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Abstract

As wind turbines become bigger to capture more wind energy, it becomes
more difficult to operate, maintain and repair wind turbines. In particular, it is
not easy to detect wind turbine failure in the early-stage. In Europe, it is
popular to use Condition Monitoring System, CMS, for wind turbine Operation
and Maintenance, O&M. However, though wind farm owners and operators of
Korea know how useful the application of CMS is for their O&M, there are
not many reports or investigations in Korea for CMS application to wind
turbines.

In this thesis, in order to improve O&M technique based on the real data at
real wind farms, CMS technique was applied to wind turbines of Hankyung
and Seongsan wind farms on Jeju Island, after availability, capacity factor,
annual average wind speed and O&M records of the two wind farms were
analyzed for the period from 2011 to 2015. It is revealed that how the wind
turbine repair was done when the turbine failure occurred. For installing
CMS, 11 sensors were attached on the gearbox, the generator and the tower
of wind turbines with which the vibration signals can be captured. Then, four
sorts of the components failure were selected as a representative, and the
vibration signals from the components were analyzed for time domain and
frequency domain.

The results showed that availability of the two wind farms has increased
and wind turbine failure has decreased since O&M technique has been
improved over the past few years. The failure of generator winding and
bearing of wind turbines was detected in the early-stage by the CMS
vibration signal analysis. In addition, the CMS detected failure of the
hydraulic pump and the generator cooling fan of wind turbines before serious
failure of them. Therefore, the prediction and diagnosis of wind turbine failure
was possible through the CMS technique, and more case studies should be

done to improve CMS technique.
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Table 1 Annual wind energy statistics on installed capacity and energy

production in South Korea[5].

A&
Hx
At A i =
~99 3,345 3,345 5,839
2000 1,500 4,845 16,685
2001 1,980 6,825 12,590
2002 3,750 10,575 14,881
2003 3,480 14,055 24,865
2004 23,390 37,445 20,067
2005 28,000 65,445 104,685
2006 109,350 174,795 218,839
2007 21,150 195,945 362,198
2008 105,250 301,195 421,360
2009 50,900 352,095 678,104
2010 21,250 373,345 811,788
2011 33,000 406,345 857,645
2012 76,300 482,645 908,447
2013 78,650 561,295 1,143,548
2014 47,200 608,500 1,136,285
2015 196,350 804,850 -
1,200,000 1~ _
1,000,000 |
F._?—_ |
800,000 ¥ ‘
600,000 1° BEEFEN B8
' Y
400,000 1 § 0 A0 B
200,000 1~ 'I - I I |
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Fig. 3 Annual wind energy statistics in South Koreal5].
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Fig. 4 Regional status on wind turbines installed in South Koreal5].

Table 2 Annual and regional statistics of wind power availability in

South Koreal5].

TE | A7 | A9 | A% | A4 | A% | Ad | AF
2011 12.24 23.99 13.98 26.34 31.66 17.34 24.23
2012 14.23 21.12 13.60 21.71 29.55 23.79 22.13
2013 12.13 26.89 15.54 11.79 30.49 27.60 26.84
2014 11.46 21.99 12.57 17.05 21.07 21.26 22.68
Bt 11.34 23.78 14.10 20.70 29.71 25.03 23.72
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A= o] qlt}. A ZAR= NEG-MICONAFS] NM72C 7]Fo|th 29b-AI= 2007 12
Y F=F Z FAA &9 Folu, M 57]2 F 16MW £ oz FAH o] gtk
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Table 3 Information of wind turbines installed in Hankyung wind farm.
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oMW NEG-MICON
SHE 59 194 ‘04.04
(1.5MW=47]) NM72C
_ 15MW VESTAS
S 59 29 ‘07.12
(3MWx571) (V90)
12 944 &4
Table 4 ¢} Fig. 6 < 4% Az 2011358 201597149 715 &, ©]
$F, JiEE 1405 5 $A2AS JERAT o7 nZASE AAA

Table 4 Annual operation data of Hankyung wind farm.

T 11 12 134 143 159
7t & ' (%) 88.8 94.6 95.0 95.9 94.1
o] & & (%) 25.4 24.1 28.9 27.6 23.6
BIFE (m/sd) 7.23 712 7.03 6.73 6.63
1FAF = (719) | 83 (9.2) 81 (9) 78 (8.7) 72 (8) 68 (7.5)
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Fig. 6 Annual operation data of Hankyung wind farm.
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Table 5 Annual wind turbine down time at Hankyung wind farm.

T 11 124 13 14 159 A
104 o) 4 5 3 3 1 16
54 ~10¢ 11 11 7 3 4 36

19 ~5¢ 15 17 13 14 16 75
3AIZE~1¢ 53 48 55 52 47 255
3A|ZE o] &} 125 117 101 118 120 581

4 A 208 198 179 190 188 963
120

20154

20144
E3A|ZEO|SE
E3A| 719

20134
m1Y~s g
m5~109

20124 ml0g 0l

125
20114
c; 20 40 60 80 100 120 140

Fig. 7 Annual wind turbine down time at Hankyung wind farm.
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Table 6 The number of annual failure of wind turbine components

occurred in Hankyung wind farm.

209
B I =
T = | od | 13d | orgd | sd | g A
(29
7)ok 6 15 20 15 9 65 8.2
Yaw Sys. 17 32 20 16 14 99 139
d Pitch Sys. 14 29 18 19 13 93 117
A | Blade & Hub 7 14 21 12 10 64 8.4
pe EF
= ] 2 0 0 0 0 2 0.2
H] (7].{?,%%)
HZ7]7] 10 9 10 5 8 42 5.3
2 A 56 99 89 67 54 365 46.0
7188 (SRR ES) | 36 19 25 28 27 205 25.9
o] (W %3 | 72 43 57 55 66 223 28.1
3t Al 164 161 171 150 147 793 100
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Fig. 8 The number of annual failure of wind turbine

in Hankyung wind farm.
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Table 7 Information of wind turbines installed in Sungsan wind farm.

A H]8-2k
TR e A=A} & T
(7] <o)
. 120 VESTAS
HAEE 1A '09.03
(2MWx67]) (V80)
. 8M VESTAS
ke 2w 10.09
(2MWx47]) (V80)

Table 8 Annual operation data of Sungsan wind farm.

T i 11 12 139 14 159

7F & & (%) 97.3 98.5 98.1 98.6 96.8
o] & & (%) 284 26.3 26.7 26.2 239
HHFE (m/sd) 7.31 7.1 7.28 6.82 6.63
13AG (719) 74 (7.4) 71 (7.1) 81 (8.0) 69 (6.9) 60 (6)

120
97.3 98.5 98.1 98.6 otk
100 - _ ,
— . 4 v by —
80
81
o ——J}EE(%)
71 &4 .
60 ~&=03U%
&0 —8-0| 8 5(%)
40 BT ES(m/s)
28.4 26.3 26.7 26.2 389
20
7.31 7.1 7.28 6.82 6.63
0
20113 20123 20134 20144 20153

Fig. 10 Annual operation data of Sungsan wind farm.
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Table 10 The number of annual failure of wind turbine components occurred

in Sungsan wind farm.

o9
7 7 11d 1249 13 143 15 A o
(%)
7]ofek 12 14 13 12 56 5.7
Yaw Sys. 7 12 16 19 18 72 7.3
7] Pitch Sys. 10 16 15 18 20 79 8.0
Al'| Blade & Hub 6 7 11 10 8 42 43
A <)
H _ﬂNr . 2 0 0 0 0 2 0.2
[N ESS2=)
HZE7)7] 13 19 30 28 31 121 12.3
2 A 43 66 36 38 89 372 37.7
A7)
e 47 43 57 52 33 232 235
(=)
AoJAdn] (/W £3H 87 73 38 69 64 381 38.8
<t Al 177 182 231 209 186 985 100
90 - -
80
M T -
m20114
E20124
201343
. /2015 "ol
" 20144 ®20154

,;f 20134

/
/ 20124
_/ 201118

Fig. 12 The number of annual failure of wind turbine components occurred

in Sungsan wind farm.
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Table 11 Location of vibration sensors.

C,H Component description Sensor type
(Position)

1 Gear Box 1st Planetary Stage JtE = (A5}
2 Gear Box 2nd Planetary Stage 7V (A F3)
3 Gear Box Intermediate Stage Front MEE

4 Gear Box Intermediate Stage Rear Ex

5 Gear Box High Speed Stage Front THEE

6 Gear Box High Speed Stage Rear tEx

7 Generator Front s

3 Generator Rear THEE

9 Generator Shaft &=

10 Tower Axial 7V (A )
11 Transversal =)

Fig. 13 Location of vibration sensors.
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2 201395-H 201567149 A BT 715 F 47| Ale]~E AdAste] HolHy
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ojt}. 20154 1€ 79 w9 WA VIZF AAH wA F=8 7S AA 1E
189 7] wAE A, 19 219 Ad 2 247 7S SRSk
Al GA 44 1,500k &4 5 Grid spike L2, Grid drop voltage L1, Main
CBI1 Tripped alarmo] sAlel @At G = At} Table 129 Fig. 15 A A

= Auago] Agel £guol w/E AA® Aol
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Table 12 Inspection report on generator
(Site: ‘A’ WT of Hankyung wind farm, Date: 2015-01-07).

7 7] Alel &

A A A HMR) YA (mR) A A A HMR)
U-GR 00 U 2 U-GR 00
V-GR 0 \Y% 2 V-GR 00
W-GR 0 W 2 W-GR 00

Fig 15. Measurement of insulation resstance of generator
(Site: ‘A’ WT of Hankyung wind farm, Date:2015-01-07)
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Fig 16. The process for replacement of the broken generator
(Site: ‘A’ WT of Hankyung wind farm, Date:2015-01-18).
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Fig 17. Temperature variation measured at the winding of generator

(Site: ‘A’ WT of Hankyung wind farm).
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Table 13. Comparison of operating temperature in the generators
(Site : Hankyung 1st wind farm, Date:2015-01-07).

T & AB 7 B3 7] C3.7] D37

Gen” Winding 141C 113C 107C 125C
(AL AEE: 155T7)

Gen’ Brg Front 91°¢C 80°C 76°C 84C
(FALHA%E: 100T)

Gen’” Brg Rear 85T 76T 63T 89T
(AL A% 100T)

Water Before Cooler 50T 53T 43C 38T

Water After Cooler 38C 42T 23T 26T

Fig. 187} 19& 432 dAddEX AS 7] @ 7] SIYH(NDE: Non Drive End)%!
TiA A3E ®olErh Fig. 189 A% s &4

53
oAt AEZFS SAE AF 74559 RMS(Root Mean Square)#kel™, 7F=5

ALY

71 AAZE o] Folxl A1l 20151 149 o] % FE= XEo] #AAasta = A

S 9 % itk 20144 39FE aFo] WA Ao melr

12 =
FFT : 20144 84 3¢
Damaged
10 4 e T E After repaired

RMS [m/s?]

e oam oam o oo o omm owm|

[=]
o,
o
T a S, [ ——

Bl 1’I;... eindd ! il ink i R o <

RESRETI g aiEi3atiseitiniEze

% 233 IIIIIIIIIILEEEEEERA R BB

A AR RRAERARAREARREARABERARBAERARAA_A[8ARAER
Time

Fig 18. Time domain analysis for vibration signals measured on the
generator NDE (Site: ‘A" WT of Hankyung wind farm).
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| Aol 7§ 1800Hzok 2480Hzol A =2 7FEk ghe] zlso] #=H A=,
FA A3 1800Hz2 745~ coil passing frequency ©]™, 2480Hz2] 7 -$- rotor bar
passing frequency®]t}. Rotor bar passing frequency+ L4 AF(stator) slot5=ol
AFarE wek T, o] 9] MFke]l =5 A EHY] 29 vt
o] &0y HE 58 oAs] 2 4 vt Rotor bar passing frequency: = E

2 Qe HAEE AT xFol7] wEolth AN T ZHuh

£ 0 2= coil passing frequency”’} ¥ & dAS Ada 4= gl ol de

4
o

b &o] obd 7] Zdel EA7E e Ao Btk il AA fA
B Ay Bxdr] sido]l B Hggol FAHAY. S, 2] o] B B A
A717o] B dstA FAEAL o2 18 AU F3 FHY] BH Fo] AR
A x)&h#] opa] HAlo] AATE 1w]al o]& 218} rotor bar passing frequency

dee) FFo] Vet Ao Pz

5
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S—
£ 4
E 3 /
® | s 2480Hz(Rotor bar Passing frequency)
2 =
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=T

1

O LLLMM o | .
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Fig 19. Frequency domain analysis for vibration signals measured on the
generator NDE (Site: ‘A’ WT of Hankyung wind farm, Date: 2014-08-03).
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(Site: ‘B” WT of Hankyung wind farm, Date:2014-09-15).
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Fig. 21 The process for replacement of he broken generator bearings
(Site: ‘B"” WT of Hankyung wind farm, Date: 2014-09-15~19).
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Table 15 Enveloped FET at generator NDE
(Site: ‘B’ WT of Hankyung wind farm, Date: 2014-09-08).

g A A ey A F)
ATk
Sl R s g | T A gims
H$1[Hz] H #1[Hz]

Inner ring x1 156 2 156 0.1

Inner ring x2 330 1.8 330 0.1

33 AikEsy AT R CE7] 27 wojdy uA

3.3.1 gAY

A HA R A e dddx] V80 Co7] FARS AHdlE £4 38t 2014
d 745 T 2Rt At s 2RUHelHE T FAE L AW
%= 2014 79 309 High Temp. Gen. Bearing(NDE) Alarmeo] ¥A3Fit} o] A
2 W2 7] Non-Drive End &9 &% WH7F =55 9v|sto, Fig. 233 #o]
WA 7] =AM, Wbl Auto Grease Pump A4S A&ttt A1 47 #-d
AHl= ol AddH

Fig 23. Generator bearing temperature sensor inspection(Left)

Auto grease pump inspection(Right).
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5 | Vi [

Fig 24. Thermal relay inspection(Left) / Broken nacelle fan(Right).
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Fig. 25 The process for replacement of the broken generator bearings
(Site: ‘C" WT of Sungsan wind farm, Date:2015-03-12~19).
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Fig 26. Time domain analysis for vibration signals measured on generator
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Fig 27. Frequency domain analysis for vibration signals measured on
generator DE (Site: 'C’ WT of Sungsan wind farm, Date: 2015-02-09).
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Fig 28. Frequency domain analysis after repairing oil leak
(Site: 'C" WT of Sungsan wind farm, Date: 2015-05-10).
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L, Motore] AaAAasS =Asto] 500MQe %53t =4 Ax=s golstgdrh

1
o4& Motore] ZUAFE 24ake] Table 16 3 o] F5d AnE At}

Table 16. Generator cooling fan motor coil resistance.

T 8 2UA G
Ul-V1 Ul-W1 V1-W1
Low
11.5Q 11.5Q 11.5Q
U2-v2 U2-W2 V2-W2
High
97.8Q 97.4Q 97.5Q
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Fig 31. Frequency domain analysis for vibration signals measured on
generator NDE (Site: 'D’” WT of Sungsan wind farm, Date: 2015-02-09).
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Fig 32. Frequency domain analysis after repairing generator cooling fan
(Site: 'D" WT of Sungsan wind farm, Date: 2015-12-21).
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