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ABSTRACT 
Inthis paperseveralmethods are describedfortheestimationofthepressureinsidevacuumin- 
tempters which have been in operation during many years. The methods are applicable with- 
out demounting the interrupters and use only electrical measuring techniques. According to 
these methods the vacuum circuit breakers are subjected to synthetic circuits, switch-off lim- 
itedcurrents,eitherlOAdcor30OAac. WiththelOAdcmethodtheheightofarcvoltagespikes 
are measured and represented in a histogram. The shape of the histogram is discriminative for 
pressuresbelowor above 10V2 Pa. Switching tests withcurrents of 200to400Aacininductive 
and capacitive circuits also showed different behavior for internal pressures below or above 
10-1 Pa. A three phase 200 A test device with a 10 kV recovey voltage, fed from a standard 
380 V supply, showed similar results. 

1 INTRODUCTION 
ACUUM circuit breakers have operated successfully in medium V voltage distribution networks for more than 25 years and their ap- 

plication is still increasing. Nowadays we notice that network owners 
start to worry about the vacuum condition and consequently about the 
switching capabilities of these vacuum circuit breaker (vCB) and want to 
have a simple, accurate, unambiguously discriminativemethod to check 
the vacuum condition of the VCB in service. 

In order to determine the internal pressure of vacuum tubes just after 
production, most manufacturers use the Penning or magnetronmethod. 
However, during service the internal pressure might increase for some 
unknown reasons. Network owners may deem it necessary to recheck 
the pressure within the vacuum tubes as a standard maintenance proce- 
dure, in order to ensure that they are still able to perform correctly when 
short circuit currents have to be interrupted. For VCB rated at 12 kV, the 
contact distance is -0.01 m. Considering the Paschen curve for this 
contact distance [l] it is found that the pressure of lo-' Pa is still in the 
leftHvbranchwithanignitionvoltage>40 kV. Thatiswhythispressure 
is generally considered to be sufficient for good performance. Above a 
pressureof-0.1 to 1 Pa theignitionvoltagedecreases dramatically. Bos 
[I] investigated 63 papers and patents fiding some 25 different meth- 
ods for in situ measurement of the internal pressure of vacuum circuit 
breakers: Methods based on Penning and magnetron effects [2-4] are 
considered impractical; dc field emission [5] is applicable above 0.01 Pa 

only; discharge noise detection [6,7] is applicable from Zxl0V3 Pa on; 
high frequency pre-discharge current measurement [6,7] is not unam- 
biguous; high frequency emission currents show too much scatter [6,7]; 
dc chopping current measurement [8,9] is insufficiently discriminative; 
dc arc life time [8,9] is not discriminative under 1 Pa; ignition voltage 
tests [5-7,9] indicate pressures above 1 Pa only and arc voltage measure- 
ment [5,8,10] is indicative above 50 Pa. In short: none of those meth- 
ods was considered to be practical and unambiguously discriminative 
for application on site. 

The aim of this paper is to investigate new methods that are discrimi- 
native, reliable and applicable in service. The following physical effects 
have been investigated [11,12] 

1. The behavior of the arc voltage (Kx) of a low current dc arc (10 A). The 
basic idea is that the low current arc generates only one cathode spot 
[13,14] and has to be re-ignited whenever a new cathode spot has to be 
formed. This produces a sudden increase in arc voltage. The presence 
of gas molecules in the volume which earlier might have been desorbed 
from the contact surfaces will facilitate the re-ignition of the arc at a new 
cathode spot. The more gas molecules are available, the lower the re- 
ignition arc voltage spike will be and the lower will be the mean arc volt- 
age. On the other hand, the number of voltage spikes above a certain 
value, say 30 V, will increase with decreasing pressure [U, 151. 

2. Re-ignition after interruption of inductive and capacitive currents of 200 
to 400 A [12,16]. 

3. Re-ignition of a three phase 200 A current with transient recovery voltage 
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(TRV) of 10 to 20 kV was developed. Also here re-ignition of the arc is 
expected to be a measure of the vacuum condition [12,16]. 

In the following Sections, the test circuits will be described and the 

2 ARCVOLTAGE 

The scheme of the test circuit is presented in Figure 1. The leads, 
connecting the test circuit to the 380 V busbar, contain capacitors C, 
(100 pF) for limiting the dc current to 9.7 A and inductors L, (3.7 mH) 
for protecting the rectifier diodes from inrush currents. C1 and C? 
(100 pF) are the smoothing capacitors of the three-phase rectifier bridge 
whereas capacitors CB and Ca (20nF) reduce the TRV on the VCB. Coils LI 
and Lz (90 mH) serve for the continuation of the direct current through 
the VCB, fed by the induced voltage -L d i ld t .  Therefore, the reso- 
nancefrequency of theTRVis 3.6 kHz, yielding dVTRV / d t  = 1 kV/ps. 
The direct current source voltage is VAB = 620 V, and the dc current 
is measured with a Hall-probe current transducer (CT). It should be no- 
ticed that the circuit is symmetrical to the neutral line N. The vacuum 
breaker used has copper-chromium contacts (CuCr 75/25) with a diam- 
eter of 40 mm and a contact gap of 10 mm. 

measuring results will be given. 

MEASUREMENTS 

FigJre 1 khrmz  oi rhr ioi :II~UII inr 1nw.itlgaiion di rhr arc wltage oi 
dc currciit, in  the rmgr ,ii I I A Cdmponenr value> ire g i w n  in rlir reit 

In order IO measure rhe voltage spikes accuratcly, a sampling time ,i 
50 n5 was i h e n  [ f ,  = 20 hlHz,. Thc vacuum chamber uf the \JCII is 
connected IO a Balms vacuum pump system, containing a lurbomulec- 
ular pump and needle v d w  iur f i h g  rhe inrerruptcr with atmospheric 
,iir in die mngr of 1 C to 1 I'a The pressure was measured with n ]'en- 
ning iuiiiiatinn gauge The ari volrdgc was analyed during 2 ins. 1 hv 
dc currcnr c~niinu+s to flow during -NJU ins afrer opening of the I cu. 
The idlowing time window was chosen 2 mj, starting 30 m, after ini- 
riatim of rhr arc. The results of these ineasurcmcnrs are repurred in the 
neit secrisn 

From Figurd 1 we 5ee that  rhe anodd .ind cathode voltages tu neutral 
are measured sep.irarely I he internal shield UI the \JCU is ar a floating 
potential. I'nr anode and cathddc voltages show the sdme shape and are 
sublracrcd, rrjulung in the arc voltage of Figure 2 11 is ckarly seen that 
>I30 V sultage >pikes often appear. 'These high peaks are neczssnry 10 

put ertra znergy in the reignition proces> of rlie cathode spot in order 
ta keep the current flowing. 

AsaresultofIliejett\~peaks,currenr;witha frequeiic)oiajOkHrare 
introduced in tlir loop \uJ.C&, cattubing dvershouts in  rhe arc volragc 
whi;h oscajimally lead to 1 y..: = 0 a, is  seen in rigtire 2. The damping 
reisrors RI respeaively R? (9001 arc InrroduteJ for adcquare aptriodic 
damping of rheiecurrents. Due to thedamping rcjislorj, rhearc voltage 
behwn +kes is stable at  -2r1 V. 

The arc voltage has been analyzed according to two different rou- 
tines. First the mean arc voltage was determined during the 2 ms win- 
dow and second the arc voltage peaks >30 V were counted and shown in 
histograms. It was found that the arcing time increases from ~ 2 7 5  ms 
at Pa to 1145 m for 1 Pa with a very large scatter. The arcing time 
itself is not discriminative for the pressure. 

1E-06 1E-05 1E-04 E-03 iE-02 1E-01 1EtOO lEtO1 

P (Pa) 
Figure 3. Mean value of arc voltage as a function of pressure (B) with 

indication of the scatter (A and ?),measured during 2,30 ms after arc ini- 
tiation. 

The measurements starting at 30 ms after contact separation during 
a 2 ms time window result in a mean arc voltage shown in Figure 3. The 
time window 30 to 32 ms is chosen to be sure that the contacts are in the 
end position (5 ms). The mean arc voltage for pressures from to 
lo-' Pa is nearly constant at a level of 19 + 2.5 V whereas there is a 
clear tendency of a smaller mean arc voltage for pressures > 10V2 Pa. 
Also the scatter is much smaller. On the other hand it should be kept 
in mind that the mean arc voltage in the pressure interval from 100 to 
lo5 Pa increases from 20 to 70 V [9], which means,that a mean arc volt- 
age of 20 V is not unambiguously indicative of a very low pressure. 
At high pressure however voltage spikes occur less frequently and are 
much smaller, which is seen on the histograms of voltage spikes (Fig- 
ure 4). 
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Figure 4. Histograms of arc voltage spikes >30 V, measured during 2, 
30 ms after initiation of the arc for Pa (top); lo-' Pa (center) and 
1 Pa (bottom). 

2.2 ARC VOLTAGE SPIKES 

From Figure 2 it is noticed that arc voltage peaks of -200 V appear. 
From the arc voltage recordings, histograms have been derived classi- 
fying the voltage spikes, according to their peak value, namely from 30 
to 300 V, with an interval of 3 V. The results are presented in Figure 4. 
For every pressure value, four measurements were performed. Figure 4 
shows two of them for pressure values of Z X ~ O - ~  (top], lo-' (center) 
and 1 Pa (bottom], respectively. It should be noted that there is little dif- 
ference between the histograms for 2 x 1 0 ~ ~  and lO-'Pa, whereas the 
histograms for 1 Pa are very different. At lo-' Pa spikes of 50 V and 
higher have hardly been found [ll]. A further analysis of the voltage 
spikes has been made by approximating theenvelopes of the histograms 
by an exponential curve with a least squares method 

n= Nexp -- (1) [ 71 
For low pressure to lo-' Pa] we find N = 750 and b = 

25 V and at high pressure (> lo-' Pa] we find N = 36 and b = 
16.6 V. This means that by comparison of these constants we can un- 
ambiguously distinguish between pressures above or below the critical 
pressure of Pa. 

3 INDUCTIVE CURRENT 
SWITCHING 

From the results obtained with the dc current method it might be ex- 
pected that higher currents could give a better discrimination in combi- 
nation with higher recovery voltages. In order to investigate this idea, 
an inductive current circuit fed by capacitors has been applied. The 
principle of such a circuit already has been used for current chopping 
measurements onMV switchgear [17]. The test circuit (Figure 5) consists 
of a capacitor (Ch) of 110 F, to be charged at 15 kV and an inductance 
(Lh] of 90 mH tuned to a 50 Hz discharge current of 400 A. 

Auxiliary 

Figure 5. Test circuit for inductive current switching. Component values 
are given in the text. 

In this circuit, after an arcing time of 9 ms, the test breaker interrupts 
the current normally at the first current zero. The frequency of the re- 
covery voltage is -12 kHz determined by the capacitor (Ct,, = 2 nF) 
parallel to the test breaker. The resistor (1OOOf2) determines the 
height and damping of the TRV. The peak of the TRV is 24 kV. The pres- 
sure in the vacuum chamber was set in steps of 0.1 Pa from 1 Pa down- 
wards. The critical pressure for re-ignition proved to be 0.3 Pa. 

4 CAPACITIVE CURRENT 
SWITCHING 

Another storage capacitor test scheme provides a capacitive current 
switchingcondition [18], Twocapacitors CI andC2 (each55 @] arecon- 
nected to a common inductance L (90 mH) giving a resonance frequency 
of 50 Hz (Figure 6 ) .  

c, 
Auxiliary 
Breaker 

Figure 6. Test circuit for capacitive current switching. Component val- 
ues are given in the text. 

The test vCB interrupts the current through C2 at current zero. The 
rest of the circuit continues to oscillate at  the higher frequency of 70 Hz 
[12]. The test object experiences a recovery voltage of the shape '1-cos' 
similar to the TRV after interruption of a capacitive current in an ac net- 
work. This situation is quite common in networks with floating neutral 
line, when a circuit breaker interrupts a fault current on an outgoing line 
or cable. The last pole to clear has to interrupt the capacitive ground 
fault current of that network. These currents mostly range from 30 to 
300 A. If one of the VCB poles has a bad vacuum, this situation may lead 
to multiple restrikes on that pole and to serious damage. A series of ex- 
periments has been performed with this capacitive circuit. The critical 
pressure for re-ignitions appears to be 0.2 Pa. In Figure 7 and 8 oscillo- 
grams without and with re-ignition are given. 
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Figure 7. Voltage vVco across and current I,,, through the contacts of 
a vacuum circuit breaker in the capacitive current switching scheme at a 
pressure <0.2 Pa. No re-ignitions were found. 
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Figure 8. Voltage Vvcs across and current lvcs through the contacts of 
a vacuum circuit breaker in the capacitive current switching scheme at a 
pressure >0.2 Pa. Five re-ignitions in the high frequency current can be ob- 
served. 

5 THREE PHASE TEST CIRCUIT 
Although the previously mentioned inductive and capacitive test cir- 

cuits have improved the detection limit to 0.2 Pa, the circuits are less 
practical due to the high weight of the storage capacitors. Another dis- 
advantage is that for a three phase circuit breaker the test has to be re- 
peated three times. For these reasons we haveinvestigated a three phase 
circuit, directly fed from the 380 V busbar (Figure 9, [17]). 

Figure 9. Three phase test circuit with synthetic TRV from loaded HV 
capacitor C. Component values are given in the text. 

The current is limited to 250 A by the inductances L1, L2 and L3 
(3.7 mH). The star point of the three VCB poles is connected to a 10 or 
20 kV voltage transformer with a series capacitor C (3.3 nF, 90 kV dc), 
giving a typical '1-cos' recovery voltage equivalent to the interruption 
of an applied capacitive current. Figure 10 shows typical oscillograms 
of a test where the pole in the T-phase has a vacuum pressure of 0.2 Pa 
and cannot withstand the recovery voltage. This appears from the fact 

that a spike is visible on the T-phase voltage (UT) at the moment of col- 
lapse of the star point voltage (USTP). The T-phase contained the VCB 
withcontrollable pressure from loV5 to 1 Pa. During there-ignition the 
T-phase conducts the discharge current of capacitor C which causes an 
induced voltage -L3 d i j d t  which is visible as the small voltage spike. 
Below a pressure of 0.2 Pa no re-ignitions were found. 

ter 

Figure 10. Star point voltage U s ~ p  and phase voltages UR, Us  and 
UT where a re-ignition occurs at t = 22 ma in the T-phase VCB which 
has a pressure >0.2 Pa. 

6 STANDARD TYPE TESTS 
In practice the condition of VCB is often checked by imposing a 

20 kV,,, voltage upon the open contacts during 1 min. It means that 
during the test, the peak value of the test voltage is 28 kV which is far 
below the ignition voltage of 40 kV found in the Paschen curve [l] for 
pressures < loV1 Pa. When no discharge is observed, the VCB is con- 
sidered to have a vacuum condition sufficiently good for operation. For 
comparison, this type test was also carried out with a constant test volt- 
age of 20 kV,,, and varying pressure in the vacuum chamber. It turned 
out that no discharges were observed until the pressure exceeded 2 Pa 
(see Figure 11) which means that in practice VCB will be accepted even 
if the pressure is above the critical value of lo-' Pa. It is also obvious 
that the methods for vacuum testing treated in this paper give better 
results than the one minute type test. 

7 CONCLUSIONS 
OUR diagnostic methods for testing the vacuum condition were F found that will perform better than the widely used standard type 

test applying a test voltage for 1 min. From the measurements it is clear 
that the arc voltage analysis at low dc currents (10 A) is a useful method 
toobtainagoodestimatefortheinternalpressureinavCB,especially to 
distinguish whether the pressure is below or above the critical value of 
loV2 Pa. First of all, the mean arc voltage during a 2 ms interval 30 ms 
after the initiation of the arc gives a first indication of the gas pressure, 
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28 kV 

1Ed4 1Ed3 1E-02 1E-01 lEtOO 1EiOl 

P (Pa) 
Figure 1 1. Breakdownperformanceof a 12 kVvcoatdifIerentpressures 

dur iuglmiuZl lkV test. Dischargesarefoundabove2Paonly, showing that 
this test is inadequate. 

in order to distinguish between Pa and a pressure >lo0 Pa. The 
number of arc voltage spikes > 30 V has to be determined addition- 
ally The resulting histogram is well discriminative for pressures below 
andabove thecriticalpressure. Inorder toimprove theselectivityof this 
method, the availability of test curves of the VCB, recorded as a type test 
by the manufacturer would be of great value. The equipment needed for 
measurements in site can be mounted on a hand carriage and the anal- 
ysis can be worked out automatically with a dedicated programs. 

Inductive or capacitive current tests with 200 to 400 A indicate pres- 
sures >0.2 Pa, if re-ignitions occur, The storage capacitors to be used can 
be cumbersome for application on site. 

A three phase test circuit with 200 A from a low voltage supply and 
recoveryvoltages of 10 to 20 kV from a synthetic circuit also can indicate 
pressures > 0.2 Pa by re-ignition and is somewhat easier to apply in 
field tests. 

Standard vacuum condition test methods, based on ac or dc test volt- 
ages, have a low-pressure detection limit of 1 Pa. Test voltages above 
the permitted IEC values are not recommended in order to avoid over- 
stress of the dielectric structures and other components near the circuit 
breaker. The vacuum diagnostic methods described in this paper are 
all obviously superior to the 1 min type test method. This test method 
shouldbe dissuaded. Thevoltage spikes histograms method has proved 
to be superior to all methods investigated. 
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