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I'E 1. Motivation

Structural Health Monitoring (SHM)

Types of degradation

‘\$ ) & - :

Assessment of structural inteqgrity

1) Capture of inital state / initial
reference state Fﬁ

2) ldentification of imperfections
and damage variable by time / operation

3) Prediction of future state by @
physically meaningful model
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l'ﬁ 2. Parameter Identification

Basic approach

Structural system

—> Un

Inputs
(loads)

Responses

Un # U,

— U,

Structural model
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l'ﬁ 2. Parameter Identification

Procedure
B E i /_\f (I)
design variables: H " ee i M
global I
P=3 o i
F
g,u
L B < | > < >
5 f ] f g Parameters /
SVStem responses q) Vector of measure responses \ des|g/n Var|ab|es
derived _4 &L Vector of residuals: €, = W, - € = W, (v, — v(p))
direct u \
Objective function: f(®) = Xeg, Weighting matrix
e.g. identity matrix

_ Optimization task: min f(p)

Parameter identification is basically an optimization task which can be performed in many ways
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I'E 3. Quasi-Continuous Strain Data

From discrete to quasi-continuous measurement data

Point sensor,

e.g. strain gauge, accelerometer,
temperature sensor,
displacement sensor

Integrating sensor, e.g. fiber-
optic extensometer

Bragg-Grating Sensor

High resolution sensor, e.g.
Rayleigh-based fiber-sensing

\/\/\//c Distributed sensor, e.g. Fiber-
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3. Quasi-Continuous Strain Data

Fiber optic sensing topologies

fiberoptic sensors

discrete

distributed

point

Fabry-Pérot Sensor

integrating

Smartec SOFO

— quasi-distributed

Faser-Bragg-Gitter

quasi-continuous

Rayleigh C-OFDR

Luna ODiSI

— distributed

Raman DTS

Brillouin OTDR
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ﬂﬁ 4. Fiber-Optic Strain Sensing

Principle: Rayleigh-scattering based strain sensing

)
D —
| —_—
_ 50m

Luna Technologies

Interrogation

System

Intensity
Frequenz

| Af = Dehnung & Temperatur|

.,._it,vm‘.r:“‘m“ e e e e L R R T s

optlcal flbers<

mﬁm e

Relative Amplitude (dB)
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—— Jan 2010
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-20 1 | I ]

0.10 0.11 0.12 0.13 0.14

Distance (m)

* Rayleigh-backscattering is a
stable, fluctuating variation of
intensitiy along the fiber —
Jfingerprint”

* It is caused by fluctuations in
the material composition of the
optical fiber

0.15

strain gauge
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ﬂﬁ 4. Fiber-Optic Strain Sensing

Test setup ,Héel 'keI-UpWin‘d-Bewarﬁ“ ,

| compression
i side

tension
side

OD|S| System (Luna Technologles) | Anfahren einer Belastungsstufe
2500
» Fiber length max. 10 m /50 m
20001
g
» Spatial resolution 1,25 mm /5 mm o
= [
o
» Noise level 20 pe /5 pe 8 1o o
=
500+
» Measurement rate 23,5 Hz / 50 Hz :
ol = "W j.
»Mmax. measurable strain ca. 1%

Lange inm
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ﬂﬁ 4. Fiber-Optic Strain Sensing

Test setup ,Henkel-UpWind-Beam®

ODiSI System (Luna Technologies):
» Fiber length max. 10 m /50 m

» Spatial resolution 1,25 mm /5 mm
» Noise level 20 pe /5 pe

» Measurement rate 23,5 Hz / 50 Hz

> max. measurable strain ca. 1%

strain

e strain signal
A global response
—— |ocal response

v

sensor length

The quasi-continuous strain signal contains
and local information !
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4. Fiber-Optic Strain Sensing

£a === Strain in the fiber along the spar cap due
Application: Rotor blade | to bending load and beam-like support

——
“4.

Auflager

Lastfreies Ende
Lasteinleitung

Sensor positions:
 Leading and trailing edge
e Spar caps

Steganfang

Dehnung [€]

Lagenspriinge

M I I leaSUI ed Slgl Ial Rotorblatt Radius [m]

Interpretation of
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5. Stepwise Parameter Identification Approach

Quasi-continuous strain signal

C
-
m

Classic parameter identification approach:

* Local properties (e.g. Young‘'s modulus)
variable in each element

* Very large space of unknowns: n = mk

» Different kinds of value / resolution types for
loacl and global parameters
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l'ﬁ 5. Stepwise Parameter Identification Approach

Quasi-continuous strain signal Solution; Stepwise approach:
------ reference
. B
LA strain curve Step A | Sltep
:: ................ = %ggla, |/ cata L—p| 'OC2 parameters __J/ pacult
| N global parameters substeps
H—\————————————> > B1/B2 -+ Bn
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First step: Identification of global

lenl P len2 ! param ete s

Step A
a) A b) . .
. & Second step: Identification of local
B | >‘ \ parameters
& ° X = o Introduction of shape functions covering
, it effect of local discontinuity (b)
) et w{] ny e [m
_ )  Basis: Damage functions for concrete (a)
Damage function Shape function (Teughels and De Roeck 2005)
(analytical) (FE-Model)

* |terative identification of local

discontinuities in substeps Step B
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™

5. Stepwise Parameter Identification Approach

Identification of
global
parameters

Reference state
for Step B

Step A
(e cr )
L\Start Step Py

,

A J

Sensitivity Analysis step A

A

Response
Surface step A

A

Optimization Step A

Optimization on RS / MOP
Res OPT

Validation Opti on MOP
Res VAL

Delta = | VAL-OPT|

~ Delta<eps?

/" Best Design
Step A

ffffff |

e N
| Start Step B )

B

Step B

Sensitivity Analysis
step B

\
Y

Startvalues P, s for
Optimizations in
Step B

Pns

no

Direct optimization
with startdesigns
from Sensitivity
Analysis

¢P1,5

Optimization
B1

Best Best
Design P Design
B1 . Bn-1

|
\ arameter identification /
N /

2<n<m

Optimization
Bn

P, Best
Design
Bn

- -
[ End Step B\
e

/

}

/ End of \\‘

Reference state
from Step A

Completely
identified
parameter set
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I'E 5. Stepwise Parameter Identification Approach

Simulation example

» Global portion of strain signal

* due to global parameters E, lenl, n
* large influence on objective function
* obscuring local effects

» parameters of continuous
distribution type

»Local portion of strain signal

* due to local parameters fx, fy, fz of

disturbance &

* location assumed to be unknown
» parameters mesh-dependent and
therefore of discrete type

» Separation of parameters

*E,lenl, n- Step A

«fx,fy,fz —StepB

Beam in 4-point bending test (FE-Simulation)

ANSYS

R15.0

Academic

TYPE, NUM

MAR 20 2015
F 00:32:27
PIOT NO., 1

sensing fiber

local parameters: fx, fy, fz

Strain signal in virutal sensing fiber -
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| 5. Stepwise Parameter Identification Approach

fx, fy, fz —

Parameter Start designs I Criteria I Simplex | Other I Result designs

Na’me Parametertype Referencevalue Ceonstant Value type Reselution Range Range plot

Definition of the model‘s parameters in OptiSlang

4 Emod Optimization  21e+10 B REAL Continuous 18e+10 2.2e+10 —
5 fyl  Optimization 0 REAL Ordinal discrete by value -0.04; -0.035; -0.03; -0.025; -0.02; -0.01; 0; 0.01: 0.02: 0.025: 003: 0.035: 004 || |[I|1}1111]
6 fy2  Optimization 0 REAL Ordinal discrete by value -0.04; -0.035; -0.03; -0.025; -0.02; -0.01; 0; 0.01; 0.02; 0.025; 0.03; 0.035; 0.04 NN
7 fy3  Optimization 0 REAL Ordinal discrete by value -0.04; -0.035; -0.03; -0.025; -0.02; -0.01; 0; 0.01; 0.02; 0.025; 0.03; 0.035; 0.04 T
g fd Optimization 0 REAL Ordinal discrete by value -0.01; 0; 0.01 --- Iocal
9 fz2 Optimization 1] REAL Ordinal discrete by value -0.02; -0.01; 0; 0.01; 0.02 'i"' iSCreie
d

10 fz3 Optimization 0 REAL Ordinal discrete by value -0.02; -0.01; 0; 0.01; 0.02 “lj.-
11 lenl Optimization 05 B REAL Continuous 045 0.5 —

Hu len3 Optimization  0.53 REAL Continuous 0.45 0.5 —

‘13 Nue Optimization  0.32 ] REAL Continuous 0.27 0.33 ——
14 Optimization 60 INTEGER  Ordinal discrete by index [0-140]: —
15 nx2 Optimization G0 INTEGER  Ordinal discrete by value [0-140]; —
16 m3  Optimization 60 INTEGER  Ordinal discrete by index [0-140]; ——

Dynamik |~ (parameter set for 3 iterations in step B)
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"E 5. Stepwise Parameter Identification Approach

Objective function: Minimum of sum of least squares

Step A: Portion of strain signal with low influence of local effects preferred:

f a=min(S(epsli — epsli_ref)? + S(eps2i — eps2i_ref)?)

\\\—//r
epsl eps2

Step B: Whole signal evaluated:

f b = min(S(epsi — epsi_ref)?)

w
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"E 5. Stepwise Parameter Identification Approach

Visualization of optimization characteristic by MOP / RS

Evaluation of sensitivity analysis

Step A: Smooth and convex RS Step B: sharply bounded minimum
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.'E 5. Stepwise Parameter Identification Approach

Implementation in OptiSlang

Step A:

Sensitivity analysis (SA)

MOP generation

Optimization on MOP (Simplex)

Capture of result TR e
from Step A by e o
Data Mining node

Step B:
Optimization with EA Step B:

Local improvement with EA
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"E 5. Stepwise Parameter Identification Approach

Performance
Step A Step B
_ Konvergenz Stufe A Lauf2
- —FADIR) Konvergenz Stufe B Lauf 1+
———NLPQL (DIR)
Simplex (DIR)
—— Al 150 | —EA (DIR)
250/T"] Simplex (AWF) -1 ——— Simplex (DIR)
S— EA (SA100)
—er o — Simplex (SA100)
200 - T
. L 100 [
kL. S ™
g 150 \‘ E
local improvemet?_t = “‘L\
100 \ ° 5 10 T;i” 20 25 30} 50 | \
1 | \‘
0 I 1 I 1 ! S|
ol —= 0 5 10 15 20 25 30

I I L ]
0 50 100 150 200 250
Design Nr.

 Fastest convergence for NLPQL

» Simplex comparable to NLPQL

» EA needs many solver calls but
allows for parallel solver runs

* Local improvement of EA result by
Simplex is best solution

Solver

» Gradient-based algorithms not
feasible due to discrete parameters
 Best results when combining start
values from SA with local optimization
settings

* All local parameters identified
correctly by EA and Simplex with SA

ﬁ Dynamik
Statik . . : . .
Weimarer Optimierungs- und Stochastiktage WOST 2016 A. Kiinzel — TU Berlin

20



"E 6. Experimental Work

Sub-component of rotor blade structure in test setup ,Henkel-UpWind-Beam® (Fraunhofer IWES)

epoxy glue
inclusions
(foam) s

J

| optical fiber

= | sparcap

I sensing fiber

web (sandwich)

/ glue layer

< -

Definition of sub-component Sensing fiber and artificial defects in glue layer
FEF TIPS

Test setup: Support conditions, load and strain signal
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"E 6. Experimental Work

Definition of model parameters in step A:

« Stiffness determining parameters for GFRP-components
o FVR1 (unidirectional layers)

o FVR2 (biax-layers) K?Sftsnter
uroau

* Young‘'s modulus glue material EGLU

UD-Lagen .
« Offset spar cap layers OFFS gestM

-
-

FVR2
(Biax-Lagen)

Konstanter sl
Aufbau

OFFS
Versatz Staffelung

FVR1
(UD-Lagen) Y

L.

EGLU 0,00_ 150,00 300,00 (mm)
E-Modul Kleber 75,00 225,00
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"E 6. Experimental Work

Definition of model parameters in step B:

| ocation of local defect nx

* Index of defect extent and location in
Cross section - ns

| Lange Fehlstelle

nx;
Index Fehlstellenort

ke,

6

Index ns; fir Lage und GroRe der Fehlstelle im Querschnitt
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6. Experimental Work

Local imperfections global imperfections

Henkel Balken Nr. 10
0000000003
-------------------- 08:04.2014 M]------
MVZ Hellersdorf
coronal 68526

cor. 1mm
cor. 1mm

CT-scansare used to || |
evaluate parameter
identification results

_ eingebaute ——
~ Fehlstellen

Tapered GFRP-
-------------------------------------- layers in spar

Schnittebenen caps
coronal
Artificial defects as well as sagittal
unintendet voids are visible axial

in CT-scan

————————————————————— F3EmA 120Ky ]-------
02.01.2015 14:07:49
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6. Experimental Work

FVR1

EGLU

Correlation matrix and MOP in Step A

FVR2 OFFS

A_Kleber A_FVR1 A_FVR2 A_OFFS ZF

A_OFFS

A_FVR2

A_FVR1

A_Kleber

EGLU FVR1 FVR2 OFFS ZF

-0.04

~-0.02

F'/'?] 0:9'6:85, ~0.01 O"('S
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"E 6. Experimental Work

Correlation matrix (a) and MOP (b) in Step B

a) b)
LL.
N
(4
2 N 5500
é 3500 |
0
& 5 20
: 4 X 40
nx ns ZF Ns 2 . L
c) . ( d) " -

g
2

— — — mode of PDF “f\L'

O start designs

v 20 B _ 40 60 ¥
14 30 44 0 1 2 3 4
nx ns

Anthill plot for x-.location nx (c) and defect index ns (d)

5 6 7
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6. Experimental Work

Dehnung [1:€]

Dehnung [1:€]

Results

——Messung 17.5 kN
Stufe A

Step A: Global parameters

-1000 L L |
0

500 1000 1500
Lange [mm)]

Stufe B Iter. 10 (B10)

——Messung 17.5 kN
Stufe B10

Step B: Local parameters

| | |
500 1000 1500
Lange [mm)]
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l'ﬁ 6. Experimental Work

Results

Comparison of identified voids with CT-scan

8000 — step B iter. 10 (B10)

measured @ 17.5 KN

7000 identified after step B10

reneens identified after step A

6000

5000

strain [pe€]

w 4.
o o
o o
o o

2000

1000

-1000 ' ' |
0 500 800 g50 1000 1500
fength [mm)]

- — — S e A . -
u [l CIC)

locations of voids
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7. Summary and Outlook

Summary:

» Stepwise parameter identification approach for strategic evaluation of quasi-
continuous strain data

» Signal capturing by high-resolution fiber optic sensing system
» Determination of global and local parameters

» Efficient optimization task due to grouping of parameters by physical meaning
and distribution type

» Successfull application to ,real-world® experimental setup

Outlook:

» Enhancement of efficiency (optimization algorithms, settings)
» Application / extension to dynamic sytems

» Software integration
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l'ﬁ Parameteridentifikation auf Basis quasikontinuierlicher Messsignale

strain [pe]

8000

7000

6000

5000

4000

3000

2000

1000

-1000

step B iter. 10 (B10)

3 I A

measured @ 17.5 KN
identified after step B10
e identified after step A

l Open to your—

880 950 1000 1500

Special thanks to: Fraunhofer IWES, Fa. Polytec, MVZ Hellersdorf
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