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ABSTRACT

We measured the electric field in transformer oil/solid composite insulation system un-
der dc voltage application using a Kerr electro-optic measurement system. When a press-
board was inserted at the center between two parallel-plane electrodes, the electric field at
the mid-point between the pressboard and the cathode decreased with time. On the other
hand, the electric field at the mid-point between the pressboard and the anode increased
initially with time, reached a maximum value and then fell down. We measured also the
electric field before and after polarity reversal of the dc voltage. The results revealed that
the electric field after polarity reversal reached a magnitude 2.7 X as much as the average
dc applied field. We interpreted the above results on the time transition of the electric
field in terms of a charge dynamic model, considering the difference in charge accumu-
lation speed on the pressboard between positive and negative charges. This model was
verified to be applicable to the time transition of the electric field in oil/solid composite
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system and BTA added oil/solid composite system as well.

1. INTRODUCTION

OR long-distance electric power transmission, high voltage dc
F(HVDC) power transmission is advantageous [1-2]. In dc con-
verter transformers, dielectric liquids such as transformer oil are used
generally, with solid insulating materials such as paper and press-
board. Under dc voltage application, the liquid moves and gradually
charges are accumulated on the surface of the solid materials. There-
fore, the electric field distribution in liquid/solid composite dc insu-
lation systems cannot be calculated easily. Moreover, in dc converter
transformers, polarity reversal of dc voltage would be one of the most
important factors to be considered for dc insulation design. From
the above background, it follows that it is very important to measure
directly an electric field distribution in such a composite insulation
system. Such measurements allow us to get both fundamental un-
derstanding of the charge dynamics and guidelines for the insulation
design of the apparatus under dc voltage application.

The Kerr electro-optic field measuring technique made it possible
to obtain electric field distribution in liquid dielectrics. Kerr electro-
optic effect relies on the birefringence of liquid that is induced when

an electric field is applied. Hence, this technique allows us to mea-
sure the electric field with no disturbance. In recent years, extensive
research on the direct field measurement in liquids have appeared
using the Kerr effect [3-9].

This paper describes measurement results of the time transition of
the electric field in transformer oil/solid composite insulation system
for dc voltage application using the Kerr electro-optic technique. We
also measure the electric field distribution under polarity reversal of
dc voltage and discuss the charge dynamics in the composite insula-
tion system.

2. EXPERIMENTAL SYSTEM

Figure 1 illustrates the experimental setup for measurement of the
electric field in transformer oil using the Kerr effect. The Kerr constant
of transformer oil is so small, B ~ 3 x 10~'% m/V? that we used
a combined technique of ac electric field modulation and circularly
polarized light to enhance the measuring sensitivity [4]. A pair of
electrodes made of brass with 100 mm in length / and 65 mm in width,
and gap length ¢ = 10 mm were placed in parallel each other in a
stainless steel test cell filled with transformer oil. A dc voltage V. =
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Figure 1. Experimental setup.

410 or —10 kV was applied to the HV electrode, and at the same
time, a 1 kHz ac voltage V,,. = 200V, .. was superimposed on the
grounded electrode.

As a light source, a He-Ne laser (7.0 mW, 632.8 nm) was used. The
laser beam passes through a polarizer and a quarter-wave plate to
get circular polarization. After passing a test cell and an analyzer,
the laser beam was detected with a photodiode. The detected signal
was taken to a lock-in amplifier synchronized at the modulation fre-
quency. For the arrangement of the optical system shown in Figure 1,
the electric field strength £ from the light intensity is calculated as
follows [9]

Il(l) 9 jtll'Em'
— =M
L E

“max

()

where E,. and E,. are the applied dc field and the superimposed
ac field, and 7, and I, are the first harmonic component and the
de component of the light intensity, respectively. £,,,,, is the electric
field strength when the light intensity is at maximum, and is defined
as

Eulu.r = (2)

2Bl

We measured the field in oil with two transformer oil/pressboard
(PB) composite systems with gap length 10 mm; (1) the grounded elec-
trode was covered with 1 mm thick pressboard and (2) 1 mm thick PB
was inserted in the gap between the two electrodes. To discuss the
charge dynamics in oil, we also measured the electric field in the oil
when the PB was replaced with 1 mm thick polymethyl methacrylate
(PMMA). On the other hand, we investigated the temporal develop-
ment of the electric field in the oil under polarity reversal of dc volt-
age. After V. = +10kV was applied to the HV electrode for several
hours in case (2), the polarity reversal was made; i.e. the HV electrode
was grounded, and then V. = —10 kV was applied.

The oil was degassed and then dry nitrogen gas was filled in the
cell. All measurements were performed at room temperature with
atmospheric pressure.
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Figure 2. Time dependence of normalized electric field £,,, in oil with

pressboard on the grounded electrode for +10 kV and —10 kV dc volt-
ages.

3. EXPERIMENTAL RESULTS

3.1. ELECTRIC FIELD IN OIL WITH
SOLID DIELECTRICS COVERING
THE GROUNDED ELECTRODE

Figure 2 shows the time dependence of the electric field £, at the
center of the oil gap for a parallel-plane electrode configuration with
1 mm thick PB on the grounded electrode. In Figure 2, the vertical axis
scale shows the electric field normalized by the electric field Fj just
after V. application. It is seen in this Figure that the electric field £,
in oil for V. = —10 kV decreases more rapidly with time than that
for V. = +10 kV. The reason for the reduction of the electric field
is that the charges having the same polarity as the applied dc voltage
accumulate on PB and relax the electric field in the oil. Thus, the
experimental results suggest that negative charges in oil accumulate
on the PB surface faster than positive charges.

Figure 3 displays the time dependence of the electric field £, with
2 mm thick PB on the grounded electrode for V. = +5, +10 and
+20 kV. In Figure 3, the vertical axis shows the electric field normal-
ized by the electric field £, immediately after V. application. As
can be seen, the time dependence of the normalized electric field for
different V. falls along a similar curve. The results indicate that the
time evolution of ,,, / E is independent of the applied dc voltage.

To discuss the influence of solid dielectric material on the time tran-
sition of the electric field in oil, we replaced PB with 1 mm thick PM-
MA. Figure 4 shows the time dependence of electric field £,,, in oil
with 1 mm thick PMMA. As seen in Figure 4, the plot of £, vs. time
is independent of the polarity of V;;.; this result differs from that for
0il/PB composite system given in Figure 2. The discussion for these

results will be given later in Section 4.
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Figure 3. Time dependence of normalized electric field £, in oil with
pressboard on the grounded electrode for different dc voltages.
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Figure 4. Time dependence of normalized electric field £, in oil with
PMMA on the grounded electrode for +10 kV and —10 kV dc voltages.

3.2. ELECTRIC FIELD IN OIL WITH
SOLID DIELECTRICS INSERTED
BETWEEN TWO ELECTRODES

Figure 5 displays the time dependence of electric fields £, and E..
in oil with 1 mm thick PB inserted at the center between two elec-
trodes for V. = +10 kV. Here, E, denotes the electric field at the
mid-point between the PB and the anode, and FE. denotes that be-
tween the PB and the cathode. As can be seen in this Figure, £,
decreases with time and becomes nearly constant at 0.6 kV/cm. On
the other hand, F,, initially increases with time, reaches a peak of
~ 1.4x as much as the average field £ at 10 min, then decreases
and becomes nearly constant. Another experiments revealed that sim-
ilar time evolutions of the electric field in oil appeared for different
dc applied voltages: V. = +5, +20 and —10 kV. The anode side
field £, shows a peak, and the cathode side E.. reduces monotoni-
cally. The time ¢, elapsed from voltage application to the peak of £,

Okubo et al.: Kerr Electro-optic Field Measurement

14 ' ! ' T
-O-Ea
1.2 @ Ec .

Vde=+10kV |

------------ >0

0 |
0 2 4 6 8 10
Time [h]

Figure 5. Time dependence of normalized electric fields F, and F. in
oil with pressboard inserted at the center between two electrodes.

proved to be almost constant at 10 to 20 min for all V..
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Figure 6. Time dependence of normalized electric fields £, and £, in
oil with PMMA inserted at the center between two electrodes.

The result for oil/PMMA is displayed in Figure 6 for Vy. =
+10 kV. As seen in Figure 6, both £, and E, decrease with increas-
ing time. These time transitions of £, and E. in Figure 6 are the
same trend as those of F,, in Figure 4. We will discuss these results
in Section 4.

3.3. ELECTRIC FIELD AT THE
POLARITY REVERSAL OF DC
VOLTAGE

Figure 7 shows the time dependence of electric fields £, and E in
oil with 1 mm thick PB inserted at the center of two electrodes when
the polarity of dc voltage was reversed after 5 h after initiation of
voltage (t, = 5 h). As can be seen, | E,| is much larger than |E,|
after the polarity reversal. It is also seen that |E.| decreases with
time, while | F,| increases with time, reaches a peak at 10 min after
polarity reversal and then decreases. Moreover, it should be noticed




IEEE Transactions on Dielectrics and Electrical Insulation

Vde =+ 10kV

Vde=—10kV
--TTeee. > e Ec

Time [h]
Figure 7. Time dependence of normalized electric fields £, and E.. in
oil with pressboard inserted at the center between two electrodes before
and after polarity reversal of dc voltage.

that the maximum peak value of | &, | reaches the magnitude 2.4 as
much as the average field £.

Pressboard
|

I |
T 99
H H H
Surface LLLLLLLLLLLLL

© © ©o
® ©® @

Transformer oil

8_
o+

Figure 8. Concept of surface of pressboard.

4. DISCUSSION

4.1. POLARITY DEPENDENCE OF
ELECTRIC FIELD vs. TIME

As seen in Figure 2, the time evolution of electric field £, in oil
with PB on the electrode depended upon the polarity of dc applied
voltage. The reason for the polarity difference can be considered as
follows: it is well known that insulating paper and PB tend to adsorb
negative charge in transformer oil [10], so that negative charges are
more likely to accumulate on PB than positive charges as can be seen
in Figure 8. Thus, F,, for V. = —10 kV decreases more rapidly
with time than that for V. = +10 kV in 0il/PB as seen in Figure 2.

On the other hand, since PMMA has no charge-adsorbing proper-
ty, the charge accumulation speed in 0il/PMMA is unchanged with
respect to the polarity of dc applied voltage, resulting in no polarity
difference of £, as seen in Figure 4.

Vol. 4 No. 1, February 1997

67

1.2

I T 1 |
10— - - — - —— — — - - —
O Vde=+10kV Vde
0.8 ® Vdc=—10kV é i
"""""" > Em
g P o= 5%10 1 Qem) ?
0.6 =
04 Pressboard Imm _]
02} e e
/ —. _'3\,?\_'"“\ —&= ;‘?
0 | 1
0 2 4 6 8 10

P o= 10" [Qem] Time [h]

Figure 9. Time dependence of normalized electric field in oil calculat-
ed by equivalent circuit for transformer oil/pressboard composite insu-
lation system (p,,,/ppp = 1/100).

4.2. TIME CONSTANT OF ELECTRIC
FIELD vs. TIME

Next, we discuss the time constant of the time transition of electric
field £, in oil. For a composite system, £,,, immediately after volt-
age application is determined by the permittivity division of voltage,
whereas £7,, at the steady state dc voltage application is determined
by the resistivity ratio. Figure 9 displays calculated £, in oil with
1 mm thick PB on the grounded electrode when the composite system
is assumed to be expressed by CR equivalent circuit. In addition, the
resistivity ratio of oil to PB is assumed as p,;,/pppy = 1/100. As
can be seen in Figure 9, no proper curves can be fitted to the experi-
mental data but they lie around the curve with p_;, = 10" [Qcm].
The discrepancy may arise from liquid movement, nonlinear electric
field dependence of the pressboard resistivity, and so on [11].

4.3. CHARGE DYNAMICS IN
OIL/SOLID DIELECTRICS
COMPOSITE SYSTEM

As seen in Figure 5, I, vs. time characteristics are different from
those of F. vs. time; only E, has a peak value when the PB was
inserted at the center between two electrodes. To explain these results,
we propose a model of charge dynamics in 0il/PB composite system
as illustrated in Figure 10. Before voltage application, one can assume
that no charge accumulates on PB, and the same number of negative
and positive charges exist in oil. Then, V. = +10 kV is applied to
the HV electrode.

At the instant of voltage application, the voltage distributes de-
pending on the permittivity ratio of oil and PB, as shown in Fig-
ure 10(a). Since negative charges accumulate on PB faster than posi-
tive ones as mentioned above, the potential V; of the lower surface of
the PB decreases rapidly at ¢ = ¢, as seen in Figure 10(b). It is also
assumed that the electric field built in PB remains unchanged within
the short period while V; changes; the assumption is reasonable be-
cause the resistivity of PB is much larger than that of oil. In this case,



Okubo et al.: Kerr Electro-optic Field Measurement

68
V [kV]
>
0 1
‘o Ol ©
E 4.5 VB TYu]‘.f'g‘l‘i'
N 0il Vi
5"\
10 )
Pressboard
+ 10kV

0
______ o T ™ 4
l @0@000®
[Vt n g LA ety |

OO e

U S iy

<

(a)

-
1l
o

Electric field strength
in oil
ey
(=]

Time

Figure 10. Schematic illustration of potential distribution and charge dynamics of transformer oil/presshoard composite insulation system.

the potential V,, of the upper surface of the PB also decreases with V.
It follows that F, starts increasing with time at first and then has a
peak value. Since positive charges gradually accumulate on PB and
V., begins to increase with time, £, decreases as seen in Figure 10(c)
after t = t,,

On the other hand, as described before, the accumulation speed of
positive and negative charges are the same in oil/PMMA composite
system from Figure 4. Accordingly, the consideration is consistent
with the observed time transition of £, and E.. given in Figure 6.

4.4. CHARGE DYNAMICS AFTER
POLARITY REVERSAL

Next, we try to explain the time dependence of the electric field
after the polarity reversal of V;;. shown in Figure 7, using the above
charge dynamic model. Before the polarity reversal at the time ¢,,
positive and negative charges are considered to accumulate on PB
surface as depicted in Figure 11(a). After polarity reversal of V. un-
der those conditions, | E, | at ¢ = ¢, is larger than | E| because of the
accumulated charges on PB as seen in Figure 11(b). If the polarity of
Vi were reversed at the steady-state, both | E,| and | £,| in oil could
be twice of | E|. The reason why | E,| was larger than | £, imme-
diately after t = ¢, in Figure 7 is that | E.| was smaller than |E,|

before the polarity reversal; in other words, the amount of negative
charges accumulated on the PB may exceed that of positive ones. The
phenomenon that [E,| has a peak value after the polarity reversal
can also be explained, as seen in Figure 11(c), in terms of the same
processes as those discussed in Figure 10. Accordingly, the proposed
charge dynamic model allows the estimation of | F,| > 2[FEj| at po-
larity reversal. That is, peak field | £, | after the polarity reversal is
higher than the initial peak field after dc voltage application because
of the accumulated charges on the PB.

Figure 12 shows the obtained maximum electric field strength im-
mediately after polarity reversal as a function of polarity reversal time
t,. In this Figure, the vertical axis represents the electric field normal-
ized by | Ey|, and the mark » (white star) denotes the maximum peak
value of |E,| att = t, + f;,. In Figure 12, we can find the maxi-
mum value of |E,|at t = t, + t], reaches the magnitude 2.7x as
much as | Ey|. It is pointed out from the above experimental results
that the polarity reversal of dc voltage is one of the most important
factors for the insulation design of dc power apparatus and then for
determination of a testing voltage of the apparatus.
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Figure 11. Schematic illustration of potential distribution and charge dynamics of transformer oil/pressboard composite insulation system after polar-

ity reversal.

4.5. ELECTRIC FIELD IN OIL ADDED
WITH BTA

BTA (1,2,3-benzotriazol) is known as an antistatic agent for stream-
ing electrification [10]. BTA has chemical structure as shown in Fig-
ure 13 and is easily adsorbed to the insulating paper and PB, and
draws positive charge in transformer oil. Thus, the proposed charge
dynamic model is expected to permit £, instead of £, has a peak
value in oil doped with BTA.

Figure 14 depicts measured time transition of the electric fields £,
and FE. in oil added with BTA of 10 ppm for oil/PB composite sys-
tem. As can be seen in this Figure, in BTA-doped oil, F, decreases
with time, while £, initially increases with time, reaching a peak and
then decreases. These time dependencies of £, and £, are complete-
ly opposite to those for fresh 0il/PB composite system as shown in
Figure 5. The results for BTA doped oil/PB are interpreted in terms of

the higher accumulation speed of positive charges on PB surface than
that of negative ones which are brought about by the BTA additive.
Thus, the proposed charge dynamic model was verified experimen-
tally.

5. CONCLUSIONS

E measured directly the electric field by the Kerr electro-optic
Wmcthod in transformer oil/solid dielectrics composite insula-
tion system under dc voltage application and discussed the charge
dynamics in oil. When a pressboard was inserted at the center be-
tween two parallel-plane electrodes, the electric field £, at the anode
side proved to have a peak 1.4x as much as the average field F.
The results of £, vs. time characteristics were explained well by the
charge dynamic model based on the negative charge-dominant prop-
erty of pressboard. Moreover, experimental results revealed that after
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polarity reversal of dc voltage the electric field strength
the magnitude ~ 2.7 x as much as | Ej|.
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Next, to verify the above model, we also measured the electric field
for oil/PMMA composite systems, and pressboard/oil added with
BTA. For 0il/PMMA composite system, the transition of the electric
field was independent of applied dc voltage and measurement posi-
tion. When BTA was doped in oil, the electric field at cathode side
had a peak. This time transition of electric field could also be well
explained by the proposed charge dynamic model.
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