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T
he power grid serving the United States supplies power to

nearly one hundred million homes and uses more than one

million miles of wire. We depend on the power it delivers,

and suffer from the transients it is exposed to. Lightning and

transients due to power grid switching create hazards which were

little more than an annoyance to businesses past, but are cause for

alarm as businesses become dependent on computers.

These surges usually go unnoticed until, in the middle of a data

processing operation, a computer mysteriously crashes. Often, only

data being loaded not yet filed is destroyed. Sometimes, however,

the disruption of the computer's operation is more severe,

destroying back-up data as well. In some cases, equipment itself

may be destroyed.

This article describes the nature of the surge phenomenon and

how to test equipment for immunity. It covers those transients of a

duration of a millisecond or less, which are associated with

lightning, switching operations or power grid disruptions.

"Brown-outs' or "drop-outs," better handled by such devices as

uninterruptable power supplies, are not discussed. Furthermore,

this article will focus on devices that are used indoors in either

industrial, commercial or home environments. Devices used

outdoors suffer from special transient problems.

How Surges Develop

The power grid can be thought of as a massive, cross connected,

transmission line system. Power is generally provided on high

tension lines. Substations step down the high voltage for local use.

Through pole mounted transformers, houses and commercial

environments are fed their 120, 208, 220, or 440 volt lines.

Such a large transmission system will be disturbed by lightning

or switching disturbances. Transients caused by lighming can inject

high currents into the system. Usually, the lightning strikes the

primary circuits, those that feed high voltages over long lines. A

strike in the primary will couple to the secondary or branch line

through mutual inductive or capacitive coupling. Even a strike that

misses the line can induce substantial voltage on the primary

conductors, triggering lightning arresters and creating transients.

In rare cases, a lightning strike will hit the secondary or branch

circuits, causing severe transients. Very high currents can be

involved, and some spark-over in the house may occur. Fortunately,

these types of secondary strikes are rare. Near misses close to a

home or business can also be problematic, inducing currents into

the secondary lines, or creating strong currents in the ground itself,

changing the ground potential at the home or office with respect to

the AC lines. Through this latter effect, the third wire ground is

effectively raised to thousands of volts in a violent, but momentary

surge.

Man-made transients can be a lesser, but more frequent hazard.

The power grid primary can be switched, creating transients, or

more minor switching, having to do with appliances or machines

within a building, can cause problems. The increasing use of

thyristors in switching circuits or power control also creates such

transients. Furthermore, any fuse blowing or arcing that occurs in

the home or office sends transients down the line.

In testing equipment for immunity, the nature of these different

sources has to be considered. Numerous studies have shown that

the amplitude of the transient is, to a first approximation,

proportional to its rate of occurrence; that is, smaller transients occur

more often. The energy of the waveform can also vary. The

amplitudes of the transients occurring in the field are well known,

but the wave shape is less defined. However, standards bodies have

largely agreed on the energy involved in worst case transients,

thereby defining the shape of the waveform, the open circuit voltage

and short circuit current. These standards can be used as a

benchmark for evaluating most electronic equipment. Table I

below describes a consensus of what industry groups have deemed

to be the worst case waveforms. For major feeders and short branch

circuits defined in ANSI/IEEE C62.41 [formerly IEEE 587] as

location category "B", two kinds of waveforms are common. One

is a first order or "unidirectional" pulse which has a 1 .2 microsecond

rise time both polarities and 50 microsecond fall time. Its

amplitude can be up to 6 kilovolts. If the line is shorted by, for

example, the protection offered by a spark gap, the short circuit

waveform associated with this open circuit pulse has a rise time of

Suggested Surge Voltages and Currents Deemed to Represent
the Indoor Environment

Location
Category

Surge

Waveform
Medium Exposure

Amplitude

A Lcngbranchcircuits
andoutlets

0.5s-l00kHz 6kV

200A

B Major feeders and

short-branch circuits
1.2 x 50 ps

8 x 20 ts

6 kV

3 kA

0.5j.s-l00kHz
6 kV

500A

TABLE 1: From ANSI/IEEE C62.41.

Proposed 0.5 lIs-100 Hz Ring Wave

Open-Circuit Voltage

0.9 Vpeak

0.1 Vpeak

0.5 is

Vpeak

60% of Vpeak

FIGURE 1: From ANSI/IEEE C62 .41.
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eight microseconds and a fall time of 20. A maximum current of 3

kiloamps can be expected.

A second waveform found at location category B is a ringing

wave. Although ringing can vary from 5 to 500 kHz, with most

observed transients in the 30 to 100 kHz range, the IEEE has chosen

a ringing waveform with a .5 microsecond rise time, 100 kHz

frequency and damping which causes each peak to be 60% of the

preceding peak. Again, 6 kilovolt signals can be observed with

currents up to 500 amps.

For longer branch circuits ANSI location category "A", the

ringing waveform still reaches 6 kilovolts. However, the resistance

of the wires lowers the maximum current that can be expected to

200 amps.

In any event, being prepared to deal with line transients means

understanding their rate, wave shape, and energy.

How Often? -- The Rate of Occurrence of Surge Events

In compiling ANSI/IEEE C62.41, studies spread over four

calendar years were undertaken at numerous locations. The studies

concluded that surges of a kilovolt or less are relatively common,

while surges of 3 kilovolts or more were rare. Curves could be

generated for areas that had low, medium, and high exposures. An

area with low exposure would, for example, be in a geographical

location with relatively low lightning activity and few switchable

loads on the AC line. Most devices headed for the market should

be designed with medium exposure in mind. These are areas known

for moderate or high lightning activity and areas such as industrial

environments that have frequent switching transients. High

exposure areas are rarely encountered, and involve industrial plants

with heavy machinery or conversely, rural locations which are fed

by long branch circuits. The longer the branch circuit, the more

frequently it will be struck by lightning.

Analysis of the surges would be much more difficult if it were not

for the inadvertent protection built into every home or business.

Above 6 kilovolts, the outlets themselves spark over. Therefore, in

businesses and residences, devices used indoors need not be

protected against voltages greater than 6 kilovolts. The transient

created by spark-over creates a high energy, fast, low impedance

pulse. In areas of medium exposure, spark-over only occurs

approximately once a year. Curiously, the worse the wiring, the

lower the spark-over voltage, and the better protected the home or

office is from the very high voltage surges.
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FIGURE 2: First order or "Unidirectional" waveforms of

ANSI/IEEE C62.41.
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Surge Voltages and Currents Deemed to Represent the Indoor Environment
and Recommended for Use in Designing Protective Systems

Energy Joules
Impulse Type Deposited in a Suppressor

Comparable to of Specimen with Clamping Voltage of

Location IEC No. 664 Medium Exposure or Load 500 V 1000 V

Category Category Waveform Amplitude Circuit 120 V System 240 V System

A Long Branch 6 kV High impedancet - -

Circuits and Outlets II 0.5 ps-100 kHz 200 A Low impedancett, § 0.8 1.6

B Major Feeders, 1.2 x 50 ts 6 kV High impedancet - -

Short Branch 8 x 20 pa 3 kA Low impedancett 40 80

Circuits, and III 6kV High impedancet - -

Load Center 0.5 jts-100 kHz 500 A Low impedancett, § 2 4

* Other suppressors having different clamping voltages would receive different energy levels.

t For high-impedance test specimens or load circuits, the voltage shown represents the surge voltage. In making simulation tests, use that value for

the open-circuit voltage of the tcst generator

ttFor low-impedance test specimens or load circuits, the current shown represents the discharge current of the surge not the short-circuit currant of

the power system. In making simulation tests, use that current for the shoit-circuit current of the test generator.

§ The maximum amplitude 200 or 500 A is specified. but the exact waveform will be influenced by the load characteristics.

TABLE 2: From ANSI/IEEE C62.41.

The Shape of the Surge

The pulse created by the disturbance propagates through the lines

and, depending on the conditions, can cause a first order

unidirectional wave of either polarity or a second order "ringing"

wave. In performing tests, both polarities should be applied.

Ringing signals, despite their lower currents, can often be more

disruptive than unidirectional pulses. They cause many crossovers

to occur which can force semiconductors into SCR action and

destruction. The rise time of the waveform is also very fast, less

than a microsecond, causing dv/dt effects not associated with

unidirectional pulses. Ringing frequencies from 30 to 100 kHz are

typical and the 0.5 microsecond, 100 kflz damped waveform has

been chosen as the standard in ANSI/IEEE C62.4l. Finally, in

generating the waveform, it is important that the first zero crossing

occur with a period longer than one microsecond. It has been found

that many devices can survive the ringing wave form if that first

zero crossing is shorter, but will not be able to dissipate sufficient

energy if it's one microsecond or more.

Local Effect of the Surge

The spacing between power conductors causes the high frequency

impedance of the AC wiring in most homes and residences to be
approximately 50 ohms. If the power system looked like a 50 ohm

transmission line, then line surges should not be much of a problem.

While surge amplitudes reaching 6 kV could occur, the currents

involved would be small, on the order of 120 amps 6 kV divided

by 50 ohms. Currents in the field have been observed to be as high

as 3 kiloamps in category B circuits.

While the power system is a transmission line, the spark-over

effect lowers the effective impedance of the pulse, and raises the

locally observed currents. By sparking over at an outlet, a high

energy waveform is produced. Because its rise time is about 0.5

sec, the highest frequency components associated with the pulse are

well below 10 MHz -- or a wave length of 30 meters. Due to this
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relatively long wavelength, transmission line analysis does not

apply. All that limits the current is the resistance of the wires

themselves, accounting for high currents, especially close to the

power distribution box.

These high currents can place special demands on varistors. Table

2 also shows the energy in joules dissipated by suppressors with

clamping voltage of 500 and 1000 volts.

Damage After the Surge

An, important phenomenon that can occur during powered surge

testing is "power follow." ANSI defines power follow as the current

that passes through the EUT from the connected power source

following the passage of discharge current. Suppose that a

surge-triggered arc occurs during the AC power cycle. This arc

causes a highly-conductive path through which AC current will

flow, maintaining the arc until the AC cycle ends. This power

follow continues to supply energy after the surge, causing such

effects as insulation tracking and printed circuit board trace

destruction. The amount of energy delivered by the power follow

depends on the length of time to the next AC zero crossing. Hence,

some surge-related failures of equipment depend on the phase of

the AC voltage cycle at which the surge is applied. Therefore, the

testing protocol may call for phase control of the applied surge. This

may be done randomly to simulate "real world" events, or surges

may be applied synchronously to carefully explore the EUT's

vulnerability.

Testing For Surge Immunity

A companion document to ANSI/IEEE C62.41, released in 1987,

describes the testing techniques to be applied. Designated

ANSI/IEEE C62.45, it covers in some detail the planning and

implementing of a surge test program.

In devising a test plan, a number of factors should be considered.

First, the usage of the equipment in the field will determine the

nature of the transients it is exposed to. ANSI/IEEE C62.45 is

helpful in determining surge levels. An alternative is to use IEC

Publication 664 [19801 which defines levels that equipment is

exposed to in terms of its place in an insulation controlled system.

That determined, the next step is to define criteria for passing or

failing.

Equipment can fail in a variety of ways. Errors can be temporaiy,

such as a flicker on a screen or a momentary slow-down of a printer.

More serious is a circuit breaker reset or equipment latch-up.

Furthermore, flashover can occur, with or without apparent damage,

but always running the risk of fire.

ANSI/IEEE C62.45 defines six possible outcomes:

I. No response

2. Temporary upset

3. Upset with latch-up of EUT operation or trip-out of a breaker

4. Flashover with and without tripout

5. Insulation degradation

6. Insulation destruction

A matrix can be constructed relating the severity of the failure

category to the frequency/amplitude distribution of transients

expected at an installation. For example, Type 6 failures must rarely

occur, even for the most severe surges, whereas occasional Type 2

or 3 failures may be acceptable, depending on the application.

Whatever the transient/failure matrix decided upon, care must be

taken in the testing to verify the level of immunity designed into a

unit.

It should be noted that the energy dissipation per surge is

significant. To avoid artificially fatiguing the device, testing should

be performed over intervals long enough to avoid cumulative energy

dissipation effects. Keep in mind, however, that energy dissipation
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FIGURE 4: EUT being surge tested, showing required

interfaces, filters or reterminations.

per surge is significant and so, either fewer attempts should be

specified which leads to lower confidence levels or, preferably,

testing should be spaced over longer intervals. For the Category A

ringing wave, tests should be spaced 6 to 20 seconds apart. For

Category B, space tests 10 to 30 seconds apart for the ringing waves

and 30 to 120 seconds apart for impulsive signals.

Testing should always begin with the equipment under test EUT

powered off. With power applied, surges should be random in

relation to the phase angle, and both polarities should be checked.

During testing, one factor is paramount: safety. Safety can be

enhanced by using the test setup of Figure 4. Here, the EUT should

rest on an insulating body with a minimum dielectric breakdown of

12 kV two times the maximum applied voltage. Power enters

through a back filter whose purpose it is to stabilize the line

impedance as seen from the coupler and to isolate other devices from

the surge. The surge generator is coupled onto the power lines,

usually by means of capacitive coupling. Wires going to other

devices should be disconnected and, if possible, terminated in

representative loads. Surges applied can be lethal, so only trained

persons should perform testing. Be watchful for components that

can explode or for evidence of combustion.

For tests on single phase systems, surges are usually applied from

line to neutral and from line/neutral to ground.

Recent Developments

International groups have followed the ground breaking lead of

ANSI. IEC Technical Committee 65 has recently circulated 801-5

in draft form. The document relies heavily on the unidirectional

waveform of C62.41. Minor variations on a theme include multiple

source impedances 2, 12, and 40 ohms and a variety of coupling

techniques.

ANSI itself has not been idle, but instead issued a revised C62.41

in 1991 in order to reduce the confusion associated with the original

document and modernize it with regard to our current knowledge

of power line disturbances. The 1.2 x 50 115 unidirectional wave

and 100 kHz ring wave continue virtually unchanged as the

mainstay standard waveforms. Three additional line disturbances

are recognized as appropriate for specific environments. These

additional waveforms are offered to the equipment manufacturer as

characterizations of certain disturbances which may be present on

the AC line in particular environments.

The first of the additional waveforms is the EFT Burst Transient

first adopted by Technical Committee 65 of the IEC in its document

80 1-4. Developed for the industrial environment, it is designed to

check a piece of equipment for immunity to relay chatter. The
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