2
𝜌𝜌 �

𝐵𝐵
√2
�
3

𝜃̇𝜃2𝐷𝐷𝐷𝐷�𝐶𝐶𝐷𝐷𝐷𝐷(45°) + 𝐶𝐶𝐷𝐷𝐷𝐷(135°) + 𝐶𝐶𝐷𝐷𝐷𝐷(−135°) + 𝐶𝐶𝐷𝐷𝐷𝐷(−45°)� × 𝜃̇𝜃� 𝑑𝑑𝑑𝑑
2𝜋𝜋
𝜔𝜔𝜃𝜃
𝜋𝜋
𝜔𝜔𝜃𝜃

.

(  181 

Here, the aerodynamic force caused by the motion of the model at 𝑈𝑈 = 0 m/s and 𝜃𝜃0 = 0° is assumed to be 182 

the same as the quasi-steady aerodynamic force, which is calculated for each sub-conductor using the steady 183 

aerodynamic force coefficients of a single conductor with the same ice accretion shape. 𝐶𝐶𝐷𝐷𝐷𝐷 denotes the drag 184 

coefficient of a single ice-accreted sub-conductor, the values of which were taken from measurements by 185 

Matsumiya et al. (2011). Assuming that the motion is sinusoidal and noting that the ice accretion shape is 186 

symmetric and that the non-linearity only causes a small change in the natural frequency with amplitude (Fig. 187 

3), the aerodynamic damping component 𝜁𝜁𝑞𝑞𝑞𝑞(𝑞𝑞 = 𝑦𝑦, 𝑧𝑧,𝜃𝜃) can be estimated as  188 
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𝜁𝜁𝑦𝑦𝑦𝑦 = 𝜁𝜁𝑦𝑦𝑦𝑦1𝐴𝐴𝑦𝑦,    𝜁𝜁𝑧𝑧𝑧𝑧 = 𝜁𝜁𝑧𝑧𝑧𝑧1𝐴𝐴𝑧𝑧,   𝜁𝜁𝜃𝜃𝜃𝜃 = 𝜁𝜁𝜃𝜃𝜃𝜃1𝐴𝐴𝜃𝜃,

𝜁𝜁𝑦𝑦𝑦𝑦1 =
16𝜌𝜌𝜌𝜌𝜌𝜌𝐶𝐶𝐷𝐷𝐷𝐷(90°)

3𝑚𝑚
𝜔𝜔𝑦𝑦�𝐴𝐴𝑦𝑦�
𝜔𝜔𝑦𝑦0

≈
16𝜌𝜌𝜌𝜌𝜌𝜌𝐶𝐶𝐷𝐷𝐷𝐷(90°)

3𝑚𝑚
,

𝜁𝜁𝑧𝑧𝑧𝑧1 =
8𝜌𝜌𝜌𝜌𝜌𝜌�𝐶𝐶𝐷𝐷𝐷𝐷(0°) + 𝐶𝐶𝐷𝐷𝐷𝐷(180°)�

3𝑚𝑚
𝜔𝜔𝑧𝑧(𝐴𝐴𝑧𝑧)
𝜔𝜔𝑧𝑧0

≈
8𝜌𝜌𝜌𝜌𝜌𝜌�𝐶𝐶𝐷𝐷𝐷𝐷(0°) + 𝐶𝐶𝐷𝐷𝐷𝐷(180°)�

3𝑚𝑚
,

𝜁𝜁𝜃𝜃𝜃𝜃1 =
2√2𝜌𝜌𝐵𝐵3𝐷𝐷𝐷𝐷�𝐶𝐶𝐷𝐷𝐷𝐷(45°) + 𝐶𝐶𝐷𝐷𝐷𝐷(135°)�

3𝐼𝐼
𝜔𝜔𝜃𝜃(𝐴𝐴𝜃𝜃)
𝜔𝜔𝜃𝜃0

≈
2√2𝜌𝜌𝐵𝐵3𝐷𝐷𝐷𝐷�𝐶𝐶𝐷𝐷𝐷𝐷(45°) + 𝐶𝐶𝐷𝐷𝐷𝐷(135°)�

3𝐼𝐼
,

(4) 189 

where 𝜔𝜔𝑞𝑞�𝐴𝐴𝑞𝑞� (𝑞𝑞 = 𝑦𝑦, 𝑧𝑧,𝜃𝜃) is the circular frequency of the free vibrations at amplitude 𝐴𝐴𝑞𝑞. 190 

 191 

Since 𝜁𝜁𝑞𝑞1 includes the aerodynamic damping component 𝜁𝜁𝑞𝑞𝑞𝑞1, the actual structural damping ratio 192 

𝜁𝜁𝑞𝑞 can be expressed as  193 

𝜁𝜁𝑞𝑞�𝐴𝐴𝑞𝑞� = 𝜁𝜁𝑞𝑞𝑞𝑞 − 𝜁𝜁𝑞𝑞𝑞𝑞 = 𝜁𝜁𝑞𝑞0 + �𝜁𝜁𝑞𝑞1 − 𝜁𝜁𝑞𝑞𝑞𝑞1�𝐴𝐴𝑞𝑞 . (5) 194 

Table 3 shows the components of the damping coefficients for motion in each direction. Also, the corrected 195 

structural damping ratios 𝜁𝜁𝑞𝑞 — used in the time-history analysis in this study — are shown in Fig. 4, along 196 

with the damping ratios directly from the measurements, 𝜁𝜁𝑞𝑞𝑞𝑞, as used in the time-history analysis in the 197 

previous study (Matsumiya et al., 2018).  198 

 199 

 200 
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Fig. 4 Structural damping coefficients (linear regressions 𝜁𝜁𝑞𝑞𝑞𝑞 and corrected values 𝜁𝜁𝑞𝑞) 

Table 3 Components of structural damping ratios 
Fitted intercept Fitted slope Aerodynamic damping slope 

𝜁𝜁𝑦𝑦0 2.30 × 10−2  𝜁𝜁𝑦𝑦1 [/m] 1.77 × 10−2  𝜁𝜁𝑦𝑦𝑦𝑦1 [/m] 1.08 × 10−2 
𝜁𝜁𝑧𝑧0 0.05 × 10−2 𝜁𝜁𝑧𝑧1 [/m] 0.82 × 10−2 𝜁𝜁𝑧𝑧𝑧𝑧1 [/m] 0.50 × 10−2 
𝜁𝜁𝜃𝜃0 1.28 × 10−2 𝜁𝜁𝜃𝜃1 [/°] 8.66 × 10−5 𝜁𝜁𝜃𝜃𝜃𝜃1 [/°] 3.99 × 10−5 

 



12 
 

2.3 Methods of wind-response measurement tests 201 

Free vibration tests for a constant wind speed of 10.2 m/s were performed to obtain wind-response data. The 202 

mean torsional angle 𝜃̅𝜃 was varied for each test by rotating the elastic cord holders on the holding stays (Fig. 203 

1). Because large-amplitude galloping is non-linear, the occurrence of these vibrations can depend on the initial 204 

conditions. In a non-linear oscillating system, there can be several stable steady-state solutions with different 205 

amplitudes (including zero amplitude). In general, there can also be several unstable solutions which, along 206 

with the initial conditions, relate to which stable solution is obtained (Matsumiya et al., 2021). Although the 207 

discussion about unstable solutions is important, only the stable steady-state solutions have been focused on in 208 

this study. The dynamic response was measured in two ways for each angle of attack: after disengaging the 209 

model from the stationary position held softly against the wind, and after applying a large initial displacement. 210 

To focus on the oscillations with larger steady-state amplitude, only the results with large initial displacement 211 

are shown in this study, for which the initial displacements in the vertical, horizontal, and torsional directions 212 

were approximately −0.5 m, 0.5 m, and 45°, respectively, relative to the static equilibrium position in the wind. 213 

Because the galloping oscillations observed in the tests had a steady amplitude and only one predominant 214 

frequency, the total (peak-to-peak) amplitudes were calculated as 2√2 times the standard deviation of the 215 

displacements. Other details of the wind-response measurement tests are provided in the previous paper 216 

(Matsumiya et al., 2018). 217 

 218 

2.4 Methods of time-history analysis using quasi-steady aerodynamic forces 219 

Matsumiya et al. (2018) applied two different formulations of quasi-steady aerodynamic forces on four-bundled 220 

conductors, as shown in Fig. 5. One formulation considers all the sub-conductors as one group, as shown in Fig. 221 
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5 (a), and the quasi-steady aerodynamic forces for the whole four-bundled conductor (𝐿𝐿𝑞𝑞𝑞𝑞: lift force, 𝐷𝐷𝑞𝑞𝑞𝑞: drag 222 

force, 𝑀𝑀𝑞𝑞𝑞𝑞: aerodynamic moment) are expressed as 223 

𝐿𝐿𝑞𝑞𝑞𝑞 =
1
2
𝜌𝜌𝑈𝑈𝑟𝑟24𝐷𝐷𝐷𝐷(𝐶𝐶𝐿𝐿(𝛼𝛼𝑟𝑟) cos𝜙𝜙𝑟𝑟 + 𝐶𝐶𝐷𝐷(𝛼𝛼𝑟𝑟) sin𝜙𝜙𝑟𝑟),

𝐷𝐷𝑞𝑞𝑞𝑞 =
1
2
𝜌𝜌𝑈𝑈𝑟𝑟24𝐷𝐷𝐷𝐷(−𝐶𝐶𝐿𝐿(𝛼𝛼𝑟𝑟) sin𝜙𝜙𝑟𝑟 + 𝐶𝐶𝐷𝐷(𝛼𝛼𝑟𝑟) cos𝜙𝜙𝑟𝑟),

𝑀𝑀𝑞𝑞𝑞𝑞 =
1
2
𝜌𝜌𝑈𝑈𝑟𝑟24𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝑀𝑀(𝛼𝛼𝑟𝑟).

(6) 224 

Here 𝐶𝐶𝐷𝐷, 𝐶𝐶𝐿𝐿, and 𝐶𝐶𝑀𝑀 are, respectively, the steady aerodynamic coefficients for lift, drag, and aerodynamic 225 

moment acting on the whole four-bundled conductor: 𝛼𝛼𝑟𝑟 and 𝑈𝑈𝑟𝑟 are the relative angle of attack and relative 226 

wind speed, respectively, at the midpoint of all four sub-conductors, and are expressed as follows: 227 

𝛼𝛼𝑟𝑟 = 𝜃𝜃 + 𝜙𝜙𝑟𝑟 , 𝜙𝜙𝑟𝑟 = tan−1 �
−𝑦̇𝑦
𝑈𝑈 − 𝑧̇𝑧

� , 𝑈𝑈𝑟𝑟 = �(−𝑦̇𝑦)2 + (𝑈𝑈 − 𝑧̇𝑧)2. (7) 228 

The other formulation considers each sub-conductor independently, as shown in Fig. 5 (b), and the 229 

total quasi-steady aerodynamic forces (𝐿𝐿𝑞𝑞𝑞𝑞: lift force, 𝐷𝐷𝑞𝑞𝑞𝑞: drag force, 𝑀𝑀𝑞𝑞𝑞𝑞: aerodynamic moment) are 230 

expressed as 231 

𝐿𝐿𝑞𝑞𝑞𝑞 = �𝐿𝐿𝑞𝑞𝑞𝑞𝑞𝑞

4

𝑖𝑖=1

,    𝐷𝐷𝑞𝑞𝑞𝑞 = �𝐷𝐷𝑞𝑞𝑞𝑞𝑞𝑞

4

𝑖𝑖=1

,    𝑀𝑀𝑞𝑞𝑞𝑞 = �𝑀𝑀𝑞𝑞𝑞𝑞𝑞𝑞

4

𝑖𝑖=1

+
𝐵𝐵
√2

�𝐿𝐿𝑞𝑞𝑞𝑞1 − 𝐷𝐷𝑞𝑞𝑞𝑞2 − 𝐿𝐿𝑞𝑞𝑞𝑞3 + 𝐷𝐷𝑞𝑞𝑞𝑞4� cos �
𝜋𝜋
4

+ 𝜃𝜃�

 +
𝐵𝐵
√2

�𝐷𝐷𝑞𝑞𝑞𝑞1 + 𝐿𝐿𝑞𝑞𝑞𝑞2 − 𝐷𝐷𝑞𝑞𝑞𝑞3 − 𝐿𝐿𝑞𝑞𝑞𝑞4� sin �
𝜋𝜋
4

+ 𝜃𝜃� ,

(8) 232 

𝐿𝐿𝑞𝑞𝑞𝑞𝑞𝑞 =
1
2
𝜌𝜌𝑈𝑈𝑟𝑟𝑟𝑟2 𝐷𝐷𝐷𝐷(𝐶𝐶𝐿𝐿𝐿𝐿(𝛼𝛼𝑟𝑟𝑟𝑟) cos𝜙𝜙𝑟𝑟𝑟𝑟 + 𝐶𝐶𝐷𝐷𝐷𝐷(𝛼𝛼𝑟𝑟𝑟𝑟) sin𝜙𝜙𝑟𝑟𝑟𝑟),

𝐷𝐷𝑞𝑞𝑞𝑞𝑞𝑞 =
1
2
𝜌𝜌𝑈𝑈𝑟𝑟𝑟𝑟2 𝐷𝐷𝐷𝐷(−𝐶𝐶𝐿𝐿𝐿𝐿(𝛼𝛼𝑟𝑟𝑟𝑟) sin𝜙𝜙𝑟𝑟𝑟𝑟 + 𝐶𝐶𝐷𝐷𝐷𝐷(𝛼𝛼𝑟𝑟𝑟𝑟) cos𝜙𝜙𝑟𝑟𝑟𝑟),

𝑀𝑀𝑞𝑞𝑞𝑞𝑞𝑞 =
1
2
𝜌𝜌𝑈𝑈𝑟𝑟𝑟𝑟2 𝐷𝐷2𝑙𝑙𝐶𝐶𝑀𝑀𝑀𝑀(𝛼𝛼𝑟𝑟𝑟𝑟).

(9) 233 

Here 𝐶𝐶𝐷𝐷𝐷𝐷, 𝐶𝐶𝐿𝐿𝐿𝐿, and 𝐶𝐶𝑀𝑀𝑀𝑀 (𝑖𝑖 = 1 − 4) are, respectively, the steady aerodynamic coefficients for lift, drag, and 234 

aerodynamic moment acting on each sub-conductor: 𝛼𝛼𝑟𝑟𝑟𝑟 and 𝑈𝑈𝑟𝑟𝑟𝑟 (𝑖𝑖 = 1 − 4) are the relative angle of attack 235 

and relative wind speed, respectively, for each sub-conductor, and are expressed as follows: 236 
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𝛼𝛼𝑟𝑟𝑟𝑟 = 𝜃𝜃 + 𝜙𝜙𝑟𝑟𝑟𝑟 , 𝜙𝜙𝑟𝑟𝑟𝑟 = tan−1 �
𝑈𝑈𝑦𝑦𝑦𝑦
𝑈𝑈𝑧𝑧𝑧𝑧

� , 𝑈𝑈𝑟𝑟𝑟𝑟 = �𝑈𝑈𝑦𝑦𝑦𝑦2 + 𝑈𝑈𝑧𝑧𝑧𝑧2,

𝑈𝑈𝑦𝑦1 = −𝑦̇𝑦 −
𝐵𝐵
√2

𝜃̇𝜃 cos �
𝜋𝜋
4

+ 𝜃𝜃� , 𝑈𝑈𝑧𝑧1 = 𝑈𝑈 − 𝑧̇𝑧 −
𝐵𝐵
√2

𝜃̇𝜃 sin �
𝜋𝜋
4

+ 𝜃𝜃� ,

𝑈𝑈𝑦𝑦2 = −𝑦̇𝑦 −
𝐵𝐵
√2

𝜃̇𝜃 sin �
𝜋𝜋
4

+ 𝜃𝜃� , 𝑈𝑈𝑧𝑧2 = 𝑈𝑈 − 𝑧̇𝑧 +
𝐵𝐵
√2

𝜃̇𝜃 cos �
𝜋𝜋
4

+ 𝜃𝜃� ,

𝑈𝑈𝑦𝑦3 = −𝑦̇𝑦 +
𝐵𝐵
√2

𝜃̇𝜃 cos �
𝜋𝜋
4

+ 𝜃𝜃� , 𝑈𝑈𝑧𝑧3 = 𝑈𝑈 − 𝑧̇𝑧 +
𝐵𝐵
√2

𝜃̇𝜃 sin �
𝜋𝜋
4

+ 𝜃𝜃� ,

𝑈𝑈𝑦𝑦4 = −𝑦̇𝑦 +
𝐵𝐵
√2

𝜃̇𝜃 sin �
𝜋𝜋
4

+ 𝜃𝜃� , 𝑈𝑈𝑧𝑧4 = 𝑈𝑈 − 𝑧̇𝑧 −
𝐵𝐵
√2

𝜃̇𝜃 cos �
𝜋𝜋
4

+ 𝜃𝜃� .

(10) 237 

The difference between the two formulations is that the aerodynamic forces caused by torsional velocities are 238 

only captured in the individual sub-conductor aerodynamic force formulation. In contrast, when the torsional 239 

velocity is zero, the aerodynamic forces calculated from Eqs. (6) are identical to those calculated using Eqs. (8). 240 

The aerodynamic coefficients of the sub-conductors and the whole four-bundled conductor were measured 241 

using surface-pressure measurement tests (Matsumiya et al., 2011). Therefore, the aerodynamic coefficients of 242 

each sub-conductor include the influence of the flow interference between the sub-conductors in the steady 243 

state, in the same manner as the coefficients of the whole four-bundled conductor.  244 

 245 

Time-history response analyses using the two quasi-steady aerodynamic force formulations were 246 

performed based on Eqs. (1). The structural damping ratios were set as 𝜁𝜁𝑞𝑞 instead of 𝜁𝜁𝑞𝑞𝑞𝑞 (see Section 2.2), 247 

but the resulting difference in the calculated response amplitudes was small under the test conditions listed in 248 

(a) For whole four-bundled conductor                 (b) For each sub-conductor 

Fig. 5 Two different quasi-steady aerodynamic force formulations (Based on Matsumiya et al. (2018)) 

Uθ
2

B

Ls2U

Mf
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Table 1. The details of the time-history analysis method are provided in the previous paper (though using 𝜁𝜁𝑞𝑞𝑞𝑞) 249 

(Matsumiya et al., 2018). 250 

 251 

2.5 Comparison of the results of wind-response measurement tests with those of time-history analyses 252 

Fig. 6 shows the total amplitudes of the wind-response measurement tests compared with those obtained from 253 

the time-history analyses using the two quasi-steady aerodynamic force formulations. The results of the time-254 

history analysis using the quasi-steady aerodynamic forces for each sub-conductor (Fig. 6 (b)) shows better 255 

agreement with the test results than those using the quasi-steady aerodynamic forces for the entire four-bundled 256 

conductor (Fig. 6 (a)). Therefore, the quasi-steady aerodynamic forces of a four-bundled conductor during 257 

large-amplitude galloping should be formulated independently for each sub-conductor, rather than for all sub-258 

conductors as a group (Matsumiya et al., 2018). The different results obtained using the two formulations is 259 

attributed to the aerodynamic forces caused by the torsional velocities of the four-bundled conductors. 260 

However, because there remain some discrepancies between the torsional and horizontal amplitudes obtained 261 

from the tests and those obtained from the time-history analysis, further improvement of the aerodynamic force 262 

modelling is required. Therefore, the unsteady aerodynamic force characteristics of four-bundled conductors are 263 

investigated in this study. 264 



16 
 

 265 

  266 

2.6 Aerodynamic coefficient as a function of the relative angle of attack and non-dimensional torsional velocity 267 

Another important conclusion of the previous study (Matsumiya et al., 2018) was that the aerodynamic force 268 

formulation using quasi-steady theory for the individual sub-conductors is equivalent to the formulation that 269 

uses aerodynamic coefficients defined as functions of the relative angle of attack and non-dimensional torsional 270 

velocity. The transformed formulation has the same form as the normal quasi-steady aerodynamic force 271 

formulation, in Eqs. (6), except that the aerodynamic coefficients are defined as functions of the non-272 

dimensional torsional velocity 𝐵𝐵𝜃̇𝜃/𝑈𝑈𝑟𝑟 as well as the relative angle of attack 𝛼𝛼𝑟𝑟: 273 

𝐿𝐿𝑞𝑞𝑞𝑞 =
1
2
𝜌𝜌𝑈𝑈𝑟𝑟24𝐷𝐷𝐷𝐷 �𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿∗ �𝛼𝛼𝑟𝑟 ,

𝐵𝐵𝜃̇𝜃
𝑈𝑈𝑟𝑟
� cos𝜙𝜙𝑟𝑟 + 𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷∗ �𝛼𝛼𝑟𝑟 ,

𝐵𝐵𝜃̇𝜃
𝑈𝑈𝑟𝑟
� sin𝜙𝜙𝑟𝑟� ,

𝐷𝐷𝑞𝑞𝑞𝑞 =
1
2
𝜌𝜌𝑈𝑈𝑟𝑟24𝐷𝐷𝐷𝐷 �−𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿∗ �𝛼𝛼𝑟𝑟 ,

𝐵𝐵𝜃̇𝜃
𝑈𝑈𝑟𝑟
� sin𝜙𝜙𝑟𝑟 + 𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷∗ �𝛼𝛼𝑟𝑟 ,

𝐵𝐵𝜃̇𝜃
𝑈𝑈𝑟𝑟
� cos𝜙𝜙𝑟𝑟� ,

𝑀𝑀𝑞𝑞𝑞𝑞 =
1
2
𝜌𝜌𝑈𝑈𝑟𝑟24𝐵𝐵𝐵𝐵𝐵𝐵𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀∗ �𝛼𝛼𝑟𝑟 ,

𝐵𝐵𝜃̇𝜃
𝑈𝑈𝑟𝑟
� .

(11) 274 

Here, 𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿∗ ,𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷∗ ,  and 𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀∗  denote the two-variable coefficients of lift, drag, and aerodynamic moment, 275 

respectively. They can be calculated from the quasi-steady aerodynamic forces for each sub-conductor using the 276 

steady aerodynamic coefficients of the sub-conductors. Fig. 7 shows the calculated two-variable aerodynamic 277 

coefficients of the four-bundled conductor, along with the steady aerodynamic coefficients of the four-bundled 278 
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Fig. 6 Comparison of total amplitudes from wind-response tests and time-history analyses using the two 
different quasi-steady aerodynamic force formulations (𝑈𝑈 = 10.2 m/s, with initial displacement) 

(b) Quasi-steady aerodynamic forces formulated for 
each sub-conductor 

(a) Quasi-steady aerodynamic forces formulated for 
whole four-bundled conductor 
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conductor. 𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀∗  varies considerably based on the non-dimensional torsional velocity whereas the variations in 279 

𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿∗  and 𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷∗  with torsional velocity are relatively small. 280 

In this study, the unsteady aerodynamic forces were measured for different imposed motions of the 281 

four-bundled conductor, defining the aerodynamic coefficients as functions of two variables (angle of attack 282 

and torsional angular velocity). They are then compared with the calculated values in Fig. 7. It is noted that, if 283 

the unsteady aerodynamic forces can be defined in a similar form to Eqs. (11), it is possible to perform time 284 

history response analysis considering aerodynamic nonlinearity. It should be noted that the definitions of the 285 

two-variable aerodynamic coefficients are different from the unsteady aerodynamic force coefficients used as 286 

flutter derivatives for linear instability analysis of bridge decks (Scanlan and Tomko, 1971). The relationships 287 

between them are described in Section 3. 288 

 289 

 
Fig. 7 Aerodynamic coefficients of four-bundled conductor calculated from quasi-steady aerodynamic forces 

on each sub-conductor (Matsumiya et al., 2011, 2018) 

(b) Two-variable lift coefficient 𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿∗  (a) Two-variable drag coefficient 𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷∗  

(d) Steady aerodynamic coefficients 𝐶𝐶𝐷𝐷,𝐶𝐶𝐿𝐿,𝐶𝐶𝑀𝑀 (c) Two-variable moment coefficient 𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀∗  
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 290 

3. Setup and conditions of unsteady aerodynamic force measurement tests 291 

In this study, three types of unsteady aerodynamic force measurement tests were performed to investigate the 292 

unsteady aerodynamic force characteristics of four-bundled conductors and evaluate two-variable aerodynamic 293 

coefficients for simulating the forces under various motions. Two different types of rotational motion and one 294 

type of vertical motion were used. In the two rotational motion tests, one employed constant torsional angular 295 

velocities and the other sinusoidal torsional oscillations. Only sinusoidal oscillations were used for the vertical 296 

motion tests. Various motions, with different oscillation amplitudes, frequencies and rotational speeds were 297 

easily applied using servomotors.  298 

 299 

3.1 Common conditions—wind tunnel and section model 300 

The unsteady aerodynamic force measurement tests were performed in a blow-down-type wind tunnel at the 301 

Central Research Institute of Electric Power Industry, Japan. The closed measurement section setting for this 302 

study was 2.50 m high and 1.04 m wide. The turbulent intensity was less than 0.5%.  303 

The cross-section of the model of the four-bundled conductor was identical to that used in the 304 

previous steady aerodynamic measurement tests (Matsumiya et al., 2011) and the previous wind-response 305 

measurement tests (Matsumiya et al., 2018), as shown in Fig. 2. The sectional model had dimensions identical 306 

to the ACSR410 mm2 conductor, and the span length 𝑙𝑙 was 1.0 m. The model was configured with roughness 307 

representing the strands. However, the twist of the strands, as on actual electricity conductors, was not modelled 308 

to ensure two-dimensional characteristics, as in the previous experiments. The model was supported by three-309 

component-loadcells (Nissho Electric Works Co., Ltd., LMC-3501-200 N, rated load: 200 N, rated moment: 20 310 

N·m) at the centre of the four-bundled conductor via circular endplates (thickness: 5 mm; diameter: 800 mm), 311 
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which were installed on both ends of the model. The various unsteady aerodynamic forces were measured using 312 

these loadcells; hence these tests were force balance measurement tests. 313 

 314 

3.2 Experimental setup for torsional motion 315 

3.2.1 Rotary device 316 

The rotary device used for the unsteady aerodynamic force measurement is shown in Fig. 8. In this device, a 317 

servomotor (YASKAWA Electric Co., SGMAV-02A DAH761, rated power: 200 W, rated speed: 3000 rpm, 318 

rated torque: 0.637 N·m, reduction ratio: 1/33) was used as the rotator, and the input waveform could be 319 

conveniently controlled from a PC. This facilitated the easy evaluation of the dependence of the unsteady 320 

aerodynamic force coefficients on the oscillation amplitude under sinusoidal torsional vibrations. Furthermore, 321 

the excitation tests could be performed using not only sinusoidal waveforms but also arbitrary waveforms as 322 

inputs. Therefore, unsteady aerodynamic forces at constant angular velocities could be measured with 323 

appropriate waveforms. There were two servomotors, one at either end of the model. The servomotor controller 324 

could output the torsional angle of each motor, as well as its velocity and acceleration signal. 325 

 326 

 327 

3.2.2 Unsteady aerodynamic force measurement tests with constant torsional angular velocity 328 

Coupling Model (end plate) Servomotor 

Loadcell 
(3-component) Bearing support 

Fig. 8 Rotary device for unsteady aerodynamic force measurement 
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Although the servomotor could rotate unidirectionally, constant torsional angular velocity tests were performed 329 

with reciprocating motions instead of using unidirectional rotations to avoid entangling the cables. Fig. 9 shows 330 

the time series of an example waveform and the Lissajous figure of all the waveforms used in the constant 331 

angular velocity tests. The measurement range of the torsional angle (angle of attack) 𝜃𝜃 ranged from −20° to 332 

70°. In the reciprocating motions, the range of constant angular velocity was from −25° to 75°, and the transient 333 

range was determined to smoothly turn back depending on the angular velocity. In a preliminary experiment, it 334 

was confirmed that the transient range was sufficiently long to not affect the measurements in the measurement 335 

range. Table 4 shows the conditions of the unsteady aerodynamic force measurement tests with constant 336 

angular velocity. Because the averaged data were obtained from 100 ensemble data, the measurement time 337 

depended on the angular velocity. The sampling frequency was set such that the data could be measured at 0.1° 338 

intervals of the angle of attack. After the force due to self-weight and the inertial force were subtracted using the 339 

results of measurements without wind, the values of the unsteady aerodynamic forces, averaged over 100 340 

cycles with respect to the angle of attack, were obtained for each angular velocity.  341 

 342 
(a) Example waveform time series (𝜃̇𝜃 = ±60°/s)           (b) Lissajous figure of the waveforms 

Fig. 9 Motions for unsteady aerodynamic force measurement with constant angular velocity 
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 343 

In this study, the two-variable aerodynamic coefficients were calculated from the values of lift 𝐿𝐿𝑢𝑢𝑢𝑢, 344 

drag 𝐷𝐷𝑢𝑢𝑢𝑢, and aerodynamic moment 𝑀𝑀𝑢𝑢𝑢𝑢, measured under the constant-angular-velocity 𝜃̇𝜃 condition and 345 

averaged with respect to the angle of attack, which can be expressed as  346 

𝐿𝐿𝑢𝑢𝑢𝑢�𝜃𝜃, 𝜃̇𝜃� =
1
2
𝜌𝜌𝑈𝑈24𝐷𝐷𝐷𝐷𝐶𝐶𝐿𝐿∗ �𝜃𝜃,

𝐵𝐵𝜃̇𝜃
𝑈𝑈
� ,

𝐷𝐷𝑢𝑢𝑢𝑢�𝜃𝜃, 𝜃̇𝜃� =
1
2
𝜌𝜌𝑈𝑈24𝐷𝐷𝐷𝐷𝐶𝐶𝐷𝐷∗ �𝜃𝜃,

𝐵𝐵𝜃̇𝜃
𝑈𝑈
� ,

𝑀𝑀𝑢𝑢𝑢𝑢�𝜃𝜃, 𝜃̇𝜃� =
1
2
𝜌𝜌𝑈𝑈24𝐵𝐵𝐵𝐵𝐵𝐵𝐶𝐶𝑀𝑀∗ �𝜃𝜃,

𝐵𝐵𝜃̇𝜃
𝑈𝑈
� .

 (5) 347 

Here, 𝐶𝐶𝐿𝐿∗, 𝐶𝐶𝐷𝐷∗ , and 𝐶𝐶𝑀𝑀∗  denote the lift, drag, and moment coefficients, respectively, defined as functions of 348 

both the angle of attack 𝜃𝜃 and non-dimensional angular velocity 𝐵𝐵𝜃̇𝜃/𝑈𝑈. 349 

 350 

3.2.3 Unsteady aerodynamic force measurement tests under sinusoidal torsional motion 351 

Unsteady aerodynamic force measurement tests using a sinusoidal torsional waveform (𝜃𝜃 = 𝜃𝜃0 + 𝜃𝜃�,𝜃𝜃� =352 

𝐴𝐴𝜃𝜃sin𝜔𝜔𝐺𝐺𝑡𝑡; 𝜔𝜔𝐺𝐺: circular frequency; 𝑡𝑡: time) were performed by varying the mean torsional angle (angle of 353 

attack) 𝜃𝜃0 and torsional amplitude 𝐴𝐴𝜃𝜃. Table 5 lists the conditions of the unsteady aerodynamic force 354 

measurement tests with sinusoidal torsional excitation. The wind speed and vibration frequency were set 355 

considering the conditions of previous wind-response measurement tests, and the sampling frequency was 1000 356 

Hz. The phase-averaged data were obtained from 100 cycles, and the force due to self-weight and the inertial 357 

force were subtracted using the results of measurements without wind. 358 

Table 4 Conditions of unsteady aerodynamic force 
measurement tests with constant angular velocity 

Measurement range of angle 
of attack (torsional angle), 𝜃𝜃 

−20 – 70˚ 

Constant angular velocity, 𝜃̇𝜃 
2.5–60˚/s 
(at 2.5˚/s intervals) 

Wind speed, 𝑈𝑈 6.8, 8.5, and 10.3 m/s 
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In this study, four unsteady aerodynamic force coefficients—used as flutter derivatives with respect 359 

to torsional motion for flutter analysis on bridge decks (Scanlan and Tomko, 1971)—were obtained from the 360 

unsteady aerodynamic force measurement tests using sinusoidal torsional waveforms. Considering only the 361 

fluctuating components at the motion frequency, the unsteady aerodynamic force coefficients 362 

𝐿𝐿𝜃𝜃𝜃𝜃∗ , 𝐿𝐿𝜃𝜃𝜃𝜃∗ ,𝑀𝑀𝜃𝜃𝜃𝜃
∗ , and 𝑀𝑀𝜃𝜃𝜃𝜃

∗  are defined using the lift and aerodynamic moment, which can be expressed as  363 

𝐿𝐿𝑢𝑢𝑢𝑢 = 𝐴𝐴𝐿𝐿𝑢𝑢𝑢𝑢 sin �𝜔𝜔𝐺𝐺𝑡𝑡 − 𝛷𝛷𝐿𝐿𝑢𝑢𝑢𝑢� =
1
2
𝜌𝜌(4𝐷𝐷)2𝑙𝑙𝜔𝜔𝐺𝐺

2 �𝐿𝐿𝜃𝜃𝜃𝜃∗ 𝐵𝐵𝜃𝜃� + 𝐿𝐿𝜃𝜃𝜃𝜃∗
𝐵𝐵𝜃𝜃�̇
𝜔𝜔𝐺𝐺

� ,

𝑀𝑀𝑢𝑢𝑢𝑢 = 𝐴𝐴𝑀𝑀𝑢𝑢𝑢𝑢 sin �𝜔𝜔𝐺𝐺𝑡𝑡 − 𝛷𝛷𝑀𝑀𝑢𝑢𝑢𝑢� =
1
2
𝜌𝜌(4𝐷𝐷)2𝐵𝐵𝐵𝐵𝜔𝜔𝐺𝐺

2 �𝑀𝑀𝜃𝜃𝜃𝜃
∗ 𝐵𝐵𝜃𝜃� + 𝑀𝑀𝜃𝜃𝜃𝜃

∗ 𝐵𝐵𝜃𝜃�̇
𝜔𝜔𝐺𝐺

� .

(6) 364 

Here, 𝐿𝐿𝑢𝑢𝑢𝑢 and 𝑀𝑀𝑢𝑢𝑢𝑢 denote the fluctuating components of the lift and aerodynamic moment at the motion 365 

frequency; 𝐴𝐴𝐿𝐿𝑢𝑢𝑢𝑢 and 𝐴𝐴𝑀𝑀𝑢𝑢𝑢𝑢 denote their amplitudes, and 𝛷𝛷𝐿𝐿𝑢𝑢𝑢𝑢 and 𝛷𝛷𝑀𝑀𝑢𝑢𝑢𝑢 denote the phase differences from 366 

the torsional displacement. The four unsteady aerodynamic force coefficients can be obtained by using the one-367 

period integral of the product of the unsteady aerodynamic force or moment and the displacement or velocity. 368 

In this study, they were obtained by phase-averaged values of lift 𝐿𝐿𝑢𝑢𝑢𝑢 and aerodynamic moment 𝑀𝑀𝑢𝑢𝑢𝑢, 369 

measured under sinusoidal torsional motion, as  370 

𝐿𝐿𝜃𝜃𝜃𝜃∗ =
∫ 𝐿𝐿𝑢𝑢𝑢𝑢(𝑡𝑡)𝜃𝜃�̇(𝑡𝑡)𝑑𝑑𝑑𝑑
2𝜋𝜋
𝜔𝜔𝐺𝐺
0

1
2𝜌𝜌(4𝐷𝐷)2𝐵𝐵𝐵𝐵 𝐴𝐴𝜃𝜃2𝜔𝜔𝐺𝐺2𝜋𝜋

, 𝐿𝐿𝜃𝜃𝜃𝜃∗ =
∫ 𝐿𝐿𝑢𝑢𝑢𝑢(𝑡𝑡)𝜃𝜃�(𝑡𝑡)𝑑𝑑𝑑𝑑
2𝜋𝜋
𝜔𝜔𝐺𝐺
0

1
2𝜌𝜌(4𝐷𝐷)2𝐵𝐵𝐵𝐵 𝐴𝐴𝜃𝜃2𝜔𝜔𝐺𝐺𝜋𝜋

,

𝑀𝑀𝜃𝜃𝜃𝜃
∗ =

∫ 𝑀𝑀𝑢𝑢𝑢𝑢(𝑡𝑡)𝜃𝜃�̇(𝑡𝑡)𝑑𝑑𝑑𝑑
2𝜋𝜋
𝜔𝜔𝐺𝐺
0

1
2 𝜌𝜌(4𝐷𝐷𝐷𝐷)2𝑙𝑙𝐴𝐴𝜃𝜃2𝜔𝜔𝐺𝐺2𝜋𝜋

,𝑀𝑀𝜃𝜃𝜃𝜃
∗ =

∫ 𝑀𝑀𝑢𝑢𝑢𝑢(𝑡𝑡)𝜃𝜃�(𝑡𝑡)𝑑𝑑𝑑𝑑
2𝜋𝜋
𝜔𝜔𝐺𝐺
0

1
2𝜌𝜌(4𝐷𝐷𝐷𝐷)2𝑙𝑙𝐴𝐴𝜃𝜃2𝜔𝜔𝐺𝐺𝜋𝜋

.

(7) 371 

 372 

Table 5 Conditions of unsteady aerodynamic force 
measurement tests with sinusoidal torsional excitation 

Mean torsional angle, 𝜃𝜃0 
0, 8, 16–40˚  
(at 2˚ intervals) 

Torsional amplitude, 𝐴𝐴𝜃𝜃 
2–20˚ 
(at 2˚ intervals) 

Wind speed, 𝑈𝑈 10.4 m/s 
Vibration frequency, 𝑓𝑓𝐺𝐺 0.44 Hz 
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 373 

3.3 Experimental setup for vertical motion 374 

Unsteady aerodynamic forces were measured under sinusoidal vertical excitation (𝑦𝑦 = 𝐴𝐴𝑦𝑦sin𝜔𝜔𝐺𝐺𝑡𝑡) in addition 375 

to torsional motions. The actuator for the vertical motion is shown in Fig. 10. In this system, the rotational 376 

motion controlled by a servomotor (YASKAWA Electric Co., SGM7A-15A6A6C, rated power: 1.5 kW, rated 377 

speed: 3000 rpm, rated torque: 4.9 N·m) was converted to vertical motion via a ball-screw-type actuator. The 378 

waveform of the vertical motion could be controlled conveniently from a PC. The unsteady aerodynamic forces 379 

were measured by varying the amplitude of the sinusoidal vertical oscillations. Tables 6 and 7 show the 380 

conditions of the unsteady aerodynamic force measurement tests with sinusoidal vertical excitation. The 381 

constant torsional angle (angle of attack) of the model was set at 22.5°, which is slightly larger than the stall 382 

angle. At this angle the Den Hartog (1956) criterion was satisfied and vertical 1-DoF galloping would occur. 383 

Both the vibration frequency and wind speed were varied for each oscillation amplitude. The sampling 384 

frequency was set at 1000 Hz, and phase-averaged data were obtained from 100 cycles. The force due to self-385 

weight and the inertial force were subtracted using the results of measurements without wind, to obtain only the 386 

unsteady aerodynamic forces from the measurement data. 387 

 388 

Fig. 10 Actuator for unsteady aerodynamic force 
measurement with vertical motion 

Actuator 
(ball screw) 

Load cell 
(3-component) 

Model (end plate) 

Servomotor 

Linear guide 

Table 6 Conditions of unsteady aerodynamic force 
measurement tests with sinusoidal vertical excitation 
Constant torsional angle, 𝜃𝜃0 22.5˚ 

Vertical amplitude, 𝐴𝐴𝑦𝑦 
5–180 mm 
(at 5 mm intervals) 

 
Table 7 Conditions of oscillation frequencies and wind 

speeds for the sinusoidal vertical excitation tests 
Vibration frequency, 𝑓𝑓𝐺𝐺 Wind speed, 𝑈𝑈  
0.44 Hz 2.5, 5.2, and 9.7 m/s 
1.00 Hz 5.2, 7.6, and 10.3 m/s 
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In this study, the unsteady aerodynamic force coefficients 𝐿𝐿𝑦𝑦𝑦𝑦∗ , 𝐿𝐿𝑦𝑦𝑦𝑦∗ ,𝑀𝑀𝑦𝑦𝑦𝑦
∗ , and 𝑀𝑀𝑦𝑦𝑦𝑦

∗  for vertical 389 

motion are defined using the components of the lift and aerodynamic moment 𝐿𝐿𝑢𝑢𝑢𝑢 and 𝑀𝑀𝑢𝑢𝑢𝑢 at the motion 390 

frequency, which can be expressed as  391 

𝐿𝐿𝑢𝑢𝑢𝑢 = 𝐴𝐴𝐿𝐿𝑢𝑢𝑢𝑢 sin �𝜔𝜔𝐺𝐺𝑡𝑡 − 𝛷𝛷𝐿𝐿𝑢𝑢𝑢𝑢� =
1
2
𝜌𝜌(4𝐷𝐷)2𝑙𝑙𝜔𝜔𝐺𝐺

2 �𝐿𝐿𝑦𝑦𝑦𝑦∗ 𝑦𝑦 + 𝐿𝐿𝑦𝑦𝑦𝑦∗
𝑦̇𝑦
𝜔𝜔𝐺𝐺

� ,

𝑀𝑀𝑢𝑢𝑢𝑢 = 𝐴𝐴𝑀𝑀𝑢𝑢𝑢𝑢 sin �𝜔𝜔𝐺𝐺𝑡𝑡 − 𝛷𝛷𝑀𝑀𝑢𝑢𝑢𝑢� =
1
2
𝜌𝜌(4𝐷𝐷)2𝐵𝐵𝐵𝐵𝜔𝜔𝐺𝐺

2 �𝑀𝑀𝑦𝑦𝑦𝑦
∗ 𝑦𝑦 + 𝑀𝑀𝑦𝑦𝑦𝑦

∗ 𝑦̇𝑦
𝜔𝜔𝐺𝐺

� .
 (8) 392 

However, since the influence of 𝐿𝐿𝑦𝑦𝑦𝑦∗  and 𝑀𝑀𝑦𝑦𝑦𝑦
∗  on the aerodynamic instability is small (Matsumoto et al., 393 

2010, Matsumoto, 2013), this study only uses 𝐿𝐿𝑦𝑦𝑦𝑦∗  and 𝑀𝑀𝑦𝑦𝑦𝑦
∗ . The unsteady aerodynamic force coefficients 𝐿𝐿𝑦𝑦𝑦𝑦∗  394 

and 𝑀𝑀𝑦𝑦𝑦𝑦
∗  were obtained by phase-averaged values of lift 𝐿𝐿𝑢𝑢𝑢𝑢 and aerodynamic moment 𝑀𝑀𝑢𝑢𝑢𝑢, measured under 395 

sinusoidal vertical motion, as  396 

𝐿𝐿𝑦𝑦𝑦𝑦∗ =
∫ 𝐿𝐿𝑢𝑢𝑢𝑢(𝑡𝑡)𝑦̇𝑦(𝑡𝑡)𝑑𝑑𝑑𝑑
2𝜋𝜋
𝜔𝜔𝐺𝐺
0

1
2𝜌𝜌(4𝐷𝐷)2𝑙𝑙 𝐴𝐴𝑦𝑦2𝜔𝜔𝐺𝐺2𝜋𝜋

,𝑀𝑀𝑦𝑦𝑦𝑦
∗ =

∫ 𝑀𝑀𝑢𝑢𝑢𝑢(𝑡𝑡)𝑦̇𝑦(𝑡𝑡)𝑑𝑑𝑑𝑑
2𝜋𝜋
𝜔𝜔𝐺𝐺
0
1
2𝜌𝜌(4𝐷𝐷)2𝑙𝑙𝐴𝐴𝑦𝑦2𝜔𝜔𝐺𝐺2𝜋𝜋

. (9) 397 

 398 

4. Results of the unsteady aerodynamic force measurement tests 399 

4.1 Two-variable aerodynamic coefficients obtained from tests with constant angular velocities  400 

Figs. 11, 12, and 13 show the two-variable aerodynamic coefficients obtained from the measurement tests 401 

performed with constant angular velocity at wind speeds of 𝑈𝑈 = 6.8, 8.5, and 10.3 m/s. The vertical axis 402 

represents the non-dimensional angular velocity 𝐵𝐵𝜃̇𝜃 𝑈𝑈⁄ , so the physical angular velocity differs depending on 403 

the figure (wind speed) for the same non-dimensional angular velocity. Further, there may be some minor errors 404 

in the measurements, indicated by the figures having slightly jagged contour lines. As shown in these figures, 405 

𝐶𝐶𝑀𝑀∗  varies considerably with the non-dimensional angular velocity, whereas variations in 𝐶𝐶𝐿𝐿∗ and 𝐶𝐶𝐷𝐷∗  are 406 

relatively small, as previously found for the estimates based on the quasi-steady aerodynamic forces on the 407 

individual sub-conductors, in Fig. 7. Changes in the coefficients in relation to the non-dimensional angular 408 
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velocity are almost the same for the tests at different wind speeds. For a more detailed comparison, Fig. 14 409 

compares the values at certain non-dimensional angular velocities, 𝐵𝐵𝜃̇𝜃 𝑈𝑈⁄ = 0.03 and −0.03. Because the 410 

interval of angular velocity in the tests was 2.5 °/s, interpolated values are shown in the figures. The results with 411 

different combinations of wind speed and angular velocity show good agreement. Thus, the results indicate that 412 

the non-dimensional parameter 𝐵𝐵𝜃̇𝜃 𝑈𝑈⁄  is appropriate for modelling the unsteady aerodynamic forces.  413 

Furthermore, the variation of the coefficients is similar between the values measured in the constant 414 

angular velocity tests (Figs. 11–13) and the calculated values obtained from the quasi-steady aerodynamic 415 

forces for each sub-conductor (Fig. 7). However, certain differences exist, and the experimental results give 416 

smoother variations than the calculated values, especially for 𝐶𝐶𝑀𝑀∗ . The calculated values at the non-dimensional 417 

angular velocities of 𝐵𝐵𝜃̇𝜃 𝑈𝑈⁄ = 0.03 and −0.03 are also shown in Fig. 14. The differences between the 418 

experimental and calculated results are relatively large around angles of attack where the coefficients change 419 

rapidly, such as for 𝐶𝐶𝐿𝐿∗ and 𝐶𝐶𝑀𝑀∗  around 𝜃𝜃 = 20°, which corresponds to the stalling angle. Time-history 420 

analyses were performed to clarify the influence of these discrepancies on the galloping response, and the 421 

results are presented in Section 5. 422 
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 423 

(c) Moment coefficient 𝐶𝐶𝑀𝑀∗  
Fig. 11 Two-variable aerodynamic coefficients 

obtained from measurement tests performed with 
constant angular velocity (𝑈𝑈 = 6.8 m/s) 

(b) Lift coefficient 𝐶𝐶𝐿𝐿∗ 

(a) Drag coefficient 𝐶𝐶𝐷𝐷∗  

(c) Moment coefficient 𝐶𝐶𝑀𝑀∗  
Fig. 12 Two-variable aerodynamic coefficients 

obtained from measurement tests performed with 
constant angular velocity (𝑈𝑈 = 8.5 m/s) 

(b) Lift coefficient 𝐶𝐶𝐿𝐿∗ 

(a) Drag coefficient 𝐶𝐶𝐷𝐷∗  
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 424 

(c) Moment coefficient 𝐶𝐶𝑀𝑀∗  
Fig. 13 Two-variable aerodynamic coefficients 

obtained from measurement tests performed with 
constant angular velocity (𝑈𝑈 = 10.3 m/s) 

(b) Lift coefficient 𝐶𝐶𝐿𝐿∗ 

(a) Drag coefficient 𝐶𝐶𝐷𝐷∗  
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 425 

 426 

4.2 Unsteady aerodynamic coefficients obtained from torsional forced vibration tests 427 

Fig. 15 shows the unsteady aerodynamic coefficients obtained during the torsional forced-vibration tests. The 428 

role of each unsteady aerodynamic coefficient on aerodynamic instabilities has been investigated using linear 429 

instability analyses such as flutter analysis (Matsumoto et al., 2010, Matsumoto, 2013). 𝑀𝑀𝜃𝜃𝜃𝜃
∗  represents the 430 

aerodynamic damping term for torsional oscillation, and torsional 1-DoF instability (torsional flutter) may 431 

occur when 𝑀𝑀𝜃𝜃𝜃𝜃
∗  indicates a positive value. 𝑀𝑀𝜃𝜃𝜃𝜃

∗  represents the aerodynamic stiffness term for torsional 432 

(a) 𝐵𝐵𝜃̇𝜃 𝑈𝑈⁄ = −0.03                             (b) 𝐵𝐵𝜃̇𝜃 𝑈𝑈⁄ = 0.03 
Fig. 14 Comparison of two-variable aerodynamic coefficients obtained at different wind speeds  
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oscillation, and the frequency of torsional 1-DoF oscillations becomes large when 𝑀𝑀𝜃𝜃𝜃𝜃
∗  indicates a negative 433 

value. 𝐿𝐿𝜃𝜃𝜃𝜃∗  and 𝐿𝐿𝜃𝜃𝜃𝜃∗  represent aerodynamic coupling terms, and coupled flutter in a vertical-torsional-2-DoF 434 

system may occur depending on their combination. Although the changes in the unsteady aerodynamic 435 

coefficients with mean torsional angle are significant in the case of small oscillation amplitudes, such as 𝐴𝐴𝜃𝜃 =436 

2°, the changes become small for larger oscillation amplitudes.  437 

By using the angle of attack and non-dimensional angular velocity at each time step for assumed 438 

sinusoidal oscillations (𝜃𝜃 = 𝜃𝜃0 + 𝐴𝐴𝜃𝜃sin𝜔𝜔𝐺𝐺𝑡𝑡), the values of the unsteady aerodynamic forces can be calculated 439 

using Eqs. (12) and Figs. 11–13. Then, the unsteady aerodynamic force coefficients can be calculated using 440 

Eqs. (14). Fig. 16 shows the calculated unsteady-aerodynamic force coefficients, using the measured two-441 

aerodynamic coefficients 𝐶𝐶𝐿𝐿∗,𝐶𝐶𝐷𝐷∗ , and 𝐶𝐶𝑀𝑀∗  presented in Fig. 13. Although there are some discrepancies 442 

between the measured and calculated unsteady aerodynamic coefficients in the case of small oscillation 443 

amplitudes, such as in 𝐿𝐿𝜃𝜃𝜃𝜃∗  for 𝐴𝐴𝜃𝜃 = 2°, the results demonstrate good agreement (Figs. 15 and 16). Because 444 

the unsteady aerodynamic coefficients obtained from the tests with different motions, i.e., sinusoidal 445 

oscillations and constant angular velocity, show good agreement, the validity of the aerodynamic force 446 

formulation using two variables, as described in Eqs. (12), is confirmed for evaluating torsional 1-DoF 447 

oscillations. 448 
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 449 

 450 

Fig. 15 Unsteady aerodynamic force coefficients 
obtained during forced-vibration tests 

(𝑈𝑈/𝑓𝑓𝑓𝑓 = 59.4) 

-100
-80
-60
-40
-20

0
20
40
60
80

0 5 10 15 20 25 30 35 40

M
θI

*

Mean torisonal angle θ0 [°]

2 4 6 8 12 20Aθ [°] :

-3000

-2000

-1000

0

1000

2000

3000

0 5 10 15 20 25 30 35 40

L θ
R*

Mean torisonal angle θ0 [°]

2 4 6 8 12 20Aθ [°] :

-400
-300
-200
-100

0
100
200
300
400

0 5 10 15 20 25 30 35 40

M
θR

*

Mean torisonal angle θ0 [°]

2 4 6 8 12 20Aθ [°] :

-200
-150
-100
-50

0
50

100
150
200

0 5 10 15 20 25 30 35 40

L θ
I*

Mean torisonal angle θ0 [°]

2 4 6 8 12 20Aθ [°] :

-400
-300
-200
-100

0
100
200
300
400

0 5 10 15 20 25 30 35 40

M
θR

*

Mean torisonal angle θ0 [°]

2 4 6 8 12 20Aθ [°] :

Fig. 16 Unsteady aerodynamic force coefficients 
calculated from 𝐶𝐶𝐷𝐷∗ ,𝐶𝐶𝐿𝐿∗, and 𝐶𝐶𝑀𝑀∗ , shown in Fig. 13 
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4.3 Unsteady aerodynamic coefficients obtained from vertical forced vibration tests 451 

Unsteady aerodynamic force coefficients were measured in the vertical 1-DoF sinusoidal forced-vibration tests. 452 

Meanwhile, to obtain the unsteady aerodynamic coefficients for vertical motion (𝑦𝑦 = 𝐴𝐴𝑦𝑦sin𝜔𝜔𝐺𝐺𝑡𝑡) from the two-453 

variable aerodynamic coefficients, the unsteady lift force and moment 𝐿𝐿𝑢𝑢𝑢𝑢𝜃̇𝜃 and 𝑀𝑀𝑢𝑢𝑢𝑢𝜃̇𝜃, respectively, are 454 

calculated based on the formulation shown in Eqs. (11) as 455 

𝐿𝐿𝑢𝑢𝑢𝑢𝜃̇𝜃 =
1
2
𝜌𝜌𝑈𝑈𝑟𝑟24𝐷𝐷𝐷𝐷(𝐶𝐶𝐿𝐿∗(𝛼𝛼𝑟𝑟 , 0) cos𝜙𝜙𝑟𝑟 + 𝐶𝐶𝐷𝐷∗(𝛼𝛼𝑟𝑟 , 0) sin𝜙𝜙𝑟𝑟),

𝑀𝑀𝑢𝑢𝑢𝑢𝜃̇𝜃 =
1
2
𝜌𝜌𝑈𝑈𝑟𝑟24𝐵𝐵𝐵𝐵𝐵𝐵𝐶𝐶𝑀𝑀∗ (𝛼𝛼𝑟𝑟, 0),

𝛼𝛼𝑟𝑟 = 𝜙𝜙𝑟𝑟 , 𝜙𝜙𝑟𝑟 = tan−1 �
−𝑦̇𝑦
𝑈𝑈
� , 𝑈𝑈𝑟𝑟 = �(−𝑦̇𝑦)2 + 𝑈𝑈2.

(17) 456 

Because the torsional velocity 𝜃̇𝜃 is zero in the vertical 1-DoF oscillations, the two-variable aerodynamic 457 

coefficients are equal to the normal static aerodynamic coefficients, i.e., 𝐶𝐶𝐿𝐿∗(𝛼𝛼𝑟𝑟 , 0) = 𝐶𝐶𝐿𝐿(𝛼𝛼𝑟𝑟), 𝐶𝐶𝐷𝐷∗(𝛼𝛼𝑟𝑟 , 0) =458 

𝐶𝐶𝐷𝐷(𝛼𝛼𝑟𝑟), and 𝐶𝐶𝑀𝑀∗ (𝛼𝛼𝑟𝑟, 0) = 𝐶𝐶𝑀𝑀(𝛼𝛼𝑟𝑟). Therefore, Eqs. (17) correspond to the formulation of normal quasi-steady 459 

aerodynamic forces. The unsteady aerodynamic force coefficients 𝐿𝐿𝑦𝑦𝑦𝑦∗  and 𝑀𝑀𝑦𝑦𝑦𝑦
∗  can then be calculated using 460 

Eqs. (16). 461 

Figs. 17 and 18 show the relationships between the oscillation amplitude and unsteady aerodynamic 462 

coefficients 𝐿𝐿𝑦𝑦𝑦𝑦∗   and 𝑀𝑀𝑦𝑦𝑦𝑦
∗  for the oscillation frequencies of 𝑓𝑓𝐺𝐺 = 0.44  and 1.0 Hz. 𝐿𝐿𝑦𝑦𝑦𝑦∗  represents the 463 

aerodynamic damping term for vertical oscillations. Vertical 1-DoF instability (1-DoF galloping) may occur 464 

and the oscillation amplitude increases when 𝐿𝐿𝑦𝑦𝑦𝑦∗  indicates a positive value. Because the constant torsional 465 

angle was set at 22.5° where the Den Hartog criterion for vertical 1-DoF galloping (Den Hartog, 1956) was 466 

satisfied, as previously mentioned, 𝐿𝐿𝑦𝑦𝑦𝑦∗  indicates a positive value except for the case with low wind speed and 467 

large oscillation amplitude. 𝑀𝑀𝑦𝑦𝑦𝑦
∗  represents an aerodynamic coupling term and coupled flutter in a vertical-468 

torsional-2DoF system may occur depending on its combination with the other coupling terms, such as 𝐿𝐿𝜃𝜃𝜃𝜃∗  469 

and 𝐿𝐿𝜃𝜃𝜃𝜃∗  (Matsumoto et al., 2010, Matsumoto, 2013). The absolute values of 𝐿𝐿𝑦𝑦𝑦𝑦∗   and 𝑀𝑀𝑦𝑦𝑦𝑦
∗  generally 470 
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become small as the oscillation amplitude becomes large. This is because the variation of the relative angle of 471 

attack during the oscillations increases as the amplitude increases, and the coefficients are less sensitive to local 472 

changes in the aerodynamic forces. 473 

 474 

 475 

Figs. 17 and 18 compare the unsteady aerodynamic coefficients obtained from the vertical forced 476 

vibration tests to those calculated from the two-variable aerodynamic coefficients (Fig. 13), although the 477 

angular velocity terms are set to zero. The results from the two methods show good agreement when the 478 

oscillation amplitude is large; however, there are some discrepancies for smaller oscillation amplitudes. In the 479 

case of lower wind speeds or the higher oscillation frequency, the two sets of results agree down to lower 480 

oscillation amplitudes. Fig. 19 shows the relationships between the oscillation amplitude and the maximum 481 

relative angle of attack caused by the vertical motion. These results suggest that the unsteady aerodynamic 482 
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Fig. 17 Comparison of the unsteady aerodynamic coefficients obtained from vertical forced vibration tests with 
those calculated from the two-variable aerodynamic coefficients shown in Fig. 13 (𝑓𝑓𝐺𝐺 = 0.44 Hz) 
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coefficients can be estimated using Eqs. (17) if the variation in the relative angle of attack is larger than a certain 483 

threshold value. The threshold value for 𝐿𝐿𝑦𝑦𝑦𝑦∗  is approximately 2°, while that for 𝑀𝑀𝑦𝑦𝑦𝑦
∗  is approximately 4°. The 484 

discrepancy between the calculated results and the directly measured results might be caused by the phase-485 

averaging process (ensemble averaging) for obtaining the two-variable aerodynamic coefficients. This process 486 

could result in a smoothing of the variation of the aerodynamic force coefficient in the direction of the angle of 487 

attack. It can be concluded that the results from the two methods are in good agreement, since this study is 488 

concerned with relatively large-amplitude oscillations. However, it is necessary to examine the measurement 489 

conditions for obtaining the two-variable aerodynamic coefficients (e.g., sampling frequency and ensemble 490 

number) and their ensemble process in the future, to improve the accuracy of the calculated results when the 491 

variation in the relative angle of attack is small.  492 

 493 

Because Eqs. (17) use 𝜃̇𝜃 = 0 as the angular velocity in the two-variable aerodynamic coefficients 494 

according to the formulation shown in Eqs. (11), these equations correspond to the normal quasi-steady 495 

aerodynamic force model. For the angular velocity dependency, another approach is to use the rate of change of 496 

the relative angle of attack, 𝛼̇𝛼𝑟𝑟, which is non-zero for vertical oscillations. It may be natural that the two-497 

variable aerodynamic coefficients are functions of the relative angle of attack 𝛼𝛼𝑟𝑟 and 𝛼̇𝛼𝑟𝑟, instead of functions 498 

of 𝛼𝛼𝑟𝑟 and 𝜃̇𝜃. The unsteady lift force and moment using 𝛼̇𝛼𝑟𝑟, i.e., 𝐿𝐿𝑢𝑢𝑢𝑢𝛼̇𝛼 and 𝑀𝑀𝑢𝑢𝑢𝑢𝛼̇𝛼, can be obtained as  499 
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𝐿𝐿𝑢𝑢𝑢𝑢𝛼̇𝛼 =
1
2
𝜌𝜌𝑈𝑈𝑟𝑟24𝐷𝐷𝐷𝐷 �𝐶𝐶𝐿𝐿∗ �𝛼𝛼𝑟𝑟 ,

𝐵𝐵𝛼̇𝛼𝑟𝑟
𝑈𝑈𝑟𝑟

� cos𝜙𝜙𝑟𝑟 + 𝐶𝐶𝐷𝐷∗ �𝛼𝛼𝑟𝑟 ,
𝐵𝐵𝛼̇𝛼𝑟𝑟
𝑈𝑈𝑟𝑟

� sin𝜙𝜙𝑟𝑟� ,

𝑀𝑀𝑢𝑢𝑢𝑢𝛼̇𝛼 =
1
2
𝜌𝜌𝑈𝑈𝑟𝑟24𝐵𝐵𝐵𝐵𝐵𝐵𝐶𝐶𝑀𝑀∗ �𝛼𝛼𝑟𝑟 ,

𝐵𝐵𝛼̇𝛼𝑟𝑟
𝑈𝑈𝑟𝑟

� .
(18) 500 

Table 8 summarises the effect of 𝛼̇𝛼𝑟𝑟 on the calculated unsteady aerodynamic coefficients 501 

𝐿𝐿𝑦𝑦𝑦𝑦∗  and 𝑀𝑀𝑦𝑦𝑦𝑦
∗ . This table compares the calculated unsteady aerodynamic coefficients using the different 502 

formulations of the unsteady lift force and moment (Eqs. (17) and (18), respectively). The values obtained from 503 

these two formulations are almost identical, making it difficult to identify any differences graphically; hence, 504 

they are not shown in a figure. The effect of 𝛼̇𝛼𝑟𝑟 on 𝐿𝐿𝑦𝑦𝑦𝑦∗  and 𝑀𝑀𝑦𝑦𝑦𝑦
∗  is very small, and these unsteady 505 

aerodynamic coefficients can be estimated via both formulations. Hence, it is difficult to evaluate which 506 

formulation is better from the vertical or torsional 1-DoF sinusoidal vibration tests, and it is necessary to 507 

evaluate these formulations from the test results via multi-DoF motion.  508 

 509 

 510 

5. Unsteady aerodynamic force modelling for 3-DoF-galloping of four-bundled conductors 511 

This section presents a time-history analysis method for vertical-horizontal-torsional-3-DoF motion, developed 512 

for two-variable aerodynamic coefficients. Further, the time-history analysis for simulating the wind-response 513 

Table 8 Comparison of unsteady aerodynamic coefficients calculated from  
two-variable aerodynamic coefficients 𝐶𝐶𝐿𝐿∗,𝐶𝐶𝐷𝐷∗ , and 𝐶𝐶𝑀𝑀∗  

𝑓𝑓𝐺𝐺 𝑈𝑈 𝐴𝐴𝑦𝑦 max �
𝐵𝐵𝛼̇𝛼𝑟𝑟
𝑈𝑈𝑟𝑟

� 
Using 𝐿𝐿𝑢𝑢𝑢𝑢𝜃̇𝜃,𝑀𝑀𝑢𝑢𝑢𝑢𝜃̇𝜃  Using 𝐿𝐿𝑢𝑢𝑢𝑢𝛼̇𝛼 ,𝑀𝑀𝑢𝑢𝑢𝑢𝛼̇𝛼 
𝐿𝐿𝑦𝑦𝑦𝑦∗  𝑀𝑀𝑦𝑦𝑦𝑦

∗  𝐿𝐿𝑦𝑦𝑦𝑦∗  𝑀𝑀𝑦𝑦𝑦𝑦
∗  

0.44 Hz 2.5 m/s 50 mm 0.024 39.0 1.34 39.0 1.32 
0.44 Hz 5.2 m/s 50 mm 0.006 127.2 0.11 127.2 0.10 
0.44 Hz 9.7 m/s 50 mm 0.002 260.3 -2.29 260.3 -2.29 
0.44 Hz 5.2 m/s 180 mm 0.020 27.9 2.46 28.0 2.37 
0.44 Hz 9.7 m/s 180 mm 0.005 161.9 4.83 161.9 4.78 
1.0 Hz 5.2 m/s 50 mm 0.029 31.9 1.30 31.9 1.28 
1.0 Hz 7.6 m/s 50 mm 0.014 66.8 1.17 66.8 1.16 
1.0 Hz 10.3 m/s 50 mm 0.007 104.1 0.55 104.1 0.54 
1.0 Hz 10.3 m/s 180 mm 0.026 13.0 1.70 13.0 1.69 
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measurement tests for the large-amplitude 3-DoF oscillations described in Section 2, and the best modelling 514 

method for 3-DoF-galloping of four-bundled conductors, are also discussed in this section. 515 

 516 

5.1 Time-history analysis using two-variable aerodynamic coefficients 517 

Two different models of the unsteady aerodynamic forces are considered for the vertical-horizontal-torsional-3-518 

DoF system, by focusing on the angular velocity used in the two-variable aerodynamic coefficients. The first 519 

model uses 𝛼𝛼𝑟𝑟, 𝜃̇𝜃, and 𝑈𝑈𝑟𝑟 at each time step, based on the formulation shown in Eqs. (11). The unsteady 520 

aerodynamic forces using 𝜃̇𝜃, denoted 𝐿𝐿𝑢𝑢𝜃̇𝜃,𝐷𝐷𝑢𝑢𝜃̇𝜃 and 𝑀𝑀𝑢𝑢𝜃̇𝜃, can be obtained as 521 

𝐿𝐿𝑢𝑢𝜃̇𝜃 =
1
2
𝜌𝜌𝑈𝑈𝑟𝑟24𝐷𝐷𝐷𝐷 �𝐶𝐶𝐿𝐿∗ �𝛼𝛼𝑟𝑟 ,

𝐵𝐵𝜃̇𝜃
𝑈𝑈𝑟𝑟
� cos𝜙𝜙𝑟𝑟 + 𝐶𝐶𝐷𝐷∗ �𝛼𝛼𝑟𝑟 ,

𝐵𝐵𝜃̇𝜃
𝑈𝑈𝑟𝑟
� sin𝜙𝜙𝑟𝑟� ,

𝐷𝐷𝑢𝑢𝜃̇𝜃 =
1
2
𝜌𝜌𝑈𝑈𝑟𝑟24𝐷𝐷𝐷𝐷 �−𝐶𝐶𝐿𝐿∗ �𝛼𝛼𝑟𝑟 ,

𝐵𝐵𝜃̇𝜃
𝑈𝑈𝑟𝑟
� sin𝜙𝜙𝑟𝑟 + 𝐶𝐶𝐷𝐷∗ �𝛼𝛼𝑟𝑟 ,

𝐵𝐵𝜃̇𝜃
𝑈𝑈𝑟𝑟
� cos𝜙𝜙𝑟𝑟� ,

𝑀𝑀𝑢𝑢𝜃̇𝜃 =
1
2
𝜌𝜌𝑈𝑈𝑟𝑟24𝐵𝐵𝐵𝐵𝐵𝐵𝐶𝐶𝑀𝑀∗ �𝛼𝛼𝑟𝑟 ,

𝐵𝐵𝜃̇𝜃
𝑈𝑈𝑟𝑟
� .

(19) 522 

Further, 𝛼𝛼𝑟𝑟 and 𝑈𝑈𝑟𝑟 can be calculated using Eqs. (7). The other model uses 𝛼𝛼𝑟𝑟, its rate of change 𝛼̇𝛼𝑟𝑟, and 𝑈𝑈𝑟𝑟 523 

at each time step. The unsteady aerodynamic forces using 𝛼̇𝛼𝑟𝑟, denoted 𝐿𝐿𝑢𝑢𝛼̇𝛼𝑟𝑟 ,𝐷𝐷𝑢𝑢𝛼̇𝛼𝑟𝑟  and 𝑀𝑀𝑢𝑢𝛼̇𝛼𝑟𝑟, can be 524 

obtained as 525 

𝐿𝐿𝑢𝑢𝛼̇𝛼𝑟𝑟 =
1
2
𝜌𝜌𝑈𝑈𝑟𝑟24𝐷𝐷𝐷𝐷 �𝐶𝐶𝐿𝐿∗ �𝛼𝛼𝑟𝑟 ,

𝐵𝐵𝛼̇𝛼𝑟𝑟
𝑈𝑈𝑟𝑟

� cos𝜙𝜙𝑟𝑟 + 𝐶𝐶𝐷𝐷∗ �𝛼𝛼𝑟𝑟,
𝐵𝐵𝛼̇𝛼𝑟𝑟
𝑈𝑈𝑟𝑟

� sin𝜙𝜙𝑟𝑟� ,

𝐷𝐷𝑢𝑢𝛼̇𝛼𝑟𝑟 =
1
2
𝜌𝜌𝑈𝑈𝑟𝑟24𝐷𝐷𝐷𝐷 �−𝐶𝐶𝐿𝐿∗ �𝛼𝛼𝑟𝑟 ,

𝐵𝐵𝛼̇𝛼𝑟𝑟
𝑈𝑈𝑟𝑟

� sin𝜙𝜙𝑟𝑟 + 𝐶𝐶𝐷𝐷∗ �𝛼𝛼𝑟𝑟 ,
𝐵𝐵𝛼̇𝛼𝑟𝑟
𝑈𝑈𝑟𝑟

� cos𝜙𝜙𝑟𝑟� ,

𝑀𝑀𝑢𝑢𝛼̇𝛼𝑟𝑟 =
1
2
𝜌𝜌𝑈𝑈𝑟𝑟24𝐵𝐵𝐵𝐵𝐵𝐵𝐶𝐶𝑀𝑀∗ �𝛼𝛼𝑟𝑟,

𝐵𝐵𝛼̇𝛼𝑟𝑟
𝑈𝑈𝑟𝑟

� .

(20) 526 

𝛼𝛼𝑟𝑟 and 𝑈𝑈𝑟𝑟 are still is as in Eqs. (7), while 𝛼̇𝛼𝑟𝑟 can be calculated as  527 

𝛼̇𝛼𝑟𝑟 = 𝜃̇𝜃 + 𝜙̇𝜙𝑟𝑟 = 𝜃̇𝜃 −
𝑦̈𝑦(𝑈𝑈− 𝑧̇𝑧) + 𝑦̇𝑦𝑧̈𝑧
𝑦̇𝑦2 + (𝑈𝑈− 𝑧̇𝑧)2

. (21) 528 

Two sets of time-history response analyses for simulating the wind-response measurement tests 529 

described in Section 2 were performed using Eqs. (19) and Eqs. (20), respectively, as the external forces 530 

𝐹𝐹𝑦𝑦,𝐹𝐹𝑧𝑧, and 𝐹𝐹𝜃𝜃 in Eqs. (1). Because Eqs. (20) include the accelerations 𝑦̈𝑦 and 𝑧̈𝑧, an implicit method is 531 
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necessary to perform time-history analysis. The Newmark-beta method and Newton–Raphson method were 532 

used to solve the non-linear differential equations in this study, whereas the fourth-order Runge–Kutta method 533 

was used in the previous study (Matsumiya et al., 2018). The time-history response analyses were performed 534 

for a series of values of 𝜃𝜃0, which corresponds to the torsional angle without wind and the rotational angle of 535 

both elastic cord holders, as shown in Fig. 1. The responses were obtained after applying large initial 536 

displacements from the static equilibrium position, as in the wind-response measurement tests. First, the values 537 

of the displacements 𝑦𝑦𝑠𝑠 , 𝑧𝑧𝑠𝑠 and 𝜃𝜃𝑠𝑠, for the static equilibrium position in the wind, were calculated. Then, the 538 

dynamic analyses were performed, wherein the initial displacements were set as (𝑦𝑦𝑡𝑡=0, 𝑧𝑧𝑡𝑡=0,𝜃𝜃𝑡𝑡=0) = (𝑦𝑦𝑠𝑠 −539 

0.5 m, 𝑧𝑧𝑠𝑠 + 0.5 m,𝜃𝜃𝑠𝑠 + 45°). The initial displacements imposed in the dynamic analyses were hence the 540 

same as those applied in the wind-response measurement tests. The corrected structural damping ratios 𝜁𝜁𝑞𝑞 (Eq. 541 

(5)), excluding the aerodynamic damping component in still air, were used in Eqs. (1). However, under the test 542 

conditions listed in Table 1, there was little difference in the response amplitudes found if 𝜁𝜁𝑞𝑞𝑞𝑞 (Eq. (2)) was 543 

used instead. Because 𝜁𝜁𝑞𝑞 is a function of the response amplitude 𝐴𝐴𝑞𝑞, 𝜁𝜁𝑞𝑞 was updated in the analysis 544 

periodically, at intervals of 30 s, in response to changes in the amplitude. The time step in these analyses was set 545 

as 0.02 s, and the total simulated time of each run was 600 s, by which time the response amplitudes and 𝜁𝜁𝑞𝑞 546 

had almost reached a steady state in all cases.  547 

 548 

5.2 Effect of the rate of change of the relative angle of attack on 3-DoF-galloping of four-bundled conductors 549 

Fig. 20 shows the results of the time-history analyses using the two different formulations, compared with the 550 

results of the wind-response measurement tests described in Section 2. The measured two-aerodynamic 551 

coefficients 𝐶𝐶𝐿𝐿∗,𝐶𝐶𝐷𝐷∗ , and 𝐶𝐶𝑀𝑀∗  presented in Fig. 13 were used in these analyses. As shown in Fig. 20 (a), which 552 

shows the results of the time-history analysis using Eqs. (19), the discrepancy between the results of the tests 553 
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and the analysis remains comparable to the results of the time-history analysis using the quasi-steady 554 

aerodynamic forces on each sub-conductor (Eqs. (8)–(10), Fig. 6 (b)). This latter approach is equivalent to time-555 

history analysis using Eqs. (19) and the calculated two-variable aerodynamic coefficients 556 

𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿∗ ,𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷∗ , and 𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀∗  (Fig. 7), based on the quasi-steady aerodynamic forces on each sub-conductor. 557 

 558 

In contrast, as shown in Fig. 20 (b), the results of the time-history analysis using Eqs. (20) agree very 559 

well with the test results. The estimates of the horizontal and torsional amplitudes and the angle range where 560 

galloping occurs with certain initial conditions are much closer to the measured values, while the vertical 561 

amplitude is also estimated more accurately than from Eqs. (19). These results indicate that the unsteady 562 

aerodynamic force for 3-DoF-galloping of four-bundled conductors should be modelled using Eqs. (20). As an 563 

example, Fig. 21 shows the time series of the response for a mean torsional angle 𝜃̅𝜃 = 30.7° (𝜃𝜃0 = 28°) 564 

from the time-history analysis using Eqs. (20). There is a significant difference between 𝜃̇𝜃 and 𝛼̇𝛼𝑟𝑟. Fig. 22 565 

shows the time series of the unsteady aerodynamic forces corresponding to the oscillations in Fig. 21. These 566 

figures compare the two sets of unsteady aerodynamic forces, 𝐿𝐿𝑢𝑢𝜃̇𝜃 ,𝐷𝐷𝑢𝑢𝜃̇𝜃,𝑀𝑀𝑢𝑢𝜃̇𝜃 and 𝐿𝐿𝑢𝑢𝛼̇𝛼𝑟𝑟 ,𝐷𝐷𝑢𝑢𝛼̇𝛼𝑟𝑟 ,𝑀𝑀𝑢𝑢𝛼̇𝛼𝑟𝑟, 567 

calculated from Eqs. (19) and Eqs. (20), respectively. The unsteady aerodynamic moment is affected by the 568 

difference in the angular velocity used in the analysis. Because of the resulting change in the torsional 569 
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(b) Using 𝛼̇𝛼𝑟𝑟, as shown in Eqs. (20) (a) Using 𝜃̇𝜃, as shown in Eqs. (19) 
Fig. 20 Comparison of peak-to-peak amplitudes from wind response measurement tests and time-history 

analyses using two-variable aerodynamic coefficients (𝑈𝑈 = 10.2 m/s, with initial displacement) 
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amplitude, the vertical and horizontal amplitudes are also changed, giving better agreement with the test results.  570 

 571 

 572 

These results indicate that the unsteady aerodynamic forces for 3-DoF-galloping of four-bundled 573 

conductors can be evaluated using 𝛼𝛼𝑟𝑟, 𝛼̇𝛼𝑟𝑟, and 𝑈𝑈𝑟𝑟, with two-variable aerodynamic coefficients measured 574 

under constant angular velocities. Note that 𝛼̇𝛼𝑟𝑟 should be used for the modelling the unsteady aerodynamic 575 

forces using two-variable aerodynamic coefficients in the 3-DoF system, whereas 𝜃̇𝜃 can be used for the 576 

torsional 1-DoF system. The two-variable aerodynamic coefficients can be measured in wind tunnel tests under 577 

constant angular velocities, as developed in this study. Alternatively, because the discrepancies between the 578 

measured coefficients and the calculated values from the quasi-steady aerodynamic forces on each sub-579 

conductor are not large, the unsteady aerodynamic forces for 3-DoF galloping can be estimated using the 580 

calculated two-variable aerodynamic coefficients.  581 

In future work, we plan to measure the two-variable aerodynamic coefficients under other 582 
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Fig. 21 Time series of response from time-history analysis using Eqs. (20) (𝜃𝜃0 = 28°, 𝜃̅𝜃 = 30.7°) 
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Fig. 22 Time series of two sets of unsteady aerodynamic forces (𝜃𝜃0 = 28°, 𝜃̅𝜃 = 30.7°) 
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experimental conditions and verify the validity of the modelling of the unsteady aerodynamic forces proposed 583 

in this study for other situations. If the discrepancies between the measured two-variable aerodynamic 584 

coefficients and the calculated values from the quasi-steady aerodynamic forces on each sub-conductor are 585 

sufficiently small, the time-history analysis using 𝛼̇𝛼𝑟𝑟 could be carried out using the results of only static 586 

aerodynamic force measurement tests, though the forces on each individual sub-conductor are necessary. 587 

Therefore, the discrepancies between the measured two-variable aerodynamic coefficients and the calculated 588 

values from the quasi-steady aerodynamic forces on each sub-conductor, and their impact on the estimated 589 

amplitudes, need to be clarified, under various conditions, including for various ice accretion shapes and sub-590 

conductor diameters and spacings. Furthermore, in order to clarify the applicable range of the unsteady 591 

aerodynamic force model using 𝛼̇𝛼𝑟𝑟 with two-variable aerodynamic coefficients, it is important that the 592 

accuracy of the time-history analysis using the proposed model be checked using the results of wind response 593 

measurement tests at various wind speeds, oscillation amplitudes and frequencies. Further, the applicability of 594 

the proposed unsteady aerodynamic force model to galloping of single conductors, in addition to multi-bundled 595 

conductors, should be explored. 596 

 597 

6. Conclusions 598 

Unsteady aerodynamic force measurement tests were performed on four-bundled conductors to develop the 599 

best unsteady aerodynamic force model for simulating large-amplitude 3-DoF galloping. Because the 600 

measurement systems were developed using servomotors as excitation devices, different types of motion under 601 

different conditions could be used. Three different types of imposed motion were used: constant angular 602 

velocity with various wind speeds and angular velocities, and torsional and vertical sinusoidal oscillations with 603 

various wind speeds and oscillation amplitudes and frequencies. The results of the tests with constant angular 604 



40 
 

velocities indicated that the unsteady aerodynamic forces depend on the angle of attack and non-dimensional 605 

angular velocity. Two-variable aerodynamic coefficients were hence obtained from these tests, consistently 606 

from tests performed at different wind speeds. Furthermore, the measured unsteady aerodynamic force 607 

coefficients under sinusoidal forced-vibration tests showed good agreement with the calculated values obtained 608 

via numerical simulations using the two-variable aerodynamic coefficients. Hence the validity of the 609 

aerodynamic force model using the two variables was confirmed for evaluating torsional or vertical 1-DoF 610 

oscillations. Finally, by comparing the results of time-history analysis using the two-variable aerodynamic 611 

coefficients obtained in this study and the results of previous wind-response measurement tests, the best model 612 

of unsteady aerodynamic forces for simulating large-amplitude 3-DoF galloping was proposed. The unsteady 613 

aerodynamic forces for 3-DoF-galloping of four-bundled conductors can be evaluated with the two-variable 614 

aerodynamic coefficients, using the relative angle of attack, the rate of change of the relative angle of attack 615 

(rather than the angular velocity of the conductor) and the relative wind speed. 616 

Using the best model proposed in this study, all of the vertical, horizontal, and torsional amplitudes in 617 

the time-history analysis are in good agreement with those previously obtained from wind-response 618 

measurement tests. The development of the two-variable aerodynamic coefficient measurement system using 619 

the proposed model is an important outcome of this study, in addition to proposing the unsteady aerodynamic 620 

force model. In the future, we plan to continue to measure the two-variable aerodynamic coefficients under 621 

other experimental conditions and identify the application range of the proposed model using the results from 622 

other wind-response tests. Moreover, one of the reasons why the two-variable aerodynamic coefficients can be 623 

adapted for galloping of four-bundled conductors might be that the target range of non-dimensional wind speed 624 

is very large. Accordingly, we will continue to evaluate the applicability of the proposed unsteady aerodynamic 625 

force model using the rate of change of the relative angle of attack and the two-variable aerodynamic 626 
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coefficients for aerodynamic instabilities of various structures and identify the application range of the proposed 627 

model.  628 

 629 
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