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Abstract  Shock tunnel ground test is usually used to study the high-enthalpy aecrodynamic characteristics of new
hypersonic vehicles. As one of the basic researches of high-temperature acrodynamics, high-precision aerodynamic
force measurement is the key technology of shock tunnel ground test. When a force test is conducted in the shock
tunnel, the vibration of force measurement system is excited during the starting process of shock tunnel, which causes
inertial interference to the output signal of the balance. The balance signals, with dynamic force and inertial-vibration,
may not directly show regularity of the real dynamic force, resulting in a big error between the processed balance forces
and the real loads, and making the results unreliable. Due to complex structure of the force measurement system, part of
the high-frequency components of the balance signal (high-frequency interference caused by structural high-order

modal vibration, unsteady aerodynamic load or other flow field interference) may not be fully attenuated within the
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extremely short-duration (millisecond level). At this time, traditional filter processing and Fourier transform may
increase the error of results. In order to solve the problem of aerodynamic force measurement fast and accurately,
wavelet transform and Hilbert-Huang transform are used in this study to carry out noise reduction and time-frequency
transform analysis for the balance signal in a cone’s force test of shock tunnel, to effectively identify the different
interference components and output reliable force results. In this paper, the time-frequency transform is applied to the
signal processing of the step-load and balance output. The force results are compared and analyzed to verify the
effectiveness and reliability of the current method in the data-processing of the shock tunnel test, and obtain good

results. At the same time, the time-frequency processing method of signal in this study will be used in the sample data

pre-processing of the shock tunnel balance intelligent research.
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Fig. 1 Balance signal in shock tunnel (axial force)
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Fig. 2 Acquisition device of step load signal of balance!?!]
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Fig. 3 Balance step signal and the ideal step signal (axial force)
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Fig. 4 Original and the denoised step signal of balance by WT
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Table 1  99% occupied bandwidth of the signal after 8-level

wavelet decomposition

Signal 99% occupied bandwidth/Hz
D1 1673.33 ~24746.67
D2 240.00 ~ 23440.00
D3 400.00 ~ 22080.00
D4 1160.00 ~ 2393.33
D5 720.00 ~ 1953.33
D6 340.00 ~ 533.33
D7 233.33 ~ 440.00
D8 73.33 ~240.00
A7 0.00 ~ 146.67
A8 0.00 ~ 86.67

ideal step signal 0.00 ~200.00
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processing
Signal 99% occupied bandwidth/Hz
IMF1 240.00 ~493.33
IMF?2 0.00 ~ 546.67
IMF3 0.00 ~ 240.00
R2 0.00 ~ 140.00
R3 0.00 ~93.33
ideal step signal 0.00 ~200.00
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Fig. 9 Balance step signal and residual R2 by HHT processing
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Table 3 Relative error of the balance step signal by WT and HHT processing

Component FIN F;, N Py N Sw 1% on 1%
axial force 2.509 2.535 2.539 1.04 1.20
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Fig. 11 Low- and high- frequency coefficient of the balance signal in
shock tunnel by WT
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Table 4 99% occupied bandwidth of the signal after 9-level

wavelet decomposition

Signal 99% occupied bandwidth/Hz
D1 2060.00 ~ 24 600.00
D2 120.00 ~ 21 160.00
D3 453.33 ~23446.67
D4 1066.67 ~ 4060.00
D5 626.67 ~ 1980.00
D6 346.67 ~493.33
D7 260.00 ~433.33
D8 40.00 ~ 240.00
D9 6.67 ~ 126.67
A8 0.00 ~93.33
A9 0.00 ~73.33
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Fig. 12 Balance signal in shock tunnel and the aerodynamic force
signal by WT processing
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Fig. 13 IMFs and residual of the balance signal in shock tunnel by

EMD processing

RGN BE—A IMF 34T HSA Ab 3, 153 240 Y.
(1) 1 I A%, L A b 14 B, oF A A
IMF F residual H) 99% o5 47 5, W358 o0 45 S 4 1
35 Pion. K R 5 5 40 HHT b B 25 2R
RV HBAE 5 2 AT L, 5 S A RS
BREL IMEL 3 07 38 BRAR A5 5 10 3= b Ay, I KT
WS 50 IMF1 29550 366.67 Hz, 5 WT 4b

N time-frequency map of IMF1

L 1000

oy

§ 500 .

8 0

= 0 50 100 150
N time-frequency map of IMF2

L 1000 i il

>

2

g oA ot N , [ v i i ~
= 0 50 100 150
N

I

=

2

S

g

t/ms

14 RPN 155401 HSA 35 IMFs ()i 53
Fig. 14 Time-frequency map of /MFs of the balance signal in shock
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Table 5 99% occupied bandwidth of the balance signal in
shock tunnel by HHT processing

Signal 99% occupied bandwidth/Hz
IMF1 313.33 ~460.00
IMF2 0.00 ~ 460.00
IMF3 0.00 ~153.33

R3 0.00 ~ 166.67
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Fig. 15 Balance signal in shock tunnel and the aerodynamic force
signal by HHT processing
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Table 6 Relative deviation of the balance signal in shock tunnel by WT and HHT

Coefficient A aw

ay RDw RDy

axial force 0.1026 0.1054

0.1038 2.73% 1.17%

A SCKRH] WT R HHT J7 05 S HERR M ) 45
LB AT 0 3 iR P PR DR P R A 5 T e 17 IS
PR o3 Bt 5 A B, ol ik P 45 SRR W Z 5 AL
REAR HEF UL I R ZE Bk e s A5 5, o HLRE
SR R XGIRLIN 45 o A JHAt vee SRR T30
155, @il AP Ih 245 T RAR 5 I T 29
5T, SR T UERR TR B & s Wi 5. A
BIFFURS AT ek B9 BR 28 15 5 1) K0t Ak B 45 SR A6
T I RAR VR A A AT S

HAT, 36 N TR BE BRI T K7 B e ALt
FULLBEHOAN, AHSR T EMBARA AL 5 R Be, Ak
TR IR RO 5 5 I BUAR B 5 8 T L TR 4 g
ACHIF S IR A A Bt Tt Ak F. 3 7 o 3 Ak 8 77 94
P DRI g R AT N P 55, R D B ek
P RAT A R AR PR VR AN 3R S OCBE BOAR AN
e SCHE.

=

=

£ X #

1 SERE, W LB, SRA M AR, P AT S S ARG b st
Fl 2% R 4L, 2016 (Zong Qun, Zeng Fanlin, Zhang Xibin, et al.
Modeling and Model Verification of Hypersonic Aircraft. Beijing:
Science Press, 2016 (in Chinese))

2 R MR RS b5 BT Lok ik, 2001 (He Dexin. Wind
Tunnel Balance. Beijing: National Defense Industry Press, 2001 (in
Chinese))

3 Bernstein L. Force measurement in short-duration hypersonic facilit-
ies. AGARDograph No. 214, 1975

4 BGEWE . Dl R a0 iR kR B T2 IR S R
1993, 1: 1-13 (Huang Zhicheng. The new progress of hypersonic
aerodynamic and aerothermodynamic testing. Aerodynamic Experi-

ment and Measurement & Control, 1993, 1: 1-13 (in Chinese))

5 Storkmann VO, Gronig H. Force measurements in hypersonic im-
pulse facilities. AIAA Journal, 2015, 36(3): 342-348

6 i, VFIRERK, EME. KRRV B AR L2 B B AN R
SCES AR g 2, 2018, 32(4): 87-92 (Ai Di, Xu Xiaobin, Wang
Xiong. Investigation of wind tunnel balance dynamic characteristics'
multi-order inertial compensation. Journal of Experiments in Fluid
Mechanics, 2018, 32(4): 87-92 (in Chinese))

7 Duryea GR, Martin JF. An improved piezoelectric balance for aero-
dynamic force measurements. Aerospace & Electronic Systems IEEE
Transaction on, 1968, 4(3): 351-359

8 VAR, KA, PR E A — Bl RO R XU R P HE R G vt 52
¥ W Ak 3 2%, 2014, 28(1): 70-74 (Zhan Huahai, Zhang Xu, Lv
Zhiguo, et al. Design of a single vector wind tunnel balance calibra-
tion system. Journal of Experiments in Fluid Mechanics, 2014,
28(1): 70-74 (in Chinese))

9 Sheeran WJ, Duryea GR. The Application of the accelerometer force

balance in short-duration testing//AIAA 4th Aerodynamic Testing

Conference, Cincinnati, 1969-4-28-30

Joarder R, Jagadeesh G. A new free floating accelerometer balance

system for force measurements in shock tunnels. Shock Waves, 2003,

13(5): 409-412

Sahoo N, Mahapatra DR, Jagadeesh G, et al. An accelerometer bal-

ance system for measurement of aerodynamic force coefficients over

blunt bodies in a hypersonic shock tunnel. Measurement Science and

Technology, 2003, 14(3): 260

Saravanan S, Jagadeesh G, Reddy KPJ. Aerodynamic force measure-

ment using 3-component accelerometer force balance system in a

hypersonic shock tunnel. Shock Waves, 2009, 18(6): 425-435

Simmons JM, Sanderson SR. Drag balance for hypervelocity im-

pulse facilities. AI4A Journal, 1991, 29(12): 2185-2191

Mee DJ, Daniel W, Simmons JM. Three-component force balance

for flows of millisecond duration. AI44 Journal, 2015, 34(3): 590-

595

Robinson MJ, Mee DJ, Tsai CY, et al. Three-component force meas-

urements on a large scramjet in a shock tunnel. Journal of Space-

craft and Rockets, 2004, 41: 3

Robinson MJ, Schramm JM, Hannemann K. Design and implement-

ation of an internal stress wave force balance in a shock tunnel.



LU

S /D Ak T IR AR (RS IR VA 5 23 A L A B

243

17

18

19

20

2

22

23

24

25

26

27

28

29

30

31

CEAS Space Journal, 2010, 1(1): 45-57

Marineau EC, MacLean M, Mundy EP, et al. Force measurements in
hypervelocity flows with an acceleration-compensated strain-gauge
balance. Journal of Spacecraft and Rockets, 2012, 49(3): 474-482
Wang YP, Liu YF, Luo CT, et al. Force measurement using strain-

gauge balance in a shock tunnel with long test duration. Review of

Scientific Instruments, 2016, 87(5): 1068
Wang YP, Liu YF, Jiang ZL. Design of a pulse-type strain gauge
balance for a long-test-duration hypersonic shock tunnel. Shock
Waves, 2016, 26(6): 835-844
TEIB M, 0 2 U, BERTELA. A 0 I TE) b XU 0 ) BRI 5.
71 2% 2, 2016, 48(3): 545-556 (Wang Yunpeng, Liu Yunfeng,
Yuan Chaokai, et al. Study on force measurement in long-test dura-
tion shock tunnel. Chinese Journal of Theoretical and Applied
Mechanics, 2016, 48(3): 545-556 (in Chinese))
VEIS NS, Wik, e /bZEA5 . FETIRBE 27 SRR o KU A i
NARGHITT. I 24 4), 2020, 52(5): 1304-1313 (Wang Yunpeng,
Yang Ruixin, Nie Shaojun, et al. Deep-learning-based intelligent
force measurement system using in a shock tunnel. Chinese Journal
of Theoretical and Applied Mechanics, 2020, 52(5): 1304-1313 (in
Chinese))
Grossmann A, Morlet J. Decomposition of functions into wavelets of
constant shape, and related transforms. Mathematics + Physics,
1985, 1: 135-165
Wribos, JUL, B2 LS. /N AR HAE SR 5 UM TP RO %
1)) TFE 2013, 34(2): 64-69 (Chen Zhihui, Xia Hong, Wu Zhisheng,
et al. Application of wavelet analysis in signal singularity detection.
Nuclear Power Engineering, 2013, 34(2): 64-69 (in Chinese))
TRAE A FE TN A5 T AR SR SR A L TR S R
2%.2007, 29(12): 98-100 (Zhang Defeng. Research on the wavelet-
based algorithms for signal singularity detection. Computer Engin-
eering & Science, 2007, 29(12): 98-100 (in Chinese))
Huang NE, Shen Z, Long SR, et al. The empirical mode decomposi-
tion and the Hilbert spectrum for nonlinear and nonstationary time
series analysis. Physical and Engineering Sciences, 1998, 454: 903-
995
KW e, W30, ZEm A BRI B X B T PR S K
. & B 5 e il 2020, 39(24): 54-62 (Song Xiaolong, Gao
Wenxue, Ji Jinmingm et al. Influence of blasting vibration on cumu-
lative damage of surrounding rock. Journal of Vibration and Shock.
2020, 39(24): 54-62 (in Chinese))
hok, EAEWE, 1R R DA A BRI S M HHT 208 5 .
LFERERY. 2016, 22(1): 1-7 (Sun Qiang, Wang Mengxiao, Xu Yush-
an, et al. HHT analysis and application of blasting vibration in rock
roadway excavation. Engineering Blasting. 2016, 22(1): 1-7 (in
Chinese))
WL, TR B A RG-S A AR MR A5 5 23 A o 1R S
BT, R L RE . 2018, 30(4): 11-15 (Feng Hongwu, Wang Jianch-
ang. Application of HHT in time-frequency analysis of seismic sig-
nal. Plateau Earthquake Research. 2018, 30(4): 11-15 (in Chinese))
ZE. 6-SSR 7N HE INIH AL A MEREIR I I, [ b ). R 2
& #6111 K%, 2011 (Li Bin. Characteristics” experimental study on
the 6-SSR six degree-of-freedom accelerometer. [Master Thesis].
Qinhuangdao: Yanshan University, 2011 (in Chinese))
Garland PP, Rogers RJ. Dynamic calibration of tri-axial piezoelec-
tric force transducers. Measurement Science and Technology, 2008,
19(9): 095202
WX . G AR RV B AR 5 3 S IETHADRA. [ i

32

33

34

35

36

37

38

39

40

41

42

43

) AR AR LKA, 2014 (Yang Shuanglong. Studies on dy-
namic characteristics and dynamic correction methods for wind tun-
nel strain gauge balance. [PhD Thesis]. Hefei: Hefei University of
Technology, 2014 (in Chinese))

IRFVEE, ARG RE, 2R NI T e SRR A B ) 2 G S 6 AR
PL#E A, 2000, 22(4): 251-255 (Xu Kejun, Zhu Zhineng, Li Cheng, et
al. Experimental modeling of six-axis wrist force sensor based on
step responses. Robot, 2000, 22(4): 251-255 (in Chinese))

HELLME, XUIE . HLas AN Y- A% G Bh A M R bR 2 RS K0
7T, LTI A S 244, 2006, 20(3): 88-92 (Zheng Hongmei, Liu
Zhengshi. Research on the dynamic performance calibration system
for robot’s 6-axis wrist force sensor. Journal of Electronic Measure-
ment and Instrument, 2006, 20(3): 88-92 (in Chinese))

U7, TR A TR DA s RN ) ) Bh A b g k. SGRER
5 & & #%, 2010, 3: 100-103 (Liu Guangfu, Zhang Weigong. Re-
search on dynamic calibration method of lateral force of wheel force
transducer. Instrument Technique and Sensor, 2010, 3: 100-103 (in
Chinese))

B, BR DT BT Mallat STV 10 /N 3 i T RS 140 UGS 5 Ak
PR T TR, 2012, 20(2): 57-59 (Zhong Lihui, Wei Guanjun.
Wavelet decomposition and reconstruction denoising based on the
Mallat algorithm. Electronic Design Engineering, 2012, 20(2): 57-59
(in Chinese))

Donoho DL. De-noising by soft-thresholding. /EEE Transactions on
Information Theory, 1995, 41(3): 613-627

FRIE, TRAE, PR A5 BT 13T PN I R M R B A 25
M oFEECR 5 E 3h1k, 2019, 38(2): 80-84 (Wu Huaiyuan, Zhang
Lei, Fu Chujun, et al. Ecg signal de-noising based on adaptive wave-
let threshold function. Computing Technology and Automation.
2019, 38(2): 80-84 (in Chinese))

BLLIE, J 2T, PR, — o ) /N i 7 B o8 R 30 15 5
MR EVE AL 4. 2015, 36(10): 2200-2206 (Li Hongyan,
Zhou Yunlong, Tian Feng, et al. Wavelet-based vibration signal de-
noising algorithm with a new adaptive threshold function. Chinese
Journal of Scientific Instrument. 2015, 36(10): 2200-2206 (in
Chinese))

MR, LT/ NBAL K ECG {5 S RHE S B IIEAL. [ 18
). AR HL TR K 2%, 2020 (Yang Xudong. Research on ex-
traction of ECG signal characteristic parameters based on Wavelet
Transform. [Master Thesis]. Chengdu: University of Electronic Sci-
ence and Technology of China, 2020 (in Chinese))

PKFFRH. MATLAB {5 5 A0 3. bt 42 K% UL, 2020 (Shen
Zaiyang. MATLAB signal processing. Beijing: Tsinghua University
Press, 2020 (in Chinese))

BT . A KA -2 AR A B LN FIRIE . [ -8 S0 1. 3R Vg
ACJW K2, 2006 (Huang Chengti. The application study of Hilbert-
Huang transform. [Master Thesis]. Chengdu: Southwest Jiaotong
University, 2006 (in Chinese))

XU W, B, SUEAELAE. TP-12 A S0 ) P MU 10°0HE<
B J WA R AR FE, 2017, 2(2): 1-7 (Liu Yunfeng, Wang
Yunpeng, Yuan Chaokai, et al. Aerodynamic force measurements of
10° half-angle cone in JF12 long-test-time shock tunnel. Physical of
Gases, 2017, 2(2): 1-7 (in Chinese))

e BKL TRAT AR ] 2 AR B XA B AR AT [ 1R
] K KIEPE T K2, 2014 (Gao Yifei. Research on multi-
component airloads measurement technology for the aircraft door in
wind tunnel. [PhD Thesis]. Dalian: Dalian University of Techno-
logy, 2014 (in Chinese))



