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ABSTRACT

In this paper, the research on ACSR temperature of broken strand and fatigue damage after broken strand is
carried out. Conduct modeling and Analysis on the conductor through Ansoft Maxwell software. The distribution
of magnetic force lines in the cross section of the conductor after strand breaking and the temperature change
law of the conductor with the number of broken strands are analyzed. A model based on electromagnetic theory
is established to analyze the distribution of magnetic lines of force in the cross section of the conductor after
strand breaking and the temperature variation law of the conductor with the number of broken strands. The finite
element analysis results show that with the increase in the number of broken strands, the cross-sectional area of the
conductor decreases, the magnetic line of force of the inner conductor at the broken strand becomes denser and
denser, and the electromagnetic loss of the conductor becomes larger and larger. Therefore, the temperature of the
conductor at the broken strand becomes higher and higher. Then, the current carrying experiment of conductor
is carried out for LGJ-240/30 conductor. It is found that the temperature rise at the junction of inner and outer
layers at the broken strand is particularly obvious, and the temperature of inner aluminum conductor at the broken
strand also increases with the increase of broken strand. According to the analysis of experimental data, with the
increase of broken strands, the antivibration ability and service life of the conductor decrease. At the same time,
under certain conditions of broken strand, the fatigue life of conductor increases with the increase of temperature.

KEYWORDS
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1 Introduction

In the context of the development of power system to new power system, the transmission capacity
of China’s power grid is also facing a huge test [1]. In the actual operation of the conductor, the
conductor bears the influence of the natural environment, endangering the operation safety of the
transmission line, and then affecting the operation safety of the whole power system [2].

The research on the fatigue life of conductor began in 1921. Most scholars pay attention to
the aecolian vibration under the excitation of wind. Some experiments and phenomena also show
that the aeolian vibration seriously threatens the safe operation of the line [3,4]. This is due to the
action of aeolian vibration. On the one hand, the up and down vibration of the conductor makes

This work is licensed under a Creative Commons Attribution 4.0 International
@ @ License, which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.


https://www.techscience.com/journal/energy
https://www.techscience.com/
http://dx.doi.org/10.32604/ee.2022.024855
https://www.techscience.com/doi/10.32604/ee.2022.024855
mailto:zhaolong@xpu.edu.cn

618 EE, 2023, vol.120, no.3

the strands squeeze each other and slip and deform, resulting in fretting wear at the contact parts
between the strands, and then a large number of cracks [5]. On the other hand, fatigue damage caused
by aeolian vibration also threatens the safety of transmission lines [0]. In addition, the inclusions in the
production process of the conductor are also easy to fracture the conductor strands under the action
of vibration [7].

Scholars at home and abroad have done a lot of research on the fatigue life of transmission lines. As
early as 1945, Miner [8] put forward the linear fatigue cumulative damage theory, which was affirmed
by the international power grid conference in 1979. The conference recommended this theory as the
basic theory for predicting the fatigue life of transmission conductors. Brunair et al. [9] verified the
fatigue characteristics of ACSR under constant and variable amplitude loads by using the indoor wind-
induced vibration simulation method. By comparing the experimental results with miner’s cumulative
damage hypothesis, it is proved that miner’s cumulative damage hypothesis is somewhat conservative,
but it can be assumed as an effective design purpose. Zhou et al. [10] simulated the stress state at the
wire clamp in the laboratory and calculated the fatigue life of the wire from the local stress. Sinha’s
research focuses on the connection of transmission line. The influencing factors of conductor fatigue
life are studied by using local stress evaluation method [11]. Wang et al. [12] put forward the fatigue test
method and life estimation method under the action of composite alternating stress of transmission
conductor. After that, Kong et al. [13] conducted wind tunnel experiments on Aeolian Vibration of
transmission lines in combination with Miner theory, deduced the vibration model of dynamic method,
and finally obtained the fatigue life prediction model of aeolian vibration of transmission lines.

However, the fatigue life of the conductor is not only related to vibration, but also related to
the temperature of the conductor. The fatigue life is related to the stress of the conductor, and the
temperature change of the conductor will cause the stress change, which is also confirmed [14].
However, the conductor temperature is not only related to the current, but also related to the degree
of damage. In particular, the cross-section current density increases after strand breaking. Under the
joint action of skin effect, convective heat transfer and other phenomena, the temperature distribution
changes. The change of temperature will further cause the change of parameters such as tensile strength
and fatigue strength of the conductor, thus affecting the calculation of fatigue life. Under the action
of tensile stress, the change of temperature will increase the creep of the conductor, and the further
aggravated creep will cause material fatigue and fracture [15]. But according to the research, the
stiffness of all aluminum conductor does not change in a certain range of temperature [16].

In view of this phenomenon, the temperature rise characteristics and fatigue damage degree
of ACSR after strand breaking are studied in this paper. Firstly, through Maxwell electromagnetic
simulation, the distribution of magnetic lines of force in the cross-section of the conductor before
and after strand breaking is studied. As the electric field intensity is directly proportional to the
density of the magnetic lines of force, the denser the distribution of the magnetic lines of force, the
greater the electromagnetic loss at the corresponding position, so as to judge the variation trend of
the conductor section with the temperature of the broken strand. The current carrying experiment of
LGJ-240/30 ACSR was established to study the temperature rise characteristics at different positions
when the conductor was broken. Finally, according to the cumulative damage principle of transmission
conductors recommended by CIGRE, the change law of conductor fatigue damage under certain
amplitude wind vibration is discussed.
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2 Simulation Analysis of Magnetic Field after Conductor Strand Breaking

2.1 Simulation Model of Electromagnetic Field Inside Conductor

In order to explore the variation law of the temperature of the conductor section with the number
of broken strands, the conductor current carrying experiment is carried out for LGJ-240/30 ACSR, and
a two-dimensional finite element model of the conductor section based on LGJ-240/30 is established.

In order to facilitate the calculation of the distribution of magnetic lines of force inside the conduc-
tor, the simulation makes the following assumptions: (1) Assume that the conductor electromagnetic
field is a stable field under power frequency, ignoring the displacement current; (2) It is assumed that
the permeability and conductivity in the conductor material are uniform, linear and isotropic; (3)
Ignoring the kink characteristics of strands.

According to the above assumptions and the differential form of Maxwell’s equations, the vector
magnetic potential A is introduced to list the governing equations of eddy current distribution in air
domain and conductor domain of ACSR [17].

9°A. oA 0A.
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where: u is the permeability of conductor material, y is the conductivity of conductor material, A.
is the z-axial component of vector magnetic potential, r is the polar diameter component of polar
coordinate, 0 is the polar angle of polar coordinate, J. is the z-axis component of current density, J. is

the z-axial component of power supply current density, ¢ is time.

n

The steel core in the middle of the steel core aluminum strand is ferromagnetic material, and the
relative permeability of aluminum is approximately 1. Therefore, the basic partial differential equation
should be introduced for the boundary conditions of the interface of different media areas [18].

Azl = A:Z
9A., dA. (2)

Ml—an = M2 an

where: A4., is the vector magnetic potential z-axis component of the finite element surface in the
medium 1 region, 4., is the vector magnetic potential z-axis component of the finite element surface
in the medium 2 region, u, is the permeability of the medium 1 region, u, is the permeability of the
medium 2 region, n is the normal vector of the finite element boundary.

The heat source of the transmission conductor in the current carrying state mainly comes from the
electromagnetic loss of the conductor. According to the differential form of Joule’s law, the thermal
power density at any point in the conductor is directly proportional to the square of the electric field
intensity at that point, and the proportional coefficient is the conductivity of the conductor at that
point [19], as shown in formula (3):

P / yEdV 3)

where: E is the electric field strength, y is the conductivity of the conductor material, d V" is the unit
volume.

In addition, the conductivity of the conductor material is determined by Eq. (4):
N V20
1 +a (T —20°C)

14 “4)
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where: y,, refers to the conductivity at 20°C, « refers to the temperature coefficient of conductor
conductivity varying with temperature, T refers to conductor temperature.

2.2 Magnetic Field Simulation Results and Analysis of Conductor Section

In this paper, a two-dimensional finite element model of conductor section is established for LGJ-
240/30 ACSR. Ansoft Maxwell software is used to simulate and analyze its internal magnetic force
line distribution. The simulation excitation is AC with frequency of 50 Hz and amplitude of 500 A.
The simulation results are shown in Figs. 1 to 2.
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Figure 1: Distribution of magnetic lines of force of conductors under different conditions

It can be seen from the figure that when the conductor is intact, the density of the magnetic lines of
the outer aluminum wire is greater than that of the inner. Therefore, the eddy current loss of the outer
aluminum wire is large. In addition, due to the skin effect of the conductor, the current density of the
outer aluminum wire is greater than that of the inner aluminum wire, so the ohmic loss of the outer
conductor is greater than that of the inner aluminum wire. However, in practice, the comprehensive
conditions such as conductive heat generation, sunshine heat absorption and natural convection heat
dissipation of the conductor should be considered. In view of the broken strand of the conductor, the
density of magnetic lines of force of the inner aluminum wire at the broken strand increases, the eddy
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current loss increases, the broken strand leads to the current density of the conductor cross-sectional
area increases, the direct current resistance of the conductor increases, and the ohmic loss increases.

3 Experimental Environment

To explore the temperature change’s law while strand broke, the conductor current carrying
experiment environment is established. After changing the number of broken strands of ACSR by
external force, the current carrying experiment is carried out on the broken strand conductor. During
the experiment, the temperature value of the conductor is monitored and analyzed. The experimental
platform is shown in Fig. 2.

Experimental conductor
(LGJ-240/30)

Current riser . .
Power switch cabinet

Ej/

Clamp ammeters

Figure 2: Experimental environment

The experimental platform is in a closed environment. The experimental device mainly includes
adjustable current riser, LGJ-240/30 ACSR, infrared thermal imager, clamp ammeter and copper
strand. The current riser can output 1~1000 A AC. Infrared thermal imager is used for measuring
temperature. The visual temperature difference of thermal sensitivity (NETD) is less than 0.12°C. The
current lifter raises the energizing current to the current required for the experiment. The time for each
strand breaking current carrying test is sufficient to ensure that the temperature of the conductor can
reach a steady state under the condition of current carrying. In addition, the ambient temperature
remained constant during the experiment.

The model of ACSR selected in the experiment is LGJ-240/30 conductor as the experimental
object, and the geometric parameters of the conductor are shown in Table 1.

Table 1: Geometric parameters of wire LGJ-240/30

Strand (layer) Number of shares Strand Pitch diameter Pitch/m Twist angle/rad
diameter/m ratio

Steel core 1 1 0.0024 - - -

Steel core 2 6 0.0024 20 0.1575  0.0995

Aluminum strand I 9 0.0036 15 0.1812  0.1833

Aluminum strand 2 15 0.0036 14 0.2445  0.2164

Use the infrared imager to measure the wire temperature, and mark the places where the wire needs
to be measured according to the experimental needs. The marking points include the left clamp, the
right clamp, the marking point 1, the fault marking point (the marking points after strand breaking
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are the local temperature of strand breaking, the temperature of intermediate aluminum wire and the
temperature of strand around strand breaking), and the marking point 2. The marking points are
shown in Fig. 3. The time of each conductor current carrying test is 70 min to make the conductor
temperature reach a steady state. The infrared thermal imager is used to measure the conductor
temperature data every 5 min. Fig. 4 is an infrared thermal imaging diagram of a broken strand
position taken using infrared thermal imaging.

Figure 3: Wire temperature measurement points. (\)-left clamp, &)-marking point 1, G)-fault marking
point, (»-marking point 2, )-right clamp, (»)-junction of inner and outer layers of broken strand,
(»-middle aluminum wire of broken strand, &)-outer aluminum wire around broken strand
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— 175.0
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125.0

- 750
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250
188°C

Figure 4: Infrared thermogram
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4 Experimental Results and Analysis
4.1 Experimental Process

According to the rated current limit of LGJ/240-30 conductor, set the experimental energizing
current range as 100 A-500 A and the step size as 100 A. Record the data of monitoring points every
5 min and a group of 70 min. The emissivity of alumina is 0.4, and the emissivity of conductor surface

is subject to the oxidized aluminum. The following Fig. 5 the temperature data of the conductor and
clamp after reaching the steady state.
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Figure 5: Temperature change curve
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4.2 Analysis of Temperature Rise Characteristics
(1) Temperature rise characteristics at clamp

It can be seen from Fig. 5, the conductor temperature at the left and right clamps (O and () is
significantly higher than that at the left clamp (()), and the conductor temperature at the right clamp
(®) 1s also slightly higher than that at the left clamp (()). The main reason for this phenomenon is
the poor contact area between the conductor and the clamp. At the same time, in the actual working
conditions, Loose bolts at the clamp will also cause serious heating of the clamp, so it is very necessary
to monitor the temperature at the clamp.

(2) Temperature rise characteristics of outer aluminum wire around broken strand

It can be seen from Figs. 5 and 6 that the temperature of () is slightly higher than that of (),
and the temperature of both is significantly higher than that of the conductor without broken strand.
While the temperature of (&) is higher than that of ) and ). Due to heat conduction, the temperature
of & will be significantly higher than that of the conductor when the strand is not broken. Due to the
reduction of the cross-sectional area of the conductor, the current density of the outer aluminum wire
((®) around the broken strand increases, resulting in the increase of conductor heating. In addition, the
heat conduction close to the temperature at (), so the temperature will be higher than the temperature

at @.
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Figure 6: Temperature of outer aluminum wire around broken strand

(3) Temperature rise characteristics of intermediate aluminum wire

It can be seen from Figs. 6 and 7, the temperature of the intermediate aluminum wire ((?)) at the
broken strand position is slightly higher than that of the outer aluminum wire (()) around the broken
strand, and the temperature of the intermediate aluminum wire (7)) will increase with the increase
of broken strand and current carrying capacity. The main reason for this phenomenon is that the
cross-sectional area of the conductor where the intermediate aluminum wire () is located decreases
with the increase of the number of broken strands, resulting in the increase of current density and the
increase of heat generation on this section.
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(4) Temperature rise characteristics at the junction of inner and outer layers of broken strands

It can be seen from Figs. 7 and 8, the temperature at (s) is significantly higher than the temperature
of (») at the junction of broken strands and the temperature of (s). With the increase of current carrying
capacity or the number of broken strands, the temperature at (s) will also increase significantly. When
one strand is broken at a current carrying capacity of 500 A, The measured temperature at this place
has exceeded the allowable temperature limit (70°C) of the conductor of the transmission line specified
in the current design code of China, and the temperature increases with the increase of the number of
broken strands. The main reason for this phenomenon is that the heat dissipation area at (o) is small,
and with the increase of broken strands and current carrying capacity, the current density of conductor
section will increase, which will increase the heat production of conductor at broken strands.
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Figure 7: Temperature of middle aluminum wire
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Figure 8: Temperature at the junction of the inner and outer layers of the broken strand
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4.3 Temperature Variation Curve of Broken Strand Conductor

It can be seen from Fig. 9 that the conductor temperature has reached steady state after 40 min of
current carrying, so the data after 40 min can be used as steady-state data. The steady-state data with
time nodes of 55, 60, 65 and 70 min under the current carrying experiment after conductor breaking
are selected.
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Figure 9: Temperature rise characteristics

After the conductor is broken, the natural frequency of its vibration will decrease. According to
literature [20], the health state of the conductor is judged according to the natural frequency of the
conductor. When the natural frequency of the conductor changes, according to the recorded data,
consider whether extreme weather has occurred and whether the change of natural frequency returns
to the original value over time. If the natural frequency does not return to the original value after
the change, it is determined that the structure has changed. Therefore, broken strands of wires can be
monitored.

According to the four steady-state data collected from the experiment before and after the wire
strand is broken, the proportional coefficient d is introduced to reflect the quotient difference of the
temperature before and after the wire strand is broken, as shown in formula (5). Plot the obtained D,
use linear data fitting, and briefly predict the temperature rise characteristics of the wire, as shown in

Fig. 10.
T

d= - 5
T (%)

where, T is the temperature of the conductor when the strand is not broken, 7 is the number of broken
strands, T, is the temperature at the junction of the inner and outer layers of the broken strand.

As shown in Fig. 10, the curve can reflect the general law of temperature change with current
carrying capacity after strand breaking under ACSR current carrying conditions, and the curve
distortion will become more serious with the increase of strand breaking. For a few strands, the curve
has certain analysis value for the temperature change after strand breaking.
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Figure 10: Temperature proportional coefficient D-current curve of LGJ-240/30 wire

5 Analysis of Fatigue Damage Degree of Conductor Considering Current Action
5.1 Conductor Damage Principle
Fatigue life prediction is the most ideal method for transmission line damage identification [21].

The dynamic bending strain is calculated by measuring the bending amplitude of the point on the

conductor at the last contact point 0.089 m between the conductor and the clamp, so as to predict the
fatigue life of the conductor [22].

K= K=> m/N) ©)

Among them, n; is the actual vibration times under stress o;, the total vibration times causing
fatigue damage under stress o;, K; is fatigue damage of conductor under vibration stress o;,. When
K =1, the wire will break. Among them, the total vibration times of fatigue failure can be calculation
calculated by o;, and under a certain amplitude, o; can be calculated according to Hooke’s Law:

2
= f) DY, %
(e —1+px)

o=F
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where, E is the elastic modulus of outer strand, D is the radius of conductor, x = 0.089 m, Y, is the
vibration amplitude, p is the bending stiffness parameter.

p=+/T/EI (®)

where, T is the tension, ET is the bending stiffness of the conductor, which can be calculated by Eqs. (9)
and (10) [23]:

Al n z, - cos’q;
r=543 (— E. A,) ©)

- 2
1+ -sin"a;

where 7 is the number of layers of the conductor, n = 0 of the center line, /, is the length of the strand,
Al is the elongation of the strand, «; is the twist angle of the strand in layer i, z, is the number of wires
in layer 7, and v, is the ratio of the circumferential transverse shrinkage and axial shrinkage of the spiral
strand radius relative to the stretching of the transmission conductor.

T

EI = a (nald4511Eu1 + nstd4erst) (10)

where n,, is the number of aluminum strands, d,, is the diameter of aluminum, E,, is the young’s modulus
of elasticity of aluminum, n,, is the number of steel cores, d,, is the diameter of steel cores, and E,, is the
young’s modulus of elasticity of steel.

At present, it is customary to determine the number of conductor vibration that can cause
conductor fatigue failure under a certain stress level according to the Wohler safety boundary curve,
that is, the value of N, and the expression is as follows [24]:

ia[ = 450N, (N, <2 x 107) an

o, = 263N, "' (N,~ > 2% 107)

It can be seen from formulas (5), (6) that there is a strong correlation between fatigue damage and
elastic modulus under the same amplitude.

E =E, (1 — 25ar) (12)

where ¢ is the temperature and « is the coefficient.

5.2 Conductor Damage Analysis
According to formula (6), when the vibration of the conductor reaches the total vibration times
of fatigue failure, k = 1, the conductor will undergo fatigue fracture.

The tension T of the corresponding single strand of the transmission conductor increases with
the increase of the broken strand of the conductor. At the same time, with the increase of the number
of broken strands, it can be seen from (12) that the local temperature at the broken strand of the
conductor will rise, resulting in the decrease of the elastic modulus of aluminum, but the decrease
of the elastic modulus in the numerator of formula (7) and the decrease of the elastic modulus in
the denominator of the square of formula (8) offset each other, and the increment of numerator in
formula (7) is greater than that of denominator. Therefore, it can be judged that with the increase of
conductor strand breaking, the tension of single strand of conductor increases, resulting in the increase
of stress o;.

It can be seen from (11) that when the stress o; of the conductor increases. Under this stress, the
number of conductor vibration N, that can cause conductor fatigue failure will decrease. Therefore, it
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can be seen from formula (6) that when N, decreases, the broken strand will be the first to break under
the same number of wire vibrations as the unbroken wire.

When the wire strand is broken for a certain time, the numerator and denominator in formula (8)
have elastic modulus, so the influence of elastic modulus on bending stiffness parameter p can be
ignored. With the increase of conductor current carrying capacity, the conductor temperature will
also rise. According to Eq. (12), the elastic modulus of the conductor decreases with the increase of
the conductor temperature. Further, it can be seen from Eq. (7) that the conductor stress o; decreases.

It can be seen from (11) that when the stress o; on the conductor decreases. Under this stress, the
number of conductor vibration A, that can cause conductor fatigue failure will increase. Therefore, it
can be seen from formula (6) that when N, rises and the number of conductor vibration is the same
as that of the unbroken conductor, the broken conductor will break later and the fatigue life of the
conductor will increase. However, with the increase of temperature, the sag will increase, so it is very
important to select the appropriate operating current.

6 Conclusion

Through the finite element analysis of the broken strand conductor, the magnetic field line
distribution of the conductor section is obtained, and the temperature rise characteristics of the broken
strand conductor are obtained by setting up the conductor current carrying experiment. The following
conclusions are obtained:

(a) When the current carrying capacity of the conductor is the same, the cross-sectional area of
the conductor decreases with the increase of the number of broken strands, resulting in the increase
of the resistance of the aluminum conductor, and the density of magnetic lines at the broken strands
is greater than that of the outer unbroken strands, so the temperature at the broken strands of the
conductor increases with the increase of the number of broken strands.

(b) The experimental phenomena show that the temperature rise characteristics at the junction
of the inner and outer layers of the broken strand are particularly obvious, and the temperature
of the clamps on both sides under the same conditions is significantly higher than the conductor
temperature. The temperature at the clamp increases with the increase of the current carrying capacity
of the conductor and with the increase of the broken strand of the conductor.

(c) According to the proportional coefficient current equation, the slope of the equation increases
with the increase of broken strands, and the temperature rise characteristics of the conductor become
more obvious with the increase of broken strands.

(d) According to the analysis of the fatigue damage degree of the running conductor, with the
increase of the broken strand, the tension and stress of the single strand conductor increase, which leads
to the reduction of the vibration times of the conductor causing the fatigue failure of the conductor,
and shortens the fatigue life of the conductor.

(e) According to the analysis of the fatigue theory of the running conductor, the temperature rise
characteristic of the broken strand of the conductor will increase the fatigue life of the conductor,
which is due to the effect of temperature change and the elastic modulus of the conductor, and the
temperature rise at the local position of the broken strand is more obvious.
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