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Abstract  The shock tunnel ground test is vitally important to the research of the high-enthalpy aerodynamic
characteristics of hypersonic vehicles, and the high-accuracy aerodynamic measurement is the key technology. When a
force measurement test is conducted in an impulse shock tunnel, the flow field is established instantly after the starting
process of shock tunnel, at this time, the great impact loads are acting on the force measurement system. The force
measurement system is excited under the action of instantaneous impact, and the inertial vibration signal of the system
cannot be rapidly attenuated during the short test time. The output signal of the balance will contain the interference due
to the inertial vibration, which leads to a bottleneck in the further improvement of the accuracy of the transient force test.
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In order to improve the force measurement accuracy in the short-duration shock tunnel, the development of high-
accuracy dynamic calibration technology is the key method to improve the performance of balance affected by inertial
interference. Therefore, in this paper, recurrent neural network is used to train and intelligently process the balance
dynamic calibration data, aiming to eliminate the vibration interference signals in the output dynamic signals. The error
analysis of the current method is carried out, and the reliability of the current method is verified. The method is applied to
the data processing of force test obtained in shock tunnel, and the effect of inertial vibration on the output signal of the
balance is effectively reduced. According to the sample verification analysis of the intelligent model, the relative error of
each component load is relatively small, where the case of high-frequency axial force component is about 1%. In the
verification of wind tunnel force test data, the good results are also obtained, which are compared with those processed by
the convolutional neural network model.

Key words dynamic measurement, shock tunnel balance, dynamic calibration, artificial intelligence, recurrent neural

network

5l

jillls

B ML AUR BRI AT R e, il ol R
ZENFAE R K E B Z REFMERAGI, K
Rk 1e) B EL AT T g i SO T R
1T 48BN AMEA R Bt FLAL 1), & ks RE <3
I 0 38 e MR R Wt XG5 T LA
O ettt L SE AR RN BT T4 3t T S 1) K, [ B
O 3 e A AT AR T USRI OC B R R S

H A, S AT W 1856 AT A7 E VF 2 R D)
RBEBA i) 8, 32X 48 ) S BB KR P 771X B
A A B PR AT ST UR A4, B EE B ) 2
— BRI 7] & G¢ (force measurement system, FMS)
RS TR B b 5 D I 45 i B 4R 5. A AT
W IR K I, R RS- SR R I ) R G832
2|l i b ok v P AR SR BN, IX SR BN T AR R
6] A C R ok, B R AR A S P
BB A T IE T, T R I 1K )
R UERED),

AT g R R ) PR SRR XTI e g 8 U 1 i)
B, EASNEE TR TS RIS, KT 2 FhR
R (R ik o BY R R, 0 s RSP B BE v R
o N AR #MERR P HK e B N AR R S
S BRI D BOR R, SR s H B R A S B R
v ) B A R HES 7). o BE vk RSP RN
BRI R0 e B e A< ey L i b By 2 L A
B2k AMERURSE R BexHE 5 b i 405 = AT Ab
%, TVEBCEAR LA &, BT UAOR BEA et — B4R
O, AR RSP I E ARG, A R T 1 S P T I8 XU

X Rk B v & . ik YN AR R P AR Y AR R F- Y
Fenilh E3EAT T OGE, 1B T RPINIEE, Re AR R
A R 5 I (8] N 3R 15 2 AN R R4S 5, (B4 e
PRI R G 3ty K (TR0 7190 BT LA, R T A2
FE AT A% RS BE I 750 ) 7 3K, R AR ORS A
JEE W e AR e N B AR, RS A B R AR A O R
GUARAT L, JE A FUBB X S e il g 45 R ) ok
BRE, HE AR EX.

E Sk ek IR I R 56 v ) 3 B A EE, R
TR R AR AE 2 A A 0 36 i RO P R 1) K
BEROR. — 22230 XU K P 1 3h AR HE 8 XN AE
AR HE ) B Ail b, R AT 2500 ) AR AE R AL AE X
T R 5 R PP AR | 4% 4 KRR S i & 3|
RV BAMERERE A 22, B LG T B0 KU il
KA 5 2 B 77 T A B AR 70 RN T A2 R H b g /b,
Hil, AEREETHREX RN REDE
F R (single-vector dynamic self-calibration, SVDC)
T3 IE R F Bk B XGR B 7 R, fEHLE AR
PR SHERINGE RS ORI G R M E M %
(convolutional neural network, CNN) #% ] -F- K °F
W 25 R Re AL AL B, 133 T BN FARM B
ooy 45 R 2V, BT IR BE 2 ) BRI U R P 3 &4
HEHR L BCHT B, H 74k TY12E 0 U0 EL.

AICLE SVDC J5 ik 3Eat b, 53K A 20
Sp R IRR SR A ) 2 5, i — PR R e Y
R B B A 2 i B LN FH () P SE . AEAR A I
ERAR TR R EL L, SR G MR M4 (recurrent
neural network, RNN) X # X = (i ) RGEEAT
AN TR REd A, AR I BRI ) R 4 i 15 P 4 3
TGS, kB BRABEENIHENFES. B



P 3]

2338

i 2021 45 53 %

RNN A5 CNN BRI R 45 RBEAT X LE, A X
{18 RV PR vt R B 20 A R HE T 3 A ] S FR B0 4.

1 RNN ZEXEHEREFHNA

1.1 BREHNEBERARE N

A2 G 1) XGRS P — MR FH B BR e Yy 284 T B &
KA, BIIE 7 B SR 2 ey B oG n 28 V2ot 3Lt n 3
AW AT RHE. 1% 7 R RETE R & M n #0717 b
X RV REAT B A& bR €, B bR 2 R 56 76 1% 1)l
b B AHEREAY I 7 gk, FF R4 fa ke Ja , Ik R )
B AR ER BT, AT S I RSP it n £ B BR 4k
i 222 X R B A b € AT — E 1) R R, Xt
Bar N 7 A AR K. O TR R PR E T
) SEINT 2 EERAES, KETHRREDNEH
RAEFEAR P, AR F A e LR B A FR 5 H 18
T8 A B — 7 W B AR T, T e AT R — iy )
B, R R AT LU R R B 32 il ik
A SN 1) 22 93 R AR

R BB AR AR A+ AR N 2 10 7
RN HEAN W ) R G, I AEAT T ) B AN 22 it
INERL B AT, BY T 22 1% [R) 50 28 7 AR B BR 3R A A
B 22 55 P R BRI S N 22 T AR RV R Y, X o
BT IEXT AT I HE N K /N 7 1) RO D s 440 T ok
B A1 ROk A8 A 1 I 480 T DA S I 22 43 BB BR 4K A
(7] B RS ff I 8, B4 6 S B IXGIRR 36 P 1R S0 3h 1
By 2, HORTHERE S . R R 2 A R HE VR0 1) 52 it
LIRS WOCHEK [21)].

1.2 ETF RNN BUEh A48 8914
1.2.1 RNN F R fry ) 28

Xt T VF 2 AR HLAS 2% 2 ) K 5, 5 AE S IR
s RO HARR WA S AL G bl a2
U5 ER AN THRIURFALE, IX A A AN 5 24k 2
OREE R N ) RO 0, 10 L TG AR 4 b i B S A v 1)
FFAE. IR BE S 21 7 ARG AR TR 13X A ) L, 308 1od 1
BX AR E L R R 8, B 3 4R
ol o 2 2 IR IR IR R, OF R X4l &
R I 25 R R e . R >0 B N T B ARRUN, BR
fEC 2 HE BINLAS 5 2] B9 5 AWK, v 35 10
R A0V NSRS PO Rl

B KPR 5 T ks TG 5, 1ERE
TEREREARAR S, KRB ST B o

250y Wt AT I B 27 2, v UL B SRR 3h T A5
TR ARFAE, KX S REAREAE F sh 41 O A
{iE, AT 58 BN RS 5 B3R5,

A G5 1) 1T 15 22 9 4% [] )22 o 8 G 2 (R A 0
F, o b B A A ] e A4S R, RIAEVE 2 N
FRAFEAE R PR . RNIN G2 I B 27 ST BRI 4
W 5% 25 K, G 32 B RN e e, Ak B R FRU e 471 £
P, /£ RNN #AY eh ) 2% HAT 9042 D g, P28 45 1)
B 22 Z ) 0 U AR, P BRj)Z (hidden
layer) HA AL %A JZ (input layer) ()%,
A b 2Bl . B 1 2R T RNN Y
RIZ% S5, bR e Al — 150 5 2o 24 A i 20 A0 b —
Z\. WEI AT EUE ), %5 T 240 %0 ¢, B8 T b, SE
)45 52 4 W B0 N2 B0 x, T — I Z I Bk 2R &
h_y K= 4 o, (output layer). B2 ) [R] B 42 44
T A5 BALIE ()38 B, AT SEBRAS BN A7 £ A4 L.
RNN 1T [ 5 M 28 55 4 47 (£ L IR 4§ (retarder) #4 %,
(]S, g — o K ) S 371 40 ) o 22 A ¢, ALY
WIZR30 45 K HBE T I 18] £ S5 1) 4% #5302 (back-propa-
gation through time, BPTT).

I output layer o, |
7}

h, [ h
[ hiddentayers, |
F Y T
X, h

l input layer x, I

B 1 PR 0 I 5% B 0 4 s R e
Fig. 1 Diagram of RNN unit

T R A5 5 A0 B — A sl & E
o, AEE AT B SR MBS A W5 S,
AR 4 A A I (] m] LU AW ) R 2 JIRA, Mo
RINN A5 70 8K e 5 B AH G 1) ) 8, #4CR FH RNIN
R0 R4 A5 5 AT Bh A RHE I Zx.

TESEFR I Zrid fE b, FEA T3 K2 3 Bk
I FAS B2 VR R R A A A 1) ) 271, e AL
M 4% (long short-term memory, LSTM) (1] H IR o T
%7, LSTM 7E RNN (¥Rl B34 11 854,
FFIE G — BT ] G R A IR PR I 5 w1 A 22 Y 4%
ARSI ZI R A SEBGE WK A LSTM 4584 1)
RNN HEAY LEARAE ) RNN AR I H 4. [R]0, 7EAR



% 8 M o

B DT PAAAEE P AR RSP RR T N

2339

AER) RNN BR SRS 1) 4% i i ml (1, 85— J2 11
RASALRAR AT S B AT, SR E S rh, 4
AT IS 221 %) i LB AN DR 2 T RR S %, B RIZ S5 1)
WA K, Fr LA TG Z R LT LSTM X ) 1§ 54
28 M 2% (bidirectional long short-term memory, Bi-
LSTM).

122 HARESHIELRE

X RNN I 255 e AL, 75 ZEXHH00bR 2 )
RERELBHNERGE TINEHEKR NEHEAES
i 5 Sz s KRR 5 RS 5 B A A (R 4
fit, FEAE R I3 TGS, 2T SVDC HARTE
JRGITR A0 S B R Ay SR B e, 16 B B XU
M h ZRG AR, AL, R RS0 S 3 45 M 41
Hrh BERCK F 2 HE M A 100 KBED 750 mm IR bR
AESRHEN 1) BERY, RV R H = 2 bk B N AR K,
=HEKRAER D Y. N5 M, Fdhe 0 X,
SRR JI3CH S5, BARG R 2 Fos.

ﬁ;!‘ ¥

G |
iFMS ;
(model, balance §
and support)

2 MR R R
Fig.2 Step load acquisition device?']

AR T O 58 I B R 34 R 26 R 4R

T 120 A EBATE S HEAR, T RNN BAYIZ.

H1 T 52 3 B BR R o 0 A8 B P AN 22 1Y) SR R PRI, R

5 F 1R OT 4 A5 5 AT S B KU 56 B R 4

AR SRS, A T 8 AR VI ZRFE AR XU A58 £

o i — B0k, fEVIZRA R, G — xR P4 45 5 it

ATARUEAL AL BE | 5 B H4z L 1 45 T, G — st 31— A

ZIN B S X 1) N 50 P b A 58 P9 45 B 81 (1 )1

25, A TR RS S5GHE FBE ANTH SORS BE (R T A8 VI %

SR, T BT IR AE TS A R, T S AT
b EE.

E b v Ak A B KR I, SR FH 2 A 1 bR B0Ks R

- (o A S AR B (-1, 1] 2Z 8], BARE: ek Bk

= (1)

T max (|x])

AU x 2 SRR B, max (|xl) 2 [ 4R 4 Hh 4 X e
KIE, x* ARAEAL 2 J5 (R B . 30 RS 5 46k o K

x' = max (Jx]) x* )

T K bR AL S TR S 100 Bl S 15 281 1) i 4 B

BRI, A ST ) 3 A JEL B it A g s A 1B P e 3 T
W B EGE S ENMAFEA, BAAR KB4 E 0 H
Frigy U REAS, 8 4 2d LSTM A1 Bi-LSTM A7 1| 5
FEAR, XA T HRA5 5 3047 2 20, R IE T
Pfs 5, Wi fih BARR s B 5 5. RER
Y5 RS RS 1N P T 8 XU R e v, 15 BB
63 B 7 N1 R 1 e 7/ R R A K == i 110 K7 )
g5 R HERATE.

2 RNN sh7SROERBIRINGE R R 2

2.1 1ERISREE RIGUE

76 RNN VI ZrA5E RS N T 3800 XU )56 2
A, 7 20 8 AR A AT U, 50 UE LAY i n] SE 4.
5 I R A5 R 1 75 256 4T LA AT, 4R )G Rl o ok 4
T4k, M H E A REA, B RENLIT LS O FE A
Ll HE 7 I (A A B B0 BT S PR MR 20 A KRR 1)
120 ABNEBATE 5 FEARFTELF 5 T RNN £
I %k, Horh 80% FIREAAE A VI 2586 F R VI R 2Y
25 S MR S5, 20% IR ARAE A 30 F LA T 50 E
REUEMAR. 5 KA B (1) B BRBAT FE A AE RN, HOx
N () BR AR A BR Ao 15 0 H bR . BB R —
ANFEAR, 5 o3l 1) 300 38 B far 22 16 P 3 B,

12 =
- - - - training sample: input data by step-loading

10 — lrainirig sample: output data by step-loading
z b
- i
ED n'
= 6
8
-
S 4
=
£ 2
<

0
-2 = —
0 50 100 150
t/ms

M3 R
Fig. 3 Step load signal

K 3 rp Rk R R RAE B I BR BT (A FEAS),
S 2k 2 S SR 10 B ARLRAY BR BT (H AREEA). 1%
FEA I SEAEIT 6] 4 150 ms, FEARF BRA A 67 50 ms
IS D AE O N BT /NI B 30, 628 50 ms B A2
B K, 320 5 ik & B ) \) DA 2B AN, Bl 3 O N R
A5 % 47N Zifq, 75 100 ms AREF 4.7 N 2%,



2340 h ¥ ¥ i 2021 5 53 %%
K LSTM 1 Bi-LSTM HL A Il 45K 4 31 1) ) 20 =
SEAE T, AR NGRS 52 M .
ZrJa i) 3 NMEERE S8 RIITH L. 4 BRK) El
R JEE R 5 5 200 LSTM Al Bi-LSTM 3
BRANG R G ST R b kR RS :
I 44 TR A B N 1555, S50 AR 43 3 o :
% . 2 o —5} s ining sa . ut data
281k LSTM A1 Bi-LSTM 74 b B Ji5 73 21 (1 4 HH 5 _SZ:§&5015322“5?§§{§§%02?;1
. . - 1 - === = validation data y Bi- mode - ]
SRR A R % 50 100 150
) time/ms
1 [ - === training sample: input data B
10| = f:,‘m%of‘d'ﬂ’f{,;“[g;m’ﬁ&gf‘a B 5 m NEERAGS S8 NS BR A S5 S AT
Z 3 _-_-Si"a“damn data by BiL3TM mods) Fig. 5 Comparison of the input signal and validation
a : data by training model (normal force)
g 4.5
: Ty a—
5 T 40 f T
z z 35 i i
s 30 AR ,
| g 2 .
0 50 100 150 £ 20| oY g
t/ms é 1.5
4 e SRR A 5 e I R A 55 5 08 b g Py
Fig. 4 Comparison of the input signal and validation f,: ‘O - ""Zlﬁiﬁﬁﬂili mlt:‘:‘pul data
data by training model (axial force) & 0.5 —— ::}:g::::: t: ltz lB‘ls-{?Trxdo:’:cl;dcl
0 50 100 150

it 2k b5 S S 0 L 1R B AR B BR AT (5 S R A G A
76—, 7E 1T 50 ms N, LSTM A1 Bi-LSTM #2841 kb
PSR R, B AR TGS A
B 1. 7E5 50 ms B, Bfar = AR 248 £E )5 452 100 ms
W, ACER T )5 A S IR A R R D — AN e A, X F
FRAR A BR AT (AR IR A BT LAZR 3o 10 A o 25 I 2%
BRSNS A5 SR AR T K THE S, %
PR Ll 2 T BEAR B B A 1 K

Fa IR R £ 7 O IR SP32 fi) g AV g 6 1 1
IFEA AT AL 3, K b 3 J5 1 25 SR B FE P 5
Kl 6 Fros. il 5 FE 6 nf4n, 25t LSTM Al Bi-
LSTM #584 4b ¥ 3 J5 (45 5 155 & BRAE B BR 34T (1) )
SR FNRS AR A, 10 B i ) A2 8

22k LSTM Fl Bi-LSTM #5831 45 )5 1) 45 i e
SRR, JERL T ORI IRANE T, T BEAR T R e
MR, A3 T 7 H bR, B2 LT LSTM #E A,
Bi-LSTM R (1) Il g & R s 4f, U AEVI AR IR A
A AT AL, LSTM #5780 b 3 (1) 45 AT SR AP 4E — L8 1
Pf5 5, Bi-LSTM R Ab B (1) 45 L B fS, SEHALL
22 NGHERRESH

7E RNN BRI 250 R o, i i f /ML 45 K B

K6 HHDAREERMAG S 52T MR LB 5 (55 1 E
Fig. 6 Comparison of the input signal and validation
data by training model (pitching moment)

H (loss) {F R AL BT SICIRAS . AR R8T iR 2%
fi4% (mean squared error, MSE) {F 441 2K bR UK VF
ik K5 70 P BOHH A B R 7. MISE 5 (1 2 A5 Y 45— YK i
HH 45 R 5 45 ) i L B B 2 [R) PR 2, MSE IREL ),
i B PO AR Y K 50 B )RS B BB . R LSTM
H1 Bi-LSTM Y 1) loss {8 Bifi VIl 25 5E 5L (epochs) 1]
AL B2z il s 7 FE 8 .

Bl 7 FE 8 e gl 2 AN S 2 o3 AR R AR Y VI Zid
FE o (R SR 25 NG AIE 1% 22, B (01 4R loss {ELTE
1072 B2, Bl A VI 2R B0 38, BERLIE) loss {H 2 ¥
N IEE TR E. MR HUE R 10000 KA,
LSTM #8Y [ 50 ik 1% 22 H B 21 5.8 x 1074, Bi-LSTM
BRSSO UE 1R ZE{E BF 2 1.3 x 1074 A A AL
WS, IR B BB A RHAE M bR UE, TS
UE T 706 A o 26 0 24 455 54 Kb T 550400 1 2 1 T A7 1 AR
PEREAIYINZRIY) loss 4, K BN Bi-LSTM FifLLL LSTM
AR SR8 R 5 E AR

[, A T VA ISR Es R AF IR, n] LR H AR X



%8 M

e D7 S PRI LR N 2% AE B BE R P05 O N 2341

= == train loss
w— yalidation loss

0 2000 4000 6000
epochs

7 LSTM %! loss {f Bt Il ZR50 H 121k
Fig. 7 Loss changes with epochs in LSTM model

8000 10000

10 1

== == train loss
— validation loss
1072
2
L
1073 I
10*

0 2000 4000 6000
epochs

B8 Bi-LSTM #:i%! loss {E B Il 2546 A8 4L
Fig. 8 Loss changes with epochs in Bi-LSTM model

8000 10 000

PR 72 & NI R4l HEAT LB B0 IE . S HR Y R 28 fir 30 2
Jei B AT 40 M, 25 18 31 5 B AR R 56 SE B A
RIS [A)AE 6 N, X B 4 ~ P 6 A 2 i B AR Ak B S 1)
F S AT AR B, AN TR X ] 2h 70 ~ 110 ms A 13
PP AL B AR B AME Fe MELSEAH F, b Fr A
F 43 51483 LSTM Al Bi-LSTM 28I 2545 1] (¥ il
UM, AR AE X 1R 22 1) XX (3) VAR BIAH X R 22
5, 6L Mg 4yl 7~ LSTM Fl Bi-LSTM #5744 91| 2515
FIFIAEXTIR 22, B g B RRR 1 PR

F*~F
6=—73
F

x 100% 3)

1 8 & LSTM A1 Bi-LSTM #5574 22 i )I|
ZxJa i S 5 S B AR A5 5 2 [A) R AH R 22
B, PN BRI S R A R 22 (H 3 LU/, LSTM Al
Bi-LSTM # & (#) #H Xf % %= o, Mg 73 5l 1E 3% Fl
0.3% LAWY, 5 3CHK [21] H KA CNN #E R I 2k 15 2
PRI IRZE (1% LLN) A4, R R &,
LA 1) 3455 A X 35 22 B B/ T At B AN 3 ey 43
HRZE. RS RV GRPEAR L R, #lim S
K, o F AT, oAl YA 43 2 I E LD,
2 30 b GRS ()T ELEROK, BT LA 1) ) i &
FAH N L AR R B, ARHE R 1 oo B op B dE,
RIMAEFAFEAR N Zrit #E, Bi-LSTM #5511l 25
AR LSTMAERY (1)1 2525 2R B XS .

# 1 LSTM #0 Bi-LSTM #& R fiEx R E
Table 1 Relative error of LSTM and Bi-LSTM model

Components B [T‘l': F]’; oL OB
normal force/N 5.943 6.081 5.947 2.32% 0.07%
pitching moment/(N-m) 2.409 2.450 2.403 1.70% -0.25%
axial force/N 4.699 4.683 4.6997 —0.34% 0.01%

3 Bk XURIBES N i 3 #E R & RE (L LT

3.1 RNN =B R FR0E KRN &5

2 X LSTM 1 Bi-LSTM #5554 | 5 45 5 11 56
E A3, R IABERS A S A FEAR PR RS T 5
) Ab B AR 5 R AR, DR 22 R 12 A B N FH - B X
TR SR g RSP S SR HER 7. A E R R
3 W5 BT BT ) 52 IR s S AT A R R
A (TRTFR“TF-12 S ILRIA) LAk, 78 1% X 5e i T
K T e A P AT AR B I B , IR T

R R B (1 ] S ) B E . JF-12 SRR A
S 1) 138 55 IR Bl B RO [R] INF AR s ] — R A1 ) RE
A BT 1) P ) 3 B AR B30 3 IR 25 ~ 50 km K
ITEE, GHE S ~ 9 iy SR MEE N, A 80K
¥ EEE L T 100 ms. ABFFEFI A LSTM Fl Bi-
LSTM #EAY 7E JF-12 & 3 KR S 3E47#) 750 mm
PRUESSHERE R I AR50 b ) = R P 5 5 it
A7 AL FE, 54 1) 7 38 16 1R A B 45 R REORTER 9 .

B 9 e 2 AR 3R KRR B8 AR R P4 1 R AR 1S
T, LM ARL A KL LSTM Ml Bi-



2342 5 e

LSTM HERY b B 5 (45 5, W] LUK BLAL B S i
T HA PR T KA I3 T, (HRIIARE
BLH — R B . FER R ZRad R b, B T 4R
A PR 56 B ) 45 5 A7 AE — 5 1 X, 1 HL G
RE P SR N AR 5 AN e 4 R BAR (KR R 3
il fe 5, Brel AR B )5 105 5 5 BARBY BR A 15 5
DO AE 2. /£ T — SRRIZReh, aTLL% 8
WM ZFEALH, RN RS AR R, & 47
PREASEME P (0T, S KRR B PR UE R AR AR A 5 X
TR B B 455 (0 — BObk, AT 4 TR A Ak 3 A
PR SEE U ) ESE

300 “
z l“.J}
= 200 HHT
&
o 100
2
= @9
=
<] ---- test sample: inpgt
100 __ prediction data
— . prediction data by Bi-LSTM model

0 20 40 60 80 100 120 140
time/ms

B9 Al ot iE GRS S SRR NS S
Fig. 9 Wind tunnel test signal and model processed signal (axial force)

o W RVRF 18 28 v 1) 300 30 R0 A0 ) 308 1
AL BE 45 A H R 10 F1PE 11 s, &5t LSTM
A1 Bi-LSTM #5744 4b # f5 1) &5 W 5 KRR 6 15 5 17

=== test sample: input data
—— prediction data by LSTM model
— - prediction data by Bi-LSTM model

300
S 250

/N
)
S
S

150
100
50
0
=50

normal force sign:

0 20 40 60 80 100 120 140
time/ms
B 10 ik Jyal i RGBS 5 SRR AL 15 5
Fig. 10 Wind tunnel test signal and model processed signal (normal
force)

2 # 2021 4 5 53 %
25 }---- test sample: input data ,
— prediction data by LSTM model

2() | —- prediction data by Bi-USTM model

pitching moment signal/(N-m)
=)

0 20 40 60 80 100 120 140
time/ms

M HE T R R B 5 5 SRR AL BN 5 5
Fig. 11 Wind tunnel test signal and model
processed signal (pitching moment)
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Table 2 The relative errors of RNN and CNN models in processing data

Coefficients CNN LSTM Bi-LSTM oL OB
normal force 0.155 0.160 0.157 3.23% 1.27%
pitching moment 0.107 0.103 0.109 -3.74% 1.87%
axial force 0.108 0.111 0.106 2.78% -1.85%
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