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I. INTRODUCTION
Oil immersed transformers are being widely used in electric
power systems, and achieve the stable large electric power
supply. Recently, further compactness and larger capacity are
required. To realize these, many studies have been performed
about initiation and propagation of discharge in oil [1-5].
Moreover, as clarification of charge behavior is important for
the realization of the reasonable insulation design and highreliability of transformers, the flow electrification has been
studied [6]. Today, quantitative clarification of breakdown
phenomena in an oil / PB composite insulation system is
demanded based on the in-situ measurement of the change of
electric field strength in oil caused by charge accumulation on PB.
In this paper, PB was placed on the parallel plane electrode,
and electric field strength E in the oil gap between PB and an
electrode was measured with Kerr electro-optic method [7, 8].
After applying DC voltage for sufficiently long time, the
voltage polarity was reversed to initiate discharge in the oil
gap. Prestress DC voltage applied before the polarity reversal
was changed, and discharge initiation condition at the polarity
reversal was examined. Through these experiments, the
influence of the accumulated charge on PB on the discharge
initiation was quantitatively clarified.

influenced electric field distribution in HVDC equipment.
Especially, for time (b), electric field formed by the
accumulated charge on solid insulator can be superimposed to
the applied field, and strong electric field can appear at a
certain place in equipment. Therefore, the DC polarity reversal
could be very severe for HVDC insulation of equipment.
Figure 2 shows examples of potential distribution lines
under AC or DC voltage. Their potential distribution is quite
different. At the instant of turn-on, potential lines distribute
uniformly in the oil gap. On the other hand, under DC voltage,
most of the potential distribute in PB. At the instant of the
polarity reversal, complex potential distribution appears.
Systematic studies on the transient electric field measurement
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Abstract- By using Kerr electro-optic method, charge behavior in
oil / pressboard (PB) composite insulation system, which is the
basic insulation structure of a transformer, was investigated
under DC voltage. Right after the DC voltage application, electric
field became the capacitive distribution, and had a strong value
which was determined by permittivity of materials. The field
strength decreased gradually with time as charge in oil was
accumulated on PB. When the voltage polarity was reversed, the
applied electric field was superimposed by the electric field
formed by the accumulated charge on PB, and very strong field
appeared right after the polarity reversal. This could cause the
discharge in the oil gap even when the independent applied
voltage was insufficient to initiate discharge. It was found out
that the critical value of the discharge initiation at the polarity
reversal was determined by the breakdown field strength of the oil gap.
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II. BEHAVIOR OF ELECTRIC FIELD IN HVDC EQUIPMENT
Insulating oil

Operating voltage of HVDC equipment is sometimes
reversed in its polarity as shown in Fig. 1. Such equipment
will be exposed to not only constant DC voltage but also
sudden voltage change at turn-on (Fig. 1 (a)), DC polarity
reversal (Fig. 1 (b)) and turn-off (Fig. 1 (c)). At the time (b)
and (c), accumulated charge on the solid insulator greatly
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Fig.3. Experimental setup for electric field measurement in insulating oil
using Kerr electro-optic technique.

(1)
I1 / I dc  4BLEdc Eac
where I1 is light intensity (first harmonic), Idc is light intensity
(dc), B is Kerr constant, L is electrode length and Eac is the
applied electric field (ac). The Kerr constant was obtained as
1.43×10-15 m/V2 in mineral oil.
Figure 4 shows an oil / PB composite insulation system for
electric field measurement. In a parallel plane electrode, a PB
(thickness of 0.8 mm) was placed on the lower electrode. It
was grounded via a modulator. The upper electrode was
connected to the high voltage switch, and the polarity of the
applied DC voltage could be reversed in 40 msec. Temporal
change of E at the center of the oil gap was measured at
various DC voltages. And after applying the DC voltage
for sufficiently long time, the voltage polarity was reversed to
the opposite one. During this process, the value of E in the oil
gap was continuously measured at the center of the oil gap.
All experiments were carried out at room temperature.
Moisture in mineral oil was kept at 10~20 ppm, and was
degassed after each experiment. Properties of the mineral oil
and PB are listed in Table 1.

Measurement point
±HVDC

PB

Fig.4. Electrode configuration.
Table 1. Properties of the mineral oil and PB.
Relative permittivity at 80°C
Volume resistivity (W·cm)

Mineral oil
2.2

PB
4.4

3.0×1013

≦1016
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4
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where 0 is the dielectric constant in vacuum, oil and PB are
relative dielectric constants of oil and PB, Eoil and EPB are
electric field strength in oil and PB.
Figure 5 (b) shows calculated results of qa. Charge
accumulation on the PB / oil interface was faster at -10 kV
than at +10 kV. This is explained by the ability of negative
charge adsorption of PB [9].
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Figure 5 (a) shows the time dependence of electric field
strength in the oil gap of Fig. 4. Electric field strength
decreased with time at both voltage polarities, and the decay
of field strength at -10 kV was faster than at +10 kV. From the
measured value of E, the charge density qa accumulated on PB
can be calculated based on the following continuity relation
(2) of dielectric flux density.
 0 oil Eoil  qa   0 PB EPB

0.8 mmt

A. Experimental setup for Kerr electro-optic field measurement
Figure 3 shows the setup for Kerr electro-optic field
measurement in insulating oil. This method has an advantage
of the electric field measurement without any disturbance. A
circularly polarized He-Ne laser beam passes through the
electrically stressed insulating oil in the test cell. The Kerr
effect is caused by changes of polarization under an applied
electric field and the Kerr constant is the specific constant of
the material. The relationship between the light intensity ratio
I1/Idc and average applied field strength Edc is expressed by
the following equation (1) [7, 8, 9].

Figure 6 shows the change of the electric field strength in the
oil gap (Fig. 3 (a)) with time when the polarity of applied
voltage was reversed. Electric field strength in the oil gap
gradually decreased during the pre-stress period of DC voltage,
and was almost equal to 0 kV/mm after 200 seconds. As
electric field strength sufficiently attenuated at 2000 seconds,
the voltage polarity was reversed from +10 kV to -10 kV or -10
kV to +10 kV. At the instant of the polarity reversal, the
capacitive electric field by the reversed voltage was
superimposed by the field formed by the accumulated charge
on PB, and the resultant electric field strength was enhanced to
about twice that of applied one.
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III. BEHAVIOR OF ELECTRIC FIELD AT POLARITY REVERSAL

C. Electric field measurement at polarity reversal
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and its relation with discharge at the DC voltage polarity
reversal have been insufficient. Quantitative understandings of
charge behavior and discharge initiation criteria are inevitable to
achieve the reasonable insulation design of HVDC equipment
with high performance and high reliability.

500

-10 kV

400
300
+10 kV

200
100
0
0

20

40

60
80
Time [sec]

(b) Charge density on PB
Fig.5. Time dependence of electric field strength, charge density
on PB in mineral oil.

D. Charge behavior and its influence on electric field strength
This phenomenon is schematically described in Figure 7.
The equivalent circuit of an oil / PB composite insulating
system is shown in Figure 8. At the instant of the negative DC
voltage application, E was dominated by the capacitance, i.e.
permittivity of the oil gap and PB, and expressed with
equation (3).
+10 [kV]

Electric field strength [kV/mm]

8

+10→-10 [kV]

4

0

-4

-8

0

100

300 2000
Time [sec]

200

2100

2200

2300

(a) +10 kV to -10 kV
8
Electric field strength [kV/mm]

-10→+10 [kV]

-10 [kV]

Ei 

CPB
V
V


Coil  C PB d oil d oil  oil  d PB
PB

(3)

And then the value of E decreased with time due to the
negative charge accumulation on PB (Fig. 7 (a)). Finally, it
reached to the stable value which was determined by the
resistivity [9], and is given with equation (4).
Roil
V
V
Es 

(4)

Roil  RPB d oil doil  PB  dPB
oil
Just after the polarity reversal, the applied field was
superimposed by the electric field generated by the negative
charge accumulated on PB (Fig. 7 (b)). After the polarity
reversal, positive charges were gradually accumulated on the
PB, and electric field strength decreased (Fig. 7 (c)). Since
pre-stress voltage was applied for sufficient long time and the
amount of accumulated charge was saturated, resultant electric
field strength in the oil gap was almost equal at both polarities
just after the polarity reversal.
Figure 9 shows the schematic diagram of electric field in
the oil gap when the voltage polarity is reversed from Vpre to
Vrev. The coordinate axes of Eacc and Eappl are shown inversely
to help understanding. Eacc and Eappl are proportional to Vpre
and Vrev, respectively. From this figure, it is easy to understand
that even if Vpre is not high, E could be very strong owing to
Eacc just after polarity reversal.
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IV. BREAKDOWN CHARACTERISTICS AT PORARITY REVERSAL
A. AC and DC breakdown characteristics

0

It is well known one minute AC breakdown field strength
EBD in the oil gap is expressed with the equation (5).
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Fig.6. Time dependence of electric field strength at polarity reversal.
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Fig.7. Schematic illustration of charge behavior in mineral oil.
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Fig. 8. Equivalent circuit of oil / PB composite insulating system.

(5)
where d is oil gap length, K and a are constants (K=20~23,
a=0.30~0.33).
DC breakdown field strength of mineral oil used in this
study was measured with parallel plane electrode (gap length:
2.2 mm). The mean breakdown field strength EBD was 24.6
kV/mm and standard deviation was 3.52kV/mm. This value is
nearly equal to that for AC peak.
B. Breakdown behavior at polarity reversal
The value of the polarity reversed voltage was changed
under various pre-stress voltages of -10 kV to -50 kV, and
discharge inception voltage in the oil gap was measured.
Experimental results are shown in Figure 10. The lower and
upper horizontal axes show Eacc and qa, respectively, and the
vertical axis Eappl. The value of qa was calculated with eq. (2).
“○” marks in the figure show occurrence of discharge at the
polarity reversal, and the “×” marks indicate no-occurrence of
discharge. The figure suggests that there is a critical boundary
between discharge and no discharge. In the former section, EBD
was clarified to be 24.6 kV/mm in the oil gap of 2.2 mm. The
relation between Eappl and Eacc, which satisfy this EBD, is
plotted as a solid line. The solid line coincides well with the
above mentioned boundary. This result suggests that when
the sum of Eacc and Eappl exceeds EBD, discharge starts in the oil
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Fig.9. Schematic diagram of electric field at polarity reversal.
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Fig.10. Discharge initiation characteristics in oil / PB insulation system
at the polarity reversal test.

gap in a oil / PB composite insulation system.
Once discharge initiated in the oil gap, it propagated as
surface discharge on PB. Figure 11 (a) shows its side view of
the examined specimen in Fig. 4. Figure 11 (b) and (c) show
the discharge propagation along the PB surface at the polarity
reversal (-40 kV to +40 kV). Discharge appeared at several
places intermittently for several seconds.
IV. CONCLUSIONS
In an oil / PB composite insulation system, electric field
strength in mineral oil was measured in situ with Kerr electrooptic method, and the accumulated charge density on PB was
estimated. Considering electric field strength generated by the
accumulated charge on PB, the critical electric field strength
of discharge inception in the oil gap was derived. Following
results were obtained;
(1) The electric field in the oil gap became strong owing to
the capacitive distribution just after the voltage
application, and then after that, decreases gradually
because of the charge accumulation on PB.
(2) Just after the polarity reversal, the electric field strength in
the oil gap became the sum of the electric field formed by
the accumulated charge and the applied electric field. Its
value was about twice that at beginning of voltage
application in the case where the voltage level is equal

before and after the polarity reversals.
(3) Discharge at the polarity reversal initiated when the sum
of the electric field formed by the accumulated charge on
PB and the applied field exceeded the breakdown electric
field strength of the oil gap.
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