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B (GIC) By

/tb/zﬁfﬁ AR
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(h AR (AER), EH S5 E R TRY R, bt 102249)

(2014 4£ 2 A 21 HIH; 2014 4£ 5 A 14 HIKEMESH)

el 11 7/Sa - A I 0K e R S EIPAg e o A VA S T L e Y A s e IBE = 8 W R 7/ = = ]
PH, LT LAe Oy T TR LS F R AR B D) SR, R T AR B e, ST T M
RS RIS, I N Melnikov i X R HEAT 734, 487 1 Rk 37 5 8 38 AR AR LA P i 7 2R RO AL

B, AR T RSN R IAT AT H BRI O T RE A

ek, VA 7 AU i — 2 v AL 6 DR B A e

N, WA T2 Sy bTik s 3 4y Bk RERMESUE  Lyapunov $8 507555 22 FaR b 1 5 77325, X 145 20 1 M g

JERSLHLIR IS (8] PP B 1 5 S A PR 23 A, i3t — DB IE

TGS R HA ARSI BRI Y 7 TS B

FEAS[B) RATFEMA T, SN o) 5 2 49 A ) e R I LI LA YRR, O 2 ) R RGP 1 e U T

TRIPIRAE TR

KERIR]: Bl MR, HUREEN HIR, Melnikov
PACS: 05.45.—a, 91.25.Wb, 93.85.Tf

1 5 =

K FH e % A ER Py #8137 (10 AR LA A
5005 2 A0 HL B 2 7 A A A B TR R, XA LA
VR, XA ISR g5 ). AR
HE V5 DL 5 R R RN E A, R 2 AR A 1) M 1 3 T
DLE bl O T S K A B A R
it P)(geomagnetically induced current, GIC). -
FE19HZE, AATTHEIT 46 E & 21 B ik 26 b 1) GIC B
R A S UETE R RIEAE K, A REE GIC
AR TE BT % .

GIC X TE MR K, n- G B ot P L 1
R T AR G i 2% B, ﬁﬁ)’*””ii?ﬁ%ﬁ’]b i H
A R, BTl GIC e & 75 R B T R ARt b, 3
HUE WIRHR, f& AN RAE W77 % &, i RAS
AT Al AR . GIC I £ 5 i 5 0 U B 11 5
BT IR RGN IEH 1B4T % D), X dior
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B A S A T RGN A AR, R
H%Emﬁz PR OR[N Ah 2 T
18 GIC [ L AL
o 26 FE 1 X B 5% IR &2 GIC IR ik, Fir

DL 8 505 & 18 GIC &5 61 1952 4F, Allison %%
EmEREER RN T GICT. 25, 2 E

i A7 RN 25 22 0 43 ) 9 A I ) 100A F 50A
) GIC B, 1986 4F, Boteler Z5#2 H T — M1 G-
IC i85 1)) Pulkkinen 28 5% iX il J7 it 1 3k
— g %DTETL (10, Campbell 2 545 7 JL A&
TEGICTN & () /7 ¥k ') Heriksen 252 ) GIC & T
PLE TN, I F?*ﬂ (2] K& STk H GIC
2 G 308 A) () AT 2 Ab % AV R BAAE, 95
FARR AR 3 2 5 2k 2 15— 101 AT LAE H, Z R I 9T
FEEPEETE GIC E’JU”JE THE LUK GIC Xt B )
TR RGER) TR F 45 Dy i (1017, IW“GICS@
FEL %X 2% 46 (10 5 00 AT 7 5 e 181 i ko 4
GIC B 72 TAEA T2 5B B, Liang %xﬁ@%%ﬁ

http://wulizb.iphy.ac.cn

170505-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.63.170505
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 63, No. 17 (2014) 170505

B TE Y GIC i T KRR 7T 119200, g e n
BREAR AR EEKE RO 2 5, 1 H 5>
A 85 FRAE s R RMIR A B = AN X, it b X 445
HLBH R, Al 27228 Bl EE b T 22 i s
w, BrEfEEER LRNEERGRE—DNEEN
Lt BRI RS, T8 H AR 18
JIHI B 1 SR AR A S T 12122 i T4 T
GIC HIBhASHF I FIE F LB AR WARIE .

A SORE R B 5] N TE GIC I 78, FIH
LR AL 2 FE G, T GIC JE LR M Ha i 5 it
R AR5 N Melnikov 792 12324 35 75 s BG ih
B N AT REAEAE VR TEIL . Ik, R [ 5K
25 H ) H RGBS 45 B GIC I R) e 81, 9 FH 50
A X GIC B 8] A1 0 TR e T Al T o T A e
ST

2 & 1 GICH# & 5 Melnikov & i 4L
HEH R
2.1 EEGICH#ER

Botler $i t} ) 73 A1 VA% 4 2 318 (distributed
source transmission line, DSTL) /£ % 1& I 1) . F
Fedt TR TEIT LT Aok fiR 1. 8 E W)
TR AR 2 ) @ 2 5, BT DA ST AR TE AR A,
T 2 T 2 R A BT R R b 2 ) 23 72 AR IR AT AT It
&9, BT E IR B S5 &, B r] LUK S ik R 55
RS A — NS 5T A F 4, i 1 s,

ik

ok -

SIS

s

1 fRimZ s

F AL 53 A v A4S B b1 T 045 5 B &
TERBL. TR R A mAS 5 Al DU B
AR 4 oy A I (%) 54 10 & hm, ] DL 4 TE K
W GICAE T 8RR — DR ZA TR, B
SLIEREET DLV AR 1) BRI B3N
[1); 2) EEIRZCUF. DL ETE N, #ALER
BN 2 Bz, Hod, E cos wt N HLREAS 4 7= A2
PRSI L (B ONTRAE, w AIEE, ¢t NIfTE), R
RNETER DT, LAE BRSSO, CNE
T 78 5 )2 58 S0 AR, GO IR HE AL I 28 17 7 AR 1Y)

WEHRS. B THRERZNERME, bR E
SR RIELN, ERMEAEE S BETE
uc = a1q+ axq®, K, ¢ NHE, a; = C > 0N
PERZRIN, ag > 0 AR P s 25 100 9],

R L

L

C
FEcoswt G [] —‘7

2 AR S R

A 2 IR R E AT A9 R G AR e M0 T
FEA AT

d
= I+ (~a1q — azq)G,
dl
LTf:_ILR—alq—a2q3+Ecoswt, (1)
R
Rl =g y=1I,e0=7, A =" >0,

E . .
Aaz—%>0¢~B:E3ﬁ@&ﬁEﬁ%Jﬁu
W HLI R G B RN, TTA G = 0. 1
B T R R A 3 A e B TR R 2
I

=1y,

§ = —Ajx+ Agx® + e(—0y + Beoswt).  (2)

2.2  Melnikov jEHIBR S HF 4
4 @2) e =0, M (1) XEH
&=y,
§=—Ax+ Ay’ (3)
(3) R FT % & %8 9 C # Hamilton % 8. 3

Hamilton &= M

1 A Ay
H(z,y) = 53/2 + 711:2 - Tx‘l.

N . " A
EEIRAA =AF 5 0(0,0), A(,/Al,O),
2

Sy

A . .
(- A1’0>’ GYAEIR 5 O Hb A, AN B
2

&
St PuE a] iR 2GR

a 1, A, Ay, A2
H —_— = — — —_—— = —
<\/ A2’0> 2/ T T Taay

T =y. (4)
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PNIEEEI R R A
zi(t) = + A th(ﬂt>,

VAz \ 2
A o V2
yi(t) = imsech (2t>,
i=1,2. (5)
4 Melnikov BRI R IA

“+oo
Mi(to) = / F( () A G@(0), 1 + to) dt,
=12, (6)
o, (2) RATH,

P fi _ Yy ’
f2 —Ajx + AQI‘S
g2 —0y + B coswt

s (5) AN (6) 200 T 75 FH 30 16 R 21
138 1Y Melnikov PR%L

M;(to)

+oo
/_ yi(8) - (—Oua(t) + B - coswit + to))dt

—+o0
—5/11/ -%sech4 <\2§t> dt:I:B£

Az —00 \/A72
oo /2 2
X \gsechQ ({t) cos wtg cos wtdt
Aq Aq
= —6—I1 £ B—— - I - coswty, 7
ATV, " @
/\EFly
+o0
1, (V2 2
1 /OO 2sec <2t)dt 3\f,
e /2 2
I, = £sech2 <\ft> - coswtdt
o 2 2
2
= ﬂnwcsch({nw).
XT(7) AT HE ST P15
M;(to)
A 2
= B\/A% . \/ancsch(\gﬂw)
2
_5ﬁ . 2\@
Ay 3
X —+ cos wtgy
B A -v2mwesch an
VA 2

(8)

R4 Melnikov # 4% 201 41 5t b6 4t M B A A
WA T e s, WX TR0 /DMe, RS
Poincare Bt B A5 Smale B 1 48 e 5 ST VR,
BV U SR AEAE to 453 M (to) = 0, dM(to)/dty # 0,
MIAFTE e, REMIFR R IIE SRR e LA AS,
T ] DA W72 75 HY B VR V.

42 (B) N0,

M (to)

A 2
= B\/A% . ﬂnwcsch({nw)

2
X 2 + cos wiy

A 2
B \/A% . ﬂnwcseh({nw)

= 0. (9)

B, |coswtg| < 1, 3t — 2P % Melnikov B&
B M (to) X to HIFEL, 13 dM (to)/dty = — sinwty.
AL dM (to)/dto # 0, WA Z50H &2 | sinwto| # 0,
Bl | coswio| # 1. TRZAF (9) Npkor, A

A2 9
1.2/

Asy 3\[
Ay

N . ﬁnwcsch(?nw)
JR RGHPIRES T2 (2) AT N
&+ A1z — Asx® + 84 = B coswt. (11)

ARG X Duffing 77 18, $FRlZ—RAETT
FESE S AN ANt ul. 152 i T EE
LN 2R GE RO AL IR 5 A 0 2 515 0 3 9 a
TR MM BN, LR RGRAWFEE W
TRTERFIE. 9t 3R GE I PRI Z AN A 2 [A]
2 5, BAEXS (10) A HE— 2 B2 AL,

6%\/% : %\/ﬁ < % - ﬂnwcsch(?nw). (12)

LHERGERMEN wo = 1=, A L, C%F
5 Bilnl Ay, Ay, BA[15

51 .2
w? > Via 3 . (13)
V2
E - mwcesch <2nw>

0

<1 (10)
B

(13) X N 8 18 GIC H IR il 18 4% 11, B Y
wo I HUAE 5 2 1% 2% 1R I, 2R 48 1 2 n 3 it 55 A7
fESmale ) Fi = SCFAVRTE. HL, HHEE RS
Hs TR T TRk R IR,
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83 7 (O RWL A, OX $81 M EEdL g, OY f&
FIE%R, OZ N T), I NHBf (A58 FAB
2 SR), B ML BT F KT8, D
JoRitR £ (1 BA1OX 2 i3 fa), HhE b
FZR 7] K P43 & 53 5 8 B, 8L B, LA20114E9
26 F A 2012 4F 3 7 8 Bl {0 B 5 S 1R K0 A 91 4T
ST

3.1 GICit®

BT P E AT R, SRR R
FFI DSTL 735 GIC A F 5. Hy77 0 Rk 47
FORCR T, % F A D sk Hy R 3T 5
§ B, 55 B,, (E I F:

B, =FcosD, B, = FsinD. (14)

(b)

t/10% s
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(f)
100 |
50
0 . . .
0 1000 2000 3000 4000
BHEKEE /km

4 FEEFE ©2011.09.26” THEAHT  (a) BRI By M128; (b) BB B By M4R; (c) HIHME B, MZR;
(d) BIHRIE By BIZR; (e) RTINS AL 2R (f) RIS A ) 22 1 2 A h 2
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B4 1B 5 9 P & A8 By, By, B
Lt BRI E,, E, 1 GIC.

“2011.09.26” GIC B34t 4r4r

B 0] 57 21 140 98 ek ) i 32 B T 264 o M vk
F 8RR 4ERE  Lyapunov 880545 P71, Ll
TR R & AR IR — 2 B GIC B 18] 5 51 B VR
FEE.

321 HEEPH

K6 (a) AT DIRIE R, ATEUE H, GIC K
AL B HGRESL 1, oW A R E, Jo W] A g
R B AR DAl 4 B8, 2R e v R A R

3.2

FHE, EPERY] GIC NIRRT 41,

3.22 ERESH

Bl 6 (b)GIC JFAIR £ Eik K. TR, &
gy EARE RN H Ly, e X2
TR A4, 2R B R E GIC A B B iR VR
REME.

3.2.3  RIREH T

K FH GP 5 vk 3 47 9% Bk 4k K 4 A 2990,
K6 (c) NGICHFAI I InC-Inr KR L. Hm
RRNYERL, WA 1 B30 284k, r S H P17, C
e R 7. SR B G BREH 5AF U 21 (8]
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170505-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 63, No. 17 (2014) 170505

R r A8, ke WNBIRARA, e #E ) r fl, 4
d=1nCp(r)/Inri& TR, BIBOTEOC R 4k
R ELLRBL, BRI N 05 oo I ELLRAN, 82K
T R AR BLLR, B4 1% LR I R Rl S Bk 4
Hd, RECEHZ—AN T EEMNFEE, RLT
RGN RREE. RN RIS 2% R, R4
JRZN 735 AR AT DL A LRk G 2R R G VR
(), FCIRLER 2 B 5 i N4 I Ui 8 — AN
EAE, I HIMER — D 8UE. R RGN,
TRIAEH 2 B A R N GEEOE KA K, FEA R
KT — AR .

W, Mm o> 240, dETRE, 1A
BBIPHRNGER m 5 KB d X R R, NF 11|
DLEH, d = 1.23, m = 24, # & Takes i€ Blom >
2d + 1, RV DEH I FEN R U NKE R R4
B, d R B, WA RS B RN

517, AR TEIR.

#£1 ¢“2011.09.26” B AZEH R

WAAES I m KBS d WA m RS
10 0.53 24 1.18
15 0.76 26 1.23
20 1.01 28 1.23

3.2.4 Lyapunov 4§ & o 47 2127

A3 BN BPE VT 5 B K Lyapunov 45
B3l Rt i BN [ 2B K 50 M Lyapunov 18
. RK2FE 6 (d) it FHAF R & K Lyapunov $5
RN TH RS R R A R R £
H 15 2] 1E /) Lyapunov #8284, 11515 H & K Lya-
punov f8¥0CAN Ly = 0.0083 > 0, MHE F i B thik
T 2 F A () GIC A7 1L A [P TR R

%2 “2011.09.26” Lyapunov 5 %i#%
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JEAPE AN I 7 (b) A GIC P A £ 50 &
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e Fr ) B AT IR AT
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3.3.2 XIxZEH 5 Lyapunov 48 3 047

T RS “2012.03.08”GIC Hdf (i 1]
IR = 28. B 7(c)NInC-lnr KR, kA
YEHm 5 RIKAEE d R R WK 3 PR, m BUE M1
30484, FT WY mik B — R E G, Bm KT

Bl 7 (d) A R Z &) Lyapunov 8 201, 15 H &%
K Lyapunov 1§ %08 L = 0.0032 > 0, £ W R#H
4 42012.03.08” (1) GIC [5 1| L AFAE VR4

3 “2012.03.08” B ANLEH

FH R A T 5 H I QIR 4 B0 N o B 4, R R > 151 2 1.93
SIAFAETR MR E, MERFE B S BN A 10 1.88 24 1.93
B, fx K Lyapunov 820 L FI{E W3R 4 firox. k% 15 1.93 26 1.92
AR B I B 1 5534 45 1 1E (1) Lyapunov 45 48, 17 1.93 28 191
K KT 4000 B, K Lyapunov AR E, 20 1.94 30 1.91
%4 “2012.03.08” Lyapunov f5 3£
No 1000 2000 3000 4000 5000 5400 5800 6000
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201143 H 10 H, 2010 44 H 5 HA 2011410 A
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I~ (B G REFEAF “2011.09.26” AT AT ©2012.03.08”).
P Y H R REAREL K, nT LA B R R

W2 E S GIC TRV R,

HH 5 Al A, RIS d TH 5 45 i Ko 2.5,
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#*5 HAWBERHE

RAHE R Kp T m d L
2011.09.26 7 5 24 1.23 0.0083
2012.03.08 6 28 26 1.91 0.0032
2010.04.05 6 18 25 2.5 0.0022
2011.10.24 6 10 22 2.3 0.0028
2011.03.10 5 12 21 1.6 0.0013
2010.07.14 5 6 26 2.1 0.0010

4 % %
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T B AE A AT DB AR R R S o H50HE 7
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1) 33 7 &8 GIC H PR i B E 2 1, 8
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2) X I3 GIC B 18] 5410 43 il FH D 2638 L 3 4y
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3) I KA [F G B AE GIC )4 B &6 R EL,
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TR SRR A KA.
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Chaotic characteristic study of GIC in buried steel oil
pipeline”
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Abstract

Variations of the geomagnetic field drive geomagnetically induced currents (GIC) in the buried steel pipelines, which
may contribute to the pipeline corrosion and the pipeline network interfered by the solar wind and magnetic storm, are
actually a complex nonlinear dynamical system. This paper shows that the induced current in the buried steel pipeline
system has chaotic characteristics. To prove this, we first establish the lump-constant geomagnetic interference model
based on the distributed source transmission line theory. Then we analyze this model by using Melnikov method and
find out the condition under which the chaotic phenomenon will occur. In order to get a sufficient proof to validate the
existence of chaos in pipelines, we also obtain the actual GIC time series by utilizing the measured data provided by
national geomagnetic observatory and analyze its chaotic characteristics using multiple chaotic criteria. Analysis results
of both the model and the measured data indicate that the pipeline’s GICs have chaotic characteristics. This provides

a theoretical basis for protecting pipeline from the effects of space weather.

Keywords: pipelines, magnetic storm, geomagnetically induced current (GIC), Melnikov
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