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Abstract. One of the most effective countermeasures for mitigating cable vibration is to install mechanical dampers near the
anchorage of the cable. Most of the dampers used in the field are so-called passive dampers where their parameters cannot be
changed once designed. The parameters of passive dampers are usually determined based on the optimal damper force obtained
from the universal design curve for linear dampers, which will provide a maximum additional damping for the cable. As the
optimal damper force is chosen based on a predetermined principal vibration mode, passive dampers will be most effective if
cable undergoes single-mode vibration where the vibration mode is the same as the principal mode used in the design. However,
in the actual engineering practice, multi-mode vibrations are often observed for cables. Therefore, it is desirable to have dampers
that can suppress different modes of cable vibrations simultaneously. In this paper, MR dampers are proposed for controlling
multi-mode cable vibrations, because of its ability to change parameters and its adaptability of active control without inquiring
large power resources. Although the highly nonlinear feature of the MR material leads to a relatively complex representation of
its mathematical model, effective control strategies can still be derived for suppressing multi-mode cable vibrations based on
nonlinear modelling, as proposed in this paper. Firstly, the nonlinear Bouc-wen model is employed to accurately portray the
salient characteristics of the MR damper. Then, the desired optimal damper force is determined from the universal design curve
of friction dampers. Finally, the input voltage (current) of MR damper corresponding to the desired optimal damper force is
calculated from the nonlinear Bouc-wen model of the damper using a piecewise linear interpolation scheme. Numerical
simulations are carried out to validate the effectiveness of the proposed control algorithm for mitigating multi-mode cable
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vibrations induced by different external excitations.
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1. Introduction

Installation of mechanical dampers near the anchorages
of cables have been proved to be one of the most effective
countermeasures for vibration mitigation of stay cables in
various cable-stayed bridges (ex., Main and Jones 20023,
b). Most of the dampers used in the field are so-called
passive dampers where their parameters cannot be changed
once designed. The parameters of passive dampers are
usually determined based on the optimal damper force
obtained from the universal design curve for linear dampers
(Pacheco et al. 1993), which will provide a maximum
additional damping for the cable. As the optimal damper
force is chosen based on a predetermined principal vibration
mode, passive dampers will be most effective if cable
undergoes single-mode vibration where the vibration mode
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is the same as the principal mode used in the design (ex.,

Tabatabai and Mehrabi 2000). However, in the actual
engineering practice, multi-mode vibrations are often
observed for cables. Therefore, it is desirable to have
dampers that can suppress different modes of cable
vibrations simultaneously.

Wang et al. (2005) developed a new method for optimal
damper size design to achieve multi-mode cable vibration
control by means of an active control algorithm. Ying et al.
(2007) studied multi-mode cable vibration and the
influences of the cable structure parameters and control
factors on the parametrically excited instability of a semi-
actively controlled cable. Weber et al. (2009) presented a
systematic and applicable design procedure for linear
viscous dampers targeting multiple cable modes. Huang et
al. (2012) explored the possibility of using MR damper for
mitigating multi-mode cable vibrations where the
parameters of MR damper was tuned based on linear
optimal damper force and can be changed automatically
when the principal modes in actual cable vibrations shift.
Duan et al. (2019a, b) derived the general design formulas
for cable vibration control using MR dampers (Chen et al.
2004, Duan et al. 2005, Duan et al. 2006, Or et al. 2008).
Duan et al. (2018) presented a hybrid simulation method to
evaluate the enhanced cable damping due to installation of
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linear viscous dampers. Lu et al. (2017) investigated
viscous inertial mass damper (VIMD) for mitigating cable
vibration and showed better effectiveness than linear
viscous damper. The above studies were carried out based
on theories for linear dampers. However, it was shown that
nonlinear dampers, especially friction dampers, can provide
larger maximum additional damping to the cable (ex., Main
and Jones 2002b, Weber et al. 2010, Wang and Sun 2013),
and therefore, the nonlinear features of MR damper should
be further utilized.

In this paper, continuous studies will be carried out to
investigate the performance of MR dampers in controlling
multi-mode cable vibrations. Effective control strategies
will be derived based on the universal design curve of
friction dampers, where the optimal control force will be
obtained through the relation between the damper force and
the amplitude of vibration at damper location derived by
Wang and Sun (2013). The physical behavior of MR
damper will be portraited using the modified Bouc-Wen
model (Spencer et al. 1997) instead of the bilinear model
(Huang et al. 2012, 2015), in order to minimize the
deviation of modelling, because the modified Bouc-Wen
model has been proved to be most accurate in describing the
energy dissipating mechanism of MR damper even in the
region of small velocity (Spencer et al. 1997). Finally, the
input voltage (current) of MR damper corresponding to the
desired optimal damper force is calculated from the
nonlinear Bouc-wen model of the damper using a piecewise
linear interpolation scheme (Weber 2013). A series of
numerical simulations are carried out to validate the
effectiveness of the proposed control algorithm for
mitigating multi-mode cable vibrations induced by different
loading scenarios such as sinusoidal excitations, white noise
excitations and wind loads.

2. Optimal control algorithm for cable vibration using
MR damper

In order to derive the optimal control algorithm for
cable-MR damper system, the state-space representation of
the cable is first established by adapting equations given in
Johnson et al. (2007), then the desired damper force is
determined from the universal design curve of nonlinear
dampers derived by Wang and Sun (2013), and finally the
corresponding input voltage (current) of MR damper is
calculated using a piecewise linear interpolation scheme
(Weber 2013) on the desired damper force based on the
nonlinear Bouc-Wen model of MR damper (Spencer et al.
1997). The detail derivations are described in the following

2.1 Establish state-space representation of cable

A typical cable-MR damper system can be shown by
Fig. 1, where the length of the cable is I, the mass per unit
length is m, the uniform inherent damping ofthe cable is ¢
and the cable tension is T . The damper is located at a
distance of a from the anchorage of the cable with the
damper force denoted by F,. It is assumed that the cable

force is unchanged under linear oscillations, the bending

y

jg%n

Fig. 1 Cable-MR damper system

v -

stiffness is negligible, and the effects of sag and inclination
are ignored.

The motion of the above cable in the linear range can be
described by the following partial differential equation

32)’ dy 0%y 1
t2+ —t—l— F(x,t)F;6(x — a) 1)

where Y(X,t) is the transverse deflection of the cable;
F(x,t) is the distributed load on the cable; F is the
transverse damper force at X =a location; and 5() is

the Dirac delta function.
The boundary conditions associated with the above
equation of motion are

y(0.n=y(,1)=0 @

The transverse deflection can be approximated by a
finite series in the form (Pacheco et al. 1993) of

COEPRTGTIE) ®

where n is the number of degree-of-freedoms, ¢ (t) is the

generalized displacements and ¢ (X) is the set of shape
functions which is selected to be sinusoidal functions as

. (x) =sin(zix /1) @)

As @ (X) is proportional to the i th undamped mode

shape of the cable, Eq.(1) can be transformed to an equation
of motion in terms of the generalized displacements by
standard Galerkin method, as given in Eq. (5), where Eq.

(3) is substituted into Eq. (1), multiplied by ¢ (X) and
integrated over the length (Johnson et al. 2007)
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Fi () =jF(X,t) sin(izx/1)dx (8)

p(a) =sin(iza/l) 9)

As these sinusoidal shape functions are mutually
orthogonal to each other, the transformed mass M =[M; ]

and stiffness K =[kij ] matrices are diagonal. Finally, the
state-space representation of the cable can be obtained by

t
introducing a state vector x(t):{q( )} and further
q(t)

2nx1
transforming Eq. (5) as

X = Ax+ Bu (10)

y=Cx+Du

L o] ol o
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Eqgs. (1)-(10) are adapted from (Johnson et al. 2007).
2.2 Determine desired damper force

As discussed by many researchers, the mechanical
model of MR damper is highly nonlinear and the damper
force varies with the amplitude of vibration (displacement)
in a way similar to that of a friction damper which is a
highly nonlinear damper, except for the region where the
velocity is small. Hence, the desired optimal damper force
can be approximated by the universal design curve of
friction damper (shown in Fig. 2) derived by Wang and Sun
(2013), which is expressed by the following equation
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Fig. 2 Universal design curve of friction damper
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T
Fis = —sgn(yd)ng (11)
where T is the cable tension, and Y, and Y are the

amplitude and velocity of cable vibration at damper location
X =a respectively.

2.3 Calculate corresponding
Current) of MR damper

input voltage (or

2.3.1 Modified Bouc-Wen model of MR damper

It has been proved by Spencer et al. (1997) that the
modified Bouc-Wen model shown in Fig. 3 portraits the
physical behavior of MR damper more accurately than other
models, and therefore, it will be used in this paper for
deriving the direct relations between damper force and input
voltage (or current) of the MR damper.

As proposed in Spencer et al. (1997), the governing
equations are given by

Clxgbaz"‘ko(x_y)"‘co(xg&y& (12)

Re —y| e z|z|" - fO& Wz + ACk W (13)

F=az+c,(& W+k,(x—y)+k (x—%,) (14)
where z is the evolutionary variable.

To simulate the magnetic field generated by MR fluid,
the following parameters are expressed as functions of
applied voltage (or current) u

a=a(U)=a, +au (15)
€,=C,(U) =C;, +Cyu (16)
Co=Co(U) =Cy, +CypU 17)

Then, a first-order filter is used to represent the dynamic
equilibrium in the MR fluid as

W& —17(u—v) (18)
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Fig. 3 Modified Bouc-Wen Model of MR Damper



568 H.W. Huang, T.T. Liu and L.M. Sun

Wires to
Electromagnet

o Magnetic
\ MRRE | e \

Accumulator

Piston

Fig. 4 Schematic of MR Damper

foroe-tme-nisnTy

beelN

Fig. 5 Damper force under 2.5 Hz sinusoidal vibration
with amplitude of 1.5 cm

Table 1 Parameters of Generalized Bouc-Wen Model

Parameter Value Parameter Value
Coa 21.0Ns/cm 0Oa 140N/cm
Cop 3.50N s/cmV Op 695 N /cmV
Ko 46.9 N/cm y 363 cm?
Ca 283 Ns/cm B 363 cm™
Cip 2.95 Ns/cmV A 301
ky 5.0 N/cm n 2
Xo 14.3cm n 190s*

where v is the voltage (or current) applied to the current
driver. Finally, the optimal values of a total of 14
parameters (Coa, Cob, Koy C1ar Cin,s K1, Xo @a @0, 7, B, AN, 77)
are determined (as summarized in Table 1) for the prototype
MR damper(Spencer et al. 1997) shown in Fig. 4, which is
a small-scale MR damper with a maximum damping force
of 3000N.

The damper is 21.5 cm long in its extended position and has
a stroke of +2.5 cm. This prototype is very similar to the
actual MR damper installed on stay cables of cable-stayed
bridges and therefore, will be used in the following
simulation studies.

The damper force is computed based on the
displacement at damper location and the input voltage of
the MR damper. The response of the damper under a 2.5 Hz
sinusoid vibration with an amplitude of 1.5 cm is shown in
Fig. 5 with 11 constant voltage levels from 0 to 3V with an
internal of 0.3 V. It can be seen that, at 0 V, the MR damper
primarily exhibits the characteristics of a purely linear
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Fig. 6 Block diagram of piecewise linear interpolation
scheme
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Fig. 7 Comparison of actual damper force and desired
control force

viscous device. However, as the voltage increases, the
damper force increases and produces a behavior of a plastic
material in parallel with a linear viscous damper. Also, it is
notice that the damper force increases approximately
linearly with the applied voltage for in the range of O to 3V.

2.3.2 Piecewise linear interpolation scheme

Although the modified Bouc-Wen model describes well
the highly nonlinear feature of MR damper, it has
difficulties forming a simple relationship between the
damper force and the input voltage applied to the current
driver. In this paper, a piecewise linear interpolation scheme
(Weber 2013) based on the modified Bouc-Wen model
mentioned above is used to determine the desired input
voltage of MR damper corresponding to the desired optimal

State-Space

External load input f, >
Representation of Stay

Output

v

Cable
fact
MR damper
V s Calculate the fdes Determine the
desired input < desired optimal |«
voltage(current) damper force

Fig. 8 Block diagram of the semi-active control system
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damper force. Firstly, a series of MR damper force levels
are computed using the modified Bouc-Wen model by
inputting different constant voltages and with actual MR
damper displacement and velocity. Then, the desired
optimal damper force is obtained from Eq. (11) and the
universal design curve plotted in Fig. 2. Finally, the desired
input voltage is obtained by interpolating the desired
optimal damper force between the predetermined damper
force levels using a piecewise linear interpolation scheme as
shown in Fig. 6.

The accuracy and efficiency of the piecewise linear
interpolation scheme is validated by simulation (shown in
Fig. 7). The actual damper force approximated through the
piecewise linear interpolation scheme differs only slightly
from the desired damper force.

The optimal control strategy of cable vibration using
MR damper can be illustrated by the flow chart shown in
Fig. 8 and summarized as follows. Because when the input
voltage (current) of MR damper increases, the energy
dissipation behavior of MR damper gets closer to a Friction
damper, Eqg. (11) will be used to approximate the desired
optimal damper force.

(1) The instant displacement at damper location Y,

is determined.
(2) The desired MR damper force is estimated using

Eqg. (11) by substituting values of Y, and y%z with given

parameters T and a of the selected cable.

(3) The corresponding input voltage of MR damper is
obtained by interpolating the desired optimal damper force
between the predetermined damper force levels using the
proposed piecewise linear interpolation scheme.

(4) The actual damper force is computed from the
modified Bouc-Wen model of MR damper using the actual
input voltage obtained in step (3) and the displacement at
damper location determined in step (1).

3. Multi-mode cable vibration control

Numerical studies were carried out using SIMULINK of
Matlab. An 80 m long stay cable was established with
parameters listed in Table 2. In order to formulate the
equation of motion, the cable was divided into 200 elements
with equal length and the corresponding system mass
matrix M and stiffness matrix K in Eq. (5) were established,
from which the modal frequencies and mode shapes can be
obtained.

In order to verify the effectiveness and efficiency of
the proposed control scheme of using MR damper for
suppressing multi-mode cable vibration, different loading
scenarios will be considered in numerical studies. Firstly,
mixes of lower modes vibration will be generated by
applying sinusoidal excitations to the cable. Then, white
noise excitation will be used to demonstrate a more general
case of cable vibration where higher modes are included.
Finally, a typical type of wind induced vibration will be
excited to illustrate the case of common cable vibration
phenomenon observed in the field. All the displacements
were measured in meter and time measured in seconds.

3.1 Sinusoidal excitation

Three different distributed sinusoidal loads were applied
simultaneously to the cable, each has frequency coincide
with the first, second and third natural frequency of the
cable respectively and distributed shape matches with the
corresponding first, second and third mode shape of the
cable respectively, such that a mixes of the first three modes
of vibration were generated. In order to study the effect of
the shift of principal vibration mode, three different loading
cases were considered and the simulation time of each case
was 10 seconds.

Case 1: The first mode was selected as the principal
vibration mode, and thus, the amplitude of the distribute
shape corresponding to this mode was assumed to be double
of other modes and the total distributed load is in the form
of F(x,t)=2sin(zx/1)sin(mt) +sin(2zx /1)sin(e,t)+sin(3zx /1)sin(@t) -
The time histories and power spectrum of displacement
responses at damper location and the mid-span, with and
without MR damper, were shown in Fig. 9, where dash
lines represented cable vibrations without damper, while
solid lines demonstrated vibrations with damper. The decay
ratio which is defined as the reduction of the peak value of
the power spectrum of displacement responses were
calculated and shown in Table 3, for the purpose of
comparing the control effect on different vibration modes.

Case 2: The second mode was selected as the principal
vibration mode, where the amplitude of the distribute shape
corresponding to this mode was assumed to be double of
other modes and the total distributed load is in the form of
F(x,t) =sin(zx/1)sin(at) + 2sin(2zx /) sin(a,t)+sin(3zx /1) sin(at)

The time histories and power spectrum of displacement
responses at damper location and the one fourth of the cable
length were shown in Fig. 10, with dash and solid lines
representing cable vibrations without and with damper
respectively. The comparison of the decay ratio of the
power spectrum of displacement responses for different
vibration modes were shown in Table 4.

Case 3: The third mode was selected as the principal
vibration mode, where the amplitude of the distribute shape
corresponding to this mode was assumed to be the double of
other modes and total distributed load is in the form of
F(x,t) =sin(zx/1)sin(at) +sin(2zx /1) sin(e,t)+2sin(3zx /1) sin(ayt) -

The time histories and power spectrum of displacement
responses at damper location and the one sixth of the cable
length were shown in Fig. 11, with dash and solid lines
representing cable vibrations without and with damper
respectively. The comparison of the decay ratio of the
power spectrum of displacement responses for different
vibration modes were shown in Table 5.

Table 2 Main parameters of cable
Lm)  T(kND m (kg/m) a (m) c(N-s/m)
80 1226 10 3.2 0.22
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Fig. 9 Time history and power spectrum of displacement response (case 1)

Table 3 Comparison of the decay ratio of the power spectrum of displacement responses (case 1)

First mode Second mode Third mode
Location Control Decay ratio
measure P Decay ratio P e p Decay ratio ©
Damper o w/o D 43.1971 19.8603 20.0450
cation w D 5.4633 87.35% 0.6854 96.55% 0.7234 96.39%
. w/o D 315.310 50.9875
Mid-span wD 445922 85.86% 3.3544 93.42%

Note: “p” means “peak value of power spectrum”; “w/o

It can be observed from Figs. 9-11 that for different
loading cases, cable vibrations were well suppressed with
the installation of MR damper, and also, not only the
principal vibration mode, every other mode of vibration was
significantly reduced. Further, Tables 3-5 illustrated that the
energy in higher mode dissipated faster because higher
mode has more cycles of vibration within the same
simulation time period and consequently the damper went
through more cycles of energy dissipation.

D” means “without damper”; “w D” means “with damper”.

The performance of the MR damper can also be
demonstrated by comparing the RMS values of
displacement responses, before and after installing the
optimally tuned MR damper, as summarized in Table 6.
Again, it shows that with the installation of MR damper, the
vibration of the cable was mitigated substantially. The
reduction rate of the RMS value in different loading cases at
damper location is about 73%, and at the location of
maximum amplitude of vibration it is around 66% for case
1 (mid-span), 66% for case 2 (1/4L) and 68% for case 3
(1/6L).
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Fig. 10 Time history and power spectrum of displacement response (case 2)
Table 4 Comparison of the decay ratio of the power spectrum of displacement responses (case 2)
First mode Second mode Third mode
Location Control Decay ratio Decay ratio
measure p ¢ p c p Decay ratio ¢
Damper w/o D 21.6540 39.4258 20.1137
location wD 5.5891 74.19% 3.0257 92.33% 1.0575 94.74%
1/4L w/o D 111.742 145.427 35.3812
location wD 29.3036 73.78% 12.4361 91.45% 3.2003 90.95%
Note: “p” means “peak value of power spectrum”; “w/o D means “without damper”; “w D" means “with damper”.
Table 5 Comparison of the decay ratio of the power spectrum of displacement responses (case 3)
First mode Second mode Third mode
Location Control Decay ratio Decay ratio
measure p § p ¢ Y Decay ratio &
Damper lo  W/0 D 21.5627 19.7434 40.2279
cation w D 4.4923 79.17% 2.1625 89.05% 1.3312 96.69%
16 Wl D 78.7597 63.0573 100.334
location w D 16.7716 78.71% 6.8945 89.07% 47219 95.29%

Note: “p” means “peak value of power spectrum”;

“w/o D” means

“without damper”; “w D” means “with damper”.
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Table 6 Comparison of the RMS value of displacement responses under different loading cases

- Control Case 1 Case 2 Case 3
Location - - :
measure Orms Reduction rate O s Reduction rate O s Reduction rate
Damper loca w/o D 5.2893 5.2758 5.2230
tion w D 1.4494 72.60% 1.4336 72.83% 1.3463 74.22%
Location of ~ wjo D 32.1376 19.8134 14.8886
maximum a . . .
mplitude w D 10.9341 65.98% 6.8716 66.32% 4.7579 68.04%

Note: “p” means “peak value of power spectrum”; “w/o D” means “without damper”; “w D” means “with damper”.
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(a) at damper location 3.2 White noise excitation

Displacement-time-history

_x:;:"dtg njﬁzﬂrpef In the previous session, the effectiveness of the proposed

control algorithm for suppressing multi-mode cable
vibration was verified using cases of lower modes of
vibrations, while in this session a more general case was
studied where higher modes of vibrations were induced by
applying a Gaussian white noise excitation to the cable.
Two different loading cases were considered. In case 1, the
white noise excitation was applied at position L/10 of the
cable and in case 2 the same form of excitation was applied
: : : ; at L/20 of the cable. In both cases, multi modes of cable
i = = i vibrations were excited and the simulation time was 10

Time[s] seconds.

Continued-
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Fig. 12 Time history and power spectrum of displacement response with white noise excitation applied at 1/10L location
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Fig. 13 Time history and power spectrum of displacement response with white noise excitation applied at 1/20L location

The time history of the displacement responses at the
damper location and at the excitation point, with and
without the installation of MR damper, were plotted in Fig.
12, and the corresponding power spectrums were shown in
Fig. 13. In both figures, the dashed line and the solid line
represented the measured data before and after installing
MR damper respectively. It can be seen from Figs. 12
and13 that for each loading case, the vibration energy of
each vibration mode of the cable was significantly reduced
by MR damper which was tuned to the optimal friction

damper force using the proposed control strategy. The
comparison of the RMS value of the displacement response
at different locations, with and without MR damper, was
shown in Table 7. It is also noted that with the installed
optimally tuned MR damper, the vibration of the cable was
suppressed substantially. Besides, the reduction rate at each
location under loading case 1 is slightly higher than that
under loading case 2, which showed that the effectiveness
of MR damper is more apparent when the excitation point is
closer to the damper location.
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Table 7 Comparison of the RMS value of the displacement responses under different loading cases

Damper location

1/2L location Excited point

Excited Control
location measure O s Reduction rate O Reduction rate O e Reduction rate
Li10 w/o D 1.1504 -- 1.5583 -- 1.5596 --
w D 0.3114 72.93 0.7384 52.61 0.5583 64.20
L120 w/o D 0.4854 -- 0.8575 -- 0.5986 --
w D 1.9459 75.05 2.2629 62.11 2.0677 71.05

Note: “p” means “peak value of power spectrum”; “w/o D” means “without damper”; “w D” means “with damper”.

The above results indicated that the proposed optimal
control strategy using MR damper effectively mitigated
multi-mode cable vibrations under general loading
conditions where both lower and higher vibration modes
were induced.

3.3 Wind induced vibration

In this session, a typical type of wind induced vibration
was studied, where fluctuating wind field was generated
using the method of weighted amplitude wave superposition
(WAWS) and Kaimal spectrum as proposed in Liu et al.
(2013). The total time of simulation was 60 seconds.

3.3.1 Generation of wind load
The horizontal and vertical wind velocities obtained
using WAWS can be transferred to the buffeting force of
the drag and lift parts respectively, by substituting into Egs.
(19) and (20)
u(t)

D, =%pu2D{ch(y)T+cD' ») W(t)} (19)

U
u@®
u

Ls=§pu2D{2cL(y) +<cL’(y)+cD)$} (20)

where Dy is the buffeting force of the drag part and L
is the buffeting force of the lift part; o is the air density

of value 1.2kg/m?; U is the average wind speed; U(t) and

W(t) are the time-history of wind speed in horizontal and

vertical direction respectively, obtained using WAWS; D
is the characteristic width; » is the wind attack angle;

C, and C, are the drag and lift coefficient; C, and

C,' are the derivatives of C, and C,_ with respect to

¥, whose suggested values for civil engineering application
are shown in Table 8.

Table 8 Drag and lift coefficients of the cable
CD CL CD'
0.723
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Fig. 14 Time-history sample curves of turbulent wind
speeds at the midpoint of the cable

The resultant buffeting force acting perpendicular to the
cable can be obtained by substituting the drag and lift forces
given in Egs. (19) and (20) into Eg. (21), and the modal
wind load can be obtained by substituting Eq. (21) into Eq.
(22), in order to formulate the state space representation of
the equation of motion of the cable in carrying out the
control algorithm.

F(x,t)=L,cosa—D,sina (21)

f, (i) = iF (xj,t)sin(i;z'LtX)Ax =120, (22)
j=1

where N, is the mode number, n, is the sampling
number; Ax is the wind load sampling interval.
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The cable is divided to 80 sections, each of which is 1m
long, and 79 wind velocity points were obtained, neglecting
two endpoints. The time-history sample curves of horizontal
and vertical turbulent wind speeds at the midpoint of the
cable is shown in Fig. 14, and a comparison between the
simulated and the target spectrums in both horizontal and
vertical directions is given in Fig. 15. The results indicated
that WAWS is an effective and accurate way of simulating
the turbulent wind field numerically and is reliable to be
used to generate wind induced vibration in this session.

3.3.2 Wind induced vibration

Applying the modal wind load given in Eg. (22) along
the cable, wind induced vibration was generated
subsequently.

The time histories and power spectrums of the
displacement responses at damper location, mid-span and
1/4L of the cable, with and without MR damper, were
plotted in Fig. 16, where the dashed line and solid line
represented the uncontrolled and controlled systems
respectively. The displacement time history showed that the
vibration of cable could be effectively suppressed using MR
damper with the proposed control algorithm. The
corresponding power spectrums indicated that the vibration
energy of the cable is much reduced, and the cable was
excited to vibrate in multi modes at the damper location,
while the primary vibration mode at both mid-span and
1/4L locations was the first mode.

Simulated spectrum
Target spectrum

10° 10" 10° 10' 10° 10
w[rad/s]

(@) in the horizontal direction

100 ' 10° 10 10° 10"
ofradiz]

(b) in the vertical direction

Fig. 15 Comparison between the simulated and the target
spectrums
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Table 9 Comparison of the RMS value of the displacement responses under wind induced vibration

Damper location

1/2L location 1/4L location

Control
measure O s Reduction rate O s Reduction rate O s Reduction rate
w/o D 0.8536 - 49711 - 3.6974 -
wD 0.3139 63.23 2.2672 54.38 1.5719 57.48
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Fig. 16 Time history and power
displacement response

spectrum  of

The performance of the MR damper can also be shown
by comparing the RMS value of the displacement responses,
before and after installing the optimally tuned MR damper,
as summarized in Table 9. It shows that with the installation
of MR damper, the vibration of the cable was significantly
reduced. The reduction rate is about 63.23% at the damper
location, 54.38% at the mid-span, and 57.48% at the 1/4L of
the cable.

The results in this session proved that in the case of
cable vibration induced by buffeting wind loads, mainly
lower and single mode of vibration was excited at the mid-
span of the cable, while at the damper location, multi modes
of vibration were generated. All these vibrations can be well
suppressed using the proposed optimal control strategy with
MR damper.

4., Conclusions

This paper investigated the problem of mitigating multi-
mode cable vibrations which was often observed in the field.
MR damper was proposed as the control device because of
its semi-active feature, where its parameters can be changed
by an active control algorithm without requiring large
power resources. Because both physical models of cable
and MR damper are nonlinear, it is hard to design an
efficient and easily adapted control strategy. Therefore, this
paper aims to overcome the difficulties in nonlinear
modeling and improve the control performance of MR
damper, especially for multi-mode cable vibration control.
An innovative but simple control algorithm was derived,
where the universal design curve of friction dampers was
first used to obtain the desired optimal damper force, and
then the input voltage (current) of MR damper
corresponding to the desired optimal damper was
determined using a piecewise linear interpolation scheme
from the nonlinear Bouc-wen model of the damper. The
effectiveness of the proposed control algorithm was
validated through a series of numerical simulations where
multi-mode cable vibrations were induced by different
loading scenarios such as sinusoidal excitations, white noise
excitations and wind loads.

All the simulation results proved that the proposed
optimal control strategy using MR damper can effectively
mitigate multi-mode cable vibrations of different types,
namely, vibrations containing merely lower modes,
vibrations involving both lower and higher modes, and
vibrations induced by wind loads. Also, as the MR damper
was tuned to work as an optimal friction damper, its
effectiveness does not depend on the mode of vibration but
rather on the amplitude of vibration. Hence, the proposed
control strategy using MR damper is especially suitable for
controlling multi-mode cable vibrations.
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