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Algorithm1: anti-stress cone parameter measurement of cable joint

Input: Cable joint point cloud (P,)

Output: Measurement results (D,,D;,H,S)
Step 1: Denoising and coordinate adjustment of P,
Step 2: Target area point cloud (P) is obtained
1:for (;< point number of P,) do

2: ifC,(2)<<z,<<(,; (z)then

3:peP

4:  end if

5:end for

Step 3: Space division of P

6:for (i< point number of P) do

7: if(m—1)p<<a,< m-7y)then

8: Piesm
9:  endif
10: end for

11: for (m=<<(360"/7)) do
12:  for (/=< point number of S,,) do

13: if(n— 1)eh,,, <<z, <<nehy, then
14 p.EP,,

15: end if

16: end for

17: end for

Step 4: Local point cloud in different region of S, is obtained
18: for m << 360°/7 do

19: ifd,<<d.and B> (3, then

20: neVv,,

21:  endif

22: if0,> 0, and > 3, then
23: nev,,

24:  end if

25: end for

26: L, (L,) is obtained in term of V,, (V)
Step 5: Preliminary measurement
27: for (m<<360°/7) do
28: G, =2[min(Vy,)], G, =2Z[min(V,,)]
29: end for
Step 6: Error correction based on residual estimation
30: for (m =< 360°/7) do
31 23:/%- S G Az%-j G,
1=l 1=

32: end for
33: end
34: return D, ,D;,H,S

P2 He g Sk B o k2 M0 ik £ AU

Fig.2 Pseudocode of anti-stress cone of cable joint parameter measurement algorithm
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(¢) target point cloud fitting circle; (d) target point cloud
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A,: XLPE and anti-stress cone transition surface

Aj: anti-stress cone plane

A, anti-stress cone and inner semi-conductive transition surface
Ay inner semi-conductive plane
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Fig. 11 Diagram of strip point cloud formed by planes and surfaces
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Fig. 12 Calculation process diagram of starting point and ending point of anti-stress cone
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Fig. 13 Diagram of error correction based on residual estimation
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Fig. 14 Diagram of measured parameter of anti-stress cone
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Table 1 Explanation of measured parameters of anti-stress cone

and their calculation methods

Measured . . .
Meaning Calculation method

parameter

D, End diameter Diameter of fitting circle at Z,

D, Start diameter Diameter of fitting circle at Z,

H Height Zy— Zs

/ 2 ,
S Slope length ,\/[(Do _ Dl)/Z} 4o
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Table 2 Measurement results of different methods

Measured value of radius change Measured value of ours

Joint Index
D, D, S H D, D, S H
2" /mm 46. 40 78.40 57.28 55.00 46.40 78.40 57.28 55.00
x /mm 48. 35 75.63 49. 28 47.35 46. 29 78.39 57.42 55.13
e(x) /mm —1.95 2.77 8.00 7.65 0.11 0.01 —0.14 —0.13
Standard joint
elx) /% 4.20 3.53 13.97 13.91 0.24 0.01 0.24 0.24
Points 766310 766310
Time /s 6.63 18.87
2" /mm 47.00 78.00 53.79 51.50 47.00 78.00 53.79 51.50
2 /mm 49. 84 76.13 45.62 43.68 46. 88 78.32 53.21 50. 83
N e(x) /mm —2.84 1.87 8.17 7.82 0.12 —0.32 0.58 0.67
Artificial joint”
elx) /% 6. 04 2.40 15.18 15.18 0.26 0.41 1.08 1. 30
Points 814402 814402
Time /s 7.14 19.85
2" /mm 45. 50 77.50 59. 68 57.50 45.50 77.50 59. 68 57.50
2 /mm 46. 62 74.87 52.69 50.76 45.97 77.21 59. 28 57.19
. e(x) /mm —1.12 2.63 6.99 6.74 —0.47 0.29 0.40 0.31
Artificial joint™
e(x) /% 2.46 3.39 11.71 11.72 1.03 0.37 0.67 0.54
Points 898623 898623
Time /s 7.74 19. 38
3 R[S A 2377 ST B 4R
Table 3 Measurement results for different space division methods
Measured value of equal height division Measured value of ours
Joint Index
D, D, S H D, D, S H
2" /mm 46.40 78.40 57.28 55.00 46.40 78.40 57.28 55.00
2 /mm 47.16 76. 36 55.56 53.60 46. 29 78.39 57.42 55.13
e(x) /mm —0.76 2.04 1.72 1.40 0.11 0.01 —0.14 —0.13
Standard joint
elx) /% 1.64 2.60 3.00 2.55 0.24 0.01 0.24 0.24
Points 766310 766310
Time /s 18. 36 18. 87
2" /mm 47.00 78.00 53.79 51.50 47.00 78.00 53.79 51.50
2 /mm 47.87 76. 84 52.66 50. 63 46. 88 78.32 53.21 50. 83
N e(x) /mm  —0.87 1.16 1.13 0.87 0.12 —0.32 0.58 0.67
Artificial joint”
elx) /% 1.85 1.49 2.10 1.69 0. 26 0.41 1.08 1. 30
Points 814402 814402
Time/s 19. 64 19. 85
2" /mm 45.50 77.50 59. 68 57.50 45.50 77.50 59. 68 57.50
2 /mm 46. 16 76.81 58.92 56. 89 45.97 77.21 59. 28 57.19
. e(z) /mm —0.66 0.69 0.76 0.61 —0.47 0.29 0.40 0.31
Artificial joint”
elx) /% 1.45 0.89 1.27 1.06 1.03 0.37 0.67 0.54
Points 898623 898623
Time /s 19.43 19. 38
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Table 4 Measurement results before and after error correction

Measured value
before error correction

Measured value

Joint Index after error correction
D, D, S H D, D, S H
2 /mm 46. 40 78.40 57.28 55. 00 46. 40 78.40 57.28 55.00
x /mm 46. 29 78.39 57.42 55.13 46. 29 78.39 57.42 55.13
e(x) /mm 0.11 0.01 —0.14 —0.13 0.11 0.01 —0.14 —0.13
Standard joint
elx) /% 0.24 0.01 0.24 0.24 0.24 0.01 0.24 0.24
Points 766310
Time /s 18. 87
2 /mm 47.00 78.00 53.79 51.50 47.00 78.00 53.79 51.50
x /mm 47.46 77.36 51.45 49.23 46. 88 78.32 53.21 50. 83
- e(x) /mm —0.46 0.64 2.34 2.27 0.12 —0.32 0.58 0.67
Artificial joint”
elx) /% 0.98 0.82 4.35 4.41 0.26 0.41 1.08 1. 30
Points 814402
Time /s 19. 85
2’ /mm 45.50 77.50 59.68 57.50 45.50 77.50 59. 68 57.50
x /mm 46. 36 76.06 57.12 55.16 45.97 77.21 59. 28 57.19
Artificial oint” e(x) /mm —0.86 1.44 2.56 2.34 —0.47 0.29 0.40 0.31
elx) /% 1. 89 1. 85 4.29 4.07 1.03 0.37 0.67 0.54
Points 898623
Time /s 19. 38
VARG E RS2, BE AN A B A AR R SR Y 2E0G O, DT S B0 8 R 2 4G O 5 2 s R R R T g E
B0 A7 4 i B HORS A H' =155, 00 mm) BEAT T o A% K, B ot P 4% 15 = AR AR AR O 5 13 0o K, 5 Sl 4
I S5 R NS 5 TR . PRE2E A
F5  HITRI A b X R B 05 HEAb R 2R T Bk rp S B 2 O R B 1Y
Table 5 Effect of piece height 4 on algorithm accuracy A N By 2k % 4y 7 DL A8 B s Al Iﬂﬁ
R /mm H /mm e(x) /mm elx) /7 D Dy A FH 42 ] 22 28 1 06 i) — H AR 5T B A
0.1 55. 61 —0.61 L 454 Sk B9 K2 ) HfE v JE H ORS A (E H =57, 50 mm) £
0.2 99.52 —0.92 095 IS BN RaR 2200 . 8RN 6 R 7 R 8FTR .
0 o o 07 6 AR 2 A0 0 RSO O
0.4 55. 38 —0.38 0.69 Table 6 Effect of strip point cloud angle 7 on algorithm accuracy
0.5 95.25 —0.25 0.45 7 /(%) H /mm e(x) /mm e(x) /%
0.6 55.53 —0.53 0.96 1 61.07 _ 357 6. 21
0.7 55. 74 —0.74 1.35 5 60.17 P L6l
0.8 55. 87 —0.87 1.58 3 59 37 187 3 95
0.9 56.01 —1.01 1.84 A 58. 40 0.90 157
1.0 56. 12 —1.12 2.04 5 57,96 0,46 0.0
2 5 0 A, 4% A R 4 % HE 0. 1 mom 4 0 o v 0o
1.0 mm B, 5575 00 0 S EE oy B0 B A 1 ! o002 088 ho9
oo kR T A IR 3 BT R b BB 8 e ° o010 b oo
JLRVBUE A BRItk AT iR R BOR, T B TR Zok I 0047 2.03 3.93
10 54.10 3. 40 5.91

i L2 Bt M PSR IR R A A8 DX A A B R
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Table 7 Effect of threshold D;on algorithm accuracy

Dy H /mm e(xr) /mm e(z) /%
0.10 60. 75 —3.25 5.65
0.15 59. 83 —2.33 4.05
0.20 59. 34 —1.84 3.20
0.25 58.63 —1.13 1.97
0. 30 58. 14 —0. 64 1.11
0.35 57.96 —0.46 0. 80
0.40 57.13 0.37 0.64
0.45 56.73 0.77 1.34
0.50 56. 31 1.19 2.07
0.55 55. 81 1.69 2.94

8 FRZEM IS FEALIE BA D, % 55545 B 0 52 i
Table 8 Effect of threshold Dy, on algorithm accuracy

D,. H /mm e(x) /mm e(x) /%
0.10 61.03 —3.53 6.14
0.15 60.47 —2.97 5.17
0.20 59. 67 —2.17 3.77
0.25 59. 14 —1.64 2.85
0. 30 58. 66 —1.16 2.02
0.35 57.96 —0.46 0. 80
0.40 57. 36 0.14 0.24
0.45 56.78 0.72 1. 30
0.50 56. 21 1.29 2.24
0.55 55.73 1.77 3.08
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Abstract

Objective
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Cross-linked polyethylene (XLLPE) cable is an important part of the Chinese power system, and it plays a vital role in the
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transmission of power resources, therefore ensuring the normal operation of its lines is critical. According to some relevant cable fault

statistics, the main cause of XLLPE cable failure is a poor quality anti-stress cone in the cable joint, which is because all parameters of
the anti-stress cone of cable joints are currently measured manually using contact measuring tools, such as tape measure. This
measurement method has large errors and is prone to causing secondary damage to the measured object. The other cause is some
nonstandard joints whose anti-stress cone size does not meet the design requirements are often connected to the power system. Under
long-term high-voltage action, nonstandard joints can cause partial discharge due to insufficient resistance to axial stress, resulting in
the insulation breakdown. Existing noncontact parameter measurement methods are difficult to apply to the parameter measurement of
anti-stress cones. Therefore, we combined the structural characteristics of the cable joint with three-dimensional (3D) point cloud
processing to propose a parameter measurement algorithm for the anti-stress cone of the XLPE cable joint, which can realize the
effective measurement of all parameters of the cable joint anti-stress cone, which is critical to ensure safe and reliable operation of the

power system.

Methods First, this algorithm performs denoising and coordinate adjustment on a cable joint point cloud. Second, the target point
cloud of the anti-stress cone and its adjacent area is obtained according to the XLLPE cable joint characteristics. Then, the target point
cloud is divided into strips and pieces using the point cloud space division method based on the angle and height information between
each point and the coordinate axis in the target point cloud. Following that, the local point clouds of different regions on each strip
point cloud are obtained using the included axis angle of the piece normal vector on the strip point cloud and the improved concave-
convex criterion. On this basis, the random sample consensus (RANSAC) algorithm and Lagrange multiplier method are used to
obtain the intersection line of the adjacent plane, and preliminary measurement results are obtained on the basis of the distance
relationship between each point on the strip point cloud and the intersection line. Finally, residual estimation is used to correct the

error of the preliminary measurement results to obtain the final measurement results.

Results and Discussions The proposed XLPE cable joint anti-stress cone parameter measurement algorithm has high-
measurement accuracy and robustness. When it measures the parameters of the cable joint anti-stress cones with standard size, the
absolute error is less than 0. 2 mm, and the relative error is less than 0. 5%; when it measures the parameters of the anti-stress cones
of the cable joints polished by different technicians, the absolute error is less than 1.0 mm, and the relative error is less than 1.5%
(Table 4), which meets the industry measurement accuracy requirements. Compared with the radius change method, it has higher
measurement accuracy (Table 2). To address the problem that the number of points between the pieces obtained using the existing
point cloud space division method is relatively large, resulting in the instability of local features, a new point cloud space division
method that can achieve a good division effect is proposed (Figs. 6 and 7, Table 3), the best angle range of strip division is 4°~6°
(Table 6), and the best setting constant range of piece division is 0.4-0.6 mm (Table 5). To address the problem that the initial
measurement value is shifted to the anti-stress cone region due to the structure of the cable joint, a residual estimation error correction
method is proposed, which effectively improves the measurement accuracy of the algorithm (Fig. 12, Table 4). The optimal
threshold range of D, and D, is 0. 35-0. 45 mm (Tables 7 and 8).

Conclusions In this paper, we proposed a 3D point cloud-based algorithm for measuring the anti-stress cone parameters of XLLPE
cable joints. The target point cloud is obtained by the proposed obtaining method; on this basis, the measurement of the parameters of
the anti-stress cone of the cable joint is realized, which reduces the interference of the nontarget area and improves the processing
efficiency of the algorithm. The proposed cable joint with a quasi-cylindrical structure ensures the consistency of the piece element’s
description of the measured object’s characteristics. The original concave-convex criterion is improved to eliminate the influence of the
piece elements in the transition area based on the changes in the included angle of the piece elements on the strip point cloud. The
robustness of the algorithm is ensured using a preliminary measurement method based on the structural characteristics of the anti-stress
cone. To avoid the problem that the preliminary measurement results are shifted to the anti-stress cone region due to the arc-shaped
transition structure at the junction point of the anti-stress cone, the residual estimation error correction method is used to improve the
measurement accuracy of the algorithm. Two types of cable joint point clouds with standard dimensions and surface defects were used
for measurement experiments, and the experimental results show that the proposed algorithm has high-measurement accuracy and

robustness.

Key words measurement; three-dimensional point cloud processing; cross-linked polyethylene cable joint; anti-stress cone;

parameter measurement; machine vision
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