%8 I T Vol.47 No.8
2019 4E 8 H ACTA ELECTRONICA SINICA Aug. 2019

e sies HL A Bk e £ 5 R
OR ELJE S RN (1Y FPGA S B

g R ow,E om L REF L E O FNER LYW O&
(1. BiALBFoE e , I B A AL ¢ 3 B 47 [ 5% B o5 S0 %, U AT 10220552, BN B TR R 2238 05 TAR A B , Wi VT AT/ 310018 )

T OE: T SR S MR R O R K R (R S BFSE T TR AR A Duffing 4R T (9545 Bk v 5 5
T 3E % K I FPGA ( Field Programmable Gate Array) SEHLHA. FIF K o {55 7E3 8 G Duffing Jiz -85 & A9 L Bf
PR IRIE” IRGe , fif PR 5 25 43 SR AT I ik ol 5 5 e DU S5 3R 331 5 5, R B e R et R e /A DT 5% 22 1 5%
At DU B Runge-Kutta 4503 5K fi# Duffing f843 75 8 HoR, 1T Tl A 1€ FPGA _LIs T K &AM It #E4T T 004k T
PRI Bt T SO o> BT @ BN FIFO fE A B (AR B 5 WK SR A R 40 85, A ok T B8
BEHE R W T 2 LI . S5, DA i, e 0 T b S ARG 52 56 2% B R 5 o/ N T DU A W L PT 3K — 18dB, [RIIHIE BT T &
BN INEERVEiS

KW :  FG Duffing IR 75 MEIIKIES s SRR ISR ARl ] 450

mESFES:  0415.5; TNO11.23 XEAFRIEAE: A XEHE: 03722112 (2019)08-1797-06

FBFZ4# URL: http://www. ejournal. org. cn DOI: 10.3969/j. issn. 0372-2112.2019. 08. 025

FPGA Implementation of Real-Time Detection for Weak
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Abstract: In order to detect weak electromagnetic pulse signals in wideband noise at a real-time rate, the detection al-
gorithm and FPGA implementation were researched. According to the phenomenon of general " in-well out-of-synchroniza-
tion" in the strongly coupled Duffing oscillators caused by the pulse signal,the original weak pulse signal could be detected
through the principle of variable difference. The Duffing differential equations were solved by a real-time algorithm named
fourth-order Runge-Kutta, which has the advantage of maximum stability domain and minimum truncation error. We devised
a pulse detection pipeline structure that was suitable for running on the FPGA. In order to improve the detection rate,a data
parallel structure was designed to calculate 73 segments of data simultaneously. To avoid the problem of waveform distortion
caused by parallel computing , we separated the threshold detection process from the waveform extraction process by adding a
FIFO memory. Experimental results show that the minimum detectable signal-to-noise ratio can reach — 18dB in the detection
of weak lightning electromagnetic pulses.

Key words: coupled Duffing oscillators ; weak pulse signal ;real-time detection ; FPGA ( Field Programmable Gate Ar-
ray)

1 2= Sz 107 P PP O A R R A B AR A AR R4 S, i
B B R L L R K o B R BRI H EL 4,

AR, AR IS AT HOS FE S I AR g4y 223 AR IR 1 2 8 0E4T Ak 8 4= S ke

WA Tk it LA T SRS S B ) gt S e R o (S B AR A 4 Duffing 4
Dy RO BN IR BT — S TREB W BIT " i@ s ) B A ) 4 55 AR B G, I I AL

Wk H 19 :2018-11-14 & 51 H 31 :2019-05-21 ; BT 4 - T 24 3%
FATH - R BE SR 65 % 0 ( No. XDA17040503 ) 5 [ 5% H 482 3 4 (No. 61705055)



1798 H, ¥

2 4R 2019 4

WFFE T MR 7 5% b A DU 538 Jmy TR L A s
B fFE SCES ] R A5 e J& T Duffing 38 1 4 %
R L, 05 BT 53 1 2R B AG I B Ry B A
SO gk s ek AU Duffing 4 1, 155 T
— P T RS S R B . R M
BT RS S Duffing 1% -, JF 40 B 1 HAG I ik
MES IR RE. B ET FIR B8 Ab T BB AR R 5
ELIIE R B, A B A FIHT FPGA 147 ik {5 5 S 4
I A AH DG

ARSCHISESE T oM 5 Duffing Jk #9535 F B BK b
&% FPGA SRl £o AR 551 & 7 3 4% G Duffing
Pk 7 AR 5L BE, SR 5 ) 52 I PO B Runge-Kutta 58 7%
(Real-Time Fourth Order Runge-Kutta Algorithm , RTRK4 )
K% T RS Duffing g7 82 , HR I T id & FPGA
PRI 7K R 45 A ARV R I A7 030 Ja o o R A DU 5 8
TEARIE 5385, itk 1 B840 o B e i BB 2k L) R, d
J o P25 0] DA F, FL % Jik o ( Lightning Electromagnet-
ic Pulse, LEMP) 47 1 SEIP AN, 3600E 1 3% 5 s i al 47
PEFI R GE A RO

2 2# & Duffing IR FRRNMBEKPES
IR38
S E Duffing I8 7R R g ek v

X, +wén, + 0 Ek(x, —x,) +wk(x, —x,) - (x, —x)
=w (Fcos(wt) +s(t) +n(t))
X, + wéx, + @ Ek(x, —x,) +wk(x, —x,) — (%, —x))
=w Fecos(wt)
(1)
K, AR 1.2 0 F0R k7 1 AR 2, () - x,)
R IIFEE T, (2, - x,) R LI TR A 0,k 8 A
A€ LB REL, Feos (wt) MRS 1,5 (1) R T
AR AR A5 5, n () MR s (o) F1n (1) Ha A3
P71 v
SRS Duffing i 560 J5L 558 R 1 S B 4 2% [
EN BB UR N /=0 I S A R B [ R
Rk oo RF 1 BPE AT DAL 2 4R+ 2, H PR 1Y
kI AR T 1) I AN AR [E] 3 R S I b AR - TR AH B
WIS 0 (e, =), BIVATSEEL K 5 6.

3 52#8& Duffing frFHISERHTE

3.1 5EAT Runge-Kutta &%

Tt FPGA vp SR i 134 43 J5 7 7 248 ] 55 B Runge-
Kutta 3%, H 45 T —F B B KR A0 de /Nl
Wi 2= 1Y) RTRK4 J5 i :

v,,, =0, +h(c, K, +¢,K, +¢;K; +¢,K, +¢,K5) (2)

AR

n+l

K, =flt,.v,,u(t,)]

K, =flt, +%h,v” +b, hK, ,u(t, +%h)]

Ko =fTt, 4 oo, by hK, +bohK, (s, +2h)]
3 3
K, =/1t, +?h,v" +b, hK, +b,hK, +b,hK, u(t, +?h)]

K =f[1 + %h b, +by hK, +bo K,

+bhK, + bk, (1, + )]

HABEIIFER |
#1 AX(2) RYE

¢, = —0.3806| ¢, =2.0167 |c;=-2.2958| ¢, =1.6000 | c5=0.0687

by =0.2000 | by =0.1166 | by, =0.2834 |b, = —0.1064| b,, =0.469%4

byy =0.2370 | by, = —0. 1189 | by, =7.0763 |bsy = —11.023| by, =4. 8659

3.2 RTRK4 #3824 Duffing 7572
TR (2) RTRKS 5105 5K Al i Al A Duffing §
FHREC), B ) H—Br e R d g 3R
NH
X, =wy, —wk(x, —x,)
y, = —wéy, +o(x, —x)) +w(Feos(wt) +s(t) +n(t))

xz =wy, —wk(x, —x,)

y, = —wéy, +w(x, —x3) +wFcos(wt)
(3)
H B Ah
v (1) =fTt,v(t) u(t)] =A, v, (1) +A, v)(t) +Bu(t)
(4)

Horbov(0) HRGUIRZS 1) 4, (1) AN AT LA, |
AN R GUERE B IR R, 25 1 R kO

xl xl
, Y y
vi(e)=|" v (1) =]
X, Xy
y; Y2
% 0
0 Fcos(wt) +s(t) +n(t)
v, (1) = u(t) =
X, 0
0 Fcos(wt)
-k 1 k 0
£ 0 0
A =
Y 0 -k 1
0 0 1 -



%8 DR <Al R o IR FCE SEIRTGI Py FPGA S8 1799

0 0 0 0 0000
10 0 0 0100
e I B=oly 0 0 0
0 0 -1 0 00 0 1

P (4) #E T B s = (2) ki, AR
v, =v,+h(c K, +c,K, +c¢;K; +c,K, +c¢;K;) (5)

Hrp
K =A,v,(n) +A,v)(n) +Bu(n)
K,=A [v (n) +b,hK, ]

n+l

+A, [v,(n) +b,hK, ]’ + Bu(n +%)
K, =A [v,(n) +b,hK, +b,hK,]

+A,[v,(n) +b,hK, +b,hK, ]’ + Bu(n +%)
K,=A,[v,(n) +b,hK, +b,hK, +b,hK, ]

+A,[v,(n) +byhK, +bhK, + b hK, ]’

3
+Bu(n+ 5 )

K. =A [v,(n) +b,hK, +b,hK, + b hK, + b, hK, ]

+A,[v,(n) +byhK, +b,hK, + b ,hK, +b,hK, ]

4
+Bu(n +?)
Horpn FoREALEL
4 WBEKPESEIHKENEZERN FPGA
)
4.1 HEREWLE
TIRE(S) K K, ~ K (it g —Hn, g
At RO AL DR R AR oAb AR ISR 1 S A L i
C =v,(n),D, =v.(n)
C,=v,(n) +b,hK ,D,=[v,(n) +b,hK, ]’
C,=v,(n) +b,hK, +b,hK,,
D, =[v,(n) +b,hK, +b,hK,]’
C,=v,(n) +b,hK, +b,hK, + b, hK,,
D, =[v,(n) +b,hK, +b,hK, +b hK,]’
C,=v,(n) +b,hK, +b,hK, +b;hK, +by,hK,,
D, =[v,(n) +b,hK, +b,hK, + b, hK, + b, hK,]’
(6)
XHASE C, fID,(i=1~5)8m 1 FmikRPL
Wn, % K RN a,;,a,,ay,a,,a5;(j=1~5) B4
C. D, "R H:
C.=v . (n) +a,K, +a,K, +a,K, +a,K, +asK;
{Di =[v,(n) ta,K, +a,K, +a,K; +a,K, +ast5]3
(7)

ay, a0y, ayas ANFT BV BESERR 2
RBIRHEAL)E , ] — AR WK R LA [ i 2 8is
115 R AT A2 1Sl sl RO 45 58 TR TG 285 A%
IR, AL LYY 4 FPGA R G W IR, B ik A i 1
IR -
#2 AR(7)FRB o, (iy=1~5) FEKERE

J @y @i @ Qgj @s;
1 ch ch csh cyh csh
2 by h 0 0 0 0
3 by h by h 0 0 0
4 byh byh bysh 0 0
5 b h bsyh bsyh besh 0
EupaYig
A. A, B
¥,(0)+ v2 (0)
RIBUEA s(t)+n(t)
HE R u(r)
| e || ey |
| ok || wmk |
| i c,. D, | | iiC.. D, |
ow ] [ ]
| 55 C,. D, | | iic,. b, |

A

VO Y (B R ey allINERER I

4.2 HiERKEEN

PR LI PRI -

B K (i=1,2,-5) 5, A 2 (a) it
N K AR B2 1 ORIE (mult) R 3 YOk (add).
Hrp, —&k Tl o AR, Feos(wt) A 1 AAEH ¢, 1]
PATHE H —A> Feos(wt ) B4 BifF7E ROM Hp, 55 20 A5
#. Data_in i AD S5 7 R4 B9 2 sk XA B B , it
B B 0 7 A

BAE CRID, (i=1,2,-+,5) B A 2
(b) Fm, B K B AR B 8 3 OORIE AN 3 ik, A
K Fifgi it Cf D, ¥y 4 JuaR &, IR AR IR K 2 s



1800 2] I = 1R 2019 4¢
ZA A 200) PRSI TR RIVAT 325 ) 1E 5 {HL.
1 10 T T T
- =
t Fcos (wf) (@ 08F o i
-8 g mult add M 06k
. kN
C(2) [ dela | ["add | ['mult K (1 o
| y e g mt K % oal
C(4) ——.| delay
021
gﬁ; sub mult 4 sub K‘(S)
i 0.0
0 1 2 3

k

T
D,(l)-m)
Data_in Fix_to float]

D@3) : sub I Idelayl I add I _J mult |—> K.(4)

@]

X ——>]
K, — mult
Xij—>
K — mult
[}
X —
add

. = E:}
x;, —>] ads
v mult |—

K, —»|

X)) ——>
v(n)

2 JKLB P LA

P2 PR 2 T A3 e B T i K R A, — IR
WAKAE 5 —4 C, D, Fl K., 52 )i 1 X Runge-Kutta
AT 5 D EURM K LS5 1. Frik FPGA — R etk
T 24ns , — IR INETE 32ns, W— UGB ACFER) (24 x4 +32
x6) x5 =1440ns, 5 ) KL R 24 694KHz. 1) B4
HrRWIRAE A 2 /D 2GR S| 10MHz A RE I 2 {5 5 Al 22
K, B %5 I
4.3 HIESBRIFITIHE

Bds oy BOFATIHH B A B2 w17, [H 7 Bets 2t
PSRRI 1) i R Al T A B A () Y ) R (L, A
I 25 SR 5 B0 00 0 B (L P U A 6. SR 5 Duff-
ing ik TIRE WS IA] 7 5K N I o 5%, 0 MR
Iyt A5 5 B84 18 D T e 10 BEAE B, — B T =
25/w. FEATRFW RE W] 75 0 RFRA 7=
w/w. AL ARSI 18] 52 PR b /N K A S B E
Vi, PR MG 23 BT B30 R AR 1 S I ) AN 532 o ok e 545
. AP 3 B, Bk od £ 52 00 AR W) 0 4 1R = B
BE , BORTE Z =B R IR AL Y BREOR 22 57, (HAR R

t/us
K3 B0 S
4.4 EERWREFIE
Sy BOTHE EAR R DL SE IG5 B R D, H 3 B T I
TE WS, Ry ff Uiz [n) @, 78 FPGA i '® T — 1% M
FIFO f7fifids , WA 4 iR, AD REEBIEE A FERELF
PR BF 5 A FIFO 71555 K 26/ Duffing 3053 77 F2 f5
O A K ik & A DU g e R (E S, OF B AR
FIFO Hf [ JE LR B0H , b A L3R R Lh 454 g Ptk AT —
Ui ZE Duffing i 55, BV AT 58k S0 TR WA A2 | T A B2 L
T R3Z FPGA SEEF T 1 5% 1.

iz 2 l

|
bt
T R l
e | ik

— il A A

AD i

FIFO
]

FIFO Tttt B
F4 IR RE et n s Rl

4.5 FPGA WM RFEIIERTEE
FRGURE S B T Xilink Zyng-7045 FPGA 5
R TR & 6 HE A LA b A5 e, 250MHz B 4
SR, 12 457 AD S e TREE 1 AE TASE RR I R S8
AR AT A S0MHz , R GRS EOE & P R S5 i
FRHLTE R, R TAE R E S Frs.

5 %I

e s f 4 Duffing g 74,2 F=0.2,0 =1 x
10°rad/s, k=10, =0. 7, W tA{H x, =x, = 1.2,y, =y, =
0. F T B BOE & A= & AFG3022 7 A im i e A n
(1), INHLE S A4 LEMP (5% s (1) , i &I
s LEMP {553 gy f 5 KL A B b S , i 3%
T H 7R P A, R R 2 5 155 LEMP {55 B =i




%8 DR <Al R R S IR U BE SSRGS Fy FPGA 528 1801

A FPGA Kl R 48 SCHFREEANIA] 6 B,

Y5 BB

[[RERE o=

S  FPGASCHIRGIN AL T AR

ZSIIPR S PR N

ML FPGASERS (ERMIE INHES
MRS kddy B

6 LEMPSZH RGN SC 40 R 5E

e FHIBIE AR AR 5 46 DU HRE 58 P A48 AR A i R e 4R

MVERE. BOE AR & SO -
Z (x, _;C)(yi _5’)
r = - =t - (8)
Z{ (x, —56)221, (v, =-»°

Kb, R SRS,y hk 5 58«
x, WX,y Ay, B, r = 1 RSO 58 M. 46
WA 2 = W x 100% . 5 I B2 910 48 -
EREI U Y DN RRE 1 YRy =

100 WAL F e iT45 R & 7 (a) 7R, SNR, = -
18dB [N AR 8 Ky 86% , IBIE AHALLE 0. 92, FLYK 52 5
ZERME T(b) () Frm , m] LA A5 5 A ETIT Ik
Vi R AE S LIRS, PR AT LA A 28 456 i/ s il 0
{EME LR - 18dB.

&

b

1.0 100
0.9
0.8 180
= 071 S
g 0.6 {60 E
=05 §
204 {40 =
Eosl -
02} —— JIEABLE |20
01[ — KA
0.0 0

" 30 2826242220 18 -16-14-12-10
SNR,/dB
(a) AN[FIFE LGRS A FIRBEAR (o5

T T
1.0

0.5
0.0
-0.5
-1.0

-5
0.4
02
0.0

02

s(0+n(0)

s(t)+n(t)/V

X‘-Xz

L L L L
-400  -200 0 200 400

t/us
(b) fEMELL-18 dBISBANIE = 5 (¢) K4S

K7  HE5LEMPYE S S2 i 6 25
6 #ig

ARSCH ] RTRKA fif 38 4% 75 Duffing 37375 4, SE 8L
THET FPGA Bk {55 S A i ok A0 Ak B ik A A
I IR K Ze M, e b v 1 Az 5 =R, o B By
K AN 1 25 P T LA Ao 90 K S B R i e, LEMP A6 1)
ZERRW] AR AR R 86% I ARLEE 0. 92 I, fe ik vl
F 5 W L AT ik - 18dB.

S 0k

(1] B3l Bk , ;X 5t ibE. ST Duffing Jk 71955 (5 54

T7E R S BT ] g 5 R 444k, 2011, 16
(6):120 - 124,56.
ZHAO Wen-li, HUANG Zhen-giang, ZHAO Jing-xiao. E-
lectronic circuit realization of weak signal detection based
on Duffing oscillator[ J]. Journal of Circuits and Systems,
2011,16(6) :120 — 124 ,56. (in Chinese)

(2] RIS, P, £ AR, 55, BT GPU (1R 1 55 15 5 40 DU
S [T]. AL ST, 2014,31 (04) ;1051
-1054.

CHENG Peng,RUI Guo-sheng, WANG Lin,et al. Determi-
nation of threshold value of chaos-based weak signal detec-
ting based on GPU[J]. Application Research of Comput-
ers,2014,31(04) ,1051 —1054. (in Chinese)

[3] mduk, FBENE. JE T FPGA HYRUBE S Al 5 S B H A
(I FPRHR A RS2 ( F AR S2RR) ,2016,28(3) 297



1802 H, ¥

P

»2,

S

b 2019 4

[4]

(5]

(6]

(7]

-302.

GAO Zhen-bin, TIAN Xiao-xu. Weak signal monitoring al-
gorithm and realization technology on the FPGA[ J]. Jour-
nal of Chongqing University of Post and Telecommunica-
tions ( Natural Science Edition) ,2016,28(3):297 —302.
(in Chinese)

RBE, WA, B EMW. ST RS Duffing &7/ B3
WG 5 ke DN 7 & F 5 [T ). ¥ B A2 4, 2013, 62
(13) :130505.

WU Yong-feng, HUANG Shao-ping, JIN Guo-bin. Study on
partial discharge signal detection by coupled Duffing oscil-
lators[ J]. Acta Physica Sinica,2013,62(13) :130505. (in
Chinese )

R EEIE R B AL BT A Duffing g1 Jr) SR
{55 K 5 EmrE [ T]. W 3i2£4R ,2015,64(07) :070505.
ZENG Zhe-zhao, ZHOU Yong, HU Kai. Study on partial
discharge signals detection by extended Duffing oscillator
[J]. Acta Physica Sinica,2015,64 (07) ;070505. (in Chi-
nese)

SR, X 1 B, W0V , A5 RIS Bk 2 L G S 15 5 ) XU
+ Duffing i3~ F W AR 7 ik [T ] m R EOAR 2016,
42(6) :2009 -2016.

ZHANG Yue,LIU Shang-he,HU Xiao-feng,et al. Analysis
of gas-liquid two-phase flow characteristics based on double
coupled Duffing oscillator[ J]. High Voltage Engineering,
2016,42(6) :2009 —2016. (in Chinese)
HOREE, 2, 45/, 2. BE T O AR5 Duffing 4ik 5 AL
Sk S A 5 S 8fh ik [T ]. 9 BAE 3R, 2019, 68
(8) :080501.

Cao Bao-feng,Li Peng,Li Xiao-qiang, et al. Detection and
parameter estimation of weak pulse signal based on strongly
coupled Duffing oscillators[ J]. Acta Physica Sinica,2019,
68(8) :080501. (in Chinese)

(8] FEHE, BPR 4, F. FAT i KRS E S0 S i RK4 24 5(

[J]. RG 4 E244,2006,18(2) 306 - 308,312.

JIANG Min, HUANG Zhen-quan, WANG Jing. Real-time
RK4 formula with maximum stability region[J ]. Journal of
System Simulation,2006,18 (2) :306 — 308,312. (in Chi-

nese).

EE BT

ERE I, 1979 46 T A, T KB
N B ESRL 2 BE By AL 5 e 8 F 52 52, 1
WFFEAE, N L BRI

E-mail ; caobfemail@ 163. com

B BH(ERMEE) B,1961 411 Al
A TUFAEN. B %0 B2 e B AL F 52 e it
FEOL, AR I A AL MR B 2% 5 R
AT
E-mail ; zhengyi@ sklnbcpe. cn

Z= POEWEE) 95,1979 4E8 A,
AR N, B 2 B2 B 7 AL A 5 B A 5
B, SRR I BRI 5T
E-mail ; lipeng@ skinbepe. cn



