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1 EXECUTIVE SUMMARY 
 

It is generally recognised that quality is an important aspect of the electricity service. Not only 

are low prices important, but high quality also matters to customers. Price and quality are 

complementary; together, they define the value that customers derive from consuming 

electricity.  

 

In order to avoid the high cost of equipment failures, all customers have to make sure that 

they obtain an electricity supply of satisfactory quality, and that their electrical equipment is 

capable of functioning as required when small disturbances occur. In practice the voltage is 

never perfect. However, under normal circumstances the majority of the customers do not 

notice or comment on adverse quality because the equipment connected is able to work 

perfectly with a suboptimal voltage quality level. However, if voltage quality drops below a 

certain level, equipment no longer works properly and customers are likely to start to 

experience problems. 

 

This report describes a desk survey of studies performed in various countries with a view to 

identifying the problems that adverse power quality creates for various groups of end users. 

It also describes the equipment needed to mitigate the identified problems and presents 

estimates of the associated costs. 

 

Surveys performed in several countries and involving several types of customer indicate that 

reliability is the critical consideration for all customers. Voltage dips are the second largest 

concern, particularly for industrial companies and other business, while flicker is often a 

problem for residential customers. Harmonics cause problems only for a small number of 

customers in certain sectors. Unbalance is not often a problem.  

 

Before regulators can introduce power quality regulation, they need to know what adverse 

power quality costs society as a whole, and which aspects of power quality are important to 

the different types of customer. This report includes a summary of studies performed in 

several countries and involving various types of customer. The next step is to define the 

responsibilities of the various parties involved (regulators, DNOs, TSOs, customers and 

equipment manufacturers). 
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2 INTRODUCTION 
 
 
2.1 Background 
 

It is generally recognised that quality is an important aspect of the electricity service. Not only 

are low prices important, but high quality also matters to customers. Price and quality are 

complementary; together, they define the value that customers derive from consuming 

electricity. Deregulation has introduced a clear commercial distinction between energy 

suppliers and network operators. A new type of company, the distribution network operator 

(DNO), is responsible for the secure distribution of electricity to customers and the facilitation 

of fair competition.  

 

In this general context, guaranteeing acceptable quality of supply is also one of the DNOs’ 

tasks. As discussed in WP 1, quality of supply is nowadays considered to have three major 

components: energy supply reliability, voltage quality (also known as power quality) and 

“commercial” quality (linked to the quality of the customer relationship and customer 

satisfaction). 

 

In order to avoid the high cost of equipment failures, all customers have to make sure that 

they obtain an electricity supply of satisfactory quality, and that their electrical equipment is 

capable of functioning as required when small disturbances occur. In practice the voltage is 

never perfect. However, under normal circumstances the majority of the customers do not 

notice or comment on adverse quality because the equipment connected is able to work 

perfectly with a suboptimal voltage quality level. However, if voltage quality drops below a 

certain level, equipment no longer works properly and customers are likely to start to 

experience problems. Typical problems include annoying flickering of lights, increased 

equipment losses and erratic or even non-functional electrical equipment. 

 

In this desk survey report, we will focus on power quality and discus the power quality 

needed by various types of customer for the operation of common types of equipment. The 

equipment needed to mitigate the identified problems will also be discussed and, where 

possible, an indication of the costs will be given. 
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2.2 Objectives 
 

As indicated in the first report in this series1, there is currently a lack of experience in the 

regulation of voltage and power quality. At the same time, it is also true that the regulation of 

voltage quality is more complex than the regulation of interruptions or commercial quality. 

This is mainly due to the multi-dimensional nature of voltage quality and the inherent 

difficulties in measurement. Nevertheless, regulators are becoming more aware of the need 

for voltage quality regulation and are taking steps to ensure that such regulation is provided.  

 

This report describes the aspects of power quality (a concept which excludes reliability, i.e. 

long interruptions, but includes short interruptions, since they have a very similar impact to 

voltage dips) that are most important to certain groups of customers, as indicated by data 

reported in academic literature. The report does not discuss individual power quality 

problems, but focuses on general information and benchmarking. 

 

 

2.3 Report outline 
 

This report describes a desk survey of studies of power quality at the PCC performed in 

several countries and industries. In section 2 we describe the most important power quality 

aspects. In section 3 we summarise a number of surveys performed in various countries and 

industries. Section 4 focuses on the economic consequences of adverse power quality. 

However, no attempt is made to provide figures for each type of industry; the aim has been 

merely to set out indicative cost estimates. Section 5 focuses on mitigation.  

 

This report (work package 3) is part of a programme concerned with the quality of supply and 

regulation. In work package 1, a survey was performed to provide a picture of the regulation 

of quality (reliability and voltage quality) within Europe. In work package 2, power quality 

labelling or classification was addressed. Finally, in work packages 4 and 5, general 

guidelines are being drawn up as a starting point for the regulation of power quality.  

 

 

                                                
1 KEMA (2006) “Quality of supply and market regulation; survey within Europe” Arnhem October 11, 

2006. 
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3 VOLTAGE QUALITY ASPECTS 
 

Voltage quality, sometimes referred to as power quality or technical quality, covers a variety 

of disturbances in a power system. It is mainly determined by the quality of the voltage 

waveform. There are several technical standards for voltage quality criteria, but ultimately 

quality is determined by the ability of customer equipment to perform properly. The relevant 

technical phenomena are: variations in frequency, fluctuations in voltage magnitude, short-

duration voltage variations (dips, swells and short interruptions), long-duration voltage 

variations (over- or under-voltages), transients (temporarily transient over-voltages), 

waveform distortion, etc. In many countries voltage quality is regulated to some extent, often 

using industry-wide accepted standards or practices to provide indicative levels of 

performance. The regulation of power quality is still under development in several countries; 

for more information, refer to the report Regulation of Voltage Quality Work Package 4/52.  

 

 

3.1 Difference between ‘reliability’ and ‘voltage quali ty’ 
 

The main difference between voltage quality (power quality) and network reliability 

(interruptions) is that some degree of voltage quality imperfection is indiscernible to the 

customer, whereas any interruption to the power supply has an effect on the customer. This 

means that the customer does not have an interest in the improvement of voltage quality 

above a critical level, but the customer does have an interest in the avoidance of any power 

supply interruption. 

 

In most European countries, the voltage quality is not an issue for the great majority of 

distribution network customers. This means that these customers will basically not benefit 

from improvements in the voltage quality. However, under circumstances where connected 

equipment is malfunctioning because of adverse voltage quality, the improvement of quality 

does have a value to the customer. Because some equipment is more vulnerable to technical 

quality problems than other equipment, some clients will place more value on quality 

improvement than others. It is quite possible to have a situation where a technical quality 

problem has major cost implications for some clients, but no such implications for others. So 

it is even harder to place a value on technical quality or its individual dimensions than on the 

prevention of interruptions. This constitutes the second key difference between voltage 

quality and network reliability.  

 

                                                
2 Regulation of Voltage Quality WP 4/5. KEMA 30620164 – consulting 07 – 0356. Feb 2007 
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A third difference between voltage quality and network reliability lies in problem causation. 

Most power interruptions (network reliability problems) experienced by customers are caused 

by local faults: faults in the customer’s electricity network or connection. By contrast, voltage 

quality is largely influenced by other customers. Harmonic distortion, for example, is caused 

by electronic equipment connected to the network and voltage dips can be caused by short-

circuits in the network or by welding apparatus. Because of this, it is not fair to make the 

network operator pay for every single voltage quality impairment. However, by imposing 

maximum disturbance levels and checking that customers adhere to them, the network 

operator should at least be able to keep voltage quality at an acceptable level. 

 

 

3.2 Who is responsible? 
 
An interesting problem arises when the market fails to offer products that meet the 

customer’s power quality needs. If a customer cannot find equipment that is designed to 

tolerate momentary power interruptions, for example, the customer may pressure the load-

serving entity and the regulator to increase the power quality of the overall distribution 

system. It may be in the load-serving entity’s interest to help the customer address the power 

quality and reliability problem locally. 

 

The electricity supply system can be considered as a sort of open-access resource: in 

practice almost everybody is connected to it and could emit “freely”. This freedom is now 

limited by standards, and or agreements. The European Standard EN50160 is generally 

used in European countries as a basis for the quality of supply, which is often defined as the 

voltage- or power quality. At this moment, there is no standard for the current quality at the 

point of common coupling (PCC), but only for equipment. The interaction between voltage 

and current makes it hard to separate the customer as “receiving” and the network company 

as “supplying” a certain level of power quality. The voltage quality (for which the network is 

often considered responsible) and current quality (for which the customer is often considered 

responsible) are affecting each other by mutual interaction. 

 
Figure 2.1 Voltage versus current quality 

 
In this report we focus on voltage quality at the PCC. For the purposes of our survey, it does 
not matter who is to blame for power quality issues, or who should be responsible for power 
quality. In reports WP 2 (power quality classification) and WP 4/5 (regulation of power 
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quality) more information is provided about the division of responsibility among customers, 
manufacturers, regulators and DNOs.  
 
 

3.3 Power quality dimensions 
 
For detailed information regarding the aspects of power quality, refer to EN50160. The 
following power quality parameters are considered to be the most important ones:  
• Supply voltage variations: A voltage variation is an increase or decrease of voltage 

normally due to variation in the total load on a system or a part of it. 

• Flicker severity: Voltage fluctuations cause changes, e.g. in the luminance of lamps, which 

can create the visual phenomenon called flicker. The degree of unsteadiness of human 

visual sensation via a lamp, called ‘flicker’, is strictly related to the fluctuation of the 

voltage supplying the lamp, the characteristics of the lamp and the physiology of the eye-

brain of the person involved. Sources of flicker are mainly heavy industrial loads: 

o Resistance welding machinery 

o Arc furnaces 

o Rolling mills 

o Large motors with varying loads 

o Step changes due to the switching of heavy loads 

Flicker sources can affect a large number of customers. As there is a wide range of supply 

impedance on the public networks, conditions can vary substantially from the substation 

up to the end of a feeder. 

• Voltage unbalance: The unbalance is a condition in a poly-phase system in which the 

RMS values of the line voltage and/or the phase angles between consecutive line 

voltages are not all equal. The predominant cause of unbalance is single-phase loads. In 

low-voltage networks, single-phase loads are almost exclusively connected phase to 

neutral. In medium-voltage networks, single-phase loads can be connected either phase 

to phase or phase to neutral.  

• Harmonic distortion of voltage waveform: A sinusoidal voltage with a frequency equal to 

an integer multiple of the fundamental frequency of the supply voltage. Harmonics of the 

supply voltage are caused mainly by customers’ non-linear loads connected at all voltage 

levels of the supply system. Harmonic currents flowing through the system impedance 

give rise to harmonic voltages. Harmonic currents and system impedances and thus 

harmonic voltages at the supply terminals vary in time. Harmonics are mainly caused by 

industrial and residential loads with non-linear characteristics. Sources may produce 

harmonics at a constant or varying level, depending on the mode of operation. Industrial 

loads that may be sources of significant levels of harmonic distortion include power 

converters, furnaces etc.  
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• Interharmonic voltage: A sinusoidal voltage with a frequency between the harmonics, i.e. 

the frequency is not an integer multiple of the fundamental. The main sources of 

interharmonics are: static frequency converters, cyclo-converters, induction motors, 

welding machinery and arc furnaces. 

• Supply voltage dips: Dips are unlike the other phenomena. Whereas it is possible to 

evaluate system performance against a harmonic, flicker or unbalance index over a 

relatively short period (e.g. a week), voltage dip performance must be evaluated over a 

longer period of time (at least one year). Voltage dips with retained voltage below an 

interruption threshold (typically 10% of declared voltage) are referred to as short 

interruptions in a number of (inter)national standards and guidelines. The amplitude of a 

voltage dip is defined as the difference between the actual voltage and the nominal 

voltage of the system. Voltage changes which do not reduce the system voltage at the 

point under consideration to less than 90% of the nominal system voltage are not 

considered to be voltage dips, as such changes are within the range of slow voltage 

variations and voltage fluctuations, for example, due to rapid and repetitive load changes. 

It should be recognised that voltage dips cannot be completely eradicated from a supply 

network, and that a certain incidence of dip-related functional error is accepted as normal 

where most equipment is concerned. Voltage dips are mainly caused by faults in the 

supply network due to lightning, accidents, damage to installations etc. or high starting 

currents and rapid load variations in a customer's system. 

• Mains signalling voltage: A signal superimposed on the supply voltage for the purpose of 

the transmission of information in the public distribution system and to customers’ 

premises. Where no signalling voltages are used, this parameter can be ignored. 

 
In most countries, the grid operator (DNO) is responsible for power quality at the PCC. Not 

all power quality aspects can easily be managed by DNOs. Figure 2.2 shows the significance 

of certain power quality aspects for customers and the degree of influence that DNOs have 

over power quality at the PCC, as assessed by a number of Dutch DNOs 3. As can be seen 

from the figure, the DNOs expect that customers will be most seriously affected by dips and 

interruptions. They also regarded these aspects matters that they could influence. DNOs 

have less ability to influence power quality aspects such as unbalance, flicker and 

harmonics. However, these aspects are also expected to have less impact on customers 

than voltage dips and interruptions. Aspects not included in figure 2.2 were not expected to 

have any significant impact on customers. 

                                                
3 Onderscheidend vermogen, een verkenning naar objectieve waardering van netaansluitingen. Only 

available in Dutch, KEMA 40230030-TDC 03-36794A, November 2003. 
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Figure 2.2 Impact of power quality aspects and degree to which they may be influenced by 
the DNO, as assessed by Dutch DNOs 
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4 POWER QUALITY SURVEYS 
 
Around the world, a significant number of studies have been performed to investigate the 

problems that power quality poses for various groups of end users. Some of these studies 

are summarised in this section. 

 
4.1 European Copper Institute survey 
 
The impact of adverse power quality on the efficiency of industry has been identified as an 

important issue by the Leonardo Power Quality Initiative. The European Copper Institute has 

commissioned a thorough long-term study to assess the economic impact of key power 

quality phenomena on industries that depend on electrical energy in several countries. A 

paper presenting the preliminary results4 has been published and is considered in this 

section. Analysis of feedback obtained through questionnaires and a number of extended 

interviews has yielded the following preliminary results. 

 

About 73% of the industries experience harmonics, while 61% experience short power 

interruptions, 78% long power interruptions, 75% voltage dips and 70% transients and 

surges. 

 

The main causes of equipment malfunction have been analysed by differentiating between 

those power quality problems that happen every now and again – momentary phenomena 

(i.e. short and long interruptions; voltage dips and swells; transients and surges) – and those 

which can be described as being a constant source of real or potential disturbance – 

continuous phenomena (harmonic distortion; flicker). Some 62% of the respondents claimed 

that momentary power quality phenomena had caused equipment malfunctions, while 44% 

reported problems due to continuous phenomena. 

 

Frequently-reported consequences of power quality events include: 

• Data loss (30%) 

• Loss of synchronisation in processing equipment (30%) 

• Motors/process equipment damaged (32%) 

• Lights flicker, blink or dim (37%) 

• Circuit breakers trip (49%) 

• Motors process equipment malfunction (49%) 

• Relays, contactors nuisance tripping (60%) 

                                                
4 The First Pan-European Economic Study of Power Quality: Preliminary Evaluation of the Losses by 

Economic Sectors; Jonathan Manson and Roman Targosz, May 2006 
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The main equipment types affected are electronic (59%), electric motors (44%), VSDs etc. 

and contactors & relays (41% each) and capacitors (30%); the remaining types (lighting, 

UPS, network & telecoms) all had an average response of less than 25%. 

 

In general, it may be concluded that sectors associated with motors, processes and controls 

are more often affected by all types of interruption. Sectors where protective devices have a 

key functional role, as well as a safety role, are more than averagely affected by harmonics. 

Bureaucratic and service sectors are more affected by flicker. 

 

The following sources of adverse power quality were quoted by the respondents: 

• Sources on the user’s side of the point of common coupling: 80% 

• Neighbouring consumers: 60% 

• Utilities and natural causes: 70% 

 

This study, conducted by Leonardo Power Quality Initiative, has recently been completed 

and its results will be published in October 20075. The survey concludes that, in Europe, PQ 

costs represent a serious and largely avoidable industrial performance inhibitor with an 

economic impact exceeding €150bn. The costs stem mainly from issues affecting the end 

users’ own installations, indicating that better design and greater investment in such 

equipment could eradicate most, if not all, of the losses. Some of the main conclusions from 

the data are as follows: 
• Industry is hardest hit – process manufacturing is particularly vulnerable and appears 

to have very little protection against the consequences of power outage and lack of 

continuity of supply. 

• Dips, short interruptions, surges and transients account for 80-90% of the €150bn 

financial costs/wastage, which are incurred mainly by industry. 

• Equipment damage and operational waste (unrecoverable WIP & underperformance) 

account for similar proportions of the totals identified. 

• The losses of €150bn equate to >5% of a notional 15% net profit margin on the EU-

25’s annual turnover of €17,956bn. 

 

 

 

                                                
5 Pan European Power Quality Survey; R. Targosz, J. Manson, European Copper Institute, October 

2007. 9th International Conference on Electrical Power Quality and Utilisation, Barcelona. 
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4.2 Dutch DNO survey 
 

In the Netherlands, DNOs have initiated two studies of end users’ wishes6 and complaints7 

with regard to power quality. The studies involved the analysis of information gathered from 

interviews, literature, the database of registered PQ complains and grid operators’ 

experiences. The results are summarised below.  

 

Figure 3.1 shows the percentage of complains, from September 2004 up to September 2005, 

for some types of customer. This figure shows that most of the complaints about PQ are 

made by the residential users, which is easy to explain, since the majority of the end users 

are residential. Per 10,000 end users, the number of complains is about 0.4 from residential 

users, 3.6 from industrial users and about 4.7 from other business users. So business end 

users have more complains about power quality than residential users. 

 

 

residential 
56% 

light industry 
11% 

business 
12% 

large industry 
2% 

catering  
industry 

2% 

horticultural  
industry 

3% 
agriculture  

industry 
10% 

others 
4% 

 
Figure 3.1   Breakdown of complaints about PQ per type of customer 

 

Most of the complaints were about the flickering of lights (31%) or low voltage (25%). About 

32% concerned both. The number of customers complaining about excessive voltage was 

2%; a similar percentage complained about excessive fluctuation of the voltage. Note that 

the database does not distinguish between all the power quality aspects identified earlier. 

                                                
6 Wensstromen, gewenste kwaliteit de waardering van de kwaliteit van levering van elektrische 

energie door aangeslotenen; In Dutch; KEMA, October 2003 
7 Power quality op het aansluitpunt, fase 1 inventarisatie en probleembeschrijving; In Dutch, KEMA & 

Laborelec, March 2006 (not available for public publication) 
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Some grid operators performed measurements after customers complained about the power 

quality at their PCC. Where flickering lights were concerned, about 16% of cases involved 

flicker that was within margins permitted by the Grid Code. About 33% of all complaints 

about low voltage were within the permitted margins. In other words, not all complaints can 

be regarded as indicative of adverse power quality at the PCC (i.e. a failure to comply with 

the Grid Code). However, it should be noted that there was inevitably a time interval between 

the customer’s complaint and the PQ measurements, making it hard to say weather a 

complaint was justified (by failure to comply with the Grid Code) or not, since the load may 

have changed in the interval. 

 

A power quality survey of residential users found that about 5% of the users felt that their 

equipment had not lasted as long as expected; 8% mentioned that equipment was warmer 

than normal. Flickering of lights was reported by 58%, while 16% had experienced 

equipment malfunctions. A similar survey for small business showed that 46% had problems 

with flickering of lights (4% every day, 8% every week and 18% once a month). Equipment 

heating up was not reported, but about 10% said that their equipment had failed due to 

ageing. Voltage dips where reported more by large industrial companies.  

 

From these studies, the following conclusions may be drawn: 

- Flicker can be a problem for all types of customer. 

- Low voltages can be a problem for residential customers and small businesses. 

- Voltage dips were reported more by large industrial customers than by other types of 

customer. 

- Harmonics often constitute a local problem, which is hard to associate with certain types 

of customer at the group level. 

 

 
4.3 UK survey 
 

A paper taken from an ERA report8 evaluated the quality and reliability of supply in modern 

buildings in the UK. Using market research and by monitoring complaints, Offer (the UK 

regulator) has noted an increase in customer complaints due to inconvenience caused by 

losses of supply for a minute or less. Equipment malfunction due to transient voltage dips 

continues to lead to complaints about adverse power quality.  

 

                                                
8 Achieving quality and reliability of supply in modern buildings Annex B2; paper taken from ERA 

report 99-0560 optimising building services: making business sense, selected papers available from 

ERA technology Ltd. Details of the full report are available from www.era.co.uk. 
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The overall quality of supply within a building is dependent on both the voltage supply quality 

provided and the current drawn by the various loads within the building. With advances in 

technology, most of the small power single-phase equipment found in buildings utilise switch 

mode power supply technology, supplying a non-sinusoidal current, which is high in triplen 

harmonics. The current characteristics of typical building loads are tabulated in table 3.1. 

 

Table 3.1 current characteristics of load 

Type of load Current characteristics of loads 

Personal computers PCs utilise switch mode supplies. Typical non-sinusoidal currents. 

In addition the inrush current drawn by PC when it is first turned 

on creates a transient in the neutral to earth voltage. 

Laser printers The current drawn by the printer is non-linear and cyclic in nature. 

An inrush current is drawn each time the heater comes on. The 

current drawn whilst printing is also non-linear. 

Fluorescent lights There is a wide range of fluorescent lights, some with electronic 

ballast and other using non-electronic ballasts. Usually the non-

electronic ballasts draw a higher degree of distorted current. The 

powering of the electronics when the lights are switched on 

causes an inrush current. 

Chiller motors Most chiller motors in buildings are connected to the MV grid. The 

chiller starting current is typically in the order of 6 times its full-load 

current. This is significant and will cause some level of voltage 

drop at the motor terminals.  

Power factor 

correction capacitor 

(PFCC) 

On an undistorted voltage supply the PFCC will draw linear 

current. However, all supplies have some degree of distortion. The 

inrush current of PFCCs creates an initial voltage depression 

followed by an overshoot and oscillatory behaviour in the voltage 

due to resonance of the circuit. 

Variable-speed drives 

(VSDs) 

The majority of VSD give rise to system harmonics. The current 

characteristics are dependent on the type of VSD. The amplitude 

of the harmonics decrease as the harmonic number increases. In 

addition the current drawn by the VSD can cause notching in the 

voltage waveform. The multiple zero-voltage crossing caused by 

the voltage notching could affect any piece of equipment whose 

operation relies on the detection of zero-voltage crossing. 

Uninterruptible Power 

Supplies (UPS) 

UPSs are available in many forms and can broadly be classified 

as either static or rotary. All the static and some of the rotary 

UPSs use power electronic inputs that impose harmonic rich load 
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Type of load Current characteristics of loads 

current on the system. In general the loading characteristics are 

similar to those of VSDs. 

 

Computers: 

According this UK study every business now relies on computers (either PCs or servers) for 

daily operations. Some rely more heavily than others. Call centres and banks rely heavily on 

computers for most transactions. Offices rely on computers for data storage and day-to-day 

work. Computers can be susceptible to dips in the supply voltage. The information available 

from manufacturers is limited. In addition computers are highly susceptible to harmonics. As 

computers get faster, they generate higher-frequency harmonics. As the frequency of the 

harmonics generated becomes higher, the computers become more susceptible to them. 

High-frequency harmonics do not travel very far, thus modern computers are more likely to 

suffer from locally generated harmonic problems.  

 

Lighting: 

High-intensity discharge lamps are primarily used for area lighting. This can include 

floodlighting, reception areas and display lighting. They are used anywhere that requires a 

compact source of light of great power and high light output. These lights, when 

extinguished, generally require a cool-off period before they can be restarted. The recovery 

time can be from one to several minutes. Voltage dips in the supply can cause such lamps to 

extinguish.  

 

The most common source of complaints in respect of lighting is in the area of flicker. 100-Hz 

light modulation is normal on ballasted lights. The light output varies as the input waveform 

changes. Some people are sensitive to this modulation, and it has been flagged as a 

possible contributor to sick building syndrome. The other source of flicker is rapid voltage 

fluctuations due to another connected load switching or malfunctioning. This is most 

perceptible to the human eye at 8.8 Hz. The source of flicker can normally be determined by 

voltage monitoring combined with trials. 

 

Ballasted fluorescent lights can also suffer from distortion or disruption of the voltage 

waveform. Such lights should have a front-end filter in order to minimise harmonic emissions 

into the system. 
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Programmable logic Controllers (PLC): 

Programmable Logic Controllers (PLCs) may be used in a multitude of systems. Controllers 

can be used in security systems, lifts, telecommunications, environmental management and 

many other embedded systems. 

The sensitivity of PLCs to voltage dips varies greatly according to type and manufacturer. 

PLCs may use part of the voltage waveform to control their operation. This can be counting 

zero crossings, measuring peak values, or by a separate independent threshold. Excessive 

harmonics from lighting, motor starting transients or PFCC switching, amongst other things, 

cause changes to the voltage wave shape that can inappropriately trigger the counter, or 

monitoring function. This then causes PLCs to mal-operate and systems to fail. 

 

Variable-speed drives (VSD): 

Many VSDs have undervoltage protection on the input. Thus the drive is not damaged by a 

voltage dip, but the motor, and any associated process, stops. The effect of a voltage dip on 

a variable-speed drive depends on the manufacturer and the type of power electronic circuit 

used to produce the variable speed. The age of the drive can also be important as 

manufacturers steadily improve their products. Voltage dips on the supply can cause 

damage to VSDs in a number of ways: they can lead to overcurrents in the drive, overvoltage 

due to mal-operation of the thyristors and commutation failures of the converter thyristors. 

 

In addition, phase angle jumps during a fault (which can be expected during a voltage dip), 

even if the voltage does not dip due to a value that causes the protection to trip, can still 

damage the drive. The thyristors fire in sequences, typically on zero crossings, so any 

change in the voltage waveform can cause the thyristors to fire out of sequence and hence 

cause failure to the drive. Similarly, if multiple zero crossings are experienced, the thyristors 

can misfire and cause problems. 

 

Small induction motors: 

Most induction motors have the advantage that they have no, or little, complex electronics to 

suffer from voltage dip problems. Induction motors that are fitted with assisted start devices 

do have electronics but this is effectively bypassed when the motor is recovering from a dip. 

Motors can actually help in relieving a dip due to their inertia; they generate and can support 

the voltage. The restart current drawn by several motors following a supply voltage dip may 

cause problems in that it will tend to prevent the voltage from recovering as quickly as it 

might have otherwise. The duration of the dip is therefore extended. This extension may 

have an effect on nearby electronic equipment. If the induction motor is out of phase when 

the voltage is restored, then the motor could be damaged as the rotor attempts to abruptly 

re-align. 
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Induction motors can act as sinks for excess harmonic currents. The harmonic current is not 

normally of an order such that the motor would need de-rating because of the increased 

current.  

 

AC coil contactors: 

Electrical contactors are electrically controlled switches and are used in large numbers in 

industrial and commercial premises. They have been found to be a weak link in control 

systems as a dip in voltage can cause them to open and hence cause unplanned shutdown 

of the systems they feed.  

 

Uninterruptible power supplies (UPSs): 

UPSs are normally fitted in order to improve power supply reliability and – where some types 

of UPS are concerned – supply quality. They are a type of electronic equipment and as such 

can themselves be affected by adverse power quality. In the event of supply interruptions, 

transients or voltage dips, line-interactive, on-line or conditioning UPSs are designed to 

support the load and trim any overvoltages, the extent depending on the UPS characteristics. 

Off-line UPSs also support the load, although usually after a short time interval. The UPS 

itself is therefore not usually vulnerable to such supply variations but the quality of the 

delivered supply can be affected with off-line designs. 

 

UPSs can be susceptible to waveform distortion. They are similar to PLCs in that they may 

monitor zero crossings or another threshold. Any waveform distortion, whether transient or 

permanent, that causes the electronics to count additional crossings of the threshold, leading 

to mal-operation of the UPS. 

 

4.4 Schneider Electric survey 
 

A survey performed by Schneider Electric9 summarises the power quality aspects in relation 

to equipment used by customers. According to this document, the effects of disturbances can 

be divided into two broad categories: 

• Instantaneous effects: unwanted operation of contactors or protective devices, incorrect 

operation or shutdown of a machine. The financial impact of the disturbances can be 

estimated directly. 

• Deferred effects: energy losses, accelerated ageing of equipment due to overheating 

and additional electro-dynamic stress caused by the disturbance. The financial impact 

(e.g. on productivity) is more difficult to quantify. 

                                                
9 Cahier technique no 199. Schneider Electric, October 1999 
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4.4.1 Voltage dips 
 

Voltage dips and interruptions disturb many types of device connected to the network. They 

are the most frequent cause of power quality problems. The most sensitive applications are: 

• Complete continuous production lines where the process cannot tolerate any temporary 

shutdown of any element in the chain (printing, steelworks, paper mills, petrochemicals 

etc) 

• Lighting and safety systems (hospitals, airport, lighting systems, public and high-rise 

buildings etc) 

• Computer equipment (data processing centres, banks, telecommunication etc) 

• Essential auxiliary plant for power stations 

 

Asynchronous motors: 

When a voltage dips occurs the torque of an asynchronous motor drops suddenly which 

slows down the motor. This slowdown depends on the magnitude and duration of the dip. 

Following an interruption, at the time of a voltage recovery, the motor tends to accelerate and 

absorb current whose value is nearly its starting current. When there are several motors 

installed, the simultaneous restarting may produce a voltage drop in the upstream 

impedances on the network, which will increase the duration of the dip and may make 

restarting difficult. 

 

Synchronous motors: 

The effects are almost identical to those for asynchronous motors. However these motors 

can withstand deeper voltage dips (around 50%). 

 

Actuators: 

The control devices (contactors, circuit breakers with voltage coils) powered directly from the 

network are sensitive to voltage dips whose depth exceeds 25% of the nominal voltage. 

Indeed for a standard contactor, there is a minimum voltage value which must be observed, 

otherwise the poles will separate and transform a voltage dip or a short interruption into a 

long interruption until the contactor is reenergised. 

 

Computer equipment: 

Computer equipment is nowadays integral to the monitoring and control of installations, 

management systems and production. All such equipment is sensitive to voltage dips with a 

depth greater than 10% of the nominal voltage. 
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Adjustable-speed machines: 

A dip in the voltage to a variable-speed drive causes various problems: there is insufficient 

voltage to power the motor; the control circuits supplied directly by the network cannot 

function; there is overcurrent when voltage recovers (the drive filter capacitor is recharged); 

there is overcurrent and unbalanced current in the event of voltage dips on a single phase; 

and there is loss of control of DC drives functioning as inverters. Adjustable-speed drives 

usually trip out when a voltage dip deeper than 15% occurs. 

 

Lighting: 

Voltage dips cause premature ageing of incandescent lamps and fluorescent tubes. Voltage 

dips deeper than or equal to 50% with a duration of around 60 ms will extinguish discharge 

lamps. The lamp must be left off for several minutes to cool the bulb before it is turned on 

again. 

 

 

4.4.2 Harmonics 
 

The consequences of harmonics are linked to the increase in a peak values (dielectric 

breakdown) and RMS values (excessive overheating) and to the frequency spectrum 

(vibration and mechanical stress) of voltages and currents. The effects always have an 

economic impact resulting from the additional costs linked to: 

• Degradation in the energy efficiency of the installation (energy loss) 

• Oversizing of equipment 

• Loss of productivity (accelerated ageing of equipment, unwanted tripping). 

Malfunctions are probable with a harmonic distortion factor of greater than 8% of the voltage. 

At factors of between 5 and 8%, malfunctions are possible. 

 

Instantaneous or short-term effects: 

• Unwanted operation of protective devices: harmonics have a harmful influence mainly 

on thermal control devices 

• Disturbance induced by low-current systems (remote control, telecommunications, hi-fi 

systems, computer screens, television sets) 

• Abnormal vibrations and acoustic noise (LV switchboards, motors, transformers) 

• Destruction of capacitors by thermal overload 

• Loss of accuracy of measurement instruments. 
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Long-terms effects: 

Current overload produces excessive overheating and leads to premature ageing of 

equipment: 

• Overheating of sources: transformers, alternators 

• Mechanical stress 

• Overheating of equipment (capacitors are especially sensitive to harmonics) 

• Destruction of equipment (capacitors, circuit breakers etc.) 

 

4.4.3 Overvoltages 
 

The consequences are extremely varied according to the period of application, repetitivity 

magnitude, mode (common or differential), gradient and frequency: 

• Dielectric breakdown, causing significant permanent damage to equipment (electronic 

components etc.) 

• Degradation of equipment through ageing 

• Long interruptions caused by the destruction of equipment 

• Disturbance in control system and low-current communication circuits 

• Electrodynamic and thermal stress 

 

4.4.4 Voltage variations and fluctuations 
 

If fluctuations have a magnitude no greater than 10%, most equipment is not affected. The 

main effect of voltage fluctuation is flicker. 

 

4.4.5 Unbalance 
 

The main effect is the overheating of three-phase asynchronous machines. In fact, the zero 

sequence reactance of an asynchronous machine is equivalent to its reactance during the 

start-up phase. The current unbalance factor will thus be several times that of the supply 

voltage. Phase current can thus differ considerably. This increases the overheating of the 

phase which the highest current flows through and reduces the operating life of the machine. 
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5 MITIGATION 
 

Since most of the power quality problems are cost-related (see section 5) this justifies 

investment in mitigation technologies by the power company or the customer. A wide range 

of technologies is available to make this possible. Broadly speaking, solutions may be on 

four levels (figure 4.110): 

1. Equipment specification changes 

2. Sub-panel level equipment protection 

3. Site-wide protection 

4. Grid solutions 

 

 
Figure 4.1 Levels of protection for power quality mitigation. 

 

The choice of mitigation method depends on11: 

• The nature of the disturbance generated and/or to be prevented 

• The required level of performance 

• The financial consequences of malfunction 

• The time required for a return on the investment  

• Practices, regulations and limits on disturbance set by the grid operator 

 

In the following paragraphs, various methods of mitigating the problems associated with the 

main power quality aspects are considered. The information presented summarises that 

                                                
10 Mark Mcgranaghan. Economic evaluation of Power Quality. IEEE power engineering review 2002. 
11 Schneider cahier technique no 199 Power Quality, October 2001, Philippe Ferracci, Schneider 

Electric. 
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provided by Schneider Cahier10. As far as possible, detailed technical information has not 

been included. Various solutions suitable for use at various levels are discussed. However, 

no attempt is made to present a comprehensive overview of the options; only commonly 

used solutions are described. 

 

5.1 Voltage dips and interruptions 
 

Grid-level solutions:  

The duration of interruptions and voltage dips can be reduced at the power system level by 

increasing the capacity of ring connections or by improving the performance of electrical 

protective devices (selectivity, remote control devices on the network etc.). The depth of a 

voltage dip can be reduced by increasing the short-circuit power of the grid. 

 

At the equipment level, the duration and depth of a voltage dip can be reduced by decreasing 

the power consumed by the switched large loads, for example by using soft starters (limiting 

the peak current). 

 

Site-level solutions (increasing immunity): 

The general principle for ensuring that equipment is immune to voltage dips and interruptions 

is to compensate for a lack of power with an energy storage device between the distribution 

power system and the installation. The availability of the storage device should be greater 

than the duration of the disturbances to which the system has to be immune. 

 

Increasing immunity of the control system: 

The immunity of a process is generally increased by providing immunity to the control 

system. Since control equipment is often more sensitive to voltage dips than power 

equipment, it is often more economical to immunise the control system only, rather than the 

equipment power supply. Such a solution will often involve powering the control equipment 

from a reliable auxiliary source (battery or rotating set with flywheel), or using an off-delay 

relay. 

 

Increasing immunity of the equipment power supply: 

Certain loads cannot withstand the expected disturbance levels. This is often the case with 

priority loads (computers, lighting, safety systems etc.). Various technical solutions possible, 

depending on the power required by the installations and the duration of the voltage dip or 

interruption against which protection is required. 

• Solid-state uninterruptible power supply (UPS). A UPS consist of three elements: 

o A rectifier charger 
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o A flywheel and or battery 

o A DC/AC inverter 

Two technologies are in use: 

o On-line: during normal operation the power is supplied continuously 

o Off-line (or standby): during normal operation the power is supplied by the network. 

In the event of loss of network power or if the voltage exceeds the prescribed 

tolerances, the UPS takes over. 

• Source transfer. A device is used to control transfer between the main source and a 

replacement source (and vice versa) for supply to priority loads and if necessary to order 

the shedding of non-priority loadings. For example if there are several motors in the 

installation, simultaneous restart may produce a voltage drop, which could prevent 

restart or lead to excessively long restarts. Installing a PLC, which will restart the priority 

motors at intervals could solve this problem. 

• Electronic conditioners. These are modern electronic devices that can compensate for 

voltage dips and interruptions to a certain extent with a short response time. There are 

several types of so-called voltage source converter (VSC): 

o DVR (dynamic voltage restorer) 

o D-Statcom (distributed static compensator) 

o SVR (series voltage restorer) 

• Zero time set. In certain installations, the autonomy required in the event of interruption 

makes it necessary to install a generating set. In case of any loss of power supply, a 

battery or flywheel is used to provide sufficient time for starting and running up the 

standby engine generator. 

• Clean stop. If a stoppage is acceptable, it is advisable to prevent uncontrolled restarting 

if an unwanted restart would present a risk for the operators or for the equipment. 

 

In the US, equipment is available with minimum levels of immunity to voltage dips. 

Depending on the equipment, one has CBEMA, ITIC or SAMI immunity curves defining the 

voltage dip depths and durations to which equipment should be immune. 
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5.2 Voltage fluctuations 
 

Fluctuations produced by large loadings may affect a large number of consumers supplied 

from the same source. The fluctuation magnitude depends on the ratio between the 

impedance of the device generating the disturbance and the impedance of the power supply. 

Possible solutions include: 

• Installing uninterruptible power supply (very cost-effective for flicker) 

• Changing the type of lighting (fluorescent lamps are less sensitive than incandescent 

lamps) 

• Modifying the device generating the disturbance (changing start mode of motors) 

• Modifying the network (e.g. increasing short-circuit power) 

• Reducing the inrush current (e.g. by connection a reactance in series) 

 

5.3 Harmonics 
 

In general there are three possible ways of suppressing or reducing the influence of 

harmonics: 

1. Reducing generated harmonic currents: 

a. Using twelve-phase (or more-phase) rectifiers. Using twelve-pulse rectifiers will 

reduce the low-order harmonics such as 5th and 7th harmonics. This solution needs 

a transformer with two secondary windings (Delta and start). This will result in the 

generation only of harmonics numbered 12* n +/- 1. 

b. Installing a line choke (a three-phase impedance to reduce the high number of 

harmonics in the current) 

c. Using static converters where the rectifier uses PWM 

2. Modifying the installation:  

a. Increasing the short-circuit power  

b. De-rating (oversize) equipment 

c. Separating grids (one with equipment producing harmonics and a “clean” grid with 

sensitive equipment) 

3. Filtering of harmonic currents: 

a. Passive filtering. This involves connecting a low impedance bypass to the 

frequencies to be attenuated using passive components (inductors, capacitor and 

resistors). Several passive filters connected in parallel may be necessary to 

eliminate several components. 

b. Active filtering. This consists of neutralising the harmonic induced by the load. First 

an analysis of the current identifies the harmonics in amplitude and phase. Then 
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exactly opposing harmonics are injected by the active filter. It is possible to connect 

several active filters in parallel. 

c. Hybrid filtering. This consist of an active and passive filter set up for the most 

dominant harmonic(s) which supplies the necessary reactive power. 

  

 

6 THE COST OF PQ PROBLEMS 
 

A study performed by EPRI12 provides insight into the costs associated with power quality 

problems in the US. According to this study, sustained interruptions (voltage drops to near 

zero) are the most visible problems and affect the widest range of electricity-consuming 

equipment. Less apparent are smaller voltage deviations, either above or below nominal 

voltage, which influence the operation of only some types of equipment depending on the 

magnitude and duration of the variations. It is important to consider both outages and power 

quality problems because from a customer’s perspective both contribute to the cost of 

unreliable electricity. 

 

 

6.1 Types of cost 
 

When considering the costs of unreliable electricity to customers, it is important to first 

distinguish between the effects of reliability events on electricity-consuming equipment and 

the resulting cost of these effects to the customer. The effects of an electricity reliability event 

on a piece of equipment are easily quantified; either the equipment is function normal or it is 

not. Whether non-normal operation of equipment creates additional costs for the customer 

depends on the role of affected equipment in meeting the customer’s objectives. For 

example, an industrial customer may use a large number of electrical devices in its 

processes, some more critical than others and each with its own voltage tolerance. 

Depending on the processes and equipment involved, a momentary outage could cause no 

interruption at all or could shut down production for hours. Even when companies have 

similar processes and equipment, interruption impact can differ significantly. For example, a 

factory ahead of its production schedule might experience little financial impact from an 

outage compared with one struggling to keep up. 

 

Traditionally, the costs to customers of electricity reliability problems have been assessed by 

reference to the magnitude, duration and frequency of the events, when they occur, and the 

                                                
12 Scoping study on trends in the economic value of electricity reliability to the U.S. Economics, EPRI 

Juni 2001 
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degree of advance notice. While useful as an initial categorisation scheme, assessing costs 

involves considering several of these categories in conjunction with one other. 

 

Frequency is an important characteristic of reliability events that is not captured by 

magnitude and duration. For example, a series of momentary outages can damage 

equipment and therefore may be more costly than a sustained outage lasting the same 

cumulative amount of time. Similarly, frequent outages are more likely than a few isolated 

incidents to spark customers’ investment in back-up equipment, fuel switching or other 

mitigation measures.  

The time of day, day of week and season when the event is experienced can also have an 

effect on costs. Weekday daytime events are more likely to cause business interruptions for 

commercial and industrial customers. Evening and weekend outages are most likely to 

inconvenience residential customers. Winter outages are likely to be more costly for 

residential customers that depend on electrical heating, especially if the outage is prolonged. 

 

The types of cost considered in the examination reliability events depend on the 

characteristics of the customer affected. Residential customers may experience out-of-

pocket costs, inconvenience, lost leisure, and health impact. Out-of-pocket costs might 

include dining out, purchasing candles or flashlights or renting generators. Reliability events 

may affects residents’ health by affecting electricity-dependent medical equipment. The costs 

to commercial and industrial customers are more numerous and complex. For example, 

production by an industrial customer may be interrupted for a long time after power (or 

voltage) has been restored, because of the time involved in restarting equipment and 

processes. Direct costs for commercial and industrial firms may include lost product, idle 

factor costs, shutdown costs, restart costs, spoilage, damage to raw materials and 

equipment, backup costs, and health and safety costs. Costs should be determined net of 

any savings on energy, materials, and labour during the event. In some cases, lost 

production can be made up, but the firm may incur additional expenses such as overtime. 

Indirect costs may include the costs to downstream firms and final customers.  

 

Power quality problems encompass a continuum of reliability events including voltage events 

of varying magnitude and duration, waveform deviations etc. In principle, they also include 

outages (near-zero voltage events) of all durations. In the literature published on this subject, 

there is overlap only in the consideration of momentary (one-to-three second) outages. In 

such literature, the distinction between outages and all other power quality events is based 

on customer awareness or understanding. The outage cost literature focuses on events that 

are readily discernible by customers. Outages of more than a second are unmistakable 

because they affect a broad range of equipment. A shorter event or one that does not result 



 -29- 30620162-Consulting 07-0682 
 
   
 
in voltage dropping to near zero affects a smaller subset of equipment and even then would 

not necessarily result in a power quality problem. Customers, particularly residential 

customers, may not have enough knowledge or experience to estimate the cost that they 

incur as a result of a two-cycle outage or transient voltage problem. 

 

Much of the power quality literature focuses on measurement and monitoring. Several case 

studies describe customers who approached their electric utilities with complaints or 

problems they believed were due to power quality. Once the problem has been diagnosed, 

the focus turns to mitigation (see also section 4). 

 

 

6.2 Estimations of the cost of adverse PQ 
 
To calculate the optimum quality, it is necessary to know what interruptions cost several 

customer groups. Drawing on information presented in the report on work package 1, 

figure 5.1 shows summarised survey data relating to various customer groups in various 

European countries over a period of several years. The diagram shows the differences 

between countries and between customer groups. There are several reasons why such 

differences may exist. One very logical explanation is international differences in electricity 

consumption. There may also have been differences in the way the data was collected. The 

results presented relate only to costs attributable to grid reliability issues and therefore 

exclude costs attributable to power quality issues. 
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Figure 5.1 The costs of interruptions in Europe 

 

It is difficult to establish the cost of adverse power quality to each type of customer in each 

country. Some studies have nevertheless tried to determine what adverse power quality 

costs.  

 

A survey performed in Norway13 shows that, at the national level, the costs attributable to 

voltage dips and short interruptions are almost the same as the costs attributable to long 

interruptions. The total costs of interruptions and voltage dips to Norwegian customers were 

estimated to be as follows: 

 

Long interruptions (> 3 min) 850 MNOK/year 

Short interruptions (≤ 3 min) 600 MNOK/year 

Voltage dips 170 – 330 MNOK/year 

Total 1,600 – 1,800 MNOK/year 

Table 5.1 Summary of Norwegian results 

 

                                                
13 The use of payment for electricity not delivered in Norway: It is enough to give incentives for 

investments? Kjell Sand; Sintef Energy research 
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In 2001, EPRI commissioned and published a report from Primen. This report was the first 

systematic effort to estimate the national economic costs of power interruptions (including 

power quality events) in the USA. This Primen Study surveyed almost 1000 firms from three 

populations of businesses: digital economy, continuous process manufacturing and 

fabrication and essential services. Each firm surveyed was asked to provide cost estimates 

for several distinct power outage scenarios, all on summer weekday afternoons, plus an 

estimate of the annual cost of power quality events. The results were extrapolated to 

represent an estimate for the nation by assuming that the costs experienced by the non-

surveyed population were 25 to 50% of the costs experienced by the surveyed populations. 

Table 5.2 summarises results from this study. 

 

 Surveyed 

populations 

Non-surveyed populations Total 

Power outages $ 46 billion $58 – 118 billion $104 – 164 billion 

Power quality $ 7 billion $8 – 17 billion $ 15 – 24 billion 

Total $ 53 billion $ 66 – 135 billion $ 119 – 188 b illion 

Table 5.2 Summary of Primen Study results 

 

As mentioned in subsection 3.1, the cost of adverse power quality (including outages) in 

Europe was estimated at €150 bn.  

 

In 2001, an estimate was made of the costs of adverse power quality in Europe14. Power 

quality problems cost industry and commerce in the EU about EUR 10 billion per year, while 

expenditure on preventative measurers was less than 5% of this. The typical financial loss 

per events for various industries is as follows: 

 

Industry Typical financial loss per event 

Semiconductor production EUR 3,800,000 

Financial trading EUR 6,000,000 per hour 

Computer centre EUR 75,000 

Telecommunications EUR 30,000 per minute 

Steel works EUR 350,000 

Glass industry EUR 250,000 

Table 5.3 Indication of the costs per industry 

  

                                                
14 Power quality application guide: The costs of poor power quality. Copper development association, 

November 2001. 
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Since it is difficult to establish the actual costs attributable to adverse power quality, we have 

summarised the costs of mitigation equipment (as determined from several published 

studies) shown in appendix A. These costs may be regarded as the cost of preventing 

economic damage caused by adverse power quality. The various types of mitigation 

equipment are considered in section 4. 

 

 

7 CONCLUSION 
 

Surveys performed in several countries and involving several types of customer indicate that 

reliability is the critical consideration for all customers. Voltage dips are the second largest 

concern, particularly for industrial companies and other business, while flicker is often a 

problem for residential customers. Harmonics cause problems only for a small number of 

customers in certain sectors. Unbalance is not often a problem.  

 

Power quality problems can be mitigated using solutions of various types. Such solutions 

may involve changes to the grid, to the customer’s system or to the equipment causing the 

power quality problems.  

 

It is hard to accurately estimate the costs attributable to adverse power quality. Such costs 

differ between countries and between types of customer; they also depend on the equipment 

used by the customer. This report describes various mitigation solutions and indicates the 

costs of implementing such solutions, as reported in the literature. 

 

Before regulators can introduce power quality regulation, they need to know what adverse 

power quality costs society as a whole, and which aspects of power quality are important to 

the different types of customer. This report includes a summary of studies performed in 

several countries and involving various types of customer. The next step is to define the 

responsibilities of the various parties involved (regulators, DNOs, TSOs, customers and 

equipment manufacturers). 
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APPENDIX I COSTS OF POWER QUALITY MITIGATION EQUIPM ENT  
 

 
Problem  Measure  Cost  

Interruption  UPS  270 - 750 EUR/kW  

Interruption Reserve force 180 – 240 EUR/kW  

Voltage 
sag  

Less sensitive equipment can be protected 
with UPS 

270 - 400 EUR/kW  

Transients  The electricity user can install transient 
protection devices of various qualities and 
sizes. 

EUR 10-600 for a simple 
indoor installation 

Unbalance The electricity user can influence phase 
levelling by getting a qualified electrician to 
connect devices in such a way that voltage 
of the three phases are as evenly as 
possible. 

Plant-specific; costs relate 
to the location of 
unbalance within the 
property followed by the 
cost of modifications and 
control systems 

Flicker Flicker can be counteracted with 

sophisticated technology.  

High 

Harmonics  The electricity user can install filters. A 25-A power network 
filters costs approximately 
EUR 3,500; installation 
extra 

Frequency   No solution 

HF noise The electricity user can install filters.   Cost of a filter varies 

between approximately 

EUR 50 - 60 for a single-

phase 10-A filter, to 

several hundred euros for 

a three-phase 25-A filter. 

Translated from Gods kvaliteit (in Swedish, 2003) 
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The table below compares the relative cost per kW, relative to power requirement, for a 

distributed system with that for a centralised system. 

 

Power (kVA) Centralised UPS  Distributed modular UP S 

10 100 % 200% 

15 110% 300% 

20 120% 400% 

30 120% 500% 

40 180% 600% 

50 200% 700% 

60 210% 800% 

80 290% 900% 

 

Costs of UPSs, as reported in MGE UPS systems “total costs of ownership for real world 

power protection infrastructure comparing centralised vs distribute power systems”; Jean 

François Christin; Electrical Power Quality and Utilization magazine, vol 1; no 1; 2005 
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Alternative category Initial costs (US 

dollars) 

Operating costs 

 (% of initial costs per year) 

CVTs 1000/kVA 1 

UPS 500/kVA 2.5 

Dynamic sag corrector 250/kVA 0.5 

Machine protection level (10 

– 500 kVA) 

  

UPS 500/kVA 1.5 

Flywheel 500/kVA 0.7 

Dynamic sag corrector 200/kVA 0.5 

Facility protection level (0.5-

10 MVA) 

  

UPS 400/kVA 1.5 

Flywheel 400/kVA 0.5 

DVR (50% voltage boost) 250/kVA 0.5 

Static switch (10 MVA) 600,000 0.5 

Fast transfer switch (10 

MVA) 

150,000 0.5 

Costs of mitigation techniques: Economic evaluation of solution alternatives for voltage sags 

and momentary interruptions: Tosak Thasananutariya, Somchai Chatratana and Mark 

Mcgranaghan. Electrical Power Quality and Utilization magazine, vol 1 no 2, 2005 
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Mitigation equipment Typical costs (euros) Operating and maintenance 

costs (% of initial costs per 

year) 

Transient suppressor 15 – 100 5 

UPS 500/kVA – 1,000/kVA 25 

Standby UPS 100/kVA – 1,000/kVA 25 

Shielded isolation 

transformer 

20/kVA – 60/kVA 15 

Line conditioner 300/kVA 10 

Written pole MG set (15 sec) 1,100/kVA 5 

Dynamic sag corrector 184/kVA 5 

Low-speed Flywheel (15 sec) 265 – 400/kVA 5 

High-speed flywheel (15 sec) 750 / kVA 7 

Ultra capacitors (10 sec) 1,000/kVA 5 

Fuel cells 1,500/kVA 10 

Analysis of power quality in high-tech facilities:  Antonio Moreno-Munoz and Juan, J. 

Gonzalez; Electrical Power Quality and Utilization magazine vol 1. no 2; 2005 

 

 

AFE size 

(kVA) 

Purchase 

price (euros) 

Boost 

converter 

size (kVA) 

Purchase 

price (euros) 

DVR size 

(kVA) 

Purchase 

price (euros) 

75 13,800 65 14,700 72 10,000 

110 18,100 87 16,000   

160 22,700 130 18,700   

250 34,000 175 20,800   

Costs-benefit analysis of solutions protection industrial processes with variable speed drives 

against voltage sags. Marcel Didden, Kurt Stockman, William D’haeseleer, Ronnie Belmans. 

Electrical Power Quality and Utilization magazine, vol 1, no 2, 2005 

 
 


