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Improved Coupled Ion-Flow Field Calculation
Method for AC/DC Hybrid Overhead
Power Lines

Thomas Guillod, Martin Pfeiffer, and Christian M. Franck, Senior Member, IEEE

Abstract—The conversion of multicircuit ac transmission lines
to hybrid ac/dc lines is a promising way of substantially increasing
transmission capacities in areas where it is difficult to obtain
new rights of way. Critical questions related to such a conversion
include the impact on the electric fields and ion currents at the
ground level, as well as the dc current coupling into the ac phases.
In this paper, a new procedure based on the method of character-
istics is proposed for solving the fully coupled ion-flow problem.
The method does not make the Deutsch assumption and is fast
and stable even for high assumed wind speeds. A hybrid tower
is simulated with different voltages and wind speeds. The results
show the influence of the onset gradient, the dc line voltage, and
the wind speed on the current coupling as well as the electric field
and ion current density at the ground level. It is shown that the
new proposed method can serve as the tool for dimensioning real
hybrid towers.

Index Terms—Corona, electric fields, finite-element methods
(FEMs), HVDC transmission lines, hybrid ac/dC transmission
lines, ion current, method of characteristics, wind.

NOMENCLATURE
BC Boundary conditions.
BVP Boundary value problem.
CSM Charge simulation method.
DG-FEM Discontinuous Galerkin FEM.
FEM Finite-element method.
FVM Finite volume method.
ODE Ordinary differential equation.
PDE Partial differential equation.
SUPG Streamline-upwind/Petrov—Galerkin.

[. INTRODUCTION

LTHOUGH the idea of hybrid ac/dc transmission on the
same tower was proposed several decades ago [1], it has
not yet been implemented. For this reason, the simulation of the
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performance of this technology is still a relevant problem. The
impact of ions produced by corona discharges on the electric
field cannot be neglected and, thus, the fully coupled ion-flow
problem needs to be solved.

The electric field and the ion current at the ground are impor-
tant environmental criteria and will likely be subject to regula-
tions. It is well established that the electric field is increased by
space charges [2]. The current coupling created by the ion flow
is also important. An ac ion current can be induced in the dc
poles by the ac electric-field component at the poles and by ions
drifting from the ac wires. But this current is usually smaller
than the displacement current computed from the capacitance
matrix, and the converter station can tolerate small ac compo-
nents. A dc current offset produced by the ions in the ac phases
is much more critical because it could drive transformers into
saturation. The dc offset can be induced by the dec-field compo-
nent at the ac conductors or by the ions drifting from the poles.
It has also been shown that ac conductors placed below dc con-
ductors can act as a shield and reduce the ground-level electric
field at the cost of increased dc current components in the ac
phases [3], [4]. Since certain experimental studies suggest that
the corona onset gradient for rain is smaller for dc conductors
[4], [5] and since the dc field offset at the ac conductors is very
small, the drift of the ions is the dominating cause of the dc cur-
rent offset.

Many different configurations are possible with regard to the
placement of the ac and dc conductors on a hybrid tower (e.g.,
dc at the top of the tower, ac and dc on either sides, etc.). Other
important parameters are the voltages level, the wind speed, and
the assumed corona onset gradient (which is primarily a func-
tion of the weather condition). Therefore, a very fast and stable
simulation method that is able to simulate hundreds of param-
eter permutations without the need for guessing suitable initial
values is required. It has been shown that assuming grounded
ac conductors is a good approximation for calculating the dc
field. This approximation has been investigated through com-
parison with the fully coupled transient solution [4] and through
the analysis of the drift lines [6], [7].

Over the years, different methods have been proposed for
solving the ion-flow problem. The Deutsch assumption that
states that the direction of the electric field is not influenced
by the ions is one of the oldest methods [8], [9]. Even though
the Deutsch assumption has been criticized [10], [11], it is still
frequently used for solving the ion-flow problem [12], [13].
Other methods that have been used are based on the charge
simulation method (CSM) [14].
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Methods based on the finite-element method (FEM) have
also been used [2] for the stationary problem. Recently, the
transient solution for hybrid transmission lines has also been
obtained with FEM [4], [15] and with FVM [16]-[18]. The
FEM requires a stabilization method for the flow problem (dis-
continuous Galerkin (DG-FEM), SUPG, etc.). Furthermore,
slow ramp up of the voltage is necessary [4]. The computation
time and stability of the problem with an external velocity field
(wind) are also very problematic [19].

In this paper, a new algorithm based on the method of charac-
teristics is presented for solving the stationary ion flow of hybrid
lines. The method can be compared to the flux tracing method
presented by Maruvada [9], but it does not make the Deutsch
assumption (fully coupled) and can handle the bipolar problem
with wind. After the presentation of the ion-flow problem, the
numerical method is presented and compared to the fully cou-
pled DG-FEM and to the Deutsch method for a reduced-scale
problem. Finally, the fields at the ground level and current cou-
pling are examined for a full-scale tower for different voltages,
onset gradients, and wind speeds.

II. BIPOLAR ION-FLOW FIELD

A. Equations

The ion-flow problem can be expressed with partial differ-
ential equations [4], [9]. The relation between the positive and
negative space-charge densities p™ and p~ and the electric po-
tential ¢ is determined by Poisson’s equation
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The ion current depends on the mobility of the ions
in the electric field (vt = 1.2 x 10~* m2?/(V -s) and
p~ = 1.5x10"* m?/(V -)), the external velocity field (for
example, wind) v, and on the space-charge density. The total
velocity is abbreviated as 8+
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The total current is j = j= — j since the defined current is
the flow current and not the electrical current. The charge con-
servation applies (with recombination between the positive and
negative ions) leading to the ion current continuity equations

Veijt=——a——=-ptp" 3)

where 2 = 1.8 x 10 ~!2 m?3 /s is the chosen recombination coef-
ficient and e is the electron charge. Equations (1)—(3) specify the
fully coupled ion-flow problem under some common assump-
tions as follows.
» The discrete ions are replaced with space-charge densities.
» The ionization layer is neglected, only the drift region is
considered. This can be done because the thickness of the
ionization layer is very small and depends heavily on the
local surface condition.

* The diffusion is neglected, and the ion mobilities are ac-
cepted to be constant. From the Einstein relation [20], the
diffusion coefficient is small with respect to the mobility:
D/ = 0.0253 V (at 293 K). The diffusion can be ne-
glected if D/p <V where V is the applied voltage (1-D
case). This condition is clearly respected for an overhead
line. Equations (2) and (3) then represent a pure transport
problem.

B. Boundary Conditions

The obtained system of equations is a third-order nonlinear
PDE. Poisson’s equation is elliptic, and the transport equation
is hyperbolic and, thus, a careful choice of the boundary condi-
tions is necessary. For Poisson’s equations, the conductor volt-
ages and the ground potential are fixed. An artificial bounding
box is added for the solution with Neumann or Dirichlet con-
straints. This bounding box is mapped to infinity with a coordi-
nate transformation.

For the transport problem, the boundary condition can be
set for the electric field or for the charge density at the con-
ductor’s boundaries. Atten has shown [21] that setting the BC
on the electric field can lead to significant problems. The authors
also observed that totally unphysical solutions can be found that
almost respect the BC on the electric field, meaning that the
problem is numerically unstable. For these reasons, the con-
dition of the charge density should be used for the drift PDE.
Nonreflecting boundary conditions are required; otherwise, the
problem is overdetermined. For a domain 2, the following BCs
are set:
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where n is the normal vector (point outside the domain from the
boundary). The value pfc is imposed as a BC. Since there are
no discharges at the artificial bounding box (and at the ground),
the charge is always zero at the boundary 0€2.y.

However, it is very difficult to choose the charge density at
the conductor boundary so that the results are predictable. For
this reason, the onset gradient is chosen with an initial guess
for the charge density. Afterwards, the charge density values
in return are determined iteratively so that a conductor surface
gradient equivalent to the corona onset gradient is obtained (cf.
Section III-E). The overall boundary condition for the charge
injection at the conductor is thus the onset gradient.

III. ITERATIVE METHOD OF CHARACTERISTICS

A. Method Presentation

The proposed method, called the iterative method of charac-
teristics (IMoC), follows the same philosophy as the flux tracing
method presented by Maruvada [9], [12], [22]. The key advan-
tage of the proposed procedure is that the Deutsch assumption
is not necessary. The direction of the electric field is influenced
by the ions. An iterative method has been proposed in [23] by
Davis and Hoburg. This method combines FEM for solving the
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Fig. 1. Flow diagram for the iterative method of characteristics.

Poisson equation and the method of characteristics for solving
the flow problem but has several limitations:

* not adapted for setting the boundary conditions required
for the corona discharges;

+ restricted to the unipolar ion-flow field; for a bipolar line,
the method can only be used to compute the space-charge
density at the ground level; the method is an approximation
since the discharges between the poles are neglected and
the field lines are not exact;

+ the current coupling cannot be extracted (unipolar flow
field).

The IMoC method can handle the fully coupled bipolar
ion-flow problem for overhead lines. In addition, an external
velocity field can be added for handling the impact of wind.
The only limitation of the IMoC implementation is the fact
that it only works for stationary problems. However, there are
no fundamental barriers for a transient implementation in the
future.

The basic idea of IMoC is to iterate between the Poisson and
the ion-flow equations. The simplified flow diagram is summa-
rized in Fig. 1 as follows.

1) At the beginning, the positive and negative space-charge
densities are set to zero. Then, Laplace’s equation is solved
with FEM (or with any other method).

2) A certain number of characteristic lines (drift lines or flux
lines) are extracted so that the complete domain is covered.
This can be seen like a meshing with lines (the mesh is done
in the direction of the transport).

3) The charge density at the boundaries of the conductors [see
(4)] is chosen with respect to the chosen corona model.

4) The ion-flow problem is solved on the obtained charac-
teristic lines, leading to a solution of the charge distribu-
tion with respect to the considered electric field. But at this
point, the back coupling of the charge distribution on the

electric field (Laplace field) is not considered, such that the
solution is not exact.

5) The space-charge densities (known on the characteristic
lines) are interpolated on the FEM mesh. The Poisson’s
equation (and no longer the Laplace) is solved with the
same BC as the Laplace’s equation. After the FEM solution
process, the new characteristic lines can be extracted.

6) The procedure is repeated until convergence is reached
(based on comparing the deviation between two iterations).
If the solution remains stable between two iterations, it
means that the solution of the ion flow obtained with the
method of characteristics does not only respect the conti-
nuity equations but also Poisson’s equation.

B. Method of Characteristics

The electric field, velocity field, and the BC for the charge
density on the line are known, and the charge density along the
line needs to be solved. For solving the transport problem, the
flux lines are classified into three different categories as follows.

1) Unipolar lines without wind. Such a line starts at the
boundary of a conductor. The end of the lines can be at the
ground plane or at the artificial bounding box. Since the
ions are drifting along the characteristics, only one polarity
is present on these lines: the polarity of the discharges that
can occur at the conductor.

2) Bipolar lines without wind. The lines start and end at two
conductors of different polarities. Therefore, positive ions
can be created by one conductor and negative ions by the
other.

3) Lines with wind. The case with wind should be treated
separately. This comes from the fact that the drift lines
are not the same for both polarities due to different ions’
mobilities and drift directions [see (2)]. Even for a bipolar
region, the problem should be solved separately for the
positive and negative ions (with recombination). Then, all
of the characteristics are solved for one polarity line even
if the region contains both polarities.

C. Case With Wind

Here, the case of the lines with wind is presented (the other
types of lines are special cases of this category). The divergence

of total velocity can be written as (from (2) and (3))
R _
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Splitting the divergence operator yields
pr(V-BT) +

If the wind is curl free, the divergence of the velocity field
can be written with (1)
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If the equation is solved along the flux lines, then the scalar
product with the velocity field can be replaced and the following
ODE is derived:

dp* L wE(pT =) R .
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dy (1
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This ODE can be expressed explicitly and a vectorial solver
can be used
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After a coefficient matching the following parameters can be
obtained for the ion-flow problem
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The problem is that the negative charge density has an im-
pact on the ODE for the positive charge density. Since corona
discharges can occur at both ends of a characteristic line, a
boundary value problem (BVP) needs to be solved. In [22], it
has been shown that such nonlinear BVPs are complex to solve
without very good initial values. Therefore, an iterative method
is proposed and illustrated with a flowchart in Fig. 2. The flow-
chart corresponds to the particular block that solves the method
of characteristics in Fig. 1.

The idea is to solve the positive and negative ion flow sepa-
rately and to iterate between the polarities. As the initial values,
the charge concentrations of the previous iteration are taken (the
values used for Poisson’s equation). The positive lines (along
f87) are solved with the corresponding ODE from the BC to the
other end of the lines. The same procedure is applied to the neg-
ative lines (along 87). After that, the positive charge density is
known on the positive lines and the negative density along the
lines of B~ . The values are interpolated on the lines with the
other polarity, and the iteration is repeated until convergence.

D. Case Without Wind

Without wind, the computation is easier since the drift lines
are the same for the positive and negative ions (along the electric
field). For a unipolar line, the ODE with the corresponding BC
is an initial value problem, so that (9) can be directly evaluated.
For the bipolar lines, again a BVP needs to be solved. The same
iterative procedure is applied as before. But the iterations can be
done separately for all of the lines (no interpolation is required).
The computational cost for the case without an external velocity
field is lower compared to that with an external field.

/ﬁd from the previous iteration (value used for the )
Poisson equation) interpolated on the characteric lines

poa interpolated on the positive lines 3 g

/)(Eld interpolated on the negative lines 8~

—P{ For all the characteristic linesl
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true

pt interpolated on the negative lines 8~

update charges p¥oiq = p*

Fig. 2. Flow diagram for the method of characteristics for the case with wind.

E. Choice of the Charge at the Conductor

The boundary condition from (4) is determined by the choice
of the corona discharge model. A commonly used model [9],
[17], [22] based on the onset gradient E,,, is employed. The
charge density can be computed from a first- or a second-order
method (secant) on 2.onductor

. 1 + E'i,fl - Eon (13 )

Pi = Pi—1 Ei 1+ By, a
Eon - Ei—l

i = Pi— ——— " (Pi—1 — Pi—2). 13b

pi=piit g —p— (pi-1 = pi-2).  (13b)

The method is applied between the iteration of the IMoC. The
first-order method is very stable and is used for the first itera-
tions and afterwards the secant method is used. Local averaging
is used to tolerate small violations of the onset gradient as was
done in [4]. This is done to avoid the ill-conditioned problem
with the BC on the electric field and for avoiding an unphysical
distribution of the charge at the boundary (discharges at only
one point around the conductor). The wires are taken as perfect
cylinders (not stranded) because the local surface condition is
not known and because the onset gradient is taken from mea-
surements. The effect of the stranded conductors is thus incor-
porated in the chosen onset value.

F. Advantages of the Method

The first advantage of the IMoC is that the Deutsch assump-
tion is waived and the fully coupled problem is solved. The al-
gorithm is very stable even for the case of high ion densities
without an initial guess. This is not the case for the Deutsch
method [22] or with FEM [4] where a slow ramping of the
model is required. For the full FEM method, the presence of
wind poses many stability problems [19]. The proposed method
remains very stable with high wind speeds. Furthermore, the
method is mesh free (for the flow problem). The problem of
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Fig. 3. Geometry of the used small-scale (a) and full-scale (b) configurations.
The radius of the conductors is 13.8 mm for both models.

needing a fine mesh in regions where high space charge gradi-
ents occur is solved automatically by the presence of many field
lines in this domain. Since the ODE integration can be vector-
ized, the solution process for the flux lines can be parallelized,
and the computational cost of the method is rather low.

The method is iterative; thus, it is possible to carry out pa-
rameter variation studies very quickly, the last iteration of the
previous configuration is taken as the first iteration of the next
one. The last important feature of the method is that the problem
is solved in the drift direction, giving a direct and valuable in-
sight into the physical interpretation of the results.

IV. VALIDATION CASE

The proposed procedure has been validated with different ex-
isting methods (Deutsch approximation and fully coupled FEM)
for reduced scale configurations. The Deutsch method has been
used as presented in [9]. The FEM solution has been obtained
from a DG-FEM and SUPG formulations. A bipolar reduced-
scale model with bundled conductors has been simulated. The
geometry is shown in Fig. 3(a). Fences have been added for pro-
viding a confinement to the ion-flow problem to show that the
IMoC method can handle arbitrary geometries. The voltage of
the conductors is £150 kV and the onset gradient is 10 kV/cm.
The onset gradient was chosen with respect to the saturated
corona model [5]. But the choice of the onset gradient is not
critical since the goal is to compare the results with the Deutsch
assumption, DG-FEM, and IMoC.

The same corona model is used for all of the methods so
that the same charge density is applied at the boundary of the
conductors [see (13)]. This choice has been made in order to
compare the numerical method for solving the PDE and not the
corona model.

The electric field, ion density, and current at the ground level
are shown in Fig. 4. One can see that the electric field with the
space charges is about three times bigger than the Laplace elec-
tric field. The bundle conductor (positive polarity) does not have
a clear impact on the electric field for the fully coupled solutions
but is visible for the Deutsch method. This comes directly from
the fact that this method uses the Laplace field lines without
any dependence between the different lines. The glitch is ob-
served at the point where the field lines starting for the ground
are going to the second wire consisting of the bundle. The po-
sition where the electric field is zero (change between the two
polarities) is also shifted between the fully coupled solutions
and the Deutsch/Laplace fields. The field lines of the fully cou-
pled problem are shifted by the space-charge density such that

E [kV/m]

U{ 0 : —— Laplace ——
3 | —— Deutsch
= el / 3 MoC
~—_ s bundle effect IMoC
1 e Vi --- DG-FEM
-1.5 -1 —-0.5 0 0.5 1 1.5

g [,uA/mz]

Fig. 4. Comparison between Deutsch assumption, IMoC and DG-FEM for the
validation case.

the field lines are mostly bipolar and are not going toward the
ground.

For the ion density, the agreement between the Deutsch ap-
proximation and the fully coupled solution is very good. Once
again, the effect of the bundle is larger for the Deutsch method
and there is a shift of the polarity inversion. For the fully coupled
solutions, a very small inflexion due to the bundle can be seen.
For the current density, the effects seen for the electric field and
the space-charge density are multiplied.

No significant difference can be seen between the IMoC and
the DG-FEM solutions, demonstrating the validity of the pro-
posed method. The Deutsch approximation is mostly correct
except for the representation of the bundle impact and the tran-
sition location between the positive and negative polarity. The
current at the boundary of the conductor deviates significantly
(maximum deviation of about 50%) from the fully coupled solu-
tion and the Deutsch approximation, implying that the Deutsch
method is inaccurate for computing the current coupling in the
wires. For other reduced-scale geometries (unipolar), a devia-
tion of 50% has also been observed for the maximal ion current
density at ground level with the Deutsch approximation.

V. FULL-SCALE HYBRID MODELS

A. Model Parameters

The standard double-circuit towers of the Swiss transmission
grid are used as a basis for the full-scale model. One ac system
has been replaced with dc. The resulting geometry can be seen
in Fig. 3(b). The ac and dc system are placed at either sides of
the tower. The placement of the positive, negative, and neutral
conductor has been chosen arbitrarily. The presented configu-
ration should, in theory, lead to lower ground level ion current
densities due to lower positive ion mobility and a higher positive
onset gradient. From other perspectives, such as audible noise,
radio interference, and lightning flashover, it would, however,
be more favorable to place the positive pole on top. Unless oth-
erwise mentioned, the nominal dc voltage has been chosen as
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4400 kV and the onset gradient as 10 kV/cm. This value corre-
sponds to a low value for the rainy condition [5].

B. Variation of Voltage and of the Onset Gradient

The voltage level of the dc poles was varied between the
corona onset value (about 155 kV) up to £530 kV. Simula-
tions were carried out for three different onset gradients (6, 10,
and 14 kV/cm). The lowest onset gradient corresponds to the
50% corona saturation for rainy or foggy conditions [5] and can
be considered as a worst case. The highest value could be con-
sidered as a conservative value for fair weather [24], [25].

In Fig. 5, the maximal value of the electric field and ion cur-
rent density at the ground level is shown for different voltage
levels. As a comparison, the Laplace field is also shown. One
can see that the increase of the electric field due to space charges
is critical (factor 4). At £400 kV, the electric field is about 40
kV/m. As a first approximation, it can be stated that the increase
of the electric field is linearly dependent on the voltage level and
that the impact of the onset gradient is not very large, particu-
larly at high voltages.

The ion current at the ground level does not scale linearly with
the voltage. If a limit of 100 nA/m? is taken [25], the maximum
voltage level is about 400 kV.

The onset gradient is important for determining the maximum
possible voltage. The results at the ground level show that it will
be difficult to choose a dc voltage greater than +400 kV for the
conversion of the existing ac tower to the hybrid tower.

Fig. 6 represents the corona current of the dc bundles (corona
losses). The currents from the positive pole are larger although
the mobility of positive ions is smaller. The positive pole is
placed near the ground and, thus, the electric field stress is
larger. For the lowest onset gradient, the corona losses of both
poles at £400 kV are about 6.3 kW/km.

For hybrid overhead lines, the dc current coupling in the ac
phases is a very important parameter because a dc offset can
drive a transformer into saturation. As shown in Fig. 7, the cur-
rent in the phases is much smaller than the current in the poles
because a large part of the current is flowing between the poles,
toward the ground, or disappears through recombination. The
coupling is very high for phase T because the distance between
the negative pole and the phase is small and because the cur-
rent does not go to the ground. Another contributing factor is
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the higher mobility of negative ions. In phase S, the coupling is
about 10 times smaller because the poles are located far away.
The total current coupling in the phase T is 40 mA for a 100-km
line which represents the maximum length in Switzerland (at a
voltage of 2400 kV). A dc offset of this magnitude is unlikely to
be problematic for the transformers. The influence of the onset
voltage on the current coupling increases with voltage.

C. Variation of the Wind Speed

The wind speed is an important parameter for the ion-flow
field because it is far away from the conductors vgas > [l,:t .
E, implying that the drift due to the wind is dominating [25].
With FEM, high wind speeds can lead to stability problems [19]
while the IMoC method remains stable with wind. A complete
analysis of a range of wind speeds has been done for the field at
the ground level and for the current coupling in the phases. The
wind speed was varied between —4 and 4 m/s (x component).
The resulting electric field and ion current density profiles are
shown in Fig. 8.

The dashed black curves represent the case without wind. The
maximum of the curves with zero wind speed coincides with the
position of the positive pole. The curves are rather symmetric
but near z = —26.5 m, and the electric field and the ion current
are zero. This point corresponds to the transition between the
two polarities (as in Fig. 4 for the reduced-scale model). At the
left side, far away from the tower, the field lines at the ground
level are going to the negative pole placed at the top of the tower.
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Fig. 8. Electric field and ion current density profiles at the ground for different
wind speeds (the dashed black curves are the curves without wind).

But this effect has no practical meaning since the fields are very
small in this region.

The maximum value of the electric field does not vary signif-
icantly with wind speed. It decreases slightly for nonzero wind.
With wind, the ions are pushed away from the axis of the pole.
Consequently, the field enhancement due to the ions is shifted
with respect to the maximum of the Laplace field, which is lo-
cated below the pole. The electric field is enhanced in the direc-
tion of the wind. The size of the corridor where the field is larger
than 5 kV/mis (—13.8,31.4) m without wind. With the consid-
ered wind, the size is (—38.3,53.7) m. The asymmetry of the
corridor can be explained by the position of the poles at the right
side of the tower and by the shielding effect of the phases at the
left side.

The ion current at the ground level is strongly influenced by
the wind. The ions are pushed in the direction of the wind. Do-
mains exist at the ground level where the current is zero. This
phenomenon can only occur with wind; otherwise, a field line
starting at the ground level should end at a wire. In comparison
to the electric field, the displacement of the maximum is larger
for the ion current density and the value of the maximum is also
increased by the wind. This can be seen in (9) where increased
velocity (due to the increased electric field and to the wind it-
self) implies a larger space-charge density and, thus, a greater
ion current. The peak of the current is slightly larger for wind
in the positive direction because the phases do not shield the
ground. Another important effect of the wind is that the width
of the corridor where high ion currents occur is dramatically in-
creased.

If a negative y component is added to the wind, the electric
field and the current at the ground level are significantly higher.
This acts as an increased ion speed toward the ground and, thus,
larger current. Due to the backcoupling of the problem, the elec-
tric field is also increased.

With a laminar flow, a y component of the wind is, strictly
speaking, not possible. But this case is still interesting for a
coarse examination of the sensitivity of the solution for different
wind conditions. Vertical wind flow is possible in corridors with
extreme topography (as in Switzerland) or if buildings are lo-
cated near the overhead line.
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Fig. 9. Corona current coupling in the phases depending on the wind speed.
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Fig. 10. Positive ion current j© with v, = —2 m/s. A logarithmic scale has

been used with a minimal value of 1 fA/m?.

The current coupling in the ac phases is also strongly influ-
enced by wind as shown in Fig. 9. The upper plot shows the
coupling in the phases for different wind speeds. The current
coupling is increased by 170% in the phase T. Near the max-
imum speed of —4 m/s, the beginning of current saturation can
be seen. For wind in the positive direction, the coupling is re-
duced to zero.

A y component has been added to the wind speed, and the
coupling in the phase S has been examined (second plot in
Fig. 9). Such wind is possible locally between the conductors
and can totally change the dc offset. At the conductor surface,
the drift due to the electric field is dominating compared to the
wind. For example, an electric field pointing in the exterior
direction implies that only negative ions can reach this phase
independently of the wind speed. The coupling is reduced with
positive ¥ wind speed because the ions from the positive pole
are attracted by the ground and the ions from the negative
pole are pushed away from phase S. With a negative v, the
coupling is increased because the negative ions are drifting in
the direction of phase S. It can be concluded that the coupling
is very sensitive to local wind variation, particularly for the
phases placed far away from the poles because the electric field
is smaller and because the longest drift lines are more sensitive
to deviations (phase S in the chosen configuration).

The phenomena explained before can be seen in Fig. 10 where
the positive current jT is shown with a wind speed of —2 m/s
in the = direction. The discharges are mostly located in the di-
rection of the negative pole, the neutral conductor, and to the
ground. Only a small part of the current flows to the ground and



to the phases. The zone where the current is zero at the ground
can also be observed as a consequence of the wind.

It is also clear that the positive ions cannot reach phase S,
creating a zone without positive ions. There, the impact of the
wind is particularly important. Beyond phase R, the current is
reduced, showing the shielding effect of the phase with respect
to the dc corona. If the wind is flowing with a negative y com-
ponent, a discontinuous current profile can be observed at the
ground level because the ions should travel through the phases.
But the impact of the phase shielding at the ground level is
very local and does not change the general shape of the current
profile.

VI. CONCLUSION

A. Numerical Method

The presented IMoC method has been shown to be valid
for the bipolar ion-flow problem with and without wind.
The solution has been successfully compared with the
well-known DG-FEM method. As stated in [4], the hybrid
ion-flow problem can be reduced to the dc problem as an
acceptable approximation.

The numerical method is stable for all considered param-
eter variations, including arbitrary wind speeds, and does
not require an initial guess. The algorithm enbales direct
physical interpretation of the results since the problem is
solved along the characteristic lines. The IMoC is a fast
method, allowing the computation of different configura-
tions and parameter sweeps. On a standard desktop com-
puter (Intel Core i17), the computation time is less than 10
min with very fine discretization.

B. Hybrid Overhead Line

A standard double-circuit overhead line can be converted
to a hybrid line with a reasonable dc current coupling in the
ac phases (about 400 p2A/km). The corona losses at the dc
poles appear to be in the typical range for HVDC lines [5].
At a dc voltage of £400 kV, the maximum ground-level
electric field is about 36-43 kV/m and the ion current den-
sity is about 89—-131 nA/m?, depending on the assumed
onset gradient. The electric-field scales are almost linear
with the chosen voltage with a much steeper slope than the
Laplace field.

The coupling is strongly dependent on the wind speed and
direction. At the ground level, the effect of the wind en-
larges considerably the size of the required corridor. It can
be concluded that the external velocity field cannot be ne-
glected for the computation of ac/dc lines.

ACKNOWLEDGMENT

The authors would like to thank Swissgrid (the swiss TSO)
for providing the data of a typical tower geometry.

REFERENCES

[1] V. Chartier, S. Sarkinen, R. Stearns, and A. L. Burns, “Investigation
of corona and field effects of AC/DC hybrid transmission lines,” /EEE
Trans. Power App. Syst., vol. PAS-100, no. 1, pp. 72-80, Jan. 1981.

[2] T. Takuma, T. Ikeda, and T. Kawamoto, “Calculation of ion flow
fields of HVDC transmission lines by the finite element method,”
IEEE Trans. Power App. Syst., vol. PAS-100, no. 12, pp. 4802-4810,
Dec. 1981.

[3] X. Zhou, X. Cui, T. Lu, Y. Liu, X. Li, J. He, R. Bai, and Y. Zhen,
“Shielding effect of HVAC transmission lines on the ion-flow field of
HVDC transmission lines,” IEEE Trans. Power Del., vol. 28, no. 2, pp.
1094-1102, Apr. 2013.

[4] U. Straumann and C. Franck, “Ion-flow field calculations of AC/DC
hybrid transmission lines,” IEEE Trans. Power Del., vol. 28, no. 1, pp.
294-302, Jan. 2013.

[5] High Voltage Transmission Research Center (U.S.) and Electric Power
Research Institute, HVDC Transmission Line Reference Book , 1993,
EPRI rep.

[6] P. Maruvada and S. Drogi, “Field and ion interactions of hybrid
AC/DC transmission lines,” IEEE Trans. Power Del., vol. 3, no. 3, pp.
1165-1172, Jul. 1988.

[7] Dept. Elect. Eng., Ohio State Univ. and General Electric Co. and Elec-
tric Power Research Institute, “Hybrid tower study,” EPRI TR-103598,
1994.

[8] W. Deutsch, “Uber die Dichteverteilung unipolarer Ionenstréme,” An-
nalen der Physik, vol. 408, no. 5, pp. 588-612, 1933.

[9] M. Sarma and W. Janischewskyj, “Analysis of corona losses on DC
transmission lines: I — Unipolar lines,” IEEE Trans. Power App. Syst.,
vol. PAS-88, no. 5, pp. 718-731, May 1969.

[10] V. Amoruso and F. Lattarulo, “Investigation on the Deutsch assump-

tion: Experiment and theory,” Proc. Inst. Elect. Eng., Sci., Meas.
Technol., vol. 143, no. 5, pp. 334-339, Sep. 1996.

[11] J. Jones and M. Davies, “A critique of the Deutsch assumption,” J.

Phys. D: Appl. Phys., vol. 25, no. 12, p. 1749, 1992.

[12] P. Maruvada, “Electric field and ion current environment of HVdc

transmission lines: Comparison of calculations and measurements,”
IEEE Trans. Power Del., vol. 27, no. 1, pp. 401-410, Jan. 2012.

[13] X. Li, X. Cui, Y. Zhen, T. Lu, Z. Luo, C. Fang, and X. Zhou, “The

ionized fields and the ion current on a human model under 800-kV
HVDC transmission lines,” IEEE Trans. Power Del., vol. 27, no. 4,
pp. 2141-2149, Oct. 2012.

[14] M. Abdel-Salam and S. Abdel-Sattar, “Calculation of corona V-I char-

acteristics of monopolar bundles using the charge simulation method,”
IEEE Trans. Elect. Insul., vol. 24, no. 4, pp. 669—679, Aug. 1989.

[15] W. Li, B. Zhang, J. He, R. Zeng, X. Li, and Q. Wang, “Calculation

of the ion flow field of AC-DC hybrid transmission lines,” IET Gen.,
Transm. Distrib., vol. 3, no. 10, pp. 911-918, Oct. 2009.

[16] H. Yin, B. Zhang, J. He, R. Zeng, and R. Li, “Time-domain finite

volume method for ion-flow field analysis of bipolar high-voltage di-
rect current transmission lines,” IET Gen., Transm. Distrib., vol. 6, no.
8, pp. 785791, Aug. 2012.

[17] H. Yin, J. He, B. Zhang, and R. Zeng, “Finite volume-based approach

for the hybrid ion-flow field of UHVAC and UHVDC transmis-
sion lines in parallel,” IEEE Trans. Power Del., vol. 26, no. 4, pp.
2809-2820, Oct. 2011.

[18] X. Zhou, X. Cui, T. Lu, Y. Zhen, and Z. Luo, “A time-efficient method

for the simulation of ion flow field of the AC-DC hybrid transmission
lines,” [EEE Trans. Magn., vol. 48, no. 2, pp. 731-734, Feb. 2012.

[19] X. Li, “Numerical analysis of ionized fields associated with HVDC

transmission lines including effect of wind,” Ph.D. dissertation, Dept.
Elect. Comput. Eng., Univ. of Manitoba, Winnipeg, MB, Canada,
1998.

[20] P. Maruvada, Corona Performance of High-Voltage Transmission

Lines, ser. Electron. Elect. Eng. Res. Studies: High-Voltage Power
transmission series. U.K.: Research Studies Press, 2000.

[21] P. Atten, “Etude mathématique du probléme du champélectrique

affecté par un flux permanent d’ions unipolaires et application a la
théorie de la sonde froide,” Ph.D. dissertation, Institut d’Informa-
tique et de Mathématiques Appliquées, Université Joseph-Fourier —
Grenoble, Grenoble, France, Nov. 1969.

[22] M. Sarma and W. Janischewskyj, “Analysis of corona losses on DC

transmission lines part II — bipolar lines,” IEEE Trans. Power App.
Syst., vol. PAS-88, no. 10, pp. 1476-1491, Oct. 1969.

[23] J. Davis and J. Hoburg, “HVDC transmission line computations using

finite element and characteristics method,” J. Electrostat., vol. 18, no.
1, pp. 1-22, 1986.

[24] G. Johnson, “Degree of corona saturation for HVDC transmission

lines,” IEEE Trans. Power Del., vol. 5, no. 2, pp. 695-707, Apr. 1990.

[25] T. Lu, H. Feng, X. Cui, Z. Zhao, and L. Li, “Analysis of the ionized

field under HVDC transmission lines in the presence of wind based on
upstream finite element method,” IEEE Trans. Magn., vol. 46, no. 8,
pp. 2939-2942, Aug. 2010.



Thomas Guillod was born in Neuchatel District,
Switzerland, in 1989. He received the M.Sc. degree
in electrical engineering and information technology
from ETH Zurich, Zurich, Switzerland, in 2013, with
a focus on power electronics, numerical analysis,
and field theory.

In 2013, he joined the Power Electronic Systems
Laboratory, ETH Zurich, as a Ph.D. student. His main
research interests are numerical methods for PDE and
ODE and properties of insulating materials.

Martin Pfeiffer was born in Cotonou, Benin, in
1986. He received the M.Eng. degree in engineering
and business finance from University College
London, UK., in 2008 and the M.Sc. degree in
energy science and technology from ETH Zurich,
Zurich, Switzerland, in 2012.

In 2012, he joined the High Voltage Laboratory at
ETH Zurich as a Ph.D. student. His main research
topics are corona effects on HVDC overhead lines
and their impact on potential hybrid ac/dc transmis-
sion systems.

GUILLOD et al.: IMPROVED COUPLED ION-FLOW FIELD CALCULATION METHOD FOR AC/DC HYBRID OVERHEAD POWER LINES 2501

Christian M. Franck (M’04-SM’11) received the
Ph.D. degree in physics from the University of Greif-
swald, Greifswald, Germany, in 2003.

He was with the Swiss corporate research center
of ABB from 2003 to 2009 as a Scientist and Group
Leader for gas circuit breakers and high-voltage sys-
tems. Currently, he is Assistant Professor for High
Voltage Technology at the Swiss Federal Institute of
Technology (ETH), Zurich, Switzerland.



