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Abstract It is difficult to separate the overload characteristic signal of projectile penetrating target from complex test signals using the
traditional blind source separation ( BSS) method. In this study, a new BSS method of penetrating overload signals is proposed, which is
not affected by the number of test sensors. This method can also estimate the number of signal sources. Firstly, the single-channel
penetration overload signal is decomposed by the ensemble empirical mode decomposition, and the decomposed intrinsic mode function
and the test signal are used to generate multi-dimensional signals. Secondly, the multi-dimensional signals are decomposed by the
singular value decomposition method. The number of vibration sources is estimated according to the rule of prior K-order singular value
dominance. And the maximum cross-correlation coefficient method is used to determine the best IMF. The test signal and the best IMF
are formulated into a multi-channel mixed signal. Finally, the multi-channel mixed signal is whitened and jointly approximated
diagonalzed. The unitary matrix is calculated to obtain the mixed estimation of the original test signal. The acceleration characteristic
signal with a correlation of 0. 9747 is obtained by using the method in single channel penetration overload experiment. Compared with the
existing methods, this method can effectively separate the characteristic signals of penetration overload. And the adaptive properties of the
signal processing process also solves the problem of choosing the filtering frequency of overload signal under different missile target
working conditions.

Keywords ; penetration test signals; ensemble empirical mode decomposition( EEMD) ; blind source separation ( BSS) ; singular value

decomposition( SVD) ; feature extraction

kg H41:2019-05-20  Received Date:2019-05-20
* AT H LA ER A RBRADF I 5 H (18KIB530012) | 8 5 5 S A& 115 H (2017YFB1300600) %5 B



5 10 19

R 25 AR 3RS 9 0 B IR B S RS 209

0 3

il

SRR A AR I Ry A2 4 , SR R R Y 8 Tl
e R EUT BAF S R N . SCERL1-5 ] 38 %
RIS 5 A7 53 A A3 A5 2] T S A2 ) A 4 1k
PRI A BE HRE A B A5 B SR, AR SR E
geifE g ME T SE BRI TEE S %, (HE,
SARAZAI i 3R B AR5 AL B S AR A R AR (Y I A
TR BERFAE AL BT AR LA R 2k A 1 85 A g iy A
AR PR, B S0 B A4 1) AR I R A ) D4R
TR BE AR, BEBR IR 5 H 5 A 14 235 4 ) 7 T A S e
Py UNCN T A 85 o A B O

BT, & TR EES Ak, BN 75T
JE T RIS TAE . SCHRL 6 |3 i3 ARAR 15 il
Bl R s B T 2 A Ak B T 4B W 3 2o
WSS B RS TR AR SR A A B X vk
A MR AT R v IR S AR B 5 e, (HE 2o 22
B AT A RIS RIEA 7T 47, BGRB8 A
Dy BRGER . SCERL 7 ] 48 TR WIE5 10 /N 180 1.0 O
ik, SR T U BAE S M UE A BT, SCHR L8 T 48 i Bk
Z506 B8 25 41 f# (ensemble empirical mode decomposition,
EEMD ) Fl/h i A5 4 ( wavelet transform, WT) BB S 18 I%
D5 B RS TR s A R s B it 2 (BN
B HXHE SRR S e e P53 (1 /NS B o3 i )2
SR R R R B S 50 R K 2R, BN
PRI R A L B — s iR IR, SCHR[ 9 ] 3@
TSN HE AT 3 kHz B Ak AR i I, 15 3] T R
AR AL ok A Y WA T Pt 2, SR [ 10 ] i 2 K
DB S 1 w54 LB AT AR AT T B IR T v, (E B 4
1E AT 5 1t 22 U AR A, X AR AR A 45 4L
RIS PR EEA TR o SCHR [ 11-14 ] R SRS 23
AR5 IS 255 09 7 8 U3 58 A5 5 1
I ARASAEN (4 WA S 28, RS 40 BT 5 03031 485 5 e x
SR IR T 43 B Ak BRAS 20 1 WA i 285 R T 258 s B ik
PSR S RGBT W) & H 38 A R T sl 50 7y
X I 5 R I e AT AR S S I, TG RS
SRTEARA A R i) B 52 29 R 2, 4 0 542 25 6]
PRIIHT , BT RIS A A 5 LS 2 (B A AE 25501
AT 5 | 72 i g A L A R e PR A, SCRR[ 15 ] BT
EEMD #iI Choi-Williams 34 5 % 1 =211 245 5 B B 43
2 TS 1 5 N R <8 Nl S D T/ I
A 58 BUAR A 250 ek B R B AR 2 B b RN 55
o SCHR [ 16 ] R FH & 57 {8 43 i £ R (singular value
decomposition, SVD) 5B T #4458 B2 455 i R 3 Al
WS (55, A5 1R Wi o sk FERRAE  (H 2200 TR ik

PP IR ERAE o

25 I, FRBESR AR R AV ik B A5 5 1 A B T A —
E G I A S P (B TEE LR B 1) X TR
Sl DB Ty, R I A L A A LA o, O LR T IR
AT P 5] (08 I8 A DR B3 1o A TC A 5B, 25 5 K A
TR IR, HE T R R 5 5 bR A a3k
FPAE2E552) X T I3 A ik, T L G & Fh 8L A 5
B WANTE 0T BRI 28005 Sk 7508 Y S HEHE T
fife, HoAb BRI AR AT 2 HL e Z @ E

H 547 (blind source separation, BSS) J& T 4F 3 il
R ALK I —Fh D) s K A 55 Ab 3 7 3, AT DAAE IR
{55 SIRAMWE S BRI B ST, 38 1 14 2 WL
SRR G S AR AR A S5 Y RS
Y R4 18 7 RS AT LR AR 5 RO T 8l 5 TR IR
SAEIEOL T MEAE S /N TR 58 H iz
RS B 0 E o B O R RS 5 Y
iR,

% 8% EEMD f#Retg ¥ R Ltk AR ARG 5 o ik
— R IV LAE 1R Y [ A RS K 2L (intrinsic mode
function, IMF)"™_ AWK EEMO Fi1 BSS Hif 41 45
G P — PR Z AR R B BR 1 B PR3 15 5 TR
BT RWI 255 F IR i, X R
{55347 EEMD 141 2 48 (55 SC U5 5 5 50 2 4418,
FELL R K UCAT S8 5 0™ 26 I 2 5 5 19 3 SR AR
B IR e K ARG R AL i e e f IMF 735 5 J5t
FEEMALNZEEIRGHE S Rea Zha ik
(second order blind identification, SOBI) 4B 3k15- 084 {Z
TOI AR 2ok 2 1 DA T 38 AR T AL AL SR 235 A i

AR ST 7 VR T AR A R R I 3 A ok AR e AR A
AT SR SHOE LR R 09 [0 B, 45 & EEMD il BSS
FRIE S BL T SAAARAY) S 50 v phy 00 kPR S B R A
SECE/NT RIS S A H By Bl E SRS I E R
G RN EAR SOy 2 BAT B4R 5 38 00 40 i e 1 0 3 £
T ER Sy O WA BT 7 AR AL FRAR A 3k A [ SRR T
T B SR R PR M IR

1 §ESE

i N A SE G R MG S S (1), & RIME
TEAR e M A AR R I A 55 X (1) , Ui E o
AESHEAWT LR,

X(t)=AS(t) +n(1) (1)
KX ()= [X, (1), X, (), -, X, (1) ]k M AR
F38(0)=18,(1),8,(1), -, S,(1)1" H N g RAWEAF
T (1) N HEIPEREME R A R R AT MXN By
IRAHE, M>N,



210 %/ L £ ¥ R

F40E

BRI X (o) 14, s —A 7 B W,
A5 WIF 5 X (o) 38 200 R o b 58 42 53 85 R AR
5 S(0) MR, BE Y (o) MG S Al T, 043
RGERECFRRN

Y(t)=WX(t) (2)

1 TR B AR B8 8 A5 5 R Al i AR 5,
M TC R HAB ST IR, BT LLSRAS Al T A G 5 5 RS
S Z MAFAEA M, B RINAEAT TS 5 0 e (A HE
I ANHAE o AHIX IS i W HE 5 1 200, R RS
BB E B2 EEIE E A ZEHSIUT 1o

2 BERWmESS R

25 06 K2 3 fift 5 (empirical mode decomposition ,
EMD ) J&: i 5[5 [ 5 TR e 5 48 N 2545 (Huang N. E.)
F 1998 4E 4R A — R {5 & B AL Ab B 95 . B
LS ARLAE AR R 5 0 i — RPN PR Y [
AR R, BETC N T/ RS KRR | #5215
SO HT MU RZ W S ) FR SR R U LR R A £
AR TS W B2 B0 4577 T . EEMD 275 EMD
A R Mk p) — R AR JE RS T B &N O
FE T o AR SRR AR A [ i (R4 BE AL e S 11 e
7P e T P R P AR 1) 2 50 AR GE TR, AN [R] 93
i RUBE AR5 IS 30 55 1 30 1 R P R DG A > R I
THBR T EMD S3i i (i si N s R il G822, b 1
Orfiid FE SRS . EEMD M RARERIT .,

5, MRS X () A N ZHAS [ A g 2 1 g
FIEEARLF S IP8) S (1) o SRIG A8 1 SRS 5 41
[S,(2),8,(t), -, S,(¢) ] AT EMD 73k, #RIL{E 5
S (o) I AT BB, B BT A3 1 B RIS /N =Rk
FAMEREIL S, MRS S () B9 L P RS, KRG
N RIIE M, (1) o ARARFTEAR ST .

H\(1)=8(1) - M (1) (3)

HARTEOLT  H, (1) 22— [ A S iR 8, A AR T
4 J5 B A R A LE ) SRy i /ML, (RS B L AR Tt
e K H () VERB8cE & 52 DL Bk 7, Ak S AT
"o RS T —ERFI T

H,(t)=H/(t) -M,(1) (4)

“hR T A RS KWK, B Hy 2 — AR
Ok 1

Hlk(t) =H1,k—|(t) —Mlk(t) (5)
1055 1A AR RO
IMF, =H,, (6)

BB IMF, AR AR 28005 5 58 1 A B R
BONEE SR T 53 B BR AR TN
R, =X(t) - IMF, (7)

ZJE BRI R, kS Ak BRI AR B TR
AL A A R A IME B R IMF, D 1k X RE IR
W55 P ] LLRAE A -

S(t) = ilMF, +R, (8)

St IMF, (R T 155 X (1) 055 § /A B B R,
BT BRAI

3 BUERESHRETRSE

G0 TR 53 B R BRI 5 N R F el %5 F
T5AF S E, TR I 3 8 5 2 1 PR SRR A2 10 3 28K
T A R IR B AR TR A R . R, A
geor A R G S A R, SR A S E IR B
TR LRGS0 IR 52, SCHk[23 ] 5T 0
(F 59 AR A AT 5k 8 i i T EMD 28757
HAFS 0 A & 0 53 i R, A8 T T 0 25 3 /N kA2 4
B I Z R REAS 1S 2 T 4 (4 2 8 I 5

b, QSRR EMD H 5l R W 25 5
fif, K IMF 5500555 416 T8 BB i 2 4E 55,
g TR o M EE S B H /N TR S R H 1Y 1)
A, AHE T EMD AR SN 2 TZAUG 5, 5
FEAE R AR RO IMF BRG: L o H T R R T AR
P TR A P A AR B, eI 2 AN, PR,
THFR EMD SRS S AR Re AR 1 O IMF 3142, A
SCRH] EEMD J5 i, B2 1 DL AT K Y& S 08 & 0 v A
THRW AR AE S HRIEECE AR 5 R E ARG R BOE”
KR A IMF 434 B i )5 19 IMF 73 & 5 5 {5 5
WL EZ MRS5S, 85 AU 5 SR ki
PAIE T AR o A B R TR B RN R
3.1 {55 EEMD S f@FRH MG+

T, Bl T WEEAE 5 X (1) #E4T EEMD 73 fif , 74
FME S EABS R X, = [ IMF,, IMF,, -, IMF,,
R, ] ZJa ¥4 Jo 0 [ A B2 oR B0 IMF, 46 15
X () M RUHT I 2 4EMEEAR S Y (1) = [ X (1), IMF
IMF, -+, IMF,, R, ], BUA]ff L8845 5 80 H /N TR
SHCE PHER

HWK W ZHEWEAF S Y (1) HARSCHE I 25 S (B0 o
R ZYEEAES Y (0) 1 B ARDCHE T LSRR A «

R, =E[Y(t) xY"(1)] (9)
Xp: ()" FREHOL AR,

XF R, AT SAH 5

R =E[Y(t) xY'(1)] =V AV + V AV

(10)
KV S5 5 0 W IS = B e HES 4 2 50 45 Vy XFRE 43
RIS MRS RAE ; Ay = diagid, = A, = A, AT A, T



5 10 19

R 25 AR 3RS 9 0 B IR B S RS 211

HAES EE Ve MIES(ES VB0 AR

FEARIAT B S0 v, AR e 75 T 22 AR V)3 2%
FEAEANIN e Al RSN 5 AT BN, i A B Al P
5 220 R FFIEAE A o5 Lo, RO AT 98 15 5 = S IRk
HafE . B, A SCEE R A7 S 50 ff A4 1T K Ik
FEEAELEAR LUAE A D07 DR 58 UG B 48 R 70
TR i S IRA AL T, Ay 2 an=(1) Fis .

A =(8, +68, +-+8,)/(8 +68,++5,)

(11)

K W@ (E I, A T 1 B, A Ak SR
K=m+1,m+2, -+ A, 235 J5 W REAEARL AR /N i A2 A 22
o YA LT 1| BB RN T 1% 0, RAGS
LA ARG K R fE R &G, nRdesiy
KK BUEEA TR XL, RS S InE S A B 5 &,
BEBT A5 B E A A B e
3.2 ESEEAMAL

R BUE S FERIEA BTG, SRR 0ER
JE RS S AR S DL S B S g L A R4 (R
it K EEMD 435 | AAH AR /N B B AR (E 55 ik 22,
M IMF 431 (9 1E A8 1, AR SR FH e RO OC 3 0k %
SN 45 IMF 23R4T 0 06 20 L il ad 35 k5 5
5 IMF 5 AHSC R0 R/, 631 B K EAH OC R B0 % L
H) IMF J36 AR5 e AEAR KRR L R AR 3R I n 15
TSR, 2, AERRIE S i 5 R AR AR T i A O
A2z, FCHRE Y X (12) kK,

y(X(1) ,IMF,) =

lcov(X (1) ,IMF,) |
var(X(1) ,X(1)) x var(IMF,,IMF,)

Az cov () RN T5 25 pREL var () o 7 2 sREG X (1)
WEEGRAF S s IMF, fX3R EEMD J3fift J5 545 5 A 8] (14 [ A
Bt B R B [ 0,1] 5 y (HCK HGE
W5 5 B A B DT RO R

TETFEACRE y o, H TR A 1 R 2G5
B ARG R ALIE 1) IMF 5y i 5 )RG5 HAL L
WIERGIES Z(1),

Z(t) =[X(t) ,IMF, ,IMF,,--- IMF]" (13)
3.3 EEZMEHESE

HETEHAERZEERAFS R METHESEH
T B 5 R B R EIL G S E 5 .

THEHRE—FMET AT ENEIESESE
¥, e i Belouchrani 457 41 %7 im it % —41 A
AH G B 3E 47 86 G 3 )L X A A6 (jointly approximate
diagonalization ,JAD) JRSZFRIR(E 5005 .

THEFRR B Y s 1 R, HIEAR IR
mr,

(12)

b oour

Z(1) W) 0]
Btk BExa ——

w U

K1 SOBI Jjikfife
Fig.1 Flow chart of SOBI method

D) ZHERAE T Z(0) ol
)RR S B, Z(0) —W(t)
)W () BREM ML, ATHRE G U (1), W(t) —

U,

Wt AR AT LAAS 2RSS R TR AG T

U(t) =UWZ(t) (14)
4 {FESH

S BAEAR SCHIT B T A R i I B AU
BRI 5 5 AT b, D5 BEAE S = (15) Fow,
KAERECH 1024,

S,(t)= leleccum

{ (15)

S,(t)=100cos(2mwx500:-10)
S, (1) 5 RM 85 TP LR — e AR
538,(0) A B rh s RSN E 5. [TE RGP
A S;(1) = randn (1, 1024 ) (75 (U 7 5AR 5 0
S U R I K SR W 2 B

0 500 1000
(a) F5 55, (1)
(a) Signal S, (1)

(=]

0.5 1.0
S /kHz
) 55 S, () B
(b) Power Spectral Density of Signal S, (1)

WEAEL/(uv)

8 & 8
ThEREFR (dB-Hz )

|

200 2100
1T 200 % 0

1000 = 0 500 1000
# /kHz
(&) 155, () Hie
(d) Frenquency of Signal S, (¢)

0 500
(©)155S,
(c) Signal S(1)

BB/ (m-s2)
|
T&{E/(m-s2)

0 500 1000

0 500 1000
SRR A HiZ /kHz
() 555, () () fBES, () Fk

() Signal S, (1) (f) Frenquency of Signal S, (1)

B2 f B AR A

Fig.2 Time-frequency diagram of simulated signal

TR TR 2 A R B 05 5 22 A
o MRS, W, Bk D 2x3 BREHEKE A, 1L
X (16) T X ()= AS (1), FRAFPIA AT R Y WLEE



212 /L F ¥ K

F40E

Ao X, () X, (0), B3 AR NRAEES X (1),

X, (1) BB IAT
-0.4807 2.5383  0.1283
A= (16)
0.8368 —1.3233 —1.4424

&8/ (m-s72)

0 256 512 768 1024
@5 X,0)
(a) Signal X, (1)

TRAE/(m-s?)
g

0 256 512 768 1024
b) &5 X,0
(b) Signal X, (1)

B3 WEMES X (1) X,(0) B

Fig.3 Time domain diagram of observation signal X,(¢) and X,(t)

WAR 05 BRGS0 2 I ER IR A S i B W
ZAGT X, (0) B X, (0) Ko B3 IR HT IR TR E, B
THLRY A R E T PRy TR A

FARSCIHR I, BUR B 5 IR 5 X, (1) B it AT
EEMD 73 , 70 Jm ) IMF 235 1Al 4 fs

% 1000 £ 500

S 0|omesecessvesssassenesens £ 0/0ISISSOR00000000000000¢
- & —500
a8 -10005 512 To24 % 512 1024
= KR = REE R

o () IMF, o (b) IMF,

g %W@M g 18|L ot
% 19 512 1024 Eﬂoo 512 1024
~ (M, — ()M,

a 10 10

g of./vwww_«wu\/\[\wv\/v\ g 0

a 1% 512 1024 g’mo 512 1024
2 (@M, o (DIMF,

- 5 -100 .
2 512 o2 2 %% 512 1024
= KPR = RFE R

o ()M, o (WM,
EN~ . EL— T~
< = 9

g 20, 512 T4 Z 0 512 1024
= RAE R = RAE R

(IMF, ()R

B4 WEAE S X, (o) Zpfift e i) IMF 234

Fig.4 IMF components of decomposed signal X, ()

ZJa R JE ) IMF 2385 X () 20T B9 £ 4k
FY(),

Y(t) = [X,,IMF, IMF, IMF, IMF, IMF, IMF,,
IMF, IMF , IMF, R 1" (17)
FeG N Y (1) 1 B A OCHE B 2R 47 o7 S (B0 e, 75 31
HAEEFEE R Ay = diagi A, = A, = A5, = 0,40
1R,
x1 ZUENRES V() HFHEE A,
Table 1 Characteristic value A of multi-dimensional
observation signal Y (¢)

BEE A As As A4 As Ao

BUE  1.7692 0.3261 0.0216 0.0004 0.0002 0.000 1

P D IR 24N Y (1) BT K AR (R
MR LL(E, 03 2 R .
R2 E5 Y(¢) 09RT K REFIEELZE
Table 2 Dominance ratio of the first K eigenvalues of
signal Y(¢)

K RFAEAE YRTRAEME S B A AT K RAHIEE
A HE/% I/ %

1 1.769 2 83. 54 83.54

2 0.326 1 15. 46 99. 00

3 0.021 6 0.97 99. 97

4 0.000 4 0.02 99. 99

5 0.000 2 0.01 100

6 0.000 1 0 -

M2 2 WM, Y K=2 F,A, 4 0.99, HH K=3 Iif,
HoAAESEIINT 1% , W5l Ja AT 2 YA A6 W AH
SRR G, R, #f e IE S i E RO 2, S5
W3, AR S AT U RS S
X, (1) 5% IMF 53 BAHOC R B v, HAE AN E 5 s .

| ol09624
0.8t
@ 0.6
041 02659 02608
02 0.0067  0.0340
00218 00170 00176

}rl 7’: ’}7} }rJ ys y( V. 7, Y

AT R Hy
5 WS X,(0) 5 IMF; B R BHRE

Fig.5 A histogram of correlation coefficients between
signal X,(¢) and IMF,

e, AR AR S AT R 2, S WS S
KA BRI WA RS s B IMF, 555 X, (1) A



5 10 19

RAIEIE A5 AR AR S

FOE 1 I S S AR B 213

BAFESAES Z(0)= (X, IMF )", JeR, 5555 Z (1)
YO 2, % TR X, (0) FBUSSIREL 2, LR 5
HIRT B FEA R B N HAES Z () R B
ARSI, AR A B R TR A U (¢) , X R
155 B AU T aniEl 6.7 s

o 200
£
g—200 ; -
0 512 1024
3=t
(@) ff5a
(a) Signal a
'T“; 300
£ 200
g . .
B 1000 512 1024
L fESDb
= 10 (b) Signal b
£
£
105 512 T024
©fE5c
(c) Signal ¢

K6 oy oA

Fig.6 Time domain diagram of separation signal

100
»
£ sof
o 0 ) )
= 512 T024
Hils/Hz
(a) Signal a i
w50 (a) Frequency of Signal a
ol
A 0
#Z
&35 1,024
iR/ Hz

(b) Signal b Th& k% i
(b) Power Spectral Density Estimate of Signal b

20

512 1024
Biid/He
(c) Signal ¢ #Hi%
(c) Frequency of Signal ¢

7 yEIERE SR

Fig.7 Signal frequency domain diagram after separation

M 6.7 AL A5 Z (1) 4385 )5 v 3Rk AS 3 B
AR ST A5 %5 Signal a Signal b Signal ¢, 5JFIHTE
S 2 ML, BRSBTS AR S T A T R,
R 5 A st Sl R AR S I8 T REAR A bR — B, e R b
BAE S B ai e i —2okk, to T LR R FH TR (13) 3k
WM EYS S,(1) \S,(1) 54 B 1) Signal a Signal b ¢
PEo BHSCRE y MR 1, S THE 5 MRS 5 i
FARL, 2 3 s IS S S, (1) \S,(1) 553155 Signal
b . Signal a AYFIE % vy (H.

®3 BRES5SHBRSHEXRY
Table 3 Correlation coefficient y between the source

signal and the separated signal

HXAFS
y 0.982 4

y(S1(t),Signals b) v(S2(t) ,Signals a)

0.967 2

F b, T LR B ST R A 5 Ak B8 7535 T A S AR
B EBAG S RHE SR O I8 5

5 SKIRIIE

O R 0 AR ) i A S Ak B A T AT, I H
SR FH /I T i 500 1 2% 498 0k 5 WA 52 A0 s A o i 2 oty
2o M AR TE SR R ST N 8.9 TR
S I /DN R N 32 e A S S A L, TS
PRI SE AR AR, A s AR R T R 45 T, Iml ik
e 30 A R 0 R 4 1 A Y e
HPEERE

K8 I
Fig.8 Test device

[ [P T | Toe % #]i 4]

| |w| | & R w| |

] o] i ] 8 El %

wli x| | % " | |

wl =] |= o || |2

% .
ERs JERAL

\%mrj sl f_

Ko Hdlsics ARG

Fig.9 Data recording system architecture

I YR S 9 3 R HR A A 00 2 280l o 3ok s 2R A 7
5T, R 2 s () Q& 10 i,

FEAR SO T vk, 1 e xR A5 45 s (1) EEMD 43
it , e i IME A3 RN E 11 B o 50 Ja IMF 434t
5s() WS Z 4G5S Y (1) o HIWR X Y (1) 1
FARSCH M R, AT A A5 B E R AR R 2 A,
HAH % 4 PR,



214 (O O F40%E

(010 £S5 S V(1) BB K RAFENE & R K L 18
Table 5 Dominance ratio of the first K eigenvalue
of signal Y(¢)
22 < FHE(E HHFIEE T K RFFEAH
% - A SR % AR/ %
B 1 7.955 0 67.50 67. 50
2 2.654 9 22.52 90. 02
3 0. 856 2 7.26 97.28
0 2 4 6 8
i A]/s 4 0.108 6 0.92 98. 20
10 R h 2k s (1) 5 0.075 3 0. 64 98. 84
Fig.10  Penetration acceleration curve s(t)
6 0. 060 9 0.52 99. 36
0 _ 7 0.041 6 0.35 99.71
e sl mae II
‘EE*O ﬁ:*O 8 0.025 2 0.21 99.92
B =" 500 Too0 =="1g 500 1000 ) ) )
I} []/ms I} 18] /ms
(a) IMF, % _ (b) IMF, 9 0.0110 0.08 100
B ! = sooonMv____
g 15 500 o > % 300 1000
Fif 18] /ms E:lﬂﬁl/ms M2 5 AlAL X K=3 B {55 AT K REFEAE A A
— (c) IMF _ (d) IMF, . PN
%36[ %i g)l RECAE Ax R 97.28% o BLJE, A ak e sm K {5, A, A2
875 S0 100 270 500 1000 AR/, BB/ T 1%, BEWE 23 it ) i 3 4> 73 53 B0 1
S )/ S i)/ - § Vb v \ N
s - e SRR 5 0E BERE, TRLR IR £ 0 3 R
2% 0 %7 5008[\/% 5o M0y 3, TR SR EAS AU 13RS
Rog_ =-5000 . " ST
SE o me w0 0 sm 00 B (0) S IMF SRR AR Ay SUEERE W 12
S |8 N ms
_ (© IMF, = (h) IMF Ji7s
B song Bl 09
Bes ooom 5E-2 08
&£=""0 500 1000 0 500 1000 03
i &) /ms i [A]/ms 0.6
(i) IMF, (R i 05
03
Bl 11 {55 s(0) /e iy IME S5 8%
Fig.11 IMF components after decomposition of signal s() 0

x4 SUNRES V() HIFFEEA 12 WEAET s(1) 5 IMF, 435 1 AHOC R AR K
Table 4 Eigenvalue A of multi-dimensional observation Fig.12 A histogram of correlation coefficients between
signal Y (¢) signal s(¢) and IMF,
FRAIEA Hft LA HufH
A 7.9550 Ao 0.060 9 &, 4% IR RAE SR IE A 5L 3, iU AE 5
Ay 2.6549 Ay 0.041 6 G R BRI [ A A5 BRI IMF  (IMF RS 5 (1)
As 0.856 2 Ag 0.025 2 L BBIREES Z(t) = [s(t) ,IMF6,IMF8]", %
Ay 0.108 6 Ao 0.011 0 T EBERE R HEITE TR, A EE R S e
As 0.075 3 Pl 13 Jirs

A& 13 ), SRR AT a5 5 s (1) AR
Y1) = [s(1) IMF, IMF, . IMF,.IMF, IMF, HRANEIS  H A% T 3 AN S A9 R 3 4 R Signal d Signal

IMF, ,IMF, .IMF,, IMF, Rn]" e Signal f, 5 10 ZW0EEE N s(¢) LbE, KB
HE(EE V() BIFT K WOEE (5 2 A, o JFHME SR S TIES s(0) B4 RR L, H il
%5 i, LARXS G (55 0 i e ALf PSR IRAE R Y S i 3



B 45 (2 i R 5 1 O VA B S A B 215

5% 10 # 21
& X108
|
o — .
] 100 200 300 400 500 600 700 800 900
= HT”EE/ms
o (a) f55d
é 20 (a) Signal d
‘E/ 0 Jlﬁv;\'.vn‘.
2000 200 300 400 500 600 700 800 900
= Bf [ /ms
R (b) 15 5e
g 101 (b) Signal e
‘m 0
ﬁ,lo L ) L L L L L ) |
E 100 200 300 400 500 600 700 800 900
Fif 1) /ms
(o f5st
(c) Signal £

13 Z(0) BRAY B R M S A

Fig.13  Signal components after Z(¢) blind source separation

WA AT (13) HEMRES s (1) 5B ENGE
5 Signal d AHEFRE, HAE y=0.974 7, XnE)EMES
Syt e f PEATHRE S0 () 14) , 5 s (1) A B 2y 33 (&
15) LA, KBLIr #5515 5 Signal e F1 Signal f 1) T2 5%
#2hyE 1 071 Hz 13 871 Hz b, 5IR[E 5 s (1) fE BT
FpkAErf s 1 071 Hz F1 3 836 Hz AbAE# 4:3r . RT3
PUA R MRS T s (0) AR LA, 745 T 5L
5% s(0) FARKFAE 97% ALY , 4325 W 5 1, Sz e f A
2190 B br i R A KA I 2 BERHAE Signal do RIS 38535
T YRS RTE 1071 Hz 13 871 Hz Ab 4 WA = Ak
5" Signal e Fl Signal f, T3 R b = 404G
B2 AT AR B B lia k3N, # (55 Signal e F1 Signal
SRS 1 071 Hz F13 871 Hz A] REZ #5240 B 473
PRI B SR R Bl 2 VGE IR

201
X: 1071
15 Y: 12.03
g 10
5k
0 1 000 2 000 3000 4000 5000
BiF/Hz
(a) Signal e Th&ilk
20 (a) Power Spectrum of Signal e
15 X: 357914
Y: 10.
g 10
=
5 [
0 1 000 2 000 3000 4000 5000
PR /Hz
(b) Signal f TjZi
(b) Power Spectrum of Signal f
14 (5550 e S
Fig.14 Frequency spectrum of signal components e and f

10001
900}
800}
700}
600}
500}
400} 1 071Hz
300
2001
1001

0

e fE

3 836Hz

05 10 15 20 25 30 35 40 45 50
M /Hz x10*

K 1S  ZIES s (o) Bt

Fig.15 Frequency domain analysis of penetration signal

S SR F A AR AV 3 A S A BT i SR AT iR K
1A Y8 AT EEMD&WT Ay 435 1) #1876 B 451 43 BT 7 1%
DA R SC T 2 R 6 U8 B R A A0 3 A
s(o) PEATAREE AR AN E 16 fron . B 16 AT LA
R ATRIE IS W R 2 B R AR S R A 2
40715, EEMD&W'T 7 Jii i J8 PRt T g ol 2 11 b ¥ I A7 7
JRIEBAR s )AL i AR SC Tk Ah B B 3k 28 il 28 5 TR
AL, ST T SR S — B Al LA b R
T R A .

E— A3 3 FAS ] 7 ik A B 6 S AR DT BH
BRI SRR AE A 5 AL 40, SR AS A S A AR 4000 2o A 3 3 Aoz
Fh £ nt& 17 .18 fiis .

;
40710

330 —— A
30F f ""'""EEMD&W"I:
it
AR RS 4
20F & 1
15k 5
1op 1 |

05k i,

i BE WA/ (m-

-0.5¢

-1.0

0 100 200 300 400 500 600 700 800 900
it 1] /mss
16 3 Fhig Tk ab BHgs

Fig.16 Processing results of three filtering methods

M 17, 18 WL R0, 54K 1R 1) 4 O A B R O
489. 4 m/s LRI 0, SRR BITREZ N 0. 963 m, 5
g LRI B (K 19)  EEMD&WT B 598 i
Tk ABUESEE BT AL BRAS R (3% 6) PR, R BLA 3C
JIAR T3 A SR AR ) A B AR P 5 S0 R 0l ey
UL AR RSB I T LR A T EEMD&WT T4 i
YA LTI P Ak PRI



216 S/ L R ¥

F40E

500

450 \
N _21:)‘573‘/25 (v=489.4 m/s)
4001 -~ EEMD&WT (v=424 m/s)
,,,,,,, ISR IE D (v=442 m/s)

350+

100 200 300 400 500 600 700 800 900
I [A]/ms

B 17 3 Fhor ik s s

Fig.17 Penetration velocity of projectiles w1th three methods

1.0
09r
0.8F
0.7F
0.6F

—— A5 (d=0.963 m)
............. EEMD&WT (d=0.896 m)
_______ AIESTIRIER (d=0.908 m)

100 200 300 400 500 600 700 800 900
B [8)/ms

K18 3 Fy iE AR AL B AR 24
Fig.18 Displacement integral curve of projectile

penetration with three methods

WERGE

(a) AT H 3 T

(a) Schematic diagram of penetration test device

(c) RATTRSL

(b) RA KT ]
(b) Penetration test process (c) Penetration depth
B 19 JREEHIRIREER

Fig.19 Penetration depth test and device

R6 IRMARFEMEEMRERRE
Table 6 Penetration depth and error of experiment

and different methods

ik AR, iR (=1 R

(mes™")  iRE/% WEE/m RE/%

S 478 0 1. 005 0
EEMD&WT 424 11 0.896  10.8

L SE Ik (3. 8 kHz) 442 7.5 0. 908 9.7
AT 489. 4 2.4 0. 963 4.2

6 4 e

BB S EAIRE JERYIE A5 R

Sl 22 BT 2 A Ak B DA K /0N (B A 7 12 AT LA e AN ]
mwwﬁ&ﬁ%“%aaﬁﬁww@mmwmmwm
HERHIE, B B AR ) R A IE S R BAEAS
AL BRI AR S BE [ B AT R0 8 Y A 35 3
TR AR 157, TG 325 X 56 A el i R AR A T AR
SCER A TR B LB R 2 B 0 ik ) = 1L 4
RS BT 3k T S 5 i o AT AL, bk TR
i A5 5 00 P e 2 A TR PR B K E 73 B I A
(NGRS R i C N ER TP oR E 7 ¥ <0 R N AN
BT H IR B BRI T AR A B I A A
I BEASFAE A5 2 7R e R SR 14 22 B 5 A4 i,
PR T DA LA R 08 AR 2 O LA % [ AL ] I 2%
JPERAT W5 FOE L R Lt G 1 38 20 B A7 I A3
IIMTT A AL FRAR )5 2R [R] 5L T 00 T S 40 £ Y IN
RETRLET, Ay % A AR A% 1 T ) 288 S0 1) 2 00 i 48 20 O i
PR ft T BB RIS B TR

25 b ARSI B 5 TR AR I 345 B R B B

ENEREE R S A [ WOWN T KX e o T E S e a A A
— R B A S B, AR AT JEE 5 A3 i A A LR

A —E PR

S 3Lk

[ 1] ZHANG W D, CHEN L J, XIONG J J, et al. Ultra-high
g deceleration-time measurement for the penetration into
steel target [ J ]. International Journa lof Impact

Engineering, 2007,34(3) . 436-447.

RIS , % ML, 2. 5 2 Bh fE SR AR BT A H A i

BEMRE AR 5T [T]. #3805 whddy, 2007, 26 (11) -

118-122.

XU P, FAN J B, ZU J,

(2]

et al. The acceleration

measurement of projectile high velocity penetrating

concrete target and acceleration signal analysis [ J ].



5 10 19

AR 25 AR AR S

FOE 1 I S S AR B

217

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

Journal of Vibration and Shock, 2007, 26(11) ;118-122.
FORRESTAL M J, REW D J, HICKERSON J P, et al.
Penetration of concrete targets with deceleration-time

measurements [ J ]. International Journal of Impact

Engineering, 2003,28(5) :479-497.
FRANCO M J, LUK V K. Penetration
targets[ J]. International Journal of Impact Engineering,
1992, 12(3) :427-444.

BOOKER P M, CARGILE J D, KISTLER B L.

Investigation on the response of segmented concrete

into soil

targets to projectile impacts[ J]. International Journal of
Impact Engineerin, 2009,36(7) :926-939.
ROTHACHER T, GIGER B. High g ballistic flight data
recorder| C ].18th International Symposium on Ballistic,
1999.379-386.

ZHAO H F, GUO Y, ZHANG Y, et al. Penetration
signal adaptive cognitive filtering model based on wavelet
analysis [ C]. IEEE 13th International Conference on
Cognitive Informatics and Cognitive Computing, 2014 .
514-519.

R, KT, 2 v, S5 ARSI R S AT Bied
HlfES )] b ELK TR, 2015,26 (22) .
3034-3039.

ZHAO H F, ZHANG Y, LI SH ZH, et al. Frequency
characteristics analysis of penetrating missile and research
of penetration overload signal processing [ J ]. China
Mechanical Engineering, 2015,26(22) :3034-3039.
FRANCO R J, PLATZBECKER M R. Miniature
penetrator ( MINPEN) acceleration recorder development
Sand98-1172C [ R ]. USA. Sandia
Laboratories, 1997.

E A BRI , A5 24 Dok AR AV 2o 28 S 0 A 1) B in A
SR 100 W A i R A o [ ] R K S o, 2007,
27(5) : 416-419.

WANG CH H, CHEN P Y, XU X CH. Filtering of
data

test: National

penetration  deceleration and determining of
penetration deceleration on the rigid-body[ J]. Explosion
and Shock Waves,2009,27(5) : 416-419.

TRMS. i g i 00 o B o8 A 0 o AR AR e
WF FE[D]. KJat: rhdboke,2006.

XU P.The high g shock test and the intrinsic characteri-
sticsresearch of on-board memory tested equipme [ D ].
Taiyuan: North University of Technology, 2006.

SCE AR ST -E-S (g (A i
R AEH AR A BUZ AR5 T A B [T ] Ak 3l 5 o
i, 2013,32(19) :165-169.

WEN F, SHI Y B, ZHOU ZH, et al. High g

accelerometer based on MEMS and its application in a

[13]

[14]

[15]

[16]

(17]

(18]

[19]

projecile penetrating double layer streel target test [ J].
Jounal of Vibration and Shock,2013,32(19) :165-169.
T, VTR ARG, Al LR S A MR v A 1
MLIY. e Rz 24 B ARERR, 2007, 28 (4
1) 31-34.

WANG Y, FAN J B, XU P. Application of triaxial
piezoresistive accelerometer in oblique penetration
experiments [ J ]. Journal of North University of China;
Natural Science Edition,2007,28( Suppl.1) : 31-34.
BGCE X H) , f)F A5 AR B S i B Ak
7 )]3S b7, 2009, 29(5) : 555-560.
HUANG J R, LIU R CH, HE X, et al. A new data
processing
overload[ J].Explosion and Shock Waves,2009,29(5) .
555-560.
R, ZE R, Pz o, 45
LIES RN TR S R
33(2). 307-311.

HAOHY, LIXF, SUNY Q, et al. Projectile structural

technique ~ for  measured  penetration

ARV Ao it PR A 245 4 W
& 3. K 5 2 8, 2013,

response frequency characteristics analysis method in
[T] Vibration,
Measurement & Diagnosis, 2013, 33(2) :307-311.
HERTERIGE  BRATE, 25 rh . BE T A S (E 2 i AR i 3 AR
SRR T[] 2 K S 2 W, 2015, 35 (4)
770-776.

ZHAO H F, ZHANG Y, LI SH ZH. Research of the

penetration overload signals de-noising methed based on

penetration  process Journal  of

singular value decomposition [ J]. Journal of Vibration,
Measurement &Diagnosis,2015,35(4) :770-776.

FEAR, BRNI, 558 T SR 28 0 A o0 ik i 2 1
IR RN BAG Sk mEY AR,
2018, 32(5) :126-132.

TANG L, CHEN G, WU H. Penetration deceleration
signal processing method with ensemble empirical mode
decomposition and consecutive mean square error [ J ].
Chinese Journal of High Pressure Physics, 2018,
32(5): 126-1321.

R, IR BRGE . 20 B AT SR BRI S
HAE AR SALBEAE B2 Wr b g B [0 ] AL T A 2
2, 2010,46(20) :64-75.

ZHAO X ZH, YE B Y, CHENG T J. Theory of multi-
resolution singular value decomposition and its application
to signal processing and fault diagnosis[J]. Journal of
Mechanical Engineering, 2010,46(20) :64-75.

AR 7 0 R 5 A X R A2 A 5 I 530 5 A 4
WIEIR S5 5/ 8 r ik 1] A ALY, 2016,
36(10) : 2933-2939.

YE W D, YANG T. Single-channel vibration signal blind



218 (O I O H40%
source separation by combining extreme-point symmetric Chinese Journal of Scientific Instrument. 2017, 38( 10) .
mode decomposition with time-frequency analysis [ J ]. 2536-2546.
Journal of Computer Applications, 2016, 36 ( 10): [27] BELOUCHRANI A, ABED-MERAIM K, CARDOSO ]
2933-2939. F, et al. A blind source separation technique using
[20] MFN, 24 5 % ££F EMD_SVD 5" Lk second-order statistics [ J]. IEEE Transactions on Signal
RSB E SRR R 2k )] A+ T Processing, 1997,45(2) : 434-444.
#t,2016,38(10) 1849-1858. (28] XU, Pl SHlhll. 3T A — B B o
SHANG X Y, LI X B, PENG K, et al. Feature BHEEEEAE FENIE[T]. VLW, 2018,
extraction and classification of mine microseism and blast 40(5) . 1043-1049.
based on EMD-SVD[J]. Chinese Journal of Geotechnical LIU B, XIAO H, YI C C. Second order blind idenfication
Engineering,2016,38(10) 1849-1858. of singnal-channel signal based on kernels[ J]. Journal of
[21] HUANG N E, SHEN Z, LONG S R,er al.The empirical

(22]

(23]

(24]

[25]

[26]

mode decomposition and the Hibert spectrum for nonlinear
and nonstationary time series analysis[ J]. Proceeding of
the Royal of London Series A, 1998, 454 ( 1971):
903-995.

A, B9, 35,55 BT EEMD 5 25 Sl b G Fie gt
R SR LR W 7 iR ] AR 224, 2018,
39(7),144-151.

TIAN J,WANG Y J,WANG ZH, et al.Fault diagnosis for
rolling bearing based on EEMD and spatial correlation
denoising[ J]. Chinese Journal of Scientific Instrument,
2018,39(7) ,144-151.

FII, B 5 R R E IR o3 88 5318 B 5 BOIR B Jig
B[] JEstigr R saaE 4, 2019,41(6) :103-108.
WANG CH CH, ZENG Y H. Research status and
prospects of underdetermined blind source separation
algorithms[ J ]. Journal of Beijing University of Posts and
Telecommunications ,2019,41(6) :103-108.

kAL R, AT . EEMD FE OGN 2 AU ) L
SHE SRR )] AT SRR 4, 2017,
31(10) ;1589-1595.

ZHANG D D, HAO M L, XING H Y. Application of
EEMD in laser ceilometer backscattering signal
processing[ J |. Journal of Electronic Measurement and
Instrumentation, 2017,31(10) ;:1589-1595.

S Bl , KR B, A A5 B B v 5 TR A A T
TS R R G R [T ). PR3l 5 vhdi,
2014, 8-10.

CHENG W, LU J T, ZHANG ZH S, et al. Application of
information criterion-based source number estimation
methods to mechanical systems with shell structures| J].
Journal of Vibration and Shock, 2014. 8-10.

Wiz H, M, Ph R, A5 2T EEMD-Hilbert 3% i
SR AR U Bl A g it B U [0 ] A B A R 2 4
2017,38(10) :2536-2546.

CHEN L Y, YIN J W, SUN ZH Q, et al.Flow regime
identification of gas-liquid two-phase flow with flow
around bluff-body based on EEMD-Hilbert spectrum [ J].

Mechanical Strength, 2018, 40(5) :1043-1049.
EE BN

BXIE, 2004 4 FAEAL T 2 e R AT
L2740, 2009 4R AL RS R A A o A
PO A A T A RIS, EEE
FEI7 164 AR E BRI S RBIHAR o
E-mail ; zhaohf@ njcit.cn

Zhao Haifeng received his B. Sc. degree
from North University of China in 2004, and received his M. Sc.
degree from North University of China in 2009. He is currently a
Ph. D. candidate and an associate professor at North University of
China. His main research interests include target information
detection and recognition technology.

K Gl (5 7E ), 1996 4E FIb s B T
FEFFRAFAR -2, 2003 AFEAE AL T2E ek bl
AL, B AL R SR AR, BT T )
AP RGBT 5 TR, BAR IR EEE
MY AT o
E-mail ; zy@ nuc.edu.cn

Zhang Ya( Corresponding author) received his M. Sc. degree
from Beijing University of Technology in 1996 and his Ph. D.
degree from North China Institute of Technology in 2003. He is
currently a professor at North China of University. His main
research interests include the design and analysis of mechanical
and electrical detection and

systems and the recognition

technology of targets and environment.

Zttbrh, 1996 4F AR AL T 57 e 4145 A
o7, 2004 AR FE T TR FARAG -2
i, B p AL RS B, EEWF D10 H
FRARINEUN R G0 BT AT .

E-mail; lishizhong@ nuc.edu.cn

Li Shizhong received his M. Sc. degree
from North China Institute of Technology in 1996 and his Ph. D.
degree from Beijing University of Ttechnology in 2004. He is
currently a professor at North China University. His main research
interests include the target detection, recognition and system

simulation.



