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Turbofan engine gas path performanee monitoring based
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Abstract: An improved spherical simplex square root unscented Kalman filter (IS-
RUKF) algorithm based on Gaussian process regression (GPR) was investigated to specific-
ally address unknown or inaccurate models problems, resulting in bad or even divergent filte-
ring results in turbofan engine performance monitoring. The transition and measurement
GPR models of turbofan engine dynamic systems were established, and used as a substitute
for nonlinear model in unscented Kalman filter (UKF). Meantime, the spherical simplex
sampling was exploited to decrease the computational complexity, while square root of meas-
urement residuals covariance matrixes was used instead of variance matrixes during recursive
arithmetic process to improve the calculation efficiency and numerical stability in ISRUKF al-
gorithm. Using the GPR, the models were firstly trained and verified, thus overcoming de-
pendency on the previous engine models with the abilities of adaptive noise adjustment and
high precision. The gradual and rapid deterioration process of different turbofan engine gas
path components were then testified and compared by the extended Kalman filter (EKF),
SRUKF and ISRUKF. The results show that the precision of ISRUKF has reached 99. 9%,
demonstrating the effectiveness of the ISRUKF for health parameters monitoring of turbofan

engine gas path.
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Table 1 Optimal values of the hyperparameters
LT i 5 5 i A I b I &/107" &/107"
G 0.032 3.8 3.0 3.4 5.2 3.7 1.6 3.2 160 5.0
G 15 0.0016 4.7 3.8 21 4.8 4.1 4.9 9.6 1.9
G 7.2 4.6 0.0014 4.5 18 4.5 5.0 4.8 8.3 2.0
GHt 18 4.6 4.0 0.0016 23 4.5 4.7 5.1 9.7 2.0
G 27 6.8 6.9 6.8 0.05 6.7 5.6 6.1 0.037 5.0
G0 13 4.1 3.9 3.7 19 0.0016 3.7 4.0 9.7 2.0
G 16 5.4 5.2 4.5 27 4.0 0.0012 5.4 8.2 1.9
G 16 4.9 5.3 4.8 34 5.1 5.1 0.0013 8.3 2.0
G*! 0.0055 3.5 3.4 3.6 0.17 3.5 3.7 2.9 14 2.0
G#? 0.14 2.4 2.2 2.5 0.11 2.7 2.2 2.5 2.7 1.9
G 0.0085 2.5 2.5 2.6 0.2 2.6 2.5 2.9 37 2.0
Gt 0.0086 2.8 3.3 3.3 1.4 3.6 3.7 3.3 14 2.0
G#? 0.0085 3.6 3.6 3.2 0. 042 3.1 3.4 3.3 17 2.0
G*" 0.022 3.5 5.7 2.4 0.13 5.9 3.0 5.5 5.2 2.0
G’ 0.0067 3.5 3.4 3.7 0.43 2.5 3.7 3.3 11 2.0
G*® 0.032 2.0 2.9 1.2 0.31 2.6 3.1 1.6 28 2.2




%2

W1 TAF T R O ARTGIE R R 2 BRI R A48 B A B AL TR A 447

1E ISRUKF 53k H . DUIRZS Fll i GPR 44
R AR 2 S pL AR 26 R B AL AT 07 L, U8 D 45 SRy
515 SRUKF, EKF % th &5 A0 e, n &l 3~ &
5. Bl 3~ 5 43 5l % ox R EKF Jr i,
SRUKF 75 % Fl ISRUKF J 75 51 i XU i 2
Bom Ak 2 B R RO T R AR true ORI
fa e S B A S A ad A M0 B4 SR AT LU L3
Tl J7 12 5 AR 0 1 06 S B0 o IR i A 2o R R S 4
BIAROREE. o, B EKF SR PDM 345 /9
R AR AN T o b A7 A — 0 R R 2% L (G
i1 2 B0 1% 25 e K. T A 2 1 AR A0 (1 v RS B
% SRUKF J5 ¥t EKF 345 5 = A9 fi B 2 S iR
B, K5, B T3 GPR BB ISRUKF
T3 1R FH v 30 a3 LA A R R e R 1Y
FE T, B A5 B HE ) b S B LS R G B A AR AR
T, L UE U 3 2 GPR B AU G865 AR 4 B 14 Sy A X I
FEHEAT I8 N O A, DA T AT 5 M B T U D R
MRS . JL i ISRUKF 5 325 X 4% A1 bR = 40
BB ORG BE S 34 i ik B 99. 9%, i EKF J5 3 #
SRUKEF 43514 95 % F1 98 %4 22 47 » 1 s 43 it FiE =
B 7 P Wt Ak ARG B IR, G EKF 53 IR
AR R BB, 75 278 RIS BEAL 90 %,
PRI, AF X 1 3 Ath P R 77 3% , ISRUKE T BB A 4%
b RS A R S 5T A Ao R AR )R 5% A e g
bl B B BRI L SEAR B 22 AR /.

Shy B0 O b, 3 e AR A B A R
P FE 5| A S B0 5 1 38 7 AR 19625 (RMSE)

l .0] T L) L} L} T L} T T T
1.001 ez PSR
ﬁ 0991 M_H:-_'Fﬁm:m«ﬁ
?:?i' 098} il I]I'.m - I]]q*
4 -] e n fan-ine
'.'35 097k _ ”11 Tan-ir
pt
0.96 L L L L " " L s L
0 1000 2000 3000 4000 5000
tls
(a)
l .0 I T T T T T T T T T
ATt ettt et ety e
1.00 1
W 099
H098F * M My J
S . 'mil e nil'-u true Pt
=097 —m, S .
pt *MM‘.
0.96 L s L L L L L i ) T
0 1000 2000 3000 4000 5000
tls
(b)

& 3 HET EKF Jr ik i XU f 52 50t A il 12800
Fig. 3 Filtering results of fan with EKF

I.OI T L) T L} T T T T T
1.004 S Tl bbbt =
& 0,99 ] ' ;
We Y-
Bi- 0.98F Mon — T
® e = Ninans
e 097F —— :1L
0.96 i L L L i i L L i
0 1000 2000 3000 4000 5000
t's
(a)
1.01 L) T T L} T T T T T
1.004
bl
W 0.99
.:I,Z-I 098F
=097
0.96 L L L I I s ' L L
0 1000 2000 3000 4000 5000
s
(b)
[ 4 HTF SRUKF J7 i (1 AU FRE 2 5K
Wd AL AT R
Fig. 4 Filtering results’of fan with SRUKF
I‘OI L} L T T L L T T L}
L 1.00 1%
Lﬂ{, 0.99F 1
Hr 098 Tl _"—thl N
z M == N
0:.97F Mo
0_96 i i i i I i I i i
0 1000 2000 3000 4000 5000
1ls
(a)
I.OI T T T T T T T T T
|[]{) BB C S EEREIISI 0NN INCOEREERNOEBDERBER S
wie 099
é 0981
097
0‘96 i i i i i i i i i
0 1000 2000 3000 4000 5000
tls
(b)

5 BT ISRUKF J5 ik 1% KU fi BE 2 B0t Al il 3 0R
Fig.5 Filtering results of fan with ISRUKF

£

Ermse - LE (&kixh)z (30)

KA 0 FORIA AL x, Bonbifbid BIEES
) ELSCAH. 3 A ARTE AR 22 X L A 6 . A
6 7l LB &8 A . Al F EKF #il SRUKF, IS-
RUKF Jy 5 0 8 i 152 22 51/, B ot o B A4S 3 4
KA ARSI ISRUKFE ELAT 4 1 108 5 5508

XiF 22 AN A [ iF 2 A gt A (15 5. BOXU B A
JEAMLAEEEA AT i B2 v R B 26 Ak RUBR 2K
R R E BT 2% M 2.5 % RS LR



148 Bz

R 9 FRE 2% F0 1. 6%, HAE t=2500s &b
O3 A T B 1Y S AR PE BB A3 IR 3 B
5 o) fit R 5 W Ak ok R AT 8 O R R LR
El 7. & 8 FEl 9 435 E Rk EKF, SRUKF
ISRUKF 73 3K £5 XU ks il S0 Ak B 2 550t 4k
i R U il kL Hoh  ISRUKFE 9 B 858G &
LR REIA R 99. 9% . EKF F1 SRUKF 434l A
93 %1 97 Y £ A

8 T T T T T T T T
- mmm [SRUKF .

1 SPUKF
[ FKF

Man e T T Mo Mhe M Mg,

TS

Bl 6 3 Fh Iy ay ¥ gy AR 22 iR
Fig. 6 Comparison of RMSEs for EKF,
SRUKF and ISRUKF

1.01 T T T T T T T T T
].OO'WW% y
ﬁ — s e nnoa
L{: 0.99 W*Hﬂ.mﬁg
8= 0.08F = M —— 1, Daaa ]
::sé . rilla e T\ nl:::;nk‘ H%“f:ﬂﬁh (L“"H
097F " n iy
It — %" 'hpe-true
0.96 L L L ) L s L N "
0 1000 2000 3000 4000 5000
tls
(a)
1.01 T T T T T T T T T
1.00 W e AT e S T
% 090} -*;;5;—?;:;;\: .
= 0.98F —* My, —— My, L‘_‘_H"""—‘-;-——:_._ ----- ~
é‘g 09 ! 'm!;p\' T ";i'u:n-lnlc “:;'_C“_'E-—A:" e
sy e mlnl T hpe-true M%“E:; __:;:-__\
0.96 L " L L " " L L M
0 1000 2000 3000 4000 5000
s
(b)

&l 7 BT EKF J73k 0 KU F R S AL RS 41
WAL AS TR
Fig. 7 Filtering results of fan and hpc with EKF

I .0 l T L T L] Ll T L L L
1001 e L L A P
B el g a
% 0.9 — d
ﬁ_ L == N — Ny Shay, -
'ﬁ 0.98 . thc o ”I}:n-Lruu WLM
097 [ —— Mot — Mipetrue
096007000 2000 3000 4000 5000

tls
(a)

Jio i %29 %
1.01 T T T T T T T T T
1.00 P
ﬁ 0.99 - ooy i
=098 =y ——m,, o ]
e My Mne = o e
097F —— ’H:iu == J'?T:,p_-.lm,u %Wﬁn—*%*..:
0.96 : L L L I 1 L L s
0 1000 2000 3000 4000 5000
ts
(b)

Kl 8 J&T SRUKF Jr ik (9 KU A ML BR 2 4
WE A Al 3280

Fig. 8 Filtering results of fan and HPC
with SRUKF
I ‘0 I L) T L) L} L} T T T T
1.00
W 0.99F 4
i}?— 0.98+ _f_ gl'\'un __:__ :;]q'( o E
T 097F o — e
0.()6 L L L i I i L i L
0 1000 2000 3000 4000 5000
s
(a)
I ‘0 I T T T T T T T T T
1.00.
uik 0.99 §
= |, —e) o
= a3 3 'mil:;t a "r:'i:n-vrlw s e
09 =< m1pl — B e M“:
0-96 i i i i i i i i i
O 1000 2000 3000 4000 5000
ils
(b)

B9 T ISRUKF J7 ik i KUk R B B 2 B
W8 AR AN THRCR
Fig. 9 Filtering results of fan and HPC
with ISRUKF

Bl 10 R =& B I 1R 22 LA 25 L. NI rpm]
DL Y, 24 KBS AN ML R] B 2 A 7 72 1 i 5 AR
PEWIAL B, EKF 7 2 X il B 2 50000 A6 31 iR 25
K,SRUKF J #k H ¥k, ISRUKF J7 3% 89 % 2 it

10 T T T T 3 T T T
- mmm ISRUKF 5
8F — SPUKF .
. = EKF -

T."I'uu l]hpc lquu( ]?Ip( ”rt'.\n m m m

hpe hipt Ipt
RS
P10 3 by s i 3 AR R 22 L L
Fig. 10 Comparison of RMSEs for EKF,
SRUKF and ISRUKF



%2

Wl TR T RO O AR T R R e R T YR 18 B A ML R A M A 449

AN BE X 22 A A TR B A AR Ak A R O
ISRUKEF [a] # b H A7 4 4 19 18 o7 P, 3%t 136 B
GPR J5 1k 58 4 A 8 1% 2% 21 315 1 GPR B A%
P& B AILAE Ze P B AU Rk 52 3 % 3l L AR 2 T
. X T K Sl At TR bR S R B A i A
30, ISRUKF 75 32 [F] A B 2 4K 15 48 4 19 R B 2
B PR TR AR SOR FRAA.

5 & ¢

BT X 105 B A sl HL A AR A RS I R G AT
TR R 0 3 AN T 5 SO RGBT R & R L
IR, AR SCAIF ST T — Fl ISRUKF 5325, SCEL T
X R B AL A (R S B A R L AR R
ML LR B R e 397 2ok A 1] )9 4R 45 1 GPR A
RUEA BB R G AR BE 1, 1] B AR UKF
SRR AR B GE A A 3l g X AR AR 5 R
PR BE WAk 1Y 05 B 5 % e o i £ WL ISRUKF 7
AT U8 AR AL R R ), SR T EKEF
T T AR 25 R IR PR N R BT S
BT R T R A AL ) SRUKF J5 3 4 H
FF GPR EEAIR) ISRUKF HA ] 5 5550 3 Ry
R, ISRUKF J7 3 2 — Flvie 48 %% 8 It
SR S A2 R PR S R B RS T ) A SR

SE Mk

[ 1] Rajamani R,Wang J,Jeong K Y. .Conditioned based niain-
tenance for aircraft engine [ J]. ASME\ Paper GT2004-
54127,2004.

[ 2] Luppold R H.Roman ] R,Gallops G W, et al. Estimating
in {light engine perfoermance variations using Kalman filter
concepts[ R]. ATAA 1989-2584,1989.

(3] A& QWM. BT R /R S i8I 4% A 1% 50 0k a i 25 & 3l

HLPEREIZ T[T ]. b HEK 2007, 28(1) :9-13.
YUAN Chunfei, YAO Hua. Development of kalman filter
and genetic algorithm for aero-engine performance diag-
nostics [ J ]. Journal of Propulsion Technology. 2007, 28
(1):9-13. (in Chinese)

[ 4] Dewallef P, Léonard O. On-line performance monitoring
and engine diagnostic using robust Kalman filtering tech-
niques[ R]. ASME Paper GT2003-38379,2003.

(5] skifEd BREESR, IME R, 45, —FiOB AL 25 & 3Bl A 38 1
BRI S 0 E T . bR, 2011,32(4) :557-563.
ZHANG Haibo, CHEN Tinghao, SUN Jianguo, et al. De-
sign and simulation of a new novel engine adaptive model
[J7]. Journal of Propulsion Technology,2011,32(4):557-
563. (in Chinese)

[ 6] Kobayashi T. Application of a constant gain extended Kal-
man filter for in-flight estimation of aircraft engine per-

formance parameters| R]. NASA/TM 2005-213865.,2005.

L7 KNS, #4588 iz & sh LB iR I2 09 F 77 i UKF 77
IEWESELT . A 3 J) 241, 2008, 23(1) : 169-173.
ZHANG Peng, HUANG Jinquan. SRUKF research on
aeroengines for gas path component fault diagnostics[]].
Journal of Aerospace Power, 2008, 23 (1):169-173. (in
Chinese)

(87 BRMG. 4R, 5T B R /R S 08 I 4 1 & 3 HLE R 2 W
[J7. 2 31 J1 241 , 2008, 23 (5) : 952-956.
ZHANG Peng, HUANG Jinquan. Aeroengine fault diagno-
sis using dual Kalman filtering technique[ J]. Journal of
Aerospace Power,2008,23(5):952-956. (in Chinese)

L9 FBERZE. XM, B FH. 5. Al E KPR 2 8] # 8
B IE J7 1 [T, HEER R L 2005,26 (1) :46-49.
ZHENG Tiejun, WANG Xi, LUO Xiugin, et al. Modified
method of establishing the state space model of aeroengine
[J7. Journal of Propulsion Technology,2005,26 (1):46-
49. (in Chinese)

(101 I/NGE  BERESF. 36 R R 22 08 B 7E A 25k sh il 2 8fl
T I ], Az 3 128 i 19954, 10(3) : 304-306.,
LIU Xiaoyong., FAN Siqi. Application of Kalman filtering
for an aeroengine parameter estimation[ J4. Journal of Aer-
ospéace Power,1995,10€3) :304-306. (in Chinese)

[11] Williams-€ K 1, Rasmussen C E) Gaussian processes for
machine learning[ M ]. Cambridge, USA: MIT Press,2006.

[12]~Ferris B, Hahnel D, Fox D. Gaussian processes for signal
strength-based locdtion estimation [ C] // Proceedings of
Robotics: Seiénce and Systems. Philadelphia, USA. MIT
Press,2006.782-794.

F13] Ay B X6t B0 &, 55, T GPR BRI [ 38 6T JF
MR BUR RS PR IS L) ], Mz 2448, 2013, 34(9) : 2202-
2211.
HE Zhikun, LIU Guangbin, ZHAO Xijing, et al. Adaptive
square-root cubature Kalman filter algorithm based on
Gaussian process regression models[ ] ]. Acta Aeronautica

et Astronautica Sinica, 2013, 34 (9):2202-2211. (in Chi-

nese)
[14] BBk, BB, 252, 55, LRGN HEB M. dba.
[ By Tl 1 i A, 2012.

[15] Julier S J, Uhlmann ] K, Reduced sigma point filters for
the propagation of means and covariance through nonlinear
transformations[ C]J// Proceedings of the American Control
Conference. Anchorage, USA: American Automatic Con-
trol Council,2002:887-892.

[16] Tk, PhE R, e 1. JCil R 2R 0k i & 7 OB X7

W) ARG A ARSI LT T E AL TR R,
2011,31(16):74-80.
WEI Zhinong, SUN Guogiang, PANG Bo. Application of
UKF and SRUKF to power system dynamic state estima-
tion[ J . Proceedings of the CSEE,2011,31(16) ;74-80. (in
Chinese)

(171 29I R B IR, B bk, B 3 o7 7 AR T R R 2 U I8 5 7k
0. 5 B3 5 R H . 2010,27(2) - 143-146.

LI Peng., SONG Shenming, CHEN Xinglin. Adaptive



1o iR

529 &

[18]

[19]

square-root unscented Kalman filter algorithm[]]. Control
Theory & Applications, 2010, 27 (2); 143-146. (in Chi-
nese)

Borguet S, Léonard O. A generalized likelihood ratio test
for adaptive gas turbine performance monitoring[J]. Jour-
nal of Engineering for Gas Turbines and Power,2009,131
(1):1-8.

S T, skt L S R T SR LA 3k R B R 3 Bl
RS RN 7 7 3k [T ], HfEdE$2 R 2013, 34 (3) £ 405-
410.

HU Yu,YANG Yuecheng, ZHANG Shiying, et al. Estab-
lishment of turbofan engine state variable model based on

improved fitting method[]J]. Journal of Propulsion Tech-

[20]

[21]

nology,2013,34(3):405-410. (in Chinese)

Volponi A J,DePold H, Ganguli R, et al. The use of Kal-
man filter and neural network methodologies in gas turbine
performance diagnostics:a comparative study[ J]. Journal
of Engineering for Gas Turbines and Power,2003,125(4) .
917-924.

Castrejon-Lozano ] G,Carrillo . R G,Dzul A, et al. Spher-
ical simplex sigma point Kalman filters: a comparison in
the inertial navigation of a terrestrial vehicle[ C] // Pro-
ceedings of the American Control Conference. Washing-
ton, USA: American Automatic Control Council, 2008

3356-3541.



