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ABSTRACT

In the entire power system operation, the cable is an essential and important component. However, the internal structure of the cable joint is complex and the material 
has diverse characteristics, which can easily lead to electric field distortion and power failure. Based on this, in order to reduce the occurrence of such problems and 
improve the safety of cable operation, this paper calculates and analyzes the stress cone parameters of the main insulation layer of a 10 kV cable, and optimizes its 
structural electric field. Specifically, the formulas of stress cone, reaction force cone, and thickness of the wound-insulating layer are designed, and the parameters are 
calculated. The results show that the maximum radius Rm of enhanced insulation is 28 mm, the thickness ΔR of enhanced insulation of the cable terminal is 13 mm, 
etc. The appropriate optimization parameters are then selected, and the electric fields of the shielded pipe structure, stress cone structure, and accessory body are 
optimized, and a reasonable optimization approach is given.
Index Terms—Cable, electric field optimization, stress cone parameter
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I. INTRODUCTION

At present, the unbalanced distribution of domestic power energy and load demand still exists, 
and it is necessary to use cables to realize the reasonable distribution of power energy. However, 
the loss caused by this transmission method is huge. If the state of the cable is not dynamically 
monitored, the electric field of the structure reasonably optimized, and the electric field uni-
formly distributed, problems such as insulation breakdown and cable intermediate joint defects 
will follow, which appear to inhibit the safe operation of the power system [1-4]. The optimization 
of the electric field of the cable structure needs to be based on the parameters of the stress cone. 
Therefore, when optimizing the electric field of the main insulation layer of the cable, the param-
eters of the stress cone need to be calculated and determined to provide a basis for the optimiza-
tion of the cable structure [5-10]. Therefore, this paper will take the 10 kV cable as an example, 
starting with the calculation of stress cone parameters, and gradually analyze, complete the elec-
tric field optimization of the cable’s main insulation layer structure, realize the reasonable control 
of electric field distribution, and ensure the safe and normal operation of the power system.

II. Design Principle of Structural Parameters of Stress Cone of Main Insulation Layer

Normally, the 10 kV cable’s main insulation stress cone and its structural design method have 
three parameters. Firstly, the stress cone structure can be designed by using the electric field 
gradient vector modulus of each point on the cone curve. However, this method is restricted by 
model design and calculation, and therefore it is impossible to give an exact analytical formula. 
The optimal structure design scheme is usually obtained by electric field analysis. Although this 
mode cannot ensure that the electric field gradient at the junction of the stress cone and the 
added wound is smaller than the electric field gradient of the main insulation layer of the cable, 
its voltage tolerance value can reach the corresponding standard from beginning to end, that 
is, the voltage tolerance value of the added wound insulation is always greater than the electric 
field gradient modulus of the surface. Secondly, the design of the stress cone structure can be 
realized from the aspects of electric field gradient and interface pressure. This method not only 
takes into account the tangential electric field gradient at the interface, but also the correlation 
between the allowed tangential gradient of the stress cone and the interface pressure. Thirdly, 
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based on the consistency of the electric field gradient between the 
stress cone and the cable’s main insulation layer, the design of the 
stress cone structure is completed. This is because the stress cone 
and the cable’s main insulation layer are not only the important com-
ponents of the cable terminal, but also the weak link. There are many 
scholars in China who use the third method to design and optimize 
the reaction force cone parameters of the cable’s main insulation 
layer.

A. Design Formula of Stress Cone
The schematic diagram of stress cone design is shown in Fig. 1.
Let any point on the stress cone surface be represented by F(x,y). 
When the stress cone is connected to the shielding layer and the 
corresponding point is zero, the cable stress cone is an equipoten-
tial surface, that is, there is an orthogonal relationship between 
the power line of the terminal and the stress cone. In this case, the 
included angle between the radial direction and the power line at 
point F is represented by α. Thus, the relation between the tangential 
field strength Et along the axis and the normal field strength En along 
the radial direction is shown in (1):

E Et n� � tan�  (1)

The normal field strength En passing F can be calculated from (2):
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Through rearrangement, (3) can be obtained:
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Through the integral solution of (3), the conical structure design for-
mula is obtained, as shown in (4):
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In the above equation, the axial coordinates are represented by x 
and the radial coordinates by y. The tangential electric field inten-
sity on the stress cone surface is represented by Et, and the normal 
electric field intensity is represented by En. The dielectric constant 
of insulation material is represented by εm, and the dielectric con-
stant of cable body is represented by ε1. The radius of the main 
insulation layer of the cable is represented by R, the voltage of the 
cable core to the ground and the radius of the conductor layer are 
represented by U and rc, respectively. At this time, assuming x = L, 
y = Rm, the obtained stress cone length formula is shown in (5):
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In (5), the increased insulation thickness is represented by Rm.

B. Design Formula of Reactive Force Cone
In the 10 kV cable terminal joint, in order to reasonably control the 
axial field strength at the insulated end of the cable body, it is neces-
sary to cut the insulated end into a conical surface opposite to the 
stress cone surface, that is, into a reaction force cone. Among them, 
the reactive force cone refers to the interface between the winding 
insulation at the cable terminal and the insulation of the cable body. 
In the cable connector, the interface is a key part and a weak link. If 
it is not handled well during the installation, the sliding breakdown 
problem is likely to occur [11]. The design formula of the reaction 
force cone is as follows:
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In this case, assuming x = Lc, y = R, the obtained formula for the length 
of the reaction force cone is shown in (7).
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Fig. 1. Stress cone design diagram.
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C. Design Formula of Winding Insulation Thickness
The determination of the winding insulation thickness involves the 
rated voltage grade of the cable and the voltage strength of the insu-
lating material at the end of the cable. The specific design formula is 
shown in (8):
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Expression 8 can be rearranged to obtain (9):
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The formula for increasing the insulation thickness of the cable ter-
minal is shown in (10):
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III. CALCULATION AND ANALYSIS OF THE STRUCTURAL 
PARAMETERS OF THE REACTIVE FORCE CONE OF THE MAIN 
INSULATION LAYER

A. Cable Stress Cone Material Selection
The insulation size will be different with different stress cone materi-
als, so it is necessary to pay attention to the selection of stress cone 
materials. If the electrical strength of the selected material is insuf-
ficient, it needs to be adjusted by intervention measures such as 
increasing the thickness of the stress cone and the rubber protec-
tive sleeve insulation. However, under this intervention behavior, the 
electric field of the middle structure of the cable accessory is affected 
and thus changed. In addition, for stress cone semi-conductive insu-
lating material, its uniform conductivity is also the key. If the perfor-
mance of the stress cone semi-conductive insulating material is poor, 
then its electric field performance will be inhibited, causing insula-
tion accidents. Today, ethylene propylene diene rubber (EPDM) and 
silicone rubber (SIR) are the first choice of stress cone materials, and 
the properties of both materials are shown in Table I.

In addition to the performance disclosed above, EPDM also has the 
advantages of high hardness, strong tear resistance, high break-
down strength of power frequency, high elastic modulus, and good 
compatibility with silicone oil, so it can be applied to the stress cone 
products with a mechanical compression device. The holding force of 
the cable–insulation interface can be improved by EPDM, which has 
good interface characteristics. Using EPDM to make the stress cone 
can give full play to its electrical breakdown performance, reduce its 
geometric size, and improve the electrical insulation margin. Silicone 
rubber, in addition to the performance shown in the table, also has 

good hydrophobicity, weather resistance, elastic elongation, and 
leakage trace resistance, and is usually used in the production of low 
and medium pressure cold-shrinkable homes, cold-shrinkable inter-
mediate joints, indoor and outdoor terminals, and other products. As 
the research object of this paper is the 10 kV cold-shrinkable interme-
diate joint, SIR is selected as the material for making the stress cone.

B. Calculation of Stress Cone Parameters
It can be seen from the calculation formula of the 10 kV cable termi-
nal stress cone that the length of the reactive force cone, the length 
of the stress cone, and the thickness of the wound insulation should 
be determined on the basis of the structural parameters of the 10 kV 
cable. Its structural parameters are shown in Table II.

The stress cone is an important part of cable accessories, which is 
responsible for controlling the electric field’s uniform distribution of 
cable–insulation interface. By changing the shape and length of the 
stress cone, the maximum axial stress of the cable insulation surface 
can be ensured to be consistent with the maximum allowable axial 
stress of the cable’s internal insulation, so that the distribution of 
the field strength near the metal cable sheath is uniform, and the 
electric field can be optimized. In order to calculate the length of 
the reaction force cone, the length of the stress cone, and the thick-
ness of the winding insulation, relevant parameters need to be 
determined. Make the maximum rated voltage U of the 10 kV cable 
12 kV, the value space of the axial electric field strength of the stress 
cone is 0.2−0.3 kV/mm, the dielectric constant ε1 of the SIR is 2.8, 
and the dielectric constant εm of the insulation of the cable is 2.3. The 
main insulation radius R is 15.05 mm, and the conductor radius rc is 
8.05 mm. In the calculation process, the rated voltage U of the cable 
is set to 10 kV. Since the main insulation of the cable body can be 
regarded as a cylinder, the electric field distribution of the insulation 
body can be calculated by (11)[12].
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In the formula, rx is the distance from the electric field point to the 
center point.It can be seen from (11) that the electric field intensity 

TABLE I. PROPERTIES OF TWO KINDS OF STRESS CONE MATERIALS

Material Loss Coefficient Dielectric Constant Tensile Strength (MPa) Volume Resistivity (Ω·cm) Manufacturability

EPDM (≥35 kV/mm) ≤0.004 2.5–3.5 ≥5 1017 Difficult

EPDM (≥300 kV/mm) Moderate 0.86–0.87 Good 50–75 General

SIR (≥20 kV/mm) ≤0.004 2.8–3.5 ≥5 2*1015 Easy

SIR (≥400 kV/mm) Moderate 1.15–1.38 Good 30–50 Poor

TABLE II. STRUCTURAL PARAMETERS OF THE 10 KV CABLE

Sequence Structure Outer Diameter (mm)

1 A conductor layer 20.6

2 Insulating layer 31

3 The outer sheath layer 37.7

4 Insulating shield 32.6
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will increase with the shortening of the distance between the electric 
field point and the outer layer, but this increase is not unlimited, and 
the maximum value will be generated at the interface between the 
conductor layer and the insulation layer. Combined with the param-
eters set above, the maximum allowable working field strength Emax 
of the cable is calculated as shown below.
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Similarly, insert the set parameters into (9), and it can be concluded 
that the maximum radius of enhanced insulation Rm is 28 mm; then 
calculate that the cable terminal insulation thickness ΔR is 13 mm 
by using (10), and the stress cone length L is 21.27 mm by using (5) 
(the transverse field strength Et is 0.29). According to (7), the length 
of the reaction force cone Lc is 18.72 mm. Through the above calcula-
tion results, the calculation results of the 10 kV cable stress cone are 
summarized in Table III.

IV. OPTIMIZATION ANALYSIS OF STRUCTURAL ELECTRIC 
FIELD BASED ON STRESS CONE PARAMETERS

A. Optimization Parameter Selection
The uniform electric field can be obtained by controlling the electric 
field distribution of the internal interface of the cable joint by the 
stress cone, so as to optimize the concentration of the field intensity 
at the metal protective sleeve of the shielding layer and the edge of 
the point stress joint system. Therefore, the stress cone parameters 
mainly include the length of the stress cone and the radius of curva-
ture of the end, and the structural electric field of the system can be 
optimized by setting these parameters. In addition, in order to over-
come the influence of high potential at the cable junction, a Faraday 
cage will be formed at the main insulation of the cable. It can be seen 
that the shape and length of the shielded tube port should be rea-
sonably controlled, so as to effectively optimize the structural elec-
tric field. When the shielding tube is too long, the accessory body will 
be too long; otherwise, it will limit the shielding effect of the shield-
ing tube, resulting in the problem of high potential concentration at 
the junction. In addition, the distance between the stress cone and 
the shielded tube will also affect the length of the cable accessory 
body. When the distance between the stress cone and the shielded 
tube is not between the set values, the electric field distribution of 
the cable accessory body will be negatively affected. Therefore, it is 
also necessary to optimize the length of the cable accessory body.

B. Optimization of the Electric Field of Shielded Tube Structure by 
Stress Cone Parameters
The electric field of shielded tubes with different port shapes is opti-
mized and simulated by using stress cone parameters. There are six 
different port shapes of shielded tubes, such as 0°, 30°, 45°, 60°, 90°, 
and 1/4 arc at the central angle of the end. The final results are shown 
in Fig. 2 and 3.

As can be seen from Fig. 2 and 3, when the shielded tube port is 
90°, the field strength (tangential field strength, field strength at the 
shielded tube, and maximum field strength) is the smallest, which is 
the best choice for optimizing the structural electric field. At pres-
ent, many cable accessory manufacturers will cut both ends of the 
shielded tube at 90° to form a right angle, but this is not useful for 
improving the field strength. Therefore, it is worth optimizing from 
the perspective of field strength optimization. After optimizing the 
structure of shielding tubes with different ends, it is necessary to 
design their length reasonably to optimize the electric field of the 
structure. Specifically, the electric field strength of seven shielded 
tubes with different lengths (130 mm, 135 mm, 140 mm, 145 mm, 
150 mm, 155 mm, and 160 mm) is optimized and simulated, and the 
results are shown in Fig. 4 and 5.

It can be seen from Fig. 4 and 5 that shielded tubes with different 
lengths have no significant influence on field strength. Although 
the field strength of the shielded tube is relatively small at 130 mm 
and 160 mm, the tangential field strength of the shielded tube 
accessories is relatively large. In conclusion, the 150 mm shielded 
tube is the best choice. The interaction of six different port shapes 
and seven different lengths of shielded tubes of indirect con-
nectors in cables is simulated and calculated, and the results are 
shown in Fig. 6.

TABLE III. THEORETICAL CALCULATION OF STRUCTURE OF A CABLE 
STRESS CONE

Increase the Winding 
Insulation Thickness

Length of Stress 
Cone

Reactive Force 
Cone Length

15 mm 25 mm 20 mm

Fig. 3. Variation of maximum field strength of shielded tubes with 
different port shapes.
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In conclusion, the selection of 150 mm length of the shielded tube 
combined with a 90° port shielded tube can better optimize the 
structural electric field.

C. Optimization of Stress Cone Parameters on the Electric Field of 
Stress Cone Structure
Generally, the thickness of the stress cone of 10 kV cable accesso-
ries is basically kept at about 3 mm, so four kinds of stress cones of 
differing thickness (2 mm, 2.5 mm, 3 mm and 3.5 mm) are selected 
for optimization simulation calculation, and the results are shown in 
Fig. 7.

As can be seen from Fig. 6, stress cones of differing thickness have 
no significant influence on the field strength, so the stress cone 
thickness of 2.5 mm is selected to optimize the electric field of the 
structure. The structural electric field is then optimized by designing 
different stress cone lengths. Specifically, six stress cones (no stress 
cone, 25 mm, 35 mm, 45 mm, 55 mm, and 65 mm) with different 
lengths were designed for simulation analysis, and the results are 
shown in Fig. 8.

As can be seen from Fig. 8, the maximum field strength without stress 
cone is 5 kV/mm, and the tangential field strength is 3.55 kV/mm. 
After the length of the stress cone is changed, the maximum electric 
field strength of the axial component of the electric field is close to the 
average value of the electric field strength in the internal insulation 

Fig. 4. Changes of field strength and tangential field strength at 
ports of shielded tubes with different lengths.

Fig. 5. Variation of maximum field strength of shielded tubes with 
different lengths.

Fig. 6. The electric field changes under different lengths and 
shapes of shielded tubes.

Fig. 7. Field strength variation of stress cones with different 
thickness.
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of the cable. It can be seen that an excessively small length of stress 
cone will lead to the increase of field strength, as the two parameters 
are inversely proportional to each other. When the length is 45 mm, 
55 mm and 65 mm, various performance indexes are concentrated. 
From the perspective of fabrication and installation, the stress cone 
of 55 mm length was selected to optimize the electric field of the 
structure. After selecting the length of the stress cone, reasonable 
consideration should be given to the curvature radius parameters 
of the stress cone end to realize the reasonable optimization of the 
structural electric field. Specifically, four stress cones with different 
curvature radii (15 mm, 20 mm, 25 mm, and 30 mm) are selected for 
simulation calculation, and the results are shown in Fig. 9.

As can be seen from Fig. 8, the field strength (notch field 
strength) decreases with the increase of curvature radius at the 
ends, and the two are inversely proportional. Although the uniform 
distribution of the electric field can be controlled by increasing the 
curvature radius of the stress cone, it should not be increased limit-
lessly. Therefore, it should be kept in check to avoid shortening the 
distance between the stress cone end and the insulation layer due to 
the excessive curvature radius, which will increase the field intensity 
on the surface of the insulation layer and adversely affect the anti-
flashover performance of external insulation. Therefore, a 25 mm 
radius of curvature is suitable. In order to further analyze the influ-
ence of stress cone length and curvature radius of end on structural 

electric field, the interaction of stress cones with six different lengths 
and four different curvature radii of the ends of indirect joints in 
cables is simulated, and the results are shown in Fig. 10.

As can be seen from Fig. 10, a stress cone that is too large or too 
small is not conducive to the optimization of the electric field. When 
the radius of curvature is 25 mm, the maximum field strength is rela-
tively low; when the radius of curvature is 30 mm, the tangential field 
strength of the stress cone is the smallest, but compared with the 
maximum field strength when the radius of curvature is 25 mm, the 
field strength of the stress cone is larger. Although increasing the 
curvature radius of the stress cone can reasonably control the distri-
bution of electric field, too large a curvature radius will also have the 
opposite effect, resulting in the increase of electric field strength and 
interference with the flashover resistance of external insulation. At 
the same time, when the stress cone length is 55 mm and the radius 
of curvature is 25 mm, and when the stress cone length is 65 mm and 
the radius of curvature is 25 mm, both the maximum field strength 
and the tangential field strength of the stress cone are lower than 
the air breakdown field strength by 3 kV/mm. Therefore, it is reason-
able to select 55 mm in length and 25 mm in curve radius of the 
cable insulation layer to optimize the structural electric field.

D. Electric Field Optimization of the Accessory Body
In order to analyze the length between the stress cone and the 
shielded tube, six different lengths of attachment body (30 mm, 40 
mm, 50 mm, 60 mm, 70 mm, and 80 mm) were selected for simu-
lation calculation and analysis, so as to screen out the most appro-
priate length between the stress cone and the shielded tube and 
realize the optimization of the electric field. The calculation results 
are shown in Fig. 11.

Fig. 9. Electric field variation of structure at stress cones with 
different end curvature radii.

Fig. 10. The electric field changes under the pairing of different 
stress cone lengths and end curvature radii.

Fig. 8. Field strength variation of stress cones with different lengths.
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As can be seen from Fig. 11, too large or too small a distance between 
the stress cone and the shielded tube is not conducive to the uni-
form distribution of the electric field of the accessory body. When the 
spacing is 30 mm and 40 mm, the maximum tangential field strength 
is the smallest, but it cannot meet the demand of less than the air 
breakdown field strength. When the spacing is 60 mm and 70 mm, 
both the maximum synthetic field strength and the tangential field 
strength meet the requirements of air breakdown field strength, 
that is, less than 3 kV/mm. This fixture can be selected to optimize 
the electric field distribution of the accessory body. However, as the 
spacing increases, the body length of the middle connector of the 
cable will increase, which is not conducive to the subsequent pro-
duction. Therefore, the spacing of 60 mm is suitable.

V. CONCLUSION

In general, this paper first designs and proposes the calculation for-
mula of the 10 kV cable stress cone, reaction force cone, and wound 
insulation thickness, which lays a foundation for the subsequent 
calculation of stress cone parameters. Secondly, based on the for-
mula design, the cable stress cone parameters are calculated, includ-
ing the maximum allowable working field strength of the cable, the 
maximum radius of enhanced insulation, the cable terminal insula-
tion thickness, and the length of the stress cone. Finally, after fully 
determining the relevant parameters of the stress cone, the electric 
field of the shielded tube structure is simulated and optimized. The 
final conclusion is that the 150 mm length of the shielded tube com-
bined with the 90° port of the shielded tube can better optimize the 
electric field of the structure. Then, the electric field of the stress cone 
structure is simulated and optimized. The final conclusion is that it is 
reasonable to select 55 mm and 25 mm curve radii to optimize the 

electric field of the structure. In the electric field simulation on opti-
mization of the length of the accessory body, it is concluded that it 
is more appropriate to choose the distance between the stress cone 
and the shielded tube as 60 mm.
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