%03 % 46 KRN =ZE58BFEEFR Vol.23, No.6
2025 4 6 H Journal of Terahertz Science and Electronic Information Technology Jun., 2025

XEHE: 2095-4980(2025)06-0583-07

oK 24 o AR P 48 50 IR JE 40 5 M B 5

BRE M, K W', B
(1. B SR G PR L 550 4RI 7500115 2. [ PR AL MOBFAe e A WA 1, 63T 102200)

W OE: gERYLLEREM TR I RETRRAANKBTESREXEE, 4 EEE A4
FHGHESBRERHBN OB G EGHRLLEE, AXFARARARABRZENRZA, 44644 LT
HERE, TATRBKRIOAHAGER AL LEREAAEAHNE, ENTALEEEFEEF
TR AHGNE., BT ARZEGRANE T4 EN R A HHLCERE, 5ERRERTEE
Wh, BETARZRGEAREGEL A RELN PO ANE, IS ERENFTEFTMEMST H
iy A T S B AT T

KR MALLE; K%, BRIURG; BEEHSME

FESES: TN247 XHktRERG: A DOI: 10.11805/TKYDA2024558

Study on the uniformity of cable insulation layer thickness using terahertz
pulse imaging
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Abstract: The quality of the insulation layer of high—voltage cables is crucial for the long—term
reliability of power transmission and transformation systems. Non—uniformity in the thickness of the
insulation layer can lead to localized tangential electric fields, which are prone to creating safety
hazards. A reflective terahertz detection system, combined with a cylindrical coordinate scanning device,
is employed to achieve full-angle scanning measurements of the insulation layer thickness of cross—
linked polyethylene high-voltage cables. The non-roundness of the insulation layer thickness is
quantified, and its distribution uniformity is assessed. The terahertz images intuitively display the
interface wrinkle texture features of the insulation layer, which are highly consistent with the actual
specimen morphology. This validates the effectiveness of terahertz imaging technology in the quality
inspection of high-voltage cables, providing a new detection method and evaluation approach for the
quality assessment of high—voltage cables.
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Fig.6 Front and rear interface scanning images

6 Hijm S A
T Ao i T 9 Y AT R ) B A £ T B A U PR () BT 7S o R 2 I SR I 2 R T U S R S TR 2R L 44 %
JRIEE AT, ARINAE 5 REMR P | SRS Wi B S AR IR, 02 B b 10 £ i 22 5 208G Sl RO 5 3800 &
e, RE i — BB E Y S R RS S O NI, SR R ER U R A T, S EUCCIRR LR %R RAT I
] J5E BE ARG AR /DS, 0 ORI S i A R S W TR BE A0 B, B RO IE O JEE BE XIS IR n P 7(b) s

40

@ 100 39

& 80 38
= 172)
! 60 37 &
= B 365
“6 40 35 E

Q

£ 20 ggé
0 32 8

10 3]

be’ght/mmm 40 7 50 100 150 200 250 300  350%30

angle/(°)

(a) thickness distribution map of flight time detection

amplitude(a.u.)

~sol ki

~100 L 1 L 1 L I 1 1
10 20 30 40 50 60 70 80 90

t/ps
(b) time domain waveforms of points A and B

Fig.7 Thickness distribution for time—-of-flight detection and time-domain waveforms
corresponding to points A and B

Pl 7 TRATIS IS JSE L A Pl B AL B TN R A ST

R B T AE W LU T R S BRI O 2 TS R BOR R, R AME S LM AR RO T, 4% )E X fE S
AR, Hh, AL BAGSAHLEREWMAES xR, BT A5 VMD 48 4 B 2 4> f# (Variational Mode
Decomposition, VMD), {5534 G8IKIE, S0 8 A MG S R0 G R ga s .



5 6 ] BREPFR, %. KiF&ikIGREREERERES SRR 587

150 — 150 —
-~ A—original - B-original
— A-VMD — B-VMD

100 [ 100

50

w
(=]
T

amplitude/(a.u.)
=
>
«Z
amplitude/(a.u.)
(=}

-50 |- -50

1 1
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
t/ps t/ps

(a) point A (b) point B

-100 1 1 1 L L L 1 -100 1 1 1 1

Fig.8 Comparison of signals before and after processing at points A and B

K18 A, BP R HIETIS 1R S x) LU
XA S HEATAL B, EAES SRR BE XS LA 9 R o &k 5 R IR 55 A0 L A IS (5 5 A AT 3 TR
T, MRS A O] o KRR G B2 B, W0 DR 2% SR bk i K T (]9 BT IR — Bk, SO A
W, R SRR AT X S . TR R R SR SR R G, AN A FR AL 4 0 B B RS
EMAZE, BAR SSRGS kA2 .

Bl 10(a) N 22 B3R &0 o 25 12 5 25 S50 T Ab HL s w—
{155 BEUE , E10(b) Sk S8 Bk 3 2 9 4 2 )2 X5 — 1sok  front surface
i b TR A 5 I USR5 6 R I SR 5 .
JF5 28 THT 18136 C 424 PR A A7 A R S AR 03, 2 b U 3
R 0L 575 1 1A 0 0 A L 2 3"

S 7 0L LA £ 5 b T S 9 B AR R L R SCR E
BUR A5 B Q HEATIFAY , Bk wak(6). BRM TS0 |
B R T RN AR bR A LI 1Y AR B S 100 = T e i
@Fﬁ,ﬁﬁa%’ﬁﬁo LR, ER sl 6-;6”7‘?;"”;-; P
HAE R, R, ips

O=- ZPI‘ log, P, (©6) Fig.9§1;gr;?;1}§gignal

Kb PO i N IKEAEAE MG BB AR s m N KAV R . a8, BIR(E 5 5 28 i 8% (5 B O
HS5A18, Zad A PGS e Ll GRS B R 5.607 8. Bt N IR EWPEM 5 EWMEE B PEM 28 &k B, LA
DEMAHS, 55 BUGRERIE T B .

160
140

—
3
(=]

u

283
amplitude/(a.u.

40
: ‘ 20
60 120 180 240 300 360
angle/(°)
(a) front interface C—scan image
—_ s : 160
: 140
120 =
&,
100 5
<
80 g
60 &
<
40
20
0 60 120 180 240 300 360
angle/(°)

(b) rear interface C—scan image

Fig.10 Front and rear interface scanning images after processing

10 AbFRJE A E Fhm s



88 ABEHEE5RTFEEFE 52 %

o ik — 2 Xk HORAR S5 2R, SE U U 10000 B 9N 1) AT HEAT b AR, WA 1 s s il A R i LR
o, BEXTE IR X, SCHRIR L0055 B0 G R R T A R B, R LR S B s A WA O 4 %
JEIX G RWE S, 48w 4G YD TR 35 5 0 i i

back surface

front surface back surface

front surface

100 100
40 40
80 80
35
60 60
30
40 40
£ 25 2
= 20 2
520 5 2 =
a o
=15 0 = 0
10 20 -20
5 -40 -40
-60 -60
0 20 40 60 80 100 0 20 40 60 80 100
t/ps t/ps
(a) raw data (b) processed data

Fig.11 10° position b scanning imaging

[#1 11 10°07 & b3 if%
W A AN IR S E S R P A TRAT R A], AR AR TRAT A AR AR IR 12 s . I R SR AT LU B AE
5 JEL RGPPSR SR A R R

100 40

" 39

2 80 38
= @»
) 60 i 37 &
= B 36 &
0 32F

[o%)
—_

ey, 20
"%1,,] 405 60 120 180 240 300 360" 30

angle/(°)

Fig.12 Thickness distribution of processed flight time detection
P12 b3S AT I AL ARG 05 8 434 141

S o 590 S5 A0 TR I T R, U 4 A 10000
B U 13 95 o I B 20V E (R B A, -
7 08 1) 88 FF 40 A T 42.5~47.5 ps (X ], ARAR R (S), MR 2
SN 155, d/D EAT I [ 4 40.69 ps, kL ik il A = s
3.94 mm, K AT K 48.57 ps, Xif N A R E R = oo

4.70 mm, V¥ KATHFA] N 44.43 ps, KR K 4.30 mm.
o 25 JE R ¥R AT SR S IR BE SRR, 2 LK % 41 42 43 44 45 46 47 48 49 50

Atlps
NG BJF R - Bl R % 100% (7) Fig.13 Histogram of flight time thickness distribution
TR 113 A TSR] 5 43 A B TR

AR (T T B R A 2 R A BB O 17.67% , 2 IR S v 0 v AN 181 B2 B0 280K, %38 ML 4 9 AN [l i 5
BEPEIAE 15% Z A, AN [ B2 Hh AR F, () I b 8 50 TR O 77 7 ) B B0 R . Bt R I, PR R R .

3 &g

FRL A [ R R L A 2 7 Rl P e AT L R AR 2 — o A SR R 2 I 0O 3% 5 1015 A 0 AR 5 B v 4
Y G R MERG D SR s G R NI BE, [R] I RE A5 X 4 G S O I A JE B HEAT TRAT I R, R — bR
S ERG VAl L B2 SRR E S SIVE RO ROk R B e R AR S T B 2, A Kb 2% B R S B LK
A BRI



E BREPFR, %. KiF&ikIGREREERERES SRR 589

S & k-

[1]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

WG . RS 4 A G FH 28 16 2R 0 1) il B Ll M Y 1 SR [0, BB RHBHEE, 2023,51(3):99-105. (PAN Yankai. Research
progress on preparation and modification of cross —linked polyethylene for cable insulation resin[J]. Plastics Science and
Technology, 2023,51(3):99-105.) DOI:10.15925/j.cnki.issn1005-3360.2023.03.021.

2R P A 2SO B L B A S v R LI R o i L P AR e B RO [D]. R T, 2021,54(4):63-T7 1. (LI Fei,
ZHONG Lisheng, LI Wenpeng, et al. Radial gradient effect in the manufacturing and application of extruded insulation high—
voltage direct current cables[]J]. China Electric Power, 2021,54(4):63-71.) DOI:10.11930/}.issn.1004-9649.202006208.
WioBr, 25 SO, 25 57,55 . TR B XLPE 48 2 b oRE b AL 4 DG BE B R R B2 [)]. & HL TR HOR, 2020,46(5):1571-1579. (CHEN
Xin, LI Wenpeng, LI Zhenyu,et al. Prospects for key technologies of high voltage DC XLPE insulation materials and cables[]].
High Voltage Engineering, 2020,46(5):1571-1579.) DOI:10.13336/j.1003-6520.hve.20200515011.

F 2 2K A, TR 72,5 L 110 kV BF B Sk T & KO D). 452k 48, 2018,51(5):63-68. (YU Xin,DI Jian,YE Lijun,et
al. Development and application of 110 kV extrusion die injection joint[J]. Insulation Materials, 2018,51(5):63-68.) DOI: 10.
16790/j.¢nki.1009-9239.im.2018.05.011.

R AN m R E R R R O AEiE AT SR IR ). 48 2 A4 L, 2016,49(11):9-14. (LI Zhonglei,DU Boxue.
Operation and research status of high voltage DC cross linked polyethylene cables[]]. Insulation Materials, 2016,49(11):9-14.)
DOI:10.16790/j.¢nki.1009-9239.im.2016.11.002.

e N RN [ R B B A A R BUR L rh SR B ZE Bl 2. GB/T 9330-2008 HL T HL 7™ i IR P 4 2
A REE FH H R &4 [S). db a0 B AR UE 1 BRAE, 2009, (General Administration of Quality Supervision, Inspection and
Quarantine of the People's Republic of China, Standardization Administration of China(SAC). GB/T 9330-2008 General
technical specifications for thermoplastic insulation materials for electrical and electronic products[S]. Beijing:Standards Press
of China, 2009.)

HEOIRMG, B w 5% [ R DR 22 I e S PR v gR R [0]. T E4E R, 2011,45(2):14-19. (DONG Zhaopeng, HUANG Fugui. Overview
of roundness error measurement and evaluation methods[J]. Tool Technology, 2011,45(2): 14-19.) DOI: 10.3969/}.issn. 1000-
7008.2011.02.003.

XIS BT AL 8 A0 HE 2 F 25 A 2 )5 R I AJF 5 [D]. BT - VL Tolk K 2%, 2019. (LIU Gang. Research on insulation
thickness detection of wire and cable based on machine vision[D]. Hangzhou,China:Zhejiang University of Technology, 2019.)
WA RGN T AR RS [D]. KEAKF T K2, 2021, (LUO Mingyue. Research on control methods for cable
extrusion process[D]. Changchun,China:Changchun University of Technology, 2021.)

KOMATSU M,SATO R,MIZUNO M,et al. Feasibility study on terahertz imaging of corrosion on a cable metal shield[]]. Japanese
Journal of Applied Physics, 2012,51(1):122405. DOI:10.1143/JJAP.51.122405.

TAKAHASHI S;HAMANO T,NAKAJIMA K,et al. Observation of damage in insulated copper cables by THz imaging[J]. NDT &
E International, 2014(61):75-79. DOI:10.1016/j.ndteint.2013.10.004.

YAN Zhijin, SHI Wei, HOU Lei, et al,et al. Investigation of aging effects in cross—linked polyethylene insulated cable using
terahertz waves[]]. Materials Research Express, 2017,4(1):015304. DOI:10.1088/2053-1591/aa5237.

LI Shuaibing,CAO Binglei,KANG Yongqiang,et al. Nonintrusive inspection of moisture damp in composited insulation structure
based on terahertz technology[J]. IEEE Transactions on Instrumentation and Measurement, 2021(70): 1-10. DOI: 10.1109/
TIM.2021.3117360.

LEE I S,LEE J W. Nondestructive internal defect detection using a CW-THz imaging system in XLPE for power cable insulation[]].
Applied Sciences, 2020,10(6):2055. DOI1:10.3390/app10062055.

RO A R SR B A L 2T RN T ST S BB ROBR 2% UR TE B AG I [0]. AR 2% R 5 L AR B4, 2015,13(3):396-400. (LI
Wei,SHI Changcheng,ZHANG Jin,et al. Nondestructive evaluation of fiber reinforced plastic using terahertz imaging[J]. Journal
of Terahertz Science and Electronic Information Technology, 2015,13(3):396-400.) DOI:10.11805/TKYDA201503.0396.

ik T M LT R A L BE T ORBR 2% Dk 1Y A A & T A RS DU AVE A (0], P B L TR 22 4, 2020,40(3):989-998.
(ZHANG Zhonghao, MEI Hongwei, LIU Jianjun,et al. Detection method of interfacial defects of composite insulators based on
THz wave[J]. Proceedings of the CSEE, 2020,40(3):989-998.) DO1:10.13334/j.0258-8013.pcsee.190699.

(F5:%E 647 7))



