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Abstract —This paper investigates switching overvoltages on
pipes of gas-insulated buses in a gas-insulated substation. The
pipe overvoltage increases as the number of the buses
connected to the source side of a circuit breaker increases, and
the overvoltage decreases as the number of the buses connected
to the load side increases. The overvoltage significantly
depends on a pipe grounding condition. The severe switching
overvoltage ont the pipe is strongly affecied by the inductance of
the grounding wire of the pipe and arresters.
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1. Introduction

A number of gas-insulated substations have been
constructed and in services. The substations are of
complex configuration with a number of gas-insulated buses.
A bus arrangement is changed by disconnectors (DS) and
circuit breakers (CB) corresponding to power system
operation connected to the substation. The DS and CB
operation produces switching overvoltages in the substation.

It has been well known that a high switching overvoltage
appears in an overhead line with an infinite source due to
CB operation /1/. A recent paper informed that a severe
switching overvoltage appeared in a cable sheath when a
number of cables were connecied to the bus to which the CB
was connected /2/. A similar situation is expected more
often in a gas-insulated substation.

The present paper investigates switching overvoltages on
the pipe of a gas-insulated bus, which is a kind of a cable, in
a gas-insulated substation based on an EMTP simulation /3/.
The pas-insulated substation is represented with a
combination of gas-insulated buses. The buses are
modeled either by a single-core coaxial cable or by a 3-
phase pipe-type cable in the EMTP. At first, the effect of
the number of buses on a pipe overvoltage is investigated in
a simple circuit configuration together with the effect of a
grounding condition of the pipe and arresters, Then, an
EMTP simulation is carried out in an actual complex
substation. The effect of the closing sequence and bus
connection is investigated.

2. Model Circuit

Fig. 1 illustrates a cross-section of a gas-insulated (GI)
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bus which is modeled as an overhead pipe-type cable in an
EMTP simulation. The parameters of the GI bus are:
(2)275kV GI bus (1pu=224.5kV)

R1=567, R2 =580, r1 =31.5, 12=46.5, d=317, h=1000

[mm] ; pp=7.53x10'89m, up=1, ep=1.15, p=2.2x10-

8Qm, p=1, e=1 ; 61=0°, 62=180°, 63=270"
(0)154kV GI bus (1pu=125.74kV)

R1=365, R2 =380, 11 =45.0, 12=60.0, d=195, h=1000

[mm] ; pp=1.3x10-7Qm, up=1000, ep=1.21, p=2.8x10"

8Qm, p=1, £=1 ; 01=0", 62=180°, 83=270°

Fig. 2 illustrates a model circuit of a basic investigation.
In the figure, Ls=20mH is a source inductance, and Zg the
pipe grounding impedance of the GI bus which consists of
resistance Rp=5 and inductance Lg=3uH of the pipe
grounding wire. The GI bus length is taken as 50m. The
GI bus parameters are calculated using the EMTP Cable
Constants at frequency f=1kHz considering the steady-state
power frequency. The first phase (phase-a) of the circuit
breaker CB is closed at t=0 corresponding to the phase-a
peak voltage of a 3-phase cosine ac source. As well-
known, a non-simultanecus closing of a2 3-phase CB
produces a higher overvoltage than that in the 3-pahase

_
Fig 1 Cross-section of a gas-insulated bus

simultaneous closing case. The effect of the non-

Fig. 2 A model circuit of basic investigation
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simultaneous CB closing needs to be investigated. The
following closing duration is considered.

case 1 : 3-phase simultancous closing at t=0

case 2 : phase-a closed at t=0, phase-b at 6.667ms,

phase-c at 3.333ms

case 3 : phase-a at t=0, b at 13.33ms, ¢ at 6.667ms

case 4 : phase-a at t=0, b at 1.0ms, ¢ at 2.0ms

case 5 : phase-a at t=0, b at 2.0ms, c at 1.0ms

3. Basic Investigation

3.1 Effect of the number of parallel circuits

Fig. 3 shows a calculated result of a switching surge when
the 3-phase CB in Fig. 2 are closed simultaneously to a
single-circuit 275kV GI bus. The phase-a core voltage

shows a typical closing surge waveform. The pipe voltage

is negligibly small. Fig. 4 shows a switching surge when
one circuit (2™ circuit) is connected to the main bus in Fig.

2, and the CB is closed to the other single circuit (1% circuit).

The fundamental oscillating frequency becomes lower
corresponding to the total bus length becoming greater.
The pipe voltage reaches 24.8kV (0.110pu) which is far
greater than that in Fig. 3 where no circuit is connected to
the main bus,

Fig. 5 gives the maximum overvoltage on the energized
(closed) circuit as a function of the number of GI bus
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Fig. 4 Switching surge on energised phase-a in a
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circuits connected to the main bus. The core voltages tend
to decrease and the pipe voltages increase as the number of
the circuits increases. Finally, the both voltages become
constant. The pipe voltage shows the greatest overvoltage
of about 92kV (0.410pu) in the simultaneous closing (case
1} of the 3-phase CB. No significant difference is
observed between the maximum overvoltages at the sending
and receiving ends of the pipe.

A 154KV gas-insulated bus shows a similar tendency of
the pipe overvoltages to those in the 275kV case.

3.2 Effect of CB closing sequence

Fig. 6 shows the effect of the non-simultaneous CB
closing. Case 3 of the non-simultaneous closing is
observed to produce the largest pipe overvoltage. Fig. 5
shows the maximum pipe overvoltage in case 3 as a
function of the number of paralle] circuits. A similar trend
to the simultaneous closing case is observed, but the
greatest overvoltage reaches 208kV (0.926pu) which is
more than double of that in the simuitaneous closing case.

The pipe overvoltage may break down the air insulation of -
the pipe of a 275kV gas-insulated bus.

3.3 Effect of pipe grounding condition
There exist various grounding conditions of the pipe of a
GI bus depending on a utility company. Fig. 7 illustrates
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the grounding conditions of the pipe, where the V-1
characteristic of a pipe protecting arrester is taken from
Reference (4). The corresponding transient voltage
waveforms at the pipe center are shown in Fig. 8. Table 1
summarizes the maximum overvoltages. The pipe
overvoltage is highly dependent on the pipe grounding
conditions as observed in Table 1. The overvoltage is
decreased largely by the grounding of the both ends of the
pipe (case d). Therefore, the arrester installed at the center
of the pipe shows a minor effect of the overvoltage control,
When one terminal of the pipe is grounded, the overvoltage
at the other end is controlled to be half by the arrester, but
the overvoltages are still large. This is the same when the
arresters arc installed at the both ends of the pipe. Thus,
the both ends of the pipe should be grounded as far as it is
possible. The reason for such a high overvoltage even
with an arrester is estimated to be caused by the grounding
wire inductance of the arrester. Case a” to d” in Table 1
shows the pipe overvoltage when the inductance is
neglected. It is clear that the overvoltages becomes
smaller than those in case a’ to d’ except that at the pipe
center. Thus, the grounding wire should be taken as short
as possible.

4. Overvoltages in A Gas-Insulated Substation

It has been made clear that a large pipe overvoltage

appears if a number of GI buses are connected to a main bus.

Such a situation can be often observed in a gas-insulated
substation. Thus, switching overvoltages due to
disconnecting switch (DS} operation are investigated in this
chapter.

4.1 Substation model

Fig. 9 illustrate a model circuit of a 154kV gas-insulated
substation of which a cross-section of the gas-insulated bus
is given in Fig. 1. In Fig. 9, a 3-phase ac voltage source is
applied to node PWO through 20mH source inductance ,
and LA is an arrester of which the V-I characteristic is taken

pipe

0 )

(2) Both ends open (b) Sending end grounded

(a) Arr. at the both ends (b") Arr. at the receiving end

from Reference (4). A pipe grounding resistance is 5Q
and the grounding wire is represented by a lumped
inductance of 3uH. Disconnectors DS1 and DS2 are
installed between nodes BU-05 and BU-08, and between
BU-06 and B2-06 respectively as illustrated in Fig. 9

4.2 Effect of DS closing sequence

The effect of non-simultaneous DS2 closing will be
investigated, where DS1 is deadly closed. The closing
durations are the same as those in Sec. 3.2.

Pipe maximum voltages at nodeTR-01, the entrance of a
transformer, in Fig, 9 are :

case 1 :-0.213,
case 4 :0.111,

case 2 : -0.105,
case 5 : 0.202 [pu]

case 3 :-0.227,

It is observed in the above that case 3 generates the
highest pipe overvoltage among the investigated closing
sequence. The overvoltage is nearly the same as that in the
simultaneous closing (case 1). This is quite different from
the observation made in a simple gas-insulated bus system
in Sec. 3.2. The reason for this is estimated that the
highest overvoltage is generated by multiple reflections and
reffactions of traveling waves within the complex

Table 1 Maximum pipe overvoltages

case maximum overvoltage [pu]
sending end center receiving end

a -0.690 -0.833 -0.966
b -0.172 0.628 -0.931
c -0.770 -0.779 -0.241
d 0.188 -0.274 -0.202
a' -0.253 -0.356 -0.381
b' -0.172 -0.444 -0.347
c 0.330 0.450 -0.378

' 0.185 -0.253 -0.198
a" -0.244 -0.322 -0.316
b" -0.172 -(.443 -0.261
c" 0.263 0.459 -0.377
d” 0.185 -0.240 -0.198

(c) Receiving end grounded {d) Both ends grounded

(c') Arr. at the sending end (d") Aur. at the center

Fig.. 7 Grounding conditions of the pipe
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connection of the GI bus in the substation.
For a simplicity and considering the above, the
simultaneous closing is adopted as the DS operation in the

following investigation.

4.3 Effect of connecting buses
The effect of bus connection explained in Table 2 on a
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pipe overvoltage is investigated. The pipe of the bus is
connected to the outer conductor of the DS because this
condition generates a higher overvoltage. Calculated
results of the pipe overvoltages at the transformer entrance
are included in the table.

In the case of no bus connected to the DS1 bus except
buses B2-06 to B2-02 to the transformer (case 1), the pipe
overvoltage at the transformer entrance (node TR-01) is
observed to be 0.208pu. The overveltage is increased to
0.265pu in case 2 by connecting bus B2-05 - B2-07 at node
B2-05. The increase is estimated to be caused by
successive reflections of traveling waves at the open-
circuited node B2-07. The overvoltage is decreased to
0.135pu in case 3 by connecting buses at node BU-06 to the
right. This is reasonable because the surge impedance
seen from node BU-06 to the right becomes lower by
connecting the buses at node BU-06. The cbservation
corresponds to that made in Sec. 3.1, ie. the lower the
source-side impedance at the CB bus, the higher the pipe
overvoltage. Namely in case 3, the source-side impedance
becomes higher in comparison with the load-side impedance,
and thus the overvoltage becomes lower. The above is the
cases of DS1 operation.

In cases 4 to 15, DS1 is deadly closed and DS2 is
operated. In case 4, where buses BUS1, BUS2 and
BUS3 are not connected to the DS2 bus, the pipe
overvoltage at the transformer entrance is 0.273pu. When
BUS]1 is connected to the DS2 bus (source side) in cases 5,
6 and 9, the source side impedance becomes lower and
correspondingly the pipe overvoltage is increased. The
increase is greater when the length of the BUSI is smaller
(case 5). But the degree of the increase is small, and
saturates by the BUS1 length of 10m as observed in cases 6

and 9. A comparison of overvoltages between cases 6 to 8
makes it clear that the greater the pumber of buses
connected to the source side of the DS2 bus, the higher the
pipe overvoltage.

The effect of buses (BUS2) connected to the load side of
the DS2 bus is investigated from cases 10 to 14 and case 4.
It is clear that the pipe overvoltage becomes lower as the
number of buses connected to the DS2 load side becomes
greater. The degree of the decrease is smaller as the
connected bus length becomes longer. The effect of BUS3
connected at node B2-05 is similar to that of BUS2, but the
overvoltage decrease is small. .

The above observation corresponds to that in Sec. 3.1.

It is concluded that the lower the source-side impedance of

= Tr90000F
Fig. 9 Model of a gas-insulated substation

Table 2 Calculation condition and results
(1pu=125.74kV)

case| DS1 D82 BU-06to | B2-05- BUS1 BUS2 BUS3 max. overvoltage
theright | B2-07 [pul
1 | closing O - - - - - 0.208
2 | closing O - O - - - 0.265
3 | closing 0O O o - - - 0.135
4 O closing O O - - - 0.273
5 O closing . O O 3mx1 - - 0.312
6 O closing O O 10mx1 - - 0.305
7 O closing @] O 10mx=2 - - -0.390
8 O closing O O 10mx5 - - -0.530
9 O closing O O 50mx1 - - 0.305
10 O closing O O - 3mx1 - 0.165
11 O closing O O - 3mx2 - 0.149
12 O closing O O - 3mx3 - 0.142
13 O closing O @ - 10mx1 - 0.173°
14 O clasing O O - 50mx1 - 0.206
15 O closing O O - - 6mx1 0.242

O deadly closed - open
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a CB or DS bus compared with the load-side impedance, the
higher the pipe overvoltage due to the CB or DS operation.

4.4 Effect of pipe protection arrester
The effect of a pipe arrester (limiting voltage 45kV) on a
pipe overvoltage due to the disconnector DS2 is
investigated in the following conditions.
case A : nodes TR-01 and B2-01 isolated from the earth
case B : nodes TR-01 and B2-01 grounded with
resistance 52 and
inductance 3pH of grounding wire
case C : arresters installed at nodes TR-01 and node
B2-01 same as case B
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Fig. 10 Effect of the arrester

Table 3 Effect of arrester on pipe overvoltage
{1pu=125.74kV)

Condition of the pipe maximum voltage [pu]
of node TR-01 case 4 case 8
(A) isolated 0.481 -0.845
(B) grounded 0.273 -0.530
{(C) arrester 0.371 0.571

The voltage waveform at node TR-01 of the pipe is
shown in Fig. 10 for the cases 4 and 8 in Table 2 which
generate the highest overvoltage with no arrester. The
maximum overvoltages at node TR-01 are given in Table 3.
1t is clear that the pipe overvoltage is the lowest when the
both nodes are grounded {case B). The arrester at node
TR-01 (case C) decreases the overvoltage, but it is greater
than that in case B Therefore, the pipe of a gas-insulated
bus in a substation should be grounded as far as it is
possible, and the pipe arrester may be installed at an open-
circuited terminal of the pipe.

5. Conclusions

The paper has investigated switching overvoltages on
pipes of gas-insulated buses in a gas-insulated substation.
The following conclusions have been obtained based on the
investigation.

(1)The switching surge overvoltage on the pipe due to CB
or DS closing increases as the number of the buses
connected to the source side increases, and the overvoltage
decreases as the number of the buses connected to the load
side increases.

(2)In a gas-insulated bus, the switching overvoltage
significantly depends on a pipe grounding condition. An
arrester installed to the pipe is effective to reduce the pipe
overvoltage but the overall voltages may not be sufficiently
controlled to less than the pipe insulation level. Thus, pipe
protection has to be co-ordinated with its grounding.

(3)The high switching overvoltage on the pipe is partially
but strongly affected by the inductance of the grounding
wires of the pipe and the arrester.  Therefore, the
grounding wire length has to be taken as short as possible.
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