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Multi-type fault detection design of wind energy conversion systems
via set-valued observer
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Abstract: The fault detection (FD) strategies based on set-valued observer (SVO) are designed in this paper to deal
with the problem of FD of wind energy conversion systems (WECSs) affected by delayed input. The common faults of
WECSs can be divided into additive faults and multiplicative faults. For the augmented unified model of WECS, a global
SVO is designed to achieve accurate state tracking by changing the selected state sets vertexes and reference error intervals,
changing the value ranges of the gain matrix elements, and selecting the appropriate gain matrix. On this basis, the fault
detection strategies which considered both the relative estimation errors of state and the absolute estimation error of output
are designed. The simulation results show that the designed FD strategies can offer rapid fault determination for common
multi-type faults. Comparing with the FD strategies designed by Rosa, this research has obvious advantages in the time of
FD.

Key words: delayed input; wind energy conversion systems; set-valued observer; multi-type faults; fault detection

Citation: ZHAO Ruinan, SHEN Yanxia. Multi-type fault detection design of wind energy conversion systems via

set-valued observer. Control Theory & Applications, 2021, 38(2): 187 — 196

1 5§

I % T 2 B VR S TV R, PR T R
FR BRI 0, XU RE A% AT T ARV U AR URZ T N
TR BRI S R T b (3 4. P D2 AR
PR, K e b R, Bt B LA B A B
WA B It e — 0 4R KT R B RS T SE M,
RN AR IS AT AR B B BT B, 9 i v S, XoF X
Bt e R BT SR I R R AR . B2 i Tt

ks HA: 2020—05—06; 3% H H#A: 2020—09—28.

T38{5{E#. E-mail: shenyx @jiangnan.edu.cn; Tel.: +86 13861867517.

ASCTAEGZE: PREGIR.

N EE I E DN b= R e Nl RS O )
R BER A R G AL IS « AT AT W UGS 2 R
R BE A [ W 22 X R BE i R G IS AT 1 R 2
PRSI ), AR I ) 1 3 R, RGER AT LAy
U B B R 5 i T B 5 1 5 R P S TR — e
BOTH Al R e P E R, H— BRI ARS
FERL, KR TRk, T RN RS, — R fevr
FE R GUBATIN e ARG T bz, SRIBUA R4 1) B Al

B &K H AR R4 T H (61164015, 61305132), H J 1 1 A BLBF 5 4> 150 H JUSRP31106, JUSRP51510), YL 75 24 HF 78 A6 G 37 55 7% A2 101 H

(KYCX17-1459)%

Supported by the National Natural Science Foundation of China (62573167, 61572237), the Fundamental Research Funds for the Central Universities
(JUSRP31106, JUSRP51510) and the Postgraduate Research & Practice Innovation Program of Jiangsu Province (KYCX17.1459).



188 B owo#H w5 N

38 3

PETUREIEAT g, SR VA B — b B, — %
b R e T R AR R A AR ) 2 3] T [X 43 A e A 2
e i Fr A Y B I i B, I AR R CA AN D i
FUBUR. G0 5 RS E R X RE % #k F 40 A% ShBE RN
PR, K o8 1E 53Tt B 3 S i g8 Bl 4
TR ST X REC ML ARAT 25 10 T o ek e e — 3 2 ]
A 1R i R 8 e (1) 22 A, 5 T UL
AR AR DL R A R X RS HL AT 2R I R
i A b e —— VB R A A s 2 R S AT T T R
AR 2E0); X 2 BEAR S5 A T A 3 i i B 4, R
1 T-SHROR A TR 6 XU RE A 46 22 G 1) 28 n vk i e —A%
LS R BOHAT 0 |2 AT 1O, sz 5 S IR ASE
B A0 53 B PR O, 5o AT 4 1 3 A e o — 34 2 45
FER BN B A7 56 A () Skt e 2t s 7).
PLE A FEIAFAEA R 24, B e AN E S T
RGP B — PSSR, X 22 A e e
& MEA R ; HOGER TN RN — R AE 5 4k
PR, B W R AT R R, KB R4
JEIAE BT B 2, PR LRI 75 ZE I H A5 51 XU
4 22 498 A A S AS D BE B A I SR . AL A N
FEFET ARSI AR TR, H RS T A R
SR TT, DO 282 1T & 2. Mohajerpoor2541 5% K
WEIRFIANRF R T — P IR 48, 5] A8
FURa e IR LI 8 A MR B 2 iR R4,
Pakzad SE0F 78 1 HI [ RS F RN 5 [ AR AS e 4 o
REFA TV, F w7 g0 6T RE R R
G IELER RS, TrinhZEBeit 7 — 28B4 L)
#&0101. Branislav¥ i RazumikhinJ7 7%, %1t 7 —Fh 4k
AT FE S NS RO S W 28U ; Vincent &5 B i
XTIER AT F AT RS RTT, X R R it i
DUZFI2V DL, UL 28 0 bR 78 J B [ Py (14 1
W BSRIE T RGPS IR ERE. R TR
T B2 E WL 28 (set-valued observer, SVO)H] A
XPIRASHEAT 1R 22 T 28 0 Ak 11, a1 % 2 400mT LS
R FE IR AS BRI, 44036 187 5 HL AT %5, Hai Lin&F 324t
T RS T 2T A T SR B U
R4 BE 4 R PR ERER R R 4. Rosa%5 %1t 1
FET IEFRES SRS H s SN2,
PSR T — BB T AR B VLI 2% P P A W) AR 2 4%
HEE G, BEE 1 2 T LR SFOIR S A 1 0 ol e A 00 g 22
REU4. AT G IZER 0 IEFPE, Rosa¥ it T — &5
A BRI E R 2% B, BT X B — AR BRSSP N I
AT SEAE LI 2%, N IZ 55 b LRAIE 7 B A 00 174 1E A
PEUST AN FAT R NI B8 AN FEAT 48 SCHSEAG
JEIY AL B SCHR [16] 77 42 S RAR I SR 5% s 450l
4 RSB LI 2% DA — 204 s S U g e B 17
FLEE R, JE TR EDUIN #5145 2 5 b i SRk

T T 2 BRI WL AT I 1
ORI, S I 3 P SR — BOr A
AU 5 2 R KB A, 2633 (RAE T
BRI RAT R0 F i,

ASCEF R ERT i AR BEFESRSE, Wit T
SO 0 A R 4 3 R
SRS, S FISELI B AR A, X1 T S A4
NI PR R 1103 04 I A 17 L
PR, A0 48 Y ATE A 5 0 KA
I DI PEBUR: KL LRSS RS
BT, 3807056 — B B S BUR B T 4
TR ARTAHIE T AR ek
B 2R 5 T B 4 T 07 58, HF48 R
S AT L
2 REEHH ARG

MEEEHRA DT BT RY 1R, £
ELFR S AR L FE RO S RS R
RIS B RS

Bt | HM R G B()
sl
v (HLv,(b) T

1) T.0)
LB RS

o(t) Tg(t)

Lvilh
Tore(t=ty) |m—————— P(t)

A —

K1 MREHH RS T RGUER K

Fig. 1 The diagram of subsystems connections for
the WECS

AN & KGR IS 6 AL A% 35 B R, XU RERS
B RGBT 5y

X(t) = AX(t) + BiUy(t) +

ByUs(t —ta) + ED(t), (D
Y(t)=CX(t), (2)
Hrp:
a1 a2 a3 0 a5 O
Q21 G2z Qo3 Goa Q15 O
A= 1 aso 0 0 0 0 ’
0 0 0 Qay4 0 0
O 0 o0 0 o0 1
10 0 0 0 ag ae|




2 M FABAREE: ST AR LI A% (1) R UBE % #2240 22 S R0 I sl (1) 15 1 189
(b1, by ] [0 0 | 1] £ 1 RSB FERERE 5B
0 0 0 0 1 Table 1 Symbols and meanings of WECS parameters
0 O —aqy 0 1 SR (e
Bl = 5 B2 = ; E= )
0 O 0 0 1 By RIS 1 R R AL
0 0 0 0 1 Bg e R R B 1 SRR
Ty RIS B 15
L0 0] L 0~ des) L Je R
. By 1SRG R
X(t) - [wr(t) wg(t) QA(t) Tg(t) B(t) B(t)] ) Ka; (BN R GHAEENI T
Ur(t) = [Ta(t) ve(®)]7, N Feah oL
Tg —r KGR R H AL
Us(t — ta) = [Tyret(t — ta) Beet(t —ta)]”, wn AT B 5 SRR
¢ BPAT SR JE L

1
C:lo 0000]’

000100
Bdt + Br 1 8Ta Bdt
a e — . a _= =,
H J; Jo 0w, T N,
- Ky, _ 1 07,
a13 = J. ) CL15—3Jr 6ﬁ’
By, B By | By
a21—Nng, 22 (Nng+ Jg)’
Ka 1
Aoz = ——, a4
23 Ngjg’ 24 ng
1 1
a3z = 5 Qg4 = ——,
Ny Tg
Qg = —%217 ags = —2EWn,
1 1 0T,

511 = I, b12 = 37Jr81)r'

BN A PUH SR EE AR A 1
A HE CAE AR R HOR R AR R 5. A
WRAE O REE, R IE 5% R BT 0 &, JFER R
SPYE AR 2 A AT SRR, SRTF5E 48T,
LA —Bir itk

oT, 01, 0T,

987 Ow,” dv,
BT () R, () MR — NS 5, %K
WUREFET re (t — ta) IS Bres (t — ta) NIERS
B NFZAE 5. SEI I 8] 2 SR B DUA E /M)
R FTINRE RS D (t) MRS, BEHLRSE E AR X
TR IRl = KUAIL, TR S5 2 A T 3 Y
SR Z 1A ) ZE A A LA, PR SORf i —
S F AL, T DASIR I iR

WEZERITTRE(D)-Q)F ST T L HAE

RIPR.

%? 2SRRI S H (T — A ZE BT

gga BRENTPARER R IR B R E T

0T,
Ovy

B REN IR X GE B B R O C

3 MBS ARG

T T RN R AR R R AR A R
X(t) = AX(t) + BiU.(t) + BoUs(t — tg) +
ED(t) + AAX =
A(X(t) + AX) + B UL (t) +
ByUs(t —ta) + ED(t), (3)
HA T AA X AR dRs . —Fhn it d b & i A8, A%
SCR SRS REGERE ARSI AA XA H .
Abdelghani A A5%f A [FRR AR B (1L SR Z, XT3
—PRAS I S P R ek 1), e R
TR I APIRAS A LU BITBOR, S A T #E N
X(t) = AX(t) + AK, X (t) + ByU,(t) +
B1 Ky Ui (t) + BoUs(t — tg) +
BgKbQUQ(t - td) + ED(t) —
AKX (t) + By K Uy (t) +
By Ko Us(t — tq) + ED(t), 4
Ho: AKX (t), BiKpnUi(t), BoKpoUs(t — tq) £
& — e 1t A 5 B SR AE AR AS J7 FE T )l 0
Ko, Ki1, Koo MATZ TN DU A 5 (1) R 508
FEs s, HA
Ky =1+ K., Kpy =1+ Ky, Ko =1 + Kyo.
— PR I P A PR AR T DLAE R B3 — RS A S S 5
(A4, 2% RE et b AR s, I
BQfUQ(t — td) + ED(t), (®)]



190 B owo#H w5 N

e M i 1 4 gl ik B2 ] BL 225 (D) B G i F,
Bl A¢, Bis, Bos NI RECERE, — AR R, H
7ﬁAf = AKfaa Blf = Blebla B2f = BQbeQ- 15&
FRGAE S — B 8] B N B3 2 R A — Floin A g s A — b
ek i b, H AP R AEAEA R B, 2 [R5
RGNk RI et s, 256 G FI4), TR
BEFE M RGO AR ki (6):
X(t) =
AKe(X (1) + AX) 4 B Kg, Uy (1) +
By Ko Us(t — tg) + ED(t) =
AX(t) + Bofa(t) + B fu(t) +
B K Uy (t) + By Ky Us(t — ta) + ED(t), (6)
Hh: B, fu(t) =AKpAX, Boy fu(t) = A(K—1)X,
B, € RO>P A3 5 R0 Ve i b 1 40 A H RS, fa(t) €
RP*URRSERIN MRS R &, B, € ROP {3
SR NE BT 1 A AT B, fo(t) € RP= LR ZE
etk M ERAS &, RACERE LS 23], RAECFRSLHL
ERE. haR6) T ER():
X(t) = AX(t) + Befe(t) + BiKn Ui (t) +
By K Us(t — ta) + ED(t), (7
Horb: SR A FE By = (B, By,) € RSP, 55
BRBR AR L. (t) = (f2() fI(t)" e ReeX! H,
Dt = Pa + D FHIERG(TIG), AT LASRAFHG ) 1)
g — AR, an=(8) s
Xo(t) = AcXo(t) + BreFKnioUs () +
By Koo Us(t — ta) + ED(t), (8)
Yo(t) = CeXe(1),
TE SRS R
Xo(t) = (XT(t) fF (1) e RO,
PRE T A5 = G IR HE R

A= | A Bl cpermoxee
Opfxﬁ Ipf
B N
By = [B] 0).,] € RO,
By = [B} 0}, € RO,
R B, = (BT 0F,)" € RO+mx1,

BT S EC, = [C 0gxp,] € R¥XOHP0 SN [55
U () MUy (t — tq) (RFFAZE,
4 SEMWIE BT

EEXTHE T WAL (8), T TH AR AE UL I 38 %o R A 3k
APA T, AR 22 R SR 45 52 X R] P S N 35
Hanz9):

38 3
Xo(t) = (Ao — LC) Xo(t) + Bro KU (t) +
By Koo Us(t — ta) + Lo Yo(t). 9)

SE U THREZ e (1) = Xo(t) — Xo(t), 1
é(t) = (Ae — LoCo)e(t) + Len(t) — E.D(t),
(10)
Forn () N4/ L HUEYE BBl (4 52 R, — AR s %%
RS BB ARL A . o2 FH DR B SR v 3 e A iR
ZZ(10)A 15
e(k+1)= (I+7(Ac — LCq))e(k) +
TLen(k) — TE.D(k). (11)
S FESETHRZEA0), K ERPREIAEL EL
RO < X < 1T FHIHRIE DAASEE, M D[RIRER Kb
IEARLRGADIET > 0544 TR 5. Rk, /K35
LinZ5E U3 IER A IE B FELEG , 9 JE 20 AR 2% A4 1 18 25 50 g
LI 2 X Svert{ SRR L WL Z A

vj+7(Ae— LCo)v;+7Len(k)—TE.D(k) € \®,
(12)
FINMHEER Z Rk B2 8. M BACSAFET > 0, Ti
Mo, € vert{®}, kd = {e e R : fle < ¢y,i =1,
o, SPRESHTHRZE (10) 5 IE DANAR L. AR 9
DA R FI(12)i 2 T
vj + 7(Ae — LCo)v; +
TL.n(k) — TE.D(k) € \Z;. (13)
AT o SRR L R AR Z; SR S ORI OR R N B2
P

2 Ty, HER Z; SEEOHIR R
Fig. 2 The diagram of relationship of vertex v;, convex cone
Z; and set @

% & B a0 f 2 G O, B To; € vert{D},
8; = max(—fr E.D)M fTv; = o, 7A7E F
frvj+1f (Ae = LeCo)vj+T7 £ Leny < M) — 76,
(14)
— kT = 1, WG 28 FE B L, v d e g o LR ANGE



2 RS BT AR (1 X R ¥ 2R 40 2 T WA I ) 18 191
AR p|
FE0 4 T (Ao — LoCl)v;+ £ Lany < M —3, EsH i
Mes R R 1 1%

(15) T RISSENNE |
S M - SR SRR RER AR, — Y k|
HUAPE; ;52 2P R A5 100 2 4, — Wit s 3 — MR s Bl
AR A, VA% A LR ) — I S AR AR S L 1 S swases| | &
Hvy. — 0, %2R R G EARA T — K1 N L
BB % Ak ST VMR, B ien o, T A% AL
RS IV f RS SR SR 7 1 A, P T

THEHSTIOR BB NIAGE X, USRI ATEATT M),
WFIRERR, — M f0n + 24 &R L 35
FRE, 3015 n x n x (n + 2)/MERA1S), TS
WP LA TR M BUETEHE. T ) — 6i, v
Flin (t) FIERE A A, PR HIE 23 R L I EUE T
FE[ANHE— . 0 AR, AR AE 2 A3 20 RE B Lo i 2 — A vt
R ZE R, DR 2R R B L AFE 2 e (E.

KT HRIE DA DL R b 12 22 B W St B 35
FALTF A AR AE I FE R

TE1 EHE ECERArNEREES B, =
{x: O(x) < r}, HAMEREO (x) i 20~ %A

1) 5t F At Ha,be R, HO(a+b) <O(a) +
O(b);

2) O(z)dES, O(a) = 0Wla = 0, RZITRE;

3) X u >0, HO(na) = pO(a).

A Minkowski bk £, & X CHA Prt— AL ERK
4 Op(z) = {S> 0 ie_f)(z;’P). H FOPa &,
MKz e PHOp < 1.

SB2  HIXK BIECEBEES PR ESY
THRZE(OIEL B R K0 < X < T FHI#IEDA
B EEORFRRPLIMRGZADTET > 0%M4 T
(IS 4 46 7] 20, G SRee AN 8 T B BRAREE & By, T
B TR R > 12N,

FB3 &G, E XA KCHE AP IMinkowski
B Og(e). W THaEWEe(k) e R" HeBT @1
e(k), F11E0g(e(k+1)) < AOg(e(k)). X THEHIE
HIN, FHEE B O5] HIMRESHE SR E RO (e(k))
RRaER. M THEGOR AGA DRI LESE, B EE
O (e(k)) RS, FRHE LR AR e i KR AL S
(R J5R, T 2603 492 1R 72 2R 45(10) 9 AH < Minkowski B
R e B S, X TS R 2 AT B AR IR
e(to), Zamt[alt 288 K, f71Ee(t) € DMx(t)+e(t)
ex(t). i

5 ET SR AR A R I
R RS I 2R Gt a3 .

B 3 R R e h

Fig. 3 The diagram of fault detection system structure

e o] J B

TR ZE VYT AL WA AT I ) B AR, B R IR ZE VRN
BRI E T (e(t)) PR B Jo, O 7€, e () REAE—H
T BRI Al TR 2. S X faulty (R RGER A
Fi, faulty-freefC:R KRG T, Wi T AR 4 a0 (5%
G S AR AT e U A AR

J(e(t)) > Jun = faulty,

J(e(t)) < Jun = faulty-free.
MRS, ASCR ARG 5 Dh 2 AT i, Pt
SR FH P AOAN[R] 0 1% 22 EAT BRI I 52 1) 1 AR

XFTOIRAS AR X (¢), ASCRH I SGL8 AR Ly
IENA SRR PG TR ZE . 1ZSEEI (T s
min A(K) = (4. ~ LCOX — efo)]3 +

(16)

lal(X — 1,13, (17)
Horb XARFAGTHRZE IENL RS R &, ol REL
FOME ) IE WA AR R, 1, ARRSCIRAR T, 2 o >0,
W A(X) A%, s(17) LA ME—fR, n(18) Frx:
X = ((Ac — L.C.)Y (A, — L.C.) + dal’)?
((Ac — LoCo)e(t) + Jal'ls), (18)
Lo IE AL T DA A -5 22 e 5, SR FHAS [ f) L )
A AR R o A S [FURE S A 28R
X T TR, A SCR F — Rl 3 R Z VR R
0
J(P) = |";’| x 100%, (19)

Horh PLARRAEUE 2, e pAFR HHARAE LI Z53545 500
R A T 5 80 TR R 2. IR [ K AR #EGB/
T12325-2008 1 254, 1 5% FIHLE, A B i D)
ARG I BRI AE T, = 10%. HRAE DAL sl s 2 44
XFFRAT 2 I R A B e, A S e v 7 AR L
ARSI SIS, T

ST FHAT T A5 1) A e 0 S5 5



192 B owo#H w5 N 438 %
TE1 SHHITHHRENMA TR ZE T L, FHEC(15) T AT 7538 ) ) B 7 ) 45 18 2 B L,

TEMALE, SRAPRES TR ZE AR5 22 X 2R,

SET2 IR TR ZE T HE A (18), 3k
YRR T (P);

$E3 WEHNRZE X 2R, iR TCH ks,
NN RGTC R, # D IRS; A R, AN
RGNS, Hn DIk,

T4 XX IR ZT(P)S BIAE T, 1R
J(P) < Ju, WHRG KA SEHE, RITFAREHIZEIT;
WRI(P) > Ju, WNRGERA E G, FERS
AbFE. BR R URS;

BTSSR,

oA R WA 1) A AN SRS

WL EAE I FAG VRS i 2 5 A Bt HoRAS
Mk, IR 22 R, RIS IR 5 I AE s %2
5, WONALERES T, T B

ANFE UL DA bR A W SR W R AR R PR
B RAS R ZE LA A O K B E D) 3R 2 4
SRR 5 KA 5 R AS 1R ZE 48 5B AR I e KRB
IR R ZE LA HE WA I e K BE. DA R B A N
IR i R 4 SR SR I 2%, an 5 I, 2R B
AR B LI 25 (1) 34 2 FE BRI AN Y, R AR R
FRGUE 5| S AR AS AR AT L T WA I SR
— VAR, DUHEAT [RIARE e .

6  BUE B R AT

AR SN A X R 4 R G0 DA T AR A A 4% )
WA I AT (5 A AL, 1 I NMATLAB 20192/
Simulink, FEESAZE A 100 Hz, A< SR 45 B4 508
AR AR, AR 2 AR X RE I 4 3R G B AR A A, BRFR T
4.8 MW. HHIESHHUE W2 FR.

k2 Raestie R bk
Table 2 The table of WECS parameters

(iRes SHUE A

By 7.11(Nm/(rad - s 1))
Bg  45.6(Nm/(rad-s~ 1))
Jr 5.5%107 (kg - m?)
Jg 390(kg - m?)
Bg:  775.49(Nm/(rad - s~ 1))
Kt 2.7x10°(Nm/rad)

Ng 95
Te 0.02
wn, 11.11(rad/s)
13 0.6
9T
—418963.8446
ap
OTa —2748138.328
Owr
T

16729193.25
8'()1'

¥4 70 3R A ULV B AR iZIUEVE I N, £20d 2 Ty
FRI, AR 2 T HRZZORINZ MBS AR L
IS E M B R L F

110005 1 011 11 1.1 1.1 1.1 '
11 1 120111111 11 1.1}

6.1 SEWMBIIH

B SRR AN S 7 3, 5 A5 R w45
zi

100 210 . .
15
o 50f
B 25
< 00
E 5.0k
-75
-10.0

1 1 1 1 1 1 1
0 20 40 60 8 100 120 140

t/s
4 RN R0 PR ZE

Fig. 4 The estimation error of generator speed wg

3 i
15.0 2107

12.5
10.0
7.5
5.0
2.5
0.0 HMT
2.5
=-5.0
=15
-10.0

-12.5
0

flithiRZE / Nm

2IO 4IO 6IO SIO l(I)O 1I20 14I10
t/s
Bl 5 RN T, 1 fhHRZE

Fig. 5 The estimation error of generator torque T

P45 /2 B (B UL I 48 ) T R ML T w,, AT,
It iR ZE. oI EUE H, AR Bl THR Z 1 2=
PIITE10- A A, RIFIERRAE IR L., H1E
SIS P DA I RS FE AR v IR AR PR
6.2 hnttdd R4 B R R A

EOLL AT 28 MR, 5 B W R AR R ¢ =
120.0s, 45 At = 130.0s. BFEAISEPREIN K
F LI R Vi vl 2 ARG AR, JEE )38 K, e K] g
SR T 7 BUF RN A T, 52 3 51 1
TR, I R KN AR SRR T il T %
R 1) 2% e P e T T 3, 180 B B R e R T, e %)
5 B4E 2 B ®AT, = —3300 Nm (% 8 1111%)1
s, A A R 6-9 .



2 A HE T AR R e 4 R 2 B MR Y e o 193
x103
33 T T T T T T 0.250 T T T T T T
0.225 - 4

3t .
£ | 0.200 .
Z 31t . WO0.175F .
T i e 0150+ j
= ! = 01251 :
B oor 7 = 0100} j
= ]
@ 28 | - E 0075} 4
i | — IEERE 0.050 |- 7

271 -— - SVO# TR 7 0.025 | 4

26 Il 1 1 1 1 1 0.000 1 1 1 1

118 120 122 124 126 128 130 132 118 120 122 124 126 128 130 132
t/s t/s

Kl 6 K HMLEAR T, B (L)
Fig. 6 Trajectory of generator torque Tg (Case 1)

%107
52 T T T T T T
50 - B
= L i
o 48k
S
.33 46 [~ |
& L i
44 | — IEHE i
L SVO#bEflivE |

42]18 12IO 152 ]2I4 156 lé8 1,;)0 132
t/s
Kl 8 Hirth oA PRI (I 1)
Fig. 8 Trajectory of output power P (Case 1)

HEl6 ] 4, 72t = 120.0 shbikfs A4, K AL
T, AR AE I ER AN T T = A — N e 3, R ZE 4
SHE AT EE ) 11.89%, 423 Lo 1E WAk AL 3 Ji5 4 B 7
Fiow, 3R BA— AN B A3 sh. i E8-on] &I, Th%
W IARAL I3 2, %R 22 2k £10.47%. WK
B 5TTEE IR R ARSI S T DA W R B L R T, A

K7 RNV T RARR TR ZE BT (1 L)
Fig. 7 Trajectory of relative estimation error of generator

torque Ty (Case 1)

—_

LR E / %
O~ N WAL KOO

T T T T T T T T T T

NN N IR N AN I N N B |

lé2 12I4 156 158 130 132
t/s
K 9 it IhR PRI THR ZR (KL

Fig. 9 Trajectory of absolute estimation error of output

118 120

power P (Case 1)

REA A, SERECR IR H fo v B KU BTG
SN

3L TS (R HUE R B A A L s A ) 5
S HHFRB AT, AL IR R RS HEWE B 0 R
WL FEAH S AR RAT 4 SRR A T AR ARG b
XA |AT,| > 3300 Nmit}, HEi2 b q T 150

&3 REHAEIE S AP HAL S 094 25 R

Table 3 The fault detection results of various numerical faults of generator torque

WRLAHME S RN TR ZER KL Wi RS THR ZE R4 R
FRMEE /% SHENSRRERMEE 5% HHE/ SARE E 5% o
1500 Nm/5 1167 Nm/3.89 1.838x10° W/3.83 (SR
3000 Nm/10 3334Nm/11.11 4.662x10° W/9.71 G i
3300 Nm/11 3567 Nm/11.89 5.027x10° W/10.5 1o S

TEOL2 R ML AR s . 1 R AR
BflEte = 100.0's, 5B [E]E, = 110.0s. bR sEbR
I e L 5 A% T A s, i 1B By
T Mg (¢) FI AR L ¢ B %1 D038 A B, (). A
HERE10-11 7.

HEI1ORT %0, t; = 100.0 s & B o, &%

it T S A, RN 28 A T HIR S R F RGN IE
TORZS, B AP/ AR ZE t. = 110.0 sHlfR 4 R
Ji Y AR SRR AR A R L W B IR EIRES. el & AE
(1 [T 2R AR5 A0 T LA W A s i A b, el P L mT
ty = 100.0 s/ iy H Th R [0 4% 186 s I B -5 AR AE DU
P THE R I BTG R AR 2, 1 W A s it



194 £

(I s R VA

ARG, (PR WA B R, 75 2
Bl ks,

165 T T T T T T T T T T

al - - SVOfhiFiRAs ]

163 — BB EIRS
162
161
160 )
159 | e i

o~ -
»»»»»»
,

KN Hw, / (rad-s™")

8 96 98 100 102 104 106 108 110 112 114
t/s
B 10 KU E W BT (5 5L2)
Fig. 10 Trajectory of generator speed wg (Case 2)

x10*
T

495
490
485
480
475
470
465
460 .
455

SVOffiitiRas 4
— RESNERE

L P /W

9% 98 100 102 104 106 108 110 112 11
t/s

K11 DR PRIBIR (G DL2)

Fig. 11 Trajectory of output power P (Case 2)

6.3 et lEp 1 A A

HOL3 BB AT AR MR . & E L3
AN B (=1, 2, 3) B FXT EL, PR 1R M.
B8 L — 2k S AT 8% R AR VR T R R T 4 =
120.0s, NS T I A]E, = 130.0s. BUAAR R I
NI BIIR &S 7 72 S B, MER A AR, SR T
1 1) 2 50 i FE, R 7E120.0s ~125.0 s S 48
w,, FIERE B 7] 522 28 PE A8 4k 125.0 s 5 5 o 2% 22 f
ZORES, BN E = (1 — anm)€ + anméu Ma, = (1 —
Ohim )W+ Ot @Wn s Fo ' =1, & = 0.9, Wy, 1
= 3.42rad/s; 125.0s ~130.0 s SE R FF A AR, i
ERINE12— 15775,

MBE12-137] %0, te = 120.0 s MR &K 42 ), %
£ 3 B AL 38 A5 V1B -5 1E F AR TR 7= 2 T B 2
R 22, AT 1R 22 I GR A B R 3, 3R B0 28 AT
AR, T A T AR R R 5 | ek
HURSE, FEUR AL K Joe S84 7™ B F i, nT DL E
W AT 28 & AR e . B 14— 150] %, R
BRI PAT 38 R A e e T R, i TR I A AN
i B R 22 TR M R AR AN B 2, P S AR I
H PRI R s, mT LAUOZ R A R

AR Al TR 2

Fig. 13

i ZhP /W

B/ (°)
S = N W A UL N 1 0 O

AXETHRZE / %

— IEW({H
SVO G HE

I 1 1 1 oy L

116 118 120 122 124
t/s
Bl 12 22 BRI (15 4L3)
12 Trajectory of pitch angle 3 (Case 3)

126 128 130

Fig.

2.50 T T T T T T T
225
2.00
1.75
1.50 -
1.25F
1.00 -
0.75 -
0.50
025+
0.00

1 1 1 1 1 1
116 118 120 122 124 126 128 130
t/s

B 13 22 SR T HRZEMIE (5 0L3)

Trajectory of relative estimation error of pitch angle 3

(Case 3)

x10*

476

472

468

— IEH1{E
SVOMEEALTHE

464

T T T T T T T T T

460

1
116 118 120 122 124
t/s

Kl 14 o PROBIE (G HL3)
Fig. 14 Trajectory of output power P (Case 3)

126 128 130

25.0 T T T T T T T T
225 a
20.0 - 1
17.51 7
150 B
125 A
10.0 |- A
7.5 B
5.0+ B
251 -

0
116 118 120 122 124 126 128 130
t/s
15 HiHIhE PIASHETHRAZ R IE (1B HL3)

Fig. 15 Trajectory of absolute estimation error of output

power P (Case 3)



2 1

AR T ARE LI A5 4 XU RE e 4 28 48 2 AL saherill (i 80t 195

6.4 XfHLEFA

AR S AR SR HE R B AGTI S mE 5 Rosa i 1)
BRGNSV VB4 T 6] B, 0k BV s s 1l N 1
B3, S L P 2 A I IS SR FH B g = ¢, — 2,
Forrt R B A) g X T B R 2 A, AR
SCBEE DUE IR I 10%1E s i & i s (. Bk
XTI A IR 4P,

k4 AAFBERN R R

Table 4 Quantitative comparison of two fault detection

systems
PRI SRS AOERAE AL MR R e /s
A SVO ) 0.49
Rosa-SVO 15013 i1

PRI AT 1, of T4 A2 ) e 75 00 [ 5 a2
ST, AR ST (LU 5% P A6 0 1
/INTRosaffI A 5Eng, FLA TR B SEhRR M.
HHTEG T Rosa i RS S0, A% S0 3T A ek ) 4
Wi LA 458 B ORI 8% B89 5 S B, AR ALk e A
U0 PR S R Aol A AR I SR P 90 02
AL PR P BRI B8 7, R X PR A B R A
it
7 i

AL IR RE s He 2 G iR AT T AT, R
FH b7 O B U0 I B E S sk Bkl g i ik, 368 3o
IR A 2 IV 1 THL RIS 5 25 X 1) Sk 1 2
AR 00 4518 24566 e AR 905 LA A 45 22 (e S
o (L 5% P48 256 0 L, SRS B FAR
BN, B0 2P RS i R G i
ROt s, AL 1 T HE AR LI 5% P P )
WS, (7 ELAE R, X T BRI R S TR
RS (B, B RAT B i, % SR A i 2 Hh Pk L
YRS RGN X TS R BEIEAT (K TR B b,
W FE BRI SRR 245 1 (0 [ 7 R 5 45
kT B RG. AF 52 T-Rosa i3 1 0 A 00 9 9
BRSNS B ARG I 2R SR RAIE T i ) IE
HOI, SR R T B, SRR LI 3 ST T 5 O .
o R LA OB B i T B8 . S PG I
g, SCELGH A R B A T B B I B R &
S S, S 2R G A A N P A g g
o, R AR AT H A

SE Mk

[11 LU Zhengshuai, LIN Hongyang, YI Yang. Current situation and trend
of wind power development. China Science and Technology Informa-
tion, 2017, (2): 91 - 92.

[2]

[3]

[4]

[5]

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

GSIEND, MRLTPH, 54, KRR IR Siass. hEEHE S, 2017,
(2):91-92)

SAHA S, HAQUE M E, TAN C P, et al. Sensor fault resilient opera-
tion of permanent magnet synchronous generator based wind energy
conversion system. IEEE Transaction on Industry Applications, 2019,
55(4): 4298 —4308.

WU Zhonggiang, YANG Yang, XU Chunhua. Fault diagnosis and
initiative tolerant control for wind energy conversion system. Journal
of Mechanical Engineering, 2015, (9): 112 —118.

(RBoE, M, RaiE. KA RGN 5 B A 42 .
HUBR TARE4R, 2015, (9): 112 - 118.)

YANG Xiongfei, SHEN Yanxia. Research of actuator fault detection
for wind energy conversion system. Control Engineering of China,
2016, 23(4): 506 —511.

(B, DLHEEE. XUBERE e RGT R T s SR I BIT 7. 2] A,
2016, 23(4): 506 — 511.)

SHEN Yanxia, HE Qingnan, YANG Xiongfei, et al. Actuator fault
reconstruction and fault-tolerant control of wind energy conversion
system. Control Theory & Applications, 2015, 32(3): 413 —420.
(PLHERS, BUDRAH, MO K, 55, RBEEE S R GPAT S A S5 4
). IS SR, 2015, 32(3): 413 - 420.)

ZHAO Zhipu, SHEN Yanxia, HE Qingnan. Active fault-tolerant con-
trol strategy based on T-S fuzzy model for wind energy conversion
system. Control Engineering of China, 2017, 24(7): 1447 — 1453.
GRZHE, DRHERS, DDA, BT T-S AL KRR 4 R G s s i s
WESE. M1 TR, 2017, 24(7): 1447 — 1453.)

SHI Yuntao, HOU Yanjiao, SUN Dehui, et al. Stochastic modelling
and H,, fault tolerance control of WECS. Electric Machines and
Control, 2015, 19(3): 100 — 110.

(Riz, GREY, IMERE, 5. KAEFH ARSI S H oo AR
. BB SEHISER, 2015, 19(3): 100 - 110.)

MOHAJERPOOR R, ABDI H, NAHAVANDI S. A new approach to
functional observer design for linear time-delay systems. The 2016
IEEE International Conference on Systems, Man, and Cybernetics
(CMS). Budapest, Hungary: IEEE, 2016: 143 — 148.

PAKZAD S, PAKZAD M A. A new improved approach to design ob-
server for state delay systems with unknown inputs. The 2017 Ameri-
can Control Conference (ACC). Seattle, WA, USA: IEEE, 2017: 5720
—5725.

TRINH H, HUONG D C, HIEN LV, et al. Design of reduced-order
positive linear functional observers for positive time-delay systems.
1EEE Transactions on Circuits and Systems I1: Express Briefs, 2017,
64(5): 555 - 559.

REHAK B. Observer design for a time delay system via the Razu-
mikhin approach. Asian Journal of Control, 2017, 19(6): 2226 —
2231.

LECHAPPE V, DE LEON J, MOULAY E, et al. Delay and state ob-
servation for SISO nonlinear systems with input delay. International
Journal of Robust and Nonlinear Control, 2018, 28(6): 2356 — 2368.
LIN H, ZHAI G, ANTSAKLIS P J. Set-valued observer design for a
class of uncertain linear systems with persistent disturbance and mea-
surement noise. International Journal of Control, 2003, 76(16): 1644
—1653.

ROSA P, CASAU P, SILVESTRE C, et al. A set-valued approach to
FDI and FTC: theory and implementation issues. /FAC Proceedings
Volums, 2012, 45(20): 1281 — 1286.

ROSA P, SILVESTRE C, SHAMMA 1] S, et al. Fault detection and
isolation of LTV systems using set-valued observers. The 49th [IEEE



196

7w oo 5 MM

38 3

[16]

[17]

(18]

[19]

Conference on Decision and Control (CDC). Atlanta, GA, USA:
1EEE, 2010: 768 — 773.

ROSA P, SILVESTRE C. Fault detection and isolation of LPV sys-
tems using set-valued observers: an application to a fixed-wing air-
craft. Control Engineering Practice, 2013, 21(3): 242 — 252.

ROSA P, SILVESTRE C, SHAMMA ] S, et al. Fault detection and
isolation of an aircraft using set-valued observers. IFAC Proceedings
Volumes, 2010, 43(15): 398 — 403.

SLOTH C, ESBENSEN T, STOUSTRUP J. Robust and fault-tolerant
linear parameter-varying control of wind turbines. Mechatronics,
2011, 21(4): 645 —659.

ABDELGHANI M. Sensor validation for structural systems with ad-

ditive sensor faults. Structural Health Monitoring: An International
Journal, 2004, 3(3): 265 - 275.

[20]

[21]

ZHAO R N, SHEN Y X. Design of set-valued observer for a par-
ticular situation of WECS: commensurate time delays. International
Journal of Dynamics and Control, 2019, 7(3): 901 —913.

ZHAO R N, SHEN Y X, WU D H, et al. Reduced-order set-valued
observer design for high order uncertain linear system with distur-
bance. The 2017 36th Chinese Control Conference (CCC). Dalian,
China: IEEE, 2017: 76 — 81.

Ve B

REM [ LBTTUE, BRTEEFOT R TS X RE R e R

G2 W AN 2848545, E-mail: chnpal @ 126.com;

WHE 2, HETOH7 RO el i BoR . RpLARZ

|55, E-mail: shenyx @jiangnan.edu.cn.



