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Abstract. An extensive numerical investigation on the magnetorheological (MR) damper-based smart
passive control system for mitigating vibration of stay cables under wind loads has been conducted. The
smart passive system is incorporated with an electromagnetic induction (EMI) device for reducing
complexity of the conventional MR damper based semi-active control system by eliminating an external
power supply part and a feedback control part (i.e., sensors and controller). In this study, the control
performance of the smart passive system has been evaluated by using a cable structure model extracted
from a full-scale long stay cable with high tension. Numerical simulation results of the proposed smart
damping system are compared with those of the passive and semi-active control systems employing MR
dampers. It is demonstrated from the results that the control performance of the smart passive control
system is better than those of the passive control cases and comparable to those of the semi-active control
systems in the forced vibration analysis as well as the free vibration analysis, even though there is no
external power source in the smart passive system.
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1. Introduction

Cable-stayed bridges are one of the typical civil infrastructure systems which are valuable national
assets. They should be maintained to ensure economic prosperity and public safety. However, cable-
stayed bridges have frequently exhibited large-amplitude vibrations of stay cables because of their
large flexibility, relatively small mass and extremely low inherent damping. Since stay cables are
the primary structural members in a cable-stayed bridge, these excessive vibrations of cables may
cause severe structural safety and serviceability issues. In other words, they potentially induce
fatigue in the cables and cable anchorages, resulting in reduction of the cable and connection life
along with the risk of losing public confidence in such structures (Yamaguchi and Fujino 1998,
Watson and Stafford 1998, Hikami and Shiraishi 1988).

Several methods, such as adding crossing ties or spacers, aecrodynamic treatments and external
passive/active dampers, have been developed to alleviate vibrations of stay cables and some of them
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have been implemented to real scale structures, even though each has its own limitations
(Yamaguchi and Fujino 1998, Johnson ef al. 1999, 2000, 2003). Especially, discrete passive viscous
dampers attached perpendicularly to the cables have been used on many bridges (e.g., Brotonne
Bridge in France, Sunshine Skyway Bridge in USA, and Aratsu Bridge in Japan). Lots of
investigations have been conducted to achieve the maximum damping ratio for the cable-damper
systems in the case of the passive viscous dampers. Fujino and his colleagues (Sulekh 1990,
Pacheco et al. 1993) proposed an approximate relationship between a cable configuration and the
optimal damper design at a given attachment location of a damper. However, the effectiveness of a
passive damper is highly dependent on its location. The performance of a damper located near the
cable anchorage gets significantly worse, even though it is optimally designed. In the case of a
long-span cable, therefore, a passive device can only add a small amount of damping to the cable,
when it is attached at a reasonable distance (usually within 1% of the length of the cable) from the
cable anchorage. On the other hand, an active transverse control method for mitigating the cable
vibration has not been implemented in spite of its prominent performance, because it requires
significant power sources beyond practical limits for the given number of cables and the isolated
locations where controllers are placed (Yamaguchi and Dung 1992, Fujino et al. 1993).

In the last decade, many studies have been carried out on the semi-active control system based on
a magnetorheological (MR) damper to suppress cable vibrations (Johnson et al. 2000, 2003,
Christenson 2001, Ni and Ko 2002, Jung et al. 2008). However, the semi-active system requires a
feedback control part (i.e., sensors, a controller and an external power source), resulting in
implementation and maintenance issues for the large-scale structures. To resolve the above
problems, the MR damper-based smart passive control system equipped with an electromagnetic
induction (EMI) device has been recently proposed by Cho et al. (2005). The EMI device consists
of permanent magnets and coils. Also, it converts vibratory energy of a structure into the electric
energy in order to use it as the input current of the MR damper so that the vibration of the structure
can be mitigated.

In this paper, the effectiveness of the smart passive control system employing an MR damper with
an EMI device in mitigating cable responses is numerically investigated. In numerical simulations, a
cable model extracted from a real-scale long steel stay cable with high tension, which has been
installed on an in-service cable-stayed bridge in Korea, is considered. Also, by comparing its
controlled responses with those of the several semi-active cases and the passive cases, the
performance of the proposed system is verified.

2. Smart passive control system for cable vibration mitigation

The smart passive control system recently developed by Cho er al. (2005) can simplify the
conventional semi-active control system based on MR dampers by replacing the feedback control
part and the power supply part with the EMI device. The EMI device converts the kinetic energy of
a structure to the electric energy proportional to the relative velocity between the permanent
magnets and coils. Fig. 1 shows the working principle of the smart passive control system. In this
figure, the solenoid coil of EMI device connected to the piston rod of the MR damper moves across
the stationary magnetic field generated by permanent magnets produces induced electromotive force
(emf) or induced current. This induced current is then used as an input to the MR damper,
generating magnetic fields to change the damping characteristics of the damper. Therefore, the smart
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Fig. 1 Smart passive system consisting of an MR damper and an EMI device

passive control device does not need any external power at all.
According to the Faraday’s law of electromagnetic induction, the induced emf can be calculated as

9% _ _,pdd (1)

where & denotes the induced emf with the unit of volts (V), # is the number of turns of coils, ¢, is
the magnetic flux, B is the force of magnetic field and A4 is the area of the cross section of magnetic
field. Eq. (1) means that the induced emf'in a closed loop is equal to the negative of the time rate of
a change in the magnet flux through the loop. As seen from the equation, the amount of the induced
emf can be controlled by the turns of the coil (#) or the intensity of the permanent magnet (B).

3. Numerical simulation
3.1 Cable model

For numerical simulations, a simple taut cable-damper system is considered as shown in Fig. 2. It
is assumed that a cable model has small sag (within 0.1% sag-to-length ratio) so that the motion of
the cable can be modeled by the motion of a taut string (Irvine 1981). Then, the transverse motion
of the cable with a damper in a linear range is expressed as

mv(x,t)tcev(x,t)—Tv"(x,t) = F, (x, 1)+ F(t)o(x—x,) 2)

where v(x,?) is the transverse deflection of the cable, m is the cable mass per unit length, ¢ is the
viscous damping per unit length, x, is the damper location, F,(x,?) is external wind load, F,(¢) is
the MR damper force and &(+) is the Dirac delta function.

It is assumed that the transverse deflection may be approximated using a finite series

V(x50 = Y g (0 x) 3)
j=1

where 7 is the number of modes considered, g;(7) is the generalized displacements and ¢(x) is a
set of shape functions (the geometric boundary conditions #,(0) = ¢,(1) = 0).
According to Johnson et al. (2000), introducing shape functions based on the deflection due to a
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Fig. 2 Taut cable-damper system

static force at the damper (see Egs. (4a)) can reduce the number of terms required for comparable
accuracy; on the other hand, hundreds of terms in the sine series are generally used as shape
functions if this static deflection is not considered, resulting in considerable computation effort.

4(x) {x/xd 0<x<x, (4a)
= a
T Lo ih-x) xy<x<L

B1(x) = sinﬂj(ﬁ i=1,2,..,n-2 (4b)

The non-dimensional equation of motion written in matrix form from a standard Galerkin method
can be expressed as follows (Craig 1981)

Mii(6)+ Ca(0)+ Kq() = Fy (.1 + uF 1) 5)
o
[m || 4.0 $()e)ii(0)+ [e [ $i(x) ()l (1) + [T [ 4 () (x)alxg (1)
= [ S0 d(x)dx+ guF (1) (6)

where M is the mass matrix, C is the damping matrix (the evaluated damping matrix associated
with the given set of modal damping ratios), K is the stiffness matrix and the damper vectors ¢,

0= 9(x,) = [di(x)) do(x,) .. ¢n(xd)]T (7

This equation can be written in state-space form as

Lt ardle baf L)
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Table 1 Cable characteristics

Parameter Value
Length (/) 203.2 m
Mass per unit length (m) 51.3 kg/m
Tension (7) 2659.21 kN
Diameter 115 mm
q I 0 I, 0 0
gr=1| 0 I 0 |Fut| o | ftn ©)
q
i) |-M'k -M'C Mod |

T
y=| o0 {q}{ o ]Fc,{f’ Jﬂn (10)
fgongK fqoﬁMplC q LM @, paM

where y = [v(x, 1) V¥(x,t)]+n is a vector of noisy sensor measurements, and » is a vector of
stochastic sensor noise processes.

To numerically evaluate the control performance of smart passive control system, the cable model
is extracted from a 203.2 m long steel high-tension stay cable used in an actual cable-stayed bridge.
The material properties of the cable are presented in Table 1.

3.2 Magnetorheological (MR) dampers

The semi-active devices such as MR damper are distinguished from active control devices in the
fact that they can produce only dissipative force and different from passive control devices in the
fact that characteristics of devices can be changed in real time. Therefore, variable MR damper
model was developed by many researchers. In this study, the parameters of the MR damper
identified by Terasawa et al. (2004) are used after adjusting them by magnification factors. At the
dynamic model of an MR damper, damper force F,(¢) is expressed by

F,= o,n+oynu+ o,n+ ox+ o,xu (11)
n=X—agiln (12)

where the variables and each parameters are defined as:
n(?) : Internal state variable (m)
x(#) : Velocity of the cable where MR damper is attached (m/s)
op: Stiffness of 77(#) influenced by u(#) (N/(m-V))
o1: Damping coefficient of 7(7) (N-s/m)
05: Viscous damping coefficient (N-s/m)
o,: Stiffness of 7(7) (N/m)
oy: Viscous damping coefficient influenced by u(#) (N-s/(m-V))
ao: Constant value (1/m)
u(t) : Input voltage of MR damper (V)
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Fig. 3 MR damper (RD-1005-03, Load Corp.)

Table 2 Parameters for damper model (MF = 20)

Parameter Value Parameter Value
oy (N/(mV)) 28815 MF o, (N/m) 30542 MF
o1 (Ns/m) 0.131 MF o, N/(mV)) 16.3 MF
o> (Ns/m) 29.6 MF o, (Ns/m) 3198 MF

A schematic of the MR damper used in the numerical simulation is shown in Fig. 3. Table 2
shows the parameters of MR damper proposed by Terasawa et al. (2004). The damper is attached
transversely to the cable at the location of 6.096 m (3% of the cable length) from the bottom
supports and the damper setup with EMI system can provide in-plane forces transverse to the cable.
The maximum capacity of the damper is assumed to be about 2,000 N.

3.3 Comparison of control methods

In this study, the control performance of the proposed smart passive system is verified by
comparing with the passive control cases based on MR dampers and three semi-active control
algorithms (i.e., the modulated homogeneous friction algorithm, Control based on Lyapunov
stability theory, and maximum energy dissipation algorithm (Choi ef al. 2008)). For the passive
cases, an MR damper is operated with the different constant voltage inputs from 0 Volt to 4.45 Volt.
For the semi-active control cases, each algorithm is partially modified for application to the cable-
damper system. The basic principle of each algorithm is briefly introduced at this section and more
detailed information of each algorithm can be found in Jansen and Dyke (2000). Table 3 shows all
the control methods considered in this study. As shown in the table, the proposed smart passive
system can be considered as one of the passive control methods because it does not need the
external power.
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Table 3 Comparison of control methods

Control method Control type

Passive-off (input voltage = 0 V) .
) ) Passive control
Passive-on (input voltage = 4.45 V)

Lyapunov stability theory based control (Lyapunov)
Maximum energy dissipation (MED) Semi-active control
Modulated homogeneous friction (MHF)

Smart passive control Passive control

3.3.1 Control algorithm based on Lyapunov stability theory

The state is stable in the sense of Lyapunov when the rate of change of the Lyapunov function is
negative semi-definite, according to the Lyapunov stability theory. Leitmann (1994) applied
Lyapunov’s direct approach to design a semi-active controller. In the approach, the goal of the
control law is to choose control inputs that will result in making the following rate of change of the
Lyapunov function as possible

= %ZTQPZ +2'P,BF,+z"P,Gf (13)

where z is the state vector, and P; is the real, symmetric, positive definite matrix satisfying the
following Lyapunov equation

AP, +P,A" =0, (14)

for a positive semi-definite matrix Op.

The only term in Eq. (13) which can be directly affected by a change in the control voltage is the
second term in the right-hand side, which contains the force vector F,. Thus, the control law which
will minimize V; is

V= VyuH((~2)'P,BF,) (15)

where V., is the maximum voltage input to an MR fluid damper, and H(:) is the heaviside step
function.

3.3.2 Maximum energy dissipation algorithm

McClamroch and Gavin (1995) developed the maximum energy dissipation algorithm as a
variation of the decentralized bang-bang approach. In the maximum energy dissipation algorithm,
the Lyapunov function was chosen to represent the relative total vibratory energy in the system as
(Jansen and Dyke 2000)

1 1.7, .
Vi=on' Knt+sin Mi (16)

Calculating the rate of change of the Lyapunov function from Eq. (16), the term which can be
directly affected by changes in the control voltage is identified and the control law for semi-active
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controller attached to cable is obtained as
V= VmaxH(_ﬁde) (17)

This control algorithm commands the maximum control voltage when the cable system dissipates
energy.

3.3.3 Modulated homogeneous friction algorithm

Inaudi (1997) originally proposed the modulated homogeneous friction algorithm for the controller
using a variable fiction damper. However, it can be adopted for an MR damper due to its strong
similarities between the behavior of a variable friction device and the MR damper. This algorithm
commands more slip force with damper deformation larger by increasing the damping coefficient to
improve the energy dissipation process of semi-active dampers. In this approach, at every local
extreme deformation of the device the desired control force F,; can be determined as

Fy, = gl PlvaD]] (13)
where g, is the positive gain, the operator P[] is defined as
PIA(D)] = A(t—5) (19)

for s = {min x>0 Ai(t—x)=0} and A,(t—s) is the most recent local extreme deformation of the
device.

Because the force produced by the MR damper cannot be directly commanded, the force level, or
the command voltage input to dampers, is renewed as follows

V= VmaxH(Fdn_|Fd|) (20)
3.4 Evaluation criteria

All of the control algorithms are evaluated using a set of evaluation criteria (Jung et al. 2008).
The first and second evaluation criteria are measurements of the displacement at mid-span (J;) and
quarter-span (J,). The third and forth evaluation criteria are root mean square (RMS) of cable
deflection (J3) and velocity (J4) over the entire simulation time. Four evaluation criteria of responses
are defined by

max( Vmidspan ( t) )

- 1)
max (vmidspan ( t) ) | uncontrolled
_ maX( unarterspan( t) ) (2 2)
=
max (vquarterspan ( t) ) | uncontrolled
2
J3 _ - O-displacement (23)

O-displacement uncontrolled
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For numerical simulations, the external wind load is calculated based on the wind speed. First, the
actual wind speed was directly measured on an in-service cable-stayed bridge in Korea as shown in
Fig. 4. And then, the wind load can be obtained by using the following equation
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where p is the air density (1.25 N-s*/m*), C is the wind force coefficient (1.2), 4 is the area under
the wind load, V is the measured wind speed. Fig. 5 shows the calculated wind load based on Fig. 4
and Eq. (27).

Numerical simulations of the two cases have been carried out. First, the forced vibration analysis
using the calculated wind load based on the measured wind speed data is considered. And then, the
peak response in each control case is compared. Also, the free vibration analysis is performed in
order to verify the effectiveness of the proposed system through the damping ratio of the cable-
damper system.

3.6 Forced vibration analysis results

Fig. 6 shows the time history responses of the displacement at the mid-point of the cable in the
passive-off (i.e., the input voltage of 0 V) and passive-on (i.e., the input voltage of 4.45 V) cases
under the calculated wind load. As seen from the figures, the passive-off case can slightly reduce
the cable response compared to the uncontrolled case; on the other hand, the passive-on case can
significantly mitigate the vibration of the cable. Fig. 7 shows the corresponding damper force of the
MR damper in the passive control cases. The damper force in the passive-on case is much larger
than that in the passive-off case.
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Fig. 6 Mid-point displacement of the passive control methods
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Fig. 9 Damper force of the MR damper in the semi-active control cases

The time history responses of the displacement at the mid-point of the cable in the semi-active
control cases are shown in Fig. 8. These figures indicate that all the semi-active systems (i.e.,
control based on Lyapunov stability theory (Lyapunov), maximum energy dissipation (MED) and
modulated homogeneous friction (MHF)) can significantly reduce the displacement response of the
cable compared to the uncontrolled case. Fig. 9 shows the corresponding MR damper forces in all
the semi-active control cases.
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Fig. 10 represents the time history responses of the displacement at the mid-point of the cable in
the smart passive case. As seen from the figure, the mid-point displacement in the smart passive
system is dramatically reduced. Also, by comparing Figs. 6, 8 and 10, it is known that the response
mitigation performance of the smart passive system is slightly better than that of the passive-on case
and comparable to those of all the semi-active cases. Fig. 11 shows the corresponding MR damper
force in the smart passive case.

Table 4 shows the normalized responses of control algorithms with respect to the uncontrolled
system. As shown in the table, all the control algorithms, except the passive-off case, significantly
reduce the responses compared with the uncontrolled system (i.e., 45~65% reduction in the passive-
on case, 50~71% in Lyapunov, 51~72% in MED, 50~74% in MHF, 49~72% in the smart passive
case). In the passively operated systems, the performance of the passive-on is much better than that
of the passive-off system. Of all the semi-active control algorithms, the modulated homogeneous
(MHEF) algorithm is slightly better than the other two algorithms as well as the passive-on system.

In the table, the value in the parenthesis represents the ratio of the normalized response in each
control case to that in the smart passive case. That is, if the values in a specific control system are
larger than one, it means that the smart passive system has the better performance than the control
system. As seen from the table, all the values in parenthesis in the passive control systems are
larger than one. It clearly indicates that the smart passive system has the better performance than the
passive cases. On the other hand, one of the semi-active cases such as MHF shows a little bit better
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Table 4 Normalized responses with respect to the uncontrolled system

Control algorithms Pa;i}fve Pa(s;llve Lyapunov MED MHF pSaI;ls?f/te
Jy (max. displ. 0.84 0.55 0.46 0.45 0.46 0.47
at mid-point) (1.79) (1.17) (0.98) (0.96) (0.98) (1.0)
J (max. displ. 0.79 0.54 0.50 0.49 0.50 0.51
at quarter-point) (1.55) (1.1) (0.98) (0.96) (0.98) (1.0)
. 0.73 0.35 0.29 0.28 0.26 0.28
/5 (RMS displ.) 2.61) (1.25) (1.05) (1.0) (0.93) (1.0)
. 0.74 0.35 0.30 0.29 0.26 0.28
Ji (RMS velocity) (2.64) (125) (1.07) (1.03) (0.93) (1.0)

performance than the smart passive case by 2~7% and the other two semi-active cases have the
similar performance to the smart passive case. Also, the proposed smart passive system has a
crucial advantage such as the simplicity (i.e., no need to external power source, sensors and a
controller). Therefore, it could be considered as an alternative vibration mitigation system for stay
cables.

3.7 Free vibration analysis results

Because a stay cable with a damper shows nonlinear dynamic behavior, the amplitude-dependent
damping ratio of the cable-damper system can be calculated by using the Hilbert transform-based
identification method (Duan et al. 2002). Fig. 12 shows the first modal damping ratio of each
control system with the variation of the vibration amplitude. According to the figure, the damping
ratio of the modulated homogeneous friction algorithm has the largest value. And, the damping
ratios of the other two semi-active control algorithms and the smart passive system have larger than
those of the passive control methods (i.e., the passive-off and passive-on cases). Therefore, it is
clearly demonstrated that the smart passive system could be one of the promising candidates for
mitigating the excessive vibration of stay cables under wind load.
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4. Conclusions

In this study, the smart passive control system consisting of the MR damper and the EMI device
has been numerically investigated to validate its efficacy for real scaled stay cable vibration
reduction. To this end, the forced and free vibration analyses have been carried out by using a cable
model data extracted from a 203 m real-scaled stay cable in the in-service cable-stayed bridge in
Korea. And then, numerical simulation results of the smart passive system are compared with those
of passive cases (the passive-off and passive-on cases) and semi-active control systems (the
modulated homogeneous friction, maximum energy dissipation and Lyapunov stability based
control) employing MR dampers. As a result, the control performance of the smart passive control
system is better than those of the passive control cases and comparable to those of the semi-active
control systems in the forced vibration analysis as well as the free vibration analysis, even though
there is no external power source in the system. Therefore, the MR damper-based smart passive
control system employing an EMI device could be considered as one of the promising strategies for
cable vibration mitigation. The control effectiveness of the smart passive system will be
experimentally validated by using a full-scale structure.
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