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Fiber optic sensor technology for sensing/controlling vibration and deformation of
lightweight structures

SHTHET - 22 & Uwe C. Mueller” *Stephan Rapp ™ *Horst Baier
Jae-Hung Han, Lae-Hyong Kang, Uwe C. Mueller, Stephan Rapp and Horst Baier

Key Words : Fiber Optics Sensor(®d41-+ AlA]), EFPI(Extrinsic Fabry-Perot Interferometer, <% X g-#H=2 74 A),
FBG(Fiber Bragg Grating, “4A1-f B2l ZA}), Lightweight Structure(’d & -2 =), Deformation(*1 &), Vibration(3 %),
Control(#] 1)

ABSTRACT

Vibration and deformation sensing/control of lightweight structures using optical fiber sensor technology is introduced in
this presentation. This paper shows several examples of vibration control and deformation estimation for structures using these
optical fiber sensor systems. Among various optical fiber sensors, in this paper, two types of optical fiber sensors, Fabry-Perot
Interferometer(EFPI) and Fiber Bragg Grating(FBG) sensors, are mainly dealt with. Fiber optic sensors show many advantages
over conventional strain gages for the measurement of vibration and deformation of lightweight structures.
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Fig. 1 Schematic diagram of EFPI.

[

|‘. l AR
,Ji’
r f detector
1=
B

~ —

radiator o T

current
source

photo

detector isolator

I

I- A X
Y _ X \/

gdataac isition system | sensor
; Jata acaisiion system ; : = FCIAPC

Fig. 2 Fiber optic sensor system.

22 EFPI MAe| x| =4

EFPI A7} F2E9 ¥ TE i 4
g A5 FEeel 2Ass MFL AlolA Ao
(L2 Was fFastar 2@)o] Yebd A ol
A Az 9k wsbyt wgs A B kg A
e EAA EFPI AA¢ &84 ZrE= JAFA
HygE A9 vl #AE 21 ¢erh Fig 32
21 (U)ol A A=B=1 Q1 A5 =3 A=o ®¥stE
UERA 1golth, A8k ne} o] Fdgk XE
of o3 fEEE T wkAlmhe] 91 Wsle] did
M 28% ZAEE T irbge] 27] 9 A
el e FdHE yed & I



4|

a5 5E 3] 2006 FAITE ] =

r-1u

o ¢=2nn
ag=(02n+1/2)n
v ¢=(2n+ n

m 4= (2n+3/2)n
(n : integer)

Intensity

0 n/2 n 3n/2 2n 5n/2 3n Tn/2 4n
Phase (radian)

Fig. 3 Relation between intensity and strain variations.

27 AP} S B Fa @
A

H AsE AsA A= ds

o2
4
e

7k
F At %7 Ao
=@2n+312)n 91 5 =t glo]
A M7 7HE Wl
Fig. 4 ¢ &3 Hdol AZHe EFPI KA (A
o] A Aeo|(L)¢t 1t= ol 742} 513 mm, 55 pm)
o} ¢F# #%7](Fuji Ceramics, C-8, 71 : 0.4mm)=
vasgth, Pael AMA FY R Fupp
(5.73 Hz)= 7bd & 7$-9 EFPI A4 e A5}
ol A WAl NS = Fig. 5 o YEHATH ¥
Zo| Z7}ste] whel EFPI Al o] AlE7h =%

2 Avi% % 9t

g=(2n+1/2

~
a

- ne
T oo
4 rlr e o

™
offt
o
||\
o
Lot

EFPI AN S & ] 53] A& AlE A7
Al AHgshE A9e oleh el W FFo]

ANE 44 A5 9% gAE 3
BRI M E AFF Aol7)eh 2ol WP Ao}
71E ALgeke, EFPL AN A5E
AF AE FAL 5+ 9SS wolx, vhoprt ¢
A AANE o] olgdtel, o

[« 275.0
T thickness = 0.5
[}
o
®
Laser
sensor
f 10.0

N

12.5 12.5
(unit : mm )

Fig. 4 Schematic diagram of the aluminum plate.

Laser sensor EFPI sensor

PZT=5V PZT =5V
1.0
05 -0.44
0.0
-0.48
0.5
10 -0.52
PZT=25V . PZT =25V
2 0.4
o o 05 S
é 2. -0.6 E
£ ) 2
% 0.7 g
& PZT=50V . PZT=50V %
2 . g
g . 5
-0.5
o -0.6.
2 0.7
-4 -0.8
PZT=75V . PZT =75V
4 -0.4-
2 -0.5
o0 -0.6
2 0.7
4. -0.8
B0 o1 oz os o4 05 oo o1 oz o3 o4 o5
Time (sec)
Fig. 5 Comparison of displacement and intensity
signals.
2.3 A2 #Hyol et S Ao
Fig. 4 o Aol digk & #lo] APNA=
EFPI AlM7F Al Z4gk 9= glo] 7IA14 WEES
1 = 5 =
vebd e #9 el F3EA00 £g

EFPI AlA¢] =¥ 2357} 73 9& D.C. A¥
< AAs] St ME 2~ a5d S E
(Butterworth high-pass filter) S A}-&3} <1 t}.

T BEE Alfs #9387 skl LQG FH A
Ao715 AMEEER on Fukg o oA G
SHEHS B3 Aol AT S Ay HUt) Fig. 6

F/H O H =

= AdSs B 549 T35 SEETE UER
a1 9lth Al E=oA -20.5dB, -16.2 dB, -15.7 dB <]
A% A7 a92 98 + gt

Magnitude [dB]

Uncontrolled
Controlled

-30 4

T T T
0 10 20 30 40 50

Frequency [HZ]

Fig. 6 Experimental frequency responses of the
uncontrolled and the controlled systems.



A5 2 &0 E T8 20061 FA &0 8= EH

r-1u

24 Z Hgo| s s Mo

EFPI =49 21359 9f=ro] B 459 s A
o] E4S v H 7] 93] Graphite/Epoxy [90/0], =
A LR E At 1ela AAE Aoi7)
Oz Algstel TxE AES gAsIon,
a2 WYl Ae] WY Tpe oJgk Fu4
EFPI AlA o] of=po] WAet= & 21%9
sl x3h 7Fe] e o] gt ol A9
T Ao A Ty

)4 Wele] Ay Zpdel tiE Faa ek 3
TZ Fig. 7] =233tk 12]al Fig. 8 2 <& KR
2 HA T S99 397 Hz 2 23} 7FX1%E

99 Aol AnE vhehge,

=
2 W

o 1o 4

50

--=- Uncontrolled
—————— LQG
—— Neural-Network

20

30

Magnitude [dB]

Frequency [Hz]

Fig. 7 Frequency responses of the uncontrolled and
controlled systems.

7H o] AL A5, 5 EFPI AlA 9] A% o=
o] A e AglE F Aoy mE $5u
Aes UEHAR A5o] of=e] Ag Ffel=
278 A7 & AbEe Aol ARt FEo] Ao
2 % F AUk F, AFT Ao Ae
B W AT =] HeldE AATS kA
s A2 e w9 A
15
1.0 EFPI signal
> 05
0.0
-0.5+ T T T T T T T T
4
£
£ 1

33 Laser Sensor
04
-1
2
3

-4 T T T T

0'02_- Control Input
> 0.004
-0.02

-0.04 T T T T
0 2 4 6 8 10

Time (sec)

Fig. 8 Neural-Network controlled result.

25 @ixlg Zx[7|"9
2utE Al e s oY AXEe] 2
Bl A Fe AlAEe] dis) HE A7 B
THEA AT ol HAVIES A7
< st A A AMEY] RS U
7= BHE Edsta ok 2 3 4 Ase
AAASAEl oM #AA7 & As7|= 243
o

J2="HE A~ 2 vy Aso
7)Aok g, EFPI AlA =
o] Mol Z Aoz 2E
ok 2 A A= Fig. 9 9
EFPI AX & F-zgto =z
o] 7}egs Holazt g
Aal AHEHE % F4 7
10 o =AY o]+=
B2 555 9tk

o L
%0,
o
tlo
(o0

R
Ay
ek

i)
=
©
i

s (I pot

M fU el
= 10 o>

o
oF 1y o

2 rl I 2

0.

[e]
g &
(T A
e B R
o 2,

= oot

o

b
o 0
ol
i

< 1

o

n;u:%__ﬁ_%mi_\,imill-mmbizuﬁioﬁﬁ
P}

it

1

u
My N

B2
M
e
3
=2
2
10

/—Direction detector (PZT)

I, (input intensity)bI [ 2 ‘

\\' z 2\ broken end
L )| 2

- = =

\— glass tube

| (output intensity) N— adhesion

Fig. 9 Schematic diagram of a sensing-patch.

Intensity (k+1)
Strain direction

Structure Strain
T(k+1)

<Sensing Patch> %

Fiber Optic Sensor
(Intensity)

/ Delta P = sign(strain rate)xDp ‘
<Phase Tracking Routine>
Phase Tracking Phase Tracking Return Delta P
Strain P(k) Sum Strain P(k+1)

Fig. 10 Flow chart for the phase tracking method.

Direction detector acos[i(k)-Al/B}

'

’ Dp = Abs{acos[I(k+1)-Al/B- ‘

A @ A @RFH 9dS el et
ol e 5 Ak

b, = @, + sign(strain rate)

Hol 443 galFozy ke Wals Aots

{f
32 2
=
X s
g
o,
(E
o
]
tlo



N A7NA, p, e geld ool 022 o 3he
g 7M. 2] (6)& ol 43k FBG & W¥E AM=
S . . . AR 4 gow AN ¢ & kol WYE

& sge wsEe 4gs 45 7 4 9

St
usir{glgT Esg(ue)
) (us) N} [N}
we o
rlr o
f W
ol ®
olo 05 %
ML 2 ‘f
2 0
2 q
23 2
£
e
rz 17 -
= o iy ok
o H
N
ofN o E
oy
A=A
=2 X,

0.0 0.5 10 15 2.0

Time (sec) _ = o _
Fig. 11 Experimental result of strain gage and phase 3.2 Fmf I'—l%_:gg_ elet Alé%l i
tracking signal, % ?i?‘oﬂ/‘i% —‘?l’%i]’a—l]'ﬂ%% o]’%*?“zl‘%@(@
T 2utE Fx 9 E3AE APl Al
3. FBG & At&st X & Hof FBG AlA] Al~®l& ARE-3Ath® Fig. 13 o e}
Woo] Al2AEe Foie Ay FEer], FHE
7] 2 sjEe-d2 dHE AHEste] A ET o]
3.1 FBG A AzEle] Re ANZOR wE 4L FHT
G BT AR A Sole] FUIARL = 2 g w grgEits oAk g A8 9 EA]
;f—j'_'g‘ E‘iﬁ}%— 01%3}‘11 Flg 12 9’]’ %]'TC_)_‘ :[Lig]r l—E,‘ ‘_‘:‘ J—_y_7]_o b EE]-TIE %Eiq %V‘i‘ﬂﬂ% _2[47]_1_]
e Bt B ARl Fe Fs YA o2 TRlEojof sl b8t A7 7] ofEH L ©
7|H =ZdEo] Wl AAWA WS HEARA]Y] e 7HA A
A Hed olg § A=2nA(n: FE=EE, A:
. Biea] Coupler #1 FBG
Az 7vA)e} 2o B %71(Bragg condition)ol] Band
Fete o] WE HANHES doA By Soree
AZE SR Ketal HkAlE T o] 9o ThE Coupler #2
o] de FastA fo weta] olE o] &3t [Po1lC 1[PD2]
HFA - shel WRAR bl TthE oy Jie] Al
AE FA Alzto]l 7hs kAl Coupler #3 Coupler #4
I
D Ag = 2N A Lepy ? ? L,
4 _ D\ /D
Input spectrum Bragg grating mirror

Fig. 13 Schematic diagram of FBG sensor system.

%{e}::::::uuﬁl:::::é;—»

[ Optical fiber ' 33 O =™ E 2lst AlIAH
Ao A= Fig. 14 ¢ o]l thH Aol Eot
: y ) 2 20]3k Wavelength-Swept Fiber Laser(WSFL, 37
B

T A dolA)el s AvEal FAlel o
o] MHES SAFORN FxE] A4 W
b= 7ol s &7 gk

AdEs ot Zoh 94 b s
AHol 200 Hz o] Fuhr= g FA9= 270
& s 7k dHe-s R dY Ao E
of 2Hztak Feje] Wz Ak AsEs she
o FejellM Adste] S7he wf el F¢

B
Reflected signal Transmitted signal

Fig. 12 FBG wavelength-encoding operation.

of M, o
v ©

offt o
A
-

¢

FBGE Ab&dte] T2 WdES 54T
T, Al Zreixl 2o st
(AT =0)std WMgE= Tohs A2 thadt &
kel e
gl olgste] xere] gad W ¥
g e @R ol et ol E

o2 AN TR WS 54T

[P e L B R B A R R

(6)

%0 oo O &l o> O of Hi
Ny 2

(6]



Laser Diode
Temperature

Controller "
1 nm scaling

F-P etalon

Reference FBG

FBG sensor array

Detector

Er”- doped Isolator

F-P Filter

Data Acquistion Unit

Fig. 14 Configuration of the WSFL system.

WA E o] A2 AEET mdAsY

°] 1S7000"0 AbgEl o WO-HPE W 3
H8 Foto] dFulg «ZH(do] : 300mm, T
7l 0 05mm)e] A AsS ARt E Fig.

15 9} #o] 7tz} 1531.91nm, 1535.43nm, 1540.52nm,
1555.48nm o] =A19-4-S 71x= v 71 FBG Al
AE ARET AZE FBG AlME dEnE
2ol mAwoRRE 7tz 20mm, 75mm, 140mm,

230mm EofFl Fmol FAH AT
-40 - -
‘ Transmitted signal

-45

o

T

= 50

(%)

g

1=
-55

60 L L L L L
1530 1533 1536 1539 1542 1545 1548 1551 1554 1557
Wavelength(nm)

Fig. 15 Transmitted signal of FBG sensor array.

== @@E AR 2 EE tﬂ_ﬂ FAre A
I oH, Fig. 16 2 <] ZHo

Measured displacement
3 Estimated displacement

Displacement (mm)

Time(s)

Fig. 16 Time response to random excitation.

34 U SHS 9zt AlAH
B oo ME HEES 1 um/m olstz A&
=48 £ JdE AlzdEd d§ Auic o=

Fig. 17 o] YJERA IV AFZET} o] o Ay
5 a3k Hopol 442 4 9lvh Fig. 18 o
A AT A e FBG AA Al=ElE o
Ehﬂ“_‘tt] Fig. 19 oA yEbd  PSD(Position
Sensitive Detector)©} CCD(Charge Coupled Device) 7
A FAE7S nEEt? 7+ FHE7)9
5d2 Table 1 »}E}»H ek o] AlzEle ujs-
73%‘6& 545 A9 wokell AAstAIRE Al
g el WAL
@ Fo] 94

o a1 0}7] w5l Fig. 18 ol A]
sh7 48

3,

PZT

Support
rib

Fig. 17 Support structure of lightweight optical mirror
with piezo actuator.

@ @ ®FBG1 FBG2 ... FBGn
SLD
driver| Z;ff m}{m

SLD fiber coupler
L wy @
entrance slit: 3\-1
@ e T >

computer | A)“y,

diffraction interface iy

[B ‘ grating ; . computer

’ data acquisition board:
1O @ calculation of 3 2

L, A
photodetector ‘-‘
R 4

data: imsnsiﬁd distribution

CEmETE“ A

miror "\
collimator
/ mirror

L

U

Fig. 18 FBG interrogation unit.

PSD incident light ceco @ Incidenthght A, ... A

] ! 1 ;
T O R A AR R YT @ Clocked pixei wavelength PAR

read out ) 3 b
I pl olocurrent {::::} Ikp & caleulation | =~
- ——

W 57

data: intensity distribution

CCO measurement '
acquisition phases

clocked pixel wavalangth
read out lcudati

@t @i @1

'rn-.' ’ rvad ot

Fig. 19 Comparison of PSD and CCD.

|pi:e| inl.cgtaiinnl |

k



Table 1. Performance comparison of PSD and CCD.

Sensor Max. freqg. No. of Delay time
type Sensors
PSD > 100 kHz 5-8 34.5us at 11 kHz
CCD 1-10 kHz 25 1.6msat 11 kHz
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