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Research on vector calculation and distribution of steel core magnetic flux leakage in

high voltage transmission conductor considering broken strand angle
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Power Station Energy Transfer Conversion and System Ministry of Education, North China Electric Power University , Beijing 102206, China)

Abstract: Many existing studies on the magnetic flux leakage of broken strands in the steel core only consider geometric
parameters such as length, width and depth of the broken strands, and the impact of the broken strand angle on the
leakage field has rarely been discussed. Therefore, this paper establishes a 3D finite element model of a steel core
magnetic flux leakage detection device to analyze the magnetic flux leakage vectors B,, B, and B, under 12 different broken
strand angle conditions. By comparing the three vectors, the vector direction which is most sensitive to detecting broken
strand faults is obtained. The results show that vectors B, and B, exhibit multimodal distributions, and the distributions of
positive and negative peaks are opposite with a 90° broken strand angle as the division point. Moreover, vector B, exhibits
multiple peaks at a 90° broken strand angle due to the influence of the broken strand width, while in other conditions
B_exhibits a single-peak distribution. The comparison of the vector peak values shows that the vectors B and B, have
similar positive and negative peak values under different operating conditions. The peak values of vector B, significantly

exceed that of B, and B/, with the largest difference observed at a 90° broken strand angle. The positive peak values of B,
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and B, are only 4.5% and 2.2% of the positive peak value of B,, and the absolute values of the negative peaks are only

1.5% and 2.9% of the positive peak value of B,. Vector B, proves to be the most sensitive in detecting broken strands of the

steel core. Consequently, Hall elements should be arranged perpendicular to the transmission line surface to detect vector

B. as the most effective signal detection scheme.

Key words: aluminum conductor steel reinforced; steel core broken strands; magnetic flux leakage detection; magnetic

flux leakage vector analysis;nondestructive testing
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Figure 1 Schematic diagram of magnetic circuit of
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Figure 2 Schematic diagram of magnetic circuit of

destructive conductor
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transmission conductor
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of broken strand

FI13 5oR T 12 F0 ff B 00 T s B 2% i B 19 5%
B oL, HARRE WAL R 90°Z Ay Ho A £ 2 T
WF B B, K 4 A5 p=180° K} it i 3 — 4> IE W, B,
K 5K&®B, B, ZEHEEERE, A0,
FE W7 1B AR B3 R 90° B i I 5 HL Al B TR B (.
WAEAMNE L =180 A7 kbt B 2~ 1E W . SCHR[ 7]
A8 24 W7 I 5 3 3k B — e (B, U Rl e ) Sy
WL 2 AN R . W AR O 90 I W B A 5 A
R T LA TR, 43 2R < el S 4 T TR 1 A T
BRI e A 1 o, S e B I R 7 AR A 1 e
(+Q, — Q)M M A I AT 25 A5 P A i U W 2k 2t
Sh VT TR R A0 0 16 A B Jm ) O iR X T IR A B O
b 90° R, LT B (¥ 5 BE 1] 5 B K s [ AR ]
JE] B AR T G 38 A DR R DB 1 R 3 ) 2
[B] f%y HpC AV BT DX s Ak R B T S BT 1T R
1 AT O e AL R B TS S R R
ER IR DIy LA T A R b e T
SRS AL, SO R A 2, BRI 4% 5 B0 X SR
o JER 7 B B ¢ S 0T T TG T A DX S T L AT T
BT Py e ) A TR A i R At e R A B T
VI B AR 38 4 2 sk R B T A 1 T 7 A OE
5, BRSBTS AT, DT 4 A T B A
T T 3 I 7 A 10 T JR 7 9 B A T2 Ak ik ) e K

600
(183.3,535.3)

ssob  (1653,540.4) (1833
g 1, (2013,516.7)
S 500F ;
[Sa)
E,( 450 F 197 15 6 JEE /()
= ce0 <60 +120
=l 1575 +135
#4001 —+30—90 —--150
§ e 45-+105—165

350
=
0

300

250
1 1 1 1 1 1 1 1 1 1 1 |
0 30 60 90 120 150180210240 270 300 330 360

T AR A ()

13 BiRAFRAELIALTB.X¥
Figure 13  B. vector under different angle conditions

of broken strand
B. K WA B, B W B A 0 A4k A% Bl n & 14
T 7, 45 W B £7 B 1R U K/ IS TE T I FR B 0 /N T 90°
Bf, 5 0 R IEAH 5 FEWT B JE 0 RF 90°mT , 5 0 & 1A
M FE TOUF 90w 1E I H F Kb 540.4 mT .



212 O #®

3

20234F5 H

600

(90°,540.4)

550

500

450

400

2 7 T % %N, 5 S 0 {E Bo/m T

250 Il Il Il Il Il Il Il Il Il Il I}
0 15 30 45 60 75 90 105120 135150 165

W7 I 61 0/(°)
B 14 B, K0 %L
Figure 14 B, wariation with ¢

AN 12~14 &I, Is#E % & B, B, .B. £
W7 1 £ B2 0 Sy O°B, U W 2% ek RO/ R R A B
Ak ik, 2 R W AR 0T TR A T
S i FL S S Bl R A TR, T L S R Y
BAGEAT I N D T X W A 0k 01
THCHEAT E BT
33 BIRAEIAHCHEES

oy i i ok it B, B, B AEWT IR B 0 R 07 H:
/B R R A= W 0 A A i R < 0 A A B SR O°
B T R DT 1l g 900 P S 3 L IR AR R e T U
JBE 7™ A= 0 T G S 3 Ay W A0 A T AR 28 AR ]
7T Al W 0 ] U A 8 U 3 TG 5 e 3 %
] 45 B AR A T L 0 G JRR N e B, DT TG 3 4 B
) BT 19 00 ) T O A T 2 5 AR T R B 1) 4% 25 ]
MR R B U S oh &, R BUR B R & B, B,
B 75 Wi B 1 BE 0 2 OB G R /N4 oK & A= W) i A8 Ak .
N, WO AT A ) R AR BT R T SR AR
XiF T B A BE kg OB HEAT S8 BE AP BT o M8 T LS A
FEIR TCAF B A — B4l ) G 0 S R e 7 DA R )
T B B AR  H TRUE R ey Z
Tl A R QR 15 B T B B R T e ) R
8O mm , W7 J8 P ) W 11 BT X5 7 - 3 B B AR 19 28 mm
52 mm AL TR AR AL T WA IE N 5 2 mm &b,
R4 B (A5 0 2 mm.

FEZH B B AR TR MK DTS TR I BB 8 5
& A BE 0=0"} 1 s W4 5% & B, B, .B., 53 g i T
o B0 40T W AR B 0 =0° B Y T 6 < it
B..B, B WZEALAE O, T 45 R a1 16~ 18 7w .

x A

T

—
L=24 mm z

0=0° Wit F——*

0 FERITMm 80
i AR /mm

Bl15 Wik A JZ 0=0"% 4h e 4 B %12

Figure 15 Axial arrangement path with broken strand

angle § at 0°

‘ ‘ ‘ 50
4001 (51.1,36.3)=
= £ 1L /...--"/ 125 &
S £ N 5
& 200F Wi N ~ / _.f‘-|.\ | R E
i ol AV, "%
b= H =
) I 1 25 4“5{;
= | 7 —xmauy w
¥ AF B | wE
L e —0o 1 - T

E 200 / 1 6=0 f‘gﬁ
= 400t T(25.1,-87.4) 1773

L L L L L ~100

0 20 40 60 80

Tl ) A2 A 25 D/mm

16 0=0'MALBXT#HH B, 5%
Figure 16 B, vector with and without background

magnetic field when @ at 0°

40F 2—(51.1,39.0) 40
#
£ 2 AV SN A R T
5 } RE
w0 = 3 : 0 S
’E“?\; IT'. ! § ED(
& 20 { 120 g
e f i 2
E 40 I 40 o B
= | Iy- T]_‘H =
2 60f ¥ 1-60
=~ i
= (25.1,-87.4)
~80 | | | | | —80
0 20 40 60 80
il 1] B AR BE B D/mm

17 0=OCWAAKEZFHH B, X%
Figure 17 B, vector with and without background

magnetic field when @ at 0°

Hi P16 ol 45, W7 A BE 0 Ry O°F B, Tl i 2% 3t 5
T 50 8 A AR R, 35 55 Jl e B A% ] BE 2 OE A
5, HLUWW B 2R i 5 1 BRGS0 (8 B BT K
I O RS 515 sk iR 22 14 8 T BT
SRR, & AR R 4 25.1 mm B
BT — A BRI W fE Oy —87.4 mT, fie K IE
W47 T 51.1 mm &b, W5y 36.3 m T, Jie K 171 06 il I
W 47 HF 300 A DRI A 79 00 BT 1 BT . IR 17 TR, TE RS
S NI B, < i i K SO RNE I B E 5 B,
KR R] L G 0 (it AR ), I A (AN A 22 2.7 m T .



538 E 3 W

JE RS T BT I A R A T R L e N TR 3 Ok T A R AT 5 213

B 18 i n y 0=0"T.% A o 5t 1 B. K 253
A3 15 0, 7E W7 I 9 00 BRI 17 Ah B 2 A T 04 A i
HB. K& BB KEAE, LT RS T LN
Wr O 4b B, < 2836 167.9 mT, 78 43 I 7 11 4k B. &
R 166.7 mT, fie K 0 (E M IE 0§ 5 5> 51k
—89.2 mT 188.0 mT, H W& iy 45 % {5 ¥ K T B,
M B, K4, B, B, & 1 e K OE WEAE 53 501 h B, &
R R IE WA 19 41.25% F144.32% .

1100 T T T T T 125 =
L \ (29‘5, (49'5’ +jﬁ:‘¥?ﬁ 4100 E
_ 1000 ) \‘88.0>\}__ | N
= 900 3 oo 75
= \ Ny 50 &
o 8007 i ] é
B 700 i 25 =
= 0 =
& 600 ! E
# s00f o
= 400 RN ‘ 0 %
R (255, ROV {75 &
3001 —89.2) M (55.5,-78.7)| I
S G ~100 gp
200 F (25.5,249.7) (55.5,253.8) el

‘ ‘ w w 1 125

0 20 40 60 80

il AR FE B D/mm
18 0=0M ALK FHSB. XF
Figure 18 B. vector with and without background

magnetic field when @ at 0°
34 BREBREXN SR HENSREX LS

SR X PR R o A 1) Ay TR
W% B, .B,5B.,B, 5B,V 2 MEZ LA Ik
TEH 5 Z4 T B. 2K A 78 0 90 W] H T 1B i 96 )&
(4952 et B 2 A4S T 06, Gl T B O BT A OB
B, HAA R E WA AR, R B, 5
B, L0 Ry o3 St i, IE S A3 A RRAE AR S o T34, 34
7 ] (A IR O i IE SR (B KN 25 K.

19 B8 T IiE K& B, B, 5 B. 1 1F 1§ i %}
FbE Ok L 0T 0 BE R i B 5 B e 12 Fh KT I B
TO0 T 9 IE W RN A R 2 0, HOE(H 3L/ 7
Wi 1 #A B R O°R L, 7E B, 5 B, IE W 35 8] T e/
8,209 0 2.3 mT 1 3.3 mT, {H ;K = B TE 12
ol 7 JRC 7 B2 0T WY E MR A 8 KT B, 5 B, TE
JBE A BE R 90°R 22 {H B K, B. IEWE(H 4> % L B, 5 B,
1E W 1 T 8 515.6 mT A1 528.7 mT,B, 5 B, IE
WA 23 AL Ry B IE W B Y 4.5% 1 2.2% . K20 &
/RN T IN#E R B B, M B, TR 246 XHE 5 B IE I i X
oIk B R BOAE 12 B BT B A B T 00T Y OF
HA i KT B, 5 B, W8 1 48 X5 {8, 76 W7 i £
£ R 90° W} 22 {8 i K, B. IEWE(H4r %I Ltk B, 5 B, £ 14

HR ARG R T R 532.1 mT M524.8mT,B, 5B,
U {1 260 X0 (B 43 A BLIE WY 1.5%0 F12.9% .

o xR
3% B,/mT

oy TR
W ¥ B,/mT

2 7 [ g JE
)% B./mT

19 %% B,.B,.B. B% st Fik B
Figure 19 Positive peaks of vectors B,.B,.B. radar chart

X7 R
3% B B,/mT

o ¥ 7 T R BN
° 95 )% B,/mT

2 [in) s JE VL
)% B./mT

El20 X% B, B, A M%iL B, E%ET g AR
Figure 20 Absolute values of negative peaks of vectors

B,.B,.B. contrast radar chart

Bl 21 Won T W B AE AN TR f B 00T U 2K
By B . AT B A T R W AR 0=0"1 H:
A1LF TN, B R e A0 1) A 8 2 IR e AR
AR W AL ¥ & A T B A T T R 4 L 4
G 17~19,0=0°T_ {0 e A 40 5l 1) A3 & % R oo Fit
WK TAE LY W% B, B, B.& &34 ,B,.B,
J% 1 (14 1E W 43 Ry B J< ik E W AE 1 41.25 % Al
44.32% o TLAZEA TSI, B AR A 45 W AR T 00
AW R REE MRS, B, B, B s i<
B. R 5 B, B, K it 5 TR 5 4R 0 1
M, B K & (RG24 T B, B, K &= .
AR T IR 7 A ) T G A P Tl R R i B B R
LAY, B O ] 1 A R R T A, R LA A O R
Ot B RS IR A, T AR JR T A W A T ) R A
LT R 0 ) T 0 U K 1 DD ) (KR ) R
B AT R B Al ) BLR



214 I <

15

%

=S 3 202345 A

2 7 ) JE N 3% i B./mT
535.0

L 0 506.5
£ 478.0
oy 449 5
i 421.0
= 3925
= 364.0
# 335.5
# 307.0
E 278.5
R 250.0

g5 180225 60" ol
F g, 300 Q&%\ﬂ‘
&/6)/(0 ) ‘%‘

E21 WiRARAEIAThRELXEB b&H
Figure 21 Surface graph of flux leakage vector B, under

different broken strand angle conditions

4 4hiE

LT U % K S 38 DA Ansoft Maxwell 837 =
2 SRR A AL SR VAT T3, 0 T S 4N

O WA BE AR 12 B AN [R) T80 F e W < & B, B, \B.

(0 3 A B JF T B T IR RGOS i B, (B, B Z A ) 2%
S, DT B 2 TR SR JC A R A T AT LA B L
E

1) B, %% 2 16 bR Wi B A B 0= 90°4h 9 HoAth T 4%
T F R AR AR p= 180" A A2 A PR A2 B
EW 2GR, H L B=90"F A5 Bk, B, K
It (1 1E 571 W8 73 A7 R AE AR I 5

2) B, R AE 12 Fh I ff B2 T80 K T =180°
b R H AR AT PN B = OF =R 2 IR A Y
0/NTF 90, B, & i Y S MR i 0 KT
90° I S L WA AE W AN, DL p=90" & hy 43
R B, R TE U 3 A REAE A R 5

3) B.AE Y5 B, B,/ Rt ZIWEILERN, HA 1
0 > 90° I Hy W7 I 55 13 1) 52 ) s B 2 A E i, oAt
LY Sy B T A, EL WA AE T R AR /N T 90°
W, 5 0 EA G, TR W A 0 KT 907, 5 0 2
TUAR DG, FE TR A BE TR 90" e (1 45 K 5

4) Ik o< B B AE 12 P I AR B T 00 T Y I
WK T B, 5 B, TEWi R AR 90°H 22 {H f K, B,
5 B, IEWEAE 4y AR BLAEWEA I 4.5% F12.2% , 7
W 2 X {EA Ry B IE BRI 1.500 12,906 , S 2 9
SO BTRE 7= A 0 S TP e G Ok B B B, R

TW w7 R E R BB S B, 5 B, KT
7R, A R JU A I A BT SR e R T A B DA O B
B e A R A5 S A 0 5 1)

S H WK

(1]

(2]

(3]

(4]

[5]

(]

(7]

(8]

JEL AR P e 1Y e S i L 6 XU R R R P T 9 B B
BI04 3 5 vhi7.2013,32(6):173-175+194.

ZHOU Chao, RUI Xiaoming. Model of rain-induced
vibration of transmission line and numerical analysis[J].
Journal of Vibration and Shock,2013,32(6):173-175+194.

JBR TLUE R, A AR L T O A B 0 R L R
BEUK R BE RO ()] W0 R GRS 4E ) ,2021,49(4):
89-95.

MA Weifeng, WANG Cheng, WANG Jinliang, et al.
Inversion of ice thickness for high voltage transmission
line based on a LiDAR point cloud[J]. Power System
Protection and Control,2021,49(4):89-95.

R 03, P SR E 2 A P2 PSOEM-LSSVM B2 7K
PO R[] #1 ) Bh2E 45 1R 2 412,2020,35(6):131-137.

LIU Chuang, HE Qinhong, LU Yinjun, et al.
PSOEM-LSSVM forecasting model for the transmission
lines icing[J]. Journal of Electric Power Science and
Technology,2020,35(6):131-137.

SR, T — LR AR T I A R e ke ) i P
{F) i v 2 B 2 450 7 A6 0 D). #1596 R, 2000,24(11):
18-22.

CAI Chengliang, DING Yigong, KANG Yihua, et al.
Conductor defect inspection of transmission line based on
eddy current and leakage magnetic flux[J]. Power System
Technology,2000,24(11):18-22.

PN IR BB, 2P0 W A i P 2 T B A0 A0 B A ) Dy v
FARAE BT FE (1], O FEHLAE £,2010,26(7):132-134.

SUN Feng,CHEN Minyou,LLUO Tao,et al.The comparative
research of detecting high-voltage transmission wire
damage, broken strands faults detection methods|J].
Microcomputer Information,2010,26(7):132-134.

ZHANG Peng,WEI Minghui,GUO Zhiyong,et al. Advances
in magmentic fluxleakage testing technology[J]. Journal of
Measurement Sciencec and Instrumentation, 2021, 1(12):
1-11.

JIANG X L,XIA Y F.A LMF based broken strand faults
detection scheme for steel core in ACSR[C]//2010
International Conference on High Voltage Engineering
and Application,New Orleans,LA,USA,2010.

DUTTA S M,GHORBEL F H,RK S.Dipole modelling of
magnetic flux leakage[J].IEEE Transactions on Magnetics,

2009,45(4):1959-1965.



#5538 54 3 1)

JEl A T BT IR A R A L S R BT R 4 Ok TR S A A LR AT

215

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

LIU B, CAO Y, ZHANG H, et al. Weak magnetic flux
leakage: a possible method for studying pipeline defects
located either inside or outside the structures[J].NDT & E
International,2015,74:81-86.

SUN Y H,LIU S W,DENG Z Y,et al.New discoveries on
electromagnetic action and signal presentation in
magnetic flux leakage testing[J].Journal of Nondestructive
Evaluation,2019,38(4):93.

XI) LB OK A A T B SR BY Y 3dE M E R S Ak
SR T]. PB4 4,2022,71(12):124101.

LIU Fuyan, YAN Bing. Applicability and optimization
analysis of magnetic dipole array model[J]. Acta Physica
Sinica,2022,71(12):124101.

R RN AR WV AR AN [P T B AR R R R AR
A B R P A3 BT D). 8 PR #%,2021,57(5):7-13.
WANG Zezhong, LIU Ke, LI Mingyang, et al. Analysis of
DC magnetic bias characteristics of UHV transformer
under load with different properties[J]. High Voltage
Apparatus,2021,57(5):7-13.

LIU S W,SUN Y H,JIANG X Y, et al. Comparison and
analysis of multiple signal processing methods in steel
wire rope defect detection by hall sensor[J]. Measurement,
2021,171:108768.

GAO G H,GAO L.Signal analysis of broken wires fault
width[C]//International ~Conference on

with  different

Mechanical, Electronic, Control and  Automation
Engineering (MECAE 2017), Beijing,China,2017.

MA Y L,HE R Y,CHEN J Z.A method for improving SNR
of drill pipe leakage flux testing signals by means of
magnetic concentrating effect[J]. IEEE Transactions on
Magnetics,2015,51(9):1-7.

WANG H Y,TIAN J E,MENG G Y.A sensor model for
defect detection in mine hoisting wire ropes based on
magnetic focusing[J]. Insight-Non-Destructive Testing and
Condition Monitoring,2017,59(3):143-148.

LEI H M,TIAN G Y.Broken wire detection in coated steel
belts using the magnetic flux leakage method[J]. Insight -
Non-Destructive Testing and Condition Monitoring,2013,
55(3):126-131.

YAN X L, ZHANG D L, PAN S M, et al. Online

nondestructive testing for fine steel wire rope in
electromagnetic interference environment[J]. NDT & E
International,2017,92:75-81.

5o W 26 BB AR SIS L /INAE B A% BTk A
S 2L B0 T B A 0 A% e g (0], b [ v ML D AR A AR,
2011,31(19):122-128.

XIA Yunfeng, JIANG Xingliang, ZHANG Zhijin, et al.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Optimization design of detector for steel core broken
strand faults in transmission line based on niche genetic
algorithm[J]. Proceedings of the CSEE, 2011, 31(19):
122-128.

WU D H,ZHANG Z Y,LIU Z L, et al. Simulation and
analysis on the best range of lift-off values in MFL testing
[J]. Applied Mechanics and Materials,2013,321/322/323/
324:811-814.

Ty MR B, SR T A L A DU e R (Y
S R IT 05 B A AT D). N A B Al S TR Rl
2013,21(6):1188-1198.

WU Dehui, LIU Zhenliang, ZHANG Zhongyuan,et al.3-D
FEM simulation of lift-off effects on magnetic flux leakage
testing[J].Journal of Basic Science and Engineering,2013,
21(6):1188-1198.

WU D H, SUN L X, WANG X H, et al. A novel
non-destructive testing method by measuring the change
rate of magnetic flux leakage[J].Journal of Nondestructive
Evaluation,2017,36(2):1-11.

LI L J,ZHANG X G.Discrimination method of wire rope
fault signal based on Holzer sensor for multi array weak
magnetic detection[J]. Cluster Computing, 2019, 22(2):
4901-4906.

GOKTEPE M. Investigation of B, and B, components of
the magnetic flux leakage in ferromagnetic laminated
sample[J].Advances in Materials Science and Engineering,
2013,2013:1-8.

KRS 20 1R T 1 A A TR A IV I T
T BT R R 2R M D). B R AE B 84k ,2022,46(15):
121-127.

ZHENG Yuping, GONG Xinyi,PAN Shuyan,et al. Analysis
on leakage flux characteristics of turn-to-turn short-circuit
fault for power transformer[J]. Automation of Electric
Power Systems,2022,46(15):121-127.

H #h, 88 % BR . 36T 3D Maxwell (48X 22 48 U 85 46 D 475 B
WEFTIT. 4 ¢ T.R2,2020,52(7):152-156.

TIAN Jie,ZHAO Caiyue. Simulation on magnetic leakage
detection of steel wire rope based on 3D Maxwell[]J]. Coal
Engineering,2020,52(7):152-156.

2N SR T R A T - A AR I B T 0 B
e 45 5 PE A AU 5 SE B (], W T L R 24 4, 2022,37(20):
5081-5091.

LI Daiyan, ZHANG Yanli, JING Ying, et al. Modeling of
magnetostrictive characteristics in an electrical steel
sheet based on the J-A model and its experimental
verification|J]. Transactions of China Electrotechnical

Society,2022,37(20):5081-5091.



