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ABSTRACT Oil-paper insulation is the main insulating medium of converter transformers. Space charge
can result in the distortion of electric field in oil-paper insulation, hence it’s necessary to analyze the space
charge transport characteristic and its influence on the oil-paper insulation. In the paper, the space charge
transport characteristic considering the electric field is investigated, and an upstream finite element method is
presented to calculate the space charge distribution in oil insulation of converter transformer considering the
influence of injection barrier, ion mobility, trapped coefficient and carrier recombination coefficient. Finally,
the insulation state of tortuous oil-path is evaluated. Experiments were conducted to analyze the relationship
between ion mobility and electric field intensity, the results indicate that the influence of space charge on
the electric field intensity in the tortuous oil-path can not be ignored for the design of converter transformer.

INDEX TERMS Electric field, ion mobility, space charge, converter transformer, upstream finite element.

I. INTRODUCTION
With the accumulation of space charge in converter trans-
former, the internal electric field would be distorted, finally
the insulation breaks down and power accident arises. There-
fore, it’s necessary to investigate the space charge distribution
considering the influence of electric field.

The experimental study is the main way to inves-
tigate the mechanism between the space charge and
the electric field distribution in oil-paper insulation sys-
tem [1]–[6]. Pulsed electro-acoustic (PEA) method was first
proposed in 1983 [1], and used to conduct experiments
to investigate the space charge distribution in 1997 [2].
Marie-Laure Locatelli et.al used laser intensity modulation
method (LIMM) [3] to study space charge formation under
the electric field to address the mechanisms of space charge
formation. BuWenbin et al used thermal stimulation depolar-
ization current (TSDC) method [4] to investigated whether
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the space charge distribution was affected by the internal
electric field and potential distribution. Yuanwei Zhu, Sheng-
tao Li, Daomin Min et al. used the pre-applied AC voltage
method and the pre-applied DC voltage method to investigate
the AC-DC combined voltage breakdown characteristics of
one to four layers of oil impregnated paper insulation sys-
temically, and discussed the space charge distributions and
their electric field distortion in modulating AC-DC break-
down through numerical simulations [5]. Kai Wu, Qingdong
Zhu, Haosen Wang et al. used the acoustic wave recovery
method to study space charge distribution and distortion in
oil insulation system [6]. However, due to the limitation of
experiments conditions, these experimental studies mainly
focused on the qualitative regularity of charge transport pro-
cess, and didn’t consider factors affecting the formation and
the dissipation of space charge. Compared with experiments
using methods such as PEA and LIMM, there also are some
numerical simulation calculationmethods [7]–[10]. Shengtao
Li andYuanwei Zhu studied the ac and dc breakdown strength
respectively, and the space charge characteristic in these two
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conditions [7]. Zhifei Yang, Zhiye Du, Jiangjun Ruan, et al.
used TUFEM to simulate the space charge motion in
oil-paper insulation by the transient finite element method
under considering the traps [8]. In addition, there are
other studies about the space charge distribution consid-
ering different conditions in insulating materials [9], [10].
These results indicated that simulation and calculation could
explain the mechanism better compared with experimen-
tal study. In addition, numerical simulation and calcula-
tion can analyze the mobility, and uniform distribution of
space charge.

In terms of numerical simulation calculation, many schol-
ars in the world have established some models. Most stud-
ies use the Poisson equation, current continuity equation
and other relative equations to calculate the space charge
distribution. In addition, in order to research the electric
field distortion in the insulating material under the action of
(direct current) DC voltage, most scholars mainly focus on
the simulation calculation of the space charge distribution
in the polyethylene of DC cable [11]–[13]. Alison et al.
firstly proposed a bipolar space charge dynamic simulation
model for space charge motion characteristics in cross-linked
polyethylene materials in 1994 [11], but the study on polarity
inversion voltage is still lacking. Based on the above model,
Roy et al. optimized the model by using the method of
Schottky electrode injection [12]. Zhou Yuanxiang added
the Runge-Kutta discontinuous Galerkin method to Roy’s
space charge simulation model to obtain the process of space
charge accumulation and dissipation of oil paper insulation
material [13]. These models are based on the Poisson equa-
tion. However, because of the symmetry of the cable results,
most models are based on one-dimensional analysis, so these
models are not suitable for complex oil insulation structures
of converter transformers such as oil insulation of converter
transformers.

In this paper, the upstream finite element method has
been proposed to work out the relationship between space
charge and electric field distribution, and the model con-
sisting injection barrier, carrier recombination, ion mobility,
trapping, detrapping has been proposed. The result of this
method shows that the space charge distribution is more
complete under considering the non-uniform electric effect.
In addition, the upstreamfinite element method can figure out
the non-convergence problem of the final solution that is
caused by the increase of the number of iterations in the
calculation process. Besides, an experimental system has
been constructed to obtain the nonlinear ion mobility under
different electric filed intensity. All work is divided into two
parts, one part is experiment and the other part is numerical
simulation.

II. EXPERIMENTAL SYSTEM
A. EXPERIMENTAL SETUP
The ion mobility of KI-50X insulating oil under different
electric field intensity is measured. KI-50X insulating oil is

TABLE 1. Parameters of KI-50X insulating oil.

FIGURE 1. Modeling and physical diagrams of the experimental platform.

FIGURE 2. Polarity reversal voltage and measuring current.

always utilized in HVDC apparatus. High breakdown volt-
age and small dielectric loss factor can effectively prevent
discharge and power loss under high voltage electric field,
ensuring safe operation. The relative parameters are shown
in the TABLE 1 [14].

The measurement platform is shown in FIGURE 1. The
test of oil ion mobility is always measured by DC polarity
reversal current [15].

B. ANALYSIS OF OIL MOBILITY
To investigate the relationship between oil mobility and elec-
tric field intensity, firstly, a polarity voltage Uc is applied,
resulting in the ions randomly dispersed near the electrode
surface, then a reversal voltage is applied after the duration
t = tc. Since the reverse time is far less than the migra-
tion time of ions, the ions accumulated around the electrode
would migrate towards the electrode surface in the opposite
direction.When the first batch of ionsmigrate to the test plate,
the peak current arises, so the oil mobility can be calculated
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FIGURE 3. The relation between ion mobility and electric field intensity.

by the time of flight ttof . Hence ttof can be obtained according
to the peak current Itof of the transient current. The oil ion
mobility under different field intensities are measured and the
current change during the reversal polarity test is shown in
FIGURE 2.

The ion mobility µ can be calculated as follows [16], [17].

µ =
d2

Ucttof
(1)

where d is the gap distance between anode and the cathode,
ttof is the migration time, Uc is the polarity reversal voltage
applied to the oil gap.

FIGURE 3 shows that the ionmobility grows exponentially
with the electric field intensity within the field intensity
range. Besides, the mobility of positive ions is slightly greater
than the ion mobility of negative ions. At the beginning,
the ionmobility increased rapidly with the electric field inten-
sity. When the electric field intensity reaches 0.52 kV/mm,
the rate of increase of the ion mobility would be slow down
and tends to be saturated once the electric field intensity
reaches a certain value.

Therefore, it is necessary to research the electric field
intensity in the tortuous oil-path to the space charge distribu-
tion. In the next step, the study of numerical simulation will
be carried out.

III. METHOD
A. THE UPSTREAM FINITE ELEMENT
To calculate the space charge density and electric field inten-
sity with the method of upstream FEM, the upstream ele-
ment should be determined in the iterative computation, and
FIGURE 4 shows the way to hunt for upstream
FEM elements.

If the charge density of the point m is obtained from the
known charge density of the point i and the point j, it is nec-
essary to judge whether or not the triangle ijm associated with
m constitutes the upstream element. Turn counterclockwise,
the next point of node m is defined as i, and the second point

FIGURE 4. The judgment of upstream finite element.

is defined as j. The vectors b and c are obtained by rotating
the vectors jm and im counterclockwise by 90◦ respectively.
If the angle between the space charge migration velocity e ·µ
of the point m and the vector−b and c are both less than 90◦,
the triangular element is an upstream element. Then, solve the
charge density of a node in each upstream element. Similar to
the method of interpolating potentials when solving the Pois-
son equation, interpolating the charge density in the triangle
ijm (2-3) [18], [19].

ρ (x, y) = Niρi + Njρj + Nmρm = [N ] [ρ] (2)

The Ni, Nj and Nm satisfy the equation (3):

Ni + Nj + Nm = 1 (3)

The partial derivative of the coordinates is shown as (4-5):

∂ρ

∂x
=

[
∂N
∂x

]
[ρ] =

1
21

(
bi bj bm

)
[ρ] (4)

∂ρ

∂y
=

[
∂N
∂y

]
[ρ] =

1
21

(
ci cj cm

)
[ρ] (5)

where ρ represents the charge density, M is the area of the
upstream element.

In addition, as the number of iterations increases during
the calculation process, the calculation error is also con-
tinuously accumulated, resulting in non-convergence of the
final solution. To solve this problem, the upstream finite
element [20]–[22] is adopted in this paper, in which the
space charge density is calculated by sweeping along the axis
direction of the oil channel of the transformer [18], and the
update direction is bidirectional. In addition, the updated way
of charge density of the upstream finite element is shown in
FIGURE 5.

B. BIPOLAR TRANSPORT MODEL
For the charge injection of the electrodes, Schottky injection
is used as the only source of charge in the medium [23],
and the carrier on the surface of the electrode is influ-
enced by the electric field, the temperature and the injection
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FIGURE 5. The updated way of charge density.

barrier [24], [25].

Je = AT 2 exp
(
−
eωei
kT

)
exp

(
e
kT

√
e |EC |
4πε

)
(6)

Jh = AT 2 exp
(
−
eωhi
kT

)
exp

(
e
kT

√
e |Ea|
4πε

)
(7)

where A is the Richardson constant which is 1.2 ×
106A/(m2K2), T is the thermodynamic temperature, k is the
Planck constant. Jh and Je are respectively the hole density
injected from the cathode and the electron current density
injected from the anode. EC and Ea represent the surface
average electric field intensity of the cathode and the anode.
ωei and ωhi are the injection barrier of the cathode and anode
surfaces respectively.

Owing to the traps inside the oil insulation medium, free
electrons and free holes are captured in motion, resulting
the trapped electrons and trapped holes [26]. Therefore, four
kinds of carriers exist in the medium including free electrons
(eu), free holes (hu), trapped electrons (et) and trapped holes
(ht), and the carriers will combine each other during the
motion. In addition, n represents the carrier density.
The net charge density n0 in the medium is defined as the

origin of the charge densities of the four carriers, which is
shown in (8), and the positive or negative value of the net
charge density depends on the polarity and charge of four
carriers.

n0 = nht + nhu − neu − net (8)

In order to describe trapping and recombination process of
the carrier, four carrier source terms are represented by Seu,
Set , Shu, Sht . In addition, the transport model of four types of
carrier are shown as (9-12).

Seu = −eBeu,htneunet − eBeu,huneunhu − Beneu

(
1−

enet
Net0

)
(9)

FIGURE 6. The recombination, trapping, detrapping, migration of carriers.

Set = −eBet,hunetnhu − eBet,htnetnht − Beneu

(
1−

enet
Net0

)
(10)

Shu = −eBet,hunetnhu−eBeu,huneunhu − Bhnhu

(
1−

enht
Nht0

)
(11)

Sht = −eBeu,htneunht − eBet,htnetnht − Bhnhu

(
1−

enht
Nht0

)
(12)

where Beu,hu, Bet,hu, Bet,ht , Beu,ht are the composite coef-
ficients between each of the two carriers, Be and Bh are
respectively the recombination coefficients of electrons and
holes. Net0, Nht0 are the trap concentration of electrons and
holes.

The diagram of the entire carrier transport model is shown
in FIGURE 6 [27], [9]. In the figure, ions would migrate, and
the ion mobility changes with the electric field intensity.

C. CHARGE TRANSFORMATION MODEL UNDER THE
ELECTRIC FIELD
Equations (13-15) contain the Poisson’s equation and current
continuity theorem. The Poisson’s equation (13) is used to
calculate the electric field of space charges. The convection-
reaction equation (14) shows the charge density updated in
every iteration step. The mass conservation equation (15)
reflects the mass transformation including migration [28].

∇
2ϕ =

ρ

ε
(13)

Ri
ρ

e
+∇j = 0 (14)

j = u · ρ · E (15)

where e is the elementary charge, Ri is the recombination
coefficient of four types of carriers, j is the current density,
µ is the ion mobility, ρ is the space charge density.

D. FLOW CHART
Firstly, the Poisson equation would be solved. Next, the
upstream element information of each node is gained. Then,
computation starting from the upper and lower boundaries
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FIGURE 7. Flow chart of the upstream FEM.

and sweep to the other side at the same time. If an element
composed of two nodes with known charge density and this
element is the upstream element of the third node, then the
calculation is proceeding. Finally, this step would be repeated
until the charge density at each point is calculated. So far,
the reverse calculation of the space charge density from the
potential distribution is completed. The process is shown in
FIGURE 7.

IV. MATHEMATICAL MODEL
In this paper, the tortuous oil-path is taken as the analysis
model. In addition, the model is meshed in 198 elements and
127 nodes.

For the parameter setting in the tortuous oil-path of the oil-
filled transformer. The parameters of oil insulation are set as
shown in TABLE 2.

V. RESULTS
Based on the experiment, the variable ion mobility increases
with electric field. In order to analyze the relationship
between distribution of space charge density and electric field
intensity in the tortuous oil-path more accurately, three blue
lines in figure 8 have been adopted as sample lines. In this
paper, two cases are considered. Condition 1 considers the
ion mobility that varies with the electric field intensity, and
condition 2 considered the constant ionmobility which would
not change with the electric field intensity.

Take sample line 1 and sample line 3 for analyze, just as
shown in FIGURE 9 and 10, because the variable ionmobility

TABLE 2. Parameters.

FIGURE 8. The sample lines in the tortuous oil-path.

TABLE 3. Parameters of KI-50X insulating oil.

under the electric field intensity is greater than the constant
ion mobility, the phenomenon of ion trapping around the
electrode would be reduced. Therefore, for the same line,
the space charge density with variable ion mobility is always
smaller than the constant ion mobility’s.

After considering the electric field intensity, the space
charge density decreases by 5.6214C/m2. The TABLE 3
shows the maximum charge density in two conditions.
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FIGURE 9. The line chart of the space charge distribution in two
conditions on the sample line 1.

FIGURE 10. The line chart of the space charge distribution in two
conditions on the sample line 3.

FIGURE 11. The electric field intensity distribution in two conditions.

According to FIGURE 11, as the sample line moves from
themiddle of the ring to the rectangle at both ends, the electric
field intensity would gradually decrease, and the decaying
rate of electric field intensity in the edge of sample line is
smaller. The high electrode side of the bending path has a
large curvature radius, resulting in the charge accumulate
intensively and the electric field intensity largely; while in the
straight path, owing to smaller curvature radius, the charge
distribution is dispersed and the electric field intensity is

FIGURE 12. The space charge distribution in tortuous oil-path with the
ion mobility.

FIGURE 13. The electric field intensity distribution in the tortuous
oil-path.

small. Thus, the maximum electric field intensity exists near
the high electrode of the bending path. In addition, according
to the space charge density distribution figure, the electric
field distortion is mainly caused by the accumulation of space
charge.

FIGURE 12 shows the space charge distribution in the
tortuous oil-path with the variable ion mobility. Due to
the effect of the electric field, the space charge would
migrate, so the electrons and holes inside the tortuous
oil-path would more easily migrate to the electrode. Since
the electrons and holes inside the tortuous oil-path are
more likely to migrate and recombine with charges of
opposite polarity, and the internal space charge distribu-
tion is relatively less. Therefore, when dynamic equilib-
rium is reached, many charges with the same polarity would
accumulate near the plates. However, because of the influence
of electric field, the space charge distribution would change,
so the actual situation is closer to FIGURE 12 (b).

As shown in FIGURE 13, it’s the electric field distribution
contour. In addition, the peak value appears near the anode,
and the electric field intensity reaches 2.3047 × 107V/m.
While, the minimum electric field intensity is near the cath-
ode, which is 1.7298 × 107V/m. The electric field intensity
distribution is characterized by ‘‘high on the anode and low
on the cathode’’. According to the space charge distribution
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diagram, the electric field distortion is mainly caused by the
accumulation of space charge.

VI. CONCLUSIONS
The oil-immersed power transformer is one of the main
equipment in the power system, and its internal space charge
distribution is one of the issues that need to be paid attention
during the design of the transformer. This paper studies the
influence of electric field on space charge of oil-immersed
transformer. In addition, conclusions contain the experiment
and the numerical simulation.

1) The experiment shows the ion mobility increasing with
the electric field intensity. In addition, after considering
the electric field intensity, the space charge density
decreases by 5.6214C/m2.

2) Simulation results show that many charges with the
same polarity accumulate near the electrode, and the
electric field intensity reaches to the highest value at
the bending area of anode.

3) The calculation result verifies that the presence of
the electric field obviously affects the internal space
charge distribution of the oil insulation in converter
transformers.

4) The electric field intensity distribution in the tortuous
oil-path is characterized by ‘‘high on the anode and
low on the cathode’’, and the electric field distortion
is mainly caused by the accumulation of space charge.
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