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Wavelet transform and parity space based actuator fault detection for
unmanned aerial vehicle
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Abstract: The parity space based fault detection (FD) is one of the most common approaches by using the system
input and output data over a time window and attracts considerable attention in practical applications. This approach is
characterized by its straight forward manner in design and the generated residual is independent of the system initial state
and input. However, high parity order has to make sure for improving the FD performance, which may lead to heavy
computational task and very narrow frequency range of fault to be detected. To overcome this, the paper proposes to
deal with the problem of actuator FD for unmanned aerial vehicle (UAV) by applying parity space approach and wavelet
transform. Then the residual can be generated based on the parity relation between the inputs and outputs such that a ratio
criterion of robustness to unknown input and sensitivity to fault is minimized. Moreover, with the selection of wavelet basis
and residual evaluation for a group of residuals, the faults within broader frequency range can be detected. As a result, the
parity space order can be efficiently reduced for some acceptable FD performance, hence, both the computational cost of
residual evaluation function and the frequency range of fault can be improved. Finally, an example of UAV longitudinal
system is used to demonstrate the effectiveness of the proposed method.
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FEIIPE L. SCHR (12K S8 2 (8] J5VE SEBL T UAV |
AT ) 2R e A s W R AN, (ELJ R 7% 18 AR TR
SCHR (14 1RHE TS5 R R B 22 R S i et e
REFEPR R AL D EUEA TSR AR, 12 IEAE IR S5 G R
MEREFERR R, MAE RS R N AR RER bR
0f, AH AR ISR 55 AR A, AR B . 3
HR (15142 H K~ F8/ ) 3 A% i (stationary wavelet trans-
form, SWT) 55 554t 22 (0] J5 EAH 45 A vk Bk 22 7= AL 4%,
ik 1AL G A3 ) 5 I RESR R LS I AE LT 5
R IR R A (B b, SCHR (13 R % i
T UAVAEZ)) f S b . 3 2 21, STk (15170 1 )7
2R SRR AISWT 2 R DEBRAFAN R 73 UL R
I Z AL RESR bR B N A4 ] o, R T de Lt
BEFERRXT N R KA ) ARG 2 5, (X RER
UEIZ U M PEREFEAR IR B UL, JCik R FEAt 2 i R
IR AR IR RE.

AR SRR SCHR (151 RE Al B, 51 ANSWTX Bk 22 8t
172 REEDEBE, FFRIFAR 73 R T PR RedR b i
(RIS () i, 7 2E S 2 PR AR Bl b 55 X B ) —
AR 22, By ] AU 3 24 R B2 VP A oA 8
B AT B PR, SIS 6 A% 1 | P9 A1 sl et
fr 5 AN, AR R IR
2 UAV KAT #2853 G i b 7R K o) 4 i

(Fault model of UAV flight control system

and problem formulation)

2.1 UAV ] RGEHREAR RS (Fault model of longi-
tudinal dynamics of UAV)

F BRI\ B L 2 FUAV, 2 (LK ol

T RATIN, MRS A R 2 8T AR 5 g, LR

UAVIz il A AR 32 5), ASCUG Rz s)

B G 0) TFREDTFT. UAVY )32 3 0,375 AT 308 18

il CHLTULTH B DL AT A 5, R B K
) R TUAV iz )y fte-1:

! (T cos(a+ ¢p) — D — mgsin(0—a))—

oL
m
Wy cos(f — o) + Wy sin(f — ),

: 1 :

&= m—V(L + T'sin(a + ¢r)— mgcos(f—a))+

. sin(f — «) cos(f — «)

¢+ T W

i = M°I,,

0=q,

H =Vsin(d — a) — w,,

(1
b VO VATHUE, o930, g AT SIEER, 0 10
fh, HoU ©AT R, moh KL, g o B0 N e,
O AR wy Hwy AR5 3 HRKGE, 1y,

Wex M R w Al WS HILAA 2 X A0 UHBR B2 1, 0 K
MUY SR sh i, Ly =S DL R
T ARy M Ry B Fro A4 it iR 4
L =0.5pV%S,CL (V,,d,, wy, W) ,
D = 0.5pV?%S,Cp (V, o, wy, wy)
T = 6rCr <Va wx) >
M* =
0.5pV 28,2 Crie (V; @, e, q, 1, Se,wx,wg,ng),
(2
A p UL, S AN, ea AV
B 5% 6 A TH B e A A, o0 A il T A R A Cu(e),
Cp(+), Cr(+), Ona (+) BN 1 AR HE R 4L
K NRENE A 7 16 IR AR B Bl FE Lk
PEAL, ATAS 40 R I UAV I m 2 Ak iz s RE el
AV = — Xy(AV —wy) — XoAa — XAH—
X5, Adp + (X + Xg)%,
0
Ad = — ZvAV — ZaAO[ + Aq — deA5e+
Zwa + Zaﬁa
Vo
Aq = — (MV — MQZV)(AV — wx) — (Ma—
MiZ,) (Ao — %) — (M, + My)Ag—
0

(Ms, — MyZ5,)Ab, — Ms, . Adr+

) (My — My)wgy,
Af = Aq,
AH = NV(Av—wX)—Na(Aa—%HNQM,
0

3)
A Vo Bl AT, AV, Aa, Ag, AG, AH%Y
TN TARE S 3 A | ARTAD AR TR L ORI A B RAT R
(R34 55 Ade, Ao Ry THBEMES Wl T 1A O 11 38 55 Xy,
Xo» Xo, Xs0» 2y Zay Zg, Zs., My, M., My , M,
M., Ms., Ny, No, No2h th ¥HLEE 6 FEIRAS 1
AN FHE W FAESE v XSRS

IEHCIRAS AR &L P B I0 H 23 50 A

r=[AV Aa Aq A AH]Y, u=[As, Asr]T,
y=[AV Aa Agq A0 AH]".
H20(3) PTFUAV L 112 B IR 2R AL AR A 2 [

#(t) = Acx(t) + Bou(t) + Bacdy (1),
y(t) = Coa(t) + w(t), “

K dy = [wy we/Vo we T, v MR RAEHA
EIE R A, B, CJ 5 1AH N 4E 55 1) 28 9856 B,
Ba A T REGERE. 5 @)X N FTUAV A 7] 25
UL RS Ky
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{x(k +1) = Ax(k) + Bu(k) + Badu (F),

y(k) = Cx(k) + v(k).
2.2 )8R (Problem formulation)
YEBh 45 R UAV RAT 6 R 40 1 B E AT AL, 1
[) B3 LR B N AR AL TC A A R E AT S A 30 5 diAL
4 FEEAN A BET | R S IS FITUR Ve Bh o it
TUNEZ) a5 TR B 45 R A0 38 2 RNl 22 ke, ANk —
PE, A Esh s SRR A i R (52
ue(k) = u(k) + f(k), k > ki, (6)
Ao ke o s A R, w A VES AR TR AN, ue
SEBRETH, fONAEBh AR . W5 LS A Bl s 0
ITUAVA ] RGRALL RN T
2(k +1) = Az(k) + Bu(k) + Eqd(k) + Bf(k),
y(k) = Cz(k) + Fad(k),
(7
Kt d=[dl vTY, de R, feRM, yeRY, Ey
= [Bq 0], Fqg = [0 I]. A3CH, 0, 1535l 7R Y 4

B ZR A St AR B
é\
v (W) =[y" (k=) y"(k—s+1) - (k)] ",
us(B)=[u"(k —s) u"(k—s+1) - u"(K)] ",
dy(k)=[d"(k = s) d"(k = s+1) -+ d"(k)]",
fR)=["(k=s) fTk—s+1) - fT(&)]",
QRS SRl Gl e
T'S(]C) = Vs [y9<k) - Hu,sus(k)} =
Vs [Hd,sds(k) + Hf,sfs(k)] ’ (8)

A vy (k) WIRZAE S, s AN R R, o, B55
i, o, € P, = {v, |Ju.Hy s =0}, H

CA U
Ho,s = . s Hd,s = CEd Fd ) y
: : .00
CA CA'E,--- CE4 Fy

H, s Hq NI Fy, Eqoy 3140, BI$2E), H, , =
H; .

FINGUTVERESRFR T RIR TR ZER T A1 A
XA IR R BN, RS 2R A I (5 22 A
AFBCUHIA T e/ M ]

. Ust,sH:i[:sU:gT o

minJ, = min —————— =
vsEP; vsEPs Ust,sHESUsT
T ,,T
Us,optHd,SHd,sUs,Opt (9)
T ,,T :
Ué‘yoptnySHf,svs,opt

K HISVD IR SR At B MU 1) B (O) A A 17
Vs opt» PFHACAS(®) BTy 15 25K 2.

H

R, SR B s K, PERERRAR T BT
EERLEENT ) v, o FIAE FAESICR SO S8R0 7
BT g B, T BRI B 10 s BN, PERESR
PRI, T/ R 25 2 (e e i i, AT 5 A e
IR, LA SEBR TSR i, ANSCRE N AR e
L5 S5 2 1) T VA AN 4G 5 BEAT UAV AR Bl 25 i 2
gt
3 UAV YEsh 25 MUK I 2R 48 ¥ 1t (Design of

actuator fault detection system for UAV)
3.1 BRESTHEBW I (Residual generator design)

FET/INP AR B A a3 18] T UAV AR Bl g i eAar il
BB ZE P A ZE VR AN BE, B S SR de /s
ARIEE(9), FAEEHER BTz A g, ik, 1M
—FRSWTALIE, B ] SN kK BRI 56 24 A0
I EDE D, L AL N RS ANARPE, 3t T Al R H et i
IHEIESIE.

F BN T F A5 5 {co i} Hog RBESWTARATL AL
FH ¢ PR IRAN T R EA d e 30

Cjk = WT&,,C(J} k) =cor * g1 j,
dix =WTg (3,k) = cor * Gv

€0,k

(10)

ﬁ*:“*”i%?ﬁ%*ﬂi@ﬁ, g5 = l1 * lz sk lj71 * ljj"j
AT, g — b # b - %11 % by WK
TP A L1, by A /NBE R U AICTR R v e
A, Ui, by 0L, hy 203 A 2. BRI R
G RNy Fo, W g x5 {dn HHOT AU 27
SABE = [0, 279y, B = [277Fy, 277H F,].
FRAE SWTH I AR M, AT LR E ¢, 1} 5
PO RA L ) TR B 09,
{ ik =2 Li(8)¢j—1 k+2iis
‘ (11)
dj,k: :ijl,lc — Cj,;c.
XFTUAVIN IR RG(T), EEE TRP A3 5 R it
W= @) TNk ZEr, (k) FERE_ESINSWT, Sk~
FRGRZE = A
7“5(]6') = Us [ys(k) - Hu,sus(k)] )
TS’J(k):WTi(j?k)?]:LQa 7jma (]2)
Ts jm+1 (k) = WTZ (jm, k)?
K Jon A SWT a0 L, vy (k) Rl 7 1 (K)
a3 R (k) IR ey AL 15 73 B RGO (L 7)1, AR 4
o (8)(10) S BUa S (it ik — b m] 1 215
Ts,j(k) = Us{Hd,sNg,jqu(k)"i'
Hf,SNtf)7ij+q(k)}7 ] = ]-a 25 e )jmv
Ts,jm—&-l(k) == Us{Hd,sNd d5+q(k)+

lzjm

Hf,lef’jmfs-i-q(k)}?
(13)

e q?’ﬂ 9v,j A Qg E@Hﬁ‘iﬂﬁéﬁ,lkﬂﬂ‘rﬁ], iz q fF,
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gb,j(i) — 0, gl,jm(i) — 0 Nk()i,j’ Nkf),j9j = 1727 )
G NS RN, SNSRI RIE IS, by ikt
IMRIUE o RE, 2 = dEif, WH
q
Ng,j = Z‘;M}Z](Z)? ] = ]-a2a T 7jm7
Mk:],j () = [0+ 0y, 9,5 ()11, 0y -+ O, ]
j:1727'” ;jm, (14)
q
Nf,?jm = ;}ijm (2)7
Ml?jm ('L) = [On T 0,7, gl,jm(i)lna On o 'On] )
;H\: l:':l: L,E Rk"’(erl)Xk"(SJrl), One Rk”(s+1)><k’1, Gb.j (Z)In
Mg ;.. (0) L, ETJE 729504 (q — 1) &i N0,
IR INSWT G & 23 il JUBE TR 22 AR A R 1
BE, KT N PERESR AR, ;(7 = 1,2, ,jm + )7
TR Y o3 il RUBE R Ak 22 (k)W 01 1
R 1 R A 1)
min J, ; =

vs€Ps T
d d T T
v Hy (N (NE) HT 0]
V)THT uT
2J

T ,,T
Hd,svs,j

: J
orer, v Hy Ni (N
s Ha o N2 (N2 )T

vs’ij,stfw-(N&j)THESUEj ’
F=1,2,-, jm, (15)
vIs,niIIDIS oimt1 =
veHa N, (NG VTHY vf

v.eh. v Hp (NI (NI YTHE 0T —
U&jm-l‘lHd,SNl(,ijm (Nl(,ijm)THgsUsT,jmﬂ
Vs gt 1 He s N (N VTHE 08
M AR UAV A By 2 WS A I 28 498 1R B 2 7 A A 1
RS NI T s R R g BIEEL, DL
(A5) et Reabr i M) L.

{HAF B A2, W SVD T vk iR X (15) T 3k 15
Jm + I AR, ; (5= 1,2, + 1) THESL
BRI151, 8 T RIAT Retthis/ MESe T &, [OE Uit
(1) e/ EREFEFR AT R T IS a) AR A Bl 5%
i) SR (k), BT — K, RESWTiE H
AR j, + VR ZE. X P A3 5 A e AR IE i 5 AL
ST Ry S P ROBE T A I e 22 o0 I P B R A 1) B3¢
DU, T A BEAA R FLAR AR 22 AR I 14 BE. A i ke kb )
O, AR B BT A o i ROBE R A5 ) 2, 43 o 2
YA S LA ) A i (K), IR j + 1IRG (1 <
J < Jm) RPESWTI A ISR AFAH N RO [R5k 22,
AT PRAIE B — 0 A FRUBE T e 2 B s N M B R A 1) B3¢
Petk. RIS, P A + TSN ROBE R 15 22 43 3l
A0 AN IR (R RS 5, T LA SIS 8 Y [
VESH AT 5 (PRSI, A7 3 IR

TaHb, AINBERE K e o o RURE 5 R38O WA A
W 2E RRIP S o dbN /N e HA RS Rk

f,s¥s

min

[ IEAZ S /N o B0, 70 S8 Bs TR HAT T2 .
B N BIHE R, dbN /NP3 PR, AR N385 %
SEBRAR, X R B 88 S AR M b (B U R AR 22, HLEDk
BB KRR AE A R DA R R SRR,
ZEG 7% [EUAVAE B #3 SBsAS I 1 SEBR 75 3K, AR SCIEHX
dbl /NEAE R SWT /NI BE, WIUR 3 iR BB 4% 1 =
[0.707, 0.707], hy =[—0.707, 0.707]. BEAk, 40 R
Ju ANELIE R, 75 Wk /NG AR i R R R AR 22, B
RS SRR,

WA 2 AR B PR R S5 U

P11 EREN KRN s NI R U I
MRS Gy BSERIUG I RIEIE ST R R

B2 WIBRUAVAI RA ()i Hy o, Hy
H, o, Iy, hy B o iR g R XD PR
BN CHY CHE L H 5 =1,2, .

SBT3 RHASVDI LBk 15), 158,
+ IMEEN I s ; (7 = 1,2, -+, jm + 1), IFEHIERIL
IMRNEE], %) = jp = 1.

PR S (k) = vy, lys(k) — Hysus(k)],
HAcor = ro(k), WX ADFRBIEF LI R
FESWT, HALDRFA 5 5, ROBE /N fift I At e St 15 >
hitd;, ., WV

Ts,gp (k) = dj, k- (16)

FB,S iy < jmr R = Jp + 1, EE LIRS,
W2 jo MRZE R S 5 (K), 5 =1,2,- -, jm.

"'f?;% 6 —H‘ﬁrs (k) =Us,jmtHl [ys (k) - Hu,sus (k)]’
Hcon = rs(k), RIEADIEIHTHE L o, /AN
IR B ey, g, WA

rs,jerl(k) = ij,k' (17)

3.2 HRZEIEY (Residual evaluation)

BV 2 SEILUAVAE B 2 WS A P 55— A28
PR, ARSCR NS B BRIN TR) 2 1 AR 205 5 1 —
JEAE R ZE TR e AL, B

J(rsi(B) = llrsj(B)lly s 7=1:2, 0 Jm+1,
(18)
k
At g () o =) 3 7 (i) @) N W

BIITR) B 1R
S R R R R IR AR O, DA AN ] 43
AR RUBE T 1R 22 93 e BIE. R THid € Lojudk
5L, B BE W E A UAVAE S 8% o5 il 255k 2
P R E A A, )
Joy = SUp I (K)o s G=1,27-- 1 JmF 1. (19)

WA AEG (1< J < Jun + L)BE AR 22 97 1 080 2%
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J(rs (k) T XS BT I, WA fE8h & K PR i
i, FRE R PR

J(re(k)) < J3,

{J(Ts,j(k)) > I3

8,97

W,

20
b, @0)

4 fHESZK (Simulations)

TEMATLAB; SCAEE T, UKL & BUAV ] 5
gt A9 56 UE J7 VE A AP, 7 i BE7000 m,
fEVy = 0.4 Malf )55 E CIRES, RGFEFELTH Pos:

[ —0.012  7.523 0 -9.8 0
—0.0009 —1.8656 1 0 0
As=| 0.0035 —10.97 —0.336 0 01,
0 0 1 0 0
L 0 —124.92 0 124.92 0
[—0.0201 0.065 1
—0.0023 0 57.3
B.=| —0.2128 —0.0019 | , C.= 57.3
0 0 57.3
L 0 0 1

% L8 AR G DN W 7R 18 O 75 70 1 (R e 7,

WHB) A KRG TR, H AR w, 5 EOR.
B W HMwg,, K H % 2 AH H W Fndl 2 51 38 9K
Gy (8)Btw,, Rl

-  [3Vh0? Vl(VBLL) + 5
wg_GW(S)n_ Ter [‘/O/LW +S]2 n, (2])

b WAL, =580 m, o, = 7m/s, H
[y (k)ly < Ou» 6 = 0.1. FHRAKEIE By b

Bae = [2.2770 1.8656 10.97 0 124.92]".

WA B E] 100 s, RAESIR Fy =100 Hz,
S E O N = 100. G SN 238 07k A5k
KOCHR [1S1FTHE LIS EOE L YEREFEFR DL S Bk 2
ARSI A R4 - PR AR A 63 B 2 1. e S
Wk (1515t RITTVESRAFIOPERES RS iC N T .

FH VAT L, ST ARSI VTR Ik REFR AR
T EEE TAH R A RUBE S SCHR (15 P T v245 20
Redabn. 5N X R EOH R (s = 5), J5.4, J5 5,
Js 6 T5 SR T AR GE AN 2 (M T VR T AP REFR bR 5
MEREFRBSAHIRING (J5 7 = Jag), A5V TR BE 5
TR ) S A5

F 1 ABCRI, MALIAR R IR E T MR EAZ 5 6 5 AR 56 B

Table 1 Parameters selection, performance index and the approximate frequency range of fault detectable

WARES Mg RE PERESRPR SR /Hz
RGN s=5 / j5 = 18.76 0~50
ESEIDARS s=32 / jgo = 1.30 0~2.5

j=1 Js1=5117/J5; =171.37 25~50
j=2 Js2=3285/J% 9 ="56.60 12.5~25
- s=5, j=3 Js3=1830/J5;5=2317 6.25~12.5
.- ,*jCTf{L{ b Jm =06, j=4  J5,="785/J,=09.30 3.13~6.25
XFﬂ([lS]@T%ﬁYi dbl J 5,4 ?’4
) =5  J55=2381/J5=4.28 1.56~3.13
j= Js6 =224/ J5 6 = 2.37 0.78~1.56
i=7 Js7=130/J57 =130 0~0.78

KR (AL GE S A 22 8] J 3k S AR Sy 1% 0 '

XSUTR FrosAEsh s i BEAT R . b AL GEAE Y

A HERIREEV BRECR T (15 (k) = 175 (K) |, s

BB T o= sup [|7s () ||y . 3E T NPAR S S 2
=

=0
TB) FRY 792 S s H R RGN ) e e ) 6 2R
1) Z TR Esh s R A0 R Frn0. 1018 22
AR P O, A 25 S an B 1 s
0.1, 2000 < k < 6000,
hlk) = {o, Hoftt.

P B URIER U n] WL, 2 15 5 (P A6 A ), )
IV BT BRI 1R T (132) FH T (15,7 ) W AGE 00 28] i o
EALT (5 ) R A BEFRAR J5 K, R 2T EF
RN} e (4] 2R R 22, TG TAG DN 2 e s

(22)

—J(ry(k))
- R

tra5

2000 4000 6000 8000 10000

10 T T T T
I J(?‘;;(k)]
- Wy 5,

1 1 1
0 2000 4000 6000 8000 10000

k
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10 T T T T
—J(rs,(k))
- B
~ 5F .
0 L L 1 1
0 2000 4000 6000 8000 10000

k
1 THEAEVEShER0.1° 18 fi 2 AR A
Fig. 1 Elevator 0.1° basis fault detection results
2) FETIFEREAES & 12 4.0 Hz IN AR i 22t
I, MR W = 0.087:
-2sin(0. SkES ;
fulk) = {o 2sin(0.087k), 2000 < k < 6000
0, oA,

(23)

W ZE VY BR B AR n B2 B . e I D, 2 e
5 SR N, SWTRSIA 8 (rs 4 ) WS DU EI
B, J (rgo) PIE A SR 1) i usg,opt 7E SIS 800 MK
T AT RS s T SR BB, T (s ) MRV R
P bR ZE AT IF X LAAS I 2] g s 47 B 25 SR,
VBl g M5 5 HIMR B A 0.2° 1, J (5 ) *E LUASI )
R, T (130) ARSI O~2.2 HZATR i Y 1 e, A
SCOT AT RIS 5 IR AR 5 0~5.0 Hz, 5
FEG T IEAN AT AR T IR

10

— J(r(k))
- BT

1 L 1 1
0 2000 4000 6000 8000 10000

k

6 T T T T

S J(I_,j(k))
4+ ""i‘&]ﬂ’l‘.']:LJ: B

-
e j
0 1 1 1 1
0 2000 4000 6000 2000 10000
k

6 Ll T Ll I

— (15 4(k))
4 BT

0 1 1 1 1
0 2000 4000 6000 8000 10000
k

2 TEBERCAES) 24,0 Haz N A2 i 22 S A

Fig. 2 Elevator 4.0 Hz basis fault detection results

3) FRE RGN 22K 220.3, THEFfE

VEBh 2% I A2 3(22) BT 78 0. 1° 1 fim 22 W 14 475 450, A
MEEFE 3 PR,
15 T

— J(ry(k))

10} - B
-~
[] 1 1 1 1
0 2000 4000 6000 8000 10000
k
1 5 T T T T
— J(T_:g(kn
o
(] 1 1 1 1
0 2000 4000 6000 8000 10000
;‘-
1 S T T T T
= '-"( U '5_7(]{'))
10 == S, T
]
5 -CRNTS {hCT L P81 ] Ef SR E
(} 1 1 1 1
0 2000 4000 6000 8000 10000
k

P 3 s T 220,306 THREENEVE B0, 1 F0 i 22 A il

Fig. 3 Elevator 0.1° basis fault detection results for

each measurement noise variance is 0.3

FER I DRI 3R A, 24 JR G e A K, E
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Fig. 4 Elevator 0.1° basis fault detection results with 6y, = 0.3

5 458 (Conclusions)

ARG AN AR e 5 S AN A3 (8] TR 25 A X UAV
VE B A% SR i) AT T WFS. AR5 TR S
K AN IR 2 3 L, R FH SWT IR I 3 Jai i A
PEFPIE S V0 5k 22 04T 22 OB DE S, A — 41t
B ANRIRAE B g8 S Ak 72, JFIEEUE 2 ik 2= V7
W R BOR BIAE BEATBR 22 VP, (7 L R B, 1% 07
1R R T AL G SN 2 W) T VAR B b, AR
TR RS AR 2 FIen) NP BEFRbr i s A1, I
A6 S T o A2 [ A AV B s I e £ - PR RS
A RFAR T IR, e Ah, WA I RS i S
FELESIPRTRT R, AR = i RSN AN .

2% #k(References):

[1] HU B, SEILER P. Pivotal decomposition for reliability analysis of
fault tolerant control systems on unmanned aerial vehicles [J]. Relia-
bility Engineering & System Safety, 2015, 140(1): 130 — 141.

[2] QI X, QIJT, THEILLIOL D, et al. A review on fault diagnosis and
fault tolerant control methods for single rotor aerial vehicles [J]. In-
telligent & Robotic Systems, 2014, 73(1): 535 — 555.

[3] MARZAT J, PIET-LAHANIER H, DAM F, et al. Model based fault
diagnosis for aerospace systems: a survey [J]. Aerospace Engineer-
ing, 2012, 226(G10): 1329 — 1360.

[4] HANSEN S, BLANKE M. Diagnosis of airspeed measurement faults
for unmanned aerial vehicles [J]. IEEE Transactions on Aerospace
Electronic Systems, 2014, 50(1): 224 — 239.

[S] MA Jun, NI Shihong, XIE Wujie, et al. Deterministic sampling strong
tracking filtering algorithms: fast detection and isolation for aircraft
actuator fault [J]. Control Theory & Applications, 2015, 32(3): 734 —
743.

(R, it 2z, fulals, 45, 1 RPE B aim R ppke KW L T Wi 12
Wik 7). B 5, 2015, 32(3): 734 - 743)

[6] XUJ,LUMKY, LOH A P. A gain-varying UIO approach with adap-
tive threshold for FDI of nonlinear F16 systems [J]. Control Theory
& Applications, 2010, 8(3): 317 —325.

[7]1 CEN Z H, NOURA H. Robust fault diagnosis for quadrotor UAVs us-
ing adaptive thau observer [J]. Intelligent & Robotic Systems, 2014,
73(1): 573 — 588.

[8] LIANG Y Q, JIA Y M. A nonlinear quaternion-based fault-tolerant
SINS/GNSS integrated navigation method for autonomous UAVs [J].
Aerospace Science and Technology, 2015, 40: 191 — 199.

[9] FRAVOLINI M, RHUDY M, GURAJAN S, et al. Experimental eval-
uation of two pilot free analytical redundancy techniques for the esti-
mation of the airspeed of an UAV [J]. SAE International Aerospace,
2014, 7(1): 109 — 116.

[10] CHINGIZ H, HALIL E S. Robust adaptive kalman filter for estima-
tion of UAV dynamics in the presence of sensor/actuator faults [J].
Aerospace Science and Technology, 2013, 1(28): 376 — 383.

[11] ODENDAAL H M, JONES T. Actuator fault detection and isolation:
an optimised parity space approach [J]. Control Engineering Prac-
tice, 2014, 26(1): 222 - 232.

[12] MAGRABI S M, GIBBENS P W. Decentralised fault detection and
diagnosis in navigation systems for unmanned aerial vehicles [C]
/[Proceedings of Position Location and Navigation Symposium. San
Diego: IEEE, 2000: 363 — 370.

[13] XUE Ting, ZHONG Maiying. Wavelet transform and parity space
based actuator fault detection for UAV [C] //The 26th Chinese Pro-
cess Control Conference. Nanchang: [s.n.], 2015.
(PG, B2 0. FET /NP R e 5 S50 23 18] K JE B Bl s e
W rCy 26 fmid Bt #E: [s.n, 2015.)

[14] DING S X. Model-Based Fault Diagnosis Techniques [M]. Berlin:
Springer Berlin Heidelberg, 2013.

[15] YEH, WANG G Z, DING S X. A new parity space approach for fault
detection based on stationary wavelet transform [J]. IEEE Transac-
tions on Automatic Control, 2004, 49(2): 281 — 286.

[16] XIAO Yelun, JIN Changjiang. The Principle of Flight in Atmospher-
ic Disturbance [M]. Beijing: National Defence Industry Press, 1993:

73114,
(B, ST R TR AT IR (M. bt BT kAR
AL, 1993.)

[17] WEN LY, TAO G, YANG H. Aircraft flight system models under
turbulence conditions [C] //Proceedings of the 33rd Chinese Control
Conference. Nanjing, China: IEEE, 2014: 8795 — 8800.

[18] MALLAT S. A Wavelet Tour of Signal Processing: A Sparse Way
[M]. Burlington, MA: Elsevier Incorporate, 2009.

[19] RENAUD O, STARCK J L, MURTAGH F. Wavelet based combined
signal filtering and prediction [J]. IEEE Transactions on Systems,
2005, 35(3): 1241 — 1251.

[20] YANG G H, WANG H. Fault detection for a class of uncertain state-
feedback control system [J]. IEEE Transactions on Control System
Technology, 2010, 18(1): 201 —212.

YEH A

BE BB (1990-), &, M5, 20165 1 RALST TSR K
SRR, AR L ARRH RN SRR, 3 BERFFT ) i 2
157, E-mail: xuetbuaa@126.com;

BRETE (1965-), L, Bz, W4 S, EEREFTT I b S HRik
Fiz T 5 22442, E-mail: myzhong @buaa.edu.cn;

Z B (1983-), T, @IFER, TR 10 IR R

5T, E-mail: gangli@buaa.edu.cn.



