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An Adaptive Quadratic Chirplet Transform Method

CHEN Jinke, SHI Zhiyu, PENG Xujun

(College of Aerospace Engineering, Nanjing University of Aeronautics & Astronautics, Nanjing 210016, China)

Abstract: Time-frequency analysis becomes a powerful tool for processing nonstationary signals and is widely
used in mechanical condition monitoring and system parameter identification under nonstationary operating
conditions. However, conventional time-frequency methods can hardly effectively handling nonlinear
multicomponent signals with closely spaced frequency components or even crossing frequency trajectories.
This work proposes an adaptive quadratic chirplet transform (AQCT) method. The approach computes the
quadratic chirplet transform (QCT) of the signal, in which a quadratic frequency modulation parameter is
explicitly incorporated. The maximum amplitude signal is then iteratively extracted from the residual QCT,
and the QCT contribution of the detected component is removed from the residual representation. Finally, an
accurate time-frequency representation of the signal is constructed based on all detected components.
Simulation examples and a three-degree-of-freedom spring-damper system model demonstrate that the
proposed AQCT method can clearly extract the time-frequency representations of signals with closely spaced
frequency components and crossing {requency trajectories, and that it effectively overcomes the limitations of
conventional time-frequency transforms in dealing with higher-order frequency variations.
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(35)
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(4) DB A58 22 QCT R BRES £ TR (A 15
SO EM QCT R4 A+ 11522 QCT
X, (thw,c,q)= X, w,¢,q)
(37)
(5) HE LI (2~4) B AQCT ALK ELI
MR AFZREQCT MEEE K BIE T 0, K T ik
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il 2 AR 2L
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K ec(0, 1) HREE R EAAQRE . X FRM
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Xt w,c,q)—

<e (38)
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Fig.11 Time-domain waveform of signal D
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500 4 #% 91-1 7K 43 A0 (Pseudo Wigner-Ville distri-
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linear chirplet transform, GLCT )l H 1& v £& I 45
/N W AE # (Adaptive linear chirplet transform,
ALCT) By 850 53 A BCR HEAT X L . (55 D&
PWVD GLCT #1 ALCT {4 i 45 53 Br 25 5 43 51 4
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B AN B A — A T 0 R R Ry
B e Koy i & B8R i &l KR IE(E
BN AR . ALCT #5321 % i 551 1] 2 (A i
et 3 HCHL R A MR B Sy BT R . A ALCT J5
T 2 P R A0 R I, > Ak B AR M TR LA S
I, AL — (18 22 M R A0 48 2 BT U DR AR 5 1 4
ACFRAE

60

W% / Hz

201

1 2
A e /
F13 {55 DMAQCT
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1Y R, XS N A B i FRR 2528 0.67, 43 1 2 1Y R, Xt
N ELE B R 28 0.33, Bisr i R, Z 1 LR 1
(PR A DL T BT A RE 12 A0S % i T 2% I 030 2k MY
E)o MELIHILER,AQCT KR, 5 R: VLK
{5 70 i Z F R, 4L BE B R R AQCT i
B ERE S S U E (2 4 3 R TR EREA NN
FEE s PWVD B R, 5 R, LKA 5 7 BEZ AR, B2
B BRYA I 22 B, ¢ W] LI A5 BE 12 7 B 0
AT B R R GLCT B R, A X PW VD 44
w . B R, 5 RE AR IE R IE LT R AE L E , 2
GLCT i ] F B35 73 d 5 = v £ U 22 B 4k 1T 448
FTH A S ALCT 8 PWVD 5 GLCT g &
RAENEIE A MR T E A5 T AQCT, £ Wk
P ] 01 2 4 A AE — € FE B R T T I AE
RAENE B3 Hr = B R A AL S A 7 RE R Y K
B1E S8
®1 ESDHFEEREUNILER

Table 1 Comparison of time-frequency energy concen-

tration for signal D

Tk R, 1) RL(G2)  R,(EMFES)
AQCT 0.67 0.32 0.99
PWVD 0.34 0.17 0.51
GLCT 0.51 0.14 0.65
ALCT 0.52 0.26 0.78

2.2 BAXNGERSENEHERS
AT GIA— A BA 32 SR oy i B R A
ff%9 E, Hkikn

X =4, cos(ZnJgf,,( z)dzf) (46)

XA A =1.0, A,=0.6,/(2) M E N
fi(2)=161"— 48t + 40 (47)
fo(t)=—16¢+ 48¢+ 10 (48)
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Fig.17 Theoretical frequencies of signal E
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ALCT 3X 4 Ff 5 vk ) I 051 8 £ 28 48 R 1135 X Lh 45
o TLUR B A 28 U o B 2 0 i[5
FLAQCT W R A T4 #e 1R, HA few i
N A7 fiE i B8 45 PE s PW VD B I 47 8 5 78 % AN 95407
PN 3 A5 55 R, B e SR AR MR A I GLCT 1Y
R, 5 R, WA E L T 0E(E LU (H , 59 7 515 5 G ik
Brak o B E S e R M ALCT % PWVD 5
GLCT — & 2 L4 TF 7 Mo gk & RS (0 R,
{EA KT AQCT.

x2 ESEMREEREEVTILER
Table 2 Comparison of time-frequency energy concen-

tration for signal E

Ji ik R,(E 1) RI(GE?2)  R,(EFT)

AQCT 0.66 0.32 0.98
PWVD 0.33 0.16 0.49
GLCT 0.52 0.15 0.67
ALCT 0.51 0.25 0.76

AR BB S 5 3 AQCT ik A 5%
PESEAT T 1AL . AQCT R A BE B 5% 22 2% AR ML 2
U5 B B IURRAE |, B — R 3% A FE R AE 2 i 5% 22
g 3 N TR 5 15 S 43t R R T SR DR R Y S
B, N AQCT K55 Z W e 48 22 5 5 1Y o &
AN R TF WU R BNE S i S R b
BUIE 43 5 B 5 I AR R AR I -
PREC R R 2R A S BN . 5 I Ab 3 Fh e
W3 BT 5 3 L 1 5 SR 3% ) 7 A 3SR 401 43 M i
FLEL A 38 XU 43t 2 AR SR i 19 2 4y A5
B, AQCT J5 i B4 T oA A% 52 B 05 43 07 75 1k
) B A3 B P i
3 AQCTERZTRESHIZF H

Mz F
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Fig.24 Three-degree-of-freedom spring-damper system
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Table 3 Structural model initial parameters

SR it ZH i

m,/kg 1 ky/(Nem ') 6 000

m,/kg 1 ¢,/(Nem ™ ") 0.2

m,/kg 1 ¢,/ (Nem ") 0.2
£/(Nem™) 12000 | e/ (Nem™) 0.2
b,/ (Nem ") 15 000 ¢,/(Nem ) 0.2
£/ (Nem ™) 10 000

XH izt AR Z 48 i CE S e S RN AR &R
G E B IS R S



706 M AU AR R 4R (A 2R B 27 B

i 58 %

Aky =4 000sin( 2xz)
Ak, =5 000sin ( nz)
Ay =3 000sin ( nz)
Aky=2000sin( 2xz)
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Fig.25 Time-domain waveform of acceleration response
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Fig.30 The first-order instantaneous frequency identifica-

tion results
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cation results
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tion results
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% 22 1 4t (Mean absolute percentage error,
MAPE)

~

1 N, )/i — y,-
A NOAE 5 BR AR SRy, Ay, IR I 530 114
IS 5B . MAPE (R R 2 7% 0] 45 5 it
W AR BT a R AR 4 s Hoh (5 e L
50 dB o MR 4 AR AT DUIE B A B A
RPN LB iR 2278 10 2, 40 2 3 BriR 2245
WAL 0.500 2y o XUEW] T 2T AQCT Jr ik 47
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Table 4 Error analysis of instantaneous frequency iden-

MAPE = X 100%  (50)

tification results

PRl Y %Nﬁ’l‘ﬁy%ﬂﬁ %AZM%N %3%%51
i /Hz Wi /Hz A% /Hz
AQCT 1.154 0.496 0.504
ALCT 4.047 1.557 1.315
GLCT 18.315 7.216 3.283
PWVD 53.029 14.372 10.119

4 & it

AR ST St A R 2 43 AR T DA BOA SR B 58 S
ek 2 50 A5 5 BB 43 B [R) 3, DA — &R 91 Ze ik
PR R A R R R SO RAR S QCT,
i 5% 2% QCT 2 AR b Al 3 8 {8 55 KW {5 5 2 & 4
P I AE S B0 (8] P RS B T A I 43 15 55 D RE 4
B K 0 B 1) 4 3 4 R AE A HE A 5 04 v B IS A
FAE o 1P % AR 1 BE R B AT LA 3k G 43 i R 7E
5 R R AR T A A L, AT RE % TR B
5 7 AR 20 43 AH A DL B LA 38 SO B 1 o
RO B ENAENMS SRS ERET. B TS
AT ZUAB SR T B R A i 0y ikl e
YHE B 220 1 {5 5 1) S AR AT

BB A5 5 501 5 AT R e R A M A AT 2
JEZRUA 6 00 2 A 43 AR A EL A A8 XM R 4y 1
PRI B 2 50 BARS A% G 0y LA BT 7 AR
B (1) B A 2 e B AR 2, R MEME ER R 5
() B AARRAE T AQCT HL AT S5 fE 1 B 471 38 B2 1 i
TE = H i BB e R GBI AL b X L A 3 st
AR T 7 L BT AQCT 114 I 431 43 BT 45 R 42 H 1
Z G50 BE R R A S 0 = B B AR HLA /Y
AR AU IR 22 | I UE T A SC T $2 1 19 7 % A 1) AR
258 S BN N A RO

AQCT W R HEE T - BRI ASH
QCT BB /L T AQCT i E R ris s, H
FEE AT B T AQCT W ARG (S 5 B4 B 20 1) D%
B A3 32 5% B 42 1 8 A0 % 5 5 Bk 0 R A % 1y o 4
HE B 43 B 5 S 3K 115 55 S IR AQCT 7
BRI ERCE I SR Z RN . T
AQCT R FH i {8 % e HE B %, 24 H A 58 XU R
G35 (4 2 03 AR 5 AR R AC A e — R
R AE I, AQCT 1 I 451 53 By 45 RAT) A7 A2 2 U 25
REMG,

S E Wk

[1] YANG Y, PENG Z, ZHANG W, et al. Parameter-
ised time-frequency analysis methods and their engi-
neering applications: A review of recent advances[J].
Mechanical Systems Signal Process, 2019(119):
182-221.

[2] ALLENJ B. Corrections to “short term spectral analy-
sis, synthesis, and modification by discrete Fourier
transform[J]. IEEE Transactions on Acoustic,
Speech,and Signal, 1977(25) : 589.

[3] MOORE K J, KURT M, ERITEN M, et al. Wave-

let-bounded empirical mode decomposition for mea-



708

BRI MR Rz R (A R B 22 D

i 58 %

[4]

[5]

[6]

[8]

sured time series analysis[J]. Mechanical Systems Sig-
nal Process. 2018(99) : 14-29.

FENG Z, CHEN X, Adaptive iterative generalized
demodulation for nonstationary complex signal analy-
sis: Principle and application in rotating machinery
fault diagnosis[J]. Mechanical Systems Signal Pro-
cess, 2018(110): 1-27.

YU G, WANG Z, ZHAO P. Multisynchrosqueezing
transform[J]. Industrial Electronics, IEEE Transac-
tions on, 2019, 66(7): 5441-5455.

DAUBECHIES I, LU J, WU H T. Synchrosqueezed
wavelet transforms: An empirical mode decomposi-
tion-like tool[J]. Applied and Computational Harmon-
ic Analysis, 2011, 30(2): 243-261.

AUGER F, FLANDRIN P. Improving the readability
of time-frequency and time-scale representations by
the reassignment method[J]. IEEE Transactions on
Signal Processing, 1995, 43(5): 1068-1089.

GUAN Y, LIANG M, NECSULESCU D S. Veloci~
IEEE
Transactions on Industrial Electronics, 2019, 66(8) :
6270-6280.

YANG Y, PENG Z K, MENG G, et al. Spline-ker-

ty synchronous linear chirplet transform[J].

nelled chirplet transform for the analysis of signals
with time-varying frequency and its application[J].
IEEE Transactions on Industrial Electronics, 2012,
59(3): 1612-1621.

MANN S, HAYKIN S. The chirplet transform:

[11]

[12]

[13]

[14]

[16]

Physical considerations[J]. Signal Processing, IEEE
Transactions on, 1995, 43(11): 2745-2761.

YU G, ZHOU Y. General linear chirplet trans-
form[J].
(70/71): 958-973.

GUAN Y, FENG Z. Adaptive linear chirplet trans-

form for analyzing signals with crossing frequency tra-

Mechanical Systems Signal Process, 2016

jectories[ J]. IEEE Transactions on Industrial Elec-
tronics, 2022, 69(8): 8396-8410.

ZHANG Y, JAKOBSSON A, MAO D, et al. Gener-
alized time-updating sparse covariance-based spectral
estimation[ J]. IEEE Access, 2019(7): 7143876-
7143887.

Ko7 B T TR /N B T I AR R A 2 0N
S5 WS LD]. F At BRI R KA, 2021
ZHAO Zongshuang. Research on parameters identifi-
cation based on quadratic chirplet analysis for time
varying systems[ D ]. Nanjing: Nanjing University of
Aeronautics and Astronautics, 2021.

URBANEK J, BARSZCZ T, ANTONI J. A two-
step procedure for estimation of instantaneous rotation-
al speed with large fluctuations[J]. Mechanical Sys-
tems and Signal Processing, 2013, 38(1): 96-102.
CHEN X, FENG Z. Time-frequency space vector
modulus analysis of motor current for planetary gear-
box fault diagnosis under variable speed conditions[J].
Mechanical Systems and Signal Processing, 2019
(121): 121636-121654.

(%% TR 3B )



