









































5. NUMERICAL VERIFICATION OF A SCALED-DOWN EXPERIMENTAL RIG
EQUIPPED WITH EM-MTMD

5.1 Overview of the Primary Building

The target primary building is a SDOF scaled-down experimental rig
manufactured to imitate a 38-story residential building located in Taipei, Taiwan. The
period of the rig is 3.53 sec which matches the fundamental period of the residential
building along the Y (weak) direction. The mass of the scale-down experimental rig is
realized by 6,000 kg of steel boxes and temporarily fixed (locked) EM-MTMD system
for the convenience of experiment. The stiffness of the scale-down experimental rig,
however, is achieved by a curved guide as shown in Fig. 4 which is designed to provide
a constant period of oscillation. The identified damping ratio of the rig is 2%.
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Fig. 4 Target Primary Building, a SDOF Scaled-down Experimental Rig

5.2 Designed EM-MTMD Parameters

Followed the design procedure proposed in section 4, Fig. 5. shows the optimized
normalized transfer function regarding the displacement response of the primary
building. To cooperate with the existing experimental rig, here we assume the number
of EM-MTMD units are three, that is p = 3. Dimensional and dimensionless parameters
are shown in Table 3 in a form previously introduced.

10 T T T T T
— with EM-3TMD
g ) —-—- Uncontrolled i
I
— i
o6t i -
x i
_ I\
c\13g 4 - l \ |
I\
2+ / .
7/ N\
Pt N
0 1 1 1 1 -
0 0.1 0.2 0.3 0.4 0.5

Frequency Ratio, 7,
Fig. 5 Designed Normalized Transfer Function of the Scaled-down Structure
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Table 3 Designed Dimensional and Dimensionless Parameters of the Scaled-down

Structure
Designed Value Designed Value
Notation EM- EM- EM- Notation EM- EM- EM-
TMD1 TMD2 TMD3 TMD1 TMD?2 TMD3
Given Parameters
st 120
(k) s, 0.02
p 6000
(kg)
Cp
426.97
(Nxs/m) ¢ 0.02
ky 18990.0 P '
(N/m) (3.53 sec)
by,
(kg) 0.7 Bs, 0.0168
Optimized Parameters
(ms, 39.6 46.1 343 |0 {ut,} | 0.0066 | 0.0077 | 0.0057
{(kg)} UD
Cssy 4.50 5.14 417 B " 0.0324 | 0.0343 | 0.0323
(Nxs/m) . . . ; 0O {S;ssk} . . .
{ks ) 121.8 /
(N/rkn) (3.58 sec) (3.87 sec) (3.33 sec) {rf,} | 0.9857 | 0.9137 | 1.0592

5.3 Vibration Control Performance of EM-MTMD

To investigate the performance, responses of designed EM-MTMD are simulated
when subjected to five ground acceleration records. These five ground acceleration
records are (1) Chi-Chi: The E-W component recorded at the campus of National
Chung Hsing University (NCHU), Taiwan during the Chi-Chi earthquake of September
21, 1999. (2) Kobe: The N-S component recorded at the Kobe Japanese
Meteorological Agency (JMA) station during the Hyogo-ken Nanbu earthquake of
January 17, 1995. (3) Hachinohe: The N-S component recorded at Hachinohe City
during the Tokachi-Oki earthquake of May 16, 1968. (4) El Centro: The N-S component
recorded at the Imperial Valley Irrigation District substation in ElI Centro, California,
during the Imperial Valley, California earthquake of May 18, 1940. (5) a Gaussian white
noise.

Since the allowable stroke of EM-MTMD units is 50 cm, the PGA of all ground
acceleration records are scaled down so that the stroke response would match the limit.
The scaled-down PGA value are shown in Table 4 and Table 5.

The acceleration and displacement response of the primary building when
subjected to Chi-Chi Earthquake with and without EM-MTMD are presented in Fig. 6.
The reductions of maximum and root-mean-square responses when subjected to other
ground acceleration records are also organized in Table 4. It can be seen that the
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responses are significantly reduced by the EM-MTMD with an average RMS.
reduction of -29%. Moreover, to investigate the potential harvestable power for the
three electric load in the EM-MTMD units R4, ., the instantons power responses are
simulated according to Eq. (14). The instantons power responses of three electric load
when subjected to Chi-Chi Earthquake and other ground acceleration records are
presented in Fig. 6 and Table 5. The result shows considerable electric power can be

harvested for a scaled-down experimental rig.
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Table 4 Relative Displacement of the Primary Building without and with EM-3TMD
When Subjected to Ground Accelerations.

Relative Disp. of the RMS. MAX.
Primary Building x,, w/o with w/o with
(cm) control EM-3TMD control EM-3TMD
Chi-Chi Earthquake 1999 3.4 2.1 6.7 6.0
PGA =30 gal (-38%) (-10%)
Kobe Earthquake 1995 3.6 3.0 9.8 9.5
PGA = 260 gal (-17%) (-3%)
Hachinohe Earthquake 1968 41 3.0 8.8 7.8
PGA =60 gal (-27%) (-11%)
El Centro Earthquake 1940 4.9 3.6 13.4 12.7
PAG = 130 gal (-27%) (-5%)
Gaussian White Noise 4.4 2.8 10.4 7.4

RMS Acc. = 20 gal (-36%) (-29%)

Table 5 Power in the Electric Load of EM-MTMD Units When Subjected to Ground
Accelerations.

Power in the Electric Load RMS.
of EM-MTMD
(W) EM-TMD1 EM-TMD2 EM-TMD3
Chi-Chi Earthquake 1999
PGA = 30 gal 0.6 0.7 0.2
Kobe Earthquake 1995
PGA = 260 gal 0.6 1.0 0.4
Hachinohe Earthquake 1968
PGA = 60 gal 0.5 0.2 1.0
El Centro Earthquake 1940
PAG = 130 gal 0.7 0.5 1.0
Gaussian White Noise 05 05 0.7

RMS Acc. =90 gal

6. CONCLUSIONS

This study aims to investigate the feasibility of a new type of MTMD system,
called electromagnetic tuned mass damper (EM-MTMD). Additionally, the author
proposes an optimization procedure for engineers to follow when applying EM-MTMD
to civil structures. Traditional viscous damper possess two unwanted characteristic for
a necessary part in MTMD (TMD) which are overheating and limited stroke.
Overheating property of viscous damper may result unexpected nonlinear damping
behavior and limiting stroke of viscous damper may restrict the possible maximum
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stoke of MTMD (TMD). By implementing rotary transducer and transmission system to
the MTMD, a more refined energy dissipating device is proposed. This approach
achieves a more flexible viscous damping for MTMD (TMD) and gives the possibility to
harvest dissipated energy and transform it into usable electric energy while mitigate
vibration simultaneously.

EM-MTMD has a comparable vibration control performance to that of a traditional
MTMD system. The excessive vibration of the primary building can be significantly
reduced by the EM-MTMD if the designer follow the optimization method proposed in
this study.

REFERENCES

Cassidy, I. L., Scruggs, J. T., Behrens, S., and Gavin, H. P. (2011).“Design and
experimental characterization of an electromagnetic transducer for large-scale
vibratory energy harvesting applications.” J. Intell. Mater. Syst. Struct., 22(17),
2009-2024.

Frahm, H. (1911)."Device for damping vibrations of bodies.” U.S. Patent.

Graves, K. E. (2000).“Electromagnetic Energy Regenerative Vibration Damping.”

Uiversity of Technology, Industrial Research Institute Swinburne.

Hartog, J. P.Den. (1985).Mechanical Vibrations. Civil, Mechanical and Other

Engineering Series, Dover Publications.

Hoang, N., and Warnitchai, P. (2005).“Design of multiple tuned mass dampers by using
a numerical optimizer.” Earthq. Eng. Struct. Dyn., 34(2), 125-144.

Lefeuvre, E., Audigier, D., Richard, C., and Guyomar, D. (2007).“Buck-boost converter
for sensorless power optimization of piezoelectric energy harvester.” leee Trans.
Power Electron., 2018-2025.

Lin, C. C., Wang, J. F., and Chen, B. L. (2005).“Train-Induced Vibration Control of
High-Speed Railway Bridges Equipped with Multiple Tuned Mass Dampers.” J.
Bridg. Eng., 10(4), 398-414.

Lin, C. C., Wang, J. F., Lien, C. H., Chiang, H. W., and Lin, C.-S. (2010).“Optimum
design and experimental study of multiple tuned mass dampers with limited stroke.”
Earthg. Eng. Struct. Dyn., 39(14), 1631-1651.

Lin, C. C., Wang, J. F., and Ueng, J. M. (2001).“Vibration Control Identification Of
Seismically Excited M.D.O.D. Structure-PTMD Systems.” J. Sound Vib., 240(1),
87-115.

Lin, G. L., Lin, C. C., Chen, B. C., and Soong, T. T. (2015).“Vibration control
performance of tuned mass dampers with resettable variable stiffness.” Eng.
Struct., 83, 187-197.

Liu, Y. L., Lin, C. C., Parker, J., and Zuo, L. (2016).“Exact H2 Optimal Tuning and
Experimental Verification of Energy-Harvesting Series Electromagnetic Tuned-
Mass Dampers.” J. Vib. Acoust., 138(6), 61003—-61012.

McDaid, A. J., and Mace, B. R. (2013).“A self-tuning electromagnetic vibration absorber
with adaptive shunt electronics.” Smart Mater. Struct., 22(10), 105013.

Newland, D. E. (2012).An Introduction to Random Vibrations, Spectral & Wavelet
Analysis: Third Edition. Dover Civil and Mechanical Engineering, Dover
Publications.



The 2017 World Congress on
Advances in Structural Engineering and Mechanics (ASEM17)
28 August - 1 September, 2017, llsan(Seoul), Korea

Palomera-arias, R. (2005).“Passive Electromagnetic Damping Device for Motion
Control of Building Structures.” Massachusetts Institute of Technology.

Shen, W. A., Zhu, S., and Xu, Y. L. (2012).“An experimental study on self-powered
vibration control and monitoring system using electromagnetic TMD and wireless
sensors.” Sensors and Actuators a-Physical, 180, 166—176.

Tang, X., and Zuo, L. (2012).“Simultaneous energy harvesting and vibration control of
structures with tuned mass dampers.” J. Intell. Mater. Syst. Struct., 23(18), 2117—-
2127.

Wang, J. F., and Lin, C. C. (2005).“Seismic performance of multiple tuned mass
dampers for soil-irregular building interaction systems.” Int. J. Solids Struct.,
42(20), 5536-5554.

Xu, K., and Igusa, T. (1992).“Dynamic characteristics of multiple substructures with
closely spaced frequencies.” Earthq. Eng. Struct. Dyn., 21(12), 1059-1070.

Zhu, S., Shen, W. A., and Xu, Y. L. (2012).“Linear electromagnetic devices for vibration
damping and energy harvesting: Modeling and testing.” Eng. Struct., 34, 198-212.



