Progress In Electromagnetics Research M, Vol. 83, 29—-40, 2019

Analysis of Ionized Field under HVDC Transmission Lines within
the Influences of Suspended Particles
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Abstract—The ionized field under HVDC transmission lines have an impact on environment and
people. With the industrial pollution and environment deterioration, the suspended particles that will
influence the ionized field cannot be ignored. So the improved meshless local Petrov-Galerkin (MLPG)
method, which can avoid the interpolation of boundary points is applied in this paper to calculate
the ionized field of unipolar transmission line. Based on the calculation, the analysis of the ionized
field within the influences of suspended particles has been done by establishing the charging model of
suspended particles. The research shows that suspended particles indeed influence the ionized field by
increasing space charge density, reducing corona onset electric field, and reducing the ion mobility.

1. INTRODUCTION

Compared with high-voltage alternating current (HVAC) power transmission, high-voltage direct current
(HVDC) power transmission has more advantages such as lower electric losses, longer transmission
distance, and bigger transmission capacity. However, the problems that HVDC power transmission
generates cannot be concealed. The influences of the ionized field under HVDC transmission lines on
environment and people cannot be ignored. So it is necessary to calculate and analyze the ionized field
under HVDC transmission lines.

When the electric field strength on the surface of the conductors exceeds the onset value, there will
be a layer of ¢ around the conductor. The ions ionized in this corona layer and the charged suspended
particles will distribute in the whole space around the conductors by the effect of diffusion and electric
force, and then constitute a stable distribution of space charge. The coupling between the electric field
and space charge makes the system nonlinear. A lot of researches have been done to characterize the
ionized field with the influences of wind, sub-conductor number, line arrangements, and height of the
conductors [1-3].

In the past decades, researchers have developed many calculation methods based on Deutsch
assumption or Kaptzov assumption such as charge simulation method, method of moments, and finite
element method (FEM). The FEM is widely used because of higher accuracy, efficiency, and flexibility
among all these methods [4]. Janischewskyj and Gela [5], Takuma et al. [6], etc. have gotten a fine
result by applying the FEM on the analysis of the ionized field under HVDC transmission lines.

The development of meshless method in electromagnetic calculation provides the theory and basis
for the calculation of the ionized field under HVDC transmission lines [7, 8]. Compared with the FEM,
the meshless method does not require the connection information of nodes [6]. Ref. [9] first utilized the
MLPG method based on radial point interpolation shape function in the calculation of the ionized field
under HVDC transmission lines. In practical terms, there will be a lot of suspended particles in the
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air because of the industrial pollution and environment deterioration. The charging of these suspended
particles will have a strong impact on the ionized field under HVDC transmission lines. Therefore, this
paper proposes an improved MLPG method to calculate the ionized field of transmission lines within
the influence of suspended particles. In Section 2, the improved MLPG method is proposed to calculate
the ionized field, and the validation of the method is verified. In Section 3, the ionized field of unipolar
HVDC transmission line is calculated to explore the influence of suspended particles. Finally, Section 4
concludes this paper.

2. THE CALCULATION OF IONIZED FIELD BASED ON IMPROVED MLPG
METHOD

2.1. The Improved MLPG Method for Ionized Field

For the HVDC transmission lines with the effect of wind, the equations used for unipolar field are as
follows [10-12]:

Vo = (p- — py) e (1)
E, = Vo (2)
= p(KE+w) (3)
V.j=0 (4)

where the subscripts + and — are only for positive charges and negative charges; p is the total space
charge, C-m~3; ¢ is the potential, V; j is the current density, A-m~2; w is the velocity vector, m-s™;
R is the ion recombination coefficient, m3-s~!; e is the charge of the electron, 1.602 x 107'9C; p is the
space ionized charge density, C-m™3.

To solve the ionized field, some assumptions must be introduced [5, 6]:

e The thickness of the ionization layer around the conductor is so small as to be neglected, and in
other words, the research ignores the process of ionization, electron motion, etc..

e Kaptzov assumption: the magnitude of the electric field strength at the coronating conductors
remains at the onset value;

E=E. (5)
where F,. is the corona onset electric field.
e The ion mobility is independent of electric field, which means that it is constant.
e The diffusion of ions is neglected because the electrical force is far stronger than diffusion.

The problem of ionized field calculation is nonlinear because of the coupling between the electric
field and space charge density. This complex problem must be numerically solved except some simple
structures which have an analytic solution such as coaxial cylinder and infinite parallel planes.

Since the meshless method does not require elements or meshes to solve either the distribution of
electric field in the calculation of shape function or the interpolation process, this method can solve
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Figure 1. The local sub-domain Qs near the global boundary have been adjusted to avoid crossing the
standared limitation boundary.
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the above equations efficiently. Therefore, the MLPG meshless method, which is based on the local
symmetric weak form, is adopted to solve the Poisson’s equations. In the paper, an improved MLPG
method is proposed to calculate the ionized electric field. The local sub-domains of nodes, which are near
the global boundary, have been adjusted to avoid crossing the global boundary, as shown in Figure 1.
The boundary conditions including the essential and natural boundary are imposed directly by the
nodes which are exactly on the global boundary based on RPIMp shape function. It is very clear that
there is no boundary integration at all. Only the domain integrations over the local sub-domains are
needed. As a result, the domain integrations are very easy to carry out by the improved MLPG method.

2.2. Solution of Charge Density Using Upstream Meshless Method

The nodes including m, j, andk, located in the upstream local subdomain, are selected to calculate the
charge density of node i. The proposed method can capture the information from upstream, and in
practice, it is found that three to six upstream nodes are good enough for the precise calculation [13, 14].

In the MLPG meshless method, the charge density of the local subdomain can be obtained as
follows:

plr) = 3" B1(a)pr (6)
I

where n is the number of nodes in the local subdomain, ®; the shape function corresponding to the
node, and the RPIMp method is applied.
According to the basic equation, we can have

K
E—p2+Vp-V:0 (7)
0

where V = KE + w is the migration velocity of ions.
Inserting Equation (7) into Equations (3)~(4) will result in:

K n
503 + (Nl,ac (X) Vie + Nl,y (X) szy) pi+ Z (Nl,ac (X) pr - Vig + Nl,y (X) PrI - ‘/zy) =0 (8)
T

Firstly, the charge density on the surface of the conductors should be set with an initial value. The
binary linear equation of the charge density is outward calculated from the surface of the conductors,
and the space charge density of the whole field can be obtained.

2.3. Iteration for Ionized Field Solving

Since the space charge and electric field are coupled, we choose to apply an iterative algorithm to solve
the system of Eqgs. (1)-(8). The criterions of ionized electric field calculation are listed as follows:

5p = |pn = pn-1l /pn—1 (9)
6E' - |Emax - Eon| /Eon (10)

where p, and p,_1 are the nth and n — 1th calculated surface charge densities of conductor, and Fy,ax
is the maximum electric field of conductor surface. During the iterative calculation process, the surface
density of conductor has to be updated, which can be expressed as:

Pn=Pn—1 [1 +p (Emax - Eon) / (Emax + Eon)] (11)

where p, and p,_1 are the nth and n — 1th calculated surface charge densities of conductor, and g is
the correctness coefficient, which is 0.6.

The ionized field can be obtained by separately solving the electric field around the conductors and
the surrounding charge density. The details of the process are listed as follows:

Step I: Computing the electric field with the absence of space charge via MLPG method.

Step II: Setting an initial value of charge density on the surface of the conductors, and utilizing
the upstream MLPG method to compute the space charge density based on the electric field in the step
L.
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Step III: Substituting charge density obtained in step II to the Poisson equation, and recalculating
the electric field.

Step IV: Returning to the step II, according to the difference between the calculated electric
field strength on the surface of the conductors and the corona onset electric field to update the charge
density on the surface of the conductors. This will cycle until the difference between the calculated
electric field strength on the surface of the conductors and the corona onset electric field g to meet
the error requirements, and the difference ¢, between the charge density calculated in last iteration and
that value in this iteration satisfies the error requirements.

The calculation process is shown in Figure 2.
Discrete the
field

| Calculate E via MLPG |

v

Set the charge density on the
surface of conductor surface

v
Update the Utilize the upstream MLPG method
charge density on to compute the space charge density
the conductor v
surface Calculate the electric field with

A

meshless method

Figure 2. The calculation process for ionized field.

2.4. Validation of This Proposed Method Example Calculation
2.4.1. Coaxial Cylinder Case

To verify the validation of the proposed method in ionized field calculation, an example of high voltage
transmission line is calculated using the improved MLPG method and the finite element method (FEM).
The ionized field of coaxial cylinder has an analytic solution, which can be used for verification of the
algorithm. Ref. [5] gives details of its solving method and results. In this paper, the ionized field of
the model depicted in Figure 2 is calculated. The diameter of the inner conductor is 2mm, and the
diameter of the outer conductor is 40 mm. A voltage of 25kV is applied on the inner conductor, and
the outer conductor is grounded. The corona onset electric field is 58 kV /cm.

Figures 3(a) and (b) show the comparison of the electric field and charge density respectively.
According to these results, the precision of the MLPG method used in this paper is favorable.

2.4.2. Unipolar Transmission Line

Hara and his partners [14] make a long-lasting measurement of HVDC transmission lines, and they
obtain many detailed data. They use a model which has a conductor at a height of 2m. The radius of
the conductor is 0.25 cm. The corona onset electric field is 45.05kV /cm. For this test line, [15] gives the
numerical solution via FEM. In this paper, the ionized field of this test line is calculated by applying
the MLPG method. The following Figures 4 and 5 show the comparison among the MLPG, FEM, and
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Figure 3. Comparison between the analytic solution and MLPG of the electric field and charge density.
(a) Electric field, (b) charge density.
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Figure 4. Comparison between the measured, FEM, and MLPG method of electric field and ion current
density at ground level of the test line. (a) Electric field, (b) ion current density.

experimental data of the electric field and charge density, respectively. It can be seen that the three
kinds of results agree well. There is a little difference between the MLPG and FEM results, which is
caused by the precision of the algorithms. Compared to the measurement results, both MLPG and
FEM results have some errors. However, the MLPG has smaller difference from experimental results
than FEM method. The MLPG results coincide well with measured data.

3. INFLUENCES OF SUSPENDED PARTICLES

In practical terms, there will be a lot of suspended particles in the air because of the industrial pollution
and environment deterioration. The suspended particles will charge in the ionized field, so the impact
of suspended particles on the ionized field cannot be ignored.
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Figure 5. Comparison between the measured, FEM and meshless method of ion current at ground-level.

3.1. Charging Model of Suspended Particles

There are two ways that the suspended particles charge in the electric field: The first called electric

charging is caused by the collision between the ions and suspended particles under the impact of electric

force. For the particles with sizes greater than 1 um, the electric charging plays a major role. The second

called diffusion charging is caused by the diffusion of ions. This process mainly occurs on the particles

with sizes less than 0.2 um. These two processes must be simultaneously considered for the particles

with the size between the two [16, 17]. The particle size of 2.5 pm is taken as an example in this paper.
For the suspended particles in the air, the following assumptions are presented:

e The shape of the particles is standard sphere, and the particles are with the nature of uniform;

e The electric fields of the particles do not affect each other, and the particles with the same sizes
can get the same charge;

e The applied electric field has local uniformity.

Figure 6 shows the geometry model of the suspended particles, and the potential of a suspended
particle satisfies the Poisson equation:

1 0 [ ,0u 1 9 (. 0u\ p
_a_< E)Jrir?sme%(sm'g%)_ - (12)

where u is potential, and p is the charge density of the charged particles.
The boundary conditions are as follows, and subscripts 1, 2 indicate areas 1, 2, respectively:
e At r =0, the potential has a finite value u = C' (C'is a finite real value).

e Boundary interface condition: The normal component of the electric displacement vectors are equal
on the interface of the particles and the air, €,9 F1, = €9 Fo,. €, is relative dielectric constant. For
suspended particles, it is 8 in this paper.

e The potential is continuous on the interface, u; = us.
e The synthetic electric field is equal to the applied electric in the infinite region, Fo, = Fjcosf.

Substituting the equation v = f(r)cos6 into the Poisson equation, the equations for general
solutions in areas 1 and 2 are as follows:

P2 f(r) + 2 fi(r) = 2f1(r) = 0 (13)

£ (r) + 20 f3(r) — 2fa(r) = 0 (14)

These are Fuler differential equations, and they can be solved via the conversion of r = e or
T =lInr:
Ep — 1 ang

e +2 12

w9, = —Eyr cos § + cos 6 (15)
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Figure 6. The geometry model of the suspended particles.

To solve the particular solution of the Poisson equation, the following equation is deduced by

integral the Poisson equation:
1
/V-EdV:—/pdV (16)
€

Applying the Gauss divergence theorem, the particular solution can be written as follows:

u92 — / as dr (17)

dmrieg

where ¢, is the saturated charge.
The potential in area 2 is as follows:

er — 1 Epa? g

ug = —Egrcosf + — cos 6 / dr 18

2 0 e +2 12 * oo 4mr3eg (18)

The suspended particle is charged by the collision of the ions under the effect of electric force. With

the charging of the particle, it will generate an electric field that repels the ions. The charging process

completes, and the particle obtains a saturated charge when the normal component of the synthetic
electric field at # = 7 on the surface of the particle becomes zero.

3e, Fy qs
" e 42 4dmale (19)
So the saturated charge is obtained as:
12ma’e,e0Ey
as — (20)

3.2. Influence of the Suspended Particles on Charge Density

The charged suspended particles will increase the space charge density, so the governing equations are
amended as follows:

Vi = —p/eo (21)
P = Pe Tt Pp (22)
§ = pe(KE+w) (23)
V.j=0 (24)

where p. and p,, are the density of ions and the charge density caused by the charged suspended particles.
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The calculation process also needs to be amended as Figure 7.

In this paper, the influences of the suspended particles on the ionized field under HVDC
transmission lines are discussed based on the unipolar HVDC transmission line. As an example, the
density of the suspended particles is 310 pug/m?3 or 269 particles/cm? [18], and the size of the particle is
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Figure 7. The calculation process with the suspended particles.

Figure 8. The electric field and ion current density at ground level with the influences of particles on

space charge density only. (a) Electric field, (b) ion current density.
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2.5 um [16, 17].

Figures 8(a) and (b) show the comparison of electric field and ion current density at ground level
with the influences of particles on space charge density only. In the figure, the legend “particles”
represents the result with the suspended particles in the air; the legend “clean air” represents the result
without suspended particles; and the legend “no charge” represents the result in charge free space.
The space charge density increases because of the charging of suspended particles. Then it causes the
increase of electric field strength. But the suspended particles contribute a part of the charge density,
and the ion current density does not include the suspended particles. So the ion current density at
ground level decreases.

3.3. Influence of Suspended Particles on Corona Onset Electric Field

The electric field strength around the conductor changes very dramatically, and suspended particles will
be attracted to the conductor surface under the force of polarization. The roughness of the conductor
surface is changed with this. The corona onset electric field will be reduced too. The roughness of the
conductor surface usually varies between 0.4 and 0.6. In this paper, the roughness of the conductor
surface is selected as 4.3 on the condition of suspended particles, and the roughness of the conductor
surface is 5.0 in the clean air [19].

After the influence of suspended particles on corona onset electric field is considered, the corona
onset electric field can be expressed as:

m/

Eé = EEC (25)

where E! is the electric field strength on the conductor surface with the influence of suspended particles.
m’ is the roughness of the conductor surface with the influence of suspended particles. E, is the corona
onset electric field in the clean air. m is the roughness of the conductor surface in the clean air.

As shown in Figures 9(a) and (b), in the case of suspended particles, the corona onset electric
field decreases. It causes the increase of the corona intensity around conductors. Then the ion current
density increases too. The space charge has an effect of increase on the electric field, so the electric field
strength at ground level increases.

120 : : ‘ 6
Particles _ Particles

100 - | T Clean air NE 5 M) === Clean air
~ .I \‘ ........... N har
= N o charge =z
£ ro =
> 80 ! \ 4T
& ! z
% 60 f % 31
E Q
) K =
: [}
134 40 = 2k
Ko} =
Lu ...... U

20 f g 1t

“, —
0 0 ‘ . ‘
-10 5 0 5 10 10 5 0 5 10
x(m) x(m)
(a) (b)

Figure 9. The electric field and ion current density at ground level with the influences of particles on
corona onset electric field only. (a) Electric field, (b) ion current density.
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3.4. Influence of Suspended Particles on Ion Mobility

The ion mobility with the suspended particles in air can be written as follows [20]:
K Mg

26
K Mg + My (26)

where K is the ion mobility in the clean air. K’ is the ion mobility with the suspended particles in the
air. The density of the air is m,, and the density of the suspended particles is m,,. In this paper, m,, is
310 pg/m3.

The density of air is far bigger than the density of suspended particles in air, so as shown in
Figures 10(a) and (b), the influence of suspended particles on the ion mobility is very small. The
decrease of the ion mobility is less than one thousandth of itself. That is to say the ionized field is little
affected by suspended particles via influence on ion mobility.
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Figure 10. The electric field and ion current density at ground level with the influences of particles
on the ion mobility only. (a) Electric field, (b) ion current density.

4. CONCLUSION

In this paper, the ionized field under unipolar HVDC transmission line is calculated by the improved
MLPG method. It can be concluded that the MLPG method used in this paper has a favorable precision
by the verification of coaxial cylinder and unipolar transmission line. On the basis of the calculated
results, the influences of the suspended particles on ionized field are analyzed. The charging model
of suspended particles is established by directly solving the Poisson equation. Then, the effects of
suspended particles on the charge density, corona onset electric field, and ion mobility are analyzed.
The study shows that the presence of charged particles will increase the space charge density, so the
electric field is increased, but the ion current density is thus reduced. The suspended particles will
be attracted on the conductor under the force of polarization. This will increase the roughness of the
conductor surface and decrease the corona onset electric field. After the increase of the corona intensity,
the ion current density and electric field will increase. The influence of suspended particles on the ion
mobility is very small, so the influence of suspended particles on the ion mobility can be neglected in
practical calculation.
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