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ABSTRACT

This paper investigate the effect of considering ion diffusion on the corona loss in HVDC transmission
lines using Finite Element Method (FEM).In first study, ion diffusion is not considered, In second study
the effect of ion diffusion as constant parameter has been considered and finally in this paper the effect
of ion diffusion coefficient is taken in account as function of electric field in calculation of power
corona loss. In paper programming calls for only one loop and a new approach for updating of space
charge densities around the conductor is implemented using Rung-Kutta integration method. The
proposed method of solution has been applied for laboratory and full scale models of unipolar
conductor to plane configuration.
KEY WORDS: Corona, Corona Power Loss, ion diffusion coefficient, Finite Element
method(FEM) Engineering.
I.

INTRODUCTION

HVDC and HVAC transmission lines power corona loss is one of the main problems. It is one of main active power
loss in transmission lines [1]. So it is necessary to try to calculate it precisely and to try to decease it. Many attempts
were made to solve ionized field using Charge Simulation Method (CSM)[2],Boundary Element Method[3]and Finite
Element Method[4],[5].
One of main parameter in corona loss calculation is ion diffusion coefficient. In previous works, this factor has not
considered or it has considered as constant value. But in this investigation this parameter has been considered as
function of electrical field and results of this assumption on simulation results are analyzed and compared with other
simulation results.
But none of them has been taken in account the effect of the diffusion coefficient as function of electric field and
climate temperature and air density, ect.
The present method implements the potentials and electric field at conductor surface as boundary conditions, however;
in previous method [6-7] deal only with the potentials in conductor and ground plane and check the field on conductor
surface later.
II.
Unipolar Corona Field Equations
The main system of equations describing unipolar DC corona is as follows:
 
E 
0
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J  kE  D

E  
(1) is Gauss's low relating electric field intensity E to the space charge

equation is the continuity equation for current density j
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 and  0 is the permittivity of air. The next

(3) is the relation between the electric field ions and current density j where
coefficient. The last equation is the electric field in terms of potential  .
In this study for equation (3) three case studies have considered as follow:
Case 1: The ion diffusion is neglected and is supposed to be zero.
Case 2: The ion diffusion is supposed to be constant parameter.
Case 3: The ion diffusion is supposed to be function of electrical intensity.

k is ion mobility and D is ion diffusion

III.
Simplifications in calculation process
All attempts reported before were based on some simplifying [6-8].the most common ones are:
a)The entire electrode spacing is filled with unipolar space charge of the same polarity as the coronating conductor.
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b)The space charge affects the only the magnitude and not the direction of the electric field .this assumption was
suggested at first by Deutsch and take referred to as "Deutsch's assumption".
c)The mobility of ions is constant (independent of electric field intensity).
d)The surface field of the coronating conductor remains at onset value E0 , which is known as Kaptzov's assumption
[7]. For conductor to plane configuration

E0 is expressed in kV/cm as [7]:

E 0  30 [1  ( 0.0906 / R] kV / cm

( 5)

In another assumption [9], the electric field E c at coronating conductor surface is assumed to be a function of applied
voltage, i.e.
E crit  E0 f1 (V / V0 )
( 6)
Where

f1 is assumed to have the following forms:
f1 (V / V0 )  1.1339  0.1678(

V
V
)  0.03( ) 2
V0
V0

(7)

With f1 assumed to be unity at V  V0 , where V0 is the corona onset voltage.
In this paper the assumption (d) is neglected and the magnitude of electric field at conductor surface for updating space
charges is evaluated in each step with FEM method by ANSYS software and used in next step for integration of space
charge for updating along electric field lines
IV.
Boundary conditions
Solution of the equations describing the space-charge modified field requires all three boundary conditions as follows:
(a) The potential on the ground plane is zero.
(b) The potential on the coronating conductor is equal to the applied voltage.
(c) The magnitude of the electric field in each step of simulation was calculated by ANSYS and it used in
integration process of updating space charges.
The boundary conditions (a) and (b) were applied in model construction in ANSYS and the third boundary condition
was implemented in integration process.
V.
Proposed Method Of Analysis
The proposed method is described follow:
A- Configuration of model:
For the conductor to plane configuration, a conductor of radius R is located at a height H above the grounded plane,
Fig.1.

Fig.1. the conductor to plane configuration

The proposed method is described follow:
B- Mesh Generation:
Whereas the calculation of electric field and potential was performed using FEM method, therefore the model must
to be meshed. The meshing process was made with triangular element, Fig.2.
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Fig.2.Generated mesh with ANSYS by triangular element

It is well known that FEM calls for bounded regions in which the mesh to be generated. Hence as it has been shown
in Fig.2, fictitious boundaries X1-X2 and Rout are assumed around the discharging conductor. This choice was found
to be satisfactory in light of the fact the computed results did not change for larger value of X1-X2 and , Rout ,[5].
Because Rout is not at infinity, the potential of the nodes at fictitious boundary, Rout , is not zero, but the potential at
X1-X2 is equal to potential of ground plane and is equal to zero.
C- First estimation of space charges:
The configuration considered in the present method consists of a single cylinder of radius R of a height H above the
grounded plane.
The bipolar co-ordinates  and  , shown in Fig.3, are employed, which are related to the Cartesian co-ordinates x
and y by following relations [9]:
a
a
y  sinh  y  sinh 
(8)
s
s
,
Where:
(9)
a  ( H 2  rc2 ) 1 / 2 , s  cosh   cos 
The metric coefficients are given by the following expressions:
a
h  h 
(10)
s
And the co-ordinates of coronating conductor and ground plane are given by:
H 
 c  cosh 1   ,  g  0
(11)
 rc 
dA , is one of the cylindrical surface, where   cos tan t , then:

dA  aˆ  a (cosh   cos  ) 1 d

Fig.3.Bipolar co-ordination in conductor to plane configuration
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Where â  is a unit vector in the

 co-ordinate direction.

Because the electric field is assumed to have the same direction as that of the space-charge-free field (Deutsch
assumption), the integration of space charges for updating them was performed along â  direction. The space charge
densities located at nodes (i, 1), around the periphery of the conductor is assumed initially as:

 i ,1   e cos( i ) , i  1,2,...M
(13)
2
Where M is the total field lines (was equal to 30 in this work) and

 e is the value of  i ,1 at   0 ;

The value of  e was estimated using an approximate expression reported before [10] for the charge density at the
ground plane:
e 

Eg H

4 0

Ecrit R

V0 (V  V0 )
V
H 2V (5  4 0 )
V

(14)

Where E g the space charge free electric field at the ground plane is, Ecrit is determined by analysis of model in each
step in ANSYS and V0 is the onset voltage.
Using (1-4) the (15) can be obtained as:
   

2
0

Substituting (4) into 15 ,one obtain
 
u l    2 / E 0  h(  , l )

(15)
(16)

l

Starting at conductor's surface, (16) is integrated along each lines to estimate the nodal space-charge densities. For
the first step  is determined by (13), and initial value of E, is Ecrit .
This estimate of the space charge density is utilized to determine the distributed space charges at the FE mesh nodes.
By (16) using Rung-Kutta method the value of  (l  l ) was estimated.
The previous steps to calculate  (l  2l ) and  (l  3l ) , … was performed to estimate the space charge densities
at all nodes in each integration nodes.
The two previous steps was performed for all integration routes (M=30) to identify the space charges at all nodes
around the conductor.
In Rung-Kutta integration method, the Simpson method is used. In each step of integration for calculation  (l  l )
, the four parameters K (i=1 ,..,4) were used to determine it. For calculation  (l  l ) along electric field by
transferring bipolar co-ordinates to Cartesian co-ordinates with (8-10) the (17) is used:
i 1  i 

l
[ K1  2 K 2  2 K 3  K 4)
6

(17)

Where K1 to K4 is determined from (18-21) [10]:
K 1  h(  i , l i )

K1
l
, li 
)
2
2
K2
l
K 3  h( i 
, li  )
2
2
l
K 4  h( i  K 3, li  )
2
K 2  h( i 

(18)
(19)
(20)
(21)

After calculation  (l  l ) , the process were repeated to evaluate  (l  2 l ) ,…
D- Estimation Electric field and Potentials
In this step the estimated space charges in previous step were applied to model in ANSYS software to calculate the
potentials and electric fields in all nodes.
These values of potentials and electric fields were used in next step of updating space charges.
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E- Space Charge densities correction
The last two estimated of potentials at each node,  ( l ) ,  (l 1) are compared. Nodal potentials error
average value of nodal potential

E v relative to the

 av is defined as:
Ev 



l

 


l 1

(22)

av

Where

 l   l 1

(23)
2
If the maximum nodal potential error exceeds a prespcifeid error 1 , a correction of  i, N which is the space charge

 av 

density at the last node of each field line, was made. The correction follows by (24),

 i , Nnew   i , Nold [1  f max{ E v }]

(24)

Where f is an acceleration factor, take equal to 0.5.
F- Converge condition
The steps 3-5 repeated until the maximum error in calculation of potential become less than a prespcifeid error  2 .
G- Calculation of corona current
I.
without considering ion diffusion
For each applied voltage above the onset value, corona current is equal to the sum of current flowing, i.e.
M

I   J i Ai ,1

(25)

J  k E

(26)

i 1

As:
Then:

I  k ( 1,1 E1,1 A1,1  ... M ,1 E M ,1 AM ,1
II.

)

(27)

Considering Ion Diffusion as constant value

In this case, the ion
diffusion is constant and
the variation of
electrical charges as
function of constant
parameter D and
electrical field are
updating to converge.

D  cte .  m
cm 2 / s



J  k E  D
l
 
 1
 ( kE  J )
l D
d
1
aˆ l  ( k   (l  l )  E (l  l )  J (l ))
dl
D

(28)
(29)
(30)
(31)

III.
Considering Ion Diffusion as function of electrical field intensity
When the diffusion ions considered by (32) as function of electric field E, ion draft velocity,  relative air density ,
 ,[12]then in step of updating space charges ,instead of (16) ,(35) must to be solved.

D  [ / E ]
[0 . 3341  10 9  ( E  /  ) 0 .54069 ]
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In this step, based on
(33)

J  k E  D
upgrading parameters,
l
the value of ion
 
(34)
 1
 ( kE  J )
diffusion as function of
l D
electrical intensity as
(35)
d
1
mentioned in
aˆ l  ( k   (l  l )  E (l  l )  J (l ))
Equation (32) is
dl
D
calculated and so used
in equation (35).
In this state the corona current can be calculated as under expression:
.
M
M 
36

 i, 2
i ,1
I  k   i,1 Ei ,1 Ai ,1  D
ri
i 1
i 1
For solving above equations, two software's including MATLAB and ANSYS are implemented .this hybrid method is
presented in [13, 14].
VI.

RESULT AND DISCUSSION

In order to investigate the effect of how consideration ion diffusion on estimation power corona loss, two conductors
to plane configuration as transmission lines in studying transmission loss [15-17]. A sample of grid for one investigated
configuration is shown in Fig2.
The number of element is 703 with 1445 unknown nodal potentials. Before, investigation the effect of ion diffusion
on calculation, at first in order to show the accuracy of last proposed method with this author , already presented and
published in [14, 15],V-I characteristics of this configuration for present method by and previous method [5] as well
experimental result are shown in Fig.4.
The specifications of studied conductor are: height H=0.495 m, Radius R=0.00165 m and surface factor   1 .

Fig.4.Peresent and previous calculated V-I characteristics of a conductor to plane configuration in comparison with that obtained
experimentally

It is clearly that obtained results with proposed method by these authors, already published in [14, 15] is closer to the
experimentally values and those obtained by previous method.
In Fig.5 the effects of the diffusion coefficient is shown.
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Fig.5.Calculated V-I characteristics of a conductor to plane configuration with and without considering ion diffusion in comparison
with that obtained experimentally

This figure shows that, results value when considering ion diffusion as function of electrical field intensity is close to
experimental value.
For this case study for various applied voltage, the differences between results of this assumption for ion diffusion
with experimental value, is shown as histogram in Fig.6.

Fig.6. Mismatch between proposed method and experimental value

The maximum mismatch between experimental results and not considering ion diffusion in calculating corona power
loss is 8.5 %.when considering ion diffusion as constant value, this accurate is 7.3% and when considering ion diffusion
as function of electrical field, this accurate is 4.55% which shows the accuracy and persistence of considering ion
diffusion as variable value and function of electrical field intensity as equation (32) considered in this study.
To investigate the result of this assumption for ion diffusion for full scale model a real transmission line is analyzed.
The specifications of studied full scale line is height H=9.35m, radios R=0.1020m and surface factor   0.75
It is worth mentioning that when ion diffusion D as defined by (28) is considered and used in calculation, the number
of iterations was increased; however the number of iteration in two state, without D calculation, and with D as constant
value is less than state with considering it as function of electrical field.
The numbers of iteration for convergence for two case studies are reported in Table I.
TABLE I
TOTOAL NUMBER OF ITERATION FOR CONVERGENCE
With considering ion diffusion
As function of Electrical Intensity
10

With considering ion diffusion
As constant parameter
8

Without considering ion
diffusion
6

17

12

10
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The applied voltage in this state is 120 kV.
The variation of electric field on ground plane with considering ion diffusion as three states was shown in Fig.7.

Fig 7.Distribution of electric field on ground plane

To investigate the effect of considering ion diffusion and how it's consideration on corona loss calculation, the
characteristic of electric field on ground plane with this method and experimental values is shown in Fig.8.

Figs 8.Distribution of electric field on ground plane at right hand of conductor for applied voltage equal to 120 kV.

VII.

Conclusion

In this paper, a new method has been presented with this author published already in [14, 15] has been applied to
investigate the effect of ion diffusion on corona power loss calculation in transmission lines.
Calculations using MATLAB and ANSYS, detect that more accurate results are obtained when ion diffusion is
considered as function of electrical field. Of course considering ion diffusion as function of electrical field intensity,
leads to increase number of iteration.
In this paper two configurations as R=0.00165,H=0.495 and R=0.0102, H=9.3 are considered and results of
simulation are presented and discussed.
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