931 B2 8 M
2014 4 8 H

= HERES KA
Control Theory & Applications

Vol. 31 No. 5
Aug. 2014

DOI: 10.7641/CTA.2014.30965

T2 A S B B 2 MR (R e 1 R RREORE S W

REART, Kk &, E OB
(HERFET K% ARl TR, )4 )M 510640)

WE: g A5 TR T RS W HER AR M 52 K EU(RBF) # 4 P 48 TEHFIRAE L ME RGNS I AR, A
T — BT R RS RS RES WT JT s 1% 07 10K FIRBEANZ 0 48 o S 40 3 R e IR R SN 2 A AT 3R, STl
43 P22 D 288 A AP WAL S 38 e LA A 28 X 448 of 2 B0 A S0 30 25 () JR SR ME A AT 5 12 W R v R Sl 4 B S B
e R ZA LM (V) BROERS IU 5 43 2. BT U5 U HGE F NS AR A I s R . f ), lleffeottfs 1
ARG LU S W R B AT 7 2, 5 0485 RIGIE T I 7 A 3 k.

KRR WIS, 120 RBFATZ: (4% B UL AL

hE 5 £ S TP206+.3 XERFRIRAD: A

Fault diagnosis of cracked rotor systems based on
radial basis function neural networks

WU Yu-xiang!, ZHANG Jing, WANG Cong

(College of Automation Science and Technology, South China University of Technology, Guangzhou Guangdong 510640, China)

Abstract: Combining the model-based fault diagnosis method of rotor systems and the advantage of radial basis function
(RBF) neural networks on identifying nonlinear system dynamics, we propose a new fault diagnosis scheme for cracked
rotor systems. In the proposed scheme, RBF neural networks are used to identify the unknown dynamics of cracked
rotor systems; the convergence of partial neural network weights to their optimal values as well as the locally accurate
approximation of the unknown system dynamics are achieved. In the diagnosis process, the identified information is reused
so that crack faults can be detected and isolated quickly. Small cracks can be detected online and recognized quantitatively
with this method. The example of the crack diagnosis of Jeffcott rotor systems is illustrated to demonstrate the effectiveness

of the proposed method.
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FHER I BUR A MR RIS AT 2 T 3REUT, I AE T
PR PR TR/ E e g2 W 57—, FkT7
LRGP I 25 2 15 TR T T RARFN NS &
H AT RGNV, BT AN A2 R 22U (persistent
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H DA R 2 N 288 2 B ERfE 1T T R A &k )
BN EAF BIORAE, 115 N — IR RIS A A, fihes
W2 ANAFAS T AT S 20T, e DA ST P ek
W SCHR (1819145 H, Ji i R FHRBF#HZE I 2541 4
SRR S5 8, A4 A2 R 3 T RBF AR Y
2% [ A 5~ SR il AR RE SR A, BB PESR A, X
AR PEASA nI AR R R 22 R fa B, A
T AE [ U T R 8 DX 3k ) o 8 o 28 m A UL
Gtk RGN A, HERISE ST w7 (A7 i DL S A
F 201,

AR FIRBFH 8 W 25 R 1 24 S0 e, Sl
T8 3 A 28 D) 88 ASUARL AL S5 1) B DA DA B i 28 D) % 3 54
YU RGARFN BN A I R ER R B, HER A
S CAIANAE H 2 i) 23 A 7 AR, DU B8 I 4%
BUE B XA . AR 2 W 72 v, A CHFR
5 BMIE— RIS TS, ¥ 4 R A5 3)
DAL T LRI = Ak 2, A i 2 JEA T R o A
M523, BT TR A N4, TS 7E
2R I S WY /T RS S S8 ASNTHR 2 A)
A ZE SR ZZAR Ak, 158 T2 Wi [a]. X Jeffcott’
T RGRGURET IS 5 TLE SRR B, P kAR
TG I 02 W DL S S 25 S A .

2 RYFE T ) 1 F BRI (Dynamical model of
cracked rotor)

1 RGN 3 A BRAN TS ST BR O,
R TR Rl A TR AR TP AR AR N R 0 L AR
JCTE S WIBE | FELJE S BERR ) HAa iR e 1~ R GE ) B)
SRR R,

MQ+DQ+K(t)q:Fu(t)+Fg7 (1)
i q,q, g € R A RGN R R
SR IR E, M € R REHFE, D €
R kA, 455 e - Sl A BELJE FIBE IR ) FE I RE R, KC(¢)
€ RN WIEEFEBE, Fy(t) € R APk ))&

5
i, F, € RUNH ) RE.
SR SRRSO AR AN R LT TR AR
B AR FERBE RS0 S T R G, )2 R
T, UG R AR RN T IR, 1 7E
IBATRERE R, S4GH T2 1N KNS TR AR R AR
Ak, BN RGN a2 L. S K () = K, — K(t),
Horh Ko 7 RGN TN, K. () AZ4405 )
B IR 2 . R P 2 4 LA TR] 8 ) AR A B K (¢)
A FHANIR] 38U TR BRI R . 48U T (MR
B L 22 HLAE B 536 1, AN A S EAN RIS 5
LU T 1B 1 22 R R 2 R ROR. 26 R RIS SR IE
I 2= 5B ] BE P B T RSB AN, IX B A 244
BT RMAGEE Np(q,q) = —M " (Dq +
Kq), M=) T LS ik
d=wv(q,q) + M '(F,(t) + F). )
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3 gk B B #F iR (Identification of crack
fault)

FIFHRBEAHZ: MRS F IR R A A,
Rt G A TR AR, SR A R sh A2 2] 2%
v=—A(0—q) +W'S(Z)+ M (F,+ F)),

(3)
Hr: A = diag{ay, -+ ,a,}(a; > 0 ABIHEE), 0
= [0 - "G =g -+ ] THIAN VT H, RBFA
ZMWHKWTIS(Z)=[WLS1(Z) - WS, (2)]*
M LLE IR R LU QM I R G R F B Ee(q,q) =
[p1 -+ @a] T, BI
0i(q,9)=W;"Si(Z)+e/(Z), i=1,---,n, 4
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X ll), s sin, (12 =xw, |1) T (N I RI2 050, 545(-)
AR B BB, xR LR G =1, -+, Ny,
Z = [q" qTVAMEMEIEN, €;(Z) G4
EITRZE, |6,(Z)] < ei(er > 0OMHED).
@)W EAXQTIRREM TR ZED = 0 — ¢,
A
Uy = —ait; + Vi/iTSi(Z) —vi(g,q) =
—a;U; + WiTSi(Z) — &, 5)
W, =W, - Wy
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e
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X5, Sic(Z) NS (Z) T 4k, Wi AR IS (R
TRE, e =€ — VVESK-(Z). X FRBF#H £ [ 25,
(WLSic(2)| it (AR /D, I b ese = O(e,). LI %
\|os Tie Wic | B AR AN, ek R9) B L FRFR R
BIRA.

T RGeS q(t), () N INEE 5, ALK
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4 R GUHEE PR 2 Wi (Rapid diagnosis of
crack fault)
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BEAER I AR T H B 2t rh . U R4
KBGO, 5B 28 I 2% Be g PR ] 12 227 2]
(RIEIR, SRAEAH N e 1 R G S M HERE S, BIAE
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) ESCAS PE EI, ARUSHE B2 k= 2 O 2
AT RS T2, 3 1T A3 IR i), DRt 5 2 BT 3
Tk
P A
7t = 7 f, 1Pt @lrt>T am

Hr TN 1 R4 T .
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b; In :
ST pi — &7
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_ 1 3k
ty = Z_nllax b—ilnﬁﬁ-T%—
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W 5T RGAET, N %0 R A B8 ke, 5 2T
R A AT B A T2k (5 223
t _
i) = [ e WIS (2(r) -
O (q(T), q(7)))dr + vl (Ty)e " T0).

(18)
XM hq(r), (1) € 2, B 1413

—k 7b1(t7T0) 7b1(t77') .
75 ()] < |75 (Ty)e [+, e
(WETS,(Z(7)) — ¥ (a(1),4(r))|dT <
t
[l g dr 4 (Tt <
0

(& 1b:) + [E(Ty) et —T0), (19)
Ma, Tt >Ty+ T, 4

L (0 & e b
i@l < 7 [, G+ Tl ™)dr <

%j D]?l()iTO)e—bi(t—To)(ebiT
TS ANTCEC S A T 2% r (PR 223 2
vy (t) = vy (Ty)e 7T 4 f; O
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O 43, st e I,
(W 'Si(Z) — ¢} (q,9)| >
¥} (a,4) — ¥;(a,9)| — W' S,(Z) —
vi(a,q)| = 2pi — & > . (22)
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IV AT BT L. TH&E%THTIEU&IW?%
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f 2M2+§z ,2/.1,14—5:
L{, 3b; = (=1) 3, (23)
PHHEAIEI, > o Py
- 1—11 5“*5* )
&
W wlt > Ty 4 T4
Ol = 7 [ 7@l > £ [ 1pelr >
(ki +267)/(3b;). (24)

13X (20) A1 (24) AT 40, EEAE|
FAL, T AR LU 4

ZHOIRS O]
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bT\ (o)l T (e 1)< w5
XEWREAAE N BRI Zto £ FIRAZE AT,
fil At A THE A
o1 3R (e T — 1)
R R

i e > To + T, W
ty < max{Ty + T, 1} <
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max{Ty +T, 1 _max —In 1o
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%0 4_§;<+ + 1o}
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i=Lon by — & FINCLF A4S 7 = wtoE NN ), X,

1 B CRT L, BUR 5 2 AT RSBl AL
(A THa% kT R I T ANE L

~ 1 3k

UEEE,

i B2 T 41, RAENAS 5|3 (g, ¢)) 7EN T
I — B TR N K20 (g > &) IF iR sghe o] LA,
PN H ke, HARO R i (0 I (R AS B a3 [
N e g R T L I HER S, AT
SR T X NG ) R AR, RIS T R 2
iNJEIR

LRI 52 Wit R 2 B 3T shZSUERS
{103k R, e (AR I 5 43 B ek B2 AL IRAT 1. R ] R
FAR N G0 2 W s

FEZS LRI B, X T i I T R4
ATV 2RO LR, #5 AT RINZIE > T X pifii €
{1,--- n}, BPO()|| < 6; (5 A A B4, 1 30(20)
FIELG, = & /b;), WIRTAIWHE 7 REEISAT IE S ; ifEE
I %ty > THRINE|| 0 (t)|| > 6, WIATHIBT RS K
AT LU, FREAT N 2D R 4 B AR e
B B B, K WD EE T R G T I sh ko
AT, HX i e {1, ,n}Lh kB—"4r e
{0,1, -, N \{k}, A7 70— A7 B0 I 20 ¢ A 15
NE@) < |75 (#)]], t> tr, WAL s kR A
5 {fiE(Simulation)

N T SR UE BT A Rk, R g e
F 480 BAT NI SR 7K P Jeffeotd 1, WIPERIZLAL
TS ] ARG TR R, AT PEIRAN 1)
S, FLEE R MIMEACE RS dh iR 3, I 2ms 4
SFERIPPAT 24807 MR B, AER AR R R,
REUE T RS Ry 24

mO||Z cOf|z by by | ||
0m jj+Oc y+kyxky y|
mew? [cos(wt%—d%) + [W(L)g] , (28)

sin(wt + Py)
oz, y W EMAAFR R, mA BB R, cHBRE, ey
(B85 5T Lo, w A 1 TG R, ¢ R IR, g Ay
e Tl 1 I W AR AR A, gk B I R ke =
ko — f(0)AK cos? @, k, = ko — f(0)AK sin® $43j
WG 2, yI7 10 IR L, Ko 2 TG 2R BTN Sl M)
B, kyy = kyx = —f(0)AK sin @ cos @Kz, yJ7 ] 1)
MAEWIRE, & = wt + $o + 3, BAK T ATy )
SRR, 0 = & — v, tany = ylz. HETF
KR Ef(0) =12+ (2/m) cos§ — (2/37) cos 30 +

= mglkoTERLUHE TR, K = AKIK (R
febt), X =a/X,, Y =y/X., e=e/X,(RRHLID)

. dX . dY
c=VEKm, X =—,Y=—
w oftm dr dr
D = ¢/2v/mE (AMHJELL), 2 = wiw (L), NI
ToENIRB TR
X 2 X B fO)K |2cos®*d sin 2
Y 1Y 2022 | sin2d 2sin’@
~ - 1 T
X 1 | X|  _|cos(T+ %) =
Y +(Z2 Y _elsin(T—Hﬁo) + %
(29)

T RGUERIBITN, K =0, D = 0.01, &y = 0,
e=0.1, 2 = 0.6. KM EHEH 7RG R EIHRLL
A, Wb BN, K = 0.1, 8 = 0; ka2
RO, K = 0.3, § = 0; #bE3 i i £
e, K = 0.1, 8 = 0.2. (iEP AR AR
KEAEZNHX,Y, X, V)k=0,1,2,3 k=00 %
IEHEE):

@k(X7KX7Y):

fO)K |2cos’® sin2d | | X B

2422 sin2@ 2sin’®| |Y

2D | X 1| X

— || - = . 30
N\Y 221y (30)

Fe 7 R PIRES T IH ORI E a1 .

0.06 T T
y 0.1+ |
0.021/ i ]
. . 0.0 [ ]
-0.02 -0.1+ -
0,06 : opl— ]
094 098 1.02 1.06 0.8 09 10 1.1 1.2
X X
(a) BRI (b) RAUHE]
0.4 0.2
02r 0.1 .
> 00F | >~ ook i
020 N -0.1} .
-0.4 | = 1 I I 1 I
05 07 09 1.1 13 0.8 09 1.0 1.1 1.2
X X

(c) U2
K1 b ol
Fig. 1 Rotor axes contrails
5.1 FLHEEHEHR(Crack fault identification)
KHIRBFHHZE M 28 R 1 RGHEA RIS TR
NRGEARKNBNE, B

(d) REu=3
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D= —a (i — X) + W'S(Z)+ 23 : : : :
ecos(T + Py) + (1/02?%), 24

. . N 31
192 = —CLQ(TQQ — Y) + W2TSQ(Z)+ ( )

esin(1 + Py),

HhMAMERMAZ =X Y X V], 4K%i81T
IR T IIWER S X (0) = 1, X(0) = Y(0) =
V(0) = 0, MZFZEUEHIHIGIEW, = 0. X542
ITIRE T IARFN RGBS AFHRTTVEAR], i AL
R 3 (R A B A T 58 .

H3E B HTRBEN R WS, (Z) (i = 1,2), 15 A%
N; =9x9x9x9=6561, Hrutr i, ¥t
X1[0,2] x [—1,1] x [=1,1] x [—1, 1], mdlrpoo
W, = 0.16, I o) W AUE. Lh, (31
K (6) TS EOIERUCA a; = 5, I = diag{20,
20}, ; = 0.0001.

R U3 R A R 23R, B2 ps
9 2% AR FF) S S 2k, o P12 0T LA A 28 T 48 A
W2 = 1,2) 11— 5 BUKCSIE K, T 55—
OB CRHFAE Z2 I BT . 113 2 A 48 I 4 3 0 A
KNBNAS I B 22, B3R LU H, W i3 &
G, HHRIE NGB W TS, (Z) e iEin i T 24

|
»
[=]
1

1I0 1I2 1I4 1I6 1I8 20
t/s
(a) WERBUE ISk

10 12 14 16 18 20
t/s

(b) WSHBA UL
' 2 WR AR

Fig. 2 Partial parameter convergence

wis(2)(EBiL)

-3.2L L L 1 1
10.00 10.04 10.08 10.12 10.16 10.20
t/s

(@ WS (2)(& )i e} (#-)

w3 s (2)(IEiL)

_05 1 1 1 1
10.00 10.04 10.08 10.12 10.16 10.20
t/s

(b) W5t So(2)(41)iET o3 (-)
K] 3 RGAANBAN L P 3E

Fig. 3 Approximation of unknown system dynamics

I L E R R W SR 1 R R RIS AT
RET B RG)AME R, X LE T LU Foph 28 k) 2%
WHETS(Z)(i = 1,2, k = 0, 1,2, 3) BRI TN
T 7 REu b2 .

5.2 RGUBEIZ Wi (Crack fault diagnosis)
FI R 825 38 A7 R A 1R 0 0 46 0 2% 1 AR 4 =X
(5 FiEAN BT 85
vF = —b (v} — X) + WIS (Z2)+
ecos(tT + Dy) + (1/2?%),
Uy = —by (v — V) + W}TS,(Z)+
esin(t + 9y),
HHSHOEIUNb, = 2(i = 1, 2). BB T2 IR
A ERNE T FARSIAT LR, WA TR 22T 4
e RGATIRAS IR RSO 12 . AR i T
FIHFRET IR, Rl B{EE I 6; = 0.01.
5.2.1 i A Q0B (Crack fault with angle)

ISR IR I 7 RS = 2sZHTIE W IBAT, 18
t = 2 sINZIAR AL i 1 AR TICRE (T 3). %3l
THREX, Y7 10) ERS REA =8t 2 an B4 0.

I HTIEIATT AT, B TE AR ORIIRZ || o) ||1Et = 25
ZHTRRFRUIME, W R T ARG HIEAT; ARkt =

(32)
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Fig. 4 Detection and isolation of the crack faults

522 AW A 2 40 (Crack fault without
angle)
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Fig. 5 Detection and isolation of the crack faults

Sy HTEIS TS, BhaA& Ak TR0k 2= || 00 || 4Et = 2
ZRTRFEE MY, TN T R R IBAT, (Lt =
2 s || 00| | AR TEEHE R IR T AN A B, ARG
B RGR WS, 7t = 3N ZIZ G A T 211
WRZE|| D M| A/, WA RS R A R R L (i ), T
it = 5 s ZI 2 5, BhaMhTH a2k 2| 02 || i/,
AT T I LR VR, e RGO A B ARG (T
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HE R, AW 6 R G T Ll E Bt
FTAELR SR IR, I REAE 3T A SR AT 3R
B e st A H IE R 10T
6 4518 (Conclusions)
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