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Development of a Health Monitoring System for Critical Parts
of Wind Turbine Towers and Foundation Structures

Jaehun Jeong, Moonok Kim~, Jongho Park’ and Seok-Young Jeong

Key Words : Wind turbine support structures (& ZX)X]7*ZE), Flange connection (ZFH = ¢&+), Embedded-ring
foundation (" Y F 7]=R), Critical parts (7 F2), Monitoring system (ZLEE A/2H)

ABSTRACT

In this study, a health monitoring system was developed for the two most vulnerable parts of a wind tower
support structure: the connection between steel towers (L-Flange) and the concrete foundation-steel tower
connection. To select assessment parameters for health monitoring, detailed FEM analysis was conducted using
the ABAQUS program. Additionally, a testbed was established near the Jeju Woljeongri wind turbine farm to
evaluate the applicability of measurement data by installing sensors. Through computational analysis and relevant
criteria review, we defined limits for measurement parameters by vulnerable section. We categorized the
structural safety evaluation into four stages: normal, caution, warning, and danger, and selected management
criteria for each stage. From this, an algorithm to evaluate safety was developed, and a visualized monitoring
platform based on the established critical parts monitoring system was developed.

7|§A-I (a?] IEC : International Electrotechnical Commission
=o S © Stress acting on the shell [MPa]
LVDT : Linear Variable Displacement Transducer AT : Upper and lower slope difference [deg]
DNV : Det Norske Veritas AD Deformation between flanges [mm]
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Fig. 2 Sensor installation position

Table 1 Monitoring plan of wind tower critical parts

Critical Parts Sensor Asse_ssrgent
criteria
Tiltmeter
(top, bottom) Upper and lower
Strain gauge slope difference
Tower L-flange (shell)

connection Crack gauge
(inner flange) Inner flange
Strain gauge deformation
(shell)
, 4 Tiltmet .
Con'c foundation (];Ogloenf)r Verticality
-steel tower VDT
connection (horizontal) Displacement
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* Modeling : 3D linear analysis on
one bolt connection part
e Contact conditions :
Consideration between flanges
and between bolt and flanges
e Boundary conditions :
Bottom shell fixed end
e | 0ad conditions
1) Bolt preload
2) Acting load : vertical tensile
stress at the top of the shell

(a) Structural analysis modeling

(a) Preload (b) Preload (©) Preload
(50MPa) (300MPa) (500MPa)
(b) Displacement for different of preload under a tensile
stress of 50MPa

Fig. 3 Structural analysis modeling and results
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Table 2 Stress causing opening by preload
Preload(MPa) 50 100 150 200 250

Stress(MPa) 20 30 40 50 60

Opening(mm) | 0.150 | 0.138 | 0.132 | 0.130 | 0.131
Preload(MPa) 300 350 400 450 500
Stress(MPa) 70 80 85 % 105
Opening(mm) | 0.135 | 0.139 | 0105 | 0.114 | 0.123

Table 3 Results for different of preload under stress of shell

Stress | 90 MPa of bolt preload | 100 MPa of bolt preload
of |Displace| Slope |[DeformaDisplace| Slope [Deforma

shell | ment |difference| tion | ment |difference| tion

(MPa) | (mm) | (deg) | (mm) | (mm) | (deg) | (mm)
0 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
10 0.010 | 0017 | 0.004 | 0000 | 0.012 | 0.002
20 0150 | 0075 | 0023 | 0020 | 0.034 | 0.009
30 0314 | 0136 | 0.041 | 0138 | 0.088 | 0.028
40 0479 | 0197 | 0059 | 029 | 0.149 | 0.046
50 0643 | 0257 | 0079 | 0458 | 0.209 | 0.064
60 0808 | 0318 | 0.100 | 0622 | 0.270 | 0.081
70 0972 | 0378 | 0123 | 0785 | 0330 | 0.099
80 1136 | 0438 | 0.148 | 0949 | 0390 | 0.117
90 1.301 | 0499 | 0173 | 1.114 | 0451 | 0.137
100 1465 | 059 | 0199 | 1.278 | 0511 | 0.157
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Stress [300 MPa of bolt preload| 500 MPa of bolt preload
of  |Displace| Slope DeformaDisplace| Slope |Deforma
shell | ment (ifferencel tion | ment |[difference| tion

(MPa) | (mm) | (deg) | (mm) | (mm) | (deg) | (mm)

0 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000

10 0.000 | 0012 | 0.002 | 0.000 | 0012 | 0.002

20 0.000 | 0024 | 0.004 | 0.000 | 0024 | 0.004

30 0.000 | 0036 | 0.006 | 0.000 | 0036 | 0.006

40 0.005 | 0.050 | 0.009 | 0.000 | 0.048 | 0.008

50 0.018 | 0070 | 0.014 | 0.000 | 0.060 | 0.010

60 0.057 | 0101 | 0025 | 0.003 | 0073 | 0012

70 0135 | 0.145 | 0.043 | 0.011 | 0.089 | 0016

80 0259 | 0201 | 0.064 | 0023 | 0108 | 0.021

90 0406 | 0261 | 0.083 | 0.048 | 0.134 | 0.029

100 | 0561 | 0321 | 0102 | 0.093 | 0167 | 0.041
2 ZAdx Ee] 97 ¥<(Opening, Displacement)
o} o] AslH A= 2o|(Slope difference) ¥ WS
Z WA A 2K Deformation) S A E3AtHTable 3).

=E o o5 @A) Aol WAk o3t
of Bte] el AH&sh= JIFEH Ay, 49 <2l
AeEel e EE oyl Ao At AALE AHAl
A7 AAE AR(EAA Gl e 300 mm,
Z7 sl SR 100 mm o] ZH 91A])elA <)
A 2hE AHAEleH, 1 435 Fig. 4(a)9k 2
o] =3Itk o5 Fd EECUE dAARe] EH
o] WAsh= Aol FSH(S)I BAHE Afolste]
AL st thFig. 4D)).

7} Q3-3-=ol el 0.1 mm ]9 LS WA
7= Ha A Aol SIAE Ao FAE e,
A} AAEL AT FAE AL USS A8
oot BE d¢te] A7 doider & A9
HHFS dgo] w2 Aol nls) o xdatA ALt
HEg FAMED g uh2 9 HA FAe
Apolgre] Aol BAIHATL B Edo]  A8H
Test-bed®] L-Flange 44 ZziolA o] <1333
(S)# Ak Aol(AT)e] #AlCl Wigh FA442 A
T=0.0013x5+0.0508 = AtE=Aom, FAA 6 dg
AAAG R2 2 09864 Z1gko] 100 7§22

L-Flange 12%2] &3 Ak Apole] A= Al
#HYe g3t

Ir

= oz AR
T, 9% FaA AYel WS w1 W
a4 wge gEsgn 94 e Ay
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Acting Stress |MPa)

(a) Slope difference depending on the load applied by bolt

Slope Difference |deg|
~
.

Acting Stress (MPa)

(b) Relations between applied load and slope
differences

Fig. 4 Limits of slope difference
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ACUIRE Strass (MPa)

(a) Displacement depending on the load applied by bolt
preload

AT [}

Acting Stress (MPa)

(o) Relations between applied load and
displacement

Fig. 5 Limits of deformation between flanges
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Table 4 Allowable and applied tolerances in tower verticality

Tolerances DNV IEC

Secondary
effect (A)

Uneven
subsidence (B)

0.250 ° 0.286 °

Allowable

0.250° 0172 °

Secondary
effect(Min(A/2))

Uneven subsi-
dence(Min(A/2,B))

0125 °

Applied
0125 °

A AFH(DNV : 0250 °, IEC : 0.172 °)¢F EF19 2

2 33 e digk AlFAMDNV : 0.250°, EC :

0286°)8 HESATE F 7ITdA HAE 58 71&
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Fig. 6 Damage mechanism of embedded-ring foundation [9]
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Fig. 7 Location of penetrating rebar in test-bed structure
Table 5 Summary of limits for each safety parameter
Critical Parameter s
Parts (10 min max) Limitation
Slope difference of shell
Slope at the moment opening
differences occurs
L-flange (AT=0.0013%S +0.0508)
connection . Deformation between
Deformation
flanges at the moment
between .
flanges opening occurs
(AD=0.0065+5"0.434)
Standard of turbine
S supplier
Con'c Verticality (Apply 0.125 deg
foundation if not provided)
~steel tower Standard of turbine
connection Horizontal supplier
displacement (Apply 0.327 mm
if not provided)
d& AFHD TN ZAYE ZHEAA A
ok A E A cHFig. 6)[9].
webd 7z BEATeIN @dol wAstel B9lol

[
0125 °¢] 7]goigo] ¥hgty uHE & glonz
71z oM P28 o]lF #0327 mm(=150 mm
(1% ZAZE FHA widdd #E HI7HA 9 A)
x tan 0.125 °, Fig. D= W3 7lsata, wely o% 7]
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Fopte nHA Hrks 8 tREe AWA 4§
=& ?%6}—5 %17} A sk B7F A=
AirE oz [SO (10, 11]e1M A8 4G4,
Fo), AA, AZhHE #4383k gEe 7 dAd o
S WS Table 64Jr o] AAFI, o] EUE F
obf obdA HrME A% #E] EAE AAETh

#FEAE F2RE FHYFAA H3F 5 AV
WS w1ke] vlEgtolth FE FREA F ok
o] f7t BAL v AZE BAlolmE, A
BUEHAE {7 24 ol o]& 7HAstal Al
Mo fA#LE Fstoior gt wakA Ho &
2] ©A A7 dA(Dangen)] ] 7]EA= oA
MR skl 90 %= Asske] 10% AE9] <k
Avpzls SHstEE AAseith 30 MW #l5 sl
Z9gH 2dS o] g3k DLC 1.2 ¢ DLC 6.2 A
o gFalME s Ay, FTHHW FAHow
SAE 492 189 4 i DLC 1291419 €
o ZgateE FF(EFSE 25 mis olshe TXE A
A n8HE AUEe 49 F 6M°1 DLC 620l 4 ¢]
Aol 60~70 % A= FEO A= ATk b,
ol& Zotstel #dAlY 70 03 dAH 92 sl
Ak ol F Fo)(Care)et AAI(Alert) @Al e 7]5
A A 23, A7 wgk GGolA s st

Table 6 Countermeasures at each control level

Level Countermeasures
Normal Normal

Care Check and monitor measurement events
Alert On-site visual inspection
Danger Emergency shutdown and management

Table 7 Managing criteria for each control level

Control level Managing criteria
Normal Below 70 % of management limit
Care Exceeding 70 % of management limit
~ below 80 % of management limit
Alert Exceeding 80 % of management limit
~ below 90 % of management limit
Danger Exceeding 90 % of management limit

SHUUXNE: M15d, H2s, 2024

=

=2
Y
12
4z
lo
Y
[
v
i
L
>
=
J
ol
ol
2
a=)
o
N
SN
o 2
il

o
ol
e
o
o
)
oft
o
T fl

,d
Hore 2
J gy
_O‘L
2
i3
>
QL
rr
o,

ol
o,
N
do

|
it
ez ol
i)
ok
e |

) Test-bedol 758 ZUH A2

@ o nEztel A% volgE EASY Holy

5 ke FEMel A4HoR $Hd AYE, o
A% Aol 717t Bk AA%Y At ddd Ao
2 geld, FAe o ueh R dewe
Fig. 891 UPERNATHATA © Hrjd, wmekd) © A2
A, s B E)

Fig. 8 Monitoring of power output by turbine operation

3.1 BUE AlAH T4 U HSHO/E HS 24

BUEY ANE s FEAS 54 2
Melol we Be %S PHeke] Table 83} o] 4
sk, dzie) A-shel Fig 9% o] MAssich
AAE AAE A wse] QAARE, XA ASE

29



ox
=
Flok

o
Ho

Table 8 Specifications of sensors

Category Specifications

- Range : 50mm

- Rated output : 5mV/V (10000x10-6 strain)
+0.1%

- Sensitivity : 200x10°® strain/mm

- Input/output resistance : 3502

LVDT

- Operation temperature : ~40°C + 80 °C
- Applied power: 55 to 15V DC
- Output voltage : £2.5 volt signal

Tiltmeter

- Gauge length : 100 mm

- Capacity : +5 mm

- Sensitivity : 1000 x 10-6 strain/mm
- Output voltage : £2.5 volt signal

Crack
gauge

- Gauge length/ width : 3mm/ 3.2mm

- Base length / width / thickness : 17mm /
8mm / 1.5mm

- Input/output resistance : 350Q

Strain
gauge

(b) Crack gauge

(c) Tittmeter (Upper) (d) Tiltmeter (Lower)

(e) LVDT (Horizontal) (f) LVDT (Vertical)

Fig. 9 Photos of installed sensors
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Fig. 10 Configuration of monitoring hardware system

Table 9 Measurement data sampling rate and unit

Sampling Raw | Process— | Conver
Sensor D data ing data sion
rate . :
unit unit factor
Tiltmeter 64 Hz \% Degree (Ojelg7/9\§
Straingauge 64 Hz ue ue -
0.005
LVDT (H) 64 Hz ue mm mm/ie
0.005
LVDT (V) 64 Hz ue mm mm/ie
0.001
Crackgauge 64 Hz ue mm /e
dolel AHwEE AYA ofF, ALl &
8 FAHo2 A4 PCol AZ dolHrt 1Y 2 21
dH™, LTE BA%S Sa % And TfH%

Fig. 109] A|28gE& 333t
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Table 10 Raw data item description

Category Explanation Unit
Date Measurement time -
32563_chl flange joint upper strain gauge

(0 Degree) He

flange joint lower strain gauge
32063 ch2 (0 Degree) HE

flange joint lower vertical LVDT

32563 _ch3 (0 Degree) ue

39563_chd flange joint lower horizontal LVDT e
(0 Degree)

39563_ch5 flange joint upper Tiltmete v
(0 Degree)

39563_ch7 flange joint lower Tiltmeter v
(0Degree)

15955 ch3 flange joint crack gauge e

- (0 Degree) H

flange joint upper Tiltmeter
45038 ch5 (180 Degree) v
45088 ch7 flange joint lower Tiltmeter v

(180 Degree)
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