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Abstract: High-voltage direct current (HVDC) links are starting to become widely implemented
thanks to their interesting advantages such as reduced operation losses, the absence of reactive
power, which allows energy transport via underground cables over long distances, and improved
power control. The latter advantage is very essential for renewable energy resource integration into
power grids. However, a thorough understanding of the behavior of insulation systems for HVDC
components is critical so as to ensure a more reliable service. Indeed, the existence of the direct
current (DC) voltage in HVDC components may induce surface and space charge accumulation that
can stress insulation further or even promote discharge inception and propagation. As such, this
work focuses on showcasing the effect of surface charge on streamers that develop on the interface
of liquid–solid insulation due to the advent of lightning impulse (LI) voltage in the HVDC link.
This study was performed using finite-element-based numerical simulations that include a quasi-
electrostatic model for surface charge accumulation and an electrohydrodynamic fluid model for
streamer initiation and propagation. The geometry used was point–plane configuration where the
high voltage is applied to the needle electrode located above the liquid–solid interface. The obtained
results suggest that streamer initiation is affected by both the accumulated surface charge density and
polarity. For a positive streamer, an accumulation of positive surface charge increases the discharge
inception voltage as a result of a weakening in the electric field, while an accumulation of negative
surface charge decreases the discharge inception voltage due to an intensification in the electric
field. Moreover, streamer travel distance and velocity are also both shown to be affected by surface
charge accumulation.

Keywords: HVDC; converter transformer; lightning impulse; streamer; partial discharge; surface
charge; streamer velocity; streamer travel distance; polarity reversal; numerical simulation

1. Introduction

The energy transition aiming to replace fossil-based sources to renewable energy
ones [1] is beginning to take place in several parts of the world. Integrating these renewable
energy sources into existing grids can be challenging as they can be located in remote areas
and experience intermittencies. The use of high-voltage direct current (HVDC) transmission
systems is one way to curb these obstacles. On one hand, since energy transmission in
HVDC links is performed using direct current (DC) voltage, line cost and transmission
losses are reduced, which offers great cost savings, especially for long distance links [2–4].
On the other hand, they provide improved power controllability for a much more efficient
management of mixed energy sources, including renewables [5–7].

In HVDC transmission systems, converters are used to convert AC to DC and vice-
versa at the transmitting and receiving ends, respectively. At each end, a HVDC converter
transformer is used to adapt the voltage for DC transmission. The operating voltages of
HVDC links can reach up to 800 kV [8]. Increasing operating voltage allows the transmission
of energy over long distances while ensuring low energy losses [9]. Needless to say, such
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high voltage amplitudes require the use of suitable insulation systems. Furthermore, HVDC
converter transformers are located between the AC line and the power converters, which
results in the generation of a combination of DC and AC voltages in the valve-side of the
windings, in addition to harmonics [10]. Thus, the risk of insulation faults increases due to
this voltage distortion [11], which is also aggravated by space charge and surface charge
accumulation [12,13].

Mineral oil and impregnated cellulose-based paper have been used as insulation mate-
rials in HVDC converter transformers and bushings for several decades [14]. Pressboard is
arranged in barriers directed perpendicularly to the electric field and conducts of mineral
oil are located between these barriers [15]. The use of this combination of liquid and
solid insulation in high-voltage transformers allows benefitting from the characteristics
of both phases in addition to their insulation proprieties. Liquid insulation has the ad-
vantage of dissipating heat by convection and of adapting to any geometry. As for the
solid insulation, it is used as a mechanical support for the conductors and the windings of
the transformer [16].

Compared with conventional AC transformers, the insulation of HVDC converter
transformers and their bushings requires more solid insulation that has a greater thick-
ness [14,15]. This is due to the fact that the steady-state electric field is mainly concentrated
in the material that has the greatest resistivity, i.e., solid insulation, especially knowing that
the resistivity of impregnated pressboard can reach an order of magnitude of several tens
or over one hundred times greater than that of mineral oil [17]. However, the design of
the insulation of HVDC transformers must also take into consideration the sizing of the
mineral oil conducts, which will undergo a greater electric field than in the pressboard
barriers during voltage variations, particularly during polarity reversals [18].

Streamers are ionized filamentary discharges that can be generated when the electric
field exceeds the dielectric strength of a dielectric material [19,20]. When at least one of
these filaments manages to propagate from one electrode to another, an electric arc will
be created in most cases [21]. The main mechanisms responsible for the formation of
streamers in liquid dielectrics have been extensively studied, but many aspects are still
unclear [20,21].

The structure of streamers depends strongly on several parameters such as the charac-
teristics of the liquid, the polarity of the applied voltage, the geometry of the electrodes, the
pressure of the liquid and the nature of the additives [22–24]. For example, a filamentary
structure is seen in the case of a positive polarity, and a bushy one when the polarity is
negative [20]. A difference in velocity is also observed when the amplitude of the applied
voltage and the polarity change. Indeed, it has been found experimentally that there are
four propagation modes ranging from about 100 m/s up to 100 km/s with obvious transi-
tions between each mode. A transition that is accompanied by a change in the structure
of the streamer, in the shape of the current and in the light transmitted, suggesting that
different mechanisms are involved in each mode of propagation [23].

In gases, it has been established that the mechanism resulting in the appearance of
streamers is the mechanism of impact ionization [19]. However, in liquids, other non-
electronic processes such as the generation of gas bubbles have also been observed. This
gave rise to two theories explaining the source triggering streamers, which are the bubble
theory and the electron ionization theory [19,20,22]. The bubble theory suggests that
streamers develop inside a gaseous region. This region constitutes a weak point in the liquid
where an electronic avalanche can take place that will elongate the gaseous bubble until a
breakdown ensues [25]. As for the electronic ionization theory, streamers take place in the
liquid, which does not undergo any phase change [20]. Thus, for streamer initiation, the
question that arises concerns the phase of the region where the initial electronic avalanche
takes place. Some experiments performed under impulse voltage in negative polarity [26]
and others in well-purified liquids under DC voltage [27,28] have highlighted the presence
of an initial electron avalanche in the liquid. In addition, other experiments have found
that the variation of the onset voltage of the discharges with respect to the pressure is
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negligible in negative polarity and small in positive polarity [29]. This shows that the
initiation of streamers mainly depends on the ionization processes in the liquid, while the
formation of bubbles is only a secondary process [23]. These bubbles can be generated
either by the vaporization of the liquid thanks to the heating caused by the Joule effect or the
electrostriction effect. However, the latter is only confirmed for liquids of high permittivity
such as water [23,30]. Regarding the propagation of streamers, several experimental results
favor the bubble theory [20] since a dependence of the stopping length of streamers on the
variation in the liquid pressure has been observed in experiments [25,30]. Nevertheless, the
generation of electron avalanches purely inside liquids was experimentally observed under
nanosecond voltage pulses [31]. Additionally, other electron ionization mechanisms can
generate gas cavities other than impact ionization, such as electric field ionization [23,25].

Understanding the discharge phenomena under different conditions is key to improv-
ing insulation systems for HVDC components. One aspect that is not very well-documented
in the literature is the interaction between surface charge and streamer inception and prop-
agation. Indeed, when an overvoltage event arises, streamers may appear in the insulation.
Most simulation works focus on the study of streamers without considering the state of
insulation beforehand where surface charge accumulates due to the application of a DC
voltage. Therefore, in this work, which is a follow-up to our previous one [32], the discharge
initiation and propagation in a liquid–solid insulation system under DC superimposed
lightening impulse (LI) voltage condition is investigated numerically using finite element
method (FEM) commercial software COMSOL Multiphysics®. These simulations allow us
to assess important quantities without implementing sophisticated experimental setups,
and help define design rules for more reliable HVDC components.

The simulation suggested in this paper includes a quasi-electrostatic model for surface
charge accumulation during the DC voltage phase and an electrohydrodynamic fluid model
for streamer propagation during the DC-LI superimposed voltage phase. The used strategy
allows the investigation of the effect of long-term accumulated surface charge on streamer
initiation and propagation. Firstly, the electric field and the surface charge density during
the DC voltage phase is analyzed. Then, streamer propagation is explained based both
on the electric field magnitude and the space charge density. Afterwards, a study of the
current generated during streamer propagation and its velocity is carried out. Finally, two
comparative studies between discharge events based on streamer travel distance and its
velocity are conducted: a first study in which both cases where there is no prior surface
charge accumulation and cases where there is are considered, then, a second study similar
to the first one with added polarity inversion. This work is presented in three sections: a
“numerical modeling” section where the geometry and mathematical model are described,
a “results and discussion” section, and finally, a conclusion.

2. Numerical Modeling
2.1. Geometry

The geometry under study is illustrated schematically in Figure 1. It is composed of
two different dielectric materials, which are oil and oil-impregnated pressboard (OIP). This
configuration is representative of a typical liquid–solid insulation for transformers. In order
to simulate the discharge induced by an electric field enhancement, a needle electrode
with a 50 µm tip radius is placed vertically in the oil, at a distance of 0.1 mm above the
pressboard. The needle is connected to a high-voltage source. The distance between the
tip of the high-voltage electrode and the grounded electrode is 10 mm. The oil and the
OIP dielectric constants are set at 2.2 and 4.4, respectively, and their conductivities are
fixed at 10−11 S/m and 10−14 S/m, respectively. The line (O) corresponds to the symmetry
axis between the tip of the needle electrode and the oil–OIP interface, and the line (I)
corresponds to the interface. The investigation points O and P are located at oil and OIP,
respectively, while the points I1, I2 and I3 are located at the oil-OIP interface as shown
in Figure 1.
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Figure 1. Schematic illustration of the studied geometry (2D axisymmetric) and the used mesh.

The adopted mesh should be refined enough so that the spatial variations of the electric
field at the head of the streamer have clear and precise coordinates. These coordinates help
in evaluating the streamer velocity and its travel distance. For this reason, a mesh with
80,956 triangular and quad elements was chosen for this geometry. A boundary layers
mesh with quad elements was chosen for the needle electrode tip and along both the
symmetry axis and the oil–OIP interface [33]. The mesh is much more refined in the vicinity
of the needle electrode tip and both the symmetry axis and the oil–OIP interface, where
the element size ranges between 1 and 5 µm approximately. The mesh covers the whole
simulation domain with a surface of 19.89 mm2. The average element quality is 0.8687
based on the default quality measure of COMSOL Multiphysics®. Each simulation took
about 9 h and 40 min on average using a single node.

2.2. Applied Voltage Waveforms

Four voltage waveforms were used in our simulations to study the effect of surface
charge accumulation on streamers in both instances where the surface charge polarity is
similar to or opposite that of the streamer. Voltage waveforms of the 1st, 2nd, 3rd and
4th cases are presented respectively in Figure 2a–d. The voltage waveform of the 1st case
consists of a superposition of a 20 kV DC voltage and a standard 1.2/50 µs LI voltage [34]
so that the peak amplitude is at 80 kV. The voltage waveform of the 2nd case starts with
a positive DC voltage whose amplitude is VDC and lasts 200 s; then, this DC voltage
is superimposed with the standard 1.2/50 µs LI voltage so that the peak amplitude is
also at 80 kV. Voltage waveforms of the 3rd and 4th cases are the same as those of the
1st and 2nd cases, respectively, except that the voltage waveform of the 3rd case starts
with −20 kV instead of 20 kV and the value of VDC in the voltage waveform of the 4th
case is negative. Simulations in the 1st and 3rd cases lasted 1.2 µs, while in the 2nd and
4th cases, they included both the 200 s of applied DC voltage and the 1.2 µs of applied
DC–LI superimposed voltage. Equations (1) and (2) [35] represent the voltage waveform
expressions in the 1st and 3rd cases, respectively. Equation (3) [35] represents the voltage
waveform expression in the 2nd and 4th cases.

V1 = 20 + 60× 1.0373×
(

e−0.014659t − e−2.4689t
)

, (1)

V3 = −20 + 100× 1.0373×
(

e−0.014659t − e−2.4689t
)

, (2)

V2,4 =

{
VDC if − 200 s < t < 0

VDC + (80−VDC)× 1.0373×
(
e−0.014659t − e−2.4689t) if t > 0

(3)
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2.3. Governing Equations during the DC Voltage Phase

Before applying the DC–LI superimposed voltage in the 2nd and 4th cases, the insula-
tion system was subjected to DC voltage. The governing equations during the DC voltage
phase are Gauss’ law (4) and the current density continuity Equation (5) in both liquid and
solid insulation:

∇
(

ε
→
E
)
= ρ, (4)

∇
(

σ
→
E
)
= −∂ρ

∂t
, (5)

where
→
E is the electric field; ρ is the space charge density; ε and σ are the permittivity

and the conductivity of the dielectric material, respectively.

2.4. Governing Equations during the DC-LI Superimposed Voltage Phase

Streamers can appear when an overvoltage event arises in the grid. The event consid-
ered in our simulations is a lightning impulse voltage that is assumed to superimpose on
the existing DC voltage. The equations implemented during the DC–LI superimposed volt-
age phase are Poisson’s Equation (6) coupled with the drift-dominated charge continuity
Equations (7)–(9) [36–39]. The species considered are electrons and positive and negative
ions, represented by their densities ρe, ρp and ρn, respectively. The coupling of these
equations allows electric field and space charge calculation during the propagation of the
discharge in the oil and over the surface of the OIP. The drift-dominated model parameters
are summarized in Table 1.
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Table 1. Parameter values for the streamer model in transformer oil.

Parameter Symbol Value [33,37,38,40]

Positive ion mobility µp 1× 10−9 m2·V−1·s−1

Negative ion mobility µn 1× 10−9 m2·V−1·s−1

Electron mobility µe 1× 10−4 m2·V−1·s−1

Ion–ion recombination rate Rpn 1.64× 10−17 m3·s−1

Electron–ion recombination rate Rpe 1.64× 10−17 m3·s−1

Electron attachment time τa 200 ns
Elementary charge e 1.602× 10−19 C

Density of ionizable species n0 1× 1023 m−3

Molecular separation distance a 3× 10−10 m
Planck’s constant h 6.26× 10−34 J·s

Effective electron mass m∗ 9.11× 10−32 kg
Ionization potential ∆ 1.14× 10−18 J

−∇(ε∇V) = ρp + ρn + ρe, (6)

∂ρp

∂t
−∇

(
ρpµp∇V

)
= G(E) +

ρpρnRpn

e
+

ρpρeRpe

e
, (7)

∂ρn

∂t
+∇(ρnµn∇V) =

ρe

τa
−

ρpρnRpn

e
, (8)

∂ρe

∂t
+∇(ρeµe∇V) = −G(E)−

ρpρeRpe

e
− ρe

τa
, (9)

where V represents the voltage; µp, µn, and µe are the positive ion, negative ion and
electron mobilities, respectively; G(E) is the generation term; τa denotes the electron
attachment time; and Rpn and Rpe represent the ion–ion and electron–ion recombination
rates, respectively. The generation term of electrons and positive ions is used to represent
charge generation mechanisms such as:

1. Field emission charge injection: This is the emission of electrons from the negative
electrode under high electric fields. This mechanism is described by the theory of
Fowler–Nordheim [41], who developed an equation to describe the electric-field-
dependent current density in a vacuum, due to the quantum-mechanical tunneling
of electrons from the metal through the potential barrier at the metal–vacuum inter-
face [36];

2. Electric-field-dependent ionic dissociation: When applying a high electric field, neu-
tral ion-pairs are dissociated and the free charge concentration is increased. This
mechanism is based on the theory of Onsager [42] where the liquid is assumed to
contain a certain concentration of ion-pairs and free charges [36];

3. Impact ionization: This occurs when an energetic electron undergoes a collision in
which an electron in the valence band is promoted to the conduction band, resulting
in an additional electron and a positive ion being produced;

• Photoionization: Photoionization is responsible for the photoelectric effect where
a photon with high energy is absorbed by an atom or a molecule, which generates
an electron.

Several works [36,37] in the literature consider that field-dependent molecular ioniza-
tion is the most important mechanism in the development of streamers in liquid. Based on
his simulations, O’Sullivan [36] concluded that the mechanisms of field emission charge in-
jection and ionic dissociation are not primarily responsible for the development of streamers
in liquid. As for the mechanisms of impact ionization and photoionization, some authors
have shown through experiments and simulations that these mechanisms are reserved for
streamers with electric field peaks of about 1 × 109 V/m and propagating at velocities up
to 100 km/s (4th mode) [37,43,44], which is not the case of the streamers generated via our



Energies 2023, 16, 172 7 of 21

simulations. Thus, only the electric-field-dependent molecular ionization is incorporated
in our modeling equations as a charge generation mechanism, which according to [36]
captures the majority of streamer dynamics in transformer oil. The electric-field-dependent
molecular ionization rate is based on Zener theory [45] upon which it is assumed that
electrons and positive ions are generated from molecules as a consequence of a high electric
field. Its expression [36,37] is:

G(E) =
e2n0aE

h
exp

(
−π2m∗a∆2

qh2E

)
, (10)

where n0 denotes the density of ionizable species; a is the molecular separation distance;
h is Planck’s constant; m∗ is the effective electron mass; and ∆ is the ionization potential.
The solid insulation is assigned constant permittivity and conductivity. As such, the equa-
tions governing the solid equations are Gauss’ law (4) and the current density continuity
Equation (5). Since the discharge simulation duration is a short 1.2 µs, the dynamics of the
liquid caused by the electric field and the thermal effects are neglected.

2.5. Surface Charge Calculation

Equation (11) is used to calculate the surface charge density σs at the oil–OIP interface:

∂σs

∂t
=

( →
Jc,oil −

→
Jc,OIP

)
·→n , (11)

→
Jc,oil =

(
ρpµp − ρnµn − ρeµe

)
·
→
E , (12)

→
Jc,OIP = σOIP

→
E , (13)

where
→

Jc,oil and
→

Jc,OIP are the conduction current densities in oil and pressboard, respec-
tively, and

→
n is the normal vector at the oil-OIP interface directed towards the OIP. In

the 2nd case, the interface charge accumulated during the DC voltage phase is introduced
as an initial value for the DC–LI superimposed voltage phase. Equation (11) does not
consider the effect of surface conductivity. The calculated surface charge density is set as
the boundary condition at the interface as follows:

σs =

( →
DOIP −

→
Doil

)
·→n , (14)

where
→

DOIP and
→

Doil are the displacement fields in pressboard and oil, respectively.

2.6. Current Calculation

Conduction and displacement currents generated due to streamer development are
calculated using Morrow and Sato’s Equations (15) and (16), respectively [46].

Ic =
1

Vapp

∫
A

2πr
(
ρpµp − ρnµn − ρeµe

)
EEL dS, (15)

Id =
1

Vapp

∫
A

2πrεoil
∂EL
∂t

EL dS, (16)

where Vapp represents the applied voltage at the needle electrode; EL is the Laplacien
electric field; A is the area of the oil calculation domain; and εoil is the oil permittivity.

2.7. Boundary Conditions

The boundary conditions considered for the modeling of the discharge are summa-
rized in Table 2. Dirichlet conditions of electric potential are applied to the electrodes.
Zero normal electric displacement field is set at the outer boundary. For the transport of
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charge carriers, a zero diffusive flux is applied at the electrodes. Conditional bound-
ary conditions [33,37] are set at the interface. Zero current density is applied at the
outer boundary.

Table 2. Boundary conditions.

Boundary Electrostatic Transport of Charge Carriers

Needle electrode Vapp = V1,2,3,4
→
n ·∇ρp,n,e = 0

Ground Vapp = 0 →
n ·∇ρp,n,e = 0

Oil–OIP interface Equations (11) and (14)

{
if
→
n ·
→
E < 0 then

→
n ·ρpµp

→
E = 0

else
→
n ·ρpµp

→
E =

→
n ·ρpµp

→
E{

if
→
n ·
→
E > 0 then

→
n ·ρn,eµn,e

→
E = 0

else
→
n ·ρn,eµn,e

→
E =

→
n ·ρn,eµn,e

→
E

Outer boundary →
n ·
→
D = 0 ρp,n,eµp,n,e

→
n ·
→
E = 0

3. Results and Discussion
3.1. The Process of Surface Charge Accumulation during the DC Voltage Phase

Figure 3 shows the evolution of the surface charge density in points I1, I2 and I3
(Figure 1) as a function of time (s) in the second case where a VDC = 20 kV DC voltage is
applied for 200 s. It is noticeable that the surface charge density in these points is positive,
which matches the polarity of the applied voltage. This surface charge density increases
gradually until a steady-state is reached with a time constant that depends both on the
dielectric constants of the oil and the OIP and on their geometry [47]. Additionally, the
steady-state surface charge density is bigger as the point gets closer to the needle electrode
tip where the electric field magnitude is the highest.
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Figure 3. Surface charge density (mC/m2) in points I1, I2 and I3 (Figure 1) as a function of time (s)
in the 2nd case under applied 20 kV DC voltage.

Figure 4 depicts the surface charge density along the line (I) (Figure 1) at t = 0 s
under a DC voltage of different amplitudes in the second or fourth cases. At t = 0 s,
the steady-state is already reached. It is observed that the accumulated surface charge
density has the same polarity as that of the applied voltage. Additionally, higher voltage
amplitudes lead to more important surface charge density. Moreover, increased surface
charge density is noticed closer to the needle electrode as above mentioned. This shows
that the stronger the electric field at the interface is, the greater the accumulation of surface
charge density will be.
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Figure 4. Surface charge density (mC/m2) along the line (I) (Figure 1) in the 2nd and 4th cases under
applied DC voltage with different amplitudes.

Figure 5 illustrates the electric field magnitude at points O and P (Figure 1) as a
function of time (s) in the second case, where a VDC = 20 kV DC voltage is applied for
200 s. It can be observed that the electric field undergoes two states: a transient state
that lasts few seconds after the application of the voltage and a steady state. During this
process, a capacitive electric field distribution that is dependent on the permittivity of
the insulations transforms into a resistive electric field distribution that depends on their
conductivity [47]. As such, oil at the vicinity of the interface is more stressed initially
than pressboard at the opposite side; then, as the steady-state closes in, the electric field
enhancement shifts toward the OIP. This transition of the electric field is caused by the
surface charge accumulation at the interface.
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Figure 5. Electric field magnitude (kV/mm) in points O and P (Figure 1) as a function of time (s) in
the 2nd case under applied 20 kV DC voltage.

In the second case, under a VDC = 20 kV DC voltage, the capacitive-to-resistive tran-
sition of the behavior of the electric field is also observed in Figure 6, where equipotential
lines are represented at t = −200 s (Figure 6a) and t = 0 s (Figure 6b). Indeed, at the start
of DC voltage application, equipotential lines are tighter in oil than in the OIP. This means
that the electric field is more intense in oil. Inversely, at the steady-state, equipotential lines
are now tighter in the OIP than in the oil at the vicinity of the interface. Consequently,
electric field stress is higher in the OIP. However, the electric field in oil at the proximity
of the needle electrode is still more intense than in the OIP because of the electric field
enhancement caused by the needle electrode curvature.
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7a), the electric field magnitude at the tip of the needle electrode is higher than 250 
kV/mm. Thus, the DC–LI superimposed voltage waveform used in the simulation pro-
vides an electric field magnitude high enough to enable the development and propagation 
of the discharge [48]. The streamer starts its development vertically in the oil from the 
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its direction and travels alongside the oil–OIP interface towards the grounded electrode 
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Figure 6. Equipotential lines in the 2nd case under applied 20 kV DC voltage: (a) at voltage application
t = −200 s; (b) at the steady-state t = 0 s.

3.2. Streamer Development during the DC–LI Superimposed Voltage Phase

The 2D plane distribution of the electric field magnitude at three instants in the
first case (without prior surface charge accumulation) is shown in Figure 7. At t = 0 s
(Figure 7a), the electric field magnitude at the tip of the needle electrode is higher than
250 kV/mm. Thus, the DC–LI superimposed voltage waveform used in the simulation
provides an electric field magnitude high enough to enable the development and propaga-
tion of the discharge [48]. The streamer starts its development vertically in the oil from the
electrode tip toward the OIP as shown in Figure 7b. When it reaches the surface, it changes
its direction and travels alongside the oil–OIP interface towards the grounded electrode
as can be seen in Figure 7c. The electric field magnitude reaches its highest values at the
streamer head.
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To explain the streamer development in Figure 7, the magnitude of the electric field
and the space charge density along the line (O) (Figure 1) at several instants in the first case
are presented in Figures 8 and 9, respectively. It can be seen that the electric field intensifies
more and more as the streamer heads towards the oil–OIP interface and this is resulted by
the compression of the space charge into a smaller volume when the streamer gets closer
to the interface [37]. The intensification of the electric field induces a higher generation of
electrons and positive ions thanks to the mechanism of electric-field-dependent molecular
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ionization. The electrons are pushed towards the positive high voltage electrode, and only
the positive ions remain at the head of the streamer, which enhances the local electric field.
A positive feedback mechanism is created between the positive ions and the electric field
magnitude at the head of the streamer [39] that explains the upward trend showcased in
Figures 8 and 9.
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Figure 9. Space charge density (C/m2) along the line (O) at several instants in the 1st case.

Figures 10 and 11 show the electric field magnitude and the space charge density,
respectively, at several instants along the line (I) in the first case. Around t = 147 ns, the
streamer reaches the oil–OIP interface. At this moment, the electric field and the space
charge density are at their maximum values. During the streamer propagation along
the interface, the electric field and space charge peaks gradually decrease. Indeed, the
recombination mechanisms induce a decrease in the density of electrons and positive ions
and an increase in the density of negative ions that cause the electric field at the head of the
streamer to decrease in magnitude, resulting in even less free charge generation until the
extinction of the discharge.
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Figure 11. Space charge density (C/m2) along the line (I) at several instants in the 1st case.

Figure 12 presents the evolution of the conduction current and the displacement
current as a function of time in the first case. The decrease in the displacement current is
due to the increase in the amplitude of the applied DC–LI superimposed voltage during the
simulation, which lasts 1.2 µs. As for the conduction current, it increases more and more as
the streamer approaches the oil–OIP interface, after which it starts to decrease gradually
over time. The evolution of the conduction current is explained by its dependence on both
the electric field magnitude and the space charge density. Indeed, these two variables were
found to increase until the streamer reaches the interface at around t = 147 ns before they
decayed over time. The conduction current depends also on the applied voltage amplitude,
which increases gradually during the simulation duration (1.2 µs). As such, the rising
portion of the impulse voltage contributes to a milder upward slope of the conduction
current, to a reduced peak and to a steeper tail at the end.
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Figure 13 shows the streamer average velocity during its propagation in oil (Figure 13a)
and along the oil–OIP interface (Figure 13b) in the first case. The average velocity in a
particular instant was calculated by dividing the travel distance by a defined time interval.
This time interval differs depending on the streamer location. Before the streamer reaches
the interface at around t = 147 ns (Figure 13a), the time interval chosen was 3 ns since
it was noticed that the streamer average velocity was changing rapidly. However, while
propagating along the interface (Figure 13b), the time interval was set at 100 ns. The last
data point in the graph of Figure 13a represents the average streamer velocity at 1.5 ns
before the streamer head reached the coordinate z = 1.02 mm at the vicinity of the interface,
while the first data point in the graph of Figure 13b represents the average streamer velocity
at 50 ns after the streamer head reached the coordinate r = 0.1 mm in the interface. Before
reaching the oil–OIP interface, the streamer velocity is below 1 km/s, which corresponds
to velocities at which first mode streamers propagate. When the streamer gets closer to
the interface, its velocity is about 5.6 km/s, which correlates to second mode streamers.
As the streamer moves along the interface, its velocity starts decreasing until it reaches
values below 1 km/s again. A dependence of the streamer velocity on the electric field
magnitude and the space charge density and mobility can be deduced considering that
the streamer velocity follows the same trend as that of the electric field magnitude and the
space charge density in Figures 8 and 9. This dependence confirms the results of previous
works in the literature [23] where the streamer velocity varies with the applied voltage.
Moreover, the streamer velocity peak observed when the streamer approaches the solid
insulation agrees with the results of a simulation found in [38] and also with experiments
published in [44,49].
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3.3. Study of the Effect of Surface Charge Accumulation on Streamers
3.3.1. Effect on Streamer Initiation

Figure 14a–c illustrates the 2D plane distribution of the electric field magnitude at
t = 0 ns, t = 300 ns and t = 1200 ns, respectively, in the first case (without previous
surface charge accumulation). Figure 14d–f presents the 2D plane distribution of the
electric field at t = 0 ns, t = 300 ns and t = 1200 ns, respectively, in the second case
(with previous accumulation of positive surface charge density) with VDC = 20 kV. It is
observed that the magnitude of the electric field at the tip of the electrode in the second
case at t = 0 ns (Figure 14d) is lower than that in the first case at the same instant
(Figure 14a). Indeed, since the accumulated surface charges have the same polarity as the
applied voltage, they induce a normal component of the electric field opposite to the total
electric field that gets weakened in oil. The weakening of the initial electric field leads
to a delay in the initiation of the streamer in the second case compared to the results in
the first case [32]. Thus, the streamer inception voltage is increased in the second case.
Indeed, this observation can be noted at t = 300 ns since the streamer traveled a distance
of around 500 µm in the first case while it just reaches the interface in the second case. At
t = 1200 ns, it can be seen that the streamer head position in the two cases is approximately
the same, which can be caused by the difference in the streamer velocity in the first and the
second cases.
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Figure 14. Two-dimensional plane distribution of the electric field magnitude (kV/mm) at different
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Figure 15a–c showcases the 2D plane distribution of the electric field magnitude at
t = 0 ns, t = 300 ns and t = 1200 ns, respectively, in the third case (without previous
surface charge accumulation). Figure 15d–f shows the 2D plane distribution of the electric
field magnitude at t = 0 ns, t = 300 ns and t = 1200 ns, respectively, in the fourth case
(with previous accumulation of negative surface charge density) with VDC = −20 kV.
Compared to the results in the case of positive surface charge accumulation, the opposite
can be said in the case of polarity reversal where an advancement of the streamer is observed
in the fourth case compared to the results in the third case. This is due to the accumulation
of negative surface charge at the oil–OIP interface during the DC voltage phase. Since this
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surface charge has the opposite polarity of the applied DC–LI superimposed voltage, they
induce a normal component of the electric field in the same direction as the total electric
field that causes its intensification in oil. Thus, the streamer inception voltage is decreased
in the fourth case. As a consequence, the streamer already covers a distance of around
300 µm in the fourth case at t = 300 ns while it just arrives at the interface in the third
case at the same instant. At t = 1200 ns, it can be also seen that the streamer head position
in the two cases is approximately similar with a slightly bigger distance traveled by the
streamer in the fourth case.
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3.3.2. Effect on Streamer Velocity

Figure 16 shows the streamer velocity in the first case and the second case with
different values of VDC during its propagation in oil (Figure 16a) and along the oil–OIP
interface (Figure 16b). A steep rise in the streamer velocity is observed in Figure 16a,
which happens as the streamer approaches the oil–OIP interface. As mentioned before,
these velocity peaks are due to the electric field and space charge enhancement as the
streamer approaches the interface. A shift in the velocity curves can be noticed in the two
figures. This shift is induced by the accumulation of positive surface charge, which was
previously shown to increase streamer inception voltage, resulting in a streamer initiation
delay. Hence, streamer contact with the oil–OIP interface that correlates to the velocity
peak is also delayed. Another observation that can be made is related to the difference in
the amplitude of the velocity peaks. The cause of this difference depends on the direction
of the streamer in relation to the oil–OIP interface:

1. When the streamer is traveling in oil (Figure 16a): The streamer velocity in the first
case (5.6 km/s) is higher than in the second case with VDC = 20 kV (3.6 km/s).
In the second case, the maximum value of the streamer velocity decreases with the
increase in the DC voltage. This behavior is caused by the accumulated surface charge
that weakens the total electric field and causes streamer velocity peaks to decrease
in amplitude. It is worth mentioning that changing the value of VDC necessarily
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slightly affects the voltage rise time. However, based on simulations where the effect
of surface charge was removed, no considerable effect was observed on streamer
velocity. As a consequence, the effect of the accumulated charges dominates.

2. When the streamer starts traveling along the oil–OIP interface (Figure 16b), the effect
of the applied voltage dominates, and the effect of the accumulated surface charge
can be neglected. This can be explained by the fact that the surface charges create
a vertical electrical field and the streamer propagates horizontally. Knowing that
the applied voltage is increasing over time, as the streamer initiation is delayed,
the applied voltage when the streamer reaches the interface will be higher. This
explains why the first data points of the curves increase as the streamer is delayed.
As the streamer continues to propagate further in the interface, its velocity gradually
decreases because of the decrease of the electric field as mentioned beforehand.
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Figure 17 shows the streamer velocity in the third case and in the fourth case with
different values of VDC during its propagation in oil (Figure 17a) and along the oil–OIP
interface (Figure 17b). A shift in streamer velocity peaks is present as well compared to
the results in Figure 16. However, increasing the negative DC voltage amplitude has the
opposite effect: the streamer inception voltage is decreased and the peaks appear earlier due
to the effect of negative surface charge accumulation that intensifies the total electric field
since its polarity is opposite to that of the streamer. As for the difference in the amplitude
of the streamer velocity peaks, it is also caused primarily by the effect of surface charge
accumulation in Figure 17a and in the difference in the DC applied voltage in Figure 17b as
detailed before in the first and second cases. It is also observed that the maximum velocity
values are higher when the streamer is propagating in the oil than when it is propagating at
the interface. It is noticed that the maximum velocity in the third case is higher than that in
the fourth case in oil (Figure 17a), and it is lower at the interface (Figure 17b). This behavior
was not expected; it is caused by an increase in negative surface charge at the beginning of
the voltage application. Further investigations are necessary to understand the mechanism
related to this behavior.
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3.3.3. Effect on Streamer Travel Distance

Figure 18 presents a graph of streamer travel distance at three instants in the first case
and the second case using different values of VDC. At 350 ns, the streamer travel distance
in the second case is less than in the first case, and increasing the DC voltage amplitude
in the second case reduces streamer travel distance even further. This can be explained
by the fact that increasing the DC voltage amplitude was shown to cause a delay in the
streamer initiation when the streamer and the accumulated surface charge have a positive
polarity. The effect of the streamer velocity (Figure 16b) on its travel distance is starting
to become more apparent at 800 ns and especially at 1200 ns where the streamer travel
distance increases in the second case as the value of VDC increases and the streamer travel
distance in the first case is no longer the biggest.
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Figure 19 presents a graph of streamer travel distance at three instants in the third
case and the fourth case using different values of VDC. It can be observed that the streamer
travel distance is bigger in the fourth case compared to its travel distance in the third
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case, which increases even further as the amplitude of the DC voltage in the fourth case
is increased. The trend in the streamer travel distance at 350 ns showcased in the graph
is corroborated by previous results stating that surface charge accumulation induces an
advance in streamer initiation. However, the effect of the streamer velocity (Figure 17b) on
its travel distance becomes more obvious at 800 ns and less at 1200 ns since the difference
in the travel distance is either reversed or reduced compared to results at 350 ns.
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4. Conclusions

In this work, a study of the effect of surface charge accumulation on surface streamer
development in a liquid–solid insulation system is presented. Two models were imple-
mented successively to perform this study: a quasi-electrostatic model in the DC phase
to simulate surface charge accumulation, and a fluid model in the DC–LI superimposed
voltage phase to simulate streamer initiation and propagation.

The results show that during the DC voltage phase, a surface charge density accumu-
lates at the oil–OIP interface. The polarity and the density of these accumulated surface
charges depend on the polarity and amplitude of the applied voltage, respectively. More-
over, they create their own electric field that contributes to the total electric field either
by intensifying it or by reducing it. When the DC–LI superimposed voltage is applied, a
streamer develops as soon as the electric field at the needle electrode reaches the initia-
tion threshold value. The streamer travels vertically in oil while the electric field and the
space charge density at its head increases gradually. As the streamer reaches the oil–OIP
interface, a spike in the electric field magnitude and in the space charge density lead to
a sudden rise in the conduction current. Then, the streamer starts traveling horizontally
along the oil–OIP interface. During its travel, the electron attachment mechanism reduces
the amount of space charge in oil, which causes a decrease in the electric field magnitude at
the streamer head. Thus, the conduction current also reduces due its dependence on both
the space charge density and the electric field magnitude. Moreover, since the streamer
velocity increases with the electric field magnitude, it was observed that at the interface,
the streamer reaches its highest velocity value at which it switches modes from the first
mode to the second mode. Eventually, a reverse to the first mode takes place due to a decay
in the electric field magnitude.

As for the effect of surface charge on streamers, it was shown that the threshold value
at which streamers initiate is affected by the accumulated surface charge during the DC
voltage phase. Thus, a delay or an advance in streamer development is observed compared
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to the cases where no DC voltage was applied prior to streamer initiation. It was observed
that increasing the positive applied DC voltage amplitude resulted in:

1. Increased accumulation of positive surface charge;
2. Increased streamer inception voltage that causes further delay in streamer initiation;
3. Decreased streamer velocity just before reaching the oil–OIP interface, which increases

at the beginning of streamer travel in the interface;
4. Decreased streamer travel distance.

However, increasing the negative applied DC voltage amplitude produced the oppo-
site effect, namely:

5. Increased accumulation of negative surface charge;
6. Decreased streamer inception voltage that causes further advance in streamer initiation;
7. Increased streamer velocity just before reaching the oil–OIP interface, which decreases

at the beginning of the streamer travel in the interface;
8. Increased streamer travel distance.

In polarity reversal, a streamer propagates longer due to the effect of the opposite
accumulated surface charges. Thus, an increased probability of streamers reaching the
opposite electrode exists, which can facilitate the creation of electrical arcs as a consequence.
Additionally, surface tracking will be more important and solid insulation will have a
shorter lifespan. Thus, the effects of surface charge accumulation must be taken into
consideration in HVDC transformer design, especially at the valve side winding of the
transformer where DC voltage superimpose with other voltage waveforms.

The obtained results suggest that surface charge accumulation can be a potential threat
to electrical components used in HVDC links. The growing number of future worldwide
projects of HVDC links should be an encouraging factor for researchers to give particular
attention to the effect of space and surface charge on the discharge phenomena. In this
work, only surface charge accumulation was considered. However, implementing a space
charge model in the pressboard could provide more information to understand these
interactions. In future works, the experimental approach will be considered in order to
ascertain the simulation results. Additionally, the possibility of investigating the effect of
varying material parameters will be looked into.
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