F41%5 F3H
2021 £ 3 B

Vol.41 No.3
Mar. 2021

2 9 8 % RS

Electric Power Automation Equipment

FE L B 2 iy vl PR St e o vl G V505 7k

FEE' G I RER RBAS, W A, TR
(1. e HhKRF S ELHEEEFLLTELELZET,T 1022065
2. e AKRFE HRELHRAABRELLEET, LT 102206;
3. BRI d A RN s 58, #i A 310000)

T bk A M MR B A A A B B E TR MR E (CMD) R Ee sl AT R b4y
BERA AR R GMD Mo 35 69 5 ok, Ao TAE 2 K AEuT Keg sk &, RAEH LA a9 F K, Rt
Byl R ATRTACAZE A A R SF F e i S AT B B ATALE TR ARt A RE & W R B AL
B EMAGCGMD LY, HAZHRER AN, 52 ZKREE RS F RN F KA RAH L5 48
Yo, AR ALE FLE T H CMD 3w 3760 7 i e T A R0 Kb R R TH AWK E, B2 TEHaT A,

T & BB LB % GMD R F SR AR sk ik

FER G LE GMD; ¥, 3% T - Fa 0 SRR R B W, 37

FESES:TM 732

0 5§

H, [ % R 3 (GMD) R FE B A A % & B A
JEBTIR 2P ik . BABIAINEZR TR &AL
R R 7 YA O T R A R B AT O
s M R SRR L3 (GIC) B B JCTh ke
WA ZE RN R e G DA GIC B 3 A St

GMD i H 37 2 115 GIC 1y e, 1 5 i i
GMD Mt HL 37 119 05 2 B Sl s A o7 R b v 5 AR AR 35
5Y0E K43 2 B Ay T 43 DX R il R S R AR R
ST B FOREE , 7E A R AR 4 1 E S
HL SRR AL (0 TR B, DR O T — o B 2 B R
A%t (Y BE ML S 25 i H R DG B CRL AR
%o P. A. Fernberg 7 58 G 24 30 8 Mo 3 157
A3 A kA 5 R AR ST R b R AR | i S
LR A I 55 T, B 3 T 450 %) 0 L L SR
P AR 5T A bt e ot A P JRN L AL 1 SEL R
AN ARRE WS T HES KM R () At R, H
P GMD H L 3 Br RE 8, RO R T
FLABCBEAAL , T A fofT FH 0 2 1) S0 5080 , e LAy
AEH T HL M GIC B34 2 75 ZE A 52 i [n)

KT GMD Hi i 3 358 0 3, TR 4
DX T 9 75 A Ry A 9 DX 3k i e (X sk ) GMD
ML AR IR, T 7853 7% 18 GMD ML 37 1) S B
SIAETEDL . A BRICEE B EE IR R A 432 X =
YR H AR R AS R e RO R/ N 58
AR DI, TG BROCTHE R 38 W A K1) 4, 2R

Wi B8 :2020-06-22; f&E H#3:2020- 11 -21

E£WA: B R & 42723 A (2016YFC0800100)
Project supported by the National Key Research and Deve-
lopment Program of China(2016YFC0800100)

XERFRERD: A

DOI: 10.16081/j.epae.202101019

6 RS /N TR AR v g/ N B4 BTG R A B
TALE A AR TR AR R . Be4h, I GIC T
BB R SR I R R TR B T RO R O T M
i 2 X L IR )52 T, L T 7 S O A R AT T L R
DX 35§ 114 7 b FEL A, DO 5 28 e 8 4 b s Y F
LA T P AT BRI A 5 b o 3 e 5 X
HA IR IEA TR, AS BEARCE AT X P B 4 e X
)RRV HEL 3

ARIfEYEP. A, Fernberg 2 AFIWFFT IS5, %)
AR 500 kV i EL 2R B R AT SO AR AL B R o P S AR
S REA 55 B SN AR L B R A N LR B o b T e
b2 SR R 1 BTV I G N N 1 e
B IS 2004 4FE 11 H 9 H MR BT R EE Db RE &
W 3 ) GMD B H 32 OT GMD M 37, A
W T 2 ) R M A S A, AR P e b H 3 e
2R 60 1) K e AN B S AS B A0 R YR, T
L GIC, LA 32 17 18 B B 36 M p 2% ¢ 35 41
HEIERIA

1 ZE-SRTREEY

AU B A TF A SR 46 5 )2 LS A HL BEL S, T 2
HL 37 73 et FI G 3 53 5 09 O AR, 7 R b F % 000 8 MT
(MagnetoTelluric sounding) HH RE % iz it Hb T H, M 45
R RIS S e SO0 IR SR A BEL R A T A
T, H TR0 L B 23 5 57 8 RS IR IR A G, Ok
2% ) 725 S bR BRCH R DAy 2 [ A3 A S pR I
L1 RigF&H

XA AR B Z (0 f) T R DA 24 25 Ay —
[ S R

(DFERFSEIX IR , Z (x,, f) BIBCF B AE 7, HL
HHR I



152 L/ AR {7 G-

F41%

E[Z(x,f)]=m (1)
Hp om NEEGE- AN v, W — S %S
(BB 5 f; R — R A%
(2)Z (x,, f;) B U7 25 eRECAEAE HAH [A], AN
2 [0 & o 57 B T M AR X (7 B (AR i S
ho 5%, f,JGK) Bl
CoAZ(xnf)s Z(x,+h,fi+h,)}=C(h., h,)=
E[Z(x0f)Z(x;+hof,+h,)]-
E[Z(x, f)IE[Z(x;+h. [, +h,)]=
E[Z(xf)Z (%, +hofi+h,)]-m* (2)
Hodr,C - Yo T 22 R 80 h R 2S [RIE RS s b, A0
SRR 5 Z (2, + hoo f, + ) RS Z (x, f;) 25 0] 1 265 AH R
h, SBCREAR I b, B S 855 C (b, hy) AR S 25 B IS
S AR R [ B A O B P 7 22 PR
M Z (0 f) WG Z(x f)=Z (%, +hoo f, +h,) T
JELLUR 2N SR BR Z (&, f) T ARG .
(D Z(x, f) MG B B e, H o w
5,80
E[Z(x0f)~Z(x;+hf +h,)]=0 (3)
(2) B HE Z (xin fi)=Z (x:+ by f,+hy) BT 25 BRU R
(78 5 sREO A HATR L BP
Vo (Z(xinf)=Z (%, +hofi+1h,))

EN(Z (2 f)=Z (2 +hoofi+h,))']=
E*[Z (5o f)=Z (% +hos fi+h,) |=
EL(Z(xf)=Z(x, +h,f,+h,)]1=20(h., h,) (4)

Hd Vv, () 2R 0 (he, hy) A [R50 R AR 5
12 ZERTREHAMEIT
BEALH BH R Z (o, f) VE N X Ak A5 e, Hoas ] -
v(h,, hm)zévm(Z(x,f)—Z(x+hs,f+hu,))=
1

S [(Z(x,f)=Z(x+h,f+h,)]-

1
SELZ (0 )= Z(x+hof +h,) =

%E[(Z(x,f)—Z(x+hs,f+hm))2] (5)

Hodr o SRR FRL BEL R S0 5 A 7 B AR 5 f R A B
RN B A AT

FIFH BT A S 000 5 0 0 R B 38 B3 4 (] - R
A5 SRR o (he, b)) A THE " (B, b)), WLER(6) o

(hh )
1 i hy,)

2n(h.,h,) Z (Z (%, f)~Z (x,+h_, fi+h,))?
(6)

v (ho,h,)=
HH (b, hy) g SE 0
13 TRENIERER

PRV (3 902 0 5 2 i) 9036 25 5 b

B L R A SR = (7) s B BROE A8 S pR B &
AR S PR E R 55, 15 B B AR S s B 2R 240
Co h,,=0

3h,, 1(h,,\
v(h,,)= c+c{2;‘°—2(”” 0<h,,<a (7)

cte, h,,>a
o e HRIE G ;0 HAEFE ;0 WIREAH 0+ ¢, ML
Gl 0 (h,,,) HEST] /RS SR
VAR S pRESHR JR 38 23 [] R, R A BRURn s
] R AR S PR R w (B, by ) BIER(8) TR
v(h,h,)=(k,C, (0)+Ek)v(h,)+
(k,C.(0)+k,)v(h,)=Fk,v(h)v(h,)
B c.(0)+C,(0)-C_(0,0)

a

b= C.(0)C,(0) (8)
L C.(0,0)-C,(0)  €,(0,0)-C.(0)
i C.(0) T c,(0)

Hrp,C,(0,0).C.(0).C,(0) K 3Fh 728 Tk ¥ 5L 5
{E;lﬁ_kgﬂ‘:’/z%ﬁo

2 BETEREMMAABRMGITER

R 4l 2 1% 7P i 25 P Ol P 26 2 AR b, Ko 2 B
TTIoC LA B 2 B35 0 2 S B, A5 B A~
THTE P A5 R AR AR K LA SR 0 R BE R A R A a5
HHE g PR R ELA 25 A e, CELA BEMLYE . AR
i P A 5 — o R N M B 4 2 P B Kriging 325, A1
BT A C 0 A 0 B AU T3t mp 04 P H B
A R FR B TR A TR 22 B/ R
2.1 EiwtE

BER— A B RS 5 x, (i= 1,2, +++, n,n N SE
DSBS ) TE R — 0% f N IE R Z, (x., f), WA
SRR Z,) (x, f) BTSSR Z5 (v, f) 22 SCRE
SIS AR PR Z, (o, ) BOIAURN, 40 (9) iR o

Zi(0f)= YA Z, (5] (9)

Forb A A B 2R R

AR 0 G A T2 1R B Z5 (2. f) = Zo (2.£) 120,
RARK(9) T H
E1Zo(x.f)=Zy(x.f) |=

E[ﬁ)\iz,(xi,ﬁ)—zo(x,f)}(i)\i)m—m=o (10)
SRICIEE SR
i/\izl (11)

i=1

22 fHiHRERAD
S T A BE R A R 22 d N XA TR 22
135381 o



A, 4 T P FEL SR % O R R ®

22)\{ ColZi (%0 f) Zo (2, f) }+

Col Zo(%. 1) Zo (2, 1) } (12)
Hrp o b2
FIH Lagrange e 507k it — A0 8 ¥R (12) AT 15 X
(13) , HARHE T 72 DB 5 A (A1) —(A9)

z)\ivi./(hs’ ho)+tmw=v,o(h,h,) ,j=1,2,+,n
i=1

YA =1
i=1

Hoo,;(hoh)=v(Z, Z)=0(Z,~ 7))
KA 13) A B —HIALRELN, AL A,
R HARAK O TR Al il L LR

3 EFRITENGCMD M EIGITE

R 4 A 5 42 I VR it 7 L Sl (14) 268 2 J3E AR AR, X 2K
BEAOTAL AL R, 15 B B ot SR Hb R AR AR K
TR KA Sy Ml R A7 ) AR DX sl 7 47 B i
Zo A B AR e (FFT) 45 B8 8 , AL S 2779
B T ARG P AT N B A B A A L L, 3
TR B o BHPT ] YOG R MR 95 28 (14) TH B
JCH A GMD Hu FL S (Y EE AL n) 43 E L 7R V4[] 43
E ;SR Ja EA T DL fd Bt 30 AR 46 (TFFT) BV AT 45 21
AR OTH L B R O TR L3 4 1

E.=H, Jopp,, E,=H Jou,p, (14)
Hrb H H 55 G 508 A6 ) o s W H
ZEWIRE T2 50, T S AR L BER s 0 S AR

TEHL I GIC [ A AY R, 0 52 il s 28 52 Tl 7 A=
GIC 11 J5LHAH 4 76 N [ 149 74 H 3 [R] it o L9 R
PG I A A B A i 2 L P 8 6 B TR Ak
AN B )y M R, WOC LG E, E 5 A B
PR % 7 ) % s A N AR 1A T 28 A5 381 S 20 e A
V, DR SR R IR AR A A T A X (15) .

e oo oo

(13)

Ho (-, ) FOR RN RIS T 5 L ZR T 1) 4
s RoC i R

AR SRR 1R
4 BBISH

AR FH R 45 M8 3 0 B B0 T GMD
37, 456 T % 500 kV HL &5 F) S 80153 GIC, [R it

| A SR L BEL 5 |
I} S 1 1 -
T s e
‘J (IR B 53 R R
AT FET { SF L 7 OE
l [0 15 L0075 57 bR |=— A3, 5 BTk
%3] GMD YEN RS A

bR ] SR A O B [ P 2 B

Hpiisi

1 HHERE
Fig.1 Computation process

FIHSCHR (5 ] r 9 5 1 g 7 K Hin r 5 580 3 )
A BRICIE AT A, AR5 68 Lo 43 A 2 B ek i AR
iR,
4.1 EiEE

IR MR R 5 [ G RR SR M ST A R T HE T AR
8 I8 — RN E T A B IR R SE R L TR
RIS A5 T Ji 1 K b Wb s I TR B 5, 5 0 2 7
107 ~10"" Hz 705 [ P 19 S5 DR i B 3 Ay st s 50 -

PR FL BEL3R S0 A5 147, A SISO 1z 204>
I R A S0 S D0 e e 2R 0 e R L S ) S A
AN TF 14 %201 . Fl F ArcGIS 1 Y Geostatistical
Analyst T ELFG AT BOEAS L6, I X 84 2817 %) £z
e, A PR B B T B2 (UUR 5% B 81 B1)
A BRI IEZS 4370 , RVBCE SRRy 2280471,
s 2 PP AR B

AR SCEAG) SR FH 2 R b 15 76 2004 4F 11 H 9 H
1 0 1 B GMD 48 TH 587 7R 500 KV HL Y GIC,
HRAE 2R H S FN BT, )R 500 kV H R A 54
JAE L L R 62 SR 2 B o A% il A 8 26 JIE RN 1Y)
BHAKZHS WSCHR [ 14 ], H 40 5 A 2 v 00 25 508
RIS GIC,
42 WP RMEREERITE

W B 2R E % 3 100 4SBT , 45 31 45 ot b R
AYHBFRARBR o FHAE S pRERCT 545 THOT R I b FHR A A
A0 FEL BEL 238, S22 (1] A0 38 2 S R B3RS 1] 43331 DL
Kl12(a)  (b), FH(7)BHIEHIE A 5 R AL TR
PR 2 [B) A S R A 42 430 WL 2 () L (d) &

R S 56722 S pRBCHIS A5 15 B BB BRI 25
(1] 725 S bR 3KOE B AT 348 S R B0 3] = (16)
A= (17) PR .

0.52 h.=0
3 h, 1( A\
v(h,)=10.52+3.58) = ————|—=| | 0<h,<583
2583 21583
4.1 h.>583

(16)



® ® 0 & #H wE S

F41%

~ 14 45
T ML *:
JE=y 6 v et . I
‘KH@ 4 Logt memdue 0o E_\IE
% 2 ko ° :§
¥ 0 =
200 400 600
Eli'r'igj/km
< o, e
(a) 2 VS S R P
-~ _ 28
LEaff e = Fos
R Ge
E\ 2 70‘ o {iﬂ:@ 8
KH% | [l R 22
I =
200 400 600 4 3 2 1

oBJMEL, — AN, - LR o fE, — WA hk
(c) 2 )AL S R B A i 2 (d) B S R AN A i 28
B2 ZEAXRTRHPUSER
Fig.2 Fitting results of spatial and frequency

variation functions

2.01 h,=0
3 h, 1( h,\
v(h,)=42.01+0.72| = —2 -~ 0<h, <136
2136 21136
2.73 h,>1.36
(17)

AR 3 (6) i 57 2 8] - AR A% 55 R KA S5 B Ao
T S5 RNE 3 R o

15 7 i
.

SE O

<SS 6

~7 3

: 500
400
o 200 30

0 101 he / km

B3 =E-EER R KGR
Fig.3 Experimental model of spatial-frequency

variation function

LA 2] 25 8] 22 5 R BUEE 516 €, (0)=2.73,
WA SR B G E €, (0)= 4.1, 52562 [a] - Jl R A5
SEREU A ¢, (0,0)=3.25, K HAL A (8)15
Nk =032,k =-0.311,k, =0.13, U] B 23 [0] -4 R
AR S R AN (18) s .

v(h., h,)=1.0010(h)+0.5626v(h,)-0.32v(h.)v(h,)
(18)

153348 S R U BT s VR R O, 5

FUEE R A, JE A5 BREAR S L B

43 T GMD M IFITE

TS 204 1o A B BELR B 4 G
fils 5 11 b B S o) Sl B8 H DR AT PR A5 20 401 3 500 , 485
A (14)TFEA RS HOTH GMD #3725 R4 T
IFFT 45 3 i R 0T A GMD HiH 371, | A Hb X
2004 4F 11 A 9 H 22:48:00 i ZI 77 7E Hii i, 28 5% X LAY
GMD i 37 WL 5% B &I B2, &I Hh A4S 4 12 14 5 17
REFIOT GMD HiH1 373 11 5 1], K 5 7R 1ot GMD
iR 37 B KN, AT L 45 BT GMD i L 3702 AN
] B4, ICITTIE B T 76 F) FH GMD #3775 46 B R 5k
SR T R TR AT B — X el B — 2 1 GMD
HHL 7 R SR R — (B AN TR A SEBR B

4475 3] 2 Pk 7E 22:48:00 — 22:52:00 B B N
() GMD ML 7 i B E |, 45 553 B ILIE 4(a) (b)) .
MR (15) TR Sk i R R, R85 AT R X A
WSO EAS RNIE R ) GIC, Z5 R UL E 4(¢) .

0.8
502
= ;
< o4
<3 i
-1.0
22:48:00 22:50:00 22:52:00
A+ ]
(a) HIHLA /R E,
g
4
z
~
&
-0.8 !
22:48:00 22:50:00 22:52:00
A )
(b) i HE,
80
.(;vh;.""\ .
i i ‘;'r'g‘
) 0
< PN
~80 L N
22:48:00 22:50:00 22:52:00
Ay Z1
(¢) GIC

— WA, - - ASCE AR, - B RoTE R
B4 HEZSEMGICHITELER

Fig.4 Calculative results of geoelectric field
components and GIC

4.4 FLES AT

FH T R 20 2 D R A B M ER 3 W T R i | 0
PRI GIC W E i , e 2 0l s A7 2 Fh Bk
O MERRBE LR o BE TR TS DR UG 9 300 4 GMD i
HL 37 8500 04 IR Y 300 4~ GIC $idi 5 sz i i vk 45
X ECAT BT, 25 SR L3R 1 (R B RE AR S 300) .



53 A

AL A T AL AR A L TR RN L YR i

R 2HEENTEERSSMER L

Table 1 Comparison between calculative results of two algorithms and measured values
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Calculation method of power grid GIC based on apparent resistivity data
WANG Zezhong',SI Yuan',LIU Lianguang’,ZHANG Caiyou’, YAO Hui’,CHEN Shuiyao’
(1. Beijing Key Laboratory of High Voltage and EMC,North China Electric Power University, Beijing 102206, China;
2. State Key Laboratory of Alternate Electrical Power System with Renewable Energy Sources,
North China Electric Power University, Beijing 102206, China;

3. Maintenance Branch of State Grid Zhejiang Electric Power Co.,Ltd., Hangzhou 310000, China)
Abstract: Rapid and accurate calculation of GIC (Geomagnectically Induced Current) is the basis of using
power grid scheduling to prevent GMD (GeoMagnetic Disturbance) disaster. The geoelectric structure model-
based GMD geoelectric field calculation method using finite element has the disadvantages of extensive
workload and time-consuming, which cannot meet the requirements of disaster prevention. The transmission
line is treated with micro elements, the apparent resistivity is estimated by using variation function and
sliding weighted average method, and the GMD geoelectric field of micro element is calculated directly by
combining the measured data of geomagnetic field at geomagnetic platform. Simulative results show that,
compared with the method based on the establishment of large-range earth electrical conductivity model
and finite element calculation,the proposed method can omit the complex modeling process of earth,improve
the calculation accuracy,shorten the calculation time,and provide a basic algorithm for power grid dispatching
to prevent GMD disasters.

Key words:apparent resistivity ; GMD; geoelectric field;variation function;geomagnetically induced current
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