4th World Conference on Structural Control and Monitoring

4WCSCM-253

AN MR DAMPER-BASED CONTROL SYSTEM INTRODUCING ELECTROMAGNETIC
INDUCTION PART
H.J. Jung
Sejong University, Seoul 143-747, Korea
hjung@sejong.ac.kr
K.M. Choi and I.W. Lee
Korea Advanced Institute of Science and Technology, Daejeon 305-701, Korea
kmchoi@kaist.ac.kr, iwlee@kaist.ac.kr
S.W. Cho
University of Western Ontario, London, Ontario,Canada, N6A 5B8
swcho42@uwo.ca
Abstract
This paper investigates the feasibility and efficacy of an MR damper-based control system introducing an electromagnetic
induction (EMI) part, for suppressing vibration of building structures subjected to seismic loadings. In the proposed control
system, the EMI part composed of a permanent magnet and a coil converts the kinetic energy of the relative motion between a
building and an MR fluid damper into the electric energy, which is used for a change in damping characteristics of the MR fluid
damper. Since the EMI part can be used as a controller, which determines the command voltage input according to structural
responses, as well as a power source, the proposed control system can be much more compact, convenient, and economic than a
conventional active/semiactive system that needs a power supply, a controller and sensors. To verify the feasibility and efficacy
of the proposed control system, a shaking table test of a small-scale building model employing the MR fluid damper with the
EMI part is conducted. The performance of the proposed control system is compared with that of conventional control systems
using an MR fluid damper.

Introduction
Recently, considerable attention has paid to semiactive control systems, because they have both the
reliability of passive control systems and the adaptability of active control systems. For more than two
decades, a lot of semiactive control devices have been developed such as variable stiffness dampers,
variable friction dampers, and magnetorheological/electrorheological (MR/ER) fluid dampers. Among
them, an MR fluid damper is one of the most promising semiactive control devices, because of its
mechanical simplicity, high dynamic range, low operating power requirements, large force capacity, and
environmental robustness (Dyke et al. 1996; Dyke et al. 1998; Jung et al. 2003, 2004a,b; Kamath and
Wereley 1997; Spencer and Sain 1997; Spencer et al. 1997). Recently, an MR fluid damper-based
semiactive control system was applied to the Nihon-Kagaku-Miraikan building and the base isolated
building in Japan for seismic protection of response of the structures, which are the world’s first full-scale
implementations in civil engineering structures (Spencer and Nagarajaiah 2003; Jung et al. 2004a).
To reduce the responses of structures with MR fluid dampers, a control system including a power supply,
a controller, and sensors is required (Soong 1990; Dyke et al. 1996; Spencer et al. 1997). However, when
a lot of MR fluid dampers are used in a large-scale civil structure such as a cable-stayed bridge and a
high-rise building, the control system becomes complex: many MR fluid dampers are used and then each
MR fluid damper must be connected to one or more power supplies and controllers. Also, many sensors
are needed to measure structural responses. Thus, it is not easy to install and maintain the MR fluid
damper-based control system for a large-scale civil structure. To resolve the above difficulties, a new
passively operated control system that consists of an MR fluid damper and an electromagnetic induction
(EMI) part was proposed by Cho et al. (2004, 2005). They numerically verified the effectiveness of the
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proposed control system by comparing its control performance with the normal MR fluid damper-based
semiacitve control system.
In this paper, the feasibility of the proposed control system for suppressing vibration of building
structures subjected to ground accelerations has been experimentally investigated. To do this, a shaking
table test of a small-scale three-story building model including an MR fluid damper with an EMI part
attached between the first and second floors is preliminarily conducted to reduce structural vibration due
to ground excitation. The control performance of the proposed control system is compared with that of the
conventional MR fluid damper-based control systems.
Proposed Control System
A conventional MR fluid damper-based semiactive control system needs sensors, a controller and an
external power source to reduce structural responses. Figure 1 shows the schematic diagram of the
conventional semiactive control system using the MR fluid damper. Although it seems to be simple, the
control system becomes more complicated to build up and maintain when many MR fluid dampers are
used for large-scale civil engineering structures such as cable-stayed bridges and high-rise buildings.

MR fluid damper

Figure 1. Schematic diagram of an MR fluid damper-based semiactive control system

To overcome previous disadvantages, the adaptive passive control system including the normal MR fluid
damper with the EMI part has been developed (Cho et al. 2004, 2005). The EMI part consists of a
permanent magnet and coils as shown in Fig. 2. The EMI part changes the kinetic energy of the
reciprocation motion of the MR fluid damper to the electric energy according to the Faraday law of
induction. The induced current can be estimated by the Faraday law of induction (Reitz et al. 1993;
Marshall and Skitek 1990; Miner 1996) as follows:

ε = −N

dΦ B
dA
= − NB
dt
dt

(1)

where ε is the induced electromotive force (emf) that has the unit of volts (V), N is the number of turns
of coils, Φ B is the magnet flux, B is the magnet field, and A is the area of the cross section. The negative
sign in (1) means the direction of the induced current.
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Figure 2. Proposed control system with MR fluid damper and EMI part

The Faraday law of induction states 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. In other words, the relative motion between a
coil and a permanent magnet causes a change in the magnet flux, which induces an emf in the coil. The
amount of the induced emf can be regulated by the turns of the coil or the intensity of the permanent
magnet as in (1). This induced the electric energy in the MR fluid damper is used to make magnet fields
that solidify the MR fluid inside the damper, which results in a change in damping characteristics of the
MR fluid damper.
Thus, the MR fluid damper adopting the EMI part can be considered as a passive-type control device that
does not require any external power at all. Also, the MR fluid damper with the EMI part is capable of
being adjusted to the vibration of structures by itself without any controller, because the output of the
induced electric energy is proportional to the magnitude of input loads such as earthquakes. In other
words, the fast relative motion between the permanent magnet and the coil gives high current and the
slow relative motion gives low current according to the Faraday law of induction. Hence, the MR fluid
damper-based control system including the EMI part has the adaptability that other passive control
systems cannot have. This is one of the main attractive features of the EMI part in the proposed control
system. More detailed information on the EMI system can be found in Cho et al. (2004, 2005).
Experimental Verification
The feasibility of the proposed control system for seismic protection of building structures is
experimentally investigated in this study. To do this, a shaking table test is conducted with a small-scale
three-story building model employing the MR fluid damper with the EMI part between the first and
second floors as shown in Figures 3a and 3b. The scaled building has a height of 105 cm and weighs a
total of 48.27 kg, which is distributed evenly in each floor. Figure 3c describes the EMI part in detail,
which is formed by combining a permanent magnet and a solenoid coil. A shaking table has a testing
platform with 110 cm by 100 cm, a maximum payload of 600 kg, a maximum acceleration of ±1.0 g and a
maximum velocity of 21 cm/sec. The table is uni-axially driven by a servo-controlled hydraulic actuator.
Also, an MR fluid damper used in the test is a MR controllable friction damper (Model No.: RD-1097-01)
from Lord Corporation which has a maximum force level of approximately ± 100 N and a maximum
voltage of 10 V because of heat damage at the current more than 0.5 A. The absolute acceleration at the
third floor and the relative displacements at the second and third floors are measured by the accelerometer
and the displacement sensors, respectively. In the experiment, the model of the structure is subjected to
the NS component of the 1940 El Centro earthquake. Because the structure under consideration is a
scaled model, the earthquake must be reproduced at 0.4 times the peak ground acceleration and at 2 times
the recorded rate, respectively.
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Figure 3. Experimental setup for the performance test of the adaptive passive system

Before conducting the test using the adaptive passive control system, the optimal passive control case is
investigated by using the conventional MR fluid damper-based control system. In this case, the MR fluid
damper is only passively operated. To change damping characteristics of the MR fluid damper, the
voltage input to the damper is changed from 0 V to 1.6 V. Figures 4a and 4b show the normalized interstory drifts and accelerations at all floors and the sum of normalized responses, respectively. As seen
from Figure 4b, the optimal voltage input to the MR fluid damper is 0.85 V. The performance of passiveoff (0 V), passive-on (1.6 V) and adaptive passive cases will be compared to that of this optimal passive
case with 0.85 V.
1.00

3.50
3.00

Normalized value.

Normalized value

0.80

0.60

0.40

2.50
2.00

Optimal

1.50
1.00

0.20

0.00

d₁

d₂

a₁

a₃

0.50
0.00

0.5

1

1.5

2

Passive voltage value (V)

(a) Inter-story drifts and accelerations

0.5

1

1.5

2

Passive voltage value (V)

(b) Sum of responses

Figure 4. Maximum responses in the passive cases normalized by the uncontrolled case

Figures 5a and 5b represent the maximum values of the inter-story drift between 2nd and 3rd floors and the
acceleration at 3rd floor normalized by the uncontrolled case, respectively. As seen from the figures, the
effectiveness of the proposed control cases and the passive optimal cases is more clearly demonstrated.
Moreover, all the control systems are more effective to reduce the peak inter-story drift than to decrease
the peak acceleration.
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Figure 5. Comparison of maximum responses normalized by the uncontrolled case

As demonstrated in the previous experimental results, the proposed control shows the similar
performance to the optimal passive system. However, the main advantage of the proposed system
compared with the passive optimal system is clearly shown in Figure 6. In this figure, energy
consumption for each control system is normalized with respect to the energy consumed for the passiveon case. While the electric power input to the MR fluid dampers in the proposed control system is not
needed due to the EMI part, the passive optimal system requires some amount of the electric power.
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Figure 6. Energy consumption for each control system normalized by the passive-on case

Conclusions
In this study, the newly developed control system consisting of the MR fluid damper and the
electromagnetic induction (EMI) part has been preliminarily verified for application in a seismically
excited building structure. The proposed MR fluid damper-based control system using the EMI part
composed of permanent magnet and a coil can be much more compact, convenient, and economic than a
conventional active/semiactive control system that needs a power supply, a controller and sensors. A
shaking table test of a small-scale building model employing the MR fluid damper and the EMI part has
been conducted to verify the effectiveness of the proposed control system. It is demonstrated from the
preliminary test that the proposed control system has the better performance than the passive-off and –on
cases and the comparable performance to the passive optimal cases. In addition, the electric power input
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to the MR fluid dampers in the proposed control system is not needed due to the EMI part, whereas the
passive optimal system requires some amount of the electric power. The additional shaking table test
using the proposed control system including the MR fluid damper and the more appropriately designed
EMI part is in progress.
Acknowledgements
The authors gratefully acknowledge the support of this research by the Smart Infra-Structure Technology Center (SISTeC) from
the Korea Science and Engineering Foundation and the Construction Core Technology Research & Development Project (Grant
No.: C105A1000021-05A0300-02110) from Korea Institute of Construction and Transportation Technology Evaluation and Plan
(KICTTEP).
References
Cho, S.W., H.J. Jung, J.H. Lee and I.W. Lee (2004), “Smart Passive System based on MR Damper,” JSSI 10th Anniversary
Symposium on Performance of Response Controlled Buildings, Yokohama, Japan, 2004. Proceedings, 56.
Cho, S.W., H.J. Jung and I.W. Lee (2005), “Smart Passive System based on Magnetorheological Damper,” Smart Materials and
Structures, 14, 707-714.
Dyke, S.J., B.F. Spencer, Jr., M.K. Sain and J.D. Carlson (1996), “Modeling and Control of Magnetorheological Dampers for
Seismic Response Reduction,” Smart Materials and Structures, 5, 565-575.
Dyke, S.J., B.F. Spencer, Jr., M.K. Sain and J.D. Carlson (1998), “An Experimental Study of MR Dampers for Seismic
Protection,” Smart Materials and Structures, 7, 693-703.
Jung, H.J., B.F. Spencer, Jr. and I.W. Lee (2003), “Control of Seismically Excited Cable-Stayed Bridge Employing
Magnetorheological Fluid Dampers,” Journal of Structural Engineering, ASCE, 129, 873-883.
Jung, H.J., K.S. Park, B.F. Spencer, Jr. and I.W. Lee (2004a), “State-of-the-art of Semiactive Control Systems using MR Fluid
Dampers in Civil Engineering Applications,” Structural Engineering and Mechanics, 17, 493-526.
Jung, H.J., K.S. Park, B.F. Spencer, Jr. and I.W. Lee (2004b), “Hybrid Seismic Protection of Cable-Stayed Bridges,” Earthquake
Engineering and Structural Dynamics, 33, 795-820.
Kamath, G.M. and N.M. Wereley (1997), “A Nonlinear Viscoelastic-Plastic Model for Electrorheological Fluids,” Smart
Materials and Structures, 6, 351-359.
Marshall, S.V. and G.G. Skitek (1990), Electromagnetic Concepts and Applications, Prentice-Hall, Englewoods Cliffs, NJ, USA.
Miner, G.F. (1996), Lines and Electromagnetic Fields for Engineers, Oxford University Press, Oxford, UK.
Reitz, J.R., F.J. Milford and R.W. Christy (1993), Foundations of Electromagnetic Theory, Addison-Wesley, Reading, MA, USA.
Soong, T.T. (1990), Active Structural Control: Theory and Practice, Longman Scientific and Technical, Essex, UK.
Spencer, B.F. Jr., S.J. Dyke, M.K. Sain and J.D. Carlson (1997), “Phenomenological Model of a Magnetorheological Damper,”
Journal of Engineering Mechanics, ASCE, 123, 230-238.
Spencer, B.F. Jr. and M.K. Sain (1997), “Controlling Buildings: a New Frontier in Feedback,” IEEE Control System Magazine,
17, 19-35.
Spencer, B.F. Jr. and S. Nagarajaiah (2003), “State of the Art of Structural Control,” Journal of Structural Engineering, ASCE,
129, 845-856.

Jung, Choi, Cho and Lee

6

