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Abstract 

Transient increases in voltage on AC mains.  Broadly, there are two different types of 

transient over voltages; low frequency transients with frequency components in the few-

hundred-hertz region typically caused by capacitor switching, and high-frequency transients 

with frequency components in the few-hundred-kilohertz region typically caused by lighting 

and inductive loads. Low frequency transients are often called “capacitor switching 

transients”. High frequency transients are often called “impulses”, “spikes”, or “surges” over 

voltages are brief, high-frequency  

Protecting susceptible electronic equipments from AC power line disturbances is a major 

concern in commercial or industrial business environments. Computers, programmable logic 

controllers (PLCs), solid-state motor controllers, variable-speed drives (VSDs), and 

communications equipment all can be damaged by voltage transients.  

In the vicinity of electronics and control systems, there is often high powered equipment and 

cabling. In these situations it is possible that electronic circuits can be affected by these mains 

carrying components in such a way that signals become corrupted. Corrupted signals, 

especially in industrial surroundings, can lead to faulty operations or the disruption of a 

production line. These interferences are caused by mains failure, harmonic distortion and  

transient switching voltages. The important frequency range lies mostly between 10 kHz and 

100 MHz with the majority of this between 100 kHz and 10 MHz.  
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Introduction 

Electrical transients in the form of voltage surges have always existed in electrical 

distribution systems, and prior to the implementation of semiconductor devices, they were of 

minor concern. The vulnerability of semiconductors to lightning strikes was first studied by 
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Bell Laboratories in 1961. A later report tried to quantify the amount of energy certain 

semiconductors could absorb before they suffered latent or catastrophic damage from 

electrostatic discharge. Despite these early warnings, industry did not begin to address the 

issue satisfactorily until the late 1970s. All electrical and electronic devices can be damaged 

by voltage transients. The difference between them is the amount of energy they can absorb 

before damage occurs. Because many modern semiconductor devices, such as low voltage 

MOSFETs and integrated circuits can be damaged by disturbances that exceed only 10 volts 

or so, their survivability is poor in unprotected environments.  

In many cases, as semiconductors have evolved, their ruggedness has diminished. The trend 

to produce smaller and faster devices, and the spread of MOSFET and gallium arsenide FET 

technologies has led to an increased vulnerability. High impedance inputs and small junction 

sizes limit the ability of these devices to absorb energy and to conduct large currents. It is 

necessary, therefore, to supplement vulnerable electronic components with devices specially 

designed to cope with these hazards. Selection of the proper protective method should be 

made based upon a thorough investigation of the potential sources of the overvoltage hazard. 

Different applications and environments present different sources of overvoltage. The sources 

may be external, or they may be within the circuit.  

Lightning Phenomena 

At any given time there are about 1800 thunderstorms in progress around the world, with 

lightning striking about 100 times each second. In flat terrain with an average lightning 

frequency, each 300 foot structure will be hit, on average, once per year. Each 1200 foot 

structure, such as a radio or TV tower, will be hit 20 times each year, with strikes typically 

generating 600 million volts. Each cloud-to-ground lightning flash really contains from three 

to five distinct strokes occurring at 60 millisecond intervals, with a peak current of some 

20,000 Amperes for the first stroke and about half that for subsequent strokes. The final 

stroke may be followed by a continuing current of around 150 Amps lasting for 100 

milliseconds. 

The rise time of these strokes has been measured to be around 200 nanoseconds or faster. It is 

easy to see that the combination of 20,000 Amps and 200 nanoseconds calculates to a value, 

dI/dt, of 1011 Amps per second! This large value means that transient protection circuits 

must use radio frequency (RF) design techniques, particularly considerate of parasitic 

inductance and the capacitance of the conductors. While this peak energy is certainly 

impressive, it is really the longer term continuing current which carries the bulk of the charge 

transferred between the cloud and ground.  

Switching of Loads in Power Circuits 

Inductive switching transients occur when a reactive load, such as a motor, solenoid or relay 

coil, is switched off. The rapidly collapsing magnetic field induces a transient voltage across 

an inductive load’s winding which can be expressed by the formula:  

V = - L (dI/dt) 
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Fig1(a) 

 

Fig1(b) 

where L is inductance in henrys and dI/dt is the rate of change of current in Amps per second. 

Such transients can occur from a power failure, the normal opening of a switch or a load 

failure. The energy associated with the transient is that stored within the inductance at power 

interruption and is equal to: 

ω = 1/2 Li2 

where ω is energy in joules and I is instantaneous current in amps at the time of interruption. 

Inductive switching transients are the silent killers of semiconductors as they often occur with 

no outward indication. A graphic example is the report of a large elevator company indicating 

the failure of 1000 volt rectifiers during a power interruption. In another area, power 

interruption to a 20 horsepower (HP) pump motor in a remote area was directly related to 

failure of sensitive monitoring equipment at that same site. [4] The International Electro-

technical Commission (IEC) is now promoting their specification IEC 61000-4-4. This 

describes an inductive switching transient voltage threat having 50 nanosecond wide spikes 

with amplitudes from 2 kV to 4 kV occurring in 300 millisecond wide bursts. Besides these 
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particular regulatory specifications, many other application specific, functional tests exist. A 

supplier of transient voltage suppressor (TVS) components will be expected to perform to a 

wide variety of them. These components must be robust, because the hazard is d ynamic and 

generally repetitive. 

Electrostatic Discharge (ESD) 

Electrostatic discharge (ESD) is a widely recognized hazard during manufacturing, shipping 

and handling of many semiconductor devices, especially those that contain unprotected 

MOSFETs, semiconductors for use at microwave frequencies and very high speed logic with 

switching times of 2 nanoseconds or less. In response to this threat, most semiconductors are 

routinely shipped in containers made of conductive material. This technique essentially 

maintains a common electrical potential between the device pins, eliminating any voltage 

differential. In addition to various shipping precautions, electronic assembly line workers 

should be grounded, use grounded-tip soldering irons, ionized air blowers and other 

techniques to prevent large voltage potentials to be generated and possibly discharged into 

the semiconductors they are handling. Testing of the device presents yet another opportunity 

for static build up and discharge. Once the finished device is in normal operation, ESD 

damage can still occur. Any person shuffling his feet on a carpet and then touching a 

computer keyboard can possibly cause a software crash or, even worse, damage the computer 

hardware. 

The electrical waveform involved in ESD is a brief pulse, with arise time of about 1.0 

nanosecond, and a duration of 100 to 300 microseconds. The peak voltage can be as large as 

30 kV in dry weather, but is more commonly 0.5 to 5.0 kV.6 The fastest rise times occur 

from discharges originating at the tip of a hand-held tool, while discharges from the finger tip 

and the side of the hand are slightly slower. A typical human with a body capacitance of 150 

Pico-farads, charged to 3 micro-coulombs, will develop a voltage potential of 20 kV, 

according to the formula: 

V = Q/C 

where V is voltage, Q is charge and C is capacitance. The energy delivered upon discharge is: 

ω = ½ CV2 

where ω is energy in joules, C is capacitance and V is voltage. It is interesting to note that 

most microcircuits can be destroyed by a 2500 volt pulse, but a person cannot feel a static 

spark of less than 3500 volts! Protection devices, known as electrostatic discharge protectors 

(ESD Protectors) are small and inexpensive, and can be valuable insurance against ESD, 

especially around data ports and other pin connections which are accessible to the human 

touch. 
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Protection Devices: 

Over Voltage Devices 

Thyristor Surge Protection Devices: 

Thyristors are crowbar devices. Thyristors are based on a pair of intertwined bipolar 

transistors created by a 4 layer stack of n and p doped silicon regions. The n doped region N1, 

p doped region P1, and n doped region N2 form the emitter, base and collector of an n-p-n 

transistor while p doped region P2, n doped region N2, and p doped region P1 form the 

emitter, base and collector of a p-n-p transistor. With this arrangement the collector of each 

transistor provides the base of the other transistor. In this way any emitter to collector current 

of one transistor provides the base current for the other transistor. For a positive Anode to 

Cathode voltage, both emitter-base junctions, J1 and J3, are forward biased. Only the reverse 

biased junction J2 prevents current flow. If the Anode to Cathode voltage is increased to the 

breakdown voltage of the J2 junction currents will begin to flow directly into the bases of the 

two bipolar transistors. This turns both transistors on. With both transistors on the Thyristor’s 

resistance drops, and the voltage across the Thyristor also drops. The resulting I-V curve for 

forcing a positive current from the Anode to the Cathode of a Thyristor. A protection element 

with this form of I-V curve can provide excellent protection; when triggered the voltage 

drops well below the trigger condition and considerable current can be carried with very little 

power dissipation in the protection element. A caution is that the current or voltage must fall 

below the Holding Point, to return the Thyristor to its high resistance state . 
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Fig 2(a): Thyristor physical structure and circuit 
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Fig2(b): I-V curve for a Thyristor biased Anode to Cathode 

Under a negative Anode to Cathode voltage there is no regenerative feature and the I-V curve 
looks like a reverse bias diode breakdown. 

 
Polymer ESD Devices 

 
Polymer ESD devices consist of a polymer embedded with conducting particle. At high 
voltage arcs between the particles create a low resistance path resulting in a drop in voltage. 

Polymer Devices are bidirectional crowbar devices. Polymer devices often have very high 
turn on voltages, often over 

200V, but they turn on quickly, limiting the exposure to high voltage.  
 

 

 
fig3 a) Polymer ESD construction, b) I-V curve of a polymer device 
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Comparison of Protection Devices: 

Table shows a comparison of different types of surge suppression devices. The table is 

divided by device capabilities for high power surge events, such as the combination wave, 

8/20 and 10/1000 types of stress, and fast, lower energy, ESD events as shown in Table 1. 

 

 

Comparison of the effectiveness of different clamping devices is often very difficult. Data 

sheet parameters focus on the voltages at which protection elements turn on and the level of 

stress they can absorb. There is often very little on voltage clamping capability. Gas tubes 

and Thyristors frequently clamp at voltage below the operating voltage of normal operation 

and therefore provide excellent protection during the time period that they are active. 

Protection elements designed for surge application are often specified with a clamping 

voltage, the peak voltage for a specified surge current such as 8/20 or 100/1000. The most 
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difficult area for comparison is in the realm of ESD protection. ESD testing of product is 

done with the IEC 61000-4-2 standard. ESD protection elements are often characterized by 

their ability to withstand IEC current waveforms at specified levels. (This is done even 

though there is no standard to insure that the test is done in the same way between 

manufacturers.) With the IEC waveform there is no clear way to define a clamping voltage. 

In the absence of a defined clamping voltage manufacturers have chosen a variety of ways to 

demonstrate the conductivity of their product during an ESD event. One of the more popular 

methods is to show a “screen shot” of the voltage measured across a protection element 

during an ESD event. A sample, comparing a diode based TVS device and a varistor as 

shown in Fig:3. for the same ESD stress. Even though the two products are aimed at the same 

application the diode based TVS shows clear advantage over the varistor in terms of 

protecting sensitive components from excess voltage.  

 

Fig :3 Comparison of Voltage measurements across a diode based TVS and a Varistor for the same 

ESD stress. Both products were intended for the same application. 

HARMONICS AFFECT OVERVOLTAGES 

If the circuit breaker is applied to filter circuit loaded a large amount of a harmonic, the 

behaviour of the transient voltages will be different from described above. As it has been 

noted above, harmonic content in the interrupting current has influence on the transient 

behaviour. Such a case can be observed in the power supply system described in the Fig. EAF 

generate significant harmonic currents that flow in SVC filter circuits. The harmonic currents 

vary randomly during EAF operating cycle. Magnitudes of individual harmonic currents may 

reach sufficient values. During EAF operating it is possible that a specific filter branch may 

be out of service. In the circumstances the filters in service will be overloaded due to possible 

resonances in supply system. It provokes activation of the filter overload protection and 

switching-off the filter. Energizing arc furnace transformer in EAF supply system is a 

powerful harmonic disturbance. In the examined supply system arc furnace transformer (T) 
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energizing occurs several times a day. When the transformer is energized, inrush current can 

be high in magnitude. The transformer inrush current consisting high harmonic content can 

be long duration (lasting several seconds). The harmonic content causes resonance in the 

filter circuit that extends the duration of the inrush transient and resonance. The resonance in 

the filter may cause the filter relay undesirable operation. So, the filter circuit breaker will be 

switched-off under high harmonic presence, increasing possibility of over-voltages. 

 

Fig:4  

Voltages for 2nd filter breaker switching-off without re-strikes: 

a – no second harmonic presence; 

b – second harmonic is equal to fundamental.  

If the interrupted current contains harmonic component, the maximum recovery voltage 

between filter circuit breaker contacts increases giving rise to the possibility of re-striking. 

When compared with the interruption of the current having no harmonic component the 

presence of harmonic current will also result in greater overvoltage  magnitudes. Fig. 5 shows 

residual voltages on 2nd filter phases versus harmonic content in interrupted currents (phase 

A is first interrupted). Base voltage is crest value of nominal phase-to-ground voltage . 

 

Fig: 5. - Residual voltages on 2nd filter phases Vs 2nd harmonic content.  
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A close examination was conducted on the overvoltage magnitudes during reigniting circuit 

breaker current by Electromagnetic Transient Program simulating. The overvoltage 

magnitude depends on the order of the switching filter and harmonic current phase shift. As it 

has been observed from the experiments the most dangerous rise of the overvoltage 

magnitude versus harmonic takes place for the 2nd filter. Let us consider overvoltage 

behaviour under re-strikes. Fig.6 shows transient voltages during 2nd filter circuit breaker 

current reigniting. 

 

Fig: 6  

Voltages for 2nd filter breaker switching off during restrike: 

a – no second harmonic presence; 

b – second harmonic is equal to fundamental.  

The next investigation have been carried out is examination of the conditions where the 

maximum overvoltage magnitudes occur. If re-striking occurs at the maximum recovery 

voltage, the great peaks are produced in other phases. The maximum values of transient 

voltage magnitudes on filters under re-striking are shown in Table 2. 

TABLE 2. - MAXIMUM FILTER OVERVOLTAGES UNDER RESTRIKING 
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As it can be observed from the Table 2, the re-striking surges depend on the order of the filter 

and the value of harmonic current. When compared with the switching-off filter having no 

harmonic component it has been noted that presence of harmonic results not only higher 

recovery voltage in the first interrupted phase but also higher residual voltages of the second 

and third interrupted phases. Since overvoltage magnitudes under circuit breaker re-striking is 

great it is necessary to evaluate its relationship to withstand impulse voltages. Therefore, if 

the re-striking is observed for the filter circuit breaker, it should be necessary to evaluate 

possibility installing the surge protective devices. A special case of transients which must be 

considered in the examined power supply system is analysis of the phenomenon under arc 

furnace transformer energizing. As it noted above inrush currents contain full range of 

harmonics beside their fundamental and dc components. Furthermore the inrush phenomenon 

can last many cycles and activate overvoltage and overload relays of SVC causing trip a filter 

breaker under inrush condition. So, protection coordination studies should be implemented to 

remain SVC in service over the range of normal and transient conditions.  

The Seven Types of Power Problems: 

 Transients 

 Interruptions 

 Sag / Under-voltage 

 Swell / Overvoltage 

 Waveform distortion 

 Voltage fluctuations 

 Frequency variations 

 

Our technological world has become deeply dependent upon the continuous availability of 

electrical power. In most countries, commercial power is made available via nationwide 

grids, interconnecting numerous generating stations to the loads. The grid must supply basic 

national needs of residential, lighting, heating, refrigeration, air conditioning, and 

transportation as well as critical supply to governmental, industrial, financial, commercial, 

medical and communications communities. Commercial power literally enables today’s 

modern world to function at its busy pace. Sophisticated technology has reached deeply into 

our homes and careers, and with the advent of e-commerce is continually changing the way 

we interact with the rest of the world.  

Many power problems originate in the commercial power grid, which, with its thousands of 

miles of transmission lines, is subject to weather conditions such as hurricanes, lightning 

storms, snow, ice, and flooding along with equipment failure, traffic accidents and major  

switching operations. Also, power problems affecting today’s technological equipment are 

often generated locally within a facility from any number of situations, such as local 

construction, heavy start-up loads, faulty distribution components, and even typical 

background electrical noise. 
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Conclusion:  

 

A general analysis shows that presence of harmonic content in the interrupting filter current 

increases both recovery voltage across the circuit breaker contacts and filter residual voltage. 

The greater harmonic content, the higher the voltage magnitudes, the more possibility of arc 

re-strikes between the circuit breaker contacts. Special considerations must be carried out for 

arc furnace power supply system's because of possible presence great harmonic magnitudes 

in filter circuits and necessity of prevention filter circuits protection misoperation.  
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