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ABSTRACT

The partial discharge (vD} and breakdown (sD) characteristics in 8F; gas under commercial
and higher frequency (~600 Hz) ac voltage applications were investigated using high-speed
electrical and optical measuring techniques with phase gate control method. Experimental
results revealed that 400 Hz 5D voliage at a certain gas pressure range was higher than that
for 60 Hz and PD characteristics especially at the positive PD inception phase were much in-
fluenced by the applied power frequency. From these results, we clavified the dependence of
space charge behavior on the applied power frequency and discussed the physical mechanism
of pn and 8D in 8F; gas with consideration of the space charge behavior generated by D in

the previous half cycle of ac voltage.

1 INTRODUCTION

SF6 gas has excellent propertics for high voltage (Hv) insulation and
has been used widely for clectric power apparatus like switchgear
in gas-insulated system (G15) and gas insulated transmission line {GIL})
[1-3]. For the reliable operation of such apparatus, it is necessary to
diagnose the insulation performance of the apparatus and thus the Pd
measurements are particularly important for the prediction of B0 [4, 5],

Although many D measuring methods have been proposed so far
and used in practice [4, 6, 7], the fundamental mechanisms of D gen-
eration in SFg gas have not yet been fully understood. This might be
because the PD generation wechanism is so complicated that the pre-
dominant factors like space charge behavior are not quantitatively ana-
lyzed, so far. Therefore, it is ¢ssential to investigate the P mechanism
with considerafion of the space charge behavior, particularly under ac
voltage application in crder to clarify the mechanism from P inception
to 1312 for the BD prediction technique [8]. Moreover, 1) characteristics
under ac voltage application at higher frequency than the commercial
pawer frequency become more important for the discussion of GIS on-
site testing with higher frequency applications [9, 10],

From the above viewpoints, in this paper we investigate the influ-
ence of the applied power frequency on Pp and L characteristics. We
describe the measured results of phase-resolved PD generation char-
acteristics, PD current pulses, and light cnission characteristics using

high-speed cptical and clectrical techniques. Based on these experi-
mental results, we discuss the physical mechanism of TD and BI in SFg
gas under ac voltage application with consideration of the space charge
behavicr.

2 EXPERIMENTAL

Figure 1 shows the experimental setup in this study. A high voltage
(Hv) source ean provide ac voltage with frequency range from 60 to
600 Hz. To gencrate ac voltage with frequencies >60 Hz, a sinusoidal
wave of a dosignated frequency was first generated by a signal gonce-
ator. The sinusoidal wave signal was amplified to 1V to 75 kVps by a
power amplifier and a test transformer.

As a PD source, a skinless steel needle clectrode was fixed on the HY
conducter of a model 618, The needle electrode had a length of 20 mm
and hemispherical tip with a radius of 500 jam. A plane clectrode with
diameter of 30 mm was placed at 10 mm below the needle tp.

PD current pulses wore measured by a bigh-speed digital oscillo-
scope [sampling rate: 5 GS/s, anatog band width: 1 GHz) through
the planc electrode and a matching, circuit with wide frequency range;
<1 MHz to >1 GHz [11]. The sensitivity of the PD current pulse height
was <1 mA, Since the typical risc and fall times of the p1> current pulse
were ~1 ns, the sensitivity of the Ix charge was calculated as 1 pC
On the other hand, a light emission image of P> wag observed by astill
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Figure 1. Experimental sctup for measuring P characteristics.  (a)
Model 15 and 1V circuit. (b} Measurement system,

camera through an image intensifier {11). We already have developed
a simultancous measurement technique of PD current pulses and PD
light emission images by using the “phase gate control method' [12]. In
that method, a gate signal with a designated pulse width, synchronized
with the applied ac voliage phase, was generated by a pulse generator
and put into the oscilloscope and the 1. Thus, we can obtain the cur-
rent pulse and the corresponding light image of a single rD during the
designated phase width controlled by the gate signal.

The model 618 was filled with SF; gas and all experiments described
in this paper were carried cut at room temperature.

3 EXPERIMENTAL RESULTS

3.1 PDINCEPTION AND
BREAKDOWN VOLTAGE

TFigure 2 shows the positive and negative PD inception voltage (PLIV)
{eLIV ., PBIV_), and the breakdown voltage (BDV) as a function of
the gas pressure for the applied power frequencies f == 60 Hz and
F += 400 Hz. As can be seen in Figure 2, PDIv_ increases with the
gas pressure and is independent of the power frequency, POIY, also
increases with the pas pressuve; howoever, it clearly decreases with in-
creasing power frequency from 60 to 400 Hz, and finally reaches the
level of PRIV, On the other hand, sy for f = 60 11z once increases
as the gas pressure 7 increases to 17, at which DV reaches {ts max-
imum value, then decreases suddenly to the voltage level of PRIV, at
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the pressure 1. At P 2 P, BDY increases again with the gas pres-
sure, This nonlinearity of BDV curve also appears for f = 400 Hz. At
I < Py, tov for f == 400 Hz has almost the same value ag that for
f = 60z, while at P 2 Py, it keeps a higher value than that for
f =60Hz
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Figure 2. DIV and BDY characteristics as o function of gas pressure for
f = 60Hzand f = 400 Hz ac voltage application. Necdle clectrade;
v = 800 e, ¢ = L0 mm, in SF; gas.

DIV, PRIV_ and B0V as a function of the power frequency at I
{1.1 MPa are summarized in Figure 3. The decreasing dependence of
PRIV, on the frequency is clearly shown,
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Figure 3. Power frequency dependence of positive and negative rhin-
ception voltage (PDIV,, 11V ) and By, Needle electrode; » = 500 pun,
g = 10mm, in SI; gas, 2 = 0.1 MPa,

In the following Sections, we will describe PD characteristies at
1’ < Py, especially at P = 0.1 MPa in order to compare the 11 char-
acteristics at the identical values of the applied ac voltage for different
power frequencies. This is duc to the similarities in BDV at P = I, a8
shown in Figure 2.

3.2 PD GENERATION
CHARACTERISTICS

Figures 4(a) and (b} show the phase-resolved PL characteristics in
SF¢ gas at £ = 0.1 MPa and the applied voltage V;, = 30 k¥, for
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Figure 4. Phasc-resolved pb characteristics. Needle electrode; » —=
500 jum, g = 10 mim, in SFs gas, 1 = 0.1 MPa, Vi = 30 KV,
superimposed for 05 5. {a} f = 60 Hz, (b) f = 400 Hz.
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Figure 5. Time-resolved PD characteristics. Needle electrode; » =

500 pum, g = 10 mm, in 5F gas, P = 0.1 MPa, Vi, = 30 kVi
fa) f = 60Hz, {b) f = 400 Hz.

f = 60 Hzand f = 400 Hz, respectively. A single dot in the Fig-
ures shows an individual PD pulse. All of the PD during 0.5 s are plotted
along with the PD generation phase. Figures 5(a) and (b) show the time-
resolved PD characteristics under the same cendition as Figures 4(a) and
(b), respectively. As can be seen in Figure 4(a) for f = G0 Hz, positive
P, & relatively large charge magnitude occurs near the positive rD in-
ception phase and is followed by PL having small charge magnitude.
On the other hand, in Figure 4(b} for f = 400 Hz, only P> with small
charge magnitude occur in the positive half cycle. PR in the negative
half cycle, however, has relatively large charge magnitude at near neg-
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ative 113 inception phase for both f = 60 Hzand f == 400 Hz. Note
that the maximum charge magnitude for / = 400 Hz is larger than
that for f = 60 Iz, which is in inverse proportion to the positive pD
chavacteristics,
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Fligure 6. Power frequency dependence of Py inception phase, Needle
Electrode; 7 = 500 pum, g = 10 mm, in ST gas, P = 0.1 MPa,
{a} Positive r1, () negative D,

These characteristics can be seen more clearly in Figures 5{a} and (b).
D with relatively large charge magnitude oceurs first and is followed
by PD with small charge magnitude in the positive half cycle for f =
60 Hz.. On the other hand, only P with small charge magnitude occurs
in the positive half cycle for f = 400 Hz.

3.3 INSTANTANEOUS VOLTAGE AT
PD INCEPTION PHASE

Tn this Section, we define the voltage phase at which a positive rp
pulse fivst was observed in each positive half eycle of applied ac voltage
as the positive PD inception phase, and also that in negative half eycle as
the negative PD inception phasc, Figures 6{a) and (b) show the applied
power frequency dependence of the PD inception phase in each cycle
of the applied ac voltage for positive and negative p1), respectively. In
Figures 6{a) and (b}, the solid line shows the measurement results at
V., = 20 kV e the broken line shows those at ¥, = 30 kV,s. The
expetiments were iterated at least 10 times to plot data under cach set
of conditions. As shown in Figure 6(a), positive PD inception phase at
V, = 20kVy; for f = 60 Hz is ~50° to ~70° and tends to increase
with the power frequency, Finally, PD tends to start in the phase region
of the posilive applicd voltage peak. This phase shift for positive PD
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g oy
2N
N NNEEE

0 e e E

{a) Znsfdiv - (b) 2nwidiv
= 0 pEne
% \\ I,f"‘
i gl v -
T e s i i E

© 2nsrdiv - {d) 2ns/div

Figure 8. Typical PD current pulse waveforms. Needle Electrode; v =
500 gm, g = L0 mm, in 8l gas, 1* = (.1 MPa, ¥, = 30 kV,ny. {0)
J+ 60Hz, ¢ = 30° (b) f = 60 Hy, & = 200°, () f = 4001k,
& = d0°, (d) f = 400 1Hz, 6 = 200°.
inception can also be seen at V, = 30 kVyy. On the other hand, in
Figure 6(b), negative D inception phases at both ¥, = 20 kV,y, and
V. = 30 kVys are almost independent of the power frequency and
hold ~205° for V, = 20 kV s and ~195° for V, = 20kV ;.
Next, the power frequency dependence of the instantancous voltage
at positive and negative o inception phases are shown in Figures 7(a)
and (b), respectively. As can be seen in Figure 7{a), positive D at both
Vo = 20 kVigs and 1, = 30 kVp,s starts near the instantaneous
voltage Vit — 20 kV for / = 60 Hz. The instantancous voltage at
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Figure 8. Phase dependence of Pz current pulse height. Needle Llec-
trode; » = KO0 g, g - 10 mm, in ST gas, * = 0.1 M,
Vi = 30 kVoms. () f = 60 Hy, (b) f = 400 1z,

positive P inception tends to increase with the frequency, and then the
positive P for [ = 400 to 500 Hz starts near the peak value of the
applied voltage; Viw = 28KV for V, = 20 kVyy, and Vg = 40 10
42 KY for V, = 30 KV, tespectively. On the contrary, the instanta-
neous voltage at negative PD inception phase shown in Figure 7(b) is
alimost independent of the applied voltage and frequency:

34 PD CURRENT PULSE
WAVEFORM

Figures 8{a) to (d} show typical ID curreni pulse waveforms cb-
served at 30° and 200° for f = 60z, at 40° and 200° for f = 400Hz,
respectively, in the vicinities of the positive and negative PD inception
phases for both applied power frequencies. As seen in Figure 8, not
only the pulse height but also the wavetorm of the PD current pulses
are quite different at each frequency. In positive PD, the pulse height
for { = 60 Hz in Figure 8(a) is larger than that for f = 400 Hz in Fig-
ure 8(c). In negative 11, the pulse height for f = 60 Hz in Figure §(b)
is smaller than that for f — 400 Hz in Figure &(d).

Similar experiments were carried out for different phase regions. We
divided a single ac cycle into 36 regions {every 10°) and measured the
curtent pulse waveforms 30 times for each phase region, Figures 9(a)
and (b) show the obtained phase dependence of the PI? current pulse
height for f = 60 Hz and f = 400 L1z, respectively, Note that each
PR current pulse waveform achieved in the measurement had a pulse-
like waveform with a steep wave frant. As seen in Figures %a) and (b,
the o pulse height characteristics for f = 6011z shows a similarity to
that for f = 400 Hz except in the pesitive and negative v inception
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Figure 10, Light emission images of positive 71 at the tip of a needle etectrade for different power frequencies and phases, Needle electrode; » = 500 4im,
g = 10 mm, in SFs gas, I — 0.1 Mla, Vo = 30 kVyu, Gate width: 10° (463.0 pes for f == 60 Hz, 69.44 pes for £ = 400 Hz), superimposed for 60 ac

cycles,

phases, For f = G0 Hz, rD with iarge pulse height occurs near the
positive PD inception phase, followed by P with small pulse height,
while for f = 400 Hz, the PD pulse height is kept small, even near
the positive PD inception phase, Neat the negative PD inception phase,
rD with relatively large pulse height occurs, with magnitude larger for
J = 400 Hz than for f = 60 11z.

3.5 POSITIVE PD LIGHT EMISSION
IMAGES

Figure 10 shows the light emission images of positive PD at 1, =
30 KV for f = 60 Hz and f = 400 Hy, at 30°, 90° and 150,
respectively. Note that the light emission in each image was superim-
posed within the gate width of 10°{463.0 s for f — 60 Hz, 6944 jus
for f = 400 He) near the designated phase for 60 cycles of the applied
ac voltage. As seen in Figure 10, PD oceurring at 90° and 150° show
brush-like luminous images for both £ - 60 Hz and f = 400 Hz.
Here, the ‘streamer type’ PD generally spreads cut around the needle
tip, which is assumed to look like a brush if the repetition rate is higher,
and has a current pulse with steep wave front [13]. Thus, P at 90° and
150° for both f = 60 Hz and f = 400 Hz can be recognized as the
‘streamer type’ P, from viewpoints of both the light emission of brush-
like image in Figure 10 and the current pulse with steep wave front in
Figure 9.

On the other hand, 1 occurring at 30° for § = G0 Hzand f =
400 Hz are dot-like images. D at 30° for f = G0 Hz spreads out
around the needle tip and has a pulse-like current waveform with large
amplitude as shown in Figure 8(a). Thus, PD at 30° for f = 60 Hzis
also the ‘streamer type’ PD with small repetition rate. On the conteary,
Pl at 30° for f = 400 Hz spreads over the needle tip surface, which
looks like a thin film, and pulse-like current waveform has never been

cbserved as shown in Figure 94b). Therefore, PD at 30° for f = 400 Hx
might be a ‘glow’ discharge which is eharacterized by the non-pulsive
current waveform and the luminous image covering the needle tip [13].

4 DISCUSSION

41 PD INCEPTION VOLTAGE AND
ION DRIFT SIMULATION
41,1 PD INCEPTION VOLTAGE

[n general, positive "D is generated by an electron initiated by col-
lision detachment of negative ions in the high electric field region [8].
Thus, positive PD generation depends on whether or not negative fons
exist around the needle tip. Under ac voltage application, the negative
ions at positive P12 inception phase can be derived from ¢p in the preyi-
ous negative half cycle and/or cosmic rays, In the case of needle-plane
clectrode geometry, the high field region initiating D is so restricted
that, even under continuous ac voltage application, the generation of an
initial electron would be the necessary condition for PD initiation, On
the other hand, negative PD is generated by an initial electron derived
from the field emission from the electrode surface. Thus, the genera-
tion of an initial electron for negative PD depends only en the electric
{ield strength on the elactrode surface. Therefore, an initial electron can
be generated more easily for negative pb than for positive 13, and the
rosultant PDIV_ 1s equal to or smaller than po1y,,

For the low power frequency f = 60 He, at poLv., the negative ions
genetated by P in the negative half eyele may be swept away until the
applied voltage polarity was reversed from negative to positive. This
is due to the drift and diffusion of the negative ions toward the plane
electrode and the neutralization at the electrode surface. As the applied
voltage increases, the existing probability of residual negative ions near
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the needle tip is increased, and the resultant gencration probability of
initial electrons for positive PD inception in the subsequient positive half
cycle, also is increased, Therefore, PRIV, becemes higher than PDIV_
for f = 60 Hz as shown in Figures 2 and 3,
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Figure 11. Flow chart of the caleulation of ion drift. lon mobility p =
0.65x10 * [(m/s)/{¥ /m)], tip radius » = 500x10 * {m], gap lenpth
g = 10x107% [m], gas pressure P — (.1x10° [Pa), eritical electric
field B/ - 89 [V/m/Pa], charge: negative jon, applied frequency
J = 60 1z or 400 He, applicd voltage Vi, = L2.7%10% [Vins], phase
step: Agh -+ 0.001 [ ], time steps At = 468.3x107° [s] (f - 60 Ha),
6.946¢10 P [s](f - 400 He}. ¢ applied vollage phase [* ], g inilial

phase, ¢ — 270°, @0 distance between needle tip and the ion [in], e

initial positien of the ion, 2 = 0.3% 1073 [m], Blectric field strength:

BIXY - (2ed)j12d =) {1/ X7 — 1/ (2d — XY} Vi [V/m], X =

ko, d=g+r Vi = V2V sin(2me/360)

On the other hand, for the higher frequency at [ = 400 Hz, most
negative ions generated by rD in the negative half cycle can remain at
the polarity reversal. Thus, enough initial elecirons exist to generate
pesilive PL in {he subsequent positive half eycle, Therefore, PLIV, for
the higher requency is reduced and finally becomes equal to PDIV_.

4.1.2 ICN DRIFT SIMULATION

In order to quantitatively verify the existence of the larger residual
ions in the gap space at higher frequency, we calculated the negative ion
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drift from the negative PD generation phase (270°) to the polarity rever-
sal (360°) in every 0.001° phase step. Figure 11 shows the flow chart of
the calculation. We calculated the static electric field with the eleetric
image method under the jon mobility ;¢ = 0.65x 10~ [(m/s)/(V/m)]|
[14] for a negative ion such as SFy", The collision between the ion and
other particles as well as the electric field formed by the space charges
were neglected. Tnitially the ion was assumed to be located at 0.3 mm
below the needle tip, where the extension length of negative D was
maximum. The applied voltage was set at 12.7 kV p, which is just
above PLTV_forboth f = 60 Hzand f = 400 Hz,
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Figure 12. Calculation of the path of the negative ion drift. Needle
Electrode; v = 500 pm, g — L0 mm, in 8F, gas, > = 0.1 MPa, Vi, —
12.7 KV, {a} Voltage phase characteristics, (b) ime characteristics.

Figure 12 shows the path of the negative ion drift along the gap axis
caleulated for £ — 60 Hzand £ = 400 Hz as functions of (a) voltage
phase and (b) time after the ion generation. In Figure 12, we defined
the time when the negative PD was generated (270%) as £, and the time
when the applied voltage polatity was reversed from negative to posi-
tive for f = 60 Hz and /' = 400 Iz as £,q0 and £,.100, respectively.
As can be seen in Figure 12, the negative ion for f = 60 Hz reaches
the plane electrode at the polarity reversal ¢.qp. On the contrary, for
f = 400 Haz, the negative ion drifts 7.7 mm below the needle tip at
the polarity reversal 400, and does not reach the plane electrode. This
simulation result suggests that the amount of the residual negative ions
at the polarity reversal for f = 400 Lz is much larger than that for
J — 60 Hz at vD1v_. Thus, a larger number of residual negative ions
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