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Fig.1 Simplified dynamic model of unit-length blade
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Fig.2 Finite element model of blade
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Table 1  Loads of blade at the rated wind speed
Distance from root/m 15 21 25.5 30 34.5
F /kN 73.08 59.42 4750 34.26 19.08
F,/kN -6.21 -5.14 -4.04 -282 -1.5I
F./kN 29434 21638 152.27  88.64  40.07

M./kN + m 121.49 7255 43.82 2235 7.91
M, /kN - m 750.48 44544 265.18 12929  40.19
M_/kN - m -11.70 -8.15 -570 -3.64 -1.46
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Fig.3 Coupling effects and loads distribution
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Table 2 Natural frequency and modes of blade

Natural Mode Deformation
Orders L Resonance
frequency/HZ  description /m
0.47 flapwise No 1.63
2 1.02 edgewise No 2.56
3 1.20 flapwise No 1.64
lapwis+
4 2.29 flapwis No 3.44
torsion
flapwise+
5 321 apwise No 3.06
torsion
dgewise+
6 3.52 eogenise No 4.19
torsion
flapwise+
7 4.49 apwise No 3.33
torsion
flapwise+
8 6.56 edgewise+ No 3.78
torsion

R3O AR E A0

Table 3  Effect of pre-stressing effect on natural frequency

Natural frequency/Hz

Orders

0s~! 0.9s7! 1.8s7! 3.6s7! 5.4¢7! 7.2s7!
1 0.47 0.50 0.57 0.75 0.96 1.11
2 1.03 1.06 1.12 1.17 1.21 1.29
3 1.20 1.21 1.29 1.64 2.15 2.53
4 2.29 2.33 2.45 2.82 3.25 3.12
5 3.20 3.21 3.24 3.35 3.67 3.71
6 3.51 3.52 3.57 3.62 3.83 4.09
7 4.49 4.53 4.65 5.06 5.75 5.98
8 6.56 6.59 6.68 5.32 7.26 7.13

3 5 T N IR0V T i AR Bl A R
IR0 .09 1.8s 3.6 5457 7257
BF, I AT B G AR SR 3 Ha] & TN
IR i B 9 2 A8 248 o B SR P AN i T 3
KA ERL T (17 2rpm , B 1.8s7") KA 8 561},
TIUNE 0N % e ) T A A AT B R s, i
— BRI 0.47Hz 7254 0.57Hz, AHR Hb 4%
FH 1.03Hz 284 1.12Hz. fy L AT UL, F 57 g 260y i A5
ﬂfﬁﬂﬁﬁﬁ%ﬁﬁ%ﬂ‘“jﬁ X R R TN RGO

P (A A ) 3 1 . T ) R T, AR 9 B il
Xﬂ‘ﬂﬂﬂ;-wﬁﬁ%n AR , 36 LA 2 M A0 2 il
N A RET BT IRAL, N 5 pR.

ANSYS ANSY
NODAL SOLUTION R15.0 NODAL SOLUTION m,‘f‘,
STEP=1 STEP=1
SUB =1 SUB =2

FREQ=.566509 FREQ=1.12193

USUM (BVG) USUM (ave)
RSYS=0 MK RSYS=0 MK
DMX =1.28118 DMX =1.78674

SMX =1.28118 SMX =1.78674

—_— _—
264705 569415 954123 1113683 0 1357052 7941 T 1ot
142356 1427061 711768 996476126119 L1os7e aussTe ee2éST 13868130674
(a) BirfRA (b) —R2Y
(a) The first order mode (b) The second order mode
ANSYS ANSYS
NODAL SOLUTION R15.0| NODAL SOLUTION R15.0|
STEP=1 STEP=1
B =3 SUB =4
FREQ=1.29129 FREQ=2.44989
USUM (AVG) UsuM (AVG)

RSYS=0
DMX =2.42385
SMX =2.42385

DMX =3.5593
SMX =3.5593

— —
538634 1.07727 1.6159  2.15453 o 190955 LiSeist 3.37ag1 S.ie3er
.269317 .80795°  1.34658 1.885222.42385 .395478  1.1864 197739 2.76834 3.5593)

(¢) —Firdizy (d)PYBre Y
(¢) The third order mode (d) The fourth order mode

ANSYS ANSYS
NODAL SOLUTION R15.0) NODAL SOLUTION R15.0
STEP=1 STEP=1
SUB =5 SUB =6

FREQ=3.23834 FREQ=3.56496
USUM (AVG) USUM (AVG)
RSYS=0 =2 RSYS=0

DMX =3.14981 DMX =4.12641
SMX =3.14981 SMX =4.12641

o e T s —
349575 1 0458E 2 74585 B 445855, 14501 O e 8L 1.835%6 275098 3.657s2
(e) TN (7 Birdezd
(e) The fifth order mode (f) The sixth order mode
NODAL SOLUTION AN§1Y550 NODAL SOLUTION AN§ESU
STEP=1 STEP=1

SUB =7 SUB =8
FREQ=4.65394 FREQ=6.68457

USUM (RVG) USuM (AVG)
RSYS=0 ' RSYS=0

DMX =3.21827 DMX =3.67018
SMX =3.21827 SMX =3.67018

— —
0 sty 14303 2T4S1 2.960c0 0 T815596  1.63115 2 84675 _ 3.26238
.357525 07276 -78793 2 5031 3.2182° 407798  1.22339 2.03899 2.854593.67018

(g) LR (h)/\Birde 2
(g) The seventh order mode (h) The eighth order mode

K5 R ABHRE
Fig.5 The first eighth order modes of blade



374 B N

5 of W %

2018 4E55 16 4

M5 ATRLE 85 i i S A T AR
B FEE RS 10 A A T IRBD, M A i R T B ik 2
A T ZRAE PR RTY , WER STt B T
2 s SRS, R E O\ RSB R A f, 4%
B PRI RO A% 2 9 TR 4R . T IR 3l B UK )
B R BOIR SE SUB T A 2R AL, iR S B i
WK

P 6 S/ 1 R T B A0 3R i o A 728 A L
TR N 6 thn] LA M, B8 2800 1 e e it
i T A 90 4 b e 9% DR TG, 3 v 1 i 7
Tt T8 AR Bl T WIS B8 G S5 i 1 9. 5
IRV, R A28 — | = A 5 i 2k 2 A I 8
R TS A 3R iy 24 A2 A i e 2 1, ik 3R W 73
O 3 B8O X P 42 4 I JR2 )53 W e JRE R A 422
W 520

35

[—=—1storder —o—2nd order
—&—3rd order ==O=4th order

3.0

Frequency/HZ
et
o
T T

-
(9]
T

N
o

1 1 Il ! ! 1 1 Il
1 2 3 4 5 6 7 8

Angular velosity/s'1

6 TN IO T3R5 e 5 3R

Fig.6  Relationship of frequency and speed under pre-stressing effect

o
o

o©
o

o

H T2 Ok XU LA R A8 R 3 e R
FRISENT , A SECJI LM A 5 S 0 i 31 3 [T 4
N, 5] ARSI 22 2 B0 SR BEATIT A
o e RS AR e 22 R B X (12) 5

fdi _fji
n, =

x100% (6)
K, £, B 2 G R i 5 B sh AR S
R f FORA TG RIS i P (95 1§ ISR

Bl 7 R T KT HLR: 7 T 7 8400 S AN [F]
SR AR 2 2R 0 5 R B Z ] 1Y 6 R AL
M I 7 hal LA i R A 0s™" 15 i 5]
7.287 B LS 1 BRI R A 25 R AU -0.719% 2%
$ 57.55% , 55 3 BB ASA0 % M 25 R AL -0.13% 4%
| 52.58%. B AT UL A 00 KU HLE B 95 1 B
5555 3 RSN IUR LI B TR T H AR 25 B A %

AR MR B2 AN SR AR O 5 B 2P S ) AN T3 O, i 7
A5 OB SR i 2 2R BB WS O, X — 25 R i ]
T RN e e SRS I AT SR AR 5

(2]
o
1

——0s' —0—09s" —e—138s"

a
o

—0—36s" —A—545" ——725"

N WS
o O o
T T T

Modal frequency deviation coefficienty; /%
S

-30

Orders
AV NGIE U E SV EEL TES I PEER A
Fig.7 Relationship of frequency order and deviation coefficient

at different speeds

4 #ig

EEO XL A iR SRR R AL, 257 T K AL
R A BROCRERY, 1 A BRI B 1F ANSYS, &
S FER AT T A R Sl AR X S R
AR B2 2 T X LR R S e R E |, O R PR
BEAUTTIEDTIE T W Fr eI e 5% 12 3 vt ) 4k 20
RS A AR 258

(1) TIOR3 28007 2 i i 7 225 18] R Bl B9 e e
1B B ASRPEASIE 2 [ AR EAR G 4551, v A 91 2 B
T S EE 1 8 R T 98 A Bl vy, 5P g %
Ji P B8 RS AR | DT P )T A 30 3 1 A e
;I%.

(2) R38R Lanczos Y& M Fr 47 3l /) 245
AT A R A I\ B [ AT AR AR Y 25 2R
RUMESEAEEAR SR R i R 2R, = 7™
A0 57 R ) R A

(3) z5 [a] b - S HL G el AR Y [ 1 e e oz
)5 SRR AR (W) A R A 5 200 F M
BRI, 77 A FHUNE 1 800 Bt Pt e ) 4 o, T
JO7 3 580X - P B ) M e U 1 R o
P 2T A 30 4 i 22 M8 DA T 3 28807 %o 442 B I E 1 52
M 2 JBE K 0 422 IR 2 ) 52

2 £ X W

1 BT R XN A AL v s BUIR 5



5 4 1]

KBE 545 A BT SR AR TS RS 70 Hr 375

RIEEag. YLk T4k, 2013,49(20) ;140 ~ 151
(Hu Y P,Dai J C,Liu D S. Research status and develop-
ment trend on large scale wind turbine blades. Journal of
Mechanical Engineering, 2013,49 (20) ;140 ~ 151 (in
Chinese) )

BT BUEAE , ol N SF A XU v R B B R
RIS, hERE YR S R0, 2016,46
(12) ;124702 (Xu Y, Liao C C,Zhang S L, et al. Devel-
oping trend of design and manufacture technology for
large-scale wind turbine blade. Scientia Sinica Physica,
Mechanica & Astronomica, 2016, 46 (12) : 124702. (in
Chinese) )

HED, e X% KBRS 733 5 250 #
GRS, KFHAES 1R, 2015,36 (8):1812~
1817 (Zheng Y Q,Zhao R Z,Liu H. Research on optimi-
zation design of aerodynamic and structure coupling in
large-scale wind turbine blade. Acta Energiae Solaris Sini-
ca, 2015,36(18) ;1812~1817 (in Chinese) )

Summary of wind turbine accident data to 31 December
2016[ EB/OL]. [2016~12-31]. hitp: // caithnesswind-
farms.co.uk/ AccidentStatistics. htm.
BRERSS PN B, RN BRI R S RS —
WAk A BRI AE. 3 ) 2 5 i Ak, 2017, 15
(3) :268~278 (Chen J B, Sun T, Huang K, et al. Stud-
y on integrated numerical modeling of offshore wind tur-
bine tower systems. Journal of Dynamics and Conirol,
2017,15(3) ;268~278 (in Chinese) )

Bl 2R TE R AESE. KB A ML RSB TR
A EE T, W5 ey, 2016, 35(6): 121 ~ 126
(Zhong C T,Li D Y, Wang X N, et al. Operational modal
analysis of a large wind turbine. Journal of Vibration and
Shock, 2016,35(6) :121~126 (in Chinese) )

ANET, ERFE TSR, 7 AT B LR A AEL B T
HEEA SRR, 3 5 s R, 2017, 15
(1):29~38 (Piao J L,Guo X Y,Zhang W , et al. Nonlin-
ear dynamics and mode analysis for a z-type folding
winds. Journal of Dynamics and Control, 2017,15(1) ;
29~38 (in Chinese))

Zheng Y Q, Cao Y Y, Zhang C C, et al. Structural opti-
mization design of large wind turbine blade considering
aeroelastic effect. Mathematical Problems in Engineering,
2017(8) :1~7

Gangele A, Ahmed S. Modal analysis of S809 wind turbine
blade consid-ering different geometrical and material pa-

rameters. Journal of the Institution of Engineers, 2013 ,94

10

11

12

13

14

15

16

17

18

19

20

(3):225~228

AR RS AR, KR R ALY RS A
Mr. PR, 2016,35(4) :199~202 (Su D,Han B K,
Bao H Q, et al .Large wind turbine blade modal analysis.
Technical Acoustics, 2016,35(4):199 ~ 202 (in Chi-
nese ) )

R JRTRAR , X B 55, SMW KL i B e bk
SN B TR, 2013,33(11):890~901 (An L
Q, Zhou X Y, Zhao H X, et al. Modal analysis of Smw
wind turbine blades. Journal of Chinese Society of Power
Engineering, 2013,33(11) :890~901 (in Chinese) )
MRSChh, 28, i fH AR, ST sl BT R XU pLnE
R ot $WRESh - TR, 2016,31(9):52~ 57
(Chen W P,Li C,Ye Z,et al. Analysis of the modal of a
blade in a wind turbine based on the aeroelastic tailoring.
Journal of Engineering for Thermal Energy and Power,
2016,31(9) :52~57 (in Chinese) )

R MR AR SR, U MLIE R KA Bk B A2
. RIHRES:4R, 2004,25(1) :72~77 (LiD Y, Ye Z
Q,Bao N S, et al. Vibration modal analysis of the rotating
rotor of horizontal axis wind turbine. Acta Energiae Solaris
Sinica, 2004,25(1) ;72~77 (in Chinese) )

Zheng Y ), Zhao R Z. Characteristics for wind energy and
wind turbines by considering vertical wind shear. Journal
of Central South University, 2015,22(6) :2393~2398
TR Wik, R A5, KB VE T 2 A MBI HL
M SRR T ML TR, 2014,50(9) . 114
~121 (Wang Q,Chen J,Wang J,et al. Structural optimi-
zation of composite wind turbine blade under aerodynamic
loads. Journal of Mechanical Engineering, 2014,50(9) ;
114~121 (in Chinese))

Liao C C, Zhao X L, Wang J L, et al. Optimization de-
sign of the frequency based on wind turbine blade layers.
Journal of Engineering Thermophysics, 2011,32(8) ;1311
~1314

Kane T R, Ryan R R, Baneruee A K. Dynamics of a canti-
lever beam attached to a moving base. Journal of Gul-
dance , Control and Dynamics, 1987,10(2) ;139~ 151
Jeha Ryu, Sang Sup Kim, Sung Soo Kim. A general ap-
proach to stress stiffening effects on flexible multibody dy-
namic systems. Mechanics Based Design of Structures &
Machines, 1994 ,22(2) :157~180

Guideline for the certification of wind turbine. Germany:
Germanischer Lloyd Wind Engergie GmbH, 2003
oA, TRIE T SCSCEE. BERE e S 1 WAL



376 g % 5 & 6 ¥ W 2018 4E55 16 4

FREAFRERZ I oA, TR T 2A3), 2009,16(4) ;292 its modal characteristics. Journal of Engineering Design ,
~296 (Su R H,Wang B J,Ding W W et al. Influence a- 2009,16 (4) :292~296 (in Chinese) )

nalysis of stress stiffening effect of rotating wheel-disc on

PRESTRESS MODAL ANALYSIS OF COMPOSITE BLADE
UNDER COUPLING LOADING METHOD *

Zheng Yugiao'" Cao Yongyong' Zhang Liangliang'> Wang Zhiyuan'’
(1.School of Mechanical Electronical Engineering, Lanzhou University of Technology, Lanzhou 730050, China)
(2.Dongfang Electric Wind Power Co., Ltd, Deyang 618000, China)

Abstract The modal calculation and analysis method as well as the effect of the rotational speed on the natural
frequency, for the large-scale wind turbine blade in static and variable speed running conditions were studied. In
this paper, the finite element model (FEM) of wind turbine blade was also established. The coupling loading
method was applied during stationary analysis. Lanczos method was used to analyze the modes of the blade. The
effect of the pre-stressing on the natural frequency and the stability performance of the blade were investigated.
Meanwhile, the effect of rotational speed on the natural frequency was discussed. The reason of the pre-stressing
effect was also analyzed. The results showed that the modes of vibration were mainly flap-wise and edgewise
motion for the wind turbine blade, and the pre-stressing effect has a significant effect on the natural frequency,
where the natural frequency of the blade was also increased with the increasing rotational speed. Furthermore, the

effect of pre-stressing on the flap-wise stiffness was greater than that of edgewise stiffness.
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