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Abstract. The post porcelain insulator is pulled by bus, which will produce stress in post porcelain
insulator, and stress concentration is in the root of the umbrella. Therefore, there will be break
accident if it is not installed properly. Firstly, the fracture theory of porcelain insulator is
summarized from the characteristics of ceramic materials, including its way to fracture and the
characteristic quantities emerged when fracturing. Then the brittle fracture theory of the maximum
tensile stress theory of the porcelain insulator is summarized. The ANSY S based on finite element
method is used for simulation analysis. The finite element model of different types of porcelain
insulators is established, the stress distribution of the porcelain post insulator in different directions
and of different sizes are calculated. The maximum stress value of the structure of the umbrella skirt
is changed correspondingly by changing the direction and size of the force of the bus line. The
relationship between stress and load force mainly presents a linear relation with load. According to
the calculation of the stress distribution of the porcelain insulator using finite element method, the
relationship curves of stress and load direction and magnitude are plotted, and the theoretical results
are verified.

Introduction

As one of the important electrical equipment in the transformer substation, the post insulator
(porcelain insulator) plays a double role of insulation and support. Therefore its safe and stable
operation is directly related to the stability and reliability of the substation, but also related to the
safety of the operator. The porcelain vase column is widely used in today's substation, such as
switches, transformers, GIS lines and so on. Whether porcelain column can operate reliably and
stably or not will influence the security of network. There are power accidents caused by the fracture
of the porcelain insulator porcelain column every year, which will cause the damage of isolated
switches even the short-circuit of substation bus, endangering the safe operation of the whole system.

The relevant data ™ shows that the fracture accident of the porcelain insulator is mainly divided
into the broken and cracked porcelain column, in which the broken porcelain column of the accident
accounted for 36%, cracking accident accounted for 62%. In addition, the ratio of the broken
porcelain insulator which is used to isolate switches and support the bus bar accounted for 95%'2.
And from the fracture site of insulator, the occurrence of the fault location is in the lower part of the
accident, on the central part of the occurrence.

Porcelain insulator usually can be divided into line porcelain insulator, power station porcelain
insulator ¥ according to the its application. The power station porcelain insulators mainly adopt the
porcelain insulator, which can be used in the isolation switch, bus, grounding switch and the stop
wave device in the substation, playing an important role in insulation and mechanical fixation. The
main insulation of each part of the porcelain post insulator is the umbrella skirt in the middle. It can
be generaly divided into three categories. conventional type, big-small umbrella type and prism
under umbrella type. The distance between two umbrellas of big-small umbrella type insulation is
large, having a good performance of rain flash and covering snow, while prism under umbrella type
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insulation allows a larger leakage distance, which makes the insulator have a higher pollution
flashover voltage.

According to the fracture accident of the porcelain insulator, after sudying a lot of reasons, the
research will focused on the study of the material of porcelain insulator string. The ceramic material
is atypical brittle material, brittle fracture is the result of many factors. For example, the improper
installation of the insulator can cause the stressto be uneven, then comes the crack causing the brittle
fracture. The poor working environment of the outside world will lead to uneven stress distribution
in the insulator, resulting in stress concentration and brittle fracture. In this paper, the influence of
other external environmental factors is neglected, which is aimed to sudy the reason of the brittle
fracture of the porcelain insulator, considering the pulling force of the lead wire as the main reason.

Basic Analysisof Fracture Theory of Porcelain Insulator

Characteristics of the fracture crack of porcelain insulator

When a homogeneous plate with no macro cracks is subjected to tension, the stress at each point
in the plate is equal to the average stress. When the plate containing cracks, as shown in the
following figure, the crack tip region of the stress line density is increased W|th the increase of stress
and crack length (. Stress intensity factor K is proposed in 1957 by G.R.Irwin® . Three stress field
and strain field near the crack tip as shown in Fig 1 are described, the stress field distribution is
summarized, and the crack propagation criterion with K as the characteristic quantity of is
established with the analysis of the stress field near the crack tip. In this paper, only the open crack
of type | will be analyzed.

Fig. 1 Stress distribution and coordinate transformation of the open crack plate.

Stressfield of the open crack can be expressed as:
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Where, K| is stress field intensity factor near crack tip of typel, r is the distance between a point
and the origin of polar coordinates. Eq. 1-3 are approximate formula, the high-order of r has been
omitted. When the crack tip spacing is less than crack length, that is r<<a, the precision of the
approximation is high enough, so it can be smplified as Eq. 4:
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It can be conclude that, K, has nothing to do with r, @ in polar coordinates, is the sate

characteristics of stress field near the crack tip. For each point of the crack front, the coordinates r
are known, therefore the internal stress field is determined by K;, and the relationship is almost
linear. That is, the bigger the K is, the greater the stress field corresponding to the stress field will be.
Deform EqQ. 1-4 as agenera equation:
K, =Ysa 0
Where, Y is related to the type of crack, the shape of the specimen and the mode of loading which

is dimensionless. For wireless wide plate center penetrating crack, Y =n"".

It can be seen that stressfield intensity factor K| is associated with ¢ and crack length a. When the
afterburner isincreasing, K is also increasing, the stress o will also increase, the final result in crack
tip near the internal stress of P will also be improved. When K; increases to a certain critical value,
the critical fracture strength of P is equal to or greater than that of brittle ceramic materials Pr. Then
the material is separated from the tip of the crack, and the crack can be expanded rapidly, and the
sample is brittle. The critical state of K is called the critical intensity factor, expressed as Kc, that is:

Kc=Ys./a 0

Since K¢ is a function of material structure, it reflects the inherent properties of the material,
which is related to the material structure and composition, and is independent of the size, shape of
the crack and the applied force, is the material internal crack resistance in the process of expansion,
known as the material of the fracture toughness value. oc is called as breaking strength
correspondingly.

Then the genera fracture of ceramic materials can be concluded that:

(1) Ki<Kic , even the material contains the crack, but this crack will not lose its stability and
brittle fracture under the condition of external stress.

(2) K=Kic , the crack of the material in the external stress role will become unstable, and will
eventually occur brittle fracture.

Maximum tension stress theory

The maximum tensile stress theory!®, was first discovered and put forward by the Italy scholar
G.Gdllo in the grength test, which is called the first strength theory. The ultimate perfection of the
theory is attributed to the famous British educator W.J.M.Rankine, so the theory is also called as
Rankine's Theory!™.

It is considered that when the material is under the influence of external stress, then stress
distribution within the material itself will be produced according to the maximum tensile stress
theory. Where the larger stress value of the point (area) is called the risk point (area), in the process
of increasing the external stress, the stress value of the dangerous point (area) will also be increased,
until the gtress value is increased to the maximum tensile stress, and then brittle fracture of material
will occur along the maximum tensile stress. Therefore, the maximum tensile stress theory holds that
the reason for the brittle fracture of the material is that the tensile stress reaches or exceedsthe tensile
stress limit of the material. The corresponding relationship is expressed as Eq. 7:

Sk =S1°8, $,>0 .

Where, o, istensile stress value of material under external stress, and oo is material limit stress.

Through the analysis of the failure theory of porcelain insulator, the main reason of fracture is that
the internal stressistoo large. In this paper, the finite element analysis method is used to simulate the
stress of porcelain insulator.
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The general steps of finite element analysis and the study of the relevant theory of stressfield

The finite element analysis method, as a mature method, has formed a fixed step. ANSYS
software for the analysis has also formed afixed step, generally divided into 7 Seps, that is:

(1)Select the appropriate unit and give the unit real constant;
(2)Set material properties,
(3)Build modsl;

(4)To give the corresponding model to the material properties, and to set up the appropriate unit
size to divide the grid unit;

(5)Impose boundary conditions;
(6)Finite element calculation results;
(7)Post-processing operation, get the required data and results.

As the finite element analysis method is presented in the structure analysis®, and it is most
widely used in the field of mechanics. For mechanical problems, in fact, is a problem of force field
analysis of Orlando. Corresponding to each field, there are corresponding control equations, the
stressfield in the control equation is shown below:

(2) Equilibrium differential equation:
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(3)Physical equation (generalized Hooke theorem)!?! :
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Where, E is modulus of elasticity, v is Poisson's ratio; u, v. w is the displacement in the
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direction of X, Y. z &x. & & isthe strain in the direction of X, y. z Jx. dy. J,isthe stress in
the direction of X, Y. Z wy. Tyzv IS the shear stress in the direction of xy, yz. zx; fx, fy. f;is

inertiaforcein the direction of x, y, z

Finite element model of porcelain insulator

A three dimensional finite element model of porcelain insulator is established by ANSY S software.
Asthe structure of the porcelain insulator is more symmetrical, the volume is relatively large, so the
model is simplified to six parts. The finite element model, from top to bottom as follows: at the top
of the gossan, palm connection, flange, umbrella skirt, flange, base. Porcelain post insulator of the

433



partial ball socket of connection structure size is standard, and it is not the study object, so you can
simplify the gossan structure and in the analysis of simulation results is not considered in the gossan
of deformation.

In this paper, the voltage level of the porcelain insulator is 110kV, the model is ZSW-126/6,
and the structural parameters are shown in Table 1.

Table 1 110kV porcelain insulator structure parameters

Overall structure height/mm 1389
Umbrella skirt structure height/mm 978
Umbrella skirt number 14

Big umbrella: 230

Umbrella skirt diameter/mm Small umbrella:200

Porcelain column diameter/mm 120
Diameter between upper flange and the first
piece of skirt/mm 120
Diameter between lower flange and the first
piece of skirt/mm 135

Finite element model of porcelain column insulator is shown in Fig.2.

Fig. 2 Finite element model of 110kV porcelain insulator.

The gossip, palm, flange connection is made of cast iron material, the umbrella skirt is made of
ceramic material, and the lower flange and the base uses cement materials, and porcelain pieces are
fixed in the upper and lower flanges. Because the cast iron flange is mainly made of ductile iron,
and the size of a large margin, with a great mechanical strength, so in the stress simulation
calculation don't have to consider the role of flange plus strong tendons.

The length unit is mm, force load unit is N, stress unit is MPa. The main performance
parameters of the related materials are shown in Table 2.

Table2 Main performance parameters of material

Parameter Porcelain | Cast iron Cement
Modulus of elasticity/pa 9.47" 10° 1.75" 10" 3.1 10
Poisson's ratio 0.16 0.28 0.215
Mass density(kg/n°) 2600 7800 2300

Establish the model, the corresponding material parameters and element parameters are given,
then mesh division of the model will be carried out. As the main component of the porcelain
insulator is cast iron, ceramic and cement, so the finite element model can be divided into three
parts: the upper structure, the umbrella skirt structure, the lower structure

Therefore, in order to meet the requirements of each part of the grid division, and after two
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grid method, finally free grid method is determined to use. Grid cell number is 2,309,781, node
number is 450,256. The overall grid shape is regular, so the convergence rate is fast and the
accuracy of the results will be higher. Its finite element model parameters are set as shown in Table
3,

Table 3 Finite element model of 110kV porcelain insulator

Texture of . .
material Mesh size/mm Grid cell node
Gossan 0.006
Junction palm CAST IRON 0.0025
Upper flange 0.005
Umbrella skirt 2309781 450256
structure PORCELAIN 0.0045
Lower flange 0.006
CEMENT
Base 0.004

And the corresponding integral partitioning results are shown in Fig. 3.

Fig. 3 Finite element mesh for porcelain insulator.

Thedetermination of empirical formula of stress strain and for ce load

The stress calculation results of porcelain insulator under different load are calculated and the
relationship between the stress and the load direction and the size of the porcelain insulator is
obtained. In order to reflect the relationship between the stress and strain of the porcelain insulator
and the different load, the stress and strain and the stress load should be summarized in order to
obtain the corresponding relationship between the stress load and stress and strain.

The determination of the empirical formula of stress and load

Generally speaking, the empirical formula is concluded on the basis of enough theoretical
calculation results. Therefore, according to the curve of the curve in the MATLAB to make the
corresponding data fitting, can get the fitting formula and the corresponding parameters to
determine the most real equation.

Relationship equation of stress maximum value of porcelain insulator is.
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S =0.0264F -0.017

1max 1
The maximum stress and load equation of the umbrella skirt is:
s £ =0.0055F -0.015

Imax 1]
In EqQ. 11, Eq. 12, F isthe value of the force load and its unit is N.
SSE is used to characterize the fit of the data and the original data in general fitting equation.
The statistical parameter is the sum of the squares of the errors of the fitting data and the
corresponding points of the raw data. Close to 0 SEE is, the fitting equation is more accurate, and
the prediction of data is more successful. Eq. 11 variance is 0.0023, Eg. 12 variance is 0.002 whose
degree of accuracy is higher, and the fitting degree of the real datais higher.

The determination of empirical formula of strain and load

In order to determine the relationship between the strain and the load, the strain data of the
porcelain insulator under different loads is concluded. The strain data corresponding to the load of
the porcelain insulator in the 50N~300N are simulated and calculated, and the results are shown in
Table 4:

Table 4 Strain Data under Different Loads of Porcelain Post Insulator in 45°

& Imax

load value/N £1max
50 0.622x107 0.225x10°
80 0.995x107 0.359%107
100 0.124x10™ 0.449x10°
120 0.149x10™ 0.539%107
150 0.186x10™ 0.674x10°
180 0.224x10™ 0.809%107
200 0.249x10™ 0.898x107
220 0.274x10™ 0.998x107
240 0.298x10™ 0.108x10™
250 0.311x10* 0.112x10*
270 0.336x10™ 0.121x10*
300 0.373x10™ 0.135x10™
400 0.497x10™ 0.180x10™
Where, e1max Maximum strain of insulator, & 1mex Maximum strain of umbrella sKkirt.

Relationship equation of strain maximum value of porcelain insulator strain is:
€., =125 10'F-3.4" 10°

1max . ID .
Relationship equation of strain maximum and force load of umbrella skirt is:

e, =4.48 10°F +1.5" 10°° 10

In the Eq.13, Eq.14, the variance are 1.155x10™, 3.43x10™ respectively. When the variance

is small enough within the allowable error range, it can be considered as 0, and its accuracy is high
enough. So the above Eq.13 and Eq.14 have high fitting degree of real condition.

For the whole insulator, the main materials are cast iron, ceramic and cement, it can be said
that the whole of the insulator is a nonlinear material properties, and the relationship between the
stress and strain of the insulator umbrella skirt should meet Hooke's law, its approximate calculation
is:

0.0055 _ 0.0055
N RTIE T
Error calculation:

=4.66" 10° Al
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d=*06-448 1 50— 404

AL
Because the stress value of the porcelain insulator is relatively large, the error is in the
allowable range, which can be directly verified by the accuracy of the simulation results.
According to the fitting stress, strain and load relationship of the curves, the following Table 5
shows:

Table 5 Relationship between stress and strain of 110kV porcelain insulator

0° 30° 45° 60° 90°

s 0.0386F+0.002 | 0.0328F+0.004 | 0.0264F-0.017 | 0.0182F-0.002 0.0027!?—75.8><10'

S 0.0079F+0.0008 | 0.0068F-0.0018 | 0.0055F-0.015 | 0.0038F-0.0038 0.0005!?—71.5><10'

o 1.83x10'F- 1.55x10 1.25x10'F- 8.53x10° 1.26x10°%F-
1 2x10° "F+1x108 3x10°8 "F+3x10° 4x10°
, 6.47x10°F- | 5.56x10%-1x10" | 4.48x10°F- 3.13x10 4.56x10°
€ 1x10°® 8 1x10® 8F4+5x10° F+2x10°
Conclusion

(1) This paper summarizes the present methods of fracture evaluation, and concludes the
advantages of the proposed method in this paper. The advantage is that the stress distribution of the
insulator can be achieved by the detection of the real-time tension of the porcelain insulator, and
can really realize the nondestructive testing of the porcelain insulator.

(2) Through the analysis of the structura characteristics of the ceramic material, the fracture
mode is open. Applying the linear elastic fracture mechanics, the fracture process of the insulator is
analyzed, and the brittle fracture theory of the porcelain insulator is summarized. The main reason
of the brittle fracture of the porcelain insulator is that the connection is not normal.

(3) The finite element model of porcelain insulators with different voltage levels is established,
simulation calculation of the model is carried out by the force load in different directions. The stress
distribution of the porcelain insulator under different directions is obtained which indicates that the
greater the tension of the wire drawing of the post bar of the porcelain insulator, the more conducive
to the safe operation of insulators, relatively speaking.

(4) The stress distribution of the porcelain insulator under different loads is calculated by using
the force load of different sizes. The concrete results are as follows: when the load is in a certain
direction, the stress concentration at the root of the umbrella is the most severe at the bottom. And
the maximum value of stress is increasing with the increase of the load, which is a linear
relationship.
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