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Flutter boundary prediction method based on flutter-sample

identification and flutter-degree analysis
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Abstract: A flutter boundary prediction method based on machine learning was proposed, which
can predict the flutter speed before the wind speed reaches the subcritical state. The flutter signal features
were firstly extracted from the wind tunnel response signals, and the classification model was established
according to different flight states. Then, regression models were established under different flutter-
samples for flutter-degree analysis. To predict the flutter boundary, the results of flutter-degree analysis
were weighted to obtain the flutter degree corresponding to the current wind speed according to the
classification performance of the response data, and then the flutter wind speed was calculated. In the
selection of machine learning algorithms, machine learning algorithms such as Naive Bayes, Support
Sector Machine and k-Nearest Neighbor were performed to construct the classification model, while
Linear Regression, Support Vector Machine and Gaussian Process Regression were performed to construct

the regression model, which was used for flutter-sample identification and flutter-degree analysis
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respectively. The results showed that the k-Nearest Neighbor algorithm performed best in the classification

algorithm, while the Gaussian Process Regression algorithm performed best in the regression algorithm.

Through cross validation of test data, this method can accurately predict the flutter speed when it was far

from the flutter boundary.

Keywords: flutter boundary prediction; machine learning; feature extraction;

flutter-sample identification; flutter-degree analysis
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Fig. 1 Flow chart of flutter boundary prediction based on flutter-sample identification and flutter-degree analysis
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Fig.2 Low speed wind tunnel test of an aircraft wing
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fajfen] LS 2|

P(ty,D,C(X,,X,;0),0,Xy.,) =
1 [_ Ctya —fN+1)2]

z exp 2O-’%NJrl

P (ty.D,A,B,Xy,1) =

a4

Horpive g SR L R, AR 0 B Ry 24 T
PLFEAT 0

T 7 e B 3 A T AR A 44 T B AR B 3 AT A
K 48 B RIAZ bR BB A5 21 A 1] ) A R f A, ST
RMSE 40.030 3,°E4MAE 240.020 2, FR-squared
4 0.98.
42 EAEREE

5L A3 BB AL, T RO K
B Bifs AU AR b o A B 50 A LR, T AT A
P A AL B

4 Fp [l 9 5509 ) R A AN A [F], an e 2 o .
M3 FIPEH Fa bR ok, e 7 A R (] g SR
Saftl, S RMSE 7 0.030 3, - MAE 7 0.020 2,
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Table 2 Statistical results of prediction of each regression

algorithm for flutter-degree analysis

- TN DR
RMSE MAE R-squared
LEmIe 0.0596 0.0379 0.93
[B])A PSRy 0.038 6 0.0253 0.97
HRFIA L 0.0502 0.0298 0.95
AR e 0.0303 0.0202 0.98

V-4 R-squared 2 0.98, A I % 43¢ e 107 o A [l )5
SRR Ay B A A TR Y [l I B3

5 IREEIRREIE

TE Gy ALY 5 [n] YR 57 S8 i, R A2
SUBUERY T XA DTS TT AT . R B
— L WR A, 230 BE AT BRI A TR R B 4R JEE
3BT, IR BRI U 4 25 2R 5 S PR BRI KU X L,
AT LR AR . T 2R A, TR AT B
PRAE AU I, 200 BRI S o MY, AN 45
YR S A RO 9 55 A1 18 2 AR BOHE A T 4y 26
IR, SR 24 i K R AT BRR R AR, 2 ) P
S0t WIR B S A, TN B i S
5.1 SRR {E 1% BRUER Y

Bl 58 UBUIR A5 5 P i S IOR BRI A AR
e, o3 R G2 R o D R 5 4% WIR BEAS 1Y
UL 45 (R RO GE T R 2R, Ak 3 s, D9 5 4
B AR 4 CBUAIR i 573 2 39 m/s) BiAIR JEE 4 0.6
I BEAT 70 85 AR GEit 2 0t . 7E -5 il A dis
AR S A BRIR AR Hh, s e 2 A SR IR AR DL B
{E, S ad B4 5 R I B AR SV R 22 RO BRARFRE AR,
WBREAS 2,17, 19, BEIER A F] 0.4, 0.6,

®3 FsHRRBEIRERRT
Table 3 Statistics of classification results of the fifth group

of test data
BRPRAEAS ARLEE /% BRAEAS AABLEE /%
1 11.39 11 3.96
2 0 12 6.44
3 0 13 20.79
4 0.49 14 0
6 6.93 15 0
7 38.61 16 0
8 4.46 17 3.96
9 0.99 18 0
10 1.98 19 0

0.8 0.9 HEHE, ZEERARAMIRE R 3%. 5%. 7%.
9%, 12%. 15% I Ay B4 T 000 55 2, DA ok ok 6 456 e
Dt B e AR AF AL 1 1

HUE IR B 7K 3] 0.6 (X 0 52 Bisf AUy 0.6 x 39=
23.4 m/s) (19 B Ry 161] 44 S5 A AH AL i B 7% BT
55107, 13 AU R T S AR AR AL 1B, 40 A
W 4 S0 A AR T AR SR BRI, A
Ufoh 23.4 my/s 1 R, 550 B e 42 30T okt JXUEEE 1) 5 9
23.37 m/s A A 1 W0 E5C 4R T ) SR R U 43 i 1
7. 13 41 A A [l U5 AR R XoF 72 0 5 4l gk A T
3 S0 TR 24 RGE X R Y B AR R 0.505 7.
0.602 4. 0.662 2, fid 4l 3 (9 7345 R e A7 ALt
A5 w ) B FE R (0.505 7 x 11.39+0.602 4 x
38.61 +0.6622 x 20.79)/(11.39 + 38.61 + 20.79)=
0.604 4; U] 5 0] 114 B3t FI i S5 33 Ok 23.37/0.604 4=
38.67 m/s, X [t EL S A BRAR I S XU E R 39 mys, 1R
#7 0.83%.

DB 0 00 15 2 A DA FE b, 45 B IR R R
BT 4 B0 TO0 A 5 AN 4 BOR, R34 0T LR
M 2 SR R B (B 7% B, AR B R s %) B
P T0UINRG BE e v, AR SR H 0AE T A B Bk
1 S8 52 32 i, i ke B i 3B AT — AR A v
T, PRI B 7% A Sy S AR AL (LA Ry 3 B A 1,
KA BIHRAEAS TN

F4 BREAURETHIRTIRE ST
Table 4 Statistics of flutter prediction error under each

lowest similarity threshold

BRI R /%

BPRIE
b=3 b=5 b=7 b=9 b=12  b=15
0.4 —8.60 —8.60 -794 -923 -923 -923
0.6 -1.73 -2.02 -083 -0.83 -384 384
0.8 412 -497 -556 -739 834 834

0.9 0.39 017 -0.87 -1.10 -1.25 -1.33

5.2 ENIRFAIRE 554

A [7) S2 Bsf JRUEE T A S8 A T R e, T
W22 5025 25 AN R) A B0 132, DT 285 45 244 iy XL
TIOR8 BE, B Vewrent/ D = Vewger o P I,
TR A A, XU AR B A O R %
LM FR . AR 6, 1 HARE I A TR0 ) i
JE B XU 1 5 R AR fR 28 o 76 KU KT 18 mys
B, XU 5 B IR 3 1 M OC R T AR, BRI
T B WM AE 37 m/s bR R 3 0% B, SR T
Mas Rl FRoE . XEH TZERIN RS R
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6 RIS R R ; :Z i Z
Fig. 6 Relationship between flutter-degree and wind speed ' ’
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WO R - £ AR 4B b 00 O 1 R 1 P 2 >
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%éLﬁEﬁj‘j%‘iﬁﬁﬂﬂ\ T’fﬂﬁ%gﬁyﬁ”ﬁﬁﬁ&fii:@ i Table 6 Statistics of flutter prediction error
B A 22 A LT s B T a5 DR A%
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