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EFFECT OF RATE OF VOLTAGE RISE

ON REVERSE BREAKDOWN OF SILICON DIODES

François Martzloff

François Martzloff

General Electric Company

Schenectady NY

I.  INTRODUCTION

Failure by reverse voltage transients in silicon rectifiers is believed to be caused by the breakdown of the junction surface.  If this is true, we could expect their breakdown to show some of the characteristics of other insulation breakdown phenomena.  In particular, there would be a rising volt-time characteristic, i.e., breakdown occurring at increasing voltage within a decreasing time as the rate of voltage rise increases.

Some surge suppressors, gaps, for instance, also exhibit a rising volt-time characteristic; this is to be expected as the suppressing action is obtained by breaking down the gas in the gap and releasing the energy in the resulting arc or in a series resistance.  For this reason, gaps or other devices with rising volt-time characteristics are considered unsuitable for the protection of semiconductors against fast transients.

However, if the breakdown of the semiconductor junction surface also has a rising characteristic, protection is extended toward shorter transients, as shown in Figure 1. If on the other hand, the breakdown characteristic were flat, or worse, decrease (such as in the case of forward "dv/dt firing" of multi-junction devices), this would be a major restriction in the use of protectors with a rising volt time characteristic.

In order to show whether or not such a rising characteristic exists for silicon rectifiers, two diode types, one with a diffused junction (1N679) and one with an alloyed junction (4JA4) were subjected to reverse voltage impulse, with increasing rate of voltage rise.
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II.  TEST CIRCUIT AND PROCEDURE

A capacitor discharge surge generator was used to subject the diodes to an impulse voltage with controlled rate of voltage rise, and a long "tail".  The impulse generator circuit is shown in Figure 2. The rate of voltage rise can be controlled by two factors: time to crest and crest voltage of the impulse wave.  However, if failure occurs on the front of the wave, either or both factors can be varied to achieve the desired slope of the front of the wave.

The diodes were subjected to the impulse at room temperature, with no other current flowing in the junction and no other voltage applied across the junction prior to or during the impulse application.

The voltage across the diode was measured directly across the diode with a 551 Tektronix oscilloscope and P6913 high voltage probe.  Oscillograms were taken for each shot, involving (48) 1N679 diodes and (32)  4JA4 diodes.

The 1N679 diodes were specially selected by the Rectifier Components Department for uniform PIV rating (400 volts) and were obtained from one manufacturing lot. The 4JA4 diodes were also specially selected, for two uniform PIV ratings (200 and 600 volts) and were obtained from two manufacturing lots.

Typical oscillograms of the failure at various points are repro​duced in Figures 4 and 5 at the end of the report, respectively for the 1N679 diode and the 4JA4 diode.  These oscillograms show the sharp chopping of the voltage occurring during the rising portion of the wave, with one exception at 700 V/(s where the failure occurred on the tail.
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III.  TEST RESULTS

The complete test data are tabulated in the appendix. 

[See pdf file] 

IV.  DISCUSSION OF THE RESULTS


Both diodes exhibit a rising characteristic (Figure 3),  however, it rises very slowly until the time to breakdown decreases beyond 0.3 (s.  This means that only extremely short spikes applied to diodes can reach a higher level without causing the breakdown of the diode.

When compared to the volt-time characteristic of typical gaps (Figure 3), however, it seems that the upturn of the characteristic occurs in the same time range, i.e. 0.5 (s.  Therefore, there is a good possibility that gaps can be applied to the protection of rectifiers.  Of course, this should not be a conclusion to be applied without the knowledge of both characteristics, gap and diode, if a specific diode is to be protected by a specific gap.

On the other hand, the results obtained with two different PIV ratings on the 4JA4 diode do not show strong statistical evidence that the 600 volt diode can withstand higher transient over-voltage than the 200 volt diode.  At most, the gain is in the order of 8% for a three-fold increase in PIV.

There is no evidence of difference between manufacturing lots on the 4 JA4 diode.

V.  CONCLUSIONS

1.
The failure level of both diodes does indeed increase when the rate of voltage rise increases.  However, this increase is only significant for spikes of less than 0.1 us duration.

2.
 When surge suppressors are applied, the fact that they have a rising volt-time characteristic is not irrevocably objectionable since the diodes also have a rising characteristic.  However, only careful matching of the characteristics would provide safe protection in specific applications.

3.
 For the alloyed junction diode, 4JA4, there is little evidence of increased surge withstand capability with increased PIV rating.
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LOW COST SURGE COUNTER

François Martzloff

General Electric Company

Schenectady NY

f.martzloff@ieee.org
 
SUMMARY

The purpose of this report is to review the development of a low cost surge counter and to provide operating theory-and instructions for their usage.  This counter was specifically developed for detecting transient over-voltages on 115 volt AC power systems.

A DIAC-type device provides the threshold function to turn on a Silicon controlled switch, discharging an energy storage capacitor into the solenoid of an electro​mechanical counter.


Ninety of these have been built for distribution among sponsors of the Transient Overvoltage Pooled Program and will be installed in residences across the country.  The results of this broad base statistical investigation will be compiled and serve to give a rough indication of the magnitude of the problem to be expected for transient-sensitive circuits.

1.  Introduction


Transient overvoltages on low voltage circuits have been recorded since 1962 with automatic recording oscilloscopes, under a program sponsored by a number of Departments.  The most comprehensive data available in this field has been reported in TIS 63GL144, listing 30 locations where such recordings were made.
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However, the selection of these locations was rather arbitrary, either these were homes or businesses in the Schenectady area where permission to install a recorder was obtained, or they were areas where equipment failures occurred and were brought to our attention so that a recorded could then be installed.  In both cases, this selection is far from the statistician's ideal.  In an attempt to cover a broader base for the locations of the homes where recordings should be made, the sponsors of the program agreed to underwrite the development of a low-cost recorder which could be readily installed in the homes of the engineers of those departments, and thus provide this broader base for a more valid estimate of the transient's frequency of occurrence.


The purpose of this survey could be accomplished if two or three levels of surges were investigated, in the range where semiconductor failures are most likely to occur.  It would also be desirable to design the recorders so that they may trigger at different levels and operate at other than 115 AC supply voltages.
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2.  Initial Approaches

Some very simple ideas towards meeting the basic requirement of at least a one-shot surge recorder included various schemes.  For instance, the failure of a diode can be used as a calibrated voltage sensor, or turning on the AC power by a surge-triggered DIAC-type device into a fuse which would then blow, or blowing a fuse by the reverse current in controlled avalanche diode, etc.

2.1  One-shot diode recorder

The one-shot diode circuit would only have required two back-to-back diodes and a fuse.  Tests have shown that the failure of the IN679, for instance, under reverse transient voltage is very consistent, so that this failure level could be used as threshold.  Following failure of one diode, in a first approach the second diode would have failed on excess forward current, causing the fuse to blow (see sketch).    In a second approach, the high forward current in the remaining diode would then cause the fuse to blow first.  In the second case, examination of which diode had failed would indicate the polarity of the surge.  In each case, a neon lamp across the fuse would have indicated the failure, i.e. the occurrence of a surge exceeding the threshold level.  Resetting of the indicator would then require one or two diodes to be replaced, in addition to the fuse.


The advantage of this is the low initial cost (under $2) offset, however, by the replacement costs for each resetting (about $0.75).  The other disadvantage is the need to examine the diode for polarity discrimination, and the limited number of threshold levels existing in available diodes.
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2.2  Controlled avalanche diode recorder
In this circuit, the high current following diode failure would be replaced by the avalanche current above the knee of the diode characteristic.  Again, two diodes would be mounted back-to-back with a fuse in series and with a neon lamp in parallel to indicate a blown fuse.  However, the energy available during avalanche is likely to be small and too sensitive a fuse might be required.  Furthermore, the leakage current in the diode might not be sufficient to fire the indicating neon lamp across the blown fuse.

2.3  DIAC-type recorder

A slight modification of the controlled avalanche diode appeared possible, by using a DIAC-type switch, which would be turned on by a surge above the threshold of the device, while the follow-current from the AC line would then supply the necessary energy to blow the fuse.  Resetting would then only require a fuse replacement.

However, the unavailability of DIACs (or SSS switches) with a high threshold required the use of a voltage divider in order to trigger at surge voltages above 300 volts, which is the case here.  It then became difficult to provide a divider with sufficiently high impedance to avoid loading the circuit under test and still with low enough impedance to provide holding current during the remaining part of the 60 cps half wave following the surge.

Furthermore, it was also found that turn-off of this device occurred very fast, so that if the surge was a damped oscillation, the switch could be turned on by the first loop, but promptly turned-off as the surge oscillated into the next loop of reverse polarity with insufficient amplitude to turn it on.  Thus, the 60 cps follow current could not occur.
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After reviewing and trying some of these three approaches, it became apparent that some latching had to be provided by some form of stored energy, with the surge supplying only the trigger pulse.  As soon as the concession was made, against the initial concept of minimum circuitry, to provide stored energy, it seemed that using this stored energy to drive a counter would produce more interesting results than just to blow a one-shot fuse.  This led to the development of the recorder described in the following section.

3.  Counter output Recorder


The device shown on the opposite page was developed as the result of the experimentation and considerations discussed above.  It is capable of triggering for surges as short as 0.5 (s in excess of the design threshold level, for one polarity.  The threshold level is determined by the combined parameters of an input attenuator and SSS switch.  Reverse polarity is recorded by reversing the connection, i.e., the plug in the outlet.


In contrast with available commercial recorders which generally use a coaxial input lead, with attenuators sometimes built in the probe, this recorder is connected to the circuit to be measured by a standard appliance cord.  This provides an easy method of connection, with the added feature that the recording takes place at the end of 6 feet of lamp cord, where an appliance would normally be connected.  Fast surges (less than 0.1 (s rise time) would obviously be distorted by such a crude connection, but this is not the point here where the expected surges will have 0.5 (s rise time or more, as demonstrated by a number of oscilloscope recordings.


The threshold level is stable within ±10% of the nominal value for a temperature variation of ( 25% ( C, which is more than what can be found between hot attics or cold basements.
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The level of each individual unit has also been set within 10% of nominal value by matching the SSS switch with the input divider ratio.


Two levels were selected for the threshold:  1200 volts, corresponding to a value where, for instance, low cost appliance half-wave rectifier circuits feeding a capacitor or a battery will begin to fail; the other level is 2000 volts, where most half-wave rectifier circuits will not survive, and where appliances with an input transformer may start failing.  Thus, the results of the survey will yield statistics at these two levels.

3.1   Principle of operation

An incoming positive surge is attenuated in the R1-C1/R2-C2 divider. If the voltage across R2-C2 exceeds the turn-on voltage of the DIAC-type SSS, this voltage is applied through the divider R3R4C3 to the gate of the SCS.  Excessive gate current is prevented by this R3R4C3 network, while the diode D, protects the gate against negative pulses.  C3 also helps to reduce firing of the SCS by spurious noise and attenuates the signal leaking through the junction capacitance of the SCS at levels below the threshold.


With the SCS turned on by the gate signal, the capacitor C4 will discharge through the coil of the counter which indexes for one count.  The anode gate resistor R7 stabilizes the turn-on of the SCS and prevents any possible rate effect.  With the 60 cps supply to the rectifier, the latter is not very likely; a resistor in the anode circuit would further reduce the possibility of rate effect, but was found unnecessary in this case. 
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The capacitor C4 is charged to a fraction of the line voltage through the divider R5-R6 and the diode D2.  The diode D2 is a selenium rectifier in order to withstand the incoming negative surges which are implicitly expected in this application, and which would promptly cause failure of an unprotected silicon diode in this half-wave circuit.  The values of the divider R5-R4 are high in order to reduce the follow-current through R5, D2, S and SCS below the holding current of the SCS.  The gate resistance R4 contributes to making this holding current relatively high so that the resistance R5 is held low enough to allow recharging the capacitor in a reasonable time.


The input attenuator is enclosed in a shield in order to eliminate the variable stray capacitances that would affect the divider ratio.  The gate circuit of the SCS and the SCS are enclosed in the same shield in order to eliminate noise radiation into the gate circuit.

3.2   Limitations

The threshold is obviously fixed for a given unit.  It could just as obviously have been possible to provide an attenuator with several levels and a selector switch.  However, it was decided to limit each unit to a single level in order to avoid possible confusion in the records on the position of the selector, as well as to avoid bringing a metal shaft out of the insulating box and out of the attenuator shield.


The recorder triggers on one polarity only, reducing in half the number of random surges likely to be recorded in a given period.  On the other hand, this allows discrimination, where desirable, of the surge polarity.  If it is necessary to record both polarities at the same time, two recorders with the plugs reversed (the plugs are marked) can be used.  The resetting time of the recorder is determined by the charging cycle of the energy storage capacitor.  We saw why this had to be long.  However, this is no problem in the case of the erratic surges that are expected to be recorded in homes.  
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On the other hand, it is conceivable that if the recorder were connected to a circuit where surges would occur at the rate of several per minute, the SCS would be continuously triggered, so that the capacitor would never reach a sufficient charge to actuate the counter.

4.  Recording Procedure

Previous recordings performed with oscilloscope-camera combinations have shown that one week is more than sufficient to determine the pattern of household switching surge occurrence.  On the other hand, surges due to power system switching and lightning are quite erratic, but tend to involve all the homes in the area.


Therefore, the following procedure is suggested: a 1200 volt recorder should be installed in a selected home, and left for one week.  Enter start and finish date and counter readings at these dates, and install the recorder in the next available home.  From previous oscilloscope recordings, we would expect about a 70% probability that very few or no surges will be indicated, in which case there is no point in installing the 2000 volt recorder.  In those homes where the 1200 recorder will have indicated surges, the 2000 volt recorder should be installed next in order to determine the number of the surges in excess of 1200 volts which even exceed 2000 volts.  Of course, the two recorders could be installed simultaneously at the same location, but this would require two units.  With a split of 3 units at 1200 volts and 1 at 2000 volts, more of those 70% locations where little surge activity is to be found can be covered in a given period of time.  
As soon as the peel-off data sheet secured to the recorder is filled, (see opposite page), it should be returned to ATL for compilation of the statistics.  Spare sheets have been provided with each counter.
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Semiconductor Performance under
 Reverse Transient Overvoltages

François Martzloff

General Electric Company

Schenectady NY

Introduction


The behaviour of semiconductors under reverse transient overvoltages, and especially their failure levels, has been investigated during the two previous years under the Transient Overvoltage Pooled Program.


One of the most interesting conclusions reached after testing several types of devices was that the PIV rating of the device was not a significant indication of the withstand capability of this device beyond its rating.  In other words, an increased PIV was not a guarantee of a higher transient withstand capability.  With hindsight, this may now appear obvious; however, questions were still raised on the general validity of this conclusion.


Therefore, the test program reported here was undertaken for the purpose of verifying this lack of correlation on a greater number of types, and also to investigate if it would remain valid after ageing, such as that produced by high temperature storage.
Test results and discussion
1. The PIV rating or the voltage class of an avalanche device does not offer a valid indication on the transient withstand capability beyond the rating.

2. This conclusion is likely to be valid for all semiconductors under the present system of ratings, and is not affected by factors such as ageing and temperature.
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[ See pdf file for even-numbered pages that contain oscillograms and schematics]
Tests on 4JA10 Rectifiers

Summary of Tests

Test Samples:  200 volts and 400 volts PIV units, aged and unaged

Tests:
Reverse transient with no bias, to failure

Results:
Neither PIV nor ageing significantly affect the failure level

Reverse semicon Page 3

Reverse semicon Page 5

1. Purpose of the Tests


Limited tests (63GL133) on new samples of these diodes had shown that the "TIV" did not seem related to the "PIV" of the diode.  Therefore, a larger group of samples were obtained in order to conduct a planned experiment to show the effect of the PIV rating on new as well as on aged samples. 

2. Test Specimens


Four groups of A10 rectifiers were obtained from the Rectifier Components Department.  First, two groups were obtained by precise voltage grading, 200 and 400 volts PIV.  Then, half of each group was aged by storage at 200oC for 1000 hours (with little effect on the characteristics), followed by 500 hours at 225oC which produced a significant shift of the characteristic as tested on the production line.  In-this manner, a direct comparison-is possible between aged and unaged devices of the same voltage class, as well as comparisons between voltage classes, aged or unaged.

3. Test Procedure


The reverse voltage pulse was supplied by a square pulse generator consisting .of a coaxial cable discharged into a resistance equal to its surge impedance (see sketch).  Since the high voltage probe for measuring the voltage across the diode .could not withstand the oven temperature, it was connected immediately outside of the oven., at the selector switch.  However, comparison of the voltages there and directly across the diode (with a cold oven) showed no significant difference. .The RC network at the thyratron was added to minimize the overshoot on the front of the square pulse due to the-necessary cable length between the thyratron and the oven.


This diode does not exhibit any reverse avalanche  phenomenon  under  reverse voltage.  The voltage of the applied wave was raised after each pulse application by steps of 100 volts, and the voltage at which failure occurred recorded.
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Tests were made with 250C and 150oC ambient on the four groups, and the results are tabulated below.  Failure was on the surface of the junction.


Testing the eight averages of these test groups against each other, or grouping for instance all 400 volts units on one band and all 200 volts units on the other hand or all aged versus all unaged show that the differences are significant at the 5% level and generally at the 2% level.


Nevertheless, the differences in the averages are small. I have no explanation to suggest for the increase in withstand voltage when the test temperature is increased from 25 oC to 150  o  C. In order to show a possible effect, 2 of each group of diodes were baked for 30 minutes at 150oC (approximately the time required to insure stabilization of the oven and junction temperatures), then brought back to 25oC and tested.  The failure levels for each group was not significantly different from the level found at 25oC without prior heating.
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Comments from the Rectifier Components Department suggest that this may be due to higher bulk leakage and avalanche, although contrary to steady-state surface quality-temperature relationships which they have observed.

Another way to present the results of these tests is to express the averages in percent of each other.  This yields the following comparisons:

[See pdf file]
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Summary

1. Increasing the PIV from 200 V to 400 V increases the withstand level by no more than 47%, aged or unaged, at 25 or 1500C ambient.

2. Ageing by storage at 225oC for 500 hours decreases the withstand level by no more than 6% 25 or 150oC, 200 volts or 400 volts.

3. The withstand level at 150oC ambient is 170% of the level at 25oC ambient, 200 volts or 400 volts, aged or unaged.
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Tests on C20 SCR's

Summary of Tests

Test Samples:
100 and 400 volts PIV, aged and unaged.

Tests:

Reverse transient with and without bias.

Results:
The device-exhibits avalanche characteristics but fails at the surface.  Neither PIV, ageing or bias affect the failure level.
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1. Purpose of the Tests


Following earier tests (TIS 63GLI44) on this device, it appeared worth-while to also investigate for this device the possible effect of ageing.  In addition, no tests had been performed on the SCR during conduction; in view of the substantial reduction of the withstand capabilities when conducting observed on some diodes,1 this also seemed to warrant investigation.

2. Test Specimen

Four groups of C20 SCRs were supplied by the Rectifier Components Department. First,, two groups were-obtained by precise voltage grading, C20A and C20D.  Then, half of each group of A's and D's were "aged" by storage at 2000C for one week, in order to produce a significant shift in the device characteristics as tested at the production line.  In this manner, a direct comparison is possible between aged and unaged devices of the same voltage class, as well as comparison between voltage classes, aged or unaged.

3. No-Load Tests


A first test series was performed by applying reverse voltage pulses to the SCR without any steady-state voltage or current.



The pulse was delivered from a square pulse generator consisting of a coaxial cable discharged into a resistance equal to its surge impedance (see sketch)..


In contrast to the capacitor discharge test wave used previously 4 this delivers a pulse with a flat top following a finite rise time instead of the exponential decay in the tail of the capacitor discharge.  At voltages close to the anticipated 4  knee of the reverse characteristic (which earlier tests indicated) this should cause a more constant current flow  holding the -voltage at one point of the curve.


First, single pulses were applied, with increasing voltage amplitude., until failure of the device was observed, as shown by a "chop" of the voltage wave.
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With this test procedure, the onset of avalanche is quite apparent as the voltage recorded across the device stops increasing from shot to shot while the generator voltage is still increased.  This approach normally produces the failure level corresponding to the minimum voltage and maximum time to failure.


A second test procedure consisted in pre-setting the output of the pulse generator at values above the minimum determined in the first series.  Presumably, this could produce failures at higher levels corresponding to shorter times to failure.


Both-of these test methods were applied on all four groups of test pieces.  Furthermore two series of tests were made with a 25oC ambient and a 100oC ambient.



The failure level and time to failure are tabulated below.  Typical test waves are also shown in the test oscillograms, corresponding to a preset voltage of 1600 volts, a duration of 6 (s, and a rise time of 0.1 (s on all oscillograms shown.

4. No-Load Test Results

[See pdf file]
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5. Discussion of the Results


The avalanche effect in the SCR, although neither deliberate nor advertised as such is effective in clamping the voltage appearing across the device and will reduce the risk of flashover, or breakdown of the surface.  However., it is apparent that the time to failure,, at the voltage corresponding to the avalanche can be quite short. Thus, the effectiveness of this avalanche is rather limited.  On the other hand, it makes it rather difficult to select a quantitative criterion of the ability of the SCR to withstand reverse transients in the failure range.


In order to investigate the possibility that the very short time to failure observed or some samples could be the result of a different breakdown mechanism, six cells were carefully examined by RCD.  These units are marked (*) in the test result table, and were selected in each of three groups to include a 0.1 (s time to failure and a time to failure over 4 (s  However, no correlation was found between the time to breakdown and the type, degree or location of the failure.  All were due to surface arcing.


Inspection of the test results reveals some significant points.

1.  The increasing pulse approach produces the-longest time to failure, with voltages somewhat lower than the preset pulse approach.

· This is not surprising as this method, although bringing the device into the avalanche state., does it with the minimum current.  This means that the voltage is somewhat lower on the Zener characteristic than it would be for the higher preset condition.  Thus., breakdown of the surface dielectric corresponds to the right part of its volt-time characteristic.

· This is shown in the sketch on the opposite page.  A hypothetical curve for the breakdown of the surface insulation and a zener curve for the reverse avalanche are drawn.  
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· Consider two currents I p and Ii, respectively for preset and increasing pulse methods, producing the corresponding avalanche voltages VP and Vi . These voltages will in turn cause breakdown at the times tp and ti, with ti longer for the lower Ii than tp for the higher Ip .

· As a result of this, low voltage preset pulses of short duration  may not cause failure of the device.

2.  There is no significant difference in the time to breakdown observed here for the A's or D's or for the aged or unaged SCRs.  Even if there were., as reported in 63GL144, the practical value of this difference would be cancelled by the fact that short time failure (0.1 (s) can and does happen in any group, so that the average time to breakdown is meaningless.

3.  The avalanche voltages observed at 100oC tend to be higher than those at 25oC (not on the same devices).  This is due to the fact that the thermal vibration of the semiconductor lattice increases with temperature and acts as a brake on the carriers, so that a higher accelerating field, i.e., the avalanche voltage, is required to maintain the avalanche state.

4.  Increasing the preset voltage value tends to shorten the time to failure., which means that as the corresponding point climbs on the zener characteristic to slowly increase the avalanche voltage, the failure point of the surface dielectric moves towards the left on its ascending volt-time characteristic.

6. Conclusions From No Load Tests


For reverse transients such that the avalanche voltage of the device can be reached or even exceeded,, there is very little if any difference in the performance of the four groups of SCRs.  Specifically, this means that the PRV rating of these ,devices does not reflect a difference in the ability to withstand surges beyond their ratings, and that this conclusion is not affected by ageing of the device.
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7.  Tests With Steady-State 60 cps Voltage Applied

Earlier tests have shown the substantial reduction of the with-stand capabilities of diodes when the reverse transient is applied during conduction.  Similar results are also reported by Chowdhuri. 5
7.1  Tests with Capacitor Discharge


In order to apply this type of transient to the SCR, the test circuit sketched on the opposite page was first used.  It is similar to the circuit suggested in AIEE standard #59 for the measurement of reverse recovery 8  A steady-state 60 cps voltage is applied across the SCR, which is turned on soon after the start of the forward voltage when the gate is fired from the 100-10 K divider.  A capacitor charged by a DC supply is discharged into the combination of the output capacitor., resistor and test piece, when the thyratron is turned on by a synchronous firing circuit.  Forward current is limited by the 100 ohm resistor, and the pulse is blocked from the 60 cps supply by the 0.3 mH choke.


The first oscillogram shows timing of the reverse transient to coincide with the peak of the forward current (the trace brightener of a Tektronix 535 was used to record the otherwise invisible spike at this slow sweep rate, even with repetitive shots). 


The second oscillogram shows at a high sweep rate the applied reverse voltage transient and the resulting reverse current in the SCR, with forward current resuming as soon as the reverse transient has vanished.


In these two oscillograms the voltage amplitude was held below the avalanche region, so that negligible current flows after the initial reverse recovery period.  
The effect of timing on the device behaviour is illustrated by the oscillograms on the next page.  There were all recorded with a voltage output of the surge generator sufficient to drive the SCR into avalanche.
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Oscillograms 1, 2, 3, 5 corresponding to surge application at various times but not during forward conduction all exhibit the same general appearance.  The voltage trace starts above, at, or below zero depending upon the value of the 60 cps voltage applied at the time of the impulse, but the current is not significantly affected.  The apparent oscillations of the current and voltage traces are most likely due to the combination of natural frequencies in the circuit with the swinging of the current and voltage on the Zener characteristic.


Oscillogram 4 corresponds to impulse application at the peak of forward current (condition shown on previous page, note the current trace starting above zero).  It differs significantly in that the initial current rise is steeper, the current is larger and the large oscillations absent.  The Zener effect is quite apparent between 1 and 4 (s where the current changes 2:1 with only a 10% change in voltage.


These oscillograms show that while there is a difference in the response of the device., the ultimate performance under transient conditions within the limitation of rise times longer than 0.1 (s, will still exhibit the voltage clamping effect of the avalanche characteristics of the device.


In order to illustrate further the initial response of the device, the three oscillograms on the next page were recorded during conduction, below, at the start, and well after the start of the avalanche.
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Oscillogram 1, with only  500  volts,  shows  a  current  flowing  during the voltage rise, with a peak at 15 amperes, corresponding to the "charging" current of the junction capacitance, which is due mostly to minority carrier storage.


Oscillogram 2, at the onset of the avalanche above 1000 volts shows the same initial current with a peak at 38 amperes followed by the avalanche current.


Oscillogram 3, well above the start of the avalanche, shows the initial charging current soon swamped out by the avalanche current which reaches 80 amperes for 1300 volts.  Note that this voltage is significantly higher than those reported as causing failure in the no-load tests.  There are probably two reasons for this: one is the higher steady-state junction temperature due to the flow of forward current (the test was made with 25oC ambient but after steady-state current flowed for several minutes).  For this particular specimen, the volt time characteristic of the junction insulation surface was then such that no breakdown would occur for this short pulse duration.  Raising the generator voltage effectively increases the time for which the SCR is held in the avalanche state as the portion of the exponential decay above 1000 volts will then increase.  This increased duration above 1000 volts then makes possible for a number of devices to fail by breakdown of the surface, as shown by the failure voltages and times tabulated below. [See pdf file]
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7.2  Tests with Square Pulse Generator


In order to eliminate the effect of the decaying waveshape obtained from the capacitor discharge circuit. a few more samples were subjected to the same type of test., i.e. impulse during forward conduction, but the impulse was delivered from the cable discharge generator.  The test circuit is shown on the opposite page.  The only difference from the capacitor discharge test is that a cable is used in a manner similar to no-load tests described in section 3.


The oscillograms on the opposite page, as well as others in this report, exhibit some minor oscillations at the start of the traces, between time zero and 0.1 (s.  These are more likely to be caused by measurement problems than by device phenomena, so that the reader should be cautioned against attempting to draw conclusions from these initial oscillations.  Several examples of these spurious signals are discussed in the appendix.


Oscillogram 1 shows the output of the test circuit with no test piece connected'. while oscillograms 2 and 3 correspond to the same setting, with the test piece connected.  Oscillogram 2 was recorded with no forward current in the SCR while oscillogram 3 was recorded with forward current.  Compared to the unloaded output, the rise time of the voltage appearing across the SCR with forward current is substantially longer, as the result of the larger junction capacitance.  The initial overshoot of the generator output is also removed by the loading effect of the test sample, which results from this minority carrier storage due to the forward current.


Oscillogram 4 shows, with a slower sweep rate, a typical failure oscillogram.
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Test results with this procedure on the four groups  of  C20  SCRs  are tabulated below:

[See pdf file]

7.3  Discussion of the tests with
 forward current and comparison with no-load tests


The immediate effect of the forward current is to increase the effective junction capacitance due to minority carrier storage, compared to the lower diffusion or barrier capacitance existing when there is no forward current.


The consequence of this capacitance is that the rise time of the voltage is increased so that the avalanche effect can take place without the overshoot in voltage which was observed in the no-load tests, and which sometimes caused flashover of the device before the voltage clamping effect could take place.


Therefore., the flow of a forward current at the time of the reverse transient application seems to reduce the risk of early-flashover.  The device behaviour is then controlled exclusively by the avalanche voltage and the dielectric capability of the anode junction surface.


The avalanche voltage of this device, as previously stated, is not deliberately controlled so that sample variations may be expected.  Furthermore, this voltage will depend on the junction temperature so that the test values of the avalanche voltage with forward current reported here, i.e., with junction at about 80oC can be expected to be somewhat higher than the values with no load.
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Failure of the device is caused by surface flashover.  This flashover voltage should exhibit for one sample the typical volt-time characteristic of insulation breakdown, for which of course only one point per sample be obtained here since each flashover is destructive.  However., considering all the samples, there is a trend towards shorter time to flashover with increasing avalanche voltage.  Thus, if a higher transient current is available and can drive the voltage higher on the avalanche characteristic, failure is likely to occur for a shorter pulse duration; however, the data shows this increase in bulk avalanche voltage to be rather small.

8. Conclusions on the C20 Tests


1.
Failure occurs by surface arcing while the voltage is held in the 1000 volts range by the avalanche effect of the anode junction.


2.
There is no significant difference between the performance of a 200 or 400 volt SCR, and ageing does not change this lack of correlation.


3.
Ageing of the SCR by high temperature storage does not significantly affect the transient behaviour of the device.


4.
Timing of the transient during forward current does not reduce the withstand capability of the device; actually, this capability may be enhanced as the increased junction capacitance will reduce the initial rats of voltage rise, before avalanche can occur.


5.
While the transient behaviour is dominated by the avalanche phenomenon, this should not be construed as a suggestion that this can be used to advantage, as the, present withstand capability of the junction surface is such that the SCR will fail in the range of this avalanche voltage.
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Tests on A92 Rectifiers

Summary of Tests

Test Samples:
500, 900, 1100 volts units

Tests:

Avalanche characteristics

Reverse transients at slow and fast rate of rise, no bias

Results:

· Bulk failure will occur for low (relatively) current of long duration

· Surface failure will occur for very high currents, even of short duration

· The avalanche voltage class is not a valid indication of the transient voltage withstand capability. 

·  Energy levels are essentially the same for all.
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1. Purpose of the Tests


All tests reported so far in this program were conducted on non-controlled-avalanche diodes.  It is then appropriate to investigate the behaviour of controlled-avalanche rectifiers under reverse transients in excess of their ratings.

2.  Test Specimens


Three groups of A92 rectifiers were supplied by the Rectifier Components Department, graded 1100, 900 and 500 volt avalanche.  The three groups were obtained from two diffusion processes.

3.  Test Procedure
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Reverse voltage was applied to the diode without other steady-state voltage. The avalanche of the rectifier would lower the impedance of the device to the point Where the available surge generators had too high internal impedance to deliver sufficient energy to the test piece.  An LC line was then built for storing the energy, instead of the cable used for smaller devices.  The test circuit is shown on the opposite page, with a typical oscillogram of the voltage and current delivered to a fixed resistor instead of the non-linear test piece.


The rise time is relatively long,, but since the tests produced failures in long times as will be seen below it would seem that this low rate of rise is not objectionable.


Tests were performed with 25oC and 150oC initial ambient temperatures on several diodes.  In addition, the avalanche characteristics of one diode below the failure level were obtained with a range of initial ambient temperatures in order to correlate with the rise in avalanche voltage observed during the length of the test pulse.

Avalanche Characteristics


Starting with 500 volts for the reverse pulse, the setting of the generator was progressively increased, while the voltage across the diode and the resulting current flowing through it were simultaneously recorded.
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The test points for one device fell on an approximately straight line with linear volt and ampere stale (see Figure 1).  Furthermore, the lines for a group of devices graded in the same voltage class lie within a 100 volt band and run parallel; only one has been drawn in Figure I in the case of the 500 volt characteristic which corresponds to three test samples.  The slope of the 500 volt rectifiers on one hand and 900 and 1100 on the other hand are different, corresponding to constant dynamic resistance of 1.6 and 2.6 ohms respectively.


With increasing current levels, an increase in the voltage across the diode between the start and the end of the pulse became apparent, as seen on the oscillogram on the opposite page.  In order to correlate this voltage rise with the change of avalanche voltage (or, more accurately, voltage across the device) due to temperature, a series of recordings were also made on one 500 volt diode with several values of ambient temperature, assumed to be the initial junction temperature.  Thus., from the family of curves shown in Figure 2, the instantaneous temperature increase at various times of the pulse duration at constant current can be calculated.  This is shown in Figure 3, in a plot of avalanche voltage vs. average junction temperatures.


For two specific current levels, the instantaneous volt amperes dissipated-in the device were calculated; these two values of energy input into the semiconductor were compared to the temperature increase derived from Figure 3 and the apparent voltage change.  Excellent correlation was found, i.e., for energy inputs with a 2:1 ratio, the calculated temperature increase was also 2:1.


Therefore, with the high reverse currents involved in this investigation   ell above the rated values) the pulse duration has the effect of increasing the voltage across the device for long pulses.


The question then in to know which will increase fastest.  The temperature of the semiconductor will increase until the melting temperature is reached at a hot spot (temperatures shown in Figure 3 are average temperatures.) On the other hand, the voltage also increases with this temperature, so that flashover voltage may be reached towards the end of a pulse which could not produce at the start a high enough voltage to cause immediate flashover.
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It may also be possible to derive from these tests some information on the hot spot effect in the junction.  When a "bulk" failure is observed, (i.e., not a surface breakdown)) it may be assumed that the melting temperature of the material was reached or exceeded at one hot spot.  As discussed above, the increase in voltage observed between the initial voltage at the start of the pulse crest and the voltage reached just before failure yields an estimate of the average temper​ature rise during this interval.  A comparison of the difference between the initial temperature plus this estimated average increase, and the temperature at which local thermal failure occurs should yield an index of the importance of hot spot effects.  The small number of tests as well as the general scope of the present investigation, however, would not justify a thorough evaluation of this idea.

Tests to Failure


Typical oscillograms recorded during the tests are reproduced on the opposite page.  Failure is apparent as the voltage across the diode is abruptly chopped while the current on the diode jumps from the Zener current to the maximum current available from the pulse forming network.


Results on individual diodes are tabulated below, listing ambient temperature, current., and voltage at failure and nature of the failure:

[See pdf file]
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Discussion of the Test Results


The relatively slow rise of the voltage, made necessary by the design of the line, might appear a limitation of the tests.  Work sponsored by ATL at the Laboratory Operation of the Power Transmission Division includes an evaluation of semiconductor performance under fast transient conditions.  [Footnote: This work will be reported by the Philadelphia Laboratory Operation in the near future; the distribution of the report will include all sponsors of the present Pooled Program – Ed Note: Not available in 2003.]  Instrumentation as well as short pulse generator techniques were developed in this work, with the capability of producing and accurately recording pulses of several kilovolts with rise times of less than 10 nanoseconds.  A sample of the A92 diodes involved in the present test series was also subjected in Philadelphia to this extremely steep voltage pulse.  The oscillograms on the opposite page show the output of the unloaded pulse generator and the voltage measured across the diodes.


These show that the avalanche voltage can be reached in less than 10 nanoseconds, and that the device will then hold the voltage at that level without any disturbance.  The tests made with the slow rise time have shown that breakdown will occur only after a sufficiently high voltage is reached on the dynamic characteristic of the diode to cause flashover.  Since the avalanche voltage in reached without other overshoot or excursion in 10 nanoseconds, the failures produced with the slow rise circuit., during avalanche, represent valid tests which are not restricted by the slow rise time.


The failure levels for the Diffusion I group, due to surface breakdown, are all in the 1500 -1950 volts range, without any correlation with the voltage class of the diode.  Failures in the bulk occurred at lower avalanche voltages, but these are not related to voltage but rather to initial temperature and total energy input in the device.
The failure levels of the Diffusion II group are all lower.  This fact was previously established by the Rectifier Components Department and led to abandonment of this experimental process.
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Conclusion of the Tests on the A92 Rectifiers


These rectifiers exhibit a substantial capacity for dissipating reverse surge energy.  Unless the initial junction temperature is already high and the pulse duration long enough to raise the temperature of the junction hottest spot to its melting point, the actual failure may still be caused by arcing over the junction surface.  The avalanche characteristic is such, however, that it requires extremely high reverse current to drive the voltage up, in fact well above the rated current.

On the other hand,, a lower current is required to bring a high avalanche voltage diode to the danger point (see Figure 1) so that a high voltage diode is more sensitive to a current source type of surge.  This is pointed out in the specification sheets and application notes.


Failure by surface breakdown can occur with high currents, while bulk failure is more likely with lower but longer current valves.


In the case of surface breakdown, when it occurs, the rating of the diode, again, has no bearing on the actual failure level; however, surface breakdown is less likely to occur on lower voltage diodes for a given energy pulse, and in that sense the rating of the diode is significant.
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Tests on A90 Rectifiers

Summary of Tests

Test Samples:  Small number of 200 and 1200 PIV units

Tests:
Reverse transient with no bias

Results:
Neither PIV of the unit nor energy of the transient affect the failure level
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A limited number of A90 diodes were subjected to tests similar to those applied to the A92 diode in order to illustrate the difference in the performance between a controlled-avalanche rectifier (A92) and a non-avalanche rectifier (A90).


Six units were obtained from the Rectifier Components Department, three were 200 volts and three were 1200 volts units.


Four units were subjected to the long, slow rise pulse generated by the LC line described for the A92 tests.  One of each voltage class was tested at 30oC ambient and at 150oC ambient.  This provides direct comparison with the A92 tests.


All of these three test series were made with no steady-state bias on the diodes. 


In the case of the slow rise pulse, the voltage of the generator was progressively increased, with a constant pulse duration of 60 (s, applied by single shots, until the failure occurred, as recorded in oscillograms 1 to 4 on the opposite page.  The step appearing in the pulse top is due to a partial arc-​over in the thyratron of the pulse generator, reducing the thyratron drop and thereby increasing the voltage applied to the diode.  Failure, of course, occurs when the voltage trace is abruptly chopped while the current trace jumps from zero to the value of current available from the pulse generator.


Although the time to breakdown of the 200 volt diode at 150oC was shorter compared to the time at 300oC the difference is well within what might be expected from a gap breakdown at the minimum voltage which can cause breakdown.


Dissection of the four units revealed surface breakdown.  In one case., removal of the tracked-over varnish allowed the diode to recover satisfactory characteristics.  However, had 60 cps power-follow current been available, the flashover triggered by the pulse would most likely have caused permanent damage.
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The remaining two units were subjected to a fast rise pulse from the capacitor discharge generator, in order to evaluate the response to a fast rise surge, which did not produce early failure in the case of the A92 diode.


Here again, the voltage was progressively raised for each single shot, until failure occurred as recorded in the two oscillograms shown on the opposite page.  Interaction between the diode capacitance and the generator caused the oscillations shown on the two oscillograms.  By coincidence-, the chop due to the flashover across the varnish occurred at a minimum of the oscillation; for evaluation purposes we chose to take the average value of the oscillation as the failure level.


By comparison with the tests made with slow rise waveshape, failure occurred very early, i.e., in less than 0.3 (s.  The long tail of the wave (see no-load oscillogram) could have produced failures with longer time to breakdown at slightly lower voltage, but this did not occur.

2.  Discussion of the Tests on A90 Rectifiers


The failure levels with slow rising wave and with the fast rising wave are not significantly different, nor is there any difference in the levels or time to failure of the 200 volts units compared to the 1200 volts units.  All failed between 1800 and 2000 volts.


The long time to failure observed in one case is probably the result of slightly increasing voltage in the top of the "flat top" pulse.  In all the other slow rise cases, failure occurred within less than 1 (s as the voltage was still rising.  In the case of fast rise wave, failure occurred in less than 0.3 (s.


Furthermore, as the rectifier does not draw an appreciable reverse current., it cannot contribute to dissipating the surge energy, so that a low energy pulse (capacitor discharge) will produce failure at voltage levels comparable to a high energy pulse (line discharge).
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3. Conclusions


The failure level of the A90 rectifier is primarily determined by the dielectric strength of the junction surface.  Neither temperature, energy of the pulse or PIV rating of the diode affect the failure level.  Energy levels at failure are substantially less than for controlled avalanche (A92) rectifiers of same current rating.
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Tests on ZJ 260 SCR's

Summary of Tests

Test Samples:  Units with 200 to 1000 volts class

Tests:
Reverse transient with no bias

Results:
No clear indications - in any event voltage class does not correlate with failure level 
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A number of ZJ260 SCRs with voltage grades ranging from 200 to 1000 volts were obtained from the Rectifier Components Department.  Reverse voltage pulses delivered from the LC circuit described in the A92 tests were applied to these rectifiers in two manners.


One series of tests wad made by applying single shot pulses, with increasing voltage, until a failure was observed.  This generally occurred after more than 5 or 10 microseconds, as the voltage across the device was raised by heating of the junction, in a manner similar to that discussed for the A92 rectifiers.


A second series of tests was made by setting the generator to the maximum available voltage, in order to cause breakdown at the first pulse, presumably very early in the pulse duration rather than after "prolonged" heating.


Both test series were made without bias on the SCR, in the first approach.  Attempts were made to also perform these tests with forward or reverse bias, but instrumentation problems prevented doing this within the available time.  Typical oscillogram recorded during the test series are reproduced on the opposite page.  


The voltage across the SCR is abruptly chopped as failure occurs, while the current jumps from its avalanche level to that of the maximum available from the pulse-forming network.


The first three oscillogram correspond to the increasing voltage steps test procedure, while the fourth was recorded with a preset voltage pulse.


Three of these samples were dissected by the Rectifier Components Department with the following results: all three units failed in the bulk.  They were not surface limited.  The failure occurred by overheating at some weak spot in the bulk, such as a diffusion spike.
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The voltage and current at the time of failure, and the time to failure are tabulated below  for the specimens which were subjected to the two test methods.

[See pdf file]

2.  Discussion of the Test Results


Inspection of the tabulated results shows several interesting points:


The voltage at failure varies between 1600 and 2100 volts, for a range of voltage class ratings from 200 to 1000 volts; there in no correlation between the voltage class on one hand and the voltage and current at failure on the other hand.


The plot shown on the opposite page was made in an attempt to correlate voltage across the SCR,with the avalanche current, for a specific voltage class.  The number plotted represents the voltage class while the coordinates are the voltage and current at the time of failure.  There is no readily apparent correlation or trend in the location of the failure points in this plot.
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3.  Conclusions of the Tests on the ZJ260 SCRs


The test results do not show any clear correlation between the voltage class of the SCR and the voltage at which it will fail under reverse transient.


Furthermore, there is no correlation between the voltage and current at the time of failure.



Therefore, the voltage class of the device cannot be used as a measure of the withstand capability under reverse transients beyond the values specified by the manufacturer.
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APPENDIX
Notes on Two-Channel Transient Recordings

The normal difficulties encountered in making single sweep transient recordings are increased when two rather than one signal are to be recorded.  The perennial problem is that of ground loops, deliberate or unsuspected., which must be weeded out.


Some of the failure oscillograms recorded for this report included a current trace as well as a voltage trace.  The voltage measurements were obtained through a Tektronix P6013 high voltage probe while the current measurements were derived from a T&M Research Associates coaxial shunt.


The oscilloscope used for the two-trace measurements was a Tektronix 555 oscilloscope.


The sketches on the opposite page show some of the most obvious "unsuspected' couplings in the power and measuring circuit, as well as the steps taken to eliminate them.


The following circuit elements are connected directly to a common grounding point, which is connected to the building ground via bench ground: the low side of the DC high voltage source, the low side of the energy storage element (line or capacitor) and the shell of the coaxial shunt.  One might also connect to this point the ground side of the high voltage probe.


In addition, the oscilloscope power supply, through the line cord and the power transformer is capacitively coupled to the ground, by a rather substantial stray capacitance.  At high frequencies, it was also found that the perforated oscilloscope cabinet can allow direct radiation into the oscilloscope circuitry.


Therefore, a number of precautions were taken, some of which are rather obvious., some others had to be tried out and still did not entirely clean up the measurements, as we will see later.
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First, an RF filter was inserted in the line cord of the oscilloscope, and the oscilloscope was placed in a copper enclosure tied to the bench ground.  This reduced to less than 2% of the normal signal level the noise still displayed by the oscilloscope, even with its input shorted.


The Tektronix P6013 probe has a built-in filter consisting of several turns of the probe lead wound on a powder core offering a high impedance to high frequency circulating current in the sheath of the probe lead.  However, this is not quite sufficient if another ground lead, such as the current lead from the shunt, would also be connected to the oscilloscope.


This is illustrated in the four circuit arrangements shown on the opposite page.


With the volt probe only connected, circulating current in a ground loop is limited as the only possible loops involve stray capacitances from the scope to its grounded box and the built-in filter of the P6013 probe.  Therefore, the first oscillogram, recorded with a 0.1 (s rise time pulse applied to a test diode., can be expected to fairly represent the voltage across the test piece.  The current channel, which is not connected to the circuit, does however,, display a small high frequency signal.


The second oscillogram, recorded with the same applied pulse but with the volts probe disconnected, cah in a similar manner be expected to fairly represent the current in the test piece.  A small signal is displayed on the disconnected voltage channel.


Connecting both channels produces the display recorded on the third oscillogram.  While the main rise of the voltage signal is not seriously affected., it does-display a low amplitude) high frequency oscillation which was not present in the first oscillogram, and the signal before the main rise is definitely changed.  The current trace is not changed an far as major waveshape is concerned, but a rather large, high frequency oscillation persists for the duration of the current pulse display.
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A fourth oscillogram corresponds to an arrangement with the current probe connected (both aides of the coax shunt are shown in schematic form by a single line) and the ground (sheath) side of     voltage probe floating.  This configuration, which produces the two    channel display used in &,number of recordings in this report, exhibits the smallest distortion-compared to single, voltage or current traces.


However, small high frequency signals are displayed during the initial part of the pulse, which are more likely to represent spurious signal rather than significant, actual device phenomena.  Therefore., caution is required in attempting to draw conclusion from some of the minor ripples which can be observed in a number of oscillograms within the main part of this report.
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SUMMARY

Switching transients have been responsible for equipment failures; however, their accurate measurement is difficult with currently available oscilloscopes and attenuators.

The major difficulties in recording single fast transients are twofold: photographic limitations for a single sweep at high speed, and spurious signals entering the measuring system.

A system based on differentiation-integration of the signal has been developed at the Research and Development Center.  This system is used with a Tektronix 544 oscilloscope featuring 24 kV acceleration.  The passive differentiator-integrator was assembled from commercially available components.  In addition to transient recording, the oscilloscope can also be used as a general purpose laboratory oscilloscope at normal accelerating potential.  Thus, a new system, which can easily be duplicated in operating components of the Company, is available for making reliable transient measurements and for making comparisons of results from different laboratories.  This system offers excellent recording capabilities, with a response that is flat within ± 10% from 0. 3 to 30 MHz.

High Speed Transient Recording System

1. Introduction
It is known that switching transients in power circuits  have  been  responsible for equipment failure; however, accurate measurement of  these  transients  is difficult with currently available oscilloscopes and voltage attenuators 1,2.  Accurate detection and measurement are necessary for an understanding of the problem before appropriate corrective action is taken.

The major difficulties in recording single fast transients (i.e., rise times of less than 0.2 (s) are twofold: the first is the limitation of photographic recording (brightness of the trace vs. film and lens speed) for a single sweep at high speed; the second is caused by spurious responses of the system to signals radiated by the test circuit.

Both problems were solved in 1962 by H. W. Lord, through the use of a special traveling wave Edgerton, Germeshausen & Grier (EGG) oscilloscope with high writing speed, and a special differentiator-integrating  amplifier  voltage  attenuator 3.  However, both the oscilloscope and the differentiator-integrator system are highly specialized, custom made equipment and the active amplifier requires a large power supply.  Furthermore, EGG has discontinued the manufacture of the traveling wave oscilloscopes.

A system based on the same differentiation-integration techniques used by Mr. Lord has been developed at the Research and Development Center.  This system is used with a modified Tektronix 544 oscilloscope and a lAl preamplifier.  The change in the oscilloscope is a "standard modification" featuring a 24 kV acceleration anode.  The passive differentiator-integrator was assembled from commercially available components.  In addition to transient recording, the oscilloscope can also be used as a general purpose laboratory oscilloscope at normal accelerating potential.  Thus, a new system, which can easily be duplicated in operating components of the Company, is available for making reliable transient measurements and for making comparisons of results from different laboratories.  This system offers excellent recording capabilities, with a response that is flat within  +  10% from 0.3 to 30 MHz.

This report presents a discussion of the differentiator-integrator approach and of the problems associated with high speed CRT photography.  The development of the integrator is discussed in the report.  The evaluation of the system is also described, based on single frequency analysis and on high voltage step function methods.

2.  The Differentiator-Integrator Attenuator
2.1  Principle
Figure 1 shows the basic circuit, where the signal occurring across the test piece Z is differentiated by the Cl-Rl circuit and integrated by the R2-C2 circuit before being applied to the oscilloscope input.

Figure 2 shows the circuit as applied to measurement of high frequency, high voltage signals where direct radiation of spurious signals into the oscilloscope becomes a problem.

The differentiator consists of a high voltage capacitor Cl and an arbitrary length of 50-ohm cable terminated into a 50 ohm load.  The fact that this cable length can be arbitrary, makes possible two desirable features: the oscilloscope can be placed at the end of the long cable., far away from the strong radiation caused by the circuit under test, and a cable filter, requiring additional cable length., can be inserted to block circulation of ground currents.  In contrast, most commercial high voltage probes are limited to 10 to 12 feet and have limited built-in cable filters. The spurious effects of this limited filtering capability are illustrated in the appendix.

2.2  Practical Limitations
The basic design of the Cl-Rl/R2-C2 circuit must be refined to compensate for the capacitance of the cable (considered as a pure resistance in the basic circuit), for the stray capacitances of the resistors., and for inductances of the wiring that the basic circuit theory neglects.

It must be recognized that resonances will also occur; they can be eliminated by suitable selection of the component values and careful construction.

The design of an actual integrator will be restricted by theoretical limits such as the frequency roll-off points of the RC's, by practical limitations such as resonances and by the specifications on the gain.

3.   Oscilloscope Photography
High speed recording of single transients is limited by a number of parameters:

a. Cathode ray tube 
- phosphor emission







- beam accelerating potential







- spot diameter

b. Camera design

- lens opening 







- reproduction ratio

C. Film



- speed at phosphor emission







- contrast

Very small spot diameter is useful in producing a brilliant trace if the film contrast is adequate; a poorly focussed beam produces a smeared trace which would be poorly recorded on a soft emulsion.

Polaroid 410 (ASA 10,000) film has the highest available speed at this time.  The P-11 CRT phosphor has the highest available writing speed, and is matched with Polaroid 410 characteristics.

Thus, the only parameters which may be improved are the accelerating poten​tial of the CRT, the capability of fine focusing of the CRT, and the camera design.

The EGG oscilloscope mentioned earlier has an extremely sharp beam, and pro​duces a brilliant trace.  However, this trace is only 1.5 cm long.  Most Tektronix oscilloscopes have a sweep 10 cm long, in contrast to the 1.5 cm of the EGG.  Therefore, comparison of photographic records obtained with the two oscilloscopes should be made for the same sweep length, in the same time.

Further ambiguity in recording ability is introduced by the camera design.  High speed lenses (f:1.3 or less) are generally associated with an image ratio of 1:0.5, producing a smaller image on the film.  This results in more light concen​trated on the film and produces a shorter, brighter trace than a conventional camera with a 1:0.9 ratio.

These differences are illustrated (within the limitation of half-tone process) in Figure 3 showing full size reproductions of the original photographs of three oscilloscope-camera systems and reproductions of the same traces enlarged to a comparable trace length for a single transient recording.  The transient recorded for this example is the breakdown at about 12 kV of an oil gap with capacitor discharge current in the gap.  The differences of picture quality in the original photographs and in the enlargement to equivalent trace size are quite apparent.

The first "trace" (a) was produced by a Tektronix 545 oscilloscope with accelerating potential boosted to 12 kV (a readily available modification kit), and a standard Tektronix C12 camera (f:1.9 lens, 1:0.9 ratio).  At this 0.02 (s/cm speed even the original Polaroid picture does not show the faint change in gloss which can sometimes be seen, but not reproduced in print.

The second trace (b) was recorded by the same system, but at a speed 5 times slower, 0.1 (s/cm.  This is the fastest single sweep that can be recorded.  The original Polaroid picture does show the front as the faint gloss change mentioned above.

The third traces (c) were recorded with the EGG oscilloscope and Mark I attenuator.  A zero line has been added since the EGG oscilloscope has no graticule.

The fourth traces (d) were recorded with the new Tektronix 544 oscilloscope and high speed camera (f:1.3, 1:0.5 ratio).  An enlargement has been made to the same scale as traces c and a, with complete resolution of the trace.

4.  An improved Recording System

4.1  Approach
Oscilloscope-Camera
With the objective of using readily available components, the choice of oscilloscopes was narrowed to Tektronix, Fairchild, and Hewlett-Packard.  Admittedly, there may have been a slight bias in favor of Tektronix since most oscilloscopes in use at the Research and Development Center and in the Departments tend to be Tektronix.  The Tektronix 519 oscilloscope (traveling wave tube) has excellent single transient writing speed, and is a catalog item, but it has a fixed single input (10 V/cm, 125 ohm), making it a highly specialized instrument.  On the other hand, the Tektronix 544 oscilloscope is available on special order in a "standard modification" for high writing rate at 24 kV accelerating potential.

The meaning of "standard modification" on a special order is that Tektronix will readily accept orders for this model, since the demand has been suf​ficient to prepare instruction books, etc.  While special order means a delay in delivery, it seems at present that most catalog-listed oscilloscopes, in particular the 519, are in back-order state; consequently, the special order delay does not result in much longer delivery time than that required for catalog items.

The real advantages of the 544 oscilloscope are that it accepts the normal letter-series preamplifiers, and that setting of a switch converts it back to the normal operation of a 544 oscilloscope (i.e., a general purpose oscilloscope suitable for a large number of laboratory applications).  This is in contrast to the specialized use of the 519 oscilloscope.  Cost of the oscilloscope with modification (without preamplifier) is also lower than that of the 519.  Therefore, a Tektronix 544 Mod. 108G with C12 camera was selected and purchased for this system.

The frequency response of the oscilloscope with lAl preamplifier is flat within -3dB to 50 MHz for preamplifier settings of 0.05 to 20 v/cm, where the system is expected to operate.  For calibration purposes, different attenuator settings must be used.  Appropriate corrections are discussed in Section 4.2.

The 6 x 10 cm viewing area under the normal 12 kV acceleration is reduced to 4 cm vertical x 5 cm horizontal at 24 kV.  With the sweep magnifier on, the sweep is again 10 cm long on the face of the CRT and is linear, except for the first and last cm of the entire trace.  Thus, the useful viewing area is effectively 4 x 10 cm, which is equivalent to that of a conventional Tektronix 545 oscilloscope.
Mark IV Differentiator – Integrator

Earlier approaches to the measurement of high speed transients used the differentiator integrator with an active circuit.  These approaches have been described in Reference 5 as Mark I and Mark II.  A Mark III designation is reserved for a system built for the Specialty Transformer Department.  The new system described here has been designated as Mark IV in order to acknowledge the continuity of the development.

In order to minimize loading of the test piece and to move away the resonant frequency of the probe input circuit, we selected a 5pF vacuum capacitor (Jennings Cat.  JCD-5) rated 60 kV for the coupling capacitor, and 50-ohm RG8 or RG 58 as the cable.

The capacitor is actually shielded by a guard at the potential of the low side, which is generally the single ground point of the system.

Filter/Integrator

The complete circuit is enclosed in a copper box, starting with the filter consisting of 20 turns of coaxial cable around a ferrite core.  The basic R2/C2 integrator has been refined as shown in Figure 4 in order to provide flat re​sponse over the widest possible band.  The major integration is performed by the resistor R2 and capacitor C2.   Additional compensation is obtained by the R2  R3  R4 R3/C3 integrator, and the output is fed through the R4/50 ohm divider, where the 50 ohm resistance also acts as terminating impedance for the output cable at the oscilloscope panel input.

This terminating resistance was added so that the box could  be  connected to any oscilloscope through a short cable.  As this produced an  additional  attenuation (the R3 + R4/50 divider) it became necessary to increase the gain of the integrator so that R2 C2 was made smaller.  The corresponding increase of the low frequency limit was then compensated by introducing the Rl/C4 instead of a single resistance Rl.  Proper matching of these elements was achieved by actual response curve plotting of circuits until the flat response described in Section 4.2 was obtained.

Camera

The Tektronix C27 camera is available with a f: 1.3 lens; it has no mirrors to decrease the amount of light reaching the film and produces a sharp trace with a 1:0.5 reproduction ratio.  Although advertised as recording two graticules per frame of film, this is really not the point of the 1:0.5 ratio; few operators will actually take two exposures of a test without wanting to see the results of the first test. 

Shielding Requirements

The perennial pitfalls of transient measurements are ground loops and radiated noise entering the oscilloscope circuits.

     The most common type of ground loop is that shown in Figure 5, involving the sheath of the coaxial cable which brings the signal to the oscilloscope.

     This effect is substantially reduced by inserting in the cable a filter, consisting of a number of turns of coaxial cable on a ferrite core.  The signal, traveling in the coax is not affected by the filter, while ground currents circulating along the coax sheath are impeded by the inductance of the coil of cable.


Noise radiated to the oscilloscope can be abated by barriers (shielding) or merely by distance.  Shielding means an enclosure either for the test circuit or the oscilloscope; depending upon the size of the test circuit, it may be necessary to enclose the oscilloscope rather than the circuit.  For the two to be physically close (e.g., in the same area of a laboratory bay), it will be necessary to provide very good attenuation by the enclosure, such as 90 dB at 100 MHz, that is, an "RFI" type design, not just a safety type enclosure.


Since an enclosure may not always be available, considerable attenuation can be obtained merely by removing the oscilloscope from the test circuit, around a metal building corner, etc.  Here, the availability of a long cable between the differentiator and integrator becomes a very significant asset.

4.2  System Performance

The performance of the system was evaluated in two ways: by single frequency response and by step function response.  The single frequency method allows a separate evaluation of the components and, provided that suitable generators, calibrated attenuators, and receivers are available, it yields an answer in absolute terms.  Step function response involves the total system at once, including shielding, and can be performed at high voltage so that it gives a pictorial evaluation of the response; however, since it requires a true step function, which is rather difficult to produce, it really yields an answer in relative terms.

Single Frequency Evaluation
The method consists merely in applying a variable frequency sinusoidal voltage of known amplitude at the input and measuring the output, in this case the deflection on the face of the CRT, as a function of frequency.

However, since the sinusoidal signal generator has a limited output voltage, such as 10v p-to-p compared to the voltages in the range of 1 to 50 kV which may be involved in the actual measurement, the oscilloscope preamplifier must be operated at high gain.  This introduces the response of the oscilloscope/preampli​fier at this high gain setting, which at high frequency is poorer than the response at medium gain where the preamplifier will be operating for actual use.


The system attenuation is  shown in Figure 8.   This attenuation equal to 5,000:1 from 300 kHz to 30 MHz, and produces usable information below and above this flat range.

For reference,  a similar evaluation was made of the earlier Mark I system 5 using the 544 oscilloscope and  lAl preamplifier.   The corresponding curve  is shown in Figure 9a.   The Mark I has been previously used with the EGG oscilloscope which does not show any drop in response at 50 MHz, so that the response of the complete system, Mark I + EGG oscilloscope would exhibit the rise shown in dotted line in Figure 9a.  The attenuation of the Mark I and EGG oscilloscope is shown in Figure 9b.

At this point, we can discuss the difference in Figures 3c and 3d which were mentioned earlier, and are reproduced on this page as negatives.

    It is possible that the high frequency (about 200 MHz) shown in the Mark I  trace is present in the circuit.  However, the increasing gain of Mark I beyond 50 MHz which turns into a resonance towards 250 MHz will show this 200 MHz oscillation with a magnification in the order of 3  to  1.

On the other hand, the Mark IV  trace does not show any of these, since its response begins to drop at 30 MHz.   Were any of these frequencies actually present in the circuit, Mark IV has "edited out" the ambiguity existing in the Mark I recording.  Thus, Figure 3d represents more useful and less confusing information with, of course, the understanding that one should not expect frequencies beyond 50 MHz to be recorded.

Step Function Evaluation



Breakdown of an oil gap at 10-12 kV was used as the high voltage step function generator.  A 0.001 (F capacitor was slowly charged from a DC supply until the gap would break down.  The complete circuit (DC supply, capacitor, gap) was contained in the shielded enclosure, and only the coaxial cable after the differentiator was brought out.  An additional filter on the signal cable, identical to that contained in the integrator box, was installed at the point of exit from the shielded enclosure - see Figure 10.   This may or may not be necessary in actual use of the system.   Figure 11 shows the recording obtained with this system, where a rise time of 25 ns is completely resolved, even in a nega​tive line type print.  The photograph in Figure 13 shows the installation at the Research and Development Center.

5.  Precautions

The clean and credible recording shown in Figure 11 will be obtained only if the necessary shielding precautions are taken.  In order to illustrate what happens when these precautions are not observed, the series of oscillograms in Figures 12a, 12b, 12c were recorded under various conditions of inadequate shielding, using the step function evaluation setup described in Figure 10.  Half tone process was used to show the effect of oscillations on trace brightness.

Furthermore, care is required in the construction of the integrator circuit, by selecting components with low inductance as well as by correct layout of the components and bonding of the integrator housing.  Figure 14a shows the inside of the integrator circuit that was built with the utmost care, while Figure 14b shows the same circuit built with less care.  The response of the two integrators to the same signal is illustrated in Figures 14a and 14b.

6.   Detailed Specifications

[See pdf file]

7.  Conclusions

1. The new Mark IV system provides a 5,000:1 attenuation, flat within 10% from 300 kHz to 30 MHz.

2. Photographic recording of single transients is possible at sweep speeds up to 10 nanoseconds per cm. 

3. Further development work is required to extend the response of Mark IV towards lower frequencies.
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Appendix

Limitations of the Tektronix P6015 Probe
Comparisons with Mark I and Mark IV

A voltage transient has two characteristics which are significant: the initial rate of rise and the total transient.  The instrumentation discussed in the present report is mostly concerned with the recording of the initial rise, as being the most difficult, and does not provide for total transient recording since the attenuation of the probe increases rapidly for frequencies below 300 kHz. 

However, it is still desirable to record both characteristics so that one method of obtaining such recording might be a combination utilizing the Mark IV attenuator and the modified 544 oscilloscope at 0.02 us/cm for the initial rate of rise, and a "slower" oscilloscope such as the 545 with the P6015 high voltage probe for the total transient, at a sweep speed such as 0.2 (s/cm or slower. [The high voltage probe Tektronix P6015 is rated 1:1000 attenuation, 40 kV peak, bandpass DC to 50 MHz (flat within 2%) and has a limited built-in filter in the 12 ft. cable to reduce the effect of ground currents.]

However, in the presence of fast rise time transients, unexpected problems arise in the use of the P6015 probe and 545 oscilloscope, as demonstrated below.

The oscilloscope response appears to suffer from saturation of the preamplifier and/or amplifier, which lasts long enough to interfere with the desired reliable measurements.

The saturation of the preamplifier is attributed to insufficient filtering of the probe ground sheath, allowing large currents associated with the fast rise time to flow in the probe cable sheath.  These currents cause a voltage drop in the ground sheath of the probe and preamplifier ground connections; this spurious voltage is added to the true signal and has such a large magnitude that the pre​amplifier is saturated and does not recover in time.  The following three oscillograms illustrate this measurement problem, which has not yet been solved, and adds to the incentive of extending the response of Mark IV towards lower fre​quencies to produce complete reading with a single attenuator.

This trace was recorded with the P6015 probe and 545 oscilloscope at 0.2 (s/div and 5 V/cm (5,000 V/div).  The trace, barely visible, overshoots to "17 kV",   MEN in contrast with the next trace below which shows a peak of only 13 kV, when the same gap breakdown is recorded with Mark IV and the 544 oscilloscope, at the same sweep speed and 1 V/cm (5,000 V/div).

Here, another difficulty of photography is illustrated: since the sweep speed was set slower (0.2 (s/cm) than in most records shown in this report, the beam intensity was set lower, producing a trace that would not cause any "bloom".  However, the fast oscillations at the front almost caused the trace to disappear.

Then, trying to use the P6015 probe again, with the 544  oscilloscope  which would have improved the  recording  capability compared to the first trace above, we obtained the trace shown at right only after having reduced the oscilloscope sensitivity to 10 V/cm (10,000 V/div) and still the trace goes off screen, indicating severe disturbance of the preamplifier.

The improvement in lower frequency response, as well as the "editing" of questionable high frequencies which was discussed earlier are illustrated in the four oscillograms below, recorded with Mark I and with Mark IV.

This trace, recorded with the Mark IV, shows 2 us of sweep with appreciable droop, but at 1 (s, there is still a useable ideal flat step function which signal recorded, compared to the g the P6015 would deliver, if it were not subject to the difficulties mentioned above.

In contrast, the Mark I recording, showing almost 2 (s in this trace, already suffers from considerable droop at 1 (s.

While the capability of Mark I and the EGG oscilloscope for recording fast rising fronts are outstanding, as shown in this single sweep trace of only 45 ns, there is some doubt on the existence of the fast front shown here, as the frequency involved approaches the resonance of Mark I.

This trace, also single sweep, made with Mark IV and the 544 oscilloscope leaves little to be desired in resolution.  While admittedly frequencies above 50 MHz will be recorded with appreciable attenuation, it is a substantial improvement over presently available systems.
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HIGH-VOLTAGE IMPULSE TESTERS

E. K. Howell and F. D. Martzloff

General Electric Company

I.  INTRODUCTION

The high-voltage impulse generators described in this report have been developed by several individuals for the purpose of simulating transient overvoltages as they occur on residential or industrial low-voltage ac power circuits (120 or 220 volts).

Each circuit was developed on the basis of certain objectives, and consequently the designs are quite different.  An evaluation and comparison has been made, from the point of view of producing a simple and economical system limited to generating the proposed "typical" surge wave shape on a 120 volt single-phase circuit. (1 -3)
The objective of this test circuit is to super​impose on a 120-volt, 60 Hz power line a wave shape having a rise time to first peak of a 500 kHz wave, followed by a damped ringing at 100 kHz in which each successive peak should be about 60% of the preceding peak amplitude, the amplitude of the first peak being adjustable from 0 to 8000 volts.  The source impedance for the high-voltage wave should be 50 ohms.  

The three circuits are the following:

1.  General-purpose ignitron switch generator, suitable for 20 kV, 20 kA pulses.

2.  Specialized generator with low-voltage SCR switch and step-up pulse transformer.

3.  Relay-type switch and resonant circuit (recommended circuit).
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II.  GENERAL-PURPOSE CIRCUIT
This circuit is assembled from available laboratory components, with an ignitron switch built especially for the purpose. (4) The circuit schematic is shown in Fig. 1. The switch is SW; the energy storage element Zo can be a line (cable) or capacitor bank, charged by the high-voltage supply HVDC.  The surge is produced across the matching impedance R by discharging the cable when the switch is fired.

Figure 1 – Schematic diagram of surge generator

The surges developed by this circuit can be coupled into an ac power supply, with a suitable filter inserted between the bench supply and the receptacle where the device under test will be connected, and where the surge is injected, in a shunt mode; that is, directly across the ac terminals (Fig. 2).  This shunt mode allows very fast rise time for the pulse, typically 50 to 100 ns in the absence of de​liberate sloping network.  Furthermore, the source impedance of the surge can be readily adjusted as desired by controlling the parameters (cable characteristic impedance, or surge impedance of a capacitor bank).

In fact, the very flexibility of the circuit becomes a handicap in this case (too complicated for routine testing to a specific wave shape), and together with the relatively high cost and inability (as designed) to produce repetitive pulses, this makes this approach less attractive than the two others.  On the other hand, when experimentation is the object, the flexibility of this circuit is a great asset.
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III.  THYRISTOR SWITCH AND STEP-UP PULSE TRANSFORMER

This circuit was designed with the specific objective of producing spikes on the ac line, with the further aim of avoiding a high-voltage switch and the need for a filter.  The surge is to be injected in series with the ac line by a coupling transformer acting as a step-up pulse transformer.  Figure 3 shows the schematic diagram of the circuit.  Energy is stored in capacitor C, at about 500 volts.  The thyristor discharges the capacitor through the primary of T1 and the pulse is coupled across inductance L by the coupling capacitor C2.  C4 and C3 serve, respectively, to bypass the ac line and to control the ringing frequency. 60 Hz power is supplied through the isolating transformer T2.

The difficulty in this circuit, when fast rise times primary loop, which must be in the order of 0. 2 (H or less for the rise time desired in this case.  While the components for this circuit are of special design, a supplier was identified who could produce them for interested users.  However, the relative complication of the circuit, the cost of the high current SCR required, made this approach less attractive than the third circuit, which will now be described in detail.

IV.  RELAY-TYPE SWITCH WITH RESONANT CIRCUIT
The basic schematic diagram of the tester is shown in Fig. 4, and the relay control circuit is given in Fig. 5. Photographs of the waveforms are shown in Figs. 6 through 10.
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Figure 2 – Surges developed by the general-purpose circuit can be coupled into an ac power supply
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Figure 3 – Schematic circuit of test circuit with series injection by pulse transformer

Figure 4 – Basic impulse generator circuit
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Figure 5 – Relay control circuit for impulse generator

Figure 6 – impulse rise – no load

Figure 7 – Impulse rise – 50 ohm load

Figure 8 – Ringing wave – no load

Figure 9 – Ringing wave – 50 ohm load
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In principle, a dc voltage is stored on capacitor Cl. At about the 70 degree point on the 60 Hz supply wave, a pair of relay contacts are closed to connect C1 to the Line Output terminal by way of a wave ​shaping network Ll, Rl, C2, R2, and L2.  A large capacitor, C3, prevents transmission of the wave back into the power system.  Figure 10 shows the pulse superimposed on the 60 Hz, 120 volt line (con​tact bounce produced two subordinate trailing pulses).

The 500 kHz rise characteristic is obtained by the series resonance of Ll and the capacitance of Cl and C2 in series.  Component values are selected to make /LCE approximately 50 ohms, and Rl was selected to provide heavy damping for a smooth transi​tion to the following wave.  Figure 6 shows the rise time, open-circuit, and Fig. 7 with 50 ohm load.
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The 100 kHz damped ring results from the parallel resonance of L2 with the parallel capacitance of Cl plus C2.  Again, /LC is about 50 ohms.  The series damping resistor R2 was selected to produce the decay to 60% amplitude between successive peaks.  Figure 8 shows the ringing wave on open circuit, and Fig. 9 shows the same wave when loaded by 50 ohms.  A comparison of first-peak amplitudes shows that the source impedance is approximately the desired 50 ohms.  Approximately 8 kV dc charge on Cl is required to produce an open-circuit peak of 6 kV on the output terminal because of the charge transferred to C2.

At low voltages, the relay contacts behave nor​mally, but at high voltages they can no longer be considered as contacts but rather as a moving spark gap.  In Figs. 8 and 9 disturbances in the sinusoidal shape occur as current in the plasma reverses in each half-cycle.  The introduction of heavy metal ions into the plasma, such as by use of a mercury relay, can reduce the extent of such waveform distortions; however, it is considered that these distortions do not materially affect the validity of this waveform for the proposed tests.

Laboratory tests with this circuit used a storage CRO with delayed sweep and single sweep capabilities.  The main sweep gate output was used to trigger the relay control circuit, and the main sweep was triggered from the 60 Hz line such as to produce the high-voltage surge at the desired point of line voltage.  Main sweep duration was about 20 ms.  The delayed sweep was first delayed 1 ms, then triggered by the output from divider R4, R5 at the start of the high-voltage rise time.  Since the charging time constant on C1 is 0.033 s, the test can be repeated within 0.5 s.
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It should be emphasized that this is an experimental design to illustrate a concept, not a product design.  There are no operator-safety provisions shown, and only "qualified persons" must be allowed to operate the apparatus.  The component values are approximations taken for ready availability and ease of construction.  The performance does show, however, that the proposed test waveform can be produced by a relatively simple, inexpensive method.

ACKNOWLEDGMENTS

The general-purpose ignition switch and its control circuits were developed by R.N. Bushman as part of the laboratory equipment used in transients investigations at Corporate R&D.  The SCR/pulse transformer circuit and magnetic components was designed by H. W. Lord, especially for the purpose of producing the spikes on the ac line voltage.

REFERENCES

1) F. D. Martzloff and G. J. Hahn, "Surge Voltages in Residential Power Circuits, " IEEE Trans.  Power Apparatus and Systems, PAS-89, No. 6 1049-1056 (July-Aug. 1970).

2) J. E. Lenz, "Basic Impulse Levels in Mercury Lamp Ballasts for Outdoor Application, " Illum.  Eng. 133-140 (Feb. 1964).

3) "IEEE Guide for Surge Withstand Capability (SWC) Tests, " American National Standard, published by the Institute of Electrical and Elec​tronics Engrs. , Inc. , Nos.  IEEE Std. 472-1974 and ANSI C37-90a-1974.

4) "lgnitron Switch for Surge Generator, " General Electric Publication GEI-45105, Corporate R&D Schenectady, N. Y.
	END OF TEXT  “IMPULSE TESTERS”


	1977                          TCL GENERATOR                          1977


TCL generator  Page 1 of 9

TRANSIENT CONTROL LEVEL TEST GENERATORS

F.D. Martzloff

General Electric Company

Schenectady NY

INTRODUCTION

The successful operation of consumer electronic devices requires that these devices survive in a hostile environment, sometimes not recognized, where overvoltages on a 120 V supply can exceed 5 kV in extreme cases, and frequently 1200 V in many locations. [1] Therefore, a method of demonstrating withstand capability has to be developed along acceptable standards, or at least guidelines.  As an example of the need for such a circuit, the Underwriters' Laboratories require a trip-free withstand of 3 kV, and a failure-free withstand of 6 kV for the recently introduced ground fault circuit interrupters. [2]

A test circuit which produces an impulse voltage superimposed on the 120 V supply has been described (Ref. 3).  This circuit approximates a typical wave-shape as observed during several years of recording transients in residential circuits. [1] The source impedance is believed to be representative(4) of real-world conditions.

In other reports [5, 6] the concept of Transient Control Levels (TCL) is proposed to users and manufacturers of equipment.  It is hoped that the impulse generator circuits described in this report will be a useful tool in implementing the concept so that it will gain general acceptance.

TEST WAVESHAPE

The test waveshape proposed in Refs. 5 and 6 under the name of "Transient Control Level" has been selected as most representative of conditions encountered during actual measurements.  It contains a fast rise that can stress inductive components, a slower oscillating tail which can be integrated by those circuits containing a rectifier circuit.  However, it does not have the large energy contained in a 40 or 50 (s to half-value tail suggested by others, which appears excessive and would unduly stress energy-absorbing components in the test piece.
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As discussed in the TCL paper, there is no way to select a waveshape that will represent all possible conditions.  Rather, the approach is to agree on a standard waveshape anchored in reality and, by experience, to correlate the fact that devices which can pass the TCL waveshape have successful field performance.  To represent conditions realistically, the proposed test waveshape had a 0. 5 (s rise time, a period of 10 (s during later oscillations, and a decrement of 600% between successive peaks.  Further, the effective source impedance is set at 50 (, as determined by a 50% decrease from open-circuit voltage to a 50 ( resistive load condition.

After this waveshape had been established, discussions within the IEEE and IEC community on the desirable value of source impedance led to the proposal of a parallel combination of 50 ( and 50 (H as a representative source impedance.  The initial generator circuit was then modified to provide this new source impedance, and the results were compared to the initial circuit [3] performance.  This report describes in some detail the principle, design, and results of the two circuits.  The generator presented here, while not offering the ruggedness or convenience of commercial products, [7] can be assembled by a reasonably competent technician and used in a laboratory environment by qualified individuals.

PRINCIPLE

Energy is stored in a capacitor and discharged into an isolated 120 V supply by means of a simple electromechanical relay.  The rate of rise of the voltage is produced by a first resonating L-C circuit, which is damped sufficiently to let a second resonating circuit control the decay and subsequent oscillations of the voltage, according to the proposed standard waveshape.  The 120 V upstream supply is protected against overvoltages by a large capacitor connected across the secondary of the isolating transformer
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The use of a low-voltage (120 V rating) relay as the high-voltage switch might seem surprising.  How-ever, this is a very effective and low-cost approach, as long as it is recognized that conventional clearances and withstand voltages are obviously not observed in this circuit.  However, in the case of breakdown, the worst that can happen is a premature exposure of the test piece to the spike that would normally be manually triggered by the "fire" button.  Compared to other approaches, using a high-voltage switch or a step-up transformer, [3] this approach using a relay makes the circuit inexpensive and easily assembled.

The complete circuit is contained in a metal cabinet, requiring only a 120 V, 60 Hz supply (Fig. 1).  This cabinet includes the necessary DC supply for charging the capacitor, an isolating transformer for providing the 120 V supply to the test piece, and the closing relay and its control circuit.

re 1 – Transient control level test generator
BASIC IMPULSE GENERATOR CIRCUIT

The schematic of the basic impulse in its first form is shown in Fig. 2. The variable voltage obtained from the autotransformer T3 is applied to the primary of the step-up transformer T2 (a 15 kV neon tube supply transformer).  The secondary of T2 is connected in a full-wave, center-tapped rectifier configuration.  The storage capacitor Cl is charged through the resistor R3, until the relay CR-1 will discharge it into the 120 V test circuit, supplied by  the isolating transformer Tl.  The relay control circuit is described in detail in the next section.
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Figure 2 – Basic impulse generator circuit, first design
The rise time of the wave is controlled by the series resonance of Ll with Cl-C2 in series, with a surge impedance of approximately 50 (, damping being provided by the resistance RI.  Following this rise, the two capacitors, Cl and C2, now tied together by the closed contact and the low-inductance Ll, resonate with the inductance L2, as C3 offers a low impedance to the surge, at the same time protecting the upstream power supply from the surge.  L2 then holds off the surge voltage while carrying the full-load 60 Hz current (and is designed accordingly).  The resistance R2 is selected to provide the damping of the tail oscillation, which has been set at a decay of 60% between successive peaks in the proposed "standard" TCL waveshape.

The output voltage, brought out to terminals of the front panel, can be monitored through the approximate divider R5/(R4 + R5).  Alternately, the open circuit voltage produced by the generator can be preset by calibrating the autotransformer T3.  However, neither method can be sufficiently accurate for precise determination of the spike voltage; final determination should be made by direct measurement at the output terminals, using a suitable probe and oscilloscope.

A second circuit approach, suggested by Crouch and Fisher [8] is shown in Fig. 3. In this circuit, the basic oscillation is produced by the Cl-Ll circuit when the CR-1 switch is closed, and applied to the test piece through the 50 (H/50 ( network.  The rise time is controlled by the Rl - C2 time constant.  This second circuit has an impedance which is closer to the theoretical 50 (H/50 ( source impedance than the first.  However, the actual difference in the performance, as well as the measured impedance, is small, as indicated by the oscillograms of Figs. 4 and 5 and the impedance plot of Fig. 6.
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Figure 3 – Output stage of the second circuit for TCL wave

Figure 4 – Output of the first circuit

Figure 5 – Output of the second circuit

Figure 6 – Impedance of the two TCL circuits
While the initially developed circuit used a gate output from an oscilloscope to produce a timed closing of the relay (with respect to the 60 Hz line voltage), the new implementation includes a timer circuit producing a single-shot pulse of current driving the relay coil at a preselected time of the supply sinusoid, so that the spike voltage can be applied at any desired instant of the 60 Hz wave, by setting a built-in control (Fig. 7).
Figure 7 – Control circuit for synchronous trigger

A built-in time delay lockout in the trigger circuit has been provided to allow the capacitor driving the relay coil to reach a uniform voltage from one test to the next, in order to reduce variability in the closing time of the relay and thus to promote more consistent timing of the spike.  If a repetition rate faster than the built-.in 6-second interval were necessary, the time delay could be reduced, at the cost of less accurate timing of the spike.

TCL generator Page 3

TCL generator Page 4


The amplitude of the pulse is adjusted simply by means of a control autotransformer in the primary of the high-voltage transformer, which can be precalibrated for open-circuit voltage setting.

The isolating transformer, a conventional general-purpose transformer with two sets of windings in the primary and secondary, can be connected for a 240 V output if required; as built, the transformer can deliver 2 kVA at 120 V into the test piece to be subjected to the spikes.  Of course, the connection of a 2 kVA resistive load, on the 60 Hz/impulse out-put of the generator, will produce a large voltage drop in the pulse applied to the test piece.  This voltage drop, caused by the regulation of the generator, must be recognized and addressed when specifying the test conditions.

The front panel controls (Fig. 8) are then limited to a voltage setting, a timing setting, and a fire button.  The output is available on a standard three-prong outlet, with one side of the outlet grounded to the cabinet chassis.  In turn, the cabinet chassis is connected to the ground wire of the power cord.  Thus, the cabinet is normally grounded to the power supply ground.  If a single point ground is required by the instrumentation system, resulting in the removal of the cabinet ground, adequate safety precautions must be taken. 
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 As an alternate panel connection, the 120 V terminals and the impulse terminals can be brought out on studs and connected externally to suit the needs of the test.

Figure 8 – Front panel controls

A connector on the front panel also brings out a signal for oscilloscope trigger, occurring at the time the relay coil is energized.  This trigger signal is useful for displaying the full 60 Hz sinusoid with the super-imposed spike.  For resolution of the spike at faster sweep rates, this trigger signal would be premature; therefore, the oscilloscope should be set on internal trigger.  Another connector on the front panel brings out a signal with an approximate voltage divider reading of 10 V per kilovolt of output voltage (within 10%).  More accurate voltage readings require the use of a calibrated probe, such as Tektronix P6015, connected at the actual output terminals.

The original circuit specified for the waveshaping capacitor was a type that was found to have excessive (and inconsistent) internal inductance.  This excess produced a very high frequency ring on the front of the wave, which in extreme cases could have an amplitude exceeding the crest of the desired wave.  The problem was eliminated by substituting ceramic capacitors to the initial plastic-film design.

As a further refinement for laboratory use, the two basic impulse circuits were built as plug-in subcircuits so that they could be substituted for one another during the investigation of output waveshape and currents, as well as during later development of other circuitry.  Figures 9, 10, and 11 show the plug-in arrangement of this circuitry. 
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Figure 9 –Interior view

Figure 10 – First circuit plug-in

Figure 11 – Second circuit plug-in
TRIGGER CIRCUIT


Figure 12 is a schematic of the timing circuit used to drive the relay at any time in the 60 Hz wave by a simple setting.
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Figure 12 – Synchronous trigger circuit

trigger circuit
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The circuit utilizes a zero crossing detector and a controlled time delay circuit.  This arrangement permits zero time to be coincident with the 60 Hz wave as it crosses zero while going positive.

The circuit functions in the following manner.  The 60 Hz AC from the secondary of T1 is applied to IC1 through R12.  The circuit normally provides an output pulse every zero crossing of the 60 Hz wave.  A resistive bridge network, consisting of R13, R14, and two resistors internal to IC1, is unbalanced by R15.  In the unbalanced state the circuit is inhibited.  Activation of the switch S1 causes the circuit to operate.

A pulse is fed internally to an AND gate which outputs only on positive-going zero crossings.  The out-put of IC1 is applied to Q1, which inverts the pulse and applies it to IC2.  IC2 is used as a time delay.  The bias level of an internal comparator circuit is controlled by R25.  Varying R25 changes the delay time and permits selection of the time of application of the pulse with respect to the 60 Hz wave. (Because delay time also includes the relay operation time, calibration must be made for each unit. ) The output of IC2 is applied to IC3, which produces an output pulse.  This pulse is applied to the gate of the thyristor SCR1 and to the scope trigger output.  The thyristor SCR1 discharges C1 through the relay coil, thereby applying the high-voltage pulse to the line.

RELAY MODIFICATION

To maintain cost as low as possible, the CR1 relay is operated as a high-voltage switch.  In the normal relay construction, the switch leads are attached to the case and connected by a braid to the contacts.  The proximity of the braid connection to the relay coil on some relays may cause flashover to the coil at about 7 kV, applying undesirable pulses to the circuitry.  To avoid this problem the relay was modified to bring the high voltage into the top contacts of the relay, and the braid connection to the terminals was removed.  The two contacts on the armature bridge were then joined to obtain a series connection of the two contacts gaps, with input terminals at the stationary contacts.  This configuration can withstand 14 kV between contacts and coil without breakdown.

The relay is further modified by removing the stationary contact of the normally closed pair and twisting the moving contact slightly to increase the contact gap, until only a barely perceptible wiping action occurs upon closing.  This modification allows the two series-connected contacts to withstand 10 kV.

ISOLATING TRANSFORMER
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T1 is a 120/240 V input, 120/240 V output transformer that may be used for 240 V AC output operation by changing the connection internally.  The high voltage circuit to the test device does not require change.  The input to the timing circuit must be maintained at 120 V AC by using only one-half (Xl-X2) of the T2 secondary when the two halves are connected in series to produce 240 V. This will maintain the timing characteristics relative to the zero crossing intact.  Care must be taken to ensure that the ground connection (which is so marked) of the timing circuit remains connected to the grounded side of the T1 secondary.

SAFETY

The metallic enclosure of the cabinet provides a generally safe construction, consistent with typical laboratory-type equipment.  Of course, the output outlet will supply 120 V to the test piece, with superimposed high-voltage spike.  This will then require safety precautions consistent with general laboratory practices.  As stated earlier, the cabinet is normally grounded to the power supply ground by means of the third wire of the three-wire line cord.  There may be circumstances where a single-point ground, such as the chassis of the oscilloscope used for monitoring, may be required to minimize extraneous signals resulting from ground loops.  In such cases, the line cord may be connected through a two-wire adapter, but suitable precautions must be taken to maintain the single-point ground connected at all times.

A warning sign cautions against opening the cabinet by uninformed personnel; high-voltage components, including capacitors that can retain a charge even after disconnecting the power cord, are not protected after the opening of any of the cabinet panels.  Because no interlock is provided, the user must be thoroughly familiar with the design of this unit before attempting to open the cabinet, and must exercise all appropriate caution in servicing the circuit.
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PERFORMANCE

The oscillograms of Figs. 13 through 17 (recorded with a Tektronix 7623A storage oscilloscope and a Tektronix P6015 1000:1 probe) illustrate the performance of the test generator.  Figures 13 through 15 show the output voltage at different sweep speeds, in the open-circuit condition.  The 100 kHz oscillation, or 10 (s period in the tail, can be seen in Fig. 13, as well as the 60% decrement factor between successive peaks.  Figures 14 and 15 show the front of the wave, including some fine detail of the residual oscillations in the front, which are due to     stray capacitance in the inductors and inductance in the capacitors.  The frequencies are high, but the amplitudes, compared to the crest voltage, are small.  A rise time of about 250 ns can be observed on Fig. 15.

Figure 16 shows the output of the generator when feeding a 50 ( resistive load, at the same voltage setting as the open-circuit condition of Fig. 13.  The ap​proximate 50% reduction in output voltage indicates an internal impedance slightly below 50 (, providing a conservative margin over the design objective of a 50 ( source impedance.  
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This has not been raised to 50 (: first, in order to provide some margin and, second, in anticipation of the possible acceptance of J. H. Bull's (Ref. 4) value of 50 (, paralleled by 50 (H for a representative value of the impedance of the  power system, which has an "effective impedance" of 30 ( for the open circuit voltage waveshape of interest.

Figure 17 shows the voltage appearing across the capacitor C3 at full output (6. 8 kV) setting of the pulse.  The very moderate disturbance in the 120 V power supply indicates the adequacy of the filtering scheme used in this circuit in isolating the test piece supply from the bench supply.
Figures 13-18 – Typical oscillograms of output
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The ceramic capacitors used for the output wave​shaping have a small capacitance/voltage coefficient, as do most ceramic capacitors.  With a variable volt​age, the resulting capacitance change could affect the waveshape.  Admittedly, a search could be made for a capaci​tor with more constant dielectric.  However, for the purpose of the test waveshape, the results obtained with the ceramic capacitors are satisfactory.

Figure 18 shows how a voltage change from 25% to 100% produces a slight change in the front of the wave, but very little change in the subsequent oscilla​tion. The most noticeable effect is the notch in the wave for lower voltages, resulting from the characteristics of the arc at the relay contacts.  This small anomaly in the waveshape can be ignored because the real significance of the waveshape is the front of the wave and the total volt-seconds in the tail.
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TRANSIENT CONTROL LEVEL PHILOSOPHY AND IMPLEMENTATION

II. Techniques and Equipment for Making TCL Tests
F.A Fisher and F.D. Martzloff

General Electric Corporate Research and Development

Pittsfield, MA and Schenectady, NY
Abstract

This is the second of a pair of papers describing how better transient protection might be achieved through the use of a Transient Control Level philosophy.  The first paper deals with questions of why tests should be made and what should be the specifications governing such tests.  This paper amplifies somewhat on those themes, but is primarily concerned with questions as to how such tests might be made.

Direct Injection of Transients

Equipment

Surge generators capable of producing the types of transients involved in the Transient Control Level (TCL) philosophy generally employ capacitors that are discharged into a wave-shaping circuit.  That circuit would be resistive if unidirectional transients are to be produced, and inductive if oscillatory transients are to be produced.

It should be understood that the TCL philosophy is not written around any particular test circuit.  Any circuit that produces open-circuit voltages and short-circuit current of the required characteristics will be satisfactory . Nevertheless, it does seem appropriate to give some specific guidance as to the types of generators that might be used.

Some representative examples of circuits are shown on Fig. 1.  The switch may be either triggered or untriggered, depending upon the degree of sophistication desired.  Components should be chosen and laid out in such a way as to minimize undesired residual inductance and radiated interference.  Circuit voltages are frequently high enough to be hazardous; therefore, appropriate safety precautions must be taken.  The two circuits shown on Figs. 1a and 1b are designed to produce the 100 kHz oscillatory TCL test wave and the unidirectional 1.2 x 50 microseconds ANSI test wave.

TCL Testing Page 1
In Fig. 1a, the oscillatory frequency is determined primarily by C1 and L1 with the front time determined by R2 and C2.  In Fig. 1b, the front and tail times are approximately:

ttail     =  0.7 R1C1  (1)
tfront   = 3.0 R2C2   (2)

With different component values, this same type of circuit would then produce longer duration transients.     Photographs of the waveforms pro​duced by these generators are shown on Figs. 2 and 3.  A significant point to note is that the shapes of the current and voltage are different.  This is particularly true of the oscillatory generator, Fig. 1a.  It is characteristic of inductive transient sources that the short-circuit current takes longer to reach its peak value than does the open-circuit voltage.  Specifications should allow for this; it is generally unrealistic to require surge currents to rise to crest as fast as surge voltages, at least from inductive sources or into inductive loads.

Circuit Diagrams

The generators of Fig. 1 may be operated to produce either single or repetitive pulses.  A 60 (or 50) pulse per second rate is easily achieved by charging the storage capacitor from an ac source and closing the output switch on the half-cycle following that which charged the capacitor.

TCL Testing Page 1

TCL Testing Page 2

The type of discharge switch depends on the voltage rating and the degree of sophistication required.  Low-voltage thyratrons and thyristors are suitable up to about 500 volts, series strings of thyristors to about 2000 volts, and spark gaps at higher voltages.  This type of circuit lends itself readily to superimposition of the transient to the power frequency voltage.  Some investigations, such as circuits involving semiconductors, require that the timing of the transient with respect to the power frequency wave be controlled.

Figure 2 – Waveshapes produced by oscillatory generator (direct injection)

Figure 3 – Waveshapes produced by exponential generator (direct injection)
Types and conduct of tests

Experience has shown that great amounts of confusion can surround two seemingly simple questions: for what purpose does one wish to make a TCL test, and how does one define the severity of the test?  With respect to the first of these questions, TCL tests fall into one of two categories:   those aimed at determining what TCL is appropriate for a particular piece of equipment, and those to determine whether a particular piece of equipment meets the requirements of a certain TCL specification.   While the subject may seem elementary, experience  has shown that the distinction between the two is often lost.  These distinctions are illustrated in Figs. 4 and 5.

Figure 4 – Determining upset or failure levels of a piece of equipment

Figure 5 – Acceptance test on a piece of equipment
In Fig. 4 the problem is to determine what the intrinsic withstand or upset level of the piece of equipment might be.  In this type of  test the surge generator is set to some level,  the transient is applied to the terminals of the equipment under test, and the results are observed.  The output level of the surge generator is then measured, probably in terms of the open-circuit voltage produced by that power setting. 
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 The power setting of the surge generator is then increased in steps until the device under test either upsets or fails catastrophically.  The actual voltage or current amplitudes and wave shapes at the terminals of the equipment depend upon the input impedance of the equipment; and these might be unduly complicated to specify.  The failure, however, will occur at some definite setting of the transient generator.  If the setting of the generator (position of the knobs) was left unchanged, the energy level of the transient that produced failure or upset could then be described in terms of the voltage or current that the generator produced when connected to an open circuit or to a short circuit.  This level will seldom be a nice round number, either so many volts or so many amperes.  If one were to quote a level of transient that a device could withstand, that level would be the next lowest of the agreed-upon sequence of levels.  If the levels from which the choice were to be made were as shown on Fig. 4, the appropriate level to quote would be a level 3.
The alternative problem is that of Fig. 5, in which the aim is to determine whether or not the piece of equipment under test is able to withstand the transients associated with the specified transient control level.  In this type of test, the transient generator is set to deliver a specified current into a short circuit and to deliver a specified voltage to an open circuit.  If the source impedance levels have been properly chosen and implemented, these two conditions will be met simultaneously at one power setting of the transient generator.  With the setting of the transient generator left unchanged, the output terminals of the generator are then connected to the input terminals of the device under test.  An appropriate number of transients are applied to the equipment, and the equipment is monitored for correct operation during the test or monitored after the test to determine whether it works or not.

TCL Testing Page 3
The preceding material has touched upon the question of how one defines the level of transient.  Superficially, this might seem a trivial question to which an easy answer can be given – the level of the transient is measured in terms of the voltage applied to the terminals of the device under test.  However, this simple answer is deficient in that it neglects the input impedance of the device under test.  If the device under test has a low input impedance or is fitted with surge protective devices, it might not be possible to develop a specified voltage without injecting excessively high currents into the device, currents higher than the naturally occurring transient source would be able to supply.  For low impedance circuits, it is more appropriate to define the transient in terms of current.  However, a specification considering only surge current is not sufficient in that the impedance of the circuit might be so high that a specified current might be developed only by applying excessive voltage.  For these reasons it seems best not to define a test in terms of the voltage or current developed at the terminals of the device under test.  Rather, in the TCL philosophy, the tests are  defined in terms of the capability of the surge generator to deliver specific  voltages or currents into specific loads.   If one is dealing with surge generators suitable for direct connection to the terminals of the device under test, the most convenient loads are open or short circuits.  In cases where the transient is to be superimposed to the power frequency voltage, it will be necessary to dis​connect the power supply for the short-circuit test.

As examples of why these quantities are of importance, open-circuit voltage is of importance if one is studying the ability of insulation to withstand voltage, or if one is studying the ability of an isolated circuit to withstand interference.  Short-circuit current is the quantity of most relevance if one is studying the ability of circuit protective devices to with​stand surge currents, or if one is studying the interference produced on signal circuits by current flowing upon the shields of cables.
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Transformer Injection of Surges

Direct injection tests are most appropriate to determine whether or not a piece of equipment by itself would be damaged by a specific level of transient.  A problem of greater complexity is determining whether a group of interconnected pieces of equipment will operate correctly in the presence of transients.  Generally, the equipment cannot be tested for proper operation unless it is part of a completely interconnected system.  This usually implies there must be a source, a load, and appropriate interconnected wiring.  It would also seem to go without saying that the method of injecting the transient into the wiring should realistically duplicate the way in which the natural electromagnetic field induces transients into the wiring.  One such test technique is shown on Fig. 6.  In nature, an electromagnetic field might be set up between the conductors and ground, the field being distributed over the entire length of the interconnecting wiring.  In Fig. 6, a similar magnetic field is produced, but confined within the core of a pulse injection transformer.  If this trans​former is placed around the wires under consideration, the current and voltage induced into those wires are nearly the same as that produced by the distributed magnetic field of nature.  The magnetic field is set up in the core of the transformer by discharging a surge generator through an exciting winding on the core.

Figure 6 – Magnetic field confined in the core of an injection transformer
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Some considerations regarding the capabilities of such transient injection follow.  First, it should be remembered that the circuit under test is primarily exposed to the changing electromagnetic field contained in the core of the pulse injection transformer.  If the source under test is a high impedance circuit, the natural effect of that changing magnetic field is to induce an open-circuit voltage, the magnitude and duration of which will depend upon the ampli​tude and rate of change of the magnetic field in the core, but which will not be significantly affected by the length of the circuit under test.  However, if the circuit is of low impedance, the magnetic field will induce a circulating current in the circuit.  The shape of this current will be of a duration longer than that of the open-circuit voltage, and will be nearly the same as the duration of the current produced by the pulse generator in the primary of the transformer.

The magnitude of this current will depend upon the impedance of the circuit under test.  That impedance is governed both by the internal impedance of the terminal equipment and the characteristics of the wiring used to interconnect those pieces of equipment.  Just as with direct injection of transients, there can be ambiguities in specifications if the characteristics of these impedances are not taken into account.                     If, for example, the wiring under test is fitted with a shield grounded at each end, the natural measure of the transient is the current induced on the shield.  If the wiring is unshielded and con​nected to high impedance loads the natural measure of the transient is the induced voltage.  Again, a complete specification of the test circuit must deal both with the maximum voltage and the maximum circuit current that may be produced.

It seems appropriate to measure these voltages and currents on a dummy circuit of fixed dimensions.          The dimensions must be fixed since length, diameter, and height all affect the inductance, the most important component of the impedance.  The inductance of a conductor is almost directly proportional to its length, but proportional only to the logarithms of the diam​eter and of the height above the ground plane.  In the absence of any other specifications, it is suggested that the surge generator and injection transformer be such that the specified short-circuit current be induced on a conductor 3 meters long, having a diameter of 0.41 centimeter, and spaced 5 centimeters above the ground plane.  Such a conductor may be provided by the shield of RG-58 coaxial cable.
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An example of a test structure having these dimensions is shown on Fig. 7. Representative examples of the transients that may be produced are shown on Figs.  8 and 9. It is harder to  inject a transient  in-directly into a cable than it is to produce a transient for direct injection tests, because of the limitations of the injection transformer.  If Fig. 8 is compared with Fig. 2, it will be noted that both the current and the voltage are less, and that the ratio of voltage to current is less when the transient is injected via a transformer than when it is injected directly.  This results from the characteristics of the injection transformer.  If the transformer has high magnetizing inductance and low leakage inductance, the exciting  current – and  hence, magnetic flux – will be proportional to the integral of the exciting voltage.  In  such  a case,  the open-circuit voltage induced on the cable will be of the same shape and amplitude as the driving  voltage from the surge generator.

Figure 7 – Transformer injection of transients

Figure 8 – Waveforms produced by oscillatory generator (transformer injection)

Figure 9 – Waveforms produced by unidirectional generator (transformer injection)
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As a practical consideration, it is often desirable that the cable joining the two pieces of equipment under test be threaded through the core only once, either because of the physical characteristics of the cable or because of the effect on the transient response of the transformer of multiple turns.  This limits the magnetizing inductance to relatively low values.  The current in the exciting winding – and hence the flux in the core – is then proportional more nearly to the generator voltage than to the integral of that voltage, particularly for surge generators of internal impedance high compared to the impedance of the transformer.  As a conse​quence, open-circuit voltage induced onto the cable may be of shorter duration than desired, approaching the derivative of the driving voltage.  The amplitude of the voltage might also be limited by saturation of the core.  These effects are more troublesome for longer duration transients, as may be noted by comparing Fig. 9 to Fig. 3.

Two measures were taken to improve the wave shape of the open-circuit voltage.  The first of these was that some resistive loading, via an auxiliary winding, was used on the injection transformer to provide partial integration of the flux.  The second was that the front time of the open-circuit voltage from the exciting pulse generator was made longer through the use of higher values of wave shaping capacitance.  While these compensating techniques were partially successful, there is still ample room for improvement in the art of making equipment for transformer injection tests.

Injection transformers are not constrained to be operated with only one turn, or even equal turns, on the primary and secondary.  Either voltage or current may be emphasized by operating the transformer with unequal turns, although such operation should be recognized as affecting the impedance of the test circuit.    In general terms, the effects of unequal turns are:

a) More turns on secondary gives (for a fixed number of turns on the primary):

· Less short-circuit current

· More open-circuit voltage

· A decrease in the frequency of the natural oscillatory mode of the cable under test.
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b) More turns on primary gives (for a fixed number of turns on the secondary):

· More short-circuit current

· Less open-circuit voltage

· A decrease in the frequency of the natural oscillatory mode of the pulse generator

· A longer rise time of the current pulse.

If one wishes to determine by analysis the characteristics of the test circuit, one may derive equivalent circuits for the injection transformer and the conductor under test. For the injection transformer, the Tee  equivalent shown on Fig. 10 is generally satisfactory.

Figure 10 – Equivalent circuits of injection transformers


The cable under test could probably be treated equally satisfactorily as a Tee equiva​lent of inductance and capacitance.  A complete equivalent circuit, less the resistive loading shown on Fig. 7, would then be as on Fig. 11.  Numerical analysis of this circuit with the aid of a computer program such as ECAP is entirely feasible.  While the task has not been done, such analysis might point the way to test circuits better adapted to producing the desired TCL test waves. 

Equipment for Generation of Electric and Magnetic Fields

The test equipment described so far has been aimed at the injection of current or voltage pulses  into the terminals of electronic equipment.   There is also sometimes a need to subject equipment to an engulfing electric or magnetic field, principally to check for magnetic field leakage of the cabinet.  

TCL Testing Page 5

TCL Testing Page 6

Sometimes these effects are checked with a wire-wrapped technique in which a coil of wire is wrapped around the item to be tested and the coil then excited from a pulse generator.  The type of magnetic field so produced is perhaps not the best that may be derived for direct effects testing.  In the study of nuclear electromagnetic pulse (NEMP) effects, use is often made of stripline simulators in which a pulse generator is matched to a large open transmission line.  In such simulators attention is given to ensuring that there is a suitable tran​sition from the small geometry of the pulse generator to the large geometry of the test chamber.  The pulse generators and working chambers are also carefully matched to each other to allow the production of the required short-duration, rapidly changing fields.  For the production of more slowly varying electromagnetic fields, such as those resulting from lightning, the physical design of such chambers can frequently be simplified.  The rise times involved are not as fast as those in the NEMP studies and the requirement of plane wave propagation in the test chamber is not as important.  A test chamber suitable for many types of equipment might be like that of Fig. 12.  It would basically consist of a one-turn loop antenna of rectangular cross section enclosing a volume of about 1 m3.  Such a coil, when excited by the pulse generator sketched, would produce in its working volume a magnetic field of approximately 1000 amperes per meter or an electric field of about 20 kV per meter.

Figure 12 – Possible test chamber for evaluating electric and magnetic field effects

 Conclusions

The equipment capable of performing the types of tests implied in the TCL concept is basically simple in nature.  If only the lower levels need be generated, and  if the equipment need not be very refined, it can be built in virtually any laboratory.

Ultimately, of course, one might expect suitable test equipment to become available com​mercially, and indeed some equipment is already available.  This is particularly true of equipment suitable for direct injection of transients.  Techniques for indirect injection have not yet been as well worked out.  There is a need for further development in that area, supported by commercial test equipment.

The true need for subjecting electronic hardware to electric and magnetic fields has not yet been determined, and accordingly very little has been done toward producing equipment for such tests.
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TRANSIENT CONTROL LEVEL PHILOSOPHY

 AND IMPLEMENTATION: 1. The Reasoning Behind the Philosophy

F.D. Martzloff and F.A. Fisher

General Electric Company, Corporate Research and Development,

Schenectady, New York, and Pittsfield, Massachusetts

This is the first of a pair of papers describing how better transient protection might be achieved through the use of a Transient Con​trol Level (TCL) philosophy.  The authors have developed and are proposing this TCL philosophy because damage to and upset of electronic and other low-voltage equipment by transients seems to be a never-ending problem, and one that is likely to get worse in the future as electronic controls permeate even more of the products which affect our lives.  A number of proposals have been made - some already incorporated into stan​dards - on various test wave shapes and specifications.  The authors propose an approach inte​grating many of these proposals while focusing attention on significant parameters.

Introduction

An area where present standards do not seem to offer sufficient guidance to designers and manufacturers of electronic equipment is in what types of transients to consider and how to prove that equipment works in the presence of tran​sients.  This situation is perhaps under better control in the electric power field than it is in the fields of aerospace, general industry, house​wares, and the military.  For instance, the insu​lation of high-voltage apparatus is coordinated to the threats that nature provides to that insulation through the philosophy of insulation coordination as expressed in the Basic Insulation Level (BIL) system.  The BIL system provides for a standardized series of levels being coordinated with the protective abilities of existing protec​tive devices.  On the other hand, electronic and control equipment is all too often designed, built, and delivered before the existence of a transient threat is recognized.  If transients turn out to endanger the equipment, there may be no adequate surge protective devices.  In fact, there may not be any satisfactory answer to the problem posed by transients.
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The authors' TCL philosophy is aimed at achieving better coordination than now exists between the transients to which equipment is exposed and the abilities of equipment to with​stand the transients.  It is patterned after the BIL approach to insulation coordination so suc​cessfully used in the electric power field.

The purposes of this first paper are to explain the reasoning behind the different ele​ments of the BIL system of insulation coordina​tion, and to explain how similar reasoning has led to the formulation of the TCL philosophy.  Some observations on how to perform TCL tests are given in a companion paper [1].

Proposal for TCL

This proposal can be summarized by saying that we want to:

1. Establish the concept that equipment shall be rated in terms of its ability to withstand a limited set of transient proof tests, rather than in terms of its ability to withstand unknown "actual" transients.

2. Establish the concept that transient specifi​cations apply to power and signal lines.  In the past, only power lines have been con​sidered.
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3. Establish a set of levels (limited in number) to which equipment is designed and tested.

4. Establish a set of standard test waves (lim​ited in number) to which low-voltage equipment will be subjected.

5. Establish standardized relationships between voltage and current (source impedance).

6. Differentiate between the task of establish​ing the family of test levels and wave shapes, and the task of actually selecting a specific level.  This means that:

o We will propose to you a family of levels and wave shapes

o You will select the specific level and shape, based on your reliability goals, your costs, and your experience.

This proposal is made with awareness that it may be one more of an already confused array of standards.  However, if accepted by a large sec​tion of industry and users, it could become a unifying link and make the applications more successful. 
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In the following paragraphs, we will at​tempt to present the background justifying our proposal, for each of the points listed above.

1.  Basis  for rating equipment

The concept that equipment be rated in terms of its ability to withstand a standard test rather than "actual" service conditions is not new.  This is at the very heart of the system of BIL, which has been so successful in the field of electric utility equipment.

Fortunately for the utilities, few parties were involved in making the decisions, and thus it was possible at an early stage to establish the BIL system and to enforce it because of the near total control of the engineering department of a utility over the system design.  In the field of low-voltage systems, however, the selection and purchase of a multiplicity of components and equipment by a multiplicity of buyers from a multiplicity of vendors on behalf of a multi​plicity of users have made it very difficult to maintain the organized systems approach which succeeded in the case of the electric utilities.

A basic concept, which needs to be mutually accepted by users and manufacturers of equipment, is that it is impossible to simulate all possible transient overvoltages (and over-currents) that a product line might experience in service.  How​ever, by designing the equipment to a certain standard and controlling the level of transients by suitable-protection, a much greater chance of successful operation in the cruel real world will be obtained.
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The task is then to establish a set of standard tests, acceptable to the vast majority of applications, reflecting the real world but not pretending to duplicate it, simple enough to be practical, conservative enough to ensure reli​ability, but realistic in terms of economics.

Obtaining complete agreement from all is a most unlikely an impossible goal, and thus the unsatisfactory situation endures.  This stalemate can be broken by accepting a proposal, which might not be perfect but is better than many isolated standards or no standard at all.

2.  All lines subject to transient tests

The existence of transients on power lines is by now a recognized and accepted fact, so that most applications will involve a certain amount of precautions in specifying transient withstand capability.     However, in the case of signal lines, this recognition is less frequent, and there have been examples where a total lack of appreciation of the problem has led to the design and deployment of equipment that cannot be pro​tected from transients.
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Transients can be introduced into a piece of equipment by the power lines from many sources, such as lightning, switching transients, fault clearing, and coupling from adjacent circuits.  Signal lines, especially in the case of extensive systems covering a vast area, can also be subjected to induced transients by lightning, adjacent circuits, ground currents, etc.  Since quite often the signal circuits tend to be at a lower voltage than the power circuits, the discrepancy between the rated level in the circuit and the actual level of transients makes the signal circuits more susceptible to transient problems.

A question related to which lines are to be subjected to transients is that of “common mode” versus “transverse mode.” This is not always clear and must be addressed in a comprehensive specification.

3.  Test Levels
An important feature of the BIL system was that it involved a limited number of test levels graded to the operating voltage of the system for which apparatus was being designed. A successful TCL system should also be designed around a relatively small number of levels.  One who tries to establish levels is pulled in two directions; one to avoid complexity by establishing a minimum number of levels, and in another to provide levels that accommodate existing practices with minimum disruption.

One way to achieve this is through the use of major and minor intervals in the levels. Figure 1 shows several possible level series.  The scales show the range 30 to 3000 volts divided into intervals based on 101/3, 101/5, and 101/6.  The physical positioning of the numbers on the figure shows how those numbers match the proportionate interval scales.  In the past, we have proposed that there be three levels per decade with the spacing between levels being approximately 101/3.  The factors 1.5, 3, and 6 seem appropriate, particularly since such a set could include the voltage levels 600, 1500, and 3000 volts in some existing specifications.  The widely used specification MIL-704 includes the 600-volt level for transients, and it would appear that this number, at least, should appear in any set of TCL levels.  Levels based on the above progression appear in the left-hand column.

Fig. 1: Proposed levels for TCL voltages compared to existing level systems
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A progression proposed in IEC TC 28A, Low Voltage Insulation Coordination, is shown in the right-hand column.  The levels that have been proposed range from 500 to 12000 volts.  On Fig. 1, the levels in parentheses are inserted only to indicate the sequence.  This progression, which seems to be based on the factor 101/5, does not include the 600-volt level.

Levels as arranged in the center column might appear to provide an appropriate com​promise.  We propose that the levels in boldface print be the recommended levels while those in lighter print be used, preferably sparingly, when intermediate levels are needed.  Associated with each of these levels would be a short-circuit current level, the magnitude of which is related to the voltage levels through defined source impedances.  Source impedance will be discussed further below.

Some of the levels will seem very low, particularly to those accustomed to dealing with transients on power lines.  They may not be unrealistic for some low-voltage signal circuits.  A more important point, however, is that the establishment of a series of levels, from which a choice may be made, is a task separate and distinct from that of deciding to what level a piece of equipment should be designed.  This latter point is discussed in more detail later.
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4.  Wave shape

Many test waves have been proposed in the past.    Table I shows some that have been pro​posed.  These wave shapes range from the very fast rise, short duration, to the slow-rise, long duration, with oscillatory or unidirectional voltages.  Each of these is based on practical considerations for specific applications; but the total picture is then one of confusion and dis​couraging attempts at standardization.

Observations of oscilloscope recordings and independent work on the resonant frequency of power systems [2] have shown that most transient voltages in low-voltage systems have an oscilla​tory wave shape, in contrast to the well-known and generally accepted unidirectional wave used in high-voltage insulations standards.  Frequencies are typically in the range of 5 kHz to 500 kHz, with the majority of the transients having frequencies above 100 kHz [3].

On the basis of these observations, the authors have proposed the voltage wave shape of Fig. 2, as being most representative of tran​sients in low-voltage systems.  This wave is a composite.  One component is aimed at producing the effects associated with fast rise times.  Coupled interference and the response of inductive devices are examples.  Another component is aimed at producing the ef​fects associated with the more slowly changing, and oscillatory, tail.  Voltage summation in capacitive circuits coupled by rectifiers is an example.  Energy handling capability of surge protective devices is another.

Fig. 2: Proposed TCL voltage wave

While this wave may then appear arti​ficially contrived, it will subject test samples to the two most significant effects of voltage, circuit upset, and circuit damage.  Since the wave may be produced by simple laboratory cir​cuits, comparison tests may be easily done by different organizations. [4].
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This wave shape was first defined by a consensus at a meeting of the Ground Fault Pro​tection Section of NEMA, in August 1973, and has since received increasing acceptance, notably at the Underwriter's   Laboratories.  Recently, independent considerations [5] have given further support to a 0.5 (s rise time and 5 (s duration impulse. However, in all probability this one oscillatory TCL wave will not meet the needs of all users.    Therefore, we propose that the wave of Fig. 2 be supplemented by two unidirectional voltage waves: the classic ANSI 1.2 x 50 (s impulse wave and a 10 x 1000 (s wave [6,7].

We believe that most applications can be treated by one of these three wave shapes, once the concept is accepted that a perfect match of "actual" wave shape and "test" wave shape is not essential.  The first wave, fast rise and 100 kHz ring, would be more applicable for circuits ex​posed to "lightning remnants" (the natural oscil​lation of a power system excited by a lightning discharge or switching transient at some remote point) as well as control circuitry exposed to induced transients.   The second wave shape, the familiar 1.2 x 50 unidirectional, would be appli​cable to circuits where direct exposure to lightning strokes is likely; while the third (long tail) would be applicable to situations involving lightning current discharge on long cables.    The second and third wave shapes are also representative of transients produced by the switching of inductive circuits.

Special applications, such as NEMP (Nuclear Electromagnetic Pulse) hardening, or high-volt​age substation supervisory equipment, would rather retain their own well-documented standards.

5.  Source impedance and energy

In some types of tests, the object is to determine what level of voltage will cause fail​ure (permanent or temporary) of insulation.
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TABLE I - PARTIAL LISTING OF EXISTING OR PROPOSED TEST WAVES

[See pdf file]
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The nature of the transient following breakdown is not of much concern.  The typical test piece is of high impedance (except after breakdown), and thus does not load the generator.  People have tended to overlook the source impedance of the gener​ator, even in applications where that impedance is important.

However, with the development of voltage suppression devices, the source impedance becomes an integral part of the suppression scheme.  Some types of devices (spark gaps) function by switching into a low impedance state and reflect​ing the energy associated with the transient back from whence it came.  Other devices (varistors, selenium, and Zener type diodes) clamp the voltage across their terminals while conducting the surge current and thus dissipate the surge energy in the protective device.  The ability of the device to handle that energy becomes of im​portance.  In either case, the test generators must be capable of supplying an appropriate amount of current, but should not supply too much current.

Test specifications should reflect the fact that, in some cases, voltage is the appropriate measure of the transient, and in other cases current is the appropriate measure.  Above all, they must avoid wording that leads the inex​perienced to struggle valiantly, with ever-larger surge generators, to develop a specified voltage across a correctly functioning spark gap or varistor.  This has occurred.

In the original formulation of the TCL concept, the authors proposed, and still do propose, that the generator impedance associated with the 100 kHz oscillatory test wave be an impedance representative of that measured on a-c supply mains.  Such an impedance can be represented as 50 ohms in parallel with 50 micro​henrys [8].

The ANSI specifications dealing with the long-established 1.2 x 50 (s unidirectional wave do not treat source impedance directly, but recognize its existence by providing a separate current test wave for surge arresters or other surge protective devices.  In the TCL concept as we now visualize it, this same approach would be followed: separate voltage and current levels.
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One of the applications where the 10 x 1000 (s unidirectional test wave might be appro​priate would be those involving switching of inductive circuits.  The impedance associated with such transients can vary over wide limits and may be quite low.  We do not feel there is yet a sufficient engineering consensus as to what a suitable standard source impedance might be.  Ac​cordingly, we made no recommendations for such impedance, feeling that the evaluation of such impedance must be done on an individual basis for the specific application at hand.

Selection of specific levels
The task of selecting the transient control level appropriate for any one piece of equipment, or any one application, is one of engineering and cannot be fully dealt with in this paper.  How​ever, some discussion of the task is necessary to show how that task fits into the overall TCL philosophy.  The BIL system provides some guidance.  A fundamental tenet of the BIL system is that the insulation structure of apparatus is not designed until after the required insulation level is agreed upon, and that this insulation level is not chosen until one is sure that there are voltage-limiting devices (surge arresters) that can control natural transients to levels lower than those to which the factory proof test will subject the apparatus under design.

On the other hand, low-voltage and elec​tronic equipment is all too often designed with​out consideration of transients or whether protective devices might even be available if needed.  One guideline is then that equipment should not be designed until an appropriate design level has been chosen.  This choice should be made after consideration of the distribution of naturally occurring transients.
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The occurrence of transients is a statis​tical process, both in voltage levels and energy content.  Low levels are common while high levels occur rarely.  Figure 3 shows the relationship between voltage level and frequency of occurrence on 120-volt residential circuits, from observations made in the United States [9].  While this type of information cannot serve to predict the occurrences at individual locations, it is of interest if one is concerned with the overall statistics of transients.  For instance, a manufacturer can select a withstand level (or conversely, a failure level) by trading off the tangible and intangible cost of failures for the cost of the added protection required to achieve that level.  From the graph of Fig. 3, we can see that decreasing the withstand level from, say, 4 kV to 2 kV is likely to increase the failure rate of a product by a factor of 10.

Fig. 3: Exposure of residential circuits to surges

(number of surges vs. highest surge at any one location)

Selection of the most appropriate level for a specific application should remain the preroga​tive of the parties directly interested.  This choice will be based on a number of factors such as the circuit rated voltage, the exposure of the circuit to induced transients, the presence or absence of a mandatory suppressor in the circuit, the risk analysis (probability of failure, conse​quence of a failure, cost-trade off), etc.
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Table II – Proposed impulse levels by IEC TC 28A
[See pdf file]

An example of such a selection process is found in current proposals of IEC 28A for low-​voltage insulation coordination.  This proposal includes a matrix of voltage levels depending on one hand on the system voltage and on the other hand on a level category, which is left to the users to choose but implies some recognition of exposure factors.  This proposed table is repro​duced here as Table II with the permission of the IEC TC 28A Chairman.

Conclusion and Recommendation
Acceptance of the TCL concept by manufac​turers and users of equipment, as well as stan​dardizing and regulatory agencies, would be a great step toward simplification of specifica​tions and toward more reliable system per​formance.

This paper has incorporated the feedback received after several proposals made at IEEE meetings, and at this point represents the position of the authors, supported and amended by the comments received.  Further feedback from the EMC community is earnestly invited and welcome.

To summarize our proposal, we recommend consideration and eventual acceptance of the following:

1.  Major voltage levels of 300, 600, and 1250 volts, with intermediate levels of 450, 850, and 2000 volts used if necessary; the levels to be scaled upwards or downwards by the appropriate powers of ten.

2.  A voltage wave shape of 0.5 (s rise x 100 kHz ring with current related to voltage by a source impedance of 50 ( and 50 (H.  This wave shape would be supplemented by 1.2 x 50 (s and 

10  x 1000 (s unidirectional waves.

3.   All terminals, power and signal, are to be subjected to TCL tests.

4.   For any particular piece of equipment, an appropriate level would be chosen from the above series, by mutual agreement between supplier and user.
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LIGHTNING PROTECTION OF RESIDENTIAL AC WIRING

K.E. Crouch – Lightning Technologies, Inc., Pittsfield, Massachusetts

 F.D. Martzloff – Corporate R&D General Electric, Schenectady NY

ABSTRACT

New transient suppressors using metal oxide varistors offer improved protection of appliances and consumer electronics against overvoltages.  This improvement, however, could be at the risk of imposing excessive duty on the suppressor in case of a very severe lightning stroke near the house where these suppressors are installed.  A simulated house wiring system was subjected to three levels of lightning currents injected into the ground wires (moderate, severe, extremely severe), with various combinations of suppressors installed alone or in a coordinated combination. Test results show that an effective and safe combination of devices can be specified for full protection of the loads in the house.
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INTRODUCTION

The development of metal oxide varistors has opened new opportunities for transient suppression in residential power circuits.  The Wiring Device Department of the General Electric Company has introduced the VSP-1 protector, which contains a 14 mm GE-MOV varistor.  The HLP (Home Lightning Protector) has been available for many years, but the hot-line work required for its installation has been a deterrent; and, consequently, this protector has not been very widely applied.  The new 32 mm GE-MOV varistor offers higher capacity than the 14 and 20 mm discs.  Prior to reassignment of the product scope to the Distribution Transformer Department and later the Circuit Protective Devices Department, tests made in Pittsfield by J.S. Kresge had demonstrated that this 32 mm disc could meet the ANSI secondary requirements.  By different packaging, the hot-line work might be eliminated and performance improved, opening the opportunity for greater acceptance.


Therefore, the possibility of a coordinated protection system in residential power circuits meeting ANSI requirements became a more likely prospect than an earlier investigation had predicted for coordination between the present design of the HLP and the VSP-1.[1] While there is little evidence that extremely high currents caused by lightning strokes enter far into the house wiring, it seemed worthy of investigation to postulate a condition of “severe” lightning discharge near the house and to attempt recording on a simplified model wiring system how the currents and voltages would be distributed. This report describes the assumptions, test procedures, results, and conclusions of such an investigation.
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OVERVIEW
The injection of a high current – presumably a lightning discharge – into the ground conductor of the service drop, without direct injection into the phase wires, is sufficient to induce voltage in excess of the clearance withstand of wiring devices.  The transmission characteristics of the model and the relative sparkover levels were such that internal devices (receptacles) flashed over before the watt-hour meter gaps could flash over.

Coordination between a centrally located surge arrester and an outlet-connected protector is possible; substantial, but within rating, currents flow in the outlet protector (VSP-1) when coordinated with a Home Lightning Protector (silicon carbide and gap) or its candidate successor, the 32 mm GE-MOV varistor.

For extreme strokes (100 kA at the pole), current in excess of rating can flow in VSP-1 protectors located close to the service entrance without other arresters.  While they could fail there, the protectors do not present a greater hazard than an air clearance, which would flash over were there no protector; and, in fact, the presence of the VSP-1 is more likely to reduce the hazard of a flashover with subsequent 60 Hz power-follow.
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The addition of a 32 mm varistor to the system, either in a plug-in (inboard) version or as an external addition (outboard) to the load center, will provide protection consistent with the ANSI requirements for secondary arresters.

1.0
ASSUMPTIONS
1.1
Current Magnitudes
It was postulated that a lightning stroke attaching to the primary side of an over-head distribution system would produce a branching of the current flow into the ground, following sparkover of the surge arrester, which was presumed connected at the pole-mounted distribution transformer.  Figure 1 shows the assumed circuit and the division of current flow.
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Figure 1. Division of Current Assumed for a 100 kA Stroke

In their study of lightning environments, Cianos and Pierce  [2] indicate that only 5% of all ground strokes exceed a peak current of 100 kA.  The frequency of the strokes is quite dependent upon geographic location (isokeraunic levels),  [3] as well as upon local configurations.  An average expectation of a stroke involving the utility pole near a house with no adjacent tall trees or buildings may be in the order of one per 400 years for most of the U.S. Thus, for a 5% probability, the likelihood is one stroke in excess of 100 kA per 8,000 years.  With nearby tall objects, this likelihood can be reduced 10 times; in areas of high lightning activities, this likelihood can be increased 10 times.  The level of 100 kA, then, represents an expectation of being exceeded at one location only one time in perhaps 10,000 years (but there are millions of poles in the U.S.).

From these assessments, the maximum current to be injected for the house model under discussion was selected to be 30 kA.  From this maximum of 30 kA injected into the ground wire of the house service drop, two more values were used during the test …..
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….. series: 10 kA, corresponding to the requirement for the ANSI high-current, short-duration test; and 1.5 kA, corresponding to the requirement for the ANSI duty-cycle test - both specified by ANSI Standard C 62.1 for secondary valve arresters. [4]

Another reason for selecting this low level (1.5 kA) is that no sparkover occurs in the wiring at this level.  For the 10 and 30 kA levels, multiple flashovers would occur at variable times and locations, making exact duplication of tests impossible.  By staying below sparkover levels, repeatability of the results was ensured, allowing comparisons among several alternate circuit configurations.

1.2 Waveshape
From ANSI Standard C 62.1, a waveshape of 8/20 (s would have been desirable.  However, limitations in the test circuit required for driving 30 kA in the model loop forced a compromise of 10/25 (s as the test wave.
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1.3
Lightning Current Path

It should be noted that, in this test series, the assumption was made that the light​ning current, applied first to the distribution primary (the highest wire on the pole) is transferred to the ground system by sparkover of an assumed surge arrester on the primary at the pole.  In fact, if there were no arrester, an equivalent effect by direct flashover could be expected.

For the secondary side, however, the assumption was made that both sides (phases) of the center-tapped (grounded) secondary remained uninvolved in conducting the direct lightning current, while the ground wire (messenger) from pole to house carried its share, as defined in Figure 1.

1.4
Induced Voltages

The generation of transient voltages in the house is attributed to electromagnetic coupling of the field established by the lightning current flowing in the messenger into the loop formed by the two phase wires encircling the messenger.  In addition, there is some capacitive coupling between the wires (Figure 2).
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Figure 2. Voltages Induced in the House Wiring Systems

2.0
TEST CIRCUIT AND TEST PROCEDURE
2.1 Power Circuits
The test circuit consisted of a high-current impulse generator, a distribution trans​former with service drop, a simulated simplified house wiring system, and the necessary shielded instrumentation (Figure 3).  Details of the catalog numbers, characteristics, etc., are given in the Appendix.

The service drop connection between the distribution transformer and the meter socket was made with three AWG #6 wires, twisted at a pitch of about 5 turns/m (1.5 turns/ft), 13 m (45 ft) long.  This service drop was folded in a loose “S” shape, at about 0.5 m (1.5 ft) above the ground plane serving as the return path for the lightning current, in order to reduce the loop inductance seen by the generator.  This configuration does not influence the coupling between the messenger and the wires wrapped around it, coupling which has been identified as the voltage-inducing mechanism.
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Figure 3. Schematic Representation of Test Circuit

The simulated house wiring started at the meter socket and continued to a load center by a 3 m (I0 ft) length of AWG #6 aluminum entrance cable.  The meter socket, watt-hour meter, and load center were typical General Electric Company hardware (see Appendix), except as noted in the detailed procedure description.  From this load center, four "branch circuits" connected to the load center breakers were established, each terminating at a wall receptacle mounted on the same 1.2 by 2.4 m (4 by 8 ft) plywood panel on which the watt-hour meter and load center were also mounted.  The branch circuits' lengths were (one each) 6, 12, 24, and 48 m (20, 40, 80, and 160 ft), the wire being loosely coiled between the load center and receptacles (Figure 4).

2.2 Instrumentation
Recordings of currents and voltages were made at several points on the wiring system with cathode ray oscilloscopes (CRO); differential measurements were made for the voltages with especially built 100:1 probes.  These probes were built by placing a 5000 ( resistor in series with a terminated 50 ( coaxial cable – all of these contained ….
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Figure 4. Connections at Load Center

….  in a shield tied to the ground plane part of the shielded instrument room.  Currents flowing in the suppressors were measured by means of a Pearson Model 110 A wide-frequency-band current transformer.  The oscilloscopes were located inside the shielded control room adjacent to the test area, providing satisfactory protection against spurious signals (see Figure 6 in Section 2.4).

2.3 Candidate Suppressors
Four candidate suppressors were installed at various locations in the system, for various comparisons of performance:

1. One Home Lightning Protector (HLP, GE Cat. 9Ll5DC B002) was installed at the load center; when connected to the circuit, the connection was at  ….

Propagation 1978Page 8

Propagation 1978Page 9
….the incoming lugs of the load center, as it would normally be when connected by an electrician.

2. Two V250HE80 varistors were mounted near the load center and connected to the incoming lugs of the load center.  This connection required about 45 cm (18 in) of #10 copper wire.  The return to ground was common to the two discs, as it is for the HLP device. (The varistor package contains a 32 mm disc with characteristics suitable for secondary arrester duty. (4) It is the candidate metal-oxide varistor substitute for, or successor of, the Thyrite – gap combination currently used in the HLP, and has an RMS voltage of 250 V.)

3. Two 32 mm varistor discs of the same characteristics as (2) (above) were installed by the Circuit Protective Device Department in a breaker housing so that they could be connected to the load center bus with a minimum of lead (10 cm, or 4 in).  This connection can be made while the load center is energized without requiring "hot work," in the same manner as inserting additional breakers on the load center.

4. VSP-1 spike protectors, produced by the Wiring Device Department, were inserted in the receptacle at the end of the branch circuits. (The VSP-1 protector contains a 14 mm GE-MOV ' varistor with a voltage rating of 170 V RMS. (5)

5. In addition, the meter contained its standard gaps rated for a 10 kV sparkover.
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2.4
Test Procedure
Preliminary tests indicated that flashover at the receptacles would occur with 10 kA injected into the ground messenger, but no sparkover of the meter gaps was apparent.  Therefore, a first test series was conducted at only 1.5 kA in order to provide consistent patterns of wave propagation undisturbed by flashover (Figure 5).


It was also found that the auxiliary impulse generator used to trigger the main gap of the high-current generator induced voltages into the test circuit that could exceed those induced by the main discharge.  A mechanical switch for closing the circuits was then substituted for the triggered gap.
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Figure 5. Applied Current Waveshape - 1.5 kA Crest, 10/25 (s

Noise checks were made for the voltage measurement system by shorting the probes together and attaching them to the neutral point on the circuit under test.  Similarly, the center conductor of the cable to the current transformer was removed from the trans​former output and connected to its sheath.  No significant voltages (greater than 5% of measured signal) were measured.  A typical noise check oscillogram is shown in Figure 6.

Figure 6. Typical Noise Response of Measurement System with 1.5 kA Injection
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Since the worst case (little attenuation) is expected when there is little load connected to the system, most test measurements were made without loads attached to the outlets in the simulation.  Measurements were also made with typical house loads connected to the outlets.  These loads were a 100 W light bulb, which was represented by a 130 ( resistor, a 1/2 hp single-phase induction appliance motor, and the input stage of a television circuit, as shown in Figure 7.

Figure 7. Television Input Stage

Various combinations of loads and suppressors at various locations were investigated.  The specific test conditions are described for each particular test in Section 3, which presents the results and discussions of the tests.
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 3.0 TEST RESULTS AND DISCUSSION
3.1 Test Results
A large number of tests were performed to investigate the effects of various com​binations.  From several hundred recorded oscillograms, a selection was made, as shown in this section, to illustrate these effects.  The results are presented in the form of a matrix of oscillograms with corresponding commentary, generally providing a comparison of voltage and currents with or without protectors installed.  First, a qualitative summary is presented, then some comparative oscillograms are shown to illustrate various effects.

Figure 8 gives a qualitative summary of the effects obtained by installing a single protector at various locations in the system.  The oscillograms are arranged in horizontal rows corresponding to the circuit configuration indicated in the legend.  The vertical columns correspond to the location at which the oscillograms were recorded.  From left to right appear Lines 1 and 2 of the load center, and the ends of the branch circuits at 6, 12, 24, and 48 m (20, 40, 80, and 160 ft), which will be referred to as B20, B40, B80, and B160.  Quantitative information will be given in subsequent figures.
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In the first row, open-circuit voltages are shown.  Note that the voltages at three locations of the Line 1 conductor are very similar, while there is a small difference between Line 1 and Line 2.
The installation of a protector in Line 1 of the load center (second row of oscillograms) clamps the voltage on all Line 1 points, with some oscillations induced at the end of the B160 branch.  While the initial peak of the Line 2 points is not changed, subsequent oscillations have lower frequency than in the open-circuit mode.  For the oscillograms corresponding to the location where a protector is installed, the upper trace shows the current flowing in the protectors.

The installation of a protector in Line 2 of the load center (third row) produces results analogous to the Line 1 case.  Installation of a protector at the end of a branch rather than at the load center (last four rows) produces clamping of the voltage at the point of installation.  At the other points of the same line, the effectiveness of the clamping decreases as the protector is farther away.  For the line with no protector, there is a minor voltage reduction and a frequency change similar to that noted in the first two rows.
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Figure 8. Summary of Protector Effects
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DISTRIBUTION TRANSFORMER ARRANGEMENT

In the simulation of the system, the circuit configuration at the pole and distribution transformer assumed that the lightning stroke had terminated on the primary conductor and that the primary arrester installed to protect the distribution transformer had sparked over.

For all tests with no specific reference to that assumption, the simulation circuit had, in fact, the high side (H1) of the transformer primary connected to the neutral/ ground of the transformer by a jumper wire (see Figure 4).

Replacing this jumper by an air gap (Oscillogram 156 in Figure 9) or by a distribution arrester (Oscillogram 157) did not produce a significant change in the voltage observed at the bus in the load center.  Furthermore, the current injected for the case of the arrester (Oscillogram 1571) is slightly, but not significantly, affected during its rise time.  These two observations validate the use of a jumper around the transformer primary.
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Figure 9. Comparison of protector HLP response 

for various protective devices at the primary of the distribution transformer
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EFFECT OF TERMINAL IMPEDANCE

With no load connected at the end of the branch circuits, even with an outboard protector at the load center, there can be large "open-circuit" voltages at branch outlets.  These voltages are caused by reflections as well as oscillations of the circuits.

Oscillograms 265 and 267 of Figure I0 show these open-circuit voltages reaching 1.5 and 2.3 kV.  Loading the terminal with the 100 W bulb simulation reduces the open-circuit reflections to a maximum of 1.3 kV from the 2.3 kV level (oscillogram 269).

With the installation of a VSP-1 protector at each outlet (Oscillograms 266 and 268), the voltage is reduced to 400 V, with a maximum current of 900 A in the B-80 outlet and 600 A in the B-160 outlet. (Oscillogram 266A shows the complete waveform which was not obvious on Oscillogram 266.)
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Figure 10.  Comparisons of performances with various devices at outlets, 

all with protectors at load center

Propagation 1978Page 17

Propagation 1978Page 18
EFFECT OF BRANCH TERMINATIONS

Open-circuit voltages recorded as indicated in the preceding oscillograms show decaying oscillations.  In Figure 11 a systematic comparison is presented of open-circuit voltages at the four line ends, as well as a comparison for each line end of the voltage without and with various loads.

Inspection of the no-load oscillograms (202 to 205) reveals two interesting phe​nomena.  First, the frequency of the major voltage oscillation is constant for all four line lengths (period = 2 (s).  Thus, we can conclude that this frequency is not affected by the line length and that other circuit parameters, rather, are responsible for inducing this 500 kHz oscillation from a 10 x 25 (s current wave.  Second, the minor oscillations visible during the first loop in each oscillogram are spaced apart at a distance which increases with line length.  Thus, one can conjecture that these may be caused by ref lections.

Loading the line termination with a 130 ( resistor (Oscillograms 243A, 245, 247, and 249) eliminates the later oscillations and reduces the first peak to about 60% of the value without load.  From this reduction, a Thevenin's calculation of circuit parameters (Figure 12), if applicable in an oversimplified form, would show that 130 ( is 60% of the total loop impedance.  Hence one can conclude that the source impedance is four/sixths of 130 ( or about 85 (.

When a VSP-1 protector is added to the 130 ( resistor (Oscillograms 244, 246, 248, and 250), the clamping action of the varistor limits the voltage at the outlets to about 400 V, which is consistent for the currents of about 20 A flowing in the varistor.
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Figure 11.  Effect of load (100 W light bulb) on voltages at branch outlets

Figure 12.  Thevenin's Equivalent for Oscillogram 202
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LOAD CENTER PROTECTORS

With no protectors at the load center nor at any outlets, the wiring is flashing over at I0 kA injected current, but not before crests in the range of 8 kV have been reached (Oscillograms 143 and 145). (See also Oscillograms 271 and 272 on Figure 17.)  Installation of inboard protectors reduces the voltage peaks to 500 or 600 V, with about 1200 A drawn through the protectors (substantial improvement), as shown in Oscillograms 261 and 262 of Fig. 13.

With outboard protectors rather than inboard protectors, the peak voltages are in the 1000 to 1100 V range (Oscillograms 263 and 264).  These higher voltages are attributable to the longer leads required to connect the outboard protector, compared to the inboard protector. (Figure 16 shows a comparison of lead length effects, which removes any question that the difference between inboard and outboard protectors might have been the result of an intrinsic difference in the varistors.)

While not a recommended installation location, two VSP-1 were also installed directly at the load center (on the bus) in an arrangement that approximates the "inboard protector" geometry.  Oscillograms 255 and 256 show the clamping voltage at 500 to 600 V with current crests at 1100 to 1200 A. Scaling up these varistor current values for higher lightning currents than the 10 kA injected would indicate probable excessively large currents in the 14 mm varistor used in the VSP-1 protector.

Finally, a HLP protector was installed at the center, as shown for one bus on Oscillogram 153.  The voltage is higher and the initial rise before sparkover of the gap takes place at about 2.2 kV.  The current crest, after the sparkover, is of the same magnitude (1100 A) as that of other tests.
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Figure 13.  Comparison of alternate protectors at load center
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DUTY ON OUTLET PROTECTORS

While a properly coordinated protection scheme would certainly include installation of a high-energy protector at the load center, the VSP-1 spike suppressor is likely to be installed in locations where no other protector would be provided.

The three sets of oscillograms in Figure 14 illustrate the increasing duty imposed on the VSP-1 protector at short and medium distances (B-40, B-80) when the load center includes an effective protector, a less effective protector, and, finally, no protector.  Note that for the 30 kA injection (a very pessimistic value) the current peak in the 14 mm varistor of the B-40 VSP-1 is about 2200 A, which is high but tolerable for infrequent lightning strokes.

The difference in current peak resulting from the branch circuit length (B-40 vs B-80) is also quite apparent, while the clamping voltages are not very different from those of the envelope, being at 400 to 600 V, with initial bursts at 800 to 1100 V.  In the case of Oscillogram 284, flashover of the wiring at the load center limited the current impressed on the VSP-1 protector.  This is a result of an unintentional wiring flashover, which occurs frequently.
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Figure 14.  Comparison of duty imposed on VSP-1

installed at outlets for various load center protections
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COMPARISON OF INBOARD/OUTBOARD PROTECTORS

The difference in length required to connect the inboard or outboard protectors at the load center raises the question of induction effects on the clamping voltage achieved with one or the other protector.  Oscillograms 273 and 274 of Figure 15 show a maximum voltage limited to less than 1000 V with the inboard arrangement, while the outboard arrangement (Oscillograms 277A and 278) shows as much as 2000 V maximum voltage.

(To remove any doubt on a possible difference caused by a difference in disc characteristics, the separate test discussed in conjunction with Figure 16 was performed, showing that indeed the additional voltage is attributable to lead length.)
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Figure 15.  Comparison of performances between inboard

and outboard protectors installed at load center
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EFFECT OF LEAD LENGTH

The oscillograms of Figures 13 and 15 show a difference in the performance of the outboard and inboard protectors.  These two protectors, although identical for the disc size (32 mm), used discs from different production lots with potentially different characteristics.  A separate test was made to determine if lead length or disc characteristic was the cause of this difference.

One each of the inboard and outboard protectors was removed from the simulation circuit.  These were connected in series across the output of an impulse generator.  The total lead length (60 cm, or 24 in) was approximately equal to that involved in separately connecting the outboard protector (45 cm, or 18 in) and the inboard protector (15 cm or 6 in) at the load center of the simulation circuit.  Current pulses of constant magnitude (3.2 kA crest, 10 (s rise time) were injected in the loop, and voltages across the protectors and their corresponding leads were recorded as shown in Figure 16.

Oscillogram 1 shows a 1000 V maximum voltage across the outboard protector and its associated 45 cm (18 in) lead, compared to only 600 V for the inboard protector and its 15 cm (6 in) lead (Oscillogram 2).  Changing the lead of the inboard device to 4 5 cm (18 in) (Oscillogram 3) raised the voltage to 1000 V, demonstrating that the difference is attributable to lead length, not disc characteristics, and illustrating the benefits obtainable by making the protector an integral part of the load center.
Propagation 1978Page 26

Propagation 1978Page 27
Figure 16.  Effect of lead inductance on clamping voltage
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EFFECT OF WIRING SPARKOVER

With no protector at the load center and the only loads or suppressors installed at remote outlets, the induced voltages can reach such high values as 6 to 8 kV for the I0 kA injected current (Oscillograms 271 and 272 of Figure 17, and Oscillograms 143 and 145 of Figure 13).

Oscillogram 272 shows that, with no relief produced by wiring flashover, the voltage envelope decays, becoming similar to that observed at lower current injection (Fig​ure 14).  However, as indicated in Oscillogram 271, flashover of the wiring (in this case the B-40 outlet) limited the voltage but not until a first crest of 7 kV had occurred and consequently started propagating in all branches of the system.
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Figure 17.  Voltages at load center with VSP-1 and "100 W load,"

at remote outlets, no protector at load center

Propagation 1978Page 29

Propagation 1978Page 30
3.2 Discussion of the Results
From the oscillograms collected during the test series, a summary of maximum values has been compiled as shown in Table 1. The three levels of current injection are included in this table, illustrating a mild, severe, and extremely severe lightning incident near the house.  For the sake of simplicity in this table, only one protector is included in the arrangement matrix.  A subsequent discussion will address the case of a coordinated scheme involving more than one protector.


Injection of the maximum values recorded on the protector current shows that no rated values are exceeded, even at 30 kA injection.  Voltages observed are consistent with the corresponding currents, from the V-1 characteristics of the varistors.

In the first group at 1.5 kA injection, voltages that are particularly damaging to appliances (2500 V) are observed throughout the system.  Installation of a protector (on both lines) at the load center eliminates the hazard and would suffice to protect all of the house.  Installation of a VSP-1 at only one close or remote outlet provides protection at that outlet and moderate protection on all locations of the same line.  The other line is not protected.
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The unsymmetrical load (diode) of the TV input circuit behaved in a predictable mariner: when the polarity of the voltage was such that a forward bias was applied, the diode clipped the voltage, with the series resistance limiting the current.  With reverse bias polarity, the diode failed when the 2500 V transient occurred at that outlet.
In the second group, representing a severe incident, flashover can be expected throughout the system in the absence of protection, with the associated fire hazards as well as damage to electronics during the initial voltage rise.  Installation of a HLP at the load center eliminates the flashover hazard but does not lower the voltage sufficiently to assure protection of sensitive electronics, nor does an outboard installation of varistors assure protection.  Installation of an inboard set of varistors is effective, for the voltage is limited at the load center (and consequently on the whole system) to 700 V. Installation of a VSP-1 at a close outlet (producing the maximum current flow, hence highest voltage) is effective for that outlet only; on the basis of the differential observed at 1.5 kA, one can presume that the voltage at the load center would be too great to consider any other point but that outlet as being protected.
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In the third group, representing an extremely severe incident, the inboard protector at the center is, alone, still effective to protect the house, but the outboard protector is not.  A VSP-1 installed at a close outlet is exposed to a high current (2500 A), still within its rating (4000 A), in excess of the maximum allowable 10-pulse value of the Pulse Lifetime Rating (1000 A), but still acceptable for 2 pulses.  Installation of a VSP-1 alone, closer to the load center, would be likely to result in failure of the varistor when exposed to repetitive, severe lightning incidents.  However, this failure hazard may still be less objectionable than the behavior of the wiring (flashover) in the absence of any protector, on an objective basis but not a subjective basis (the user is now expecting infallible protection).
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Table 1

SUMMARY

MAXIMUM VALUES OF VOLTAGES AND CURRENT OBSERVED DURING TEST SERIES
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3.3 A Coordinated Protection Scheme
Installation of a varistor protector at the load center, if incorporated with very short leads, as in the "inboard" arrangement, effectively protects all of the wiring in the house.  However, this installation is difficult to implement in existing systems and will continue to be difficult until a package is developed to allow connection to the load center bus bars with very short leads.  Until such an integral package is marketed for new systems, a coordinated protection scheme can be implemented, as a retrofit that would still provide reliable protection for millions of sensitive appliances in existing systems.

The coordination involves a protector at the load center, either the commercially available HLP or a packaged 32 mm disc set (two lines) with reasonably short leads in a package similar to the HLP.  This protector will limit the voltage at the load center to about 2200 V. This 2200 V level is below the flashover level of the wiring but can still cause damage to sensitive appliances.  The currents passing through the protector at that location will not exceed the protector capability.  In addition, VSP-1 protection should be installed at those outlets where a sensitive appliance is plugged.  The voltages allowed by the VSP-1, typically 400 to 600 V, will be low enough to assure survival of all but excessively sensitive appliances, while the VSP-1 will not be exposed to currents that can lead to a failure in case of frequent exposure to severe lightning incidents.

Thus, a coordinated protection scheme is technically feasible.  The cost should be acceptable to do-it-yourself homeowners, although it might be a deterrent to those owners who have to call in an electrician to install a protector at the load center.  Based on increasing awareness in the technical and regulatory agencies community of overvoltage protection, the incorporation of protection to load centers offers the best approach to new installations.
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Surge Testing:  Don't Kid Yourself, Don't Kill Yourself
François D. Martzloff

National Bureau of Standards Gaithersburg, MD 20899

(Now National Institute of Standards and Technology)

Increasing awareness of the sensitivity of electronics to surge effects has led to a proliferation of surge suppressors on the market.  Confronted with a difficult choice, some users are evaluating the performance of these devices by surge testing.  However, the techniques involved in these tests are different from typical EMC testing because of the single-shot nature of the event and because of the potential personnel hazards involved in surge testing.  This article presents a brief overview of surge testing, focusing on the unique techniques involved in performing valid tests under safe conditions.

In the old days of electromechanical devices, surge testing was an alternative to hi-pot testing, aimed at demonstrating the dielectric strength of equipment.  Today, the emphasis is on demonstrating the immunity of electronic systems against upset or damage by surges occurring on power or data line interfaces, or evaluating the effectiveness of surge suppressors.  The traditional tests were performed in high-voltage laboratories by specialists, but the new tests can be performed by anyone with a bench-top commercial surge generator and suitable oscilloscope.  This welcome simplification, however, is not without dangers: the danger of overlooking technical subtleties (don't kid yourself) and real hazards (don't kill yourself).
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The Surge Protective Devices Committee of the IEEE has completed a new document, "Guide on Surge Testing for Equipment Connected to Low-Voltage AC Power Circuits," ANSI/IEEE C62.45-1987, which addresses many of these concerns.* The major concepts can only be summarized here; practitioners and planners of surge testing are urged to consult the IEEE guide.  These major concepts (10 commandments?) are the following:

1.
Plan ahead!

2.
Differentiate between testing for susceptibility and testing for vulnerability.

3.
Consider the need for applying the surge superimposed on the ac power.

4.
Provide for realistic combined, not separate, voltage and cur​rent tests.

5.
Provide adequate coupling of the surge into the test power line.

6.
Isolate the room power supply from the surge with a back-filter.

7.
Consider the polarity and phase relationship of surge timing.

8.
Consider the implications of repetitive application of single surges.

9.
Monitor the surge with suitable instrumentation.

10.
Last in the list, but first when operating, be safe.
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-----------------------------------------------------------------------

*The figures are reprinted from ANSI/IEEE C62.45-1987, Copyright 1987 by the Institute of Electrical and Electronics Engineers, Inc., by permis​sion of the IEEE Standards Department.  The concepts outlined in this article reflect that document.  The contributions of the IEEE working group members to the development of the "Guide," and thus this article, are gratefully acknowledged.

1.  Plan Ahead.

There is more to surge testing than connecting the test article to the output terminals of a zapper and watching for smoke.  Every aspect of testing must be considered and coordinated.  Figure 1 pro​vides a graphic illustration of the interactions between goals, out​comes, equipment and procedures.

2.  Differentiate between testing for vulnerability and testing for susceptibility.
Surge protective devices are often applied only for avoiding damage; however, they can also serve to prevent upset in the opera​tion of the equipment.  Therefore, the subject of surge testing must recognize both outcomes of a surge: upset (susceptibility) and damage (vulnerability).  This differentiation must be defined before the tests are conducted so that the parties involved can agree on appropriate pass/fail criteria.

Figure 1 – Considerations involved in planning a surge test

Don’t kid-kill Page 1

Don’t kid-kill Page 2
3.  Consider the need for applying the surge superimposed to the ac power.
Test surges can be applied to the equipment under test (EUT) in two ways: (1) with normal operating power disconnected from the EUT (unpowered testing), and (2) with normal operating power applied to the EUT (powered testing).  The intended purpose of the test determines whether one approach is sufficient or whether both are required.


Unpowered testing may  appear  sufficient in situations for which the test outcome does not depend on evaluation of EUT performance during the surge.  For instance, clearance flashover of an electromechanical device might be the failure criterion; in that case, there usually should be no need to power the EUT.  However, unpowered testing does not represent actual service conditions.

Powered testing is necessary under two circumstances: (1) when the test outcome depends on evaluation of EUT functional performance during the surge, and (2) when determination of EUT vulnerability can involve power-follow (which may also depend in part on the phase angle at which the surge is applied with respect to the line voltage wave).  Thus, a test for susceptibility implies normal equipment functioning prior to the surge; therefore, it can only be checked in the powered mode.  From the standpoint of good practice, it is best to perform laboratory tests in a manner that most closely simulates the actual service environment.

4.   Provide for realistic combined, not separate, voltage and current tests.

The nature of the EUT will affect its response to an applied test surge.  A high-impedance EUT, such as a winding, a clearance or a semiconductor in the blocking mode, will be stressed by a voltage surge.  In these cases, the energy associated with the surge is not significant.  A low-impedance EUT, such as a circuit containing filter capacitors or surge-diverting pro​tective devices, will be stressed by a current surge; the energy deposited in the components becomes a significant factor in this type of surge occurrence. 
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Therefore, the wave shapes for both voltage and current tests therefore must be considered in specifying a test procedure.  Thus, the generator should be capable of a dual role: (1) For an expected voltage test, a sudden impedance drop must be accompanied by a specified surge current (amplitude and wave form) to ensure both marking the defect and initiating power follow current. (2) For an expected current test, the voltages involved must be held between a low and a high limit to initiate current by a sparkover-type device while not exceeding an appropriate upper limit.  While the need for providing these two conditions may not always be apparent, ignoring them can lead to meaningless testing.  An example is if a generator of high internal impedance or low stored energy is applied for performing a voltage test on an EUT which has relatively low input impedance.

5.  Provide adequate coupling of the surge into the EUT power supply.
Coupling the surge to an unpowered EUT is a simple matter: just connect the EUT to the terminals of the surge generator.  In the case of a powered test, however, the coupling becomes a complex matter.  This complexity is the result of the need to apply the surge to the line supplying the EUT, maintaining the specified waveform while transferring the necessary energy to the EUT.  Simple two-terminal devices can be subjected to the surge in a simple configuration; multi-terminal devices require careful attention to specifying which terminals are surged with ….
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…..respect to which others.  This concern is often described as testing for common mode or testing for normal mode.  Because a detailed discussion would take a whole article by itself, this concern is only mentioned here.

6.  Isolate the room power supply from the surge with a back-filter.

A further complication introduced by powered testing is the need to isolate the room power supply from the test circuit with a back-filter.  There are two good reasons to do this: (1) The purpose of the test is to subject the EUT, not the whole laboratory, to the test surge. (2) The relatively low impedance of the room power supply would load down the surge generator and prevent it from delivering the desired amplitude for the test surge.  The design of this back-filter, however, is not trivial because the filter must allow enough line current to supply the normal load current to the EUT but cause a minimum of interaction with the pulse-shaping network of the surge generator.

7.  Consider the polarity and phase relationship of surge timing.
Depending on the nature of the EUT, the polarity of the test surge may have an effect on the EUT response.  A more subtle effect may involve the timing of the test surge with respect to the power-frequency sine wave: the effect of a surge on a power semiconductor may be different if the device is in reverse bias or is conducting at the time the surge is applied.  If the behavior of the EUT involves a sparkover – intentional or accidental – the timing of the surge affects the power-frequency current initiated by the sparkover.
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8.  Consider the implications of repetitive application of single surges.
The test surges are single events, but they will be applied many times to the EUT for a number of reasons: (1) Prudent practice is to start a test with a low-severity test and increase the severity level in steps to determine the threshold of interference or damage.  One important aspect of this procedure is the risk of overlooking blind spots in the performance of the EUT if the test surge were applied only at the maximum severity level. (2) The need for bipolar testing and exploring the effects of phase relationship of the surge timing quickly multiplies the number of shots required to cover all the possible conditions. (3) Worse yet, should the EUT response involve timing of the surge with the internal clock and transitions of the EUT logic, then we may be considering thousands of single pulse applications! Thus, the cumulative effects of all these surges on the EUT (such as temperature rise at fast repetition rate, long-term degradation even at slow repetition rate) must be considered.  Some average power limitation must be defined, as well as a waiting time between surge applications.

9.  Monitor the surge with suitable instrumentation.
The need to monitor the input surge is axiomatic for verifying the characteristics of the applied surge, both open-circuit and as modified by the load.  For simple failure modes of isolated components, such as insulation breakdown or permanent semiconductor damage, monitoring the applied surge reveals a failure as the applied voltage wave is chopped.  Checking a complex EUT for susceptibility requires more extensive instrumentation to detect a misoperation. (That instrumentation itself must be immune to the disturbances created in the area by the test surge.)

Monitoring within the EUT may also be required to understand the failure mechanism under the surge, or to control one or more critical voltages within the EUT.  It may also be required to check the amount of surge remnant or surge let through reaching specific critical components.
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10.  Be safe!

There are two major considerations in the quest for safety during the test procedure.  The first, fairly obvious, is that the voltage and energy levels applied to the EUT are generally hazardous and, therefore, deserve respect.  That respect is best enforced by providing a barrier around the test circuit, including all of the EUT and leads that are not disconnected during the test (see Fig. 2).  The second, less obvious consideration is that under fault conditions (which are not always predictable) high voltages can appear at unexpected points during a flashover or between points considered to be "ground potential." In surge testing, there is seldom anything that can be considered "ground" within the EUT.  All of the monitoring measurements must be accomplished by differential connection of the probes (see Fig. 3).  This type of connection enables use of a safely grounded oscilloscope with high-voltage probes that have no ground leads attached to the EUT, while the chassis of the oscilloscope is safely grounded by the grounding conductor of its ac power cord.  Note that the grounding pigtails of the probes are not connected to the "ground" of the EUT.  The practice of a floating scope should be studiously avoided in surge testing.  This requirement, however, introduces concern about the common-mode rejection ratio of the instrumentation, a source of errors if not properly addressed.  This last concern provides a good example of the duality of surge testing implied in the title of this article: safety must not be compromised, even if mandatory safety procedures could lead to more difficult measurements.  Using an unsafe test method in the belief that it is the only one yielding valid results is not acceptable.  The perceptive, prudent and proficient operator will keep both imperatives in mind and emerge alive from the tests, with reliable results.
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Figure 2 – EUT being surge tested, showing required interfaces, filters, and reterminations

Figure 3 – Monitoring within surged equipment with voltage probes in differential connection
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Power Quality Site Surveys:  Facts, Fiction, and Fallacies
Francois D. Martzloff, Fellow, IEEE, and Thomas M. Gruzs, Member, IEEE

Abstract – The quality of the power supplied to sensitive electronic equipment is an important issue.  Monitoring disturbances of the power supply has been the objective of various site surveys, but results often appear to be instrument-dependent or site-dependent, making comparisons difficult.  After a review of the origins and types of disturbances, the types of monitoring instruments are described.  A summary of nine published surveys reported in the last 20 years is presented, and a close examination of underlying assumptions allows meaningful comparisons which can reconcile some of the differences.  Finally, the paper makes an appeal for improved definitions and applications in the use of monitoring instruments.

INTRODUCTION

Site surveys are generally initiated to evaluate the quality of the power available at a specific location with the aim of avoiding equipment disturbances in a planned installation or of explaining (and correcting) disturbances in an existing installation.  In either case, survey results constitute one of the inputs in the decision-making process of providing supplementary line conditioning equipment, either before or after disturbances have become a problem.  Depending on the reliability requirements of the load equipment, its susceptibility, and the severity of the disturbances, various line conditioning methods have been proposed: surge suppressor (with or without filter), isolating transformer, voltage regulator, magnetic synthesizer, motor-generator set, or uninterruptible power supply (UPS).

Because this additional line conditioning equipment may require significant capital investment, the choice of corrective measures is generally made by economic trade-off which is the prerogative and responsibility of the end user.  However, if technical inputs to this trade-off are incorrect because errone​ous conclusions were drawn as a result of a faulty site survey, the whole process is worthless, or worse yet, misleading.

For this reason, a good understanding of the merits and limitations of site surveys is essential for reconciling expecta​tion with reality before expensive line conditioning equipment is called for; one should deal, not with fiction or fallacies, but with facts.
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Power disturbances that affect sensitive electronic loads have a variety of sources.  Lightning, utility switching, and utility outages are often-cited sources of power disturbances.  However, power disturbances are often caused by users themselves, through switching of loads, ground faults, or normal operation of equipment.  Computer systems, as one example of these so-called sensitive loads, are not only sensitive loads but also can generate some disturbances themselves.  Their nonlinear load characteristics can cause interactions with the power system such as unusual voltage drops, overloaded neutral conductors, or distortion of the line voltage.

Utility systems are designed to provide reliable bulk power.  However, it is not feasible for them to provide continuous power of the quality required for a completely undisturbed computer operation.  Because normal use of electricity gener​ates disturbances and because unexpected power system failures will occur, every site will experience some power disturbances.  The nature of these power disturbances, their severity, and their incidence rates will vary from site to site.

To place the problem in perspective, however, one should keep in mind that poor-quality power is only one of the many causes of computer downtime.  Hardware problems, software problems, and operator errors also contribute to computer downtime.
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Sometimes there is too great a tendency to attribute operational difficulties to power supply problems.  For example, studying power-related computer problems at U.S. Navy installations, Key [1] found that only 5 to 10 percent of the observed computer downtime was attributable to power problems.  Reviewing case histories, Martzloff [2] described a safety problem created by panic actions of the computer system operators who pulled out power cords of the remote terminals (including the safety grounding conductor) because they suspected power line surges when, in fact, the problem was incorrect grounding practices for the shields of the data lines.

Historically, transient overvoltage effects on novel semiconductor systems were the first concern; by now, the importance of undervoltages or loss of power has also been recognized.  In the nine surveys reviewed in this paper, four address all types of disturbances and five are concerned exclusively with the transient overvoltages.  While this review is mostly concerned with the reports of transient overvoltages, this limited discussion does not mean that other disturbances are less significant.
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Power quality surveys have been performed, reported, and discussed by many authors, but their results or conclusions are not consistent [3]-[14].  Quotations from these surveys, out of context, have perhaps also contributed to the confusion.  In an attempt to clarify the issues, this paper presents a brief review of the origins and definitions of disturbances, and then it describes the development of monitoring instruments.  Comparisons are made among nine published surveys with attempts at reconciling results.  Finally, an appeal is made for improved measurement methods to provide more consistent reporting of recorded power disturbances.

DEFINITION DEFICIENCIES

As will become painfully apparent in the review of site surveys, the terms used by the workers reporting their measurements do not have common definitions.  An effort is being made within the IEEE to resolve this problem, as described later in this paper, but consensus has yet to be reached.  In this paper, terms describing disturbances are consistent with the IEEE Standard Dictionary of Electrical and Electronics Terms [15] and with established usage within the community of surge protective devices engineers.  Two examples of this lack of consensus are described here to make the point; resolving them is beyond the scope of this paper.

The generally accepted meaning of surge voltage, in the context of power systems, is a short-duration overvoltage, typically less than 1 ms or less than one half-cycle of the power frequency.  This meaning is not that which has been established by manufacturers and users of monitoring instruments and line conditioners.  This unfortunate second meaning is a momentary overvoltage at the fundamental frequency with a duration of typically a few cycles.  In this paper, this second meaning of the word "surge" (a momentary overvoltage) will be signaled by the use of quotation marks.  What the surge protective devices engineers call surge is called "impulse" or "spike" by the monitoring instrument community. Fig.1 shows by graphic descriptions the confusion created by the dual meaning of the word surge.  Acknowledging the desire of users for terse labels, we propose for consideration the word "swell" instead of "surge" for a momentary overvoltage.
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Figure 1 – Graphic definitions of disturbances

The term "outage" is another example of confusion created by unsettled definitions.  Most users agreed that it meant a complete loss of line voltage, but the duration of this outage was quite different when it was defined by computer users (as short as one half-cycle) or power engineers (seconds, perhaps minutes).  Now, the users and manufacturers of line conditioners do not make a clear distinction between complete loss of line voltage (zero voltage condition), severe undervoltages ("deep sags"), or the single-phasing of polyphase power systems.  For example, a momentary flicker of fluorescent lighting caused by a brief loss of voltage might be considered an outage; however, a brief sag to less than 80 percent of nominal voltage will produce the same visible effect.  Some UPS manufacturers consider input voltage sags that cause transfer to the battery backup operation as outages.  Part of the problem may be that the definition of "outage" has regulatory implications for evaluating the performance of public utility companies.  No such distinction has been made in this paper, because taking sides on that issue is not within its scope.

The term "sag" has not yet been defined in the IEEE Dictionary, but it is now generally accepted as meaning a momentary voltage reduction at the ac power frequency.  However, details (threshold, duration, etc.) of what character​izes a sag are not well defined.

MOTIVATION FOR SITE SURVEYS

PQ surveys FFF Page 2

Protection from power disturbances now essential because increasing dependency on computer-based systems for industry, commerce, and consumers makes disruptions less and less acceptable.  The most visible indication of power disturbances is the occurrence of operational problems such as hardware damage, system crashes, and processing errors.

Some users of computer systems may accept, albeit reluc​tantly, operational problems because they see them as unavoidable.  Other users may be unaware that otherwise invisible power disturbances could be the cause of operational problems.  A single power disturbance can cost more in downtime and hardware damage than the investment in power protection that would have prevented the disturbance; almost all sites could benefit from a reduction of operational problems by improving the quality of the power supplied to the computer systems [13].

Power line monitoring with sophisticated power disturbance recorders has often been advocated as a way to determine if any line conditioning is required.  While monitoring appears to be a logical first step, it has limitations.  For example, severe disturbances occur infrequently or on a seasonal basis.  Therefore, monitoring periods of less than a year might not produce an accurate power disturbance profile; most users are unwilling to wait at least 1 year.  Also, power line monitoring produces only past performance information, for changes within the site, at neighboring sites, or by the utility can drastically alter the power disturbance profile.

While exact prediction of the disturbances to be expected at a specific location is almost impossible and attempting it would be a fallacy, general guidelines can be formulated.  An attempt has been made by standards-writing groups to provide guidance [16] or specifications reflecting expected disturbances [17]-[19].  Users, however, generally seek specific data for their particular case; hence site surveys will still be necessary.  
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Another fallacy would be to attempt correction of power line disturbances revealed by monitoring and then to expect operational problems of equipment to disappear with​out having first determined the exact susceptibility of the equipment.

CAUSES OF POWER LINE DISTURBANCES

Transient overvoltages, historically among the first disturbances to be recorded by users, have two major causes: lightning and load switching.  Depending on local conditions one can be more important than the other, but both need to be recognized.

Lightning surges are the result of direct hits to the power system conductors as well as the result of indirect effects, where the lightning bolt strikes an object close to the conductors but not the conductors themselves.  A lightning strike to the power system may cause the operation of gap-type surge arresters, producing a severe reduction or a complete loss of the power system voltage for one half-cycle.  A flashover of line insulators can cause a breaker to trip, with reclosing delayed by several cycles, causing a power outage.  Thus lightning can be the obvious cause of overvoltages near its point of impact but also a less obvious cause of voltage loss or sag at a considerable distance from its point of impact.  This latter effect has been clearly observed in the Goldstein-Speranza [8] study.
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Power system load switching is also a major cause of disturbances.  Switching large loads on or off can produce long-duration voltage changes beyond the immediate transient response of the circuit.  Whether the switching is done by the utility or by the user is immaterial from the technical point of view, although the responsibility may be the subject of a contractual dispute.  When power factor correction capacitors are switched, high-frequency (500 Hz-5 kHz) oscillations occur which can reach 120-percent overvoltages (2.2 pu) for milliseconds [20]. Fault clearing by current-limiting fuses can also create substantial overvoltages [21].

In a study of 100 computer system failures attributable to power supply disturbances, Key [1] considered power line monitoring, computer operation logs, data from the National Weather Service, and local utility data to determine the cause of the power disturbance (Fig. 2). Weather was cited as the major cause of disruptive sags and outages; sags were found to disrupt computer operations four times as often as outages, a finding that agrees with the results of the comparison between the Allen-Segall and Goldstein-Speranza studies discussed later.

Figure 2 – Causes of computer failures as reported in the Key study

The type of power distribution system also has a strong influence on the incidence of disturbances.  In his study, Key compared the rates of incidence of sags and outages (Fig. 3).  A similar analysis was performed by Allen and Segall in another study [22], reaching essentially the same conclusions.  Both studies found that the rate of occurrence of disturbances is significantly lower for underground and network systems than for overhead and radial systems, respectively.
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Figure 3 – Effect of power system configuration

on incidence of disturbances as reported in the Key study

TYPES OF DISTURBANCES


Power line disturbances can be classified into two categories: common mode disturbances and normal mode disturbances.  The two terms were first defined in the context of communication circuits; a recent IEEE Guide [23] has established an expanded definition which is used in this paper, as outlined in the following paragraphs.  The IEEE Dictionary [15] and the IEC Dictionary [24] define symmetrical and asymmetrical voltages akin to but not interchangeable with the definitions of normal mode and common mode, respectively.

Common Mode Disturbances

Common mode disturbances are defined as unwanted potential differences between any or all current-carrying conductors and the grounding conductor or earth.  In three-phase grounded-wye power supplies typical of large computer systems, common mode disturbances could also be defined as the potential difference between neutral and ground.
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Two different types of common mode disturbances can affect a sensitive load.  The first type is a disturbance on the input power conductors relative to the input power grounding conductor.  Fig. 4 shows in 1 and 2 examples of origins for these disturbances.  This type of disturbance can be limited somewhat by a line conditioner, but it is also influenced by the location of the line conditioner and the wiring practices.

Figure 4 – Three examples of the origin of common mode disturbance on power input

Figure 5 – Three examples of the origin of normal mode disturbance on power input

The second type is a ground potential difference between elements of the computer or remote peripherals connected to the computer.  Fig. 4 shows in 3 an example of this type.  This type of disturbance is more difficult to limit because it is influenced by factors such as the system configuration and the impedance of the grounding system.  These two factors are generally beyond the direct control of the user except in the construction of a new facility.

Because of the broad frequency band involved, wiring resonances can make equalizing ground potentials difficult.  Proper computer system grounding, including a signal reference grid, has been found to be effective against most common mode disturbances [25].  However, when remote elements are connected to the computer systems by data cables, large ground potential differences are possible.  Proper surge protec​tion of the power supply and proper grounding of data cables will help eliminate hardware damage but might not prevent data corruption.  When dealing with the situation of example 3 in Fig. 4, fiber optic links are very effective because they provide complete metallic separation of the various elements in the system, a separation that might not be sufficiently achieved by the discrete opto-isolation devices sometimes proposed for that function [2].
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Normal Mode Disturbances

Normal mode disturbances are defined as unwanted poten​tial differences between any two current-carrying circuit conductors.  Fig. 5 shows three examples of the origins of such disturbances.  Usually a sine wave of nominal voltage is desired for a computer power supply.  Any deviation from this sine wave is a normal mode disturbance.  Computer users and monitoring instruments designers characterize these distur​bances by a variety of terms not always clearly defined such as sags, surges ("swells"), outages, impulses, ringing transients, waveform distortion, and high-frequency noise.  Unfortunately, there is no consensus at the present time on the exact meaning of these terms and their underlying quantitative definitions such as amplitude, duration, and thresholds, Later in this paper, a new effort to remedy this situation is described.

HISTORY OF THE DEVELOPMENT OF DISTURBANCE MONITORS

Historically, the first (unintended) disturbance monitors were the actual load equipment; only later, when confronted with unexplained failures or malfunctions, did the users start monitoring the quality of their power systems.  Monitoring power quality at the fundamental frequency had long been performed by utilities, but the precise characterization of microsecond-duration surges in the early 1960's required special oscilloscopes.  For the next 15 years, combinations of oscilloscopes or simple peak-detecting circuits were the basic instruments for monitoring transient overvoltages.  In the 1970's commercially-produced digitizers became available, and the technology has made continuing progress as experi​ence has been accumulated and faster digitizing circuits have been developed.

Early site surveys were generally limited to voltage measurements in the normal mode.  This limited scope reflected concerns for damage to sensitive electronic components connected across the line.  The fact that the source impedance of the surge was not recognized as being important in these surveys led to the generation of some performance standards that do not specify the current-handling requirements for the surge protective devices [19].  With the introduction and widespread application of clamping protective devices (silicon avalanche diodes or metal oxide varistors), the surge current diverted through these devices became a very important factor for proper device selection.  
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Therefore, the need emerged for characterizing current as well as voltage surges, but few surveys to date have addressed this need.  This need offers a challenge to designers of monitoring instruments and to would-be surveyors.

This challenge has produced attempts to define an "energy" measurement with an instrument which is only a voltmeter.  By assigning a parametric value to the source impedance of the surges and integrating the product (volts)2-seconds of the surges, some knowledge on the energy involved would be obtained as suggested in [14].  However, the real question concerns the sharing of energy between the impedance of the source and the impedance of the load, in this case the nonlinear impedance of the protective device.  A lengthy discussion of the energy contained in the surge versus the energy delivered to the protective device is beyond the scope of this paper, but the difference needs to be recognized to prevent further confusion as future monitoring instruments include an "energy" parameter in their readouts.

With the present development of sophisticated multichannel digitizing instruments, it should be feasible in future surveys to monitor both voltage and current in the normal mode as well as in the common mode.  Note, however, that the current of interest is that which the surge source (of otherwise unknown impedance) would force through a proposed surge protective device.  This device would he shunt-connected at the point being monitored so that the current to be monitored is not the surge current in the direction of undefined downstream loads.  The amplitude as well as the waveform of the surges needs to be characterized for correct application of surge protective devices.  Peak-reading monitors provide useful information on surge activity at a given site, but assessment of the surge severity level for the proper sizing of protective devices requires waveform and source impedance information [20], [26].
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Recent monitoring instruments offer the capability of recording potential differences between the neutral and the grounding conductor which constitutes one form of common mode disturbances.  To our knowledge, no instrument has been offered for explicit monitoring of potential differences within the grounding system itself such as 1 and 2 in Fig. 4. Some types of monitors include current probes and could record current in grounding conductors, but this parameter has not yet been reported in published surveys.

One difficulty encountered by users of monitoring instruments in this fast-paced technology is that manufacturers introduce improved features in response to specific wishes of the users or as a result of their own research; data collected by different instruments become equipment-dependent.  While this continuing progress is a welcome development, it makes comparison of survey results difficult without the details on the instrument characteristics and methods of measurement.

Occasionally, an instrument might have limitations or might introduce artifacts which are not immediately apparent so that the survey results suffer some loss of credibility when these possible limitations are discovered [11], [12].  Users may also have difficulty in interpreting complex instrument outputs, and excessive simplification of a complex data base can lead to some misunderstanding or misapplication of published docu​ments; a tutorial effort is then necessary to avoid these pitfalls [27], [28].

TYPES OF MONITORS

The instruments used in the various surveys reflect technol​ogy progress as well as logistics constraints resulting in a diversity of approaches.  Nevertheless, all monitoring instruments used in past surveys were voltmeters (with one exception, combining voltage and current measurements) from which disturbance parameters were derived.  Some of the monitors recorded a single parameter such as the actual voltage peak or the fact that the voltage exceeded a preset threshold.  Other monitors combined time with voltage measurements describing voltage waveforms.  The recording functions of instruments used in the surveys may be classified in broad categories.

Threshold counters-The surge is applied to a calibrated voltage divider, triggering a counter each time a preset threshold is exceeded.  The early types were analog; more recent types are digital.
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Digital peak recorders-The surge is converted to a digital value which is recorded in a buffer memory for later playback or printed out immediately after it occurs.  In the early types of recorders, only the peak was recorded; in later types, the duration of the surge was also recorded, opening the way to the more complex digital waveform recorders now available.

Oscilloscope with camera-The surge triggers a single sweep on the CRT of the oscilloscope which is recorded as it occurs by a shutterless camera with automatic film advance.  The oscilloscopes available at that time (the early 1960's) did not allow differential measurements.

Screen storage oscilloscope-The surge is displayed and stored on the cathode ray tube.  The writing-speed capability of these oscilloscopes was a limitation in the late 1960's.

Digital storage oscilloscope-The surge is digitized and stored in a shift register for subsequent playback and display whenever a preset threshold is exceeded.  An important feature is the capability of displaying events prior to the beginning of the surge.

Digital waveform recorder-The surge is digitized and stored in a manner similar to the digital storage oscilloscope, but additional data processing functions are incorporated in the instrument, allowing reports of many different parameters of the disturbance relating voltage to time.

Although some surveys might aim at great accuracy, the real world experiences such an infinite variety of disturbances that any attempt to describe them in fine detail only restricts general usefulness of the data.  Seeking such fine and definitive detail is another fallacy.  Some simple instruments can be considered useful (and inexpensive) indicators of frequent disturbances; other, more sophisticated (and more expensive) instruments can provide quite comprehensive data on distur​bances (but only on past events from which future disturbances can be extrapolated only by assuming that the causes will remain unchanged).  Thus there is a practical limit to the amount of detail that a survey can yield, and unrealistic expectations of very precise information should be avoided.
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Before attempting yet another broad survey of power quality, would-be surveyors need to consider not only improvements in instrumentation but also changes that have occurred in modern power systems, in particular the proliferation of surge protective devices.  These two differences between earlier surveys and the more recent surveys should be kept in mind when comparing results and when planning future surveys.

Prior to the proliferation of surge protective devices in low-voltage' systems, a limitation had already been recognized [17] for peak voltages: the flashover of clearances, typically between 2 and 8 kV for low-voltage wiring devices.  For that reason the expected maximum value cited in the IEEE Guide on Surge Voltages [16] reflects this possible truncation of the distribution around 6 kV.  Unfortunately, some readers of this Guide interpreted the upper practical limit of 6 kV as the basis for a withstand requirement, and they have included a 6-kV test requirement in their performance specifications.  A new version of this Guide, currently under preparation as a Recommended Practice, will attempt to avoid this misinter​pretation.

The number of surge protective devices such as varistors used in the United States on low-voltage ac power circuits since their introduction in 1972 may be estimated at 500 million.  Therefore, a new limitation exists in the voltage surges that will be recorded.  A surge-recording instrument installed at a random location might be close to a varistor connected near the point being monitored.  Such a proximity of surge protective devices and recording instruments may impact present and future measurements in several ways, as contrasted to previous measurement campaigns.  Four are outlined below.
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1)
Locations where voltage surges were previously identified-assuming no change in the source of the surges-are now likely to experience lower voltage surges, while current surges will occur in the newly installed protective devices.

2)
Not only will the peaks of the observed voltages be changed, but also their waveforms will be affected by the presence of nearby varistors as illustrated in Figs. 6, 7, and 8.

A) If a varistor is located between the source of the surge and the recording instrument (Fig. 6), the instrument will record the clamping voltage of the varistor.  This voltage will have lower peaks but longer time to half-peak than the original surge.

Figure 6 – Varistor upstream of monitor

Figure 7 – Varistor downstream of recorder

Figure 8 – Voltages measured at beginning and end of 75-m branch circuit
for surge applied in normal mode at service entrance
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B)
If the instrument is located between the source of  the surge and a varistor, or if a parallel branch circuit contains a varistor (Fig. 7), the instrument will now record the clamping voltage of the varistor, preceded by a spike corresponding to the inductive drop in the line feeding the surge current to the varistor.

TABLE 1

DETAILS OF THE LOCALES AND INSTRUMENTATION

C)
If a varistor is connected between the line and neutral conductors, and the surge is impinging between line and neutral at the service entrance (normal mode), a new situation is created, as shown in Fig. 8. The line-to-neutral voltage is clamped as intended; however, the inductive drop in the neutral conductor returning the surge current to the service entrance produces a surge voltage between the neutral and the grounding conductors at the point of connection of the varistor and any downstream point supplied by the same neutral.  Because this surge has a short duration, it will be enhanced by the open-end transmission line effect between the neutral and grounding conductors [29].

3)
The surge voltage limitation function previously performed by flashover of clearances is now more likely to be assumed by the new surge protective devices that are constantly being added to the systems.
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4)
These three situations will produce a significant reduction in the mean of voltage surge recordings from the total population of different locations as more and more varistors are installed.  However, the upper limit will remain the same for locations where no varistors have been installed.  Focusing on the mean of voltage surges recorded in power systems can create a false sense of security and an incorrect description of the environment.  Furthermore, the need for adequate surge current handling capability of a proposed suppressor with lower clamping voltage might be underes​timated because some diversion is already being performed.

REVIEW OF PUBLISHED SURVEYS

This summary includes nine papers published in the United States and in Europe, with a brief description of instrumentation design, definition of parameters, and results.  Papers are listed in chronological order.

Table I shows details of the locale, system voltage, instrument type, and connection mode as described in the papers.  Other surveys may have been published, particularly in Europe, which did not come to the attention of the authors.  Suggestions for including additional published data in the revision process for the Guide on Surge Voltages [16] are invited.

Bull and Nethercot, in a 1964 article [3], report monitoring performed in the mid 1960's on 240-V systems in Great Britain with instruments of their design.  Their initial instrument used vacuum tubes, leading to the development of a solid-state circuit which may be considered the forerunner of modern monitors.  The instrument had several channels, each with a different threshold.  Eventually, the solid-state instrument was made available commercially, and several units were used in some of the monitoring performed in the United States and reported in the data base of [16].
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The monitoring locations were selected to include a variety of conditions, with data being collected for several weeks at each location over a total period of 2 years.  The results do not mention transients above 600 V; it seems that no channels were provided above that level because the authors were only concerned with the range of 50-600 V.

Martzloff and Hahn, in a 1970 paper [5], report the highlights of measurements made in the 1963 to 1967 period on residential, commercial, and industrial circuits, mostly single-phase 120 V. Further details, originally held proprietary, were eventually released [30] for sharing information with other interested parties.  Waveform data were obtained with commercial, custom-modified oscilloscopes fitted with motor-driven cameras.  These oscilloscopes were installed at various locations where transient activity was suspected.  In addition, a peak counter circuit was developed, and 90 units with a 1200- or a 2000-V threshold were deployed at 300 locations where there was no prior suspicion of unusual transient activity.

The oscilloscope data gave one of the first indications that the traditional unidirectional impulse, long used for dielectric testing, might not be representative of surges occurring in low-voltage circuits.  The threshold data indicated locations where surges above 1200 V occur frequently (about 3 percent of the sample), while other locations appear far less exposed to surges.  The 100:1 reduction of an alarming failure rate of clock motors, achieved by increasing the surge withstand capability of the motors from 2000 to 6000 V, is documented in that paper.

PQ surveys FFF Page 8
Cannova, in a 1972 paper [6], reports the monitoring of surges on U.S. Navy shipboard 120- and 450-V power systems in the late 1960's.  Instrumentation used for the initial phase of the monitoring program consisted of oscilloscopes similar to those used by Martzloff.  Provision was also included for the option of measuring the transients alone (through filters) or superimposed on the ac line voltage; this option reflects the old dichotomy, still unsettled to this day, as to whether the transients should be measured as an absolute value or as a deviation from the instantaneous value of the ac sine wave (see the surge and impulse descriptions in Fig. 1, and the last column of Table 1).

The results are not reported separately for 120- and 450-V systems, it is not possible to express them in terms of per-unit or percentage of nominal system voltage.  The statistical treatment aims at fitting the recorded transients to a normal distribution and concludes that a log normal distribution is a better fit.  A brief statement is made on the durations of the recorded transients (without a statement on how those durations are defined), citing a majority of durations between 4 (s and 6 (s, with a few at 19 (s.

From the data base, acknowledged to be a small total number of events, a voltage protection level of 2500 V was defined.  The specification of a 2500-V 1.2/50-(s voltage withstand by DOD STD 1399 was derived from this survey.

Two aspects of the conclusions are especially worth noting: 1)  there was no information on the source impedance of the surges, and yet the data eventually served to specify requirements for surge protective devices; and 2) a large difference in frequency of occurrence was noted among ships of the same type and class, similar to the observations on land surveys.

Allen and Segall, in a 1974 paper [7], report the monitoring of several types of power disturbances at computer sites, performed with oscilloscopes, oscillographs, and digital instruments, in the 1969-1972 period.  Details of the instrumentation were described in a separate paper [31].  Disturbances are described as overvoltages and undervoltages, oscillatory decaying disturbances, voltage spike disturbances, and outages.  The terms sag and "surge" ("swell") had not yet made their appearance in the jargon.
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The survey was conducted in two phases.  In a first phase, preliminary information was obtained on ranges of disturbances, leading to the development of a second generation of monitors deployed in the next phase.  The recorded disturbances are described by plots and histograms.  The highest surge recorded in the first phase is shown as 350 V. In the second phase, the monitors grouped all surges into three categories, the highest having a range of 100 percent (of line voltage) to infinity, so that no detailed information is provided to describe high peak values.  The survey does report in detail the occurrence of undervoltages and overvoltages, providing a basis for the comparisons with the Goldstein-Speranza study made later in the present paper.

Goldstein and Speranza, in a 1982 paper [8], report the monitoring of several types of disturbances at a variety of locations in the Bell System, with digital multiparameter instruments, in the 1977 and 1979 period.  The conditions of the survey are documented, including instrument locations and definitions of the parameters as well as the methods of data processing.

The findings are briefly reported with emphasis on predic​tions for disturbances expected at specific sites.  The prediction is obtained by using a statistical model derived for all sites and making adjustments reflecting specific site conditions determined by a limited survey at that site.  The authors are emphatic on the point that the lack of correlation between sites prevents blanket application of the overall findings to any specific site, but that useful predictions are possible by combining the overall data with limited knowledge on specific site data.  This concept is echoed in the Guide on Surge Voltages [I 6], where the frequency of occurrence is presented in graphic form with well-defined slopes but with a wide band of possible exposures, depending on the particulars of the site.
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A Polya distribution is identified by Goldstein and Speranza as the best fit for this type of rare events data, in contrast to other surveys where their authors attempted to fit a normal distribution or a power or exponential law profile.

Wernstrom, Broms, and Boberg, in a 1984 report published in Sweden and circulated in the United States as an English draft translation [10], report monitoring of industrial 220/380-V systems by digital multi-threshold instruments, corroborated by waveform recording with digital storage oscilloscopes.  The parameters to be recorded and reported are defined in an introductory section; however, their description of "common mode" and "differential mode" in the English translation does not correspond exactly to symmetrical and asymmetrical voltages defined by the IEC.  
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In the section discussing transient sources and propagation, they make a significant comment that "common mode voltages are the most interesting and at the same time are the voltages most difficult to defend against."

The range of surges recorded extends from 200 to 2000 V. In a summary tabulation, rise times are shown as ranging from 20 to 200 ns and duration from 0.2 to 2.5 (s.  An interesting additional measurement was made by simultaneous recordings at two distant points of the power system, showing some aspects of the propagation and attenuation of a surge.  The survey also shows a wide difference of surge activity among sites but a relatively constant slope of the rate of occurrence versus level.

Aspnes, Evans, and Merritt, in a 1985 paper [11], report a survey of the power quality of rural Alaska at isolated power generation facilities.  The monitoring instruments are identified as one of the contemporary commercial digitizing monitors.  A very comprehensive summary of the recordings is presented including frequency deviations (a unique situation in these isolated systems), sags and "surges" ("swells"), impulses (i.e., surges), and outages.

Because the sites were in isolated systems (their installed capacity or system impedance is not stated), one would expect differences from the typical survey of interconnected power systems.  In fact suspected differences were the motivation for conducting the survey.  Thus finding differences in the results would not be particularly meaningful from the point of view of this paper aiming at comparisons.  However, bringing up this survey serves the purpose of noting that some ambiguity surfaced in connection with the possibility that built-in surge protection in the monitors might have attenuated the surges being recorded.  Knowing the source impedance of the surges (not the impedance at power frequency) would have settled the issue.  This case history point out again the desirability of including surge current monitoring in future surveys as a method of characterizing the source impedance of the surges.
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Odenberg and Braskich, in a 1985 paper [12], report the monitoring of computer and industrial environments with a digital instrument capable of the simultaneous recording of voltage surges and current surges.  This new capability for relating voltage and current shows a growing awareness of the need to monitor current surges-an improvement over previous surveys limited to the measurement of voltages.  However, the reported surge currents are those of a current toward undefined loads downstream from the instrument; they do not include any measurement of the current through a shunt-connected surge diverter, a measurement that would have provided new information on the source impedance of the surges.

The digital processing applied by the instrument yields two points of the surge: the peak value with the time to reach peak and the time elapsed until decay to 50 percent of the peak value.  From these two points, a "waveform" description is proposed without any other information on the actual waveform.  From a large number of recorded surges (over 250 000 events) a startling finding is cited: 90 percent of the recorded surges have their 50-percent point in a narrow window of 900-1100 (s.  Attempts to reconcile this singular finding with the observations reported by other surveys have not been successful.

Goedbloed, in a 1987 paper [14], describes in detail a custom-built automated measurement system monitoring 220/ 380-V networks in Europe.  The automated measurement system reflects the progress made in digitizing techniques since the Bull-Nethercot days of vacuum tubes.  By combining two commercial recorders with a custom interface, the developers obtained detailed recordings with a 10-ns sampling interval and 20-(s window on the first recorder and a 10-ns sampling interval and 2-ms window for the second recorder.
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The system included a provision for automated data reduction, yielding raw data as well as statistical information on amplitude, rate of rise, energy measure, spectral density, and conversions from time domain to frequency domain.  With a relatively low threshold of 100 V above the line voltage, the distribution of occurrences is weighted toward low ampli​tudes; nevertheless, occurrences are reported above 3000 V.

The paper also addresses indirectly the question of normal mode versus common mode surges by discussing symmetrical voltage and asymmetrical voltage as defined in the IEC Dictionary [24].  An indirect definition is proposed for a third type identified as the "so-called non-symmetrical voltage" which was the mode of monitoring used in this survey: line to grounding conductor (called "protective earth" or "protective conductor" in Europe).  This third type is currently incorporated in the more general definition of common mode proposed by the IEEE Guide on Surge Testing, which might leave some ambiguity on the definitions (see Fig. 5), or lead to considering "pure common mode" as opposed to some combined mode in which both normal and common (pure) modes are combined.  Looking for guidance in IEC definitions does not help much; the IEC definition addresses delta networks, but the Goedbloed paper states that nearly all networks monitored were of the TN type-that is, phase, neutral (implying a wye), and protective-earth conductors.  The paper clearly states the mode of connection so there is no ambiguity, but this instance serves again to illustrate the need to harmonize definitions. [Footnote: A related issue, now being addressed but not yet resolved, is the effect produced on the amplitudes of common mode surges by different practices for grounding the neutral (at the service entrance or at the remote substation).  Comments are invited on this aspect of characterizing the environment.]
COMPARISONS AMONG SURVEYS

Relative Occurrence of Different Types of Disturbances
Two of the surveys reviewed in this paper have been widely cited, one performed in the early 1970's by Allen and Segall (A-S for short) [7], and the other performed in the late 1970's by Goldstein and Speranza (G-S) [8].  However, the findings do not a first appear to be in agreement; a detailed comparison of these two surveys provides a good illustration of the pitfalls of superficial interpretation of survey results.

A cursory comparison of the results (Table 11) might lead one to conclude that a significant change in power disturbances at computer sites occurred between 1972 (end of the A-S study) and 1979 (end of the G-S study).  
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A-S reported 88.3 percent of observed disturbances as spikes, impulses, and transients, 11.2 percent as sags, and 0.47 percent as outages . G-S, on the other hand, reported 87 percent of the observed disturbances as sags, 7.4 percent as impulses, 0.7 percent as "surges" ("swells"), and 4.7 percent as outages (which they call power failures).

TABLE II

UNRECONCILED COMPARISONS BETWEEN THE GOLDSTEIN-SPERANZA

AND ALLEN-SEGALL RESULTS

TABLE III
MONITOR  THRESHOLDS


Taking a more careful look at the monitoring thresholds used in each study (Table 111) helps to explain why the number of impulses appear to have decreased and the number of sags appear to have increased.  Since G-S use a threshold of -4 percent for sags while A-S use -10 percent, one can expect the G-S study to indicate a higher percentage of sags, because the sags between -4 and -10 percent are not included in the A-S study.  Oscillatory decaying disturbances are not specifically identified in the G-S study but are included under the category of impulses.  The threshold for impulses used by G-S (200 V for 120-V lines, or 118 percent) is higher than that used by A-S (± 10 percent).  Because the rate of occurrence increases steeply for lower amplitude disturbances, one can expect a drastic reduction in the percentage of impulses reported by the G-S study as compared to the A-S study.
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The increase in percentage of power outages reported by G-S may be explained by the shift in the number of disturbances observed due to other threshold changes.  Per​centages can be a very misleading basis for comparison unless all conditions are equal.  For example, the incidence of power outages observed in both studies is very similar, even though the percentages are one order of magnitude apart; A-S report 0.6  occurrence per month while G-S report 0.4 occurrence per month.

Both studies present summaries and statistical analyses of their disturbance data in difference ways.  A-S use only the observed disturbances as a data base and present results as incidence rate graphs.  Incidence rates of sags and impulses at different thresholds are given by A-S, allowing a more direct comparison with the disturbance thresholds of the monitoring instruments used in the G-S study.

The G-S study presents a statistical model of the disturbance rates to predict the incidence rates at predefined disturbance levels, selected to correspond to those levels generally expected to cause computer systems problems: impulses greater than 200 V (118 percent of nominal peak voltage), sags greater than ‑20 percent of the nominal voltage, and "surges" ("swells") greater than 10 percent of nominal.  The G-S model states the disturbance rates in terms of probability, such as 50 percent of the sites will have less that "x" disturbances per year or 90 percent of the sites will have less than "y" disturbances per year, but with a cautionary note that there is no firm correlation between sites, making specific predictions from overall results somewhat uncertain.

When the disturbance rates at the same thresholds are compared for the A-S data and the G-S model (for 75 percent probability), the results are surprisingly similar (Table IV).  The conclusions of these two studies are that deep sags contribute about 62 percent of the power system problems which are related to normal mode disturbances, severe impulses are responsible for 21 percent outages for 14 percent and "surges" ("swells") for 2 percent.

Differences in Surge Amplitudes


The amplitudes of the surges reported in the surveys vary over a wide range, and comparisons are difficult because the data are not presented in a uniform format.  An attempt was made to get a quantitative comparison of the amplitudes reported in the surveys; however, the exercise was quickly found to be futile because of the following two main reasons.
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1)
Looking at "maximum values," one finds that in some surveys the quoted maximum is actually a value in excess of the range of the instrumentation, while for others it is the measured value.  There are too few points and insufficient information to attempt a statistical treatment of this truncated data base (censored data in statistical terms).  Furthermore, the quoted value in some surveys is the total voltage (instantaneous value of ac sine wave plus surge), while in others the sine voltage has been filtered out.  When surges are in the range of several thousand volts (the concern being damages), the difference between the two definitions is not significant; however, when surges are in the range of a few hundred volts (the concern being malfunctions), the difference is significant.

2)
Because the lower threshold of the recorder varies among surveys, and the frequency of occurrences increases dramatically with lower threshold, the labels of average, median, most frequent, typical, etc., are not meaningful for comparing amplitudes.  The preceding discussion of A-S and G-S results has illustrated the profound effect of threshold selection on reported results when they are expressed in percentages.

For these two reasons, any comparison at the present stage of inconsistency in report formats can only be qualitative.  Conjecture or speculation, rather than hard facts, might explain differences, as illustrated in the following two examples.
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TABLE  IV

RECONCILED COMPARISONS
The relatively small number of high-amplitude surges reported by Allen-Segall compared to other surveys [16] might be explained by a limitation of their instrument.  This explanation was submitted as a written discussion of the paper, but because of the "conference paper" status of the paper it was not published by the IEEE. [Editor’s 2003 Note:  That Conference Paper, together with its discussion, is now accessible, with permission of the IEEE, in this Anthology Part 5.  See the hyperlink < Discuss A&S  >].
Briefly stated, the storage oscilloscopes used by A-S had the limited writing speed of contemporary technology; further​more, the small amplitude set for full scale was such that a high-amplitude transient would have its peak off screen and the steep rise would not be seen on the phosphor.  Fig. 9 shows a set of oscillograms recorded in the laboratory by Martzloff in 1974, with the same model of oscilloscope as used by A-S: an actual 2200-V transient overvoltage appears as a benign 400-V transient if the oscilloscope sensitivity is set in anticipation of relatively low-amplitude transients and relatively slow speed, as was the case in the A-S study [31].

Figure 9 – Appearance of recordings made with storage oscilloscope and high-speed oscilloscope

Another difference in observed amplitudes is found in the results of the Alaska power survey [11].  One possible explanation for the relatively low surge level observed was suggested in the discussion of that paper: the built-in surge protection of the power supply for the internal electronics of the monitor might have reduced the levels of the surges observed by the monitors which had their power cord and monitoring probe connected to the same duplex receptacle.
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A general explanation of differences in amplitudes found in the various surveys might be the observation by some of their authors of the lack of correlation between sites.  Furthermore, some surveys include sites where equipment failures were experienced or expected, while other surveys were made at sites not singled out for particular problems.  Thus the differences in overall results of various surveys might simply be the result of the different surge exposure at the points of monitoring.  This explanation implies that surveys will still be needed where specific information is desired.

Differences in Waveform

From those surveys made with waveform recording capability, the "typical" forms suggested by each author have been collected in Fig. 10.  The finding of ringing waves, as opposed to the traditional unidirectional impulses, seems general in these low-voltage circuits. [Footnote: The data base of the Guide on Surge Voltages [16] shows oscillograms of ring waves recorded in the Bell System during a survey before the Goldstein​/Speranza study, but not otherwise published.]

Martzloff and Hahn were among the first to report ring waves.  Their reported measurements were incorporated into the data that resulted in the eventual selection of a 100-kHz ring wave with a 250- or 500 ns rise time for the UL Standard Ground Fault Circuit Interrupters [32] and the 0.5-(s 100​kHz ring wave of the IEEE Guide on Surge Voltages [16].
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While Cannova does not report detailed descriptions of the waveforms, the statements "4 to 6 (s" and "up to 19 (s" could be interpreted either as a time to half-value or as the time between the initial rise and the first zero crossing of a ringing wave.  Interestingly, that data base led to the specification of a unidirectional longer impulse, the classic 1.2/50-(s voltage impulse, for conservative rating of candidate surge protection devices to be installed in the shipboard environment [19].

Wernstrom, Broms, and Boberg show three examples of recordings.  The first is indeed a ring wave with a frequency of about 500 kHz and a rise time of 200 ns.  The second example is a burst of nanosecond-duration transients, similar in shape to the proposed IEC/TC65 Electrical Fast Transients [33].  The third example is (of all things) a unidirectional (almost) impulse.

The data reported by Odenberg and Braskich are different from the others in that only two points of the waveform are reported: peak and 50 percent of peak amplitude.  As such, this description is not a complete waveform; furthermore, their report that 90 percent of their 250 000 recordings show the 50​percent point occurring between 900 and 1100 (s is unique among all the surveys.
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The Goedbloed data presentation reflects concerns address​ing interference rather than damage; hence, the emphasis was given to amplitude, rate of rise, and energy rather than waveform.  An oscillogram characterized as "typical" is presented in Fig. 10: it is a ring wave with a frequency of about 800 kHz.  In the data processing by conversion of the recorded events to a standardized trapezoidal pulse, the median of the time to half-value is found to be about 2 (s, which is an indirect measure of the relatively short duration of the observed surges.

Figure 10 – “Typical” waveforms reported in surveys

Agreement and Disagreement on Rate of Occurrence versus Levels
Several of the survey authors have attempted to fit a classic distribution or a simple relationship between the rate of occurrence and the amplitude of the surges. 
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 In making such attempts, the frequency of occurrence is presented in different forms such as histograms, cumulative frequency, or number of occurrences in excess of a stated surge level.  Fig.  11 shows on a single chart the relative distributions of the findings, normalized for voltage level and frequency of occurrence for each survey result: the slope of the lines is what can be compared, not the absolute rate of occurrence.  It is remarkable that slopes are similar among the surveys if one keeps in mind that the absolute frequency of occurrence is site-dependent.

Figure 11 – Comparison of slopes of frequency of occurrence versus level of surges among surveys

WORKING TOWARD MORE CONSISTENT SURVEYS

The ambiguities plaguing the field of site surveys have become apparent to many interested workers, resulting in the formation of a new Working Group Monitoring Electrical Quality sponsored by the Power Systems Instrumentation and Measurements Committee.  The scope of the document being developed by this Working Group is as follows.

This Recommended Practice covers monitoring the electri​cal quality of single-phase and polyphase ac power systems. 

· To obtain consistent descriptions of disturbances in the electrical quality of power systems, this document presents definitions of nominal conditions and of deviations from these nominal conditions that may originate within the source of supply or from interactions between the source and the load.

· To identify which deviations may be of interest, a brief generic description is presented of the susceptibility of load equipment to deviations from nominal conditions.
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· To obtain comparable results from monitoring surveys performed with different instruments by different operators, this document presents recommendations for measurement and application techniques, and interpretations of results.

· While there is no implied limitation on the voltage rating of the power system being monitored, signal inputs to the instruments are limited to 1000 V or less.  Fundamental frequencies of the ac power systems being monitored are in the range of 45 to 450 Hz.

· Although it is recognized that the instruments may also be used for monitoring de supply systems or data transmission systems, details of application to these cases are under consideration and are not included in the present scope.  It is also recognized that the instruments may perform monitor​ing functions for environmental conditions (temperature, humidity, high-frequency electromagnetic radiation).  How​ever, the scope of this document is limited to the conducted electrical parameters derived from voltage or from current measurements, or both.

Contributions to the development of this document are invited and welcome, and further information may be obtained from the authors.

CONCLUSIONS

A review of power quality site surveys conducted over the last twenty years reveals interest facts, and close examination of the results can dispel some fictions and fallacies.
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1)
Considerable progress has been made in recording capability of monitoring instruments, mostly as the result of progress in the hardware and software used in digitizing systems.  Improvements include multichannel synchronized recording of different parameters, fast data acquisition, automated data reduction, and improved resolution.

2)
With the steady progress and expanded capability of instruments, it becomes increasingly important to achieve greater consistency in definitions of the disturbance parameters and the methods of application of the monitoring instruments.

3)
Site-to-site variations in exposures preclude making precise predictions for a specific site from an overall data base, but useful predictions can be made by adjusting the overall data base only slightly by limited data collection at the site of interest.

4)
The steady increase in the number of surge protective devices being installed in low-voltage power circuits in the last several years can be expected to continue.  The result might be a lowering of the mean values of observed surges but not necessarily the extreme values of the distribution.

5) Differences among results indicated by a cursory comparison can in many cases be resolved by a closer examination of the conditions under which the surveys were conducted.  However, some differences appear less likely to be explained if raw data have been processed and the initial parameter measurements are no longer available for consideration.  Providing greater detail in the published reports and sharing of experiences at technical meetings might help overcome this difficulty.
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6)
A new IEEE Working Group on Monitoring Electrical Quality has been formed with a broad scope that encom​passes this process of improving consistency in the definitions and interpretation of power disturbances.  In addition, the IEEE Working Group on Surge Characterization is also attempting to obtain a broader data base for the revision of the Guide on Surge Voltages.  These two groups are ready to provide counsel and forum to any would-be surveyor in planning and reporting the collection of new data on disturbances, thus avoiding later difficulties in incorporating the results in a shared data pool.  This paper is presented in support of this effort and to promote greater participation among interested workers and users.
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Site surveys are generally initiated to evaluate the quality of the power available at a specific loca​tion with the aim of avoiding equipment distur​bances in a planned installation or of explaining (and correcting) disturbances in an existing installation. In either case, survey results constitute one of the inputs in the decision-making process of providing supplementary line conditioning equipment, either before or after power disturbances have become a problem. Depending on the reliability requirements of the load equipment, its susceptibility, and the severity of the dis​turbances, various line conditioning methods have been proposed: surge suppressor (with or without filter), isola​tion transformer, voltage regulator, magnetic synthesizer, motor-generator set, or uninterruptible power supply (UPS).

Because this additional line conditioning equipment may require significant capital investment, the choice of corrective measures is generally made by economic trade​off which is the prerogative and responsibility of the end user. However, if technical inputs to this trade-off are incorrect because erroneous conclusions were drawn as a result of a faulty site survey, the whole process is worthless – or worse yet, misleading.

For this reason, a good understanding of the merits and limitations of site surveys is essential for reconciling expectation with reality before expensive line condition​ing equipment is called for; one should deal, not with fiction or fallacies, but with facts.

Power disturbances that affect sensitive electronic loads have a variety of sources. Lightning, utility switching, and utility outages are often-cited sources of power distur​bances.  However, power disturbances are frequently caused by users themselves, through switching of loads, ground faults, or normal operation of equipment. As one example, computer systems are not only sensitive loads, but can also generate disturbances themselves. Their non​linear load characteristics can cause interactions with the power system such as unusual voltage drops, overloaded neutral conductors, or distortion of the line voltage.
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Utility systems are designed to provide reliable bulk power. However, it is not feasible for them to provide continuous power of the quality required for a completely undisturbed computer operation. Because normal use of electricity generates disturbances, and because unexpected power system failures will occur, every site will experwnce some power disturbances, but their nature, severity, and incidence rates will vary from site to site.

Confusion in Term Definitions

As will become painfully apparent in next month’s review of site surveys, the terms used by the workers reporting their measurements do not have common defini​tions. An effort is being made within the IEEE to resolve this problem, as described later in this paper, but con​sensus has yet to be reached. In this paper, terms describ​ing disturbances are consistent with the IEEE Standard Dictionary of Electrical and Electronics Terms [1] and with established usage within the community of surge protec​tive devices engineers.

The generally accepted meaning of surge voltage, in the context of power systems, is a short-duration overvoltage, typically less than 1 ms or less than one half-cycle of the power frequency. This meaning is not that which has been established by manufacturers and users of monitoring instruments and line conditioners. This unfortunate sec​ond meaning is a momentary overvoltage at the funda​mental frequency with a duration of typically a few cycles.

Monitoring PQ Page 1

Monitoring PQ Page 2
Figure 1 – Graphic depictions of disturbances with multiple meanings

In this article, this second meaning of the word “surge” (a momentary overvoltage) will be signaled by the use of quotation marks. What power engineers call surge is referred to as “impulse” or “spike” by the monitoring instrument community. Figure 1 shows by graphic descriptions the confusion created by the dual meaning of the word surge. Acknowl​edging the desire of users for terse labels, we propose for consideration the word “swell” instead of “surge” for a momentary over​voltage.

The term “outage” is another example of confusion created by unsettled definitions. Most users agree that it means a complete loss of line voltage, but the duration of an outage can be quite different when defined by computer users (as short as one half-cycle) or power engineers (seconds, perhaps min​utes). Part of the problem may be that the definition of “outage” has regulatory implica​tions for evaluating the performance of public utility companies. Users and manufacturers of line conditioners do not make a clear distinction between complete loss of tine voltage (zero voltage condition), severe undervoltages (“deep sags”), or the single-phasing of polyphase power systems. For example, a momentary flicker of fluores​cent lighting caused by a brief loss of voltage might be considered an outage; however, a brief sag to less than 80 percent of nominal voltage will produce the same visible effect. Some UPS manufacturers consider input voltage sags that cause transfer to the battery backup operation as outages.

The term “sag” has not yet been defined in the IEEE Dictionary, but it is now gener​ally accepted as meaning a momentary voltage reduction at the ac power frequency. However, details (threshold, duration, etc.) of what characterizes a sag are not well defined.
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Motivation For Site Surveys

With the increasing dependency on computer-based systems for industry, commerce, and con​sumers, disruptions from power disturbances are less and less acceptable. Operational problems such as hardware damage, system crashes, and pro​cessing errors are the most visible indications of power disturbances. Some computer system users may accept (albeit reluctantly) such problems because they see them as unavoidable. Others may be unaware that otherwise invisible power dis​turbances could be the cause of these problems. A single power disturbance can cost more in down​time and hardware damage than the investment in power protection that would have prevented the effect of the disturbance. Nearly all sites can bene​fit from a reduction of operational problems by improving the quality of power supplied to the computer systems [2].

Power line monitoring with sophisticated power disturbance recorders has often been advocated as a way of determining if any line conditioning is required. While monitoring appears to be a logical first step, it has limitations. For example, severe disturbances occur infrequently or on a seasonal basis. Therefore, monitoring periods of less than a year might not produce an accurate profile of power disturbance, and most users are unwilling to wait at least a year to characterize the problem. Also, power line monitoring only produces data on past performance. Changes within the site (or at neighboring sites) or by the utility can drastically alter the power disturbance profile in ways that line monitoring cannot predict.
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Figure 2 – Origins of common mode disturbances

While exact prediction of the disturbances to be expected at a specific location is almost impossible – and attempting it would be a fallacy – general guidelines can be formulated. An attempt has been made by standards-writing groups to provide guidance [3] or specifications reflecting expected disturbances [4-6]. However, users will still seek specific data for their particular case, and site surveys will still be necessary. Another fallacy would be to attempt correction of power line disturbances revealed by monitoring and then to expect operational problems of equipment to disappear without having first determined the exact susceptibility of the equipment. Operational problems are the results of more than just power distur​bances.

Types of Disturbances

Power line disturbances can be classified into two cate​gories: common mode and normal mode disturbances. The two terms were first defined in the context of com​munication circuits; a recent IEEE Guide [7] has estab​lished an expanded definition which is used in this article, as outlined in the following paragraphs. The IEEE Dic​tionary [1] and the IEC Dictionary [8] define symmetrical and asymmetrical voltages akin to, but not interchangea​ble with, the definitions of normal mode and common mode, respectively.

Common mode disturbances are defined as unwanted potential differences between any or all current-carrying conductors and the grounding conductor or earth. In three-phase grounded-wye power supplies typical of large computer systems, common mode disturbances can also be defined as the potential difference between neutral and ground.
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Two different types of common mode distur​bances can affect a sensitive load. The first type is a disturbance on the input power conductors relative to the input power grounding conductor. Points 1 and 2 of Figure 2 show examples of the origins for these disturbances. This type of disturbance can be limited somewhat by a line conditioner, but it is also influenced by the location of the line condi​tioner and the wiring practices.

The second type is a ground potential difference between elements of the computer or remote peripherals connected to the computer. Point 3 of Figure 2 is an example of this type of disturbance, which is more difficult to limit because it is influ​enced by factors such as system configuration and the impedance of the grounding system. These two factors are generally beyond the direct control of the user except in the construction of a new facility.

Because of the broad frequency band involved, wiring resonances can make equalizing ground potentials difficult. Proper computer system ground​ing, including a signal reference grid, has been found to be effective against most common mode disturbances [9]. However, when remote elements are connected to the computer systems by data cables, large ground potential differences are possi​ble. Proper surge protection of the power supply and proper grounding of data cables will help elimi​nate hardware damage but might not prevent data corruption. When dealing with the situation of example 3 in Figure 2, fiber optic links are very effective because they provide complete metallic separation of the various elements in the system – a separation that might not be sufficiently achieved by the discrete opto-isolation devices sometimes proposed for that function [10].
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Normal mode disturbances are defined as unwanted potential differences between any two current-carrying cir​cuit conductors. Figure 3 shows three examples of the origins of such disturbances. Usually a sine wave of nomi​nal voltage is desired for a computer power supply; any deviation from this sine wave is a normal mode distur​bance. Computer users and monitoring instruments designers characterize these disturbances by a variety of terms not always clearly defined such as sags, surges (“swells”), outages, impulses, ringing transients, waveform distortion, and high-frequency noise. Unfortunately, there is no consensus at the present time on the exact meaning of these terms and their underlying quantitative definitions such as amplitude, duration, and thresholds.

Figure 3 – Origins of normal mode disturbances

Types of Monitors

The instruments used in the various surveys reflect technological progress as well as logistics constraints resulting in a diversity of approaches. Nevertheless, all monitoring instruments used in past surveys were voltme​ters (with one exception, combining voltage and current measurements) from which disturbance parameters were derived. Some of the monitors recorded a single param​eter such as the actual voltage peak or the fact that the voltage exceeded a preset threshold. Other monitors com​bined time with voltage measurements describing voltage waveforms. The recording functions of instruments used in the surveys may be classified in broad categories:
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Threshold counters — The surge is applied to a calibrated voltage divider, triggering a counter each time a preset threshold is exceeded. The early types were analog; more recent types are digital.

Digital peak recorders — The surge is converted to a digital value which is recorded in a buffer memory for later playback or printed out immediately after it occurs. In the early types of recorders, only the peak was recorded; in later types, the duration of the surge was also recorded, open​ing the way to the more complex dig​ital waveform recorders now available.

Figure 4 – Effect upon voltage peak and waveforms with varistor placed upstream of monitor

Oscilloscope with camera — The surge triggers a single sweep on the oscillo​scope’s CRT, which is recorded as it occurs by a shutterless camera with automatic film advance. The oscillo​scopes available at that time (the early 1960s) did not allow differential measurements.

Screen storage oscilloscope — The surge is displayed and stored on the cathode ray tube. The writing-speed capability of these oscilloscopes was a limitation in the late 1960s.

Digital storage oscilloscope — The surge is digitized and stored in a shift register for subsequent playback and display whenever a preset threshold is exceeded. An important feature is the capability of displaying events prior to the beginning of the surge.

Digital waveform recorder — The surge is digitized and stored in a man​ner similar to the digital storage oscilloscope, but additional data pro​cessing functions are incorporated in the instrument, allowing reports of many different parameters of the dis​turbance relating voltage to time.

Although some surveys might aim at great accuracy, the real world experiences such a variety of disturbances that any attempt to describe them in fine detail only restricts gen​eral usefulness of the data. Seeking such fine and definitive detail is another fallacy. Some simple instru​ments are useful (and inexpensive) indicators of frequent disturbances; other, more sophisticated (and more expensive) instruments can provide quite comprehensive data on disturbances (but only on past events from which future disturbances can be extrapolated only by assum​ing that the causes will remain unchanged). Thus there is a practical limit to the amount of detail that a survey can yield, and unre​alistic expectations of very precise information should be avoided.
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Previous And Future Surge Recordings

Before attempting yet another broad survey of power quality, would-be surveyors need to consider not only improvements in instrumenta​tion but also changes that have occurred in modem power systems – in particular the proliferation of surge protective devices. These two dif​ferences between earlier surveys and the more recent surveys should be kept in mind when comparing results and when planning future surveys.

Prior to the proliferation of surge protective devices in low-voltage sys​tems (those defined by IEEE and IEC as 1000 V or less), a limitation had already been recognized [4] for peak voltages: the flashover of clearances, typically between 2 and 8 kV for low-voltage wiring devices. For that reason the expected maximum value cited in the IEEE Guide on Surge Voltages [3] reflects this possible trun​cation of the distribution around 6 kV. Unfortunately, some readers of this Guide interpreted the upper practi​cal limit of 6 kV as the basis for a withstand requirement, and they have included a 6-kV test requirement in their performance specifica​tions. A new version of this Guide, currently under prepa​ration as Recommended Prac​tice, will attempt to avoid this misinterpretation.

The number of surge-pro​tective devices such as varis​tors used in the United States since their introduction in 1972 on low-voltage ac power circuits may be estimated at 500 million. Therefore, a new lim​itation exists in the voltage surges that will be recorded. A surge-rec​ording instrument installed at a ran​dom location might be close to a varistor connected near the point being monitored. Such a proximity of surge protective devices and rec​ording instruments may impact pres​ent and future measurement campaigns. Four are outlined below.
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1)
Locations where voltage surges were previously identified – assuming no change in the source of the surges – are now likely to experience lower voltage surges, while current surges will occur in the newly installed protective devices.

2)
Not only will the peaks of the observed voltages be changed, but also their waveforms will be affected by the presence of nearby vanistors as illustrated in Figures 4, 5, and 6.

A)  If a varistor is located between the source of the surge and the recording instrument (Figure 4), the instrument will record the clamping voltage of the varistor. This voltage will have lower peaks but longer time to half-peak than the original surge.

B)  If the instrument is located between the source of the surge and a varistor, or if a parallel branch circuit contains a vans​ton (Figure 5), the instrument will now record the clamping voltage of the varistor, preceded by a spike corresponding to the inductive drop in the line feeding the surge current to the varistor.
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C)  If a varistor is connected between the line and neu​tral conductors, and the surge is impinging between line and neutral at the service entrance (normal mode), a new situation is created, as shown in Fig​ure 6. The line-to-neutral voltage is clamped as intended, but the inductive drop in the neutral con​ductor returning the surge current to the service entrance produces a surge voltage between the neu​tral and the grounding conductors at the point of connection of the varistor and any downstream point supplied by the same neutral. Because this surge has a short duration, it will be enhanced by the open-end transmission line effect between the neutral and grounding conductors [11].

3) The surge voltage limitation function previously per​formed by flashover of clearances is now more likely to be assumed by the new surge protective devices that are constantly being added to the systems.

4)
These three situations will produce a significant reduc​tion in the mean of voltage-surge recordings from the total population of different locations as more and more varistors are installed. However, the upper limit will remain the same for locations where no varistors have been installed. Focusing on the mean of voltage surges recorded in power systems can create a false sense of security and an incorrect description of the environ​ment. Furthermore, the need for adequate surge cur​rent handling capability of a proposed suppresser with lower clamping voltage might be underestimated because some diversion is already being performed.

Figure 6 – Protective device installed between line and neutral conductors, 

for surge applied in normal mode
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ABSTRACT - Five independent investigations on the coupling of surges into low-voltage circuits (data or power lines), and of their effects, show that a damped oscillatory transient is a real, realistic stress for equipment connected to these lines.

INTRODUCTION

Traditional surge testing performed on electromechanical equipment has been based on the unidirectional 1.2/50 (s impulse deemed to represent the threat of lightning in power transmission networks.  The purpose of these tests was to demonstrate the ability of high-impedance insulation to withstand a voltage stress.  As a complement to these traditional tests, a current waveform was defined to demonstrate the ability of low-impedance components, such as surge arresters, to carry the currents associated with simulated lightning discharges.  Application of systematic tests based on these two waveforms, as part of the Basic Insulation Level concept, was a turning point in ensuring greater reliability of power systems.

These tests, however, were primarily aimed at demonstrating the ability of equipment to survive in the presence of the lightning phenomenon or transients in the low-voltage power cables. The reliability of systems in the presence of other electromagnetic disturbances requires considering other tests, dealing not only with equipment withstand capability, but also with its immunity.
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With the development and increasing deployment of improved instrumentation, it became apparent that typical waveforms of surges in low-voltage circuits are not only the traditional unidirectional wave, but also a decaying oscillatory wave.  The results of measurements performed over the years in widely different environments, however, [1], [2] have demonstrated the prevailing pattern of oscillatory transients.

SPECIFIC INVESTIGATIONS

This paper briefly cites the results of five investigations performed by the authors, which point out the need to consider damped oscillations as a necessary complement to the traditional unidirectional waveforms.  Included are two unpublished investigations of coupling from a high-voltage line into low-voltage signal and control lines that were performed at facilities of the Italian Electricity Board, ENEL, in 1969 and 1975, as reported in this paper by G. Pellegrini.  

One investigation of surge coupling between a grounding conductor and other low-voltage conductors was performed in 1978 in support of IEEE Std C62.41 [3], [4].  Another investigation of the propagation surges was performed in 1987 by NIST at an industrial building in California [5].  Preliminary tests have been conducted in 1990 at the NIST facilities on semiconductor failure modes, illustrating the implications of oscillatory stress on semiconductor failure modes.  These last three investigations are reported in this paper by F.D. Martzloff.  From these five investigations, the conclusion is reached that oscillatory surge - Ring Waves - need to be included in a comprehensive test program for electromagnetic compatibility [6]
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1. Surge voltages induced in low-voltage control and signal cables 

    located near transmission lines impacted by lightning

To establish realistic surge immunity specification for equipment installed in high-voltage (HV) substations, it was imperative to identify the parameters of transient voltages induced in associated signal and control lines. To that end, investigations were carried out in 1969 at the ENEL "Verderio" HV Substation [7], [8].

Primary phenomena (lightning, switching, and faults) were simulated on the HV line.  The resultant surges induced in control and signal cables running parallel to the line were identified and measured.

1.1 Simulation of primary phenomena 

The phenomena considered in the investigation are lightning surges and switching surges (energizing and initial transient of ground faults).  Rise time and duration were the two most significant parameters.  The 1.2 (s rise time of the standard 1.2/50 (s impulse was selected as representative of the phenomena considered.  The duration of the standard 1.2/50 (s impulse is representative of lightning, but too short for switching surges.

Therefore, simulation of the primary phenomena was obtained by a 1/500 (s Marx generator (600 kV, 18 kJ, 75 ohms internal impedance, output capacitance 3 nF), by applying this unidirectional pulse to a 31-km long line (line-to-ground, single phase).  The resultant voltage pulse applied to the line, unloaded and not terminated on its characteristic impedance, was 106 kV peak and the line current 264 A peak.

The waveform of the generator open-circuit voltage is shown in Figure 1 and the resulting voltage applied to the line in Figure 2 (front of wave and complete waveform).  The oscillograms show how the unidirectional impulse produces a wave characterized by a unidirectional component plus oscillations caused by the impedance mismatching at the end of the line and also along it, the latter associated with line towers having different heights.

Figure 1.  Open-circuit voltage of surge generator simulating lightning on the transmission line
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Figure 2. Surge voltage applied to the high-voltage line

1.2  Measurements on cables

Twelve types of cables were included in the test program.  In the present summary, results are cited for typical unshielded and shielded cables, including coaxial and triaxial cables.  For each cable, several measurements were made, including common and differential modes, with various combinations of earth connection for the shields and terminating impedances.  Space limitation in the present paper prevent presentation of detailed test configurations and results; these can be supplied to interested parties by G. Pellegrini.  Figure 3 illustrates one of the types of connections and combinations of grounding for one example of cable.  The major point of this paper is to call attention to the occurrence of oscillatory waveforms in the cables, rather than detailed numerical values.  For each cable, the characteristics of the voltages are summarized below, and selected oscillograms (Figures 4-7) illustrate the waveforms.

Figure 3.  Typical connections for cable measurements

Control cable, unshielded (Figure 4)

· Common mode voltage: 200 kHz damped oscillation.

· Differential mode voltage: 250 kHz damped oscillation.
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Telephone cable, 20 pairs, aluminum tape shield (Figure 5)

· Shield-to-earth voltage: 200 kHz damped oscillation.

· Common mode voltage of the pairs (shield earthed at both ends):  unidirectional component with a few microseconds duration and superimposed 400 kHz oscillation.

· Differential mode voltage: not shown, but negligible value (less than 1 V).

Coaxial cable, RG 58/U (Figure 6)

· Shield-to-earth voltage: 300 kHz damped oscillation.

· Conductor-to-shield voltage (shield earthed at both ends): unidirectional component with about 40 (s duration

Triaxial cable, RG 58A/U (Figure 7)

· The outer shield-to-earth voltage presents the same general wave form as the one observed for the coaxial cable. The inner shield-to-earth voltage, with the outer shield earthed at the ends is similar, but the unidirectional component has 400 kHz oscillations superimposed.  The same situation occurs for the conductor-to-earth voltage, with an amplitude of about 15% of the first case, due to the higher shielding efficiency.

Real waves Page 2

Real waves Page 3

1.3 Discussion of results 

The shape of a unidirectional pulse impressed onto a line though a generator is subjected to modifications due to the practical impossibility of terminating the line on its characteristic impedance.  The actual phenomenon occurring on the line and impacting the secondary low-voltage cabling is quite different from the theoretical double exponential pulse.  This interaction between the surge generator and its load occurs whenever a similar pulse is applied to other networks or structures.

Whenever the predominant coupling is inductive, the surges in the victim cables have a damped oscillatory waveform at a frequency that may range from 100 to 300 kHz, with a damping dependent on the type of cable shield and the propagation of the induced voltage.  When there is a common impedance coupling of the cables with the primary phenomenon, as in the case of the shield earthed at the ends, with consequent transient current flowing in it, the induced voltage shows a unidirectional component with superimposed damped oscillations.

2. Surges induced in control and signal cables near 6 kV and 380 V cables

This investigation, complementing the Verderio measurements, was carried out in 1975 at the ENEL "Turbigo" Power Plant.  The purpose was to identify the surges induced in control and low-level (mA, mV) measurement cables installed along power cables in power plants, as well as in industrial plants [8], [9].

The causes of disturbances considered were the switching of power circuits at 6 kV and 380 V, occurring under worst-case conditions of switching at the crest of the power-frequency voltage.

2.1 Primary Phenomena

Real waves Page 3
The power circuits used for the investigation were a 6 kV cable feeding a 700 kW load in an operating power plant; the 380 V cables were connected to an artificial load of 2.5 ( (120 A peak).  The waveform of the 6 kV surges occurring at the closing of a circuit breaker is given in Figures 8 and 9. The waveform related to the 380 V cable is given in Figure 10.  The waveform of the surge in the 6 kV cable (difficult to read in the reproduced oscillograms) has a rise time less than 1 (s, with a step after 4 (s due to the reflection in the proximity of the load (it has been verified that the waveform is independent on the presence of a load).  Because the shield of the 6 kV cable was earthed only at the switchgear cell, the voltage between shield and earth at the other end of the shield was also measured (Figure 9), as this voltage may be the most likely to couple disturbances into adjacent control lines. The surge in the 380 V circuit has a rise time of about 50 ns.

Figure 8. Surge occurring on a 6 kV cable, between conductor and shield
Figure 9. Surge occurring on a 6 kV cable, between shield and earth, at floating end of shield

Figure 10. Surge occurring on 380 V cable

2.2  Measurements on cables
Two different sets of control and low-level cables, of the same type used in the operating plant, were included in the measurements of induced surges: one set laid down on the same tray as the 6 kV cables and near them, and another set in a PVC tube.  For both the cable sets, two values of separation were used, a few centimeters and 0.3 m from the power cables.  The length of the parallel runs of power cables and control cables varied between 100 and 300 m.
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In this procedure the actual control and low-level cables were not used so that measurements could be carried out under reference condition independently of the service operating condition at the time of measurement.  Using separate cables permitted changing the earthing condition of the shields at the process instrumentation in the field or at the supervisory system side.

The cables for which the measurement results are cited as representative examples (the complete test schedule included other types) were a 1-pair twisted thermocouple cable, and a 1-pair twisted, low-level signal cable.

The measurements were made with earthing of the signal source and of the cable shield at the field end (process instrumentation) or at the supervisory system end (according to some manufacturers specifications).  At the signal source (process instrumentation side) the cable circuits were short-circuited.  At the measurement side, the pairs were left in open-circuit condition, in order to simulate the real operating condition (normally corresponding to the multiplexer input).

For each cable, the characteristics of the voltages are summarized below, and selected oscillograms (Figures 11-14) illustrate the waveforms. For the sake of brevity, the oscillograms are given only for the common mode (CM) and differential mode (DM) measurements with the earthing of the signal circuit and of the cable shields at the process instrumentation in the case of the 0.3 m cable separation.

The results depend on the condition of earthing of the sign circuit and cable shield at the side of the computer and for a few cm separation from power cables present values (differential mode only) that are generally higher, up to one order magnitude.  The waveforms, however, present the same characteristics (frequency of oscillation, damping). Once again, the major object of citing these results in the context of this paper is to show waveforms, not detailed data.

Figure 11. Transients induced in thermocouple pair by surge occurring in 6 kV cable
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Figure 12. Transients induced in thermocouple pair by surge occurring in 380 V cable

Figure 13. Transients induced in signal pair by surge occurring in 6 kV cable

Figure 14. Transients induced in signal pair by surge occurring in 380 cable
2.3  Discussion of the results

The surges induced in the measurement cables have common-mode levels of less than 100 V peak and differential-mode levels of less than 1 V peak mode on the signal lines (pairs).

The waveforms are substantially damped oscillatory waves (single shot), affected by a damping dependent on the propagation characteristics of the 6 kV and 380 V cables.  The frequency of the oscillations ranges from about 100 to 200 kHz; higher values are observed for the common mode and lower for the differential mode voltages.  The propagations affect each other; it is important to note that, in practical cases, the final waveform parameters of induced surges cannot be predicted or precisely defined due to the variability of the installation parameters (length of cables, dielectric constant of the insulation, separation from the ground of reference, etc.).

It is evident that, in particular for the differential mode, the induced surges do not include a unidirectional component. Such a component appears only in limited amount for the common-mode on the pairs within a cable, whenever the surges are induced by the transients on the 380 V power cable.  In this case, because these 380 V cables are unshielded, the capacitive coupling occurs in the low frequency range.
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3. Conversion of unidirectional lightning current in ground conductors into oscillatory surges

Tests were performed in the General Electric High Voltage Laboratory [3], aimed at simulating the passage of current in the grounding (protective earth) conductor of the service drop to a building.  The motivation for the test was part of a general investigation on propagation of surges in low-voltage wiring without a preconceived notion on the waveform of the surges.  As it turned out, the injection of a unidirectional current produced an oscillatory voltage.

The building wiring system was simulated by erecting a service entrance panel and several branch circuits, in a geometry representative of the normal wiring practice applied in the U.S. The service drop was simulated by using a pole-type distribution transformer including its connection to the earth reference (the ground plane of the laboratory in this test), a three-conductor service drop, and the prescribed grounding of the neutral at the service entrance (Figure 15).  The service drop conductor configuration was the conventional, three-conductor "messenger wire" strung between the pole and the building.  This messenger wire serves as a mechanical support as well as the multiple-grounded neutral conductor, with the two other conductors wrapped in a long pitch around the messenger.

Unidirectional 8/20 (s current impulses were injected between the neutral terminal of the distribution transformer and the ground plane.  For the initial scenario of 30 kA in the messenger wire, resulting from an assumed 100 kA stroke (Figure 15), several flashovers were observed in the branch circuit wiring.  The current had to be reduced to 1.5 kA for flashovers to stop.  The resulting voltages were then measured between the phase and neutral conductors at various points of the branch circuits.  In all cases, a large oscillatory component at 500 kHz was present in the measured voltage, in addition to a unidirectional component.  Figure 16 shows the injected unidirectional current and Figure 17 shows the induced voltage appearing at one of the receptacles at the end of a branch circuit.

Figure 15. Configuration simulating lightning current in messenger wire of service drop to a house

Figure 16. Injected current in messenger of service drop
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Figure 17. Transient induced as 2.2 kV differential mode by 1.5 kA 8/20 impulse in messenger wire

4. Response of a building wiring system to a unidirectional surge applied at the service entrance of the building

During a series of measurements aimed at defining the surge propagation characteristics of an actual building wiring [5], it was found that applying a unidirectional surge at the service entrance of the building, on the primary side of the transformer installed within the building, results in oscillatory transients. In contrast with the previous test where current surges were injected in the grounding conductors, in this test series voltage surges were injected phase-to-phase on the transformer primary.   Figure 18 shows the voltage waveform at the transformer primary resulting from a standard 1.2/50 surge voltage.  Note the occurrence of a small oscillation (12%) at the crest, but the predominant waveform of the surge is unidirectional, a situation somewhat different from the interaction between the Marx generator and the mismatched high-voltage line seen in Figure 2.

The resulting transient inside the building is a superposition of a unidirectional component and an oscillation (Figure 19), that is, the same situation of common impedance discussed in paragraph 1.3. This transient then propagates throughout the wiring inside the building.

In Figure 19, a line has been drawn on the oscillogram to show the unidirectional component in the resulting oscillatory transient.  Note that the first cycle of the oscillation has an amplitude of three times the unidirectional component, compared to the 12% ring of the applied unidirectional surge.  Details of the propagation characteristics are presented in Ref [5].  
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A significant finding was that for the dimensions of the building (length of the conductors), the faster front (0.5 (s) of the 100 kHz Ring Wave produced reflections, which would not occur with a slower 1.2/50 (s impulse.  On the other hand, much faster waves, such as the 5/50 ns burst [10] were found to be quickly attenuated.  Thus, this ring wave produces a unique stress on equipment connected to the end of a branch circuit, such as an electronic control circuit in standby mode, the subject of the next investigation.

Figure 18. Applied unidirectional 1.2/50 (s voltage at primary of service transformer in building

Figure 19. Oscillatory transient appearing in building as result of application of the Figure 18 surge
5. Effects of oscillatory surges on semiconductors

Various published and unpublished test results [11], [12] have reported that the reversal of bias on a semiconductor junction produced by applying an oscillatory surge can have a strong effect on the surge withstand capability of the device.  The failure is also more likely when polarity reversals are applied during conduction, forcing the junction from a forward bias to a reverse bias.

This uncontested but not widely acknowledged finding was recently illustrated again by a series of measurements performed at NIST in preparation of qualification tests for an equipment using triacs for power control.  The test schedule called for both the unidirectional wave, described as "Combination Wave" [13], and the 100 kHz Ring Wave defined in several U.S. standards and under consideration in IEC standards in progress [14].
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Figure 20 shows one example of failure of the semiconductor occurring, not at the crest of the first part of the oscillation - which would be the expectation under a unidirectional stress - but upon reversal of the polarity during a Ring Wave test.  This observation has rekindled interest in the issue and further tests are planned to better characterize the behavior of power semiconductors under ring wave stress.

Figure 20. Failure of triac during 100 kHz Ring Wave test

SURGE IMMUNITY SPECIFICATIONS AND TESTS

The four independent experiments cited in this paper include induced transients and injected transients, carried out at different times, countries, and installations.  The results show that the surge environment of low-voltage circuits, for ac power systems as well as for control systems, is dominated by damped oscillations with a frequency range of 100-500 kHz.
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This observation, especially for surges of large amplitude should not be misconstrued as denying the significance of other surge test stresses, such as the Electrical Fast Transient [10], where the interference aspects of the test are its major objective.  Furthermore, in the high-voltage power apparatus domain, the traditional, "slow-rising" 1.2/50 (s impulse has often been complemented by a chopped wave, introducing transition times much shorter than 1.2 (s. Low-voltage equipment, however, is generally not required to pass a chopped-wave test.

On the other hand, for a device sensitive to total energy deposited in the device, unidirectional waveforms provide a suitable stress level. This three-part stress range - fast, low-energy; medium fast, medium-energy; slow, high-energy - has recently been emphasized in a revision of Ref [4], now in the final stages of approval by the IEEE, where the range of recommended surge tests includes the EFT, the 100 kHz Ring wave, the 1.2/50-8/20 (s Combination Wave, a new 5 kHz Ring Wave, and a new unidirectional, high-energy 10/1000 (s wave.  The latter is similar to the 100/1300 (s test under consideration by IEC TC77 [6], although the latter may involve extremely high energy levels encountered only under special circumstances 15], [16].

Discussions in IEC standard-writing groups produced the argument that the amplitude density spectrum of the 1.2/50 (s impulse is so wide that it would cover the spectrum of the damped oscillatory ring wave.  In fact, the ring wave shows a peak that extends almost one order of magnitude higher in frequency, as shown in Figure 21 [17].  Furthermore, the reversal of polarity effects discussed above are not produced by the 1.2/50 us impulse.  In the IEC, both waveforms are considered in the general overview of immunity tests [6] and in dedicated basic standards [13], [14].

Figure 21. Frequency spectrum of various test surges [7]
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CONCLUSIONS
1. The five independent examples cited in the paper provide converging evidence that there is a difference in the environment and its effect between power transmission systems, where the unidirectional test impulse reigns, and the low-voltage utilization circuits, where ring waves are a more realistic representation of the stresses encountered by modern electronic equipment.

2. To evaluate withstand capability of bulk solid insulation, it may be stressed adequately by unidirectional impulses.  However, more complex devices such as windings or semiconductors may exhibit failure modes that will be more prevalent under ring wave test conditions.

3. The two basic surge waveforms, the Combination as well as the Ring Wave, should be taken into consideration for damaging as well as upsetting disturbances.  Depending on the nature of the equipment, its characteristics, and installation type, one waveform may be preferred to the other.  The choice is the responsibility of relevant product committees, best qualified for assessing the exposure of their equipment, on the basis of a comprehensive menu of real, realistic waveforms.
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Abstract - Electronic equipment with two input ports - power and communications - can be exposed to damaging differences of voltage across the two ports during surge events.  Two exposure scenarios of producing such differences of voltages are explained and illustrated by measurements performed in a replica of a residential or light commercial installation of power, telephone, and cable TV wiring.  Several mitigation methods are described, and one possible retrofit solution is shown.  It is planned that in a further phase of this research, numerical simulation will be performed on a model of the system in order to expand the range of conditions and identify significant variables.
INTRODUCTION

As more and more electronic equipment enter the home and business environment, these often involve a communications port as well as their usual power cord port.  In this paper, we will use the term “two-port appliance” or 'appliance' for short, being understood that it covers two-port information technology equipment.  Examples of such two-port appliances include fax machines, telephone answering machines, personal computers with modem communications or printer connections, and cable-connected TV receivers.  Although each of the power and communications systems may include a scheme for protection against surges, the surge current flowing in the surged system causes a shift in the voltage of Rs reference point while the other, non-surged system reference point remains unchanged.  The difference of voltage between the two reference points appears across the two ports of one appliance, or between the communications ports of two appliances linked by a data cable.  Depending- on the nature of the appliance and Us immunity, which is not often defined, this difference of voltage may have some upsetting or damaging consequences.  In this paper, we will present just two examples of measurements illustrating the broad variety of possible exposure scenarios.
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To identify and quantity the significant variables and their effects, a representative configuration of the circuitry in a residence (metallic cold. water pipe, power and grounding conductors, telephone and coaxial cable TV wiring) has been set up in the laboratory, according to U.S. practice.  The circuits have been hung from the laboratory ceiling, to de​couple them from nearby metallic masses and get them out of the way of laboratory personnel, hence the name “Upside-Down House” given to the project.

To evaluate the threat of impinging surges in an actual installation, surges of various types, as defined in standards covering AC power circuits and communications, can be injected at various points of the Upside-Down House circuits.  Combinations of surge-protective devices (SPDs) can also be placed at various locations of the Upside-Down House, corresponding to a variety of real-world exposure scenarios.  A measurement can then be made of the resulting differences of voltage appearing between the power and communications ports of a single appliance, or between the communications ports of two appliances installed at some location within the Upside-Down House.  No conclusions are drawn in this paper on the withstand capability of any particular appliance for this type of threat, because the manufacturers typically do not provide immunity data for any exposure scenario of this type of interaction.  However, some of the voltages thus recorded in the Upside-Down House confirm the suspicion derived from field failures that damaging differences of voltages can occur.

APPROACHES

Various mitigation schemes have been proposed by researchers and industry, but not quantified, to remedy upsetting or damaging voltage differences.  The most effective is likely to be a fiber optic decoupling inserted in the communications link, but the expense may be objectionable for residential and small commercial applications.  
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Close attention to good wiring practices in new installations can offer some degree of remedy, but leaves out all existing installations.  Increasing the appliance withstand capability. may raise objections of market economics, and may not be practical for some of the voltages that can appear.

Many different exposure scenarios can be identified, even in a simple residential circuit replica.  Reference voltage shifts are a mufti-dimensional problem in the real world.  In this paper, the problem has been simplified to looking at the effect of only two variables: spatial relationships of conductors and effectiveness (including some side-effects) of SPDs.  Other important variables that were identified but not addressed at this stage of the research are cited in the discussion section of this paper.

In this paper, two simple exposure scenarios are illustrated: a voltage difference occurs between the ports of an appliance connected to two systems when a surge impinges on one of the systems, and a voltage difference occurs between the communications ports of two appliances powered by separate circuits of the same power system when a surge impinges on that system.  In the final discussion, we will look into some ways of expanding these results and perhaps identifying a recurring set of variables that can be mitigated or avoided.

SETUP AND MEASUREMENTS

Measurements reported in this paper describe exposure scenarios leading to voltage differences being developed during surge events across the power and telephone systems of the Upside-Down House, as well as between the signal reference points of two interconnected appliances linked by their communications ports, such as a personal computer (PC) and associated printer. For each case,  the  Upside-Down   House   circuits   may   include some form of upstream surge protection on the telephone service entrance or appliance port, as well as on the power service entrance or appliance port.  It is planned to continue the project with similar measurements involving the cable TV port.
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Figure 1 shows an isometric of the Upside-Down House configuration, with the arrangement of the three tiers of conductors shown in Figure 2. The power wiring includes two tiers of 3-conductor cable (2.0 mm dia. - #12 AWG, non-metallic jacket), typical of residential wiring, and one tier of three 2.05-mm dia. conductors in a steel conduit, typical of commercial or office installation.  A 4-conductor, two-pair telephone cable and a 70-( TV coaxial cable also run along the 3-conductor power cables.

Figure 1 – Schematic representation of the Upside-Down House conductors

Figure 2 – Vertical arrangement of conductors in the Upside-Down House
To illustrate the expected benefit from good wiring practice (cables routed close to the earth reference -- the copper water pipe in the Upside-Down House), one tier has been lashed to the copper pipe.  Of course, such idealized practice is not practical, but will serve here as baseline and illustration of EMC principles [Van Deursen, 1993].  In an actual installation, the system would exist in all three dimensions.  For the sake of simplification, the Upside-Down House has been reduced to only two dimensions, one horizontal run spanning the house, and the vertical separation indicated in Figure 1. For the purpose of accessing both ends when injec​ting surges and measuring voltages and currents, the horizontal span has been folded into a hairpin with both ends accessible in junction box JB 1-4. Junction box JB 2-3 provides access to an inter​mediate point of the span.  Short cable runs (3 m), not shown on the diagram, provide for appliances located dose to the service entrance.

Neglecting the vertical separation of the three tiers, the length of the span from end to end is 36 m. (This number is cited to give an idea of the size of the house.  Any numerical computations will, of course, use the exact values.) A typical service entrance breaker panel and revenue meter have been provided at one end, upstream of junction box JB 1-4.  A Network Interface Device (NID), typical of the U.S. practice for entry of the telephone service has been installed next to junction box JB 1-4.
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By connecting the NID grounding conduct (U.S. code terminology) to one or the other end the copper pipe, it is possible to represent the scenario where telephone and power service enter at the same end of the house (the preferred practice) or at opposite ends (not preferred, but often encountered).     All of the conductors are insulated from the existing earthing arrangement of the laboratory building, making it possible to represent various configurations of the earthing arrangement of the Upside-Down House.

Surges were injected into the power system in the line-to-ground (L-G) mode.  Note that the U.S. practice of bonding the neutral and grounding conductors at the service entrance makes any impinging L‑G surge become also a line-to-neutral surge.   Surges injected into the balanced-pair telephone system were in [tip & ring]-to-ground mode, with the NID acting to divert them to the common earthing point of the laboratory building and Upside-Down House via the copper pipe.
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The waveform and amplitude of the injected surges were selected to harmonize with the values cited in industry standards.  Because of the different values of the impedance of the various circuits into which -the surges were injected, the resulting waveforms reflect the interaction of the surge generator and load impedances and do not exactly duplicate the familiar standard waveforms.  Nevertheless, the resulting waveforms are representative and provide examples of the threat and needs of mitigation.  These results will provide experimental data for later validation of computer modeling, so that the modeling can then expand the results to other waveforms and circuit impedances.

FIRST EXPOSURE SCENARIO: TWO SYSTEMS SERVING ONE APPLIANCE

In this exposure scenario, a modem-equipped PC is connected by its power port to a branch circuit, and by its modem port to the telephone service of the house.  For a worst-case scenario, the power and telephone services enter the house at opposite ends (Figure 3).

Figure 3 - Power and telephone services entering the house at opposite ends, 

with PC connected across the two systems
An open loop is formed by the copper pipe, the protective conductor (international symbol 'PE') of the branch circuit feeding the PC, and the telephone wires from the NID to the PC.  If a surge impinges on the external telephone plant, it is diverted by the NID via the copper pipe to the common earthing point of the house, at the power service entrance.  The surge current in the copper pipe creates a changing magnetic flux around the pipe, which induces a voltage  in  the  loop.  This voltage will appear between the two PC ports if they are-separated by a high impedance (of unknown surge voltage withstand capability).

With the telephone wires routed away from the copper pipe -- which can be expected in residential wiring -- a large loop is formed, embracing the flux produced by the surge current flowing in the copper pipe.  With the telephone wires lashed to the copper pipe -- a theoretical more than practical routing --the loop embraces less flux and one can expect a lower induced voltage across the two ports.

Upsdwn surging Page 3
Figure 4 shows the recording obtained with the telephone wire routed away from the pipe.  For a rate of change in the surge current of 75 A/(s, a peak of 4.3 kV is induced in the loop and appears between the two ports.  For the same injection of current, a peak of only 1.3 kV was noted with the telephone wires lashed to the copper pipe.

Figure 4 - Voltage difference recorded with telephone and power services

entering at opposite ends of the house

A relatively simple retrofit solution is to equalize the difference of voltage between the two system by a device designed for the purpose and inserted in both communications and power links just before they enter the appliance.  This device, defined in IEEE standards [IEEE Std 1100-1992] as a 'Surge Reference Equalizer' is commercially available in the U.S. as a unit featuring a plug and receptacle for the power link, as well as a pair of telephone jacks or TV coaxial fittings for the communications link.  However, its necessary effectiveness has not yet been quantified in any performance standard.

To illustrate the effectiveness, Figure 5 shows the reduction of the voltage obtained by inserting a typical surge reference equalizer in the power and telephone lines at the point of connection of the PC.  The generic design of such a device includes insertion in the two telephone wires of two matched gas tubes, two series resistors, and two silicon avalanche diodes, with a shared earthing reference.  Figure 5 shows the immediate clamping effect of the diodes down to 200 V, followed by a further reduction of voltage as the gas tube sparks over.

Figure 5 – Mitigation obtained by inserting a surge reference equalizer
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A smaller loop would exist if the telephone and power service entered at the same end of the house, the recommended practice.  With such a configuration, a reduction in the voltage difference of about 75% of the large loop value was found in the test series.  Available space limits the number of records that can be shown in this paper for various combinations, but a more comprehensive report will be prepared and published later.

SECOND EXPOSURE SCENARIO:

ONE SYSTEM SERVING TWO APPLIANCES VIA TWO BRANCH CIRCUITS
In this scenario, a PC and the associated printer are connected by the usual communications cable, and each is powered by a separate branch circuit.  This situation is often encountered when a printer is shared among several users, or when an installation has been deliberately configured to provide a separation of the ‘clean’ branch circuit supplying the PC from the 'noisy' branch circuit supplying the printers and other peripherals (Figure 6). Both branch circuits originate at the service panel, but might not have the same length.

Figure 6 – Personal computer and printer linked by a data cable 

and powered from two separate branch circuits
In a first case of this scenario, a slight difference may occur in the time of arrival at the two ports of a surge originating outside of the building (‘EX’ in Figure 6).  A greater difference in the time of arrival would occur if the surge were internally generated (‘IN’) along a branch circuit, propagating directly in that branch toward the PC and in a roundabout path via the service entrance and the other branch circuit toward the printer.  With the internally generated surges having steeper fronts that the externally generated surges (Martzloff, 1990), the difference in arrival time would be significant since the voltage spike occurs upon the initial current rise, not at the peak of the current surge.
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As a second case of this scenario, a more severe situation is created by mismatched protective devices at the power ports of the two appliances.  A shift in the reference voltage can occur if one SPD provided in either the printer or the PC invites a disproportionate surge current in its PE conductor.  These can be built in the appliance or be a plug-in device installed by the user.  Such a device, if it includes an SPD connected L-G, will return the surge to the service entrance through the protective conductor PE (‘equipment grounding conductor' is the U.S. term) and produce a shift in the voltage of the corresponding chassis.  The resulting difference of voltage between the -two chassis will be applied across the communications link with possible upsetting or damaging consequences.

The effect of such difference in SPDs is illustrated in Figure 7, for the worst case scenario of one SPD connected L-G in one appliance, and none in the other.  An oscillatory difference of voltage peaking at 3.2 kV, with a spike in the nanosecond range, occurs at the time of the initial rise, for the 400 A/(s rate of current change corresponding to an 8/20 (s 1400 A peak surge injected at the service entrance.  Note the decay of the voltage to a low value at the time of the current peak

Figure 7 - Difference of reference voltages

caused by different protections in the two separate branch circuits
DISCUSSION
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The two exposure scenarios described in this paper represent the mechanisms most likely responsible for many of reported, but seldom well documented, field failures of two-port appliances.

The variables considered in these two scenarios are marked in the cells of Table 1, (1) for the first scenario, (2) for the second.  The columns in the table correspond to spatial variables; only a few of all the possible variables are shown.  The rows in the table show a few of the possible variables corresponding to the nature and combinations of the SPDs.  This table is a beginning toward defining the multi-dimensional matrix of all possible variables.

Table 1

Two-dimension matrix of variables considered for reference voltage shifts in the two scenarios

Many other variables need consideration, such as the presence of more than two ports in the appliances, different types of ports (serial RS232, Ethernet ... ), different power system configurations (single-phase 120/240 V or three-phase 120/208 V in the U.S., three-phase systems in other countries), Wiring errors and poor practices, lack of coordination between upstream and downstream SPDs, larger or higher buildings, separate buildings, immunity levels of equipment and consequences of insufficient immunity (upset vs. failure, failure modes), and, last but not least, economic trade-offs.  By review of these many variables, it may be possible to identify a limited number of scenarios and thus define effective mitigation means.
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Mitigation of the threat can take many forms.  One solution, illustrated in this paper, is the insertion of a properly designed surge reference equalizer.  One cause of the problem is the flow of large surge currents in the wiring system of the building.  With a telephone service entrance located at the opposite end of the power service entrance, the required bonding of the NID unavoidably involves the surge current in the long bonding connection, hence the need for preventive mitigation for this type of non-recommended telephone service installation, unless adequate between-ports immunity of the appliance is documented.  While these examples of two such exposure scenarios have illustrated the mecha​nisms, only a computer-driven model might cover all possible combinations of the many variables that could be encountered in all existing or future installations.  Hence, it is essential that a compre​hensive and well-documented experimental data base be established for validation of the model.

For surges impinging on the power service entrance, the problem is associated with large surge currents flowing in the branch circuits.  If the surge current were diverted at the service entrance by a suitable SPD, the problem would be reduced.  However, the specification of a 'suitable SPD' at the service entrance involves the issue of coordinating cascaded SPDs [Martzloff-Lai, 1992].  The ongoing program of measurements at the Upside-Down House will include measurements and numerical simulation of cascaded SPDs.  A joint Working Group of the IEC is developing guidelines for cascade coordination, based on the work of many -researchers [Goedde, 1990]; [Standler, 1991]; [Hostfet et al., 1992]; [Hasse et al., 1993]. 

CONCLUSIONS

Quantitative measurements in the Upside-Down House clearly show objectionable differences in reference voltages.  These occur even when, or perhaps because, surge-protective devices are present at the point of connection of appliances.

Accounting for all the variables may be done in a multi-dimensional matrix, a task for computer analysis, the next step of this project.

The analysis should be directed toward obtaining a limited set of typical scenarios resulting from the many combinations of many variables.
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Abstract

Electronic equipment with two input ports - power and communications - can be exposed to damaging differences of voltage between the two ports during surge events.  To demonstrate real-world scenarios, a replica of the wiring system in a typical residence was installed in the laboratory.  This paper reports selected results from many measurements, and presents the corresponding numerical modeling, thereby leading to mutual validation of the two processes.  Two exposure scenarios for producing differences of voltages between the power and data ports of appliances are illustrated.  Additional measurements and parametric variations are reported here to characterize the impedance of the various components of the wiring system and the source impedance of the resulting overvoltages appearing between the ports.
Summary

To identify and quantify the significant variables and their effects during surge events in residential or commercial facilities, a representative configuration of the circuitry in a residence (metallic cold water pipe, power and grounding conductors, telephone and coaxial cable TV wiring) has been set up in the laboratory.  The circuits have been suspended from the laboratory ceiling to de-couple them from nearby metallic masses and move them out of the way of laboratory personnel, hence the name “Upside-Down House".
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To evaluate the threat of impinging surges in an actual installation, surges of various types, as defined in standards covering AC power circuits and communications circuits, can be injected at selected points of the Upside-Down House circuits.  Typical surge-protective devices (SPDs) can be placed at suitable locations of the Upside-Down House, corresponding to a variety of real-world exposure scenarios.  Preliminary experimental results of two exposure scenarios were reported in a PQA'94 paper [1].

In this paper, the next step of the research is presented.  Using the Electromagnetic Transient Program (EMTP) [2], computations were made for several combinations of applied surges, SPD characteristics, and wiring configurations.  The results of these computations closely track the measurement results, thereby providing mutual validation.
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Physical Replica and Measurements

Figure 1 shows a simplified three-dimension diagram of the wiring of the Upside-Down House.  The wiring includes a representative service entrance (revenue meter and service panel, not shown) and is made of typical components according to U.S. residential wiring practice, with the possibility of various combinations of branch circuit lengths and topology.  As discussed later in the paper, the worst case scenario of shifting reference voltages for a combination of power and communications system occurs when the two services enter at opposite ends of the residence.  In the Upside-Down House, this situation would require that the wiring replica be stretched out in a straight line.  However, because the measurements of interest need to be performed at both ends of the straight line, they could not be performed simultaneously by the same instrument.  Consequently, the ideal straight line was folded on itself, so that both ends of all lines (1) and (4) in Figure 1) were accessible within a few centimeters.

Figure 1 – Three-dimension schematic of the wiring of the Upside-Down House

[See pdf file for narrative captions of the figures]

This configuration raises the question of possible flux interaction between the two halves of the line, which would introduce errors in the measurements.  The question is how much of the flux radiated from one half of the loop, say the Section 1-2, would be coupled into the other half, Section 3-4, and induce spurious voltages.

To answer that question, a computation was made of the magnetic flux induced in a rectangular loop of which one side is the conductor carrying the surge current, and the perpendicular sides extend from the conductor.  The classical equations for this computation and the resulting plot are given in Appendix A.
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Figure 2 shows a plot of the voltage induced into the rectangular loop, normalized for a given waveform and a unit length of conductor, as a function of the radius (long side) of the rectangular collecting loop.  While Appendix A shows this plot with semi-logarithmic scales for greater resolution near the conductor, Figure 2 uses linear scales to emphasize the very rapid rise of induced voltage near the conductor and the small additional gain after a few meters.

Figure 2 – Voltage induced in rectangular loop of unit width and length R, adjacent to a conductor carrying a current with rate of rise di/dt, in % of total voltage induced for R = 10 m
The plot of Figure 2 yields two practical conclusions:

1.   The distance between the two halves of the Upside-Down House replica (2.4 m) is sufficient to ensure very little coupling between the two halves.  This small coupling justifies the folding of the straight line into a hairpin-shaped loop.

2.   Common wisdom on electromagnetic compatibility (EMC) practices recommends routing cables as dose as possible to any available ground plane or additional grounding conductors.  However, if “close to" were interpreted by an installer as a few centimeters, all the expected benefits from the "close" installation would be lost - in other words, it is not very effective to attempt minimizing induced voltages by casual routing of unshielded cables "near" the ground planes.  More effective means would be required -- beyond the scope of this paper.

This paper presents results from two scenarios.  The first scenario is the situation created by a two-port appliance connection involving the power supply system and the telephone system, such as a Personal Computer (PC) with modem.  Similar topologies would be produced by a Fax machine or an answering machine.  Not treated here, but again a similar topology, would be the case of a TV receiver connected to the power system and to a cable TV system.

The second scenario is the situation created by two appliances powered by two separate branch circuits and linked by a communication cable.  This situation is often encountered where attempts are made to supply the PC with "clean" power from a branch circuit separate from the "noisy" printer branch circuit.
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The worst case of the first scenario occurs when the power service entrance and the telephone service entrance are located at opposite ends of the building. (Figure 3) [Footnote:  After completion of the test series and publication of this figure in the referenced Key & Martzloff paper, comments were received from G.J. Bagnall and E.H. Marrow that the NID grounding methods shown do not meet the current National Electrical Code requirements.  The Code prohibits the use of an external ground rod as the only ground for communications or bonding more than 1.5 m (5ft) away from where the pipe enters the premises.  However, many such installations, which met the Code at the time of installation, still exist for the purpose of illustrating the mechanism of voltage induction with widely separated service entrances, the geometry of the loop is applicable.  The authors acknowledge and appreciate this clarification.
Postulating a surge impinging on the telephone system, the telephone service entrance SPD and test point, called "Network Interface Device" (NID) in the telephone industry, will perform its intended function and divert the surge toward the "best" grounding point.  This best grounding point -- with lowest impedance to earth - is the multi-grounded neutral in the building rather than the dubious or nonexistent grounding rod at the telephone entrance.  Thus, most if not all of the impinging current flows via the copper pipe or a dedicated grounding conductor, which are of necessity spanning the length of the building.  This surge current then induces a voltage in the loop formed by the long copper pipe (or the dedicated, but equally long grounding conductor) and the long telephone line between the NID and the PC.  This voltage then appears between the two ports of the PC with modem.

Figure 3 – First scenario - One appliance connected to two different systems

The second scenario, Figure 4, is another example of intended behavior producing unexpected side effects.  The commendable attempt to separate the power supply to the two appliances can involve provision of a line-to-ground SPD at the end of one branch circuit, while none is provided at the end of the other branch circuit.  Because the two appliances have a signal-reference point which is generally the chassis, (connected to the equipment grounding conductor -- the "green wire"), the surge current returned to ground in the branch circuit outfitted with an SPD will create a shift in the reference voltage of the corresponding appliance.  This shift creates a difference of voltage with respect to the signal reference of the other appliance --a difference which appears at the data ports of the PC and printer.
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Figure 4 – Second scenario - Two appliances connected to two branch circuits

Impedance Measurements

To provide the necessary parameters for numerical modeling reported in the paper, or to be made by other researchers, impedance measurements were made with an impedance analyzer (Hewlett-Packard 4194A).  These measurements included the impedances of the various power and communication circuits in the Upside-Down House, as well as combinations of power and communication wiring loops.  For the first scenario', the impedance was measured for a loop consisting of half the copper pipe and half the telephone line as shown in Figure 3. The Section 1-2 of the telephone line is routed 0.3 m above the corresponding Section 1-2 of the copper pipe.  The end-points (I (Figure 1) are jumpered and the impedance is measured at end-points (1) between telephone wire and copper pipe.  Figures 5 and 6 show the impedance and the effective resistance of this loop as a function of frequency.

Figure 5 – Impedance as a function of frequency for the loop

formed by the copper pipe and telephone line in the first scenario
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Figure 6 – Effective resistance, including skin effect, as a function of frequency

for the loop formed by the copper pipe and telephone line in the first scenario
For the second scenario, the loop is formed by the two branch circuits and the communications link between the two appliances, as shown in Figure 4. In this case, only the impedance characteristics of the branch circuit conductors are involved.  Figures 7 and 8 show respectively the impedance and effective resistance of one power branch circuit (Section 1-2).  The measurements were initially conducted to serve as input for computer modeling of the Upside-Down House.  As it turned out, the modeling was done by using built-in routines of the EMTP program to provide more flexibility for the parametric variations.  Nevertheless, the availability of these impedance data will be useful if other models based on lumped R-L-C should be used by other researchers.  In particular, the impedance characteristics of the branch circuit wiring will be useful when studying coordination of cascaded SPDs, another topic of research for the Upside-Down House [Annotated Bibliography, 1995 .

Figure 7 – Impedance as a function of frequency for one power branch circuit

supplying one of the two appliances of the second scenario
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Figure 8 – Effective resistance, including skin effect, for one power branch circuit

supplying one of the two appliances of the second scenario
These measurements clearly demonstrate that inductance is the dominant factor over the frequency range corresponding to the applied surges.  {Footnote:  The frequency spectra of common surge test waveforms is given in Standler, 1989 [3].  With the exception of the Electrical Fast Transient Burst (EFT), all spectra show at least 80 dB down at 1 MHz}.  The skin effect in the conductors is only a second order factor (R on Figure 8 is 10 ( at 1 MHz while Z in Figure 7 is 100 ( at 1 MHz).  The skin effect is significant for damping subsequent oscillations, but not for significantly limiting the propagation of the surges.  It is also worthwhile to compare the measured effective resistance, which includes skin effect, to the skin effect computations embedded in the EMTP model.  In Figure 8, a curve has been manually overwritten on the resistance plot, showing the ratio of RAC/RDC computed with EMTP, where RAC is the effective resistance including skin effect and RDC the pure resistance.

Transfer (Source) Impedance

Because the voltages developed between appliance ports result from electromagnetic induction in the loop formed by the two systems, the transfer impedance of this coupling is of interest.  Measuring only the open-circuit voltage between the two ports does not quantify the overvoltage threat.  Any SPD that would be considered as a mitigation means for this scenario would "see" that transfer impedance as the impedance of the surge that the SPD would have to mitigate.  To quantify that parameter, the classic technique of impedance matching was applied.  Decreasing impedances were connected between the ports under measurements, until the recorded voltage reached half of its open-circuit value.  The corresponding impedance is then equal to the "source impedance" - the interaction between the two systems.  In this manner, information is provided for the design of any mitigation means that could or should be applied.
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Table 1 shows the values of this source impedance for the loose and lashed configu​rations of the first scenario.  It is interesting to note that the loose configuration produces higher open-circuit voltages than the lashed configuration, but that the “source impedance" of the loose configuration is greater than that of the lashed configuration.

Numerical Modeling with EMTP

Concurrently, a numerical model of the wiring was developed with the EMTP code for the equivalent parameters of the circuit, as measured in the real Upside-Down House.  The selection of the EMTP code for this modeling is based on its widespread use among researchers and engineers in the power systems area.  While it was initially developed for modeling transmission systems, it can be applied successfully, as demonstrated in this paper and various other papers, for end-use circuitry.  Its ready availability for easy replication, corroboration or expansion of our results among our colleagues made the EMTP desirable.  Other researchers might prefer other codes, and would be welcome in applying them to the Upside-Down House data base for even wider acceptance of shared conclusions.

The 'Line Constants' subroutine of EMTP was used to generate various line models that were subsequently used in the main data file to compute the response of the circuit to various surge waveforms.  A time step of 0.01 (s was used for the EMTP simulation.  Measurements taken with the impedance analyzer could have been directly used in the EMTP code.  However, to provide greater flexibility for further parametric variations of circuit configurations, the Line Constants routine was used to generate the line models.  This is only one example of the computational power available through the EMTP code.
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The surge current waveforms postulated (from the measurement recordings) in the two scenarios were generated in EMTP using the Type-15 double-exponential current source with a damping resistance in parallel.  Experimentally recorded waveforms of surge current were digitized and, using the least-square fitting technique, parameters for the Type-15 source were determined.  The source parameter values, along with other necessary input data for simulation of the Upside-Down House components are given in Appendix B.

With the "Freeform FORTRAN" expression of the EN= code, any surge current waveform that can be expressed as a closed form equation can be modeled.  This capability provides a means for analyzing circuit response to various other surge waveforms now under consideration by standards-writing organizations.  In view of the prime importance of initial rate of rise -- over gross rise time and ultimate peak -shown by the results, this capability will provide useful guidance in assessing the validity of postulated surge environment characteristics.

Comparing measurement results and EMTP results

First exposure scenario: Two systems serving one appliance

In this scenario, a modem-equipped PC is connected by its power port to a branch circuit, and by its modem port to the telephone service of the house.  For a worst-case scenario, the power and telephone services enter the house at opposite ends (Figure 3).  A surge is impinging on the telephone service entrance, and is diverted to the facility ground (typically the multi-grounded neutral system) by the telephone "Network Interface Device" (NID) installed at the point of entry.  The surge current flows in the copper pipe, radiating a magnetic field that induces a voltage in the loop formed by the copper pipe and the telephone line between the entrance and the modem port of the PC.  This voltage in effect appears between the modem port and the equipment-grounding conductor of the power port of the PC.

For this test, the applied surge was that obtained when applying the output of a KeyTek 801+ surge generator delivering a standard surge, CCITT 0.5/700 (s to the pair of telephone wires at the entrance, and returning from the grounding point of the Upside-Down House.  The generator was set for a particular peak value of this well-defined. waveform; however, the relatively large impedance of the loop presented to the surge generator resulted in the surge current waveform shown in the oscillograms of Figure 9, with a rate of rise of 75 A/(s.  As we will see from the results, shown later in Tables 4 and 6, the crucial parameter is the initial rate of current rise, not the amplitude or duration of the current surge.  This fact makes any conclusions on the level of the threat directly dependent on the rate of rise, a parameter not well known in the real environment, compared to arbitrary, well-defined test waveforms.  For this reason, the complete study includes some parametric variations, a few of which are presented later in this paper.

Upsdwn measure Page 9

Upsdwn measure Page 10

Figure 9 shows the recording of the voltage measured between the power port and telephone port, as well as the EMTP-computed voltage for the same current waveform.  The similarity of the two oscillograms is remarkable.  The only (small) difference appears to be the damping; this damping is of course the result of the effective resistance of the circuit, including skin effect and current diffusion.  During the EMTP modeling, several representations were used for the effective resistance, showing small differences in the damping.  The oscillogram of Figure 9 was obtained for a frequency-dependent model of the resistance.ond exposure scenario: One system serving two appliances
In this scenario, a PC and the associated printer are connected by the usual communications cable, and each is powered by a separate branch circuit.  This situation is often encountered when a printer is shared among several users, or when an installation has been deliberately configured to provide a separation of the "clean" branch circuit supplying the PC from the "noisy" branch circuit supplying the printers and other peripherals (Figure 4).  As a worst-case scenario, it is postulated that the PC power supply includes an SPD with line-to-ground protection (either built-in or provided as a plug-in addition by a careful, surge-conscious user), while the printer is postulated to have no line-to-ground SPD protection.

In an actual situation, the surge could occur internally on the “noisy" circuit, or occur from the outside.  In the example of Figure 10, the surge was applied line-to-neutral at the service entrance, with an initial current rate of rise of 400 A/(s, the result of injecting a surge of 1400 A peak and 8 (s rise time.  Figure 10 shows the recording of the voltage measured between the two data ports of the printer and the PC, as well as the voltage computed by EMTP.  As in the first scenario, the measured and the simulated oscillograms exhibit essentially the same characteristics, with only minor differences in damping.
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Expansion of the scenario matrix through numerical modeling

To illustrate the capability of simulation, several parametric variations were performed with the EMTP model.  The following tables provide examples for the two scenarios.

Parametric Variations for First Scenario

Parametric Variations for Second Scenario
[See pdf file for tabulated results]
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Conclusions

 1.   The close similarity of results from measurement and modeling provides mutual validation and gives confidence in the broad parametric studies.

2.   The observed values of the overvoltages could be a threat to appliance survival; however, in the absence of reliable information on appliance immunity (which could eventually be provided by the manufacturers or obtained by extensive testing), especially between different system ports, no firm conclusion can be drawn at this time concerning the risks.

3. The most crucial factor for overvoltages is the initial rate of current rise of the surge, not rise time and peak.  This fact is a challenge to the development of standards describing the expected surge environment, where arbitrary and always picture-perfect waveforms are defined by the peak amplitude and rise time, not by actual initial rate of rise.

4.   Parametric information has been developed to allow defining other scenarios.  The authors invite their colleagues to participate in a data base development.
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Appendix  A – Voltage induced in a loop adjacent to the surge-carrying current
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KEEPING UP WITH THE REALITY

OF TODAY'S SURGE ENVIRONMENT

François D. Martzloff

National Institute of Standards and Technology

Gaithersburg, Maryland 20899

Abstract to establish a program for characterizing surge events by the capability of  a  surge event to deliver a surge current through the power system in end-user facilities.  This characterization would complement or even supersede the conventional monitoring of surge voltages.  Two approaches are suggested: (1) Using a metal-oxide varistor with the lowest possible voltage to "attract" surges away from other SPDs connected in the facility, and then recording the surge current waveform in the varistor; (2) Gathering data on field failures attributable to surges or swells for all types of electrical appliances, then attempting to replicate the failure mode in the laboratory.

HISTORY

Characterizing the surge environment has been a subject of research for the last forty years, driven by the increasing concern about the vulnerability of new electronic appliances to transient overvoltages.  However, practically all the recording campaigns conducted by major organizations such as Bell (Goldstein and Speranza, 1992)[ 1 ], Canadian Electrical Association (Hughes and Chan, 1995)[2], General Electric (Martzloff and Hahn, 1970)[3], IBM (Allen & Segall, 1974)[4], National Power Laboratory (Dorr, 1995)[51 and other researchers, including Forti and Millanta, 1990 [6], Goedbloed, 1987 [7], Hassler and Lagadec, 1979 [8], Meissen, 1983 [9], and Standler, 1989 [10] have been limited to the measurements of transient voltages.  This focus on transient voltages was initially justified for two reasons: (1) the emphasis was on concerns of equipment failure subjected to overvoltages in the absence of adequate protection, and (2) shunt-connecting a voltage sensor to a power circuit is easier than inserting a current sensor in series with the lines.
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The idea of recording surge currents that could be "attracted" by a surge-protective device (SPD) with the lowest clamping voltage in an installation was suggested in the discussion of a paper describing a digital instrument with current-recording capability (Odenberg and Braskich, 1985)[11].  A recording system with capability of recording both current and voltage, using oscilloscopes and digitizers, was developed and described in (Standler, 1987)[12].  These two recording systems were developed before the explosion, in the mid-eighties, of power quality monitoring projects made possible by the commercial availability of portable monitors with graphics capability.  An ongoing project for monitoring power quality in the medium-voltage distribution systems (not low-voltage end-user systems), sponsored by the Electric Power Research Institute, is based on an instrument which has a limited response at the frequency range associated with surge voltages.

With the benefit of hindsight, this paper proposes a change in the way power quality monitoring projects are conducted.  The emphasis would be shifted from recording transient voltages, or surge voltages, to the determination of what surge currents may be delivered by a surge event to a surge-protective device.  This shift is necessary because a new situation has arisen in the surge environment.
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THE NEW SURGE ENVIRONMENT

In spite of the proposals cited above for recording surge currents that could be delivered to a candidate SPD, the idea has not caught on and recording surge voltages still seems to be the order of the day.  In the last few years, following the advent of the metal-oxide varistor protective devices, the actual situation concerning observation of transient overvoltages has become quite different.  These devices are now so ubiquitous (an estimated number of installed varistors in the United States is two billion) that hardly any location can be found where there is not some form of transient voltage limitation in effect. [Footnote:  An often-cited document, ANSI/IEEE C62.4 1, Recommended Practices on Surge Voltages in AC Power Circuits, provides in graphical form a description of the frequency of occurrences vs. peak- values of the surges at unprotected locations.  This specification of unprotected locations still reflects the only available data base and the mind-set of users concerned with the need for adding surge protection in an installation where none is provided -- which is no longer the present situation.]

Nonetheless, proposals are still being made, and in some cases implemented, to continue monitoring transient overvoltages exclusively inside end-user facilities, in a noble attempt to characterize the environment so that appropriate surge-protective devices could then be prescribed for specific locations.  What this measurement yields, however, is no longer the surge characteristic of the monitored system, but the residual voltage of whatever SPDs are installed nearby.

Keeping up Page 2

Thus, the results of any measurement campaign conducted in the future and limited to voltage transients will be totally irrelevant, worse yet, misleading.  Such measurements will provide a false sense of security based on the uncontrolled presence of undefined surge-protective devices.  The results might lead to the erroneous conclusion that the surge environment being monitored is benign (Aspnes et al., 1985)[13].  But this might not be the case; for instance if a user were to install an SPD with clamping voltage and current-handling capability lower than those of SPDs already in place, the newly installed SPD would then "attract" incoming surges.  These surges, in turn, might have a current-delivery capability beyond the limited capacity of the new SPD.  Although such a situation might be rare, it would be an unpleasant surprise to the unwary end-user.  To draw a parallel, the practice of deriving surge-current protection schemes from the measurement of surge voltages in the presence of unknown SPDs is akin to deriving power-frequency fault-current protection from voltage measurements made during a fault, rather than applying the well-developed overcurrent coordination practice used by power system engineers.

A recent draft document proposed for monitoring Power Quality mistakenly included the characterization of "the energy in the surges" by making measurements only of voltage as a function of time, integrating the square of the voltage, and dividing the result by an arbitrary resistance, such as the characteristic impedance of the wiring.  The basis for this approach may have been rooted in the fact that in the past (mid-eighties), disturbance monitors did print out results labeled as "joules." However, regardless of the source, practices based on this misconception have now been recognized as erroneous and have been discontinued.  Recognition should be given to Goedbloed's work, previously cited, in which he created the term "energy measure" to assess a parameter involving the integral of the voltage square as a useful way of obtaining some information on the strength of a surge event, but he avoided the pitfall of presenting the concept in terms of joules.
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A NEW APPROACH FOR MEASUREMENT 

OR INDIRECT ASSESSMENT OF SURGE CURRENTS
In contrast to the traditional and potentially misleading recording of surge voltages, a change to measuring or at least indirectly assessing the surge current (both magnitude and waveform or duration) would provide more meaningful information on today's surge environment.  Two ideas for obtaining that type of information are described in this paper.  The first idea is based on installing a varistor with very low clamping voltage and recording the current drawn by that varistor.  This approach would yield new and detailed information based on actual surge-current measurements.  A second approach would use field-failure data from appliances such as packaged SPDs or light bulbs combined with a laboratory replication of their failure modes' This replication would allow credible conjectures on the field conditions that led to the failure of the appliances.  The outcome of this second approach would yield a statistical upper bound on the magnitude and frequency occurrence of surges with high energy-delivery capability.

First approach: Direct measurement of available surge current

In this first approach, an SPD with the minimum tolerable voltage rating across the power line would be connected at various points of an installation, one location at a time, to serve as a "magnet" attracting the impinging surges.  This SPD would be specially sized and well-characterized to ensure the "magnet" function of drawing most of the available surge current.
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Two limitations have to be recognized in this approach.  The first is the requirement that the SPD operates on the brink of drawing excessive standby current with the line voltage at its upper practical range.  The second is the potential impact of other SPDs located upstream of the "magnet." These other SPDs would compete in attracting the available surge current, because of their connection in the so-called "cascade" arrangement (Martzloff and Lai, 1992)[14].  A "calibrated" SPD could be designed by NIST in cooperation with varistor manufacturers to provide the necessary characteristics of low clamping voltage, on the secure side of the brink.  The surge current attracted by the varistor could then be recorded to find the true character of surge events at that location, despite the presence in the local system of any unknown and uncontrolled SPDs.

In a first implementation of this idea, the surge current would be recorded by using the current probe that is a common accessory of the various types of commercial power quality monitors owned or operated by hundreds of organizations and researchers.  However, the frequency response of these current probes might not be appropriate for recording surge currents.  A modified approach is now being investigated, using a current transformer with a higher frequency response.  The output of the transformer, with an appropriate burden, is then fed to the voltage channel of the monitor, which has a better frequency response than the current-probe channel.  The combination of the calibrated varistor, current transformer, and burden serves as a transducer converting the surge current into a voltage signal readily acceptable to existing power quality monitors.

In its elementary concept, this current-measurement approach will readily produce a spectrum of current surges describing the environment at the point of connection of the varistor.  However, turning this local spectrum into a broad data base will require some information processing to take into consideration local conditions.  
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These conditions might include the structure and ratings of the power supply system from the distribution transformer and downstream, the presence of a surge arrester on the primary of the transformer, local ground resistivity, etc.  The results of the "Upside-Down House" modeling (Martzloff et al., 1995)[15] could be applied to determine how far downstream the low-voltage SPD can remain an effective and calibrated "magnet" of the available surge when other SPDs are present in the system.  In this manner, one could characterize the strength of the surge event, shaped by the local power system, to deliver a surge current.  In turn, this knowledge would allow prediction of the amount of energy that would be deposited in any candidate SPD, a factor which is presently unknown.  By using two separate channels (high-frequency and 60-Hz responses, with appropriate sensitivity level) of the commercial monitor while recording the current drawn by the varistor, it will be possible to characterize swells as well as surges, increasing the information yield of the project.

Selecting the specially sized SPD at the brink, as discussed above, entails a definite probability that its rating will be exceeded under some circumstances, so that the varistor must be considered as expendable.  A suitable overcurrent protection must then be provided in series with the varistor to clear the resulting short-circuit.  To provide continued monitoring, several varistors could be connected in parallel, each with a fuse, in a "staircase" of incremental voltages to allow several stages of recording before all devices are consumed.  This idea is now being explored, but first indications are that varistors will have to be very closely characterized to ensure this staircase of clamping voltages.  For instance, characterizing the varistors by their nominal voltage (voltage at I mA DC) to select different voltages for the staircase does not necessarily ensure that the same difference will be maintained at higher levels of surge currents.
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The ability to replace the expendable varistors would be essential if the staircase approach turns out to be impractical.  A completely expendable transducer box -- including calibrated varistor(s), fuse(s), current transformer, and burden -- might not be practical in view of the investment necessary for the current transformer contained in the box.  The SPDs could be enclosed in a safety-approved enclosure, with provision for replacing a failed SPD and its fuse, allowing the operator to resume monitoring.  However, the need to open the box and replace components might be a deterrent to widespread acceptance.  Success of the project would depend on recruiting researchers committed to obtaining this new type of data.  An unresolved question at this stage is whether or not an approval by Underwriters Laboratories or some other agency would be necessary to make the transducer box acceptable for widespread connection to end-user facilities.  Assuming that this suggestion receives encouragement from the engineering community, resolving these specific questions will be the next phase of the project.

Second approach: Replicating field failures

In this approach, failed appliances created in the laboratory would be compared to the appearance of failed appliances returned by end-users.  A reasonable leap of faith is implied in this process that indeed the two failures resulted from similar surge (or swell) events.  The conclusion would then be an experience-based assessment of the occurrence of such events at the failure level observed in the laboratory for the same appliance.
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Some may point out all the factors that could make this leap of faith unreliable, confusing, misleading, etc.  In fact, it is the very purpose of this paper to expose the idea so that the potential difficulties can be identified and hopefully dealt with by careful analysis of the data.  This paper is presented as an invitation to colleagues and commercial organizations interested in a cooperative effort of sharing field failure data.

SPD field failure data

Manufacturers of packaged SPDs who accept or invite the return of SPDs that failed in the field might already have enough statistics on the rate of failures and have enough devices with a recognizable pattern of failure modes to implement this study.  Assuming that they would be willing to share the information or at least input it into a neutral data collection point, laboratory experiments could then be conducted with deliberate overstresses aimed at reproducing the pattern of failure modes.  From similar appearances, inferences might then be drawn on the type of overstress that occurred in the field.  While recognizing the limitation of such inferences, compared to the ideal of actually recording the occurrence of a surge current, this approach would have the advantage of representing a summary from the millions of SPDs in permanent service, rather than a few observation points by power quality monitors that are limited in number and period of monitoring.  Each SPD would act as a surge detector, akin to the clock motors that failed and provided surge statistics in the early sixties (a 100-to-1 reduction of failures when the withstand capability was raised from 2 kV to 6 kV), serving as one of the inputs to the data base for the IEEE 587 Guide -- now ANSI/IEEE C62.41 -- (Martzloff and Hahn, 1970)[3].
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The cooperation of all organizations and individuals would be coordinated in cooperation with the IEEE and other standards-developing bodies.  At this point, the thought of collecting failure information that some parties might wish to keep proprietary may appear to be wishful thinking.  However, it is proposed for consideration and discussion, with the hope that the advantages of pooling data would help overcome concerns about any inadvertent disclosure of sensitive information.

Other field failure data

In addition to the clock motor story cited above, other common appliances can be viewed as unwittingly serving as surge or swell recorders.  A very humble appliance, the incandescent light bulb, is a good example of how at least a "reality check" can be applied in assessing the surge environment.  Anecdotal information collected by the author in the seventies, and now in the process of being updated at the Power Electronics Applications Center, shows that most light bulbs fail when subjected to surges in the range of 1000 to 1500 V. The failure mechanism of a light bulb under surge conditions involves an internal flashover bypassing the hot filament, triggered by the surge and followed by a power-frequency arc that bums out the filament at its point of attachment to the stems.  The internal fuse in the bulb base then clears this power arc.  From the fact that billions of light bulbs are connected to the 120 V systems in the United States, and only sporadic occurrences are reported of failures in excess of that implied by the published life of the bulb, it seems that occurrence of surges above 1500 V is not very frequent.
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There are some limitations to the conclusions that can be drawn from such experience, such as the competing mechanism of excessive rms line voltage, unknown variation among bulb designs, etc.  Nevertheless, the large number of data points resulting from the widespread use of light bulbs makes the data a reliable source of information if it is not misconstrued as pinpointing a narrow band of failure levels.  Other appliances might also be used as unwitting surge recorders if their manufacturers and users would consider sharing field-failure information.

CONCLUSIONS - AN OPEN INVITATION

The two approaches presented in this paper are rooted in the expectation that enough interested parties would be motivated to participate in a pooling of information.  Thus, the conclusions of this paper take the form of an open invitation to individuals and organizations for serious consideration (including peer-review criticism of the ideas) and, hopefully, participation in the data collection.

The first approach will require the development of a transducer box containing one or several varistors and an appropriate (moderate accuracy for low cost) current transformer.  If such a transducer box can be developed and accepted for across-the-line connection, the next step would be to recruit enough participants willing to acquire the box and use their existing commercial monitor(s) to record the occurrences of such currents.

The second approach will require a policy decision by manufacturers that the perceived disadvantages of disclosing failure rates to a third party -- even with assurance of good faith custody of the information -- would be more than compensated by the benefit of a better characterization of the environment in which their products must operate.
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Individual researchers and organizations are explicitly invited to contact the author with comments, suggestions of alternate approaches, and ideas for implementing this change in characterizing the surge environment.
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Abstract - The paper proposes to establish a program for characterizing surge events according to the capability of a surge event to deliver a surge current through the power system in end-user facilities.  This characterization would replace the conventional and by now misleading monitoring of surge voltages.  The new approach will use a current transducer including a silicon-avalanche diode with the lowest possible voltage to "attract" surges away from other surge-protective devices connected within the facility.  The voltage signal from the current transducer will then be recorded using any power quality monitoring instrument available to the individual researchers, providing complete current waveform parameters.

1.  INTRODUCTION

1.1  Background

Characterizing the surge environment has been a subject of research for the last forty years, driven by the increasing concern about the vulnerability of new electronic appliances to transient overvoltages.  However, practically all the recording campaigns conducted by major organizations such as ERA (Bull and Nethercott, 1964)[1], General Electric (Martzloff & Hahn, 1970)[2], IBM (Allen & Segall, 1974)[3], Bell (Goldstein and Speranza, 1982)[4], Canadian Electrical Association (Hughes & Chan, 1995)[5], National Power Laboratory (Dorr, 1995)[6] and other researchers, including Hassler & Lagadec (1979)[7], Meissen (1983)[8], Wernstrom et al. (1984)[9], Goedbloed (1987)[10], Standler (1989)[11], and Forti & Millanta (1990)[12] have been limited to the measurement of transient voltages.
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We now propose a change in the protocol for the monitoring of power quality in ac power systems.  This change has become necessary because end-user power systems are no longer what they were at the time the early surveys of transient overvoltages were conducted.  Varistor-based surge-protective devices (SPDs) have become so ubiquitous in low-voltage ac power systems that hardly any location ea be found where there is not some form of transient voltage limitation in effect.  Attempting now to characterize the environment so that appropriate SPDs could then be prescribed for specific locations based on voltage measurements would be quite misleading.  What such measurement would yield today is no longer the surge characteristics of the monitored system, as it was at the time of the early surveys, but the residual voltages of whatever SPDs are installed nearby.

1.2  Making meaningful measurements

The proposed change in monitoring practices is to insert a current transducer between the low-voltage power system being monitored and the existing monitoring instruments.  This transducer would consist of an SPD with the minimum tolerable voltage rating across the power line, to be connected at some point of an installation, and serve as a "magnet" for attracting the impinging surges.  To use a metaphor, this SPD in effect becomes the "winning bidder" by offering to the impinging surge the path with lowest clamping voltage among all the parallel-connected SPDs of the installation.
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A current transformer with the "magnet SPD" in the primary and an appropriate burden on the secondary would be used to feed the resulting voltage signal into the existing power quality monitoring instruments now used by many organizations and individual researchers.  In this manner, the surge current attracted by the "magnet SPD" can be recorded to find the true character of surge events at that particular location, despite the presence in the local system of any and many unknown and uncontrolled SPDs.

II.   TRANSDUCER DESIGN

II.1  Breadboard design
Preliminary results on the feasibility of such a recording system have been obtained: a suitable silicon avalanche diode has been identified and proven to act as a "magnet," even in the presence of "competing" metal-oxide varistors, and yet able to withstand the temporary overvoltages that can occur in the system.  At this point, the transducer design principle is well defined, and concerns that the "magnet" effect could be effective only within a small power system have been addressed, as discussed later in the paper.

The current transducer would consist of a string of silicon avalanche diodes (SADs) in series with the primary of a current transformer with a burden connected across its secondary, an overcurrent protective fuse in series with the diodes, and an indicating light to signal a blown fuse.  In the final design that would be used to deploy a number of these transducers, all of these components will be included in a package derived from the so-called "plug-in SPD" which are offered by many manufacturers.  Using the external package of such a device will provide a low-cost envelope to build a few hundred transducers with no tooling costs and yet provide a package suitable for connection to wall receptacles in end-user systems.
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The power system can include several branch circuits to supply the loads, some of which featuring SPDs incor​porated into load equipment or installed by the end-user.  At some point of this system, selected for convenience by the instrument operator, the transducer will be installed.  A key point of the proposal is that pinning down the actual location of the monitor is no longer a concern because of the ,'magnet" effect of the low-clamping SAD string.

Figure 1 shows a schematic diagram of the transducer.  Selection of an appropriate string of SADs is an exercise in brinkmanship: the SAD string must have a clamping voltage sufficiently low to make it the winning bidder, and yet not so low that the temporary overvoltages occurring in the power system would destroy it.  In a preliminary experiment, a SAD string with a nominal voltage of 185 V at 1 mA de was found to survive exposure to 130% of nominal 120 V system voltage, ensuring sufficient distance from the brink of failure.

Figure 1 – Schematic of the transducer

It will be prudent to include a fuse in series with the SAD string for the case where a large surge would exceed the current-handling capacity of the SAD string and cause its failure.  A visible indication of a blown fuse can be added to the package, similar to the indication now routinely provided by the commercial plug-in SPDs offered for residential use.
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A commercially available and low-cost current transformer [Footnote:  Please note that the author has no vested interest in promoting or endorsing any hardware, and that the final selection of the current transformer is still an open design tradeoff consideration. Commercial availability is cited here only in support of the concept of using readily available, low-cost component  for the deployment of many transducers] has been identified that can provide sufficient accuracy for the measurements over a sufficient frequency range.  Conventional current-viewing transformers used in the laboratory are much more expensive and would not be necessary for the purposes of the recordings.  Considering the wide range of surge events and the resulting statistical uncertainty in citing "representative values" of the surge events, obtaining results of current measurements within an order of magnitude is already a very large improvement over the present lack of knowledge.  In the example of recording capability discussed later in the paper, there is a 50:1 difference in the cost of a laboratory-type current-viewing transformer and the low-cost current transformer required for deployment of a large number of monitors.

Matching the burden values to the voltage requirements of the monitor input circuits has not yet been done at the time of this writing, but might be reportable by the time of presentation of the paper.  Tradeoff between the cost of the current transformer and its frequency response is another area where improvements to the proposal can be made to obtain meaningful recordings at a cost that will not be a deterrent to acceptance of the proposal.

II.2  Radius of attraction
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By design, the string of diodes is intended to become the “magnet” that will attract the impinging surges. We recognize that this winning bid can be ensured only within a certain radius from the transducer. Increasing distances between the transducer and competing SPDs eventually produces a decoupling of the two devices and might allow a competing SPd connected upstream from the transducer to divert the surge first. This situation is the reverse of that sought when making studies of the coordination of cascaded SPDs, where the concern is to ensure that a heavy-duty SPD located upstream of a lower-duty SPD is sufficiently decoupled so that an impinging surge will be diverted by the upstream SPD. The parameters of cascade coordination have been addressed at length in the literature [13]. [14], [15] and will not be discussed here, but serve as a useful reminder to take a careful look at possible limitiation in the radius of meaningful measurements.

To ascertain that the transducer will remain the winning bidder, a simple test was performed by assembling a physical mock-up of an installation with a service panel feeding three branch circuits, with lengths of 4.5 m, 9 m, and 18 m respectively. The SAD string was connected at the end of one branch circuit while metal-oxide varistors (MOVs) with nominal 200 V at 1mA dc were connected at each end of the other branch circuits.

Figure 2 – Arrangement of competing SPDs
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We can expect that the least favorable combination would be that of the SAD connected at the end of the longest branch circuit, with an SPD of relatively low clamping voltage installed at the end of the shortest branch circuit.  A Combination Wave [16] was applied to the service panel, and the currents in the three branch circuits were monitored, with the SAD string successively connected at the end of the 4.5 m, 9 m, and 18 m branch circuits.  In all three cases, the SAD attracted all the surge current, with no current detected in the MOV-terminated branch circuits.

More sophisticated analysis can be performed by applying the numerical modeling techniques developed in the referenced modeling studies [17], [18], extending the distances and combinations of competing SPDs from the simple example shown in Figure 2 to determine how extensive an installation can be and still have the transducer remain the winning bidder.  In this manner, the pitfall that threatens credibility of contemporary voltage recordings (uncertainty about other unknown SPDs connected in the system that can produce misleading results of low surge activity) will be eliminated.

III.  BREADBOARD TEST

A simple breadboard was assembled with the 185 V SAD string connected to the output of an 8/20 (s surge generator and a 100 ( resistance inserted in series to limit the current delivered by the low-impedance generator.  The resulting current (longer than 8/20 (s because of the inserted resistance) was applied to the one-turn primaries of a laboratory-grade current-viewing transformer and of the low-cost current transformer, with a 2 k( burden across its secondary.  Their secondary output voltage was recorded by a laboratory-grade digital signal analyzer.  Figure 3 shows the recorded voltage across the SAD string and the two current signals.
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Figure 3 – Voltage across the SAD string and corresponding current signals

To make the comparison easier, the signal analyzer input sensitivity of the two current-displaying channels was adjusted so that the two current signals would coincide near their peaks.  The point to be made here is not the actual numerical values, but the quality of the frequency response of the low-cost transducer, illustrated by a time-domain representation of an impulse.

Inspection of the two current traces shows a loss of signal at the front as well as in the tail, symptomatic of a limited frequency response.  While such a loss would be absolutely intolerable in a laboratory environment, we must place it in its proper perspective.  As outlined in the introduction, we are now facing a new situation, brought about by the proliferation of SPDs, where surge voltage measurements no longer have the significance they once bad, so that we have no knowledge on the real surge threat existing in the system.  The current-delivery capability of the surge event, as recorded by the imperfect current transducer is an immense improvement over the present total lack of knowledge.

Given the wide range of possible surge events, the relatively small loss of information represented by the two areas separating the two current signal traces is small compared to the common area that represents a good estimate of the order of magnitude of the current-delivery capability of the recorded surge event.  In contrast to laboratory measurement researchers, operators and users of field surveys are already content to have the surge events characterized within one order of magnitude when the alternative is no meaningful information at all.  As discussed earlier, tradeoff between transducer cost and quality of the frequency response is still an open consideration, for which comments from interested parties are earnestly invited before implementation of the proposal is initiated.

IV.  PROGRAM IMPLEMENTATION
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The next step in making the change from surge voltage recording to surge current recording would be to recruit enough participants willing to acquire the transducer and use their existing commercial monitor(s) to record the occurrences of surge currents attracted by the transducer.  This transducer could be produced in cooperation with some manufacturer of a plug-in SPD, so that a readily adaptable outside package could contain the transducer components and provide a simple and safe way of connecting it to a receptacle.

Within the IEEE, a new Task Force of the Standards Coordinating Committee on Power Quality is developing protocols for reporting monitoring results; hopefully, the concepts presented in this paper will   be taken into consideration by that Task Force and by other organizations interested in making surveys for characterizing the electromagnetic environment.  The IEC is also considering the development of guidance  documents on measurement methods in the area of power quality, where this shift of focus should be taken into consideration.
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The author is volunteering to collect and compile the statistics of the recordings that would be made with the new transducer.  Individual researchers and organizations are invited to contact the author with comments, suggestions of alternate approaches, and ideas for implementing this change in characterizing the surge environment that will make sense in the new environment of proliferating surge-protective devices.

V.  CONCLUSIONS

1 .
Given the proliferation of SPDs, the need to replace the recording of surge voltage events by the recording of the capability of surge events to deliver a current into load equipment in particular SPDs has been identified.

2.
Tests made on a breadboard design using readily available components show that meaningful surge current recordings can be obtained, even with a very low-cost design.  Improvements in the frequency response could be obtained by a tradeoff in component costs and refinements of the design.

3.
Implementation of a program may be possible if sufficient interest is aroused by the proposed change in conducting field surveys of surge events.
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4,
Standards-writing bodies concerned with characterizing the electromagnetic environment in low-voltage power systems could make an important contribution by giving recognition to the new situation and shifting focus from surge voltage measurements to surge current measurements.
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Abstract: The paper challenges attempts to characterize the surge environment in low-voltage end-users power systems by a single number - the "energy in the surge" - derived from a simple voltage measurement.  Our thesis is that such attempts are neither realistic nor relevant.  The paper shows that these erroneous attempts, based on the classical formula for computing the energy dissipated in a linear load of known resistance, cannot be applied to characterize the environment per se, but only to a well-defined combination of source and load.  In particular, there is no meaningful relationship between the "energy" in a surge event and the energy actually deposited in a varistor by this surge event.  A review of equipment failure or upset mechanisms related to the occurrence of a surge voltage reveals that none of these mechanisms are related to this so-called "energy in the surge." Several failure mechanisms other than energy-related are identified, pointing out the need to describe the surge events with a more comprehensive set of parameters in conducting future surveys.

I.  INTRODUCTION

In an attempt to characterize the potential threat of surges to voltage-sensitive equipment, recordings of the surge voltages occurring in low-voltage power circuits have been conducted in the last quarter-century, driven by the increasing concern about the vulnerability of new electronic appliances to transient overvoltages.  However, practically all the recording conducted by organizations such as Bell Laboratories [I], Canadian Electrical Association [2], General Electric [3], IBM [4], National Power Laboratory [5] and other researchers, including Goedbloed [6], Hassler & Lagadec [7], Meissen [8], and Standler [9] have been limited to the measurements of transient voltages
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Interest in these measurements has been re-kindled by several investigations aimed at assessing power quality in end-user facilities.  These recordings, initially limited to measurement of peak voltages, were perfected with the help of increasingly sophisticated voltmeters.

Early surveys were conducted with conventional oscilloscopes and later on, portable digital instruments with on​board computing became available.  While these instruments made possible the recording of a voltage transient as a function of time and graphical presentation of data, the recording of such a surge voltage profile does not lend itself to a simple description by a single number.  To circumvent this difficulty, many researchers called upon the basic concept of energy to characterize the level of surge threat in terms of voltage.

Referring now to classical electrical engineering, the instantaneous power dissipated in a resistor by a transient voltage is merely the square of the applied voltage, divided by the resistance.

Taking the integral over the duration of the transient yields the energy.  By analogy, the "energy" of a surge could then be computed from the voltage measured at some point of a power system.  According to this intuitive concept -- but fallacious as we will show -- the greater the measured voltage, the greater the "energy" and thus the greater the threat to potential victim equipment.
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A review of the known failure or upset mechanisms of various types of devices and equipment identifies several surge parameters other than energy-related.  These include source impedance, peak amplitude, maximum rate of rise, tail duration, and repetition rate.  Therefore, future surveys of surge events conducted with present monitoring instruments or with even better instruments will need to include more comprehensive -- and hopefully standardized methods of presenting and interpreting the results.

II. THESIS

Our thesis is that neither the threat nor the "energy level" of a surge can be characterized by simply measuring the voltage change during a surge event.  Any reference to the concept of "energy of a surge" should definitely not be introduced.  Such avoidance is based on two facts:

 1.   A voltage measurement of the surge event cannot alone predict the energy levels affecting the devices exposed to that surge.  This is particularly true for nonlinear surge-protective devices where energy deposited in the device is relevant, but has little to do with the misleading concept of " energy in the surge" derived from an open-circuit voltage measurement.

 2.  There are other than energy-related upset or failure modes of equipment.  These effects require consideration of other parameters when describing a surge event to yield relevant and realistic assessment of surge stress threats.

Our thesis will be supported by an analysis of the impact of surges on equipment, and illustrated by numerical examples of varistor applications showing how the description of a surge by its "energy" could then lead to vastly different conclusions.

III.   INTERACTIONS BETWEEN SURGES AND VICTIM EQUIPMENT

At this point we need to identify the devices and equipment that may become the victims of a surge, and their failure mechanisms.  After-the-fact investigations and experimental data show a wide range of surge-related upset and failure mechanisms.
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These mechanisms include insulation breakdown, flashover, fracture, thermal and instantaneous peak power overloads, dv/dt and di/dt limits being exceeded.  The following list gives some generic types of surge victims and the typical failure or upset mechanisms.

1.
Electrical insulation, where the failure mechanism (breakdown or sparkover) is principally a function of the surge voltage, with the complication of a volt-time characteristic such that failure under impulse occurs at a level that increases when the rise time or duration of the impulse decreases.  "Insulation" is to be taken in the broadest sense of solid or liquid material separating energized conductors in equipment, clearances on a printed circuit board, edges of semiconductor layers, etc.  A distinction must be made between the initial breakdown of insulation, related to voltage only, and the final appearance of the damaged insulation, related to the total energy dissipated in the breakdown path.  In another situation, the insulation of the first turns of a winding may be subjected to higher stress than the others as the result of the uneven voltage distribution resulting from a steep front rather than only the peak value of the surge.

2.
Surge-protective devices, for which the voltage across the device is essentially constant, and the energy deposited is a function of the surge current level and duration.  One failure mode of such a device will occur when the energy deposited in the bulk material raises the temperature above some critical level.  Failure modes associated with the current level, such as flashover on the sides of a varistor disc, failure at the boundary layers of the varistor grains, or fracture of large discs, have also been identified and are not related to energy.
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3.
Semiconductor devices, such as thyristors responding to the rate of voltage change can be turned on by a surge [10], resulting in failure of the device or hazardous energizing of the load they control.  In a similar way, a triac may be turned on by a voltage surge without damage, but still fail by exceeding the peak power limit during a surge-induced turn-on with slow transition time.

4.
Power conversion equipment, with a front-end dc link where the filter-capacitor voltage can be boosted by a surge, resulting in premature or unnecessary tripping of the downstream inverter by on-board overvoltage or overcurrent protection schemes.

5.
 Data-processing equipment, where malfunction (data errors) -- not damage -- may be caused by fast rate of voltage changes (capacitive coupling) or fast rate of current changes (inductive coupling) that reflect the initial characteristic of the surge event.  This response is insensitive to the "tail" of the surge, where all the "energy" would be contained according to the misleading energy-related concept.

6.
Light bulbs, which of course have a limited life associated with filament evaporation and embrittlement - a long-term process where the short burst of additional heating caused by a few microseconds of overcurrent is negligible -- but also fail under surge conditions when a flashover occurs within the bulb, triggering a power-frequency arc that melts out the filament at its point of attachment -- another failure mechanism originating with insulation breakdown.

Among these types of victims, only the clamping-type varistor, exemplified by the metal-oxide varistors that became so prevalent after their introduction in the mid-seventies, is directly sensitive to an energy level associated with a surge event -- and at that, the energy deposited in the device', not the "energy in the surge." (To be absolutely correct, the ultimate failure mode of a triac or a light bulb may be indirectly influenced by the energy dissipated in the device during the surge, but the root cause, the trigger, of the failure is not the energy.) Considering the explosive proliferation of varistors, however, one might find some extenuating circumstances in emphasizing the significance of energy in describing the effect of surges on its principal target -- the ubiquitous metal-oxide varistor -- but this is a pitfall, a mental trap.
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IV.  BAITING THE TRAP

From the interactions described above, it is clear that using a single voltage measurement to determine surge threat is not sufficient.  The trap was baited by the simplicity and ease of using a single parameter obtained by analogy with the power dissipated in a fixed resistance, v2/IR by an instantaneous voltage, v. Clearly in that limited case, the total energy involved over the surge event would be the time integral of v2/R, expressed by a number having the same dimensions as watt-seconds, or joules in the SI system.  And thus some power quality monitors placed on the market in the early eighties were printing out surge event characterizations expressed in joules.  This "joule" number was obtained by computation of the (v2 / R dt, where the voltage v was measured by the instrument, divided by a resistance (taken arbitrarily as 50 (), and integrated over the duration of the event.  Manufacturers of power quality monitor soon recognized the potentially misleading aspects of such reporting and discontinued the practice

Nevertheless, some researchers continued the practice and are to this day attempting to characterize the surge environment by the single parameter of "energy in the surge." As a half-way measure, some are now proposing a new parameter "specific energy" to be understood as the integral of voltage-squared divided by a reference resistance of 50 ( (why that particular value ?) and they would report results in watt-seconds.  Figure 1 shows an example of this type of reporting [11].

Figure 1 – Example of survey results with number of occurrences

 as a function of “energy” in milliwatts-seconds
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Acknowledging that indeed, the selection of an appropriate varistor should reflect the level of threat to which it will be exposed, there is a need to characterize the threat in terms of the energy that will be deposited in the varistor by a specific surge event.  However, there is no way that a voltmeter measurement only, even if it includes time, can provide that information.

V.   THESIS DEMONSTRATION BY VARISTOR APPLICATIONS

To demonstrate our thesis by the ad absurdum process, we will compute the "energy in the surge" as defined by the trap-baiting definition of "specific energy" for three surge events such that all have the same "specific energy" but different voltage levels, waveforms, and durations.  Then, making a further assumption for the unknown impedance of the surge source, we will compute the energy actually dissipated in the varistor for these different voltage levels, waveforms, and durations, and observe that the resulting deposited energy is not the same!

1.  Elementary example – basic calculation, fixed impedance

As a first easy-to-follow step, we take three rectangular pulses, all selected to have the same "specific energy" but different voltage levels and corresponding durations, and compute the energy deposited in a (nonlinear) varistor having a given maximum limiting voltage, assuming that the source of the surge is a voltage source with some arbitrary, fixed impedance.

It is noteworthy that some source impedance has to be presumed, because the varistor clamping action rests on the voltage divider effect of the source impedance and the dynamic varistor impedance prevailing for the resulting cur-rent.

Start with an assumed surge measurement of 1000 V with duration of 50 (s.  The specific energy of such a surge event, according to the proposed definition, is:

(1000 V)2 x 50 (s / 50 ( = 1 joule.
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Now consider a surge with amplitude of 316 V (1000 / (10) and duration of 500 (s (50 x 10).  Its specific energy, is:

(316 V)2 x 500 (s / 50 ( = 1 joule.

To complete the bracketing range, consider a surge of 3160 V (1000 x (10), and a duration of 5 (s (50 / 10).  Its specific energy is:

(3160 V)2 x 5 (s / 50 ( = 1 joule.

We now apply each of the three voltage surges to a 130-V rated varistor (200 V at 1 mA dc), assuming an arbitrary source impedance of Zs = 1 (. One can compute the resulting current or, for this simple example, make a fast-converging manual iteration without the help of a computer, as follows:

(a)
assume a current I, and look up the resulting voltage Vv on the varistor I-V characteristic;

(b)
 compute [Zs x I];

(c)
is [Zs x I]+ Vv = 1000V?
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(d) If yes, I is correct, the energy deposited in the varistor is


I x Vv x (t

If no, go back to (a) with a converging assumption for I.

Table I shows the results from this manual iteration for the three surges defined above.  It is quite apparent that the constant "specific energy" for the three surges does not result in the same energy deposition.  The dynamic impedance (Vv/I) of the varistor is also shown, to illustrate the well-known theorem that the power dissipated in a resistive load reaches a maximum for matched source-load impedance.  This theorem is yet another reason why a surge to be applied to a varistor cannot be characterized in the abstract: one needs to know the source impedance (real and imaginary components) as well, to assess the energy sharing between source and load.

2.  Calculation with changing the surge source impedance
As the next step toward reality, we repeat the manual computations for different values of the impedance of the voltage source, still for the same "measured specific energy" and for the case of the 1000 V rectangular pulse.  Somewhat arbitrarily, but no more arbitrary than the 50-( value used in the definition of "specific energy", we select three values of the source impedance.

Bear in mind that the reported measurements of surge voltages have never provided any information on the system source impedance to be associated with the reported surge.  As a further oversimplification (an unjustified step in the real world), we will accept the assumption implied in the computation of the "specific energy" that this impedance has only real components, or is a characteristic impedance.  Three values are used in the following examples.

TABLE I

Energy deposited in a varistor by a surge, as a function of surge parameters
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· 50 ( to go along with the proposed definition of "specific energy" (high-frequency measurements are often made in a 50-( environment and may be the reason for the value selected in the proposed definition).

· 2 (, the so-called effective impedance of a Combination Wave generator, which is "deemed to represent the environment" as stated in the ANSI/IEEE Recommended Practice C62.41-1991 [12];

· 400 (, a number sometimes cited as the characteristic impedance of an overhead line.

Again here, a simple manual iteration yields the result by postulating a varistor current, looking up the corresponding voltage on the I-V curve, such that this voltage is equal to the driving surge voltage, reduced by the voltage drop in the source for the postulated current.  Table 2 shows the results for the three examples of assumed source impedance and a 130-V rated varistor.
3.  Computer calculation with multiple combinations
We now compute the energy deposited in three varistors of three different maximum limiting voltages, for three combinations of voltage levels and durations that produce the same "specific energy," each with classical waveform (Ring Wave, Combination Wave, Long Wave), sized to produce 1 joule of energy dissipation in a 50-( resistor, according to the classical formula cited earlier, and for three values of source impedance.  We can anticipate that the peaks will be quite different, foreboding very different effects on equipment.  In fact, the peaks turned out to be 3 kV, 1.2 kV, and 220 V respectively for the three waveforms.  Applying these three waveforms to a family of varistors typically used in 120-V or 240-V power systems, we computed the energy deposited in these varistors for three arbitrary source impedances (assumed to be ohmic), using the EMTP program [13] to input closed-form equations for the open-circuit surge voltage.  With the 220-V level of the Long Wave, predictably the current in a 130-V rated varistor is very low and the resulting energy deposition is negligible.  The results for the Ring Wave and Combination Wave are shown in Table 3. These simple illustrations show that the concept of "specific energy" cannot be used to select a candidate varistor energy-handling rating.

VI.  HOW TO PROCEED IN FUTURE SURVEYS
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In an effort to acknowledge the legitimate quest for the single number characterization, we should offer alternatives, not just stay with a negative vote     The solution might be to tailor the surge characterization to the intended application, that is, take into consideration the failure mode of the specific equipment, and present the data in a form most suited for that equipment.  Of course, this would mean not only avoiding a single number, but actually providing combinations of parameters, each combination best suited to a particular type of victim equipment, according to their failure modes.

Another consideration that must be observed in conducting and reporting the monitoring of surges is the proliferation of SPDs in end-user installations.  It is unlikely today to find an installation where some SPD is not present, either as a deliberate addition to the system, or as part of the connected equipment.  Aware of this situation, some researchers have attempted to disconnect all known SPDs from the system being monitored so that results would represent the "unprotected location" situation such as that initially described in IEEE 587-​1980 [14], the forerunner of ANSI/IEEE C62.41-1991 [12].

However, even this precaution of disconnecting all known SPDs does not guarantee that some undetected SPD might not have been left connected somewhere and thus invalidate the record.  Thus, extreme caution must be applied to reporting and interpreting voltage monitoring campaigns conducted after 1980.

The recently-approved IEEE Recommended Practice Std 1159 on Monitoring Power Quality [15] offers guidance on conducting surveys, including not only surges, but other parameters.  The Working Group that developed this standard has now established task forces to develop further recommendations on processing and interpreting the recorded data, including more uniform formats.

Table 4 presents a matrix of surge parameters and types of equipment, showing for each type of victim which surge parameter is significant or insignificant.  The authors have sought to identify all types of potential victims (and invite additions to this list).  Inspection of Table 4 reveals that the [v2 x dt] integral, alone, is not directly involved in the failure of any of the listed equipment.

TABLE 2

Energy deposited in a varistor by a “1-joule surge” for three different values of source impedance
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TABLE 3

TABLE 3

Energy deposited in varistors by Ring Wave and Combination Wave "1-joule surges" 

for different source amplitudes and varistor nominal voltages
TABLE 4

Significant surge parameters in the equipment failure modes
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VII.  CONCLUSIONS

The attempt to characterize the surge environment by a single number -- the "energy in the surge" or "specific energy" -- is a misleading approach that should most definitely not be used in Power Quality research.  There are at least three reasons for this prohibition:

1.   The concept that energy can be defined in the abstract from a single measurement of voltage across the lines of an undefined power system is a faulty oversimplification.

2.   The potential victims of a surge event have responses that reflect their design and for many, their failure modes can be totally independent of any energy consideration.

 3.  The prime interest of energy consideration is related to the energy-handling capability of metal-oxide varistors.  The energy deposited in such a device by a given surge event depends on amplitude, waveform, source impedance, and varistor characteristics, and not on the "effective energy." 


Future surveys should be conducted keeping in mind the relevant parameters for characterization such as peak amplitude, maximum rate of rise, tail duration -- but not "energy."  Furthermore, a relevant and realistic assessment of surge stress threats must consider not only all the characteristics of a surge event, but also the source of the surge and the failure mechanisms of potential victim equipment.
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Abstract

To support the recommendation of shifting transient monitoring from voltage surges to current surges, the paper presents experimental results as well as numerical modeling results demonstrating two mechanisms causing an apparent decrease of surge activity in low-voltage ac power circuits. The first mechanism is the proliferation of surge-protective devices, a situation which is by now well recognized. The second, which should also have been recognized, apparently escaped scrutiny so far: the proliferation of electronic appliances containing a switch-mode power supply that effectively places large surge-absorbing capacitors across the ac power systems.
1.  Introduction

This paper is unabashedly tutorial, and some of the themes presented here might be quite familiar to some of our readers. However, we have observed that these concepts, which could almost be characterized as obvious when given the benefit of hindsight, are still not widely recognized. Therefore, we will present them to this forum, and illustrate their validity by experimental measurements and numerical modeling. 
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The three major themes of this presentation are:

I.
There is a logical explanation for the apparent decrease in the level of voltage surges reported in recent power quality surveys: the proliferation of surge-mitigating devices.

2.
The present practice of recording voltage surges can lead to erroneous concepts on surge protection, which in turn can lead to equipment failures.

3.
There is an unfulfilled need to develop and deploy power quality monitors that can characterize the energy-delivery capability of a surge event.

The first theme will be introduced by a historical perspective showing how voltage surges became the focal point of monitoring surges, even before the term “power quality” was coined. Experimental measurements and numerical modeling will be described to illustrate the effect of the proliferation of surge-protective devices (SPDs) and of new electronic appliances that serve respectively as intended and unintended surge-mitigating devices. The next two themes will be only briefly discussed because, once the first is accepted, these two follow quite logically.
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2.  Historical Perspective

The proliferation of SPDs in low-voltage ac power circuits has been recognized as one of the root causes of the apparent decrease of the surge levels recorded in recent power quality surveys. The change in the occurrence of surges began to be recognized [Dorr, 1995] and explanations were offered attributing the phenomenon to the emerging proliferation of SPDs in low-voltage ac power circuits [Martzloff, 1996]. It is noteworthy that for many people, the term “surge” is equivalent to “transient overvoltage” to the point that the phenomenon has generally been recorded by instruments acting as voltmeters, and the term was without much scrutiny accepted in general as meaning a voltage surge.

For instance, in the bi-lingual publications of the International Electrotechnical Commission (LEC), the French text which parallels the English text uses the term “surtension” (meaning overvoltage), because there is a mind set, reinforced by the lack of a neutral term in French that could be applied to either or both voltage surges and current surges. In the United States, the Underwriters Laboratories perpetuates this narrow perspective by calling SPDs “Transient Voltage Surge Suppressors” (italics ours) [UL Std 1449, 1996], although both recent IEC and IEEE definitions of SPDs introduce and emphasize the concept of current surges as well as voltage surges.
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Now less recognized but significant, a similar cause for the apparent decrease of voltage surge levels is becoming important as more and more electronic appliances depend on a switch-mode power supply with a rectifier-capacitor DC link. Through the rectifier, the DC link capacitor, which is typically in the order of 200 pF to 500 pF, offers a low-impedance path to current surges impinging on the power port of these appliances. With many such appliances connected in an end-user installation, the effect is that of quite a large capacitor being connected across the ac mains. Small wonder then that even large surge currents (for instance, with the capability of delivering currents of 3 kA, 8/20 (s) [ANSI/IEEE C62.4l-1995] can no longer raise the voltage across the mains to the high values sometimes reported in earlier surveys of surge voltage occurrences.

Another historical mind-set has been to recognize the origin of surges only as a voltage event while in fact it can be either a true induced-voltage event, or the end-result of the injection of a surge current somewhere in the power system. Typical induced-voltage surges are associated with the electromagnetic coupling into the power circuits of the field created by a nearby (but not direct) lightning flash. Such voltage surges, which can develop substantial voltages in high-impedance circuit loops [Martzloff et al., 1995] can easily be mitigated with relatively small SPDs because their energy-delivery capability is relatively small [IEC document 64/1034/CD, 1998]. In contrast, current surges are produced either by the dispersion of the current associated with a lightning flash when a direct strike injects current at some point of the power system, in close vicinity or at a more remote point of the power distribution system [Mansoor et al., 1998]. Another source of current surges is switching surges involving the injection of residual energy into parts of the power system. The energy-delivery capability of these current surges can be substantial, and be a threat to the survival of improperly sized SPDs. Note in passing the use of the term “energy-delivery capability” and not “energy in the surge.” Some of our readers are by now familiar with that theme [Lindes et al., 1997] — perhaps even tired of seeing it repeated — but the sad truth is that usage of the term “surge energy” is still rampant.
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The significance of making the distinction between recording current surges versus recording voltage surges is very important for equipment designers. A decision to provide only modest surge withstand capability for an SPD incorporated at the power port of the equipment might be made because the contemporary surveys reveal few and moderate (voltage) surges. When combined with the misconception that “the lower the clamping voltage, the better” [Martzloffet al., 1989], the result can be disastrous. We have in our laboratory ‘morgue’ two examples of such mass-produced devices incorporating an inappropriate SPD that led to early mortality of the product. Without identifying the culprit — perhaps a harsh word for a designer who was lulled into this position by referring to misleading reports on surge activity — but to illustrate the situation, we can name the two products: a compact fluorescent bulb, and a remotely-controlled ceiling fan. To recite a recurrent theme in our tutorial presentations (“Transients Are Here to Stay”), voltage surges might appear to have faded away, but current surges are still here, ready to destroy a small SPD incorporated in a design based on the misperception of fading voltage surges, fostered by recording only voltage surges.

3.
Experimental Measurements
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To illustrate the effect of nonlinear SPDs as well as linear capacitors connected across the mains. the Power Electronics Applications Center (PEAC) “Upside-Down House” [Key et al., 1994] was used to inject surges into the service entrance of the Upside Down House with various combinations of SPDs and/or personal computer (PC) power supplies connected at the end of two branch circuits, one 9-rn long, the other 36-rn long. In Figure 1, currents in the branches and voltages at the nodes are identified respectively as Is, I9, I36, and V0, V9, V36 . The charging voltage setting of the Combination Wave surge generator was kept constant to provide a 2 kV, 1.2/50 (s open-circuit voltage (QCV). In a second series of experiments, the setting was increased to 4 kV. This second series, not reported here in detail because of limited space, confirmed the expected nonlinear response of varistors and the linear response for capacitors only.

Figure 1 - Upside-Down House branch circuits

3.1
Metal-oxide varistors only

Given the known and predictable behavior of multiple SPDs — often reported in the literature to the point that bibliographic citations would take several lines to list all of them — this part of the experiment was performed only to provide a baseline. Metal-oxide varistors (MOVs) rated 150 V, 20 mm diameter, were used for this experiment. To record all interesting currents and voltages, two shots are necessary when using the 4-channel digital signal analyzer; therefore each oscillogram in the figures contains the trace of V0 to serve as a common reference (Figure 2).
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Figure 2 -Typical recordings1 made during the first experiment— SPDs only.

In Figure 2, the current traces (left oscillogram) show the unequal sharing between the two MOVs, reflecting the difference in the inductance of the two branch circuits. Because the peaks of the two branch-circuit currents are not simultaneous (the current in the longer branch circuit takes longer to build up) their sum seems to exceed the peak of the injected current, IS.

The voltage traces (right oscillograrn) show how the voltage at the service entrance, V0, is mitigated from the 2 kV open-circuit voltage supplied by the generator that would propagate without attenuation in the absence of a surge-mitigating device [Martzloff et al., 1986]. This voltage V0 is the sum of the clamping performed by the varistor at the node V9, and the inductive voltage drop in the 9-rn long connection. Note that this inductive voltage is additive during the rise of the current I9, and subtractive during the fall, hence the apparent “overshoot” in the trace of V0, compared to the flat-top trace of the varistor at V9. The voltages at V9 and V36 are the typical clamping voltages of the MOVs corresponding to the current they carry.

In a subsequent experiment with a 4 kV open-circuit voltage setting of the generator (twice the value of Figure 2, but not reported here in detail because of limited space), the voltages across the varistors, predictably, were not substantially increased. However, the substantially increased current in the 9-rn long branch circuit (from 1000 A to 2800 A, resulting from the nonlinear response of the varistor) produced an increased inductive effect to the point that the voltage at the service entrance was raised to 1300 V from the 790 V recorded for the case of Figure 2. Table 1, at the end of this section, presents a summary of the peak values recorded in the various combinations of components, branch circuits, and amplitudes of the injected surge.
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3.2
Capacitors only

In a second set of experiments, less easily predictable would be the behavior of the still all-linear circuit involving the capacitors of a PC power supply (440 (F each in this experiment) when receiving a surge originating from the complex RLC wave-shaping network of a Combination Wave surge generator 

Figure 3 - Typical recordings made during the second experiment — Capacitors only

In Figure 3, the voltage at the service entrance, V0, is mitigated from the 2 kV open-circuit voltage supplied by the generator. However, because of the interaction between the RLC components in the wave-shaping network of the Combination Wave generator on the one hand, and the capacitances of the PC power supplies and inductances of the branch circuits on the other hand, this voltage rings around an average voltage level of 1300 V, reaching a peak of 1700 V. To reflect this situation, the tabulation of the voltages in the figure shows two lines, peak and average. Thus, the mitigation effect is degraded by the ringing. Nevertheless, one can expect that as more PCs would be added, the ringing frequency would become lower and the voltage peaks lower.

3.3 Capacitor and MOV
In a third set of experiments, a capacitor was connected at the end of the 9-m branch circuit and an MOV was connected at the end of the 36-m branch circuit. Interest in this particular configuration was motivated by the desire to show how an MOV would mitigate the ringing that was observed in the preceding experiment at the end of the 36-m line (V36 in Figure 3).
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Figure 4 - Typical recordings made during the third experiment — capacitor and MOV.

Experiments 2 and 3 (Figures 3 and 4) do show decreasing levels of voltage surges at various points of the Upside Down House, compared to the open-circuit conditions. However, the interactions between the capacitors of the generator RLC wave-shaping network on the one hand, and the PC capacitors on the other hand, make detailed interpretation of the waveforms tedious and beyond the scope of our illustrative examples. Numerical modeling with a current source, as reported in the following section, avoids this interaction and provides further evidence on the “PCs Galore” effect. For readers interested in the details, Table 1 documents the results concerning peak voltages noted from the oscillograms kept on file but not reproduced here. Readers interested primarily in the big picture may skip a close examination of this table.

Table 1 - Summary of node voltages for component combinations
Galore

 Page 8

Galore

 Page 7
4.  Numerical Modeling

Our previous experience with modeling cascaded SPDs [Lai et al., 1993] and the behavior of the Upside Down House with installed SPDs [Martzloff et al., 1995] can be readily applied to the prediction of the behavior of the three circuits subjected to the experimental measurements, with an imposed current source, free from the unavoidable interactions that occurred in the preceding experimental measurements. This approach yields the best of the two methods: a computation that has been well demonstrated as suitable for modeling nonlinear SPDs, and the freedom to impose any fixed waveform — what reality imposes on a residence is not the surge from an impedance-limited surge generator — combined with the possibility to model many branch circuits and many combinations of SPDs and/or capacitors.

4.1 Modeling combinations of loads and branch circuit lengths

In a series of modeling runs similar to the combinations of the experimental measurements, the model used the circuit of Figure 5. A current source feeds a fixed current surge via a common service drop to the panel bus of the service entrance, where three branch circuits made of 2-mm diameter conductors (#12 AWG) take off, with length of respectively 5 m, 10 m, and 20 m. The choice of these lengths was based on curiosity about the effect of the long distance connection (and thus an effect that might be delayed or degraded) to the immediate occurrence of an overvoltage at the end of shorter branch circuits. The currents in the circuit are identified in Figure 5 respectively as IS, I0, I5, I10, and I20 , with the node voltages at the service bus and branch circuit ends respectively as V0, V5, V10, and V20.
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Figure 5 - Service drop and branch circuits for modeling combinations

As in our previous modeling applications, the EMTP program [EPRJ, 1989] was used. To avoid computational artifacts, a finite 10 k( resistance was always postulated at the ends of all branch circuits, whether these were left in “open” or “loaded” condition. The loads that were modeled included combinations of SPDs, capacitors, and 100 ( resistors. The SPDs were all 20-mm diameter, 130-V rated MOVs. The capacitors included a capacitance of 440 (F and a series resistance (“ESR”) of 0.25 ( to represent an electrolytic capacitor. Initial conditions for the models stipulated an initial charge on the capacitor to represent the normal condition of the DC link. The 100 (  resistor was selected as a typical value for a 150-W power-consuming appliance connected at the end of the branch circuit.
Galore

 Page 7

Galore

 Page 8

Just to illustrate the point of a readily predictable behavior of a purely linear circuit, Figure 6 shows the voltages and currents for the case of 100 () loads confronted with a current source. Compared with the 100 () load at the end of the branch circuits, the series impedance has a very small effect and the impinging surge current IS divides almost equally (3000 A /4  = 750 A) in the nearly identical four branches I0, I5, I10, and I20 (I0 being the current in the service entrance ‘branch’, with a length of 0). Thus, the voltage developed by this 750 A current across 100 ( would simply be expected to be 75 000 V (seventy five thousand volts). We say “would be expected” because, of course, the insulation level of a real-world low-voltage insulation cannot withstand such a voltage. The result of this theoretical case is another illustration of the theme “More Begets Less,” according to which a high-amplitude, steep-front surge cannot propagate in branch circuits because a flashover will occur at the origin [Mansoor et al., 1998].
Figure 6 - Currents and voltages for the baseline case of 100 C) loads without SPDs

Figure 7 shows the example of two PCs, one at the end of the 5-m branch circuit, the other at the end of the 10-m branch circuit: the surge current is shared (unequally) between the two capacitors, with a corresponding decrease of the voltage level at each DC link, and also a reduction of the voltage at the open end (unprotected) of the 20-m branch circuit. This example shows the beginning of the “PCs Galore !“ effect. Several intermediate and further steps were modeled by adding combinations of surge-mitigating devices to build our case file and confirm the expected effects, but we will spare the reader from a tedious recitation.
The results shown in Figure 6 call for several comments:

•
The unequal division of the currents I5 and I10 reflects the effect of the larger impedance of the 10-m branch circuit, compared to the 5-m branch circuit.

•
Substantial mitigation is obtained at the nodes V5 and V10, as a result of the filter-like action of the line inductance and the capacitance of the PC power supply.

•
The voltage surge developed at the node V0 propagates, unabated, to the end of the open-circuited 20-m branch circuit, a reminder that the notion of voltage surges being attenuated as they propagate in building wiring [IEC Report 664, 1980] was incorrect.
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Figure 7 - Currents and voltages for the case of two PCs without SPDs

The voltage results are especially worth noting, in the context of what a power quality monitor would report in such an installation, depending upon its point of connection.

•
From the (impossible) high voltages of the 100 ( baseline (no SPDs), the voltage that would be recorded by a monitor installed at the service entrance is now reduced to “only” 1960 V.

•
A voltage-only monitor installed at the point of use of the power (typical selection of point of installation in many surveys), namely the two receptacles at 5 m and 10 m feeding the PCs, would report respectively 510 V and 290 V, creating the illusion (fallacy) that there is no significant surge activity at these points.
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•
In reality a current surge I5 of nearly 2000 A is carried by the PC rectifier into the capacitor, via a line fuse. Such a high current — undetected by a voltage-only monitor — could very well be fatal for the rectifier or the input fuse, or for the capacitor of the PC power port. Such failures were found in post-mortems of equipment recently performed at PEAC. That scenario is also what occurred in the experimental test of Section 3 for a 4 kV open-circuit voltage and capacitor-MOV combination (shown in next-to-last row of Table I).
4.2  Modeling PCs Galore

As a grand finale for illustrating our major theme, the case of an increasing number of PCs was modeled, with each of the PCs connected at the end of a dedicated branch circuit, with all branch circuits having the same length of 20 m, still with the 10-m long service drop driving a 3 kA current surge into the installation.

Table 2 shows the resulting voltages at the service entrance and at the point of connection of the PCs, as well as the imposed impinging current and the resulting currents in the individual power ports of the PCs. Indeed, the effect is linear with increasing numbers of PCs, and the resulting decrease in the voltages expected to be reported by a power quality monitor installed at the point of use is quite apparent.
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Table 2 - Effect of an increasing number of connected PCs
Inspection of the table shows that the effect is practically proportional to the number of PCs in use in the installation. While we have used the short acronym of PC in the title and preceding discussions, the proliferation that we observe is not limited to PCs, but includes many electronic appliances, such as home entertainment, heating and air conditioning with adjustable speed drive, that use a DC link with large energy-storage capacitor.

5.  Action Items

The customary closure of a paper is to list conclusions. However, in this case we suggest action items for industry, rather than academic conclusions:

· The examples given here clearly show that the fallacy of little surge activity can be created by limiting power quality measurements to voltage surges. With undetected current surge activity, users of electronic appliances will be puzzled by unexplained failures in the face of reports of little voltage surge activity.
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· We offer the explanation that these unexplained failures are likely to be associated with the (heretofore not characterized) surge current delivery capability of the environment. Such failures could have been avoided, had designers been better informed.

· With our leading theme now solidly established, questions arise about what to do about it. This matter requires the dedicated attention of both manufacturers and users of power quality monitoring instruments.

· Unfortunately, more than three years after beginning the crusade to overcome the fallacy of limiting surge measurements to voltage surges [Martzloff, 1995], there is no commercially available power quality monitor capable of characterizing the energy-delivery capability of a surge event.

· Worse yet, among the international delegates to an IEC working group chartered to develop a standard on measurement of power quality parameters (which is likely to dominate the design of future monitoring instruments), there are some claims being made that “a current surge is not a power quality parameter” and therefore it should not be included in the emerging standard prescribing measurements methods. This misconception needs to be corrected.

· Therefore, the crusade must be pursued with perseverance, and it is the goal and hope of the authors that sufficient recognition of the fallacy will eventually create a market demand for appropriate instruments, which forward-looking manufacturers may have developed or may be in the process of developing in anticipation of such recognition.
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Abstract -The proliferation of surge-protective devices and switch-mode power supplies has radically changed the surge environment in the low-voltage AC mains.  Monitoring surge voltages has lost significance and can be misleading.  Instead, surge currents should be monitored.  The paper describes the performance of a silicon-based surge-protective device acting as a 'magnet' for impinging surges in the presence of multiple metal-oxide varistors.  This 'magnet" is the first step toward the development of a transducer producing a voltage signal reflecting the surge current that can be delivered by the power system.  That signal can then be applied to the voltage input of existing power quality monitors.

I.  BACKGROUND

The need to shift focus from voltage surge monitoring to cur-rent surge monitoring was presented at the EMC1996 Roma Symposium [1].  The need for this change of focus is the proliferation of surge-protective devices (SPDs) to the point that monitoring voltage surges only shows what these SPDs allow, not the real surge activity [2].  The proposed approach was to use a transducer to deliver a voltage signal suitable for the high-frequency response channels of commercial power quality monitors.  Most existing monitors equipped with current input channels are designed for monitoring low-frequency harmonics; these inputs are not suitable for recording surge currents.
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This voltage signal would represent the maximum surge current that the power system can deliver at any point of the system, by offering to any impinging surge the most attractive path to earth -- that is, the lowest impedance --thanks to a highly nonlinear characteristic.  Hence, the terms "magnet' or "low bidder" used in this paper to characterize the function of the transducer.

The initial 1996 proposal placed emphasis on developing a simple, low-cost adapter, even though the result would only be an approximation of the true current waveform (the peak amplitude would be calibrated).  In the state of affairs prevailing at that time, and still at present, it was felt that an imperfect approximation would still be an improvement over the complete lack of information on possible surge currents.

Figure 1, reproduced from the 1996 paper [1], shows the difference between the response of the low-cost system versus a laboratory-grade current-viewing transducer.  For the measurements reported in the present paper, the issue of low cost vs. laboratory precision was set aside to concentrate on assessment of the "magnet" performance.

Figure 1 – Performance of the 1996 breadboard
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One of the limitations acknowledged in the 1996 proposal was the risk of failure for the low-cost 'magnet" in case of very large surges or temporary overvoltages.  To address that concern, a new set of measurements was undertaken with a silicon-avalanche diode (SAD) device that has been successfully deployed in the field as a commercial SPD, demonstrating its survival capability.

A new urgency for this shift of focus has emerged as the International Electrotechnical Commission        (IEC) has recently undertaken the development of a new standard for measurements of power quality parameters [3].  If the feasibility of recording current surges rather than, or in addition to, voltage surges can be demonstrated in time, the IEC standard might include such a shift of focus in its recommendations.
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This paper reports tests performed to assess the viability of the 'low bidder" function, and the implications for a successful deployment of the transducer in the presence of competing metal-oxide varistors (MOVs) such as those used in the many plug-in packaged surge suppressors found in today's installations.  Hopefully, these test results will help arouse interest among would-be users and manufacturers for developing a complete package, an activity which is not in the scope of the authors' charter.  These tests included:

1.  Evaluating the effects of separation distance between competing MOVs and the SAD in a simple multi-branch circuit.

2.  Identifying the relationship between the SAD and MOVs likely to be found in a facility, when connected directly in parallel.

3.  Investigating the behavior of the SAD in the face of likely sustained power-frequency overvoltages.

II.  COMPETITION WITH OTHER SPDs

The terms 'magnet" and 'low bidder" are used in this discussion to emphasize the present situation in end-user installations where a proliferation of SPDs has occurred.  These SPDs are essentially highly nonlinear devices and offer a low-impedance path toward earth for the flow of surge currents.  Effectively connected in parallel, they act as "bidders" to the surge source, and the one with the lowest impedance becomes the winner of the competition - so goes it in theory.

The reality is not quite so simple.  Two major, different SPD applications have developed in parallel: SADs and MOVs.  Ever since their competing introduction in the seventies, the perception has prevailed that SADs exhibit a sharper knee in their V-I characteristic, compared to that of MOVs.  Thus, if placed directly in parallel, the SAD would be expected to act more aggressively than the many MOVs in capturing the largest part, if not all, of an impinging surge.
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The literature reports many tests and simulations of what is called 'cascade coordination' [4], [5], [6], [7], [8], a situation where the two 'competing' SPDs are separated by some inductance, in contrast with the direct parallel connection, the subject of the second test cited in (2) above.  'Me effect of this inductance is that an SPD with a dynamic impedance slightly higher than that of its competitor can still take on most of the current if the competitor is located downstream along the surge path, because the voltage drop caused by the inductance is added to the clamping voltage of the SPD.

However, competition for offering the lowest dynamic impedance has the undesirable side effect of lowering the voltage beyond which a temporary overvoltage could severely overstress the SPDs [9].

Manufacturers publish MOV specifications that include a min-max range of the nominal voltage at the 1 mA DC level [10], [11].  For instance, 20 mm discs rated 130 V rms - a popular choice for many packaged SPDs in 120 V AC applications - have a nominal voltage of 200 V, with a minimum of 184 V and maximum of 228 V or 220 V. Therefore, the strongest competition would come from those devices on the low side of the tolerance range for the nominal voltage.

To obtain some feel of the actual range - not a universal statement - a lot of one hundred 130-V MOVs was purchased directly from a distributor, presumably coming from the same manufacturing lot.  The nominal voltage at 1 mA DC was measured for all 100 devices.  Only three devices were at or below 190 V, only four at or above 207 V, and the median was 198 V. Therefore, a typical competition for the SAD would be with a 198-V varistor.  An unfavorable handicap for the SAD would be to compete with a varistor with nominal voltage of 190 V or below, and an easy win would be for the upper half, say at 205 V. Devices with these three levels of nominal voltage were selected from the one-hundred lot to perform the coordination tests described in the following section.
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III. CASCADE OPERATION
The test circuit shown schematically in Figure 2 was configured with conventional non-metallic jacket cable of three conductors, #12 AWG (2.05 mm diameter).  Three lengths of cable were provided: 3 m, 10 m, and 30 m, all connected in parallel at a common point (as they would be in the service panel of an actual installation).  A surge generator capable of delivering a 6 kA 8/20 (s current was used to inject the surge at this common point.  A fixed setting of 3 kA available short circuit current was maintained for all tests.

Four current-viewing transducers were installed in the circuit, to record the currents identified as I0, I3, I10, and 130 in Figure 2. The output signals were fed to a digital signal analyzer capable of displaying the waveforms and performing the computations for direct reading of the peak values of the currents.

Figure 3 is a typical oscillogram, with all the complex numerical data of the display edited out.  The scale factors of the oscillograms were adjusted to obtain visible deflections, with the peak values read from the display transcribed on the right of the oscillogram The complete set of results of the coordination measurements are summarized in Table 1 and Table 2.

Novel transducer  Page 2

Novel transducer Page 3

Figure 2 – Test circuit for cascade coordination

Figure 3 – Current sharing between SAD and MOV

III-a -- Tests with SAD at the panel bus

Table 1 shows the results of the first test series where the SAD was connected at the panel bus, the point identified as 0 m in Figure 2.

Table I

Current sharing between SAD connected at point 0 m and one or more MOVs connected

 at points 3 m, 10 m, and 30 m with a 3 kA setting for the available current

Three sets of measurements were performed with the three levels of MOV nominal voltage, as discussed above.  In each set, first only one varistor was connected at the end of a branch circuit, then all three branch circuits were equipped with a varistor.  The impinging surge was obtained from the generator at a constant setting of 3 kA available short-circuit current.  With the SAD taking most of the current, the actual impinging surge was not much affected by the small variations in the currents drawn through the MOVs, and was in the range of 2500 A to 2600 A.

Inspection of the table shows that over the range of MOV nominal voltages, there are relatively small changes in the currents being diverted away from the 'magnet" SAD.  With three MOVs, the error in accepting the SAD current as representing the system delivery capability would be about 15%.  Given the present lack of knowledge on the possible current surges, and the certain wide scattering of their amplitudes, a 15% error in reporting values is a small price to pay for new information on SPD applications.
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III-b - SAD at end of a long branch

With the SAD connected at the end of a long branch circuit - as it might be if the goal were to determine the current surge delivery at a point of use, a legitimate concern for a user - the sharing can be expected to be quite different.

The MOVs, now upstream of the SAD, will take on a greater portion of the impinging current.  When testing with a current generator, rather than the real-world scenario of a constant current source of the surges, the current delivered by the generator will be affected by the variable load resulting from different MOV locations.

Novel transducer Page 3

Novel transducer Page 4
To assess this situation, a second test series was performed, with the SAD now connected at the end of the 30-m branch.  Only two values of MOV nominal voltage were investigated, at the extremes of the nominal voltage range, that is, 190 V and 205 V. The results of this test are summarized in Table 2.

Table    2

Current sharing between SAD connected at point 30 m and one or more MOVs 

connected at points 0 m, 3 m, and 10 m with 3 kA setting for available current
The percentage values shown in Table 2 reveal the importance of the branch circuit inductances in limiting the propagation of the current surges.  With an MOV at the service panel, the mechanisms of cascade coordination result in only a very small percentage of the impinging surge being captured by the distant SAD.  Even if the MOV is connected on a different branch circuit, but a branch circuit shorter than that of the SAD, the percentage captured by the SAD remains low.

An even more important observation concerning this situation is the dependence of the captured percentage on the configuration and location of competing MOVs.  In an actual installation, one can expect an ever-changing arrangement of user-installed, plug-in surge suppressors.  Therefore, any measurement conducted at an intended point of use can only be a snapshot in time of a constantly changing situation.  Making such a measurement, as stated previously, might be a legitimate attempt by the user to evaluate the surge threat at that location, but the results could be completely misleading.

Consequently, we must conclude that the only valid connection point of the transducer will be at the service entrance.  This observation should be contrasted with measurements of voltage surges, for we know that their propagation suffers very little attenuation in a building wiring system [12].

IV. DIRECT PARALLEL CONNECTION
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To assess the intrinsic "magnet' characteristic of the SAD, a test was performed to eliminate most of the inductive effects associated with the relative location of the MOVs and the SAD.  In its commercial package, the SAD was provided with 30-cm long leads, probably the minimum practical length for installation in or near a service panel.

The MOVs used in the tests were simple components, not packaged, with their usual 2-cm long leads.  To make a fair comparison with the SAD package, the MOVs were also fitted with a pair of 30-cm long leads, and then connected together at the point of injection of the surge.  The same current-viewing transducers and digital signal analyzer used in the coordination tests were used to record the currents in the two parallel-connected SPDS.

In addition to the selected MOVs used in the first series of tests, other readily available MOV discs on hand in the laboratory included some lower ratings, with a known nominal voltage.  These would have been unsuitable for connection to a powered 120 V system, but provided an opportunity to compare the 'magnet" further down in the dynamic characteristic.  Table 3 shows how the impinging current was divided between the two SPDs, and one example of recording is shown in Figure 4. The table can be interpreted as a comparison between the ability of the SAD and the ability of the MOVs to divert impinging surges.

Table 3

Current sharing between parallel-connected SAD and MOVs with equal lead length,

 3 kA 8/20 (s available short-circuit from the surge generator
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The 50% cross-over where the two devices have an identical performance is between the 95 V and the 60 V rating of the MOVs.  In other words, one could say that the SAD, in the current range of 1000 A, behaves as an 80-V MOV would.  However, Figure 4 also shows that the MOV reaches its peak earlier than the packaged SAD.  This is probably caused by the additional internal inductance made necessary by the SAD design.  In the case of the moderate rise time of the 8/20 surge, this slower response is not a problem, but might raise some questions in the case of surges with very short rise times.

At this point, our readers might wonder why the MOVs were characterized by their nominal voltage (voltage at 1 mA DC) but the SAD had not been so characterized.  The answer is that the SAD, being a commercial package, is provided with condition-indicating lights that draw more than 1 mA at the rated line voltage, so that it is not possible to make the measurement of nominal voltage without going into the package to disconnect these auxiliary circuits.  This arrangement is found in most commercial SPD packages, a regrettable situation that makes it difficult to assess any change in the condition of an SPD package after a long service or exposure to repetitive stresses.

Figure 4 – Current sharing between SAD and 95 V rms MOV

connected in parallel, 3 kA 8/20 available current

V. TEMPORARY OVERVOLTAGE IMMUNITY

As undesirable as they are, temporary overvoltages do occur in AC power systems, raising the issue of immunity to these events, especially in the case of a 'low bidder.' One condition that has been frequently reported is the loss of the neutral conductor in single-phase, four-wire 120/240 V systems.

Novel transducer Page 5

Theoretically, the voltage across the side that has the lightest load can reach almost the full 240 V of the system.  The more general case of some loads, albeit unbalanced, on both sides of the system can produce temporary overvoltages that equipment might sustain, undetected, for some time.  Highly nonlinear SPDs are not so fortunate, to the point that the common wisdom is that most of in-service failures of SPDs are attributable to temporary overvoltages rather than to 'large" surges.

Therefore, it would be desirable to assess the behavior of the SAD in case of moderate temporary overvoltages.  In the case of severe temporary overvoltages, much of the equipment in an installation is likely to fail or cause tripping of overcurrent protective devices, so that a failure - in an acceptable mode - of the SAD would be taken in that perspective.

The SAD was exposed to two levels of temporary overvoltages: a sustained 125%, and a brief 150%.  The waveform of the current drawn by the SAD under those conditions was monitored to detect any sign of incipient thermal runaway.

At 125% of rated line voltage, a noticeable peaking of the current was evident, and the housing became warm, but not hot to the touch.  Due to limitations in the available laboratory test time, the test was not pursued beyond two hours, but it appears that the condition could have been sustained longer.

At 150%, peaking of the current was again quite noticeable, but without any sign of thermal runaway after two minutes of exposure to this severe overvoltage.  The housing was hot, but without any sign of duress or hazardous condition.  However, when the housing was opened for examination, it was found that several of the soldered diode connections had melted.  Some diodes were loose in the housing.  This condition would impact the ability of the SAD to continue its satisfactory performance as the "magnet", but nevertheless the reassuring absence of an objectionable failure mode was a positive result.
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VI. DISCUSSION

The cascade coordination tests indicate that the initial concept of a simple, universal transducer that could be connected at any point of the power system was optimistic even as desirable as it was.  Nevertheless, an SAD with field-demonstrated reliability can be used to serve as the magnet for attracting and characterizing current surges.  The key to success - credible and useful measurements  is to make these measurements as close as possible to the service entrance.

Two configurations might be possible, depending on the physical arrangement of the conductors at the service entrance, as described in the following alternatives.
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1.  A package consisting of the SAD and a suitable current-viewing transducer inserted on one of the leads can be connected across the two active conductors.  These connections would be similar to those routinely made for monitoring voltage surges with existing power quality monitors.  Users of these monitors are quite familiar with all arrangements and precautions for such measurements.

This arrangement makes it possible to wind more than one turn in the window of a high-frequency current transformer, thus providing sufficient voltage to the input of the power quality monitor.

The disadvantage of this approach is that in a system where many MOVs might be connected on branch circuits, the 'magnet' would capture only about 80 % of the impinging surge.  Still, compared to the present total lack of information, 80% is not bad.

2.  If it is possible to insert a current transformer on the incoming line - by a clamp-on type so as not to interrupt the loads - then the SAD can be connected, separately from the transducer, across the active conductors in the panel, downstream from the transducer.  However, this arrangement limits the primary of the current transformer to one turn.  Readily available high-frequency cur-rent transformers might not have a sufficiently high output voltage to ensure good resolution of the signal by presently available power quality monitors.

While this approach has the advantage of the SAD capturing all the impinging surge, the simplicity of connecting an integral package simply across active conductors is lost.
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VII.  CONCLUSIONS

· The need for shifting focus from voltage surges to current surges has not decreased, if anything it is greater.

· The initial concept of providing a "magnet" to attract and measure current surges is applicable if the "magnet' is connected close to or at the service entrance.

· For an easy across-the line connection, the presence of many MOVs in the system might reduce the measured value to about 80% of the truly available surge current.  While regrettable, this is not unacceptable.

· If a current-viewing transducer can easily be inserted upstream of the entrance service panel, then all of the available current surge will be recorded.

· Thus the concept is still attractive and should be implemented in forthcoming power quality surveys.
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Abstract - Following an initiative from the French and the U.S. National Committees, the IEC Technical Committee TC77 charged its Subcommittee 77A (Low-​Frequency Phenomena) with the development of a new standard on the measurement of power quality parameters.  The objectives of this standard, as stated in its scope, are to facilitate — and hopefully ensure — obtaining reliable, repeatable, and comparable results of power quality parameters, regardless of the compliant instrument being used and regardless of its environmental conditions.  The purpose of this paper is to broaden the consensus-building process, beyond the closely-knit TC77 community, toward greater acceptance when the project reaches the final draft voting status.

I.  BACKGROUND AND EXPECTED BENEFITS

The pioneering development of portable power quality monitors, with built-in graphics capability, in the mid-1980s triggered intense interest among equipment users concerned with disruption of their operations allegedly caused by poor quality of their electric power supply.   Concurrently, increasing dependency on sophisticated electronic controls made the issue even more pressing. The availability of these graphic reports, which became known as “signatures” spurred a new awareness of power quality issues [1].  This interest opened the market to other instrument manufacturers, each developing their own algorithms and software for the measurements of a variety of disturbances, not necessarily based on common (shared) definitions of these disturbances [2], [3], [4].
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As a consequence of these independent developments, the resulting survey data have been generally difficult, if not impossible, to compare between two surveys conducted with different instruments. During the initial phases of a new technology development, open competition will generally be a strong and welcome factor to promote innovation, but the result can also become chaotic and counter-productive. A first attempt toward bringing compatibility in this new field was made by the Institute of Electrical and Electronics Engineers (IEEE) in 1987, chartering a working group for the development of a Recommended Practice, which culminated in 1995 with the publication of IEEE Std 1159 [5].
III.  WHAT IS POWER QUALITY?

Asking this question in the year 2000, and after all the work and papers published since the term was first used [6] might seem awkward. However, a brief review of what diverse individuals and organizations mean by “Power Quality” will provide some perspective on the underlying issues, and will show how useful the new IEC standard will be to bring about a shared understanding.

In a landmark 1996 decision, the Committee of Action of the IEC approved a recommendation to undertake work on power quality issues as part of the scope of Technical Committee TC77 on Electromagnetic Compatibility (EMC). This decision, recommended by an Ad Hoc Group composed of power quality experts from ten countries, marks an expansion of the scope that will then reach beyond the purely technical issues generally addressed by the EMC community.

PQ IEC Std Page 1
The IEC Ad Hoc Group considered in 1996 three areas of contributions which an IEC Power Quality Group could make, complementing the work currently done by existing working groups or project teams of TC77:

•  Bringing order to the present chaos of uncoordinated methods of monitoring power quality.

•  Proposing a classification of power quality levels describing what end-users can expect.

•  Building bridges among producers and users of electric power, and equipment manufacturers.

Concerns surfaced that undertaking such work might ultimately result in the development and imposition of standards on the quality of “electricity as a product” and create an adversarial relationship.  Fortunately, these concerns seem to have receded and a new working group was chartered in 1997 with the specific scope of defining measurement methods “for obtaining reliable, repeatable, and comparable results regardless of the compliant instrument being used and regardless of its environmental conditions.”

The first Committee Draft (CD) of the IEC document has been circulated in 1999 [7] and resulted in 230 comments from the National Committees. With the concurrence of the IEC Working Group, this paper presents a progress report, identifying major topics and unresolved issues.
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Power quality and EMC share many concerns, to the point that each has at some time been described as being a subset of the other. In addition to this fundamental technical aspect, other issues permeate any discussion of power quality. It would be more accurate to draw a multi-dimension diagram with many overlaps. Also involved are the principals in the transactions, remedial actions, and political implications (see Figure 1).

As further illustration of the different perceptions of the power quality concept, Table 1 shows a collection of definitions developed by various standards-writing groups and industry publications. Another illustration of the diversity is Table 2 which shows the terms used in French-speaking countries, in their own national version of French (French being one of the official languages of the IEC) with a literal translation into English.

Power quality issues involve overlapping stakeholders’ interests or technical aspects in many domains. In this figure, four domains are represented as planes in an exploded view, showing how for each domain, developing a Power Quality (P0) document will involve overlapping topics and draw upon the interests and expertise of the stakeholders. A successful development will integrate all topics in each domain, and consolidate all domains into one entity. (Note how the artist has provided registration pegs on the planes so that the re-assembly will be a good fit!)

Figure 1 - The many dimensions of power quality issues
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Table 1- Evolution of the concept of Power Quality
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Table 2 - Power Quality names in French-speaking countries

II.  CONTENTS OF THE IEC DOCUMENT

 1. Overview

From its inception, the IEC document was envisioned as consisting of two parts.  The first part will be a normative standard defining the various parameters of power quality disturbances.  These definitions will be in words as well as in precise mathematical formulae.  The second part will be in the form of informative annexes providing important guidance on why, where, when, and how any power quality monitoring should be performed.  One important aspect which needs to be recognized and is expected to surface in the final document, will be to address the measurement of currents (for harmonics and surges), a parameter presently ignored in typical power quality standards which have a limited focus on the voltage characteristics [10], [11], [12], [13].

Normative Part - The normative part of the document contains the following elements:

•
The usual IEC recitation of scope, reference documents, and definitions;

•
Organization of the measurements (instrument classes, parameters to be measured);

•
Environment (accuracy tests, operating range);

•
Measurement methods: power frequency, magnitude of the voltage, voltage dips and swells, interruptions, voltage unbalance, and mains signaling voltage;

•
Technical characteristics: Two classes of instruments are described, with corresponding specifications of the environment and accuracy limits of each.
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Some parameters are described in detail, others are referred to existing IEC standards, and some still at the “Under Consideration” stage. Referral is given to IEC standard 610004-15 for flicker, and to IEC standard 610004-7 for voltage harmonics and interharmonics but with no mention of harmonic currents. Some stakeholders are still focusing exclusively on voltage characteristics.

Left under consideration at this stage — but intended to be completed for the final project draft — several items still need consensus-building: power-frequency overvoltages, transient overvoltages (and currents) and, of all things, a definitive definition of the term “Power Quality.”

Informative Part -The informative part of the document contains the following elements:

•
Measurements for contract applications;

•
Trouble-shooting applications;

•
Statistical surveys applications;

•
Installation precautions;

•
Transducers;

•
Surge current vs. surge voltage;

•
Bibliography.

This informative part will provide guidance on performing the measurements according to the specific purpose of the monitoring:

•
Validating contractual compliance requires excellent repeatability and accuracy — one of the prime incentives in undertaking the work.

•
Troubleshooting can be considerably facilitated by securing the “signatures” of disturbances. A signature may be difficult to describe in the quantitative terms used in contract language but is an extremely powerful tool for a diagnostic of a power quality problem.

•
Surveys of power quality have been performed by many organizations, but comparisons have been difficult. The information and the recommendations provided on the subject in the corresponding annex should improve the situation for future surveys.

•
Changing the emphasis of surge measurements from voltage to current will provide a more realistic and useful basis for the design and application of surge​-protective devices [14].
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2.
Special considerations


Voltage measurements performed by digital instruments are essentially a long string of data, representing the values recorded during pre-determined time windows. To obtain useful summary results, these windows have to be aggregated over suitable time interval. The group has agreed on selecting three intervals:

•  10 or 12 cycles (for 50 Hz or 60 Hz, respectively)

•  10 minutes

•  2 hours

This aggregation process is then applied, depending on the needs, to the reporting of harmonics, interharmonics, unbalance and voltage magnitude.

IV.  SCHEDULE AND REMAINING WORK

To obtain an early feedback from the IEC National Committees, the somewhat unusual decision was made to circulate as a CD a document that still contains several important items left “Under Consideration.” In this manner, it is expected that the next circulation of the document will be simpler and more efficient, with the working group taking advantage of the hiatus associated with the usual circulation of the document, comments, and responding to comments for working diligently on those items left “under consideration.” It is expected that by the time of presentation of this paper, a second version CD will be completed and would be summarized in the oral presentation.
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Abstract – Two experiments are reported to show how some lingering inherited misconceptions about the applications of surge-protective devices (SPDs) can lead to erroneous or cost-ineffective attempts to address the issue of lead length.  The first experiment demonstrates the fallacy of the “four-terminal SPD” configuration if taken at face value without additional precautions on lead dress.  The second experiment provides quantitative information on the actual effect of lead length.  With this information, designers and installers can place the issue in a realistic perspective and avoid unnecessary effort.

Introduction

Many references found (inherited) in the literature imply that lead length is a significant factor to consider for correct installation and characterization of surge-protective devices (SPDs).  This perception has led to the design of “four-terminal” one-port SPDs where the incoming power must be routed through the device terminals 1, rather than using an SPD with simple shunt connection with a pair of leads of unspecified length connected at some point of the system.  However, both perception and design miss the point that the problem is actually one of mutual inductance as well as “lead length”.  It is indeed important to recognize that to achieve an optimum surge protection, connecting leads of SPDs should be as short as possible.  Yet not only long lead lengths, but also significant loop area formed by the connecting leads, will add an inductive voltage to the protective voltage of the SPDs, degrading their performance.  The perception was further complicated by concerns about the “speed of response” issue.  After a brief review of some old issues, this paper reports the results of two experiments aimed at placing the lead length issue in the proper perspective.  
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Historical perspective

Concerns about the undesirable performance degradation of improperly installed surge-protective devices are not new.  In the high-voltage arena, the concepts of “separation effects” and “connecting lead wires” have been recognized for more than a half-century (Witzke and Bliss, 1950 [1]); (IEEE Std C62.2-1987 
 [2]), and the recent IEC 61643-12 (2002) [3] is a comprehensive guide for low-voltage applications 
.  In the low-voltage arena, the situation has been complicated by misguided attention to the issue of “speed of response” and concerns about “overshoot” in the application of SPDs, fueled by debates about relative merits of emerging technologies such as metal-oxide varistors (MOV) and silicon avalanche diodes (SAD).  The debates on this issue were quite active soon after introduction of MOVs and SADs in the seventies.  At that time, so many papers were published that any attempt to recite them entails a severe risk of offending the authors who might be overlooked in a list of references, so that we will not take that risk here. The debates have now abated although lingering perceptions or misperceptions remain.

For MOVs, a typical application manual published in the seventies [4] addressed both the issues of “speed of response” and “lead length” as illustrated by Fig. 1 and Fig. 2 (overleaf) excerpted from this manual.  Other documents, such as IEEE Std C62.33-1982 1 [5] attempted to place speed of response and overshoot in perspective and de-emphasize the issues, but were not entirely successful, to wit the claims for nanosecond response that still appear on the wrapping of some commercial SPD packages.  Some justification for the emphasis on speed of response can be found in historical context, when interest was arising about ensuring protection against the nuclear electromagnetic pulse, and might still be valid for some military applications.  In more mundane modern surge protection for today’s industrial, commercial and residential ac power circuits, the perspective is different.  Reality checks and economic considerations suggest that these concerns might be an overkill in surge protection for circuits where the propagation of fast surges is limited (Martzloff and Leedy, 1990 [6]) and typical wiring practices do not allow the sophistication of perfect connections in those applications.  
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Therefore, in this paper we will not go beyond a brief review of the old issues of speed of response and overshoot, but will concentrate on discussing the lead length that seems to be the lingering and misunderstood issue. 

A.  Speed of response

For instance, Fig. 1 shows an oscillogram recorded to document the response to fast-rising pulses by an MOV disc inserted in the coaxial test fixture necessary to observe this sub-microsecond pulse without test connection artifacts [7].  Indeed, the experiment confirmed the claim of fast speed of response of the intrinsic MOV material, but practical devices are generally not fitted in coaxial packages – just what the tutorial experiment reported later in this paper did require.

Fig. 1.  Response of MOV to nanosecond pulse

B.  Overshoot

In Fig. 1, one might consider that the “TRACE 2” indeed displays an overshoot that may be significant when concerned with nanosecond response of an MOV.  However, for this context of surge mitigation in ac power circuits, very short picosecond pulses such as that shown in Fig. 1, or the EFT pulses defined in IEC 61000-4-4 [8] and IEEE C62.41-1991 [9] have to travel only a few meters away from their origin to have their rise time and duration stretched into tens of nanoseconds or more  (Martzloff and Wilson, 1987 [10]).

Fig. 2 shows the test fixture arrangements and resulting performance for two current impulses with rise times respectively 8 (s and 0.5 (s (Fisher, 1978) [11]. These two rise times were not arbitrarily selected – our readers will readily recognize what became the IEEE Std. 587-1980 waveforms [12].  However, creating and injecting the 2.5 kA, 0.5 (s pulse into the test circuit required great care, to avoid spurious signals, illustrating again that such conditions rarely, if ever, do occur in real-world situations [13].  The original figure caption of the GE Transient Manual included in Fig. 2 mentions both lead length and overshoot, a regrettable mention – with hindsight – because it focuses attention on lead length, which is not the direct cause of that “overshoot.”  
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The perceptive reader at that time might have noticed that the test fixture sketches in the figure correctly emphasized the issue of loop area, but the caption provided in the original 1978 figure is perhaps responsible for launching lead length legacies by focusing on lead length.  Small wonder then, that so many lengthy debates and test specifications have been concerned with lead length rather than the direct effect of electromagnetic coupling between the two loops involved in an installation – the injected surge current loop and the protected equipment loop.  Nevertheless, there is some redeeming tutorial value in that figure, which we will now briefly discuss. 

Fig. 2.  1978-vintage demonstration of lead length effect 

with fast-rising surges for two different “lead lengths”
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C.  Electromagnetic coupling between loops
In Fig. 2, it should be noted that the traces were superimposed by multiple exposures and are not synchronous, so no attempt should be made to correlate exactly the timing of the voltage and current traces. Nevertheless, the inductive coupling mechanism is apparent in that the maximum voltage occurs at the beginning of the current pulse (maximum di/dt). Observe the large “overshoot” on the right-side oscillogram for the 22 cm2 area loop and the more modest voltage for the 0.5 cm2 area loop.  As further evidence, the amount of “overshoot” for the two traces disappears at the point of current peak (di/dt = 0); at that point the voltage trace indicates the “true” level of the voltage limiting action of the MOV disc, free from spurious inductive effects.

In principle, the coupling aspect is simple, as illustrated in Fig. 3, which shows how the changing magnetic flux created by the flow of surge current in the circuit at left (Loop “A”) induces a voltage in the circuit at right (Loop “B”). Thus, the load that was expected to be protected at the limiting level of the SPD actually sees that limiting voltage augmented by the induced voltage, as shown by the waveforms drawn in Fig. 3.  

Fig. 3.  Coupling of magnetic flux into the load loop

IEC 61643-12 [3] also addresses this effect in Annex K.  Figure K-6 of that annex, redrawn here as Fig.4, is similar to our Fig. 3, but is relegated to a distant annex.  In contrast, the Figure 10 of the IEC document (redrawn here as Fig. 5), is found in the main body under the heading of “Influence of the connecting lead length” (italics ours) and thus appears to support the four-terminal approach by designating it as “preferred scheme” – but does not qualify it with a discussion of the possible electromagnetic coupling.  
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Note also that this connection arrangement still falls under the category of “one-port SPD” because there is no impedance between the “input” and “output” terminals, as would be the case for a “two-port SPD.”  So, the idea of “lead length” as a prime and perhaps sole factor lingers on into the 21st century.  This situation is what motivated us to conduct the experiments reported in this paper.

Fig. 4.  Redrawn Figure K.6 and note from IEC 61643-12

Fig. 5.  Redrawn Figure 10  “preferred scheme” from IEC 61643-12

To quantify the effect of electromagnetic coupling between the two loops, we conducted a first experiment using a specially-constructed coaxial SPD to be inserted in a well-defined configuration of the two loops – the incoming surge loop “A” and load loop “B” as defined in the schematic circuit representation of Fig. 3.  

Lingering legacies  Page 3

Lingering legacies Page 4

III.  NEW EXPERIMENTS

The first experiment addresses the issue of the inductive coupling between adjacent loops, and the misleading perception that a four-terminal arrangement, such as that shown in Fig. 5, automatically circumvents the lead length issue.  

The second experiment deals with the real issue of lead length for shunt-connected (“one port”) SPDs, and provides some quantitative information on the magnitude of the effect as determined by surge current parameters and, indeed, lead length.

A.  Coupling between adjacent loops

For this demonstration, a “Coaxial MOV” unit was constructed as shown on Fig. 6, allowing measurement of the “true” limiting voltage of the MOV without any significant inductive coupling. A 40-mm diameter MOV disc was drilled at its center to allow connecting the core conductor of a coaxial cable to the top electrode, with the shield of the cable connected to the bottom electrode.  Figure 6 is a cross-section view of the device, which has complete rotational symmetry.  A cap (cross hatch) is soldered to the top electrode and a sleeve (cross hatch) is soldered to the bottom electrode.  Connections could be made at any point of the cap and of the sleeve; for the purpose of showing the device in a cross-section, terminal connections are represented on the left and on the right, but are at the same potential. 
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According to the principle of the “four-terminal SPD” the incoming power supply (presumed to include a surge) would be connected at the left of the device, and surge-free (or at least mitigated) power for the protected load would be available at the right of the device.  The “true” MOV voltage resulting from a surge can then be observed at the end of the coaxial cable.  This structure was only aimed at the demonstration, not as a practical low-voltage SPD, but was inspired by old discussions on how to make a distribution arrester consisting of three parallel-connected stacks of MOV discs arranged at 120o with the power take-off at the center of the triangle [14].

Using this special coaxial MOV, measurements were per-formed on several simplified configurations of lead geometry, including the so-called “four-terminal SPD” suggested by some authors and offered in some commercial packages.  Fig. 7 shows the test circuit and definition of the terms “span” and “w” (width).  The test circuit consists of two well-defined rectangular loops of conductors with the dimensions shown, mounted on a common sheet of insulating material.  On the left, a loop in which the applied surge current is driven into the coaxial MOV; on the right, a loop representing the path of the power supply toward the protected load – in this case the voltage input of a digital signal analyzer (DSA).  The surge current imposed on the MOV (maintained at the same level for all the tests by keeping the same setting on the surge generator) is monitored by a current-viewing transducer and fed to a second channel of the DSA.  Bonding the conductors of the two loops at “A” and “B” allows obtaining a configuration equivalent to that of a conventional two-terminal, one-port, shunt-connected SPD.

Fig. 6.  Coaxial arrangement of test MOV

Fig. 7.  Test circuit for quantifying inductive coupling
Figs. 8 and 9 show the results obtained with two different standard surge waveforms, the Ring Wave and the Combination Wave of C62.41-1991 [9] for fixed dimensions (1 m) of the surge loop (left square in Fig. 7), and a constant width (w = 1 m) but decreasing span of the measurement loop (right square in Fig. 7).  Maximum decrease of the span would of course be accomplished by twisting the leads that go to the DSA, immediately from the point of attachment to the MOV. And the ultimate minimum span is the coaxial cable output from the MOV.
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Fig. 8.  Induced voltage with injected Ring Wave

Fig. 9.  Induced voltage with injected Combination Wave
The oscillograms of Fig. 8 (for the relatively high di/dt of a Ring Wave) show, from left to right, how the inductive voltage can be reduced by decreasing the “span” of the loop that feeds power (and the mitigated surge) to the load.  For the first of the oscillograms (at left), the two loops have a portion of the circuit in common by bonding the two corners of the squares above (“A”) and below (“B”) the MOV, clearly the worst possible case, with a relatively large span representing a very poor lead arrangement. 

The next oscillogram toward the right shows the case of the “improved” four-terminal SPD configuration: the resulting protective voltage is only reduced from 624 V to 618 V (the three-digit values being read from the numerical display of the DSA, not from the oscillograms).  That is hardly an improvement, and it is perhaps below the variability of the repeated surges and digitizing noise.  This negligible difference between the two configurations demonstrates the fallacy of the four-terminal configuration if not accompanied by attention to the lead dress and resultant electromagnetic coupling, as can be seen in the oscillograms following these first two.  Going on toward the right, the span is progressively decreased with corresponding decrease (improvement) of the protective voltage, until the ultimate (but impractical in the field) idealized configuration of the coaxial MOV with voltage read from the coaxial cable connection (zero span and zero loop width, w = 0).
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The oscillograms of Fig. 9 show, for a Combination Wave, and from left to right, the worst case of a large inductive coupling (made equivalent to the common lead configuration by bonding the corners “A” and “B” of the square loops), the four-terminal coaxial MOV arrangement with a span of 1 m, and the measurement taken at the output of the coaxial cable.

With that gentler rate of rise (a fifth of that of the Ring Wave for the current levels injected in this experiment), the effect of inductive coupling is negligible.  (The waveforms are quite similar, only the DSA-generated peak values overwritten in the oscillograms show a difference.)  Of course, if the amplitude of the surge current were higher, the effect of the inductive coupling would be higher.  Because this inductive effect is linear, in comparison with the nonlinear voltage-limiting response of the MOV, it will become increasingly noticeable for higher surge currents.  However, there is a limit to the di/dt rate of change that can be imposed at the sending end of a branch circuit, because the voltage necessary at the sending end for driving such a steep current toward an SPD at the far end would cause a flashover of the wiring devices in the service panel (Mansoor and Martzloff, 1997 [15]).

B.  Shunt-connected SPD installations

The second experiment demonstrates the effect of installing a separate shunt-type SPD with long connections to a service panel.  For practical situations, it is often postulated that the connecting leads can be represented by an inductance in the order of 1 (H/m, while the resistance of these leads can be neglected.  A connection involving 30 cm of leads, a typical length for a careful installation of a shunt-connected SPD 
, could add several hundred volts to the limiting voltage achieved by the SPD itself in cases of high rates of current changes in the incoming surge.  

SPDs packaged as power strips or plug-in inherently provide a two-port configuration on which the user has no control, but hopefully include internal wiring configuration that minimizes the lead effect.  Furthermore, SPDs designed for integrated installation, such as a meter-base SPD or a panel plug-in SPD offer a minimum of lead length, if the grounding lead is kept as short as possible (twisting leads to reduce the loop area or cancel the coupling is not a possible option in this case).  On the other hand, in the case of separate SPDs permanently connected in shunt but located some distance from the point of connection, the length of that connection becomes quite significant, as our second experiment will show (nothing new about that), but also quantify.

Lingering legacies Page 6
Again, IEC 61643-12 provides useful information on this subject, but its Figure 10-c (redrawn here as Fig. 10) only states that twisting leads is an acceptable alternative when the preferred four-terminal configuration (Fig. 5) is not possible.  In our second experiment that we are about to describe, the connection of the SPD was made with the closely-spaced but not twisted pair of conductors encased in their plastic jacket. We did not attempt to twist the leads, being unaware of a potential significant reduction of inductance by twisting the closely-spaced pair (unlike sensitivity to external electromagnetic fields which, indeed, can be decreased by twisting leads).  Instead, we went to another possibly greater reduction of inductance by using a coaxial cable connection, as we will describe later. 

Fig. 10.  Acceptable connection arrangement

if four-terminal arrangement is not possible, per IEC 61643-12
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The experiment was conducted with a circuit as shown in Fig. 11, using a 20-m long line of typical residential cable (2 + G conductors, plastic jacket, 2.5 mm2 or #12 AWG).  The coaxial varistor was connected at the far end (right), and a Ring Wave was applied at the near end (left). With a constant generator setting and an unchanged line length, the surge current could be maintained at a constant amplitude and waveform, thus allowing direct comparison of the measured voltages.  These voltages were measured for several distances “d” between the varistor and the point of connection of the probes.  In an actual installation, this point of connection would be the service panel, and the cable length “d” between that point and the varistor would be the infamous “lead length” associated with a real-world installation.  Fig. 12 (overleaf) shows the voltage measured for an ideal (but impractical) coaxial MOV, serving as baseline reference of the “true” limiting voltage, and the voltages measured for increasing values of the lead length.

Fig. 11. Test circuit for assessing the effect of lead length
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Fig. 12.  Effect of SPD connection length on the protective level of downstream loads

Fig.12 shows, from left to right, the voltages at the point of connection of the MOV (Vp) for increasing distances between this point of connection and the shunt-connected SPD, the idealized coaxial MOV in our experiment (upper trace).  The lower traces document the constant value of the peak of the impinging surge current injected into the circuit.  From left to right, compared to the baseline (d = 0) for a measurement made at the coaxial cable output of the MOV, the Vp caption shows the increase in the effective limiting voltage (decreased performance) that will be seen by the “protected” load.  That increase is already 240 V for just 1 m of connecting leads and that type of impinging surge.

Some proposals have been made to decrease this adverse effect by using a coaxial cable to make the connection of the SPD package to the service panel.  For the last oscillogram to the right of Fig. 12, a readily available 3-m length of an RG8 coaxial cable replaced the last 3 m of the plastic-jacket cable.  Interpolating the readings on plain cable for d = 2 m and d = 4 m yields 1150 V (for a 3-m length of plastic jacketed cable), compared to the 960 V obtained for the coaxial cable connection.   [Footnote:  In case our readers would wonder why we used a 3-m length of cable rather than 2 m or 4 m that would allow a direct comparison with the plastic-jacket cable (or a conduit-enclosed set of single wires as used in commercial installations), this last experiment with the coaxial cable connection was an unplanned last-minute addition to the test and was improvised by using an available cable borrowed from other equipment, for which the careful terminations could not be tampered with, hence the non-negotiable 3-m length – a further illustration of the inconvenience of making coaxial cable connections in the field.]  While this might be seen as a significant improvement it might not be large enough to justify the costs or the complication of a coaxial cable lead that would have to be installed by an electrician unfamiliar with methods of connecting such coaxial cables within conventional wiring.
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The experiments reported here were conducted using real wiring but contrived configurations to illustrate the points being made. The applied surges were delivered by a generator producing “textbook” C62.41 waveshapes.  Being injected in an inductive circuit, the actual surge current had a rise time of about 0.8 (s rather than the C62.41 value of 0.5 (s.  Close examination of the original laboratory (larger) current traces of Fig. 12 revealed an actual maximum rate of rise of about 290 A/(s for a peak value of 220 A (about half the 500 A peak value of the Category B of C62.41).  Such a rate of rise, applied to a connection of 1 m, and rule of thumb of 1 (H/m for the cable inductance, should produce a voltage drop of about 290 V.  The difference in the observed voltages in Fig. 12 for d = 0 m and d = 1 m is 240 V, not quite the 290 V computed with the rule of thumb inductance value.  Given the wide range of real-world rates of rise, this difference between the experimental observations and the rule-of-thumb computation does not affect the conclusions on the order of magnitude of the effect.
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For instance, Table I, first compiled in the cited paper, shows the maximum values of di/dt for three different nominal rise times of a damped sine wave with a 5 kA peak.  It is noteworthy that the relationships are not linear, and that the maximum di/dt is greater than the value that one would obtain by simply dividing the rise time into the peak value, a fact that is sometimes overlooked in oversimplified discussions.  These more realistic values of di/dt can then be combined with the empirical 1 (H/m value of the connecting leads to estimate the degradation resulting from an excessive lead length.

In the previously cited paper (Mansoor and Martzloff, 1997 [15]), the “gentle toe” concept was brought up:  the theoretical waveforms, such as those used in numerical computations, can produce unrealistic values for the maximum rate of rise at the instant of the surge initiation.  In the real world, surge currents do not have their maximum rate of rise at t = 0, but only some brief time after.  Another difference between theory and reality is that most practical Combination Wave surge generators have an “undershoot” – a reversal of polarity in the surge current – after the theoretical unidirectional impulse.  This polarity reversal is further enhanced by the inductance of practical circuits, as opposed to the dead short postulated in the definition of the short-circuit current of the Combination Wave.  Consequently, for modeling purposes, many researchers use a damped sine wave instead of the standard unidirectional (Hasse et al. [16]). However, this damped sine wave has its maximum di/dt at t = 0 (the derivative of the sine is a cosine), hence the “gentle toe” idea to reconcile theory and reality.

TABLE I

Relationship between nominal rise time and maximum rate of current rise 

for a 5000 A peak surge current
	Nominal rise time, (s
	5
	10
	20

	Maximum di/dt, A/(s
	1250
	850
	630
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IV.  CONCLUSIONS

These experiments have demonstrated that focusing exclusively on the “lead length” for SPD installations can lead to misconceptions or unwarranted expectations, such as the “four-terminal SPD” configuration.  On the other hand, a quantitative assessment of the effect of long connections of a shunt-type device will provide useful guidance on installation practices.

1.  While there is merit in the concept of a four-terminal shunt SPD, the benefits can be greatly degraded if proper attention is not given to the lead configuration. Just using a four-terminal device will not ensure optimum performance.

2.  Improper installation of a separate shunt-type SPD via a “long” connecting cable to the service panel will degrade the performance in case of high rates of current changes in the impinging surge (in particular those implied for some commercial packages that propose ratings of tens of thousands of amperes).  In the case of more moderate reasonable rates of change, this effect might have been somewhat overemphasized in the literature.

3.  Attention should be given to the lead configuration as well as to lead length.  For instance:

· For a separately-mounted one-port SPD, twisting the leads or using a coaxial cable between their point of connection to the protected circuit and the SPD package will reduce the inductive coupling but not greatly reduce the inductance of the connection.   Lead length remains a significant factor.

· For one-port SPD packages that are mounted inside or on the side of a panel, an arrangement that provides a minimum of lead length, twisting leads (if possible) will help reduce inductive coupling.
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�  In this historical perspective, unlike standards where the latest edition is explicitly specified, we quote the date of the original publication as available to us.  In the case of C62.2, we speculate that the issue of separation effects might have appeared in earlier standards such as ANSI (not IEEE) C62.2-1981.


� However, this standard needs 123 pages of English text; we are attempting in this paper to ferret out only the items relevant to this lead length issue.


� HYPERLINK "http://www.eeel.nist.gov/811/spd-anthology/Lingering legacies.pdf" ��Lingering legacies �Page 1





� Several IEEE and UL standards now being developed include a stipulation that the measurement of the limiting voltage shall be performed with a specified lead length.  However, some of these measurements are specified for relatively low values of the surge current, making it more difficult to detect the significance of the linear increase for high surge currents.








