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Abstract—Transmission line icing will pose a serious threat to 
the safe and stable operation of power grid. Considering that the 
expanded diameter conductor can realize passive and non-
manual anti-icing, this paper presents a comparative analysis of 
the surface electric field and ice amount of the bundle conductor 
and its equivalent expanded diameter conductor through 
simulation calculation and icing test. The results show that: 
compared with bundle conductor, equivalent expanded diameter 
conductors not only reduce the number of sub-conductors, but 
also reduce the maximum surface electric field intensity. Under 
icing conditions, the ice thickness of the conductor and its 
diameter show a power function relationship. In other words, the 
larger the diameter of the conductor, the smaller the ice thickness; 
and compared to bundle conductors, equivalent expanded diam-
eter conductors can reduce the amount of ice by at least 32% and 
the ice thickness by at least 11%. Therefore, the use of equivalent 
expanded diameter conductors instead of bundle conductors can 
reduce the ice and wind load on the transmission line while 
maintaining the same transmission capacity, thus improving the 
ice strength. The results of the obtained study can provide 
guidance for anti-icing of transmission lines. 

Keywords—Bundle Conductor, Expanded Diameter Conductor, 
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I. INTRODUCTION 
Snow and freezing weather poses a serious threat to the safe 

operation of power system and has a serious impact on 
industrial and agricultural production and people's lives [1-2]. 
In China and other countries, large-scale power grid icing 
disasters occur from time to time, especially the massive 
freezing disaster in southern China in 2008, which resulted in 
damage to the grid structure and large-scale power outages, 
causing huge economic losses to the national economy[3-4]. 
Considering the global climate change, the frequency of ice-
covered transmission lines caused by freezing rain and snow 
shows an increasing trend. Therefore, preventing ice-covered 
disasters on overhead transmission lines to ensure safe and 
stable operation of the power grid is the focus of scholars' 
attention. 

So far, many severe freezing rain and snow disasters have 
occurred at home and abroad. In 1998, from January to 
February, the most serious freezing rain weather events in 
history occurred in Canada and the United States, resulting in 
millions of people without power for more than a week, and 
more than 120 people died from freezing in Canada due to 
power outages, causing direct economic losses of more than 
$6 billion to the power grid [5-9]. 

In 1998, from January to February, a large-scale ice-

covering disaster affecting 13 provinces occurred in southern 
China [10], causing direct economic losses of more than 100 
billion RMB to the power grid. After 2008, although there 
were no large-scale ice-covering disasters in China, regional 
micro-terrain and micro-meteorological icing accidents occur 
from time to time. Therefore, scholars have proposed a variety 
of solutions to the transmission line icing problem, but all have 
certain shortcomings. For example, coating-based anti-icing 
technologies (super-hydrophobic coating[11], electro-thermal 
coating[12], etc.) have high maintenance costs and limited 
anti-icing effects; the production process and technology of 
anti-icing using shape memory alloys is more complex[13]; 
and the DC ice-melting method for conductors requires 
additional power supply and power outages[10]. Therefore, in 
order to prevent icing accidents on transmission lines and to 
meet the requirements of the power grid for reliability and 
safety, the research and development of new, reliable, 
economical and feasible anti-icing methods is one of the 
hotspots studied by scholars.  

Considering that the expanded diameter conductor has 
certain advantages in anti-icing, this paper compares and 
analyzes the surface electric field intensity and icing amount 
of bundle conductors and equivalent expanded diameter 
conductors through simulation calculations and ice-covering 
tests at Chongqing University large multifunction artificial 
climate chamber and national energy equipment safety field 
observatory, so as to prove that expanded diameter conductors 
can play a good anti-icing effect in ice-covered areas. The 
obtained research results can provide data support for the 
construction and modification of transmission lines in ice-
covered areas to prevent ice-covered events. 

II. EQUIVALENT EXPANDED DIAMETER CONDUCTOR OF 
BUNDLE CONDUCTOR 

A. Equivalent single conductor of bundle conductor 
Because the bundle conductor can suppress corona 

discharge and reduce conductor impedance, it is widely used 
in the transmission system of 110 kV and above. According to 
the basic principle of electromagnetic field, the n-bundle 
conductor can be equivalent to a single conductor, as shown 
in Fig. 1. The calculation formula of equivalent radius is:   
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Where: 0r is the radius of sub-conductor; pr  is the radius 
of the circumscribed circle of the bundle conductor, which is 
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related to the bundle spacing l, and its calculation formula is: 
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Fig. 1 Schematic diagram of split conductor and its equivalent single 
conductor (n = 4)  

The direct-to-ground capacity C0 and inductance L0 of an 
equivalent single conductor are: 
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Where: D0 is the geometric mean distance of the phase 
conductor; μ0 and ε0 are the magnetic permeability and 
dielectric constant of the conductor in vacuum, respectively. 

The wave impedance of the equivalent single conductor is: 
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The natural power of the equivalent single conductor is: 
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Where: PN is the transmitted power of the three-phase 
transmission line; UN is the phase voltage of the transmission 
line. 

B. Equivalent expanded diameter conductor of bundle 
conductor 

The expanded diameter conductor is based on the 
conventional conductor specifications that meet the technical 
conditions. The technology of expanding the outer diameter of 
the conductor is adopted. On the premise of ensuring the outer 
diameter of the conductor required by the corona, reduce the 
aluminum cross-section of the conductor, thereby reducing the 
total weight of the conductor, tower load and structural weight, 
greatly reducing the cost of transmission lines.  

The expanded diameter conductor can be divided into the 
interlayer support type and the middle hollow type, as shown 
in Fig.2. This type of conductor has a large cross-section and 
can be used in a single conductor or a bundle conductor in 
practical applications. Among them, the use of a single 
conductor does not require spacer bars and does not have the 
problem of Sub-span oscillation.  

    

(a) Schematic diagram of different types of expanded diameter 
conductors 

 
(b) Physical drawing of expanded diameter conductor 

Fig. 2 Expanded diameter conductor 

Considering that 500kV transmission lines are usually four 
split conductors and play an important role in the transmission 
system, the research object of this paper is to select the 
4×LGJ-400/50 aluminum conductor steel reinforced and its 
equivalent expanded diameter conductor. The expanded 
conductor is determined as follows:  

1) According to the foregoing, the bundle conductor is 
equivalent to a single conductor, and the radius, capacitance, 
inductance, wave impedance and other parameters of the 
equivalent single conductor are obtained. The calculation 
results are shown in TABLE. I. 

TABLE. I PARAMETER CALCULATION RESULTS OF EQUIVALENT 
SINGLE CONDUCTOR 

req(mm)  C0(mH/m) L0(µF/m) Zλ(Ω) PN(MW) 

205.41 8.91×10-4 1.25×10-5 267.12 935.73 

2) The outer diameter of the equivalent expanded conductor 
is obtained by back-calculating from the resulting equivalent 
single wire radius.  

3) Considering the skin effect, the inner diameter of the 
expanded conductor is determined according to the principle 
that the cross-sectional area of the aluminum conductor 
remains unchanged. The scheme and type selection of bundle 
conductor and its equivalent expanded diameter conductor are 
shown in TABLE. II. 

TABLE. II CONDUCTOR SELECTION AND SCHEME 

Scheme Conductor model n Split state req(mm) internal diameter(mm) Outer diameter (mm) 
1 4×LGJ-400/50 4 regular quadrilateral 205.41 - 27.63 
2 3×LGKK-535/43 3 Regular triangle 205.41 33.16 42.80 
3 2×LGKK-800/73 2 horizontal 205.41 64.74 72.62 
4 LGKK-1600/411 1 - 205.41 408.19 410.82 
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It should be noted that the height of transmission conductor 
from the ground is 20m; The phase-to-phase distance is 14m, 
and the three-phase layout mode is horizontal arrangement; 
The charge Q of each equivalent conductor is calculated by 
Maxwell potential coefficient method.  

III. COMPARATIVE ANALYSIS OF BUNDLE CONDUCTOR AND 
EQUIVALENT EXPANDED DIAMETER CONDUCTOR 

A. Comparison of surface electric field intensity 
Considering that the calculation of Markt & Mengele 

method is simple, and the calculation accuracy for bundle 
conductors with the number of splits less than or equal to 4 
meets the engineering requirements. Therefore, this method is 
used to calculate the surface electric field of the conductor. 
The surface electric field intensity of any point i and the 
maximum surface electric field intensity exists at a certain 
angle θ. The surface electric field intensity of single conductor 
and bundle conductor is calculated as:  

(1)
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Bring the parameters into equation (7) and (8), and the 
calculated surface electric field results are shown in TABLE. 
III and Fig. 3. Thus: 

• The surface electric field intensity of the mid-phase 
conductor is slightly larger than the surface electric field 
intensity of the side-phase conductor for schemes 1, 2, 
3, and 4, and the difference in average electric field 
intensity is 1.049 kV/cm, 0.910 kV/cm, 0.799 kV/cm, 
and 0.282 kV/cm, in that order. 

• The surface electric field intensity of the mid-phase 
conductors in schemes 1, 2, 3, and 4 is reduced in order; 
and compared with scheme 1, the average percentage 
reduction of the surface electric field intensity of the 
mid-phase conductors in schemes 2, 3, and 4 is 13.58%, 
23.91%, and 73.10% in order; and the average 
percentage reduction of the surface electric field 
intensity of the side-phase conductors is 13.61%, 
23.91%, and 73.10% in order. 

• The difference between the maximum and minimum 
values of the surface electric field intensity in each 
scheme is decreasing in order. The difference between 
the maximum and minimum values of the surface 
electric field intensity in the mid-phase is 3.339 kV/cm, 
2.520 kV/cm, 1.219 kV/cm, and 0. The difference 
between the maximum and minimum values of the 
surface electric field intensity in the side-phase is 3.065 
kV/cm, 2.312 kV/cm, 0.119 kV/cm, and 0. The surface 
electric field intensity of a single expanded diameter 
conductor is uniformly distributed, so the difference 
between the maximum and minimum values is 0. So, 
with the reduction of the number of split phases and the 
increase of the outer diameter of the expanded diameter 
conductor, the distribution of the surface electric field 
intensity is more stable. 

TABLE. III CALCULATION RESULTS OF SURFACE ELECTRIC FIELD 
INTENSITY 

Scheme 
Mid-phase 

conductor (kV/cm) 
Side-phase conductor 

(kV/cm) 
max min mean max min mean 

1 14.486 11.147 12.817 13.300 10.235 11.768 
2 12.337 9.817 11.076 11.322 9.010 10.166 
3 10.362 9.143 9.753 9.514 9.395 8.954 
4 - - 3.448 - - 3.166 
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Fig. 3 Surface electric field intensity of mid-phase conductor in each 

scheme 

B. Comparison of icing test results 

1)  Test sites: 
Transmission lines are subject to ice-covering phenomena 

when they pass through ice-covered areas. Therefore, to study 
the ice-covering characteristics of the bundle conductor and 
its three expanded diameter conductor alternatives in Table 2, 
this paper uses the multifunctional artificial climate laboratory 
of Chongqing University and the national energy equipment 
safety field observatory of Chongqing University as test sites, 
and the conductors in each scheme are placed in the test site 
(as shown in Fig. 4), so that artificial and natural 
environmental icing phenomena occurs, and the icing 
situation is recorded for subsequent analysis. 

The icing quality is measured by the electronic balance, the 
icing thickness is measured by the vernier caliper, and the 
rotating cylinder device is used as a reference to ensure the 
accuracy of the results. 

  

(a) National energy equipment safety field observatory 
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(b) Multifunction artificial climate chamber 

Fig. 4 Test sites 

2)  Relationship between conductor icing thickness and 
diameter:  

In order to obtain the relationship between the ice thickness 
of the conductor and its diameter, five times natural ice tests 
(rime, glaze, mixed glaze) were conducted on conductors of 
different diameters at the Xuefeng Mountain national energy 
equipment safety field observatory, and the results obtained are 
shown in Fig.5~7. By curve fitting the results, it can be seen 
that the ice thickness d of the conductor and its diameter D 
show a power function relationship. Although the power 
function expressions for different diameters of conductors in 
different ice conditions are different, they always conform to 
the rule that the larger the diameter of the conductor, the 
smaller the ice thickness. 

Therefore, the relationship between conductor icing 
thickness and its diameter can be expressed as: 

ad AD=    (9) 
Where: d is the icing thickness, mm; D is the diameter of 

the conductor, mm; a is the characteristic index characterizing 
the variation of icing thickness with D; A is the coefficient, 
which is related to icing conditions and topographic location. 
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Fig. 5 Relationship between rime icing thickness and conductor 

diameter 
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Fig. 6 Relationship between glaze icing thickness and conductor 
diameter 
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Fig. 7 Relationship between icing thickness of mixed glaze and 
conductor diameter 

In order to obtain the general rule of the variation of wire 
icing with diameter under extreme environmental conditions 
in this natural icing test site, a large amount of data was 
analyzed uniformly, and the least square method was used to 
perform curve fitting to obtain the relationship between the 
average icing thickness and conductor diameter, that is: 
A=40.0, a=-0.30. As shown in Fig. 8. 
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Fig. 8 Relationship between icing thickness and conductor diameter 

in the Xuefeng mountain test site 
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3)  Comparison of icing results:  
In the large multifunction artificial climate chamber of 

Chongqing University, the artificial rime icing test was carried 
out on the conductors of the four schemes in TABLE II, and 
the rotating cylinder was placed to monitor the icing 
parameters and icing thickness, as shown in Fig. 9. 

 
(a) Conductor icing 

      
(b) Rotating cylinder icing 

Fig. 9 Conductor and rotating cylinder icing 

Therefore, in the rime test, the ambient temperature was -
6°C, the wind speed was 8m/s, the liquid water content was 
1.0g/m, and the supercooled water droplet was 30μm. By 
measuring and counting the icing conditions of each wire, the 
thickness of the icing is shown in Fig. 10, and the amount of 
icing is shown in TABLE. IV. It should be noted that: Ws is 
the icing amount of a single conductor, and Wt is the total icing 
amount. 
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(a) Variation of lateral (parallel to air flow) icing thickness with time 
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(b) Variation of longitudinal (perpendicular to air flow) icing 

thickness with time  

Fig. 10 Variation of ice thickness with time on conductors with 
different diameters 

From the icing thickness of single conductor and rotating 
cylinder with different diameters in Fig. 9 and Fig. 10: 

• With the increase of time, the change trend of icing 
thickness of conductors with different diameters is 
consistent and gradually slows down. This is because 
under the same icing parameters, with the increase of 
icing thickness, the conductor diameter increases 
gradually, the collision rate decreases gradually, and the 
conductor icing slows down. 

•  The conductor of scheme 4 is closer to the critical icing 
diameter in this environment (i.e. the conductor 
diameter with zero collision coefficient), and the 
transverse icing thickness is less than 1mm. 

• The change trend of icing thickness of single conductor 
in schemes 1, 2 and 3 is the same, that is, the transverse 
and longitudinal icing thickness decrease in turn. 
Compared with the conductor of scheme 1, the 
transverse icing thickness of a single conductor of 
schemes 2 and 3 is reduced by 11.21% and 27.87% 
respectively; The longitudinal icing thickness decreased 
by 11.15% and 27.17% respectively. 

• In terms of icing thickness, the variation trend of 
conductor and rotating cylinder is obviously different. 
This is because the conductor is basically airfoil icing 
in the icing process, and the transverse icing thickness 
is greater than the longitudinal icing thickness; The 
rotating cylinder is uniformly icing, and the transverse 
icing thickness is approximately the same as the 
longitudinal icing thickness. 
TABLE. IV COMPARISON OF ARTIFICIAL ICING TEST RESULTS 

Scheme Ws/(kg/m) Percentage 
reduction  Wt(kg/m) Percentage 

reduction  
1 12.58 - 50.32 - 
2 11.43 9.14% 34.29 31.86% 
3 10.73 14.71% 21.46 57.35% 
4 0.26 97.93% 0.26 99.48% 

 
At the same time, through the mixed glaze natural icing test 

at Xuefeng mountain national energy equipment safety field 
observatory, the icing conditions on each conductor are 
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measured and counted, and the results are shown in TABLE. 
V. At the same time, the mixed glaze natural icing test was 
carried out on aluminum pipes with different diameters, and 
the results are shown in Fig.11. It can be seen that the icing 
thickness decreases with the increase of diameter, which is 
consistent with the artificial icing test results of conductors 
with different diameters. 

50mm 60mm 70mm

80mm 90mm 100mm  
Fig. 11 Natural icing of aluminum pipes with different diameters 

TABLE. V COMPARISON OF ICING TEST RESULTS IN NATURAL 
ENVIRONMENT 

Scheme Ws/(kg/m) Percentage 
reduction  Wt(kg/m) Percentage 

reduction  

1 24.27 - 97.08 - 
2 22.12 8.86% 66.36 31.64% 
3 16.37 32.55% 32.74 66.28% 
4 0.44 98.19% 0.44 99.55% 

 
From TABLE IV and TABLE V, the conductor ice amount 

and its percentage reduction can be seen:  
• The larger the diameter of the expanded diameter 

conductor that replaces the bundle conductor, the fewer 
the number of sub-conductors and the more significant 
the ice amount reduction effect, which is consistent with 
the relationship between the icing thickness of the 
conductor and its diameter obtained in the previous 
section.  

• The percentage reduction of ice amount the single 
expanded diameter conductor of scheme 2 is about 9%. 
Compared with the conductor in scheme 1, the 
percentage reduction of total ice amount the expanded 
diameter conductor of scheme 2 is about 32%  

• The reduction percentage of ice amount on a single 
expanded diameter conductor of scheme 3 is about 
14%~33%. Compared with the conductor of scheme 1, 
the reduction percentage of total ice amount of scheme 
2 is about 57%~66%. 

• The diameter of the expanded diameter conductor in 
scheme 4 is larger, which is closer to the critical ice 
coating diameter. Therefore, compared with scheme 1, 
scheme 4 can reduce the amount of ice coating by about 
99%. 

IV.  CONCLUSION 
In this paper, the surface electric field and icing of bundle 

conductor and its equivalent expanded diameter conductor in 
icing area are compared. The conclusions are as follows:  

1) The split conductor is equivalent to a single conductor, 
and then the scheme and model of the equivalent expanded 
conductor are determined according to the parameters of the 
equivalent single conductor. 

2) When the conductor is not covered with ice, compared 
with the bundle conductor, the surface electric field intensity 
of the equivalent expanded conductor is reduced, which can 
meet the engineering needs. 

3) The results of natural icing test show that the icing 
thickness of conductor decreases with the increase of its 
diameter, and presents a power function relationship. 

4) Through the artificial and natural icing tests on the 
bundle conductor and its equivalent expanded conductor, the 
expanded conductor can reduce the amount of icing by at least 
33% and the thickness of icing by at least 11%; And the larger 
the diameter of the conductor, the fewer the number of splits, 
and the more significant the anti-icing effect. 
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