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Abstract: Currently, blade tip timing (BTT)stands as one of the most effective monitoring techniques for
studying blade vibration issues, and it is extensively utilized in condition monitoring and fault diagnosis of
rotating blades. However, the difficulties in identifying blade vibration parameters caused by the inherent
non-uniformity and under sampling characteristics of the BTT technique have become an urgent challenge
that needs to be addressed. This paper initially investigates the attributes of blade vibration parameters

identified by the estimating signal parameter via rotational invariance techniques (ESPRIT)and fast Fourier
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transform (FFT) algorithms. Subsequently, it extended the spectral analysis results of blade vibration, and

ultimately proposed a method for identifying vibration parameters of the rotating blade that integrates
ESPRIT and FFT algorithms. The ESPRIT-FFT method employed the extended spectrum to estimate
the blade vibration frequency, determined the frequency band via the ESPRIT algorithm, and subse-

quently identified the blade vibration parameters. Simulation studies demonstrate the feasibility and noise

resistance of the ESPRIT-FFT method. The vibration test of the centrifugal compressor impeller reveals
that the absolute error of the ESPRIT-FFT method in identifying blade vibration frequency is 1.4 Hz,

with a relative error of 0. 22%.

Key words: blade tip timing; rotating blade; estimating signal parameter via rotational invariance tech-

niques; fast Fourier transform; extended spectrum; parameter identification

0 31 &

R R ML Rl KRB R HL . 32K
I 45 H R ke B o IR B 4 0 A% O A, e 4
IBAT R H KR A AL (R PR B A A ) H
AR . M ar, Mg s B (Blade Tip Timing,
BTT) 2058 i i IR 3 0] R e A3 R IR e R 22
—, BTz N T B RS W 2

BT T HARR I TR WA AL Ak s fils, =
L Ay e Aok FEAILZH b2 1) I e 12 %
it R B SEBR BRI ], ARG, S e R RS
THE M B BB ], 5T, 456 P s i)
ZEARIU Fr B5A R B AR IR AR R BN A5 X T
SOERHEIRAS | Fe 1 heil— W, AL AR AN
(PR BN B S — IR DN, B S I A2 S 1) SR
WA AR TR . RN, SEBRI A 4R sl i %
LB e . I, JET BTT HARSE
FREE S HA B KORFERES, B RS
T3 T T R TC A BOIHR I 7 R 3 28

R RSN S B8 i R SR TR AR
E T A TRAIESRI, EARIR(E | ARGL BRAE, Y
i, ENAMEE X R RS SRR R T T T
TRE, FE AW RS R As A2
I SRS B e T I e B i 2 At e L AR, R AR
LM/ N IIE UG R IRSIEOY , EmHERA R
248, FEAFRRSEES | WSEE . Al
VAR IR SR G IR — R TR R AR T
BT i R BATR S e A SRR IR, 28 A 2E5E
PR 7 RS AE 5 1Y F A OCHE MR A T R 20 i
XI5, R A RS S8 SRR (R | Rk ] 4 2 [A]
ISR SC R B R RSN S BRI+
FALTE 215 5 4125 (Multiple Signal Classification,

MUSIC) 5 FiE 5% A 748 %% [H] (Estimating Signal
Parameter via Rotational Invariance Techniques,
ESPRIT)#3% . MUSIC S AR 9 i 11 P 8 155 1)
Tt SRR ] e 2 ] (4 1SS R i - IR Sl A T4
FAtH Y, Hos R R HER R RS S5, X
E AR IR AT J A AR 12K . ESPRIT k24
A S A% SRR ) JA SIE SR R TE AE R, AR AR
ST I R RSN 22 F B, RIS A2
FRBOR , A5 BR SIACRAAG T, 1253l ARG
VA RRAE 4 0 B 0% 45 HE AR M e iR s A R
ESPRIT Fikil i P2 £ 5 (A AL 22 BRI iR 3)
W, U{E SRR LUBORET , AR 2EFFORTREAIR,
M2 FE T IR S EHERGR2E . b, BT hik
FETE RGNS i RS RS Tk
WA X R RS S BT PR

ASCAE ESPRIT Sk B g 36l L, 55, 5
EERHAM B RS S5 HFFE , 4875 ESPRIT 5%
AR P R IR SR 7 T B DR SRS, XS
FRBN R AT 5 A T R A L 548 (Fast Fourier
Transform, FFT), W58t R R sh i iR S5k,
St A RSIEY R B, 456 ESPRIT 5%
TEHBEY R, $E 1 — RS ESPRIT #FET (93]
MR 4R S S HO0R T (ESPRIT-FFT) , 45 2 i
T T R ARSI SEOF SRR AL, T BTT
TR B R RS I 5 S B2 W R R Pe S

1 ESPRIT &£
1.1 RIS 4L E RS T SR

B RSG5 v (2) R IR 5% A5 5 R I
PR, HARSE 5 H A
y(z):iA,-eZ“""”*"Jrv(z), (D



CEVEE 172 1)

Bl ESPRIT A FFT [ sh it B3R sh S8R e o8 GEIR I 5 375

b A £ @ a3 5 DR I R Sl ) B L L TR A
FAGL; AR 75 § RO KO dR3h 71
Bkt s o(2) it RS E S 1S

i o 5 I AR AR 1 SR A MK A5, 2 g

UCRFERE = [ i 7 LU Ly

Y @O=[y(t) vt - 3w )] . @
PN 15 o (1), SR (2) L TE B 1 T A

RETF

A]eh/lz,,ﬁ% + AZeZW/}/qJ“F‘F! + e 4 AKGZW/k/7j+¢K

y(g)=

Ale%/m ‘jV%ﬁLAzeZ“/z[" \j*¢z+ JrAKew"'[" 1t ex

Alezﬁfﬂq v—1l T +A2eZ7Y/2/,/ w—\j+¢z+ cee +AK62K/K/V v—1] T oK

1 1
ez"g(lr!j eznf'ﬂ'\j
627‘/|T¢r1 1] eZW/sz 1

P o ARSI 22 (6L, =1, — 1,0
2, DA LIS B2 08

y(q)=As(q)+0(q), 4
K
A=[a(fi) a(f) a( fx)]=
1 1 1
Q2hni a2k .
RS e AT

Hr, it a( /). s(q) Mo (q) AN
a(f)=[1 e ]l ()
s(q)=

A it e A et ten ] T, %)

o(g)=[0(t,) v(t,)) = vt )] ®
i AIREN 5y (¢) 19 EURCRIEE R 2
R=FE{y(q)y"(q)}. )
L, (B SRR 0, Jr 2N o] 1

FIMEr o R, U/ A AHSCH M ] LISRR
R=APA"+ ¢’E, (10

S ST, PO IE S AR

P=diag||A\[", 1A, o AL}, AD

PRI, ATASAE fE APAY 0 K AR RHIE(E .
Xt APA" SEATRRAEAE A0, AL Aoy oo A WA
TEAEL, Wy woy =+ a7 N B RFAE ) o A
KA R MASFFAEAA , X5 A OCHE B R #4747
TEAE S, PIARAPIEE B R IA
A=A+l i=1,--K,
A =a?, i=K+1,-,M,

I:AleZTK/MjJr%

(12

e27!fmj Azezﬂ/iqu+¢z

1 AleZH/l/qJ*%

3

2nfTr—1] A eZw/,\Z,/j+¢,\
K

HAHSCHBE R A KM FHEE S FES A C,
HAM—KAMRHEEAL S WA A, RIEL EF
B, AUTHEEE X

DAFSFERE;: EJEH AL Ao o, AW
FROEM s uoy o uc B F2E 0], 28

E.=spaniu, wu, - wug}, (13)

2) WA 23 (8] Ex: Exo i Agyqs ooy Ay R

LRI = 77 S INRTTIN VP2 o9 1) <1 R s 1 I Ty

ENZSPCW{”KH Uiio 0 Unlo (14>
1.2 ESPRITE%/RIE

FESEBRR I R, P SO B B T LA AR
FFER B RGHEIE . ESPRIT By MR35 W 2 M- Fr 3= 3h
G AR A 2515 8, 3 AR AR AR, X
RIRSIRI TN, R (2, W3 FHE IR
55 q UCRFEM I R iR sh (55 T Dl Ry
ity )]
(15)

yl(q)z[yl(lq) yl(zq+1)

yZ(ZquMfl)Jlo
(16)
XL BB P S IR IR A 22 1) 1Y 22 S £
AR, BRI, TS I A% SRS 8 3 22 [R] Y SiE 38 i
] >y

yz(([):|:y2( [q) yz(fq+1)

R
2nf,’
s fONEE R R, B0 He,
H—#, AP LI E Ky
yz((l):[yl(l‘ﬂrf+ ) ity T ")

T
yl(tq+i\/lfl+f+)i| o (18)

(17



376 il

(EVE 5 S NI S 4

2025 45 4 )

B (4), P A R AR R R B 35 5
AT LA

yi(g)=As(q)+vi(q), (19
y:(q)=AA"s(q)+ v.(q), (20)
A,
e 2nfiT ]
A= e . QD
e*21v/,\rvj

%rﬂ%yl((])ﬂlyz(q){a\#ﬁi#/ﬁﬂ% Y(C])’

LIV E VN
A } v1(q)
= < |s(g)+ , (22
y:(q) Lm e qu)}

M Y (q) B A AHDCH TR A R

R=E{Y(q)Y"(q)}=APA"+s’E, (23

SRIG X A A CHE R R A TR 3%, E R
I KA KR W, P AR ) 2 B3 [
E.=span{u,, us, -+, ux}, Ex R 2M—KAE/INVFHIE
(B XTI B R AE [ o 2H B ) MR R S ], Ev=
span{ty 1y Uz, vy oy po X, FAOEME—I1) AEAT
S M X MR RRA R T X ior

E.=AT, (24)

MR8 B A I B AN AR REVE , 7T LK B 53R R
AR, BE, e CY M E, € CY"*, Al L1153
Wr R FRL

yi(q)

ww—{

EJ’] AT
E—=|_"|= . (25
‘ [E;} L4A*7}
P25, AT LIS 2
T'A'T=(E"E,) EVE,, (26)

Kb (EVE,) EVE, WHHEER A HAHHTEE.
SENE,)  EVE, SEATHFEEAMR, B E
(20 Ao oo s A RS 105 2 2ESR AR 37 25 A SR B3
RAEHE N

ey

o | 2D
T

Pespm( k ) -

s 20 ) RBUHNL

ESPRIT 55 15 AR 45 PR 52 % 1o 25 380 18 BT 485 47 119
A 2245 8., 8 1 7 R AE AL 4 A, X I R R Bl
WG AT HEIR . SR, AE S PR TR N
ESPRIT 53 % 7 3R 245 5 (0 W 75 Lb 8 UK

3 ESPRIT &% BT T $RBURK K RAFE(E S 3017
BRI R 2

1.3 ESPRITEXFESH

5T MATLAB AR k3015 5, IF
i 3 {5 B 9% ESPRIT 89 (iR 22 45 4E . #iulnt
B R IR S, PRENIE(E R 1 mm, JRBIR A
378 Hz, B4 Rl 4 RAE , # 4l & AR R A E
B, AORAE MR AES R O 1000 Hzo B4
FBTTH AWM 4R, (55 2 % BTT &k
L BG4k Tipl I Tip2, 14 IR aS 2055 1 B 43
T 071 30% . AABL I 5 5 - 1Y) e A A 3 R
100 Hz, B BTT # R B85 19 R AR 40 5
100 Hzo M 4RBIRFERHE R 100 s BEAELH 7R
st A R AR e TR, e R RSIE S
RN, (E0 L SNR=10dB. K1 ERT
0.2 st FiRahfs's, B irdFonnt Fiksh4
RAEAF, BRI FR I R RS KRS .

2

R RS0 A /mm
=) —

|
—
3

= Tipl A Tip2

|
o)

0.65 0. IlO 0.15 0.20
1] /s
E1 MRRS$ESHEZEL

Fig. 1 Simulation signal of blade vibration

XTSRS 5 FI BT T JORFEAS 5 i
TTFFT 4387, ANFAE S Bk s Hr 45 R an &l 2 e
No ATRVEHL: D ARG S RSt 48 R
378 Hz f1622 Hz, H:rh 622 Hz 32 i T FFT XUk i
FREFEUY s 2) BTT ZCRAEG 5 B Al
22 Hz M1 78 Hz, iXJ& i THE R RFERE T, Ml
FIRBIE . BTT ZCRFEAG 5 WM 4
SRR EAF,

FIFH ESPRIT 8332060 it R R sl {554 T S 8508
P B FRNAATAL, 7 E S5 AEHRC R 1100,
W R UGE LR AR M A BE M=100, L, AR
P05 BLAR 5 AT LIt iR s i 8 Al 11 100 1R
T ¥ ESPRIT 8Bk 25 R 17T KB WAk, % 4
YA TS R AT, AR

(=)



CEVEE 172 1)

Bl ESPRIT A FFT [ sh it B3R sh S8R e o8 GEIR I 5 377

. _FmﬂX
Q(Z)i 100 ’

A s Fo A4 SIS DR (ELAY 2 KA s Qi) M
WS ORI

i=1,2,---,100, (28)

1.0F
£ og
=
= 0.6+
@
i 0.4
Ey

0.2+

0 200 400 600 800 1 000

i/ Hz
(a) &RHAES

g

E

= 0.8F

= 78 1z

R 0.4}

1

ﬁ | — Tipl

= 0 20 40 60 80 100
B/ Hz,

g

E

208 M

= [78 11]

R 0.4F

% — Tip 2]

= 0 20 40 60 80 100
B/ Hz,

(b) BTT K FHAES
B2 MERESMIEOTER

Fig.2 Spectral analysis results of blade vibration signals
e BB — R A T 45 A B AR AR
XL Q (0 )VE AR R il ESPRIT vk 45 FL 1)
s, W 3 iR .

378 Hz
1.0+ ‘.‘. = :
o oo .
0.8 bl
. ... :‘ s “.‘ .
= 06} o e
S oL
LY .': 3
04+ ° * .
. ~J
o ? ".
0.2} 21
o".:‘
.. 9
0 I L oa *le o 1 I
100 200 300 400 500 600 700 800
i/ Hz

3 ETFESPRITEERMM FIRBIAEPHALER
Fig. 3 Identification results of blade vibration frequency based
on ESPRIT algorithm

3 W7~ , ESPRIT 83 By ik | 9% shdii
BN AETE SE PR 378 Hz i, 1
373. 83 Hz, #i R FHH 48 %15 22 FIAH X 15 22 43 51

4.17HzM1.10%,

2 ESPRIT-FFT f5i%

2.1 EFESPRITIEE FFT 5%

IR SIAEAR Ay 378 Hz, BT T RAESIR N

100 Hz, L, AT 20 R R ) i T 2 455
Mod (378,100)=178, (29)
K Mod (+ )RR pR%EL.

WRAEE 2b), XF BTT R REEHR 3115 5 47
FFT 4341, BAR IO AER FER M IR s A%, 3
Al DAES BRI R R S IR SR . S 4h, B3
78 ESPRIT 5592 (0 A 145 5 43 A 78 BS54 R
VT, PR BERIG, {H ESPRIT 5.9 AT L fERA A4
I 5 i S R T AR A o PR, AT DL kg
FFT 45 R AT A58 R, SR, 454 ESPRIT 5
PSR, S R IR SRR B ER PR . AR S
BT ERR LS ESPRIT M FET B 8hit F- 4§ 5
SHHER T, WP ESPRIT-FFT Jiik.

2.2 ESPRIT-FFT /&G ES

T, B 2(b) B 2 4 F PR B A A T
AR SRIG , RRARERS (A4 R S AT T R
H: 4 K ESPRIT Bk il Ha5 Rl 219 s i
Wi . ESPRIT-FFT J7ik g HHR A5 R an& 4 s,
ATARBLESPRIT-FFT kR gt S 505 FUR 5 5¢
S, RRUBHER PR R IR SR

1.0
L L],
378 Hz|s pe®
£ 08 41 o]
= el
~ L .
E 0.6 > 4.
2 2N
ﬁ 0.4+ o : ; -
o= o2 :f
= 0.‘ e FEY
020 2. FFTIS D e
H D o ESPRITTH %

0 100 200 300 400 500 600 700 800

B/ Ha
E 4 {5MEEEA10 dB R, EF ESPRIT-FFT A 3ERM KRB0
RPpINER

Fig. 4 Identification results of blade vibration frequency based
on ESPRIT-FFT method when SNR=10 dB

B, % EESPRIT-FFT J5 ik 470 1
PR Kt iR 25 T R R B SNR=
—5dB. FIH ESPRIT-FFT 77 #EiR M 4k sh 4
R ERIE 5 Frn . B 5 B8 ESPRIT Bk
BRG] 28K, BER BRI E R



378 LU= W 5 7 NI S 2025 4E55 4 )
401.19 Hz, 4% 22355 23. 19 Hz, 515 EL A | HEFBTTHA G R I
ZER, v 4
| FFTZS ESPRITH.

1o} Wl G 7 R R N 0 D | T S — | MEVUEREE
£ 08 obopidl M |[° R SRR |
o TR s : I
£ 06 LT HEY Yo | RESAEESME
_{% i Jf '_ d | FHE T | S ————
35 0.4 1 N l AR R (R A% 1

EREN i [ wwrre | | it |

w o EspRITTEEY 0 L ———— 1 oo LTIl
0 100 200 300 400 500 600 700 800 — v -

i H, | ﬁﬁ%ﬁflﬁjﬁﬁ |

Bl 5 {5KEtbA —5dBREY, EF ESPRIT-FFT 7&Kt F k350 | T m— |
%%"Lﬂgﬁ% EegEi <N TE N J{sER %N

Fig. 5 Identification results of blade vibration frequency based
on ESPRIT-FFT method when SNR=—5 dB

R T EAER RN R RS, AL /24
KBRS RN LA, XY R S SIS A T AR BRI 4
IRIT , GeitASEIHBE N ESPRIT 295 HHR 45 5 BT
ML, 255 nE 6 . B 6 e asiIE & 3RoR
ESPRIT Bk HERZE R0 o5 19 L As], AR5 5008 BT
DAMERS 2 (i 7 IR s A5 i 28 B A, 08 T o] AR
SEM RSy 378 Hz, 517 BRI 584 —3,

e 0
—T  — e
L U— 0.1
— 0.2 B\E
378 Hz 0.3
L. e 04 &
Sog dekL L
o ’ i :
g 0.6F G *le I of %
@ i o s ° *l* !
! . [y
0.4+ ol L .
ic 109
= * ? —— FFTH%
02 K *  ESPRITTH %
0 100 200 300 400 500 600 700 800
B3R Hz,
B 6 {=MELLA—5dBRY, B M ESPRIT 5k JHHR 45 R AT
=324

Fig. 6 Proportion of ESPRIT algorithm identification results
within different frequency bands when SNR=—S5 dB

ESPRIT-FFT Jrik4i& T ESPRIT BILEMFFT
AR PR S, @Y R FET S8k g i
Mt ARs T RER BLAIR, RIS, A ESPRIT 5
Pt i R IR SIICR AT, B, B i RS
WK, T ESPRIT-FFT Akt 53R shAier i
FENE 7 s, P ESSE B R ESPRIT-FET )7k
MIHERZER S0 B e —3, PTLLHER ESPRIT-
FET J5 i Wl A Fn ] S5

B 7 ESPRIT-FFT /5 iEHiRiEE
Fig.7 Flowchart of ESPRIT-FFT method

3 BUOESNKERERSH

3.1 BUOEHEVNKEE

TER S A @800 A5 5.0 e A ML A i 55
& PRI T BT T R FiRshidsm., &0
JEAEHURES 5 FEE R St | B RS
[R] 3 30 A A L A, O R HIL R A S T DL 8
FiR e B RAEHLM 480 3 T3k 9 000 r/min.

8 BLEHVIKRA

Fig. 8 Centrifugal compressor test rig
ASCRH BT T H AR R AR B 75T 1 B0 R 48
BLFE it R IR 2 5 . 76 B0 TR 4R ALE 1
[ RIER 2256 2 S BT T AL &R, 430l 45 0 Tipl
M Tip2, 2 ARSI R 107, [FIE, fEn-4
I 5 2 TR WG AR L X i i Bl R T 2 AT
R, FH T B UEA SCOF R T ¥ A6 Tl g HH v ) o ff
PE o B0 F AR L 58 4 2 DUk A% Sk 4 A1 8T 9
Fim
B0 AR AL 58 i 4 i &R g 0 4 iy AR
MR RGEMBTT MR RS . W ARE 5L 5ok
E MANNER /A A ()3 0 R 46, 18 W R 500 51
T [ AE e AR ALY 32 b, 0 1 A
Rl A D, AR (E S 4 NI-9231 SR AE R



CEVEE 172 1)

Bl ESPRIT A FFT [ sh it B3R sh S8R e o8 GEIR I 5 379

B 5 5 5 21T AL i) DASP RE R G, i
FHES R HT, NEAR G5 I R ik
10 240 Hzo BTT MR 422k H 28 B HOOD &
FIBHOE R AR, M i St e iR RE i),
B A JER i 2B B % 15 5 01 & 3% 31 PCI-6602 SR 4
+, #Eme R E P F M BTTE S . &0
JRAaHL A R PRSI R G an & 10 s .

IS Al
B9 BOEHVMHRIRNIRERRZER
Fig. 9 Sensor layout for impeller vibration test of centrifugal
compressor

() IR F A S P
B10 i ESMHREDNR RS

Fig. 10 Impeller vibration test system of centrifugal compressor

3.2 BEOEENREERSHT

BRGS0 isfT, RgPListT
3R 5 628 r/min, R AR E S, JF IR St
ARSI, 2T BTT (5 5180 A4k sh
i, Hop 750 Fr 4R shill s 45 i 11 i .
F R R B S S 34T FET 2087, 7 5 ¥R 3h
PSR ZE R an & 12 Fs .

MRS ESPRIT-FFT ik Be, 55, FE 12
AR RE VEAT 10F50 I 5 SR)G , SET 0t 5 4ig shill & 2%
B, dST AR A DCHERE: , FIFH ESPRIT S3744)
R R SIATCR AT HER, RGeS AT R GS
5 s )5, 22 ESPRIT-FET J7 B 4 < 9ER

SR, W 13 B, ATLUR IR, BRI 7 5
IR SR A 635. 3 Hz.

e

SV A% /mm
=]

=3
e IC’
Z =

SV A% /mm

3

i
s
2

1 1 1 1
0 1 000 2 000 3 000 4 000 5 000
FB %

E 11 7SHAERSIMELR

Fig. 11 Vibration measurement results of the 7th blade

\g 0.004f—Tipl | , v
@ 0.003F
= 0.002}
@ 0.001
0
& 0.004f——Tip2
@ 0.003
E 0.002}
f@ 0.001}F

0 10 20 30 40 50 60 70 80 90
KR Hz

B 12 7SHARSESTER
Fig. 12 Vibration spectrum analysis results of the 7th blade

— — 0 ke
0.1
L 0.2 71
03
048

0.5

§T TORPT SO TORPPT SR TORPPY VRPN YORPY VIO FORPY TN PGP IR RPN TGT SN TGT SR TGP W)

0 100 200 300 400 500 600 700 800 900
B/ Hz
B 13 ETFESPRIT-FFTFFiER 7 SHFIRFNSHIFALR
Fig. 13 Vibration parameters identification results of the 7th
blade based on ESPRIT-FFT method

BT i — B F ESPRIT-FFT J7 32 19 i 1
P, ARSOG 750 e B R AR S S AT A b, BN AR
=SB K O 10 s, VAR {E S R0 i 1 4n



380 il

(EVE 5 S NI S 4

2025 45 4 )

Kl 14Ca) iR, FEXER AR S5 A T 3B, 2551
mE 14 fras, o] LLE I J ik 8 58
633.9 Hz. 5048 ik 45 5L 4H Lk, ESPRIT-
FET Jrikmt B IR sh A i 4 i 1% 22 4 1. 4 Hz, AH
XiRZEMN0.22% . Hk, T RLE ESPRIT-FFT
D5 BAE SR T AR R il T S

30
20
10
0

10
20

P F W%/ (um s me)

|
;
3% 1 2 3 4 5 6 7 8

o) =

10
1] /s
() BT
25
‘E 20f
E st
E;( 10
F 185
A II o L 1 Il

0 100 200 300 400 500 600 700 800 900
EpEA
(b) B o #r
E 14 7SHRARESTER

Fig. 14 Vibration measurement results of the 7th blade
M
4 % i

ASCH I B W A B R T
ESPRIT #f1 FET Sk BRI B Pk sh 28000041 55 0
Btf . ESPRIT Bk A3 HE R BEAIK, (H RS
HERR AT R PR SBCR A M , B X FET A0
TS AT R AR 8 AT WOIR B R IR Bl R A Al 1
fl. BRI, ARSCEEGWIRNEIL S, $ i —Fh
fil & ESPRIT A1 FET 0y 8 it 7k 3 2 809R 7
2o DFEAHTIER] T ESPRIT-FFT J7 B0y il 171
P mgd: . 7E B0 R 4E MR & 7 - Ak
ik, 5N AR EE RAH L, ESPRIT-FET
Jr B R PR 4 X 12 25 0 1.4 Hez, AEXT R 2R
0.22%, #t—EAE 7 ESPRIT-FFT J5 e 52 bR
TR HMNE . 2R, ESPRIT-FFT ik R
T FH T DA P I R SRR Bl A TR, X T B
M R Z054R sh S BRI 76 AR R TAE 4k
SLERIESE

SE

(118 . B0 R GEAIL I DR 2 A 4 W i 5 g s 750
ISR (D] KiE: KiEALT R, 2019.
WPV . B TR I A4 e % - I sl Al B 288
FRHARID]. KH: KAERS, 2011,

[ 3]FANZ, LIH, DONG J, et al. An improved multiple

per revolution-based blade tip timing method and its

[2

[

applications on large-scale compressor blades [J].
Mechanical Systems and Signal Processing, 2022,
167: 108538.

[4 ]DONG J, LI H, FAN Z, et al. Time-frequency
sparse reconstruction of non-uniform sampling for non-
stationary signal [J]. TEEE Transactions on Vehicular
Technology, 2021, 70(11): 11145-11153.

[ 5] CHEN Z, SHENG H, XIA Y, et al. A comprehen-
sive review on blade tip timing-based health monitor-
ing: status and future [J]. Mechanical Systems and
Signal Processing, 2021, 149: 107330.

[ 613K, BekWr, WAL . FE T M ARE M BB B0

Jr AR LT ] KR Rk (AR P2 5 T
AR , 2016, 49(9): 951-955.
GUO Haotian, DUAN Fajie, WANG Meng. Engine
order identification based on blade tip-timing single
parameter method [J]. Journal of Tianjin University
(Science and Technology) , 2016, 49(9) : 951-955.
(in Chinese)

[ 7 JHEATH S. A new technique for identifying synchro-
nous resonances using tip-timing [J]. Journal of Engi-
neering for Gas Turbines and Power, 2000, 122(2) :
219-225.

[ 8 ]LI H, FAN Z, DONG J, et al. An improved blade
vibration difference-based two-parameter plot method
for synchronous vibration parameter identification of
rotating blades [J]. Measurement, 2023, 207:
112397.

[ 9 ] CARRINGTON I B, WRIGHT J R, COOPERJ E,
et al. A comparison of blade tip timing data analysis
methods[J]. Proceedings of the Institution of Mechani-
cal Engineers, Part G: Journal of Aerospace Engineer-
ing, 2001, 215(5): 301-312.

[10] KAZMIERCZAK K, PRZYSOWA R. Standard sine
fitting algorithms applied to blade tip timing data[J].
Journal of KONBIN, 2014, 30(1): 21-30.

[11]FAN Z, LI H, HUANG J, et al. Blade vibration
difference-based circumferential Fourier fitting algo-
rithm for synchronous vibration parameter identification
of rotation blades[J]. Sensors, 2024, 24(24) . 8083.



CEVEE 172 1)

Bl ESPRIT A FFT [ sh it B3R sh S8R e o8 GEIR I 5 381

[12] WANG Z, YANG Z, WU S, et al. An improved
multiple signal classification for nonuniform sampling
in blade tip timing [J]. TEEE Transactions on Instru-
mentation and Measurement, 2020, 69 (10) : 7941-
7952.

[13] WANG Z, YANG Z, LI H, et al. Subspace dimen-
sion reduction for faster multiple signal classification in
blade tip timing[J]. IEEE Transactions on Instrumen-
tation and Measurement, 2021, 70: 3509510.

[14] 11U Z, DUAN F, NIU G, et al. Reconstruction of
blade tip-timing signals based on the MUSIC algorithm
[J]. Mechanical Systems and Signal Processing,
2022, 163: 108137.

(15] 2= B, BoR B, BRFHWG , 55 . 55T AR I A e

BRI 3 sh93R BHR ESPRIT J7i: (], PRah 5 o
i, 2010, 29(12): 18-21.
LI Menglin, DUAN Fajie, OUYANG Tao, et al.
ESPRIT method for blade vibration frequency identifi-
cation in rotating machinery based on blade tip-timing
measurement [J]. Journal of Vibration and Shock,
2010, 29(12): 18-21. (in Chinese)

(16 B4, 2R3 hi, R, & . T SRR/ ek

D) i@ e AN AR 5 ) R 1) I AR I R AR AR 5 2 AT
(J]. HULM T A28, 2019, 55(19): 103-111.

HE Changbo, LI Hongkun, ZHAO Xinwei, et al.
Analysis method for under-sampled blade tip-timing
signal based on the rotational invariance technique with
total least squares principle [J]. Journal of Mechanical
Engineering, 2019, 55(19): 103-111. (in Chinese)

[17] VERCOUTTER A, LARDIES J, BERTHILLIER
M, et al. Improvement of compressor blade vibrations
spectral analysis from tip timing data: aliasing reduction
[C]//ASME Turbo Expo 2013: Turbine Technical
Conference and Exposition, 2013: 1-8.

[18] DONG J, LI H, FAN Z, et al. Characteristics analy-
sis of blade tip timing signals in synchronous resonance
and frequency recovery based on subspace pursuit algo-
rithm[J]. Mechanical Systems and Signal Processing,
2023, 183: 109632.

[19] CAO J, YANG Z, TIAN S, et al. Biprobes blade tip
timing method for frequency identification based on
active aliasing time-delay estimation and dealiasing
[J]. IEEE Transactions on Industrial Electronics,
2023, 70(2): 1939-1948.



