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Electrical transients cover a wide range of interference and have the potential to impact the
operation of electrical systems and equipment. These events can be caused by power grid
switching, sudden disconnection or connection, lightning, as well as generated within or by
associated electrical equipment. They commonly impact commercial, automotive, and
military, electrical systems and equipment, and are often transmitted by power and data
lines.

What are Electrical Transients?

Electrical transients are fast risetime, short duration energy pulses that commonly have
voltage and current components often transmitted down data or power lines. Common
causes of power line transients are when an AC/DC connection is made or broken, equipment
powered down, or circuit breakers switched.
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ELECTRICAL TRANSIENTS

Power line transient overview
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Watch Video At: https://youtu.be/ peZLtnUYnl

Transients can be broken down into two main categories: impulses and oscillatory.(,) The
associated image shows each common type of transient, an electrical fast transient (EFT) in
accordance with IEC 61000-4-4 and a ring wave transient in accordance with IEC 61000-4-
12. The IEC 61000-4 series of standards are some of the most commonly used requirements
for defining these events and will be referenced throughout the article.

These potentially high voltage and current events typically have failures categorized by hard
and soft failures, with complete degradation of function being considered a hard failure. A
soft failure can be remedied by recycling the power to the equipment. It is crucial that the
design of electrical systems be sufficiently immune, having no impact on the operation, to
ensure both product reliability and compliance to underlying standards.

Internal and external sources of electrical transients
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Internal sources External sources

+ Capacitor switching « Lightning

* The operation of power - External load removal or connection
semiconductor switches . . .

+ Opening or closing of switchgears

* Internal faults in energized systems

+ Electrostatic discharge - Switching of capacitor banks

- Relay operation + Tap changing transformers

+ Circuit breaker or switchgear - Loose connections at the utility end
operation

. + External faults
+ Load removal or addition
] + Human errors
+ Arcing . .
+ Short circuits caused by animals

- Bad weather conditions
+ Neighboring circuits

This type of conducted electrical interference can come from both internal and external
sources which has the potential to impact AC and DC systems. The associated table provided
by Cadence System Analysis ;) specifies common sources of electrical transients. It is

estimated that between 60-80%,) of surges, a common transient, are created within a facility
as opposed to externally.

There are many potential sources of these events and the waveforms used to simulate these
events can vary significantly. It is also worth noting that how the associated transient is
defined can vary by application and the underlying standard.

Associated Standards

There are a variety of both international and manufacturer based standards that are used to
describe, define, and test the impact of transients on equipment. The most commonly used
commercial requirements include the IEC 61000-4 series as well as CE Mark and the
ANSI/IEEE C series. The breakout below shows the most common sections and the
associated transient waveforms.

IEC 61000-4-4 - Electrical Fast Transients (EFT)
IEC 61000-4-5 - Combination Wave Surges

IEC 61000-4-12 - Ring Wave Impulses
ANSI/IEEE C62.41 - Combination Wave Surges

ANSI/IEEE C37.90.1 - Damped Oscillatory Wave (DOW)

Power Line Transients
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Transients can be transmitted down electrical paths from device to device having the
potential to impact a large amount of electrical equipment. Given the wide number of
potential culprits, waveforms used to characterize these events also can vary widely based
upon the application and anticipated environment.

The severity of transients can also vary by the environment in which the equipment will
operate, with the most exposed and industrial often being the harshest. The associated image
illustrates how an outdoor environmental event has the potential to impact and travel to the
corresponding grid and subsequent locations.

These types of conducted interference events can produce many different pulse shapes,
however they are generally categorized by impulse transients and oscillatory transients. Both

types of transients are not exclusive to power lines and can also be transmitted via data or
communication lines.

Impulse Transients

What are Impulse Transients?

Impulse transients are fast increases in voltage and/or current characterized by a primarily
positive or negative polarity with durations generally less than 1 millisecond.

Impulse transients are commonly described in

a rise time by duration maximum value Surge Voltage Waveform
format. The associated voltage pulse based A

upon the generic wave shape based on IEC
61000-4-5 could be described as 1.2us/50us
voltage waveform followed by the associated
peak voltage. As can be seen in the associated
image, there is a large decrease in the
maximum value following the initial pulse \/

~Y

which is typical among impulse transients.
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When evaluating rise times of impulse transients, it is common to see that waveforms with
faster rise times have a shorter duration. Compare the pulse above 1.2us by 50us to an
electrical fast transient pulse (IEC 61000-4-4) which is 5ns by 50ns.

When impulse transients have both voltage and current waveforms associated with them,
they are commonly referred to as combination wave pulses. These combination wave pulses
are included in the surge requirements in IEC 61000-4-5, CE Mark, and ANSI/IEEE test
requirements.

Oscillatory Transients

What are Oscillatory Transients?

Oscillatory transients are rapid changes in voltage typically characterized by fast risetime and
switching of polarity "ringing" decreasing in value each cycle.

Oscillatory transient pulses are momentary changes in voltage and/or current where polarity
rapidly changes while values decay. These type of transients are commonly broken down by
high, medium and low frequencies.

The associated image helps to illustrate a
general wave shape associated with oscillatory Damped Oscillatory Pulse
transients. The oscillation or "ringing" can be A Toscillation

seen as the value of the pulse decreases over !
time. This waveform, based off the generic I
waveform according to IEC 61000-4-18, has E

the Toscillation indicated, which can vary 7 >
based upon the underlying requirements. v \/ \/
The three different frequency categories for

oscillatory frequencies each represent EMI
occurrences in the environment where the

equipment is planned to operate. The frequencies for common IEC oscillatory pulses span
from 100 kHz to 30 MHz including all three categories.

Waveform Characteristics of Transients

While there are many different characteristics that can be used to describe electrical
transients, most are referenced by rise time, peak value or test level, duration/oscillation
components. These are not the only factors used to describe these waveforms, others are also
used, additional information can be found in IEEE 1159-2019. Generally speaking, reference
to a particular standard or requirement will also be included further describing the pulse and
compliance to a particular requirement.

5/15


https://ieeexplore.ieee.org/document/8796486

Rise Times

The rise time of a particular waveform
can be thought of as the time it takes
to move from 10% to 90% of the front
rise of the waveform. Rise times are

typically determined by the { E
underlying test requirement or

standard and are commonly in the Surge 1.2 us Ring Wave .5 s EFT5ns

nanosecond to millisecond ranges.

Rise Times - Common Pulses

The associated image illustrates some of the common electrical transient waveforms and
voltage (open circuit) rise times consistent with IEC requirements. Rise times for the current
(closed circuit) waveforms can also have requirements for some pulses, most commonly
combination wave surges.

Duration

The voltage waveform/pulse duration for
common transients is commonly thought of
as the time between the 50% on the front Ui
risetime of the pulse to the 50% fall time of 1.0
the pulse. The exact methodology for how

Fast Transient Voltage Waveform

the value is determined can vary by

0.5
standard, with current waveform duration |
requiring additional considerations in ! :
accordance with IEC 61000-4-5. o L '

~Y

50 ns
The associated image shows a single

electrical fast transient pulse, unlike many

other pulses, the testing is done in rapid sessions or bursts. This can provide confusion in
differing from pulse duration and burst duration as burst would indicate a series of pulses
both of which have requirements.

Peak Value/Test Level

The peak or maximum value is commonly used to describe both oscillatory and impulse
transients. Given that other criteria of the waveform remain the same, the peak values
typically vary by test level. The pulses are typically described by the rise time, duration, and
peak value which is correlated to a particular level.

The most common criteria associated with a particular test level is the relative amount of
exposure of the anticipated operational environment of the equipment under test (EUT).
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The most protected or electrical isolated

environments are likely to have less severe EMI Well-protected Exposed Electrical
Environment Environment

exposure warranting a lower threshold of testing.
This can vary based upon the pulse or standard,
which can have specific condition requirements
and levels.

Polarity

While not as common initially describing transients, these
pulses can be both negative and positive in polarity. Typically
while testing equipment a series of both positive and negative

pulses are used to replicate real world events. |
The associated image shows how the negative pulses are \/
added to a sine wave at varying degrees. The exact placement

of these pulses at the associated degrees are determined by the underlying standard or
associated test plan.

Transient Culprits & Coupling

What causes electrical transients?

Electrical transients can be caused by capacitive coupling, inductive coupling, or conducted
noise often generated by a device or sub-circuit.

These noise transients are able to affect power / ground circuits and signal / data circuits.
The effect is through electrical or magnetic coupling mechanisms by the source conductor,
which is carrying the transient, and the victim conductor being affected by the transients of
the source conductor and through conductive and radiated coupling into a unrelated system
from a “noisy” source system.
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SOURCE AND VICTIM CIRCUITS

Coupling
Source/Emitter Mechanisms Victim/Receptor
Circuit - | ~,  Circuit
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Conducted =>

Metallic Connection(s)

There are three basic noise mechanisms for coupling transient noise into target electrical
systems/subsystems/printed circuit board or board traces.

Capacitive and inductive noise coupling are referred to as generating near field noise since
the effect is highest at relative short distances between conductors inside the equipment
where the coupling occurs, however energy from these couplings mechanisms can also
radiate as far-field electromagnetic fields (EM fields) outside of the equipment generating the
noise. Also, conductive noise are direct transfers of unwanted noise through cabling from one
equipment into unrelated equipment.

Capacitive Coupling

This is a voltage based effect also called the coupling of electrostatic noise. Electrostatic noise
is experienced whenever conductors are exposed to a time varying electrical (E) field and a
voltage is induced. Any pair of conductors separated by an insulating material (including air)
constitute a capacitor. The amount of capacitive coupling between source (aggressor)
conductor and victim conductor is a function of the mutual capacitance C between both
conductors, the strength of the electric field in the aggressor conductor and the victim
conductors impedance to ground.

The current induced from the E field of the aggressor into the victim is given by i = C *(dv/dt)
where C is the value of the mutual capacitance between both conductors and dv/dt is the rate
of change of the voltage in the source conductor. The voltage that results from this induced
current will depend on the victim conductors impedance to ground.
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ELECTROSTATIC (CAPACITIVE) COUPLING

Transducer
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Noise pulse is coupled into both signal Noise pulse is coupled into one signal
wires through C. and C, from a source. wire through C, and appears in the

other signal wire via mutual capacitor C,.

Inductive Coupling

This is magnetically coupled noise which affects the current flowing in a conductor. The rate
of change of current flowing in the source (aggressor) conductor can affect the current in an
unrelated or same conductor a distance away via the aggressors magnetic (M) field. The

aggressor conductor acts like a transformer primary with the victim conductor it secondary.

The amount of inductive coupling increase with higher and faster rate of change of current
flow, proximity of the source conductor to the victim conductor, and geometry of conductor
(round diameter conductors are more efficient at coupling vs flat conductors). The voltage
induced into a victim circuit is given by v=M*(di/dt ) where M is the mutual inductance and
di/dt is the is the rate of change of current in the source conductor.
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INDUCTIVE COUPLING

Power Cable
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coupling. M is the mutual couple to victim wires. and a cable.
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M=~(poL/2[1)(In(2L/D)-1)H

where L>>D and the thickness

of the wires is negligible.

Conducted Noise

This noise, also called conducted EMI is unintentional energy generated by a device or sub-
circuit. This type of noise is transferred to another device or sub-circuit via signal cabling,
power or ground planes to nearby victim equipment which results in unwanted signaling
(noise) as opposed to #1 and #2 above which is transferred through air or another isolation
medium.

Troubleshooting Tips/Fixes

E & M Field Coupling

The following are rules of thumb to improve or make the effect better or worse:

1. Both are directly proportional to aggressor frequency, doubling the frequency of
aggressor doubles the effect on the victim.

2. Both effects are reduced if aggressor and victim are spaced further apart, this reduces
the mutual capacitance/inductance.

3. For M field coupling, doubling the resistance of the aggressor nearly halves the effect
on the victim.

4. Both mutual coupling effects are reduced by bringing the conductors closer to their
return path plane.

5. For E field, higher aggressor voltage implies larger victim effect; lower aggressor
voltage implies a lesser victim effect.
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Having issues troubleshooting?

Reach out to Peter at ESD Unlimited p-koeppen@esdunlimited.com
(http://esdunlimited.com), who specializes in consulting on both transient and electrostatic
discharge issues.

Effects on transient induced noise:

1. On digital/analog system the effects can disturb the system’s operation or cause a non-
recoverable failure. Whenever these effects occur and their magnitudes and durations
are above a threshold where these transients are detected by an operating system, the
system will respond with erroneous results which may cause:

o System lock up
o Memory corruption
Erroneous device reset
Hard failures requiring replacement of system components

(¢]

[¢]

2. On power systems the effects similarly can affect the systems operation in the following
manner:
o Die-electric breakdown in capacitors or shielding

(¢]

Electrical flashover between conductors
Peak power overloads
Fracturing or altering of power system components characteristics

[¢]

[¢]

Methods to mitigate the effect of transient induced noise:

1. On digital/analog systems the effects can be mitigated in the following manner:
o Reduce the length two board traces are allowed to run in parallel
o Use continuous return paths for signal traces
o Use well-grounded guard traces between aggressor and victim traces
o Isolate high speed traces (clocks) from other signal traces
o Keep traces in adjacent vertical layers running perpendicular to each other.
o Use differential signaling where applicable
o Use Surge protectors (TVS) or Common mode chokes in series with equipment
signals at risk for conducted transients
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2. On power systems the effects are created by transient/surges caused by switching
equipment and most often lightning surges, these effects can be can be mitigated in the
following manner:

o Earthing screen which is a solidly grounded copper cage around power switching
equipment

o Overhead ground wires are the highest placed wires on a transmission tower
which are grounded at the power pole. Lightning is attracted to these ground
wires and channeled to earth ground.

o Lightning arresters which are made up of a spark gap in series with a non-linear
resistor and are connected in parallel to the power system it is supposed to
protect.
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Electrical Transients FAQ
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What are the types of electrical transients?
The two types of electrical transients are impulsive and oscillatory.
What are voltage transients?

Voltage transients are fast risetime, typically short duration increase in voltage which are
commonly transmitted via power or data lines.

Why do transients occur in electrical circuits?

Transients commonly occur in electrical circuits because of capacitive coupling, inductive
coupling, or conducted noise.
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