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Abstract. Excessive stay cable vibrations can cause severe problems for cable-stayed bridges. In this
paper a semiactive Magnetorheological (MR) damper is investigated to reduce cable vibrations. The
control-oriented cable-damper model is first established; a computer simulation for the cable-damper
system is carried out; and finally a MR damper is experimentally used to reduce the cable vibration in a
laboratory environment using a semiactive control algorithm. Both the simulation and experimental results
show that the semiactive MR damper achieves better control results than the corresponding passive
damper. 
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1. Introduction

Stay cables are susceptible to external disturbances because of their inadequate intrinsic damping.

Under certain combinations of light rain and moderate wind (about 10 to 15 m/s), incidences of

large-amplitude vibrations (on the order of 1 to 2 m) of stay cables have been reported worldwide

for cable-stayed bridges (Ciolko and Yen 1999, Main and Jones 2001). This phenomenon is known

as wind-rain induced cable vibration. Excessive cable vibrations are a potential threat to public

safety and the national investment in transportation infrastructures. This issue has raised great

concern in the bridge community and has been a cause of deep anxiety in the public.

Other than adding crossing ties/spacers to enhance the system damping for the cable network

(Langsoe and Larsen 1987) or treating the cable surface to increase the cable aerodynamic stability

(Sarkar et al. 1999), mechanical dampers are broadly used to mitigate cable vibrations. As a passive

control method, oil/viscous dampers have been extensively studied to improve the damping for stay

cables, both theoretically and practically (Watson and Stafford 1988, Pacheco et al. 1993, Main and

Jones 2002). However, passive dampers may not be able to provide enough damping for long stay

cables since they are usually located close to the lower end of the cable for aesthetics and

convenient installation purposes. For the passive mechanical damper to be effective, it is commonly
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believed that it should be anchored a certain distance away from the cable end. The farther away

the damper, the more damping it provides. A rule of thumb is that the damper should be 2% of the

cable length away from the cable end to provide a 1% additional damping for the first vibration

mode. 

One promising way to overcome the constraints of the passive mechanical dampers is to use the

TMD-MR damper (Cai et al. 2006, Wu and Cai 2006b). This damper integrates the traditional

tuned mass device (TMD) concept and adjustable MR dampers to form a semi-active system.

Another way is to use semiactive mechanical dampers, as recommended by Johnson et al. (2002,

2003). They developed a control-oriented mathematical model for a sagged cable with passive,

semiactive, and active dampers. Their numerical simulation results show that the vibration reduction

efficiency of a semiactive damper is better than the optimal passive linear damper by 10% to 50%

in terms of root mean square (RMS) response if the semiactive dampers are not placed at any node

of the cable. The cost of the enhanced damping performance is a larger output damper force,

approximately 5-10 times larger depending on the damper locations. 

With the ability to adjust the output damping force, Magnetorheological (MR) dampers are a good

choice to fulfill the semiactive control strategy. A general review of semiactive control using MR

dampers in civil applications was conducted by Jung et al. (2004). The MR dampers for cable

vibration control were first installed in the Dongting Lake Bridge, China. However, the damping

adjustable feature of the MR dampers was not fully utilized since the dampers were actually used as

cost-effective passive dampers (Chen et al. 2003). Therefore, experimental investigation is necessary

for the guidance of their real applications, utilizing their full benefits in the near future. This paper

is aimed to carry out an experimental investigation to eliminate the gap between the simulation and

the implementation. The control-oriented cable-damper model is reviewed and established, and

controllers that can work with the hardware are demonstrated. Comparisons are made focusing on

the cable response and output damper forces between cables with and without a semiactive damper,

control performance between different control methods, and control performance for a semiactive

MR damper with different maximum currents.

 

2. State-space equation and control strategy

The cable-damper calculation model is shown in Fig. 1. The MR damper is placed at an

intermediate point xd, dividing the cable into two segments. The notation without subscript is used

to represent either cable segment. The Cartesian coordinate system is also indicated in this figure.

The left support of the cable is taken as the origin for the first segment and the right support for the

second segment. Thus, the governing equation for the taut cable vibration with a damper can be

written as 

 

 (1)

where fy is the distributed cable force along the y direction; H is the horizontal component of the

static tension force; θ is the cable angle measured from the horizontal axis; v is the cable dynamic

displacement component along the y coordinate measured from the static equilibrium position of the

cable; Fd and Fs are the output damping force of the MR damper and the reaction force of the

shaker, respectively; δ is the Direc delta function; xd and xs are the damper and shaker locations,

fy
H

cosθ
-----------

∂2
v

∂x
2

------- Fdδ x xd–( ) Fsδ x xs–( )+ + + m
∂2v

∂2
t

------- c
∂v

∂t
-----+=



Cable vibration control with a semiactive MR damper-numerical simulation 613

respectively; m and c are the distributed cable mass and damping coefficient per unit length,

respectively; t is the time; the notation  denotes the partial derivative of v with respect to “t”

and the second partial derivatives are self-explanatory.

According to the standard Galerkin’s method, any shape function φ that satisfies the boundary

conditions  can be chosen to solve the governing Eq. (1), where l is the cable

length. Usually, the following sinusoid shape functions can be used 

(2)

To build up an accurate and efficient control-oriented model for application, the number of shape

functions is an important consideration since each shape function is actually one degree of freedom

(DOF) in the generalized dynamic equation. Too many shape functions may cause the semiactive

computation of the controller to become impractical. Pacheco et al. (1993) uses sinusoid shape

functions only, needing 350 DOFs to obtain accurate results. Yu and Xu (1998) proposed a finite

element based hybrid method, which also requires numerous DOFs. Johnson et al. (2003) suggested

using the static cable profile as one of the shape functions, as well as the sinusoid shape functions.

This approach largely reduced the number of required shape functions, which insured the successful

semiactive control strategy with a low order, control-oriented model. Based on the simulation study

by Johnson et al. (2003), they concluded that 21 terms, including one triangle shape function for the

damper effect and 20 sinusoid functions, can provide better accuracy than several hundred sinusoid-

only terms. 

For the taut cable considered in the present study, the following two triangle shape functions are

used to count for the effect of the damper and the shaker, respectively

 

(3a)

 (3b)

Similar to Johnson’s work, 20 sinusoid functions are used. With these shape functions, the
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 Fig. 1 Control-oriented inclined cable model
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displacement of the cable can be computed as

 (4)

Since the distributed force fy is not considered in the current study, substituting Eq. (4) and the

corresponding shape functions into Eq. (1), the generalized discrete dynamic equation for the cable-

MR damper system can be written as

 (5)

where q, , and  are the generalized displacement, velocity, and acceleration, respectively. The

contents of the mass matrix M, the damping matrix C, and the stiffness matrix K can be found in

Johnson et al. (2002) for the taut cable model. The damping matrix C is proportional to the mass

matrix and can be determined by the distributed c value. A first modal damping of 0.5% is assumed

to avoid infinite resonance response, from which c = 0.378 N·s/m2 and the modal damping for other

modes can be obtained. Fs is the external loading simulated by the force due to the shaker, which

has the feature of white noise.  and  are the load vectors for the excitation force and

the damper force, respectively. Their contents are the values of the shape functions in Eqs. (2) and

(3) at xs and xd, as

 (6a)

 (6b)

Thus, the state space equation and the output equation for the control-oriented model can be

written as 

 (7a)

 (7b)

where  is the state variable; Y is the output vector that can be measured by the

accelerometers; and v is the noise vector from the measurement. Other matrices can be obtained as

 (8a)

 , , (8b)

Since only accelerations are used for the feedback loop, location matrix Φ is determined by the

placement and number of the accelerometers.

For the semiactive control with a MR damper, two correlated controllers should be designed

(Johnson et al. 2003). The primary Linear Quadratic Gaussian (LQG) controller is designed to

minimize the following cost function

(9)
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where the parameter R represents the variable control weight for the feedback force of the MR

damper . 

With a force feedback proportional to the estimated system state, , the primary

feedback gain can be obtained as , where P satisfies the algebraic Riccati equation

 (10)

and .

The following Kalman filter is used to estimate the system state

 (11a)

 (11b)

where  is the estimator gain. Similarly, the matrix Pkf

satisfies the algebraic Riccati equation

 (12)

where  and  are the auto excitation and noise spectral density, respectively. The expectations

for the excitation and the noise are required to be zero to apply the algorithm. 

The semiactive MR damper used in this control-oriented strategy and simulation can be expressed

by the following Bingham model (Stanway et al. 1985) 

 (13)

where Cd is the damping coefficient,  is the damper velocity,  is the friction force, which is

related to the applied current in the MR damper, and  means the sign of the corresponding

quantity “ ”. All these parameters can be obtained from the experimental data in Wu and Cai

(2006a). Fig. 2 shows the experimental data and the output force calculated by Eq. (13),

corresponding to a MR current of 0.4A. Only one cycle of data is plotted in the two bottom figures

for clarity. 

Since the MR damper can only generate dissipative force, the output damping force must be of a

different sign than the damper velocity. Therefore, the secondary controller for this particular feature

can be represented by the following equation 

(14)

where I is the command current sent to the MR damper;  is the maximum current that can be

applied to the damper; and H is the Heaviside function, or unit step function. In this experiment the

damper velocity  is obtained by integrating the corresponding measured acceleration. 
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3. Simulation results

Before the experimental verification using a physical model can take place, a numerical

simulation is carried out in the Simulink/Matlab environment to determine suitable parameters for

the controller. Extensive simulation was carried out by Johnson et al. (2003). The present simulation

done here focuses on the cable control problem at hand. The selected controller should provide a

satisfactory control effect and ensure the feedback force is within the range of the capacity of the

MR damper used. A block diagram for the controlled system is plotted in Fig. 3, which explains the

concept described in the previous section. 

Table 1 gives a comparison between the control efficiency of different control strategies, including

active control, optimal passive control, MR passive control, and MR semiactive control. Two

different MR properties (semiactive 1 and semiactive 2) are assumed for demonstration purposes.

The active control is based on the LQG strategy shown in Eqs. (9)-(12). For optimal passive

control, the optimal viscous damping is used according to Pacheco et al. (1993); while for MR

passive control, the MR damper is turned off, i.e., with a zero current. Lastly, for MR semiactive

control, the MR damper is controlled with the LQG primary and secondary control algorithms

found in Eqs. (9)-(14). 

The  is a quantity representing a mean displacement integrated along the cable, as defined by

the following equation (Johnson et al. 2003)

 (15)
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 Fig. 2 Bingham model and experimental data
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The last approximation in Eq. (15) stems from the fact that the expected value of an ergodic

quantity is equal to its time average. The state  can be estimated from a similar Kalman filter with

Eq. (11a). However, the output equation should change to the following equation 

 (16)

 
From Table 1 it can be seen that the MR semiactive 1 control method can provide another 23.1%

off of the integrated displacement, compared to that of the optimal passive dampers (2.0 vs.

2.6 mm). The MR semiactive 2 method reduces the displacement to 1.7 mm, which is the same as

that of active control. This indicates that semiactive control may achieve similar control efficiency

to the active control method if the MR damper properties are chosen properly. Even the MR passive

mode can provide a better control effect than the optimal passive dampers. This comes from the fact

that the MR passive mode has both the viscous and the friction force terms, which may help

provide a better control effect than the optimal passive damper where only the viscous term is

considered. The predicted damper output force Fd
rms for the MR semiactive 1 is much larger than

that of the active control method, which implies that this damper output force is too large for the

present cable vibration. In contrast, the MR semiactive 2 with a smaller output force, which is

comparable to that of the active control, achieves a similar control effect to that of the active

q̂

q̂ I  0[ ]Ẑ=

 Fig. 3 Block diagram for the controlled system

Table 1 Cable vibration control with different methods (numerical simulation)

 σdisp (mm)  Fd
rms (N)  Fd

max (N)

 Active  1.7  9.24  24.33

 Optimal passive  2.6  8.35  20.82

 MR passive mode  2.2  8.55  20.80

 MR semiactive 1
 (Cd = 100 N·s/m, Fdy = 40 N)

 2.0  43.78  80.38

 MR semiactive 2
 (Cd = 50 N·s/m, Fdy = 10 N)

 1.7  11.91  20.84
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control. Therefore, several smaller  values than that used in the MR semiactive 1 are chosen in

the following experimental verification.

 

4. Experimental setup

Scaling principles call for maintaining the similitude between the prototype cable and the model

cable. However, it is actually very difficult to satisfy all the scaling principles for all the parameters

in most cases. Since there is a wide range of actual cable parameters, it is only necessary to verify

that the corresponding prototype stay cable is not abnormally different from the “average” value.

Therefore, considering the limitations of the laboratory facility, the scaling factor n between the

prototype and the model is determined as 8 according to the scaling relationship discussed by Wu

and Cai (2006a). 

Fig. 1 shows the setup of the cable model; the related information can be found in Table 2. Each

end of the cable is anchored to a frame so that the boundary conditions are considered to be fixed

ends. An adjustable tension force is applied to the cable by a hydraulic jack (Fig. 4), which can be

measured accurately by a load cell (Fig. 5) with a capacity of 44480N (10 kips). The tension force

is acquired by the DastarNet data acquisition system from Gould Inc. Thus, a range of the

geometry-elasticity λ2 values can be achieved by varying the tension force (see Wu and Cai 2006a

for the λ2 definition). However, in the current study, a constant tension force of 9438.7 N is used,

which corresponds to a λ2 vale of 0.059. This value is in the range of 0.008-1.08, a range that

covers 90% of real cables used in cable-stayed bridges based on the database collected by Tabatabai

et al. (1998).

Imax

 Fig. 4 Hydraulic jack  Fig. 5 10 kips load cell

Table 2 Model cable parameters

Cable length (l) 07.16 m Cable angle (θ) 11.27o

Cable cross-section area (A) 98.7 mm2
λ

2 value 00.059

xd 02.01 m xs 00.79 m
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The V408CE shaker (Fig. 6) from Ling Dynamic System Inc. located at  (11% of the

cable length) is used to generate the excitation for the cable vibration. The maximum output force

from the shaker for a sine-wave excitation is 98N. A frame is built to facilitate the installation of

the shaker perpendicular to the cable. Different forms of the excitation force can be applied by the

shaker, with the magnitude measured by a load cell between the cable and the shaker. As required

by the control strategy, a bandlimited white noise excitation generated from the Simulink software is

used and sent to the shaker in the experiment. Before the signal goes into the shaker, a fourth order

filter is used to shape the spectral content of the input energy to excite the first vibration mode of

the cable. The transfer function of the filter can be expressed as (Christenson et al. 2006) 

(17)

The MR damper type RD-1097-01 (Fig. 7) purchased from Lord Cooperation is used as the

semiactive damper, which can provide a maximum force level of ±80N at a maximum current of

0.5 ampere (Wu and Cai 2006a). The damper is located at xd = 2.01 m (28% of the cable length). It

is noted that the damper position here does not represent most actual applications. Similarly, a frame

is provided to make the MR damper perpendicular to the cable chord and to investigate the

performance of the MR damper at different locations if necessary. A load cell is placed between the

damper and the cable to measure the actual force that the MR damper provides. 

Two miniature accelerometers (Fig. 8) from PCB Piezotronics Inc. are used to measure the cable

vibration response at different places. These accelerometers can measure up to ±4900 m/s2

acceleration with a resolution of 0.02 m/s2 RMS value. These accelerometers are also used to

provide input information for the Kalman filter to estimate the full state in the primary controller.

One of them is at the mid-span (3.58 m) and the other is used to measure the damper acceleration,

which also provides the damper velocity for the secondary controller after a numerical integration.

Low pass filters with a cut off frequency of 30 Hz are used to reduce the noise before the

accelerations are used. 
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 Fig. 6 LDS shaker  Fig. 7 MR damper
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These two accelerations used for the controllers are acquired by a MultiQ-PCI board from

Quanser Inc. This board has four available AD converters and 16 DA converters, which can accept

a maximum voltage of ±10V input and output signals. With the Wincon realtime control software

built in the Simulink/Matlab environment, this board can fulfill a real time control task seamlessly.

Actually, it works as an interface between the control algorithms simulated in the Matlab

environment and the controlled structure. All of the signals (two accelerations, the forces from the

shaker and the damper) are acquired for post processing to compare the cable response and the

output damping force between the cable with and without the semiactive damper.

 

5. Experiment results

The experiment is carried out to verify the control strategies explained previously. As stated in

Eqs. (11a), (15), and (16), the main criteria for the comparison, the integrated displacement along

the cable, can be obtained by the Kalman estimator from the two measured accelerations. 

Five experiments are carried out to demonstrate the effectiveness of the semiactive control, as

indicated in Table 3. Before the MR damper is added to the cable, the cable vibration is measured

under an excitation force of 13.09N RMS. The integrated displacement along the cable is 2.65 mm.

When the MR damper is installed but is not applied with current (i.e., in the passive mode), the

integrated displacement is reduced to 1.29 mm, 51% less than the uncontrolled displacement. This

indicates that even if the MR damper is in its passive mode, it can still provide a considerable

 Fig. 8 PCB accelerometer  Fig. 9 Acquisition system

 
Table 3 Damper control performance (experimental measurement) 

 σdisp (mm)  Fd
rms (N) Fd

max (N) Fs
rms (N)

Uncontrolled 2.65 N/A N/A 13.09

MR passive mode 1.29 (51%) 4.96 13.19 15.39

Semi 0.1A 0.22 (92%) 6.54 20.45 17.15

Semi 0.2A 0.082 7.57 26.77 17.27

Semi 0.3A 0.090 7.99 34.44 17.53
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reduction performance for the cable vibration. Therefore, a MR damper can work as a fail-safe

device for the control strategy. The output damping force for the MR damper in passive mode is

very low. 

When the MR damper is working as a semiactive device, generally it can provide a better control

performance. When the applied current Imax is set as 0.1A, the integrated displacement is further

reduced to 0.22 mm, 92% less than the uncontrolled displacement. Further increasing the current

may result in a better performance, but enhanced performance is not guaranteed. As the current is

increased from 0.1A to 0.2A, better damper performance is achieved by reducing the displacement

from 0.22 mm to 0.082 mm. However, the performance becomes worse when the current changes

from 0.2A to 0.3A. It is noted that the Fd
max for the semiactive MR damper with 0.2A current is

26.77N, which is close to the simulation prediction of 24.33N for the active control shown in

Table 1. This observation suggests that the MR damper may achieve the best control when its

output capacity is set around its active control counterpart. Increasing the output capacity may not

be beneficial to the control effect since the MR damper force may be too large for a certain level of

excitation; the damper may “lock” or “freeze”. 

The time history records for the measured accelerations at the damper location and the cable

middle point are plotted in Fig. 10. Apparently, the semiactive MR damper gives a much better

performance than the passive control, reducing the cable vibration at both sensor locations. 

 

6. Conclusions

The current study mainly discusses the experimental verification of a semiactive control approach

to reduce cable vibration. The control-oriented state-space equation and the LQG control strategy

 Fig. 10 Time history records for both sensors with different control strategies
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are established. Numerical simulation results are obtained to design proper controller parameters and

ensure that the demanded damper force matches the real MR damper. Experimental verification is

carried out to demonstrate the concept of the MR semiactive control. Based on the simulation and

experimental results, the following conclusions can be made:

1. From the simulation results, the semiactive control can achieve a better control effect than its

optimal passive counterpart and a similar control effect to its active control counterpart for the

cable vibration reduction. Better performance is achieved at the cost of larger control forces. 

2. From the results of the experiment, even when the MR damper is in the passive mode, it still

can provide a considerable control effect. Therefore, a semiactive MR damper can be a fail-safe

device when the control device is not working properly in the field. 

3. Also, from the experimental results, the output damping force of the semiactive damper should

be set around the demand of active control at given excitation levels. Otherwise, the damper

output damping force may be too large for the cable vibration, which may cause a worse control

effect.

Future work may consider a refined control strategy for the secondary controller, which should

provide different output current according to the severity of the cable vibration. The cable in

laboratory scale is different from the in-situ cable. Therefore, how to use the experimental result to

the real cable-stayed bridge is still a problem, and the gap between the simulation and the

implementation still exists.
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