2

SHEMI| o X|H FX|E+E 2et
MATLAB Z2730| £t
XX E, Bt X 7= 7S

<) MathWorks




o
O
£1 X e

CtS 0HA| (MATLAB)
A=

4\ MathWorks



A

(8879 &)

OILIX| 7| 270 L7 B3 B A SA7| 84
© 2L0|UX|7 =Sl 7| SAtY R Y B =it
- B - FAYe g E RSt EE IS Yo=Y & X

- AL RIS, 21 2

© ORI B Y B

© AL T L] R

© OlusiEta X2| U 0l8 HRHY
" SPOLIX| MOl AT

- ORIRR S - STl oL X|7| S HxH42 K|

/’
‘‘‘‘ /

ST vl || T AN
i Q1= 0L I =312
KOREA INSTITUTE OF ENERGY RESEARCH

- 3 - elolluxPlE e S =, 24

- R - ZHEZH IS 0]2) T27|s 712 Y M X

4\ MathWorks 2




THA XEE

st oEX[7|sdT & (SXH)
Fraunhofer S8 A 1A ()
GE Wind Energy (5 %)

TC88 IEC61400-50-3 St= CH &
IECRE SG551 ¢t= CH&

HEAL: Kassel University (5 €)
M AL Stuttgart University (5%)
otR: GMchetw

\B EXIPO

4@\ MathWorks



2 150 =
; 15 ~

5 aJ E

- <1

g o

v 1000 10 a Point where

g 9 v failure starts

S g to occur Early Signal 1
-~

- 2

Early Signal 2
’ ’ v Early Signal 3
»

\
.

{7

PdM Detects
Problems Early

g

|

w |

50 e 1Bt i ~{‘,’
. '.I | I '

0129 5§

(&}

Hot to Touch

Equipment Condition—l

Broken

Equipment Fails Here:

Cost to Repair

4\ MathWorks 4




2. Z2=ME iR
XHE0iILX]

3020

203071

THAOILX] ST HIZS 20% Era

Q) v 2030?

o

= 8T 2 7% YURE $F S LU0 4TUHR =X
mo1EAt o XA 7 AW [y (Vi)
MW 83 SMWE 8433 6-8MWE 833 S04 43

i/ 0l L4 K| 3020 O| A=l (A ) 2017.12.

14000 Wind Energy Capacity 13,000MW

12000

B onshore M offshore
10000

8000

MW

6000
4000

2000 1000MW
I

2019

30MW

4\ MathWorks



— T,

offshore ($170/Mwh'")

O&M cost

(1) International Renewable Energy Agency, 2014

Offshore wind farm cost

DEVELOPMENT AND
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WIND TURBINE
SUPPLY

NSTALLATION AND
COMMISSIONING BALANCE OF PLANT

Source: Offshore Wind Works
http://offshorewind.works/cutting-cost-electricity-offshore-wind/
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IEC
INTERNATIONAL
STANDARD
[P}

Wind turbines —
Part 13: Measurement of mechanical loads

[LAB EXIPO

I . — i
Capture matrix

min. V 4 5 6 7 8 9 10 11 12 13 14 15
max. V 5 6 7 8 9 10 11 12 13 14 15 16

min. | max. |
0 0.05 1 1 0 0
0.05 0.07 0 1 2 15 17 14 20 4 10 21 8 5
0.07 0.09 2 7 23 25 31 36 38 20 24 36 12 5
0.09 0.11 2 20 23 22 15 26 17 10 17 11 3 2
0.11 0.13 8 12 13 8 7 12 6 1 0 1 1 0
0.13 0.15 9 4 6 2 2 2 0 0 1 0 0 0
0.15 0.17 4 4 1 0 0 0 0 0 0 0 0 0
0.17 0.19 3 0 0 0 0 0 0 0 0 0 0 0
0.19 0.21 1 0 1 0 0 0 0 0 0 0 0 0
0.21 0.23 0 0 0 0 0 0 0 0 0 0 0 0
0.23 0.25 0 0 0 0 0 0 0 0 0 0 0 0
0.25 0.27 0 0 0 0 0 0 0 0 0 0 0 0
0.27 0.29 0 0 0 0 0 0 0 0 0 0 0 0
0.29 0 0 0 0 0 0 0 0 0 0 0 0
Total No. of data | 29 48 69 72 72 90 81 35 53 70 24 12
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(=T - B T = R R A R

[ R S R S R R R el R = R =R e R =
[==RN N R - R B SO TR R T = T R I« R R A L=

1
3

1
windSpeed_mean

13.3519
13.7755
139176
131492
12.0303
128839
128719
134223
13.6958
13.7661
10.2736

99263
10.6052
10.1878

9.9777
106378
104728
109918
10.5129

96664
10.2263
104727

96371
105718
104278

9.9750
10.0572
10.2504

2
windSpeed_min
123583
12.6809
12.8192
11.6208
11.0678
11.9896
116208
124503
11.6669
12.4965
91781
91320
9.9155
9.3163
92702
97311
9.5929
10.1460
89476
7.7954
91320
9.3624
8.4867
9.5468
9.3624
8.6250
8.6250
9.0859

3

windSpeed_max

I

144323
148471
145245
138253
13.6488
139714
139714
14,7089
15.0778
15.0778
11.8052
11.1598
11.3904
11.0678
10.8834
11.7130
112521
11.5974
11.5747
10.7912
11.2080
11.2060
105147
11.2060
114826
10.8373
10.8834
11.7591

4
windSpeed_std
04723
0.4734
0.4246
0.4847
0.5017
0.5096
0.5935
0.5403
0.8776
0.5409
0.6895
0.5077
0.3562
0.4562
0.3449
0.4951
0.4659
0.4929
0.7127
0.6853
0.5440
04212
0.4128
0.3854
0.4429
0.4987
0.4702
0.6695

5
power_mean
5.50562+03
5.50952+03
5.5156e+03
5.5087e+03
5.5000e+03
5.5179e+03
5.5160e+03
5.5255e+03
5.51792+03
5.514%2+03
450742403
4.26512+03
4.7107e+03
4.7088e+03
41877e+03
45404e+03
4.8705e+03
479852+03
5.0217e+03
483452403
403632403
4.4449e+03
4.4470e+03
3.574%e+03
4.3426e+03
4.7883e+03
3.7645e+03
3.649%92+03

6 7 8 9 10 11 12
power_min power_max power_std edgeMiddle2_mean edgeMiddle2_min edgeMiddle2_max edgeMiddle2_std
5.4272e+03 5.5876e+03 35.7961 14.0337 -1.2685e+03 1.2724e+03 824 6686
13 14 15 16 17 18 14 20 il 22 23
edge2_mean edge2_min edge2_max edge2_std flap2_mean flap2_min flap2_max flap2_std shaftY_mean shafty_min shafty_max
2319582 -5.5602e+03 6.0545e+03  3.9908e+03 9.0837e+03| 7.7600e+03 10542e+04 4776832 1361214 -49970e+03 5.1280e+03 +
373.2918 -55014e+03 6.0240e+03  3.9720e+03 9.0988e+03| 7.2252e+03) 10868e+04 671.0471 1623956 -5.7062e+03 5.7755e+03 |5
1586989 -5720%9e+03 6.350%e+03 4.0063e+03 9.1644e+03| 7.5131e+03 11112e+04 691.2266 2432598 -5.6512e+03 5.5980%e+03
503.4331 -5500%e+03 6.1331e+03  3.9930e+03 9.3665e+03| 7.7838e+03) 1.0485e+04 533.2822 440891 -47235e+03 5.0501e+03
4247382 -5.6880e+03 6.5262e+03 4.0410e+03 9.9945e+03| 7.7136e+03) 11874e+04 768.9536 2255006 -6.2702e+03 5.9132e+03
6854726 -52333e+03 6.5132e+03 4.026%e+03 1.0333e+04| 8.8106e+03 11819%e+04 619.6000 373227 -6.1629e+03 5.6407e+03
5791110, -5.5800e+03 6.8384e+03 4.0390e+03 1.0026e+04| 8.5262e+03 11828e+04 6122715 1779292 -6.2664e+03 5.0710e+03
360.7589 -5.608%e+03 6.687%e+03 4.004%e+03 9.6902e+03| 7.0943e+03) 12118e+04 968.3278 1691623 -6.4297e+03 5.8619e+03
632.7549) -58481e+03 6.5861e+03 4.028%e+03 9.8266e+03| 7.5607e+03 11714e+04 8509692 307747 -6.6386e+03 6.293%e+03
155.8912) -5746%e+03 6.2762e+03 3.9577e+03 9.1465e+03| 7.4138e+03 10382e+04 5325268 3150101 -5.3132e+03 5.7783e+03
1.1847e+03| -4.9658e+03 7.2088e+03 4.0913e+03 1.1125e+04| 9.6268e+03 12054e+04 559.1693 -29.9494 -5.6815e+03 45792e+03
11291e+03| -4.9522e+03 6.9656e+03 4.1008e+03 1.0892e+04| 9.8641e+03 12597e+04 517.0241 -69.8489 -5.3502e+03 5.1916e+03
11824e+03| -49217e+03 7.1387e+03 4.0863e+03 1.1388e+04| 9.9950e+03 12605e+04 562.9461 -110.9959 -51157e+03 47681e+03
1.0406e+03| -51417e+03 7.1285e+03 4.072%e+03 11225e+04| 94816e+03 13137es04 7045618 484478 -5.843%9e+03 6.0584e+03
1.0354e+03| -5.0167e+03 7.1591e+03 4.0812e+03 1.0796e+04) 9.8356e+03 11893e+04 462.7255 294157 -5.3264e+03 4.9390e+03
1.1928e+03| -4.7486e+03 7.0126e+03 4.0244e+03 1.1195e+04| 9.8463e+03 12554e+04 686.8629 -17.1752| -5.5467e+03 6.1648e+03
1.2677e+03| -4.8267e+03 7.1755e+03  4.0020e+03 1.1522e+04| 9.9420e+03 13343e+04 738.3616 -143.3361 -5.8857e+03 5.7508e+03
1.0364e+03| -4.7871e+03 7.0556e+03 4.1030e+03 1.1453e+04| 9.6196e+03 12676e+04 572.2755 547603 -5.7167e+03 5.5657e+03
1.2961e+03| -4.8114e+03 7.2286e+03 41063e+03 1.1653e+04| 1.0630e+04 12885e+04 408.0646 -43.4218| -5.0369e+03 5.0188e+03
1.2270e+03| -51598e+03 7.4396e+03 4.1056e+03 1.1392e+04| 9.7374e+03) 12907e+04 519.8431 -85.1749| -5.4851e+03 5.5970e+03
1.0051e+03| -5.1078e+03 7.1178e+03 4.0961e+03 1.0576e+04| 8771%e+03 11983e+04 693.9640 -1.7852) -6.0044e+03 5.6682e+03
1.0087e+03| -4.8832e+03 7.0318e+03 4.0726e+03 1.1107e+04| 87100e+03 12720e+04 8295137 61.5619 -5.5543e+03 6.0176e+03
1.0440e+03| -5.0133e+03 7.0510e+03 4.0435e+03 1.1027e+04| 94590e+03 12527e+04 677.8695 623329 -5.8126e+03 5.5420e+03
09423690 -4.8691e+03 6.6303e+03 4.0435e+03 1.0112e+04| 8.8207e+03) 11834e+04 591.5691 0.2669 -5.0065e+03 5.1099e+03
1.0489e+03| -4.8583e+03 7.0595e+03 4.065%e+03 1.1005e+04| 9.4096e+03 12416e+04 553.1429 725309 -5.2049e+03 5.0653e+03
1.2818e+03| -4.7978e+03 7.023%e+03 41214e+03 1.1390e+04| 1.0217e+04 12668e+04 469.0063 -24.5126) -4.7178e+03 4.9874e+03
916.9424) -49398e+03 6.9492e+03 4.0444e+03 1.0274e+04| 84602e+03 11451e+04 575.7548 101.6990 -6.4525e+03 5.6274e+03
867.5855 -49811e+03 6.9498e+03 1.0188e+04 11770e+04 749.2089 1027235 -5.7490e+03 5.5381e+03

3.9984e+03

8.4048e+03

3
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corr. coeff. =0.4 corr. coeff. =0.5 corr. coeff. = 0.46 corr. coeff. =0.42 corr. coeff. =0.25 corr. coeff. =0.23
o T e T o G _\_.;‘.. ~ o PO AR o LA Ty o TR - o LT . -
Damage Equivalent Load E E E E : E E
[=1n & [=30 3 (=R (=T (=} (=}
o @ @ @ | o @
= = = = _ = =
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gradient

Mean Squared Error (mse)
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Mu = 1, at epoch 72

Best Validation Performance is 28264.1837 at epoch 66
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Polynomial Curve Fitting

Tree, R=0.897, MAPE=10.44 %

5Polynomial Curve Fitting, R=0.8894, MAPE=12.07 %
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Artificial Neural Network

Linear, R=0.9498, MAPE=7.576 %

NN, R=0.956, MAPE=7.126 %
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Flapwise bending moment of the blade 1 (m=12)

ANN ANN ANN ANN
Linear Linear Tree Linear
Tree Tree Linear Tree
Polynomial Polynomial Polynomial Polynomial
ANN . Artificial Neural Network
Linear : Regularized Linear Regression
Tree : Decision Tree

Polynomial : Polynomial Curve Fitting
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Flapwise bending moment of t

he blade 1 (m=12) ANN Linear Tree Polynomial
Edgewise bending moment of t . ;
Pol I
he blade 1 (m=12) ANN Tree Linear olynomia
Shaft tilt moment (m=6) ANN Linear Tree Polynomial
Shaft yaw moment (m=6) Polynomial Linear ANN Tree
fower bottom normal Linear ANN Tree Polynomial
moment (m=4)
T bottom lateral
OWETBOLIont iaters Linear ANN Polynomial Tree

moment (m=4)
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Wind Power Plant Smart O&M Platform
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Predictive Maintenance Toolbox™

Bearing Inner Race Fault -

8 RRQY

KIER Bearing Fault Simulator Analysis Program

i Set C i "I'lmeData“ lysi } FFT Analysis ‘ Spectrogram Envelope Analysis

KIER Bearing Fault Simulator

.V\‘

Measurement Channel Discription Operation & Bearing Details

Ch.1 : Servor Motor Z%7| Z-dir. Sampling Frequency (Hz) 10000 as
Ch.2 : 47| Drive-End Z-dir. Revoluti Minute (RPM 1800

Ch.3 : 547 Non Drive-End Z-dir. Golution per MInubs (REM) 4 [
Ch.4 : Gear Box Z-dir. Number of Balls or Rollers 9

Ch.5 : Gear Box Y-dir. Ball or Roller Diameter (d, mm) 11.22 2
Ch.6 : Bearing Housing Z-dir. e

Ch.7 : Bearing Housing Y-dir. RitchiDiametar. (D, 'mm) 5 7S l
Ch.8 : Baseplate Z-dir. Contact Angle (alpha, degrees) 0

Ch.9 : Baseplate Y-dir.

Ch.10 : Baseplate X-dir. Calculated Bearing Frequencies (Hz)

Fundamental Train Frequency 11.88
Ball Pass Fregeuncy of Inner Race = 163.05
Ball Pass Freqeuncy of Outer Race = 106.95
Ball Spin Frequency 69.08 e
Bearing Fault Freqeuncy 138.16

Condition Indicator Value

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

*
Training Data * *# *
Current Data ¥ X *; %
*  Failure EventData ¥ * %
* 5k gy
*

| | | |

50 100 150 200 250

Life Time Variable (cycles)
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Statistics and Machine

Learning Toolbox™ Deep Learning Toolbox™

A
POTENTIAL
UPSIDE

flapt m12
flap1 m12

flapt m12

PREDICTIVE (.. » i
MAINTENANCE 4.0 com. ot =048 .
. - E : z z o
PREVENTIVE Failure prediction r; g; r; : E gt actual .
MAINTENANCE using loT & big data = = = = - = - predicted ,c
. Q
Planned maintenance 2 2 2 2 T 15
= = = = S
H H °
N o 1F 1
o o ] ] E
£ £ E E
Ef g 2 E 5 0.5 1
COMPLEXITY » pe— S
N _?orr..weu. =U.UI.I N or. coe 0 = - -
B z £ 3 E i 0 50 100 150 200 250
H H E g g & Observation number
Machine Learning — — :
ot coeff =032 cor coeft. Hi StOg ram
B hafiZ max _ L shefZsd B shaftY m6. - shaftY 1
1.2677e+03 -4.8267¢+03 7.1755¢+03  4.0020e+03 1.1522e+04/ 9.9420e+03| 1.3343e+04 738.3616
1.0364e+03  -4.7871e+03, 7.0556e+03  4.1030e+03 1.1453e+04 9.6196e+03 1.2676e+04 572.2755 40

D U 12961e+03 -4.8114e+03 7.2286e+03  4.1063e+03 1.1653e+04 10630e+04| 1.2885e+04 408.0646
ata Sage l 12270e+03  -5.1598e+03 7.4396e+03 4.1056e+03 1.1392e+04 97374e+03| 1.2907e+04 519.8431
1.0051e+03 -5.1078e+03 7.1178e+03  4.0961e+03 10576e+04 B87710e+03| 1.1983e+04 693.9640
# of Sensors l 10087c+03 -4.8832¢+03  7.03180+03 4072603  L1107e+04 87100+03 12720+04 8205137
1.0440e+03  -5.0133e+03 7.0510e+03  4.0435e+03 1.1027e+04 9.4590e+03| 1.2527e+04 677.8695 20
9423690 -4.8691e+03 6.6303e+03  4.0435¢+03 10112e+04 88207e+03| 1.1834e+04 591.5691
1.0489e+03  -4.8583e+03 7.0595e+03  4.0659e+03 1.1005e+04 9.4096e+03| 1.2416e+04 553.1429
12818e+03 -4.7978e+03 7.0239e+03  4.1214e+03 1.1390e+04 10217e+04| 1.2668e+04 469.0063
0160424 40308e-03 60402003 40444e-03  10274e-04 846026+03 L145le+04  575.7548
867.5855 -4.9811e+03 6.9498e+03  3.9984e+03 10188e+04 8.4049e+03| 1.1770e+04 749.2089 O

50 -40 -3 - -10 0 o 2
LCOE l prediction percentage error
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