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Structural Damping

Purpose: Reliably absorb and dissipate energy from dynamic loadings (i.e.
earthquake, wind) to mitigate structural vibrations, displacements, etc.

Some common examples include:
* Tuned mass dampers

» Electromagnetic dampers

* Friction dampers

Fig. 1. Taipei 101.

Fig. 2. Real-world TMD. u';ggfl I-EMI-"GH




Damper Classes

Passive:
* Require no external power
« Limited functional bandwidth

. . Response
Active: Desired State Control Laws Control Input Damper —>

« Adaptable/quick
* Require much external power

Sensors

; ; Fig. 3. Controlled damper block diagram.
Semi-active:

* Purely reactive
« Require little external power

Semi-active dampers add no energy to the system and are fail safe.
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Banded Rotary Friction Device

* Novel variable friction damper inspired by band brake technology
» Drum rotates, friction develops between drum and elastic bands
» Electric actuators can adjust band tension - control damping

Fig. 5. BRFD electric actuators close up.
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Passive Operation
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Vid. 1. BRFD passive mode operation.
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Passive to Semi-active

» Applied forces determine damper output level
» Area of force-displacement curves = energy dissipated by the damper
Goal: Control kinetic friction with the electric actuators
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Fig. 7. BRFD passive response for various applied forces.
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Semi-active Modeling Difficulties

1) Friction: stick-slip motion, Stribeck effect, hysteresis

2) Self-energizing effect: back-and-forth of energy stored and released

3) Deflections: electric actuators/elastic bands

4) Sensitivity: slight variations in setup conditions can vastly effect output

(a) slack (b) taut
(a) forward rotation, Faer 2 >> Faer (b) backward rotation, Fyer,; >> Faer2 F|g 9. Electric actuator deflection.
Fig. 8. Forces on the BRFD.
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Testing Procedure

« Sets of passive characterization tests conducted for analysis

» Used sinusoidal input with amplitude 1in and frequency 0.5Hz
» Electric actuators incrementally retracted between tests

« Data from 90 tests collected in total

Table 1. Passive tests conducted on 07/20.
Actuator 1 position (in)

0.715 0.73 0.745 0.76 0.775 0.79 0.805 0.82 0.835

0.81
’C\ 0.825 X X
<
c 0.84 X X X X
o Full Test
= 0.855 X X X X X
2]
8_ 0.87 X X X X X X
~ Safety Limit
— 0.885 X X X X X X X
(@]
= : i
= | 09 x X x x x x X x *conducted twice
o
(@]
< 0.915 X X X X X X X

0.93 X X X X X X X

0.945
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Question: How is damping related to electric actuator forces?

Relationship Development
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Fig. 10. Example characterization data.
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(b) damper response
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Fig. 11. Friction-actuator force dependence.
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Fig. 12. Distribution of friction-actuator force slopes.

Answer: Damping is proportional to actuator forces.
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Relationship Development

Question: How are electric actuator forces
related to actuator displacements?

* Regressed actuator forces against

positions z
° Slopes Captu re rate at Wthh actuator (a) forward. actuator 1 (b) forward. actuator 2
forces change with displacements

=

« Linear models ignore potential for

coupling effect to exist 8
AnSWGFZ ACtuatOI' fO rCeS are prO pOfthnal (¢) backward. actuator | (d) backward, actuator 2
to actuator pOSitiOﬂS. Fig. 13. Actuator force-position models.
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Damper Force Amplification
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Fig. 14. Amplification factor computation.
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LuGre Model

« Dynamic friction model with state variable z
 Introduced for the control of dry friction interfaces

Z=V—0 id Z Eg. 1
°9) v

_(3)2 E 2
g(v)ch-l'(Es‘_Fc)e Us g

F =o0yz+ 0,Z+ o,V Eqg. 3

« Tosolve Eqg. 1, assumed that v is constant over each timestep At
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Semi-active Model

o Standard LuGre model serves as a baseline
« F. modified to be function of electric actuator positions/drum velocity:

FC(xl) lev) Eq 4

_ {b + (Cymyq + Comypq)(xg — x1) + (Cymyp + Comyy) (X, — x3), v=>0
b+ (Csmgq + Comyq)(x; — x1) + (C3mg, + Camy,) (X, — x3), v<0

Table 2. Identified model scaling factors. Table 3. Identified model slopes.
Slope (kip/in) Scaling Factor
my mp ma| ma m3 EY) mygy Mg C G G Cy
Value | -0.14 -0.15 -1529 -13.00 -16.66 -15.77 -0.13 -0.15 Value ‘ 119.68 2.10 1.94 123.31
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Validation Tests

Semi-active validation tests devised that run hydraulic/electric actuators

°
simultaneously
n n
ol displacement (in)
i) velocity (in/s)
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12 validation tests conducted in total

6 with harmonic actuator displacements
6 with step actuator displacements

Table 4. Electric actuator displacement parameters for validation tests.

Test #

Controlled Actuator

Displacement Amplitude (in)

Drum Cycle

o IR R N P e

one
one
two
two
both
both

0.03
0.03
0.03
0.03
0.015
0.015

forward
backward

forward
backward

forward
backward
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Validation Results

» Model able to predict changes in damping induced by electric actuator
displacements

stepup step down
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Ak ] Fig. 16. Time-series plots and model predictions.
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Validation Results
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Fig. 17. Hysteresis plots and model predictions.
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Discussion

« With just 0.03in actuator displacements, damper amplification factors saw
a 33% Iincrease

 Much model error stems from backlash and residual static forces

Table 5. Model error on validation data.

. e , .
4l P AN LL‘\ —mocal |- NRMSE

/ \ Test # | Harmonic  Step

_ I | 01988  0.1766
\ 02070  0.1794

0.1971 0.1684

backlash

friction force (kip)

//
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/
N =W o
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initial 0.1984  0.1768
ol | . | \ 0.1908  0.1717
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time (s)

Fig. 18. Visualization of model error modes.
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My Experience at Lehigh
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Learning Outcomes

Takeaways: .
. - - —# connections I
Damping/friction knowledge — -REU begins :
« Dissemination experience :

« Connections/friends
|
|
Future work: !
; . |
« Semi-active control - , , :
« Paper yls o2 i ok
P Q&Qp 06@@ " S o S
P P‘\)g 59(\\) A\

Fig. 19. LinkedIn connections through time.

v & Real-Time Multi-Directional Testing Facility



Acknowledgments

This material is based upon work supported by the National Science Foundation under
the NHERI Network Coordination Grant No. 2129782 and Lehigh University, Real-
Time Multi-Directional Hybrid Simulation Experimental Facility Grant No. 2037771,
Discussed findings are those of the authors alone and do not necessarily reflect the
views of the National Science Foundation. The authors wish to thank Lehigh
University, the Lehigh NHERI Experimental Facility, and the ATLSS Engineering
Research Center for hosting this work. Much appreciated is Thomas Marullo and
laboratory maintenance technicians for help with damper testing and troubleshooting,
respectively. Extended thanks go out to Drs. Robin Nelson, Chad Kusko, and Joseph
Saunders for their work in organizing the NHERI REU and STEM-SI summer
programs. Without their help, this work would not have been possible.

Real-Time Multi-Directional Testing Facility



References

Canudas de Wit, C., H. Olsson, K. J. Astrom, and P. Lischinsky. 1995. “A new

model for control systems with friction.” IEEE Trans. Autom. Control. 40 (3),
419-425. https://dol.org/10.1109/9.376053.

Cao, L., S. Laflamme, D. Taylor, and J. Ricles. 2016. “Simulations of a variable
friction device for multihazard mitigation.” J. Struct. Eng. 142 (12):
H4016001.

https://doi.org/10.1061/(ASCE)ST.1943-541X.0001580 .

Downey, A., L. Cao, S. Laflamme, D. Taylor, and J. Ricles. 2016. “High capacity

variable friction damper based on band break technology.” Eng. Struct., 113,
287-298. https://doi.org/10.1016/j.engstruct.2016.01.035.

Lu, L.-Y. 2004. “Semi-active modal control for seismic structures with variable
friction dampers.” Eng. Struct., 26 (4), 437-454.
https://doi.org/10.1016/j.engstruct.2003.10.012.

Saeed, T. E., G. Nikolakopoulos, J.-E. Jonasson, and H. Hedlun. 2015. “A State-of-
the-art review of structural control systems.” J. Vib. Control., 21 (5), 919-937.
https://doi.org/10.1177/1077546313478294.

Real-Time Multi-Directional Testing Facility


https://doi.org/10.1109/9.376053
https://doi.org/10.1061/(ASCE)ST.1943-541X.0001580
https://doi.org/10.1016/j.engstruct.2016.01.035
https://doi.org/10.1016/j.engstruct.2003.10.012
https://doi.org/10.1177/1077546313478294

National Science Foundation

The NHERI Network Coordination Office is supported by the National Science Foundation award CMMI 2129782. Any statements in this material are those of
the presenter(s) and do not necessarily reflect the views of the National Science Foundation.


https://nsf.gov/awardsearch/showAward?AWD_ID=2129782&HistoricalAwards=false

