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SUMMARY 
This is the first in a series of Application Notes on transient overvoltages and transient currents in AC power 

systems and customer installations. 

This Application Note is an introduction to the subject and includes definitions and an overview of the most 

common types and origins of these phenomena. It also provides a concise description of the goals and 

conditions of surge mitigation measures. 

A more detailed description of the phenomena, their origin, and their effects on equipment are provided in 

the application notes following this introduction, as well as measurement techniques, basic mitigation 

techniques, and practical guidance on the application of these techniques. 

Two other subjects are also addressed in the Guide: 

 Interactions with systems other than AC power systems – such as in telecommunications – during 

surge events. This is a frequent cause of equipment damage erroneously attributed to power system 

transients alone. 

 Temporary overvoltages at power frequency as opposed to transient overvoltages that are also 

referred to as surges. Such temporary overvoltages must be considered when selecting surge-

protection devices (SPDs), since SPDs are subject to damage by overvoltages. 
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INTRODUCTION 
The purpose of this Guide is to provide information on transient and temporary overvoltages and currents in 

end-user AC power systems. With this information in hand, equipment designers and users can more 

accurately evaluate their operating environment to determine the need for surge protective devices (SPDs) or 

other mitigation schemes. The Guide characterizes electrical transmission and distribution systems in which 

surges occur, based upon certain theoretical considerations as well as on the data that have been recorded in 

interior locations with particular emphasis on industrial environments. 

There are no specific mathematical models that simulate all surge environments; the complexities of the real 

world need to be simplified to produce a manageable set of standard surge tests. To this end, a scheme to 

classify the surge environment is presented. This classification provides a practical basis for the selection of 

surge-voltage and surge-current waveforms and amplitudes that can be applied to evaluate the capability of 

equipment to withstand surges when connected to power circuits. The fundamental approach to 

electromagnetic compatibility (EMC) in the arena of surges is the requirement that equipment immunity and 

characteristics of the surge environment characteristics should be properly coordinated. 

By definition, the duration of the surges considered in this Guide does not exceed a one-half period of the 

normal mains waveform. They can be periodic or random events and might appear in any combination of line, 

neutral, or grounding conductors. They include those surges with amplitudes, durations, or rates of change 

sufficient to cause equipment damage or operational upset (see Figure 1). Surge protective devices acting 

primarily on the voltage are often applied to divert damaging surges, but the upset can require other 

remedies. 

 

Figure 1 – Simplified relationship among voltage, duration, rate of change, and effect on equipment. 
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Temporary overvoltages represent a threat to equipment as well as to any surge protective devices that may 

have been provided for the mitigation of surges. The scope of this Guide includes temporary overvoltages only 

as a threat to the survival of SPDs, and therefore includes considerations on the selection of suitable SPDs. 

No equipment performance requirements are specified in this Guide. What is recommended is a rational, 

deliberate approach to recognizing the variables that need to be considered simultaneously, using the 

information presented here to define a set of representative situations. 

For specific applications, the designer has to take into consideration not only the rates of occurrence and the 

waveforms described in this Guide, but also the specific power system environment and the characteristics of 

the equipment in need of protection. 
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OBJECTIVES AND CONDITIONS 

SURGE IMMUNITY GOAL 

As an example, the following considerations are necessary to reach the goal of practical surge immunity: 

 Desired protection 

 Hardware integrity 

 Process immunity 

 Specific equipment sensitivities 

 The power environment 

 Surge characteristics 

 Electrical system 

 Performance of surge protective devices 

 Protection 

 Lifetime 

 The test environment 

 Cost effectiveness 

Answers may not exist that address all of the questions raised by the considerations listed above. In particular, 

those related to specific equipment sensitivities, both in terms of component failure and especially in terms of 

processing errors, might not be available to the designer. The goal of the reader may be simply selecting the 

most appropriate device from among the various surge protective devices available and meet the 

requirements of the equipment that they must protect. Subsets of the considerations in this section might 

then apply, and the goal of the reader may then be the testing of various surge protective devices under 

identical test conditions. The following can guide the reader in identifying parameters, seeking further facts, or 

quantifying a test plan. 

DESIRED LEVEL OF PROTECTION 

The desired level of protection can vary greatly depending upon the application. For example, in applications 

not involving online performance, protection may only be needed to reduce hardware failures by a certain 

percentage. In other cases, such as data processing or critical medical or manufacturing processes, any 

interruption or upset of a process might be unacceptable. Hence, the designer should quantify the desired goal 

with regard to the separate questions of hardware failure and process interuption or upset. 

EQUIPMENT SENSITIVITIES 

Specific equipment sensitivities should be defined in concert with the above-mentioned goals. The sensitivities 

(immunity) will be different for hardware failure or process upset. Such definitions might include: maximum 

amplitude and duration of the surge remnant that can be tolerated, wave-form or energy sensitivity, et cetera. 

POWER ENVIRONMENT 

The applicable test waveforms recommended in this Guide should be quantified on the basis of the location 

categories and exposure levels as explained in the corresponding clauses of the Guide. The magnitude of the 

rms voltage, including any anticipated variation, should be quantified. Successful application of surge 
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protective devices requires taking into consideration occasional abnormal occurrences. It is essential that an 

appropriate selection of the SPD limiting voltage is based on actual characteristics of the mains voltage. 

PERFORMANCE OF SURGE PROTECTIVE DEVICES 

Evaluation of a surge protective device should verify a long life in the presence of both the surge and electrical 

system environments described above. At the same time, its remnant and voltage levels should provide a 

margin below the immunity levels of the equipment in order to achieve the desired protection. It is essential to 

consider all of these parameters simultaneously. For example, the use of a protective device rated very close 

to the nominal system voltage might provide attractive remnant figures, but can be unacceptable when a 

broad range of occasional abnormal deviations in the amplitude of the mains waveform are considered. 

Lifetime or overall performance of the SPDs should not be sacrificed for the sake of a low remnant. 

TEST ENVIRONMENT 

The surge test environment should be carefully engineered with regard to the preceding considerations and 

any other parameters that are important to the user. A typical description of the test-environment includes 

definitions of simultaneous voltages and currents, along with proper demonstrations of short-circuit. It is 

important to recognize that the specification of an open-circuit voltage without simultaneous short-circuit 

current capability is meaningless. 

COST EFFECTIVENESS 

The cost of surge protection can be small, compared to overall system cost and benefits in performance. 

Therefore, added quality and performance in surge protection may be chosen as a conservative engineering 

approach to compensate for unknown variables in the other parameters. This approach can provide excellent 

performance in the best interests of the user, while not significantly affecting overall system cost. 
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DEFINITIONS 
The definitions given here have been developed by several standards-writing organizations and have been 

harmonized. 

back flashover (lightning) – A flashover of insulation resulting from a lightning strike to part of a network or 

electrical installation that is normally at ground potential. 

blind spot – A limited range within the total domain of application of a device, generally at values less than the 

maximum rating. Operation of the equipment or the protective device itself might fail in that limited range 

despite the device's demonstration of satisfactory performance at maximum ratings. 

clamping voltage – Deprecated term. See measured limiting voltage. 

combination surge (wave) – A surge delivered by an instrument which has the inherent capability of applying a 

1.2/50 µs voltage wave across an open circuit, and delivering an 8/20 µs current wave into a short circuit. The 

exact wave that is delivered is determined by the instantaneous impedance to which the combination surge is 

applied. 

combined multi-port SPD – A surge protective device integrated in a single package as the means of providing 

surge protection at two or more ports of a piece of equipment connected to different systems (such as a 

power system and a communications system). 

NOTE – In addition to providing surge protecrion for each port, the device can also provide a means of avoiding 

the shifting of the reference potentials between the equipment ports. See surge reference equalizer. 

coordination of SPDs (cascade) – The selection of characteristics for two or more SPDs to be connected across 

the same conductors of a system but separated by some decoupling impedance such that, given the 

parameters of the impedance and of the impinging surge, this selection will ensure that the energy deposited 

in each of the SPDs is commensurate with its rating. 

direct strike – A strike impacting the structure of interest or the soil (or objects) within a few metres from the 

structure of interest. 

energy deposition – The time integral of the power dissipated in a clamping-type surge protective device 

during a current surge of a specified waveform. 

failure mode – The process and consequences of device failure. 

Facility – Something (such as a hospital or machinery) that is built, constructed, installed, or established to 

perform some particular function or to serve or facilitate some particular end. 

follow current – Current supplied by the electrical power system and flowing through the SPD after a 

discharge current impulse and significantly different from the continuous operating current. 

leakage current – Any current, including capacitively coupled currents, that can be conveyed from accessible 

parts of a product to ground or to other accessible parts of the product. 

lightning protection system (LPS) – The complete system used to protect a space against the effects of 

lightning. It consists of both external and internal lightning protection systems. 

NOTE – In particular cases, an LPS might consist of an external LPS or an internal LPS only. 



 

Publication No  Cu0134 

Issue Date:    July 2015 

Page 7 

 

lightning flash to earth – An electrical discharge of atmospheric origin between cloud and earth consisting of 

one or more strikes. 

lightning strike – A single electrical discharge in a lightning flash to earth. 

mains – The AC power source available at the point of use in a facility. It consists of the set of electrical 

conductors (referred to by terms including service entrance, feeder, or branch circuit) for delivering power to 

connected loads at the utilization voltage level. 

maximum continuous operating voltage (MCOV) – The maximum designated root-mean-square (rms) value of 

power-frequency voltage that may be applied continuously between the terminals of the arrester. 

measured limiting voltage – The maximum magnitude of voltage that appears across the terminals of the SPD 

during the application of an impulse of specified waveshape and amplitude. 

nearby strike – A strike occurring in the vicinity of the structure of interest. 

nominal system voltage – A nominal value assigned to designate a system of a given voltage class. 

nominal varistor voltage – The voltage across the varistor measured at a specified pulsed DC current, IN(dc), of 

specific duration. IN(dc) is specified by the varistor manufacturer. 

one-port SPD – An SPD having provisions (terminals, leads, plug) for connection to the AC power circuit but no 

provisions (terminals, leads, receptacles) for supplying current to the AC power loads. 

open-circuit voltage (OCV) – The voltage available from the test set up (surge generator, coupling circuit, back 

filter, connecting leads) at the terminals where the SPD under test will be connected. 

point of strike – The point where a lightning strike contacts the earth, a structure, or an LPS. 

pulse life – The number of surges of specified voltage, current amplitudes, and waveshapes that may be 

applied to a device without causing degradation beyond specified limits. The pulse life applies to a device 

connected to an AC line of specified characteristics and for pulses sufficiently spaced in time to preclude the 

effects of cumulative heating. 

response time (varistor) – The time between the point at which the wave exceeds the limiting voltage level 

and the peak of the voltage overshoot. For the purpose of this definition, limiting voltage is defined with an 

8/20 Its current waveform of the same peak current amplitude as the waveform used for this response time. 

short-circuit current (SCC) – The current which the test set up (surge generator, coupling circuit, back filter, 

connecting leads) can deliver at the terminals where the SPD under test will be connected, with the SPD 

replaced by bonding the two lead terminals. (Also sometimes abbreviated as SCI). 

SPD disconnector – A device for disconnecting an SPD from the system in the event of SPD failure. It is to 

prevent a persistent fault on the system and to give a visible indication of the SPD failure. 

NOTE – At least three functions are needed for SPD disconnectors: protection against thermal problems (such 

as thermal runaway on varistors), protection against internal short circuits, and protection against indirect 

contact. These functions can be achieved by a single or several devices. They may be used in the SPD circuit or 

in the mains. 

standby current – The current flowing in any specific conductor when the SPD is connected as intended to the 

energized power system at the rated frequency with no load connected. 
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surge response voltage – The voltage profile appearing at the output terminals of a protective device and 

applied to downstream loads, during and after a specified impinging surge, until normal stable conditions are 

reached. 

surge protective device (SPD) – A device that is intended to limit transient overvoltages and divert surge 

currents. It contains at least one nonlinear component – a surge reference equalizer. A surge protective device 

used for connecting equipment to external systems whereby all conductors connected to the protected load 

are routed – physically and electrically – through a single enclosure with a shared reference point between the 

input and output ports of each system. 

NOTE – Sharing the references can be accomplished either by a direct bond or through a suitable device 

maintaining isolation during normal conditions but an effective bonding by means of a surge protective device 

during the occurrence of a surge in one or both systems. 

swell – A momentary increase in the power frequency voltage delivered by the mains, outside of the normal 

tolerances, with a duration of more than one cycle and less than a few seconds. 

temporary overvoltage – An oscillatory overvoltage (at power frequency) at a given location, of relatively long 

duration and which is undamped or weakly damped. 

NOTE – Temporary overvoltages usually originate from switching operations or faults (e.g.; sudden load 

rejection, single-phase faults) and/or from non-linearities (ferro-resonance effects, harmonics). 

thermal runaway – An operational condition when the sustained power loss of an SPD exceeds the dissipation 

capability of the housing and connections, leading to a cumulative increase in the temperature of the internal 

elements culminating in failure. 

two-port SPD – An SPD with two sets of terminals, input and output. A specific series impedance is inserted 

between these terminals. 

NOTE – The measured limiting voltage might be higher at the input terminals than at the output terminals. 

Therefore, equipment to be protected must be connected to the output terminals. 

voltage-limiting type SPD – An SPD that has a high impedance when no surge is present, but will reduce it 

continuously with increased surge current and voltage. Common examples of components used as nonlinear 

devices are the varistor and suppressor diodes. These SPDs are sometimes called clamping type. 

NOTE – A voltage-limiting device has a continuous V versus I characteristic. 

voltage-switching type SPD – An SPD that has a high impedance when no surge is present, but can have a 

sudden change in impedance to a low value in response to a voltage surge. Common examples of components 

used as nonlinear devices are spark-gaps, gas tubes, thyristors, and triacs. These SPDs are sometimes called 

crowbar type. 

NOTE – A voltage-switching device has a discontinuous V versus I characteristic. 
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ORIGIN AND PROPAGATION 
Transient overvoltages and currents (jointly referred to as surges) occur in power systems as the result of 

several types of events or mechanisms, and can be classified in four categories: 

1) Lightning surges 

2) Switching surges 

3) Temporary overvoltages 

4) System-interaction surges 

This chapter provides an overview of these phenomena. For a more detailed description, see Application Notes 

Cu0135 through Cu0138. 

LIGHTNING SURGES 

Lightning surges are the result of direct strikes to the power or communications systems, or surges caused by 

lightning striking structures (with or without lightning-protection system) or nearby soil. These surges are the 

subject of Clause 5, under the heading of Lightning surges. 

Lightning surges can affect a facility by impinging upon the service entrance as they propagate along the 

conductors, having originated from one of three mechanisms: 

 A direct strike to the lines 

 A resistively-coupled surge from a nearby strike 

 A voltage induced in the loops formed by line conductors and earth 

 
Lightning surges can also affect a facility as they are coupled directly into the facility wiring system, without 

having been brought to the service entrance, as described in the preceding paragraph. Several mechanisms are 

involved in this process: 

 The earth-seeking, fast-changing current of a direct strike to the facility – either to its intended 

lightning-protection system (LPS) or to other structures (roof mounted equipment in particular) – will 

induce transient voltages in the facility circuits 

 The slower portion of the lightning current will couple transient voltages into the facility wiring 

through common impedances 

 The earth-seeking current flowing in the facility wiring will divide among the paths available for 

dispersion: earthing electrode(s) of the facility, and any utility metallic path entering the facility 

SWITCHING SURGES 

Switching surges are the result of intentional actions on the power system, such as load or capacitor switching 

in the transmission or distribution systems by the utility, or in the low-voltage system by end-user operations. 

They can also be the result of unintentional events such as power system faults and their elimination. Both are 

the subject of Clause 6, under the heading of Switching surges. 

Transients associated with switching surges include both high-frequency transients and low-frequency 

transients. High-frequency transients are generally associated with natural oscillations of the circuit elements 

in response to the stimulus of a change of state in the circuit. They involve relatively small stray capacitances 

and inherent inductances, hence their high frequency, and relatively low energy-delivery capability in a direct 

impact to the power port of equipment. On the other hand, the high frequency has the potential of coupling 

interference, rather than cause damage. In particular, fast switching currents in the power system can induce 
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interfering voltages into control circuitry in the facility. This scenario might appear outside of the scope of 

power quality but should still be considered because its effects might mimic a power quality problem 

impinging the power port of equipment. 

Low-frequency transients are primarily associated with the switching of capacitor banks. These banks can be 

part of the utility system or part of the facility. In general, they involve kilovars or megavars, and therefore 

have considerable energy-delivery capability into an SPD that would attempt to divert them, or into the 

intermediate DC links of electronic power-conditioning equipment. Because of their low frequency, they can 

propagate a considerable distance from the point of origin because the wiring inductance does not have the 

mitigation effect available for the higher-frequency transients. Therefore, these capacitor-switching transients 

merit particular attention. 

TEMPORARY OVERVOLTAGES 

Temporary overvoltages occur in power systems as the result of a wide range of system conditions,in both 

normal and abnormal operating conditions. Both are the subject of Clause 7, under the heading of Temporary 

overvoltages (TOVs). 

These overvoltages merit attention because they not only cannot be mitigated by SPDs – the normal response 

of a designer confronted with transients – but also represent a significant threat to the survival of SPDs. For 

this reason, while common wisdom might be that their power-frequency nature places them outside the scope 

of transients, reliable application of SPDs demands that they be taken into consideration. 

SYSTEM-INTERACTION OVERVOLTAGES 

Transient overvoltages can occur between different systems – such as power and communications – during the 

flow of surge currents in one of the systems. These are described in Cu0138 Transients and Overvoltages / 

Interaction. Here again, these interactions might be deemed outside of the scope of Power Quality at the 

power port of equipment, but their effect can give the appearance of a power quality problem, and therefore 

they merit recognition if an appropriate solution is to be found. 

A system-interaction overvoltage is particularly important for equipment that is connected to both the power 

system and some form of communications systems, as is increasingly the case with industrial equipment. 

Because the two systems can be managed by different individuals or organizations, even though installed in 

the same facility, the earthing practices applied by these separate groups are often uncoordinated at best and 

counter-productive at worst. Good EMC practice, if recognized and enforced, can go a long way towards 

alleviating potential problems. 
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CONCLUSIONS 
Transient overvoltages and transient currents can be classified in four categories: 

 Lightning surges 

 Switching surges 

 Temporary overvoltages 

 System-interaction surges 

There are no specific mathematical models that simulate all surge environments; the complexities of the real 

world need to be simplified to produce a manageable set of standard surge tests. 

The desired level of protection can vary greatly depending upon the application. 

To the degree possible, equipment sensitivities should be selected in accordance with this desired protection 

level. 

The cost of surge protection is often small compared to the overall system cost and the performance benefits. 

Therefore, investing in surge protection may be chosen as a conservative engineering approach, ensuring 

excellent performance while not significantly affecting overall system cost. 
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SUMMARY 
This is a second publication in a series of Application Notes on transient overvoltages and transient currents in 

AC power systems and customer installations. 

For a general introduction to the subject, read Cu0134 – Transients and Overvoltages: Introduction. 

This Application Note provides a more detailed description of lightning surges and their origins. It explains the 

differences and consequences of: 

 Direct lightning flashes 

 Lightning flashes on MV and LV power lines – both nearby and at a distance 

 Overvoltages caused by resistive, inductive, and capacitive coupling with a system carrying a lightning 

current 

The closer the lightning flash is, the higher the stress on the concerned structure. However, the likelihood of 

such an event is lower than that of a remote lightning flash. Statistical considerations are an essential part of 

the decisions to be made. 

The structure of the power system that suffers from a lightning flash also has a significant influence on the 

severity of the consequences. Although this structure is under human control, its parameters are generally 

determined by considerations other than lightning protection. 
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INTRODUCTION 
Lightning is an unavoidable event that affects power systems through several mechanisms. The obvious 

interaction is a flash on the power system, but other coupling mechanisms can also produce overvoltages, as 

shown in Figure 2. To aid in establishing a better understanding of the diversity of mechanisms, this subclause 

first presents a summary of the basic parameters of a lightning bolt between a cloud and any object at the 

earth level. 

 

Figure 1  – Possible lightning stroke terminations. 

Significant lightning parameters include waveforms, amplitudes, and frequency of occurrence. The literature 

contains data obtained by measurements as well as data produced by computations. Three types of coupling 

mechanisms are reviewed that can produce overvoltages in low-voltage systems. While this discussion makes 

reference to overvoltages, consideration of the current asociated with the overvoltage or the current initially 

causing the overvoltage is an important aspect of the subject. 

In the event of a direct strike on an electrical system, the immediate threat is the flow of lightning current 

through the earthing impedances resulting in overvoltages. The effective impedance of the lightning channel is 

high (a few thousand ohms). As a practical matter, the lightning current can be considered an ideal current 

source. In the event of a nearby flash, the immediate threat is the voltage induced in circuit loops, which in 

turn can produce surge currents. In the case of a distant flash, the threat is limited to induced voltages. 

Therefore, the response of an electrical system to the lightning event is an important consideration when 

assessing the threat. 

The severity of the overvoltage appearing at the end-user facility reflects the characteristics of the coupling 

path. Factors include distance and nature of the system between the point of flash and the end-user facility, 

earthing practices and earth connection impedance, presence of SPDs along the path, and branching out of the 

distribution system. All of these factors vary over a wide range according to the general practices put into 

effect by the utility as well as local configurations. 

The annual frequency of thunderstorm days worldwide is shown in Figure 2. Long-used for risk assessment, 

this information is now being superseded by maps of flash density for regions where a lightning detection 
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system is in operation. Flash density maps provide more accurate information than the traditional 

thunderstorm days, and it is expected that they will supersede thunderstorm maps as they become more 

widely available. 

 

Figure 2 – Map of annual thunderstorm days. 
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ORIGIN OF LIGHTNING SURGES 
Lightning surges in electrical systems can generally be classified according to their origin: 

1. Current surges due to direct lightning flashes on overhead lines, including back-over events 

2. Induced overvoltages on overhead lines due to flashes at some distance, and the resulting surge 

currents 

3. Overvoltages caused by resistive, inductive, and capacitive coupling from systems carrying lightning 

currents, and the resulting surge currents 

These classes of overvoltages are briefly described in the following paragraphs. 

DIRECT FLASHES TO OVERHEAD LINES 

As mentioned earlier, the effective impedance of the lightning channel is high, and the lightning current can, as 

a practical matter, be considered as an ideal current source. 

The resulting overvoltages are therefore determined by the effective impedance that is seen by the lightning 

current. For a flash to an overhead line conductor, the impedance in the first moments is determined by the 

characteristic impedance (surge impedance) of the line. Given the typical values of characteristic impedances, 

ranging from tens of ohms to 400 ohms, very high overvoltages occur that can be expected to cause flashover 

to earth long before the service entrance of a building becomes involved. Therefore, the lightning surge 

appearing at service entrances, while reflecting the severity of the lightning flash and its distance, bears no 

resemblance to the actual lightning current. One should not attempt to relate published statistics on total 

lightning current to the lightning surges impinging on the service entrance. 

INDUCED OVERVOLTAGES ON OVERHEAD LINES 

Due to the changes in electromagnetic field caused by a lightning flash, surges are induced in all kinds of 

overhead lines, even at a considerable distance from the flash. The voltages have essentially the same value 

for all conductors because the phase separation is small compared to the distance to the flash. 

For instance, in a high-voltage line with a 10 metre conductor height for a lightning current of 30 kA, the 

induced voltage is in the order of 100 kV for a flash at a 100 metre distance. For a low-voltage line with a 

height of 5 metres, a current of 100 kA (the 5% percentile level according to IEC 61312 (E.1.3)) will induce a 

voltage of about 2 kV even at a distance of 10 kilometres. However, here again, the induced voltage does not 

necessarily appear at the service entrance: the high levels will provoke flashover to earth or operation of a 

surge arrester, so that the surges appearing at the service entrances are more likely to be in the range of only a 

few kilovolts. As noted before, these surges involve significant overvoltages but relatively small current levels. 

This is in contrast with surges resulting from direct flashes where the current source aspect of the 

phenomenon results in current surges that reflect the dispersion of the original stroke current among the 

paths offered to this earth-seeking current. 

OVERVOLTAGES CAUSED BY COUPLING FROM OTHER SYSTEMS 

A lightning flash to earth or to a part of a system normally at ground potential can result in an earth potential 

of high value at the point of flash (and in the vicinity). This phenomenon will cause overvoltages in electrical 

systems using this point of earth as reference for their earthing system. 
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Figure 3 – Example of resistive coupling from lightning protection system. 

Figure 3 gives an example of such a case. The potential rise of the earthing system is determined by the 

lightning current and the effective earthing impedance. In the first moment, the potential of the earth 

electrode is determined by the local impedance that might be, for instance, 10 ohms. This means that a high 

voltage is produced between the earthing system and electrical installations inside the building, with a high 

probability of causing either insulation breakdown or the operation of SPDs. Following such events, current 

impulses can flow into the various systems, determined mainly by their impedance to earth. In this way, 

overvoltages are produced in the power supply system as well as in other connected services (tele-

communication, data and signalling systems, et cetera). Furthermore, overvoltages are transferred to other 

buildings, structures, and installations. For instance, all power installations supplied from the same distribution 

transformer as the one struck by lightning can be affected. Due to the high electromagnetic fields caused by 

the lightning current, inductive and capacitive coupling to electrical systems that are close to a lightning path 

can also cause overvoltages of concern (especially on electronic and data systems) causing failures and/or 

malfunctions. 

LIGHTNING SURGES TRANSFERRED FROM MV SYSTEMS 

Because their structures are longer and higher than other structures located in their vicinity (houses, trees), 

MV overhead lines are in general more exposed to lightning than LV lines. The number of lightning flashes 

affecting the line depends on the keraunic level of the local area. The propagation of the surge through the MV 

system and the transfer rate to the LV system depend on the physical construction of the system. Some 

important differences can exist between the designs used in different countries. 

The lightning surges in MV systems are caused by flashes or are induced by nearby flashes. In addition, back-

flashovers can occur from flashes striking earth wires or extraneous metal parts of structures or equipment, or 

striking the earth close to a line structure. 

SURGE MAGNITUDE AND PROPAGATION IN MV SYSTEMS 
The surge propagation depends on the MV system structure and, in particular, on the surge-protective devices 

installed. High-level lightning surges are generally attenuated quickly during their propagation on the line. This 
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is due to losses and flashover across the line insulators. In practice, after a few line spans, the magnitude of an 

overvoltage is reduced to the insulation levels of the line isolators. With the exception of direct strokes to the 

MV/LV transformer or its vicinity, it can be assumed that overvoltages in an MV system are limited by the 

insulation level of the line isolators. In a 20 kV system; this is about 150 kV to 180 kV. For wooden pole lines 

without earthed cross-arms, however, much higher surges can occur. 

A second limitation of the surge level is provided by the surge-protective devices. These are usually located at 

the primary side of the C MV/LV transformer or at the entrance of an underground network. These protection 

devices might be ZnO or SiC surge arresters or air gaps. The residual overvoltage (in the range of 70 kV for a 

20 kV system, for instance) depends on the rated value and earthing impedance of the protection devices. 

When air gaps are used, one can expect the lightning surge to be followed by a power frequency follow 

current that can generate a temporary overvoltage. 

SURGE TRANSFER TO THE LV SYSTEM 
The overvoltage surges generated in the MV system by lightning are transferred to the LV distribution system 

in two different ways: 

1. By capacitive and magnetic coupling through the MV/LV transformer 

2. By earth coupling 

The transferred surge magnitude depends on many parameters including: 

 LV earthing system (TT; TN, IT)* 

 LV load 

 LV surge-protective devices 

 Coupling conditions between MV and LV earthing 

 Transformer design 

In case of a direct lightning flash to the MV line, the surge arrester operation or an insulator spark-over diverts 

the surge current through the earthing system and can produce a resistive earth coupling between the MV and 

LV systems. An overvoltage is transferred to the LV system as shown in the typical case of Figure 4. Depending 

on the earthing impedance values, this earth coupling overvoltage can be much higher than the capacitive 

coupling through the transformer. 

 

Figure 4 – Typical earth-coupling mechanism 
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In a TN system, if the neutral is also earthed at the customer installation, smaller overvoltages will occur. It 

should also be noted that this kind of resistive coupling can be avoided by using a separate earthing system for 

the LV portion of the transformer. 

A typical value of the overvoltage transmitted by capacitive and electromagnetic coupling to the secondary of 

the MV/LV transformer side is 2% of the MV phase-to-earth voltage between phase and neutral conductors 

and 8% between phase conductor and earth. In some situations, this MV/LV transfer rate can be higher. 

Induced lightning surges on the MV system produce much less surge current than direct flashes (usually less 

than 1 kA). In practice, the overvoltages are transferred to the LV system only by capacitive coupling and do 

not exceed a few kilovolts. In such cases, the overvoltage induced directly in the LV system (at least in the 

portion that is near the lightning impact point) is in general higher than the one transferred from the MV side. 

If an SPD operates or a sparkover occurs, the current will be small (usually less than 1 kA), and accordingly the 

resistive coupling is negligible. 

SURGES CAUSED BY DIRECT FLASH TO LV LINES 

Extremely high potential overvoltages are produced when direct lightning flashes occur on overhead lines. 

Flashover will result between all line conductors, and in most cases will earth somewhere in the vicinity of the 

flash (primarily at the poles). Flashover can also occur in non-protected installations supplied by that line. 

In a combined overhead line/cable system, the overvoltages will be somewhat reduced due to the lower surge 

impedance of cables compared to overhead lines. The amount of reduction depends on the current duration 

and on the total capacitance to earth of the system. However, this reduction is usually not sufficient to avoid 

overvoltages exceeding normal insulation levels in LV installations. Therefore, direct flashes to LV lines should 

generally be expected to cause damage. 

As a practical matter, the overvoltages can be limited by SPDs that might be installed at the distribution 

transformer and at the consumer's premises. However, such devices will be highly stressed, and a high risk of 

damage to SPD elements can be expected in the case of direct flashes unless the SPDs are specifically designed 

for that purpose. 

LIGHTNING SURGES INDUCED INTO LV SYSTEMS 

Estimates of prospective induced overvoltages in LV systems due to lightning at some distance from an 

overhead line can be derived from considerations discussed in the lightning protection literature. For instance, 

induced overvoltages in excess of what normal LV insulation can withstand might even occur for lightning 

flashes up to 10 km distance from the line. This kind of surge is therefore a main concern in LV distribution 

systems that include overhead lines, even though the end-user is more likely to be exposed to the residual 

overvoltages associated with the flashover. 

Lightning-induced overvoltages occur mainly between conductors and earth. The voltage difference between 

the conductors is initially small, especially when twisted conductors are used. However, considerable line-to-

line stresses can also occur due to different loads on phase conductors (depending on the LV system), 

interactions of surge protective devices, possible flashovers, et cetera. 

OVERVOLTAGES CAUSED BY FLASHES TO THE STRUCTURES OR NEARBY 

The preceding subclauses have addressed the situation prevailing when surges conducted by the power supply 

impinge on the facility. A different situation occurs when lightning strikes a structure that is one of several 

structures supplied in parallel by an LV power system. In that case, the earth-seeking current divides among 
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the various paths available. These include local earth – the building earthing system – as well as distant earth 

points through any and all metallic paths, primarily the power supply cable. 

The current dispersion among the available paths will produce overvoltages primarily between the conductors 

and local earth. Depending on the configuration of the LV installation and the presence or absence of SPDs, 

these overvoltages can be large or can be moderate. 

Overvoltages between conductors and local earth stress the insulation of connected equipment. Such 

equipment usually has sufficient robustness to withstand these levels per IEC 60664 [E.1.3] recommendations. 

In contrast to the equipment insulation, the working components of power equipment are stressed by 

overvoltages appearing between conductors. At first glance, it might be rationalized that the most threatening 

situation would be the overvoltages applied to the working components of the power equipment. However, 

overvoltages to earth can become a problem, not so much for the power equipment insulation but as a result 

of shifts in reference potentials between the power system and the communications system that may be 

connected to the equipment. 
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CONCLUSIONS 
Lightning surges originate beyond human control. Their severity at the point of utilization of electric power 

depends on many parameters determined by the point of impact of the lightning flash and by the structure of 

the power system. Although this power system structure is under human control, its parameters are generally 

determined by considerations other than lightning protection. 

Lightning surges may be classified according to their point of impact: direct flashes, nearby flashes, and flashes 

occurring at some distance. For direct flashes, the surges result from the flow of lightning current in the 

structure of interest and the associated earthing system. For nearby flashes, the surges result from induction 

of voltages in the conductor loops, and to some extent, a rise in earth potential associated with the lightning 

current. For distant flashes, the surges are limited to those induced in circuit loops. Precise time and location 

of individual lightning flashes available from lightning detection networks is useful for trouble-shooting specific 

problems as well as improving the accuracy of risk assessment. 

The closer the point of impact of the lightning flash, the higher the stress on the concerned structure. But the 

likelihood of a direct or nearby flash is lower than that of a more remote lightning flash. In any case, statistical 

considerations involving specific risk analysis, are an essential part of the decisions to be made concerning 

protection against lightning surges (see IEC 62305, particularly Clause 2). 
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SUMMARY 
This is the fourth publication in a series of Application Notes on transient overvoltages and transient currents 

in AC power systems and customer installations. 

For a general introduction to the subject, read Cu0134 – Transients and Overvoltages: Introduction. 

This Application Note provides a more detailed description of temporary overvoltages (TOVs) and swells. It 

describes the potential origins of TOVs on HV, MV, and LV networks and the means to control their 

consequences. 

Concerning TOVs on the MV and LV network, the IEC 60364-4-442 standard provides some information and 

data, which are summarized here. Other usefull references are the IEC 62305 series, the IEC/TR 62066 for 

general information, and IEC 61643 on low-voltage surge protective devices. Faults between the MV network 

and the earth, as well as faults due to defects in LV electrical equipment are discussed. 

This Application Note also briefly descibes how TOVs can be generated due to self-excitation of isolated 

induction motors. 

Finally, this Application Note discusses the effects of TOVs on Surge Protective Devices (SPDs) and how they 

can be taken into account during system design.  
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INTRODUCTION 
Temporary overvoltages (TOVs) are defined as AC overvoltages with a significant duration and amplitude that 

can appear in a system following a fault condition. A wide range of phenomena, resulting either from normal 

system operation or from accidental conditions, can produce TOVs. 

TOVs occur at the power system frequency and must be distinguished from the surge overvoltages discussed 

in the preceding clause. 

Short-duration overvoltages (lasting a few seconds at most) are considered swells to distinguish them from the 

generic term temporary overvoltage. 

Swells end when the power system returns to its normal state without intervention. Extended overvoltages 

generally require operation of some existing overcurrent protective equipment to clear the circuit. 

Present state-of the-art surge-protective devices (SPDs) – such as those used for lightning and switching surge 

protection – do not have the energy-handling capability required for limiting extended temporary 

overvoltages. They may however tolerate short swells of limited magnitude. The expected magnitude, 

duration, and probability of the occurrence of temporary overvoltages at the actual site have to be taken into 

consideration when selecting the maximum operating voltage for SPDs. 
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TOVS IN HV NETWORKS 
In the following, reference will be made to effectively grounded HV networks. Those are HV networks with a k 

factor less than 1.4 p.u. (k = the ratio between the maximum line-to-earth voltage of the sound phases at the 

fault location and the highest line-to-earth voltage of the system). 

Different conditions can cause temporary overvoltages in HV networks. Whether or not these conditions occur 

depends upon system configurations, protection methods, and operating equipment characteristics and 

procedures. The most common causes are faults and their clearing (including reclosing of breakers), load 

rejection, and transformer energizing. Overvoltage magnitude falls in the range of 1.0 to 1.6 p.u. and duration 

in the range of a few cycles to seconds. Other special conditions can cause TOVs, such as ferro-resonance, 

uneven breaker pole operation, and back feeding, with stresses that can reach 2 p.u. in steady-state operation 

[CIGRE, 1990]. 

Methods used to control TOV in HV or EHV networks include the adoption of shunt reactors, static VAR 

compensators, special relaying, and the modification of switching and operating procedures. 
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TOVS DUE TO MV AND LV FAULTS 
These TOVs are, in general, originated by insulation faults or loss of a supply conductor in the MV or LV 

electrical installation. Product standards take these phenomena into account using appropriate insulation 

requirements and tests. 

IEC 60364-4-442 provides some information and data, which are summarized here. 

NOTES: 

1. In systems with MV and LV lines mounted on the same poles, or systems with two different MV levels also 

mounted on the same poles, accidental commingling of the systems can occur, causing substantial 

overvoltages on the LV system. Consideration of commingling is generally not included in the application of 

SPDs to low-voltage systems. However, if such exceptional events are to be considered, special SPDs need to be 

applied to survive the event or at least fail in an acceptable manner. 

2. After a power interruption, re-energizing the system in a phase-by-phase sequence can be the source of 

temporary overvoltages similar to those associated with loss of one phase during faults. 

TOVS DUE TO FAULTS BETWEEN MV AND EARTH 

Depending on the earthing configuration of the MV and LV networks, the MV fault current flows into one or 

more earth electrodes and generates AC overvoltages in the LV system by earth coupling. 

The principal parameters that influence the value and duration of overvoltages are given below. All of these 

parameters are determined by the designers of the power system: 

a) Configuration of the MV and LV network earth electrodes: 

- One or two distinct earth electrodes (or three, in a TT earthing system) 

- Common earthing electrodes or separated earthing electrodes for MV and LV networks 

- The values and the number of earth electrodes of the LV distribution system 

b) Type of earthing of the MV network: 

- Isolated (either delta wound without a star point, or star wound with an unconnected star point) 

- Resonant-earthed 

- Earthed through an impedance 

- Solidly earthed 

c) Method used to clear the MV fault: 

- Extended time for isolated and resonant earthed types 

- Short time (< 5 s) for resonant earthed or impedance earthed types 

- Even shorter time for solidly earthed types 

Temporary overvoltages appear at different places and apply in different ways: 

- In the MV/LV substation, the overvoltage stresses the insulation of the LV equipment between live 

parts and accessible conductive parts if there is no common MV/LV earthing 

- In the low-voltage electrical installation, the overvoltage stresses the equipment insulation between 

live parts and accessible conductive parts if the neutral is not connected to the local earthing 

electrode 
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- An overvoltage appears between the local earth of the low-voltage installation and remote earth, 

which can stress, for example, the double insulation of Class II equipment used outside of a building 

or service entrance, and which is not connected to the main earthing terminal 

TOVS DUE TO DEFECTS IN THE LV ELECTRICAL INSTALLATION 

TOVS DUE TO A SHORT CIRCUIT BETWEEN LINE CONDUCTOR AND NEUTRAL CONDUCTOR 
After a transient event, the supply drives currents whose magnitude is limited only by the impedances of the 

supply and building wiring. The currents involved can be very high, ranging between one hundred and tens of 

thousands of amperes. A protective device operates to clear the fault. A temporary overvoltage occurs during 

this period of ten to a few hundred milliseconds (but in all cases less than 5 seconds). The value of the 

overvoltage can be calculated from the impedances of the supply and building wiring. A value of 1.45 U0 is 

considered to be a representative upper limit (see IEC 60364-4 442). The conditions are very similar in the case 

of an insulation fault to the earth in a TN system. 

TOVS DUE TO LV INSULATION FAULTS TO EARTH 
After a transient situation, a temporary overvoltage occurs during such a fault: 

- In a TN earthing configuration, earth faults can have results comparable to those occurring in circuits 
between phase and neutral. Indeed, the return path to the neutral of the transformer consists of a 
cross section comparable to that of the phase conductors. 

- In a TT earthing configuration, earth-fault currents flow through the protected-earth (PE) conductors 
and two earth electrodes. These earth electrodes are separated, or at least not intentionally 
connected. Consequently, the fault current remains relatively low. The fault is cleared generally by 
the residual current circuit-breakers. The corresponding overvoltage is considered to remain lower 
than 3 U0. 

- In an IT earthing configuration, the earth-fault current in case of a first fault is very low: it is the 
capacitive leakage current of insulated conductors of the installation and of the filters in electrical 
equipment. The first phase-to-earth fault is unlikely to operate any form of protective device but will 
cause transients and establish an overvoltage condition close to the phase-to-phase supply voltage. 
 

NOTE: In IT earthing configurations, resonance phenomena can occur during earth faults involving high 

reactance (fluorescent lamp reactors, motors, et cetera) when the oscillating frequency (for the reactance of 

the circuit in series with the system capacitance) is close to the operating power frequency. This phenomenon 

can produce temporary overvoltages two to three times the normal line-to-earth voltage, or even higher. This 

type of overvoltage occurs for all installations supplied by the same MV/LV transformer, and SPD failures due 

to this phenomenon occur in some IT systems. Application Note Cu0142 presents a comprehensive discussion of 

the mechanisms involved in ferro-resonance events. 

TOVS DUE TO THE LOSS OF A LIVE CONDUCTOR 
In three-phase systems, loss of any conductor can give rise to various conditions such as unbalance, faults, and 

temporary overvoltages. These can indirectly result in transients. For example, loss of a neutral conductor in 

an unbalanced star-connected supply can result in a temporary overvoltage where two phases attain the 

phase-to-phase voltage with respect to earth. This can cause a fault and possible transients associated with 

initiation or clearing of the fault. In such a case, it is generally assumed that the permanent stress voltage is 

the line-to-line voltage. 
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TOVS DUE TO SELF-EXCITATION OF ISOLATED INDUCTION MOTORS 
Temporary overvoltages can appear in customer electrical installations with large induction motors driving 

high-inertia loads. More specifically, TOVs can occur when such installations become isolated from the 

network due to self-excitation by high amounts of capacitive reactive power from capacitor banks used for 

power factor correction. Overvoltages greater than 3 p.u. can appear during cast-down of motor and load, 

depending on the excess of VARs in the load and the cast-down duration [Belhomme et al., 1995]. 

 

EFFECT OF TOVS ON SURGE-PROTECTIVE DEVICES 
If an SPD has been selected with a maximum continuous operating voltage (MCOV) UC lower than the 

overvoltage generated by LV insulation failures or the loss of a supply conductor, the current flowing through 

the SPD increases very quickly and the resulting heat destroys the SPD. The effects of this failure are restricted 

to the SPD itself by its incorporated thermal protection. Consequently, the installation or the equipment often 

remains without other overvoltage protection. 

It is recognized that if the MCOV of the SPD UC is selected equal to or higher than 1.45 for a TN earthing 

configuration and higher than √3 U0 for a TT earthing configuration, a tolerable risk of loss of protection 

against overvoltages is achieved. In some system configurations or by suitable SPD designs, this tolerable level 

of risk can be reached by a lower UC. An acceptable risk cannot be achieved with an IT earthing configuration. 

Once the risk of loss of protection has reached a reasonable level, other risks remain to be covered. In 

particular, appropriate protection against short circuits should be specified by the manufacturer. 

Overvoltage is independent of the earthing system with regard to the loss of the neutral conductor. It can 

reach values close to √3 U0 between line conductors in a three-phase system, and up to 2 U0 in a single-phase 

three-wire system whenever the loads on each side of the neutral are not balanced. 

This overvoltage is then applied across an SPD intended for surge protection of loads connected line-to-

neutral. In the event of the loss of the neutral conductor, damage to the SPDs can be disregarded in 

comparison to the damages suffered by other equipment in the installation, as long as the SPD failure occurs in 

an acceptable mode. 

In the event of an IT earthing configuration due to the occurrence of a voltage close to the line-to-line voltage 

after the initial fault, a full protection by the SPD can be achieved only if the UC that is chosen is equal to or 

higher than √3 U0. Note, however, that the rest of the equipment will probably have been selected similarly. 
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CONCLUSIONS 
Temporary overvoltages are a type of abnormal event that is extremely difficult – if not impossible – to 

prevent in the normal course of operation of a power system. The probability of such occurrence and the 

levels of overvoltages that can be reached depend upon the design of the power system. This design is 

generally determined by system constraints, which can be other than the consequences of applying an 

overvoltage to an SPD. 

Therefore, the SPD has to suffer the consequences of an overvoltage. This leaves a range of various scenarios 

as possibilities. At one end of the spectrum, it may include an SPD selected with a high MCOV that will make it 

immune to most temporary overvoltages (but at the price of diminished surge protection). At the other end, it 

may be a low MCOV selected by a wish to provide surge protection with low limiting voltage for loads (but at a 

greater risk of destruction under temporary overvoltage conditions). 

This dilemma cannot be solved by mandatory practices imposed by just one of the parties involved in the 

design, operation, and protection of power systems and connected loads. Rather, the situation requires 

cooperation among the parties, recognizing the limitations of the technology and weighing the options and 

consequences, depending on the specifications of the installation and its mission. 
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SUMMARY 
This is the fifth publication in a series of Application Notes on transient overvoltages and transient currents in 

AC power systems and customer installations. 

For a general introduction to the subject, read Cu0134 – Transients and Overvoltages: Introduction. 

The principal focus of this Guide is on AC power circuits, but this does not mean that surge control is limited 

only to that. We should also consider overvoltages associated with interactions between two different 

systems, such as the AC power system and a communications system. Similarly, surges and overvoltages can 

also cause damage in equipment control systems via electromagnetic coupling. 

This application note addresses the interaction between power systems and communication systems and its 

consequences for power surge control. It also discusses the susceptibility of electronic equipment systems to 

power surges. Damaging influence can occur in a direct (via the power port) or indirect (through electro-

magnetic coupling) way. 
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SYSTEM INTERACTIONS 
Field experience has demonstrated that equipment failures are often summarily – and incorrectly – attributed 

to a surge impinging on the power port of a multiport piece of equipment, a power-line surge in the language 

of the media. Actually, the stress on the equipment that failed can be the result of a surge current in another 

nearby system, either inherently, or as a side effect of the surge current resulting from the diverting action of 

an SPD. 

System-interaction stress can occur even if both the power and communications ports are apparently 

protected by SPDs (either one at each port or a general one upstream in the systems). These protections raise 

the expectation of adequate surge protection being provided. When failure or upset of the equipment still 

occurs, questions arise on the adequacy of the existing SPDs. However when system interaction is the cause, 

the answer will not be found in providing improved SPDs installed separately on each of the ports, but rather 

by understanding the interaction scenario and providing effective remedial measures to address this type of 

stress. 

INTERACTION BETWEEN POWER SYSTEM AND COMMUNICATIONS SYSTEM 

As more electronic equipment enters the home, business, and industrial environment, these often involve a 

communications port as well as their usual power-cord port. Typical examples involving a connection to the 

power system and the telephone system are a personal computer (PC) with an internet connection or a router. 

In large industrial installations, remote sensor or control devices are linked to a central processing unit, with a 

possibility of bringing foreign earth potential to the communication ports of the processing unit. Although each 

of the power and communications systems might include a scheme for protection against surges, the surge 

current flowing in the surged system causes a shift in the potential of its reference point, while the reference 

point of the other, non-surged system remains unchanged. The difference of potential between the two 

reference points appears across the two ports of the PC/modem or central processing unit. Depending on the 

nature of the PC/router or central processing unit – and their immunity, which is not often defined – this 

difference of potential can have some upsetting or damaging consequences. 

Figure 1 illustrates the example of a PC equipped with an internet access powered from a branch circuit that 

includes a protective earth conductor. The three-wire cord establishes the potential of the chassis as that 

existing at the earthing point of the power panel. The LAN socket is connected to a telephone outlet in the 

room, wired to a protective device installed by the telephone company at the telephone service entrance. 

 

Figure 1 – PC/LAN connection to the power system and to the communications system. 
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This configuration has a high risk of causing problems when the power service and the telephone service enter 

the house at opposite ends of the house. In such a situation, the earthing connection of the telephone 

protector is made to the nearest point of the earthing system, typically a cold-water pipe or a dedicated 

earthing wire. In either case, the length of this equipotential conductor can be substantial. The result can be a 

large shift in the reference potential during the flow of surge currents. 

 

 

Figure 2 – Socket-based surge diverter for avoiding damage to ICT equipment from surges on the power 

system. 

 

The very same scenario applies to other equipment connected to the power system and to the telephone 

system, such as a fax machine or an answering machine. The difference, however, might be that a PC with 

communication connections is often assembled by the user or by a retailer from uncoordinated elements, 

while the fax or answering machines are designed from the start to operate as a single unit. In the case of the 

PC with its communication connections assembled from uncoordinated components, immunity against the 

shifting reference potential is not assured. Individual solutions are available as refurbishments (Figure 2). For a 

fax or answering machine, one might expect that the integrated design should anticipate and make provision 

for these reference shifts. Field experience, however, indicates that problems still occur. 
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OTHER INTERACTIONS 

A very similar scenario can develop for a TV receiver or DVD player, with the power supplied from a branch 

circuit and the video signal supplied from a CATV system or a satellite dish located outside the house. The 

difference here is that instead of the symmetrical and balanced configuration of a telephone pair, the video 

signal is carried by a coaxial cable for which the cable shield will be the prime carrier of any surge current. 

The same observation made above in the case of a fax machine applies to the TV or DVD player; they are the 

products of an integrated design rather than uncoordinated assembly of separate components. Nevertheless, 

given the wide-spread use of satellite antenna systems for consumer applications, coordination of earthing 

practices appears a difficult goal to reach. 

Another scenario can unfold in facilities such as an industrial installation where process control and sensor 

signals are carried by separate systems, other than the power systems on which this guide is focused. 

Mitigation possibilities include provision of suitable hybrid multi-port SPDs as well as good earthing and 

cabling practices as described in IEC 61000-5-2. The IEC 62305 series provides details on wave forms, 

categorisation, origin and mitigation measures of transients and a guide to risk assessment of lightning 

protection. Moreover, note the IEC/TR 62066 standard for general information and IEC 61643 for low-voltage 

surge protective devices. 

The proliferation of Local Area Networks (LANs) in utility and industrial environments leads to the possibility of 

interference from transient overvoltages. This usually occurs as the result of a potential difference between 

the power supply reference and the signal reference of the communications device. Some LAN topologies are 

more susceptible to such interference than others are. For example, thin Ethernet has proven to be more 

susceptible in practice because it is an unbalanced transmission medium (single ended, shielded coaxial cable) 

that links the equipment case ground of multiple devices together. This often results in unwanted ground 

loops in the steady state and significant transient current flows in such loops during a disturbance. These 

currents can temporarily disrupt the data flowing on the LAN. The voltages that result from this coupling can 

be high enough during a transient to damage the electronics in the network card. 10-Base-T Ethernet LANs are 

generally less susceptible because they use a balanced (differential) transmission medium (twisted pair cable) 

and are generally transformer coupled inside the network card. In addition, this type of LAN does not connect 

the case grounds of multiple computers working together. When using fibre optics, the networks are isolated 

from the power system and coupling from any electromagnetic interference. These types of networks are 

generally recommended in environments where electromagnetic interference with network communications 

cannot be risked or tolerated. 

 

EFFECTS ON LOAD EQUIPMENT 

UPSET VS. DAMAGE 

Transients occurring on the AC power supply can affect equipment. They can cause either an upset or 

permanent damage to components in several different ways, depending on the characteristic of the surge and 

the design of the equipment. The most obvious mechanism is a surge impinging on the power port of 

connected equipment. However, a more insidious mechanism involves spurious coupling of high frequency 

transients occurring on the power circuits into control circuitry outside the equipment. The first case can be 

addressed by specifying appropriate design of the equipment; EMC performance requirements are now 

increasingly standardized and should provide adequate immunity if implemented at the equipment level. The 

second is a matter of installation practices, not equipment specification. Good EMC installation practices, such 
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as those recommended in IEC 61000-5-2, can go a long way toward obtaining undisturbed equipment 

operation in the face of potentially interfering transients. 

COMPONENT VS. EQUIPMENT SUSCEPTIBILITY 

As discussed above, distinctions must be made among the mechanisms by which surges can affect the 

operation and integrity of equipment. The following list describes surges impinging on the power port and 

their most likely impact on equipment, summarized in Table 1. 

Type of equipment 

Surge parameters 

Source 

impedance 

Peak 

voltage 

amplitude 

Maximum 

rate of 

voltage 

rise 

Tail 

duration 

Repetition 

rate 

l²t in 

device* 

Insulation - Bulk  X  X**   

 - Windings  X X    

 - Edges  X X    

Clamping SPDs - Bulk X X   X X X 

 - Boundary X   X X X X 

Semiconductors - Thyristors  X X   X 

 - Triacs X X X   X 

 - IGBTs  X X   X 

Power 

conversion - DC level X X  X X  

 - Other       

Data processing malfunction  X X  X  

* The l²t in the device is actually the result of the combination of surge parameters and device response to the 

surge. Like other power and energy-related equipment stress, l²t is not an independent parameter of the 

surge. 

 ** Amount of final carbonization, not the initial breakdown.  

Table 1 

1. High-energy surges* affecting the power port of equipment and causing damage to the internal 

components, primarily semiconductors that might have insufficient voltage withstand capability. 
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2. High-energy surges* with sufficient current-delivery capability to overstress an SPD that may be 

incorporated into the load equipment. When an SPD diverts a surge – the intended function – 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 directly related to energy. 

3. High-energy surges with sufficient joule delivery capability to cause an excessive rise of voltage in the DC link 

of an electronic load with rectifier-capacitor input. Depending on the design of the equipment, such a voltage 

increase can damage the next stage – the solid-state high frequency chopper – or cause a temporary or 

permanent shutdown of the chopper. 

4. Surges of short or long duration, with voltage amplitude in excess of the voltage-withstand capability of the 

equipment, and in the absence of an SPD or an input rectifier-capacitor power supply. There are fewer and 

fewer examples of this type of equipment currently on the market. For electrical insulation, the failure 

mechanism (breakdown or spark-over) 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, liquid or gaseous 

material separating energized conductors in equipment, clearances on a printed circuit board, edges of 

semiconductor layers, et cetera. 

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 can be subjected to higher stress than others. 

This is the result of the uneven voltage distribution resulting from a steep front rather than only the peak value 

of the surge. 

5. Semiconductor devices responding to the rate of voltage change, such as thyristors, can be turned on by a 

surge, resulting in failure of the device or hazardous energizing of the load they control. In a similar manner, a 

triac can 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. 

6. In data-processing equipment, malfunction – data errors, not damage – can be caused by a fast rate of 

voltage changes (capacitive coupling) or a 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. 

  

                                                                 

 

* The not entirely correct term ‘high-energy surge’ is cited here intentionally as a reminder that an enduring 

misunderstanding has been created by unfortunate attempts at measuring the ‘energy in the surge’. The 

correct way to describe a surge is ‘energy-delivery capability’, emphasizing that the energy dissipated in any 

load equipment during a surge event is determined by the interaction of the surge source, impedance along 

the path of propagation, and the load. Thus, it is not possible to characterize a surge by its energy content [Key 

et al, 1996]. 
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CONCLUSIONS 
 

1. System interactions occur at the interface of two different systems, such as the power system 

supplying equipment with its needs for power, and a communications system supplying the signals to 

be processed by the equipment. This multi-port equipment can be exposed to overvoltages occurring 

not only in differential mode at each of the ports, but also between the reference terminals of the 

two ports. It is essential for proper operation and survival of the equipment to take into consideration 

the effects of this phenomenon, often unrecognized or incorrectly attributed to only one of the 

systems, leading to unsuccessful attempts at mitigation applied separately on one or both ports. 

 

2. As previously explained, while the communication/control port of equipment might be deemed 

outside the scope of power quality concerns, the occurrence of surges on the power circuits can 

cause coupling of disturbing transients in adjacent circuits and in extreme cases in circuits within the 

equipment. The phenomenon is similar to that of the electromagnetic field created by a lightning 

flash to earth that does not affect the power quality in the network, but couples with control circuitry 

and causes disturbances this way. Those disturbances might be erroneously attributed to the 

influences of lightning on the quality of power at the power port of the equipment. Thus, 

troubleshooting investigations need to recognize the multiple possibilities for transient events to 

affect equipment. 
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SUMMARY 
This is a fifth publication in a series of Application Notes on transient overvoltages and transient currents in AC 

power systems and customer installations. 

For a general introduction to the subject, first read Cu0134 – Transients and Overvoltages: Introduction. 

This application note provides insight into the monitoring of transient phenomena. Such a monitoring can have 

various purposes: verifying contractual commitments, troubleshooting, or statistical surveys. This application 

note provides a brief discussion on the technical considerations involved in each of those three different types 

of monitoring. 

The following section describes the measurement of transients in more detail. The generic name transients 

covers a wide range of frequency spectra. Each frequency spectrum corresponds to a different kind of origin of 

the transients. It can be capacitor switching surges, fuse-operating surges, inductive switching surges, lightning 

surges, electrical fast transients, or electrostatic discharge events. This paper includes a discussion of 

monitoring transients in the low as well as in the high frequency domain. 

The last section of this application note describes a technique for comparing the recorded transients with 

voltage envelope specifications provided by equipment manufacturers. 
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INTRODUCTION: POWER QUALITY MONITORING 
Characterizing the surge environment has been a subject of research for the last forty years. For the most part 

it has been driven by increasing concern for the vulnerability of new electronic appliances to transient 

overvoltages. However, practically all the transient recording campaigns conducted by major organizations 

(see Annotated Bibliography Section) have been limited to the measurement of transient voltages. As 

described in these archival papers, detection and recording of transients in the 1960s and 1970s were 

performed by a variety of commercial and custom-made systems. Then, in the mid-eighties, disturbance 

monitors took a giant step forward with the development of on-board computers with the capability of 

displaying graphical representations of the disturbance. In addition to equipment malfunction or damage 

concerns, the ready availability of these graphics is likely to have played an important role in bringing much 

attention to what became known as Power Quality. 

In the case of transients as a part of power quality issues, a new situation evolved quite independently from 

the proliferation of transient-recording power quality monitors. It concerned the proliferation of SPDs, PCs, 

and other electronic equipment using a DC link in their mains-connected power supply. 
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PROLIFERATION OF SPDS AND ELECTRONIC DEVICES 
A change has been proposed in the protocol for the monitoring surges within the overall 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 few 

locations can be found where there is not some form of transient voltage limitation in effect. 

Any attempt here to characterize an environment so that appropriate SPDs could then be prescribed for 

specific locations based on voltage measurements would be quite misleading. What such a 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 rather the residual voltages of whatever SPDs are installed nearby. 

This situation is further complicated by the proliferation of PCs and other electronic equipment using an 

intermediate DC link for power conversion. In the industrial environment, the presence of high-power 

equipment can make this situation even more apparent. These intermediate DC links are powered by a 

rectifier-capacitor input. When many such links are present, they can readily absorb incoming surges (unless 

associated with a series reactance, not an unusual situation in variable-frequency drives). 

Instead, the surge environment should be characterized by its capability of delivering a surge current into the 

equipment, in particular SPDs installed separately or incorporated in vendor's equipment. A monitor that 

records only voltage would create the illusion that the installation is not experiencing significant surge activity, 

while in fact substantial surge currents might be involved. These surge currents can cause interference in 

control circuits by the coupling of the electromagnetic field they radiate, or impose excessive stress upon SPDs 

that have been incorrectly sized based on the false impression of low surge activity. 

In recent years, however, power quality problems have lead to a widespread use of electronic power factor 

correction on the input side of many electronc devices. While the coupling between the smoothing capacitor 

and the grid is hereby void, it is particularly this electronic circuitry at the input side that makes devices 

sensitive to the very transients that are now no longer absorbed by the smoothing capacitance. 

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 then only moderate (voltage) surges. When combined with the misconception that ‘the lower 

the clamping voltage, the better’ [Martzloff & Leedy, 1989], the result can be disastrous. 
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PURPOSES OF POWER QUALITY MONITORING 
Power quality measurements are generally undertaken for one or more of three distinct purposes: 

1. Contractual applications 

2. Troubleshooting applications 

3. Statistical surveys applications 

The following paragraphs provide a brief discussion of the technical considerations involved in making such 

measurements. Legal and financial considerations are beyond the scope of this Guide. The IEC 61000-4-30 

provides more detailed recommendations and normative specifications on the performance of power quality 

instruments and measurements. Moreover, the IEC 62305 series provides details on wave forms, 

categorisation, origin, mitigation measures of transients and a guide to risk assessment of lightning protection. 

CONTRACTUAL APPLICATIONS 

Power quality measurements related to contractual agreements are conducted to compare actual conditions 

against those agreed to in a contract between supplier and consumer. Prior to carrying out power quality 

measurements to test compliance with contract terms, reference should be made to the following list of 

considerations. 

1. In order to ensure that the survey results are representative of normal system conditions, the survey 

should discount data at times when the supply is subject to severe disturbance resulting from: 

- Exceptional weather conditions 

- Third-party interference 

- Acts by public authorities 

- Industrial action 

- Force majeure 

- Power shortages resulting from external events 

2. The terms specified in the contract need to be both achievable by the supplier and acceptable to the 

end user. The starting point for a power quality contract should be the power quality standard or 

specification currently in place. The terms of this contract should dictate power quality parameters 

against which measurements can be compared. 

3. Prior to the measurement survey, both parties will agree upon the measurement location, i.e. the 

point on the network where measurements are to be taken. The measurement location should take 

account of the need to assess power quality at the interface between the two parties and any 

trouble-shooting requirements at that point or beyond. 

4. Duration of the measurement survey should be set by the contract terms, with consideration given to 

Item 1 above. 
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TROUBLESHOOTING 

Power quality-related troubleshooting is generally performed in response to operational incidents in an 

installation. Consequently, there is often some pressure on obtaining results as quickly as possible, rather than 

produce data of an archival or legal value. Nevertheless, this need for fast diagnosis should not lead to 

premature or unfounded conclusions, but rather an in-depth understanding of the situation and circuit 

behaviour. To that end, recordings showing waveforms (signatures) are a powerful tool, notwithstanding the 

fact that numerical results are difficult to describe in the same accurate terms used to assess power quality in 

the context of contractual or statistical assessments. 

The most common graphic representation is a time-domain plot of voltage and current. Other forms, such as 

histogram displays of harmonics or falling-water charts, may also occasionally be used. Common time-scales 

for signatures range from 100 microseconds to 30 days. Usually an instrument determines the best time-scale 

for presenting a power quality event based on the characteristics and duration of the event. 

Experts use power quality signatures for many different purposes: 

- To identify the cause or source of a power quality event 

- To locate the cause or source of a power quality event 

- To select an appropriate solution to prevent a similar power quality event from re-occurring 

- To verify that a power quality solution is working properly 

- To identify the specific characteristics that might cause incompatibility with a specific load 

- To predict future failure mechanisms and correct problems before they arise 

Although many experts can identify common power quality events from their voltage signatures alone, having 

current signatures as well greatly increases the range and precision of statements that can be made about a 

power quality event. 

STATISTICAL SURVEYS 

Power-quality related statistical surveys are generally performed for one of several different purposes: 

- Benchmarking the performance of a distribution system 

- Assessing the environment in which specific equipment is about to be installed 

- Other purposes 

A power quality monitoring programme intended to produce an estimate of system-wide power quality must 

be carefully designed. Statistical calculations based on the measurements assume a random selection of 

monitoring points. However, this is not practical because it requires an unreasonably large sample size to 

ensure that a wide range of relevant system characteristics are represented in the sample. 

A much more efficient programme can be designed by placing some simple controls on a selection of 

monitoring points. This technique involves defining a set of site descriptors that comprise the most important 

power quality-determining characteristics. Site descriptors must be stratified; that is, possess a small set of 

discrete values. The random selection process is then constrained such that at least one monitoring point is 

selected for each strata. Details of such a survey design can be found in [Markel et al., 1993]. 
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FREQUENCY RANGE OF INSTRUMENTATION 
Under the generic name of transients, the frequency spectrum of these transients covers a wide range. Figure 

29 shows the spectrum of classical surge-test waveforms. Surveys conducted since the 1960s were performed 

with a variety of instruments so that the results have to be interpreted with considerable caution [Martzloff & 

Gruzs, 1988]. 

 

Figure 1 

The IEC classification of the electromagnetic environment (IEC 61000-2-5) suggests a classification of transient 

events in the millisecond, microsecond, and nanosecond range. These time domains correspond respectively 

to capacitor-switching surges and fuse-operating surges, to inductive-switching and lightning surges, and to 

electrical fast transients (EFT) and electrostatic discharge (ESD) events. This Guide is concerned with the first 

two of these three frequency-domain ranges; each merits some details on the postulates and instrumentation 

applied in measuring the transients. The EFT and ESD measurements are typically staged test procedures 

conducted in the laboratory with pre-calibrated surge generators. The first two (millisecond and microsecond 

range) are conducted in the field as monitoring projects, as well as in the laboratory for research into their 

propagation, immunity, and mitigation. 

LOW-FREQUENCY DOMAIN TRANSIENTS 

GENERAL 
Monitoring of transients on distribution systems requires the use of transducers to obtain acceptable voltage 

and current signals. Voltage monitoring on secondary systems can usually be performed with direct 

connections but even these locations require current transformers (CTs) for acquiring the current signal. 

Most available monitoring instruments intended for general power quality monitoring are designed for input 

voltages up to 600 V rms and current inputs up to 5 A peak. Voltage and current transducers must be selected 

to provide these signal levels. There are two important concerns which must be addressed in selecting 

transducers. 
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1. Signal levels – Signal levels should use the full scale of the instrument without distorting or clipping 

the desired signal 

2. Frequency response – This characteristic is particularly important for transient and harmonic 

distortion monitoring where high frequency signals are particularly important 

These considerations as well as transducers installation considerations are discussed below. 

Voltage transducers (VTs) – VTs should be sized to prevent measured disturbances from inducing saturation. 

For low-frequency transients, this requires the knee point of the transducer saturation curve be at least 200% 

of nominal system voltage. 

The frequency response of a standard metering class VT depends on the type and burden. In general, the 

burden should be a very high impedance. This is generally not a problem with most monitoring equipment 

available today. Most monitoring instruments present a very high impedance to the transducer. With a high 

impedance burden, the response is usually adequate to at least 5 kHz. 

Some substations use capacitively-coupled voltage transformers (CCVTs) for voltage transducers. These should 

not be used for general power quality monitoring since there is a low voltage transformer in parallel with the 

lower capacitor in the capacitive divider. This configuration results in a circuit that is tuned to the power 

frequency, and will not provide accurate representation of any higher frequency components. 

Measuring very high frequency components in the voltage requires a capacitive divider or pure resistive 

divider: Special purpose capacitor dividers can be obtained for measurements requiring accurate 

characterization of transients up to at least 1 MHz. 

Current transducers (CTs) – Selecting the proper transducer for currents is more difficult. The current in a 

distribution feeder changes more often and with greater magnirude than the voltage. 

The proper CT current rating and turns ratio depend on the measurement objective. If fault or inrush currents 

are of concern, the CT (or the current clamps, respectively) must be sized in the range of 20 to 30 times normal 

load current. The same applies to the connected measurement device. This however will result in low 

resolution of the load currents and inability to accurately characterize load current harmonics. 

Standard metering-class CTs are generally adequate for frequencies up to 2 kHz although phase error can start 

to become significant before this limit. For higher frequencies, window type CTs with a high turns ratio 

(doughnut, split core, bar type, and clamp-on) should be used. 

Additional desirable attributes for CTs include: 

1. Large turns ratio; e.g. 2,000:5, or greater. 

2. Widow-type CTs; primary wound CTs (e.g. CTs in which system current flows through a winding) may 

be used, provided that the number of turns is less than five. 

3. Small remnant flux, e.g. 10%, of the core saturation value. 

4. Large core area. The more steel that is used in the core, the better the frequency response of the CT 

5. Secondary winding resistance and leakage impedance as small as possible. This allows more of the 

output signal to flow into the burden, rather than the stray capacitance and core exciting impedance. 
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INSTALLATION CONSIDERATIONS 
Monitoring on the distribution primary requires both voltage and current transducers. Selection of the best 

combination of these transducers depends on a number of factors, including: 

- Monitoring location (substation, overhead,underground, et cetera) 

- Space limitations 

- Ability to interrupt circuit for transducer installation 

- Need for current monitoring 

Existing substation CTs and VTs (with the exception of CCVTs) can usually be used for power quality 

monitoring. For monitoring on distribution primary circuits, it is desirable to use a transducer that can be 

installed without taking the circuit out of service. Meanwhile, transducers for monitoring both voltage and 

current have been developed that can be installed on a live line. 

These devices incorporate a resistive divider type VT and a window type CT in a single unit. The resistive 

divider is connected from phase to ground and the output is taken from the lower resistor. This device can be 

installed on the cross-arm in place of the original insulator. Initial tests indicated adequate frequency response 

for these transducers, assuming careful installation and no corrosion between contacts on the split core. 

However, further field experience with these units has shown that the frequency response, even at the power 

frequency, might be dependent upon current magnitude, temperature, and secondary cable length. This 

makes this device very difficult to use and therefore of questionable reliability for accurate power quality 

monitoring in the field. 

In general, all primary sites should be monitored with metering-class VTs and CTs to obtain accurate results 

over the required frequency spectrum. Installation will require a circuit outage but convenient designs can be 

developed for pole-top installations. 

Another option for monitoring primary sites involves monitoring at the secondary of an unloaded distribution 

transformer. This will give accurate results up to at least 3 kHz. This option does not help with the current 

transducers, but it is possible to get by without currents at some circuit locations (e.g. end of the feeder). This 

option may be particularly attractive for underground circuits where the monitor can be installed on the 

secondary of a pad-mounted transformer. 

Transducer requirements are much simpler for monitoring at secondary sites. Direct connection for the 

voltage is possible for 120/208 V rms systems. This permits full utilization of the frequency response of the 

instrument. 

Currents can be monitored with either metering CTs (at the service entrance, for example), or with clamp-on 

CTs (at locations within the facility). Clamp-on CTs are available in a wide range of turn ratios. The frequency 

range is usually stated by the manufacturer. 

HIGH-FREQUENCY DOMAIN TRANSIENTS 

The nature of high-frequency instrumentation makes it necessary to distinguish between field measurements 

– typically monitoring power quality parameters or troubleshooting – and laboratory measurements for 

research or post-mortem purposes. In the case of field measurements, unattended monitoring is performed 

with sophisticated portable instruments that include on-board processing of the recorded data, sometimes 

with capability of remote downloading. Such a procedure is in sharp contrast with staged tests, generally 

associated with investigations into equipment failures. 
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Staged tests can involve the deliberate switching of loads and switchgear operations – known sources of 

power quality problems – to assess the response of a particular power system. Another approach to staged 

field tests is the deliberate injection of surges into the power system. However the opportunities for such tests 

are rare because system operators are reluctant to have their facility subjected to such stresses [Martzloff, 

1990]. 

In the case of laboratory measurements, the typical approach is to generate a transient with a surge generator 

and apply it to the equipment being investigated. However, a factor that differentiates surge testing (for 

immunity assessment) from other laboratory procedures involving immunity to other power quality 

disturbances is the fact that the ultimate stopping point of such a test is the failure of the equipment under 

test, thus making replication difficult and/or expensive. 

FIELD MONITORING 
On the positive side, considerable progress has been made in the availability of monitoring instruments since 

the early 1980s. Portable digital units are now capable of recording a vast amount of data for displaying on a 

wide screen and for detailed analysis in the lab later. 

An undesirable situation is the lack of consensus – and consequently in reporting results – on what the 

parameters of the transient monitoring should be. There are generally good reasons for which the researchers 

set the parameters of their monitoring instruments, but they are not necessarily standardized and often not 

explicitly stated in the reports. 

Therefore, end-users can be left with unresolved ambiguities on reported results. They should be quite explicit 

in defining the parameters when sponsoring field monitoring or staged tests. Such parameters should include 

the following concepts, as presented below in the form of questions to be answered before initiating a 

monitoring project. The answers may well depend on the purposes of conducting the monitoring 

measurements. 

Voltage vs. current measurements? – As discussed earlier in this Application Note, the proliferation of SPDs 

and electronic devices has completely changed the results that a transient voltage measurement can usefully 

convey in the present power systems environment. Awareness of this issue is gaining strength, but has not yet 

reached the point where the desirable shift from voltage to current measurements has occurred. 

Transducer and instrument response? – The high level of sophistication in the measurement instruments has 

sometimes resulted in oversimplification of some parameters and led to a lack of understanding of the limits of 

the reported results. Careful examination, or even cross-examination, is in order for the implicit postulates of 

an instrument and/or of the document reporting the monitoring results. 

Thresholds? – Setting the threshold above which a disturbance will be recorded (and reported) is a decision 

that can be made by deliberate choice, or sometimes by a default setting of a power quality monitor. There 

are technical, practical, and even commercial considerations involved in establishing such a threshold. If the 

setting is too low, the user may be drowning in a stream of data; if it is too high, only rare events will be 

detected. In some of the published surveys, a rationale is presented for this threshold setting, such as selecting 

a level slightly below the level at which the equipment of interest is known to experience problems. However, 

this level is not always clearly stated. This can therefore become a misleading – even if inadvertent – oversight 

when pie charts are prepared that are allegedly presenting a picture of the relative share of the various types 

of disturbances lumped into a pool (or stream) of all events. By manipulating the respective thresholds of 

detection of the various events – either deliberately (covertly) or by default – one of these events can be 

stated unquestionably as the most frequent type of disturbance and leave it to the sponsor of the 

measurement to decide how to fill the blanks. 
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Dead time after recording? – Some transients can involve a series of bursts separated by a shorter time than 

the recovery and rearming time of the instrument processing and recording the data. The instrument is thus 

not ready to effectively record the next event. In the event of a crescendo in the burst, it is possible that only 

the first portion – and not the worst – of a multiple-peak event will be recorded. 

Conductor combinations? – Some of the early instruments had a limited number of channels – at the extreme 

only one – and the reported results of monitoring were equally limited. A review of these surveys made in the 

late eighties [Martzloff & Gruzs, 1988] and even more recent papers [Pfeiffer & Graf, 1992] revealed that to 

some researchers, the insulation stress was the important factor, and thus the voltage measurements were 

made between line and earth. To other researchers, however, the stress on power electronic components was 

the prime factor and thus the measurements were made between line and neutral. Given the different 

earthing practices in place around the world, these two measurements are not comparable. More recent 

instruments offer multiple channels so that either by default or by choice, the surge voltages appearing 

between different combinations of conductors can be monitored. Yet some summary reports may still leave 

that detail unclear. 

Filtering out power frequency voltage? – This is another detail that is sometimes left unspecified because 

different researchers seem to have different points of view. Some instruments inherently filter out the 

fundamental power-frequency voltage and report the deviation. Other instruments measure and report the 

total (instantaneous) voltage. It may be argued that when recording surge voltages in the range of kilovolts, 

the difference of including or not including the instantaneous value of the fundamental (maximum of 170 V for 

120-V systems, or 350 V for 230-V systems) is not a significant difference. However, for moderate surge peaks, 

it would be important. If the result of the measurement is used for predicting the behaviour of a nonlinear 

SPD, it is the total that counts, and filtering out the fundamental would be misleading. 

LABORATORY TESTS AND MEASUREMENTS 
In contrast with unattended field monitoring of transients, laboratory measurements can be performed under 

close scrutiny and tests schedules can be adjusted to best fit the observed results as the test programme 

progresses. It is a mistake to schedule a rigid test schedule and execute it blindly. While it might appear self-

evident that a test programme is a living organism, experience shows that for surge testing in particular, some 

protocols focused on a pass/fail criterion do not allow for adjusting the test schedule. The consequence is that 

useful knowledge that might be gained by closely following the test results as they progress is lost in the 

process. 

Another pitfall in laboratory tests focused on pass/fail is the notion that all generic products – SPDs in 

particular in the context of this Guide – should be treated as equals when assessing their performance. This 

notion is sometimes described under the label of black box testing and is driven by a commendable wish to 

treat all candidate products evenly and fairly. However, when the circumstances do not require such uniform 

(even if somewhat blind) test procedures, the test protocol might be optimized according to the intended 

purpose. This consideration is particularly applicable when the tests are conducted for research purposes 

rather than product qualification. 

WIDE-BAND CURRENT TRANSDUCERS 

Wide-band current transducers (giving a voltage signal in response to a current) make it possible to record 

high-frequency transient currents. Some considerations on the use of such devices are listed below. 

One major advantage of transducers based on a current transformer with integral burden (thus producing a 

voltage signal) is that they provide complete isolation between the power circuit being monitored and the 

monitoring instrument. Artifacts associated with ground loops are thus avoided. The current transformer is 

generally constructed for one-turn primary configuration, either with a window trough which the conductor 
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can be threaded, or with a split, clamp-on core. The latter offers the advantage of an easy insertion with no 

interruption of power to the loads. 

Current-time product (IT Max) – Magnetic cores have a flux-carrying capacity which is dependent upon their 

size and upon the magnetic material used. When this capacity is reached, the core becomes saturated and the 

transformer output will quickly drop to zero. This saturation can also occur if the current contains a DC 

component. The current-time product, divided by the pulse width yields the maximum current which can be 

measured without saturating the core. 

Rise time and droop – When a current transformer is used to measure an ideal rectangular pulse, the observed 

output will fall with time. The rate of this fall-off is called droop. High permeability material used in wide-band 

transformers reduces this effect considerably. The voltage signal output, when displayed on an oscilloscope, 

will be a faithful reproduction of the actual current waveform, within the limitations of rise time and droop 

specified for the particular model used. The voltage amplitude will be related, on a linear basis, to the current 

amplitude by the sensitivity in volts-per-ampere. For wide-band transformers used in recording high-frequency 

transients, typical values of the rise time (10%-90%) are in the range of 2 ns to 200 ns. Typical droop values 

range from 0.1% per us to 0.5% per ms. 
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RMS VOLTAGE ENVELOPE ASSESSMENT 

BACKGROUND 

The basic reason for measuring transients is to compare measured values with those used to verify the 

immunity of electrical and electronic equipment connected to the distribution system. In its continuing effort 

to understand power line disturbances in relation to the reliability of sensitive electronic systems, the 

information technology industry developed a voltage envelope tolerance based on a combination of test 

results. Responding to a need for equipment immunity standards, these voltage envelope tolerances, now 

incorporated into some IEEE Standards [IEEE Std 446], have been used as the basic reference in many power 

quality assessment surveys. This subclause describes one technique used to compare the recorded transient 

with one voltage envelope tolerance specification. 

WINDOW WIDTH AND SAMPLING RATE 

Measurement instrumentation needs a four-cycle window width of recorded data in order to analyse the 

voltage envelope of wave-forms and to compare their results with the CBEMA curve specification. A minimum 

sampling rate of 18 kilosamples per second is recommended to record this type of low-frequency transient to 

measure intervals above 0.01 cycle. To provide reproducibility of the measurement, an anti-aliasing filter with 

cut-off frequency (-3 db fourth order) at 5 kHz is recommended. 

VOLTAGE ENVELOPE 

The voltage envelope consists of a curve showing the severity of the disturbances as momentary rms voltage 

deviations from the declared voltage that lasts a certain period of time. The declared voltage is the nominal 

voltage of the power system. The root-mean-square of the sampled values is used to assess the rms voltage 

envelope over an interval exceeding 0.01 cycle. 

The aim of the voltage-envelope analysis is to identify a suitable time that yields the maximum Up for several 

intervals T calculated with the equation above. The approach consists of finding this maximum amplitude for 

several reference intervals, typically 0.01 cycle, 1 ms, 3 ms, 0.5 s, and steady-state (3 s). During a survey, many 

transients are recorded and yield data for each reference interval in order to perform the statistical analysis. In 

this manner, the voltage envelope analysis allows assessing the percentile of the voltage envelope of recorded 

transients. 
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SUMMARY 
This is the eighth publication in a series of Application Notes on transient overvoltages and transient currents 

in AC power systems and customer installations. For a general introduction to the subject, first read Cu0134 – 

Transients and Overvoltages: Introduction. 

This application note provides insight into the fundamentals of surge protection and mitigation. 

It describes the basic characteristics of Surge Protective Devices (SPDs) which divert surges by offering a low-

impedance path to return the surge current to its source. The different types of SPDs are presented, based on 

their internal circuitry and their components. This application note also discusses the various functions of an 

SPD and the conditions it should be able to withstand as well as insight into how to select the SPD limiting 

levels. 

Different techniques for the mitigation of capacitor-switching transients are discussed in this application note. 

In the final part of this note, built-in equipment protection, add-on protection, and system interaction 

protection are discussed in greater detail. 

  



 

Publication No  Cu0141 

Issue Date:    August 2015  

Page 2 

 

FUNDAMENTALS OF SURGE PROTECTION 

GENERAL 

In the low-voltage (end-user) environment, SPDs serve to divert impinging surges by offering a low-impedance 

path to return the surge current to its source. This function can be accomplished in a single or several stages, 

depending on the system configuration and the degree of freedom available to the user in connecting SPDs at 

different points of the system. 

Large surges originating outside of the user's facility – usually associated with lightning or major power-system 

events – are best diverted at the service entrance of a facility. Surges generated within the premises can be 

diverted by SPDs located close to the internal surge source or close to the sensitive equipment in need of 

protection. Figure 1 shows the principle of a two-stage protection scheme. The first stage provides diversion of 

impinging high-energy surges
*
 through the arrester, typically installed at the service entrance, or by a device 

permanently connected at the service panel. Some restriction of the propagation of surge currents in branch 

circuits is inherently provided by the inductance of the premises wiring. The second stage of voltage limiting is 

provided by an SPD of lesser surge-handling capability which is typically located close to the equipment in 

need of protection as an add-on, plug-in device, or incorporated within the equipment by the manufacturer. 

This second stage completes the scheme for dealing with surges of external origin as well as for surges 

originating within the building. 

 

Figure 1 – A two stage protection scheme. 

 

                                                                 

 

*
 The term high-energy surge is used here as short-hand for the more accurate term surge with high energy-

delivery capability. Some power-quality surveys reports make reference to the concept of and term energy in 

the surge as an abstract characteristic of the surge itself, which could be derived from measuring only the 

voltage and duration of a surge occurring in the power system Such characterization is meaningless and 

misleading (Standler, 1989); (Key et al., 1996]. 
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TYPES OF SURGE-PROTECTIVE DEVICE COMPONENTS 

Providing detailed information on SPDs is not within the scope of this Guide; however, some knowledge about 

the components involved in the protective function will assist in making engineering judgements about their 

selection and application. SPD components can be classified into two types: voltage-limiting devices and 

voltage-switching devices (also called crowbars). A low-pass filter will attenuate the high frequency portion of 

a surge and thus act in a manner similar to an SPD. However, according to the formal definition of an SPD, such 

a low-pass filter is not in fact a proper SPD because it does not include a non-linear device. 

A voltage-switching (crowbar) device involves a switching action as the voltage across the terminals rises. This 

switching can be either the breakdrown of a gas between electrodes or the activation of a solid-state device. 

After its activation, the device presents a low impedance to divert the transient current through some low-

impedance path back toward its source. A voltage-limiting device can be based on the technology of avalanche 

(zener) diodes or varistors. Both avalanche diodes and varistors exhibit a monotonic and non-linear current-

voltage characteristic, in contrast with the abrupt change of impedance associated with voltage-switching 

devices. 

TYPES OF SURGE-PROTECTIVE DEVICES 

Several types of internal configuration are found in commercial SPDs. This variety is due to the internal 

circuitry as well as the SPD components used in the circuits. Recent IEEE and IEC standards have now 

designated SPDs as being one-port SPD or two-port SPD. These two terms are explained below. 

One-port SPDs – The protective function of a one-port SPD is provided by a shunt connection (Figure 2) to the 

circuit to be protected, seen as one or more pairs, such as line-to-neutral, line-to-ground, and neutral-to-

ground. 

 

Figure 2 



 

Publication No  Cu0141 

Issue Date:    August 2015  

Page 4 

 

The issue of providing protection to one, two, or three of these pairs is discussed later in this application note. 

For the one-port SPD, the limiting voltage is measured at the terminals, either screw terminals or leads. This 

configuration opens the possibility of misapplying the device by using long leads for the connection, which 

results in an inductive voltage being added to the intended limiting voltage of the device. This possibility must 

be recognized in guidance on SPD applications as well as in details of the lead configuration when performing 

tests. 

Two-port SPDs – In two-port SPDs, there is a power input port and a power output port that are distinct. 

Depending upon the design, some components can be inserted in series between the input and output port. 

The motivation for this configuration is generally to provide the two-stage protection scheme illustrated in 

Figure 1a within a single package. 

Another motivation is to remedy the lead length problem: Some manufacturers offer the so-called in-line 

configuration for permanently connected SPDs, with four terminals and the requirement that the power flow 

be through the SPD. Figure 3 shows typical arrangements of two-port SPDs. These configurations make it 

necessary to design and rate the device for a specific value of the power-frequency current. 

 

Figure 3 
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From the point of view of surge suppression, a two-port SPD is intended for one and only one direction of 

impinging surges. Typically, the SPD component connected nearest to the input terminals has a greater 

current-handling capacity than the component connected nearest to the output terminals. This asymmetry 

must be recognized in the application. 

Note in Figure 3 that the designation of two-port applies whether the SPD has a three-terminal or a four-

terminal configuration. Correct operation of this SPD is based on the following assumptions: 

1) The impinging surge comes from the left of the figure 

2) The series impedance separating the two SPD components will produce a sufficient voltage drop, 

added to the limiting voltage of the varistor at right to cause the gas tube at left to sparkover and 

relieve the varistor from the stress of conducting the tail of the surge 

Such a design might operate quite well at the maximum stress level, but not at intermediate current levels, or 

slow-rising surges, for which the voltage drop in the series impedance would be insufficient to produce 

sparkover of the gas tube. Such a situation is referred to as blind spot and should be recognized when 

specifying selection or tests for SPDs. 
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FUNCTION OF SPDS 
The primary function of an SPD is the diversion of impinging surges away from sensitive loads without causing 

immediate or long-term failure of the SPD. However, the SPD must also withstand the normal and abnormal 

variations in steady-state conditions of the power system. This dual requirement focuses on characteristics 

discussed in the following paragraphs. Particular emphasis must be given to the failure modes of a sound SPD 

under abnormal system conditions, as well as failure modes under normal system conditions of an SPD, which, 

for whatever reason, might have reached the end of its useful life. 

PERFORMANCE UNDER SURGES 

This characteristic is of course the very purpose of an SPD. Various severity levels of surges should be 

stipulated for candidate SPDs depending upon the location of the SPD. The 0.5 µs 100 kHz Ring Wave and the 

1.2/50 µs 8/20 µs Combination Wave provide basic information on the limiting voltage and energy-handling 

capability of an SPD for single surges as well as for cumulative effects over the life of the device. The purpose 

of an SPD is to limit transient overvoltages to values that downstream equipment can withstand without 

damage, or in certain cases without upset. 

PERFORMANCE UNDER STEADY-STATE VARIATIONS 

As discussed in Cu0136, low-voltage AC power systems can experience temporary overvoltages that can stress 

SPDs. The concept and specification of a maximum continuous operating voltage (MCOV) has been developed 

to assess the ability of an SPD to withstand such abnormal conditions. Proper selection of an SPD requires 

reconciliation of the MCOV of the SPD and the various scenarios for the occurrence of temporary overvoltages 

at the point of interest. 

DURABILITY (ENDURANCE) 

An SPD is expected to provide reliable operation for a number of years. This durability is generally not 

specified by the SPD manufacturer (except, indirectly, by those offering a lifetime guarantee on their package) 

because of the dominant effect of undefined environmental stresses on the aging process. 

MODES AND MODE CONVERSION AT THE POWER PORT 

Depending upon the design and application philosophy of manufacturers, commercial SPDs are offered with 

surge protection provided between all pairs of conductors or between only some selected pairs. In North 

American practice where the equipment grounding conductor is bonded to the neutral and local earth at the 

service entrance, only differential mode surges can emerge from the service panel. However, surge currents 

associated with a differential mode surge, when flowing in the conductors of a branch circuit, can produce 

voltage drops along the neutral conductor or the equipment grounding conductor. This results in a significant 

difference of voltages with respect to other grounded structures (a form of mode conversion). The diversity of 

approaches must be recognized, and any test schedule must be established, taking into consideration the 

specific design of the SPD under test. 
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SELECTION OF LIMITING LEVELS 
Under the perception that it is necessary – or at least desirable – to provide the lowest possible level for the 

limiting (clamping) voltage, some SPD manufacturers have been offering SPDs with a limiting level as low as 

330 V for 120 V circuits. These manufacturers claim superior performance over competing SPDs that achieve 

somewhat higher levels (such as 400 V or 500 V) under the same specified applied surge current. A similar 

downward auction for limiting voltage selection is likely to occur for other system voltages. 

During the development of the seminal standard UL 1449 and IEC Publication 664 in the late seventies and 

early eighties, a table of overvoltage categories was under consideration with levels that included the 330 V 

value. However, it is noteworthy that this level was not cited in IEC 664 as a level for systems rated at 120 V, 

but rather as a level for systems rated at 50 V. Thus, the understandable desirability of effective protection 

through low limiting voltage became biased toward considering (advertising) a limiting voltage of 330 V as a 

plus factor in evaluating the performance of SPDs for 120 V circuit applications. 

A better perspective of the issue was reached in the nineties, but the outmoded perceptions and advertising 

claims linger. Against these, the following facts and considerations should be kept in mind: 

- Among published papers on immunity testing of appliances [Anderson & Bowes, 1990, Smith & 

Standler, 1992], and surge immunity tests performed on a wide range of appliances, no adverse 

effects have been reported until the applied surges exceed thresholds of 600 V to 1,000 V 

- The well-accepted CBEMA Curve (now renamed ITIC Curve) did not require limiting voltages of 330 V 

(for 120 V loads) for durations of less than 0.5 ms, and allowed limiting voltages with increasing levels 

at shorter durations 

- A low limiting level can result in premature aging of the SPD when it is called upon to more frequently 

clamp surges that would not have caused any intervention of an SPD with somewhat higher limiting 

voltage [Martzloff & Leedy, 1989], or swells resulting in significant shift of the nominal voltage when 

applied in large numbers over the life of the device [Lagergren et al., 1992] 

- Some utilities wish to select an SPD capable of withstanding twice the line-to-neutral voltage in order 

to avoid device failure or fuse opening under the condition of lost neutral connection 

It appears then that the advantage of a low limiting voltage can in fact have undesirable side effects on the 

long-term overall reliability of the application of an SPD in end-user circuits. The chart in Figure 4 summarizes 

the considerations involved in selecting a suitable SPD. Clearly, the mere selection of a limiting level as a 

retrofit approach to protect a piece of equipment is insufficient for a reliable application. 
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Figure 4 
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MITIGATE SURGES AT THE ORIGIN 
The classical EMC approach to disturbance mitigation generally recommends mitigation at the origin whenever 

possible. For instance, IEC 61000-5-2 offers guidelines on earthing and wiring practices that can reduce the 

coupling of surges between their origin and the circuits of interest. In the case of surges however, all the 

discussions presented on their origin indicate that such a sensible approach cannot apply to lightning surges 

once they have been coupled into the power system. 

Designing a power system for less exposure to lightning surges is not within the prerogatives of the industrial 

user, and thus is not discussed in this Guide. One possible exception to this situation where the end-user is 

confronted with surges that cannot be mitigated before they impact the installation is the case of capacitor-

switching surges discussed below. For surges such as these, mitigation might be possible at the origin when 

the parties involved cooperate in finding a solution. 
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MITIGATION OF CAPACITOR-SWITCHING TRANSIENTS 

GENERAL 

Devices for the mitigation of capacitor-switching transients at their point of origin either attempt to minimize 

the overvoltage or overcurrent at the point of application of the capacitors, or limit (clip) the overvoltage. For 

the capacitor-switching transients discussed in Cu0136, several solutions or mitigation means can be applied, 

as follows. 

Solutions to the excessive secondary overvoltages associated with capacitor switching (described in Cu0136) 

usually involve one or more of the following: 

a. Detuning the primary circuit by changing capacitor bank sizes, moving banks, and/or removing banks 

from service 

b. Switching large banks in more than one section 

c. Using an overvoltage control method such as pre-insertion resistors/inductors or synchronous closing 

control 

d. Converting low-voltage power factor correction banks into harmonic filters (detuning the secondary 

circuit – which should be common practice today, but is not always fully implemented) 

Solutions to the excessive current inrush associated with back-to-back capacitor switching (described in 

Cu0136) usually involve one or more of the following: 

a. Adding current-limiting reactors to decrease the peak current and frequency of the oscillatory inrush 

current 

b. Adding pre-insertion resistors or inductors to the switching device 

c. Adding synchronous closing control to the switching device 

d. Electronic switching, connecting presicely at a phase angle for which the residual voltage of the 

capacitor equals the instantaneous system voltgage 

Each of these methods has various advantages and disadvantages in terms of transient overvoltage mitigation, 

cost, installation requirements, operating and maintenance requirements, and reliability. Some of these 

factors are described in the following paragraphs. 

TIMING CONTROL 

Synchronous closing consists of performing the closing of the contacts of each phase near a zero voltage, as 

illustrated in Figure 5. To accomplish closing at or near a zero voltage, it is necessary to use a switching device 

that maintains a dielectric strength sufficient until its contacts touch. 
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Figure 5 

Although this level of precision is difficult to achieve, closing consistency of ±0.5 ms should be possible. A 

closing consistency of ±1.0 ms was found to provide overvoltage control comparable to properly sized pre-

insertion inductors. The success of a synchronous closing scheme is often determined by the ability to repeat 

the process under various system and climate conditions. Adaptive, microprocessor-based control schemes 

that have the ability to learn from previous events address this concern. 

Grounded capacitor banks are controlled by closing the three phases at three successive zeros of the phase-to-

ground voltage (60 degree separation). Ungrounded capacitor banks are controlled by closing the first two 

phases at a phase-to-phase zero voltage and then delaying the third phase 90 degrees (zero voltage of phase-

to-ground). 

PRE-INSERTION DEVICES 

A pre-insertion impedance (resistor or inductor) provides a means for reducing the transient currents and 

voltages associated with the energization of a capacitor bank. The impedance is by-passed shortly after the 

initial transient dissipates, thereby producing a second transient event. The insertion transient typically lasts 

for less than one cycle of the frequency. The performance of the system pre-insertion impedance is evaluated 

using magnitudes of both the insertion and the by-pass transients, as well as the capability to dissipate the 

energy associated with the event, and repeat the event on a regular basis. The optimum resistor value for 

controlling capacitor-switching transients depends primarily upon the capacitor size and source strength. 

FIXED INDUCTORS 

Fixed inductors have been used successfully to limit inrush current during back-to-back switching. The value of 

these inductors is typically on the order of several hundred microhenries. In addition, inductors provided to 

limit outrush current (into a nearby fault) may be applied, with typical values of 0.5 mH to 2.0 mH. However, 

these fixed reactors do not provide appreciable transient overvoltage reduction. 
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After all, the presence of a reactor connected in series with a compensation capacitor should  be common 

practice today. Such a combination will act as a detuning reactor to avoid resonances between the 

compensation capacitance and any inherent inductance in the system. Such resonances could be excited by 

lower order harmonics present in the system. The inductance ratings of such detuning reactors, however, are 

one or two orders of magnitudes higher than of those for mitigating the inrush currents. Consequently, the 

current transient when connecting a capacitance is replaced by a voltage transient when disconnecting an 

inductance. This needs to be dealt with accordingly. 

MOV ARRESTERS 

Metal oxide varistors (MOVs) can limit transient overvoltages to the protective level (typically 1.8 to 2.5 per-

unit) at the point of application. The primary concern associated with MOV application is the energy duty 

during a restrike event. Although a rare occurrence, a switch restrike generally results in the highest arrester 

duty for arresters located at the switched capacitor. In addition, remote arresters (including low-voltage 

customer applications) can be subjected to severe energy duty if voltage magnification occurs. This condition 

could be especially troublesome for distribution systems if SiC-based arresters remain in service. 

The effectiveness of these mitigation methods is system dependent, and a detailed analysis is necessary to 

select the optimum scheme [Mikhail et al., 1986]; [Grebe, 1995]. While often justifiable for large transmission 

applications, transient analysis of distribution capacitor applications is rarely performed and, in general, 

capacitor banks are installed without transient overvoltage control. 

If these preventive measures against capacitor switching transients are not practical or possible for an end-

user customer to coordinate with the supplier, then remedial measures can be applied at the service entrance 

and points of connection of equipment in the customer's facility. This is described in the subchapter Function 

of SPDs. 
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INHERENT OR BUILT-IN EQUIPMENT PROTECTION 
To take care of load equipment performance, well-considered specifications for the equipment should always 

be presented to the potential suppliers. Inquiries should be carried out with several suppliers to obtain 

comparable data for equipment performance. This should include levels of immunity to transients, among 

other data. However, different protection strategies can make protection levels difficult to compare. Solutions 

for protection proposed by different suppliers should be evaluated. It should be verified whether they are 

using SPDs internally or base their protection strategy on providing SPDs centralized in the electrical 

installation. In any event, the supplier should commit to the specified level of transient voltage immunity. 

General information included in equipment specification should be the conditions defined by mutual 

agreement among the parties involved. Factors to be considered include likelihood and frequency of 

occurrence, magnitude, and other characteristics of the transients. Specific equipment performance 

parameters to be specified may, among others, include the magnitude of standardized transients that should 

not cause an abnormal operation of the equipment and the level at which the equipment should not be 

damaged. 

The expected outcomes for various scenarios should be specified. For instance, the IEC 61000-4-xx series 

describes the level of performance expected and should be a valuable fundamental reference and support for 

determining equipment specifications. More descriptions, precautions and mitigation measures can be found 

in the IEC 62305 series. 
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ADD-ON PROTECTION 

SPD APPLICATION AT SERVICE ENTRANCE OR POINT OF USE 

Experience has indicated that built-in surge protection, as designed by equipment manufacturers, is not always 

sufficient. Efforts have been applied to correct this situation through the development of IEC standards on 

equipment immunity. However, there is much equipment in use that was built before these immunity 

standards emerged. Furthermore, many users wish to ensure more reliability and therefore routinely prescribe 

add-on surge protection. This desire leads to the need for selecting the most effective point of application of 

SPDs – service entrance, point of use, or both. 

The term service entrance is used in this Guide as a general term. The actual installation described by this term 

might have different implementations, depending upon local codes and practices. The interpretation of the 

term also depends on the type of service connection (overhead up to the building, underground for some 

distance before the building) and voltage rating of the service connection. The following discussion is 

presented for the case of power being supplied to the customer at a low voltage, and the service entrance 

understood as the point of common coupling. 

In such an arrangement, the user has discretionary control on what SPD may be installed at the service 

entrance. The selection of a two-stage protection is also at the user's discretion. Large commercial installations 

are generally implemented under the guidance or supervision of a competent facility engineer. At the lower 

end of the power scale, residential installations are generally implemented with little engineering 

consideration applied to the choice made by the resident on providing surge protection. An exception to this 

situation is emerging, with some utilities offering a packaged whole house protection engineered with 

coordinated service entrance and point-of-use (plug-in) SPDs. This engineered two-stage scheme takes into 

consideration the issues of cascade coordination, a topic that is discussed in the next subsection. 

Providing well-coordinated SPDs at the service entrance diverts impinging surge currents to earth at that point, 

rather than allowing them to flow into the installation wiring where they can induce interfering voltages in the 

circuits and equipment. The selection of SPDs installed at the service entrance, upstream from the customer's 

overcurrent protection, implies that the SPDs incorporate a suitable SPD disconnector rated for the available 

fault current that might develop in case of SPD failure. 

CASCADE COORDINATION 

GENERAL OBJECTIVE OF COORDINATION 
A coordination study of SPDs and equipment is needed whenever more than one SPD is used to protect 

equipment. This study should be executed after it has been verified that the protection level of the SPDs and 

their location are suitable for the equipment to be protected. The general objective of the coordination study 

is to reduce the overvoltages by means of SPDs to the withstand capability of the equipment to be protected 

and to ensure that the surge current rating capability of the individual SPDs will not be exceeded. This 

condition can be expressed as follows: 

Given two SPDs connected in parallel, SPD1 and SPD2 and separated by a decoupling impedance (Figure 6), the 

energy coordination is achieved if the portion of energy dissipated through SPD2 is lower than or equal to the 

maximum energy-withstand of SPD2 for each surge-current level and waveform to be considered. 
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Figure 6 

Coordination between two SPDs can be demonstrated by five different approaches, described below. 

Whatever the approach, it is necessary that the end-user have control over the selection of the SPDs, 

preferably both of them. If one is already given and beyond the control of the end-user, the coordination of 

the second candidate SPD can be assessed and more suitable candidates identified if necessary. Most of the 

time, coordination is, or might seem to be a complex situation. Some of the following five procedures might 

then appear to the end-user as difficult to apply, due to lack of knowledge concerning some data, as for 

example accurate SPD characteristics. Nevertheless, coordination is necessary to ensure technically effective 

and cost-effective use of resources. 

ASSESSMENT OF COORDINATION 
The five basic different methods of assessing the coordination of two SPDs are: 

1. Application of preferred SPD combinations. This is the most convenient variant for the users because 

the burden of demonstration is incumbent upon the SPD manufacturer. However, this approach 

implies either that a sole source manufacturer be selected, or that standard methods be developed to 

allow determination that candidate devices from different sources are in fact equivalent. 

2. Coordination computation. Computer simulation enables complex systems to be examined and 

parametric evaluation performed over a wide range. 

3. Application of the Let-Through Energy concept. In this concept, some decoupling impedance is 

postulated in the upstream SPD and a computation is performed for converting the SPD 

characteristics on the basis of an equivalent combination wave generator. A comparison can then be 

made with the energy-withstand capability of the downstream SPD (Hasse et al., 1994] 

4. Coordination test. A full-scale test is performed with candidate SPDs, for a postulated decoupling 

impedance and a range of surge currents such that blind spots, if any, are revealed. Candidate devices 

may include voltage-limiting SPDs, voltage-switching SPDs, or combination type SPD [voltage-

switching SPD + voltage-limiting SPD]. 

5. Simplified rules with margin. Simplified tables including margins for the coordination of some typical 

SPDs may be used when no other data is known from the SPD manufacturers. The values given in 

these tables include sufficient margins to cover discrepancies between manufacturers and 

manufacturing tolerances. 
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SYSTEM INTERACTION PROTECTION 
As discussed in Cu0138, interactions at equipment ports involving different systems can produce damaging or 

upsetting shifts in reference potentials during surge events. Anecdotal information indicates that this 

mechanism is probably the most frequent cause of electronic consumer equipment failure (TV receivers and 

VCRs with cable signal input, computers with wired modem connection, smart telephones, etc.) 

Various mitigation schemes have been proposed to remedy upsetting or damaging potential differences. 

Increasing the withstand capability of the PC system by the manufacturers is unlikely to occur, given the 

market economics. Moreover, it actually might not be practical for some of the voltages that can appear in 

actual situations. The most effective course would be a fibre optic decoupling, inserted in the communications 

link, but the expense and involvement required would be objectionable for the typical home office application. 

For industrial applications where the consequences can be severe, this approach is often selected and has 

been found to be both successful and cost-effective 

NON-METALLIC LINKS 

Consumer options are limited to either replacement of existing conducted communication and control links 

with their fibre optic counterparts, or insertion of commercially available isolation devices as needed. The first 

option, while appropriate for new installations, might not be cost-effective for an existing installation. Devices 

manufactured specifically for various port types can be applied for existing installations. For example, RS-232 

communications are often used for connecting programmable logic controllers and other devices in utility and 

industrial facilities. These links are easily isolated using an optically coupled adapter that connects directly to 

the RS-232 port. These devices must have a suitable voltage isolation rating (e.g. kilovolts) for the application. 

Some of these devices only have isolation capability measured in hundreds of volts which might not be 

sufficient. Similar devices exist for other ports. 

EQUALIZING REFERENCE POTENTIALS 

Theoretically, a simple way to eliminate the shifts in reference potentials during surge events would be to 

bond the two reference conductors of the two systems. However, such a simple bonding might not be 

acceptable from the point of view of the system operators, the local or national codes, and product listing 

agencies. Therefore, this Guide cannot provide recommendations applicable to all situations in all countries, 

but only describe general principles leading to a solution. 

When bonding the two references directly is not permitted, it might be permissible to provide an SPD of 

appropriate characteristics that will in effect bond the two references – although with some potential 

difference still left – but only during a surge event. This legitimately circumvents the prohibition of a 

permanent bonding under steady-state conditions. The alternative, i.e. no bond at all, is that unintended 

bonding is likely to occur – with damaging results – by sparkover of the clearances separating the conductors 

of the two systems. For instance, tests have shown that the isolation between the cable input and the tuner of 

a typical TV receiver will flashover at about 2.5 kV [Martzloff, 2000]. 
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SUMMARY 
This is the ninth publication in a series of Application Notes on transient overvoltages and transient currents in 

AC power systems and customer installations. 

For a general introduction to the subject, first read Cu0134 – Transients and Overvoltages: Introduction. 

This application note provides insight in the phenomenon of overvoltages due to ferroresonance. 

Ferroresonance can occur when a medium voltage cable of significant length together with a slightly loaded 

transformer with ungrounded primary connections gets isolated. This can happen, for instance, after a fuse 

has blown or after switching. Because ferroresonance is a non-linear phenomenon, it is difficult to anticipate 

all of its potential behaviour. This paper provides a detailed discussion of the conditions under which the risk 

of ferroresonance is high. An important aspect is the voltage level of the cable: ferroresonance is more likely to 

happen at 25 kV and 35 kV than at 12 kV. 

After a discussion of the likelihood of ferroresonance occurring, this paper provides a description of its possible 

symptoms. Damage to the surge arresters of electronic and IT equipment is one of the most common 

occurrences. 

A list of potential solutions is provided. 

Finally, this paper contains a chapter regarding potential transformers going into permanent over-excitation 

due to ferroresonance with possible damaging results. 

  



 

Publication No  Cu0142 

Issue Date:    December 2015  

Page 2 

 

INTRODUCTION 
Ferroresonance is a phenomenon that is not well understood. At times it seems to occur capriciously and thus 

causes much concern among utility operating personnel. It generally occurs during a system imbalance, usually 

during switching, that places a capacitance in series with the transformer magnetizing impedance. This can 

result in high overvoltages that can cause failures in transformers, cables, and arresters. Any system 

capacitance can be involved in ferroresonance, however the major concern is underground cable capacitance. 

As utilities moved cable systems into a 25 kV or 35 kV class, they found ferroresonance to be much more 

common than at lower voltage levels. They discovered that they had to be more careful about how they 

switched the cable and how they arranged switch points to minimize the amount of cable isolated with lightly 

loaded transformers during switching. Ferroresonance is a greater problem at the higher voltage levels 

because the relative ratios of losses, magnetizing impedance, and cable capacitance fall into a range more 

likely to produce ferroresonance. Ungrounded transformer primary connections go into ferroresonance quite 

easily. Many utilities no longer employ these connections for this reason and have switched to grounded-

wye/grounded-wye connections for their three-phase loads fed from underground cable systems. 

Grounded-wye transformers comprised of three separate units are virtually immune to the common varieties 

of ferroresonance. Grounded-wye/grounded-wye three-phase pads with 4- or 5-leg cores are less susceptible 

to ferroresonance than delta or ungrounded-wye connections, but they are not immune. They simply require 

more cable length and different transformer characteristics. The common core configuration for the three-

phase pad mounts provides the necessary coupling between phases to produce ferroresonance. 

There are several different modes of ferroresonance possible with grounded-wye 5-leg core transformers with 

sustained overvoltages reaching 2.0 to 2.5 per unit for some modes. Of course, if allowed to persist, these 

overvoltages may cause transformer failure, cable failure, and customer appliance failure. Symptoms 

frequently reported are failed arresters, customer complaints of fluctuating voltage, and bubbled or charred 

paint on the transformer tank when the flux gets into the tank. 

The evaluation of ferroresonance ties in closely with the decision to apply arresters on a cable system. If surge 

arresters are not installed on the cable system, it has no protection against overvoltages. This can contribute 

to premature cable failure or transformer failure if allowed to persist. On the other hand, if arresters are 

applied, arrester duty during phase-by-phase switching operations is a concern, and there is the possibility that 

arresters may fail catastrophically. 

The most dangerous time is when phase-by-phase cable switching occurs during construction of a subdivision 

or commercial area. The transformer involved may have no load and there will be more occasions that the 

transformer is exposed to the condition with one or two open phases. 

However, ferroresonance can also occur accidentally due to such things as a faulty connector or splice 

opening, or an overhead line feeding the cable opening due to such things as an automobile collision with a 

pole. The no-load condition also occurs when customers install automatic relaying to disconnect from the 

utility at the first sign of trouble. 

WHAT IS FERRORESONANCE? 
Ferroresonance is a general term applied to a wide variety of interactions between capacitors and iron-core 

inductors that result in unusual voltages and/or currents. In linear circuits, resonance occurs when the 

capacitive reactance equals the inductive reactance at the frequency at which the circuit is driven. Iron-core 

inductors have a non-linear characteristic and have a range of inductance values. Therefore, there may not be 
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a case where the inductive reactance is equal to the capacitive reactance, but yet very high and damaging 

overvoltages occur. 

Because the phenomenon is non-linear, it is difficult to anticipate all of the possible behaviours. The usual 

method of explaining ferroresonance is to consider the graphical steady-state solution to the simple series LC 

circuit shown in Figure 1. This approximates the conditions in the power system that most frequently lead to 

ferroresonance. Keep in mind, however, that this simple example describes the steady-state solution. In 

reality, transient events may dominate and this graphical solution is inadequate to descibe all that takes place. 

 

Figure 1 

If L is linear, the graphical steady-state solution to this circuit is shown in Figure 2. 

 

Figure 2 

The intersection of the inductive reactance, XL, line with the capacitive reactance, XC, line yields the current in 

the circuit and the voltage across the inductor. These two lines represent the solution to the equation: 

𝑉𝐿 − 𝑗 𝑤 𝐿 𝑙 = 𝑗 𝑋𝐿𝑙 = 𝑉 −  (−𝑗 𝑋𝐶)𝑙 

At resonance, these two lines become parallel, yielding solutions of infinite voltage and current. Of course, this 

assumes lossless elements. Losses in the circuit can be represented graphically by converting the capacitance 

line into an ellipse. 
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Consider the case of the non-linear, saturable inductor. The graphical solution is shown in Figure 3. It is 

apparent that there can be as many as three intersections of the capacitor line with the inductor curve. 

Intersection 2 is an unstable operating point, and the solution will not remain there in the steady state. 

However, it may pass through this point during a transient. Intersections 1 and 3 are stable and will exist in the 

steady state. Clearly, if the intersection 3 solution occurs, there will be both high voltages and high currents. 

 

 

Figure 3 – Graphical solution for the non-linear inductor case. 

For small capacitances, the Xc line is very steep, usually resulting in only one intersection in the third quadrant. 

The capacitive reactance is larger than the inductive reactance, resulting in a leading current and higher than 

normal voltages across the capacitor. The voltage across the capacitor is the length of the line from the system 

voltage intersection to the intersection with the inductor curve. As the capacitance increases, multiple 

intersections can develop as shown. The natural tendency then is to achieve a solution at intersection 1, which 

is an inductive solution with lagging current and little voltage across the capacitor. Note that the voltage across 

the capacitor will be the line-to-ground voltage on the cable in the typical ferroresonance event. 

For a slight increase in the voltage, the capacitor line will shift upward, eliminating the solution at intersection 

1. The solution would then try to jump to the third quadrant. Of course, the resulting current may be so great 

that the voltage then drops again and we get the solution point jumping between 1 and 3. Indeed, phenomena 

like this are observed during instances of ferroresonance. The voltage and current appear to vary randomly 

and unpredictably. 

In the usual power system case, ferroresonance occurs when a transformer becomes islolated on a cable 

section in such a manner that the cable capacitance appears to be in series with the magnetizing characteristic 

of the transformer. For short lengths of cable, the capacitance is very small and there is one solution in the 
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third quadrant at relatively low voltage levels. As the capacitance increases, the solution point creeps up the 

saturation curve in the third quadrant until the voltage across the capacitor is well above normal. These 

operating points can be relatively stable, depending on the nature of the transient events that precipitated the 

ferroresonance. 

WHY DOESN’T FERRORESONANCE OCCUR AT 12 KV? 
Many utilities have operated 12 kV systems for many years without experiencing any known ferroresoannce. 

When some of those utilities switched to 25 kV and 35 kV levels in the 1960s and 1970s, they were caught by 

surprise at how easily ferroresonance developed and they suffered adverse consequences. This situation has 

led to the belief in some circles that ferroresonance is a problem unique to 25 kV and 35 kV levels. The reality 

is that ferroresonance can occur at any voltage level. It is simply a matter of having the right circuit parameters 

present at the right time. The reason why ferroresonance is unlikely to occur at 12 kV is not well understood. 

However it is probably safe to postulate that the required combination of cable capacitance, magnetizing 

impedance, and low losses is less likely to occur. 

Figure 4 compares the graphical solution of the series LC circuit used to illustrate ferroresonance concepts for 

12 kV and 25 kV transformers. For the same size transformer with the same percentage of magnetizing 

impedance, the actual ohmic value of the magnetizing impedance is 4 times greater at 24 kV. The capacitance 

of the 25 kV cable will be similar to that of the equally sized 15 kV cable. Therefore, the capacitance line on the 

figure is drawn at the same slope in both cases. 

 

Figure 4 – Comparing 12 kV and 25 kV transformers of the same size and percentage of magnetizing 

impedance and connected to the same cable capacitance. 

For the 12 kV tranformer, the capacitor line intersects the saturation curve at a point where the voltage is 

lower than normal. In contrast, the same capacitance slope intersects the 25 kV saturation curve well above 

the knee of the curve, which will typically result in voltages of at least 130%+. As the capacitance increases 

(cable length increases), the capacitance line will pivot clockwise. It will intersect the saturation curve of the 
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25 kV transformer in the first quadrant at a much shorter length than for the 12 kV transformer. This results in 

the development of other ferroresonant modes. 

Another factor may be related to the age of the systems. Typical 12 kV systems contain many older 

transformers. Economic pressures in recent years have resulted in distribution transformers with lower losses 

and steeper magnetizing curves. This combination increases the range of capacitance in which ferroresonance 

can occur. 

WHEN IS A SYSTEM LIKELY TO GO INTO FERRORESONANCE? 
There are two main circuit configurations that cause ferroresonance: 

1. A fuse operates (either correctly or inadvertently), or a lineman pulls an elbow connector for 

switching purposes. This leaves one or more transformers isolated on a length of cable with one 

phase open. 

2. A three-phase transformer is energized by manually switching cables, intentionally or inadvertently, 

some distance upstream from the transformer. This leaves the transformer isolated on a length of 

cable with two phases open. This seems to be more of a problem when switching cables and 

transformers at new construction sites. 

There are two additional conditions that must be met: 

1. The length of cable between the transformer and the open conductor location must have sufficient 

capacitance to cause ferroresonance. 

2. The losses in the circuit and the resistive load on the transformer must be low. 

These conditions can be met at a variety of times. The low resistive load requirement is often met on new 

construction when there may be no load on the transformer or only a few small loads. When the load on the 

transformer increases after a period of time, ferroresonance becomes less likely. Some of the common 

circumstances leading to ferroresonance include: 

- Transformer fuse blowing 

- Line or switch fuse blowing 

- Manually energizing a new transformer 

- Cable switching upstream from transformers 

- Cable connector or splice opening 

- Manual cable switching to reconfigure a cable circuit during emergency conditions 

- Open conductor fault in overhead line feeding cable 

Normally, one may expect to be able to do load-break switching on older circuits during an emergency without 

threat of ferroresonance because of the presence of load. However, many industrial loads will shut down 

during storms when power interruptions are occurring. This leaves the transformer lightly loaded and more 

susceptible to ferroresonance than is normally expected. 



 

Publication No  Cu0142 

Issue Date:    December 2015  

Page 7 

 

SYMPTOMS OF FERRORESONANCE 
There are several modes of ferroresonance with varying physical and electrical displays. Some have very high 

voltages and currents while others have voltages close to normal. 

There may or may not be failures or other evidence of ferroresonance in the electrical components. Therefore, 

in many cases it may be difficult to tell if ferroresonance has occurred unless there are witnesses or power 

quality recording instruments. 

One thing common to all types of ferroresonance is that the steel core is driven into saturation, often deeply 

and randomly (otherwise, it is conventional resonance and not considered ferroresonance). As the core goes 

into a high flux density, it will make an audible noise due to the magnetostriction of the steel and to the actual 

movement of the laminations. In ferroresonance, this noise is often likened to shaking a bucket of bolts or to a 

chorus of a thousand hammers pounding on the transformer from within. In any case, the sound is 

distinctively different and louder than the normal hum of a transformer. It is difficult to describe accurately, 

but if one has the opportunity to be standing near a transformer that goes into ferroresonance, as one 

experienced person put it, ‘it will incite the fight-or-flight reflex to want to flee.’ 

Another common symptom of a high magnetic field is stray flux heating in parts of the transformer where 

magnetic flux is not expected. Since the core is saturated repeatedly, the magnetic flux will find its way into 

the tank wall and other metallic parts. 

One possible side effect is the charring or bubbling of paint on the top of the tank. This is not necessarily an 

indication that the unit is damaged, but damage can occur in this situation if the ferroresonance persists 

sufficiently long enough to cause overheating of some of the larger internal connections. This can in turn 

damage insulation structures beyond repair. 

If high overvoltages accompany the ferroresonance, there can be electrical damage to both the primary and 

secondary circuits. Surge arresters are common victims. They are designed to intercept brief overvoltages and 

clamp them to an acceptable level. While they may be able to handle several overvoltage events, there is a 

definite limit to how much energy they can absorb. Ferroresonant modes with high levels of available energy 

and high voltages can be expected to fail arresters quickly. However, even modes with little energy available 

can cause arrester failure if the ferroresonance is allowed to persist for many seconds or minutes. 

Surge protectors are common in computers and other consumer appliances, office equipment, and factory 

machines, and are therefore probably the most common casualties of ferroresonance. In one case that was 

investigated, an auto struck a power pole causing one phase to become open circuited. This caused 

ferroresonance in a three-phase transformer feeding a shopping mall through a run of several hundred metres 

of cable. When utility personnel arrived on the scene, they found a circular spot of charred paint on top of the 

mall's service transformer. In addition, many point-of-sale cash registers in the mall were damaged by the 

sustained overvoltages, mostly, it is believed, due to the failure of MOV surge protectors in the power circuits. 

A number of primary arresters on the overhead line had also failed and blown their isolators. 

Customers are frequently subjected to a wavering voltage magnitude. Light bulbs will flicker between very 

bright and dim. Some electronic appliances are reportedly very susceptible to the voltages that result from 

specific types of ferroresonance. The failure mode is not well understood. Perhaps, it is simply MOV failure in 

the front end. These frequently fail catastrophically, going into thermal runaway and then burning open with 

considerable arcing display. This may do nothing more than pop a breaker, but surge protection is lost against 

any subsequent surge that has the potential to damage the appliance. 

Transformers themselves can usually withstand the overvoltages without failing. Of course, they cannot be 

expected to endure this stress repeatedly because the forces often shake things loose inside and abrade 
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insulation structures. The cable is also not greatly in danger unless its insulation stress had been reduced by 

aging or physical damage. It may be difficult to clear arcs when pulling cable elbows if ferroresonance is in 

progress. The currents may be much higher than expected and the peak voltages may be high enough to cause 

re-ignition of the arc. 

Some utilities will not perform cable switching involving three-phase pad mount transformers without first 

verifying that there is substantial load on the transformers. Some have reported carrying a light board in the 

line truck for such purposes. This is a dummy resistive load consisting of several light bulbs that can be clipped 

onto the secondary bushings of the transformer of the smaller 3-phase pads until switching is complete. 

One of the common solutions for preventing ferroresonance during cable switching is to always pull the 

elbows and energize the unit right at the primary terminals. This will normally work because there is no 

external cable capacitance to cause ferroresonance. There is a little internal capacitance, but the losses of the 

transformers are usually sufficient to prevent resonance with this small capacitance. 

Unfortunately, modern transformers are changing the old rules of thumb. Reports have circulated claiming 

that some of the newer low-loss transformers, particularly those with amorphous metal cores, will go into 

ferroresonance by themselves. The combination of lower losses and steeper saturation curves seems to be the 

reason. 

FERRORESONANCE AND POTENTIAL TRANSFORMERS 
A network with insulated neutral potential can randomly switch from symmetrical operation to ferroresonance 

condition and vice-versa as a consequence of a transient in the circuit (a fault, a switching operation, et 

cetera). When ferroresonance occurs, a permanent voltage between neutral and earth exists and phase 

voltages of the circuit become asymmetrical. Under these conditions, grounded-neutral, wye-connected 

potential transformers are subjected to a permanent over-excitation flux and may be damaged, or potential 

transformer fuses, when adopted to protect the devices, may operate. 

If potential transformers have a broken delta-connected secondary to detect ground faults, sometimes 

ferroresonance can give false indications of faults because it produces an abnormal voltage across the broken 

delta-connected winding. 

The extent of ferroresonance for an insulated neutral potential network with grounded neutral, wye-

connected potential transformers depends upon: 

- The amount of capacitive reactance to ground (cable capacitance or lumped capacitance) 

- The amount of magnetizing reactance of the potential transformers 

- The total zero-sequence losses in the circuit (the higher the losses, the shorter the duration of 

oscillations triggered by ferroresonance) 

- The sharpness of saturation of the potential transformers 

It has been shown experimentally that for standard potential transformers and for circuits with low zero-

sequence losses, ferroresonance can take place if the ratio Xc/Xµ (equivalent reactance of system 

capacitance/equivalent magnetizing reactance of the potential tranformers) is between 0.01 and 

approximately 3. 

For PTs adopted to detect ground-faults, it is customary to select a transformer rated at line-to-line system 

voltage and operate it at lower voltage (knee point at 3 of operating voltage). In this case, ferroresonance is 

less likely to occur, because the ratio Xc/Xµ should be between 0.01 and about 0.5. 
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CONCLUSIONS 
The risk of ferroresonance is high when a 25 kV or 35 kV cable of significant length (sufficient capacitance) but 

low losses becomes isolated without a substantial load together with a transformer with ungrounded primary 

connections. The flux density in the steel core will be driven into saturation, which makes a clearly audible 

noise. It may find its way to other parts of the transformer and may damage insulation structures beyond 

repair. A moderate to very high overvoltage will be generated in both the primary and secondary circuits of the 

transformer. This may damage surge arresters and other equipment. Ferroresonance can also cause light bulbs 

to flicker. 

Two precautions can prevent the majority of the ferroresonance events from happening: 

1) Always check if there is still a substantial load on the transformer before switching and if not, 

temporarily connect a dummy resistive load. 

2) Install and operate elbow switches and switches that energize a tranformer as close as possible to the 

transformers primary terminals. 

The risk of over-excitation of potential transformers due to ferroresonance can be minimized by using 

tranformers that are specified according to the line-to-line system voltage and operating them at lower 

voltage. 


