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ABSTRACT
The highly nonlinear feature of the MR material leads to a relatively complex
representation of its mathematical model, and resulting in difficulties of carrying out
effective control strategies on cable vibration. In this paper, a simple and efficient
semi-active control scheme is proposed for tuning the MR damper real-time for optimal
cable vibration control based on the nonlinear damper forces. The nonlinear Bouc-wen
model is first employed to accurately portray the salient characteristics of the MR
damper, and a piecewise linear interpolation scheme is used to determine the input
current of MR damper corresponding to the real-time damping force requirement.
Simulation study has been carried out to validate the effectiveness of the proposed
semi-active control scheme for free cable vibration of the first three modes.
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1. INTRODUCTION
Mechanical dampers have been proved to be one of the most effective
countermeasures for vibration mitigation of stay cables in various cable-stayed bridges.
The performance of passive linear viscous dampers has been widely studied. The
optimal tuning of a linear viscous damper attached close to the cable support was
numerically studied by Pacheco (1993), introducing a universal curve for evaluating the
efficiency of the damper. An analytical solution to the problem of a linear viscous
damper acting on a taut cable was provided by Krenk (2000), where a simple expression
for the optimal tuning was obtained using complex vibration modes. These studies
indicated that the maximum supplemental damping ratio achieved with passive linear
viscous dampers was approximately a / 2 L , where a was the distance from the
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cable’s lower anchorage to the damper and L was the length of the cable. However,
for long stay cables, as the installation height of the damper is restricted due to the
aesthetic concern, passive dampers may not provide sufficient supplemental damping
for suppressing multi-mode cable vibrations. Therefore, semi-active MR dampers have
been proposed for the vibration mitigation of long stay cables. Johnson (2007) has
investigated and compared several different control strategies via simulations,
concluded that far more superior damping could be achieved with semi-active dampers
to the cables than that with the optimal passive linear viscous dampers. Weber (2010)
applied the energy equivalent approach to a model MR damper as an equivalent linear
viscous damper or a nonlinear friction damper in their theoretical and experimental
studies on cable vibration control using MR dampers. Wang (2013) proposed a strategy
for cable control with friction dampers, which provides the additional modal damping
ratio higher than that obtained by optimal linear viscous dampers. In addition, as the
damper force has to be adjusted in proportion to the cable amplitude at damper location,
the modal damping ratio of cable with friction damper is not a constant like that for a
linear viscous damper.
For modeling MR damper, several idealized mechanical models are proposed for
predicting the response of the prototype MR damper, such as Bingham model (Stanway
1987) and Bouc-wen model (Wen 1976). Bingham model does not exhibit the nonlinear
force-velocity response observed in the data for the case when the acceleration and
velocity have opposite signs and the magnitude of the velocity is small. Bouc-Wen
model predicts the force-displacement behavior of the damper well, and it possesses
force-velocity behavior that more closely resembles the experimental data. However,
similar to Bingham model, the nonlinear force-velocity response of the Bouc-Wen model
does not roll off in the region where the acceleration and velocity have opposite signs
and the magnitude of the velocity is small. To better predict the damper response in this
region, a modified version of the system is proposed (Spencer 1997).
This paper aims to propose a simple and efficient semi-active control scheme for
tuning MR damper real-time for optimal cable vibration control based on the optimal
force of friction damper proposed by Wang (2013) and using an approximated linear
relation between damper force and input voltage developed from the modified Bouc-wen
model of MR damper. Simulation study will be carried out to validate the effectiveness of
the proposed semi-active control scheme for free cable vibration of the first three
modes.
2. PIECEWISE LINEAR INTERPOLATION SCHEME BASED ON MODIFIED
BOUC-WEN MODEL
2.1 Modified Bouc-wen model
The modified Bouc-wen model as shown in Fig.1 will be used in this paper to
portrait the physical behavior of MR damper.
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primarily exhibits the characteristics of a purely viscous device. However, as the voltage
increases, the damper force increases and produces behavior associated with a plastic
material in parallel with a viscous damper. Also, notice that the increase in damper force
for a given increase in the applied voltage is approximately linear for voltages between 0
and 3V.
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Fig.3 Measured Force for 2.5 Hz Sinusoidal Vibration with Amplitude of 1.5 cm (voltage
linearly increases between 0-3V)
2.2 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 damping
force and the input voltage applied to the current driver. In this paper, a piecewise linear

interpolation scheme (Weber 2013) based on modified Bouc-wen model is used to
determine the input voltage of MR damper corresponding to the requirement of real-time
damping force.
A series of MR damper forces are computed using the modified Bouc-wen model
by inputting different constant voltages and with actual MR damper displacement and
velocity. The desired damper force is determined by the selected control laws. Then, a
piecewise linear interpolation scheme, as shown in Fig. 4, is employed to estimate the
desired input voltage based on the computed forces of constant voltages and the
desired damper force. Finally, the actual damper force is computed with the desired
voltage and actual MR damper displacement through the modified Bouc-wen model.
The efficiency of the piecewise linear interpolation scheme is validated by
simulations. It can be noted that the actual damper force differs slightly from the desired
control force if the desired force is not constraint by f (Vmax ) due to the choice of
desired control force.
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Fig.4 Block diagram of piecewise linear interpolation scheme
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in which l = span of the cable.
As i ( x ) is proportional to the i th undamped mode of the cable, by Galerkin
method, substituting Eq. (11) into the equation of motion (9), multiplying by i ( x ) and
integrating over the length of the cable, one obtains the following governing matrix
equation (Johnson 2007)
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As these sinusoidal shape functions are mutually orthogonal, the mass M  [ mij ]
and stiffness K  [ kij ] matrices are diagonal. For control design, the system dynamics
may be equivalently written in state-space form with input/output relations:
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3.2 optimal amplitude dependent friction force control
A semi-active control scheme (see in Fig.6) is proposed for tuning the MR
damper real-time for the optimal control of cable vibration. The desired control force is
amplitude dependent friction force proposed by Wang (2013) as
.
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a
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Fig.6 Block diagram of the semi-active control system
A 80 m long stay cable is used for numerical simulation on the mitigation of cable
vibration. Table2. lists the cable parameters where m is the mass per unit length of the
cable and T is the cable tension. The damper is located at the distance a  3.2m from
the left end.
Table2. Main parameters of cable
L
(m)
80

T
（KN）
1226

m
(kg/m)
10

a
(m)
3.2

First three modes free vibration of the cable were simulated. The input current of
MR damper corresponding to the required real-time damping force was determined
through the piecewise linear interpolation scheme as introduced in section 2.2.
x
For the first mode vibration, F ( x, t ) in Eq. (8) is taken as sin
F (t ) , where
l
F (t )=5sin(2 f1t ) , the time histories of cable vibrations at the mid-span, with and without
MR damper, are shown in Fig.7. For the second mode vibration, F (t )=5sin(2 f 2t )
f 2 =2 f1 , the time histories of cable vibrations at one fourth of the cable length are shown
in Fig.8. For the third mode, F (t )=10sin(2 f 3t ) , f3 =3 f1 , the time histories of cable
vibrations at one sixth of the cable length are shown in Fig.9. In Figs.7-9, solid lines
represent cable vibrations without damper, while dash lines demonstrate vibration with
desired damper force and dotted lines correspond to vibration with actual damper force.
Comparisons of the RMS value of displacements under different vibration modes and
different control schemes are shown in Table 3.
It can be observed from Figs.7-9 and Table3. that with the installation of MR

damper, the reduction of first mode vibration is about 75%, that of second mode
vibration is around 78%, and the reduction for the third mode vibration is 84%. Also, the
performance of MR damper with actual damper forces approximated by the linear
interpolation scheme is as good as that with desired damper forces. This proved the
effectiveness and applicability of the proposed semi-active control strategy.
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Table3. Comparison of RMS displacement for the first three modes with/without damper
1/2L location
(the first mode)

rms

Decay ratio 

1/4L location
(the second mode)

rms

Decay ratio 

1/6L location
(the third mode)

rms

Decay ratio 

Without control

 rms ud

63.362

--

18.631

--

24.883

--

Desired force
control  rms 1

15.464

75.24%

4.124

77.86%

3.937

84.18%

Actual
force
control  rms  2

15.799

75.07%

4.104

77.97%

3.901

84.32%

Decay ratio:   ( rms ud   rms i ) /  rms ud

4. CONCLUSIONS
This paper proposed a simple and efficient semi-active control scheme for tuning
MR damper real-time for optimal cable vibration control based on the optimal force of
friction damper proposed by Wang (2013) and using an approximated linear relation
between damper force and input current developed from the modified Bouc-wen model
of MR damper. Simulation study has been carried out to validate the effectiveness of the
proposed semi-active control scheme for free cable vibration of the first three modes.
The results indicated that with the installation of MR damper, the reduction of the first
three modes of cable vibration is all greater than 75%. Also, the performance of MR
damper with actual damper forces approximated by the linear interpolation scheme has
been shown to be as good as that with desired damper forces determined from the
optimal friction force control law.
Therefore, the proposed semi-active control strategy using MR damper is efficient
and applicable for mitigating cable vibrations.
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