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Abstract: Bearing faults can cause changes in the air gap
of doubly-fed wind turbines, generating unbalanced
magnetic pull (UMP). In order to accurately reveal the
bearing fault vibration characteristics of doubly-fed wind
turbines, a study on dynamic modeling of the outer ring
fault of the bearing considering the UMP is carried out.
Firstly, a bearing outer ring fault model is constructed
based on the Hertz contact theory. Then, the air gap
magnetic flux density of the generator rotor under normal
and bearing fault conditions is derived, and the UMP
acting on the generator rotor is obtained. Finally, the
Runge-Kutta method is used to solve the model and the
vibration response of the bearing fault is obtained.
Experimental comparison analysis shows that the proposed
dynamic model can effectively reveal the double impact
phenomenon of the vibration signal of doubly-fed wind
turbines with bearing faults, and the UMP excitation can
affect the modulation characteristics of the vibration signal
of wind turbine bearings outer ring faults. A new theoretical
references is provided for fault diagnosis of wind turbine
bearings.
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B OE: BRI S T R USSP W) R LR 7B

BEE£WE Wty A 48F =34 % B H (E2021201032)
Natural Science Foundation of Hebei Province, China

(E2021201032)

AR PR HEAN - RERE T (UMP) o g HE T 48 73 WIS 57 2

Wy e B AR i B i sl R, O JE T 25 18 UMP f XAt
S M7 e v B 7R S B R 2l ) s i I T . O,
HET R 2E A Mk B T R A R R Y s AR
TE AR R T R LR TR B R TR
HULES 732 29 UMP fif iy 205 5, R ] Runge-Kutta 3%
PRI TSR A, 45 ) 1 iR sl B U sl B 158 20 A
FW - BT R B ) S A B R S AT S s XU R A XU S v
HUAR AR R4 315 19 XUy AR, UMP 388050 23 52 1 X
I3 % AL R ST R R ik s 5= I ek . o KU1 R
HUBLRI RS2 Wb it T EE 2%

KB : ARG J)5 S Jyom s WO kRl il
R BRI

0 3|5

W & N &% B AL ( Doubly-Fed  Induction
Generator, DFIG ) HA 45 1 ] 5 | ] S M g b ol 1
JRAAR I D8 A5, X & LA B AL
R B ARAE R R K B AL IR S B SCHE AR A, 1K
NRAL T B AR 8 TN, 5 5 3oc i )=
I, TR ML RO IE H s AT o dESEIER
A S bR AR S 20 KT A Ha BILA R 31 ) 2%
BEAL, 3 3o 3l ) # I Fe s Ho AR S AL, T
WS W RIS 2%

S SR A Bl ) 2 A 18 R R IR
SRR H 7 B, Jones A BYY 2% [ R il 2 AN

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



HUBLS RN, 55 51 4%, 4 3 31

Electric Machines & Control Application, Vol. 51, No. 3, 2024

31

PELER I AT, $5 TR A R AL T 2
SrMi 77 . Rubini R 258 5 1o fa £ B — i A58 75
XA ARYR NG S AT AR, 40 B T R e R i P
B . McFadden P D 1 Smith J DU il b %
JhA AR Ry — R AN RS bk i, FH TR 40U A AR T B e
o} 2 S BRGSO T A RSl . Jain P H 25100 %
S AR AR 1) (8] B RN R S AR A By g ma, ST T
T R, XA R T — R B T B
Be RUST 19 43 B3 R 00K i S W55 I 2 i i o W 2%
A 2 1 T R SR S BeRE 9 AR LA K R
285 T By B FE R B8 E Rk, K
TR0 S g T AR 3 S 3 I ST T i R WL
i Bl ) 2

IREEF B TR R AR 5 (0 A Gt o
i, 1 & AL R A8 4T ik 23 52 B 7 APl
W&+H7 1 (Unbalanced Magnetic Pull, UMP ) [ 52,
UMP 3= 222 th B O 80, B 7288 o0 (i
P ) 05 B O (Sl A ) A2 B B o0 1
SR SO I T S A BT A BR G
B NI T RO LRGBS HES T Kk
[l L UMP (it 2k st B Al 45 A
FHRERIEES: T A BUR O UMP, 318 H R mlg
WERIEE I X 8 80 1 R4 A T UMP XHE
B TR R SR PR R SR A
TR T SO i O B2 A DO X VR 58 &
P AL IR SRt s e O 25 A BR o0 LA T
BAE, S8R BT T UMP iR S = A
S5 HHIL AR 4R R Sl 1 R 1 RS A N gk R
LI p O TR BN AR LM R 1 A1 UMP,
HEST T KR ) 2 H ML 5 Al R 2R G A A
CI I " /N - e I 1 R )
UMP, 1l Blodt M 25" BF5E % B, R Bl 23 5 ke
e irm s sh SRR W PE R O F RSN
FEIE LA 1 T — 3 e - H A B R
b RT BB i

g5 ] HL AN S 8 B o xR & H B g
AR B R PE 0 52 ma AL AN T RE . PR AR S
RIS S 28 KT i Ll Ol I 42, ik
3 AT A R I O B AR B S e, A ST B IR
UMP ] DFIG il Jy 2=/, g5 5 5 53
AEERLL 5 B 58 A 5 1 5% R WU R
K D1 2 F ML A R A B R 1 IR B R . AR

B 5 AT S A7 v AL Al 7R S 1 R 12 i B 3
FEIES%

1 BhhFEEET

1.1 EERGHED

AR SR B S 0RO 528 KT & FL L
WA F R G AT AL, T Hl0R R G A
RGN 1 s, % PR RIR ] Jeffeott ALY, 42 5
—ANWINBE Sy k0 T JoT e A Bl e P b DO BT B R
my WG 5 R SR IR O BE A e BELBHIE A ¢, B,
BTN o, 5w o % VR sh il A& S
0,(x,, y,) WEETFHIEL,0,(xy, v,) AHIRITE
O BB BT m,, AR N o, BEALE &
T HRAY Hertz $2f Sy F™ DL ALEE T 32 (1)

(1) P

mhx, +cx; + k(2 —w,) = F™ + mew’ cos(wt)
Gy, + ¢y, +k(y, —y,) =

o —mg + m,ew’sin( wt)

I:I .. . _ Hertz

[Mpiy + ey + k(2 =) /2 =F,

%zyz +o,y, +k(y, —y,)/2 =F?;m - myg

(1)

B1 HA-HFREEHUKE

Fig.1 Simplified model of bearing-rotor system
1.2 HARIES AL
1.2.1 #REZAMAL

BB LBR AR N RS2 1 B2 2%,y AR R
SN AR R RRCR AR S B4 T 3 2 R
XK R GEIEAT . WA 2 B RRR SR S
PR AR Z 18] 8 3 fioh 2 1 o 5 58 -FHL 2 28 4t HL I A2
DA B :

1) Jh7R A ] 7 A bR e L, bR P9 Pl A5 e
B Z 0] Dy i L, 8 Z IR e R A% 5

2) PREFIRAE R S T il 2 2] o3 A BARARIR

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



Ve M, 55 5 BEAN AT RE S B0 0USE 5 A0 KU 4 v AL A AR A1 B e I 5l g 2 e A
32 PANG Bin, et al; Dynamic Modeling of Doubly-Fed Wind Turbine Bearing Outer Ring Fault Considering Unbalanced Magnetic Pull

SR AR ESIE E , MR IR S Z [ JCAH HAE T 5

3) WS R N S 2 8] JC A X sl EL
JCHAR Bl A2 Hertz $2fih 26 4F 5

4) b S e 1 1) E

5) WAz ghid R P iR 3, 25
T3 MR A HAB AR LM R R A5

B2 REFEE-HRRGRUER
Fig.2 Simplified model of ball bearing spring-
damping system
1.2.2  #hRIME & EAA
BARJLATSC RN 3 Fron. SR 2 KA
3 AL S AR AR AT 18] (xR y T 1)) B
JEAL AR — ) iy B

B3 HRJILAXRTEE

Fig.3 Schematic diagram of bearing geometric relations
AR TTERE I, B oo 1y 23531 hy Bl AR 1

FAXS F AR O AE o Ay J7 10 B RS . 5 i
AR BRTEIZS S R AR 5 R N A1 R 2 1) £ 4
fil e 6, I h X (2) W5 -

5, = x;co80, + y,;sinf, — (2)
AL ROREBL; 0, NEE DR ENEMRT T «
e g L, AN 3 R, 0, AT Ha(3) R

Ry 21
9. = t+—-1),i=1,2,--- N
‘TR, +R, v D,

(3)
o T AR s Ry A Ry, 53530 R Y 1
NGNS s N IR S IR
R A7 A5 v BRI I 2R 0 MR B
S BRI 2 P A IS ¢ 0 WP 4 T,
7 A R BRI A% AT L7 S 58 T ] ¢ TR sl i
FOLE 6, ERBETT OO E @, LLBRFE T8 w i)
PR

mOd(ai ,271') - Q.
% cos X R, ,

w
0
T M < ned(6,,2m) <Y
Y mod(82m) -0 <
% 2RB o iy &M Pe 2RB
[l HAth
(4)

L R R (R AE R TAE IR 3)
PRS2 b e g K, e KRB R B2 1 P R 3
PREAR R, FIBRBE B0 BE w B E , JD .
[=R, = /R, - (w/2)* (5)
BT UL B R SR S R i, TR S AR 1 2
fil s 8, AT RRH
8, = x,c080, + y;5inf, = — ¢, (6)

B4 HKGEREE
Fig.4 Schematic diagram of bearing fault

1.2.3 Hertz 3/ A1

BhARIR S A5 SB[ B HE fid S 5 1 A, AR
#i Hertz $EMNPEIE /I 1556 ¢« MR ANK SRIEZ ]
HSRPEIR I ) ', B3R

Fo=K[8]7 (7)

AP K, iR SR A I

4 HACYRIR TAEZ HIX, B 6,50 I A 2%
FAEEIRIE Sy o 5 18 F) Hertz 45 fil ) 2Bl R
S RALE ) A AT A, Hertz 45 fih 1) 53 fift 21
KPR BT o) L

(8)

1.3 SERORAFEE-ER

ANV R T A AE 22 R W 5% T lR R 48
(OREHHEE . Blodt MU AR T 4 7 A2 B A I i
MET BB AL . BlR Ss
TR AR Bl R IR 142 fioh 2 JRT U 3t A0 OB
o AR R 2 R B G 5, B UMP
HOf Lo

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



HUBLS RN, 55 51 4%, 4 3 31

Electric Machines & Control Application, Vol. 51, No. 3, 2024

BB 2 BN AE Bl g O R L, 1 5 1 00
T, LS AT R AR ] i R B
go o R AL, IR BG 2 SRR
B R AR AL, A B S TR B S BAK
Hike s bt e ) 5 FEUATLBE FET A A LU AR o, R il
BERREATR . A TR T K & R LR i/ Mt
AN EIC A 0, SMRES TR, i T 40P i, i
B KA 07 8 2, LT 28 (o T LA A 301
PR o LSBT R A

2,(0,) =go[1 —e,(1)cosh] (9)

-0 S K LSS S ] 1 £ s e, (1) SRy A1 BB
o F 18 S Z AEGE g 0 236 5 ¢ SR B H B 19 B i) ]
W, B S, R iR S B R A R W e=n/f, ,n=1,
2 ,3 o

e, (1) AT KL e PR I

e (t) = eoéa(t - J%

A ceg P UBER KA i OB 58 ( - ) 9K ve
I\Zlﬁlj

(10)

B S5 #HFSRRERENEZY
Fig.5 Variation of rotor air gap with time
i B3RS BT AT A R B A s, AU S 20 HL L
R E
g(0,t) =g,[1 —e,(t)cosh = e;(1)cos(0 + wt)]
(11)
T s (1) Sy A BT R 5 1 ) R A2 A i L 35
T R R 1 R T RO, , SO R
Mo
g(8.0)
8,(t)cos(wt — @) +8,(t)cos’(wt —0)] =
Ao + A, (t)cosf + A, (t)cos 0 +
A(t)cos(wt —0) + A, (1)cos’(wt — 6) (12)
P ey WA N ABERES W0
(1) F1 8, (1) 43370 g P FEL R A Rl g I 5 | g ) 22
MR O 5 A, (2) = A0, (1) SRyl o 3 2 Y f 25
-2 o3 s A (1) = o6, (1) S Bl i O 5| R ) P A8

X(B,) = Aol 1 +8,(t)cosh +8,(t)cos’d +

33
T
R B R sh 3t , wksh
J(6,t) = Fycos(ph — wit + @) (13)
BRI RGN
B(6,t) =f(0,0)A(0,t) =
Fycos(ph —wit + @) [ A, +
A (t)cosh + A, (t)cos(wt — )] (14)

Ko HEUE S MMV G A Fy RS
JRREEAE s p A FEATLRR X5, AR SC L — 75 PR XA
KL A W55 55 0, S S LBIL IR W) 25 5% 3, B
W, =W,
FL AL A7 T FR R ) ] AR R Ry
[B(6,1) ]
24
Xof LA THT R G v B L ) iR A T AR G A )
S 2 1 UMP R HL 50 3 « Fy Jr 1)
@"‘P = LR| Zﬂq( 6,1) cosgdd
[ . (16)
s =LRJ0 q(0,1)sinde
Kb LN R 1242,
X (14) K15 ALK (16) FATHHE A 15 :
%’"p 2LRF O'TI'[

q(0,1) = (15)

1 Mo
%4)\5(0005(2(1)1: - 2¢) +4r}(t)cos(wt + 2¢) +

A () A (1) cos(2¢) + A, (£)A;(1)cos(wt = 2¢) ]
L] 2

2URFm
%’"” = [16A,A,(t)sin(wt) +
Mo

%4)\§(t)sin(2wt - 2¢p) - 4A2(1)sin(wt + 2¢) -
() A (D)sin(20) + A,(0) A, (1) sin(wt - 2¢) ]
(17)
M (L7) Fn] LUE Y, R o1 R R | P9
EREF,A(2)=0,A,(2) #0, UMP &5 5540 1Y
TABSTR Ay, B R T AR AR ) AR B P P
B SNEIE R BT, A (1) #0,A,(1)=0,UMP &4
IR — A5 oy, 5 R — A s R 3l s N
AN AFAE T B s, %% [R] B A A — A5 A — A%
AR R PR

2 FES
DL SKF6308 ¥ 74 Bk 4l 7K hy BT 7% X 42 47 48

16A,A, (1) + 164 A, (1) cos(wt) +

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



Ve M, 55 5 BEAN AT RE S B0 0USE 5 A0 KU 4 v AL A AR A1 B e I 5l g 2 e A
34 PANG Bin, et al; Dynamic Modeling of Doubly-Fed Wind Turbine Bearing Outer Ring Fault Considering Unbalanced Magnetic Pull

RUGSUE, R H 4 B Runge-Kutta 75 X545 Y 3 17 5K
fiff, AR A5 b R B PR s i, oS KR
1/50 000 s, B HT 4R 1E R 1107 m, 91 4R A
0 m/s, Ahgk W,y 200 N, BB S H0aN % 1 IR .

®1 HEESHY
Tab.1 Model parameters

NI E4 D;/mm 40
SN HAE D,/ mm 90
RGeS d,/mm 65
EBIAELE R)/mm 7.504
HARUEHL £/ wm 8
RENAEL N 8
7T m,y/kg 0.611
BEALRIEE k,/(Nom™") 5.41x10"°
FJZ ¢/ (Nesem™) 600
SERANIREE B/ (N-m™") 2.52x10°
i my/kg 2.6
A HE e/m 0.004

MRk ) ) AR AT AT B A5 5 an ] 6
PR o B TRME A, 47 545 5 w0 AT — & /Y 0
By, BURME S A8 BaiE A7 00 . IR 6 (a) BT
N B S L e mT DR S 8 L DA A BT e AR A
B/, S a] R B il ()RS R Bl Xt
MG WE T iR, Bl sh R TE 3E AR 2 T ik
Wt £33 AR 30 (255 nfr o , X 4 e ] G A
SERFETERE w MR o AC, BAOCR A0
K (18) o 38 axk PN 35t XU v o 7 B ] ] s T 5
IRXF Sl AR Bt B RS (18 5 A

At = ok,

M 6 (b) AT LU B H AR SR B 3 214y
A IR B R AT f, B AR R
LSRR 7 A 0 8 I o3 f () I 3 AT — BB A58 1Y)
WRIST . A 6(c) s , W55 #7128 43 Hr
Al AR B MU AR A5, X 3 B Al R B
SE G EHRIR S EZFA | Rl UMP 2 520
™ A R AR R B
3 XIRIIE

SR P2 B0 3l 315 8 A R W A2 77 1910
FIVRU5 g e v R A A 5 R AT i 0

Ik, NP 8 fr7R o IER A [ A2 4 5E 1 500 rpm T it
AT, 5 R A A48 R T B8 A R 1 D0 e

w

(18)

Ee6 HEES
Fig. 6 Artificial signal

B7 FESWMEERIEEHNEXFEREE
Fig. 7  Schematic diagram of the correspondence
between the double impact of the signal and

the motion of the rolling element

6] b AR GEMA N o SRAEA AR P HE 50 kHz, Pl
MBE AR R LRSS 5 Lo SRIRIE AR
WA BRE , VRTE L MR SE S R D A AR Ry
TR, Qi 9 iR

WA B A S R 10 frs . hE 10
(b) Jt 7 9 4 45 3% 1T 60 A1 Pl il s R AiE AR f, =
77 Ha FeH3t f,=25 Hz, “AHFIUA RS BRATR 5C
T ZAG R B PE h, UE 1T S R R
ARE

Ry 965 U JIT AR AL 7 FEAE XL o B2 T 114 IE
W, A SCHE = MO [ 5% 3 (1 000 rpm (1 500 rpm
A1 800 rpm) FXTRIRIFEATHT E . Ky B HLiB
THRRIR IG5 21 F) I [7) 18] R 261 70 LS S e 22

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



RIS RN, 56 51 4, 55 3 1)
Electric Machines & Control Application, Vol.51, No.3, 2024

35

B8 MRRAEZBBEELIXEE
Fig.8 Doubly-fed wind power generation fault

simulation test bench

9 iR
Fig.9 Test bearing

10 KWES
Fig. 10 Experiment signal

OIRT, BRI 2 s o AR LUA H, fEAN R
Pl MO S BRI R AR 22 7E 1% LR,
B 5 B [ 2 6] A 1% 22 1 5 6% , 47 L5 5
A5 A IR ] TR] B B L 29/ T 6% o BT e
Y AR SCT SRR TR A48 715 il 7 7 b Rl B 0L ol
LS A 5P

1 iE

AR SCAE e XUt 57 40 K ) R L AR S B 5 |
BB A A B SE A b, %) UMP 947 A A 4
S, M i UMP 200 590Ut 5720 XU & R ML

R2 Mgz atiEEExT e

Tab.2 Comparison of double impact time intervals

" 54/ (romin”")

SHEH 1 000 1 500 1 800
L3 A i) ] B/ s 0.004 329 0.002 886  0.002 405
A5 LA ] ] B /s 0.004 32 0.002 88 0.002 41
SR 4 A i) ] B/ s 0.004 08 0.002 86 0.002 54

IS S EIRE/%  0.208 0.208 0.207 8
B HRIBIRE/% 5752 0.901 5.6132
A SIREIRE/%  5.8824 0.699 3 5.118

KRBT RGN 1+, 455 sh BRI
HRIT T UMP 5200 T XUt 57 280 X % B LA R (Y
PR, BT 458

(1) BUstRL KT S r LA AR A B il e 2 il
1725 UMP, UMP SRR 153 5 A R AiE AR
7R VRIR R F B AR S D Rl st 5 S LA AT
AT BSE T UMP S5 By (4 A0 , 3 A 31 T3
R LB 7K M Y s 55 R Ak . ABIEE
XU T A AL AR B B2 W B B

(2) D5 B A5 s Al R R W P 9 2l 7 2
P A R AE e i LA R S U ey LR, 25
Lt o ][] o 1 S v o g 7R A1 il e
BB AT R T

& Z x ok

[ 1] S, Z2RE. BUSR T & AL R 12
WHEBUR S REL T ]. bl S # I, 2018, 45
(9): 117-124.

MA HZ, LIS Y. Research status and development of
bearing fault
[T].
Application, 2018, 45(9) . 117-124.

¥, 298, X HLALIR S AR 52 5 6l es Wi it
FELI]. KBHBE2A4K, 2021, 42(3) : 90-97.
XIANG L, LI Y. Research on composite fault

diagnosis for doubly-fed induction
&  Control

generator Electric  Machines

[2]

diagnosis of wind turbine rolling bearings [ J]. Acta
Energiae Solaris Sinica, 2021, 42(3) . 90-97.

[3] JONES A B. A general theory for elastically
constrained ball and radial roller bearings under
arbitrary load and speed conditions [ J]. Journal of
Basic Engineering, 1960, 82(2) : 309-320.

[ 4] RUBINI R, MENEGHETTI U. Application of the

envelope and wavelet transform analyses for the

diagnosis of incipient faults in ball bearings [J].

Mechanical Systems and Signal Processing, 2001, 15

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



Ve M, 55 5 BB R 1 0 SUBERA2 K ) Se FUATL A 7R A1 P e o 3 g = A

36 PANG Bin, et al; Dynamic Modeling of Doubly-Fed Wind Turhine Bearing Outer Ring Fault Considering Unbalanced Magnetic Pull
(2) . 287-302. LAI W H, HUANG K S, ZHOU Y. Analysis and
[ 5] MCFADDEN P D, SMITH J D. Model for the calculation of eccentric electromagnetic force and
vibration produced by a single point defect in a rolling deflection of permanent magnet synchronous motor
element bearing [ J ]. Journal of Sound and rotor [ J]. Electric Machines & Control Application,
Vibration, 1984, 96(1) . 69-82. 2022, 49(1); 74-79+95.
[ 6] JAIN P H, BHOSLE S P. Mathematical modeling, [13]  BOEF, 3E3CUR, PNAENG, 4. RPAERE 70l
simulation and analysis of non-linear vibrations of a B TR RGN [ T]. R K FiRk
ball bearing due to radial clearance and number of (BBl , 2019, 47(10) ; 34-39.
balls [J]. Materials Today: Proceedings, 2023, 72 ZHAO D L, DANG W J, SUN W P, et al. Influence
927-936. of unbalanced magnetic pull on rub-impact rotor-
[7] LIUJ,SHAOY, LIM T C. Vibration analysis of ball bearing system [ J]. Journal of Huazhong University
bearings with a localized defect applying piecewise of Science and Technology ( Natural Science
response function [ J]. Mechanism and Machine Edition) , 2019, 47(10) : 34-39.
Theory, 2012, 56: 156-169. [14]  FEURIEE, XBEFHL, (o7 ER. AR PSS w0 il
[ 8] WIEZ, HHA, M, % RIRRIELMENZ REXTVRAE R AL TR BT RE R T 2w [ ]
SRS DAL G R LB S [ ], LA T Pzl 5bidi, 2017, 36(15) : 1-8.
24, 2022, 58(19) ; 139-147. TANG G J, DENG W Q, HE Y L. Effect of different
HU A J, JI X X, XIANG L, et al. Nonlinear time- kinds of air-gap eccentricity faults on rotor UMP of a
varying parameter dynamic model of rolling bearing turbo-generator [ J]. Journal of Vibration and Shock,
and failure mechanism research [ J]. Journal of 2017, 36(15) . 1-8.
Mechanical Engineering, 2022, 58(19) . 139-147. [15] GUO S J, BAI C Q. Coupling effect of unbalanced
[ 9] Zrpk, 385, (A, T 728 32 fih Wi 9 2R % magnetic pull and ball bearing on nonlinear vibration
RN L B SRR ()], WEsh TR, of motor rotor system [ J]. Journal of Vibration and
2018, 31(5) . 875-882. Control, 2022, 28(5-6) : 665-676.
LUO M L, GUO Y, WU X. Dynamic modeling for [16] ZHANG A, BAI Y, YANG B, et al. Analysis of
double impulses behavior of a spalled ball bearing nonlinear vibration in permanent magnet synchronous
based on time-varying contact stiffness [ J]. Journal motors under unbalanced magnetic pull [J]. Applied
of Vibration Engineering, 2018, 31(5) ; 875-882. Sciences, 2018, 8. 113.
[10]  Behk, 505, (IR SRR o 18 31 7% B fE s [17] BLODT M, GRANJON P, RAISON B, et al. Models
HAEESh AR T ). s sh ek, 2019, 34 for bearing damage detection in induction motors
(4). 778-786. using stator current monitoring [ J |]. IEEE
LUO M L, GUO Y, WU X. Dynamic modeling for Transactions on Industrial Electronics, 2008, 55
double-impulse behavior of ball bearing in the (4). 1813-1822.
presence of a spall on inner race [J]. Journal of [18] WANG C, WANG M, YANG B, et al. A novel
Aerospace Power, 2019, 34(4) . 778-786. methodology for fault size estimation of ball bearings
(1] ssedk, kfdese, XEr, 5. NTAFREh, )0 ko using stator current signal [ J]. Measurement, 2021,
[0 B ERE L LT [T ], A S 171 108723.
PEsh¥Eil, 2020,40(1) : 9-12+41.
SHAN W T, ZHANG J R, LIU X, et al. Study on
the influence mechanism of unbalanced magnetic ks B 19 .2023-10-12
tension on the dynamic performance of permanent e EM& MR B 8 .2023-12-21
magnet synchronous motorized spindles [ J]. Noise VEEZ TR -
and Vibration Control, 2020, 40( 1) ; 9-12+41. P M:(1988-), 5t PRUM, A 5% 7 ) R EE LR
(12]  SCHe, SOTHE, JAUE. ARE R AL B LSS 7 i O AW 2 W, huadinpb@ 126.com;;

RLRE A M 5P [ T]. LS il N
A, 2022, 49(1) ; 74-79+95.

BISVER B (1977-) , B 84, PEIE, A5 J5 )
S HLARZS W5 # B2 T, haoziyang@ hbu.edu.cn,

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



Dynamic Modeling of Doubly-Fed Wind Turbine Bearing

Outer Ring Fault Considering Unbalanced Magnetic Pull

PANG Bin'?, ZHENG Hansheng'”, ZHOU Ziye', WANG Bowei'>, HAO Ziyang'*"
(1. School of Quality and Technical Supervision, Hebei University, Baoding 071002, China;
2. National & Local Joint Engineering Research Center of Metrology Instrument and System ,

Hebei University, Baoding 071002, China)

Key words: unbalanced magnetic pull; dynamic modeling; wind turbine; bearing; fault diagnosis

Wind power is one of the primary sources of
renewable energy, and wind power generation plays
an increasingly crucial role in electricity production.
The doubly-fed induction generator ( DFIG) , known
for its simple structure, high reliability and low
manufacturing costs, has gained widespread attention
and become a generation

major wind power

technology. However, as critical components in

DFIG systems, rolling bearings are susceptible to
conditions and changing

This

potentially lead to localized damage, threatening the

adverse environmental

operational  scenarios. susceptibility  can
overall stability and performance of the system.
Therefore, to improve the accuracy of bearing fault
diagnosis and the reliability of wind turbine generator
units, it is essential to establish an accurate DFIG
bearing dynamic model suitable for real-world
conditions and explore the vibration mechanisms
associated with faults.

This paper aims to delve into the impact of
DFIG bearing faults on the vibration characteristics of
wind turbine generator rotor bearing systems, with
particular consideration given to the influence of rotor
unbalance magnetic pull (UMP ). Firstly, based on
Hertz contact theory, the outer race fault model for
the bearings is constructed and corrected according to
the geometrical relationship between bearing spalling
size and rolling element radius.

Subsequently, the effects of unbalance magnetic
pull caused by bearing faults is analyzed. It is found
that bearing defects induce periodic eccentricity in
the air-gap magnetic flux

the rotor. Therefore,

S4

density of the motor rotor under both normal and
bearing fault conditions is further derived to obtain an
analytical expression for UMP.

Finally, a model of the bearing-rotor system of a
doubly-fed wind turbine considering the unbalanced
magnetic pulling force is constructed. And the Runge-
Kutta method is used to solve the model and the
vibration response of the bearing fault is obtained.

Through a comprehensive analysis of simulation
signals, theoretical calculations, and experimental
data, and by comparing the frequency components of
the

characteristics, the following conclusions are drawn .

vibration signals and their time-domain

Outer race faults in motor bearings lead to the
generation of UMP in the rotor. Under the influence
of UMP, the bearings induce radial vibrations at
twice the rotational speed frequency, providing
critical clues for the early diagnosis of bearing faults.
The effectiveness of our model has been validated ,

the

intervals, thus demonstrating the model’s efficacy in

including comparison of double-impact time
capturing the phenomenon of double-impact associated
with bearing faults. This paves the way for quantitative
monitoring of bearing defect sizes.

In summary, this study provides crucial
theoretical support for a deeper understanding of the
vibration characteristics associated with DFIG bearing
faults and their early diagnosis, which is of great
the

performance of wind turbine generator units, and

the field of

significance for improving reliability and

makes a positive contribution to

renewable energy.
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