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ABSTRACT: This paper presents a control algorithm for MR dampers which adjust the MR 

damper cycle energy to the actual vibration state of the stay cable by constant current during on 

cycle of vibration. The current controls the predominant hysteretic damping part such that the 

total MR damper cycle energy, i.e., hysteretic and small viscous damping, equals the cycle 

energy of the optimal linear viscous damper. The hysteretic yield force needs to be adjusted 

proportionally to the cable amplitude at damper position which is determined from one 

collocated displacement sensor. The resulting cable damping is amplitude independent and – as 

a result of the predominant hysteretic cycle energy – almost frequency independent. Free 

vibration decay tests on real stay cables show that the adaptive damping system works at an 

overall damper efficiency of 70%-80% independent of amplitude and frequency. 

1 INTRODUCTION 

Cables of stay cable bridges may undergo vibrations of excessive amplitudes due to their low 

inherent damping and length. Then, bridges must be closed and material damage may occur. 

The usual countermeasure is to connect transverse dampers to cables close to their lower 

anchor. The commonly installed dampers are oil (Main & Jones 2001), sliding surface 

(Bournand & Crigler 2005) and magneto-rheological (MR) dampers (Christenson et al. 2006, 

Duan et al. 2006, Johnson et al. 2007, Li et al. 2007, Weber et al. 2005b, Weber et al. 2009). 

Whereas the passive oil and sliding surface dampers are restricted to the linear viscous and the 

Coulomb friction force velocity trajectories, respectively, MR dampers provide the opportunity 

to track any desired force velocity trajectory as long as the desired force is within the MR 

damper working range. This feature allows producing high cable damping irrespectively of the 

cable vibration state, i.e., amplitude and frequency. 

Besides the passive-on-off method, the most often implemented control algorithms using MR 

dampers are based on clipped optimal control (Weber et al. 2005b), fuzzy logic (Lin et al. 2007) 

and neural network control (Ni et al. 2000). All these algorithms modulate the MR damper 

current at fairly high frequencies in order to track the desired control force which changes 

rapidly during one vibration cycle. This requires the use of current drivers high control force 

dynamics may lead to significant control force tracking errors. In contrast to these control 

approaches, this paper presents an algorithm which directly controls the MR damper cycle 

energy by constant current during one cycle of vibration. The applied current adjusts the 

predominant hysteretic MR damper force such that the hysteretic and viscous damping parts 
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equal the cycle energy of the optimal linear viscous damper. It is shown that this concept 

generates amplitude independent and almost frequency independent cable damping. 

2 CONTROL ALGORITHM 

2.1 Optimal linear viscous damper 

The force f  of linear viscous dampers is proportional to the collocated cable velocity au&  

aucf &=  (1) 

where c  is the damper viscosity (figure 1a). Since the collocated velocity is determined by the 

cable-damper interaction, the viscosity is the tuning parameter. For maximum cable damping, it 

has to be chosen according to Krenk (2000) as follows 
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where T  denotes the cable tension force, a  the damper position, 
0

nω  the radial frequency of the 

undamped mode n  and l  the cable length. The presence of the modal frequency means that 

linear viscous dampers can only be optimally tuned to one mode of vibration. 

2.2 Energy equivalent friction damper 

The Coulomb friction damper generates the velocity independent friction force (figure 1b) 

( )
fria Fusignf &=  (3) 

where friF  denotes the friction force level. Balancing the cycle energies W  of viscous and 

friction dampers for equal damper displacement amplitudes aU  

afriaa UFUUcW 4== &π  , (4) 

assuming sinusoidal damper displacement and replacing the viscosity by its optimum (2), the 

friction force of an energy equivalent friction damper becomes (Høgsberg & Krenk 2008) 
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Thus, the yield force of friction dampers needs to be controlled proportionally to the cable 

displacement amplitude at damper position but does not dependent on the mode of vibration. 

 

Figure 1. Force displacement and force velocity trajectories of: Linear viscous (a), Coulomb friction (b) 
and combined linear viscous and Coulomb friction dampers (c). 
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Figure 2. MR damper force displacement trajectories at different constant currents (a); current dependent 
MR damper yield force (b). 

2.3 Energy equivalent viscous-friction damper 

Combining (1)-(5), the force of a combined linear viscous and amplitude proportional friction 

damper that dissipates the same cycle energy as the optimal linear viscous damper is (figure 1c) 
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2.4 Cycle energy control (CEC) of MR dampers 

MR dampers operated at constant current produce a strongly current dependent yield force of 

the hysteretic damping part due to the MR fluid particles which is superposed by an almost 

current independent viscous force due to the MR fluid oil (figure 2, Sims et al. 2004, Weber et 

al. 2005a). Hence, the first term in (6) can be seen as the almost current independent viscous 

force part of the MR damper whereas the second term corresponds to the current dependent 

yield force of the MR damper. Since the viscous force is given by the approximately constant 

MR fluid viscosity MRc =8000 kg/s, the desired control force generating the same cycle energy 

as the optimal linear viscous damper becomes 
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The control law (7) can be implemented with one collocated displacement sensor, the 

knowledge of the steady-state relation between MR damper yield force and current, the MR 

damper viscosity and the actual frequency of vibration which may be derived from the 

displacement measurement. The closed loop structure is depicted in figure 3. 

3 FREE VIBRATION DECAY TESTS 

3.1 Simulations 

The closed-loop is programmed in Matlab/Simulink. The first mode is harmonically excited 

assuming sinusoidal mode shape. The excitation forces acting on all nodal points of the finite  
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Figure 3. Closed loop structure. 

 

Figure 4. Simulated free vibration decay: Point-to-point damping ratio (a) and force displacement 
trajectories (b). 

 

Figure 5. Simulated free vibration decay: Energy spillover from 1
st
 excited mode to higher modes (a); 

maximized combined viscous and amplitude proportional friction damping (b). 
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element cable model are turned off at 20 s (figure 4a). From the free vibration decay at the anti-

node, the point-to-point damping ratio is assessed by the logarithmic decrement. As can be 

observed from figure 4a, the point-to-point damping ratio is slightly modulated due to energy 

spillover from the excited mode to higher modes evoked by the controlled friction part of the 

damper. The resulting mean damping ratio is 1.28 times larger than expected from the optimal 

linear viscous damper. The predominant hysteretic friction behavior of the damper (figure 4b) 

generates energy spillover from the excited mode to higher modes (figure 5a), the friction force 

represents a highly nonlinear damper on the cable and leads to an almost rectangular shaped 

cable displacement at damper position (Weber et al. 2009). Thus, the assumption of sinusoidal 

displacement to derive (5) is not given and therefore (5) does not necessarily represent the 

friction force of an energy equivalent friction damper. This may explain the increased mean 

damping ratio which seems to be maximized for predominant (95%), amplitude proportional 

friction damping with small (5%) viscous damping (figure 5b). 

3.2 Measurements 

Free vibration decay tests have been performed on several stay cables. One stay of 223 m on the 

Franjo Tudjman Bridge near Dubrovnik, Croatia, one stay of 228 m of the Sutong Bridge in 

China, one stay of 290 m of the Alamillo Bridge in Seville, Spain, and a steal wire strand of 

16.5 m at Empa have been used for these tests (Weber et al. 2007a and 2007b). The tests on the 

first three cable modes have always been performed in the same way: 

1. Measuring the natural frequencies of the cable with one accelerometer using ambient 

vibrations in order to know the frequencies of excitation. 

2. Man powered excitation of the stays at a single eigenfrequency using a steel wire or by 

hand. 

3. Stopping excitation in order to perform a free vibration decay test. 

4. Measuring the vibration decay as close as feasible to the anti-node location of the 

excited mode. On real bridges, this position is determined by the crane height. 

The tests show that the control law (7) generates almost amplitude and frequency independent 

cable damping (figures 6 and 7). Comparing to the optimal linear viscous damper (8), the 

damping system works at an overall damper efficiency η  of 70%-80%.  

 

Figure 6. Free vibration decay tests on the Franjo Tudjman Bridge: Measured decay of cable and mean 
damping ratio (a); point-to-point logarithmic decrement, MR damper current and displacement (b). 
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Figure 7. Empa test cable: Amplitude and almost frequency independent cable damping due to CEC. 

maxmax /)/(5.0 ζζηζ tmeasuremenla =→=  (8), (9) 

The MR damper current is zero if the desired control force is smaller than the hysteretic friction 

force at 0 A (figure 6b, Weber et al. 2008). Due to the amplitude proportional control of the 

hysteretic friction force, the MR damper does not clamp the cable if cable amplitudes are 

smaller than a certain threshold as in the case of constant friction damping which is depicted in 

figure 7 by the damping curves at constant current. These curves show strongly amplitude 

dependent damping whereas the CEC approach generates amplitude independent damping as 

long as the desired control force is larger than the hysteretic MR damper friction at 0 A. 

4 CONCLUSIONS 

A control concept for MR dampers on cables has been presented where the hysteretic damping 

part is adjusted each cycle of vibration such that the total cycle energy consisting of 

predominant hysteretic and small viscous damping balances the cycle energy of the optimal 

linear viscous damper. This allows for keeping the MR damper current constant during one 

cycle of vibration. It was shown that the hysteretic damper force must be controlled 

proportionally to the cable amplitude at damper position. Measured free vibration decay tests on 

several cables show that the resulting cable damping is amplitude and almost frequency 

independent and works at an overall damper efficiency of 70%-80% which is 1.3 times greater 

than the usually assumed value of 50%-60%. This can be explained by the simulated damping 

ratio which turned out to be 1.3 times larger than expected from the optimal linear viscous 

damper. It is assumed that the improved damping ratio results from the nonlinear behavior of 

the hysteretic friction force which leads to energy spillover to higher modes and almost 

rectangular cable displacement at damper position. 
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