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Abstract: The E1 phase of the high-altitude electromagnetic pulse (HEMP) has a high field strength, a fast rise time, and a short dura-
tion. It will damage the end of the intelligent equipment through the substation internal control cable coupling. Therefore, it is of
particular importance to analyze the HEMP coupling response characteristics of the substation internal control cable. Through
conducting research on the actual cable conditions of typical substations, the end coupling response level of switching and analog
transmission cables in a substation under HEMP environment are simulated and investigated. The study reveals that when the shield
is not grounded, the end of the cable induces a high voltage of approximately 70 kV. Additionally, when the core wire is grounded,
the short-circuit current is approximately 4 A. The amplitude of the shield’s grounding current is approximately 60 A. Finally, a
biconical-linear-grid antenna is constructed as a horizontally polarised HEMP simulator. The control cable is tested in the field and
compared with the simulation results to verify the validity of the simulation method.
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Fig.6 Coupling response levels at both ends of the cable in the

main control room-terminal box section



5 4 1]

HU/NK, A AR b MR 2

25 HL R ok R A R L 157

-60 100 200 300 400 500
t/ns

(a) BRI TR

0.3r
k-1
-------- k-2
02} - - -4
0.1
<
E
~
0
-0.1
02 100 200 300 400 500

t/ns
(b) S TR

E7 W&MRBEKE
Fig. 7 Coupling level at both ends of the core

AN, ARV BEMZE A T IR I E A, It
ik £ 2 1) S0 28 R 5 i U2 340 2 A 15 5 I JR N Y g ik
70 kV AR, AT RE S B i A 1 IE W is
AT o T it O 1 205 26 A2 380 b B 23 R DR, I
it ity 11 3% 5 W J2 AT Ry B A LA L H R K
JITREAR, WNE 7—8 fr/n o Bl )2 45 M (i 15 5 24 )2
AT AR R E A R G A T HER I
FIVEE 22 J2 JN 7K ST B I A REAR 1T o i J2 P D T
G0 A,
2.2 1RMEREEH

A2 8 2 30 g A RO e A% i 45 1) B i 2
Pismi s, B E TEES, HibA —RE%
7 3 A0 B S AR A A 55 AR L i, Bl RS

3.0

2.0

U/kV
b i
o o =)

0 50 100 150 200 2/50 300 350 400 450 500
t/ns

(a) Bl E
80.0
60.0
40.0
20.0

U/kV
=]

-20.0

-40.0

-60.0

00555760 130 200 2/50 300 350 400 450 500
o s

8.0

6.0
4.0
2.0

=2.0

/KA
| |
CAlE
> o =

0 50 100 150 200 250 300 350 400 450 500
t/ns

(o) BEA MR ZIT B E

-20.0

U/kV
[ - N
=
~ -

-40.0

-60.0

(=)

50 100 150 200 250 300 350 400 450 500
t/ns

(d) i FH R 2 TT B e
E8 uhTFE-Z&REMMiRiES ALK
Fig. 8 Coupling response level at both ends of the terminal box
and device section



158 FEITRMEEA

%20 &

SRE ., AT B 1k B A PO 1 5 = U i
LR IR T Do, s AR RS 2 (9455 2B
JEANAE S5 A O B e, ] — AR e A g A
e, AT S5, HMBHTRER1Q, FK
T AR 5 2 SR ML U B 4 1 MQ
1) 28 A o4 A A AL A4 2 48
R AR B PR S TN AU O .

— NIRRT
- - - N2 R LR

=5 0 100 200 300 400 500

t/ns

(a) BRI

60
— NI
@ - N2 i)

20t

0 100 200 300 400 500
t/ns
(b) 52 i FEL U
B9 FE=E-mFHEELAMmESMEKE
Fig.9 Coupling response level at both ends of the cable in the
main control room-terminal box section

55 [l S 4 - AR Y T G i AL R e 4 26U,
5 i 2 T i 122 b A 45 HEMP R 45 200 A 28 45 10 4 A3
O3 RERETE R ACZE AL 2258 He b IS WOl i, 5 BUR B

JZAMRAE R R DL MG ERR A B E . K
REAR, IR 48 2 2 1 ity 119 HL R 7K SF B AIG 31K 2 3
KV, ZAFE A A LA A 0. 3 mA,
XA — M 0N 2 LT 7, b AR S S 5 ik
85, B AL =HUGELAMH L, S EERSOTE
M P FS & 2 AR E 2T 0. 1 mA.

BUAN, B PR i e i e R A #1 60 A
PRI, SONER 5 R 2R A F IR B AT L B2 1
S A R AN AEFZ T A R AR, s 57 e )25 5 3
R AL, XA IS 0 AT DL 2 AT

X T T 10 JIT 7 o8 28 422 i 0 T SR 107 381 ) et 2
T, KANZIR3 A, DIiiafT il g B ]
HRME R ES — M 1 A5 A, B
AT A2l A s i 4 T R G W B = A, T T4
S B IE R BT

0 100 200 300 400 500
t/ns

10 BEEMNIBSBIRAKTF

Fig. 10 Coupling current level on the ground side of the core

2) 42 V1A AN A AP A 2k 4

22 T A 1 R 3 N AR OB DL AR i £
S, T A - DA B LR B0 LA IR R B Y
RAD A 2 2 A AR A T Rs W, O T PR
AN R T AR (5, W5 2GR = 4
(L T Be g — BURAE B, Oy 7RI s %
G, IO FR B = OO S 1 A SRR R BN T
DA s, SO 4 Ay 19 O e e 7 S A 1
LIRS UNVSE Rl i B AR AL = i IR ERE S
FLo RO EC A AN 57 i J2= 008 2k 4 s A 40 5
PRTO, HHIBHBTICE N 1 Q, SFROTHI AR
AN )42 M BT BB D 5 1 MQ S 14 - B0 7 B
LGP S A AT, D7 AR AN 11T 7R



5543 FUINR, A AR F il R4 o £ A 1R 25 P DK R AR O L 159
Bl 21 B WL J2 BN 1l (S 753200 ) HEMP A8 5 F
B N LR 1 48 I 53 R A 57 2 AL 28 4o 40 b s i
40 N NS - SN >
N T, AE I — 0 S5 2 RN R IR B 60 A, FEAR RPN
4 o Sty ) L PR K FREAR R 1.5 kv Zi i, WAL 11 (a) Al
N -20 (C)F)?i—\‘o
" b T 12 0% 2 TR 0 1 e, A
-60 5 IR /N R 4 AL S35 B TE R AL
0050100 150 200 250 300 330 400 450 3500 S S A I 8 oSty PN 18 4 A
t/ns
(a) FRil Izt s 0 L O 6
80.0
4
60.0
40.0 2
20.0 <
> = 0
S
-20.0 -2
-40.0
-4
_60'00 50 100 150 200 250 300 350 400 450 500
() ﬁﬁﬁgﬁﬁ%ﬂﬂﬂ%)f _60 50 100 150 200 250 300 350 400 450 500
Iz N 5. tlns
(a) NERIEHL LR
2.0
mt/\k/\\JA\//\L/\
Z o
&
-1.0 <
£
_2'00 50 100 150 200 250 300 350 400 450 500
t/ns
() DR RS e 2T i L R
80.0
_800 50 100 150 200 250 300 350 400 450 500
60.0 s
— (b) N2fUIEZR FL T
o B 12 gk & ORIk
2 ' Fig. 12 Coupling response level of each port of the core
5 0
Seied 3 WMHIKWIGIE
-40.0
e N T R R, B T H=8
-0 50 100 150 200 250 300 350 400 450 500 N N . NN o
@rmww@%%mﬂ m. PHEA 6,40 R BUHE-Z M R L it AT B,
)= ) Fe e )22 )k .
- s s Znl LAy ¥ Y HEMP ¥ i, 24
Bl TSR R AT R A kT HERER R B AL AR L) HEMP i,
Fig. 11 Coupling response level at both ends of the terminal Jok N 2K 420 kV R X LT i3 m AR Y

box and device section

HL IO RO, WEAE D 56. 4 kKV/m, RITHTZ) N



160 FEITRMEEA

%20 &

1.9ns, FTE4 K 19. 8 ns, I P L5 KJE N 8
m, FEESHIIEESE N 0. 6 mo Xt T /KB AL 48 S
RS, HAE KA HL 3 1 TRl R 22T B )
PR AR i, A bR T R A
L B A AR b 55 ] e 8 208 T o S 0 B i 5
M SRR AR R A R A R LK B,
BRI SR 1 1458, B 13 R,

13 MHE-Zei Rt E

Fig. 13 Bicone-wire grid antenna model

3.1 EEFEEMEFEMNTXEMEHEKLY

R 372 42 T 4 2 Ry A4 1 T O i AR i 2 B4
RFRIE, TEIHE A T BRZE Wi, AR
PIAR T M LR B0 A R, B o AR i R T
2 R e I R o SN LA B R I 1
FLE5 T U & 14 B R, I Ak S K 90 04 1 R
68.0 A, {FEZERIEE A T3.3 A, & NI FIig
(MY Rex T s

5L 6 It 73 B THT I8 £ LA 380 1 5 i 2= P I8 D
TEARTR], Bz 06 Ak op 5 S PR 45 2L 2R 45 7
s A 28 25 22 B L R B B AR S, S EOI G

100

AL
80 - - — R
60

SIO l(l)O léO 2(I)O 2;0 3(I)0
t/ns
El14 HESHRFREERERITLL
Fig. 14 Waveforms comparison between simulation and field
test results

FEL I 05 T2 B SR A A B B XUR: 1 B ok b % TR A 3
(RS R e AR & S BOOE Th g 3 — A
S0
3.2 EEmTAEMEENFREEHES

R 5 3 2 ity 8 RN 15 4 0 T O AL i 4R 8 424k
FRIE, TEIHE T Bril)2 Som e, L ARZR i
LRI R, ROKE S8 m, B M &
0.6 mo 7E S0 A vl i T B 2 O A e
DL B %) 66 PR o S MR LA RO g 1) 1
XS AN 1S s, 1l LA H S5 s Ay &
S5 WA LA SR G W) AR 3T, TR Y
SN AT B AE 4 ) A 25,5 kV LA K 23. 4 kV,
LI (E Sk 64. 8 ALLJL67.5 AL

100
80 — R
- - [ A

50 100 150 200 250 300 350 400 450 500
t/ns

(a) FRM)ZHp I

— HIA G
30.0 - - [l AL

U/kV
(=4

-10.0

-20.0

-30.0

-40.0

0 50 100 150 200 250 300 350 400 450 500

t/ns

(b) Brill)=IF i I
E15 HESHFHREEREFITE
Fig. 15 Waveforms comparison between simulation and field
test results

51 14 v 2 25 57 T2 A i 1 00 A 1) L %
TAHLE, i R A (AR f A K, H SR BT 57
= BN, A2 B — S TR, R R
R F b WU SE B il AL R 5 T, T %



5 4 1]

HUNR, AF ARl SR 2 4

.
=]

5 25 FLREE ok o R A A PR B 161

FL S ) Ry 5 9 S 0T o SN v — i B
P, R B P U P P-4 52 0 R K 2428 115 s
3.3 EEIHTFAMNEENEMNEEHEY

R 22 422 1 RIS 45 B ASE0L i A i 2k B 42 4R
FRAE, 7RIS T B2 Fl— RO 2k it 2 1l
HRBGIERHAN AR, KEKE8m, HH
Hi T /5 B2 0. 6 mo FE UG R B P o T R B
A Ao 110 2 05 L S 0 B0 ) FF B P P o S B B
DA RO g i 0 B0 b g5 SR A 16 s, gL
(1% S0 I LU (43 591 0 24. 2 KV DL B 24,1 kV,
S LR (B 000 R 73, 3 A LA 72,0 A

100¢ — IR

80+ <= - LAY

60+

-100

0 50 100 150 200 250 300 350
t/ns

(a) BroZ R i

400 450 500

30.0 ¢ — WA

<= - A
20.0} i

10.0

U/kV
o

-10.0

-20.0 1

-30.0

0 50 100 150 200 250 300 350 400 450 500

t/ns

(b) FRlk)ZIT s
E16 HESHFREEREFIIL
Fig. 16 Waveforms comparison between simulation and field
test results

X LG 15 L 16, it )2 4 0 3% v ik A T i
HLRITE AL, Yo E 5 Y, Hg(E 22 A
K, RGMAH 115 ns BEROIG I ZE KL 143 ns, 1
25 SR i R A T 2 B2 i HEMP AR 1F
AR AE I i i 1 2 B R ) e A B UL R Uk

AFERER . BRI RN ERIES R, B ARG G i
T P8 L0005 i J= o 2 B R AL, B
REREHEHOIN TR, R R, O i i s A L
K, R H T R

4 8

RS T LR A v 3l P R P AR B A PR ZE X
PARERARS . XF HEMP RB G 5200 N 2R 45 19 45 il
AR PEREA T 5 A3 AT AR Bk o

HERE A R IR S M A TR AL 2 4G
FRmdZE i ik L2y, WS Z BN Ky 22
G, FEHI TR BTG R A A B e 1 A R
L AL TR R L s, S AR U5 = LA
BRI, ATRES B BUA s s T o 1%
o SRR RN P b BRI A 4
= s L 25, I R 22
YL, TR AR A AR A L G B
SR R IR L TR R L, S5 AR D A
W LTh, RTRE EHHIAR ki & LU S AL
o o Je o BRI X 0 B vk 0 AR A T 5
ik, 5 EAER AR EAIE_EXWS154
U, Bk BT E AR AR

S 3k

(1] SR Ea B kol i e sl SN ) ], Sl 5
A, 1984(3): 109 - 119.

[2]  MCGIVERN P L. Electromagnetic pulse effects on tactical
communications[J]. Signal, 1974, 28(8): 29 - 32.

[3]  STEIN D L. Electromagnetic pulse-the uncertain certainty [J].
Electromagnetic Pulse-the Uncertain Certainty, 1983, 39(3) :
52 - 56.

[4] TAYLOR C, SATTERWHITE R, HARRISON C. The
response of a terminated two-wire transmission line excited by
a nonuniform electromagnetic field [J]. IEEE Transactions on
Antennas and Propagtion, 1965, 13(6): 987 — 989.

[5] AGRAWAL A K, PRICE H J, GURBAXANI S H. Transient
response of multiconductor transmission lines excited by a
nonuniform electromagnetic field [J]. IEEE Transactions on
Electromagn Compatibility, 1980, EMC-22(2): 119 - 129.

[6] RACHIDI F. Formulation of the field-to-transmission line
coupling equations in terms of magnetic excitation field [J].
IEEE Transactions on Electromagn Compatibility, 1993, 35
(3): 404 - 407.

[7] BAUM C E, LIU T K, TESCHE F M. On the analysis of
general multiconductor transmission-line networks [T]. Interact
Note, 1978, 350(6) : 467 - 547.

[8] TESCHE F M, IANOZ M V, KARLSSON T. EMC analysis
methods and computational models[J]. IEE Review, 1997, 43
(4): 174 - 174.



162

7T ALEAR

%20 &

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

EHNOL, IV, IMEZ . B2 LR S WK o B 1 S T
P[] SRIBOE SHRF R, 2015, 27(7): 156 - 161.

MAO Congguang, SUN Dongyang, SUN Beiyun. Statistical
study on response of overhead line to electromagnetic pulse[J].
High Power Laser and Particle Beams, 2015, 27(7): 156 — 161.
WL, XU, BRE A . AL 2540 B Bk r 3 B Ty FE R
FR2EITR AR LT, RLA22 40, 2000(1) : 45 - 48.

XIE Qinchuan, LIU Shunkun, CHEN Yusheng. A finite differ-
ence method for the solution of time domainelectric field
integral equation of thin wires structures| J]. Chinese Journal of
Radio Science, 2000(1) : 45 - 48.

GUO J, RACHIDI F, TKACHENKO S V, et al. Calculation
of high-frequency electromagnetic field coupling to overhead
transmission line above a lossy ground and terminated with a
nonlinear load [J]. IEEE Transactions on Antennas and
Propagation, 2019, 67(6): 4119 - 4132.

P, SR, KAy, RS L AL HZ HEMP R L A
BAYHTLT]. AR 3R, 2014, 5(4): 278 - 284.

LI Ni, GUO Jun, ZHANG Jiangong, et al. Modeling and
analyzing of HEMP coupling to overhead multiconductor
transmission lines [J]. Modern Applie Physics, 2014, 5(4) :
278 - 284.

ZHAI X Y, XIE H Y, QIAO H L, et al. A full-wave
transmission-line hybrid method for vertically laid shielded
cable illuminated by HEMP [J]. IEEE Transactions on
Electromagnetic Compatibility, 2023, 65(5): 1501 — 1508.
International Electrotechnical Commission. 2025 Electromagne-
tic compatibility (EMC)-Part 2 — 9: Environment-Description
of HEMP environment-Radiated disturbance: IEC 61000 - 2—-9
[S]. Geneva: IEC, 1996.

XIEH Y, DUTJ, ZHANG M Y, et al. Theoretical and
experimental study of effective coupling length for transmission
lines illuminated by HEMP [J]. IEEE Transactions on
Electromagnetic Compatibility, 2015, 57(6): 1529 - 1538.
JRL, Bopdy, YRR, S5 i e g R 2 B g Tk iR
AR 7] SO SR T IR, 2004, 16(1): 63 - 67.
ZHOU Qiming, LUO Xuejin, XU Xianguo, et al. HEMP
coupling simulating test of nine cores cable near ground [J].
High Power Laser and Particle Beams, 2004, 16(1): 63 - 67.
FRIUAR, Bidilile, BREEIT, 45 . 3R GIS ZEHL 3 VETO X —
UCHL AT B P L TR A S 5 E D] P R AL TR A A
2013, 33(16): 187 - 196.

ZHANG Weidong, CHEN Peilong, CHEN Weijiang, et al.
Measurement and simulation of VFTO disturbance voltage on
secondary cables in UHV GIS substation[ J ]. Proceedings of the
CSEE, 2013, 33(16): 187 - 196.

WRAEVL, X2, J18l, 55 . GIS A8 H i FF OCHRAE IR A vl REBE IR F
FEHEIELT ). T E AL TR, 2019, 39(16): 4935 - 4948.
CHEN Weijiang, ZHAO Jun, BIAN Kai, et al. Research
progress of switching transient electromagnetic disturbance in
GIS substations[J]. Proceedings of the CSEE, 2019, 39(16) :
4935 - 4948.

ZEE, TIOA, BRfh, . was ek /R BO A AL SRR R
AW NS RGBT ] AL TR AR, 2023, 43(17)
6924 - 6932.

QIN Feng, WANG Xutong, CHEN Wei, et al. Transient
response and failure mechanism of distribution transformer
under high-altitude electromagnetic pulse [J]. Proceedings of
the CSEE, 2023, 43(17): 6924 - 6932.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

HORE], BB, PORSE, S5 BOMLOR R BT RS T
WU EEDTSE [T ). "I REE A Bk, 2005, 29(3): 59 - 63.
XIAO Baoming, WANG Zezhong, LU Binxian, et al
Sensitivity research of microcomputer-based protection devices
to switching transient interference [J]. Automation of Electric
Power Systems, 2005, 29(3): 59 - 63.

AL, BRAETT, sk ly, S5 R R HL ok TIRBER A IT GBS
R A b B sk AT [T ). i R 56 F sk, 2015, 39
(10): 1687 - 1695.

ZHAO Jun, CHEN Weijiang, ZHANG lJiangong,
Analysis of EMC immunity requirements of secondary equip-

et al.

ment for switching transients in smart substation [J]. Automa-
tion of Electric Power Systems, 2015, 39(10): 1687 — 1695.
R, ZETaf, XI5, 5 SET MR BRI T IR D R 8 L
Pk AR [T ], H T LR, 2026, 20(2) = 23 - 29.
REN Leihao, LI Kejian, LIU Gui, et al. Dual-pulse testing
model of parallel power devices based on electromagnetic
mutual inductance [J]. Southern Power System Technology,
2026, 20(2): 23 - 29.

DERIN, X0, B, A LR B L RE kb a6 T B
AELT]. MR MEA, 2025, 19(1): 12 - 19.

LI Tianwei, LIU Lei, JIA Lei, et al. Construction of test
platform for power grid equipment against high-power
electromagnetic pulse [J]. Southern Power System Technol-
ogy, 2025, 19(1): 12 -19.

SR, 2R, A, A5 MR bl i) N 4 45 HEMP
SO EWIE[T]. Ay, 2024, 52(4): 47 - 53.

GONG Yuhan, LI Junna, TIAN Junyang, et al. HEMP
coupling simulation of cables in trench of typical substation[J].
Smart Power, 2024, 52(4): 47 - 53.

BURL, XN, FEIE , 45 . e R IR xR R S BR F
FE[T]. 3RO SRT A, 2001, 13(6): 761 - 765.

ZHU Min, LIU Shunkun, ZHOU Hui, et al. Experimental
study of EMP coupling to long shielded cable[J]. High Power
Laser and Particle Beams, 2001, 13(6): 761 — 765.

IEC. 1996-EMC-Part 2: description of HEMP environment-
Section 9: radiated disturbance: IEC 61000 — 2 — 9 [S].
Geneva: International Electrotechnical Commission, 1996.
IEC. 2021-EMC-Part 2: description of HEMP environment-
Section 10: conducted disturbance: IEC 61000 — 2-10[S].
Geneva: International Electrotechnical Commission, 2021.
TAEBR, 2RI, SR, A5 . DUHE-ZR B KO M Al R LR
SPRRERTFELT]. QN B, 2022, 13(4): 175 - 181.
WANG Haoyan, LI Junna, GONG Yuhan, et al. Radiation
characteristics of biconical-wire grid horizontally polarized
antennal J ]. Modern Applie Physics, 2022, 13(4): 175 - 181.
LIS, LIJ, WUF, et al. A hybrid simulator with novel bicone-
wire grid antenna|J |. Review of Scientific Instruments, 2024,
95(3): 034707.1 - 034707.9.

Wi BER: 2024-04-28; M4 HE % HHE:2024-07-31
E&E R

FR(1981), B, BRI, MLz, BT &AL 8k

B R AIE K, 23459133@qq. com;

X £&(1982), B, SAIRM(HIZA), L, FRFT@AFH

BESBBEBA PG S RS, Aot REFEAA,

liulei@csg. cn;

AR (1991), &, @EEH, HFRIEN, HE:, BFLT @

K@ RS %% WEEE A4, jiuxuhh@163. com,



