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ABSTRACT 
In this work, the calculation method of the ion flow field of AC transmission lines based 
on the charge simulation method is improved. As the previous works, the problem is 
solved in time domain with representing the space charges as discrete line charges. In 
each discrete time step, the procedures of charge emission, space charge displacement, 
and space charge recombination are simulated. As improvements, the influence of the 
conductor surface field uniformity on corona discharge is taken into account, so that 
the ion flow field of multi-phase or bundle conductors can be simulated in this work. 
The corona losses of a 3-phase 8-conductor bundle HVAC transmission line is 
calculated. Acceptable agreement is obtained with the experimental results. The 
ground level total electric field of different line configurations is calculated. The 
influences of line configurations such as subconductor radius, bundle spacing, number 
of subconductors, wire spacing, and phase height on ground level total electric field are 
analyzed based on the calculation. 

   Index Terms  - Corona, electric fields, Space charge, simulation, transmission lines. 
 

1   INTRODUCTION 

 THE corona phenomenon is an important issue of HV 
power transmission lines. When the electric field in the near 
vicinity of a HV conductor exceeds the breakdown strength of 
the air, a small volume of the air surrounding the conductor is 
broken down. The discharge results in the production of 
positive ions and negative charges (ions and electrons). 
Charges of opposite polarity to that of the conductor move 
towards it and may be neutralized on the conductor surface. 
Charges of the same polarity of the conductor move away 
from it towards the ground or the other conductors. Therefore, 
the conductor appears to emit charges, called space charges 
[1, 2]. On AC transmission lines, the space charges created by 
the corona are constrained to the near vicinity of the conductor 
because of the periodic reversal of the electric field [3-5]. The 
movement of the space charges consumes energy of power 
lines, called corona losses. Furthermore, the space charges 
may affect the space electric field, even on the ground level. 

Efforts have been made on the experimental research of AC 
corona losses. The experiments performed on corona cages or 
test lines indicated that the subconductor radius, phase height, 
wire spacing, and conductor surface condition all affect the 
corona losses [6-11]. 

Systematic experiments have been performed by EPRI in 
1970s. Empirical formula for AC corona losses has been 

obtained by fitting the experimental results. However, the 
application range of this formula is limited due to the lack of 
theoretical foundation [12]. 

Clade et al. proposed a method for calculating AC corona 
losses in the coaxial cylinders configuration based on constant 
electric field at the conductor with corona [13-16]. Actual 
measurements of corona onset field, corona losses, and corona 
current in a small corona cage were taken to validate their 
calculation method [17, 18]. However, the space charges are 
considered not altering the field direction in this method. So 
the calculation proceeds in one dimensional path along the 
space-charge-free electric field (the electric field due to the 
charges in the conductors, excluding the effect of the space 
charge present in the interelectrode space) lines, which is 
suitable only for coaxial cylinders configuration. However, for 
nonsymmetrical structures, such as line-to-plane structure, the 
space charges affect the field direction actually. Clade’s 
method will introduce unacceptable errors due to the deviation 
between the directions of the total electric field and the space-
charge-free electric field.  

Abdel-Salam calculated the corona losses for line-to-plane 
structure with a charge simulation method (CSM) based method. 
Satisfactory agreement was obtained between calculated result 
and experimental result for both single-phase and 3-phase single-
conductor situations [19-21]. The quantity of charges emitted 
from conductor was calculated based on the definition of ‘corona 
onset charge’. The ion flow field has been calculated by applying 
the point form of Gauss law in the space charge shells which was Manuscript received on 11 August 2012, in final form 29 November 2012. 
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justified near the conductor with corona. The difference of the 
corona discharge caused by different field strength at different 
position on conductor surface is neglected. So this method is not 
applicable for actual bundle conductor of HVAC transmission 
lines due to the remarkable field difference on the conductor 
surfaces. In [22], a finite volume-based approach for the hybrid 
ion-flow field of UHVAC and UHVDC transmission lines in 
parallel is put forward. It can take the actual bundle conductor of 
HVAC transmission lines into account. But the method is 
complex and the calculation speed is very slow compared with 
Salam’s method because the whole space takes part in the 
calculation.  

Meanwhile, the issue of corona losses has been a research 
focus for a long time. However, the corona effect on electric field 
of HVAC lines is usually neglected due to the common sense 
that the movement of the space charges is constrained. That is, 
the corona effect is left out of account in the calculation of 
ground level electric field when designing HVAC transmission 
lines. But at present, there is a lack of calculating or experimental 
research on the ground level electric field effect caused by 
corona discharge for the ultra-high voltage (UHV) and extra-high 
voltage (EHV) AC transmission lines. Quantitative research 
should be taken on this problem. 

This work improves the CSM based AC corona losses 
calculation method proposed by Salam. The major contribution is 
the new processing methods on corona onset criterion and charge 
emission. The influence of the conductor surface field uniformity 
on corona discharge is taken into account, so that the ion flow 
field of multi-phase or bundle conductors can be simulated. The 
details of the computational method are described at first. Then, 
the characteristics of the corona losses on HVAC lines are 
discussed. At last, the influences of line configurations on ground 
level electric field are analyzed. 

 
2  COMPUTATIONAL METHOD 

2.1 PROCESS OVERVIEW 

The first step of AC ion flow field simulation is to calculate 
the corona onset charge based on Kaptzov’s assumption 
without regard to the space charges. Then, the alternating 
cycle is divided into discrete time steps. In each step, the 
quantity of the simulation charges is compared with the 
quantity of the corona onset charge on the conductor surface. 
Corona discharge takes place if the former is greater. And a 
certain quantity of charge is emitted from conductor to space. 
The space charges migrate with the electric field force and 
reduce with the recombination effect. This calculating 
procedure is carried out cyclically and continuously until the 
termination criterion is met. Then, corona parameters as 
corona losses, corona current and ground level total electric 
field can be gained with further calculation. 

Figure 1 is the flow chart of the procedure of the AC ion 
flow field simulation. This procedure is similar to the one for 
single conductor configuration proposed in [19]. To move 
forward, improvements have been made for corona onset 
criterion and charge emission, which are included in step 1-4 
in Figure 1. 

2.2 CALCULATION OF THE ONSET CHARGE 

The total field on a conductor surface with corona is 
considered to be maintained at the onset value in Kaptzov’s 
assumption [13-16, 19-21]. However, the charges emitted 
from conductor are difficult to be deduced directly from this 
assumption on field value. For this reason, the concept of 
corona onset charge was introduced in [19]. In [19], the CSM 
was used to solve the space-charge-free field problem. The 
simulation charge was set in the vicinity of the inner surface 
around the conductor. The corona onset charge was defined as 
the total simulation charge in the conductor when the 
maximum surface field exceeds the onset value. The corona 
onset charge was assumed time-invariant, so it was calculated 
once for all. Then in each time step, the conductor simulation 
charge is calculated considering both the conductor induced 
and the space charge induced electric potential. If the total 
conductor simulation charge exceeds the corona onset charge, 
the corona discharge occurs. The excess charge is emitted to 
space evenly around the conductor surface.  

Actually, the electric field on conductor surface is affected 
by the space charges around it. So the corona onset charge 
should not be calculated only with conductor electric potential 
while the space charges exist. On the other hand, the electric 
field distributes nonuniformly on conductor surface of 
unsymmetrical structures as actual power transmission line 
structures, especially for bundle conductors. It is unreasonable 
to assume corona discharge occurs uniformly around the 
conductor. So in [19], the bundle conductor was represented 
by single conductor with equivalent radius to get around this 
question. And unacceptable errors were introduced when 
different phases close to each other. 

In this work, the conductors are also discrete as several 
simulation line charges, as Figure 2. But the corona onset charge 
is defined at each discrete point where the simulation line charge 
is located rather than a total value and is calculated respectively. 
The new definition of corona onset charge at a single point is the 
simulation charge of this point when the applied voltage makes 
the surface field near this point just equal to the onset field. The 
effects induced by space charges is taken into account, so the 
calculation of corona onset charge processes in the beginning of 
each time step, as the dotted line indicated in Figure 1.  

The numerical method is described concisely with the example 
of single conductor AC ion flow field calculation. The simulation 
charges are set in the vicinity of the inner surface around the 
conductor, while the matching points are set on the conductor 
surface just above the simulation charges, and one matching 
point to one simulation charge, as Figure 2 indicated. If the 
number of the simulation charges is M, the number of the space 
charges is N (because of charge emission and recombination, N is 
a time dependent variable), the corona onset charge of point r 
inside the conductor can be calculated as follows. 

The following equations are satisfied when the electric field 
at matching point r’ meets the onset value: 

  cond cond space space onset   P Q P Q V              (1) 

onsetspacerspacecondrcond E QRQR ',',              (2) 
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Equation (1) represents the electric potential contribution 
to the matching points by the simulation charges and the 
space charges. Pcond(M×M) represents the potential 
coefficient matrix between the simulation charges and the 
matching points. Pspace(M×N) represents the potential 
coefficient matrix between the space charges and the 
matching points. Qcond(M×1) represents the simulation 
charge vector. Qspace(N×1) represents the space charge 
vector. Vonset (M×1) represents the conductor potential 
when the field at matching point r’ just meets the onset 
value. The values of elements in Vonset are equal because the 
surface of a conductor is equipotential. 

Equation (2) represents the electric field contribution to 
matching point r’ by the simulation charges and space 
charges. Rcond, r’ (1×M) represents the field coefficient 
matrix between simulation charges and matching point r’. 
Rspace, r’ (1×N) represents the field coefficient matrix 
between space charges and matching point r’. Eonset is the 
corona onset field, which can be calculated with Peek’s 
equation [18]. 

The equations (1) and (2) have (M+1) equations. If the 
value of Qspace is considered as known variable, then by 
solving equations (1) and (2) simultaneously. the (M+1) 
unknown variables in both Qcond and Vonset are obtained. 
The r-th element Qcond, r of Qcond is the corona onset charge 
of point r. 

For each point where a simulation charge is located, 
there is a corresponding corona onset charge. At each point, 
by substituting equation (2) with a new equation, the 
corresponding corona onset charge can be obtained. The 
process of solving corona onset charge is taken on every 
points where the simulation charges are located. Then, the 
onset charge vector Qonset for all the points is set up. By 
considering both positive and negative polarity corona 
discharge, onset charge Qonset is solved. 

For bundle conductors and transmission lines, the 
simulation charges are in all the subconductors. For each 
point where a simulation charge is located, there is also a 
corresponding corona onset charge, which can also be 
obtained by above method if all the coefficient matrices are 
set up by taking account of the relationship between all the 
charges and the matching points.  

In practice, it is found that 12 simulation line charges in 
each subconductor were enough to simulate the electric 
field near the conductor. In all the following cases, the 
number of the simulation line charges in each subconductor 
is fixed at 12. 

2.3 CALCULATION OF CHARGE EMISSION 

Charge emission is an important issue in this calculation 
method. In this work, corona onset judgment and charge 
emission calculation are proceeded at every surface points. 
At each time step, simulation charge Q’cond and corona 
onset charge Qonset are calculated. The elements of the two 
vectors are compared. If Q’cond, r > Qonset+, r or Q’cond, r < 
Qonset-, r, corona discharge occurs on point r, and the 
exceeded charge is emitted in to space. 

The calculation process of Qonset has been introduced in 
section 2.2. The calculation process of Q’cond is as follows. 

The alternating cycle is divided into NT discrete time 
steps. At step i, the voltage applied on conductor is: 

  max sin[ ( 1)]app i t  V V                      (3) 

where, i=1, 2, 3, …, NT. Usually each cycle can be divided 
into 100 steps which represents a good compromise 
between the accuracy and the computational time. 

The conductor is represented by M simulation line 
charges. Equation (4) is satisfied at the matching points. 

    cond cond space space app   P Q' P Q V              (4) 

where, Pcond and Pspace have the same meaning as equation 
(1), Vapp (M×1) is the applied voltage at the present step. 
With equation (4) simulation charge vector Q’cond can be 
obtained.  

 

 
Figure 1. Flow chart of AC corona losses calculation. 

 

 
Figure 2. Charge emission process. 

 

2.4 SPACE CHARGE DISPLACEMENT 

The space charges with the same polarity of voltage are 
pushed away, while the opposite ones are pulled nearer. The 
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displacement Δd of a charge in time interval Δt is [20]: 

      t Ed                                    (5) 

where, μ is ion flow mobility, 1.510-4 m2/V·s for positive 
charge and 1.810-4 m2/V·s for negative charge. E is the total 
field calculated with CSM. 

2.5 SPACE CHARGE LOSS 

The movement of space charges is described by equation 
(5). The charge will be neutralized and disappear from 
analysis when it reaches the conductor surface. 

Positive and negative space line charges meet in the space, 
and recombine. For the calculation of the recombination, the 
volume occupied by each charge is defined by the location of 
the charge in two successive time steps, as Figure 2. Positive 
and negative charge densities are expressed as: 

       si
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                                  (6) 

where, ΔVi is the volume associated with the charge. qsi is the 
positive or negative space charge. e=1.610-19 C is the 
electron charge. 

Then the recombination process can be expressed as [20]: 
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where, γ = 1.510-12 m2/s is the recombination coefficient.  

The quantity of space charges declines due to the 
recombination effect. In this paper, the maximum charge 
density in the process of calculation is recorded. If the charge 
density is smaller than 0.01% of the maximum value, it will be 
removed from the calculation process. 

2.6 TERMINATION CRITERION 

Because the calculation starts with the initial value without 
regard to the space charges, the computational stability will be 
reached after several alternating cycles.  

The total space charge is recorded in each time step: 
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The total space charge generated in one period is 
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The computational stability is considered to be achieved if 
the change of qcycle, sum between two adjacent periods is less 
than a certain value. That means: 
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where, Nc represents the present period.  represents the error 
tolerance. 

According to the calculation results, the error of qcycle, sum is 
usually less than 1% after a calculation time of 10 periods. 
Thus, in this paper,  is 1%. 

2.7 CALCULATION OF CORONA LOSSES, CORONA 
CURRENT AND GROUND LEVEL TOTAL 

ELECTRIC FIELD 

The energy consumed by the migration of space charges is 
supplied by the conductor. The energy loss caused by corona 
effect is defined as corona losses [20]. 

The displacement Δd of the i-th charge in time interval Δt 
is: 

   tii  Ed                              (11) 

The energy consumed is: 

      iiii qW dE                            (12) 

The total energy consumed in one period is: 

  
cycle N

iiiqW dE                      (13) 

The average power in this period is: 

       P fW                                    (14) 

where, f is AC frequency. 

The corona current contains two parts: The displacement 
current idispl can be represented by the change of conductor 
charges. The conductive current iconv is related to the migration 
of space charges. In idispl, the capacitive current icap without 
regard to the corona discharge should be removed [19]. 
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where, qcond represents the conductor charges considering 
corona effect. 
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where, qcond, norm represents the conductor charges without 
regard to corona effect. 
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where, qspace represents the space charges. Es represents the 
value of the field on the position of space charges. Vapp 
represents the applied voltage at present.  

The total corona current is: 

     cor displ cap convi i i i                        (18) 

The electric field on spatial point p can be calculated as 
follows: 

   
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On the right-hand-side of this equation, the first part 
represents the field contribution by the conductors, while the 
second part represents the field contribution by the space 
charges.  
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3  CORONA LOSSES ANALYSIS 

3.1 CORONA LOSSES AND CURRENT ANALYSIS 
OF A SINGLE CONDUCTOR 

Paper [20] provides the simulating and experimental 
results of corona losses on a single conductor line-to-plane 
structure, the corona losses difference associated with the 
applied voltage is analyzed. The radius of the conductor is 
3.28 mm, and the height is 2.59 m. The results are 
illustrated as Figure 3, where curve A and curve B are the 
experimental result and the calculated result respectively in 
[20] with conductor roughness factor of 0.7, curve C is the 
calculated result in our work with the same roughness 
factor as curve B. The results indicated that the new 
approach is better than the previous one. The reason of 
comparatively large difference between the heads of the 
curves is because the corona discharge incepts suddenly 
when the onset value is exceeded in the calculation process. 
However, the surface of conductor is usually not smooth in 
practical terms, the corona discharge occurs on random 
irregular points rather than on all surface points due to the 
higher field value at relatively low voltage level. This 
makes the change of losses gentler at relatively low voltage 
level for the experimental result than the calculated result. 
Because curve C takes space charge into account when 
calculating corona onset charge whereas curve B neglects 
space charge effect, more satisfactory agreement is 
obtained between calculated result and experimental one 
for curve C. 

The calculated result indicated that for this single 
conductor, 99% of the space charges are concentrated in a 
small range no more than 0.24 m from the line center. This 
distance is about 73 times of the subconductor radius, which is 
consistent with the conclusion that the maximum charge 
displacement distance is about 70 times of the subconductor 
radius in [13]. 

Figure 4 illustrated the calculated corona current waveform 
with applied voltage of 75 kV. Curve A represents the 
calculated corona current. Curve B represents the phase of 
applied voltage. Curve C represents a sketch of corona current 
in theory [1]. The calculated waveform is similar to the 
theoretical one.  

3.2 CORONA LOSSES OF MULTIPHASE BUNDLE 
CONDUCTORS 

The corona losses of field asymmetry structures such as 
multiphase bundle conductors can be analyzed with this 
method. An actual 3-phase HVAC transmission line 
proposed in [12] is used as an example. The phase height H 
is 24 m; wire spacing L is 18.5 m; number of subconductors 
is 8; bundle spacing D is 39 cm. Figure 5 illustrated the 
transmission line configuration. The voltage applied is 
1200 kV. The phase sequence from left to right is A, B, and 
C. The corona losses for the line as a whole are measured 
and the influences of conductor diameter on corona losses 
are analyzed in [12]. Corresponding corona losses are also 
calculated by the method in this paper as Figure 6 shows. In 

Figure 6, A is the measured result in heavy rain; B, C, D 
are the calculated results in this paper, where the conductor 
roughness factor is set 0.6, 0.65, 0.7 respectively. The 
calculated result with conductor roughness factor of 0.65 is 
closest to the experimental one, which is in accordance with 
the conclusion in [15] that the value of conductor 
roughness factor should be set between 0.5 and 0.75, 
increasingly with the rainfall intensity decreases. 

The diameter of the subconductors in Figure 6 is just for 
laboratory investigation because the corona is too strong 
and cannot be used in reality. Following is the analysis for 
a transmission line with subconductor diameter of 3 cm and 
the conductor roughness factor of 0.65. In this case, there is 
no corona on the side phases because the maximal electric 
field on the surface of the subconductors is just beneath the 
onset value. The corona losses for the line as a whole is just 
from the central phase. Calculation in this paper shows that 
the corona losses are 19.61 kW/km. Figure 7 illustrates the 
RMS corona current emitted from subconductors of the 
central phase. Due to symmetry, only the results of left side 
subconductors of the central phase are presented. The 
subconductor number can be found from Figure 5. It can be 
seen that the the corona discharges on the subconductors is 
different because the electric fields on them  are different. 
Corona discharge is stronger on the subconductors close to 
the ground and the other two phases.  

 

 
Figure 3. Corona losses calculation and experiment result of single conductor 
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Figure 4. Waveform of corona current 
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Figure 8 illustrates the calculating result of space charge 
field intensity around the central phase with conductor 
roughness factor of 0.65, conductor diameter of 3cm, and 
voltage phase angle of 72o. The field intensely region 
distributes in the outer region around the conductors. That 
is, the corona discharges occur mostly on the side pointing 
outward from line center, instead of the inner side. This fact 
reflects the field nonuniformity around bundle conductors 
and confirms that the corona onset charge and charge 
emission calculation should be implemented respectively on 
different points on conductors. The calculation result 
indicated that, to the 3 phase 8 bundle conductors, 99% of 
the space charges are concentrated in a range that no more 
than 1.3m from the line center, that is 2.5 times to the 
subconductor radius.  

 
Figure 5. Configuration of the analyzed transmission line.  

 

 
Figure 6. Corona losses for the line as a whole with different conductor 
diameters. 

 

 
Figure 7. RMS Corona current emitted from subconductors. 
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Figure 8. Electric field produced by the space charges in the vicinity of 
bundle conductor. 

 
Figure 9. Temporal variation of the absolute value of the maximal electric 
field around the subconductors. 

 

Figure 9 illustrates the temporal variation of the maximal 
electric field around the subconductors of the central phase. 
Due to symmetry, only the results during the half cycle is 
presented. It can be seen that the total electric fields are not 
more than the corona onset value and are smaller than the 
space-charge-free fields. What’s more, the peak value appears 
at different times for the total field, space-charge-free field, 
and the applied voltage. The peak value of the total field 
appears somewhat earlier than that of the applied voltage. 
While the peak value of the space-charge-free field appears 
somewhat later than that of the applied voltage. This may be 
due to the effect from the other two phases and the space 
charges. On the subconductors, the times when the peak 
values appear are also different. 

4  GROUND LEVEL ELECTRIC FIELD 
ANALYSIS 

4.1 INFLUENCE OF VOLTAGE LEVELS 

The influence of corona discharge on ground level electric 
field depends on the strength of discharge. The ground level 
electric field with corona effects is calculated for typical 110 
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kV, 220 kV, 500 kV, 750 kV, and 1000 kV HVAC 
transmission lines. The three phase lines are all displaced with 
the same height and equal space. The bundle spacing is 40 cm. 
In Table 1, the influence can be described by the difference 
between the ground level total electric field and the space-
charge-free electric field. 

 
Table 1. Typical line parameters and ground level electric field of different 
voltage levels. 
Line voltage(kV) 110 220 500 750 1000 
Phase height(m) 7 8 15 18 22 
Phase space(m) 4 6 11 15 18 
Subconductor number 1 2 4 6 8 
Conductor cross sectional area (mm2) 240 300 400 400 630 
Emaxt (kV/m) 1.83 4.77 5.73 8.04 9.02 
Emaxn (kV/m) 1.83 4.75 5.59 7.72 8.57 
DiffEtn (%) 0 0.5 2.5 4.2 5.2 
Emaxt: maximum value of total field; 
Emaxn: maximum value of space-charge-free field; 
DiffEtn: maximum value difference between total field and space-charge-free 
field 

More subconductor number and larger subconductor radius 
are usually employed for higher voltage level. This suppressed 
the corona discharge intensity to some extent. However, 
stronger influence of corona on ground level electric field is 
also found for higher voltage level transmission lines 
according to the calculation. So the research on the influence 
of corona discharge on ground level electric field of 1000 kV 
HVAC transmission line is necessary. 

4.2 INFLUENCE OF LINE PARAMETERS 

The conductor size and line arrangements affect the 
conductor surface electric field and consequently affect the 
corona losses, radio interference, audio noise, and ground 
level electric field. 

The space-charge-free electric field and corona effect both 
change with the line parameters. But the trend of the change 
may be different. So it is difficult to analyze the changing 
trend of total electric field. The ion flow field of a 3 phase 
1000 kV HVAC transmission line is simulated. The corona 
effect and electric field influence of subconductor radius, 
bundle spacing, subconductor number, wire spacing, and 
phase height are analyzed. 

The three line phases are all displaced with the same height 
and equal space. A line of 8×630 mm2 conductor, 40cm 
bundle spacing, 18 m wire spacing and 22 m height is 
appointed as the standard line of reference. 

4.2.1  INFLUENCE OF SUBCONDUCTOR RADIUS 
ON GROUND LEVEL ELECTRIC FIELD 

The calculation results with different subconductor radius 
are listed in Table 2. It can be concluded, with the 
subconductor radius increasing, the maximum space-charge-
free field slightly increases while the maximum total field 
slightly decreases. That’s because the corona discharge is 
more intense for smaller radius due to stronger conductor 
surface field. The strengthen effect of corona on ground level 
field is more distinctly for small subconductor radius. This 
altered the original changing trend of field depending on 

subconductor radius. Between conductor cross sectional area 
range of 500 to 800 mm2, the maximum total field ratio of 
present line and standard line changes slightly between 0.6% 
to -0.6%, the influence of corona effect on the maximum total 
field changes between 6.3% to 4.3%. 

 
Table 2. Influences of corona effect on maximum ground level electric field 
with different subconductor radius. 

Conductor area (mm2) 500 630 800 
Emaxt (kV/m) 9.07 9.02 8.97 
DiffEmaxt (%) 0.6 0 -0.6 
Emaxn (kV/m) 8.54 8.57 8.60 
DiffEmaxn (%) -0.4 0 0.4 
DiffEtn (%) 6.3 5.2 4.3 
Emaxt: maximum value of total field; 
DiffEmaxt: maximum total field difference between present line and the 
standard line; 
Emaxn: maximum value of space-charge-free field; 
DiffEmaxn: maximum space-charge-free field difference between present 
line and the standard line 
DiffEtn: maximum value difference between total field and space-charge-
free field 

 

4.2.2 INFLUENCE OF BUNDLE SPACING ON 
GROUND LEVEL ELECTRIC FIELD 

The calculation results with different bundle spacing are 
listed in Table 3. It can be concluded, with the splitting space 
increasing, the maximum total field and maximum space-
charge-free field both increase, while the increasing rate is 
slightly smaller for maximum total field. That’s because the 
corona discharge is more intense for smaller bundle spacing 
due to stronger conductor surface field. However, the 
strengthen effect by corona is so little that cannot alter the 
changing trend of maximum total field, but only decease the 
changing rate. Between the bundle spacing range of 30 to 50 
cm, the maximum total field ratio of the present line to the 
standard line changes slightly between -5.3% to 4.8%, the 
influence of corona effect on the maximum total field changes 
between 5.9% to 5.0%. 

 
Table 3. Influences of corona effect on maximum ground level electric field 
with different bundle spacing. 

bundle spacing (cm) 30 35 40 45 50 
Emaxt (kV/m) 8.54 8.79 9.02 9.23 9.45 
DiffEmaxt (%) -5.3 -2.6 0 2.3 4.8 
Emaxn (kV/m) 8.07 8.33 8.57 8.80 9.01 
DiffEmaxn (%) -5.8 -2.8 0 2.7 5.1 
DiffEtn (%) 5.9 5.5 5.2 5.0 5.0 

 

4.2.3 INFLUENCE OF SUBCONDUCTOR NUMBER 
ON GROUND LEVEL ELECTRIC FIELD 

The calculation results with different subconductor number 
are listed in Table 4. It can be concluded, with the 
subconductor number increasing, the maximum total field and 
maximum space-charge-free field both increase, while the 
increasing rate is smaller for the maximum total field. With 
the subconductor number of 6, 8, 10, the maximum total field 
ratio of present line to standard line changes between -4.3% to 
4.2%, the influence of corona effect on the maximum total 
field changes between 8.8% to 2.9%. 
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Table 4. Influences of corona effect on maximum ground level electric field 
with different subconductor number. 

subconductor number 6 8 10 
Emaxt (kV/m) 8.63 9.02 9.40 
DiffEmaxt (%) -4.3 0 4.2 
Emaxn (kV/m) 7.93 8.57 9.13 
DiffEmaxn (%) -7.5 0 6.5 
DiffEtn (%) 8.8 5.2 2.9 

 
4.2.4 INFLUENCE OF WIRE SPACING ON GROUND 

LEVEL ELECTRIC FIELD 

The calculation results with different wire spacing are listed 
in Table 5. It can be concluded, with the wire spacing 
increasing, the maximum total field and maximum space-
charge-free field both increase, while the increasing rate is 
smaller for the maximum total field. That’s because the electric 
field lines in the interelectrode region are extended with 
enlarging the wire spacing. This lowers the conductor surface 
field slightly. With wire spacing of 14 to 22 m, the maximum 
total field ratio of present line to standard line changes between 
-8.4% to 6.0%, the influence of corona effect on the maximum 
total field changes between 6.3% to 4.5%. 

 
Table 5. Influences of corona effect on maximum ground level electric field 
with different wire spacing. 

Wire spacing (m) 14 16 18 20 22 
Emaxt (kV/m) 8.26 8.67 9.02 9.31 9.56 
DiffEmaxt (%) -8.4 -3.9 0 3.2 6.0 
Emaxn (kV/m) 7.77 8.20 8.57 8.88 9.15 
DiffEmaxn (%) -9.3 -4.3 0 3.6 6.8 
DiffEtn (%) 6.3 5.7 5.2 4.8 4.5 

 
4.2.5 INFLUENCE OF PHASE HEIGHT ON 

GROUND LEVEL ELECTRIC FIELD 

The calculation results with different phase height are listed 
in Table 6. It can be concluded, with the phase height 
increasing, the maximum total field and maximum space-
charge-free field both increase, while the increasing rate is 
slightly larger for the maximum total field. That’s because the 
electric field lines between conductor and ground are extended 
with enlarging the phase height. This lowers the conductor 
surface field slightly. With phase height of 18 to 26 m, the 
maximum total field ratio of present line to standard line 
changes between 39.5% to -24.7%, the influence of corona 
effect on maximum total field changes between 5.4% to 5.1%.  

 
Table 6. Influences of corona effect on maximum ground level electric field 
with different phase height 

Phase height (m) 18 20 22 24 26 
Emaxt (kV/m) 12.58 10.56 9.02 7.78 6.79 
DiffEmaxt (%) 39.5 17.1 0 -13.7 -24.7 
Emaxn (kV/m) 11.94 10.03 8.57 7.40 6.46 
DiffEmaxn (%) 39.3 17.0 0 -13.7 -24.6 
DiffEtn (%) 5.4 5.3 5.2 5.1 5.1 

 

5  CONCLUSION 

In this paper, the calculation method of ion flow field under 
multi-phase bundle conductor HVAC transmission lines is 
improved. The influence of the conductor surface field 
uniformity on corona discharge is taken into account, so that 
the ion flow field of multi-phase or bundle conductors can be 

simulated. Then, corona losses and ground level total electric 
field can be obtained. 

The calculation result of corona losses of single conductor is 
compared with previous calculating and experimental works, 
our calculated result accords to the experimental result better 
than the previous one. Satisfactory agreement is found between 
the calculated corona current waveform and the theoretical one. 

As an example, the corona losses of a 3-phase 8- conductor 
bundle HVAC transmission line is calculated. The calculated 
result agrees to the experimental one well. The calculated result 
indicated that heavier rainfall causes more serious corona losses. 
Increasing the conductor diameter can reduce the corona losses. 
In addition, to the 3-phase 8-conductor bundle in this work, 
99% of the space charges are concentrated in a range no more 
than 1.3m from the line center, that is 2.5 times to the 
subconductor radius. 

The influence of corona discharge on ground level electric 
field with different voltage levels is calculated. The result 
indicated that the corona effect enhance the ground level electric 
field under HVAC transmission line, though usually not so 
significantly. To typical 1000 kV 3-phase HVAC transmission 
lines, the ground level electric field enhancement caused by 
corona effect is about 5%. 
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