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Monitored physical
phenomenon, depending cn
the damage

Integrity Monitoring system,
defined by a sensed physical
phenomenon and an adapted
data reduction

Sensors Sensors
multiplexing fusion
and networking

Monitoring of usage conditions

Data cumulative

o]
recording *
of the structure
Dalna_ne and
behavior laws Health Management

of the full system (fiest, plant...)
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complex

auto-adaptive materials L
Detection, integrated

Controllable materials ot control, action
“'\% e Detection, external
Sepsitiv terials e av control, action
Cnsiuve matenals ale Detection, external

Multi materials (}SHE control, external action

C(}Iﬂp

Properties adapted
to predefined needs

Natural materials

Properties
Sfmp]e a priori given

_ materials/structures
with health monitoring

. materials/structures
with shape or vibration control

11



%23 SHM & = 2 FE A S > (g0 SHM & b ehfid fe T 48 > A5k
FadeEd 4]l vi5d =2 2 e 7AF > (DFAAEAR PIBE 7 EH
A QR PIEE TR 2P (3) LU 2 R

¥ > 4cB 4 ProT o

Fully
Smart
Structures

Development of systems for data
reduction and diagnostic elaboration

Development of new sensitive
materials to make new sensors and actuators

Shape control  Vibration Contrel  Health Monitoring
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a)

informatior
—

Experimenter
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acﬁi‘_ mteraction

Surrounding
environment

Bl 50 4kde 58 pl Bed #558 B p) B T )
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damaging impact
load acomstic emission acoustic emission load
= ———————y
™ sensor — ]

sensor

data acquisition and I:l
processing unit

2= Lamb waves

—— %
sensor |:| actuator

data acquisition and enerator
processing unit &

a)

b
damage
actuator/sensor
P
a acquisil )

Bl 6: 47 3¢ N R4 d N R R BR T RS TR H T
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Sensors/actuators

Smart software Materials

Structural Health
Monitering

Struciures

Computation

Non-
Destructive
Evaluation

Signal Processing
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Energy source and

detector \

Transmitted and /or

dﬁ) %‘/mumm.wl

Ilnlsl material (e.g., Sub-surface flawor
polymer eomposite ) anormaly a)

Embedded energy
source {e.g., piezo-
electric patch)

=/
Energy source and —

detector

L
Embedded energy

TeCeplor/sensor

b)

Embedded energy
source

Ll
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Magnetostriction

Active sensors

Polyvinylidene fluoride trifluoroethylens

Molecular ferromagnels

L Ay Sl g2 2L
1R R R A
Physical effect Materials
Polymers Inorganics
Passive sensors
Piezpelectricity Polyvinylidene fluoride Piezoelectric rirconate titanate

Linc oxide

Polyhvdroxibutyrate Quartz
Liquid erystalline polymers ( lexoebectricity)
Pyroelectricity Polyvinylidene fluoride Trighycine sulfate
Langmuir-Blodgett ferroclectric superlattices Lead-based lanthanuwm-doped
zirconate fitanate
Lithium tantalate
Thermoelectricity Mitrile-based polymers Cuypp'CugyMigy
(Seebeck effect) Polyphthalocyanines Lead telluride
Bismuth selenide
Photovoliaic Polvacetylene/n-zinc sulfide Silicon
Poly(M-vinyl carbagoleH+merocyvaninge dyes Gallivm arsenide
Polyanilins Indium antimonide
Electrokinetic Polyelectrolyte gel ionic polymers Sintered ionic glasses

Mickel
Mickel-iron alloys

Piezoresistivity Polyscetylenc Bctals
Pyvrolized polyacrylonitrile Semiconductors
Folyacequinones
Polyaniline
Polypyrmole
Folythiophens
Thermoresistivity Polv{p-phenylene vinylens) Metals
Metal oxides
Titanate ceramics
Semiconductors
Magnetoresistivity  Pobyvacetylene Mickel-iron alloys
Pyrolized pobyvinylacetate Mickel-cobalt alloys
Chemionesistivity Polvpyrrale Palladivm
Polvthiophene Metal oxides
" lonic conducting polymers Titanates
Charge transfer complexes Firconia
Phaotaconductivity Copper phthalocyanines Intrinsic and extrinsic (doped)
Polvihiophene complexes semiconductors
BT df & PR ST RIR R BT 133 485 48 SHM 0

et > UBRTRERE CRBERE CCEHEERESLE > HY RIRERE

5 68% H¥ UPZT & % > RERPIEE 20% > 2 FBG B % > 4B 9 #7

15



Electrodes for
electric potential
measurement

40% Electromagnetic
Sensors
HELP
Layer \-_
T ]
Other types of electro-
magnetic Sensors |
Combination of several o
types of FOS Various other
i i s of FOS
Piezoelectric 1son fype:
Microbending
strain FOS M
SMART ] Exctrinsic
Layer Otherpiezo Fabry- Pérot W—
Femser Tnterferomet
Classical AE sensors By terferometer
y %
4%
Fiber Bragg
Various -
t Gratin
matched atings

patches

@

PZT single
patch
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32k 4 HTWATHE P SHA G ER g R
FEKRRE A F TP HE BRI GER TR ER 2 ARG
B ARBFERPBFTHECP AL RIFRNE S WA LRSS A

PR BRI ER TG RS LR -
3.2.1 Blade monitoring system-LM Glasfiber (2004)

LM Glasfiber = b # 3 R E ¥ 2 AR > & 2004 £ = £+ 473 {037
2P %F trailingedge i85 20 40 6 0 A A w4 - Sk ko0 4o 10 #7
7 0 % trailing edge %) B pFi5 B A $75F O ek JRIUEE > AT d BTl 2Tk g

BTE S S N R BE HUTIE G R BEePIR % o 4oB) 11 907 0 A E RN

PR FBC R AR B E TR 7 ERRF 1T ERREFTEY

/Pljjé AL ©
» Strain
> Temperaturé| ““awame

» Crack detrection

An optical fibre
array for strain
and temperature
measurements is

Connector for based on fibre
optical fibre bragg gratings
- (FBG).

B 10 : LM Glasfiber b + % R ¥ & SHIF 5 £ # 1 5
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Crack H Fiber End

Fusion splice

Backscattered™
ligzht e

distance

B 11 : LM Glasfiber b # 4 % ¥ 5 %1 trailing edge 2 B 4 1§ £ 7]
FG TR AR P BRD ~ 2 F >~ EPIZZ E o 4oB) 12 P1oT o
> BRI FED A R ERE R FOTE o FHERT

4-8 g R ® o

\3;

> RPIE-E A hies B flapwise - edgewise & % R P F
R EFERT R AR BIEEE -

> BELPIEE T AN EFRICEBES PR BRPIERE VLA
# edgewise {v flapwise BLip| gL LM $o7] 30 5 AR Bl B e 4 ik
- BEPIEEDRE A FBESV UKL 20 BRPIE -

> OELRIEET S L AOTE PR ELBIEE R (LM BA]) TR TR G
- BRI PoiEeeE 2RISR > Sd BPIERE LM #17)
PR GR R R i ek Mg dkeanid 3t B flapwise ~ edgewise 2 dti ehds

EoFAES T U TGRS 10 BEPIET R
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Sensor point 1
Strain measurement

Watch SI;EFOH
Moment calculation in
R _ each section

Watch point
Strain calculation

moments in each

CakultedXYand Z |/
watch section

B 12 0 3 Tl % o R Bl p ~ ¥~ ELp|gheuE ¥

3.2.2 Blade monitoring system-01dB-Metravib, Areva (2008)

2 B Areva 2 2 42008 £ kR R P EE ORI R S P E R
ToBa R  RAZSE LIRS O RE MBI HERD > KRR

BOBIE G 4c@ 13 27 o

Rotor Condition Monitoring - Available Information From Blades
» Blade parameters include
e Strain
* Bending moments
» Load histories and extreme loads
» Accumulative fatigue and residual lifetime
* Resonant frequencies — debond and delamination, icing and
damage
» Rotor parameters include
* Rotor imbalance
» Detection of fouling
» Rotor speed
* Aerodynamic input power (efficiency and comparison between
machines)
» Thrust forces on tower
» Drive train parameters include

19
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e Yaw and tilt moments
* Resultant load vector
» Drive torque and impulses

B 13: LB RIELRR B P E P g Li

IR

d: il -k vt

£

FaRlE (IPC) ™ 3= R RIE > dofl 14 97

y .

Sensor Arrays
mstalled in the blade
( 4 perblade)

OEM-1030 _ =
Measurement unit | ey Sl
located in turbine hub '

Optical Interconnection

Cables

Bl 14 % teh 83 1+ B R B A TR
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b 2500
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Pitch System

Controller

Blade 1 Pitch angle

Blade 2 Calculation

RPM
Blade 3
il__"‘ Actuator Blade 1
2 = Actuator Blade 2
FAcetorade s Remote Control
eLoad History
Reduced and Evaluated Data Wind Turbine agalwla"m of
» » » mage
Control Unit «Comparison with
Simulated Loads
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T
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> % 4 kw2 Rainflow counting # 7+
> EELE IR B ey R ¥
> RF R WG ESFZALZ SR (AT
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Blade 2
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Edgewise .
Flapwise Combined
X o e 2 I H d H S K=
> E 7@ kwpran Flapwise %2 edgewise # it
Elade 1 - EdgeWise Blade 2 - EdgeWise Elade 3 - EdgeWise
g o0 200 200
2 180 180 180
2 180 160 160
5 140 140 140
b 120 m 130 120
k] 100 100 100
] a0 = a0 ™
£ =l NI =R LT o0l
[ a0 ao| |— W
Je; w0 ||—| |-| = o[ H = 0 |_|| |I ‘l IH |—||—| |_| —r
0 10 30 30 40 50 60 70 80 S0 100 110 130 0 10 3 30 40 50 60 TO BO S0 100 110 1M 0 10 20 30 40 50 60 70 50 90 100 110 130
Measured Blade Bending Mament kNm Measured Alade Bending Moment kNm R ——
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> % 4 kw2 Rainflow counting # -+
> ERRY AFH TG & Insensys R BX & P
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Blade 1 Blade 2 Blade 3
E] E] g
z E] 2
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Blade Fatigue
B20: F L ERABRAFRY B8N MAAZ 6 DET

3.2.3 Smart Sensor System for Structural Condition Monitoring
of Wind Turbines-National Renewable Energy Laboratory
-NREL (2006)

2006 # £ R Fac R %R EHFENPZT S R PR EIR 4 B 7
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> WEPFR Y g E_1.22m% 5 0.0064m 5 > @ ¥ BT L E L
10X10 m =¥ o 4 & 4§ % s Structural Neural System (SNS)
> b b e B A DL AR BA S AR g2 T

BA - B g b ERgd s B grmih TR Adp T

13 R V1 3 V20

(b)

Column Continuous Sensor V9

Row Continuous Sensor V13

Two sensors Panel

Bl21 0 @ A Rk s g
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V3fr VA T ARz 1315

25



vl V2 va v4
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TBIM
(Embedded signal
conditioning and
data acquisition/
analysis module)

a Sensor/Transmitters
embedded on the skin
of upper and lower
surfaces

- Sensaor/Transmitters
on the shear web

Signal, power,
and data cable

F123: &R 4 5 THEHEE RIS
> plESAH ) FRRFSE R HREEHCIR I BT RE S
SNS chjis* » ¢ 42 * — B A Fmie T Blx o AMAETS » 4o
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Sensor/ Description of the method
actuator type

Vibration
piezo, or
MEMS

Foil strain
gauge or
fiber-optic
cable

Strain

Piezoelectric
wafer

Ultrasonic
wave
propagation

Accelerometer,

The natural frequencies of the blade can be monitored for
changes indicating damage. Small damage is difficult to
detect

Strain can be monitored at critical pointsin the blade and
other components. It is difficult to measure strain inside the
composite and to have enough gauges to detect small
damage. Fiber-optic Bragg gratings can provide a large
number of low-bandwidth strain measurements. (Passive
method)

Good for monitoring uniform sections or hot spots. Need
predamage reference data that may vary owing to
environmental changes or sensor aging. Can detect damage
when the blade is operating or not operating. Commercial
systems are well along in development for several
applications.( Active method)
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Sensor/ Description of the method
actuator type

Acoustic AE wideband Can detect damage in complex structures. Fretting can
emission barrel cause false indications of damage and the turbine
conventional sensor must be operating. Sensors are large and many are

required. Fast multiplexing is simplifying the hardware
requirements. MEMS AE sensors are reducing size and
weight of the system. (Passive method.)

Structural Piezoelectric  Overcomes problems of conventional AE by using
neural wafers piezoelectric wafer sensors and biomimetic highly
system (SNS) or other distributed massively parallel signal processing.
sensor Multistate sensors (nanotube thread, pressure,
types temperature, etc.) can also be used. (Passive method.)

Active SNS has also been tested and uses a simple
method of neuron firing to detect damage in the
passive and active systems

Nanosensors Electronic This future approach uses small particles embedded in
particle the blade during the fabrication process. The sensors
are transceivers that reflect an RF signal which
changes owing to very local Damage

R B TR B
> % SNS T /i % &5 e sl it R E 5 & 42 AES PR

R P ERIARBE QK E (CNT) il G A (MRS FW) §

> SNS gt b s * » F UARRINIE G 0 dodf £ SR pl e RFIR
B e B if o

> B ISNS i i 5 BRI EaE F

@) (d) (e) "
TR R B Bae it (a)~(f) E AR B E
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beig B2 (ADI o @ ADXL278) .

> BAPIE AAT XKL - Bk 4 F T AR E R N

> ERGAAT RS BB T AR A F TR R
FHEEFU 0 REFREBTRENTH RFAT DT A

» SNS ¥ i # m‘ﬁ@ﬁgﬂlﬂ ke

A3 RERBEFSHEGERZEDERE
Embedded Bonded onto blade
Fiber optics Foil strain gages
Foil strain gages PVDF sensors
Thermistors Fiber optics
Thermocouples Humidity
PVDF piezoelectric sensors Accelerometers
Through transmission IR
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What to Strain MEMS
Sense Why to Sense Gage Optical | Piezoelectric | Piezoresistive
Strain Composite failure X X X X
Monitor blade stress X X X X
Vibration Vibration absorption X X X
Pressure Wind pressure X X X X
Air flow X X X X
Natural wind
frequencies/gusts X X X X
Impact Hail/Rain intensity X X
Natural wind
frequencies/gusis X X X
Wind loading vs.
Acceleration energy generation X X
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