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Email: PauiGSiade@eaton.com and KirklandSmjth@eaton com 

ABSTRACT 

This white paper provides application guidelines for, and will show the 
advantages of, applying vacuum interrupters (VI's) to switch and to 
protect a wide variety of power distribution circuits. The high voltage 
design and testing of the VI is discussed with special reference to both 
the internal and external requirements including the external creep dis
tance. The performance of VI's for load switching and for short-circuit 
Interruption is discussed with reference to long-term switching life and 
low maintenance costs. During this discussion, the special advan
tages of the VI are presented as well as operating parameters to con
sider while short circuit testing. Transformer secondary protection, 
short line fault switching, non-sustained, destructive discharges and 
quality testing are also presented. The effects of current chop, virtual 
current chop and voHage escalation on the components in a distribu
tion circuit are examined and straightforward methods to minimize them 
are presented. The advantages of using VI's for long life, mainte
nance-free performance for capacitor switching, and for motor switch
ing are discussed. The white paper shows how the special character
istics of VI's can be used to produce a circuit breaker that will reliably 
protect all types of distribution circuit. 

1. INTRODUCTION 

Cutler-Hammer (C-H) (formerly Westinghouse Distribution and Con
trol Business) has had close to 40 years experience in researcih, de
velopment, design and application of the Vacuum Interrupter (VI) (1]. 
There are over two million C-H VI's in the field controlling a wide vari· 
ety of circuits in over 40 countries around the world. Research and 
development of the C-H VI began in 1960 at the then Westinghouse 
Research Laboratories in Pittsburgh, PA., U.S.A. By the mid-sixties, 
the technology had been transferred to the Horseheads Operation in 
New York State where the first commercial VI's were produced. From 
the mid-sixties to 1994 the Westinghouse Horseheads Operation and 
the Westinghouse Central R&D Center worked together to extend the 
range of current and voltage interrupted and to extend the application 
of the VI. In 1994 when Eaton/Cutler-Hammer took over the Distribu
tion and Control Business from Westinghouse, the R&D department 
with its High Power Laboratory was moved to the Horseheads Opera
tion. All VI activities were thus aligned in one facility. This has not only 
accelerated the development of the VI product, but has also allowed 
C-H to maintain the tradition of continuous development, product im
provement, and application extension. The C-H VI has now found wide 
application not only in C-H circuit breakers and contactors, but also 
with many OEM customers: e.g. in circuit breakers, reclosers, load 
break switches, contactors, capacitor switches, sectionalizers, and ring 
main units. 

The R & D we have undertaken has led to a continually improved VI 
product; for example the size of our modern VI is markedly smaller 
than ones built in the 1960's and the capability is greatly increased. 
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Fig. 1: Vacuum Interrupter Size Reduction for the 15kV, 
12kA Function: Cutler-Hammer's Experience 

Figure 1 shows an example for the 15kV, 12kA function. Here it can 
be seen that the diameter of the VI has been reduced from 180 mm 
In 1967 to 50 mm in 1997. This size reduction has resulted from our 
increased knowledge of vacuum technology, vacuum processing, 
vacuum contact materials [2], vacuum arc control [3,4] and VI 
design [5, 6]. 

The application of the VI to protect power distribution circuits has also 
grown in this time period as shown in Fig. 2. In fact, the acceptance of 
the vacuum circuit breaker (VCB) has been such that it is now recog
nized as having the highest level of reliable performance and the low
est level of required maintenance of all technologies available to con
trol and protect distribution circuits. The design philosophy at C-H has 
always been and continues to be the application of the VI to the widest 
possible range of international application. This means that we have 
developed a thorough knowledge of all certification testing standards. 
When C-H works with an OEM in a given country, we make sure that 
the VI we supply will perform satisfactorily during that country's certifi
cation test series. C-H has VI's that can be applied in equipment 
designed to meet Chinese (DL & GB), IEC, ANSI, BS, VDE, and other 
standards. This does, of course complicate our development process, 
but we are proud to say that there is a C-H VI design that will meet any 
of the international certification tests in the voltage range from <1 kV to 
40.5V. 
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1980 1990 2000 2010 

• Year2000Vacuum/SF6Ratio: 2.6/1 
• KEMA 1991-1996 Certification Ratio: 3.2/1 

Fig. 2: World Wide Trend for Interrupters Used In 
Medium Voltage Circuit Breakers And Reclosers 

The present worldwide consensus is that the VCB and the vacuum 
recloser will be the dominant technology in the first two decades of the 
twenty-first century, even though the SF6 gas technology, primarily 
developed for transmission circuits (�72kV), has been downsized to 
compete for the distribution protection market. There are three major 
areas where it is becoming increasingly difficult for SF5 to compete 
with vacuum. 

(1 ) Long life- it is now possible to produce cost-effective VI designs 
having electrical lives that exceed the required mechanical life of the 
circuit breakers, and will even be able to satisfy a recent IEC require
ment of extended short-circuit operating life; 

(2) Environmentally benign- VI's are constructed from environmen
tally benign materials. They do not provide a potential source of green
house gas (SF6) that can enhance global warming [7]. The VI does 
not pose the potential health risk that exposure to arced SF6 gas does 
(8], nor does it need the special hazardous waste handling that SF6 
interrupters require when routine maintenance is performed or when 
the SF6 interrupter is disposed of at the end of its life; and 

(3) Overall superior performance - this is a direct result of the 
extensive research and development that has been and continues to 
be performed by the universities and by the manufacturers of VI's [9]. 

This paper provides a background to the reader for the application of 
the VI to the protection and the control of power distribution circuits. II 
will also provide the potential user of this technology with a broad guide 
to the literature on these applications [5, 10-12]. The purpose is two
fold: firstly, to provide the user with knowledge of the ability of the VI to 
satisfy all distribution circuit switching requirements, and secondly, to 
address some misconceptions of VI performance. 

2. HIGH VOLTAGE VACUUM INTERRUPTER DESIGN 

Bellows Electric Contacts 

Fig. 3: Cross Section of a Vacuum Interrupter 

A cross section of a vacuum interrupter is shown in Fig. 3. The 
contact material development and the design of the contacts have been 
well documented [2, 1 3]. Modern VI's using state-of-the-art vacuum
sealing techniques, such as vacuum furnace brazing [14), are built to 
retain their state of high vacuum for their entire lives: typically at least 
30 years. One characteristic of vacuum brazing is that seal leaks are 
usually evident very early in the life of the VI. Cutler-Hammer therefore 
performs extensive quality assurance testing to identify those few VI's 
that have defective seals. Examples of this testing are high-pressure 
gas storage, vacuum measurement, and voltage withstand. This test
ing ensures that VI's reaching the field have an extremely high prob
ability of maintaining their high vacuum condition. Table I shows an
other manufacturer's experience of VI reliability from 1 970 to 1975 [15]. 
In our experience, once a VI has been in the field from three to four 
years, it will continue to be vacuum tight for life. Also, in these first few 
years, there is less than one chance in 1 00,000 of a vacuum leak oc
curring. 

TABLE 1: Statistics ofVacuum Life 

YEAR OF 
NUMBER 

VACUUM LIFE, 
MANUFACTURE YEARS 

<80 80-160 >160 
1970. 1971 9000 0% 19.3% 80.7% 

1972 500 0% 1.6% 98.4% 
1973-1975 3000 0% 1.5% 98.5% 

There are two major aspects to VI design: (a) the high voltage design, 
and (b) the current interruption design. In this section we will consider 
the high voltage design and in the following sections we will consider 
current interruption under different circuit conditions. C-H VI's are de
signed to operate at the normal system voltages listed as preferred in 
the applicable standards. In addition, they are designed to satisfy the 
overvoltage withstand requirements for these system voltages, i.e. 

(a) Rated AC power frequency withstand voltage. 

(b) Rated lightning impulse withstand voltage. 
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These ratings establish a conservative safety factor in the design to 
provide for an ability to withstand occasional overvoltages that can 
occur in a power system from normal switching operations, or from 
more abnormal natural causes such as lightning. These overvoltage 
withstand ratings can be expressed as multiples of the rated system 
voltage. At distribution levels of 3 to 72 kV these multiples are as 
follows: 

Multiple Of The Rated 
Rated Overvoltage System Voltage Or Normal 

Operating Voltage 

Rated AC Power 
Frequency Withstand 2 to 4times 

Voltage 

The Rated Lightning 
Impulse Withstand 4to 1 2 times 

Voltage 

The test to demonstrate the ability to withstand the rated AC power 
frequency withstand voltage (sometimes called a Hipot test) is a deter
ministic test, that is, the test voltage must be withstood for 1 minute 
with no breakdowns. This is a simple pass or fail definition and at the 
stress level of 2 to 4 times the normal operating voltage, the AC hipot 
test is readily passed by properly designed and conditioned VI's. In 
contrast, the test to demonstrate the ability to withstand rated lightning 
impulse withstand voltage is a statistical test. that is, 1 or 2 break
downs are permitted in a group of a certain number of tests. The im
pulse test is also readily passed by properly designed and conditioned 
VI's, but this test's criteria are tolerant of the occasional breakdown at 
the rated impulse voltage. In fact, according to the testing standards, a 
component satisfres the lightning impulse requirement wihen it with
stands the rated impulse voltage about 90% of the time. The values of 
these two test overvoltages do not ensure that all possible overvolt
ages will be withstood, but the requirements do provide that the power 
circuit will be protected from the most typical overvoltages that can 
occur in service. 

2.1 High-Voltage Vacuum Interrupter Design -Internal Design 

The development of C-H VI's that satisfy the voltage withstand re
quirements has been greatly assisted by the advent of powerful, com
paratively low cost, personal computers, and user-friendly finite ele
ment analysis (FEA) software. This has enabled Cutter-Hammer de
sign engineers to routinely perform FEA on both electrical and mag
netic fields, with the result that changes in design can be rapidly ana
lyzed and compared to design rules established over the years by 
empirical methods. Figure 4 shows a typical two-dimensional poten
tial plot for an experimental vacuum interrupter. As the computers 
have become more powerful, it is now possible to perform three-di
mensional analysis. This type of analysis has been instrumental in 
optimizing the spacing between the vacuum interrupter components 
so that the development of vacuum interrupters capable of operating 
in sub-transmission circuits at 72kV [16] and at transmission voltages 
[17] has become possible. Using VI's in series we have, in fact, al
ready demonstrated effective circuit breaker performance at 145kV 
[18]. We show in Table II C-H VI designs that have been successfully 
tested for operation at the distribution voltage range, 35kV 40.5kV. 

TABLE II: Cutle11-HammerVacuum lntenupters for Circuit 
Breaker Application at 35kV- 40.5kV 

CONTINUOUS 
SHORT A C  IMPUL S E  

CIRCUIT WITH- WITH· 
VIOlA CURRENT 

CURRENT STAND STAND 
RANGE 

RANGE VOLTAGE VOLTAGE 

Mm Amps k A  kV, rms KV 

63 630-800 8-12.5 80 170 

75 630-1250 12.5-16 80 170 

102 630-1600 16-25 95 170-200 

135 1250.3150 25-40 95 170-250 

Fig. 4: Finite Element Analysis of a Floating Shield 
Vacuum Interrupter Showing the Equipotential 
Lines 

For circuit breakers, the most important reasons to withstand voltage 
are to prevent: 
• 

• 

• 

Phase-to-ground breakdowns, 

Phase-to-phase breakdowns, and 

Line-to-load breakdowns . 

Phase-to-ground, phase-to-phase and line-to-load breakdowns exter
nal to the interrupter represent outright failures to support voltage and 
the design objective should be to avoid these within the required rating 
of the circuit breaker. As noted before, the power frequency withstand 
voltage provides a deterministic requirement to wi1hstand higher than 
normal AC voltages up to 2 to 4 times the normal rated operating volt
age of the circuit breaker. At the much higher stress of the lightning 
impulse voltage level, the statistically defined withstand abilities of all 
the equipment in a power system provide a reasonable level of confi
dence that undesired breakdowns will not occur. Moreover, protective 
elements, such as spark gaps and surge arresters are located at many 
points in the power system to keep the actual lightning caused over
voltages down to levels where the probability of a breakdown is ex
tremely low. 

VI-TM-99-14 RevOl-03 For more information visit: www.cutler-hammer.eaton.com www . 
El

ec
tric

alP
ar

tM
an

ua
ls 

. c
om

 



VI-TM-99·14 The Application of Cutler· •!T•N Cutler-Hammer 
Page 4 Effective: January 2oo3 Hammer Vacuum Interrupters 

In service, circuit breakers are usually closed to serve their loads and 
are not left open for long periods of time. So overvoltages such as 
lightning are mostly seen by the line to ground or line to line insulation. 
When circuit breakers are to be open for a long period of time most are 
isolated from the system by disconnect switches or are racked out of 
their primary disconnect contacts especially in situations where main
tenance is to be performed. In this case they will not be exposed to 
overvoltages nor are they used to provide the primary isolation. 

In the cases where circuit breakers are open in service to separate two 
parts of a system, the vacuum breaker is unique in being able to pro
vide a final measure of security that is not seen in most other types of 
circuit breaker. If the statistically rare event occurs that a high light
ning impulse voltage above the breaker rating is applied across an 
open vacuum circuit breaker and is followed by an internal breakdown 
between the open VI contacts, then only a Y:i cycle of current will flow 
that will be quickly interrupted by the open vacuum interrupter at the 
first current zero. So the circuit breaker can then be considered to 
have essentially preserved the open status of the power circuit. VI's 
are unique in being able to interrupt such a current, even when the 
contacts are in the full open position, because they do not require 
motion to accomplish the interruption. Thus, even if a breakdown does 
occur occasionally and results in a power frequency current, the VI 
will clear the circuit at the next current zero. This behavior is not seen 
in other techniques such as minimum oil, air magnetic or SF6 puffer 
interrupters. The VI, therefore, has a major advantage over other in
terruption technologies. Not only does it have excellent high voltage 
withstand capabilities, but it can also interrupt current flow in the open 
position. 

Conditioning at high voltage is a normal part of the C-H manufacturing 
process for every VI. The contacts of the interrupter are opened to 
form a gap and the interrupter is then subjected to a high voltage from 
a high impedance source for many minutes. A great many discharges 
involving small currents from the high impedance source occur with 
decreasing frequency during the conditioning time as microscopic sharp 
spots are smoothed over or small particles on the contact surfaces are 
destroyed by the discharge currents. As a confirmation of the condi
tioning results, an impulse voltage test is then performed on the inter
rupter while the contacts are still in the open position. The test voltage 
is chosen to be typically around 10% greater than the rating. During 
the life of the VI when operating under load current, the VI is continu
ally being conditioned; i.e. the arcing that accompanies a load- current 
switching operation reconditions the contacts and helps the VI main
tain its high voltage performance throughout its life. Similar condition
ing also occurs during the opening operation under short circuit cur
rents as well. 

A temporary deconditioning of the impulse voltage withstand ability in 
VI's can, however, also occur. Deconditioning can take place when 
the VI is opened and closed with no passage of current. This can 
happen when a new VI is installed in a circuit breaker and it is oper
ated mechanically [19]. When the VI contacts open and close without 
current, rough spots may be introduced on the contact's surfaces. 
These rough spots may sometimes result In one or more breakdowns 
at impulse voltages less than the design rating of the VI. Therefore, 
before certification testing is done to demonstrate the impulse voltage 
withstand ability of the circuit breaker, it is typical to apply some high 
voltage pulses to the open vacuum interrupters in order to recondition 
the contacts, thus restoring their full ability to withstand impulse volt
ages. 

2.2 Impulse Voltage Testing on the Vacuum lnteiTUpters in a 
Circuit Breaker 

Each interrupter in a vacuum breaker should be tested in the following 
manner. Preliminary tests should be performed starting at a fraction of 
the rated impulse withstand voltage. These preliminary tests provide 
some reconditioning of the vacuum interrupter to smooth sharp spots 
produced by mechanical touching of the contacts. In addition, the 
preliminary tests are especially important whenever changing from one 
polarity to the opposite to remove and reverse the charge that builds 
up on the floating vapor shield during the testing at the first polarity. 
Any disruptive discharges that occur in the preliminary trials at less 
than rated voltage are not counted in the statistics for pass/fail deter
mination at the rated Impulse voltage. 

The sequence of the tests in Table Ill is recommended. This sequence 
is based on the ANSI/IEEE and IEC impulse voltage test methods 
described in the relevant switchgear standards. ANSI/IEEE has used 
a method called the 3x3 method (pronounced "3 by 3") for many years, 
while IEC has used the 2x15 method. A compromise method called 
the 3x9 method is now the standard method In the newest revisions of 
ANSI/IEEE standards, and is an acceptable alternative method in IEC 
standards. These test methods are explained below. 

3 x 3 Impulse Voltage Test Method £20]: 

STEP 1: Apply 3 Impulses Of A Desired Crest Voltage. 

• 

• 

• 

If all 3 impulses are withstood, then the device has passed 
the test. 

If two disruptive discharges are observed in the 3 impulse 
trials, then the device has failed the test. 

If one disruptive discharge is observed in the 3 impulse tri 
ais, then perform 3 more tests in Step 2 at the same crest 
voltage. 

STEP 2: Apply 3 Additional Impulses Of The Same Crest 
Voltage (Only If 1 Disruptive Discharge Is Observed In Step 1) 

• 

• 

If all 3 additional impulses are withstood for a total of 1 dis 
ruptive discharge in 6 tests, then the device has passed 
the test. 

If a second disruptive discharge is observed, then the de
vice as failed the test. 

3 x 9 Impulse Voltage Test Method [20. 211; 

The 3 x 9 method is the same as the 3 x 3 method except for 2 
changes: 

• The number of additional impulse trials to perform is 9 if 
there is one disruptive discharge in the first 3 impulse trials, 
and 

• If all 9 additional impulses trials are withstood for a total of 1 
disruptive discharge in 12 tests, then the device has passed. 
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2 X 151mpulse voltage Test Method £211: 

Apply 15 impulse trials of a desired crest voltage: 

• If no more than 2 disruptive discharges are observed for a 
total of 2 disruptive discharges in 15 impulse trials, then 
the device has passed the test. 

Figure 5 shows the breakdown rate for many C-H VI's designed to 
operate at impulse voltages up to 170V compared to the permitted 
breakdown rate allowed in the ANSI and IEC standards. It can be 
seen that while conditioning breakdown events did occur, the overall 
rate was lower than permitted by the standards. 

The fact that a vacuum interrupter occasionally can break down on the 
application of an impulse voltage that is lower than the rated value 
during developmental testing presents no problem for vacuum circuit 
breakers in service on power distributions systems. There are a num
ber of reasons for this: 

(a) The VI contacts are conditioned each time the breaker oper
ates under load. 

(b) 

(c) 

(d) 

(e) 

'if. 
G) -
ca 

a: 
c 

� 
"1:1 
.:.: 
z ... 

CD 

35% 

30% 

25% 

20% 

15% 

10"k 

5% 

Surge protection in the distribution circuit usually keeps the 
observed impulse voltage low. 

Breakdown in two phases at the same time in an ungrounded 
system is statistically rare. 

The circuit breaker or recloser is normally closed (it is in the 
circuit to protect from faults caused by lightning strikes else
where in the circuit). 

If current does flow, the open VI's will interrupt the power 
follow current within one half cycle. Once the current is in
terrupted the open status of the circuit will be maintained. 

I I .... 36/38kV VIs 

i 
-<>- 2x15 Method 

! I -tr:- 3x3 Method 
-o- 3x9 Method I 

J i I 
i 

I L 1/ 
I Jl 
! [/1 

� !---" 
0% 

50% 

I 
60% 70",4, 80% 90% 1 00"/o 11 O'Yo 120% 

% Rated Impulse Voltage 

Fig. 5: Breakdown Rate in % vs % of Rated Impulse 
Voltage for 36/38kV VI's With 170kV BIL 

TABLE Ill: Recommended Voltage Steps for Impulse Testing 

R ecommended 
Voltage 

Test Voltage 
No. of Trials I 

Testing Applied 

INITIAL POLARITY %OF R ATED 

Preliminary Positive 50% 3 Note 1 

Positive 75% 3 Note 1 

Positive 90% 3 Note 1 

Cerification Positve 100% N Note 2 

REVERSE POLARITY 

Preliminary Negative 50% 3 Note 1 

Negative 75% 3 Note 1 

Negative 90% 3 Note 1 

Certification Negative 100% N Note 2 

Notes to TABLE Ill 

Note 1: If a disruptive discharge occurs in one of these Trials, then 
use the 3x3 method at this voltage or, for more conditioning, perform 
additional trials at the same voltage until 3 to 5 impulses are 
withstood in a row. 

Note 2: The number of trials performed at the rated impulse 
withstand voltage depends on the standard used. 

For IEC tests to IEC standard 62271-100 and 60694 and 60060-1:N 
= 15 and Pass � 2 breakdowns in 15 trials., i.e. <13.3%. 

For ANSI tests to C37.09 and IEEE Standard 4:N = 3 or 6 and Pass 
.::; 1 breakdown in 6 trials, i.e. <16.6%. 

For both ANSI and IEC Standards, recent revisions: N = 3 or 12 and 
Pass� 1 breakdown in 12 trials, i.e. <8.3%. 

2.3 High-Voltage Vacuum lntenupter- External Design 

FEA has evolved into an extremely useful design tool for optimizing 
the internal design of high-voltage vacuum interrupters. It has also 
been useful in developing VI's with a more uniform stress across the 
outside of the VI as is shown in Figure 4. It is essential to consider the 
external stress on the VI, because it is imperative that once the VI has 
opened that any circuit voltage impressed on the VI does not cause a 
breakdown across the outside of the VI's body. Looking at Figure 4, 
there are three things to consider in the external design. 

(1) 

(2) 

The length of the ceramic between the two end plates. 

The creep distance along the ceramic. 

(3) The dielectric medium in which the VI will be housed. 

! 

I 
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800 

0���--r-,-��--r-,-��--�,-� 
0 so 100 150 200 

Gap,d [mm] 
300 

Fig. 6: Comparison of the Voltage Breakdown As a 
Function of Gap of Parallel Plates In Air, Parallel 
Plates With a Right Ceramic Cylinder Between 
Them, and the Length of VI Ceramic Used to 
Withstand a Given BIL Rating in Air. 

The ceramic length 

Figure 6 shows the breakdown strength of an air gap between two 
shaped plates. At 10 mm the breakdown is 31kV (or 3.1kVImm), and 
at 300 mm the breakdown is 735kV (or 2.54kV/mm). If a right cylinder 
of ceramic if placed between the shaped plates, then the breakdown 
voltage is decreased dramatically. Now a 10mm gap will only have 
a breakdown voltage of 16kV (1.6 kV/mm), and at 300mm the break
down voltage will be only 270kV (or 0.9 kV/mm). The lowering of the 
breakdown voltage resulls from a number of effects: collection of charge 
on the ceramic surface, higher field stresses at the ceramic to metal 
interface, condensation on the ceramic surfaces, etc. From these data 
it is wise to allow a 'safety factor' of at least 3 over the air breakdown 
value when a ceramic cylinder is placed between the plates. The 
maximum voltage that a VI is subjected to is the lightning impulse 
voltage. For standard test purposes, a lightning impulse voltage is simu
lated by a 1.2 x 50 microsecond voltage wave. The Basic Insulation 
Level (BIL) is the lightning impulse voltage that a device can withstand 
approximately 90% of the time. As we have already discussed in Sec
tion 2.2, it is imperative that an open VI in a circuit breaker does not 
flash over externally when subjected to its rated impulse voltage. The 
C-H experience of ceramic length required to completely satisfy the 
BIL requirements is also shown in Fig. 6. It shows that the design 
criterion C-H uses is somewhat conservative. The ceramic length for 
the VI is always more than the experiment of a right cylinder between 
two plates would suggest. Figure 7 shows examples of two VI's, one 
rated for 11 OkV BIL and the other rated for 150kV BIL. 

The creep distance 

The creep distance is the distance along the ceramic between the end 
plates. One way of expressing the creep distance is in mm/kV, where 
the total length L expressed in mm is divided by the rms line to line 
voltage. So in Fig. 7 the shorter VI with a ceramic length of 158 mm is 

suitable for use in a 17.5kV circuit, and thus has a creep value of 9 
mmlkV. The longer VI with a ceramic length of 198mm can be used in 
a 27kV circuit, and thus has a creep value of 7.3mm/kV. These creep 
values have been found to be extremely reliable for use in both indoor 
and outdoor circuit breakers where there is very low probability of both 
water condensation and the deposit of atmospheric pollution on the 
ceramic surface. For applications where severe atmospheric pollution 
is common in urban and industrial areas and/or where water vapor 
condensation on the ceramic can occur, more conservative creep val
ues can be used than has been the standard practice up until the 
present. For example, the Chinese creep values are about 2 times 
those calculated in the VI examples shown in Fig. 7. The new Chinese 
creep standard considers both the condensation effect and the pollu
tion effect around metal enclosed switchgear. These effects are char
acterized as follows: 

!]_ 

9mm 19 l58 mm 1-----""'1 

L� 
u 

Fig. 7: Examples of Vacuum Interrupters With Two 
Ceramic Lengths, the Shorter VI has a BIL Rating 
of 110kV and the Longer One has a BIL Rating of 
150kV. 

Condensation Classification 

Class Description Frequency 

co 
Condensation does 

s: 2 times I year 
not normally occur 

c, 
Condensation occurs 

< 2 times I month 
with low frequency 

ch 
Condensation occurs 

> 2 times I month 
frequency 
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Pollution Classification 

Class Description 

Po No pollution 

P, Light pollution 

ph Heavy Pollution 

Taking into account that in China P. is unrealistic and that manufac
turers should be conservative if the pollution deposit is corrosive, 
three degrees of service are defined as follows: 

Degree 0 (DO): c.P. 

Degree 1 (D1): 

Degree 2 (D2): 

Or c. Ph 

Or c. P, Or c. P • 

The desired creep values that correspond to these degrees of 
service are given in Table IV. 

TABLE IV: Recommended Creep Values for Interrupters 
In Chinese switchgear 

CREEP VALUE MM I KV 

SERVICE CLASS INSULATION TYPE 

Ceramic Organic 

DO 14 16 

01 16 18 

02 18 20 

Since an interrupter manufacturer has to respond to the worst case 
creep value, C-H uses 18mmlkV for ceramic envelopes and 20mm/ 
kV for those that use organic insulation. 

If the straight ceramic shown in Fig. 7 were used, then for 12kV ser
vice a ceramic length of 216mm would be required, and for 40.5kV 
service a length of 729mm would be needed. These lengths are im
practical, however, because they do not address the advantage of com
pactness that the VI has to offer. The way to achieve the creep value 
and maintain a compact VI length is to use a contour-wave ceramic. 
Here grooves are cut into the ceramic that allow for a longer path along 
the ceramic surface, while at the same time permitting a compact 
length between the end plates. Figure 8 illustrates the C-H wave ce
ramic designs for 75mm, 102mm, and 135mm diameter VI's. 

The dielectric medium 

The vacuum medium inside the VI can withstand very high voltages 
with very small contact gaps. For example, a 1 Omm gap can satisfy a 
1 minute withstand voltage of 50kV (rms) and a BIL level of 110kV, and 
a 18mm gap can satisfy a 95kV (rms) 1 minute withstand voltage and 
a 185kV BIL value. In order to manufacture compact switchgear it has 
been the practice to surround the VI with a dielectric medium such as 
oil or SF6• The increase in the external dielectric insulation strength 
has two effects. The first effect is to permit the use of shorter VI's and 
the second effect is to allow a closer pole spacing. For example, a VI 
with a ceramic length of 150mm will only meet an external BIL value of 
about 120kV in atmospheric air. However, if it is placed in SF6 or oil it 
will easily meet an external BIL value of 170kV. 

Fig. 8: Examples of Cutler-Hammer Contour Wave 
Ceramic Designs 

Another approach for obtaining a higher external VI voltage rating is 
one that has been successfully used by C-H for more than 25 years. 
In this case a polyurethane material is used to surround the VI. Figure 
9 illustrates an example with a ceramic length of 150mm. Without the 
potting this VI will meet a BIL voltage value externally of 

r 
158 mm 1-----""""i 

L� 
POLYURETHANE 

POTTING 

n 

u 
Fig. 9: Example of Using Polyurethane Potting to Increase 

the Voltage Withstand Rating for a mm Ceramic 
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about 120kV, but with the potting, it is capable of a meeting a 170kV 
BIL value externally. It is also possible to use the ''wave" approach 
with the potting material to give the required 20mm/kV required for the 
severe service class creep value. While potting the VI produces a 
compact VI, the whole circuit breaker surrounded by atmospheric air 
will still not be as compact as the designs surrounded by oil or SF6• 

Oil, because of its fire hazard, is slowly being phased out as an insula
tion on high-voltage switchgear. SF6, while still being used, is recog
nized as a greenhouse gas. Accordingly. a number of new, compact 
vacuum circuit breaker and recloser designs are being developed us
ing solid insulation. There are two approaches; these are illustrated in 
Fig. 10. The first takes a VI and encases the VI and its associated bus 
in a solid dielectric such as epoxy or hard polyurethane. The second 
takes a solid insulation housing connected to the bus, and the VI is 
attached to the fiXed and moving bus assemblies. The space between 
the VI and the solid insulator is then filled with a material such as 
polyurethane which completely fills the void between the VI and solid 
insulator. In both cases the outside of the insulator will be designed to 
satisfY the required creep values. This type of structure in recent years 
has become popular for outdoor reclosers [22]. There has also been a 
gradual increase in interest for using this technique for compact indoor 
circuit breakers [23]. 

Fig. 10: Vacuum Interrupter Inside Solid Insulation 
(a) Potted Directly Into an Epoxy or Polyurethane 

Insulation, (b) Encapsulated In An Insulating Outer 
Shell With a Secondary Operation Using a Polyure
thane or Other Insulating Material 

3. CHOP CURRENT 

Current chop is a subject that has been exhaustively investigated and 
discussed since the early 1960's and is often cited by advocates of 
competing technologies as a major disadvantage of the VI. It is, how
ever, no longer a concern with state-of-the-art VI's using the latest 
developments in contact material and VI processing technology. In 
fact, the arc in all types of interrupters (oil, SF6, air, and vacuum) be
comes unstable just before the natural current zero in an AC circuit. 
The instability causes a sudden collapse of the current to zero. This 
phenomenon, known as current chop, is a function of the arc and the 
circuit parameters. It has been shown [24], for example, in oil, SF6, 
and vacuum breakers that chop is predominantly governed by the ef
fective capacitance in parallel with the circuit breaker. Figure 11 taken 
from [24] gives a comparison of chop current from these three differ
ent technologies. For a 12kV circuit, the typical capacitance value is 
between 0.001 and 0.01 JlF. 

Perhaps the concern about current chop levels of VI's results from the 
memory of the initial introduction of VI's which used a Cu-Bi contact 
material. This material did exhibit chop currents from 8 to 25 A. Since 
1970, however, most VI manufacturers have come to use the Cu-Cr 
material first developed by Westinghouse for circuit breaker and recloser 
applications. The present Cu-Cr contact material used by C-H has an 
average chop current of about 3 A and a maximum value of about 5 A. 

/,/ 
SP• V,/ 

./ .1' 

-� � ---

0.01 0.1 

,' 
/ 

�cla:uk "' "' 
-

� u�dmllt Oil ..... 
.... -

--
------� 

O.Q1 0.1 1 

Vacuum 

--

0.01 0.1 

Effective Capa¢UU'lQIII( pF ] 

Fig. 11: Comparison of Chop Current Characteristics 
For Vacuum, SF II' and Oil Interrupters 

The effect of a current chop is mainly observed as a modification to 
the transient recovery voltage (TRV). As such, the voltage is a rela
tively slow transient reaching a crest voltage in many microseconds, 
rather that a fast transient with a short wavefront surge type of voltage 
that reaches its crest voltage in 1 microsecond or less. As an example, 
the effect of a 6 A current chop in an inductive circuit on the transient 
recovery voltage across an open interrupter is shown in Fig. 12 [25]. 
Here two realistic cases are drawn: the one line shows the TRV with a 
negligible chopping level and the other line shows the TRV with a 6 A 
chopping level. Note that in the case with no current chop, the TRV 
starts at zero and increases in a polarity opposite to that of the preced
ing current that was just interrupted. In contrast, in the case with cur
rem chopping, the TRV starts at zero but initially increases in a polarity 
that is the same as that of the preceding current that was just inter
rupted. Then the TRV changes to a polarity opposite to that of the 
preceding current that was just interrupted, and, moreover, that due to 
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current chopping, the TRV peak then reached is higher than the case 
without current chopping. However, this first peak of TRV, even with 
this extreme level of chop current, is only 20% higher than the value 
expected with zero chop current. Such a modest increase in the peak 
voltage is not of concern for load insulation. 

Thus, with the contact materials used in modem VI's, current chop
ping is not of concern when considering surge protection. 

Fig. 12: Transient Recovery Voltage After Inductive 
Load Switching With and Without Current 
Chopping (I) 

4. LOAD CURRENT SWITCHING 

The performance of the VI for load switching is truly outstanding. For 
currents below about 5 kA, the diffuse vacuum arc is formed between 
the opening contacts [26]. This arc is characterized by multiple cath
ode spots moving randomly across the cathode contact and a passive 
anode contact collecting current uniformly across its entire surface [5]. 
This vacuum arc will always interrupt the AC current at the first current 
zero after a contact gap that will withstand the recovery voltage has 
been reached. Contact erosion is only observed on the cathode and is 
quite uniform over the cathode surface. For modern contact materials 
like Cu-Cr [27], the erosion is between 0.04x10"" and 0.4x10""g.C"1 
(grams/coulomb). In this case C = f I dt and the integral is taken over 
the complete arcing time, i.e., from the time the contacts part and the 
arc is initiated until the arc is extinguished at a current zero. The exact 
value depends upon the contact spacing and the fraction of material 
eroded from the cathode that is deposited upon the anode. In an AC 
circuit, the contact parting event occurs at random with respect to the 
current. Therefore, the contacts are a cathode on some switching op
erations and an anode on other switching operations. so that material 
eroded from one contact and deposited upon the other, would be rede
posited on the original contact during a subsequent operation [27]. 
Using this erosion rate and knowing the size of the contacts of the VI, 
it is easy to show that the electrical switching life of the VI's used in 
circuit breakers and rectosers far exceeds the usual mechanical life of 
these devices. Indeed, VI's are now beginning to be used for electric 
railroad switching systems where electrical and mechanical lives of 
250,000 operations are required. Of course, C-H has developed 
contactor VI's for motor control where switching lives in excess of 1 OS 
operations are regularly observed. 

For the user of a very-long-life interrupter, it is essential for the con
tacts to maintain a low and constant contact resistance (R ) for their 
whole life. The VI contact with its uniform erosion and with the lack of 

an ambient gas will, indeed, maintain a low and constant R in a man
ner that cannot be matched by any other interrupter techn�logy. Us
ers of SF6 interrupters, for example, have experienced increases in 
the value of R0 as the interrupter is operated under load. This is a 
consequence of the chemical processes that take place on the con
tact surfaces, between the contact metal and the SF6 gas, during and 
after arcing, each time the interrupter is operated. In addition, metal 
fluoride powders, which are insulating and are produced as arcing by.. 
products, can in some designs interfere with contact mating and thereby 
cause an increase in contact resistance. So vacuum with its preserved 
clean interior is much better at preserving a low resistance, coolly op
erating contact interface. 

5. SHORT CIRCUIT INTERRUPJlON 

In addition to outstanding performance in interrupting normal load cur
rents, the C-H VI also has demonstrated superior performance in in
terrupting short circuit currents. VI designs are commercially avail
able that interrupt short circuit currents from 2kA (rms) to 63kA (rms). 

Fig. 13: Contact Structures Used In Vacuum Interrupters 

The high current vacuum arc naturally tends to form a constricted col
umn [5]. Thus in VI's designed to interrupt currents above approxi
mately 5kA, this high current arc has to be controlled with a contact 
design. There are two main types of contact designs; one that causes 
the arc to rotate around the contact surfaces [3] by using a transverse 
magnetic field (TMF) and the other that forces the arc back into the 
diffuse mode by use of an axial magnetic field (AMF) [4], see Fig. 13. 
Figure 14 shows the present interrupting ability of the two contact 
structures as a contact function of contact diameter in a 12kV circuit. 
For 35kV40.5kV applications C-H uses the axial magnetic field 
contact structure exclusively. The AMF structure is preferred because 
it is possible to shape it for the best possible high voltage performance 
and also because this shape is maintained even after short circuit in
terruption. Each contact design has its advantages and each has the 
ability to provide long life at the full short circuit rating of the device; VI 
designs are available that can perform up to 100 full short-circuit op
erations. For short-circuit operation of greater than 100 operations 
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axial magnetic field contacts are usually required. In practice, even a 
fault that is 80% of the full fault rating is a rarity in normal distribution 
circuits, and most faults are of much lower value. Thus, the life of .the 
VI will easily exceed the short-circuit life requirements of any practical 
distribution circuit. VI's also have no "blind spots" or "critical currents," 
i.e., there is no current from the smallest load current up to the full 
short-circuit current where the interrupter has difficulty interrupting. 
Beyond their full short-circuit rating, the probability of failure to inter
rupt gradually increases [28]. If a VI is forced to switch a current up to 
1 25% of its rating and if a backup breaker removes the fault within a 
reasonable time, the VI will suffer little permanent damage and will 
subsequently interrupt currents up to its rating without difficulty. This 
d istinguishes the VI from other technologies which have fairly well 
defined interruption levels and arcing times. When SF 6 or oil filled 
devices are operated at currents beyond these limits, they will, at the 
best, be permanently damaged and, at the worst, will cause an explo
sion in the switchgear housing. 

��--------------�------------� • CulleMtam.-Sjlital cmtact (TMF) 
70 

I so 

1 50 
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Fig. 14: Comparis on of the Interrup tion A bility of 
Tansverse Magnetic Field and Axial Magnetic Field 
Contacts as a Function of Total Contact Diameter 
in a 12kV Circuit 

When interrupting short circuits the interrupter must be able to deal 
with the asymmetric current that will occur on one or more of the phases 
in a three-phase fault Figure 1 5  illustrates the asymmetric current 
wave in one phase [29] once the contacts in a circuit breaker open an 
arc is formed. The arc permits the flow of current in the circuit until a 
natural current zero occurs. If the conditions are favorable at the cur
rent zero the arc in the interrupter will be extinguished and the circuit 
will be interrupted. Traditionally, the arcing time for a circuit breaker 
has been characterized in terms of a minimum value and a maximum 
value. The concept of minimum and maximum arcing times are, how
ever, highly dependent on the interruption technique and the interrupt
ing conditions, especially the current magnitude and degree of asym
metry. Each interruption technology has its own unique requirement 
when arcing times are considered. When testing a circuit breaker to 
demonstrate its rating, it is required to demonstrate performance at 
the minimum arcing time, at the maximum arcing time and an average 
arcing time. For SF5 or oil circuit breakers, the maximum arcing time 
is approximately equal to the minimum arcing time plus the time inter
val of % cycle of the power frequency. The time interval between the 
minimum and maximum arcing times is often referred to as the inter
rupting window. This window is an interval during which interruption 

(a) Yoltag6 •llmt;MdawMf....._� for•aholtdrcult� lnlllaM .tll!lllllllllml clrcllltvotlap. 

Fig. 15: Examples of Short Circuit Cu"ent Wavefonns 
For Short Circuits Initiated at Three Different 
Voltage Conditions 

must successfully take place before the interruption effort is fully ex
pended and interruptions after this time are no longer possible. If the 
arcing were to continue past this time, the SF 6 or oil breaker would fail. 
Demonstrating performance at the maximum arcing is especially im
portant for interrupters such as SF 6 puffers that run out of the g�� fl� 
required to produce arc interruption when the full open pos1t1on IS 
reached. So the concept of an interrupting window during which inter
ruption is possible is extremely important for some interrupter tech
nologies. If the interrupting window is too small to cover the range 
from the minimum arcing time of the interrupter to the maximum that 
the system imposes, then the circuit breaker will not work successfully 
under all possible conditions. 

For vacuum circuit breakers, on the other hand, the concept of the 
interrupting window is not as applicable since conta� :notion is not 
required for interruption to take place. Once some mmtmum contact 
gap is reached, arc interruption is affected by the geometry and mate
rials of the contacts, the vapor shield and the degree of vacuum present 
inside the interrupter at current zero. Once the full open gap is reached, 
the arcing can continue for some time until an appropriate current zero 
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arrives and interruption occurs. So the maximum limit on arcing time 
is not determined by the mechanical travel time, but is more a function 
of the amount of arc energy that can be absorbed within a particular 
interrupter. In fact, vacuum interrupters can be applied at quite low 
power frequencies such as 1 0  Hertz when the arcing times must be 
much longer since an Y.. cycle is 50 milliseconds, provided the total arc 
energy is maintained within acceptable limits. 

For vacuum circuit breakers, arcing times are generally short at nor· 
mal power frequencies such as 50 or 60 Hertz. However, interruption 
at any one particular current zero is a statistical event, especially near 
the upper limit of current rating, and when the current wave is asym
metrical. The arcing times for a vacuum circuit breaker can range 
from very short values to much longer values. The minimum arcing 
time is generally about 3 or 4 milliseconds, but times as short as 1 or 
2 milliseconds are occasionally observed. Maximum arcing times of 
20 milliseconds or more have been observed. However, it is far more 
likely to observe an arcing time between 3 and 1 4  milliseconds with a 
value of 8 to 10 milliseconds {or Y.. cycle) being the most common. It 
is no coincidence that the time required for the interrupter contacts to 
reach a value between 75% and 1 00% of full open point is also about 
Y.. cycle. In addition, the distribution of arcing times tends to trend 
toward longer values as the current approaches the limit of perfor
mance for a particular interrupter. 

One interesting characteristic of a VI when interrupting an asymmetric 
current wave is that the probability of interruption after the end of a 
major loop, where the current magnitude is at its highest, is about 
50%. Interruption will usually occur at the end of the following minor 
loop where the current magnitude is much lower. As a result, if one 
attempts to demonstrate a maximum arcing time where the final cur
rent loop is a major loop, the interrupter may simply skip this current 
zero and a different pole will be the first to clear. Finally, the intended 
pole then will clear the remaining single-phase current i n  series with 
the third pole. This results in a maximum arcing time that is longer 
than the traditional value of the minimum arcing time plus the time 
interval of Y.. cycle of the power frequency, however, this is perfectly 
acceptable as long as the circuit is in fact interrupted. 

The three different methods of testing discussed below each present 
some challenges when attempting to demonstrate the maximum arc
ing time in a VCB. 

• For 3-phase direct tests, the minimum and maximum arcing 
times are supposed to be demonstrated in the pole with the first pole 
to clear TRV. The TRV peak is appropriately reduced as a result of the 
phase shift of the current zero from being coincident with the peak of 
the system voltage by the effect of the current asymmetry. However, 
vacuum interrupters are non-deterministic in that they have a signifi
cant but definitely not 1 00% probability of interrupting with very short 
arcing times. So it is often observed that another pole will have a cur
rent zero with symmetrical current or a minor loop of current and will 
interrupt just before the pole with the asymmetry has its current zero. 
The non-deterministic nature of vacuum interrupters means that this 
behavior is not predictable. So in such tests, the pole with the required 
asymmetry may no longer be the first pole to clear and hence will have 
a lower TRV that the first pole to clear TRV. Such behavior is perfectly 
acceptable in the real world, because the VCB will behave this way in 
the actual power system. However, the non-deterministic nature of 
vacuum interrupters complicates the test demonstration by often re
quiring repeated tests in an effort to get one with the right combination 
of current asymmetry and first pole to clear TRV. 

• For 1 -phase direct tests, without the possibility of other 
phases complicating the situation, it is much easier to control the test 
conditions to provide the required asymmetry and the first pole to clear 
TRV in the same pole. Here again, the TRV peak is appropriately 

reduced due to the phase shift of the current zero from being coinci
dent with the peak of the system voltage by the effect of the current 
asymmetry. The drawback is that this combination as noted above, 
may not actually occur in practice, and hence is really more severe 
test than is required in practice. 

• For 1 -phase synthetic tests, the test conditions can again 
be forced to provide the required asymmetry and appropriately reduced 
first pole to clear TRV in the same pole. However, the test engineer 
must choose at which current zero to apply the TRV. I f  the TRV is 
applied at the end of a major loop, then the Interrupter may not inter
rupt. So a proper demonstration must then be to delay the application 
of the TRV to the next current zero which will be at the end of a minor 
loop. There can also be difficulty here in re-igniting the arc at the 
current zero after the major loop, because the TRV from the high cur
rent source is low and easily interrupted by the vacuum interrupter. 
However, in recent years test labs have been developing new systems 
to re-ignite the vacuum arc more reliably and efficiently. Also some 
test labs report that they can supply the proper TRV at more than one 
current zero. So with enough equipment, the real three-phase world 
can be simulated synthetically. In fact, some labs have even been able 
to perform 3 phase synthetic tests. 

So demonstrating the maximum arcing time for a VCB can be a chal
lenge. 

VI's are capable of performing well for short-circuit situations where 
high degrees of asymmetry can produce long arcing times, e.g., small 
generator breakers and also for low-frequency transportation circuits 
of 1 6-2/3 Hz. 

VI technology also has the outstanding ability to handle the developing 
fault. This is the situation where the value of the fault current suddenly 
increases during the time the breaker is opening to clear it. This can 
occur, for example, when a traveling arc changes a single line·t�round 
fault into a double line-to-ground fault. Such events are easily handled 
by the VI, but they can destroy circuit breakers using other interruption 
technologies. 

5.1 Voltages and Disturbances Observed During lntanuptlon 
Testing 

After the VI interrupts the current in a circuit during a test, the circuit 
imposes a voltage across the open contacts. In the first millisecond or 
so immediately following current zero, this voltage is called the Tran· 
sient Recovery Voltage (TRV) and at later times this voltage is simply 
the Recovery Voltage. The TRV and Recovery Voltages are usually 
unaffected by the VI, however, occasionally, some disturbances are 
observed during tests that should be explained. Five TRV or Recovery 
Voltage conditions are described below ranging from the VI having no 
effect to the VI having a more significant on the circuit voRage. 

(a) The TRV is withstood - At the first current zero after contact 
part, the TRV appears across the open VI contacts and is then with
stood to successfully interrupt the circuit with no observed disturbances. 
This is the most typical condition seen during most tests. 

{b) The TRV reignites the arc at the first current zero - Some
times the gap at the first current zero is not large enough to sustain the 
interruption, and the TRV collapses at a time up to Y. cycle of power 
frequency after the current zero. This is called a reignition. The current 
then flows to the next power frequency current zero where it is once 
again Interrupted and this time the TRV is withstood. This too is a 
normal event and merely involves a longer arcing time. 
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(c) The TRV is disturbed but withstood -Occasionally on a test, 
the TRV is seen to collapse and then instantaneously recover while no 
power frequency current is observed. If such a disturbance is observed 
at a time up to Y. cycle of power frequency after the current zero, then 
this is referred to as a TRV disturbance that is considered a normal 
part of the arc interruption process. 

(d) The Recovery Voltage is disturbed with no power current 
flow - Also on rare occasions during a test, the Recovery Voltage is 
seen to collapse and then instantaneously recover while again no power 
frequency current is observed. If such a disturbance is observed at a 
time later than Y. cycle of power frequency after the current zero, then 
this is referred to as a Non-Sustained Disruptive Discharge or NSDD. 
These events seem to be unique to Vacuum Interrupters. When a few 
NSDDs are observed, this is considered as an event to record. NSDDs 
are, however, a rare, aspect of the interruption process in vacuum. 

(e) The Recovery Voltage collapses and a power current flows 
- On even rarer occasions, a complete breakdown through the inter
rupter can occur that re-established the power frequency current. If 
this event is observed at a time later than Y. cycle of power frequency 
after the current zero, then this is referred to as a restrike. The signifi
cance of a restrike we believe depends on whether or not the follow 
current is interrupted. 

The subject of NSDDs is discussed below from the special perspec
tive of interruption in vacuum to aid in the interpretation of the signi
ficance of observing such events during a test series. 

The subject of Non-Sustained Disruptive Discharges (NSDDs) some
times observed when testing vacuum circuit breakers continues to pro
vide many opportunities for interesting discussions among short cir
cuit test specialists. However, In real world applications NSDDs are 
n ot known to cause performance problems. Vacuum interrupters 
sometimes exhibit TRV disturbances and/or NSDDs during tests. 
NSDDs may be especially noted near the performance limits of the 
interrupter, e.g., when a VI is tested at or beyond its designed short 
circuit current rating. However, NSDDs have also been observed at 
lower currents as well, especially during capacitor switching tests. 
The voltage level is perhaps the most significant parameter affecting 
NSDDs. While NSDDs are sometimes observed while testing at the 
higher end of the medium voltage range, for example, at 24 kV and 
above, they are much less common at 17.5 kV and below. And below 
1 2  kV, NSDDs are almost n ever observed. An NSDD can occur up to a 
few seconds after the circuit has been interrupted and is thought to be 
the result of a microparticle crossing the contact gap and initiating a 
small discharge within the VI. An NSDD does not result in a reestab
lishment of the power frequency current, but simply results in a very 
brief high frequency current flow as the parasitic capacitance local to 
the interrupter is discharged through the interrupter. 

NSDDs are now considered to be benign curiosities occasionally ob
served during testing. This view was recently formulated by a CIGRE 
study committee working group and is being adopted by the IEC and 
IEEE standards writing committees and by the STl laboratory group. 
However, until this recent action, NSDDs were considered by some in 
the testing community as a "sign of distress" for the circuit breaker. 
The "sign of distress" interpretation then lead to the imposition of a 
limit of 3 as the allowable number NSDD events which were permitted 
in a single certification test series. This arbitrary limit of 3 NSDD events 
was specified at the insistence of the test laboratories whose test ex
perience spans all types of interruption technologies. Since NSDDs 
have never been seen in other types of interrupters, they were there
fore viewed with suspicion by the laboratories. However, the occur
rence of a few NSDDs during certification testing, does not seem to be 
of any great significance for performance of VCBs in service. As expe
rience has been gained in the testing of vacuum circuit breakers, it has 
now been recognized that NSDDs are not a "sign of distress". There
fore NSDDs are of no special consequence for the interpretation of 

performance during a test program and are no longer to be counted or 
considered during certification testing. 

NSDDs will certainly remain of interest to the research community. An 
understanding of the mechanism that controls this phenomenon will 
continue to be sought. The role of micro-particles and contact phe
nomena in producing NSDDs is expected to be the primary focus of 
this research. 

5.2 Interruption of Fault Currents With Very Fast Rates of Rise 
of RecoveryVoltege 

Vacuum interrupters using Cu-Cr contacts have an exceptional ability 
to withstand very rapidly rising Transient Recovery Voltages (TRVs). 
This is noted especially in two difficult switching duties of interrupting: 

- Secondary Faults on Transformers, and 

- Short Line Faults on overhead lines. 

These fault conditions produce TRVs with very fast rates of rise of 
recovery voltage (RRRVs) that immediately stress the interrupter fol
lowing a current zero. 

Secondary faults on transformers are applications where VCBs are 
well suited. The high natural frequency of large power transformers 
results in a fast rising TRV with a 1-cosine wave shape. Moreover, 
large power transformers provide little damping, so the peak of the 
TRV is also high. While the 1-cosine wave shape results in a some
what slower rate of rise in the first microsecond or two, the average 
rate of rise of recovery voltage (RRRV) is quite high. When the 
switchgear is placed a short distance from the transformer, the low 
capacitance of the connections together with the high natural frequency 
of the transformer results in a very fast TRV. For example, the rated 
(t,) time of the TRV is about 60 ms for 12 kV indoor circuit breakers 
where typical cable connected circuits produce more slowly rising TRVs. 
However, t3 can be less than 10 ms for a secondary fault on a large 
power transformer. In an extensive series of experiments [30], it has 
been shown that VI's using Cu-Cr contact material will reliably inter
rupt greater than 99.9% of transformer secondary faults that could be 
expected in the field without the need of TRY-modifying capacitors 
(see Fig. 16}. 

Overhead lines, in contrast, produce a sawtooth TRV when a fault is 
located a short distance from the breaker. 

The sawtooth TRV wave of the short line fault (SLF) is the result of 
travelling voltage waves that go out on the line from the breaker and 
are reflected at the fault and are superimposed on the slower 1-coslne 
TRV of the source side circuit. Although the fault current value for a 
SLF is usually lower than the maximum fault interrupting capability of 
the breaker, the initial TRV of the sawtooth is then very fast in the first 
microseconds, immediately stressing the interrupter gap. Withstand
ing such initial fast RRRV stresses were first identified in the 1950's as 
difficult duties for gas interrupters where the decay rate of the gas 
temperature is in the same range as the increasing RRRV. However, 
tests have shown that the decay of the plasma temperature and cath
ode spot temperature in vacuum interrupters is faster than the typical 
SLF TRV and thus this duty is easily handled by the vacuum inter
rupter. So vacuum circuit breakers are also well suited for applications 
to protect overhead lines. 
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Fig. 16: Comparison of the Expected T2 Values for Trans
former Secondary Faults With the Interruption Per
formance of a Vacuum Circuit Breaker Subjected 
to Very Fast TRV's 

5.3 Developmental and Quality Testing of Cutler-Hammer 
Vacuum lntenupters 

All C-H V� products are thoroughly tested for short circuit performance 
before bemg offered to a customer for designing into their circuit breaker 
or recloser [28]. These are described as pre-certification tests in that 
they provide a level of confidence to both C-H and our customers that 
the interrupter is capable of successfully passing a certification test 
series W!len installed in a properly design circuit breaker. A single
phase, high power test circuit is used which consists of a 5 MJ capaci
tor bank, several high-current inductors, and a Transient Recovery 
Voltage (TRV) wave-shaping network. The power frequency is typi
cally tuned to 50 Hz or 60 Hz. A diagram of the circuit is shown in 
Fig�re 1 7  an� current and arc voltage wave forms from a typical inter
ruption expenment are shown in Figure 1 8. The circuit simulates the 
condition� in a power system during a short circuit by stressing the 
test VI With the rated values of short-circuit current and TRV (Note 
that for short circuits, the circuit power factor is very close to zero). 

Single-Phase tests are used in the C-H, High Power Laboratory 
to predict Three-Phase capabilities 

A Capacitor / Inductor Test Circuit 
Simulates Power System Faults 

Capacllor 
Bank 
c 

Resistor 

TRV 

Fig. 1 7: Block Diagram of the Cutler-Hammer, Single
Phase, High Power, Test Circuit 

CURRENT AND ARC VOLTAGE 
FROM VI INTERRUPTION TEST 
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Fig. 18: Oscil/ograms of Arc Voltage and 50Hz Current 
From an Interruption Test of a TMF-Contact VI 
Using the High Power Circuit in Fig. 1 7  

Single phase tests are well recognized [C37.09], [IEC62271-1 00] as 
an acceptable and conservative method of performing tests to demon
strate the interrupting rating of a circuit breaker. In such a test, the 
circuit must provide the rated symmetrical or asymmetrical short cir
cuit current at the rated power frequency and with a TRV equal to that 
required for the first phase to clear a three phase ungrounded fault. 
This combination of current and voltage stress forms the basis of rat
in� for �he circ�it b�eaker. It is also recognized that a single phase test 
With thiS combmat1on of current and voltage provides a more severe 
stress than would be observed in an actual three phase ungrounded 
fault. This is so since only one of the 3 phases must actually clear at 
such as stress level in the 3 phase case. Moreover, in the single phase 
test, the TRV stress will be at the same high level at each successive 
current zero. In contrast, in the actual 3 phase circuit, if a particular 
pole attempts to be the first phase to clear at a short arcing time and 
then does not clear the circuit, it will then become one of the 2nd and 
3rd p�ases to clear in series. The TRV for the 2nd and 3rd phases to 
clear 1s at a lower level and therefore the interrupting duty is easier on 
these poles. So the single phase test conditions used in the C-H lab 
are conservative in providing a somewhat higher test stress than would 
be experienced during a 3 phase ungrounded test or in actual service. 

Despite the increasing use of sophisticated analysis in high power test
ing, the important result in certification tests is the passffail record. 
Based on over 30 years of experience, we have established a sing le
phase test program which allows us to predict the results of three
phase certification tests with high confidence. Three identical VI's are 
produced as prototypes or samples statistically from production and 
subjected to three levels of tests. 
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! 

(1) First Level: Interruption of Symmetrical Single-Phase 
Current 

In a three-phase certification test series, the circuit breaker must per
form several interruptions, where each of several currents expressed 
as percentages of the target rating as shown below. 

The Number of Trials in a Certification Test Series 

Percent of Rated Short Number of Interruptions 
Circuit Current Required 

1 0  3 
30 3 
60 3 

100 Symmetrical 3 
1 00 Asymmetrical 3 

I n  the C-H single-phase pre-certification test series of a new VI de
sign, each VI is tested only at the targeted maximum 1 00% short cir
cuit current, since experience has shown this to be the most severe 
test condition for vacuum interrupters. In addition, since the C-H test 
circuit is a capacitive I inductor discharge type, the test current pro
duced is only a symmetrical current, so only symmetrical current inter
ruption is possible. I n  the C-H test procedure, a total of 1 4  trials per VI 
are performed, as specified in Table v with a TRV of the first phase to 
clear for a three phase ungrounded fault. The total number of tests 
and accumulated arcing duty in the C-H series is approximately the 
same or greater than that experienced in the three-phase certification 
series. So the C·H test circuit provides all of the required conditions of 
rated symmetrical short circuit current, including the first phase to clear 
TRV. Experience has also shown that an acceptable level of interrup
tion performance in the C-H single-phase test circuit at rated condi
tions is achieved when the arcing time to clear the circuit in at least 
90% of the trails is within the typical normal range. The normal range 
of arcing times is approximately from a minimum of about 3ms up to a 
maximum of about 1 cycle + 3ms. That is, the VI can then be ex
pected, with a high degree of confidence, to pass a series of certifica
tion trials i n  a three-phase circuit breaker with a th rae-phase ungrounded 
circuit at rated voltage and short circuit current stresses. Our 90% 
normal arcing time rate criterion is based on many years of experience 
that shows us that three-phase certification tests are less stressful. 
The three phase test is less stressful for two reasons. First, only one of 
the three poles m ust perform at the worst-case TRV, and, second, 
after the first phase clears, the other poles clear in series where each 
poles is at about 58% of the voltage stress seen by the first phase to 
clear. If we are testing at C-H to evaluate a single phase application, 
then an acceptable rate must of course be that 1 00% of all tests must 
clear within a normal arcing time range. This is also true for testing 
VI's that will be used in a three phase grounded systems. In this case, 
the peak TRV will be reduced to 2/3 of the values used in the first 
phase to clear ungrounded tests and an acceptable rate must also be 
that 1 00% of all tests must clear within a normal arcing time range. 

TABLE V: Testing at a Targeted CurTent to Predict 
Certification Results 

NO. OF TRIAL POINT OF CONTACT 
TRIALS DESIGNATION PART 

5 CZ+ Near I = 0, positive wave 

5 CZ- Near I = 0, negative wave 

2 CM+ Near I = IP, positive wave 

2 CM- Near I = IP, negative wave 

(2) Second Level: Impulse Voltage Withstand (BILJ. 

The Bll of each VI is measured after the 1 4  interruptions to determine 
if it is still acceptable. The internal shields in the VI must adequately 
protect the ceramic insulation from condensation of metal vapor from 
the vacuum arc, which would degrade the dielectric strength. 

(3) Third Level: A Simulation of an Asymmetric Cu"ent Tests 

While the capacitor-inductor test circuit can only produce symmetrical 
currents, the circuit can be used to simulate the effects of asymmetric 
current as a means to assess the ability of an interrupter to operate 
under such conditions. The single-phase high-power circuit is first con
figured to provide a power frequency which is about 80% of the rated 
frequency. The lower frequency simulates the longer current loop du
ration of the asymmetric current when the contacts of the circuit breaker 
part about 2 cycles after the fault is initiated. The current magnitude is 
adjusted to include the required DC component that produces the asym
metric current. If the DC component is expressed i n  per unit of the 
symmetrical component, then the test current is then set at a value 
that is (1 + DC) times the rated amplitude (see Fig. 1 9). 

0 

0 

3-+ 60 tk RATED CURRENT WITH 50% ASYMMETRY 

t BACK-UP BREAKER INTERRUPTS CIRCUIT CURRENT 
0.005 0.010 

TIME (sec) 

O.o15 

Fig. 19: Three Phase Current With 50% Asymmetry (Dashed) 
and the Single Phase Simulation With Symmetric 
Half-Cycle at 82% of the Power Frequency 
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S o  i f  a 50% DC component is required, then the test current is set at 
1 .5 times the symmetrical value. Now in this simulated circuit, the first 
loop of current that is as large and as long as the major loop in a real 
circuit, is followed by another long loop that is only a few percent smaller. 
So attempting to interrupt such a current is like attempting to interrupt 
a current 50% greater and at a lower power frequency than the VIs 
rating. However, in a real circuit with asymmetric current, the large 
major current loop is followed by a small minor current loop and vacuum 
interrupters often interrupt after this minor current loop. So the main 
objective of this simulated test is to show that the VI can withstand the 
major current loop without significant arcing damage so it is ready to 
interrupt the following minor loop. The simu fated test is then performed 
with a fresh tube which is subjected to fiVe applications of one half
cycle of arcing with the larger, longer duration current. If this sample 
finishes this series without catastrophic damage (e.g., holes melted 
through the arc shield}, our experience has shown that the VI will pass 
with actual asymmetric current trials during a certification test. 

Other Design Considerations 

Production of high quality VI's requires a successful integration of de
sign, analysis, testing, and strict quality control over materials and 
manufacturing processes. Clearly, It is desirable to develop tools for 
reducing the testing required to develop new VI types and to monitor 
the production quality of existing types. Our production program em
phasizes that a VI should be well designed initially, so that a limited 
number of relevant tests will validate the prototypes. We start with 
empirical design guidelines for different kinds of interrupters and appli
cations, based on over 30 years of experience. These include correla
tions of the rated voltage withstand and current requirements with the 
design parameters of the internal arcing region. Adherence to the 
recommended opening speed and gap are also very important for given 
current and voltage ratings. 

Testing for Quality Assurance (QA) or Petformance Comparison 

Our experience has shown that differences in the quality of alternative 
materials, or in the effects of design changes, may not be apparent 
from the interruption performance at a VI's rated current. For QA or 
comparative testing, we evaluate the decrease in performance above 
the maximum rated current, l,.,ed. Three identical VI's (one sample set} 
are first g iven 8 trials each at I ted' three at each polarity for opening 
near current zero (CZ + and c!!-}, and one each polarity for opening 
near current maximum (CM+ and CM-}. The test current is then is 
then increased in steps to values such as 1 1 0%, 1 1 5% 1 20% and 
1 25% of 1, • ..,. At each new test current, the VI's are each given four 
trials; consisting of one trial at each condition of CZ+, CZ-. CM+ and 
CM-. These four trials are repeated on each VI at each increased 
current until the combined pass rate, defined as the rate of Interrup
tions within a normal arcing time (3ms + 1 cycle), drops to �50%. 
Typically, a total of 24 trials are performed on each VI in a set of three 
samples. The point on the current wave at which the contacts part is 
varied consistently, because it affects the amount of arc motion (3]. 

An example of the results in such a test series is shown in Fig. 20, in  
which 4 sample sets of a 100mm OD VIs (1,..., = 36 kA) with different 
formulations of contact material were compared. One of these formu
lations was clearly inferior, so it was therefore rejected. The other 
formulations evaluated all performed well up to about 42 kA, or 1 1 5% 
of the rating. In fact, it is often not possible to differentiate among 
materials by merely testing only at the rating of the interrupter. It takes 
testing a currents above the rating to start to see differences in perfor
mance. 

In this C-H test method, both the short circuit current and the TRV are 
increased in the same proportion by increasing the charge on the ca
pacitor bank. So the combined interruption stress increases in a square 
relationship. So the fairly steep drop in the interruption success rate 
above about 42 kA ( 1 1 7% of l,.,ed} which is shown for the other three 

sets of samples is a result of this extreme increase in stress. The 
interrupter, however, can handle higher magnitude currents during 
asymmetrical current interruptions. For example, this same VI will in
terrupt its rated symmetrical current with a 50% de offset for which the 
major loop has an rms value of 54 kA and a peak value of 77kA as 
required by ANSI standards. In  this case, interruption often occurs on 
the following smaller minor loop. 

HIGH..STRESS PERFORMANCE TRENDS 
FOR Al TERNA TtVE CONTACT MATERIALS 

80 

eo 

40 
INFERIOR 

CONTACT MATERIAL 

RMS CURRENT (kA) 

Fig. 20: Comparison of Statistical Interruption Perfor
mance Trends for Sets of Highly Stressed VI's With 
Four Different Formulations of Contact Material 

6. SWITCHING INDUCTIVE CIRCUITS 
Voltage surges at the terminals of inductive elements in distribution 
circuits (such as motors, shunt reactors and transformers} occur any 
time they are switched on or off by any kind of switching technology 
and their interaction with VI's in particular have been studied exten
sively (5]. The interactions are now well understood and, when the 
occasion arises palliative measures are easily applied. Surges can be 
produced in three ways [31 -33]. 

(1) From lightning-induced or other surges on the line 

(2} From closing the circuit to switch on the current. 

(3} From opening the circuit to switch off the current. 

lightning-induced surges are not influenced by the interrupters and 
the established surge protection on the distribution circuit would be 
designed to prevent damage to the inductive element from lightning 
type impulse voltages. 

The events that occur when closing a circuit are illustrated in Figure 
2 1 .  It must be noted that this discussion applies to ALL interrupter 
technologies and not just to vacuum. It often occurs that the instant at 
which the circuit is energized coincides with the system voltage being 
at its maximum value since the rapidly reducing contact gap has a 
tendency to prestrike. If this happens, a travelling vottage wave will be 
applied to the cable linking the interrupter to the inductive element (in 
this illustration a non-energized motor} . Since the surge impedance of 
cables is typically 25 to 50 ohms, and the surge impedance of induc
tive loads is typically much higher, then the voltage wave reaching the 
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inductive element will be reflected. A voltage of about 2 per unit will (2) 
then be impressed across the first few windings of the load. The trav-
eling wave can reflect several times between circuit breaker and the 
load. Moreover, the returning wave can cause the interrupter to reig-
nite and then initiate another traveling wave that could produce a volt-
age at the load that is even higher than 2 per unit. From testing, surge 
magnitudes are usually found to be from 1 to 3 per unit with occasional 
values as high as 4.6 per unit observed. If these voltage pulses are too (3) 
severe, then the same measures should be used as will be discussed 
later for surges resulting from switching off the current. 

� --�) ______ r-� 
supply motor 

Fig. 21: When an Interrupter (Vacuum, SF,, Oil, etc.) 
Closes an Inductive Circuit, the Resulting Voltage 
Wave Can Result in a Fast Rising Voltage At the 
Induction Tenninals with Voltage Doubling 

6.1 Multiple Reignitions 

In general, multiple reignitions are a relatively infrequent phenomenon 
sometimes experienced by VI's and other interrupter technologies which 
may occur in circuits with certain combinations of circuit inductance, 
capacitance, and contact gap. Again, as with current chop, this topic 
has been researched exhaustively [1 0-12, 34-40]. Fig 22 shows a 
typical generic, inductive circuit with c, and c2 being the stray capaci
tance to ground of the line-side and the load-side circuits. The devel
opment of multiple reignitions is as follows: 

Fig. 22: A n  AC Circuit With an Inductive Load 

( 1 )  

(4) 

(5) 

The contact gap in the VI recovers its dielectric strength 
extremely rapidly as soon as the arc is extinguished and 
the current flow in interrupted. The contact gap, in fact, 
assumes a dielectric breakdown value which is determined 
by the contact separation distance and, in VI's, is greater 
than 2 x 1 07 V/m-1 . 

Once the current has been interrupted, a transient recov
ery voltage (TRV) appears across the contact gap. This TRV 
is a function of the reactive components on the load and line 
side of the VI [38, 39]. 

If the contact gap is not fully open and the TRV exceeds 
its breakdown strength, then the arc will be re-established. 
Once this happens, the charge from the two capacitors 
causes a high-frequency current 12 to be superimposed 
upon the power frequency current I, . 

There is a finite probability that the VI will extinguish 
this high-frequency current at one of its current zeroes 
because the vacuum is such an outstanding circuit inter
rupter. If this happens, the race between the TRV and the 
high-voltage strength of the contact gap begins again. The 
following three things can happen. 

(a) The VI fails to extinguish the high-frequency cur 
rent and another half cycle of the power frequency current 
flows, at the end of which the contact gap will be large enough 
to withstand the circuit TRV (see Fig. 23). 

(b) The contact gap will eventually become large 
enough to withstand the impressed TRV after a number of 
reignitions (see Fig. 24). 

(c) The sequence of events will continue and the volt 
ages impressed across the VI will continue to increase [39] 
until a dielectric failure occurs, either in the breaker or some 
where else in the system. 

Time 

Time 

The VI contacts will open at a random point on the AC 
current wave, and as they continue to open, the current 
continues to flow, carried by the vacuum arc between the 
contacts, until current zero is reached. At current zero, 
the arc will extinguish. 

Fig. 23: If the High Frequency Reignitlon Current is Not 
Interrupted, An Extra Half Cycle of Power Frequency 
Current Follows 

For more information visit www.cutler-hammer.eaton. com VI-TM-99-14 Rev01-03 www . 
El

ec
tric

alP
ar

tM
an

ua
ls 

. c
om

 



Cutler-Hammer The Appl ication of Cutler- VI-TM-99-1 4  

Hammer Vacuum Interrupters Effective: January 2ooa Page 11  

Time 

Fig. 24: If the Breakdown Strength of the Contact Gap 
Exceeds the Reignition Voltage Transient, the 
Circuit Will Be Interrupted 

The VI has a probability of reignition only when very limited 
operating and circuit parameters are met [38]. These parameters 
are as follows: 

(1 ) The circuit breaker must be attempting to interrupt 
moderate cunrents of more than 20-30A, and generally 
less than about 500-SOOA [38]. However, multiple 
reignitions have been observed at currents as high as 
2000A in the C-H lab. 

(2) The gap between the breaker contacts must be small. A 
gap of typically 3 millimeters or less at 27 kV is required to 
observe multiple reignitions, so contact part is therefore 
only 1 to 3 ms before the current zero when the contact 
opening speed is about 1 m/s. 

(3) The TRV must rise slowly enough i nitially so that the 
breaker can extinguish the arc at the first power frequency 
50 Hz/60 Hz current zero at this short gap. 

(4) The TRV must rise faster than the increasing breakdown 
strength of the contact gap of the VI as the contacts 
continue to open. 

If the load exceeds some upper limit such as 600A or 2000A, the 
vacuum arc will not extinguish at the first current zero with closely 
spaced contacts. Because the contacts continue to open during the 
ensuing half cycle of arcing, the dielectric strength of the contact gap 
at the next current zero is high enough to prevent a voltage break
down. The breakdown strength of the VI depends almost entirely upon 
the contact gap. If a breaker operates with an opening speed of about 
1 m/s and the contacts part at a time of about 0.5 ms before a current 
zero, then the gap will recover to about 1 0-20kV in at the first current 
zero. If the contacts open at a speed of 2 m/s, then the recovery will 
be to about 20-30 kV. Most vacuum circuit breakers and reclosers 
operate with opening speeds in this range. When the rate of rise of 
recovery voltage is less than the rate of increase in the dielectric strength 
of the contact gap, no reignitions will occur. The upper boundary has 
been observed of 900 Hz for 5kV circuits, 500 Hz for 15kV circuits and 
250 Hz for 24kV circuits [38]. When the load current is below 20A, 
such as magnetizing currents of unloaded transformers, the overvolt
ages that can occur are limited by the core losses in the transformer. 

The effects of multiple reignitions can be minimized and even elimi
nated by connecting a surge suppressor directly at the inductive load 
terminals to ground. In fact, multiple reignitions can be eliminated with 

a snubber consisting of a series-connected capacitor and resistor, R
C [36,37]; or special version of a snubber called a ZORC,rn in which the 
R is paralleled by a ZnO varistor [41]. Lightning arresters such as a 
varistor [41 ]  can keep the peak voltage within limits, but cannot elimi
nate multiple reignitions. It is also possible, but not nearly as effective, 
to apply a snubber at the breaker terminals [37]. The suppressor op
tions of type and location are illustrated in Fig. 25. 

�!8 �:JG 

: i  w�� :  
c r ":l:'" c  

� � 
(a) Capacitor - resis!llr at !be load (l>) ·zoac· � !be �oa:� 

(c) Surge limiw at !be bmlker (28) 

Fig. 25: Examples of Surge Suppression Circuits 

8.2 High Voltage Motor Switching 

For normal operation of HV motors, the same care has to be taken to 
reduce the effects of the three sources of voltage surge, no matter 
which interrupter technology is used, i.e., VCB's SF6 breakers, oil or 
air magnetic circuit breakers. In fact, if the cost of the HV motor is 
significant or if the loss of service is critical,  then surge protection is a 
very inexpensive and prudent step with very large potential benefits. 
Usual recommended practice is a surge capacitor or a surge arrester 
connected at the motor terminals IEEE updated to include a resistor 
(to match the cable surge impedance) in series with the capacitor and/ 
or a Fig. 25)[41].  When a vacuum breaker is used to interrupt the loud 
comment after a motor has reacted its full running speed, no adverse 
effects are expected. This is because the back emt produced by the 
running motor opposes the source voltage resulting in a very small 
recovery voltage across the opening contacts immediately following 
current interruption [5, 32]. 

If the motor cunrent is interrupted before the motor has attained its full 
operating speed (locked or stalled rotor conditions), the machine will 
have little or no back emf and, therefore, behaves like a reactor. In  this 
case, it is possible to develop the multiple reignitions described in 
Section 6.1 .  Fortunately, the surge protection provided to protect against 
closing surges is equally effective in reducing the probability of mul
tiple reignitions from occurring and, if they do occur, the surge protec
tion will minimize their effects. 

Table VI showed the effects of surge suppression on the observed 
surge voltages at a motor terminal and compares the VI with SF6 and 
air interrupters [41 ].  

The voltage withstand properties of motor insulation are different from 
those for air insulated devices. Motors windings are imbedded in the 
slots of the machine's magnetic structure and are insulated with solid 
materials. The material thickness is as small as possible while simul-
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taneously providing the necessary voltage withstand ability and good 
magnetic performance. As a result, the insulation does not have the 
higher resistance to fast wave front impulse surge voltages that other 
equipment can be designed to provide. Specifically, motors do not have 
ratings for lightning impulse voltages that are required for circuit break
ers, switchgear and transformers. A typical curve of impulse voltage 
withstand versus the rise time of the voltage is show in Figure 26. 
Manufacturing methods are absolutely critical in producing a good volt
age withstand ability in motor insulation. Large machines, typically 
purchased by utilities, tend to be better made with higher voltage with
stand properties than smaller machines. Moreover, it has also been 
noted that a motor that has been rewound after a voltage breakdown, 
usually never experiences another problem. This is presumably be
cause insulating quality of the rewound machine is better than it was 
on that particular machine when it was new. So it is natural that more 
care in providing overvoltage protection should be considered for mo
tors. 

5 
1:: % v, / "' "' � 4 v .,; z / ::> 0 "' 3 '11 v � / � v1. 2 
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Fig. 26: Machine Impulse Voltage Withstand Envelope 

TABLE VI: Effect of Surge Suppression on the Value and 
Duration of Voltage Surges at the Tenninals of High 
Voltage Motors for Vacuum, SFG and Air lntenupters 

TYPE AND VACUUM SF/AIR 

OPERATION LOCATION OF v.,"' � v....., � SUPPRESSION (pu) 115 (pu) 115 
None or Arrester 4 0.2 . 0.5 4 0.2 . 0.5 

Capacitor at 
4 3 - 7 4 3 · 7 

Motor 

CLOSING 
RC at Motor 2 0.2 0.5 2 0.2 . 0.5 

ZnO-RC at Motor s.1 02 · 0.5 s.1 0.2 . 0.5 

ZnO·RC at Panel s.2 0.2 - 0.5 s.2 0.2 - 0.5 

None or Arrester 4 - 5  0.2 - 0.5 4 .  4.5 0.2 . 0.5 

Capacitor at 6 3 - 7 4 - 4.5 3 · 7 
OPENING Motor 

STALLED 
RC at Motor 3 0.2 . 0.5 2.2 . 2.8 0.2 . 0.5 

MOTOR 

ZnO-RC at Motor s.1.5 0.2 . 0.5 s.1.5 0.1 - 0.5 

ZnO-RC at Panel s.3 0.2 0.5 s.2.5 0.2 . 0.5 

There have been claims made that some SF6 interrupters have a low 
surge characteristic on opening, and thus do not require special surge 
protection at the motor. Table VI, however, shows you should expect 
to obtain very similar surge voltages at the motor terminals with the 
use of SF 6 interrupters. Moreover, the table also shows that overvolt
ages on closing are nearly as high as on opening, so the advantage of 
producing a low surge on opening is of much reduced significance. 
The conclusion one has to draw from this data is that care must be 
exercised jn protecting motors against overvoltages no matter which 
switching technology is used. 

It is of course also possible to provide a low surge on opening opera
tions performance using the VI. For at least 20 years VI's have been 
available for use in high voltage contactors which use low-surge con
tact material such as AgWC and CuCrBi. These materials have a very 
limited ability to interrupt high frequency currents and thus have a very 
low probability of initiating a voltage escalation sequence. These ma
terials, however, also have a limited short circuit interruption capability 
and have traditionally been applied in series with fuses for short circuit 
protection. If a vacuum circuit breaker using CuCr contacts (a mate
rial that has an excellent ability to interrupt high frequency currents) is 
used to switch motors, it is prudent to use surge suppression at the 
motor terminals. 

6.3 Transfonner Switching 

An unloaded transformer represents a highly inductive load with a 
magnetizing current .:::;1 %  of the rated full-load current. On switching 
this current, a current chop is very likely to occur (see Section 3) which 
will trap energy proportional to the inductance and the square of the 
chop current value. The trapped energy manifests itself as a high 
frequency resonance, ringing between the inductance and the stray 
capacitance of the circuit. Fortunately, there is, however, considerable 
damping of the resultant voltage and current waveforms resulting from 
the losses in the transformer core. As the kilovoltampere rating of a 
transfcrmer is reduced, the capacitance tends to be smaller and the 
magnetizing inductance becomes larger. This trend in C and L in
creases the impedance, but, as the magnetizing current is reduced, 
the maximum chop current is also reduced. Dry-type transformers 
with low-impulse voltage rating are more vulnerable. Overvoltage pro
tection can be provided with a short cable of 20..50 m, plus a surge 
capacitor or an R-C network, (a surge capacitor and a resistor) at the 
load terminals of the transformer. Figures 27, 28 [12] illustrate effects 
of cable length and surge capacitors on the surge voltages seen at the 
transformer terminals. Table VII gives some recommendation guide
lines on the use of surge protection for dry type and oil filled transform
ers [43]. 

ra) DRY•TYPE TRANSFORMER 
� �1�3��kV�RA_n __ N

_
G __ ........ -J 

TRANSFORMER MVA RATING 

Fig. 27: Effect of Cable Length on Maximum Load
Terminal to Ground Surge Voltage 
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It has been usual t o  assume that n o  surges will be generated o r  ex
pected when switching a loaded transformer [ 5]. However, power trans
former failures have been known to result when an internal resonance 
produces an overvoltage sufficient to cause an insulation breakdown. 
The transformer windings have a complicated internal structure that 
can be represented by a network of inductances and capacitances, 
which have natural resonant frequencies of oscillation. Under some 
conditions, a resonance can be excited to produce damaging overvolt
ages. Mechanisms that can excite a resonance can include: 

1 .  multiple reignitions of a switching devices that occur at a 
frequency that matches the resonant frequency, or 

2. large harmonic components present in the inrush current 
of the transformer that flows on energizing the transformer, 
or 

3. inturruption with load capacitances. 

A means of suppressing a resonance is therefore required to provide 
protection in such cases. R-C surge suppressors can damp or elimi
nate such internal resonance in power transformers and thereby re
duce the risk of resonance induced overvoltages within the winding of 
a load. 

70 
DRY-TYPE TRANSFORMER 
13.8 kV RATING 
CABLE LENGTH: 300 ft 

2 .. 
TRANSFORMER MVA RATING 

tO 

Fig. 28: Comparison of the Effects of Surge Capacitors 
At the Transformer and ZnO Surge Suppressors 
At the Breaker in Reducing the Maximum Load
Terminal to Ground Surge Voltage 

TABLE VII: Transfonner Protection 

SWITCHING LOAD 
DEVICE Dry Type Transformer Oil Filled Transformer 
Vacuum Protection not necessary for 

Contactors transformer rated more than 
Protection not necessary lkV - 7.2kV 400 kVA: for small transformers 

class use surge protection 

Vacuum 
Surge protection necessary, 

Protection not necessary for 
CircuH transformers rated more than 

Breakers 
unless the transformer Is rated 

300 kVA: for small transformers 
5kV Class 

forGO kV BIL 
use surge proteclion 

Surge protection required 

Vacuum 
unless the transformer Is rated 

Protectiuon recommended 
Circuit 

for the full BIL, e.g. 
especially for transformers rated 

Circuit V BIL V 
Breakers 

t OkV 75kV 
less than 3MVA, however, 0.2�F 

1 0kV -
15kV 95kV 

at the load terminals reduces 
40.5kV 

24kV 1 25kV 
maximum transient voltage and 

Class 
36kV 1 70kV 

number of restrikes 

40.5kV 1 85kV 

An R-C suppressor consists of a resistor and capacitor in series; the 
capacitor is generally connected on the ground side and the resistor 
on the line side. The resistor value is approximately 25 to 50 ohms, 
which is approximately the surge impedance of high voltage cables 
which are often used to connect to the load. The capacitor should 
have a voltage rating appropriate to the system voHage and a capaci
tance value as recommended for surge capacitors listed i n  the IEEE 
Red Book [42]. These are: 

Rules for Size of Surge Capacitors 

Voltage Rating 650 or less 2500 . 6900 1 1 500 and 
in Volts higher 

Capacitance in 1 .0 0.5 0.25 
Microfarads 

6.4 Vutual Chopping 
Virtual chopping only occurs in rare cases. It is strongly dependent 
upon the circuit parameters, and, to a much lesser extent, the inter
rupter. Virtual chopping is a phenomenon that can occur in an un
grounded, three phase circuit with any interrupter type (SF6, vacuum, 
oil, etc.). Virtual chopping can occur if the first phase to clear experi
ences a relgnition before phases two and three interrupt For example, 
if a reignition in one phase (say Phase A) causes a high-frequency 
current to flow which couples into the other two phases, virtual current 
chopping may occur. The circuit paths for the high-frequency current 
as shown in Fig. 29. The high-frequency current in phase A, i7, due to 
a reignition in Phase A flows to ground via the terminal-to-ground ca
pacitance at the load. If the three-phase system is balanced, iT divides 
into two so that iT I 2 enters phases B and C via the respective termi
nal-to-ground capacitance. The high-frequency current (iT / 2) in phases 
B and C is shown to be capacitively coupled back into phases A on the 
source side of the breaker. 

SOURCE BREAKER CABLE 

Fig. 29: Circuit Demonstrating How the High-Frequency 
Current Resulting From a Reignition in One Phase 
Couples Into the Other Two Phases to Produce 
the Conditions for Virtual Current Chopping. 

At the instant of reignition in  phase A, which occurs some tens to hun
dreds of microseconds after the power frequency current zero, the 
power frequency current in phases B and C is approximately 0.87 x 
the crest value of the power frequency current. If the magnitude of the 
high-frequency current in  phases B and C (ir / 2) is greater than 0.87 x 
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the crest value of the power frequency current, the high-frequency 
current plus power frequency current add to zero: this appears to be a 
forced current-zero and the phenomenon is called virtual current chop
ping. 

The high-frequency currents (iT / 2) in phases B and C are of the same 
polarity and equal in magnitude to each other, but are of opposite po
larity to iT in phase A. Because the normal power frequency phase 
relationships cause the power frequency currents in phases B and C 
to be opposite polarities at the time of reignition in phase A, the forced 
current zeros are not time coincident. Also, the currents in phases B 
and C are of opposite polarities. Consequently, the surge overvoltage 
between phases B and C is twice the overvoltage from phase to ground 
on both phases, provided that the instantaneous voltages are signifi
cantly less than the virtual chop overvoltages. 

Compared with normal current chopping, the effective level from which 
the load current is forced to zero (virtually chopped) can be much higher, 
typically several hundred amperes instead of 3 or 4 A. However, the 
effective surge impedance ofthe load (several hundred ohms) is much 
lower than it would be in switching an unloaded transformer without 
protection (typically 1 0  to 30 k!l). The overall effect is to make the 
phase-to-ground overvoltage comparable with or larger than the over
voltage due to a normal current Chop, but the important difference is 
that the surge overvoltage between phases B and C is approximately 
twice the overvoltage from phase-to-ground on these phases. 

If a circuit is susceptible to this phenomenon an R-C surge suppressor 
at the load terminals will prevent this event from occurring. 

7. CAPACITOR SWITCHING 
For distribution systems, switching capacitor banks is the most severe 
capacitive switch duty. Unlike switching cables and overhead lines (see 
Section 7.3), switching capacitors is often a daily event, and some
times occurs even more frequently. The reason for this is that capaci
tors are used to maintain the power factor in the distribution system 
when it is subjected to changing inductive loads. In some distribution 
circuits it is quite possible to have over 700 switching operations a 
year. 

The VI has proven to be very effective for switching capacitor banks. 
Although capacitor switches specifically designed for capacitor switch
ing have been developed that use VI's with W-Cu contact materials 
circuit breakers are also frequently required to perform this service. 
Fortunately, the Cu-Cr contact material now used in state-of-the-art 
VI's has excellent high-voltage properties and has shown an excellent 
ability to perform capacitor switching duty [44]. In the future, the com
bination of the VI with a magnetic actuator [45] operated separately on 
each pole will even make possible point on wave closing and opening. 
When this occurs the stresses that switching capacitors imposed upon 
the distribution system will be greatly reduced. 

Fig. 30: An 
'
A c  Circuit With a Single Capacitor Bank Load 

7.1 Energizing a Capacitor Bank 

Single Capacitor Bank 

A schematic of a single capacitor is shown in Fig. 30. On closing 
the circuit there will be a large transient current given by [5]: 

11 = (Vo / z, ) sin ro,t (7. 1 )  

where z ,  i s  the surge impedance o f  the circuit, equal to 
.
<L/C)", ro, is 

the angular natural frequency equal to (L.CJ·", and v. 1s the voltage 
across the switch at the moment of energization. This current is usu
ally much greater than the power-frequency current on which it is su
perimposed. For example, a capacitor bank rated 6 MVAR at 1 3.8kV 
will have a rated current of about 250A (rms), but can have a closing 
current of over 3kA. This high closing current stresses the whole elec
trical circuit, i.e. the upstream transformer, the bus or cable and the 
electrical connections. 

During the closing sequence, the VI will have initiated the current flow 
a short time before the contacts actually touch. The reason for this is 
that as the contacts close there will be a time before they touch that 
the electric field across them is high enough to initiate a breakdown of 
the gap (a prestrike). The resulting short duration vacuum arc will 
allow current to flow in the circuit. It is possible that this prestrike arc 
would melt the contact surfaces and initiate tack-welding of the con
tacts once they touch. The mechanism for the VCB or vacuum ca-
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pacitor switch is designed to break such welds. The resulting projec
tions left on the contact surfaces after breaking such welds are usually 
eroded away by the action of the arcing that occurs when opening the 
interrupter. 

It can be seen from Eq. 7.1 that it would be extremely advantageous to 
clos� in on the circuit when V o is close to zero (i.e. point on wave 
closmg). Not only would the current 1,. be very small, but also the 
contacts would have to be practically touching before the field across 
them would be high enough to initiate the prestrike arc. However, a 
truly effective point on wave closing switch would have to have inde
pendently operated poles. 

Back-to-Back Capacitor Banks 

Increasingly, utilities are using a number of capacitor banks in  parallel, 
which are switched into a power system as the inductive load builds 
up. They are then switched out when the inductive load declines. Fig
ure 31 illustrates a back-to-back configuration. Here capacitor bank 
C1 is closed and then capacitor bank C2 is closed while C1 is ener
gized. In this situation the inrush current into C2 is almost totally sup
plied by the neighboring bank C, because L. » L0• In this case the 
inrush current is given by 

12 = <V/ Zz )  sin ro2t (7.2) 

where � is the surge impedance of the loop containing the two capaci
tor banks c, and C2 and L0, and ro2 is the angular natural frequency of 
this circuit. In this case if c, is at the peak voltage when C2 is con
nected to the circuit the maximum current will flow. Again if the capaci
tor banks are 6 MVAR at 1 3.8kV a current between 1 1 .5kA and 23kA 
can flow depending upon the initial charge trapped on C2 and the value 
of the inductance between banks. Although the mechanical and elec
trical stress in this case only affects the local capacitor circuit, it is wise 
to limit this momentary high frequency current [46]. Equation (7.2) 
also indicates that if C2 is switched in when V2 is close to zero, i.e. 
point-on-wave closing, then again 12 will have a low value. 

to the load 

Fig. 31: Equivalent Circuit Diagram for Back to Back 
Capacitor Switching 

7.2 De-energizing Capacitor Banks 

Capacitor bank rated current is usually in the range of about 1 00A to 
400A with the occasional large capacitor banks that can carry 2000A. 
In the current range up to and above 2000A the vacuum arc formed as 
the VI contacts part is in the diffuse mode and easily interrupts the 
circuit at current zero. At current zero, however, the peak circuit volt
age v. (see Fig. 30) trapped on the capacitor as the current passes 
through zero. This voltage remains on the capacitor for as long as it 
takes for the charge to bleed off through its internal discharge resis
tors. The voltage on the other side of the switch V ., follows the power 
frequency source voltage and the voltage impressed across the VI's 
contacts (V = v. - VP) is given by: 

v = vp (1 - cos rot) (7.3) 

as seen in Fig. 30. Te recovery voltage thus begins to rise very slowly, 
but will rise to a maximum value of 2v •. Note that in three phase sys
tems, VP would be the phase to neutral voltage 

VP = (V (system) X -./2) I v3 

This value is usually designated as 1 PU. The peak voltages seen 
when switching various 3 phase capacitive loads are: 

(a) grounded banks or cables 

(b) cables with individual grounded sheaths 

(c) cables with three conductors surrounded by one grounded 
sheath 

v,.. = 2.2 to 2.3 times vp 
(d) ungrounded banks 

v max = 2.5 times v p 

The field E across the contacts will be 

E (t) = Vld = Vp (1 - cos rot)/d (7.4) 

Where d is the contact gap. Now, if the contacts are opening with a 
velocity v, then 

E (t) = VP (1 - cos rot)M. 

The VI has been designed so that the maximum field Ep for a fully 
open contact gap of d=do is below that required to initiate vacuum 
breakdown. Thus, to insure that reignitlon does not occur as the con
tacts open 

E (t) < EP 

Fig. 32 shows an example of the development of E(t) for a range of 
contact-opening speeds. In this example, Ep. is 6.17kV/9.65 mm = 
6.4 vtmm, so the opening speed should be greater than 1 .3 m/s if 
the opening is initiated just before current zero. 

Even with the 2VP impressed across the VI, switching a capacitor bank 
is usually a straight forward operation. Figs. 33 and 34 show data for 
a VCB undergoing 38kV capacitor switching certification at the Labo
ratory and Research Center, Arnheim, The Netherlands (KEMA), with 
inrush currents up to 24kA. 
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Fig. 32: Effect of Opening Speed of a Vacuum Circuit 
Breaker on the Electric Field Across the Opening 
Contacts of a Vacuum Interrupter If the Contacts 

Begin to Part Close to Current Zero 

Fig. 33: Vacuum Circuit Breaker Switching Back-to
Sack, Capacitor Banks in a 3BkV Circuit 

It has been increasingly recognized that when capacitor banks are 
switched a large number of times there is a finite probability of a re
strike occurring during the life of the switching interrupter. This is true 
whether vacuum or SF5 interrupters are used. When this restrike oc
curs, a high frequency current flows through the capacitor/switch cir
cuit. If this current is interrupted at the first current zero it is possible 
for the voltage across the switch to increase from 2 to 3 per unit. This 
higher voltage can result in further restrikes and a further voltage es
calation [47]. Thus even though the interrupter has a low probability of 
restriking it is prudent to protect the capacitor bank with a voltage
limiting device. It is interesting to note that using VI's specifically de
signed for capacitor switching with the WCu contact material, it is un
likely that voltage escalation will occur even after a restrike event. The 
reason for this is that WCu has very poor ability to switch power fre
quency currents much greater than 2.5kA and also has a poor ability to 
interrupt high frequency currents much greater than 1 kA. So if a re
strike does occur, the current will continue flowing until it rings down to 
a low enough value for the WCu material to interrupt it. When this 
happens, the charge left on the capacitor bank will be low enough that 

voltage escalation is unlikely. If, however, a vacuum circuit breaker is 
used to switch capacitor banks, the CrCu contact material which has 
an outstanding ability to interrupt high frequency, high currents, will 
interrupt the high frequency restrike current. When this occurs, volt
age escalation may result. Care should thus be used to protect ca
pacitor banks when vacuum circuit breakers are used to switch them. 

·100 
+II» 

tJ.kV 

-1110 
+1110 

V-4\ 
U,kV 

Fig. 34: Recovery Voltage Across the Individual Vacuum 
lnterropters Switching Back-to Back, Capacitor 
Banks in a 38kV Circuit; The Initial, High Fre
quency Closing Current Being 24kA (Peak), see 
Fig. 33. 

7.3 Cable SWitching and Une Dropping 

When disconnecting cables or overhead distribution lines, the applica
tion considerations are similar to those previously discussed for switch
ing capacitors. Although the current magnitudes are low, cables and 
lines have appreciable capacitance and interruption of the circuit cur
rent will trap charge on the cable or line. This results in a similar, 
slowly rising recovery voltage appearing across the VI contacts of the 
VCB which can reach a peak value of: 

(a) screened cables with individual grounded sheaths 

(b) belted cables with all three phase conductors surrounded 
by one ground sheeth 

vm .. = 2.2 to 2.3 times vp 
While other interrupting technologies have had difficulty with this 
duty, VCB's have performed this function very successfully for 30 
years. 
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It should be remembered when testing for this duty in a certification 
laboratory, that while the cable or line looks similar to a capacitor, it is 
not a single lumped capacitor, but contains a distributed capacitance. 
Figures 35 shows a circuit set up for testing a switch in a true capacitor 
bank or for screened cables when each phase conductor is surrounded 
by its own grounded sheath. Figure 36 shows a different circuit for 
testing a switch for belted cable overhead live switching, taking into 
account the distributed capacitor component of the line and series 
surge impedance. 

Fig. 35: Cable Charging Current Breaking Test Circuit 

Fig. 36: Overhead Line Charging Current Breaking Test 
Circuit 
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8. CONCLUSIONS 
(a) Modem vacuum interrupters (VI's) that use state-of-the-art 

vacuum processing techniques to ensure an hermetically
sealed, vacuum-tight construction for the life of the VI and that 
use the Cu-Cr contact material are capable of providing 
maintenance-free operation for the full electrical life of the 
system. 

(b) Vacuum interrupters have been successfully used in 
circuit breakers and reclosers over the whole distribution 
voltage range through 40.5kV. 

(c) A state-of-the-art VI is capable of providing outstanding 
recloser performance far in  excess of ANSI Standard C37.60. 
In fact, reclosers are now manufactured that will perform 300 
fault operations with no maintenance, for use in applications 
where severe weather is frequent. 

(d) The VI provides the longest switching life over the widest 
operating range, i .e., 

From less than 1 kV to 40.5kV, 

From less than 1 00A to more than 31 50A, 

From less than 6kA to 63kA faults, 

From power frequencies of 1 6  2/3 to 1 00 Hz, or higher 

With transient recovery (TRV) voltages having the a 
fastest rate of rise of recovery voltage, and for resistive, 
capacitive and i nductive load breaking 

(e) If an open vacuum circuit breaker or recloser experiences 
a voltage surge greater than its design value, and the contact 
gap in the VI breaks down and allows current to flow, the 
current will be interrupted at the next current zero. 

(f) The vacuum circuit breaker is used to reliably switch 
capacitor banks and motor circuits. If necessary, specialty VI's 
can be used that have been developed to operate only as 
capacitor switches. Also, for motor switching, specific VI's can 
provide low surge operation. These vacuum interrupters can 
be used in high-voltage motor contactors or low-surge vacuum 
circuit breakers. 

(g) The fast TRV interrupting ability of the Cu-Cr contact 
material provides greatly enhanced transformer protection from 
secondary faults and overhead line protection from short-line 
faults. 

(h) The versatility of VI design will see its continued applica-
tion to an even wider role in the control and protection of 
distribution circuits. Present-day emerging examples are 
generator protection breakers and switches for electric trains. 
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ABSTRACT 

This white paper provides application gu idelines for, 
and wil l  show the advantages of, applying vacuum 
interrupters (VI's) to switch and to protect a wide variety 
of power distribution circuits. The high voltage design 
and testing of the VI is discussed with special reference 
to both the internal and external req uirements including 
the external creep distance. The performance of VI's 
for load switching and for short-circuit interruption is 
d iscussed with reference to long-term switching life and 
low maintenance costs. During this d iscussion, the 
special advantages of the VI are presented as well as 
operating parameters to consider wh ile short circuit 
testing. Transformer secondary protection,  short line 
fau lt switching, non-sustained , destructive discharges 
and q uality testi ng are also presented. The effects of 
cu rrent chop, virtual cu rrent chop and voltage 
escalation on the components in a d istribution circuit 
\3re exami ned and straightforward methods to minimize 
them are presented. The advantages of using VI's for 
long life, maintenance-free performance for capacitor 
switching, and for motor switching are discussed. The 
white paper shows how the special characteristics of 
VI's can be used to produce a circuit breaker that will 
reliably protect al l  types of distribution circuit. 

1 .  INTRODUCTION 

C utler-Hammer (C-H) (formerly Westinghouse 
Distribution and Control Business) has had close to 40 
years experience in research, development, design and 
appl ication of the Vacu u m  I nterrupter (VI) [ 1 ] .  There 
are over two mil l ion C-H VI's in the field control l ing a 
wide variety of circuits in over 40 cou ntries around the 
world . Research and development of the C-H VI began 
in 1 960 at the then Westinghouse Research 
Laboratories in Pittsburgh,  Pa. ,  U .S.A. By the mid
sixties, the technology had been transferred to the 
Horseheads Operation in New York State where the 
first com mercial VI's were produced. From the mid
sixties to 1 994 the Westinghouse Horseheads 
Operation and the Westi nghouse Central R&D Center 
worked together to extend the range of current and 
voltage interrupted and to extend the appl ication of the 
VI. I n  1 994 when Eaton/C utler-Hammer took over the 
)istri bution and Control Business from Westinghouse, 

the R&D department with its High Power Laboratory 
was moved to the Horseheads Operation . All  VI 
activities were thus alig ned in one facility. This has not 
only accelerated the development of the VI product, but 
has also allowed C-H to maintain the tradition of 
continuous development, product im provement, and 
application extension. The C-H VI has now found wide 
application not only in C-H circuit breakers and 
contactors, but also with many OEM customers: e.g. in 
circuit breakers, reclosers, load break switches, 
contactors, capacitor switches, sectionalizers, and ring 
main units. 

The R & D we have undertaken has led to a continually 
improved VI product; for example the size of our 
modern VI is markedly smaller than ones built in the 
1 960's and the capability is greatly increased . F igure 1 
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Year of Introduction 

Fig. 1: Vacuum Interrupter Size Reduction for the 
15kV, 12kA Function: Cutler-Hammer's 
Experience 

1997 

shows an example for the 1 5kV, 1 2 kA function. Here it 
can be seen that the d iameter of the VI has been 
red uced from 1 80 mm in 1 967 to 50 mm in 1 997. This 
size reduction has resulted from our increased 
knowledge of vacu u m  technology, vacuum processing, 
vacu um contact materials [2], vacuum arc control [3,4] 
and VI  design [5,  6]. 

The application of the VI to protect power distribution 
circuits has also g rown in this time period as shown in 
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Fig. 2 .  I n  fact, the acceptance of the vacuum circuit 
breaker (VC B) has been such that it is now recognized 
as having the highest level of re lia ble performance a nd 
the lowest level of required maintena nce of al l  
technologies available to control and protect d istribution 
circuits. The design philosophy at C-H has always 
been and co ntin ues to be the ap plication of the VI to the 
widest possible range of international applicatio n .  This 
means that we have developed a thorough knowledge 
of al l  certification testing standards. When C-H works 
with an OEM in a given country, we make sure that the 
VI we su pply wil l  perform satisfactorily d u ring that 
country's certification test series. C-H has VI's that can 
be applied in equi pment designed to meet Chinese (DL 
& G B) ,  IEC, ANSI ,  BS, VDE, and other standards. This 
does, of course compl icate ou r development process, 
but we are proud to say that there is a C-H VI design 
that will meet any of the international certification tests 
in the voltage range from < 1  kV to 40. 5V. 

(IJ>j.,_r --- --

7{1'/r ------- -
00'/J/-- fiii---------
5J'/� ------ -

4a'/o;/ 

1!Bl 1!Bl 3>10 

• Year 2000 Vacuum/SF6 Ratio: 2.6/1 

El �R 

• KEMA 1 99 1 -1 996 Certification Ratio: 3.2/1 

Fig. 2: World Wide Trend for Interrupters Used In 
Medium Voltage Circuit Breakers And 
Reclosers 

The present worldwide consensus is that the VCB and 
the vacu um recloser wi l l  be the dominant technology i n  
t h e  first two decades o f  the twenty-first century, even 
though the S F6 gas tech nology,  primarily developed for 
trans mission circuits (;:::72kV), has been downsized to 
compete for the distribution protection market. There 
are three major areas where it is becoming increasingly 
d ifficult for SF6 to compete with vacu um. 

( 1 ) Long life it is now possible to produce cost
effective VI designs having electrical lives that 
exceed the req uired mechanical l ife of the 
circuit breakers, a nd will even be able to satisfy 
a recent IEC req uirement of extended short
circuit operating life; 

PAGE 2 

(2) Env iron mentally benign - VI's are con structed 
from environmentally benign materials. They 
do not provide a potential source o """" 
greenhouse gas (SF6) that can enhance globa1 
warming [7]. The VI does not pose the potential 
health risk that exposure to arced SF6 gas does 
[8] , nor does it need the special hazardous 
waste handling that SF6 interrupters req uire 
when routine maintenance is performed or 
when the SF6 interrupter is d isposed of at the 
end of its life; and 

(3)  Overal l  su perior performance - this is a d i rect 
result of the extensive research and 
develop ment that has been and continues to be 
performed by the u niversities and by the 
man ufactu rers of VI's [9]. 

This paper provides a background to the reader for the 
appl ication of the VI to the protection and the control of 
power distribution circuits. It will also provide the 
potential user of this technology with a broad g u ide to 
the literature on these appl ications [5, 1 0-1 2] .  The 
purpose is twofold : firstly, to p rovide the user with 
knowledge of the abil ity of the VI to satisfy al l  
d istribution circuit switching requirements, and 
secondly, to add ress some misconceptions of VI 
performance. 

2. HIGH VOLTAGE VAC UUM INTERRUPTER 
DESIGN 

Bellows Electric Contacts 

Metal Vapor 
Condensation Shield 

"--......_ Insulating 
Enve lope 

Fig. 3: Cross Section of a Vacuum Interrupter 

A cross section of a vacu u m  interrupter is shown in 
Fig. 3. The contact material development and the 
desig n of the contacts have been well docu mented [2, 
1 3] .  Modern VI's using state-of-th e-art vacuu m-sealing 
tech niques, such as vacu um furnace brazing [ 1 4] ,  a re 
built to retai n  their state of high vacu um for their entire 
lives : typically at least 30 years. One characteristic o� 
vacuum brazing is that sea l leaks are usual ly evident' j 
very early in the life of the VI . Cutler-Ha mmer therefore 
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performs extensive quality assurance testing to identify 
those few VI 's that have defective sea ls. Examples of C this testing are h igh-pressure gas storage, vacuu m  
measurement. and voltage withstand. This testing 
ensures that VI's reaching the field have an extremely 
h igh probability of maintaining their h ig h  vacuum 
condition .  Table I sh

.
ows a noth er man ufacturer's 

experience of VI reliability from 1 970 to 1 975 [ 1 5]. I n  
o u r  experience, once a V I  h a s  been in t h e  field from 
three to fou r  years, it wi l l  continue to be vacuum tight 
for life. Also, in these first few years, there is less than 
one chance in 1 00 , 000 of a vacuu m  lea k occurring. 

I 
TABLE 1 :  
Statistics of Vacuum Life 

. YEAR OF . NU MBER 
MANUFACTURE 

1 970-1 971 
1 972 

1 973-1 975 

VAC UUM LIFE, 
YEARS 

60 > 1 60 

80.7% 
98.4% 
98.5% 

There are two major aspects to VI desig n:  (a) the high 
voltage desig n, and ( b) the current interruption desig n.  
I n  this section we wil l  consider the h igh voltage design 
and in  the fo llowing sections we will consider current 
interruption u nder 'different circuit conditions. C-H VI 's 
are desig ned to operate at the normal system voltages 
l isted as p referred in the applicable standards. I n  

Caddition, they are desig ned to satisfy the overvoltage 
· withstand req uirements for these system voltages, i . e. 

(a) Rated ac power frequency withstand voltage. 
( b) Rated lightning i m pulse withstand voltage. 

These ratings establish a conservative safety factor in 
the design to provide for an abil ity to withstand 
occasional overvoltages that can occu r in a power 
system from normal  switching operations, or from more 
abnormal natural causes such as l ightning . These 
overvoltage withstand ratings can be expressed as 
m u ltiples of the rated system voltage. At d istribution 
levels of 3 to 72 kV these mu ltiples are as follows: 

Rated Overvoltage 

Rated AC Power 
Frequency Withstand 

Voltage 
The Rated lightning 

Im pulse Withstand 
Voltage 

Multiple Of The Rated 
System Voltage Or Normal 

Operating Voltage 
2 to 4 times 

4 to 1 2  times 

The test to demonstrate the abili ty to withstand the 
rated ac power frequency withstand voltage (sometimes 

Ccalled a Hipot test) is a deterministic test, that is, the 
test voltage must be withstood for 1 min ute with no 
breakdowns. This is a simple pass or fai l  definition and 
at the stress level of 2 to 4 times the normal operating 

voltage, the ac h ipot test is readily passed by properly 
designed and conditioned V!'s. In contrast, the test to 
demonstrate the abil ity to withstand rated l ightning 
impulse withstand voltage is a statistical test, that is, 1 
or 2 breakdowns a re permitted in a g roup of a certain 
nu mber of tests. The impulse test i s  also readi ly passed 
by properly desig ned and conditioned VI's, but this 
test's criteria a re tolerant of the occas ional breakdown 
at the rated impulse voltage. In fact, according to the 
testi ng standards, a component satisfies the lightning 
impulse req uirement when it withstands the rated 
impu lse voltage about 90% of the time. The values of 
these two test overvoltages do not ensure that a l l  
possible overvoltages will be withstood, but  the 
req u irements do provide that the power circuit wil l  be 
protected from the most typical overvoltages that can 
occur in  service. 

2.1 High-Voltage, Vacuum Interrupter Design -
Internal Design 

The development of C-H VI's that satisfy the voltage 
withsta nd requirements has been greatly assisted by 
the advent of powerful ,  com paratively low cost, 
personal computers, and user-friendly finite element 
a nalysis (FEA) software. This has enabled Cutler
Ham mer design engineers to routi nely perform F EA on 
both electrical and magnetic fields,  with the result that 
changes in  design can be rapidly analyzed and 
com pared to design rules establ ished over the years by 
empirica l methods. Figure 4 shows a typical two
d i mensional potential plot for an experimental vacuum 
interrupter. As the co mputers have become more 
powerful ,  it is now possible to perform th ree
d imensional analysis. This type of analysis has been 
instrumental in optimizing the spacing between the 
vacu um interrupter components so that the 
development of vacu u m  interrupters capable of 
operating i n  su b-transmission circuits at 72kV [ 1 6] and 
at transmission voltages [ 1 7] has become possible. 
Using VI' s  in series we have, in fact, already 
d emonstrated effective circuit breaker performance at 
1 45kV [1 8]. We show in Table II C-H VI designs that 
have been successfu lly tested for operation at the 
d istribution voltage range, 35kV - 40.5kV. 

C UTLER-HAMMER VAC UU M I NTERRUPTERS FOR C I RCUIT 
BREAKER APPLICATION AT 35KV - 40.5KV 
VI DIA • CONTINUOUS SHORT AC 

C URRENT CIRCUIT WITH-
RANGE CURRENT STAND 

RANGE VOLTAGE 

kA kV,rms 

8 - 1 0 80 
1 2.5 - 1 6 80 
1 6 - 25 95 
25 - 40 95 

IMPULSE 
WITH

STAND 
VOLTAGE 

KV 

1 70 
1 70 

1 70 - 200 
1 70 - 250 
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...... 36!38kV Vis 
-<>- 2x 15 Method 
-u- 3x3 Method 

30% -D- 3x9 Method 

25% 

20% 

6 
1 5% 

() 

1 0%) 

5% 

0% '--=====��------------� 
50°,(o 60% 70% SO% 90':1, 1 00'!S 1 1 0% 1 20% 

% Rated Impulse Voltage 

Fig. 5: Breakdown Rate in % vs % of Rated 
Impulse Voltage for 36138kV VI's 
With 1 70kV BIL 

2.3 High-Voltage, Vacuum Interru pter Design -
External Design 

FEA has evolved into an extremely useful design tool 
for optimizing the internal design of h igh-voltage 
vacuum interrupters. It has also been useful in 
developing VI's with a more uniform stress across the 
outside of the VI as is shown in Figure 4. It  is essential 
to consider the external stress on the VI , because it is 
imperative that once the VI has opened that any circuit 
voltage impressed on the VI does not cause a 
breakdown across the outside of the VI 's body. 
Looking at Figure 4, there are three things to consider 
in the external design. 

( 1 )  

(2) 
{3} 

The length of the ceramic between the two 
end plates. 
The creep distance along the ceramic. 
The dielectric medium in which the VI will be 
housed. 

The ceramic length 

Figure 6 shows the breakdown strength of an air gap 
between two shaped plates. At 1 0  mm the breakdown 
is 31 kV {or 3. 1 kV/mm), and at 300 mm the breakdown 
is 735kV (or 2.54kV/mm}. If  a right cylinder of ceramic 
if placed between the shaped plates, then the 

TABLE Il l :  
Recommended V oltage 
Testing 
TEST VOLTAGE 
CONDITION 

· POLARITY 
[ INITIAL POLARITY 

i Preliminary Positive 
Positive 
Positive 

! Certificatio sitive 

' REVERSE iilARITY 
Preliminary gative 

! gative 

. � Certificatio ative 

Notes to TABLE I l l  

Steps for Impulse 

TEST NO. OF 
VOLTAGE 
APPLIED TRIALS 
% OF 
RATED 
50% 3 Note 1 
75% 3 Note 1 
90% 3 Note 1 

1 00% N Note 2 

... 
50% 3 Note 1 
75% 3 Note 1 
90% 3 Note 1 
1 00% N Note 2 

Note 1 :  If a disruptive discharge occurs i n  one of these 
Trials, then use the 3x3 method at this voltage or, for 
more conditioning, perform additional trials at the same 
voltage until 3 to 5 impulses are withstood in a row. 

Note 2: The number of trials performed at the rated 
impulse withstand voltage depends on the 
standard used. 

For I EC tests to IEC standard 56 and 694 and 60: 
N = 1 5  and Pass � 2 breakdowns in 1 5  trials., i .e .  
<1 3.3%. 

For ANSI tests to C37 . 09 and IEEE Standard 4: 
N = 3 or 6 and Pass s 1 breakdown in 6 trials, i .e. 
< 1 6.6%. 

For both ANSI and IEC Standards, recent 
revisions: N = 3 or 1 2  and Pass s 1 breakdown in 
1 2  trials, i .e. <8.3%. 

I 

breakdown voltage is decreased dramatically . Now a 
1 Omm gap will only have a breakdown voltage of 
1 6kV( 1 .6 kV/mm), and at 300mm the breakdown 
voltage will be only 270kV (or 0 .9  kV/mm).  The 
lowering of the breakdown voltage results from a 
number of effects: collection of charge on the ceramic 
surface, h igher field stresses at the ceramic to metal 
interface, condensation on the ceramic surfaces, etc. 
From these data it is wise to allow a 'safety factor' of at 
least 3 over the air breakdown value when a ceramic 
cylinder is placed between the plates. The maximum 
voltage that a VI is subjected to is the lightning impulse 
voltage. For standard test purposes, a lightning impu lse 
voltage is simulated by a 1 .2 x 50 microsecond volta£t-\ 
wave. The Basic Insulation Level (BIL) is the lightninY 
impulse voltage that a device can withstand 
approximately 90% of the time. As we have already 
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discussed i n  Section 2.2,  it is imperative that an open 
VI in  a circuit breaker does not flash over externally 
when subjected to its rated impulse voltage. The C-H 

\........ experience of ceramic length required to completely 
satisfy the BIL  requirements is also shown in  Fig. 6.  It 
shows that the design criterion C-H uses is  somewhat 
conservative. The ceramic length for the VI is always 
more th an the experiment of a right cyl inder between 
two plates would suggest. Figure 7 shows examples of 
two VI's,  one rated for 1 1  OkV B I L  and the other rated 
for 1 50kV B I L. 

(J) Ol ro -
0 > 
c 
3: 0 u .::.:: ro (J) 1-

Q:J 
(,/ 

800 

600 

400 

200 

�----�--------�·-·-· 
1 Breakdown in Air c=::::> 

Between Plates �d 
c=::::> 

2 Breakdown 1n Air With a c:;=? { Ceram1c Cylinder Between Plates � · _d 

. 3 VI. BIL Rating as a Function 
of Ceramic Length 

0 �:.....-.-..---.-·--,-·--r-�----.----,,--.--,..-..---.----l 
0 50 1 00 1 50 200 

Gap,d [mm] 
250 300 

Fig. 6: Comparison of the Voltage Breakdown 
As a Function of Gap of Parallel Plates 
In A ir, Parallel Plates With a Right Ceramic 
Cylinder Between Them, and the Length 
of VI Ceramic Used to Withstand a 
Given BIL Rating in A ir. 

The creep distance 

The creep distance is the distance along the ceramic 
between the end plates. One way of expressing the 
creep distance is in  mm/kV, where the total length L 
expressed in mm is d ivided by the rms l ine to l ine 
voltage. So in  Fig . 7 the shorter VI with a ceramic 
length of 1 58 mm is suitable for use in  a 1 7 . 5kV circuit, 
and thus has a creep value of 9 mm/kV. The longer VI 
with a ceramic length of 1 98mm can be used in a 27kV 
circuit, and thus has a creep value of 7 . 3mm/kV. These (_, creep va lues have been found to be extremely reliable 
for use in  both indoor and outdoor circuit breakers 
where there is very low probability of both water 

condensation and the deposit of atmospheric pollution 
on the ceramic surface. For appl ications where severe 
atmospheric pollution is common in urban and industrial 
areas and/or wh ere water vapor condensation on the 
ceramic can occur, more conservative creep values can 
be used than has been the standard practice up until 
the present. For example, the Ch inese creep values 
are about 2 times those calculated i n  the VI examples 
shown in  Fig. 7 .  The new Chinese creep standard 
considers both the condensation effect and the pol lution 
effect around metal enclosed switchgear. These effects 
are characterized as follows: 

1 9 9 rnm 
I 

Fig. 7: Examples of Vacuum Interrupters With Two 
Ceramic Lengths, the Shorter VI has a BIL 
Rating of 1 1 0kV and the Longer One has a 
BIL Rating of 150kV. 

Condensation classification 
L Class 1 Description 
I C0 · Condensation does not · 

normally occur 
i C, Condensation occurs 

· with low frequency 
Condensation occurs 

: frequently 

1 Pollution Classification 
L Ciass I Description 
1 P 0 1 No pollution 
1 P1 i Light pollution 

Ph I Heavy pollution I 

Frequency 
s; 2 times/year 

< 2 times/month 

> 2 times/month 

Taking into account that in China Po is unrealistic and 
that manufacturers should be conservative if the 
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0_01 

0.01 o _  1 
Effective Capacitance [ ,,F ] 

Fig. 11:  Comparison of Chop Current 
Characteristics For Vacuum, SF6, and Oil 
Interrupters 

�s that of the preceding current that was just 
mterrupted Then the TRV changes to a polarity 
opposrte to that of the preceding current that was just 
interrupted, and, moreover, that due to current 
chopping, the TRV peak then reached is h igher than 
the case without current chopping. However, this first 
peak of TRV, even with this extreme level of chop 
c�rrent, rs on ly 20% h igher than the value expected 
wrth zero chop current Such a modest i ncrease in the 
peak voltage is not of concern for load insulation. 

Thus, with the contact materials used in modern 
VI's, current chopping is not of concern when 
considering surge protection. 

4. LOAD CURRENT SWITC HING 

The performance of the VI for load switching is truly  
outstanding. For  currents below about 5 kA, the diffuse 
vacuum arc is formed between the opening contacts 
[26]. This arc is characterized by multiple cathode 
spots moving randomly across the cathode contact and 
a passive anode contact collecting current uniformly 

Fig. 12: Transient Recovery Vol.tage After 
Inductive Load Switching With and 
Without Current Chopping (lo) 

across its entire surface [5]. This vacuum arc will 
always interrupt the ac current at the first current zero 
after a contact gap that wil l  withstand the recovery 
voltage has been reached. Contact erosion is only 
observed on the cathode and is quite un iform over the 
cathode surface. For modern contact materials l ike Cu-o
Cr [27], the erosion is between 0.04x1 0-4 and 0 .4x10-4g.c·1 

�grams/coulomb). In this case C = I I dt and the integral 
rs taken over the complete arcing time, i .e . , from the 
time the contacts part and the arc is in itiated until the 
arc is extinguished at a current zero. The exact value 
depends upon the contact spacing and the fraction of 
material eroded from the cathode that is deposited 
upon the anode. I n  an ac circuit, the contact parting 
event occurs at random with respect to the current. 
Therefore, the contacts are a cathode on some 
switchi

.
ng operations and an anode on other switching 

operatrons, so that material eroded from one contact 
and deposited upon the other, would be redeposited on 
the origi�al  contact during a subseq uent operation [27]. 
Usmg thrs erosron rate and knowing the size of the 
contacts of the VI, i t  is easy to show that the electrical 
switching life of the VI's used in circuit breakers and 
reclosers far exceeds the usual mechanical l ife of these 
devices. I ndeed, VI's are now beginning to be used for 
electric rai l road switching systems where electrical and 
mechanical lives of 250, 000 operations are required. 
Of course, C-H has developed contactor VI's for motor 
control where switching lives in excess of 1 Q6 
operations are regularly observed. 
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For the user of a very-long-life i nterrupter, it is essential for 
the contacts to maintain a low and constant contact 

-· resistance (Rc) for their whole l ife. The VI contact with its 
·..........,. u niform erosion and with the lack of an a mbient gas wil l ,  

i ndeed, maintain a low and constant Rc i n  a manner that 
cannot be matched by any other interrupter technology . 
Users of SF6 interrupters, for example, have experienced 
increases in the value of Rc as the interrupter is operated 
u nder load. This is a consequence of the chemical 
processes that take place on the contact surfaces, between 
the contact metal and the SF6 gas, during and after arcing, 
each time the interrupter is operated. I n  addition ,  metal 
fluoride powders, which are insulating and are produced as 
a rcing by-products, can in  some designs interfere with 
contact mating and thereby cause an increase in contact 
resistance. So vacuum with its preserved clean interior is 
much better at preserving a low resistance, coolly operating 
contact i nterface. 

5. SHORT CIRCUIT I NTERRUPTION 

In addition to outstanding performance in interrupting 
normal load currents, the C-H VI a lso has demonstrated 
superior performance in interrupting short circuit currents. 
VI designs are commercia l ly available that interrupt short 
circuit currents from 2kA (rms) to 63kA (rms). 

Bun Contact 
Sp•ral (TMF) Contact 

Ax1al Magnetic 
Field (AMF) Contact 

Fig. 13: Contact Structures Used In Vacuum 
Interrupters 

The high current vacuum arc naturally tends to form a 
constricted column [5]. Thus i n  VI's designed to interrupt 
currents above approximately 5kA, this h igh current arc has 
to be controlled with a contact design. There are two main 
types of contact designs; one that causes the arc to rotate 
around the contact surfaces [3] by using a transverse 
magnetic field (TMF) and the other that forces the arc back 
into the diffuse mode by use of an axial magnetic field 
(AMF) [4] ,  see Fig. 1 3. Figure 14 shows the present 
interrupting abi l ity of the two contact structures as a contact 

80 

70 
7ii' 
E 60 '-
<( 
� 50 
...... 
c 
Q) 40 '-
,_ 
::::! 

0 
Cl 30 
c 

:;:::; a.. 20 ::::! '-
,_ Q) 1 0  c 

0 
0 

lo. Cutler-Hamrrer So•1ai Contact (TMF; 

+ GEC-Aistnom Comrate Cup iTMF) 

D. Cutler- Hammer (/'.MF i 

0 Toshiba {Present .A.MF:t 
0 Tosh1ba SADE (,A �JIF ·' estimate 

' 
20 40 60 80 

Total Contact Diameter [mmJ 
1 00 

Fig. 14: Comparison of the Interruption Ability of 
Tansverse Magnetic Field and Axial Magnetic 
Field Contacts as a Function of Total Contact 
Diameter in a 12kV Circuit 

12 

function of contact d ia meter in  a 1 2kV circuit For 35kV-
40. 5kV appl ications C-H uses the axial magnetic field 
contact structure exclusively. The AMF structure is 
preferred because it is possible to shape it for the best 
possible high voltage performance and also because this 
shape is maintained even after short circuit interruption. 
Each contact design has its advantages and each has the 
abi l ity to provide long life at the ful l  short circuit rating of the 
device; VI designs  are available that can perform up to 1 00 
full short-circuit operations. For short circuit operation of 
g reater than 1 00 operations axial magnetic field contacts 
are usually required. I n  practice, even a fau lt that is 80% of 
the ful l  fault rating is a rarity in  normal distribution circuits, 
and most faults are of much lower value. Thus, the l ife of 
the VI will easily exceed the short-circuit life requ i rements of 
any practical distribution circuit. VI's also have no "bl ind 
spots" or "critical currents," i .e . , there is no current from the 
smallest load current up to the full short-circuit current 
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where the interrupter has difficulty interrupting. Beyond their 
fu l l  short-circuit rating, the probability of fai lure to interrupt 
gradually increases [28}. If a VI is forced to switch a current 
up to 1 25% of its rating and if a backup breaker removes 
the fault within a reasonable time, the VI wil l suffer little 
permanent damage and wil l subsequently interru pt currents 
up to its rating without difficulty. This distinguishes the VI 
from other technologies which have fairly well defined 
interruption levels and arcing times. When SF6 or oil filled 
devices are operated at currents beyond these l imits, they 
wil l ,  at the best, be permanently damaged and, at the worst, 
will cause an explosion in the switchgear housing.  

time 

circuit 
Jli/ voltage short 

. / circuit 
k" current 

(a) Voltage · time and current relationships for a short circuit current 
ini tiated at maximum circuli voltage. 

(b) Voltage • time and current relationships for a short circuit current 
initiated at the Instant of voltage zero. 

short 

(c} Voltage · time and current relationships illustrating major and minor 
loops of a short circuit current. 

Fig. 15: Examples of Short Circuit Current Waveforms 
For Short Circuits Initiated at Three 
Different Voltage Conditions 

When interrupting short circuits the interrupter must be able 
to deal with the asymmetric current that will occur on one or 

more of the phases in a three-phase fault. Figure 1 5  
i l lustrates the asymmetric current wave i n  one phase�] 
once the contacts in a circuit breaker open and an a ; 
formed. The arc permits the flow of current in the cirt:uit 
until a natural current zero occurs. If the conditions are 
favorable at the current zero the arc in the i nterrupter wil l be 
extinguished and the circuit wil l be interrupted. 
Traditionally, the arcing time for a circuit breaker has been 
characterized in terms of a minimum value and a maximum 
value. The concept of minimum and maximum arcing times 
are, however, h ighly dependent on the interruption 
technique and the interrupting conditions, especially the 
current magn itude and degree of asymmetry. Each 
interruption technology has its own unique requirement 
when arcing times are considered . When testing a circuit 
breaker to demonstrate its rating, it is required to 
demonstrate performance at the min imum arcing time, at 
the maximum arcing time and an average arcing time. For 
SF6 or oil circuit breakers, the maximum arcing time is 
approximately equal to the minimum arcing time plus the 
time interval of % cycle of the power frequency. The time 
interval between the minimum and maximum arcing times is 
often referred to as the interrupting window. This window is 
an interval during which interruption must successfully take 
place before the interruption effort is fully expended and 
interruptions after this t ime are no longer possible. I f  the 
arcing were to continue past this time, the SF6 or oil breaker 
would fai l .  Demonstrating performance at the maximum 
arcing is especially important for interrupters such as� 
puffers that run out of the gas flow required to product, """"..: 
interruption when the full open position is reached. So the 
concept of an interrupting window during which interruption 
is possible is extremely important for some interrupter 
technologies. If the i nterrupting window is too small to 
cover the range from the minimum arcing time of the 
interrupter to the maximum that the system imposes, then 
the circuit breaker will not work successfu lly under al l  
possible conditions. 

For vacuum circuit breakers, on the other hand, the concept 
of the interrupting window is not as applicable since contact 
motion is not required for interruption to take place. Once 
some minimum contact gap is reached, arc interruption is 
affected by the geometry and materials of the contacts, the 
vapor shield and the degree of vacu um present inside the 
interrupter at current zero. Once the full open gap is 
reached, the arcing can continue for some time until an  
appropriate current zero arrives and interruption occurs. So 
the maximum l imit on arcing time is not  determined by the 
mechanical travel time, but is more a function of the amount 
of arc energy that can be absorbed within a particular 
interrupter. In fact, vacuu m  interrupters can be applied at 
quite low power frequencies such as 1 0  H ertz when the 
arcing times must be much longer since % cycle is 50 
mi l liseconds, provided the total arc energy is maintained 
within acceptable l imits. """""' 
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For vacuum circuit breakers, arcing times are generally 
short at normal power frequencies such as 50 or 60 Hertz .  

, ____ '--lowever, interruption at any one particular current zero i s  a 
�tatistical event, especial ly near the u pper l imit of cu rrent 

rating, and when the current wave is asymmetrical. The 
arcing times for a vacuum circu it breaker can range from 
very short values to much longer values. The minimum 
arcing t ime is generally about 3 or 4 mill iseconds, but times 
as short as 1 or 2 mil l iseconds a re occasionally observed . 
Maximum arcing times of 20 mi lliseconds or more have 
been observed. However, it is far more likely to observe an 
arcing time between 3 and 1 4  mil liseconds with a value of 
8 to 1 0  mil l iseconds (or Y:z cycle) being the most common. 
It is no coincidence that the t ime req u ired for the interrupter 
contacts to reach a value between 75% and 1 00% of fu ll 
open point is also about Y:z cycle. In addition ,  the 
d istribution of arcing times tends to trend toward longer 
values as the current approaches the l imit of performance 
for a particular interrupter. 

One interesting characteristic of a VI when interrupting an 
asymmetric current wave is that the probability of 
interruption after the end of a major loop, where the current 
magnitude is at its h ighest, is about 50%. I nterruption wi l l  
usua l ly occur at the end of the fol lowing minor loop where 
the current mag n itude is much lower. As a result, if  one 
attempts to demonstrate a maximum arcing time where the 
final  current loop is a major loop, the i nterrupter may s imply 

. skip this current zero and a d ifferent pole wil l  be the fi rst to 
:lear. Finally, the intended pol e  then will clear the 

'
·· remaining sing le-phase current in series with the third pole. 

This resu lts in a maximum arcing t ime that is longer than 
the traditional value of the minimum arcing in t ime plus the 
t ime interval of Y:z cycle of the power freq uency, however. 
this is perfectly acceptable as long as the circuit is i n  fact 
interrupted. 

The three d ifferent methods of testing discussed below 
each present some challenges when attempting to 
demonstrate the maximum arcing t ime in a VCB .  

:.- For 3-phase direct tests, the minimum and maximum 

the first pole to clear TRV. Such behavior is perfectly 
acceptable i n  the real world ,  because the VCB wi l l  
behave this way i n  the actual power system. However, 
the non-deterministic nature of vacuum interrupters 
complicates the test demonstration by often requiring 
repeated tests in a n  effort to get one with the right 
combination of current asymmetry and first pole to clear 
TRV. 

:;.. For 1 -phase direct tests, witho ut the possi bil ity of other 
phases complicating the situation, i t  is much easier to 
control the test conditions to provide the req uired 
asym metry and the first pole to clear TRV in the same 
po le. Here again, the TRV peak is appropriately 
reduced due to the phase shift of the current zero from 
being coincident with the peak of the system voltage by 
the effect of the current asymmetry .  The d rawback i s  
that this combination a s  noted above, may not actually 
occur in practice, and hence is really more severe test 
than is req uired in practice. 

lr For 1 -phase synthetic tests, the test conditions can 
again be forced to provide the req uired asymmetry and 
appropriately reduced first pole to clear TRV in the 
same pole. However, the test eng ineer must choose at 
which current zero to apply the TRV. If the TRV is 
appl ied at the end of a major loop, then the interrupter 
may not interrupt. So a proper demonstration must 
then be to delay the appl ication of the TRV to the next 
current zero which wi l l  be at the end of a minor loop. 
There can also be difficulty here in  re-ign iting the arc at 
the current zero after the major loop, because the TRV 
from the high current source i s  low and easily 
interrupted by the vacu um interrupter. However, in 
recent years test labs have been developing new 
systems to re-ignite the vacuum arc more reliably and 
efficiently. Also some test labs report that they can 
supply the proper TRV at more than one current zero. 
So with enough eq uipment, the real three-phase world 
can be simulated synthetica lly. In fact, some labs have 
even been able to perform 3 phase synthetic tests. 

arcing ti mes are su pposed to be demonstrated in the So demonstrating the maximum arcing time for a VCB can 
pole with the first pole to clear TRV. The TRV peak is be a chal lenge. 
appropriately reduced as a result of the phase sh ift of 
the current zero from being coincident with the peak of VI 's are capable of performing well for short-circuit  
the system voltage by the effect of the current situations where high degrees of asym metry can produce 
asymmetry. However, vacuum interrupters are non- long arcing times, e .g . ,  smal l  generator breakers and also 
deterministic in that they have a sign ificant but definitely for low-frequency tra nsportation circuits of 1 6 -2/3 Hz. 
not 1 00% probability of interrupting with very short 
arcing times. So it is often observed that another pole VI technology a lso has the outstanding abi lity to handle the 
will have a current zero with sym metrical current or a developing fault. Th is is the situation where the value of the 
minor loop of current and wil l  interrupt just before the fau lt current suddenly i ncreases d u ring the t ime the breaker 
pole with the asymmetry has its current zero. The non- is opening to clear it. This can occur, for example, when a 
determin istic nature of vacuum interrupters means that travel ing arc changes a single l ine-to-ground fau lt into a 
this behavior is not predictable. So in such tests, the dou ble line-to-ground fau lt. Such events are easily handled 
pole with the req uired asymmetry may no longer be the by the VI , but they can destroy circuit breakers using other 
first pole to clear and hence wi l l  have a lower TRV that i nterru ption technologies. 
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5.1 Voltages and Disturbances Observed During 
Interruption Testing 

After the VI interrupts the current in a circuit during a test, 
the circuit imposes a voltage across the open contacts. In  
the first mill isecond or so immediately following current 
zero, this voltage is called the Transient Recovery Voltage 
(TRV) and at later times this voltage is simply the Recovery 
Voltage. The TRV and Recovery Voltages are usually 
u naffected by the VI ,  however, occasionally, some 
disturbances are observed during tests that should be 
explained. Five TRV or Recovery Voltage conditions are 
described below ranging from the VI having no effect to the 
VI having a more significant effect on the circuit voltage. 

(a) The TRV is withstood - At the first current zero after 
contact part, the TRV appears across the open VI 
contacts and is then withstood to successfully interrupt 
the circuit with no observed disturbances. Th is is the 
most typical condition seen during most tests. 

(b) The TRV reignites the arc at the first current zero -
Sometimes the gap at the first current zero is not large 
enough to sustain the interr u ption, and the TRV 
col lapses at a time up to % cycle of power frequency 
after the current zero. This is cal led a reign ition. The 
current then flows to the next power frequency cu rrent 
zero where it is once again interrupted and this time 
the TRV is withstood. This too is a normal event and 
merely involves a longer arcing time. 

(c) The TRV is disturbed but withstood - Occasional ly on 
a test, the TRV is seen to collapse and then 
instantaneously recover while no power frequency 
current is observed. If such a disturbance is observed 
at a time up to X cycle of power frequency after the 
current zero, then this is referred to as a TRV 
disturbance that is considered a normal part of the arc 
interruption process. 

(d) The Recovery Voltage is disturbed with no power 
current flow - Also on rare occasions during a test, 
the Recovery Voltage is seen to collapse and then 
instantaneously recover whi le agai n  no power 
frequency current is observed. I f  such a disturbance is 
observed at a time later than % cycle of power 
frequency after the current zero, then this is referred to 
as a Non-Sustained Disruptive Discharge or NSDD. 
These events seem to be un ique to Vacuum 
Interru pters. When a few N SDDs are observed, this is 
considered as an event to record. NSDDs are, 
however, a rare, aspect of the interr uption process in 
vacuum. 

(e) The Recovery Voltage collapses and a power current 
flows - On even rarer occasions, a com"""""· 
breakdown through the interrupter can occur that , 
estab lished the power frequency current. If this event 
is observed at a time later than % cycle of power 
frequency after the current zero, then this is referred to 
as a restr ike. The sign ificance of a restrike we bel ieve 
depends on whether or not the following current is 
inter rupted. 

The subject of NSDDs is discussed below from the special 
perspective of interruption in vacuum to aid in the 
i nterpretation of the significance of observing such events 
during a test series. 

The subject of Non-Sustained Disruptive Discharges 
(NSDDs) sometimes observed when testing vacuum circuit 
breakers continues to provide many opportunities for 
interesting discussions among short circuit test specialists. 
I n  fact, NSDDs are not known to cause performance 
problems in real world applications. Certain  types of 
vacu um interrupter sometimes exh ibit TRV distur bances 
and/or NSDDs during tests, especially near the 
performance limits of the interrupter , e.g . ,  when a VI is  
tested at  or beyond its designed short circuit current rating.  
An NSDD can occur u p  to a few seconds after the circuit 
has been interrupted and is thought to be the resu lt of a 
microparticle crossing the contact gap and i nitiating a sJilliliill 
discharge with in  the VI .  An NSDD does not result � 
reestablishment of the power frequency current, but simply 
results in a very brief high frequency current from the local 
parasitic capacitance being discharged through the 
interrupter. The allowable n umber of trials in which 1 or 
more NSDD events may occur in  a single certification test 
series has been arbitrarily limited to 3 events in I EC 60056 
for h igh voltage circuit breakers. 

Th is arbitrary limit of 3 NSDD events has been specified at 
the insistence of the test laboratories whose test experience 
spans all types of i nterruption technologies. NSDDs have 
never been seen in other types of interrupters, and have 
therefore been viewed with suspicion by the laboratories. 
However ,  the occurrence of a few NSDDs during 
certification testing ,  does not seem to be of any great 
significance for performan ce of VCBs in service. It is 
therefore a source of continu ing controversy over how 
much importance should be ascr ibed to the observation of 
NSDDs when evaluating a circuit breaker for certification. 
As the significance of NSDDs observed in the testing of 
vacuum circuit breakers is understood and their affect on 
VCB performance develops, then we would expect the 
certification testing standards to evolve and be modified. 
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5.2 Interruption of Fault Currents With Very Fast 
Rates of Rise of Recovery Voltage 

"""""'Vacuu m  interrupters using C u-Cr contacts have an 
exceptional abil ity to withstand very rapidly rising Transient 
Recovery Voltages (TRVs) . This is noted especially in two 
difficu lt switching d uties o'f interrupting: 

- Secondary Faults on Tran sformers, and 
- Short Line Faults on overhead lines. 

These fault conditions produce TRVs with very fast rates of 
rise of recovery voltage ( R R RVs) that immediately stress 
the interrupter following a current zero. 

Secondary fau lts on transformers are a pplications where 
VCBs are well  su ited. The high natural frequency of large 
power tran sformers results in a fast rising TRV with a 1 -
cosine wave shape. Moreover, large power transformers 
provide little damping, so the pea k of the TRV is also h ig h .  
Wh ile t h e  1 -cosine wave shape results i n  a somewhat 
slower rate of rise in the first microsecond or two, the 
average rate of rise of recovery voltage ( R R RV) is qu ite 
h ig h .  When the switchgear is placed a short distance from 
the transformer, the low capacitance of the connections 
together with the h ig h  natural frequency of the transformer 
results in a very fast TRV. For example, the rated (T3) time 
of the TRV is about 60 !lS for 1 2  kV indoor circuit breakers 
where typical cable connected circuits produce more slowly 
risi ng TRVs. However, T3 can be less than 1 0  11s for a 
secondary fault on a large power transformer. In an 

""· Jxtensive series of experiments [30], it has been shown that 
VI's using Cu-Cr contact material will reliably interrupt 
g reater than 99.9% of transformer secondary fa ults that 
could be expected in the field without the need of TRV
modifying capacitors (see Fig.  1 6) .  

Overhead l i nes, i n  contrast, produce a sawtooth TRV when 
a fau lt is located a short distance from the breaker. The 
sawtooth TRV wave of the short l ine fau lt (SLF) is the result 
of travell ing voltage waves that go out on the line from the 
breaker and are reflected at the fault and are supe rimposed 
on the slower 1 -cosine TRV of the source side circuit. 
Although the fault current value for a SLF is usually lower 
than the maximum fau lt i nterrupting capability of the 
breaker, the in itial T RV of the sawtooth is then very fast in 
the first microseconds, immediately stressing the i nterrupter 
gap.  Withstanding such in itial fast R R RV stresses were first 
ide ntified in the 1 950's as d ifficult d uties for gas interrupters 
where the decay rate of the gas temperature is in the same 
ra nge as the increasing R R RV. However, tests have s hown 
that the decay of the plasma temperature and cathode spot 
temperature in vacuum interru pters is faster than the typical 
S L F  TRV and thus this duty is easily handled by the 
vacuu m  i nterrupter. So vacuu m  circuit breakers a re also 
well  suited for appl ications to protect overhead l ines. 

100 ,----------,----------�---------. 

-8 0 � lOr---·------ - -t --�������·· �----1 
.5 

• 

� �---------+----------�--------� 
0. 1 

% transformers 
with longer T2 

0 50% 
0 90% 
+ 99.9% VCB performance 

10 1 00  
current (k.A, rnlS) 

Fig. 1 6: Comparison of the Expected T2 Values for 
Transformer Secondary Faults With the 
Interruption Performance of a Vacuum 
Circuit Breaker Subjected to Very Fast TR V's 

5.3 Developmental and Quality Testing of Cutler
Hammer Vacuum Interrupters 

All C-H VI products are thorough ly tested for short circuit 
performance before being offered to a customer for 
designing into their circuit breaker or recloser [28]. These 
are described as pre-certification tests in that they provide a 
level of confidence to both C-H and our customers that the 
interru pter is capable of successfu lly passing a certification 
test series when installed in a properly design circuit 
breaker. A sing le-phase, h igh power test circuit is used 
which consists of a 5 MJ capacitor bank, several high
current inductors, and a Transient R ecovery Voltage (TRV) 
wave-shaping network. The power frequency is typically 
tuned to 50 Hz or 60 Hz. A d iagram of the circuit is shown 
in Figure 1 7  and current and arc voltage wave forms from a 
typical interruption experiment are shown i n  Figure 1 8. The 
circuit simulates the conditions in a power system during a 
short circuit by stressing the test VI with the rated values of 
s hort-circuit current and TRV ( Note that for short circuits, 
the circuit power factor is very close to zero). 

Single-Phase tests are used in the C-H, High Power 
Laboratory to predict Three-Phase capabilities 

Sing le phase tests are wel l  recognized [C37.09], [I EC56] as 
an acceptable and conservative method of performing tests 
to demonstrate the i nterrupting rating of a circuit breaker. I n  
such a test, the circuit must provide the rated symmetrical 
or asymmetrical short circuit current at the rated power 
frequency and with a TRV equal  to that required for the first 
phase to clear a th ree p hase ungrounded fault. This 
combination of current and voltage stress forms the basis of 
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Fig. 1 7: Block Diagram of the Cutler-Hammer, 
Single-Phase, High Power, Test Circuit 
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Fig. 18: Oscil/ograms of Arc Voltage and 50Hz Current 
From an Interruption Test of a TMF-Contact VI 
Using the High Power Circuit in Fig. 1 7  

rating for the circuit breaker. It is a lso recognized that a 
single phase test with this combination of current and 
voltage provides a more severe stress than would be 
o bserved in an actual three phase ungrounded fault. This is 
so s ince only one of the 3 phases must actual ly clear at 
such a stress level in  the 3 phase case. Moreover, in  the 
single phase test, the TRV stress will be at the same high 
level at each successive current zero. In  contrast, in  the 
actual 3 phase circuit, if a particular pole attempts to be the 
first p hase to clear at a short arcing time and then does not 
clear the circuit, i t  wi l l  then become one of the 2nd and 3rd 

phases to clear in  series. The TRV for the 2nd and 3rd 
phases to clear is at a lower level and therefore the 
interrupting duty is easier on these poles . So the si ·� 
phase test conditions used in the C-H lab are conservato·•e 
in  providing a somewhat h igher test stress than would be 
experienced during a 3 phase ungrounded test or in actua l  
service. 

Despite the increasing use of soph isticated analysis in hig h 
power testing,  the i mportant result in certification tests is the 
pass/fa i l  record. Based on over 30 years of experience, we 
have established a single-phase test program which allows 
us to predict the results of three-phase certification tests 
with high confidence. Three identical VI's a re produced as 
prototypes or statistically chosen as samples from 
production and subjected to three levels of tests. 

(1) First Level: 
Interruption of Symmetrical Single-Phase 
Current 

I n  a three-phase certification test series, the circuit breaker 
must perform several interruptions, where each of several 
currents expressed as percentages of the target rating as 
shown below. 

i The Number of Trials in a Certification Test Series 
'-=-······· Percent of Rated Short N u mber of I nterruptions 

Circuit Current Required 
1 0  3 
30 3 
60 3 

1 00 Symmetrical 3 
� 00 Asymmetrical 3 -

........ I 
• ... "!: 

I n  the C-H single-phase pre-certification test series of a new 
VI design,  each VI is tested only at the targeted maximum 
1 00% short circuit current, since experience has shown this 
to be the most severe test condition for vacuum 
interrupters. I n  addition, s ince the C-H test circuit is  a 
capacitor I inductor d ischarge type, the test current 
produced is only a symmetrical current, so only symmetrical 
current interruption is possible. In the C-H test procedure, a 
total of 14  trials per VI are performed, as specified in Table 
V with a TRV of the first phase to clear for a three phase 
ungrounded fault. The total number of tests and 
accumulated arcing duty in  the C-H test series is 
a pproximately the same or greater than that experienced in  
the three-phase certification series. So the C-H test circuit 
provides a l l  of the req uired conditions of rated symmetrical 
short circuit current, including the first phase to clear TRV. 
Experience has also shown that an acceptable level of 
interruption performance in the C-H single-phase test circu it 
at rated conditions is achieved when the a rcing time to clear 
the circuit in at least 90% of the trai ls  is within the typical 
normal range. The normal range of arcing time �. 
approximately from a minimum of about 3ms u p  t�..- a 
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maximum of about 1 cycle + 3ms. That is, the VI can then 
be expected, with a h igh degree of confidence, to pass a 
>eries of certification tria ls in a three-phase circuit breaker 

"""··�ith a three-phase ungrounded circuit at rated voltage and 
short circuit current stresses. Our 90% normal arcing time 
rate criterion is based on many years of experience that 
shows us that three-phase certification tests are less 
stressful .  The three phase test is less stressful for two 
reasons. First, only one of the three poles must perform at 
the worst-case TRV, and, second, after the first phase 
clears, the other poles clear in series where each poles is at 
about 58% of the voltage stress seen by the first phase to 
clear. If we are testing at C-H to evaluate a single phase 
application, then an acceptable rate must of course be that 
1 00% of all tests must clear with in  a normal arcing time 
range. This is also true for testing VI's that will be used in a 
three phase grounded systems. I n  this case, the peak TRV 
will be reduced to 2/3 of the values used in the first phase 
to clear ungrounded tests and an acceptable rate must also 
be that 1 00% of all tests must clear within  a normal arcing 
time range. 

j!ABLE V: 1 !esting at a i!esults 

TRIALS C
O. OF I 

Ta'!Jeted Current to P•ed;ct Cert;ficatiol 

TRIAL �O I NT OF CONTACT PART 
DESIGNATION I 

5 CZ+ Near I = 0, positive wave I 

5 CZ- Near I =  o: negative wave I r 2 CM+ Near I = lp, positive wave 
2 CM- Near I = lp, negative wave ! 

(2) Second Level: 
Impulse Voltage Withstand (BIL). 

The BIL of each VI is measu red after the 1 4  interruptions to 
determine if it is still acceptable. The internal shields in the 
VI must adequately protect the ceramic insu lation from 
condensation of metal vapor from the vacuum arc, which 
would degrade the d ielectric strength. 

(3) Third Level: 
A Simulation of an Asymmetric Current Tests 

While the capacitor-inductor test circuit can only produce 
symmetrical currents, the circuit can be used to simulate 
the effects of asymmetric current as a means to assess the 
abi lity of an interrupter to operate under such conditions. 
The single-phase high-power circuit is first configured to 
provide a power frequency which is about 80% of the rated 
frequency. The lower frequency simu lates the longer 
current loop duration of the asymmetric current when the 
:::ontacts of the circuit breaker part about 2 cycles after the 

' �  'fault is in itiated. The current magnitude is adjusted to 

include the required DC component that produces the 
asymmetric current If the DC component is expressed in 
per unit of the symmetrical component, then the test current 
is then set at a value that is (1 + DC) times the rated 
amplitude (see Fig. 1 9) .  

2 >2 ::J 
.e 
:£ 
;-
z 
LU rx 0 rx ::J u 

0 

3-Q 60 Hz RATED CURRENT 

-, WITH 50% ASYMMETRY " 
'\ / \ 

\ 
\ 

\ 
\ 

\ 
1 $ SIMULATION · VI MUST \ 
SUHVIVE 5 CZ TRIALS 

t 
BACK-UP BREAKER 

INTERRUPTS 
CIRCUIT CURRENT 

0.005 0 0 1 0  

TIME (sec) 

0015 

Fig. 19: Three Phase Current With 50% Asymmetry 
(Dashed) and the Single Phase Simulation 
With Symmetric Half-Cycle at 82% of the 
Power Frequency 

So if a 50% DC component is required, then the test current 
is set at 1 . 5 times the symmetrical value. Now in this 
simulated circuit, the first loop of current that is as large and 
as long as the major loop in a real circuit, is  followed by 
another long loop that is only a few percent smaller. So 
attempting to interrupt such a current is l ike attempting to 
interrupt a current 50% greater and at a lower power 
frequency than the VIs rating. However, in a real circuit with 
asymmetric current, the large major current loop is followed 
by a small minor current loop and vacuum interrupters often 
interrupt after this minor current loop. So the main objective 
of th is simulated test is to show that the VI can withstand 
the major current loop without significant arcing damage so 
it is ready to interrupt the following minor loop. The 
simulated test is then performed with a fresh tube which is 
subjected to five appl ications  of one half-cycle of arcing with 
the larger, longer duration current. If th is sample finishes 
this series without catastrophic damage (e.g . ,  holes melted 
through the arc shield), our experience has shown that the 
VI will pass with actual asymmetric current trials during a 
certification test. 

Other Design Considerations 

Production of high quality VI's requires a successful 
integration of design, analysis, testing, and strict quality 
control over materials and manufacturing processes. 
Clearly, it is desirable to develop tools for reducing the 
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testing required to develop new VI types and to monitor the 
production qual ity of existing types. Our production 
program emphasizes that a VI  should be well designed 
initially, so that a limited number of relevant tests will 
validate the prototypes. We start with empirical design 
guidelines for different kinds of interrupters and 
applications, based on over 30 years of experience. These 
include correlations of the rated voltage withstand and 
current requirements with the design parameters of the 
internal arcing region. Adherence to the recommended 
opening speed and gap are also very important for g iven 
current and voltage ratings. 

Testing for Quality Assurance (QA) or Performance 
Comparison 

Our experience has shown that differences in the quality of 
alternative materials, or in the effects of design changes, 
may not be apparent from the interruption performance at a 
VI's rated current. For QA or comparative testing, we 
evaluate the decrease in performance above the maximum 
rated current, l rated· Three identical VI's (one sample set) 
are first g iven 8 trials each at l rated. three at each polarity for 
opening near current zero (CZ + and CZ-) ,  and one each 
polarity for opening near current maximum (CM+ and CM-). 
The test current is then increased in steps to values such 
as 1 1 0%, 1 1 5% 1 20% and 1 25% of l rated · At each new test 
current, the VI 's are each given four trials; consisting of one 
trial at each condition of CZ+ , CZ-, CM+ and CM-.  These 
four trials are repeated on each VI at each increased 
current until the combined pass rate, defined as the rate of 
interruptions within a normal arcing time (3ms + 1 cycle) , 
drops to �50%. Typically, a total of 24 trials are performed 
on each VI in a set of three samples. The point on the 
current wave at which the contacts part is varied 
consistently, because it affects the amount of arc motion 
[3]. 

An example of the results in such a test series is shown in 
Fig. 20, in which 4 sample sets of a 1 00mm OD VIs (!rated = 
36 kA) with different formulations of contact material were 
compared. One of these formulations was clearly inferior, 
so it was therefore rejected. The other formu lations 
evaluated al l  performed well up to about 42 kA, or 1 1 5% of 
the rating. In fact, it is often not possible to differentiate 
among materials by merely testing only at the rating of the 
interrupter. It takes testing at currents above the rating to 
start to see differences in performance. 

In this C-H test method, both the short circuit current and 
the TRV are increased in the same proportion by increasing 
the charge on the capacitor bank. So the combined 
interruption stress increases in a square relationship. So 
the fairly steep drop in the interruption success rate above 
about 42 kA ( 1 1 7% of lrated) which is shown for the other 

three sets of samples is a result of this extreme increase in  
stress. The interrupter, however, can handle higher 
magnitude currents during asymmetrical cur 
interruptions. For example, this same VI will interrupt 
rated symmetrical current with a 50% de offset for which the 
major loop has an rms value of 54 kA and a peak value of 
77kA as required by ANSI standards. In this case, 
interruption often occurs on the following smaller minor 
loop. 

HIG H-STRESS PERFORMANCE TREN DS 
FOR ALTERNATIVE CONTACT MATERIALS 

� 80 

60 

20 

/ 
INFERIOR 

CONTACT MATERIAL 

30 

RMS CURRENT (kA) 
50 

Fig. 20: Comparison of Statistical Interruption 
Performance Trends for Flow Sets of Highly � 
Stressed VI's With Four Different .i 
Formulations of Contact Material 

6. SWITCHING INDUCTIVE C IRCUITS 

Voltage surges at the terminals of inductive elements i n  
distribution circuits (such a s  motors, shunt reactors and 
transformers) occur any time they are switched on or off by 
any kind of switching technology and their interaction with 
VI 's in particular have been studied extensively [5]. The 
interactions are now well understood and, when the 
occasion arises pall iative measures are easily applied. 
Surges can be produced in  three ways [31 -33]: 

( 1 )  From l ightning-induced o r  other surges o n  the l ine 
(2)  From closing the circuit to switch on the current. 
(3) From opening the circuit to switch off the current. 

Lightning-induced surges are not influenced by the 
interrupters and the established surge protection on the 
distribution circuit would be designed to prevent damage to 
the inductive element from l ightn ing type i mpulse voltages. 

The events that occur when closing a circuit are i l lustrated 
in Figure 2 1 .  It must be noted that th is discussion appli� 
ALL interrupter technologies and not just to vacuum. "tt 
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often occurs that the i nstant at which the circuit is energized 
coincides with the system voltage being at its maximum 
talue since the rapidly reducing contact gap has a tendency 
to prestrike. If this happens, a travell ing voltage wave will 
be appl ied to the cable l inking the interrupter to the 
inductive element (in this i l lustration a non-energized 
motor). Since the surge fmpedance of cables is typically 25 
to 50 ohms, and the surge impedance of inductive loads is 
typically much higher, then the voltage wave reaching the 
inductive element wil l  be reflected . A voltage of about 2 per 
unit will then be impressed across its first few windings of 
the load . The traveling wave can reflect several times 
between circuit breaker and the load. Moreover, the 
returning wave can cause the interrupter to reignite and 
then initiate another traveling wave that could produce a 
voltage at the load that is even higher than 2 per unit From 
testing, surge magnitudes are usually found to be from 1 to 
3 per unit with occasional values as high as 4 .6 per unit 
observed. If these voltage pulses are too severe, then the 
same measures should be used as will be discussed later 
for surges resulting from switching off the current. v� 

cable 

) 0 
motor 

Fig. 21: When an Interrupter (Vacuum, SFB, Oil, etc.) 
Closes an Inductive Circuit, the Resulting 
Voltage Wa ve Can Result in a Fast Rising 
Voltage At the Induction Terminals 
with Voltage Doubling 

6.1 Multiple Reignitions 

I n  general, multiple reign itions are a relatively infrequent 
phenomenon sometimes experienced by VI's and other 
interrupter technologies which may occur in circuits with 
certain combinations of circuit inductance, capacitance, and 
contact gap. Again, as with current chop, this topic has 
been researched exhaustively [ 1 0- 12 ,  34-40]. Fig 22 shows 
a typical generic, inductive circuit with C1 and C2 being the 
stray capacitance to ground of the line-side and the load
side circuits. The development of multiple reignitions is as 
fol lows: 

Supply Inductive 
load (e.g. motor) 

Fig. 22: An A C  Circuit With an Inductive Load 

( 1 )  The VI contacts wil l open at a random point on  the ac 
current wave, and as they continue to open, the current 
continues to flow, carried by the vacuum arc between 
the contacts, unti l  current zero is reached . At current 
zero, the arc will extinguish. 

(2)  The contact gap in  the VI recovers its dielectric strength 
extremely rapidly as soon as the arc is extinguished 
and the current flow is interrupted. The contact gap, in 
fact, assumes a dielectric breakdown value which is 
determined by the contact separation d istance and, in 
VI's, is greater than 2 x 1 07 V/m-1 

(3) Once the current has been interrupted, a transient 
recovery voltage (TRV) appears across the contact 
gap. This TRV is a function of the reactive components 
on the load and line side of the VI [38, 39]. 

(4) If the contact gap is not fully open and the TRV 
exceeds its breakdown strength, then the arc will be re
established. Once this happens, the charge from the 
two capacitors causes a high-frequency current 12 to be 
superimposed upon the power frequency current 1 1 . 

(5)  There is a finite probability that the VI wil l extinguish 
this high-frequency current at one of its current zeroes 
because the vacuum is such an outstanding circuit 
interrupter. If this happens, the race between the TRV 
and the high-voltage strength of the contact gap begins 
again .  The fol lowing three things can happen. 
(a)  The VI fai ls to extinguish the high-frequency 

current and another half cycle of the power 
frequency current flows, at the end of which the 
contact gap wil l be large enough to withstand the 
circuit TRV (see Fig. 23). 

(b) The contact gap will eventually become large 
enough to withstand the impressed TRV after a 
number of reignitions (see Fig. 24). 

(c) The sequence of events will continue and the 
voltages impressed across the VI will continue to 
increase [39] until a dielectric fai lure occurs, either 
in the breaker or somewhere else in the system. 
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The VI has a probabil ity of reignition only when very l imited 
operating and circuit parameters are met [38]. These 
parameters are as fol lows: 

( 1 )  The circuit breaker must be attempting to interrupt 
moderate currents of more than 20-30A, and generally 
less than about 500-600A [38]. However, multiple 
reignitions have been observed at currents as high as 
2000A in the C-H lab. 

(2) The gap between the breaker contacts must be small .  A 
gap of typically 3 mill imeters or less at 27 kV is required 
to observe multiple reignitions, so contact part is 
therefore only 1 to 3 ms before the current zero when 
the contact opening speed is about 1 ms-1 .  

(3) The TRV must rise slowly enough initially so that the 
breaker can extinguish the arc at the first power 
frequency 50 Hz/60 Hz current zero at this short gap. 

(4) The TRV must rise faster than the increasing 
breakdown strength of the contact gap of the VI as the 
contacts continue to open. 

If the load exceeds some u pper l imit such as 600A or 
2000A, the vacuum arc wil l not extinguish at the first current 
zero with closely spaced contacts. Because the contacts 
continue to open during the ensuing half cycle of arcing ,  the 
dielectric strength of the contact gap at the next current 
zero is high enough to prevent a voltage breakdown. The 
breakdown strength of the VI depends almost entirely upon 
the contact gap. If a breaker operates with an opening 
speed of about 1 m/s and the contacts part at a t ime of 
about 0. 5 ms before a current zero, then the gap wil l 
recover to about 1 0-20kV at the first current zero. If the 
contacts open at a speed of 2 m/s, then the recovery will be 
to about 20-30 kV. Most vacuum circuit breakers and 
reclosers operate with opening speeds in  this range. When 
the rate of rise of recovery voltage is less than the rate of 
increase in the dielectric strength of the contact gap, no 
reignitions will occur. The upper boundary has been 
observed of 900 Hz for 5kV circuits, 500 Hz for 1 5kV 
circuits and 250 Hz for 24kV circuits [38]. When the load 
current is below 20A, such as magnetizing currents of 
u nloaded transformers, the overvoltages that can occur are 
l imited by the core losses in the transformer. 

The effects of multiple reignitions can be minimized and 
even el iminated by connecting a surge suppressor directly 
at the inductive load terminals to ground. I n  fact, multiple 
reignitions can be eliminated with a snubber consisting of a 
series-connected capacitor and resistor, R-C [36,37]; or  
special version of a snubber called a ZORCtm in  which the 
R is paralleled by a ZnO varistor [41 ] .  Lightning arresters 
such as a varistor [41 ]  can keep the peak voltage within 
l imits, but cannot el iminate multiple reignitions. It is also 
possible, but not nearly as effective, to apply a snubber at 
the breaker terminals [37]. The suppressor options of type 
and location are i l lustrated in Fig . 25. 
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6.2 High Voltage Motor Switching 

'=or normal operation of HV motors, the same care has to 
'- · be taken to reduce the effects of the three sources of 

voltage surge, no matter which interrupter technology is 
used , i .e . ,  VCB's, SF6 breakers, oil or air magnetic circuit 
breakers. In fact, if the cost of the HV motor is significant or 
if the loss of service is critical, then surge protection is a 
very inexpensive and prudent step with very large potential 
benefits. Usual recommended practice is a surge capacitor 
or a surge arrester con nected at the motor terminals I EEE 
Red Book [42]. I n  recent years, this practice has been 
updated to include a resistor (to match the cable surge 
impedance) in series with the capacitor and/or a 
combination of this R-C network and a ZnO varistor (see 
F ig .  25)[41 ]. When a vacuum breaker is used to i nterrupt 
the load current after a motor has reached its ful l  running 
speed, no adverse effects a re expected. This is because 
the back emf produced by the running motor opposes the 
source voltage resulting in a very small recovery voltage 
across the opening contacts immediately following current 
interruption [5, 32] .  

�1a c 

load 

ZnO variswr R 

lal Capacitor - resistor at the load (b) "ZORC" at the load 

� to load 

r-""""' 
VCB / 

---6' •o--� load ) 
� 

lightning a rrester 

I 
spark gap 

(c) Surge limiter at the breaker (28} (dl Lighming arrester at U>e load 

Fig. 25: Examples of Surge Suppression Circuits 

If  the motor current is interrupted before the motor has 
attained its fu ll operating speed (locked or stal led rotor 
conditions), the machine wil l  have little or no back emf and,  
therefore, behaves like a reactor. I n  this case, it is possible 
to develop the multiple reignitions described in Section 6. 1 .  
Fortunately, the surge protection provided to protect against 
closing surges is equal ly effective in reducing the probabil ity 
>f multiple reignitions from occurring and, if they do occur, 

the surge protection will minimize their effects. 

Table VI showed the effects of surge suppression on the 
observed surge voltages at a motor terminal and compares 
the VI with SF6 and air interrupters [4 1 ] .  

The voltage withstand properties of  motor insulation are 
different from those for other a i r  insulated devices. Motors 
windings are imbedded in the slots of the mach ine's 
magnetic structure and are insulated with solid materials. 
The material thickness is as small as possible while 
simultaneously providing the necessary voltage withstand 
abil ity and good magnetic performance. As a result, the 
insulation does not have the higher resistance to fast wave 
front impulse surge voltages that other equipment can be 
designed to provide. Specifically, motors do not have 
ratings for l ightning impulse voltages that are required for 
circuit breakers, switchgear and transformers. A typical 
curve of impulse voltage withstand versus the rise time of 
the voltage is show in Figure 26. Manufacturing methods 
are absolutely critical in producing a good voltage withstand 
abil ity in motor insulation. Large machines, typically 
purchased by utilities, tend to be better made with hig her 
voltage withstand properties than smaller machines. 
Moreover, it has also been noted that a motor that has been 
rewound after a voltage breakdown, usually never 
experiences another problem. This is presumably because 
insulating quality of the rewound machine is better than it 
was on that particular machi ne when it was new. So it is 
natural that more care in providing overvoltage protection 
should be considered for motors. 
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TABLE VI: 
Effect of Surge Suppression on the Value and Duration of 
Voltage Surges at the Terminals of High Voltage Motors 
r' Vacuum, SF6 and AI• lnte"uptero 

OPERA- TYPE VACUUM 
TION AND LOCATION 

OF / Vmotor I t, , 
· SUPPRESSION ' (pu) 1 !lS 

I 
,,-

SFs!AIR 

Vmotor� 
(pu) !lS 

! 

-

CLOSING None or Arrester 4 0.2-0.5 4 0.2-0 .5 
Capacitor at 4 3-7 

-
-;--;:;-.;;--·" 4 3-7 

C Motor 
0.2-0�5 2 ro.2-0.5 2 -

RC_at Mot�_ 
-� i ZnO-RC at Motor �1 1 0.2-0.5 ,  � 1  0.2-0.5 

ZnO-RC at Panel �2 T0.2-0.5 1  �i------"c:-0.2-0.5 
OPENING�one 2�Arrester 4·!5_-f- 0.2-6.5 " 4-4.5 ,  0�1 
STALLED . Capacitor at p 3-7 4-4.5r 3-7 MOTOR Motor l RC at Motor I 3 0 . .2-0.5 '2.2�--0.2-0.5 

I 

i I 2.8 �. -

,

=
-

ZnO-RC at Moto< 

I 
< 1 . 5  -f-" .2-0 .5 ' < 1 . 5  0. 1 -0.5 

ZnO-RC at �3 1 0.2- l �2.5 0.2- --
Panel 1 0. 5 L_____ 0.5 _ 

There have been claims made that some SF6 interrupters 
have a low surge characteristic on  opening, and thus do not 
require special surge protection at the motor. Table VI, 
however. shows you should expect to obtain very similar 
surge voltages at the motor terminals with the use of SF6 
interrupters. Moreover, the table also shows that 
overvoltages on closing are nearly as h igh as on opening, 
so the advantage of producing a low surge on open ing is of 
much reduced sign ificance. The conclusion one has to draw 
from this data is that care must be exercised in protecting 
motors against overvoltages no matter which switching 
technology is used. 

It is  of course also possible to provide a low surge on 
opening operations using the VI. For at least 20 years VI's 
have been available for use in h igh voltage contactors 
which use low-surge contact material such as AgWC and 
CuCrBi. These materials have a very l imited abi lity to 
i nterrupt h igh frequency currents and thus have a very low 
probability of in itiating a voltage escalation sequence. 
These materials, however, also have a l imited short circuit 
interruption capabil ity and have traditionally been applied i n  
series with fuses for short circuit protection .  I f  a vacuum 
circuit breaker using CuCr contacts (a material that has an 
excellent abil ity to  interrupt h igh frequency currents) is used 
to switch motors, it is prudent to use surge suppression at 
the motor terminals. 

6.3 Transformer Switching 

An unloaded transformer represents a h ighly inductive load 

proportional to the inductance and the square of the chop 
current value. The trapped energy man ifests itself as a 
h igh frequency resonance,  ringing between the indu�e 
and the stray capacitance of the circuit. Fortunately, �e 
is, however, considerably damping of the resultant voltage 
and current waveforms resulting from the losses in the 
transformer core. As the kilovoltampere rating of a 
transformer is reduced, the capacitance tends to be smaller 
and the magnetizing inductance becomes larger. This 
trend in C and L increases the impedance, but,  as the 
magnetizing current is reduced, the maximum chop current 
is also reduced. Dry-type transformers with low-impulse 
voltage rating are more vulnerable. Overvoltage protection 
can be provided with a short cable of 20-50 m, plus a surge 
capacitor or an R-C network, (a surge capacitor and a 
resistor) at the load terminals of the transformer. Figures 
27, 28 [ 1 2] i l lustrate effects of cable length and surge 
capacitors on the surge voltages seen at the transformer 
terminals. Table VII gives some recommendation 
guidelines on the use of surge protection for dry type and oil 
filled transformers [43]. 

..J ::>  < .:x z . 
- w  :::i (!) a: <  W I
I- _;  
6 o  < >  
O o  ..J z  :::t ::J :;) 0  :::i a: 
x C!l  < O  :::i t-

60 [a] ORY-TYPE TRANSFORMER 13 8 kV RATING 

50 
_ _.,.a 

----- Q 100 ft --<r"" __ ;;; 30 • � _ • ...t::r"'" _ _ _ _ -o �--13:, � _-a- - -
20 ..cr-.,.. 

O L_J-�--L--+--L-��--��� 
0 2 4 1 0  

TRANSFORMER MVA RATING 

Fig. 27: Effect of Cable Length on Maximum Load
Terminal to Ground Surge Voltage 

It has been usual to assume that no surges wil l be 
generated or expected when switch ing a loaded 
transformer [5]. However, power transformer fai lures have 
been known to result when an i nternal resonance produces 
an overvoltage sufficient to cause an i nsulation breakdown. 
The transformer windings have a compl icated internal 
structure that can be represented by a network of 
inductances and capacitances, which have natural resonant 
frequencies of oscillation. U nder some conditions, a 
resonance can be excited to produce damaging 
overvoltages. Mechanisms that can excite a resonance can 
include: 

1 .  

with a magnetizing current �1 % of the rated full-load 2. 

multiple reignitions of a switch ing devices that occur at 
a frequency that matches the resonant frequency , or 
large harmonic components present i n  the i�h 
current of the transformer that flows on  energizir,""�Je 
transformer 

current. On switching this current, a current chop is very 
l ikely to occur (see Section 3) which wil l trap energy 
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A means of suppressing a resonance is therefore required 
to provide protection in  such cases. R-C surge suppressors 
;an damp or el iminate such internal resonance in power 
transformers and thereby reduce the risk of resonance 
induced overvoltages within the winding of a load . 

..J >  
70 

<( .>L  z . - W  
� C)  a: <  
w 1-
1- _.J  
do -c >  
o o  _; Z  
� ::.:>  ::.:> 0  
� a:  - "  
x '  -c O  
;:;: I-

0 

Fig. 28: 

DRY· TYPE T R ANSFOR M E R  
1 3 8 I< V  R ATING 
CABLE L ENGTH 300 ft 

ZnO AT::::J
-

'
SURGE CAPACITORS AT 

T R A N S F O R M E R  T E R MINALS 

0 2 4 
T R ANSFORMER MVA R A T ING 

Comparison of the Effects of Surge 
Capacitors At the Transformer and ZnO 
Surge Suppressors At the Breaker 

1 (  

in Reducing the Maximum Load-Terminal 
to Ground Surge Voltage 

rrABLE Vlf:--�--�-�-�� ��� � Transformer Protection -j I 5�1J���':'rhry-ty� Trans��r����- · Oil Fil le-d�---1 · I Transformer 
Vacuum · Protection n=o7t n�e�co�e�s·�sa=ry�=+==;::P;;r,o�t:.;;;;ection not 

Contactors for transformer rated more necessary 
1 kV - 7.2kV than 400 kVA: for small 

class transformers use surge 
i----;-:-��·---t---·c;;.-r:_Pr�o=�te:..:c:..;:ti.::_o.�n ,-�---r-

Vacuum Surge protection 
Circuit necessary, unless the 

Breakers transformer is rated for 60 
5kV Class kV BIL 

Protection not 
necessary for 

transformers rated 
more than 

300 kVA: for 
small 

transformers use 
_____ -·,_--·--:-""':""·------;---.,--t--·s_u_�rg=e_,p"_ro-:-:te_c�t.i_o.n_ 

Vacuum Surge protection required, Protection 
Circuit unless the transformer is recommended 

Breakers rated for full BIL, e .g .  especially for 
1 0kV-40.5kV Circuit V BIL V transformers rated 

Class 1 DkV 75kV less than 3MVA, 
1 5kV 95kV however, 0.21-1F at 
24kV 1 25kV the load terminals 
36kV 1 70kV reduces maximum 
40.5kV 1 85kV transient voltage 

and number of 
restrikes 

---------�------�---------�-� 

An R-C suppressor consists of a resistor and capacitor in 
series; the capacitor is generally con nected on the ground 
side and the resistor on the l ine side. The resistor value is 
approximately 25 to 50 ohms, which is approximately the 
surge impedance of high voltage cables which are often 
used to connect to the load . The capacitor should have a 
voltage rating appropriate to the system voltage and a 
capacitance value as recommended for surge capacitors 
l isted in the IEEE Red Book [42]. These are: 

6.4 Virtual Chopping 

Virtual chopping only occurs in rare cases. It is strongly 
dependent u pon the circuit parameters, and, to a much 
lesser extent, the interrupter. Virtual  chopping is a 
phenomenon that can occur in a n  ungrounded, three phase 
circuit with any interrupter type (SF6, vacuum, oil, etc.) .  
Virtual chopping can occur if the first phase to clear 
experiences a reignition before phases two and three 
i nterrupt For example, if a reignition in one phase (say 
Phase A) causes a h igh-frequency current to flow which 
couples into the other two phases, virtual current chopping 
may occur. The circuit paths for the high-frequency current 
as shown in Fig. 29. The high-frequency current in phase 
A, ir, due to a reignition in Phase A flows to ground via the 
terminal-to-ground capacitance at the load. If the three
phase system is balanced, ir divides into two so that ir I 2 
enters phases 8 and C via the respective terminal-to
ground capacitance. The high-frequency current (ir I 2) in 
phases B and C is shown to be capacitively coupled back 
into phase A on the source side of the breaker. 

SOURCE BREAKER CABLE 

Fig. 29: Circuit Demonstrating How the High-Frequency 
Current Resulting From a Reignition in One 
Phase Couples Into the Other Two Phases to 
Produce the Conditions for Virtual Current 
Chopping 
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At the instant of reignition i n  phase A, which occurs 
some tens to hundreds of microseconds after the 
power frequency current zero, the power frequency 
current in phases B and C is approximately 0 .87 x the 
crest value of the power frequency current. If the 
magn itude of the high-frequency current in phases 8 
and C (h I 2) is greater than 0 .87 x the crest value of 
the power frequency current, the high-frequency current 
plus power frequency current add to zero: this appears 
to be a forced current-zero and the phenomenon is 
called virtual current chopping. 

The h igh-frequency currents ( iT I 2) in phases 8 and C 
are of the same polarity and equal in magnitude to each 
other, but are of opposite polarity to iT in phase A. 
Because the normal power frequency phase 
relationsh ips cause the power frequency currents in 
phases B and C to be of opposite polarities at the time 
of reignition in phase A, the forced current zeros are not 
time coincident. Also, the currents in phases B and C 
approach zero from different polarities, which means 
that the resulting transient voltages in phases 8 and C 
are of opposite polarities. Consequently , the surge 
overvoltage between phases 8 and C is twice the 
overvoltage from phase to ground on both phases, 
provided that the instantaneous voltages are 
significantly less than the virtual chop overvoltages. 

Compared with normal current chopping, the effective 
level from which the load current is forced to zero 
(virtually chopped) can be much higher, typically 
several hundred amperes instead of 3 or 4 A. 
However, the effective surge impedance of the load 
(several hundred ohms} is much lower than it would be 
in switching an unloaded transformer without protection 
(typically 1 0  to 30 kn) . The overal l  effect is to make 
the phase-to-ground overvoltage comparable with or 
larger than the overvoltage due to a normal current 
chop, but the important d ifference is that the surge 
overvoltage between phases B and C is approximately 
twice the overvoltage from phase-to-ground on these 
phases. 

If a circuit is susceptible to this phenomenon an R-C 
surge suppressor at the load terminals will prevent this 
event from occurring. 

7. CAPACITOR SWITCHING 

For distribution systems, switching capacitor banks is 
the most severe capacitive switch duty. Un li ke 
switching cables and overhead lines (see Section 7. 3}, 
switching capacitors is often a dai ly event, and 
sometimes occurs even more frequently. The reason 
for this is that capacitors are used to maintain the 
power factor in the distribution system when it is 
subjected to changing inductive loads. In some 

distribution circuits it is qu ite possible to have over 700 
switching operations a year. 

The VI has proven to be very effective for switching 
capacitor banks. Although capacitor switches 
specifically designed for capacitor switching have been 
developed that use VI's with W-Cu contact materials 
circuit breakers are also frequently required to perform 
this service. Fortunately, the Cu-Cr contact material 

Fig. 30: 
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now used in state-of-the-art VI's has excellent h igh
voltage properties and has shown an excellent abil ity to 
perform capacitor switching duty [44]. I n  the future, the 
combination of the VI with a magnetic actuator [45] 
operated separately on each pole will even make 
possible point on wave closing and opening. When this 
occurs the stresses that switching capacitors imposed 
upon the distribution system will be greatly reduced. 

7.1 Energizing a Capacitor Bank 

Single Capacitor Bank 

A schematic of a single capacitor is shown in Fig. 30. 
On closing the circuit there wil l be a large transient 
current given by [5]: 

l1 = (Vo l Z1 ) sin (J) 1 t  (7. 1 )  

where Z1 is the surge impedance of the circuit, equal to 
(LJC)%, (1) 1 is the angular natural frequency equal to 
(L5C)-%, and V0 is the voltage across the switch at the 
moment of energization. This current is usually much 
greater than the power-frequency current on which it is 
superimposed. For example, a capacitor bank rated 6 
MVAR at 1 3.8kV will have a rated current of about 
250A (rms), but c·an have a closing current of over 3kA. 
This high closing current stresses the whole electrical 
circuit, i .e .  the upstream transformer, the bus or cable 
and the electrical con nections. 

During the closing sequence, the VI wil l  have i nitiated 
the current flow a short time before the contacts 
actually touch. The reason for this is that as the 
contacts close there will be a time before they touch 
that the electric field across them is h igh enough to 
initiate a breakdown of the gap (a prestrike). The 
resulting short duration vacuum arc wil l al low current to 
flow in the circuit It is possible that this prestrike arc 
would melt the contact surfaces and in itiate tack
welding of the contacts once they touch. The 
mechanism for the VCB or vacuum capacitor switch is 
designed to break such welds. The resulting 
projections left on the contact surfaces after b reaking 
such welds are usually eroded away by the action of 
the arcing that occurs when open ing the interrupter. 

It  can be seen from Eq. 7. 1 that it would be extremely 
advantageous to close in on the circuit when V0 is close 
to zero ( i .e .  point on wave closing) .  Not only would the 
current 11 , be very small, but also the contacts would 
have to be practically touching before the field across 
them would be high enough to in itiate the prestrike arc. 
However, a truly effective point on wave closing switch 
would have to have independently operated poles. 

Back-to-Back Capacitor Banks 

I ncreasingly, utilities are using a number of capacitor 
banks in parallel ,  which are switched into a power 
system as the inductive load bui lds up. They are then 
switched out when the inductive load decl ines. Figure 
3 1  i l lustrates a back-to-back configuration. Here 
capacitor bank C1 is closed and then capacitor bank C2 
is closed while C1 is energized. In this situation the 
inrush current into C2 is almost totally supplied by the 
neighboring bank C1 because L5 » L0. In this case the 
inrush current is g iven by 

l2 = (V2 / Zz ) sin (J)zt (7 .2)  

where Z2 is  the surge impedance of the loop contain ing 
the two capacitor banks C1  and C2 and L0, and (1)2 is the 
angular natural frequency of this circuit In this case if 
C1 is at the peak voltage when C2 is connected to the 
circuit the maximum current wil l flow. Again if the 
capacitor banks are 6 MVAR at 1 3.8kV a current 
between 1 1 .5kA and 23kA can flow depending upon the 
in itial charge trapped on C2 and the value of the 
inductance between banks. Although the mechanical 
and electrical stress in th is case only affects the local 
capacitor circuit, it is wise to l imit this momentary high 
frequency current [46). Equation (7 .2)  also indicates 
that if C2 is switched in when V2 is close to zero, i .e .  
point-on-wave closing, then again 12 wi l l  have a low 
value. 

v, 
C, 

to the load 

L., s, ·-U-capacitor 
banks 

Fig. 31: Equivalent Circuit Diagram for Back to 
Back Capacitor Switching 

7.2 De-energizing Capacitor Banks 

Capacitor bank rated current is usual ly in the range of 
about 1 00A to 400A with the occasional large capacitor 
banks that can carry 2000A. I n  the current range up to 
and above 2000A the vacuum arc formed as the VI 
contacts part is in  the diffuse mode and easily interrupts 
the circuit at current zero. At current zero, however, the 
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peak circuit voltage Vp (see Fig. 30} is trapped on the 
capacitor as the current passes through zero. This 
voltage remains on the capacitor for as long as it takes 
for .the charge to bleed off through its internal discharge 
resistors. The voltage on the other side of the switch 
Va, follows the power frequency source voltage and the 
voltage impressed across the VI's contacts (V = v - v ) 
is given by: 

a p 

V = VP ( 1 - cos rot} (7 .3} 

�s seen in  Fig.  30. The recovery voltage thus begins to 
nse very slowly, but wil l rise to a maximum value of 
2Vp. Note that in three phase systems, Vp would be 
the phase to neutral voltage 

Vp = (V (system} x ;/2 ) I ;/3 

This value is usually designated as 1 PU.  The peak 
voltages seen when switching various 3 phase 
capacitive loads are: 

{a) 

(b) 

(C) 

(d) 

grounded banks or cables 
Vmax = 2 Vp 

cables with individual g rounded sheaths 
Vmax = 2 Vp 

cables with individual ungrounded sheaths or 
overhead l ines Vmax = 2.2 to 2.3 Vp 

ungrounded banks Vmax = 2.5 VP 

The field E across the contacts wil l be 

E = V/d = Vp ( 1 - cos mt)/d (7 .4) 

Where d is the contact gap. Now, if the contacts are 
opening with a velocity v, then 

E (t) = V P ( 1 - cos mt)/vt. 

The VI has been designed so that the maximum field 
Ep for a fully open  contact gap of d=do is below that 
required to initiate vacuum breakdown. Thus, to insure 
that reignition does not occur as the contacts open 

E (t) < Ep 

Fig. 32 shows an example of the development of E(t) 
for a range of contact-opening speeds. In this example, 
Ep. is 6 . 1 7kV/9.65 mm = 6.4 V/mm, so the opening 
speed should be greater than 1 . 3 m/s if the opening is 
in itiated just before current zero. 

Even with the 2Vp impressed across the VI, switching a 
capacitor bank is usually a straight forward operation. 
Figs. 33 and 34 show data for a VCB undergoing 38kV 
capacitor switching certification at the Laboratory and 
Research Center, Arnheim, The Netherlands (KEMA), 
with inrush currents up to 24kA. 

� ' i 
� "' 
"' "' 
: 
w 
?1 c "' 
;;3 

Peak AC Cin.uil 

Fig. 32: Effect of Opening Speed of a Vacuum 
Circuit Breaker on the Electric Field 
Across the Opening Contacts of a 
Vacuum Interrupter if the Contacts 
Begin to Part Close to Current Zero 

V so-urce -�i�it: 41 
., Hhr+:"-++- V cap side ¢. 

Fig. 33: Vacuum Circuit Breaker Switching Back-to 
Back, Capacitor Banks in a 38kV Circuit 

It has been increasingly recognized that when capacitor 
banks are switched a large number of times there is a 
finite probabi l ity of a restrike occurring during the life of 
the switching interrupter. This is true whether vacuum 
or SF6 interrupters are used. When this restrike occurs 
a high frequency current flows throug h  th� 
capacitor/switch circuit. If this current is interrupted at 
the first current zero it is possible for the voltage across 
the switch to increase from 2 to 3 per unit. This higher 
voltage can result in further restrikes and a further -" 

..
. voltage escalation [47]. Thus even though the ,_,.; 

mterrupter has a low probabil ity of restriking it is 
prudent to protect the capacitor bank with a voltage-
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Fig. 34: Recovery Voltage Across the Individual 
Vacuum Interrupters Switching Back-to 
Back, Capacitor Banks in a 38kV Circuit; 
The Initial, High Frequency Closing 
Current Being 24kA (Peak), see Fig. 33. 

l imiting to protect the capacitor bank with a voltage
l imiting device. It is interesting to n ote that using VI's 
specifically designed for capacitor switching with the 
WCu contact material, it is unl ikely that voltage 
escalation wi l l  occur even after a restrike event. The 
reason for this is that WC u h as very poor abil ity to 
switch power frequency currents much greater than 
2.5kA and also has a poor abil ity to interrupt high 
frequency currents much greater tha n  1 kA. So if a 
restrike does occur, the current wil l  continue flowing 
until it rings down to a low enough value for the WCu 
material to interrupt it. When this happens, the charg e  
left on t h e  capacitor bank w i l l  be low enough that 
voltage escalation is un likely. If, however, a vacuum 
circuit breaker is  used to switch capacitor banks, the 
CrCu contact material which has an outstanding abi l ity 
to interrupt high frequency, h ig h  currents, wil l  interrupt 
the high frequency restrike current. When this  occurs, 
voltage escalation may result. Care shou ld thus be 
used to protect capacitor banks when vacuum circuit 
breakers are used to switch them. 

7.3 Cable Switching and Line Dropping 

When disconnecting cables or overhead d istribution 
l ines, the appl ication considerations are similar to those 

previously discussed for switching capacitors. Although 
the current magnitudes are low, cables and l ines have 
appreciable capacitance and interruption of the circuit 
current will trap charge on the cable. This results in a 
similar, slowly rising recovery voltage appearing across 
the VI contacts of the VC B which ca n reach a peak 
value of: 

(a) cables with individual grounded sheaths 
Vmax = 2 Vp 

( b) cables with individual ungrounded sheaths or 
overhead l ines 

Vmax = 2.2 to 2 . 3  times Vp 

While other interrupting technologies have had d ifficulty 
with this d uty, VCB's have performed this function very 
successful ly for 30 years. 

It should be remembered when testing for this duty in  a 
certification laboratory, that whi le the cable or l ine looks 
s imilar to a capacitor, it is not a single lumped 
capacitor, but contains a d istributed capacitance. 
Figures 35 and 36 compare a circuit set up for testing a 
switch in a true capacitor and an equivalent circuit for 
testing a switch for cable switching or overhead l ine 
switching,  taking into account the d istributed capacitor 
component of the l ine and series surge impedance. 

Fig. 35: Cable Charging Current Breaking 
Test Circuit 

Fig. 36: Overhead Line Charging Current 
Breaking Test Circuit 
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8. CONCLUSIONS 

(a) Modern vacuum interrupters (VI 's) that use state-of
the-art vacu um processing techniques to ensure an 
hermtically-sealed, vacuum-tight construction for 
the life of the VI and that use the C u-Cr contact 
material are capable of prov iding maintenance-free 
operation for the full electrical life of the system. 

(b) Vacuum interrupters have been successfully used 
in circuit breakers and reclosers over the whole 
distribution voltage range through 40.5kV. 

(c) A state-of-the-art VI is capable of providing 
outstanding recloser performance far in excess of 
ANSI Standard C37.60. I n  fact, reclosers are now 
manufactured that will pe rform 300 fault operations 
with no maintenance, for use in applications where 
severe weather is frequent. 

(d) The VI provides the longest switching life over the 
widest operating range, i .e . ,  

From less than 1 kV to 40.5 kV, 
From less than 1 00A to more than 31 50A, 
From less than 6kA to 63kA faults, 
From power frequencies or 1 6  2/3 to1 00 Hz, 
With transient recovery (TRV) voltages having 

the a fastest rate of rise of recovery voltage, 
and for 

Resistive, capacitive and inductive load 
breaking 

(e) The VI provides a unique abil ity to q u ickly restore 
an open circuit condition even if an open vacuum 
circuit breaker or recloser experiences a voltage 
surge g reater than its design value, and the contact 
gap in the VI breaks down and allows current to 
flow, since the current will be interrupted at the next 
current zero. 

(f) The vacuum circuit breaker is used to reliably 
switch capacitor banks and motor circuits. I f  
necessary, specialty VI's can be used that have 
been developed to operate only as capacitor 
switches. Also, for motor switching, specific VI 's 
can provide low surge operation.  These vacuum 
interrupters can be  used in  h igh-voltage motor 
contactors or low-surge vacuum circuit breakers. 

(g) The fast TRV interrupting abil ity of the Cu-Cr 
contact material provides greatly enhanced 
transformer protection from secondary faults and 
overhead l ine protection from short-line faults. 

(h) The versatil ity of VI design will see its continued 
application to an even wider role in the control and 
protection of  distribution circuits. Present-day 
emerging examples are generator protection 
breakers and switches for electric trains. 
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