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Introduction

The electrical power system, which recently supplies a great part of energy
demand, acquires a deeper significance not only in the extra-high voltage system
but in lower voltage ones. The reliability of various apparatus in whole system
is raised more and more as they are newly constructed, while circuit breakers
tend to take a destructive situation in the systems. They are obliged to give
more or less unfavourable influences on the system at every switching operation
which is inevitably increased in number to keep better services. Interruption
phenomena are always accompanied with electric arcs and their extinction or
reignition gives rise to discontinuous variations of physical amounts, which, in
turn, result in various kinds of transient phenomena according to system char-
acteristics. Such switching phenomena should be defined by the delicate com-
bination of following three factors; arc, chance of switching and system con-
struction. Many publications have treated overvoltages in these cases under
worst conditions provided a priori, or have showed statistical results of the ex-
periments carried out in certain conditions. According to those studies, the se-
verities of switching surges are either overestimated or underestimated, and the
testing of insulations in various apparatus is not carried out by suitable wave
forms for switching surges. In this paper the author, at first, intended to begin
with the classified re-investigation of the above conditions and next to analyse
switching surges due to small current interruption referring to a great number
of oscillograms obtained in actual systems and thus he can conclude theoretically
as well as experimentally a more accurate conceptions in this domain.

The following items should be fully discussed to clarify the switching phe-
nomena from the point of view of the overvoltages.

(1) The magnitudes, wave forms and natural frequencies of switching surges
in actual systems.

(2) The suppression of switching surges effected by the improvement of
breaker characteristics and of system conditions.

(3) The dielectric strengch of insulations for switching surges.

(4) The operation duty of ligntening arresters for switching surges.

(5) The testing method to assure the insulation coordination for switching
surges.

Chapter 1. A Short Review on Switching Phenomena

There often happened explosion accidents of plain circuit breakers as the
electric transmission lines had been grown up over rather expanded territories.
Since then, the characteristics of circuit breakers have been improved in order
to interrupt the large magnitude of current under faults, especially, the large
short circuit current. The recent circuit breakers, however, must interrupt vari-
ous sorts of currents to fit in with the advanced request of system operations,
which may be classified in Fig. 1. 1.9 The electric arc is always ignited between
the contacts in case of the interruption of such current, and success or failure
of the circuit interruption totally depends on that of arc quenching. Every maker
in the world has designed and provided various types of circuit breakers, while
such developements of the apparatus have been mainly supported only by “trial
and error” method. Slepian successfully explained the interrupting process by a
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racingimodel between the increasing rate of recovery voltage and that of di-
electric strength after an arc extinction? There is no decisive theory on the
physical mechanism. of the interruption processes. The interruption of small
current with low power factor now becomes the main subject of discussion from
the view-point of switching surges. Such interrupting processes are frequently
accompanied with switching surges and, thus, must be considered in order to
satisfy the conditions of insulation coordination.

The fundamentals in case of the interruption of capacitive current were dis-
cussed, for example, in Hunt's paper® and many theoretical analyses*'» and
analogical researches® ! have been carried out. At the same time there have
been also published many oscillograms taken in the actual power systems.'*~2"

There are many papers which treat the interruption phenomena of small in-
ductive current.?~* Recently, Young’s paper? and a report from Czechoslo-
vakia®? are published. And some papers dealt with the designing parallel re-
sistances for the purpose of preventing from serious overvoltages.”~*® But any
detailed discussion has not been referred to at the instant of current chopping.

Unsatisfactory items in those published papers might be pointed out as
follows.

(1) Correlation between the arc quenching theory and the magnitude of
switching surges.

(2) Investigations of harmonic components in voltage and current.

(3) Definition of reignition and restriking, especially, in uneffectively grounded
systems.

(4) Wave forms caused by reignition or restriking.

(5) Time duration of arcs followed by reignition or restriking.

(6) Types of reignition expected to occur.

(7) Ranges of overvoltages expected to occur.

The author have resolved some of the problems above-mentioned by analysing
the actual oscillograms which were experienced in test conditions shown in
Table 1. 1.
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Chapter 2. Interruption of Line Charging Current
at Transformer Terminals with Isolated Neutral

§1. Experimental results

(1. 1) Classification of actual reignition phenomena

The interrupting processes of small capacitive current, under the condition
type B (¢f. Table 1.1), may be classified into four types. (¢/. Fig. 2.1)

Type I-a: This is a case in which the steady state charging current is inter-
rupted most normally without any reignition or restriking in each line.

Type I-b: This is a case in which reignitions or restrikings are happened
to occur just after the temporary rupture of all lines according to Type I-a.

(Note) A reignition over two lines a and b is shown in Fig. 2.1 as an example,
but any other sorts of reignitions may occur as are the cases with the following
two conditions. :

Type Il-a: The three lines are rarely interrupted at the same time but each
line is generally cleared up with proper time differences. This is a case in which
reignitions or restrikings may occur in the ruptured line while the others being
still connected and the final clearing will be newly achieved. In an example of



Small Current Interruption Phenomena in Powca Systems 5

Fig. 2.1, the arc is first quenched and is reignited again in phase ¢, while the
other lines are still connected. Thus, all the conductions between contacts in
three lines are revived and after some time the final rupturings are again achieved.
It may be considered that a reignition will occur in phase & before arc in phases
~a and ¢ are quenched. The Type II-a contains all such processes.

Type II'b: This is a case in which more reignitions or restrikings are
- happened to occur just after the temporary rupturing of all lines according to
Type II-a.
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Fi1G. 2.1. Four types of interrupting processes of small
capacitive current (circuit condition of type B).

The above-mentioned four types are all found in the interruption processes
in resistance grounded systems, while Fig. 2.1 indicates four types-in isolated
neutral systems. It is characteristic in the latter systems, as shown in Fig. 2.1,
that the arcs in two lines are always quenched at the same time. On the other
hand, three arcs are generally interrupted one after another in the former systems.
These are the only differences between the two cases. The relation between the
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faculties of circuit breakers and these four types cannot be absolutely concluded.
Circuit breakers with Type I-a, however, may be excellent ones. Circuit breakers
with Type II-a may be considered as pretty good ones, unless successive reignitions
or restrikings occur alternately between lines temporarily quenched and the final
interruption is remarkably postponed. Since the Type I-b or II-b means the
slower and more irregular recovery of dielectric strength between the contacts,
circuit breakers with such characteristics are not so desirable. Table 2.1 shows
how the interruption processes of tested circuit breakers are assorted to those
four types. The assortment is affected, on one hand, by the faculties of each
breaker and, on the other hand, by the content of harmonics in voltage or current
waves, etc. Total test numbers of each breaker under the circuit condition of
type B are taken as 100% respectively. which makes it easy to compare a test
result with the others. The column at the extreme right contains the actual
test numbers. Forced-quenching circuit breakers (which are all air-blast circuit
breakers here) are more apt to take the process of Type I-a than self-quenching
circuit breakers, but circuit breakers No. 5 in Kasumori SS and No. 6 in Tama-
gawa SS show exceptional characteristics. In this paper the word “reignition”
is used as a simple expression, which contains both so-called reignition and re-
striking. The following discussion is mainly derived from the results obtained
in Type L

TABLE 2.1. Interrupting Processes of Circuit
Breakers Tested
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(1. 2) Phase angles when an arc in each line is easily quenched

The first rupturing of the sinusoidal capacitive current is normally achieved
at the crest of phase voltage, that is, at 90° or 270°, where the time lapse is
shown by phase angles from the zero passage of the voltage concerned. The
circuit conditions of the interruption at 270° are essentially the same asithose
at 90° except the polarity. This rupturing time is experimentally related with
the types of circuit breakers and the wave forms of the current ruptured. The
Fig. 2.2(a) shows the distribution of the first rupturing time in Kasumori SS.
The charging current in this test contains less higher harmonics and has the
periodic normal zero passages indicated by wedge-shaped signs in Fig. 2.2 (b).
In the abbreviations as B-20 or B-25, the first “B” signifies the circuit condition
of type B, and the following number expresses the approximate amount of the
current interrupted in amperes. The first rupturing is never accomplished in the
neighbourhood of 0° or 180° but, in most cases, of 70° to 80°, which is a little
earlier than 90°. This seems to show an effect of the premature interruption
peculiar to the air-blast circuit breakers. The current in Tamagawa SS contains
more harmonics and its form is far from sinusoidal as shown in Fig. 2.3(c). The
first rupturing time is recorded in great dispersity over the whole angles in both
self- and forced-quenching breakers. Three wave forms in Fig. 2.3(c) contain
mainly the 5th harmonics almost in the same manner. Fig. 2.4 is the detailed
wave form of the current of B-30. The times of zero passage derived from this
analysis are indicated by wedge-shaped signs at the bottom of Figs. 2.3(a) and
(b), which reveal the distribution characteristics of first rupturing time for vari-
ous circuit breakers in Tamagawa SS. It is obviously found that experienced
numbers of times ruptured correspond to those zero passages. As to the influence
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FIG. 2.2. Phase angles at the first rupturing. Forced quenching
type circuit breaker (ABB) in Kasumori SS. Isolated neutral.
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of the types of circuit breakers, the distribution is almost the same for each
current magnitude in case of forced-quenching circuit breakers, whereas, in
case of self-quenching circuit breakers, it is affected by the current magnitude,
that is, the first rupturing time falls between 60° and 110° (or 240° and 290°) in
relatively lower values of currents and then comes to separate into the neigh-
bourhoods of four zero passages indicated, especially at 168° (or 348°). Although
the current does not come to zero at 168° (or 348°) in B-10, it nearly keeps zero
value for a considerably long period at the time shown by A in B-30, in which
the other zero passages marked by A are instantenously passed through by cross-
ing instead of osculating in the curves demonstrated. Therefore, the rupturing
at the former point must be achieved more easily. -
It may be derived from the above-mentioned facts that the chance for current
quenching depends strictly upon the current zero passage in both cases of forced-
and self-quenching circuit breakers and consequently, the period, during which
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line-lo-ground 290" 348° 49°  75° 110° 168° 2297 258°
voltage

FIG. 2.4. Detailed current wave form of B-30 in Tamagawa SS.

the current keeps minute values, may be also a chance for forced quenching (con-
cerning exclusively the air-blast circuit breakers).

After the current in one line is ruptured at first, the currents in the other
two are never interrupted one after another but always cut off at the same time
in an isolated neutral three-phase system. In the following discussion, the ex-
pression of the “second rupturing” is used to mean the interruption of such re-
maining currents in two lines. This second rupturing is achieved within some
lapse of time after the first one is over, except the case of the simultaneous
interruption of three line currents. In this respect each circuit breaker differs
greatly from one another in its performance. Fig. 2.5 shows the examples of
distribution of such time differences. Self-quenching circuit breakers, tested in
Kakomachi SS, as shown in Fig. 2.5(a), attain to the second rupturing after the
first one within 60° to 80°, the average values of which being 68°, that is shorter
than 90° by 22°. Those time differences in Yamaguchi-Yokota and Kasumori SS’s
are shown in Fig. 2.5(b) and (c). Both diagrams equally show a large number
of cases of interruption between 0° and 20°, while the distribution form of each
case is quite peculiar. The distribution in Yamaguchi-Yokota SS has double peaks,
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F1G. 2.5. Time difference wfs between the first rupturing and the second rupturing.
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one is between 0° and 20°, the other between 50° and 60°. The distribution in
Kasumori SS is more biased towards the left hand side. The simultaneous inter-
ruption of three line currents or the interruption with shorter time difference is
often realized in case of the small current. It is noteworthy that this investi-
gation is wholely inconsistent with the so-called typical conception that the second
rupturing would be achieved at 90° after the first.

The trapped voltage on lines after the final interruption depends on the time
when the current in each line is quenched. An example is shown in Fig. 2.6,
the abscissa of which indicates the trapped voltage normalized by the crest of
the phase voltage, and along the ordinate of which are arranged the absolute
values of the trapped voltage shown by the sign e in their sequential magnitude.
The polarity of the trapped voltage is denoted by that in the line ruptured at
first. For example, if that is positive, the polarity in each line is recorded as
itself, and if negative, recorded inversely. The former corresponds to the case
where the first rupturing is achieved in the neighbourhood of 90° of the phase
voltage, the latter to the case where it is done in the neighbourhood of 270°. In
the case of the simultaneous interruption of three line currents, the polarity is
so chosen as to adopt that of the nearest to 90° or 270° of the three. Although
every trapped voltage in the first rupturing nearly holds the crest value of the
phase voltage, those in the second represent the interesting forms on the diagram.
The points, which are arranged only according to the sequence of the absolute
value of the sign e, result in nearly symmetrical arrangement of the points des-
ignated by © with the ordinate of —0.5 E as the symmetrical axis. The signs
of @ lie nearly along the dotted line which links exactly the symmetrical position
to the signs e. In case of the interruption with greater time difference between
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F1G. 2.6, Trapped voltage on lines (Yamaguchi-Yokota SS).
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the first rupturing and the second, the trapped voltage on the lagging phase to
the first one is calculated by —~0.5E+V (V=0), whereas one on the leading phase
is denoted by —05FE—V (V=0). But these two signs intercross in the lower
part of the figure. Such situation is caused when the three line currents are all
interrupted simultaneously near at 90° of a phase voltage.

(1. 3) Observed sequences of reignitions

Table 2.2 shows in which phase the initial reignition occurs between the
contacts after the steady capacitive current are temporarily interrupted. Although
these investigations require precise tracings of oscillograms of the voltage across
the contacts, the actual trigger voltage cannot be distinguished when the reigni-
tions in two or three lines start nearly at the same time. The construction of
this table is as follows; “Circuit breaker” is classified into two types, z.e. “Self-
quenching type” and “Forced-quenching type”, “Substation” indicates the sub-
stations where the tests were carried out, “Interrupting process” contains the
Types I-b and II-b, considering the trapped voltage and the shifted voltage
of the neutral potential-to-ground in the source side of the breaker are quite
different between Type I and II, and “Line of initial reignition” is classified into
the first, the lagging and the leading phase. In case of the simultaneous inter-
ruption, however, the standard phase is assumed as the phase the current in
which is interrupted at the nearest of normal zero passage. This table indicates
that the dielectric strength between the contacts in the second ruptured lines
seems to be weaker, i.e. the dielectric strength between the contacts with longer
burnning period of arc is apt to be broken fast. During this investigation it is

TABLE 2.2. Line of Initial Reignition After the Second Rupturing

Line of initial reignition )
Circuit . Interrupting first lagging | leading | Total
breaker Substation . process |rupturing| phase phase k unknown
i (cases) | (cases) | (cases) | (cases) (cases)
& Type Ib 2 1 2 1 6
S T II- 1 2 1 6
" Kako-machi ype 1-b 2 ‘ {
£ sum (%) | 433) | 207) | 433) | 207) |12(1oo_>
= ’ : .
§ Type Ib 1 0 o . 1 2
II- 3 5
g Tamagawa Type II-b 1 3 1 0
— i
d% sum (95) ] 2(29) 3(43) 1(14) 1(14) 7(100)
Type Ib 0 s | o 0 3
© Yamaguchi- Type II-b 0 0 ! 0 0 0
5y Yokota 7 i T i
- sum (9%) | 0(0) | 3(100) 0(0) | 0(0y | 3(100)
en i |
£ Type Ib 1 10 2 4 17
Q -
g Kasumori Type II-b | 0 ’ 4 | 4” 1 v 9
& sum (%) | 1(4) | 14(54) | 6(23) | 5(19) | 26(100)
k] ! : i :
o S I T T T T
= Tamagawa ype - ’ | |
sum (%) | 1(125)| 3(375)| 5(50) | 0(0) 8(100)
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not recognized that the insulation between the contacts in a particular line would
be always broken at first, so that, the tendency above-deduced cannot be the
result from the irregular separation of the moving contacts. This tendency is
commonly recognized in both Types I-b and II-b. And, moreover, the dielectric
insulation in the lagging phase is weaker than in the leading except in cases of
self-quenching circuit breakers in Kakomachi SS and the forced-quenching ones
in Tamagawa SS. The number of times, that the initial reignition occurs between
the contacts in the first rupturing, is larger in the self-quenching circuit breakers
than in the forced-quenching and it amounts up to 33% in the former while 12.5%
at most in the latter.

No reignitions occur after the final rupturing in the Type I-a and II-a but at
least one reignition occurs after the temporary rupturing of three lines in the
Type I-b and II-b. A reignition between the contacts in a line may induce
reignitions in one of the other lines or both of them. The former is here called
the “two-phase reignition” and the latter the “‘three-phase reignition”. The case
is also possible in which an initial reignition does not induce any reignition but
is quenched. Such case is called the “single-phase reignition”. Table 2.3 shows
the result of the investigation of these induced reignitions. The expressions of
three columns in the left side are the same as those of Table 2.2. The “First
reignition” shows the number of frequencies of three styles of reignition which
are first induced after the temporary rupture of current in three lines. The follow-
ing three sections to the right, each consisting of three columns, refer to the

TABLE 2.3. Reignition Types

a | ' First Reignition succeed (cases) Summerized
=B 2 Inter- reignition after 3-phasejafter 2-phase] after a single result
8 v‘é § run ti:l; (cases) reignition | reignition jphase reignition; (cases) Total
o 2 rgcesgsmwmw"‘mmw‘\‘mi’“‘mmwmm"‘mmmNw ol P Ny | Tg
0.8 p DR D Ol Qi Ol Ofbs it QW OF = O O - O - QO - Q = O
A gaogLEls g.&]gs griggeRlos 98128 28128 | 28
ZoBS 3E3E 3R EEER|BRER|BR BR BS] 55 | g5 | 67 [(cases)
) Type I-b| 4| 0] 2] 1] 3 E 2l ol 1l 1l1 1] o0l 6] 5 5] 16
% | Kako. Typellb 2 4 0} 0| 4 0} 2] 4/ 0f0]0 O 4 1 12 0 16
e | machi - - -
g ; 1 ‘ ; | 6 17 5 32
£ sum(96) | 6 4 2} 1] 7 202 5] 111 11 0 jg15) (53)(165) (100)
g Type I-b ol o1 11o0lolo o] ol 21 21 o 4
& Tama- |Typell-b| 1| 4 0} 0| 1 0} 0 1] 0[]0 0} 0 1 6 0 7
= | gawa - - - ; - 7 ; - 3 3 0 i1
Q H o i i
k. sum(9g) | 2| 5| 0 o{ z} ol 1) 1j ot o0l o] am o] do
Type b 1, 2. 0ol ol o ol o, 1 0f0 o0 o0 1 3 0 4
o gfélﬁf Typellb 01 0/ 0} 0l o) 0} 0 0] 0f 0| 0 O 0 0 0 0
g . | Y] . |
> |Yokota ! ! ! | ! 17 3] 0 4
z sum($) 1/ 2 0] o0 0ol 0 of 1i 0l ool o]l o] an
£ Type b 10 7 0o} 2 4/ 1}l 6/ 3/ oo 0o o}l 1w 1] 33
S Kasu- Typellb, 5 4 0} 3/ 4 0} 4] 1 050 0 Lo 12 9 0 21
& | mori : 7
3 T i g 30 | 23 | 1 54
g sum(9¢) 1511 ] o) 5| 8] 110 4] o] o | 0| 0 |Fsluzs (@ o0
S Type 16| 0 2 2] 0ol ol o) of ol 1fo o o} of 2| 3 5
8 /Tama- | Typellb, 0 3 1|0 0 0f 0 0 0f0 0 4} 0 3 5 8
gawa T Y ' 10 5 851 1B
\Sum(%’! 01 5] 3! ol ojofojoj1jo0 o0 1 Y1 (0) |(385) (61.5)] (100)

Note: * A singular case with successive single phase reignition.
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correlation between the successive reignitions after the first one. The total
number of frequencies are listed in the section of the extreme right.

In this table one can recognize the two-phase and three-phase reignitions are
often found in an isolated neutral system. This tendency is also the truth with
respect not only to the first reignition but to the successive ones. The two-phase
reignition follows in most cases after the first reignition. But, in case of Kasu-
mori SS, a two-phase reignition is apt to be caused after the quenching of a
three-phase reignition, and a three-phase one after a two-phase. After the initial
reignition is caused in a line, the potential-to-ground of source side is changed
remarkably. This change gives rise to a remarkable influence on the recovery
voltage between the contacts in the other two lines. If such a transient recovery
voltage overtakes the dielectric strength between them, a new arc reignites.
Table 2.4 shows which of the two phases is liable to be combined together with
the other by such a transient voltage. The manner of tabulation is the same
as that of Table 2.2. Such induced reignition is generally caused in one of the
second ruptured lines.

Fig. 2.7(a) and (b) indicate the examples of the time interval between a
rupturing and the following reignition
with respect to Type I-b. The “cleared-
up time duration” is expressed by the
cleared-up time of the phase in which an

Y
i3
T

4
/
]

/
i

@
&
A
§ § reignition
~ | ! succeeded
TABLE 2.4. Combination of 2 T
Two-phase Reignition §§ r
S S 3
i Combination (cases) fgm
‘ o0 [ (TR TR
oy & E4 8l cge o8 g
=5 02 | 8% =E =88 fgg 2l
SR 8 =iy} ] e o % o
=0 4 g9 S Heoln Boepleot e = O ?g
O3 5 4R dE2akEldla g - -3 @ .
n E g‘&’ 5438 '§ N §., L x  Single phase veignilio™
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- T < 0 A tree- phase ”
g Type Ib) 0| 0| o | o A .
2 Kako- |Typellb, 0 | 2 | 2 4 e
& machi - 12345678
o o 2! 2 4
= sum(94) f (0) i (50} ’E (50) | (100) ° (a) Self-quenching circuil breaker
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'Y 1 L
5 Type Ib| 0 0o 1 1 bR
2 | Tama- Typell-b| 0 0 4 4 -3 o
w awa ‘ i g3 120+ X recqnilion
i g um( o) 0| 0| 5 5 S = / succeeded
% S ©7] (0) | (0)(100)](100) 3 %70 é
g L
Type I-b. 1 0 1 2 B !
Yama- Topellb| 0 o 0, 0 e !
& | Sorats 0 T 2 S8 @r First
5 | Yokata [ | 3 First.
- s(3) | (50) | (0 | (50 | (100) E relgnition.
£ Type Ib 2 = 0 5 1 7 ‘g‘
g Kasu- Type II-b 0 | 0 4 4 K] o L
g mori sum(yH 20 91 e 12345678 910111213
'g : cl 18y 1 (0) ) (82) E(IOO). (b) Forced quemkini CC:rCl;ét brea.lcerss
] n Kasumori
o Type I-b 0 0 2 2
E Tama- | Typell-b .2 0 3 3 (Note) abscissa : one poinl for one case
save sum(%) | o 0 5 5 F1G. 2. 7. Cleared-up time
i 071 (0)y | (0) |(100)!(100) L -

before a reignition.
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initial reignition occurs. The longer are the time intervals, the farther to the
right are situated the corresponding points. According to the established practice,
the reignition with the time interval longer than 90° is called “restriking” and
shorter than 90° “reignition”, which are formally distinguished in the ordinate
of the figures. Three styles of reignition are denoted by three different marks
as shown. Most of the first reignitions are caused within 30° just after the
previous rupturing and few restrikes beyond 90° in case of this forced-quenching
circuit breaker and the tendency is also valid in circuit breakers of the same sort,
while the first reignitions are caused over the wide range below 90° in case of
self-quenching circuit breakers. The corresponding time interval is also investi-
gated with respect to the successive reignitions. Some restrikes appear in Fig.
2.7(a) and several reignitions are found at the time longer than 30° in Fig. 2.7
(b). With longer time intervals, three-phase reignitions cease to occur, and, on
the other hand, the unfavourable single-phase reignitions come to exist.

(1.4) Arc duration time and circuit characteristics

The burnning period of reignited arc seems to have some relation with the
preceding cleared-up time. Since the preliminary investigation for each circuit
breaker indicates, in this regard, a common tendency, Table 2.5 is generally ac-
cepted as the final result, in which the number of total reignitions in each test
is estimated as 100% respectively. As a transient wave form of voltage during
a reignition is generally oscillating, the burnning period may be denoted by the
multiples of its loop. This table consists of three domains, designated by A, B
and C. Most of reignitions belong to the domain A. The reignitions with the
burnning period of 0.5 cycle of the transient oscillation are occassionally found,
almost all of which are effected within 60° after the previous quenching. The
table shows that a reignition after a longer cleared-up time has a tendency to
sustain an arc for a longer duration of time. There is no reignition belonging
to the domain B so far as this investigation is concerned. The reignition within

TABLE 2,5. Time Duration of Reignition (isolated neutral system)

Cleared-up Time duration (cycles of natural frequency)
time P - 2.5 and
(degree) sparking 0.5 1 1.5 2 over
0- 30° 6.49 | 2529 219 119%, 069%| 5.9%
31~ 60° 36 | 211 | 26 | 33 | 17 | 03
! | I
61- 90° 11 10 | 11 82 { 41
e ‘ ——(domain A) -
91-120° | 01 | 44 01 [ 11 | o038
121-150° | | 24 06 | 0§ | 22
151-180° | | 22 l 0.8 ] 03
H j .
181-210° (domain C) (domain B)
211-240° 03 | |
241° and over % ; ;

Note: 264 reignitions in total * cf, Fig. 2.10(b)
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the domain C is one of the sources of overvoltages and 10% of the cases investi-
gated belong to this domain. A reignition after the cleared-up time of between
211° and 240° causes a remarkable shift of the neutral-to-ground potential. An
overvoltage due to the cumulative trapped voltage on the capacitive element may
be realized when reignitions belonging to this domain are caused successively
more than two times, but, according to this table, such circumstances are rarely
brought about. Within the result of this investigation only two cases were en-
countered with.

The frequency of the transient voltage and current after reignitions can be
well estimated with considerable accuracies but their damping factor with great
difficulties. Thus, the correlation between the damping time constant r and the
frequency f is experimentally investigated for each oscillation with a typical form
of a single frequency. The quality factor @ for resonance in power systems can
be also estimated, regarding the network as a single L-C-R series circuit, equiv-
alently. The empirical formulae obtained are

T= %,1729 (msec), \
Q =352 , f w

respectively. The corresponding charts are shown in Figs. 2.8 and 2.9.

Two examples of reignitions are shown in Figs. 2.10(a) and (b). (a) is a
typical reignition over two lines: phases ¢ and ¢. The detailed process is as
follows. The dielectric insulation between the contacts in phase ¢ is broken
down at first and it results in the induced jumps of voltages-to-ground in phases
a and b. During the course of such jump the dielectric insulation between the
contacts in phase e can not withstand such transient recovery voltage and then
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FIG. 2.8. z-f characteristic.
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is broken down. Thus a typical reignition over two lines are caused. (b) is a
reignition in a single line, which is quenched within a very short time duration,
not inducing any other reignition, which is called as the sparking reignition in
the following discussion. The trapped charge passes through the arc path into
the bus conductor so as to cause a sustained voltage shift of the source potential.
As shown in Fig. 2.10(b), the amount of this shift is just equal to the instan-
taneous recovery voltage before the reignition. As the result of the voltage shift
of 1.5 E, the crest voltage in each line reaches and sustains 2.5 £ with the system

frequency.

§2. Theoretical investigations on reignition phenomena

The first rupturing is achieved in the neighbourhood of 90° of the phase
voltage and even in case of a premature interruption that point is advanced only
by 10° to 20°, while the periods between the first rupturing and the next distrib-
ute irregularly over 0° to 90°. Although the self-quenching circuit breakers,
tested at Kakomachi SS, were made in the beginning of the 1950’s, those periods
fall between 60° and 70°, which are shorter than 90° by more than 20°. The
reason is easily explained by the fact that the remaining single phase circuit is
interrupted by two points in series. The forced-quenching circuit breakers have
the shorter arcing periods in general and often interrupt all three currents at
the same time. The circumstances during an interruption of capacitive current
under the circuit condition type B may be expressed schematically as Fig. 2. 11.

From various investigations of the line charging current interruption, it may
be concluded that a recovery voltage in each line contains less high frequency
components but mainly consists of fundamental component. And the very small
capacitance Cs remaining on the source side is of a great significance for the
final interruption. From the theoretical point of view, Cs may be an imaginary
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capacitance as the position of a circuit breaker approaches to the end of a line
as a limiting case, but in practice a small capacitance always remains on the bus
conductor. This small capacitance plays an important role in the oscillatory
jumps of voltages after a reignition, in the sustaining potential shift after a
sparking reignition, and in the neutral potential-to-ground after a final inter-
ruption. The trapped voltage on the line is thus affected by these factors. In
the following calculation, the quantities referred to each of the three lines are
represented by suffixes of a, b and ¢ according to the positive phase sequence.

The trapped voltage on each line is given as follows.

Eﬂa:E;
Ewy=—05 E+0866 Esin oto, | 2)
Eye= ~0.5 E~0.866 E'sin wt,

where the phase a is taken as the first phase; the electrical angle #, of the
voltage in phase a is just 90° at the first rupturing, and the rupture of current
in phases & and c¢ is achieved after the time lapse of ¢ (sec); Cs < C, E is the
crest value of the phase voltage, w=2nr/y, fo is the system frequency.

Egs. (2) indicate that the trapped voltages in phases b and ¢ take the sym-
metrical magnitudes with —0.5E as the axis. And these equations are also
available if 0, is chosen in the neighbourhood of 90° instead of just 90°. With
the simultaneous interruption of all the currents, the trapped voltage in each line
is nearly equal to the instantaneous value of respective phase voltage. Even in

F1G. 2.12. Vector diagram
of line-to-ground voltage at the
simultaneous 7 interruption in
three lines.
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such case if an angle of a line voltage is near 90°, the values of the trapped
voltages in the other two keep the symmetrical relation on both sides of —0.5 E,
as shown in Fig. 2.12, which also indicates that the trapped voltages in the lead-
ing phase and in the lagging one interchange their amounts according to 6z <90°
or f,>90°.

After the final or the temporary interruption the neutral potential of the
source side has some shift voltage V, with DC component due to the trapped
charge in Cs. In case of 6;=90° and with the time interval %, V, is given as

Vo= —0.5 E(1—cos oh), (3)

and in case of a simultaneous interruption in three lines,
Vy=0. 4
According to Eq. (3), each line-to-ground voltage in the source side is given as

E.= Esin(wt+0.) + Vi, (5)

where k=a, b and ¢, 64=(2/2) + wty, Op= — (n/6) + wly, 0L=(77/6)+ wt, and
0. is equal to the instantaneous angle of each phase voltage just when the arc
extinction is achieved. The recovery voltage is derived by the difference be-
tween the line-to-ground voltage in the source side and the trapped voltage on
the line. According to the actual investigations mentioned in previous section,
the interrupting process may be classified into five typical patterns as the combi-
nation of 04 and wt, like (84, wt)). They are

(90°. 90°), (90°, 60°), (90°, 30°), (90°, 0°) and (60°, 0°).

A series of the recovery voltages for each line”are traced in Fig. 2.13 taking
every arc extinction point as the common origin.

The initial recovery voltage in phase ¢ always build up along the line OA
before the second rupturing in the other two phases is effected, and the first
possible crest value will decrease as the time #, become shorter. The recovery
voltage of phase a arrives at the point A when the currents in phases b and ¢
are interrupted at wt,=90° assuming f, = 90°. The corresponding point A at every
instant earlier than wf,=90°, lies on the line 0A according to its abscissa. With
larger values of wf, the recovery voltage across the contacts in phase @ reaches
rather high voltage by the time of the second rupturing. In case of (60°, 0°),
the recovery voltage in phase ¢ shows once a low maximum at the beginning
but the severity impressed across the contacts is not so great in spite of a little
higher rate of rise. Next, the superposition of OA on the traces in phases b and
¢, drawn by dotted lines in Fig. 2. 13, shows that the recovery voltages in phases
b and ¢ are evidently higher than OA. Restricting the discussion to the inter-
rupting process of Type I, the recovery dielectric strength must be higher than
OA in phase a but the recovery rates in phases b and ¢ are seemed to be com-
parative with the rate of OA, because many initial reignitions are actually caused
in phase b or ¢ as shown in Table 2. 2.
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§3. Theoretical investigations on overvoltages
accompanied with reignitions

(3.1) Imitial reignition

An initial reignition suddenly renders a bus voltage equal to the trapped
voltage on the line. In Fig. 2.11, C is schematically connected with Cs in parallel
by this reignition and the terminal voltage of the parallel connected capacities
becomes equal to the trapped voltage across C, independent of the instantaneous
voltage across Cs as the capacity of C is much larger than Cs. This reignition
in phase a results in the initiation of greatly magnified voltage transient both
on the terminals in phases b and ¢. Since Lr and  may be neglected compared
with C, Fig. 2.11 may be transformed to Fig. 2.14. In this figure, the transient
phenomena may be analysed for each of the branches e-b and a-c, respectively.
The original equations in section (3.5) results in

phase a phase b
(as an example ) . - FIG. 2.14. Schematic
} A s e .
phase ¢ L circuit diagram during the
¢ ) initial reignition,
L T
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Eo=v 3Esin(wt+60'F57/6) + (Esing' + Vo+ Ep)e " cos vt — Eu \

Ecz = E02 [ (6)
where E. is the voltage across Cs in phase b or ¢, E., is the voltage across C in
phase a (c¢f. Fig. 2.14), referring their direction to the section (3.5), and the
instant of a reignition is taken as the origin of the time ¢, and the angle of each
phase voltage at #=0 is indicated by 6'. The initial voltage across Cs is given
by Eq. (5) and the initial voltage Ey across C in the reignited phase is given by
Egs. (2) as the trapped voltage after the previous rupturing. The upper sign in
the equation corresponds respectively to the lagging phase and the lower sign
to the leading with regard to the reignited phase. Egs. (6) indicate that the
line-to-ground voltage initiates a voltage transients with a cosine-like wave-front
from the instantaneous value with the frequency of »/2z(c/s). The maximum
overvoltage is realized at its crest, which can be derived by putting t=r/v. Since
the frequency accompanied with the initial reignition is generally high, the vari-
ation can be neglected for the fundamental phase voltage during this period. The
first crest Eeimax 1S given as

Eomax =V 3 Esin(8 T57/6) — k(Esin 6/ + Vo + Ep) — Eu,

that is

2 2
Fortmae = —E/(§+k) +(:/T2§‘) sin (0 %) — & Vo — (1+ k) Ee, (7)

where tan%:—-iég— / (%—4—]3) The first term in Eq. (7) is independent of the

trapped voltage and equivalent to the first crest value induced in the other phases
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due to a premature closing. Eq. (7) plotted with ¢’ as a variable is nothing but
the curve connecting every crest and shows a limit of the overvoltage of this
kind. Many experiments show the frequency accompanied with this reignition
is usually within the range between 2 and 5 kc/s. Fig. 2.15 is an example of a
limit of this first crest with 4 kc/s as a model frequency for the case of (fa, wty)
= (90°, 60°). Each line-to-ground voltage with the system frequency is plotted
by a fine line. The line-to-ground voltage, for example, in phase ¢ with an initial
reignition abruptly changes from the instantaneous value to the trapped voltage
just after the reiginition, as shaded by vertical lines between the phase voltage
and the trapped one in the figure. On the other hand, the transient variations
in phases a and b initiate from the instantantaneous value and build up to the
first crest, as shaded by inclined lines between the phase voltage and the curve
showing every first crest denoted by thick lines in the figure. Reignitions are
expected to occur within the first increasing range of the recovery voltage in
Fig. 2.13. Such range for phase ¢ is just fully shown in Fig. 2.15. The variation
for the line-to-ground voltage gives, in turn, the dirct influence on the recovery
voltage across the contacts, which is shown in Fig. 2.16 corresponding to Fig.
2.15. The expression is the same as Fig. 2.15. The magnitude of the voltage

3E +

2 - Ssecond ruplurin o ¢ -
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FI1G. 2.16. Transient recovery voltage due to the initial
reignition in phase ¢, when the steady state capacitive current
is interrupted by the pattern of 6,=90°, fom=60°.
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across the contacts in phase ¢ suddenly changes to nearly zero level at the
moment of the reignition, and the voltage across the contacts in the other phases
begin to build up steeply at the same time. Such transient recovery voltages
often overtake the dielectric strength between the contacts. An induced reignition
occasionally prevents the voltage transients from building up within the range
of the shaded area, so that the line-to-ground voltage shown in Fig. 2.15 does
not necessarily reach the crest value indicated by the thick line. This is one of
the prominent characteristics in this field. The shaded domain in Fig. 2.15 or
2.16 indicates a limit for the line-to-ground overvoltage or the transient recovery
voltage across the contacts. The characteristic tendencies of this overvoltage
are as follows.

(1) The maximum transient component may be attained when a reignition
occurs in phase a at ;=270° in the pattern (90°, 90°), but the maximum re-
sultant line-to-ground overvoltage as high as 4.8 £ is induced in phase & with a
reignition at 6, = 250°.

(2) The overvoltage is higher in the lagging phase than in the leading one
with respect to the first reignited phase. But if a reignition occurs at the time
when the recovery voltage begins to decrease, the overvoltage in the leading
phase becomes higher.

(3) The transient component raises the line-to-ground voltage in the lagging
phase, while it reduces in the leading one. In the latter case a remarkable high
transient component happens to induce an overvoltage of the opposite polarity.

(4) The maximum overvoltage for each
pattern is shown in Fig. 2.17. An overvoltage

§~ over 4 E is always prospected in phase b, if
E the transient recovery voltage does not induce
§ $OEf any reignition.
IAY4ES (5) The reignition at 180° after the previ-
§§ ész - ous extinction of arc does not always induce a
¢ f“é pal highest overvoltage.
§ §§ The characteristic tendensies for the voltage
:é%:;; j I L , variation across the contacts are as follows.

A = e e (1) The maximum transient component as
mrermpt;:mj;“ { 9& 60° 90 v V] A - . .
r wt, 0° 0" 30° 60° 90° high as 6 E may be attained when a reignition

occurs in phase a at 6;=270° in the pattern
FI1G. 2.17. Maximum overvoltage (90°, 90°)

due to the initial reignition. . . . .
& (2) It is uncertain in which phase the

transient voltage across the contacts becomes
higher. It is solely the problem of the individual case.

(3.2) Determination of possible reignitions

Transient variations of recovery voltage across the contacts due to an initial
reignition often induce arcs in the other two phases. It is a new attempt to esti-
mate the process of development of a reignition to the other phases under the
following audacious assumptions, which may give a rather objective judgement.

(1) An initial reignition within the overlapped shaded area induces reignitions
across the contacts in the other two phases, and results in a three-phase reigni-
tion. (¢f. Fig. 2.16) ‘
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(2) An initial reignition within the separated shaded area induces a reignition
in either phase, and results in a two-phase reignition. (¢f. Fig. 2.16)

(3) The dielectric strength between the contacts in the first quenched phase
is rather high in case of wf; 0.

An example of the estimated range of the process is shown in the lower part
of Fig. 2.16. The resultant estimated range for each pattern is shown in Table
2.6. The numerical results corresponding to Fig. 2. 16 are arranged in the seventh
row from the top. In actual cases, an initial reignition does not uniformly occur
in all three phases, as shown in Table 2.2, and the time interval of wiy is pe-
culiar to each circuit breaker. Thus, the above-mentioned two factors must be
considered when utilizing Table 2.6. Following two examples show the possi-
bility of deducing theoretically the results of the “first reignition” in Table 2.3
from the data in Table 2.2 and 2.6.

TABLE 2. 6. Estimated Range of Possible Reignition

Interrupting ! Possible reigniti
3 | gnition
-~ PIOTES®  fine of initial — :
; : ' reignition 3-phase | 2-phase Single phase
O | @ reignition | reignition | reignition
i : I
a 60° | 30°¢ 0°
b 0° | 140°¢ 20°
90° 90° ¢ 80° } 40° b 20°
1; sum 140° 210° 40°
a 90° 30° ¢ o¢
| b 0° 10°c¢a  10°
90° = 60° ¢ 60° 60° a 50°
| sum | 1s0° | 130° | 60°
a 70° 80°b 0°
b 60° 20°¢, a 0°
90° 300 c 60° 80°a 20°
sum 190° | 180° | 20°
, a 30° 120° b 0°
! b 80° 30°¢, a 0°
90° 0° ¢ 30° 20° b 0°
sum | 1400 ; 170° | 0°
a 0° ‘ 140° b 20°
: ! b 140° 0° 0°
60° 0o ¢ 60° 20° b 0°
sum 2000 | 160° | 20°
Total 800 80° | 140°

Ex. 1. Test results of Kakomachi SS

Since each interruption follows the process of (64, wi) = (90°, 68°) as average,
the rows of (90°, 60°) in Table 2.6 are available to determinate the types of the
possible reignition. From Table 2.2, the initial reignition of Type I-b occurs in
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the following ratio; phase a:phase b : phase ¢=2:1:2. Thus, the effectively
estimated range for the reignition over three lines is

90°+60°=150°.............. 489,

the effectively estimated range for the reignition over two lines is
30°+40° x0.54+60°=110° ....35%,

the effectively estimated range for the reignition in a single line is
10° x0.5+50°=55° ... .. c 17%.

The actual numbers of each type are 4, 0 and 2 from the row for Type I'b in
Table 2.3, respectively. The fact that the reignition over three lines is most
likely to be induced may be derived from the above estimation.

Ex. 2. Test results of Kasumori SS

Since each interruption process falls within 6;=70° to 80°, and wt=0° to
30°, the data must be treated under the consideration of the following three
processes at a time: (8, ofy) = (90°, 30°), (90°, 0°) and (60°, 0°). From Table
2.2, the initial reignition of Type I-b occurs in the following ratio, phase a:

phase b: phase ¢=1:10: 2. Thus, the effectively estimated range for the reigni-
tion over three lines is

for phase a (70°4+30°4+0°) x (1/13)=8°

for phase b (60°480° +140°) = (10/13)=215" total 246°....73%,
for phase ¢ (60°+30°+60°) x (2/13)=23°

the effectively estimated range for the reignition over two lines is

for phase a  (80°4-120°+140°) x (1/13)=26° ?
for phase b (20°4-30°+0°) x (10/13) =39° © total 84°..... 25%,
for phase ¢ (80°+20°4+20°) x (2/13) =19° S

the effectively estimated range for the reignition in a single line is

for phase a 20° x (1/13)=2°
for phase b 0° > (10/13)=0° total 5°....... 29%.
for phase ¢ - 20°x(2/13)=3°

The actual numbers of each type are 10, 7 and 0 from the row for Type I'b in
Table 2.3, respectively. This estimation is rather satisfactory.

These two examples show that the estimation on the bases of Table 2.6 may
lead to the actual tendency.

(3. 3) Reignition over two or three lines

The limit of the overvoltage due to the free oscillation after the reignition
over two or three lines will be investigated with the same procedure as the
previous section. The circuit cosdition with the capacitance C connected in
parallel with either of Cs's in Fig. 2.14 may be regarded as that corresponding
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to the reignition over two lines. Since the initial voltages across these two
capacitances are uniquely given by the voltages trapped on the lines, the transient
wave form does not depend on the sequence of the initiation of reignitions but
on the combination of two lines. The original equations in (3.5) may also be
available for this case. Imitiated by the reignition over two lines, each free
oscillation generally builds up from each trapped voltage to the first crest with

the cosine-like wave front. The first crests of these oscillations are given as
follows.

Bornw = V3 BV14 B2k cos 0y sin(00+ 5+ 7 ) = & (Bt B) + 5 (=B,
(8.1)
Ean = V3 BB ZRCos Oysin(#+ § +7') = § (B + B) = 5 (B = B,

(8.2)

where tan?! = —o2 05 _, and suffixes, 1 and 2, discriminate the two lines follow-
cosOs+k

ing the positive phase sequence, En and Epn are the trapped voltages on the both
lines, 6! is the electrical angle of the phase voltage at the instant of reignition
as to the line with the suffix 1, and f;=w-nx/v. Egs.(8) indicate that both transi-
ent voltages, Es and E., oscillate symmetrically with the DC component, shown
in the third terms of Egs. (8), as a shifted center. Fig. 2.18 is an example of a
reignition over phases ¢ and ¢ with 400 ¢/s as a typical free oscillating frequency.
The first crest is realized after 1/2 period of 400 c/s, that is, after 6y =27° for

3+ second rupturing
N on phases b and ¢
g‘ ki L, ——
E , yd
- first rupluring ; \
Fd in phase ¢ e
3 o o e 4
? E A% 4 . \\
P P
g e q / /\\ T -
a7 2> NSl )
R
38
A
&
IS
2
3L f Line : lime-Te-groumnd vollage
B ¥ fme w;‘m sys)’.g;(raquem?
phase a thick line | lime-To-ground voltage
..... s b (eurved)  tracing the first transient crest
B v c  thick line : fmFPed Vottaqe
(straight)

F1G. 2.18. Line-to-ground overvoltage due tola.reignition
over phases a and ¢, when the steady state capacitive current
is interrupted by the pattern of §;=90°, wfy=60°.
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the electrical angles of the system frequency since the instant of reignition.
Egs. (8) are plotted against 8] in Fig. 2.18 by a thick line. For example, in a
reignition over phases ¢ and ¢ just after the second rupturing, two free transient
oscillations initiate from the point “a” and “r”, which are equal to the voltages
initially trapped on the lines in phases @ and ¢, and build up to the point “R”
and “0”, respectively. The curve between “a” and “B”, or “r” and “6” are
nothing but the first wave front. Fig. 2.20 shows the maximum overvoltages

o Shift amounl of D
< wltage compoment

b
FIG. 2.19. Vector diagram during a reignition over two lines.
(A) reignition over phases a &c () recgnition over phases a b b

a

3E} phe*? 3L phase §

S = ol o B e G D
2E 2E |
E b L

E

0 R 0

{ 9; 0° 90° < M {
wt, 0° 0° 30° b0° P0°

((B) reignilion over phases b 4 ¢

B bo° o0 e o ¢
wty 00 0° 30" 60° fo*
(D) reignilion over 3 times

E IE & phase C
- aseb o= BT 5T, 2
LN #-"" phase -
2F N P 2 F r,z{,\.___,._-_o . b
s. /v--"“"‘ ¢
< se
ET 7 pha i
0 : : . L L [ L L L L
{9,; bo° 900 o o o o w0 o ¢ -
wt, 0° 0 30° 60" ot wi, 0° 0 30 60° 90°

ordinale : moximum overvoltage (E: Line-to-ground crest wltage )

abscisse. : interrupting precess

F1G. 2.20. Maximum overvoltage due to a reignition over two and three lines.

considered for every combination. These crests are always realized if a reignition
once occurs. This is a feature of this transient. The line-to-ground voltage in
an unignited phase continues to oscillate with “1.5 E” vector as the center pointed
out in Fig. 2.19. Since the shift amount of DC voltage component during this
reignition is lower than that during an initial reignition, this new voltage transi-
ent does not generally magnify the previous transient peak. In an example of
Fig. 2.10(a), the voltage transient in phase B initiates to oscillate to the opposite
direction from the mid-point of the first oscillation just after the time # when
two arcs are reignited in phase R and W at the same time.

Next, in a reignition over three lines, it is a feature that the neutral potential
during the transient oscillation has no shift of DC component. A transient oscil-
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lation in each line initiates from each trapped voltage and oscillates with the

normal phase voltage as the center. The first maximum crest is given as the
equation

Ecx max — E\/1+ kz’f‘z kcos ﬁf Sin(&i + Z’) - EOK, (9)

where © may be @, b or ¢, 6, is the electrical angle of each phase voltage and
other constants are the same as those in Egs. (8). Fig. 2.21 is an example with
400 c¢/s as a typical oscillating frequency. Fig. 2.20(d) shows the maximum over-
voltages for each case, which amount to nearly the same values as in the reigni-
tion over two lines. When a reignition is once initiated, these maxima are always

realized in this case, too.
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————— ., ¢ with system frequency

thick line: line-to-ground voltage
ceurved)  tyacing the firsl transienl crest

thick Line: ltrapped voltage
(straight)
Fi1G. 2.21. Line-to-ground overvoltage due to a reignition
over three lines when the steady state capacitive current is
interrupted by the pattern of 6,=90°, wto=60°.

(3.4) Line-to-line overvoltages

When a reignition over two lines is caused during an interrupting process,
the crests of the line-to-ground voltage transients are given by Egs. (8) in (3.3).
The neutral potential-to-ground of this transient has a shift of DC component
which is equal to the average value of both trapped voltages in two lines con-
cerned and the voltage loci of these oscillating components are symmetrical to
this shifted value. Therefore, twice the amount of this component is to be im-
pressed on the insulations between two lines. This line-to-line component can be

derived from Egs. (8.1) and (8.2) with the consideration of the supposed direction
for each voltage,
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Eismas = Ecl max Ec'a max

= VBEV1+# +2kcos by sin(0;+ % + 7' ) = k(Ey + Eu). (10)

Next, Eq. (9) gives the first crest during a reignition over three lines. At that
instant the voltage impressed between two lines can be given by the equation

EIZ max = Ecl max Ecz max

=VIEVI+k+ 2 kcos by sin(0} + Z4r ) = k(B — £ (11)

In each of both Egs. (10) and (11), the first term is the same and in the second
term, the signs are different in the parenthesis. But these two equations are
quite equal, because the supposed positive direction of each voltage is essentially
taken in the opposite side.

Thus, the first crest voltage impressed on between two lines is always the
same in both cases of reignition over two lines and over three lines. Fig. 2.22
shows the numerical solution of Eq. (9) or (10) plotted against ¢, as a variable.
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FIG. 2.22. Line-to-line overvoltage during a reignition over two or three lines.
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The origin of this figure is taken from the initial point of the second rupturing.
The parameters on these curves are selected as to correspond to the typical
interrupting patterns mentioned before.

(3. 5) Original equations

The followings are the original equations which lead to the Egs. (2) to (11).
Fig. 2.23 is a series circuit consisting of the four circuit elements, L, R, G and
C,. For the analyses of transient voltages in power systems, it is more con-
venient to make use of the oscillating frequency and the damping factor as the
parameters in stead of the formal circuit constants. Thus, the following equations
can be derived, where a=Ci/Cs, 1 is the resonant frequency derived from by L,
R, C; and C; and @ is a quality factor for its series resonance. The source
voltage is e=emsin(wt-+0), where o is the system angular frequency and ¢ is the
reignited phase angle. The initial conditions are Eq=Eu, Ec2=Ey, and i=0 at £=0.

FIG. 2.23. L-C-R series circuit.
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Chapter 3. Interruption of Small Inductive Current
with Current Chopping

§1. Current interruption of unloaded transformers

There are two sorts of method to interrupt the transformer magnetizing
current; one is the interruption of the steady state magnetizing current and the
other is that of the inrush current with asymmetrical components. In the recent
experiments in actual systems the current chopping was generally caused by air-
blast circuit breakers, while it was never caused by oil circuit breakers or por-
celain type circuit breakers which seldom impress the overvoltages in the system.
After an arc extinction, any trapped voltage does not leave on transformer termi-
nals as was experienced in case of the de-energization of capacitive circuit, and
the resulting recovery voltage across the contacts is relatively low. At the mo-
ment of the arc extinction at the normal current zero passage, any overvoltage
would never occur on the de-energized transformer terminals. In an air-blast
circuit breaker, air flow with elevated pressure and high velocity tries to quench
an arc at the instant of the contact separation and consequently the current form
turns out irregular. With the current rupturing at other than a normal zero
passage, the transient voltage may appear across the transformer terminals. That
transient also results in a rapid building up of the voltage across the switch
contacts, which may, in turn, cause an arc reignition, if the transient recovery
voltage overtakes the dielectric strength of the opening contacts. A number of
restrikings may actually occur in succession. The wave shape of the voltage
looks like the saw-toothed form and the current fluctuates violently. During such
successive restriking period the peak values of the current gradually decrease and
each of the instaneous chopped values also becomes lower, while the dielectric
strength across the opening contacts becomes higher, so that the final rupturing
is achieved at last. Fig. 3.1(a)is a typical oscillogram showing the interruption

current currenl
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T e phase B — e g F
e —— e e phase W
~ 7 —————— e phase W
tine -To-ground voltage
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e T T T phase %mam: al the tmnsfamﬁee;m s
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AME v
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(a) Sellvquenc/u'ng type circuil breaker (b) Ferced- quenching type circuil breaker
(porcelain type) a88)

F1G. 3.1. Interruption of steady state magnetizing current of an unloaded transformer.
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of the steady state magnetizing current
by a procelain type circuit breaker and
Fig. 3.1(b) is one by an air-blast circuit
breaker. Phenomena in a close-open-test
(CO-test in brief) will be discussed in
the following sections. A CO-test gives
a characteristic wave shape of the cur-
rent ruptured, which is generally a sym-
metric and consists of the two repeat-
ing parts, one with the value sufficiently
large as comparable with the rated
current and the other so small as that
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Since these two singular parts are re-
peated alternately, the course of the
current interruption takes various pro-
cesses, depending upon the time when
the contacts begin to separate. Fig. 3.2
(a) is the case of the contact separation
in the lower current period, and Fig.
3.2(b) is in the higher current period.

In order to research the frequency
of occurrence of overvoltages affected
by the environmental factors, the inter-
rupting phenomena in these CO-tests
are fully discussed.
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F1G. 3.2, Interruption of inrush magnetizing
current of an unloaded transformer by air-blast
circuit breaker.

§2. Overvoltages and ‘off-peak current ratio”

On energizing a three-phase unloaded transformer with isolated neutral, the
magnetic flux fluctuates by proper instantaneous amount, depending on the phase
angle at the instant when the voltage is supplied. If the magnetic saturation be
disregarded, the magnetizing current would also fluctuate similarly, keeping the
normal 120° phase difference such as in the steady state®® But, in practice, the
maximum value of the fluctuated flux becomes much more than the rated amount
and reaches the saturated region of the iron core, so that the current magnitude
for this region developes up to a few multiple of the rated current, and the wave
shape of the current becomes quite different from the sinusoidal form.

In general the normal magnetizing current contains the higher harmonics
when energized by the sinusoidal source, by the effect of the magnetic charac-
teristics. These harmonics often raise some disturbances on the power systems.
Some devices to compensate or suppress the harmonics were discussed. It is im-
possible to eliminate the harmonics by the mere method of taking the rated flux
level lower. The complete elimination is accomplished by means of wheather
the suitable connection of the windings or the elaborated core construction. The
series of 3rd, 9th harmonics is eliminated rather easily, but complicate
devices are necessary to suppress the series of 5th, 7th ..... harmonics.®® Buch
and Heuter provided a tertiary winding with a suitable reactance® and Biermann
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designed a special core with slots?¥ The transformer with such improvements
results in the raise of cost, the complicated construction and, rather, the shortage
of reliability, so that such designs have rarely been adoptted.

Even such improved transformer could be accompanied with the inrush
magnetizing current. The initial impedance, on which the current depends during
the inrush period, is nearly equal to that of the winding itself without core, and
it has little relation to the above-mentioned transformer construction. The in-
formations on the inrush current have been found since the beginning of this
century,® and those phenomena have been discussed®. {Many papers are published
still now, for example, on the comparison between the inrush current and the
short circuit current’”, on the estimation of the decay of the current with time®,
and on the influences of the inrush current on the system operation®®. All
these papers, however, mainly dealt with the peak value of the inrush current,
and few papers dealt with the current wave form itself, and consequently they
cannot be available for this discussion on the interrupting phenomena under CO-
test. Figs. 3.3(a) and (b) show typical examples of the inrush current of an
unloaded transformer. One cycle consists of two parts: the higher and the lower
current periods. . During the lower current period, the magnetic flux in thelcore
may be ‘within the unsaturated region, and the current increases gradually as the
flux density approaches the knee of the characteristic curve. The current of each
line in Fig. 3.3(a) has a form resembling to the rectified-half wave, ie. a com-
pletely asymmetrical form, but in Fig. 3.3(b) the current of phase W has lower
peaks, and has a nearly symmetric form. The former wave shape takes place
when a phase voltage is fed at or near its zero passage, while the latter one
when at or near its crest. Taking these two forms as both extremes, other wave
shapes of inrush current show some mixed forms of them according to the switch-
ing chances.

600
0 ]
ggg J s ¢ phase R

phase B

phase W
600

(@) (&)

Fi1G. 3.3. Typical inrush current forms of unloaded
three-phase transformer (60 MV A, 154/77 KV).

As shown in Fig. 3.3(b), if the separation of the contacts begins at a point
A during the lower current period in phase R, the powerful air stream may
quench an arc and realize the final rupturing at once. Since the magnetic flux,
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in this period, is lower than the knee-value, the crest of the voltage transient
does not become high even in case of the current chopping. If their separation
begins at a point B during the higher current period, the arc energy is promi-
nent and it prevents the breaker from gquenching and, therefore, the final ruptur-
ing is postponed to near the point C where the rush current comes back to the
lower magnitude. After such prolonged time interval, however, the switch con-
tacts come to separate over an adequate distance so that the air flow can easily
quench the burning arc. As the result of such condition, the instantaneous value
of the chopped current may be come higher, and the corresponding released
magnetic energy may be greater than that of the former case. Thus, the transient
peak may reach to rather higher crest.

Now, on trial, the following ratio is defined to represent a degree of skewness
in the current form.

" . ., _ the period carrying lower current
the “off-peak current ratio”= the period of one cycle

The larger this ratio is, the shorter the rush period is, and the smaller is the .
possibility that the contacts happen to open in the higher current period. Even
if the quenching process is finished during that period, rush current only flows
for a short time, so that, the instantaneous magnitude of chopped current will
be lower and a resultant crest will be the same. When this ratio is small, all
the condition becomes contrary. From such point of view, oscillograms obtained
in the test series of Table 1.1 are investigated. The results are shown in Figs.
3.4(a) to (e). The notations, for example, “Yamaguchi D-1”, “Tamagawa D-2”
and so on, are those of the circuit breakers. In Fig. 3.4 the overvoltage on each
transformer terminal is plotted against the off-peak current ratio, the former on
the ordinate and the latter on the abscissa. The lower current period is obtained
from the oscillograms. Every current is measured through a current transformer
(CT) and, therefore. the DC component is not correctly transferred to the
secondary side and the true zero level is biased on the oscillograms. It is only
true, however, that the flat part of every inrush current carries lower value.
Accordingly, an intersection point of the flat part with the tangent at the point
of inflexion on the mid slope of rush current is equivalently regarded as the
boundary between both periods, as shown in Fig. 3.5.

More detailed investigations of oscillograms indicate that the inrush currents
in three lines reach to excessive values nearly at the same time and loose the
phase difference of 120° between lines as is the case with the stationary state.
Thus, in Figs. 3.6(a) to (e) is plotted the maximum overvoltage produced in a
single test against the off-peak current ratio for the common lower current
period in three lines.

In Figs. 3.4 and 3.6, the upper limits of prospective overvoltages are shown
by the chain lines. Fig. 3.7 collectively represents all such curves that decrease
monotoneously as the off-peak current ratio increases, that is, the shorter the
lower current period is, the higher the upper limit is. A curve is plotted in case
of a porcelain type circuit breaker denoted by “Tamagawa D-4” as a reference.
It does not depend upon the off-peak current ratio. Not only “Tamagawa D-4”
but other self-quenching circuit breakers have no ability to chop the current and
interrupt the magnetizing current without remarkable overvoltage.
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Then, Fig. 3.8 shows the frequency of occurrence of the off-peak current

ratio in each line, which concentrates between 40 and 70%. In “Yamaguchi D-17,
66.7% of the whole tests showed nearly the same wave form whose off-peak
current ratio was 75%. It is wondered if any other factors gave influences. This
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ratio in the common period in three lines is rather reduced in value than the
off -peak current ratio in each line.

§3. Overvoltages and “prospective charge” to be interrupted

It is only apparent in the previous section that the upper limit of the over-
voltages depends upon the off-peak current ratio. But various overvoltages are
found on a vertical line corresponding to the same ratio. If a series of phenom-
ena from the separation of contacts to the final rupturing is all accomplished
in a short period of lower current, the excessive transient overvoltage cannot
build up. In a certain condition of given circuit and breaker, the factors which
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give influences on the crest of the voltage transient
after chopping consists of the following two; one is
the current which is expected to flow after the sepa-
ration of the contacts, and the other is the period
between the separation of the contacts and the final
rupturing. Thus, a product of both amounts may be

considered as a new variable, and oscillograms again C:;g;f%
investigated from such a new point of view.
The time, when the contacts begin to separate, FiG. 3.9. Current wave

is introduced to this estimation as an important form after the contacts open.
factor. The separation of the contacts is caused

quite at random during a cycle. Provided that a current wave form and a time
when the contacts begin to separate are given, the current { and the period ¢
for the shaded area in Fig. 3.9 should be considered as the two factors concerned.
Then, the time integration of i during t is calculated for this shaded area, and it
has a dimension of the electric charge.

The current during the arcing period after the separation of the contacts is
different from the previous form supposing the contact does not separate. More-
over, every wave form is quite different in every test even under the same external
conditions. The actual current flowing through the arc is considered as the re-
sult of the difference between the diverged energy from arc and the quenching
energy of air flow. The true severity imposed on the space between the contacts
must be given by the current expected to flow as before. Besides, it is clarifed
by several trials that overvoltages are more closely connected with the integration
of the current before the separation. As the actual procedure, the point A4, at
which the contacts begin to separate, is found on an oscillogram at first, as indi-

cated in Fig. 3.10. The current is
integrated from the point just be-
_ prospective cwrrent  fore one cycle of the point A to the
time B’ when the current reduces
g\ o cctust ceent 4o nearly zero. That integration

. ) y
prospective charge

e %o be inlerrupled

N
%

corresponds to the shaded area in

S Fig. 3.10. That area is briefly

o period A called as the “prospective charge”

of one ¢yele ci’}i‘i’ii to be interrupted in the following

ks discussion. The area is practically

Fig.”3.10. Definition of “prospective charge”. considered as null when the sepa-

ration begins in the lower current
period. Relations between the overvoltages and the prospective charge are
shown in Figs. 3.11 (a) to (e) for each line, and in Figs. 3.12 (a) to (e) for
each test. The abscissa of the latter diagrams represents the summation-of the
prospective charges in all the three lines and the ordinate shows the-maximum
overvoltage observed in a single test. The abscissa is graduated by @Q(coulomb)
=(amp) x (sec), if a current is numerically defined, otherwise it is graduated by
an arbitrary quantities. Since the graduation of the abscissa is logarithmic, each
curve may be displaced horizontally with necessary amounts without any defor-
mation of the shape itself, thus all the diagrams are theoretically compared with
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each other for the same purpose.

The use of this prospective charge offers several advantages. Some circuit
breakers may cause successive restrikings during the quenching period even if
the contacts separate within the lower current period, by the reason that the re-
covery rate of dielectric strength is slower than the building up of the transient
recovery voltage. In such case, every chopped current is kept in lower value
and every crest of transients does not reach to higher level, although the quench-
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ing process requires comparatively a long time. On the contrary, when the sepa-
ration of the contacts begins just before the inrush period, the final rupture is
postponed until the inrush period is over and the current comes back to near
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zero level again. In this case, the instantaneous magnitude of the chopped cur-
rent may be larger and the transient crest may reach to higher level. Accord-
ingly, if these two transient crests are plotted against the quenching time re-
quired, two points must be arranged on the same gquenching time and an unique
relation cannot be obtained. But, as shown in Fig. 3.13, the prospective charge
takes lower amount for the former case and higher for the latter. In case where
the inrush current may be suppressed by the quenching action, the chopped cur-
rent and the transient crest are apt to reach to a considerably high level. If the
integration is carried out for the actual current, the prospective charge calculated
will become rather small and, therefore, the result is plotted on the ordinate near
the left side of the chart. Since the points for the lower current period are
plotted against the same integrated value, this does not also result in an unique
relation. All the points in two cases, above-mentioned, should be plotted on the
respective position for the strictly defined prospective charge.

Every curve in Figs. 3.11 and 3.12 increases monotoneously. The reason, why
these diagrams apparently have less points corresponding to lower prospective
charge, is that the lower integrated values are always regarded as zero when
the separation and the rupturing are achieved within a lower current period.
Every diagram is shown with the fluctuation of +0.5E around the solid curve.
Such fluctuations are caused not only by the irregularity of air flow, the insta-
bility of arc burning in air stream, but also by the variety of peak value of every
inrush current. The comparison of many inrush current for the same transformer
reveals that the peak magnitudes among the similar wave forms are not neces-
sarily equal. The previous residual magnetic flux in the core may have some
influences on such unequality.

In Fig. 3.11, plotted for each line, the overvoltages up to 3 to 4 times the
normal line-to-neutral crest are sometimes caused for the prospective charge of
the moderate value in some circuit breakers, for example, in “Tamagawa D-2".

current

Line-to-ground
voltage on the
transformey

teymi

(a)

current

Line-To- ground
wita,ge on he

transformeyr
teyminal

()

FIG. 3.14. Singular examples.
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The current in Figs. 3.14 (a) and (b), corresponding to such cases, has a small
positive and negative peak with a similar amount, and has zero passage between
them which just corresponds to the crest of the phase voltage. If such a current
is chopped before the zero passage, the transient oscillation is so produced as to
elevate the normal crest voltage and leads to an extremely high overvoltage, as
shown in Fig. 3.14(a). On the contrary, if chopped after the zero passage, the
transient oscillation brings down the normal crest, as shown in Fig. 3.14(b).
These two oscillograms were obtained at the 7th and the 10th records out of a
series of 10 times experiments. A small difference of the rupturing point causes
the transient oscillation to the opposite directions. Accordingly, it is better to
assume a two-valued function in the vicinity of those values of the prospective
charge. Such overvoltages are only realized under the condition that the dielect-
ric strength between the contacts will withstand the transient recovery voltage.
In a circuit breaker with the slower dielectric recovery strength, in spite of the
distinguished ability of the current chopping, a reignition prevents the transient
oscillation from building up and hence reaching to its higher crest. A circuit
breaker with less successive reignitions may show a two-valued characteristic.
Such a relation is evidently found in the breaker “Tamagawa D-2” and apparently
in “Yokota D-3”. It is not necessary to assume such a specific consideration in
Fig. 3.12, where the summation of the prospective charges is taken over the
three lines, because the large inrush currents flow in the other two lines before
and after the zero passage of the current concerned as shown in Fig. 3.14 and
also because the maximum overvoltage is plotted toward the right side of the
diagram.

In the self-quenching type circuit breaker, for example, “Tamagawa D47,
many plotted points fall toward the right side corresponding to the large pros-
pective charge. It may be difficult to quench even the small current just after
the separation of the contacts, because the quenching energy of this type of
breakers derived from the arc energy of the interruption is relatively small. So
that, the final quenching action is apt to be realized at a next zero passage after
the subsequent inrush period. Such relation produces less corresponding points
in lower prospective charge. As shown in the investigation about the interruption
of the small capacitive current, the above-mentioned tendency is supported by
the fact that only the current approach to zero, not the actual zero passage,
cannot be a chance to achieve a rupturing in a self-quenching circuit breaker.

The physical meaning, how the overvoltage due to the current chopping de-
pends upon the prospective charge, may be considered as follows. The quenching
performance of a circuit breaker is affected by the energy diverged from the arc.
Some lapse of time will be needed for the air flow to grow up to the final con-
dition owing to the compresibility of the air in the duct. Especially when the
contacts begin to open during the higher current period, the current variation
with time will give remakable influences on the condition across the contacts.
The air flow will be intercepted by the arc through which the large inruch cur-
rent is carried. As soon as the current suppression is over, after a pretty long
duration of time, the extreme strong air flow seems to pass through the contacts
and to interrupt a remakable current amount suddenly. And when the such sup-
pression period will become shorter, the first impact of air flow and hence the
instantaneous chopped current would seem to be reduced in magnitude. - The
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former corresponds to the case of the interruption with larger prospective charge,
and the latter with smaller one.

§4. Analysed wave forms of three phase inrush current

When the alternating voltage is impressed on a single-phase or a three-phase
unloaded transformer, excessive current may develop and its wave form may be
far from a sinusoidal one. In the previous section, it is shown that overvoltages
due to current chopping depend upon a time integration of prospective current
that would continue to flow with the same form as before the separation of the
contacts. Thus, it is possible to analyse the inrush current in order to estimate
the frequency of occurrence of overvoltages theoretically. The reasons why the
inrush current takes deformed wave forms are that at the instant of switching
the magnetic flux will have the continuous magnitude as immediately before, and
that the iron core has inherently a saturated magnetic characteristic. In case of
a single phase transformer, the maximum current is observed when the circuit
is closed at the vicinity of the zero passage of the feeding voltage, correspond-
ing to 0° or 180°, and no inrush current at the vicinity of the voltage crest cor-
responding to feeding voltage reaches to the crest where the phase angle is 90°
or 270°. On the contrary, a three-phase bank with isolated neutral always re-
quires a gauntity of inrush current after closing even if one of the lines is closed
at the voltage crest.

The following calculation is carried out on the Y-connected bank with isolated
neutral and open secondary windings, in which case three single-phase trans-
formers are used in order to avoid the mutual interferences of the iron cores.
It is the main purpose to find the amount of the time duration during which the
inrush current is flowing, introducing the assumed magnetizing characteristic.
As indicated in Fig. 3.15, the specific permeability 2 of the core is so assumed
as to hold a large value within the range below the flux level ¢s, and to fall
down to unity in the range over that level. If the residual magnetism is left
in the magnetic circuit, as will frequently occur in the actual transformers, it
often magnifies the inrush peaks. Such a residual magnetism is mainly affected
by the procedure of the previous interruption. To avoid the complexity, and to
keep the theory not so far from the autual phenomena, the effect of the residual
magnetism might be neglected, so that the initial flux will be assumed zero for
the calculation. Other influences of source impedances, ohmic resistances and
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losses in the transformers are also neglected, as they are able to be regarded
as infinitesimals for the purpose. The assumed direction of voltage and current
in every part of the circuit elements is shown in Fig. 3.16. The voltages across
the windings, »;, v: and »: are not always kept equal to the phase voltages. Only
the line-to-line voltages keep the balanced three-phase relation as follows.

ep=0v1—"02,
3=V~ 03, S H
en=1v3— V1.

At the neutral point N in Fig. 3.16,
i+h+i=0 (2)
is provided. The following equations are given

dps

O
d

n—%=vz, (3)
dps _

n—d—{—vs,

where # is the number of turns of each transformer, and ¢, ¢. and ¢; are the
magnetic fluxes in respective winding. In general, in a transformer bank with
different inductances, Eq. (3) turns out to

L]% =71,

di
Lz“ﬁ*=’l)2, (4)
La%f‘—?}s-

Combining Eqgs. (1), (2) and (4),
diy. - Lsen— Lyesn
dt ~ LiLo+LoLs+LsLy’
_l&: Lieys—Lser,
dt  LiLo+L.Ls+Lsly’ (5)
diy . Lean—Liey
dt ~ Lils+ LoLs+ LsL:’

are obtained. The assumed magnetic characteristic as shown in Fig. 3.15 means
that each winding, according to the inclination, has two values of inductances,
which are given as

np=Li  ¢=<ops, } (6)
np=L"7  ¢> ¢s,

where the flux level ¢s is regarded as the boundary for the inductances L and
L'. Considering how many numbers of transformers are eventually in the state
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of saturation after the energizing operation, Eq. (5) can be developed and solved.
The difference between the two inductances depends on the values of x4, the
magnitude of which holds more than a few thousands for the unsaturated region
and reduces to unity which is equal to the specific permiability of air. Accor-
dingly, L is very much larger than L' in their values. The magnitude of the
current in an unsaturated period is only a little fraction of that in a saturated
period and a graphical representation of the two at the same time is rather
difficult. Thus, assuming the magnitude of the current through L may be zero
as a limiting value, the solutions are finally given by the following simple forms.
(i) Every transformer unsaturated.

Pr = %jeldt+ P10
. 1
12=0 (71) (}52:‘5582(11"}- (]520 (72)

g3 = %jesdt + a0

(i1) One transformer saturated.
(11-1) L] :L’, Lz =L3 —> 0

o1 = P
=0
1
=0 (8.1) o= _‘n‘jemd”‘ﬁ” (8.2)
i =0

1
s = ’;z*jvé’mdt -+ a0

(11'2) LQZL', L1=L3“> <o

1= %jeiz dt+ %y

ig :-0 (9.1) ¢z :(/)?,0 (92)
b= g = — %jezsdt -+ ¢s0

(ii-3) Ly=L', Li=L,—>

¢p == — %S esdt + ¢

i1 ={
=0 (10.1) ¢12£S623dt+¢20 (10.2)
. 7n
i3=0
b3 = a0
(iii) Two transformers saturated.
(iii-1) Li=L,=L' L;— =
. 1 . ¢ = “Lj’ém dt + ¢
1= §Z7Se12 di+ iy 2n
1
V N N 2
iy = —~2%,5812dt+ 2 (HL1) ¢ anel‘dt+¢2° (11.2)

“

i3=0 @3 = Zéh“j esdt + ¢z
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(i1i-2) Li=Ls=L', Ly~ oo

1
i= =y fendt i ) 0= = g Jendi+ g

i2=0 (12.1) 952:%5626#—%— P20 (12.2)

17 :
T»‘ €1 di + %3 ¢;3 = —2—17—{5631 dt + 930

1ii-3) Le=Ls=L', Li— oo

2.1—'—‘0 <P1 3 Seldt‘}- 9510

do = 5 L,jemdl‘ + 20 (18.1) ¢y = fZ%Xezgdi + ¢z (13.2)
. 1

23 = 2 L’ Sezsdt + 13 Pz= — —é:ol?-zvgeg;z dt + 0

(iv) Every transformersaturated.

i = %— (81 dt + i o1 = %jel di + ¢
iv= 7, ferdt + i (14.1) g0 = %jez dt + g (14.2)
i =%§e3dt+zgo ¢3=—71;Segdt+¢sg

According to the above-mentioned assumptions, an unsaturated transformer is
equivalent to an open circuit. Table 3.1 shows the equivalent circuit and the
vector diagram corresponding to every saturated condition. Since the actual
magnitude of inrush peak depends on the structure, the rated voltage and the
rated capacity of a transformer, the magnitude of E/wl' is taken as an unit
amount to express the value of inrush current, where E is the crest of the phase
voltage, o is 2= times the system frequency. Fig. 3.17 shows two examples of
analysed inrush current, where E/wL’ is shown as 100%, each line is represented
by phase a, b or ¢ following the positive phase sequence, and the time, when a
transformer is energized, is indicated by the electrical angle of the phase voltage
in phase a, i.e. 0, All sorts of the wave forms of the inrush currents actually
realized in three lines under the arbitrary conditions can be typically represented
by those when the phase angle 8. is restricted between 0° and 60°. Such relation
is introduced in Table 3.2. Wave forms shown in Fig. 3.17 only correspond to
the first period of the alternation just after the closing. Though the magnetic
flux condition does not rigorously return back to the original state at the end of
one period, 360°, the flux in transformer simultaneously passes through or ap-
proaches to zero at that time and nearly the same states are to be repeated
successively in the following periods. These wave forms are quite analogous to
the inrush current in the actual power systems. Indeed, such inrush is not sus-
tained forever but gradually decays with the time by the effects of various losses,
which are neglected in this analysis. It is rather difficult to estimate the verious
losses and also to determine the degree of the time decay quantitatively. Fig.
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TABLE 3.1. Equivalent Circuits and Vector Diagrams
Corresponding to Every Saturated Condition
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3.18 shows two characteristics of decaying of inrush current in the autual trans-
formers. It can be seen that the inrush peaks decay to about 50 to 409% of the
first peak after 20 cycles. Since a few seconds are required for the complete
fading out of this asymmetrical component, the saturated versus unsaturated
period in one cycle would not remarkably be changed within the first 20 cycles.

Now, the lower current period can be obtained from the analysed wave forms.
The off-peak current ratio is plotted against the electrical angle of the phase
when the switching is effected. The results are shown in Fig. 3.19. From this
curve, the frequency of occurrence of the off-peak current ratio may be derived.
In Fig. 3.19, the off-peak current ratio between a and b is realized by the closing
procedure at the phase angle between a; and b, . .... , as and by, which are all
projected regions of (g, ») on the curve. Accordingly, the frequency of occur-
rence of the region (a, b) is given by

(a, by) + (az, &) + (as, by) + (ay, by) x

180° 100%.
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FIG. 3.17. Analysed inrush current forms of an unloaded
three phase transformer.

TABLE 3.2. Relation Between the Inrush Current

This lines | | A
-
Corresponds to ——— e b | c
this line for  |For this ]
0°<6) <600 | range of\, |
a 0°<#! «<60°
60°<6/, <120° , §
b inverse polarity 0°=0,<60°
|  60°<6!<120°
° / o =Ya j o ! [
¢ 120°=6,<180 | inverse polarity | 0°=0,<60
- - g ; ,
i C 60°<6,<120°
! C- I ="y
“ , 120°<6, <180 | inverse ;‘)olarity
b

120°< 9L <180°

The hystogram estimated with the step of every 5% is shown in Fig. 3.20. There
are two maxima, one at 45% and the other at 65% of the off-peak current
ratio, approximately. The fact will be likely to support the result of Fig. 3.8.
The off-peak current ratio common in three lines lies between 40 and 44%. The
experimental result of Fig. 3.8 shows that the above common ratio has the trend
to take lower values and to concentrate around that value.
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§5. Theoretical determination of possible overvoltage distribution

(5.1) Determination of prospective charge

The inrush current forms of a certain transformer are given uniquely, de-
pending on the phase angle at which the transformer is energized. The time
when the contacts begin to separate may be quite at random during the inter-
rupting process. Thus, the frequency of occurrence for overvoltages due to cur-
rent chopping may be estimated by using the wave forms analysed in the pre-
vious section. A prospective charge is no more than a shaded area between the
points A and B indicated in Fig. 3.21, the former being the point at which the
contacts separate and the latter at which the current comes back to zero. So
far as taking the logarithm of the prospective charge. the relative value of the
shaded area is only required. The magnitude of the current E/wl' is taken as
100% and the time lapse is measured in millisecond. Thus, the unit of the area
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Fi1G. 3.21. Inrush current wave form.
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FIG. 3.22. Prospective charge against the time when the contacts
separate in case of switching at 6/ =30°.

is expressed as “% mC” (millicoulomb). With the unit thus defined, the upper
diagram of Fig. 3.22 shows the curves of the prospective charge against the time
when the contacts separate. The logarithmic scale is used for the ordinate. The
positive phase rotation is the time sequence of a-b-¢c in its turn and the basic
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phase is designated by phase a. The closing time is shown by 6, which is the
angle of the phase voltage in phase . The maximum prospective charge is
realized when the contacts begin to separate just before the higher current period.
These curves do not change the type but only displace upwards or downwards
even if the various numerical results are directly plotted. The prospective charge
is calculated as zero if the contacts separate during the lower current period.

(5.2) Overvoltage estimation by the conception of prospective charge

In Fig. 3.23, the curve L in the left part shows the relation between the over-
voltage and the prospective charge. This is the experimental curve showing the
average values of the measured points. The curve L' is the correction to the
phase in which the switch is closed at the crest of the phase voltage. The curve
M in the right part shows the relation between the prospective charge and the
time when the contacts separate. These two curves, curve L and curve M, may
be combined together taking the axis representing the prospective charge as
common. An only difficulty is to find out the corresponding point on the both
diagrams because of the undetermined magnitude of the prospective charge. The
upper limit of the prospective charge can be found by the switching test. Such
magnitude should correspond to the maximum of curve "M obtained from the
calculation for various closing angles. Therefore, these two points must coincide
with each other. Curve L' can also be available in order to check up the above
treatment. The prospective charge, which is estimated from the actual wave
form of phase W in Fig. 3.3(b), must coincide with the corresponding value in
the group of curve M. These two procedures establish the relation between curve
7 and curve M, even if a numerical magnitude of each current is not explicitly
obtained.
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FIG. 3.23. Method of estimation of possible overvoltage.

In the left part of Fig. 3.23, a certain range of overvoltages, say between 2
and 2.5 times the normal crest, must be realized for the corresponding prospective
charge between a and b, which can be obtained by the projection through curve
L, tracing dotted lines in the direction of arrows. Next, in the right part of Fig.
3.23, this projected range (a, b) must be realized when the contacts begin to
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separate at the time between a’ and &, which is derived by the projection through
curve M as before. In other words, it may be considered that the overvoltages
between 2 and 2.5 times the normal crest must occur when the contacts begin to
separate between «' and 0/, so that, the probability of the occurrence of over-
voltages between this range is nothing but the ratio of the period (&', ») to one
cycle. Curve L’ must be used for the extreme high transient overvoltage under
the singular condition as shown in Fig. 3.14(a), but the ordinary curve L may be
used under the condition as shown in Fig. 3.14(b). Since this difference depends
on the chance when an abrupt rupturing is happened, it is quite difficult to point
out that probability. As to the estimation of the final rupturing, one half of all
the cases are assumed to be ruptured before zero passage and the other half
after it.

(5.3) Results estimated

It had better to survey the switching abilities of each air-blast circuit breaker
examined. Since the circuit breaker “Tamagawa D-2” is accompanied with few
reignitions in an interrupting process, it may be considered as one of the most
mordern types of circuit breakers. In this respect, “Yokota D-3” follows the
preceding and is succeeded by “Yamaguchi D-1” and “Kasumori D-5”. Especially,
“Kasumori D-5” shows a slower and irregular recovery of dielectric strength be-
tween the contacts during the quenching period.

The frequency of occurrence of overvoltages for each circuit breaker is esti-
mated by the method described in the previous section. Two examples are shown
in Figs. 3.24(a) and (b), in which the abscissa shows the closing angle of a phase
voltage in degrees and the ordinate shows the frequency of occurrence of over-
voltages in percent. These curves plotted are quite likely to be arranged sym-
metrically with respect to the vertical line of 90°. Fig. 3.24(b), in which the
curve L' is considered, has a small maximum at the closing angle of 90°. This
represents the fact that the possibility of the occurrence of the highest over-
voltage will be expected when a circuit breaker interrupts and inrush current
after energizing a transformer at that phase angle. On the contrary, in case of
Fig. 3.24(a), no possibility of such overvoltages will be expected with the closing
angle of 90°, because the reignitions between the contacts are apt to suppress the
building up of a transient voltage. In case of “Yamaguchi D-1”, the overvoltages
more than 25 times the normal crest are expected in the very line where the
closing angles happen to fall between —30° and +30°, but in case of “Tamagawa
D-27, such overvoltages are foreseen in almost all the lines except the cases of
closing angles between 70° and 80° and between 100° and 110°. Thus, the highest
overvoltage more than 2.5 times the normal crest may occur in the line where
the position of the voltage vector at switching-on is within the shaded area in
Fig. 3.25. 1If the three-phase balanced voltage vectors with the phase difference
of 120° are put on those figures, only one of the three falls within the shaded
area in case of “Yamaguchi D-1”, but almost all of the three are contained in
the shaded area in case of “Tamagawa D-2”. In an interruption of the three-
phase circuit, three values of phase angles must be considered at the same time.
Since a great number of experiments result in the uniform distribution of closing
phase angles, the resultant frequency of occurrence may be estimated by Fig.
3.24. Such results are shown in Figs. 3.26(a) to (e). In these figures, a solid
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line represents the estimated results and a dotted line the actual results obtained
from the experiments shown in Table 1.1. The fact that both lines are closely
drawn shows the good estimation of the theory. It is remarkable that the fre-
quency of occurrence in “Tamagawa D-2” has a maximum at the intermediate
level of 2 to 3 times the normal crest.
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(5.4) Supplementary notes

One of the reasons for the differ-
ences between dotted lines and solid
ones is the fact that the characteristic
L or L' is represented by a single
curved line tracing the average values.
Such difference is remarkable for the
lowest level. For example, in case of
“Tamagawa D-2”, the curve L starts
from 0.8 times the normal crest as the
average covering the values between
0.4 and 1.2 as shown in Fig. 3.11(d).
So that, the resultant transient crest
value in the lower current period is
always treated as less than unity. On
the contrary, in case of “Yokota D-37,
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F1G. 3.26. Frequency of occurrence
of overvoltages.

since the curve L starts from 1.1, the resultant value in the lower current

period, is estimated between the level of 1 to 2.

This leads to the remarkable

differences in the lowest level and the condition is more or less the same for the

higher levels.

The common tendency in Fig. 3.26 is that the calculated frequency is always

larger than the actual one for the lowest level of
A reason for
this difference is that the shaded period of (a, b) and
¢, d) in Fig. 3.27 is regarded as the lower current
It may be rather difficult,
however, to achieve the final rupturing when the con-
tacts separate in the period (a, b), during which the
actual inrush current is going to build up and the

overvoltages in each circuit breaker.

period in this estimation.

a b

Fi1G. 8.27.
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quenching action is almost invalid. Thus, it may be reasonable to consider that
the final rupturing is put off until the following inrush is over. Therefore, it had
better to regard the period (@, b) to be included in the higher current period,
and better to expand the higher current period by 20° to 30° in electrical angles
at least, and hence, the frequency of occurrence of the lowest transient peak
will decrease by 5 to 8%. Since such practical expansion of the higher current
period is equivalent to the extension of the left edge of curve M in Fig. 3.23, the
frequency of occurrence in higher level of overvoltages also increases by the
same rate.

A circuit breaker with slower recovery characteristic of dielectric strength
generally prevents a transient oscillation from building up by a reignition be-
tween the contacts and a remarkable overvoltage is not recognized. Therefore,
although the curve L' is regarded as the source of the highest overvoltage, it
must be introduced according to the switching ability of the circuit breakers
under consideration.

Chapter 4. A Few Comments on Switching Surges
$1. Standard surges for testing insulations

The characteristics of switching surges in actual power systems are not still
now fully investigated in details, for example, in their magnitudes as well as in
their wave forms. The dielectric strength of materials for switching surges must
be discussed in relation to the actual system performances. Such problems are
treated hereafter by using the results of the analyses in Chapter 2. The quoted
three conditions are as follows: the circuit condition of type B, the five inter-
rupting processes assorted and the case of the first reignition after the temporary
interruption of three phase currents. The curves tracing the first crests of transi-
ent voltages, shown in Figs. 2.15, 2.18 and 2.21, indicate the possible highest
overvoltages for every reignited time. Therefore, the resultant highest line-to-
ground overvoltages regardless of the five processes are summarized: in Fig. 4.1
for an initial reignition, in Fig. 4.2 for a reignition over two lines and in Fig.
4.3 for a reignition over three lines. The highest line-to-line overvoltages during
a two or three phase reignition are shown in Fig. 4.4, The ordinate shows the
absolute values of overvoltages in times the crest of the phase voltage just before
a reignition, and the abscissa the time lapse after the temporary interruption in
electrical angle. The thick line indicates the limit of overvoltages for the inter-
rupting process in the series of 6, = 90° and wt,=0° to 90°, and the fine line for

v =60° and ot,=0°. Figs. 4.2 and 4.3 show that the maximum overvoltage due
to a two or three phase reignition is always less than 3 times the normal crest
of the phase voltage just before a reignition. The oscillating frequency generally
takes several hundreds of cycles. The most troublesome problem for the esti-
mation of an actual overvoltage is how to take the basic crest of the phase
voltage. The phase voltage may take various amounts in power systems accord-
ing to the time and location. Thus, 1/v/3 times the nominal line-to-line voltage
is taken as the reference. Since the highest system voltage may be allowable up
to 120% of the nominal voltage, the limit of overvoltage must be considered as
36 times (=3x1.2). From the view-point of the insulation, an adequate quantity
of tolerence must be left, say 20%, in order to keep the normal operation of the
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The

original value, 3 times the normal crest, is derived by using the average damping

factor obtained from Fig. 2.8 with respect to 400 c/s as an example.

Fig. 2.8

indicates that the free oscillation with 400 c/s attenuates to 70% of the initial
amplitude in course of its half cycle. Thus, if some safety factor for the damp-
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ing of free oscillation is estimated,
say 10%, the dielectric strength is

§; " required up to 5 times (=4.5/0.9) the
G crest of the nominal phase voltage.
§§ % Fig. 4.1 indicates that the maxi-
%g 7 e et mum overvoltage due to an initial
S8 | Lo praseseic ~-L reignition may reach to 5 times the
2 4 ' crest of the phase voltage just before
Suwg a reignition, if the first crest of its
3 transient is realized. This time there

may be obtained an overvoltage of
8.3 times (=5x1.2/0.8x0.9) the nomi-
nal phase voltage by the same pro-
cedure. The oscillating frequency
generally takes several thousands of
cycles, as the oscillatory circuit is
independent of the line capacitances.
It had better, in this case, to provide another method of suppressing overvoltages
rather than to afford an ample dielectric strength for all insulations so as to with-
stand’such a high overvoltage, because this value is far from the conception of
the actual insulation strength. This transient voltage appears across the small
capacitance Cs on the bus side as shown in Fig. 2.14 and the electrostatic energy
contained may be rather small. Thus, it will be more economical to absorb the
transient peak by means of a lightening arrester if possible. If such a method is
applicable it is only sufficient to reproduce the first crest of the free oscillation
during a reignition over two or three lines as a testing wave forms against
switching! phenomena, the frequency of which must be several hundreds of cycles
and the crest 5 times the crest of the nominal phase voltage.

<

T e w150 we 20 o

time lapse after the temporary inlerruption (degree)
FIG. 4.4. Resultant highest line-to-line
overvoltrges for a reignition over two or
three lines.

§2. Tolerable reignition of circuit brealers

In the former section an upper limit of strength required for the insulation
is discussed under.the condition that a reignition may be caused at any time in
a circuit breaker, but this limit may be reduced, if a reignition is confined in
some restricted time intervals. Table 4.1 shows the maximum time lapse to a
reignition from the temporary interruption allowing the overvoltages below two
times the crest for various cases. This requires the insulation strength to with-
stand at least 3.5 times. And, therefore, assuming the overvoltage of 2 times as
a boundary, two or three phase reignitions may be classified into two groups; one
is a reignition and the other a restriking, according to a narrow sense of ordinary
classification. The condition scarecely holds in the case of the initial reignition.
For a reignition on phase 5 in Table 4.1 after the time lapse of 32° (less than
90°) from the previous quenching easily induces the transient crest as high as 2
times. This is also the reason why it is reasonable to design a circuit breaker
so as to be able to absorb the overvoltages derived from the initial reignition by
proper limiting devices.
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TABLE 4.1, The Condition with Overvoltages Nearly no more than 2 F
(for the series of ,=90)

| .\ Time lapse after the
- For phase | temporary interruption
% | (degree)

Reignited

Reignition type phase

0
0

32
71

32
74

initial reignition b

R /Ao o

46
70

63
107

— (slightly over 2E)
— (not over 2 E)

2-phase reignition c-b

QT oo ol

b-a

30
80
76

3-phase reignition —

e >R

§8. Overvoltages amended by circuit breaker charaecteristics

The careful observations of the quenching process will lead to the rigorous
estimation of possible overvoltages. Various experimental results present no
detailed information about the physical condition between the contacts of circuit
breakers in actual power systems. More informations should be acquired from
the actual oscillograms observed. The following results can be obtained on the
frequency of occurrence of overvoltages due to the interruption of inrush magnet-
izing current of unloaded transformers. According to the consideration in
Chapter 3, the possible overvoltages are estimated according to the manner how
the curve L (the relation between the overvoltage and the prospective charge)
is associated with the curve M (the relaticn between the opening chance and the
prospective charge). In brief, the rupturing performance, with respect to the
switching overvoltages, should be considered from the view-points of the ability
of current chopping and the recovery rate of the dielectric strength between
the contacts. The improved ability of current chopping seems to be realized
more easily than the high recovery rate of dielectric strength in air-blast circuit
breakers. Indeed, the early types of air-blast circuit breakers interrupted the
magnetizing current with many successive reignitions, while more recent breakers
are accompanied with few reignitions. This fact supports the above-mentioned
deduction being the truth. Since the steep transient oscillation will build up to
the extreme crest in a breaker with the excellent rupturing performance, the
maximum of the curve L may reach up to 3 times the crest. Thus, the higher
part of the curve M is occupied by the higher voltage level, say 2 to 3 times,
and the resultant distribution of overvoltages has a maximum at that level.
Next, in a circuit breaker with the improved ability of current chopping and the
slower recovery rate of dielectric strength, a reignition prevents the transient
oscillation from arriving at the extreme crest and the maximum of the curve L
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will only reach to 2.5 times. Thus, the above-mentioned maximum displaces
downward to the lower level of overvoltages. Moreover, in a circuit breaker
without any ability of current chopping, the curve L is independent of the pro-
spective charge and shows the flat characteristics, and, therefore, no remarkable
overvoltage is expected. The overvoltages more than 3 times may be realized in
the breaker with the most excellent rupturing performance, especially in case of
a singular inrush current.

Conclusion

In case of the interruption of line charging current at the terminals of a
transformer with an isolated neutral, which is designated by the circuit condition
of type B in the treatise, the following are the conclusions. .

(1) The first extinction in three line currents is achieved in the neighbour-
hood of the crest of the phase voltage, which coincides with the traditional concept.

(2) The period between the first rupturing and the second of the current is
certainly shorter than 90°, and scatters between 0° and 90°. This fact is quite
different from the traditional concept.

(3) Five patterns are presented to explain interruption processes and switching
overvoltages.

(4) As the result of careful examination of oscillograms taken in actual power
systems, reignitions are more frequently induced between the contacts in second
ruptured lines. And the analysis shows that the increasing rate of recovery
voltages in these lines are higher than that in the first one.

(5) It is analytically estimated that most of the initial reignitions after a
temporary clearing in three lines develop into the two or three phase reignitions
at the same rate and about 8% of initial ones remain undeveloped.

(6) The damping time constants of free oscillations, in actual power systems,
due to the reignition are empirically expressed as the inverse proportion of 0.9
powor of those frequencies.

(7) The time duration of a transient oscillation due to the reignition seems
to have some relations with the cleared-up time prior to that reignition. The
longer the cleared-up time is, the same is the duration.

(8) The so-called cumulative overvoltage scarcely seems to occur in actual
systems and the case is estimated to be less than the rate of 0.003.

(9) With respect to each type of the first reignition caused just after the
temporary interruption of three line currents, the limiting value of the first crest
may be theoretically calculated as the function of the time when it is caused.
The degree of overvoltages cannot be directly defined in an uneffectively grounded
system by the simple expressions as are called reignitions or restrikings.

(10) There may be two types of transient overvoltages due to a reignition:
one is the oscillation induced by the initial reignition at the cleared-up terminals
of the transformer and has the magnitude of 5 times as high as the normal crest
and the frequency of several kilocycles, the other is that induced in the reignited
lines and of 3 times as high and of several hundreds of cycles.

(11) The dielectric strength of various apparatus in power systems should be
requested to withstand the switching surges of 5 to 8 times the nominal crest,
which are the reasonably selected values in consideration of the highest allowable
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system voltage, of the tolerance of dielectric strength and of the safety factors
for damping.

(12) From the technical point of view, it is rather preferable to absorb the
higher overvoltages by means of proper devices such as lightening arresters.

(13) A circuit breaker with no reignition or, at least, one within 90° tends
to reduce the transient overvoltages to less than 2 times which, in turn, corre-
spond to the severity of insultion of 3.5 times.

In case of interruption of inrush magnetizing current of an unloaded trans-
former with an isolated neutral, the conclusions are as follows:

(1) It is evident that the current chopping in this case is a vital cause of
overvoltages, but various sorts of overvoltages are still caused under the same
external conditions.

(2) It is experimentally concluded that the overvoltages due to current
chopping depend exclusively on the prospective charge, which is defined by the
integration of the current over the period between the time of opening of the
contacts and the next current zero passage, assuming that the current keeps the
same form as that of preceding loop.

(3) The magnetizing inrush current is theoretically estimated assuming that
the magnetic characteric of the transformer as represented by two straight lines.

(4) The results of the theoretical estimation of the frequency of occurrence
for each rank of overvoltage are as following.

(i) The frequency of occurrence of higher overvoltages decreases simply
in case of circuit breakers with moderate abilities.

(ii) That frequency of a moderate overvoltage has a remarkable maximum
value in case of breakers with rather excellent abilities.

(iii) The highest overvoltage is caused only in most excellent breakers, ac-
companied with the singular inrush wave form.
, (5) Though the numerical amount of the highest overvoltage depends on each
circuit breaker, the frequency of occurrence of overvoltages always indicates the
above-mentioned tendency according its abilities.
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