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Abstract: Analytical calculation based on transmission line model is a classical method to study the circulation of submarine cables,
but this method considers the submarine cable armour layer is a uniform whole layer structure, while the actual armour is made of
metal wires (steel wires) stranded together, and it will lead to errors and reduce the accuracy of submarine cable circulation analysis.
For this reason, an optimization method for the transmission line model of metal wire armoured submarine cable is proposed based on
the improved whale optimization algorithm (IWOA). Firstly, a test platform based on the simplified substitution model of submarine
cable is built, and the validity of the 2D finite element simulation model for calculating the circulation flow of submarine cable with
metal wire armouring structure is verified based on the measured data, and then the IWOA algorithm is used to carry out the joint
analysis of finite element-MATLAB, to obtain the electrical resistivity and magnetic permeability of the whole layer of the armouring
after equivalence, and the analytical model of submarine cable transmission line reflecting the structure of the metal wire armouring is
established based on the equivalence results. Taking the 220 kV submarine cable as an object for example analysis, referring to the
finite element results, compared with the traditional analytical calculation method which directly reduces the wire armouring to the
whole layer structure, the accuracy of induced voltage and ground loop current obtained by the method proposed is improved by
290 % and 40 %, respectively, and the absolute error is less than 4. 9% and 1. 3 %, respectively, and the computational efficiency is
significantly higher than that of the finite element model.
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Fig. 1 Detailed cable structure
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Fig.2 Simplified cable structure
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Fig. 3 Submarine cable profile relationship
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Tab.1 Self-made structure cable parameters  mm
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Fig.4 Simplified alternative model structure diagram of
submarine cable
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Tab.2 Comparison between simulated and experimental values

of submarine cable induced voltages mV
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Fig. 7 Parameter optimization flow chart of two-dimensional
fully armored submarine cable
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Tab.3 Material parameters of 220 kV power cable
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Tab.4 Comparison of simulation results before and after
equivalent resistivities and permeabilities
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Tab.5 Error values of simulation results before and after
equivalent resistivities and permeabilities

WEME PERE BRAE PEdR RN
Crq 8.6 2.27 0.18 0.21
e 0.002 0.003 0. 000 4 0.000 3

eq

MEHEEROTLIE 1, WAL AR AT
TR TSRS, B F R S A A B
S, Horp s s e B IR EA 2530 365, ARG
BOAMP SRR IR 2R RSN 1SR, 8%
MIRERSHEN 2 —, ST RN R R
ZE(EHIN 8. 6FF 2 0. 002, o2 /BRN HL MR IR 2Z(EL M 2. 27
F$%20.003; PrERMIRRRZEEM 0. 182 0. 000
4, FEBSHHIATIRZE(EI 0. 21 FE 2 0. 000 3; 53K
Je JERN L RIS BE AR T 1290 %, ARUES S % (H
WE/NT 4.9 %, HHATITERER T 44 %,
BERZE/NT 1. 3 %o BT E B 07 EEE BT H
ATLE L, RSB S AT TR
R R PR IR 253K, TR A SCARAR 5 v
Al DLAS 2 RS B 1 45 2 5 7F Intel Xeon 2. 90 GHz
CPU, WAF256 GIRE/ P& T, MATLAB & ik
AT BN Ry 3 s, = ZEH0 22 5 A BR T Y
(45 ELF 1] 9 2 h 38 min 58 s, AJ WA A& 2k i b
BORYAT DL A 7 A%

5 %t

AR T — AT IWOA BVE M 4 8 22 583k

TR AAL A, R R N A B T 5 I v e 4
FHEAT R0, BT A5 AU G M & S BGHA T i
T, KR TSN, JoRE TRan
ABRICH . BIREIRT,

1) 218220 kV 13 A5l VR A 4N 2258 2 45 40 1)
P HL AR B ST B T e LR H
JE, IF3E AT BRIT I A7 e 45 4k = AR R
TSR T B A TE A

2) FF 220 kV IS e A FROTRIRL, Sl ad ek
R 5 10 53070 AT MATLAB A5 FUG g AR 7 %
B H B R ARG S R T A, 158 T 54
e 2 Vg A AR TR SRR P R b B — B B R
VAR, SEIR T &R 2 AB e S F I R R SR

3) TE A% i 2 A AR TR v AR N S AL I R B %
s e N [ = A o 9 Y A SRR S B e B
i, ARG RS R NS, RN T 8
& JE 22 A A T A B R AR T T S, S RAASC
(R SR 5 JIT A (A R 0T L S R M A 358 1 550KG B A
X T ARAR A i BT A AL 53 82 T+ T 290 %140 % o
A T = 4 BROCAE A, 5[] 1 2 h 38 min
58 s4psE R 3 s, MEBFRTF.

53 Ak

(1] 8RAR%, B, Fw%E, & wIRm NI SGART]. M
JrEMEAR , 2020, 14(11): 81 - 88.

SHAO Senan, MA Xie, FENG Runan, et al. Review of
researches on submarine cables at home and abroad [J].
Southern Power System Technology, 2020, 14(11): 81 - 88.

(2] PR R . FRE R B R i SR S (7], e gt
2012(3): 1-17,10.

YING Qiliang. The prospect of development of DC submarine
cables in China[J]. Electric Wire & Cable, 2012(3): 1 -7,10.

(3] EMA. EANANEIE S i TARREARLT]. B R HOR
2012, 6(2): 26 - 30.

WANG Yushuang. Review on submarine cable projects for
power transmission worldwide [J]. Southern Power System
Technology, 2012, 6(2): 26 - 30.

(4] 3BJkeT, BfE, skib 4, S5 OB b XUHL i L5 1 00 S B

HOARBIFELRR [T ], R LT R 244, 2016, 36(14) : 3758
- 3771.
CHI Yongning, LIANG Wei, ZHANG Zhankui, et al. An
overview on key technologies regarding power transmission
and grid integration of large scale offshore wind power [J].
Proceedings of the CSEE, 2016, 36(14): 3758 - 3771.

[5]  EBIL, DmewE, BN, 5. EX IR S5 T 3R IR
(7). sPEEHLT AR, 2014, 34(31): 5459 - 5466.
WANG Xifan, WEI Xiaohui, NING Lianhui, et al. Integration
techniques and transmission schemes for off-shore wind farms
[J]. Proceedings of the CSEE, 2014, 34(31): 5459 — 5466.



140

7T ALEAR

919 %

[7]

[10]

[11]

[12]

[13]

[14]

[15]

MAU C N, RUDION K, ORTHS A, et al. Grid connection of
offshore wind farm based DFIG with low frequency AC
transmission system [ C ]//2012 IEEE Power and Energy Society
General Meeting, July 22 - 26, 2012, San Diego, CA, USA.
New York: IEEE, 2012: 1 - 7.

RODNEY I, DI SANTO S G, ITIKI C, et al. A
comprehensive review and proposed architecture for offshore
power system [J]. International Journal of Electrical Power &
Energy Systems, 2019(111):79 - 92.

WKER, B, AREAR, 110 KV SRS BT
TR 05 B B R PR R e B 5T [T]. % Fe L 2%, 2016, 52
(6): 135 - 140, 146.

ZHANG Lei, XUAN Yaowei, YUE Yanjie, et al. Ampacity
calculation, temperature simulation and thermal cycling experi-
ment for 110 kV submarine cable[J]. High Voltage Apparatus,
2016, 52(6): 135 - 140, 146.

LI P, GUO P. Characteristic analysis of the outer sheath
circulating current in a single-core AC submarine cable system
[I]. Symmetry, 2022, 14(6): 1088.

XM, AR, BREEr, 45 . 2160 kV B XLPE i HL 48
R SR [T]. W ) B B i, 2018, 38(2) :
130 - 136.

LIU Yunpeng, XU Ziqiang, CHEN Zhengzheng, et al. Simula-
tion and test of current carrying characteristics of £160 kV DC
XLPE submarine cable [J]. Electric Power Automation Equip-
ment, 2018, 38(2): 130 - 136.

FRE, TV, 2%s, F. ETARTEN LSS R E
JERLHEDT BT (T ] m U IERR, 2014, 40(3): 714 - 720.
GAO Junguo, YU Pinglan, LI Ziyun,
analysis of induced voltage on metal sheath of power cable

et al. Simulation

based on finite element method[J]. High Voltage Engineering,,
2014, 40(3): 714 - 720.

XN, Bt XSRHE, A5 BT i g - A R B Y =
S ke e AR o 07 2UR B BURBASPERT T [0 ], o T AR 2
2, 2021, 36(22): 4829 - 4836.

LIU Shili, LUO Yingnan, LIU Zongye, et al. Study on loss
characteristics of three core armored cable under low-frequency
transmission mode based on electromagnetic, thermal coupling
principle [J]. Transactions of China Electrotechnical Society,
2021, 36(22): 4829 - 4836.

BOMPOU E, MIJATOVIC N, TREHOLT C, et al. Loss in
steel armour wires for submarine power cables [ C]//2018 IEEE
Power & Energy Society General Meeting (PESGM) , August
05 - 10 , 2018, Portland, OR, USA. New York: IEEE,
2018: 1 -5.

WRIE, #thA, B T Gy @ 3P B U5 e A o T L 4R
Vi 5 Be g v B 4 A (). i T RE R R, 2021, 40
(10): 18 - 26.

CHEN Yue, YANG Shiyou, QIN Xi. Numerical analysis of
temperature field and ampacity of high-voltage cables consider-
ing the influence of metal sheath circulation [J]. Advanced
Technology of Electrical Engineering and Energy, 2021, 40
(10): 18 - 26.

SO, R, BRIEEE, 5 FIES B EMA R R
R e (6 05 6 [0 ). W0 0 RGP S 454, 2021, 49
(2): 115 - 120.

YUAN Chao, CHU Haijun, CHEN Yanging, et al. Single
phase ground fault location method for high voltage cables
considering the metal sheath coupling[J |. Power System Protec-

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

tion and Control, 2021, 49(2): 115 - 120.

XU Xing, CHEN Xiangrong, MENG Fanbo, et al.
Performance of different grounding systems of 500 kV XLPE
long submarine cables based on improved multiconductor
analysis method [J]. Electric Power Systems Research, 2022
(202) : 107608.

XUE H, MAHSEREDIJIAN J, MORALES J, et al. Analysis
of cross-bonded cables using accurate model parameters [J].
IEEE Transactions on Power Delivery, 2023, 38(1): 46 — 55.
AMETANI A, MIYAMOTO Y, NAGAOKA N. Semiconduct-
ing Layer impedance and its effect on cable wave-propagation
and transient characteristics [J]. IEEE Transactions on Power
Delivery, 2004, 19(4): 1523 - 1531.

WEDEPOHL L M, WILCOX D J. Transient analysis of
underground power transmission systems. system-model and
wave-propagation characteristics[ J]. Proceedings of the Institu-
tion of Electrical Engineers, 1973, 120(2): 253 - 260.
AMETANI A. A general formulation of impedance and admit-
tance of cables[J]. IEEE Transactions on Power Apparatus and
Systems, 1980, PAS—99(3): 902 - 910.

AWV, ERRIT, WP, 45110 kV US4 4 R R B
TS SRR BT[], A EE AR, 2005, 31(8): 15~ 17.
NIU Haiqing, WANG Xiaobing, YI Zepei, et al. Study on
circulating current of 110 kV single-core cable[J]. High Volt-
age Engineering, 2005, 31(8): 15— 17.

M4, XA, B0, 5. Z 0l 25w R
BT B Jm A E PR R ) ] SR EOR , 2014, 40
(1): 153 - 159.

TIAN Jinhu, LIU Yugen, ZHAO Junguang, et al. Circulating
current in sheaths and current distribution on same-phase paral-
lel multi-cable of multi-circuit power cable lines[J]. High Volt-
age Engineering, 2014, 40(1): 153 - 159.

MIRJALILI S, LEWIS A. The whale optimization algorithm
[J]. Advances in Engineering Software, 2016(95): 51 - 67.
B, BBk, FARAN, G5 SR PTG PR AN DT L R K
IS [T ], FRRIE AR, 2024, 48(4): 1770 - 1779.

LI Yan, WANG Maotao, QIAO Junjie, et al. Research on
single-core submarine cable mismatched circulation conditions
and evaluation method [J]. Power System Technology, 2024,
48(4): 1770 - 1779.

WA . o PR BALES A A M B O S LIRS 7 5 s i 1 4 BT
HRID] B : Wi R, 2022

kA, ATERL, PRIERE, % SR THENE B gAY 2 Ry
B ORI RFoE[ 1], s R A, 2015, 41(8): 2716 - 2722
ZHANG Lei, YU Enke, CHEN Guozhi, et al. Two methods
for upgrading ampacity of submarine cables and their
experimental study [J]. High Voltage Engineering, 2015, 41
(8): 2716 - 2722.

Wis BER: 2024-02-22; MI4EE % HHEF:2024-07-24
1EH"N:

Z2(1985), B, @144, slxds, W, TAFT@AHE

W A YR A A S R AT S G R AL, yan.

li@ncepu. edu. cn;

RER(1999), B, MEMRTE, AT @A IR SED

W, 4547 £ PR AT AT, 220222213211 @ncepu. edu. cn;

FEXC1995), F, ME, B ek # A B YA LKA

#, 1768215768 @qq. com,



