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Tacoma bridge flutter instabilty (1940)
[Wind speed: 40 mph]

Instability resulting from the interaction between the deck vibrations
and the unsteady aerodynamic forces acting on the deck
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Tacoma bridge Flutter
Computer simulation

Pedestrian-induced vibrations of bridges
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Pedestrian-induced vibrations of footbridges
Human Frequency
Activity Range (Hz)
Walking 1,6-2,4 Seriate footbridge:
Running 2,035 8 walking pedestrians: 1.8 m/s?
Jumping 1,834 4 joggers: 4 m/s?
Millenium Bridge London
Pedestrian induced vibration on the opening day
(synchronization)
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Synchronization of metronomes
[Synchronization of pendulum clocks was first observed by Huygens (17¢)]

Tallest buildings in the world ULB

T

Barj Wkl Shanghai Tower Abeaj A3 Bait Tamers Al T 191 Shaaghs: Werkd Jnistutnl

I EESEEEENEEEEENEEN

Trsde Crmier Fonupcisd Comirr Comemerve € rnire P! Tas Tt Tt
Wind Speed
Fracuen 3
TERY | Macr metsorsiogical Range Spacerl Gap Miceo-metaorelogical Rangs
T,~0.1n
- — . : - - i — —
10 1w wolo w 10 od W 1 01 8
' Time Pariod
1 yoe adays 1 day b Ioecomch]




31/10/2016

Reduction of resonance peaks with passive devices:
Tuned Mass Damper (TMD) Dynamic Vibration Absorber (DVA)
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Taipei 101 (509 m)
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ULB Active Mass Damper
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Active Mass Damper

Yokohama Landmark Tower
(296 m, 1993)

Auxilary mass

Servomotor

13

+

SN Cage shaped frame

Multif-step |
L pendglum
] Wire roj
L pe
M
|-
Auxiliafy mass

-1

Feed drive mechanism Servo motor

Fig. 2.7 Multi-step pendulum type HMD

(from K. Seto)
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Roller guide HMD

Auxiliary mass
with inner gear

Servo motor|

L

Roller guide way’

V-shaped HMD

V-shaped rail

Motor

Mechanical brake

— Rack and pinion

Roller

Reduction gear , @
o

Rubber mount vi

L

isolator
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TRIGON pendulum device (Kajima corp. 1993)
Shinjuku Park Tower — Seismic Response Control

= The TRIGON Weight Moves Like a Pendulum

Building floor

Displacement of
the building fioor

Vibration-absorbing rubber

= Adjustment of the Fund:

Vibration Period by using Spacers

Pendulum center

Pendulum center

spacers

{Short Period) {Long Period)

Apparent pendulum length
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Golden Gate, San Francisco, 1280 m, 1937

ULB

Suspension bridges

Clifton Bridge Bristol (Brunel, 1864)

Largest span: Akashi bridge,

Kobe 1991 m, 1998
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Decentralized active tendon control of cable-structures
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ULB

A.PREUMONT: Vibration Control of Active Structures,

34 Edition, Springer 2011

Maximum
achievable
damping:
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’ Suspension bridge: Seriate footbridge

Modde | 2D Numerieal | 3D Numerical | Experimental Experimental
N. (Hz) (Hz) (Hz) Mode Shape
1B 103 102 1.03 o=
£ = 27T % P
=
2, 1.39 148 1.48 o=
g m LMW g
e
1" T. 179 1.92
2md T, 2.1 194 -
T
3 B, 2.22 2.20 217
£3m 148 % P
37T 2.65 2,75 -
4™ B. 2.81 278 2.86 o
£4= 1.50 % =TT
Table 1: Natural frequencies and mode shapes of the Seriate foothridge, comparison of the
3D model and 2D model with experiments [18]. The two eritical modes are 3B and 4B.
Active tendon control with 4 steel cables of diameter 10 mm
can bring up to 15% damping in the critical modes
ULB 20
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ULB 21

Mock-up with
4 active tendons
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Decentralized control with Four independent loops
Reponse to disturbance z/f (FRF and cumulative RMS)

02f |o(w) = [f |R(v)[2dv]'/? _
Ok, |w , . . L
10 Freq [Hz] 100

23

ULB

Tower C

Multiple tower with active control bridges

Tower D

Actuator - Guide roller

Controlled bridge

Outer tube

ﬁ

AC servomotor  Ball screw and nut
i

%

N

L7

A s

[K.Seto, 2008]

A Ball bearing
Tower

1 ;177 N @
&\\\.\\\\\\\\\\\\\\\\\\\((\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ Tower 24

31/10/2016

12



TowerC  Tower D
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Tower A

[K.Seto, 2008]

ULB

{

Multiple tower with active control
Bridges - Laboratory Mock-up
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Shaking table tests
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[K.Seto, 2008]
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Compliance (dB)

Compliance (dB)

60
40 Real structure
Reduced order model
20
0
20
¥
401 Tower A
-60 |
60
40 Real structure
— Reduced order model
<0 Tower B
60 .
0 20 40 60 80 100

Frequency Hz

Comparison between the full model and a
reduced 2 d.o;f. model

40 — with control

Compliance dB

40 | —— with control

Compliance dB

without control

Tower A

without control

Tower B

<
=
(=]
<

30 40 50
Frequency

Frequency response with and without control

[K.Seto, 2008]
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o Simulated time response
Seismic input "
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March 11, 2011 Earthquake (Fukushima)

Records with largest PGA : Tsukidate Station, Miyagi. Distance to
epicenter : 125.9 Km, Distance to Fault 75Km

Acc(cm/s?) Acclem/s?)

Acc(cm/s?)

[Y.Fujino, 2011]
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Triton Square building during Japon earthquake (3/2011)
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‘ Space interferometer ‘

N

Independent \
pointing

)
telescopes
Laser metrology

: ) e >
Vibration ﬂ.r ; |
isolator | \¢ \ delay line VA
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A 'I'] ihration

o isolator
Attitude

Control

Large truss

Optical Path Difference (OPD) accuracy: A/20

*Vibration isolation from attitude control system & cryocooler
*Damping large truss structures

*Co-phasing telescopes (delay lines)

*Wavefront Control (Adaptive Optics)

31
James Webb Space Telescope ( ~ 2018) ‘
Isolator
7 Hz
32
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Effect of the isolator on the transmissibility of disturbances

Telescope

L=l ¢

Isolator 4 f 3 1,
: iy

Spacecraft
bus

A

d
Reaction wheel speed
Range 10-100 Hz

Resonances of the

'HJ;,?_.‘ instrument
d
Overshoot
of the isolator
20dB
4 v

' 0dB -———"*”///\\\

Attenuation

-20 dB

-40 dB b
deal isolator -,
{-40 dB/decade) *

——a ] . Hz
f 10 £ 100
isolation corner first
frequency resonance
ULB 33
‘ Various isolation concepts ‘
Mo R
dB , l% No damping
A2 "
Iy
I
20 | iy
LY
Relaxation
olator
1]
.20 “Classical” passive
4 isolator
-20 dB/decade
40
Sky-hook damping \\
-40 dB/decade\
i i b -
R "
u"/"“"”
ULB 34
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Sky-hook isolator (active)

Tl M
M -g Force _ ¥ _g/ﬂ

Sensor
2 f 2 f
kg l— - kg le—0
< s
m m

Velocity sensor Force sensor
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Robust implementation of the sky-hook isolator for flexible structures

disturbance
source

sensitive
equipment

If two arbitrary flexible, undamped structures are connected with a
single axis soft isolator with force feedback, the poles and zeros in the
open-loop transfer function alternate on the imaginary axis.

36
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‘ Electromagnetic implementation of the relaxation isolator

M %
| x M

moving coil

J. ¢ !
T II] f / transducer
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The two systems are equivalent provided that:

,1.12 ,1.12
;LL B f ¢ = ﬁ

Electric components are often more flexible and
less temperature sensitive than elastomers

ULB 37

Six-axis isolator Zero-g experiment ULB

Vertical Transmissibility (d8)

38
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Transmissibility (dB)
40-

20

Local mode (legs)

\\

RL shunt

20 Active control
(IFF)
40 -
=60 -
Local modes (membranes)
-80 . . . |
1 10 100 Hz 1000

Fig. 8.26 Vertical transmissibility of a six-axis isolator: comparison of the Open-
loop (dotted line), closed-loop (IFF) active isolator and passive relaxation isolator
with a RL shunt (from de Marneffe et al.).
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r— a2 discovered Jupiter’s Moons

ULB

A brief history of earth-based telescopes

Galileo— 1610

(refractive telescope)

Newton — 1668
reflective telescope
(removes the chromatic aberration)

40
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D=1.25min 1789

Herschel — 1781
discovered Uranus
with a telescope of D=17 cm

a1

ESO-VLT-1998
D=8.2m, 150 actuators

Keck | & 11 (1993-1996)
D=10m, 36 segments

31/10/2016
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How big can it be ?

Size of optical telescopes vs. time

100 | OWL? &
/T
E-ELT -Hz’/ JELT
GTC Active Optics
10
Log scale !
= “Hubble
3
21
8
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0.1 & Refractive
| © Monalithic reflective
> Newton | » Segmented reflective
o Galileo ’ :
| s 1 1 L 1 1 1 I | Year
1600 1700 1800 1900 2000 2100
UI-B 43
ULB
Space telescopes
M1 of existing and future JWST ~6.5m
a - ?
Optical telescopes HST = 2.6m Herschel —3.5m (3(318 ?)
&
Ground based telescopes E-ELT —39m
(20172
TMT - 30m 200

a4
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Principle of a reflective telescope

____ Point source

Spherical
-7 Wave front
Secondary mirror (divergent)
-\ «__ Plane
\ wave front
"
A : -"/ Spherical
Vi1 —*— T Wave front
Image (convergent)

45

Optical aberrations

L.

Point source Diffraction Aberration

f\ [d=2/D

Motivation for larger M1:
Image quality

Sources of aberrations (ground based telescopes):
Atmospheric turbulence: Adaptive optics

Gravity, wind excitation, thermal gradients: Active optics

If the RMS wave front error is < A/14,
the telescope is considered as diffraction limited

ULB 46
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Principle of Adaptive Optics

L ]
Without AO
(o70] Plane
. wave front
Atmospheric
turbulence With A0
Deformed
‘ wave front
* 4 T¥Y R ¥ S Telescope
Instrument
Deformable N e A | ]
mirror r“’ i —
Controll I il b _l; |V\fve|front (Shack-Hartmann sensor)
ULB ontroller | nalyser 47
Piezoelectricity:
W
Bimorph actuation
——e——— & o —>; "+
ULB 48
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Bimorph Adaptive Optics Silicon Mirror ‘

W

¥

_.-Beflécting side
=Of the mirror

|
PzZT
Thick film

deposition
(80 microns)

UI.B Source: G. Rodrigues PhD thesis (2010)
Manufacturing: Fraunhofer IKTS (Dresden)

ULB

Adaptive Optics Bench

Shack-Hartmann

101 x 101 micro-lenses

Telescope

Bimorph Mirror

Voltage Amplifiers

Collaboration with CSL 50
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Closed-loop experiment

Tetrafoil

Astigmatism

Defocus

20V

>
o
[ee]

Requested Mode

51

33 controlled modes

Adaptive Optics segmented mirror

Reference design (2013)
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AO mirror with PZT actuation
Keystone electrode design (ESA-2015)

All electrical connections
Outside the pupil

Rigid body actuators

Ultra-flat design (2016)

ULB 54
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Comparison of numerical simulation and
experiment for an incremental surface

of 1um of astigmatism. From top to bottom:
surface figure, voltage map and residual error.

Simulation Experiment

o O

PV=927 nm PV=941nm

) &
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Err.=11.7nm Err.=12.5nm

l‘"\
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Active Optics E-ELT primary mirror [ESO-2018?]
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3 Position actuators
(two stages)
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Effect of vibration on the Point Spread Function (PSF)

Truss-supported segmented mirror

Normal to segment
Disturbance
(gravity, wind) i

d ' Edge Sensors Y

|
[ IPNEEEP | EPNE

™ Segment
a } =
Position { :l\ (s)
Actuators Controller
Supporting
truss

e\

Quasi-static response: Y = Ja -
) L L Dynamic
(assuming the truss is infinitely rigid) .
uncertainty !

ULB 58

31/10/2016

29



31/10/2016

Static deflection under gravity

M Mg g

A ;
i K—I K w?

The static deflections under gravity scale
according to

A f?

ULB 59

Truss supported segmented reflector
Scaling law for the first natural frequency

) 0.852 h
J1~ D (5) @@
/

Specific modulus

Truss Mass h
=
/ Truss Mass + Heflectror Mass

Source: Lake, Peterson & Mikulas, 2006
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Gravity compensation: ELT vs. VLT

[HET & " d
w* -1 G By
w* \‘
' Control-structure
L 20 dB/decade . .
w0 interaction !
ol 25HE, 10 Hz
(ELT) 4% 4 (AT
! T 2 ¥ wt g .."~ 1" $ w' *
0 0 * Hz|
Earth rotation ¥ T
i £2003Hz  ¢_ 046 H
(116 10°Hz) o an
VLT: static deformations of 100 um are reduced to 40 nm
ELT: static deformations increased by 16
Control bandwidth is increased from 0.03 Hz to 0.46 Hz
ULB 61
Control-structure interaction
a) Residual
Cr
Sufficient condition for stability:
el . 1.
o[Gi GR(jw)] < oll + (KGo) (). w>0
10 Nominal system I GM  Stability margin
gl 1+ (KG)]
1 — i
- =1
01k ) [ (’(J "ff]
Structural
uncertainty
| 1 |
0.01 0.1 1 f, 10
Hz]
ULB (el 62
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Conclusions:

¢ The size of civil engineering structures increases rapidly

¢ They become more sensitive to vibrations (wind, earthquake, traffic)
¢ This constitutes new opportunities for active vibration control

¢ The actuator is the most important component of the control system
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