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Contracted Kalman filter estimation for turbofan engine
gas-path health

LU Feng, HUANG Jin-quan

(College of Energy and Power Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing Jiangsu 210016, China)

Abstract: Because of the limited number of sensors, the health estimation results for the gas-path in a turbo-fan engine
are uncertain. Based on the contracted Kalman filter, a self tuning on-board model is proposed. By using a matrix transfor-
mation, we reduce the dimensions of the health parameter matrix. The weighted sum of the estimation bias and the variance
of the contracted Kalman filter is employed as the object of optimization; and a subset of precise health parameters reflect-
ing the engine performance in operations is obtained by using the adaptive genetic algorithm. The self tuning on-board
model based on contracted Kalman filter is further proved theoretically. The simulation of a turbo-fan engine shows that
the method of contracted Kalman filter with self tuning on-board model effectively estimates the health parameters when

the sensor number is less than the health parameter number in the operation range.
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1 5|E (Introduction)

K &) WL A B¢ % B (engine health management,
EHM) /& R I & B HLAR 2% - 4E 50 55 38 1 4 2
SR TR, R S LR BEAT 2 W, R IR A
HEAT 0L, AT 0 AT B e Ak n SE VR R B
MU REM. 25 R 30 K 0 R i b 240 R Bl L s A i
B [190%. R Ib 6 170 i 40 B PR e 5 12 B 11 e Bl L
el 7 B v 42 O TR AR R R A M VA S S
TR ) B SR Bl R T R v ERL O T
T KR MO A% B 28 FUR LSRR PR B, S
TR T (1) A B AL B WA 12 W R e A T B
H T, 28 TR () 07 v 3 BT 2 T A e PR A
RUMIE T-HL8 A 3G LAY, KL T g 2L (1) 7 v
FEAE R BN AE g R LAl R 3 i Kalmanj
W %% (extended Kalman filter, EKF). FoKalmanijg %

WA H 391: 2012—01-10; g ki H 39: 2012—06—27.

#%(unscented Kalman filter, UKF)%. v S48 5 2 44
Fl VT AR Bl T L8 IR SRR T I BRI,
BIAL A GBS 200 T B 1) S e 2 e R AIE, 1T DAk
A g Bl ) 1 I AR i A LA SR B,
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ROR PR A A S AL AL, B R R 8 U0 A
X R BN HLAS AT W P R 20 R 1 5 i e S 50k,
IR 45 YR Y BV L SR 2 K T AR5 A 1 i B 2
SRS A BAIL AT A% a8 A0 FBCHT e A B 2 4
ANEUD, KRGV R T IO H R, O T
FEF LA 38 AR Y (0 A A R A T AT, 2
K BB AR B 2 B0 K T- I S J el R R 2
3o e B Ak e 2 B 1A, X AL A T ik A BR S KA e
A R S HEIR DL, BEAG T2 TR .
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FEETH : AP T2 TR B I H (HCA1000103); B 50AL A BUR K24 5 S0 3T & AL 4 % B I H (NZ2012110).
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F R B A B2 B i) R A, A RS A A K
TIMEZH, RGE TARRE T e KRR 298
WAt v 2= M5 2 B /N Ry H bR, SR A& W A% 5
0 AR W I AR, e S A B — 4L e S Ak sh AL A
FRARGE ()& AEAd R Z 8. %075y R R R 298
WAL N HIVE I, ok 1A BRAL KSR A T 2
BASH R A 0] R, AT RSO ey e S BL A BB AP
TR .
2 RIRZ BT BEARBEAL 775 s (Kalman
filter gas-path health estimate method)
2.1 CRREAE KK (State variable model)
DASEAL 30 b B SRR AR 3 52, SRR 5
SRS SRR BRI
ZTry1 = Azy, + Bug + Lhy, + wy,
yr = Cxy + Duy, + Mhy, + vy,

Xh: A, B, C, D, L, M350 AL AN R R K

(D

A TSRS RS EM G H &, h2 (2RS4,
uw=[PWFB PAg", z =[PN; PN,
y:[PNf PNC PT22 PP22 PT3

PPy PT,5 PPy,
h=n Wi ne We e Wi e VVlt]T-

RIG T KAHRAS AL 5B v % A8 5 (14

X whHv gy sl Ay 8 G W 7 R0 e e 7 S, L

22 QA R.

A1 EHIVREREHATFR
Table 1 Variables of engine state variable model
WFB R Too A H OB
Asg JEIE TR Py XURHARE
N¢ R el || T3 IUHLH R
Nc e R T Py BEEHDORE
Tys R IR || Pys RRIRES H DR

N WU 2% We B
Ne J AR We IRV R
Tht R | Wy mERETE

e (DAL N ES

N T AEARGS TR I R B G T v
L 36E G ) B O 20 I 22 01 5 D R BUE R e 3R
o AR 7R K, LR DL BT A LS HE I — 14k
AL,
22 FET BIE M AE AR e B 3

(Adaptive genetic algorithm (AGA) transforma-

=

¢ AREIEETE

tion matrix optimization method)

fe e BB Ak IR LA 1 38 AR R fE 7 20 i e 1k

REAHUE BRI, hRAHA KA LUF H, &35
B B I A A V1K B i AR R BEV . T A&
N 3 AL S AN T 2 1S E A R B AT P U3 gk
REXTATAT X 1 H bR BEAT P4, AR SCRA H 38 R st
LS AR W RV AR, AR IR 2 8 A 1 1
FEZHORZE /. B 219 H bR B8 SR 5 R
3T A B0 ()T I R A B AR SR I AR AT
Shy RV BE HH 3B IR AS SURE R P AR SR P, o,
IER- A1k RFR e/ € MR (B Btig = RN LG = B VA
AL VIR ANMA R IE N A f B BhRIEP,, Py, b
T RGBT 3TN R TP IE N fo e AR, K
BN favgs ZINER. Po, P15 00

N; N;

PNy = (—= x 100%,
r=( i)/( ﬁTQ)ds o
N, N,
PN, = (—= <) % 100%,
N,
Py, P
PPy = (Pi;)/(Pij)d x 100%,
Ty T
PTy, = (Ti;)/(Ti;)d x 100%,
Ty T
PTy = (2)/(5)  x 100%,
T2 T2 ds (2)
P, P
PP, = (=)/(= 100%
4 (P2)/(P2)ds>< 00%,
Tys. T
PT,s = (Ti;)/(Ti;)d x 100%,
P43 P43
PPy = (22)/(=2 100%
43 (P2 )/ ( P, )dsx b,
FB FB
pwrB = (WEBy, WEB 00,
PovTy'" Py’ g
PAg = As 100%,
\ ASd

KA FhrdsFom ik i 5 5
1 T F AR S VBT A T S R, (1)
A 5 3) R LR A AR BT

Lh+1 . A L T B .
N N N~

Azn Toh,k Ban

AphTon i + Bopy, + Wan i,

3)

T

ur = (C M)( >+Duk+Vk:
—— Iy,
Can
Txh,k
\ ConTon i + Duy + vy,

2.3 FEBY R & J7 #E(Reduced-order state equa-

tion)

B Bt 4 B 2 Mgt B A3 f FE 2 Jh I e R 41 5,
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q="Vh, “)
XH: g € R™, h € RP, m < p, VB AmIAZ
b . Jg RS EA IS THE TR A h = Vg
VUSRI i, @A G, T
DA 4T (1 B 4IRS AR A

Trtr | _

dk+1

AaLv\ (o, (B, . _
0 I @ 0 k xq,k —

——— N ——

Azq Trq,k Bag

(&)

Awqqu,k + Ba:quk: + Weq, ks

ye=(C MV~ o +Duy+v,=
— —— \ 4k

L Ca;ql‘wq,k + Duk + V.
W P o ML T 22 Q g & U0 T VAV B

I 0
Weq = 0V Wah,
10 10 !

2.4 FI/RZIEFE T (Kalman filter estimate)

T AR R R EREE R N 2 ARSI 35, R H
R 2R AEAE R R B HRS AL V2%, Aot k3
HUEFARIL. 7K S EECIRAAN T T R R

i'wq,k = qui'xq,k—l + Koo (yk - Cquxqi'xq,k—l)7

)

(6)

SRR IR 2 8 P A R R
Ko = Po.C, (CogPCl, + R) 7.
T R S WSS PR BE, MU SN R 48 5 RE N
FREUEE, Poon] LU Ricatti /7 FE KT
quPooqu — AWPOOC;Fq(C’quOOC’ITq +
R)_lca:qPooAIq + qu = Pom (8)
D) A A O (170 8 bR 385 7 e A TR R R A o 5 R
¥

hy = V7lg, =
Ty I 0 Ty N
~ g = z =

I 0 .
(0 V_1> Lrq,k- (9)

3 T 4R UR B U B B RAL T TV
(Contracted Kalman filter gas-path health es-
timation method)

3.1 #J# H xR BL(Object function design)

T RS E S HA > TRl S
BN, X5 BAE, ABEIE IS BB 5 g 2 H
R TR WAL A EARIE S5 B R, PR R SR BAG
THAFAE R 22, Al v R 22 d s v 22 A4l o 7 22
73 2H k.

RAERE AR T, KB % 2 K 2
PN GE iRt

Elzy] = Elzp ] = 2,

Eluy] =0,

E[hk] =h,

Elyr] = s, (10)
Elwi] = E[w] = 0,

E[f%q k] = E[qu Icfl] = ‘%ajq S

E[th,k] = éxh,ss,

AP hrssf TR, WX NG BUNE, 2y, yes 7T
DA IR A S A S B I R £
Elzp1] = A-E[z] + B - EJug]+

L - E[hy] + E[wg],
ZTss = Axgs + Lh,
Te = (I — A)"'Lh,
Elys] = C - E[zi] + D - E[uy]+

M - Elhi] + E[wi],

Yss = Caxgs + Mh,
Yss = (C(I — A)"'L + M)h.
W) PTILITINEE, &40 T B W] LA IR Ay R BRI
e

(1)

E[irq,k] =
Agg - E[i’zq,k—l] + KOO(E[yk]_
Cquzq ' E[iwq,k—l]%

Zag,ss

Apqfagss T Koo (Yss — CogAugBugss) =

(I — Apy + Koo CrgAry) " Kootyes =

(I — Apy + KooCryAyy) X

K. (C(I—A)""L+ M)h.

R IR T IS RS AR B Al v 22 40 h
Tonss = ElZank — Tont) = Tanss — Tongs (13)

B2 09D —(12) R4S 2 MRS IRAE T I

R T 22, 65 R RS BT g S

12)
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Hih IR ZE(E R 1A% SV IR AT A RV e 18 AT MR
& il ool PRV SR P gz, LB I, {1
Tahss = he| ~ 10 vt Tagss = Tah,ss; BT SV () SO 1 N 25 A VR AR A A AR P Y
P Ef AR, Py, N TR REELEF | 3 N 5 T
zh,ss —

I 0 )
(<0 v) (= Ayt Kox CayAay) ™ -

Koo(C(I—A) L+ M) — <(I - A)_1L>):

I
Gunh.
(14)
ATE T ZEREBE Py o i B 20E S
Pilj,k} =
E[(Z2q, —E[fxq,k])(fzq,k — El&zq])"]-
o (15)

EE]%ZE[.%I%]C] — :Exq,ssa E_Ym”%u}%?gvk == yk - yssn fﬁé
LA(T)(12)15F
Pfcé,k = (qu - Koocquxq)sz:(jk—l(Amq -
KooCryAuy)t + Ko RKL. (16)
BT s T R B HLAS s R A T, W Py =
P 1, WK (16) A 4 46y 01 F Ricatti J7 2 5K i
Pig 1 #ﬂ*'ﬂjpﬁ,k:
Pﬁf@k - (Awq - KooquAﬂcq)Pfcék(Aacq -
KooCryAuy)t + K oRKL (17)

I 0 I 0
Pﬁfil,k - (0 V*1> P:i'(i,k (0 V*l)T. (18)

LR S WA B2 Bl v iR 220 5 A4 H b ek 2,
PR AH MK A8) I TR Z=F- T A
SSEE(&.) = i.ih,ss +tr{ Py i} =
tr{G,n - E[hhT] G} + tr{P,; .} =
N ,

tr{Gun PhGyy, + Pyjy 1.} (19)
FF B &N AEH L O S LAGA

transformation matrix optimization method)

A B2 H I 2 B L8 B 3 AR 2R i 1 70 e e Ik
RN MU R B, B (14 R R18) T LLFE H, K 3
AILAGE B 2R A i T K B2 el AR et BE V ke . i T Bl
S35 A S0 AN T 2 1 b e B PR RAT  B, t
REXHAEATIE X ) H AR BEAT UbAL, AR AT 1 Y 35
SRS AR BV AR, AR R 2 g A T R 4
KRS B0 75t /. K9 H B bR 0 815 by
EpiNav:¢ = RPN INAE AT @

3.2

BT NS fang IR, RHTBUNI P, Py, [ZIRIR.
Pca Pmﬁ"]?%ﬁiﬁﬁﬂ?

( (Pcl _Pc2)(f_favg)
PC - ) 2 avgs
PC: ! fmax—favg f f &
Pcla f < favg‘y
(Pml_PmQ)(f_favg)
Pm - ) 2 avg)
Pm: ' fmaxffavg f f &
Pmla f<favg-
(20)

T [ N 10 S I SR S E50s 0
LI E TR,

PR SR R VR

S R IR A A B AT

l

MR IR 2R A, K P,

l

TR IRIE IR, 3K
P51 I B R 4

AT I R ARALHE T

A A BT v

l

TETLI IR 2R = IR 2%

PAT R RAE

PP AP,

Bl 1 B [ IE Y R S SR AR AR A e

Fig. 1 Transformation matrix optimized by AGA

4 i K43 Hr(Simulation analysis)

A SCUARER W i RSB WEFON G, BF9E T AEH
AR AT AEAR DL AN AR S 454 R, R B
A B e RO o I, T BT 24 PRI 0 AR
T3 A B A BRSO A v RE ). i B K B L
ERAR RSB KU AL S I s R 4 e
BT )RR AL 3L 8 S 4L, Wik {275 NASA [
WL 75 HE 3 R 48 i B BE B (modular aero-propulsion
system simulations, MAPSS){jj E.°F- &5 T 5¢ il — 3 1.
VRGO s B B R B A e S e AL
WG B, X B R 2 s KA. OB HLAE
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VST T e R B DL T A B 13 24 7K =2 IR Al T

TS B AH DG 23 A, B EUR B I B L2 1 I 7 A 7Y
P E S Ty =[Ny N, Toy Poy Ty Py Tys)".

ERE TR (H = 0, Ma = 0, Wy, =
2.48kg/s, As=0.26)F, KA KMIEIRAFHLE
EpaaZ - RitR

| -5047 63087 ] :[0.9562 1.8349]
0.3151 — 4.7638]" 0.6220 0.1644 |’

[ 35475 —3.3393 —0.5336 3.5954
©1—=0.9320 —0.0029 21125 —2.1718
[0 0 0 0

0 0 0 0
04373 0.2258 —0.0278 — 0.0535
A\ | 701619 08950  —0.0836 —0.1495
—0.2694 0.0883 — 0.4857 0.2338
0.2267 04921 —0.0630 0.7513
—0.2574 —0.3423 —0.2479 — 0.4175
02323 0.5180  —0.0901 0.7167

TEHE T B3 WY A% S IR AR e BV AR,
EHHIAEFIEEECR 100, 18 4% AR ECA 400, 114648 4
FEFEVI 2|V |F =1, WeEAT ROk RN
10, 2 XM E Py = 0.7, Po=0.5, 5 M FE Py =
0.05, P2 = 0.002. 7EHLEE HIG AR b, R 400
QAN HE I 75 RIVI Yy 77 22 M40 30l Ky

Q = diag{0.005%,0.005%,0.005%, 0.005%,
0.0052,0.0052, 0.005%, 0.005},
R = diag{0.0015%,0.0015%,0.0015%, 0.0015%,

[0.1377 0.3063  0.0659 0.0306
0.0826 0.0085 0.2282 0.1882
0.0921 0.1059 0.1017 0.0334
V' =10.0039 0.0993 0.2025 0.0280
0.0185 0.1207 0.0446 0.2075
0.0468 0.0722 —0.0038 — 0.0001
10.2423 0.1271  0.0519 0.1144

FRAUABNHLAER s 7355 2B KU B Fd %,
s LU T B 10% 1 F s 1 L. O T 0 i
B, A2 SN 2 3 4 XU B3 B % HLAR s i e
R 9%, IR0 58 28R N BE2% HAR I ibg 5
P IE RK2%. P2 B30 R S HLAE T RS 50T 1
AL R T ECR, TR AR bRl e BB LA
SRR,

230 L, 29 IR =08 A BE A 240

1547

[ 1.0000 0 0 0
0 1.0000 0 0
0.4191 —0.0761 0.0786 —0.2770
O—| 10847 —0.2019) 102210 ~0.9990
0.1991 0.5137 |’ 0.0977 —0.0987|’
0.4785 1.3075 0.3503 —0.4866
—0.2944 —0.6147 0.5224 0.3017
| 05170  1.2772 | 0.3331 —0.5468
—0.5047 0.3949  2.2619 — 2.9836
2.2137 —0.7905 —0.2081 1.2965 |’
0 0 0 0 ]
0 0 0 0
—0.0324 0.0033 —0.0291 0.0218
—0.1097 0.0164 —0.0912 0.0616
—0.0046 —0.2528 —0.0269 0.0364
0.0194 —0.9639 —0.0845 0.0696
—0.2273 0.0173  0.0849 —0.1597
—0.1009  0.0783 —0.0605 — 0.9252
0.00152,0.00152,0.0015%,0.00157}.
4.1 Hhi AR 45 B (Simulations on stardard gound

conditions)

RANWACRA THERPE(H =0, Ma=0, W,
— 2.48Kkg/s) T, I i B A Bt A B e
SR, M 2 MR S RO, 2 LA
RERE A e e AT 5 81, ST £ 3 R A B
O 01 1 A e R, M A % R
TR /R R B, Horh A i Ml

0.0734 0.0488 0.1795 0.1281 |
0.1624 0.2220 0.0815 0.0260
0.088 0.0446 —0.0299 0.2273
0.1773 0.1748 0.0646 —0.0021
0.2601 0.2523 0.1007 0.2201
0.0313 0.0874 —0.0115 0.1154
0.1312 0.0240 0.1008 0.1972 |

b h R SR AN XU e, e 1 2(a) T Y
SHLAE2 s, MU UL B T o b B, B R e 2
—0.04 747, Hon] e XU I S A4 %, 5 KBl
S Bn ARG HAT, (EL0 20 T A F 4F A B 2 HAT
AR T0.5% 10 2=, 7T HET AT A% 8 A £ 5 10
il /D X6 A Il A FEZ B Al VA AE Bl 2. i 1
3(a) T A BIHLAER s AT P ANtk 2 B A AL,
53900 A KU R B A% HAIR HS i 8 0% T 2%
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Fig. 2 Health estimation of simple fault mode under standard condition
0051 0.041
0.00 0.02
S 005 5 0.00 pettoasgu=a
-0.10 -0.02
-0.15 ' L L ] -0.04 ' ' L ;
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t/s t/s
_’7f ...... Wf —_— ’70 Rp— Wc _’1{ ...... Wf p—— ”c —_——— WC
wanry, oo Wy ooy oWy sy, oo Wy ooy oo W

(a) WUB RO R4 % AR W 48 R B MIK2 %

(b) & imEe R AR 2% Aot L A2%

Bl 3 M TIARDL B KA S LB R {7 SRR

Fig. 3 Health estimation of double fault mode under standard condition

4.2 dE#sH 45 E (Simulations on nonstandard conditions)
h T IR FE TR 2 R K 2 B A (RT3 AR v (R AR R T SR, A AT RN IR
PR (H = 11000m, Ma = 0.8, Wy, = 2.48 kg /s)EAT 05 BELIGAIE, 0 E 3 N 3 4% 5L A3 A8 i

FEV:

[0.1637
0.0706
0.0421
0.0437
0.0661 0.1589
0.2280 0.1221
| —0.0075 0.1878

0.1421
0.0800
0.0046
0.1243

0.1841
0.0958
0.2087
0.0417
0.0001
0.1570
0.0593

V*

0.0546
0.1101
0.2080
0.1009
0.1985
0.1753
0.0144

0.1249]
0.1945
0.1297
0.1325
0.0760
0.1173
0.1494|

0.0314
0.1523
0.1636
0.0084
0.1197
0.0647
0.0918

0.1798
0.1141
0.1662
0.1584
0.0329
0.0941
0.1339

0.1105
0.1952
0.1658
0.2029
0.2022
0.0556
0.1966

BRAUR BIHLAER s 733 A2 XU B0% T A%, AL R 109 R Sl e i 0. )X g,
U2 73 I3 A5 Xt 0% B2 %0 HLiAt i N B 1%, XUB 0% B3 %0 U S IHLUR B T 6%, 4. 504 K3

HULEAERRIL T R R L R R 177 EL 8O
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Fig. 4 Health estimation of simple fault mode under nonstandard condition
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0.00 prad IR
0.00 el
-0.02
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006 0000 T Trmi—imimimrme——e—
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t/s t/s
_ﬂf ...... Wf - ’7(‘, [ WC _’71_ ...... W‘_ ___’70 -_ _.Wc
sk OO Wht e/ " e vvlt ot/ IV Wht e/ " e VVM

(a) WUBRCHRFER2% Hi & PRk %

(b) XU R A A 3 % Ho T W LI B B IR 6 %

5 ARpROL T A SRR (7 FLACR

Fig. 3 Health estimation of double fault mode under unstandard condition

M EI4—5T] LU HH, 16 201 2R 208 2% fe A 3L
A VT & S BB st RT3 IH T
EHRA —E &I, GeIEH T JEAR DL T 1AL I
WSHUD TS B U AR At o
4.3 S5 4T (Experimental analysis)

i) 29 - 7K 2 DB AR AN RE AR R BT 75 1 2
FA KN TRl R A R 2 550 H) ) 8, 17
H LR AE K B BIL A 8 BR 2 B0k v 0 R ) 2
K. R4 T AEHUIRIFRIL T 4R RS, Hor:
neli A — 4%, W IBiAK—10%, nelbift— 4% 5] I di 4k
2%, me WA —2% [ I W 46 2%. 345 1 AEAF
FRiL B AR, L nelbifb— 4%, Wttt
~10%, e Ab—2%[7] B W lsi A—1%, nelii £ —3% [+

WA~ 6%, 735l K FH o LR 7K BB A« 4%
LIS ARAA I BEAN = 2R 2 JE P A N 29 < IR 2 )8
WA ITIEAT R RS H U TR 2=

WL R R 2 PR AR A T P I A R
H

y* = [N¢ No Too Pop T5 Py Tus Pus)”,
LB R R 208 I A% AN 1T 20 R R 2 98 9k AR AH T,
% — MEIRISE B Pys, BB R K 2 DB A 2 H%
FHVIER 2 50 3R AF IRV, T 2R IK 2 U84
DUk vH 32 ZE I GE vt 0 S A SRS AZ e SR BE V. |
FE2FN 3] 0, Tl £ 7K 2 Y8 I A% 7 PR AEC ) = B
NI AE B0 TR I DR UE T A 5 2 B0 il v RS B2, i
TR B HUAE FEZE AN o AL UL
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Table 2 Health estimated errors under
standard condition

Nt We ne(=4%), My (=2%),

(=4%) (=10%) me(2%) Wi (2%)
KF 0.002  0.0039  0.0037 0.0437
FErKF  0.0629  0.0401 0.0441 0.0775
fWZKF  0.0051 0.0059  0.0027 0.0412

&3 AR T RESASEIHEE
Table 3 Health estimated errors under
nonstandard condition

N We o m(=2%),  ns(=3%),
(-4%)  (-10%) Wi(-1%) We(-6%)
KF  0.0035 0.003  0.0033 0.025
FEBYKF - 0.0701  0.1192  0.0133 0.0383
fiZIKF  0.0126  0.0025  0.0068 0.0298

5 %58 (Conclusions)

1) FET IS N IR 525 0 A8 480 B - 2 4
BRI IHLER S AR I S0R 15

2) FETRIZ KRR 2 U8PA LR A I8 N
RE A% b G S B TR ] A% B A B A PR, vk
TR 2 UEHEAT I E S D TR SN S
H At v i)

3) S AR 0 A AR I D R L X
W P A0 i R A U0 FLGIE, R IZ AR —
SE R, BEEH T AT A2 AN R TAE £

4y NP RHE R R 298 AL, AR
AR S = S S RS U R R,
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