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Simulation and Experiment of Coupling Characteristics of Shielded
Multi-Core Cable in HEMP Environment
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Abstract: The coupling characteristics of shielded multi-core cables in high-altitude electromagnetic pulse (HEMP) irradiation
environments are investigated through simulation and experiments. Firstly, the coupling characteristics of shielded multi-core cables
under different conditions are studied via simulation, revealing the effects of cable wiring methods and parameters on coupling
characteristics. A horizontally polarized radiating wave electromagnetic pulse simulator is then constructed for irradiation testing.
The results show that an open-circuit shielding layer leads to high voltages coupled onto the core wires, matching the shield voltage,
while the grounding shielding layer significantly reduces the coupled voltage on the core wires. Additionally, increases in cable
height and length result in higher levels of coupled current. The test results verify the validity of the simulation model and the ac-
curacy of simulation results.
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Fig. 3 Schematic diagram of the simulation settings for the open circuit shielding layer
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Fig. 4 Shielding layer open-circuit voltages and core wire
voltages

W, W% R Z R 60 ns, 5 55T AY B3k
B 584 —%, [FEF, NS E-120 kV /& &,
HEJEWRIE 5 R#Z ERIEHIE . Rt fR

RSN T ST s R A L, g /N T IE
VE(E . 5 5RIZE M ITBOIRER TR, Y 5 2 % b J
AT B B KR 2 400 Vo g5 R R,
St 2 H A R TR ARG RE IO AE R, DT RRAIG
R, PR R R A AR

7 Ry B2 VC i O B R B, L8im
BEh=1 m, M4 (2)3F5 45 DCic i BH R 290 350

~

Right_Core_1

1000 000
RightD,C()reJ 1000 000
RighiCoreJ 1000 000
RighttD,Corc,4 1000 000

[
B

Right Armor

1 .000 000

] <
1,000 000 Left_Core_1
® ] =
1000 000 Left_Core_2
X 1 -
1000 000 Left_Core_3
? ] = =
1000 000 Left_Core_4
® 1 -
Il—l Left_Shield
? ] .
1000 000 Left_Armor

5 EEEBREMHNTEREREE

Fig.5 Schematic diagram of the simulation settings for the short-circuit grounding of the shielding layer
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Fig. 6 Shielding layer short-circuit currents and core voltages
when the shielding layer is short-circuited to ground
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Fig.7 Schematic diagram of the simulation setup for shielding layer matching
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Fig. 8 Shielding layer currents and core voltages when the

shielding layer is matched

150

100 F

50

/A

50+

-100

0 50 100 150
t/ns
9 ARELHEERBFRERR
Fig.9 Shielding layer currents at different cable heights

120

80

0 50 100 150
t/ns
10 REZ%SIKER K RERERIR
Fig. 10 Shielding layer currents at different cable lengths

H 37 W B W 18. 44 kV/m, 351K 0. 76 dB.
AR LA B 14 PR

3 XWERFHEITIE
e W2 2% O S I A [ 42 5 v J3E ) HEL T A PR 15 o

o

7
B 11 WS- il=g

Fig. 11 Double-cone line grid simulator

—— IEC
s

0 20 30 60 80 100
t/ns
Bl 12 #EMEEE(Om, Om, 5m)bF=ErBIFKER

Fig. 12 Waveforms of the electric fields generated by the

simulator at (0 m, 0 m, 5 m)

EJ(kV-m™)
26.00

23.20

20.40

y/m

17.60

14.80

12.00
-6 -4 -2 0 2 4 6
x/m

18 h=0.5 m7KFrRI%HEEHIEES T
Fig. 13 Peak distribution of electric field intensities at 0.5 m
level for h=0.5 m

N, HPLRAEKE R 8 m,
ME IS, ML EEHNL.5m, 1 mAl
0. 6 m 5} 1 % H AR (B 43351 248 60 KV . 45 kV Fll



T, A Bk 208 HEMP 3R R RS B 5 5256 37

L

14 SHmAREHER

Fig. 14 Layout of cable coupling experiment

80

40 /\
> ' } 2
< 0w \ ! / \ / /
x /\ V" W
—40 \ /
,80 L L y
(a) h=1.5m — iE
40 S
20
z L / /\ .
S A
-20
—40
-60 ; : ; )
(b) h=1.0m — K
20 A
> ’ A
< J
. /\ NS
=20 LA 7
0% 50 100 150 200 250
(¢) h=0.6m

t/ns

15 RiEFBRNARLHESENFKERE
Fig. 15 Shielding layer voltages at different cable heights when
the shield layer is open-circuited

30kV. XK, FEHELL AL, FFEEER
WA AR L ARG o TR AS, R R IR 35 JEL 1 20 60 ns,
P W 2 A e DR e, X 55 TS EL A B 4
Re—2 X R 5SEmEE AT E, A g
B . 4R35 O A SR G R R — 3 A,
I 55 FF B FL S D T 1 0 35 WA 1 e el P B e, T
AEJE T2 40 I 5 S B 2 1 1) 22 57 S 3 BiE R FE 1T
NN

E16—17 539l s T R [F 88 s T
o 4 267 % 1T TG S £ P35

ME 16 R, Mg & E 3N 1.5 m, 1 m
0.6 m AT, S [ H I A I (E AR K 204 100 AL 80
AFI60 A, 3% 7% HH 5 i J22 X6 i Jot 35 FF e, 375 0 (Pt 2

B2

150

— R
100 N ER
§ 50 / \\ o
/ \_/ IR
0 ot " NI
-50
120 ! -
(a) h=1.5m —_— @EE
80 M e
< 2 / \ o
= / U \ P
v AR
0 <
-40
90 —
(b) #=1.0m — P
60 /\ S
\\
< 30 / \F‘\
X e
0 o v \V R N/a e\
=30
0 50 100 150
(c) h=0.6 m

t/ns
16 RS E T Rik/EE R E N FR =B iR
Fig. 16  Shielding layer currents for short-circuit grounding of
shields at different heights

A B REAR /N, SEUE A R 3. K16
W hR, HEIAEIEES, PP s EOE I
FIRD, PR35 WL 030 ns. BIEHRG i 20 2
SR, HEEELBE RGN, SO I i R i
G B AR N HG . 3k 2 R 2 e B 2 3R
HRRAEBH ST B, 2 T 0 ) 2 v 1 BEL AT AS UG i A

e 2T S S HL A U S 5

ME TRV, Y52 VE R e i = B 1.5
m. 1 m7A10.6 mHFF) S 298 50 AL 40
AFI30 Ao 58z 0 LA, R )2 DT
BF, IR 2 A e FE R AT N . (EARIE R
FE, Y7 BRI IR Y 4 7 A IR O i 2
BRI, 250 45 R 1Y L I B AT Ak T 4R35 1k
Ao FEAIRG A D R A T U FC R BH R i 77— MR 2
B, I E AR S AR R AR
Yoy E ARG, HHUICBHBOARDE LS | & 0 S i 530
T IR U IR

ME15—17 A7 UL, B0 5 5256 rd I A
M, BOUESE TR A A o S B A
IHERR I o ALAUL 5 S0 0 25 R AF AE 25 S 1 D DR FE T 5



38 FEITRMEEA

%20 &

K B AT REATAE R SR L . BURR R E L B
Yoy A AN A1 SR 2%, 0 HOR I 15 A A ) iR
P2 WAk, SEE R TE B 2 SR AR AR
(3 B 7 0 E ARG, MBI RO

75 :
— hE
50 /\ By
25t 7
<
X 0 / A I S a2
-25 /
-50
60 : .
(@) h=1.5m — ik
40 i LW
N S
20 f d
< Py _A
0 //\\/ Y, A A —
= \/
-40
45— : :
(b) h=1.0m — hH
301 e, e
15 1 \
< ' | P o
S ’ \ //\\,//\"‘“/
=15 (W
-30
5 50 100 150 200 250
(¢) h=0.6 m
t/ns

E17 ARESETRKELENFREBR
Fig. 17 Shielding layer currents matched by shields at different
heights

4 g

RSO B 2 S BRSO R EEA T T BB A
SCERTSE . AL E TR T AR B
ZORYTEAFIE O RS R, R T —
AR AR & R RERK PR RS, IR RS T3
K HEMP I o fiefm EAT 1 — L840 ISR LU SR ik
DTS A — L2598 . D7 FLFI SR 45 2R vha]
PAFH DL 458

DAL DT A0 AR KW M BRilZ T
BT, B 5 AT REAR A B R 2 AT L
Xt T A A T AE AR IR U 5 > o i J2= 0 b et i
W, R RE R FR R AR, S RIS
L RIRIRAR , e B2 SR (A 2R s 45
= AEVEFC BT, B REAT AR AR 57 A= 00 e

WAKE, (AR BERZE S0 E R, Bngsi
At TR A B HE R . PRI, AE PR i
WP BRI Rar e, DARRARIES R BT ik & i i 4
W

2) 5 B AT A BH 24 A G LR TR KA
FLBHEZ W VC LR, 2R 40 v B 138 I S5 28 85 K %
S I35 25 S BUR IZ ARG LI IR

3) 1 A5 RS S0 45 R T 2 B B 3 ) —
ok, XA IS T AR A ROE S EUE S
MERfME . P Z I 22 5 B 2R T S 80 AR
b, BUUZSREIA R . SRR AR ) o A
DA R o P B2 M B A AR, L DU S 1A I R 25
JER KA

A SRR N T Bl 2 R B T = TR
LR DK o (HEMP) 3855 T (AR & Rtk o Bbak, 0B
1 7 HEMP R385 T A8 Hi 3l 1 77 15 4 1) T8 A Jal W 55
Y%, NERTHE & E HEMP IRES T (1B 97 fE f1 A8 vy,
i HEMP B 4R 2 () i 3R 4 T BS IR IR A s 2%

SE 30k

(1] SR & kol B s LB )], 3l fE 1
A, 1984(3): 109 - 119.

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

[3] STEIN D L. Electromagnetic pulse-the uncertain certainty [J].
Bulletin of the Atomic Scientists, 1983, 39(3): 52 - 56.

(4] DFRME, XN, B, 4 RINB R B H w ik ol e r &

()], TR, 2025, 19(1): 12 - 19.
LI Tianwei, LIU Lei, JIA Lei, et al. Construction of the strong
electromagnetic pulse defense test platform for power grid
equipment [ J]. Southern Power System Technology, 2025, 19
(1):12-19.

[5] 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 Propagation, 1965, 13(6): 987 — 989.

[6] 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
Electromagnetic Compatibility, 1980, 22(2): 119 - 129.

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

[8] BAUM C E, LIU T K, TESCHE F M. On the analysis of
general multiconductor transmission-line networks [T]. Interact
Note, 1978,350(6) : 547 - 567.

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

[10]  BMSG, VAR, IhRES . Bas LR AT s RE bk o) 17 14 8 -y



%5 3 1]

T, & BRI SR A HEMP FREE AR & R e 1 5 9040 39

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

PELT] BRIOE SRF A, 2015, 27(7): 156 - 161.

MAO Congguang, SUN Ddongyang, SUN Beiyun. Statistical
characteristics of electromagnetic pulse response of overhead
cables [J]. High Power Laser and Particle Beams, 2015, 27
(7): 156 - 161.

WHZRI, XU, R R A= . AR Z S5 R I B s 3 B3 O AR A A
FR2E ISR ALY ). v PR 2740, 2000(1) : 45 — 48.

XIE Qinchuan, LIU Shunkun, CHEN Yunsheng. Finite differ-
ence solution of time-domain electric field integral equation for
thin-wire structures| J]. Chinese Journal of Radio Science, 2000
(1):45-48.

FNI, KK, R, 5. ARKEH b2 S ARm g sh 5t
LR S W SRR 20 A [ ), LR AR, 2012, 38(11) = 2836
—-2842.

WANG Chuanchuan, ZHU Changqing, ZHOU Xing, et al.
field
characteristics of finite-length buried multi-conductor cables
[J]. High Voltage Engineering, 2012, 38(11): 2836 — 2842.
FFFte, BHE A . 42 K 2 5 R 45 %T HEMP 4 R 1Y
WA R [T ]. SRBOE S RLF S, 2019, 31(7): 21 - 29.

DU Ziweihua, XIE Yanzhao. Transient response of overhead

Analysis  of external electromagnetic response

and buried multi-conductor cables to HEMP irradiation [J].
High Power Laser and Particle Beams, 2019, 31(7): 21 - 29.
SRR, ENUN, RKTE, 45 Sz T S e 28 ik 2 o 17 KL
HERFFELT]. W g, 2013, 49(12): 7 - 12.

ZHOU Xing, WANG Chuanchuan, ZHU Changqing, et al.
Study on transient response of buried cables under external field
irradiation[ J]. High Voltage Apparatus, 2013, 49(12): 7 - 12.
IEC Technical Committee 77. Electromagnetic compatibility
(EMC) -Part 4 — 25: Testing and measurement techniques-
HEMP immunity test methods for equipment and systems: IEC
61000 — 4-25[S]. London: International Electrotechnical Com-
mission, 2019.

IEC Technical Committee 77. Electromagnetic compatibility
(EMC) - Part 2: Environment - Section 9: Description of
HEMP environment - Radiated disturbance: IEC 61000 — 2-9
[S]. London:
1996.

B, 250, SAkSC, 5 ML RS ks A = T 2 LR ik
MR RBESELT ] BT LR, 2020, 14(3): 1~ 8.

LU Jiazheng, LI Bo, PENG Jiwen, et al. Research on high-
power electromagnetic pulse protection technology for second-

International Electrotechnical Commission,

ary equipment in power systems [J]. Southern Power System
Technology, 2020, 14(3): 1 - 8.

JABL, 2], B, A AR A Y e A R R K R S
IR RIEL) ). TR EEA, 2021, 15(4): 55 - 62.

ZHOU Kai, LI Zhizhao, HU Jun, et al. Experimental study on
electromagnetic pulse coupling characteristics of secondary
cables in substations [J]. Southern Power System Technology,
2021, 15(4): 55 - 62.

BIOG, IMER , TEH . 2 AL 2k fa e bk e 1 28 11
FEPE S BT [T). 3RO 508 T3, 2020, 32(4) - 43001.1 -
43001.9.

MAO Congguang, SUN Beiyun, XIE Yanzhao. Statistical
characteristics analysis of multi-conductor transmission line
responses to electromagnetic pulses[J]. High Power Laser and

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Particle Beams, 2020, 32(4): 43001 — 43001.9.

TR, R, TR, S Ka i BEE S 2 A0 5 10
I FERGIALLL SRBOE SRR, 2020,3 2(4):82 - 87.
DANG Zhiwei, LI Shifeng, WANG Zhanliang, et al. Electron
beam introduction of Ka-band coaxial multi-beam relativistic
klystron amplifier[] 1. High Power Laser and Particle Beams,
2020,32(4): 82 - 87.

INEZ, BRIER, BMOG . HLRE Ik rh X 2 RN G 2500 Y 52 55
JrERFSE L], EREEAR , 2020, 46(5): 1521 - 1528.

SUN Beiyun, CHEN Xiangyue,
Experimental methodology for studying electromagnetic pulse

MAO Congguang.

coupling effects on cables [J]. High Voltage Engineering,
2020, 46(5): 1521 - 1528.

R, JHBERE R . b 4 0 v A e Rk e R S P
MRLRELY ). FRB R4, 2021, 36(1): 89 - 96.

ZHAO Min, ZHOU Bihua, CHEN Bin. Suppression efficiency
of shielded cables on high-altitude electromagnetic pulse
coupled currents[J]. Chinese Journal of Radio Science, 2021,
36(1): 89 - 96.

ZEFE, TRRHE, 287K W . Il BIR 25 433k 14 S5 e Pl 2 /L
R A DT ELT]. BT HRAR, 2021, 36(14): 3055 - 3064.
LI Shuang, WANG Qinguo, LI Yongming. Electromagnetic
coupling simulation of shielded cables based on finite-
difference time-domain method [J]. Transactions of China
Electrotechnical Society, 2021, 36(14): 3055 — 3064.

WL, ZRAHT, 2R . v ) S B 2 25 1 X HEMP # &
HLIE M [T ], AR, 2021, 45(11): 4309 - 4316.
XIAO Kai, LI Yanxin, LI Yawei. Influence of power cable
shielding structure on HEMP-induced coupling voltage [J].
Power System Technology, 2021, 45(11): 4309 — 4316.
BOCHE, R, 2R R AR P A 2R S 1 R fk e
P it(I]. 7 AR, 2022, 16(2) : 38 - 44.

HUANG Wentao, LU Guojun, LI Zhizhao. Electromagnetic
pulse protection design for communication cables in smart
substations [ J |. Southern Power System Technology, 2022, 16
(2): 38 -44.

SREEL, G R, B RS A R bk A R R 452 sl
Y RREELT ). rBUREOR | 2022, 48(7): 2503 - 2511.
ZHANG lJiangong, HE Jinliang, ZENG Rong. Electric field
distribution characteristics of cable terminals under high-
altitude nuclear electromagnetic pulse [J]. High Voltage
Engineering, 2022, 48(7): 2503 - 2511.

PAUL D, SMITH J, HOFSTRA S. Electromagnetic coupling
to multiconductor cables in HEMP environments [J]. IEEE
Transactions on Electromagnetic Compatibility, 2020, 62(3) :
789 - 798.

i HER: 2024-04-25; MI4%E % HEA:2025-03-24
1EHEN:

FA(1972), B, LA, X, NFLHA%ER A DS
IAE;
% Z(1982), B, SHATAM(HILL), HE, KFHEES

BHB ARG RIS Lothi, REFEMTIA;A;

ARMIE(1991), 4, @EEE, HRIET, ¥, FRT@

A B RS %% wEE A5, jiuxuhh@163. com,



