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Abstract. To ensure safe operation and reduce construction costs, it is necessary to study the
mechanical characteristics of V-type composite insulators under windage loads, with theirs wide
applications in ultra-high voltage (UHV). User-defined material (UMAT) subroutines are
programmed to consider composite material parameters. Buckling characteristics of composite
insulators and deformation characteristics of V-type composite insulators are analyzed based on
finite element method. On this basis, V string included angle calculation method is derived
considering leeward string compression, and comparison with code is conducted.

Introduction

The UHV transmission lines have the advantages of large capacity, high efficiency and long
distance. They can optimize the allocation of power resources, which is of great significance for
improving the economic benefit and promoting the development of clean energy. The conductors of
the transmission line are usually suspended on the insulators related to the transmission towers. The
insulators will swing when the transverse wind load blows on the conductors. If the swing
amplitude is too large, it will cause the wind deviation to trip. Compared with the I-type, V-type
insulator strings can limit the swing effectively, and reduce the size of the tower head and
construction costs. At the same time, the composite insulators show a stronger capacity of
compression deformation compared with porcelain and glass insulators. Therefore, the application
of V-type composite insulators in engineering becomes more and more extensive [1-5]. To ensure
security of operation and reduce construction costs, it is necessary to study the mechanical
characteristics of V-type composite insulators under wind loads in UHV.

The mechanics characteristics and design method of V-type composite insulator strings under
wind load have been studied by domestic and foreign scholars. Shen Dingshen et al. [6] studied the
effect of long-term compression of composite insulator on the mechanics performance of the
insulator, and experiment about the mechanics performance of V-type insulators. By analyzing the
dynamic load characteristics of V-type 330kV composite insulator strings, Hou Lei et al. [7] find
that the dynamic analysis should be done when the compression performance of the insulator string
on the leeward side was taken into consideration for insulators design. Boddy et al. [8] summarized
the design methods of foreign V-type insulators, and studied the influences of wire types, wind load,
vertical span and V string angle on windage. It is given that the influence of various factors should
be considered in the design of V-type insulator. Liao Yongli et al. [9, 10] established V-type
composite insulator strings model of the 750kV transmission line by using the finite element
method, analyzed the deformation characteristics of the V-type strings in different included angle
and compared it with the test results.

Among the above researches, the mechanical and deformation characteristics of the V-type
composite insulator strings have been studied. However, a few people have studied the post
buckling behavior of composite insulator strings and its influence on the design of V-type
composite insulator strings.

This paper thus focuses on the post buckling characteristics of composite insulators and its effect
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on the design of V strings’ included angle. Firstly, the UMAT subroutine of composite material was
programmed to consider the anisotropy of material. Then the post buckling behavior of composite
insulator was analyzed by the finite element method. On the basis of this, the research on the
windage yaw characteristics of the V string was carried out. Finally the calculation method the V
string included angle is derived considering leeward string’s compression.

The Analysis of Composite Insulators

Subroutine for Composite Mandrel Material. The composite insulator is mainly composed of a
mandrel and shed which mainly bear the electrical load and can be neglected in the force analysis.
The mandrel is made of glass fiber and epoxy resin and the material properties are typical
composite materials. To consider the influence of the mandrel material parameters on the force,
UMAT subroutine was written in abaqus. So that the orthorhombic anisotropy and the different
properties of tension and compression can be considered.

In abaqus The UMAT’s procedure is that when the result of step n of o, and &,, and the next
strain increment den+1 is given, The new stress ons+1 Can be calculated by calling the Jacobian matrix
DDSDDE(1,]) = dAc / 0A¢ of the material in UMAT. Therefore, it is necessary to determine the
constitutive equation of the material, i.e. the Jacobian matrix.

The mandrel is simplified to orthotropic materials, which has different properties of tension and
compression different material parameters, the constitutive relationship is showed as follows:

e | [ 1/E, -v,IE, -v IE, 0 0 0 (o,
£, v, E 1/E, v, | E, 0 0 0 ”
e,| |—v,/E ~v,lE, 1/E, 0 0 0 ||o, 1)
v | o 0 0 1/G, O 0 ||o,
Y 0 0 0 0 G, 0 |[|o,
ve) L0 0 0 0 0 1/6,]lo,

In practical application, due to too many parameters in formula (1), according to the nature of the
mandrel, the formula can be simplified as follows: with the glass fiber as the spindle direction 1, E
is decided by glass fiber modulus; with the epoxy resin as spindle direction 2, 3, so E; is equal to Eg;
Poisson ratio is vy, = Vy; = V43 = V31 = Va3 = V3, = V. In this study, the mandrel is not subjected
to the tangential force, G, = Gi3 = G,3 = G.The resulting Jacobian matrix can be simplified as
follows:

[v-DE /2 —vE /2 —~vE//A 0 0 0

~vE,/A  (v-DE,/JA -vE,JA 0 0 0
| vE12 wEIZ w-DEIL 0 0 0 2)

0 0 0 G 0 0

0 0 0 0 G 0

L 0 0 0 0 0 G

WhereA = 2v2 + v — 1, tension or compression Jacobian matrix can be obtained by using
different E; values. The process to achieve the tension and compression properties of the composite
material is showed in the Fig. 1. This UMAT subroutine will be used for the following finite
element analysis.
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Fig. 1 Flow chart of UMAT.

The Post Buckling Analysis of Mandrel. The composite insulation type studied in this paper is
FXBW-1000/300, and the shed isn’t considered in the analysis as mentioned above. According to
paper [11, 12], the parameters of the mandrel are shown in Table 1.

Table 1. Parameters of composite insulators.

Parameter name Parameter values
Axial tensile elastic modulus 40 GPa
Axial compressive elastic modulus 40 GPa
Transverse elastic modulus 8.4 GPa
Shear modulus 4 GPa

Poisson ratio 0.3
Length of mandrel 9.0m

Mandrel diameter 40 mm
The quality of the mandrel 21.5kg

According to the stability theory, when one end is hinged and one end is sliding support (Fig.
2),the eigenvalue buckling load of the common beam element mandrel is calculated as shown in
equation (3):

b _ 7°El B 77 x 4089 x 7 x 0.04"

== . =612.47N
A o] B
& ' 2 7
Fig. 2 Bearing schematic of composite Fig. 3 Deformation of composite
insulator. insulator.

To finish the establishment of three-dimensional finite element model of mandrel in Abaqus,
firstly, the modal analysis is carried out. A buckling load of 597.78 N is gotten with some errors
with the theoretical results, for the finite element method considering the influence of parameters of
composite materials. The nonlinear buckling analysis was carried out using the Riks method with
the initial defect L/1000, and the deformation of the mandrel is shown in Fig. 3. The lateral
displacement and the external load of the Intermediate point O point are shown in Fig. 4 and the

maximum stress of the O point section and the horizontal displacement of the B point are shown in
Fig. 5.
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Previous studies have shown that the composite insulator mandrel failure stress is between
800MPa~1000MPa.This paper takes 800MPa as the maximum failure stress of mandrel. According
to the paper [13], the safety coefficient of insulator mechanical strength is 4. Therefore 800/4=
200MPa is taken as the maximum compression stress. From Fig. 5, the horizontal displacement of
the point B is 1.26 m when the mandrel reaches the control stress.

Calculation of Windage Yaw of V-type Composite Insulator Strings

Introduction to Theoretical Methods. At present, the design procedure of transmission line [14] in
our country is to prevent the compression of insulator when calculating the stress of V strings, with
the mechanical simplified model shown in Fig. 1. The insulator strings is simplified as a rigid body
with no deformation, and the main load is the wind load Wy and the gravity load of the conductor
Gv. Because the weight of the composite insulator is small, the gravity effect can be neglected when
the windage yaw is calculated. Under the effect of the maximum windage load and the gravity load
of the conductor, the minimum design concluded angle 6 of the V string can be obtained by the
static equilibrium, such as the formula (4).

Fig. 6 Mechanical model of V-type windage.

0 =2arctan(W, /G, ) =2¢ (4)

1
W, :_an:usc:uzdIHvz;G\/ =nql,
1.6 (5)
Where a is wind pressure inhomogeneity coefficient, n is wire splitting number, pg.is wire
shape coefficient, u, is wind pressure height coefficient, d is wire diameter, |y is horizontal span,

V is design wind speed, q is wire weight, ly is the vertical span. The above mentioned method didn’t
consider the influence of insulator.

Paper [15] provides that the half of the concluded angel of v-type composite insulators can be
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5°-10° less than the maximum windage angle, but didn’t give a specific method. This paper is based
on the windage research of FXBW-1000/300 v-type composite insulators, the string is
8xJL/G1A-630/45, the span is 600m, and the ground roughness is Class B.

Analysis of V-type Composite Insulator Strings windage. This paper is based on the
FXBW-1000/300 v-type composite insulators, 8 x JL / G1A-630/45 wire, 600m span, Class B of
the ground roughness.

The finite element model of three dimensional V-type composite insulator was established by
taking the angle of the V string as 70°, 80°, 90°, 100°, to study the force and deformation
characteristics under the self-weight and wind load respectively. By formula (2) and (3) the wire
load can calculate asGy, = 97.81kN. When wind speed is 30m/s, and height variation factor of wind
pressure is 1, the wind load isWy = 61.24kN. The variation of the horizontal displacement and the
vertical displacement of the V-type insulator string at different angles with the wind deflection load
is shown in Fig. 7 and Fig. 8.
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Fig. 7 Bottom horizontal displacement Fig. 8 Bottom vertical displacement
under different angles. under different angles.

It can be seen from the figure that the horizontal and vertical displacements of the insulator at the
bottom of V-string have a critical wind load value. When the wind load is less than the critical value,
the horizontal and vertical displacement of the insulator are small. At this time the leeward side of
the insulator is in the unload stage, the axial tension is getting smaller and smaller. When the wind
load is greater than the critical value, the insulator displacement increases rapidly with the increase
of the wind load, meanwhile the load on the leeward side of insulator unload completely, the
external force is mainly borne by the windward side insulator. The relationship between the critical
windage angle and the angle 0 is shown in Table 2. The results show that the critical windage angle
of V string is approximately equal to half of the angle of V-type composite insulator string.

Table 2. Relationship of critical windage angle with angles.

Vstring angle  Critical windage angle  Half the angle  relative error

0 Pmax 0.50 %
70 35.1 35.0 0.29
80 40.1 40.0 0.25
90 45.1 450 0.22
100 50.1 50.0 0.20

When the included angle is 90°, the deformation of the insulator string under the action of 40m/s
wind speed is shown in Fig. 9. It can be seen from the figure, that the leeward side of insulator was
buckling and the maximum stress section is 89.1MPa. It can be seen from Section 2.2 that the
buckling load of the insulator is less than 1kN, which is much less than the external force.
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Fig. 9 Deformation of 90° V string under Fig. 10 Windage model of V string.
velocity of 40m/s.

From the analysis of composite insulator string and V-type composite insulator string buckling
analysis of the deformation characteristics, it can be seen that the effect of the leeward side of the
insulator on the V string windage yaw can be ignored, at this time, the windward side insulator
windage angle can be calculated by formula (6).

@, =p=arctan(W, /G,) (6)

When the maximum windage yaw is controlled by the compressive strength of the insulator on
the leeward side, the maximum buckling deformation at the leeward side is Al =1.26m, according to
the analysis in Section 2.2. As shown in Fig. 10, supposing the coordinate of the bottom O’ is (X,
y), and the x and y can be obtained from O’A=1 andO'B=1-Al, such as equation (7). From
equation (6), we can get the relationship between the angle of V string and windage load when the
wind string is under pressure, such as equation (8). By equation (8) minimum design angle of
V-type composite insulator string &y, can be deduced by using Newton method to design wind load
Wy and Gy, considering the leeward side insulator pressure.

2
oo 2an-ar .
4lsin(6/ 2)
Yy =arctanw+\/|2 _[X+|Sin(9/2)]2
lcos(6/2)-y o
Pra = arctan Wa =arctan x+lsin(0/2)
lcos(0/2)-y o

Under certain windage load, the minimum V string angle 6 which the insulator of the leeward
side isn’t under pressure, the minimum angle 6y, of the V string which the insulator of the leeward
side can be under pressure and the corresponding reduced angle are shown in Table 3. It can be seen
that when considering the compression of the composite insulator string on the leeward side, half of
the included angle of the V string can be about 8 ° less than the maximum windage angle, which is
consistent with the 5°~10° specified by the circuit design specification. Equation (9) provides a
specific calculation method to consider the leeward string is under pressure.

Table 3. Minimum V string angle considering compression.

Design wind load ~ Angle of norm  Minimum angle Difference

Wr/kN 0 Ormin 0.58 — 0.50min
68.59 70 49.6 10.3
82.14 80 62.3 8.9
97.82 90 73.5 8.3
116.70 100 84.0 8.0

Conclusion
In this paper, the post buckling characteristics of composite insulators were analyzed. The
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mechanical and deformation characteristics of windage yaw are studied by the finite element
method. Moreover, the calculation method for the concluded angle of V string is derived
considering leeward string compression. And the result was compared with the result from code.
The main are summarised as follows:

(1)Composite insulators have a large deformation capacity and a small buckling load.

(2)While considering leeward string compression, the half of the V-type insulator string’s
included angle can be 8 degrees less than maximum windage angle.
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