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Who is IDC Technologies? 

IDC Technologies is a specialist in the field of industrial communications, 
telecommunications, automation and control and has been providing high 
quality training for more than six years on an international basis from 
offices around the world.    

IDC consists of an enthusiastic team of professional engineers and support 
staff who are committed to providing the highest quality in their consulting 
and training services.    
The Benefits to you of Technical Training Today 

The technological world today presents tremendous challenges to engineers, 
scientists and technicians in keeping up to date and taking advantage of the 
latest developments in the key technology areas. 

• The immediate benefits of attending IDC workshops are: 

• Gain practical hands-on experience 

• Enhance your expertise and credibility 

• Save $$$s for your company 

• Obtain state of the art knowledge for your company 

• Learn new approaches to troubleshooting 
• Improve your future career prospects 

 

The IDC Approach to Training 

All workshops have been carefully structured to ensure that attendees gain 
maximum benefits.  A combination of carefully designed training software, 
hardware and well written documentation, together with multimedia 
techniques ensure that the workshops are presented in an interesting, 
stimulating and logical fashion. 

IDC has structured a number of workshops to cover the major areas of 
technology.  These courses are presented by instructors who are experts in 
their fields, and have been attended by thousands of engineers, technicians 
and scientists world-wide (over 11,000 in the past two years), who have 
given excellent reviews.  The IDC team of professional engineers is 
constantly reviewing the courses and talking to industry leaders in these 
fields, thus keeping the workshops topical and up to date. 



 

 
 

Technical Training Workshops 

IDC is continually developing high quality state of the art workshops aimed 
at assisting engineers, technicians and scientists.  Current workshops 
include: 

Instrumentation & Control 

• Practical Automation and Process Control using PLC’s  

• Practical Data Acquisition using Personal Computers and Standalone 
Systems  

• Practical On-line Analytical Instrumentation for Engineers and 
Technicians  

• Practical Flow Measurement for Engineers and Technicians 

• Practical Intrinsic Safety for Engineers and Technicians  

• Practical Safety Instrumentation and Shut-down Systems for Industry  

• Practical Process Control for Engineers and Technicians 

• Practical Programming for Industrial Control – using (IEC 1131-3;OPC)  

• Practical SCADA Systems for Industry  

• Practical Boiler Control and Instrumentation for Engineers and 
Technicians  

• Practical Process Instrumentation for Engineers and Technicians   

• Practical Motion Control for Engineers and Technicians  
• Practical Communications, SCADA & PLC’s for Managers 

   

Communications 

• Practical Data Communications for Engineers and Technicians 

• Practical Essentials of SNMP Network Management  

• Practical Field Bus and Device Networks for Engineers and Technicians 

• Practical Industrial Communication Protocols 

• Practical Fibre Optics for Engineers and Technicians 

• Practical Industrial Networking for Engineers and Technicians 

• Practical TCP/IP & Ethernet Networking for Industry 

• Practical Telecommunications for Engineers and Technicians 

• Practical Radio & Telemetry Systems for Industry 

• Practical Local Area Networks for Engineers and Technicians  
• Practical Mobile Radio Systems for Industry  

 
 
 
 
 
 



 

 
 

Electrical 

• Practical Power Systems Protection for Engineers and Technicians  

• Practical High Voltage Safety Operating Procedures for Engineers & 
Technicians 

• Practical Solutions to Power Quality Problems for Engineers and 
Technicians 

• Practical Communications and Automation for Electrical Networks 

• Practical Power Distribution 
• Practical Variable Speed Drives for Instrumentation and Control Systems 

 

Project & Financial Management 

• Practical Project Management for Engineers and Technicians 

• Practical Financial Management and Project Investment Analysis 
• How to Manage Consultants 

 

Mechanical Engineering 

• Practical Boiler Plant Operation and Management for Engineers and 
Technicians 

• Practical Centrifugal Pumps – Efficient use for Safety & Reliability  

 

Electronics 

• Practical Digital Signal Processing Systems for Engineers and Technicians 

• Practical Industrial Electronics Workshop  

• Practical Image Processing and Applications  
• Practical EMC and EMI Control for Engineers and Technicians 

  

Information Technology 

• Personal Computer & Network Security (Protect from Hackers, Crackers 
& Viruses)  

• Practical Guide to MCSE Certification     
• Practical Application Development for Web Based SCADA   



 

 
 

Comprehensive Training Materials 
 

Workshop Documentation 

All IDC workshops are fully documented with complete reference materials 
including comprehensive manuals and practical reference guides. 

Software 

Relevant software is supplied with most workshops.  The software consists 
of demonstration programs which illustrate the basic theory as well as the 
more difficult concepts of the workshop. 

Hands-On Approach to Training 

The IDC engineers have developed the workshops based on the practical 
consulting expertise that has been built up over the years in various 
specialist areas. The objective of training today is to gain knowledge and 
experience in the latest developments in technology through cost effective 
methods.  The investment in training made by companies and individuals is 
growing each year as the need to keep topical and up to date in the industry 
which they are operating is recognized.  As a result, the IDC instructors 
place particular emphasis on the practical hands-on aspect of the workshops 
presented. 

On-Site Workshops 

In addition to the quality of workshops which IDC presents on a world-wide 
basis, all IDC courses are also available for on-site (in-house) presentation 
at our clients’ premises. On-site training is a cost effective method of 
training for companies with many delegates to train in a particular area.  
Organizations can save valuable training $$$’s by holding courses on-site, 
where costs are significantly less.  Other benefits are IDC’s ability to focus 
on particular systems and equipment so that attendees obtain only the 
greatest benefits from the training. 

All on-site workshops are tailored to meet with clients training requirements 
and courses can be presented at beginners, intermediate or advanced levels 
based on the knowledge and experience of delegates in attendance.  Specific 
areas of interest to the client can also be covered in more detail. Our 
external workshops are planned well in advance and you should contact us 
as early as possible if you require on-site/customized training.  While we 
will always endeavor to meet your timetable preferences, two to three 
month’s notice is preferable in order to successfully fulfil your 
requirements. Please don’t hesitate to contact us if you would like to discuss 
your training needs. 



 

 

 
Customized Training 

In addition to standard on-site training, IDC specializes in customized 
courses to meet client training specifications.  IDC has the necessary 
engineering and training expertise and resources to work closely with clients 
in preparing and presenting specialized courses. 

These courses may comprise a combination of all IDC courses along with 
additional topics and subjects that are required.  The benefits to companies 
in using training are reflected in the increased efficiency of their operations 
and equipment. 

Training Contracts 

IDC also specializes in establishing training contracts with companies who 
require ongoing training for their employees.  These contracts can be 
established over a given period of time and special fees are negotiated with 
clients based on their requirements.  Where possible, IDC will also adapt 
courses to satisfy your training budget. 

References from various international companies to whom IDC is contracted  

to provide on-going technical training are available on request. 

Some of the thousands of Companies worldwide that have 
supported and benefited from IDC workshops are: 

Alcoa, Allen-Bradley, Altona Petrochemical, Aluminum Company of 
America, AMC Mineral Sands, Amgen, Arco Oil and Gas, Argyle Diamond 
Mine, Associated Pulp and Paper Mill, Bailey Controls, Bechtel,  
BHP Engineering, Caltex Refining, Canon, Chevron, Coca-Cola,  
Colgate-Palmolive, Conoco Inc, Dow Chemical, ESKOM, Exxon,  
Ford, Gillette Company, Honda, Honeywell, Kodak, Lever Brothers, 
McDonnell Douglas, Mobil, Modicon, Monsanto, Motorola, Nabisco, 
NASA, National Instruments, National Semi-Conductor, Omron Electric, 
Pacific Power, Pirelli Cables, Proctor and Gamble, Robert Bosch Corp, 
Siemens, Smith Kline Beecham, Square D, Texaco, Varian,  
Warner Lambert, Woodside Offshore Petroleum, Zener Electric 
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Preface  ix 

Preface 
 
This book has been designed to give plant operators, electricians, field technicians and engineers a 
better appreciation of the role played by power system protection systems. An understanding of power 
systems; along with correct management, will increase your plant efficiency and performance as well 
as increasing safety for all concerned. The book is designed to provide an excellent understanding on 
both a theoretical and practical level. 
 
The book starts at a basic level, to ensure that you have a solid understanding of the fundamental 
concepts and also to refresh the more experienced readers in the essentials. The book then moves onto 
more detailed applications. It is most definitely not an advanced treatment of the topic and it is hoped 
the expert will forgive the simplifications that have been made to the material in order to get the 
concepts across in a practical useful manner. 
  
The book features an introduction covering the need for protection, fault types and their effects, simple 
calculations of short circuit currents and system grounding. The book also refers to some practical 
work, such as simple fault calculations, relay settings and the checking of a current transformer 
magnetisation curve which are performed in the associated training workshop. You should be able to 
do these exercises and tasks yourself without too much difficulty based on the material covered in the 
book. 
 
This is an intermediate level book – at the end of the book you will have an excellent knowledge of the 
principles of protection. You will also have a better understanding of the possible problems likely to 
arise and know where to look for answers. 
 
In addition you are introduced to the most interesting and “fun” part of electrical engineering to make 
your job more rewarding. Even those who claim to be protection experts have admitted to improving 
their knowledge after studying this book; but this book will perhaps be an easy refresher on the topic 
enabling you to pass on knowledge to your less experienced colleagues. 
 
 
We would hope that you will gain the following from this book: 

• The fundamentals of electrical power protection and applications 
• Knowledge of the different fault types 
• The ability to perform simple fault and design calculations 
• Practical knowledge of protection system components 
• Knowledge of how to perform simple relay settings 
• Increased job satisfaction through informed decision making 
• Know how to improve the safety of your site  
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Typical people who will find this book useful include: 
• Electrical Engineers 
• Project Engineers 
• Design Engineers 
• Instrumentation and 
• Engineers 
• Electrical Technicians 
• Field Technicians 
• Electricians 
• Plant Operators 
• Plant Operators 

 
You should have a modicum of electrical knowledge and some exposure to electrical protection 
systems to derive maximum benefit from this book.  
 
This book was put together by a few authors although initiated by the late Les Hewitson, who must be 
one of the finest instructors on the subject who presented this course in his own right in South Africa 
and throughout Europe/North America and Australia for IDC Technologies. It is to him that this book 
is dedicated. 
 
Hambani Kahle (Zulu Farewell)  
(Sources: Canciones de Nuestra Cabana (1980), Tent and Trail Songs (American Camping 
Association), Songs to Sing & Sing Again by Shelley Gordon)  
 
Go well and safely.  
Go well and safely.  
Go well and safely.  
The Lord be ever with you.  
 
Stay well and safely.  
Stay well and safely.  
Stay well and safely.  
The Lord be ever with you.  
 
Hambani kahle.  
Hambani kahle.  
Hambani kahle.  
The Lord be ever with you. 
 
 
Steve Mackay 
Series Editor FIE (Aust), CPEng, BSc(ElecEng), BSc(Hons), MBA 
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Need for protection 

Important notes  

1. This book was originally written for UK and other European users and contains many 
references to the products and standards in those countries. We have made an effort 
to include IEEE/ANSI/NEMA references wherever possible. The general protection 
approach and theoretical principles are however universally applicable. 

2. The terms ‘earth’ as well as ‘ground’ have both been in general use to describe the 
common power/signal reference point interchangeably around the world in the 
Electro-technical terminology. While the USA and other North American countries 
favor the use of the term ‘ground’, European countries including UK and many other 
Eastern countries prefer the term ‘earth’. In this book, we will adopt the term 
‘ground’ to denote the common electrical reference point. Our sincere apologies to 
those readers who would have preferred the use of ‘earth’ to the term ‘ground’. 

 

1.1 Need for protective apparatus 

A power system must be not only capable of meeting the present load but also requires 
the flexibility to meet the future demand. A power system is designed to generate electric 
power in sufficient quantity, to meet the present and estimated future demands of the 
users in a particular area, to transmit it to the areas where it will be used and then 
distribute it within that area, on a continuous basis. 
To ensure the maximum return on the significant investment in the equipment, which 
goes to make up the power system, and to keep the users satisfied with reliable service, 
the whole system must be kept in operation continuously without major breakdowns. 

This can be achieved in two ways:  

•  The first option is to implement a system using components, which should 
not fail and which require minimal maintenance to maintain the continuity of 
service. However, implementing such a system is neither economical nor 
feasible, except for small systems. 
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• The second option is to anticipate any possible effects or failures that may 
cause a long-term shutdown of a system, which in turn may take a longer 
time to bring the system back to its normal operation. The main idea is to 
restrict the disturbances during such failures to a limited area and maintain 
power distribution to the remaining areas. Special equipment is normally 
installed to detect such kind of failures (also called ‘faults’) that can possibly 
happen in various sections of a system, and to isolate faulty sections so that 
the interruption is limited to a localized area. The special equipment adopted 
to detect such possible faults is referred to as ‘Protective equipment or a 
protective relay’ and the system that uses such equipment is termed a 
‘Protection system’.  

A protective relay is the device, which gives instruction to disconnect a faulty part of 
the system. This action ensures that the remaining system is still fed with power, and 
protects the system from further damage due to the fault. 

Hence, use of protective apparatus is very necessary in the electrical systems, which are 
expected to generate, transmit and distribute power with least interruptions and 
restoration time.  

1.2 Basic requirements of protection 

A protection system has three main functions/duties: 

• Safeguard the entire system to maintain continuity of supply. 

• Minimize damage and repair costs where it senses a fault. 

• Ensure safety of personnel. 
These requirements are necessary, firstly for early detection and localization of faults and 
secondly, prompt removal of faulty equipment from service. 

In order to carry out the above duties, protection must have the following qualities: 

a) Selectivity: To detect and isolate the faulty item only. 

b) Stability: To leave all healthy circuits intact to ensure continuity of 
supply. 

c) Sensitivity: To detect even the smallest fault, current or system 
abnormalities and operate correctly at its setting before the 
fault causes irreparable damage.  

d) Speed: To operate speedily when it is called upon to do so, thereby 
minimizing damage to the surroundings and ensuring safety 
to personnel. 

To meet all of the above requirements, protection must be reliable which means it must 
be: 

• Dependable - it must trip when called upon to do so. 

• Secure - it must not trip when it is not supposed to. 

1.3 Basic components of protection 

The protection of any distribution system is a function of many elements and this section 
gives a brief outline of the various components that go into protecting a system. The 
following are the main components of a protection system. 
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• A fuse self destructs and carries the currents in a power circuit continuously 
and sacrifices itself by blowing under abnormal conditions. These are 
normally independent OR stand-alone protective components in an electrical 
system unlike a circuit breaker, which necessarily requires the support of 
external components. 

• Accurate protection cannot be achieved without properly measuring the 
normal and abnormal conditions of a system. In electrical systems, voltage 
and current measurements give feedback on whether a system is healthy or 
not. Voltage transformers and current transformers measure these basic 
parameters and are capable of providing accurate measurement during fault 
conditions without failure. 

• The measured values are converted into analog and/or digital signals and are 
made to operate the relays, which in turn isolate the circuits by opening the 
faulty circuits. In most of the cases, the relays provide two functions viz., 
alarm and trip; once the abnormality is noticed. The relays in earlier times 
had very limited functions and were quite bulky. However, with the 
advancement in digital technology and use of microprocessors, relays 
monitor various parameters, which give a complete history of a system 
during both pre-fault and post-fault conditions. 

• The opening of faulty circuits requires some time, typically milliseconds. 
However, the circuit breakers, which are used to isolate the faulty circuits, 
are capable of carrying these fault currents until the fault currents are totally 
cleared. The circuit breakers are the main isolating devices in a distribution 
system, which can be said to directly protect the system.  

• The operation of relays and breakers require power sources, which shall not 
be affected by faults in the main distribution. Hence, the other component, 
which is vital in protective system, are batteries that are used to ensure 
uninterrupted power to relays and breaker coils. 

The above items are extensively used in any protective system and their design requires 
careful study and selection for proper operation. 

1.4 Summary 

Power system protection-main functions 

1. To safeguard the entire system to maintain continuity of supply. 
2. To minimize damage and repair costs. 
3. To ensure safety of personnel. 

 
 

Power system protection-basic requirements 

 

1.    Selectivity: To detect and isolate the faulty item only. 
2.   Stability: To leave all healthy circuits intact to ensure continuity of             

supply. 
3.   Speed: To operate as fast as possible when called upon, to minimize 

damage, production downtime and ensure safety to personnel. 
4.  Sensitivity: To detect even the smallest fault, current or system 

abnormalities and operate correctly at its setting. 
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Power system protection-speed is vital!! 

The protective system should act fast to isolate faulty sections to prevent: 

• Increased damage at fault location. Fault energy = I2 × Rf × t, where t is time 
in seconds. 

• Danger to the operating personnel (flashes due to high fault energy sustaining 
for a long time). 

• Danger of igniting combustible gas in hazardous areas, such as methane in 
coal mines which could cause horrendous disaster. 

• Increased probability of ground faults spreading to healthy phases. 

• Higher mechanical and thermal stressing of all items of plant carrying the 
fault current, particularly transformers whose windings suffer progressive and 
cumulative deterioration because of the enormous electro-mechanical forces 
caused by multiphase faults proportional to the square of the fault current. 

• Sustained voltage dips resulting in motor (and generator), instability leading 
to extensive shutdown at the plant concerned and possibly other nearby plants 
connected to the system. 

Power system protection-qualities 

 
 
 
 
 
 
 
 
 
1) Dependability: It MUST trip when called upon. 
2) Security: It must NOT trip when not supposed to. 

 

Power system protection-basic components 

1. Voltage transformers and current transformers–To monitor and give 
accurate feedback about the healthiness of a system. 

2. Relays–To convert the signals from the monitoring devices, and give 
instructions to open a circuit under faulty conditions or to give alarms when 
the equipment being protected, is approaching towards possible destruction. 

3. Fuses–Self-destructing to save the downstream equipment being protected. 
4. Circuit breakers–These are used to make circuits carrying enormous 

currents, and also to break the circuit carrying the fault currents for a few 
cycles based on feedback from the relays. 

5. DC batteries–These give uninterrupted power source to the relays and 
breakers that is independent of the main power source being protected. 

 

 

Dependability 
 

Security 

 

Reliability 
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Faults, types and effects 

2.1 The development of simple distribution systems  

 When a consumer requests electrical power from a supply authority, ideally all that is 
required is a cable and a transformer, shown physically as in Figure 2.1: 

 
Figure 2.1 
A simple distribution system 

This is called a Radial system and can be shown schematically in the following manner 
(figure 2.2.) 

 

Figure 2.2 
A radial distribution system 
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 Advantages 

If a fault occurs at T2 then only the protection on one leg connecting T2 is called into 
operation to isolate this leg. The other consumers are not affected. 

 Disadvantages 

If the conductor to T2 fails, then supply to this particular consumer is lost completely and 
cannot be restored until the conductor is replaced/repaired. 
This disadvantage can be overcome by introducing additional / parallel feeders (Figure 
2.3) connecting each of the consumers radially. However, this requires more cabling and 
is not always economical. The fault current also tends to increase due to use of two 
cables. 

 

Figure 2.3 

Radial distribution system with parallel feeders 

The Ring main system, which is the most favored, then came into being (Figure 2.4). 
Here each consumer has two feeders but connected in different paths to ensure continuity 
of power, in case of conductor failure in any section. 
 

 

Figure 2.4 
A ring main distribution system 
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 Advantages 

Essentially, meets the requirements of two alternative feeds to give 100% continuity of 
supply, whilst saving in cabling / copper compared to parallel feeders. 

 Disadvantages 

For faults at T1 fault current is fed into fault via two parallel paths effectively reducing 
the impedance from the source to the fault location, and hence the fault current is much 
higher compared to a radial path. The fault currents in particular could vary depending on 
the exact location of the fault. 
Protection must therefore be fast and discriminate correctly, so that other consumers are 
not interrupted. 
The above case basically covers feeder failure, since cables tend to be the most vulnerable 
component in the network.  Not only are they likely to be hit by a pick or alternatively 
dug-up, or crushed by heavy machinery, but their joints are notoriously weak, being 
susceptible to moisture, ingress, etc. amongst other things. 
Transformer faults are not so frequent, however they do occur as windings are often 
strained when carrying fault currents.  Also, their insulation lifespan is very often reduced 
due to temporary or extended overloading leading to eventual failure.  Hence interruption 
or restriction in the power being distributed cannot be avoided in case of transformer 
failures. As it takes a few months to manufacture a power transformer, it is a normal 
practice to install two units at a substation with sufficient spare capacity to provide 
continuity of supply in case of transformer failure. 
Busbars on the other hand, are considered to be the most vital component on a 
distribution system. They form an electrical ‘node’ where many circuits come together, 
feeding in and sending out power. 
On E.H.V. systems where mainly outdoor switchgear is used, it is relatively easy and 
economical to install duplicate busbar system to provide alternate power paths. But on 
medium voltage (11 kV, 6.6 kV and 3.3kV) and low voltage (1000 V and 500 V) 
systems, where indoor metal clad switchgear is extensively used, it is not practical or 
economical to provide standby or parallel switchboards. Further, duplicate busbar 
switchgear is not immune to the ravages of a busbar fault. 
The loss of a busbar in a network can in fact be a catastrophic situation, and it is 
recommended that this component be given careful consideration from a protection 
viewpoint when designing the network, particularly for continuous process plants such as 
mineral processing. 

2.2 Faults-types and their effects 

It is not practical to design and build electrical equipment or networks to eliminate the 
possibility of failure in service.   

Faults can be broadly classified into two main areas, which have been designated 
‘Active’ and ‘Passive’. 

2.2.1 Active faults 

The ‘Active’ fault is when actual current flows from one phase conductor to another 
(phase-to-phase), or alternatively from one phase conductor to ground (phase-to-ground).  
This type of fault can also be further classified into two areas, namely the ‘solid’ fault and 
the ‘incipient’ fault. 
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The solid fault occurs as a result of an immediate complete breakdown of insulation as 
would happen if, say, a pick struck an underground cable, bridging conductors etc. or the 
cable was dug up by a bulldozer.  In mining, a rockfall could crush a cable, as would a 
shuttle car.  In these circumstances the fault current would be very high, resulting in an 
electrical explosion. 

This type of fault must be cleared as quickly as possible, otherwise there will be: 

• Increased damage at fault location. Fault energy = I2 × Rf × t where t is 
time in seconds. 

• Danger to operating personnel (flashes due to high fault energy 
sustaining for a long time). 

• Danger of igniting combustible gas in hazardous areas, such as methane 
in coal mines which could cause horrendous disaster. 

• Increased probability of ground faults spreading to healthy phases. 

• Higher mechanical and thermal stressing of all items of plant carrying 
the fault current, particularly transformers whose windings suffer 
progressive and cumulative deterioration because of the enormous 
electro-mechanical forces caused by multiphase faults proportional to the 
square of the fault current. 

• Sustained voltage dips resulting in motor (and generator) instability 
leading to extensive shutdown at the plant concerned and possibly other 
nearby plants connected to the system. 

The ‘incipient’ fault, on the other hand, is a fault that starts in a small way and develops 
into catastrophic failure. For example, partial discharge (excessive discharge activity is 
often referred to as a Corona) occurring in a void in the insulation over an extended 
period can burn away adjacent insulation, eventually spreading further and developing 
into a ‘solid’ fault. 

Other causes can typically be a high-resistance joint or contact, alternatively pollution 
of insulators causing tracking across their surface.  Once tracking occurs, any surrounding 
air will ionise which then behaves like a solid conductor consequently creating a ‘solid’ 
fault. 

2.2.2 Passive faults 

Passive faults are not real faults in the true sense of the word, but are rather conditions 
that are stressing the system beyond its design capacity, so that ultimately active faults 
will occur. Typical examples are: 

• Over loading leading to over heating of insulation (deteriorating quality, 
reduced life and ultimate failure) 

• Over voltage—Stressing the insulation beyond its withstand capacities 

• Under frequency—Causing plant to behave incorrectly 

• Power swings—Generators going out-of-step or out-of-synchronism with 
each other 

It is therefore necessary to monitor these conditions to protect the system against these 
conditions. 
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2.2.3 Types of faults on a three-phase system 

Largely, the power distribution is globally a three-phase distribution especially from 
power sources. The types of faults that can occur on a three-phase A.C. system are shown 
in Figure 2.5. 

 

Figure 2.5 
Types of faults on a three-phase system 

(A) Phase-to-ground fault 
(B) Phase-to-phase fault 
(C) Phase-to-phase-to-ground fault 
(D) Three-phase fault 
(E)      Three-phase-to-ground fault 
(F)      Phase-to-pilot fault* 
(G) Pilot-to-ground fault* 
           * In underground mining applications only 

 
It will be noted that for a phase-to-phase fault, the currents will be high, because the fault 
current is only limited by the inherent (natural) series impedance of the power system up 
to the point of fault (Ohm’s law). 
By design, this inherent series impedance in a power system is purposely chosen to be as 
low as possible in order to get maximum power transfer to the consumer so that 
unnecessary losses in the network are limited thereby increasing the distribution 
efficiency. Hence, the fault current cannot be decreased without a compromise on the 
distribution efficiency and further reduction cannot be substantial. 
On the other hand, the magnitude of ground fault currents will be determined by the 
manner in which the system neutral is grounded. It is worth noting at this juncture that it 
is possible to control the level of ground fault current that can flow by the judicious 
choice of grounding arrangements for the neutral. Solid neutral grounding means high 
ground fault currents, being limited by the inherent ground fault (zero sequence) 
impedance of the system, whereas additional impedance introduced between neutral and 
ground can result in comparatively lower ground fault currents. 
In other words, by the use of resistance or impedance in the neutral of the system, ground 
fault currents can be engineered to be at whatever level desired, and are therefore 
controllable.  This cannot be achieved for phase faults. 
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2.2.4 Transient and permanent faults 

Transient faults are faults, which do not damage the insulation permanently and allow the 
circuit to be safely re-energized after a short period. 
A typical example would be an insulator flashover following a lightning strike, which 
would be successfully cleared on opening of the circuit breaker, which could then be 
automatically closed. 
Transient faults occur mainly on outdoor equipment where air is the main insulating 
medium. 
Permanent faults, as the name implies, are the result of permanent damage to the 
insulation.  In this case, the equipment has to be repaired and recharging must not be 
entertained before repair/restoration. 

2.2.5 Symmetrical and asymmetrical faults 

A symmetrical fault is a balanced fault with the sinusoidal waves being equal about their 
axes, and represents a steady state condition. 
An asymmetrical fault displays a D.C. offset, transient in nature and decaying to the 
steady state of the symmetrical fault after a period of time, as shown in Figure 2.6. 

 

Figure 2.6 
An asymmetrical fault 

The amount of offset depends on the X/R (power factor) of the power system and the first 
peak can be as high as 2.55 times the steady state level (see Figure 2.7). 
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Figure 2.7 

Total asymmetry factor chart 
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3 

Simple calculation 
of short circuit currents 

3.1 Introduction 

Before selecting proper protective devices, it is necessary to determine the likely fault 
currents that may result in a system under various fault conditions.  Depending upon the 
complexity of the system the calculations could also be too much involved. Accurate fault 
current calculations are normally carried out using an analysis method called symmetrical 
components. This method is used by design engineers and practicing protection 
engineers, as it involves the use of higher mathematics.  It is based on the principle that 
any unbalanced set of vectors can be represented by a set of 3 balanced quantities, 
namely: positive, negative and zero sequence vectors. 
However, for general practical purposes for operators, electricians and men-in-the-field it 
is possible to achieve a good approximation of three-phase short circuit currents using 
some very simple methods, which are discussed below. These simple methods are used to 
decide the equipment short circuit ratings and relay setting calculations in standard power 
distribution systems, which normally have limited power sources and interconnections. 
Even a complex system can be grouped into convenient parts and calculations can be 
made group-wise depending upon the location of the fault. 

3.2 Revision of basic formulae 

It is interesting to note that nearly all problems in electrical networks can be understood 
by the application of its most fundamental law viz., Ohm’s law, which stipulates, 

For DC systems 
R

V
I =  i.e.  

Resistance

Voltage
Current =  

       

For AC systems 
Z

V
I =  i.e.  

Impedance

Voltage
Current =  
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3.2.1 Vectors 

Vectors are a most useful tool in electrical engineering and are necessary for analyzing 
AC system components like voltage, current and power, which tends to vary in line with 
the variation in the system voltage being generated.  
The vectors are instantaneous ‘snapshots’ of an AC sinusoidal wave, represented by a 
straight line and a direction. A sine wave starts from zero value at 0°, reaches its peak 
value at 90°, goes negative after 180° and again reaches back zero at 360°. Straight lines 
and relative angle positions, which are termed vectors, represent these values and 
positions. For a typical sine wave, the vector line will be horizontal at 0° of the reference 
point and will be vertical upwards at 90° and so on and again comes back to the 
horizontal position at 360° or at the start of the next cycle. Figure 3.1 gives one way of 
representing the vectors in a typical cycle. 
 

 

Figure 3.1 
Vectors and an AC wave 

In an AC system, it is quite common to come across many voltages and currents 
depending on the number of sources and circuit connections. These are represented in 
form of vectors in relation to one another taking a common reference base. Then these 
can be added or subtracted depending on the nature of the circuits to find the resultant and 
provide a most convenient and simple way to analyze and solve problems, rather than 
having to draw numerous sinusoidal waves at different phase displacements. 

3.2.2 Impedance 

This is the AC equivalent of resistance in a DC system, and takes into account the 
additional effects of reactance.  It is represented by the symbol Z and is the vector sum of 
resistance and reactance (see Figure 3.2). 
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Figure 3.2 
Impedance relationship diagram 

It is calculated by the formula: 
Z = R + jX 

where; 
R is resistance and X is reactance.  
 
It is to be noted that X is positive for inductive circuits whereas it is negative in capacitive 
circuits. That means that the Z and X will be the mirror image with R as the base in the 
above diagram. 

3.2.3 Reactance 

Reactance is a phenomenon in AC systems brought about by inductance and capacitance 
effects of a system.  Energy is required to overcome these components as they react to the 
source and effectively reduce the useful power available to a system.  The energy, which 
is spent to overcome these components in a system is thus not available for use by the end 
user and is termed ‘useless’ energy though it still has to be generated by the source. 
Inductance is represented by the symbol L and is a result of magnetic coupling which 
induces a back e.m.f. opposing that which is causing it.  This ‘back-pressure’ has to be 
overcome and the energy expended is thus not available for use by the end user and is 
termed ‘useless’ energy, as it still has to be generated. L is normally measured in Henries. 
The inductive reactance is represented using the formula: 

Inductive reactance = 2π fL. 
 
Capacitance is the electrostatic charge required when energizing the system. It is 
represented by the symbol C and is measured in farads. 
To convert this to ohms,  

Capacitive reactance = 
Cf2

1

π

   

where; 
f = supply frequency 
 L = system inductance 
 C = system capacitance. 
 
Inductive reactance and capacitive reactance oppose each other vectorally, so to find the 
net reactance in a system, they must be arithmetically subtracted. 
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For example, in a system having resistance R, inductance L and capacitance C, its 
impedance;  

 Z = R + (j × 2π f L) – (j/ 2 π f C) 
 
When a voltage is applied to a system, which has an impedance of Z, vectorally the 
voltage is in phase with the Z as per the above impedance diagram and the current is in 
phase with the resistive component. Accordingly, the current is said to be leading the 
voltage vector in a capacitive circuit and is said to be lagging the voltage vector in an 
inductive circuit. 

3.2.4 Power and power factor 

In a D.C. system, power dissipated in a system is the product of volts × amps and is 
measured in watts.  

P = V × I 
 
For AC systems, the power input is measured in volt amperes, due to the effect of 
reactance’s and the useful power is measured in watts. For a single-phase AC system, the 
VA is the direct multiplication of volt and amperes, whereas it is necessary to introduce a 

3 factor for a three-phase A.C. system. Hence VA power for the standard three-phase 

system is: 

IV3 VA ××=  

 
Alternatively; 

  IV3kVA ××=   

where; 
V is in kilovolts 
I is in amps, or 

IV3MVA ××=  

where; 
V is in kV 
and I is in kA. 
 
Therefore, 

  
kV3

kVA

×

=ampsI
 or  

kV3

MVAIka

×

=
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From the impedance triangle below, it will be seen that the voltage will be in phase with 
Z, whereas the current will be in phase with resistance R (see Figure 3.3). 

 

Figure 3.3 

Impedance triangle 

The cosine of the angle between the two is known as the Power factor. 
Examples: When angle = 0°; cosine 0° = 1 (unity) 
                  When angle = 90°; cosine 90° = 0 
 
The useful kW power in a three-phase system taking into account the system reactive 

component is obtained by introducing the power factor cos φ as below:  

  cosIV3P ×××=  φ = kVA ×  cos φ  

 

It should be noted that the kW will be at a maximum when cos φ = 1 and will be zero 

when cos φ = 0. It means that the useful power is zero when cos φ = 0 and will tend to 
increase as the angle increases.  The greater the power factor, the greater the useful 
power. 
An alternative interpretation is that it is the factor applied to determine how much of the 
input power is effectively used in the system or simply it is a measure of the efficiency of 
the system. 
The ‘Reactive power’ OR the so called ‘useless power’ is calculated using the formula  

  P’ = √ 3 ×  V ×  I ×  sin φ = kVA ×  sin φ 
 
In a power system, the energy meters normally record the useful power kW, which is 
directly used in the system and the consumer is charged based on total kW consumed 
over a period of time (kWh) and the maximum demand required over a period of time. 
However, the kVAr determines the kVA to be supplied by the source to meet the 
consumer load after overcoming the reactive components, which will vary depending on 
the power factor of the system. Hence, it is common practice to penalise a consumer 
whenever the consumer’s system has a low power factor. 
Obviously, if one can reduce the amount of ‘useless’ power, power that is more ‘useful’ 
will be available to the consumer; so it pays to improve the Power Factor wherever 
possible. 
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As most loads are inductive in nature, adding shunt capacitance can reduce the inductive 
reactance as the capacitive reactance opposes the inductive reactance of the load. 

3.3 Calculation of short circuit MVA 

We have studied various types and effects of faults that can occur on the system in an 
earlier chapter. It is important that we know how to calculate the level of fault current that 
will flow under these conditions, so that we can choose equipment to withstand these 
faults and isolate the faulty locations without major damages to the system. 
In any distribution system, the power source is a generator and it is a common practice to 
use transformers to distribute the power at the required voltages. A fault can occur 
immediately after the generator or after a transformer and depending upon the location of 
fault, the fault current could vary. In the first case, only the source impedance limits the 
fault current whereas in the second case the transformer impedance is an important factor 
that decides the fault current. 
Generally, the worst type of fault that can occur is the three-phase fault, where the fault 
currents are the highest.  If we can calculate this current then we can ensure that all 
equipment can withstand (carry) and in the case of switchgear, interrupt this current.  
There are simple methods to determine short circuit MVA taking into account some 
assumptions.  
Consider the following system. Here the source generates a voltage with a phase voltage 
of Ep and the fault point is fed through a transformer, which has a reactance Xp (see 
Figure 3.5).   

 

Figure 3.5 

Short circuit MVA calculation 

Let Is = r.m.s. short circuit current 
 I = Normal full load current 
 P = Transformer rated power (rated MVA) 
 Xp  = Reactance per phase 
 Ep = System voltage per phase 
 
At the time of fault, the fault current is limited by the reactance of the transformer after 
neglecting the impedances due to cables up to the fault point. Then from Ohm’s law: 

 
Xp

Ep
Is =

 

 
Now, 

  
I

XpEp

I

Is

IEp

IsEp

MVARated

/

10..3

10..3MVAcircuitShort
6

6

==

×

×
=

−  
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Multiplying top and bottom by 100×

Ep

Xp  

  
100/.

100

100/

100//

×

=

×

×
×

EpXpIEpXp

EpXp

I

XpEp  

But, 

  phase perReactance  X
Ep

XpI
%100

.
=×  

 
Therefore, 

  
%

100

)( XI

Is

PMVARated

MVAcircuitShort
==

−  

 
Hence, 

  
%

100
 

X

P
MVAcircuitShort =−  

 
It can be noted above, that the value of X will decide the short circuit MVA when the 
fault is after the transformer. Though it may look that increasing the impedance can lower 
the fault MVA, it is not economical to choose higher impedance for a transformer. 
Typical percent reactance values for transformers are shown in the table below.  
 

 Primary voltage 

Reactance % at MVA rating 

MVA rating Up to 11 kV 22 kV 33 kV 66 kV 132 kV 

0.25 3.5 4.0 4.5 5.0 6.5 
0.5 4.0 4.5 5.0 5.5 6.5 
1.0 5.0 5.5 5.5 6.0 7.0 
2.0 5.5 6.0 6.0 6.5 7.5 
3.0 6.5 6.5 6.5 7.0 8.0 
5.0 7.5 7.5 7.5 8.0 8.5 
10.0 & above 10.0 10.0 10.0 10.0 10.0 

 
It may be noted that these are only typical values and it is always possible to design 
transformer with different impedances. However, for design purposes it is customary to 
consider these standard values to design upstream and downstream protective equipment. 
In an electrical circuit, the impedance limits the flow of current and ohm’s law gives the 
actual current. Alternatively, the voltage divided by current gives the impedance of the 
system. In a three-phase system which generates a phase voltage of Ep and where the 
phase current is Ip, 

Impedance in ohms = 
p

p

I  1.732

E

×
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The above forms the basis to decide the fault current that may flow in a system where the 
fault current is due to a phase-to-phase or phase-to-ground short. In such cases, the 
internal impedances of the equipment rather than the external load impedances decide the 
fault currents. 
Example: 

For the circuit shown below calculate the short-circuit MVA on the LV side of the 
transformer to determine the breaking capacity of the switchgear to be installed (see 
Figure 3.6). 
 

 

Figure 3.6 
Short circuit MVA example 

Answer: 

 Short-circuit MVA = MVA
X

P
100

10

10100

%

.100
=

×
=  

 

 Therefore, fault current = kA248.5
113

100
=

×

 

 

 and source impedance = ohms21,1
248.53

11
=

×

 

 
Calculate the fault current downstream after a particular distance from the transformer 
with the impedance of the line/cable being 1 ohm (see Figure 3.7). 

 

Figure 3.7 
Calculation of fault current at end of cable 

Fault current = kA874.2
)121.1(3

11
=

+×

 

 
It should be noted that, in the above examples, a few assumptions are made to simplify 
the calculations.  
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These assumptions are the following: 

• Assume the fault occurs very close to the switchgear. This means that 
the cable impedance between the switchgear and the fault may be 
ignored. 

• Ignore any arc resistance. 

• Ignore the cable impedance between the transformer secondary and 
the switchgear, if the transformer is located in the vicinity of the 
substation. If not, the cable impedance may reduce the possible fault 
current quite substantially, and should be included for economic 
considerations (a lower rated switchgear panel, at lower cost, may be 
installed). 

• When adding cable impedance, assume the phase angle between the 
cable impedance and transformer reactance are zero, hence the values 
may be added without complex algebra, and values readily available 
from cable manufacturers’ tables may be used. 

• Ignore complex algebra when calculating and using transformer 
internal impedance. 

• Ignore the effect of source impedance (from generators or utility). 

These assumptions are quite allowable when calculating fault currents for protection 
settings or switchgear ratings. When these assumptions are not made, the calculations 
become very complex and computer simulation software should be used for exact 
answers. However, the answers obtained with making the above assumptions are found to 
be usually within 5% correct. 

3.4 Useful formulae 

Following are the methods adopted to calculate fault currents in a power system. 

• Ohmic method – All the impedances are expressed in ohms. 

• Percentage impedance method – The impedances are expressed in 
percentage with respect to a base MVA. 

• Per unit method – Is similar to the percentage impedance method 
except that the percentages are converted to equivalent decimals and 
again expressed to a common base MVA. For example, 10% 
impedance on 1 MVA is expressed as 0.1 p.u on the same base. 

3.4.1 Ohmic reactance method 

In this method, all the reactance’s components are expressed in actual ohms and then it is 
the application of the basic formula to decide fault current at any location. It is known 
that when fault current flows it is limited by the impedance to the point of fault. The 
source can be a generator in a generating station whereas transformers in a switching 
station receive power from a remote station. In any case, to calculate source impedance at 
HV in ohms: 

 Source Z ohms  = 
tcurrenaultfHV

kV

×3
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Transformer impedance is expressed in terms of percent impedance voltage and is 
defined as the percentage of rated voltage to be applied on the primary of a transformer 
for driving a full load secondary current with its secondary terminals shorted. Hence, this 
impedance voltage forms the main factor to decide the phase-to-phase or any other fault 
currents on the secondary side of a transformer (see Figure 3.8).     
To convert transformer impedance in ohms: 

 Transformer Z ohms = 
KA

KVZ ×%
    

where; 
kV is the rated voltage and 
kA is the rated current.   

 
 Multiplying by kV on both numerator and denominator, we get: 

Transformer Z in ohms = 
MVA

kVZ

×

×

100

2

, 

where; 
Z is expressed in percentage impedance value. 
 
In a case consisting of a generator source and a transformer, total impedance at HV 
including transformer: 
  Total Z ohms HV = Source Z ohms + Trfr Z ohms 
 
To convert Z ohms from HV to LV: 

Z ohms LV= 
2

2

HV

LVHVohmsZTotal ×
 

 
To calculate LV fault current: 

LV fault current =
LV ohms Z

LV

×3
 

Note: All voltages to be expressed in kilovolts. 

 

Example: 

In the following circuit calculate:  
a) Total impedance in ohms at 1000 volts 
 b) Fault current at 1000 volts 
 

 
 

Figure 3.8 
Calculation of total impedance and fault currents  



Simple calculation of short circuit currents 23 

 Z ohms source = ohms54.2
5.2732.1

11
=

×

 

 Z ohms transformer = ohms324.5
25.1100

115.5 2

=

×

×

 

 Z ohms total = 2.54 + 5.324 = 7.864 ohms 

 Z ohms total at 1000 V = ohms065.0
11

1864.7
2

2

=

×

 

 Fault current at 1000 V = kA883.8
065.0732.1

1
=

×

 

3.4.2 Other formulae in ohmic reactance method 

In predominantly inductive circuits, it is usual to neglect the effect of resistive 
components, and consider only the inductive reactance X and replace the value of Z by X 
to calculate the fault currents. The following are the other formulae, which are used in the 
ohmic reactance method. (These are obtained by multiplying numerators and 
denominators of the basic formula with the same factors) 

(1) Fault value MVA = 
X

E
2

 

 

(2) 
MVAinvalueFault

E
X

2

=  

(3) 
2

2)''(
''

A

BkVAatX
kVBatX =  

3.4.3 Percentage reactance method 

In this method, the reactance values are expressed in terms of a common base MVA. 
Values at other MVA values and voltages are also converted to the same base, so that all 
values can be expressed in a common unit. Then it is a simple circuit analysis to calculate 
the fault current in a system. It should be noted that these are also extensions of basic 
formulae. 

Formulae for percentage reactance method 

(4) Fault value in MVA = 
%

)(100

X

ratingMVA
 

(5) 
MVAinvalueFault

ratingMVA
X

)(100
% =  

(6) X% at ‘N’ MVA = 
MVArated

MVAratedatXN )%(
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For ease of mathematics, the base MVA of N may be taken as 100 MVA, so the formula 
would now read:   

 
MVArated

MVAratedatX
MVAatX

)%(100
100% =  

 
However, the base MVA can be chosen as any convenient value depending upon the 
MVA of equipment used in a system. 

Also, 
2

2)""%(
""%

A

BkVAatX
kVBatX =  

 
To calculate the fault current in the earlier example using the percentage reactance 
method: 
 

 

 

Fault MVA at the source = 1.732 × 11 × 2.5 = 47.63 MVA 
 
Take the transformer MVA (1.25) as the base MVA. 
Then source impedance at baseMVA 

= 
63.47

10025.1 ×
= 2.624 % (using (5)) 

 
Transformer impedance = 5.5 % at 1.25 MVA.  
Total percentage impedance to the fault = 2.624 + 5.5 = 8.124% 

Hence fault MVA after the transformer    = 
124.8

10025.1 ×
 = 15.386 MVA 

Accordingly fault current at 1 kV = 
1732.1

386.15

×

= 8.883 kA 

It can be noted that the end answers are the same in both the methods. 

Formulae correlating percentage and ohmic reactance values 

(7) 
2

100
%

E

ratingMVAX
X =  

(8) 
)(100

% 2

ratingMVA

EX
X =  
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3.4.4 Per unit method 

This method is almost same as the percentage reactance method except that the 
impedance values are expressed as a fraction of the reference value. 
 

Per unit impedance = 
OhmsinimpedanceBase

OhmsinimpedanceActual
 

 
Initially the base kV (kVb) and rated kVA or MVA (kVAb or MVAb) are chosen in a 
system. Then, 
 Base current Ib =  Base kVA/(1.732 x Base kV) 
 
 
  Base impedance Zb = Base V/(1.732 x BaseA)=(kVb/1000)/(1.732 x Ib) 

 
Multiplying by kV  
 = (kVb

2  x 1000)/kVAb 
  
Per unit impedance of a source having short circuit capacity of kVAs.c. is: 
 
  Z p.u.= kVAb/kVAS.C. 
 
 Calculate the fault current for the same example using p.u. method. 

  
 
 Here base kVA is chosen again as 1.25 MVA. 

 Source short circuit MVA = 1.732 × 11 × 2.5 = 47.63 MVA 

Source impedance = 
63.47

25.1
 = 0.02624 p.u. 
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Transformer impedance = 0.055 p.u. 
 
Impedance to transformer secondary = 0.02624 + 0.055 = 0.08124 p.u. 
 

Hence short circuit current at 1 kV = 
08124.01732.1

1250

××

 = 8.883 kA 

 
Depending upon the complexity of the system, any method can be used to calculate the 
fault currents. 

General formulae 

It is quite common that the interconnections in any distribution system can be converted 
or shown in a combination of series and parallel circuits. Then it would be necessary to 
calculate the effective impedance at the point of fault by combining the series and parallel 
circuits using the following well-known formulae. The only care to be taken is that all the 
values should be in the same units and should be referred to the same base. 
 
Series circuits: 
(9) Xt = X1 + X2 + X3 +...Xn  where all values of X are either: 
  (a) X% at the same MVA base; or 
  (b) X at the same voltage. 
 
Parallel circuits: 

(10) 
XnXXXXt

1
.....

1111

321

+++=  

3.5 Cable information 

Though cable impedances have been neglected in the above cases, to arrive at more 
accurate results, it may be necessary to consider cable impedances in some cases, 
especially where long distance of transmission lines and cables are involved. Further the 
cables selected in a distribution system should be capable of withstanding the short circuit 
currents expected until the fault is isolated / fault current is arrested.  
Cables are selected for their sustained current rating so that they can thermally withstand 
the heat generated by the current under healthy operating conditions and at the same time, 
it is necessary that the cables also withstand the thermal heat generated during short 
circuit conditions. Appendix B contains a table showing the standard conductor sizes 
adopted in the USA and their mm2 equivalence. A table giving the electrical and physical 
properties of copper conductors is also included. 
Table 3.1 below will assist in cable selection, which also states the approximate 
impedance in ohms / kilometer, current rating and voltage drop of 3 and 4 core PVC 
insulated cables with stranded copper conductors. 



Simple calculation of short circuit currents 27 

 

Sustained current rating 

Rated area 

mm² 

Z approx 

ohm/km 

Ground Duct Air Voltage drop per 

amp metre mV 

1.5 13.41 23 19 22 23.2 
2.5 8.010 30 25 30 13.86 
4 5.011 40 34 40 8.67 
6 3.344 50 42 51 5.79 

10 2.022 67 55 68 3.46 
16 1.253 87 72 91 2.17 
25 0.808 119 95 115 1.40 
35 0.578 140 114 145 1.00 
50 0.410 167 135 180 0.71 
70 0.297 200 166 225 0.51 
95 0.226 243 205 270 0.39 

120 0.185 278 231 315 0.32 
150 0.154 310 257 360 0.27 
185 0.134 354 294 410 0.23 
240 0.113 390 347 480 0.20 
300 0.097 443 392 550 0.17 
400 0.087 508 448 670 0.15 

 

Table 3.1 
Data of standard PVC insulated copper cables with stranded copper conductors 

 
Fault current ratings for cables are given in the manufacturers’ specifications and tables, 
and must be modified by taking into account the fault duration. 
Example: 

The reference to Table B.2 in Appendix B shows that a 70 mm2 copper cable can 
withstand a short circuit current of 8.05 kA for 1 second. However, the duration of the 
fault or the time taken by the protective device to operate has to be considered. This 
device would usually operate well within 1 second, the actual time being read from the 
curves showing short circuit current / tripping time relationships supplied by the 
protective equipment manufacturer.  Suppose the fault is cleared after 0.2 seconds.  We 
need to determine what short circuit current the cable can withstand in this time. 
This can be found from the expression:  

ISC   =  A × K 

               √t 
where;  
K = 115 for PVC / copper cables of 1000 V rating 
K = 143 for XLPE / copper cables of 1000 V rating 
K = 76 for PVC / aluminium (solid or stranded) cables of 1000 V rating 
K = 92 for XLPE / aluminium (solid or stranded) cables of 1000 V rating 
And where; 
A = the conductor cross sectional area in mm2   
t = the duration of the fault in seconds 
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So in our example: 

 ISC  =  70 × 115  = 18 kA (for 0.2 sec) 

              √0.2 
 
Cable bursting is not normally a real threat in the majority of cases where armored cable 
is used since the armoring gives a measure of reinforcement.  However, with larger sizes, 
in excess of 300 mm2, particularly when these cables are unarmored, cognizance should 
be taken of possible bursting effects. 
When the short circuit current rating for a certain time is known, the formula E = I2t can 
also be used to obtain the current rating for a different time. In the above example:  

I1
2t1 = I2

2t2 

⇒ I2 = √ I1
2t1/ t2 

I2 = √(8.052 x 1)/0.2 
  = 18 kA  
 
Naturally, if the fault is cleared in more than one second, the above formulae can also be 
used to determine what fault current the cable can withstand in this extended period. 
Note: In electrical protection, engineers usually cater for failure of the primary protective 
device by providing back-up protection. It makes for good engineering practice to use the 
tripping time of the back-up device, which should only be slightly longer than that of the 
primary device in short circuit conditions, to determine the short circuit rating of the 
cable. This then has a built-in safety margin.  



 

 

4 

System grounding 

4.1. Introduction 

In chapter 2, we briefly the situation where the phase to ground faults in a system can 
limit the ground fault current depending on adding external impedance between neutral 
and the ground. This chapter briefly covers the various methods of grounding that are 
adopted in the electrical systems. In the following sections, the star connected transformer 
is shown. This is widely used in power distribution. The grounding methods are also 
applicable to the case of generators, whose windings are also invariably star connected. 
The following table highlights the possible problems that can occur in a system due to the 
common faults and the solutions that can be achieved by adopting system grounding. 
 

Problems 

 
 Phase faults: 
 High fault currents. 
 Only limited by inherent impedance of power supply. 
 
Ground faults: 

 Solid grounding means high ground fault currents. 
 Only limited by inherent zero sequence impedance of power system. 
 
Consequence 
1) Heavy currents damage equipment extensively–danger of fire hazard. 
2) This leads to long outage times–lost production, lost revenue. 
3) Heavy currents in ground bonding gives rise to high touch potentials–dangerous to 
human  
      life. 
4) Large fault currents are more hazardous in igniting gases–explosion hazard. 
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Solutions 

 
Phase segregation: 
 Eliminates phase-to-phase faults. 
 
Resistance grounding: 

 Means low ground fault currents–can be engineered to limit to any chosen value. 
 
Benefits 
1) Fault damage now minimal–reduces fire hazard. 
2) Lower outage times–less lost production, less lost revenue. 
3) Touch potentials kept within safe limits–protects human life. 
4) Low fault currents reduce possibility of igniting gases–minimizes explosion  
     hazard. 
5) No magnetic or thermal stresses imposed on plant during fault. 
6) Transient overvoltages limited–prevents stressing of insulation, breaker re-strikes. 
 

4.2 Grounding devices 

4.2.1 Solid grounding 

In this case, the neutral of a power transformer is grounded solidly with a copper 
conductor as shown in Figure 4.1. 
 

 

Figure 4.1 
Solid grounding of power transformer 
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Advantages: 

• Neutral held effectively at ground potential 

• Phase-to-ground faults of same magnitude as phase-to-phase faults so 
no need for special sensitive relays 

• Cost of current limiting device is eliminated 

• Grading insulation towards neutral point N reduces size and cost of 
transformers 

Disadvantages: 

• As most system faults are phase-to-ground, severe shocks are more 
considerable than with resistance grounding 

• Third harmonics tend to circulate between neutrals 

4.2.2 Resistance grounding 

A resistor is connected between the transformer neutral and ground (see Figure 4.2): 

• Mainly used below 33 kV 

• Value is such as to limit a ground fault current to between 1 and 2 
times full load rating of the transformer. Alternatively, to twice the 
normal rating of the largest feeder, whichever is greater. 

 

Figure 4.2 
Resistance grounding 

Advantages: 

• Limits electrical and mechanical stress on system when a ground fault 
occurs, but at the same time, current is sufficient to operate normal 
protection equipment 

Disadvantages: 

• Full line-to-line insulation required between phase and ground 
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4.2.3 Reactance grounding 

A reactor is connected between the transformer neutral and ground (see Figure 4.3): 

• Values of reactance are approximately the same as used for resistance 
grounding 

• To achieve the same value as the resistor, the design of the reactor is 
smaller and thus cheaper 

 

 

Figure 4.3 
Reactance grounding 

4.2.4 Arc suppression coil (petersen coil) 

A tunable reactor is connected in the transformer neutral to ground (see Figure 4.4): 

• Value of reactance is chosen such that reactance current neutralizes 
capacitance current. The current at the fault point is therefore 
theoretically nil and unable to maintain the arc, hence its name. 

• Virtually fully insulated system, hence current available to operate 
protective equipment is so small as to be negligible. To offset this, the 
faulty section can be left in service indefinitely without damage to the 
system as most faults are ground faults of a transient nature, the initial 
arc at the fault point is extinguished and does not re-strike. 
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Figure 4.4 
Arc suppression coil (petersen coil) 

Sensitive watt-metrical relays are used to detect permanent ground faults. 

4.2.5 Grounding via neutral grounding compensator 

 

Figure 4.5 

Grounding via neutral grounding compensator 

This provides a ground point for a delta system and combines the virtues of resistance and 
reactance grounding in limiting ground fault current to safe reliable values (see Figure 
4.5). 

4.3 Evaluation of grounding methods 

The grounding method is called effectively grounded when it is directly connected to 
ground (solidly grounded) without any passive component in between. Non-effective 
grounding refers to, the method of grounding through a resistance, reactance, transformer, 
etc.  The following table compares the grounding methods. 
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Evaluation of relative merits of effective and resistive grounding 

1 

Subject 

2 

Effective grounding 

3 

Resistive grounding 

Rated voltage of system 
components, particularly power 
cables and metal oxide surge 
arresters. 

Need not exceed 0.8 Um Must be at least 1.0 Um for 100 s 

Ground fault current magnitude. Approximately equal to three-
phase fault current (typically 2-
10 kA) 

Reduced ground fault current 
magnitude (typically 300-900 
A) 

Degree of damage, because of a 
ground fault. 

High degree of damage at fault 
point and possible damage to 
feeder equipment. 

Lesser degree of damage at fault 
point and usually no damage to 
feeder equipment. 

Step and touch potentials during 
ground fault. 

High step and touch potentials. Reduced step and touch 
potentials. 

Inductive interference on and 
possible damage, to control and 
other lower voltage circuits. 

High probability. Lower probability. 

Relaying of fault conditions. Satisfactory. Satisfactory. 

Cost Lower initial cost but higher 
long-term equipment repair 
cost. 

Higher initial cost but lower 
long-term equipment repair 
cost, usually making resistive 
grounding more cost-effective. 

 
Figure 4.6 gives the touch potential with solid grounding. 
 

 

 

Figure 4.6 
Touch potentials–solid grounding 
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Figure 4.7 shows the touch potentials with resistance R introduced in the neutral. Here the 
ground fault current is limited by the resistance R, so only reduced current flows to the 
ground. 
 

 

Figure 4.7 

Touch potentials–resistive grounding 

However, it is a normal practice to adopt solid grounding method at low voltages (up to 
say 600 volts) and resistance grounding is adopted for higher voltages (up to 33 kV). The 
other methods of grounding (reactor, transformer, etc.) are generally adopted in the cases 
of voltages beyond 33 kV. Cost invariably determines the grounding method.  
The main reason for adopting solid grounding is because, the resistance grounding cannot 
be used for single-phase loads, whereas most of the LV distribution mainly households, 
etc. consist of single-phase loads. Nevertheless, resistance grounding is considered at low 
voltages in industrial environments, where three-phase loads are connected and the 
process conditions do not accept frequent shutdowns due to ground faults. Though it is 
true that the power interruptions can be kept low with the use of the resistive grounding 
method, human protection demands that the power be isolated in case of ground faults. 
This is one more reason for using solid grounding in utility distribution transformers. 

4.4 Effect of electric shock on human beings 

4.4.1 Electric shock and sensitive ground leakage protection 

There are four major factors, which determine the seriousness of an electric shock: 

• Path taken by the electric current though the body 

• Amount of current 

• Time the current is flowing 

• The body’s electrical resistance 
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Figure 4.8 
Dangerous current flows 

The most dangerous and most common path is through the heart (see Figure 4.8).  
Persons are not normally electrocuted between phases or phase to neutral, almost all 
accidents are phase to ground. 

Figure 4.9 shows the four stages of the effect of a current flow through the body: 

• Perception–tingling–about 1mA 

• Let-go threshold level–about 10 mA 

• Non-let-go threshold level–16 mA 

• Constriction of the thoracic muscles–death by asphyxiation and 
ventricular fibrillation–about 70-100 mA 

 

Figure 4.9 

Effects of current flow through the body 
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Figure 4.10 shows the normal electrocardiogram–one pulse beat–at 80 bpm = 750 
msecs. 

• QRS phase–normal pumping action 

• T phase–refractory or rest phase–about 150 msecs 

•  Death could occur if within this very short period of 150 msecs a current 
flow was at the fibrillation level. 

 

Figure 4.10 

Electro-cardiogram 

Figure 4.11 shows the resistance of the human body–hand-to-hand or hand to foot. 
Consider an example of a man working and perspiring, he touches a conductor at 300 
volts (525 volts phase to ground).  300 volts divided by 1000 ohms = 300 mA! 
It is important to remember that, it is the current that kills and not voltage. 
 

 

Figure 4.11 
Resistance of human body 
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4.4.2 Sensitive ground leakage protection 

Grounding does not ensure that humans will be protected when coming in contact with a 
live conductor. Though there may be relays, which are set to sense the ground leakages, 
invariably their settings are high. Hence ground leakage circuit breakers (ELCB) or 
residual current circuit breakers (RCCB) are adopted where possibility of human 
interaction to a live conductor is high. These breakers work on the core balance current 
principle. 
Figure 4.12 illustrates the operation of the core balance leakage device.  When the system 
conditions are normal, the phase current and neutral current will be equal and in phase. 
Hence the CT will not detect any current under normal conditions since IL + IN = 0 
(vector sum). 

 

Figure 4.12 
Principles of core balance protection 

The ELCB comprising of core balance CT is mounted at the source end. When a human 
comes in contact on any part of the line, a part of the current will start flowing through 
the body. It will result in unbalance of the currents entering and returning to the CBCT of 
the ELCB. If the fault current IF, flows through the human body, IN is reduced by this 
amount. Relay is operated by this unbalance quantity, and immediately trips the ELCB. 
It is normal that the ELCBs are moulded breakers similar to the miniature circuit breakers 
including, CBCT mounted inside. It is also common that the CBCT can be mounted 
outside and the unbalanced current can be taken to trip a separate relay namely Ground 
leakage relay. 
The above example considered a single-phase system. However, the principle is the same 
for three-phase systems with neutral, where also the vector sum of the three-phase 
currents (IR + IY + IB) and the returning neutral current IN will be zero. All the phase and 
neutral conductors are taken in through the CBCT so that the CBCT does not sense any 
current under normal conditions. In the event of any leakage in any phase, the CBCT 
immediately detects unbalance and causes the breaker to trip. 
The ELCBs are available with a sensitivity of 30 mA, 100 mA and 300 mA. For human 
protection, 30 mA ELCBs is recommended, since currents flowing above 30 mA in a 
human can cause serious injury including death. 



5 

Fuses 

5.1 Historical 

The fuse is the most common and widely used protective device in electrical circuits. 
Though the ‘fuse-less’ concept has been growing in importance for quite some time, a lot 
of low voltage distribution circuits are still protected with fuses. Fuses also form a major 
backup for protection in medium voltage and high voltage distribution to 11 kV, where 
switches and contactors with limited short circuit capacities are used. 
In 1881, Edison patented his ‘Lead safety wire’, which was officially recognized as the 
first fuse. 
However, it was also said that Swan actually used this device in late 1880 in the lighting 
circuits of Lord Armstrong’s house.  He used strips of tin-foil jammed between brass 
blocks by plugs of woods.  The application of the fuse in those days was not to protect the 
wires and system against short-circuit, but to protect the lights which cost 25 shillings a 
time (a fortune in those days). 
Later, as electrical distribution systems grew, it was found that after short circuits, certain 
conductors failed.  This was due to the copper conductors, not being accurately drawn out 
(extruded) to a constant diameter throughout the cable length; faults always occurring at 
the smallest cross-sectional area. 
Fuses were often considered casual devices until quite recently.  The open tin-foil (re-
wireable) fuse sometimes came in for a lot of abuse. If it blew constantly, then the new 
fuse was just increased in size until it stayed in permanently.  Sometimes hairpins were 
used. Greater precision only became possible with the introduction of the Cartridge fuse. 

5.2 Re-wireable type 

As the name indicates the fuse can be replaced or ‘rewired’ once it fails. Fusible wire 
used to be contained in an asbestos tube to prevent splashing of volatile metal.   

 Disadvantages 

1) Open to abuse due to incorrect rating of replacement elements hence 
affording incorrect protection 
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2) Deterioration of element as it is open to the atmosphere 

5.3 Cartridge type 

This comprises a silver element, specially shaped, enclosed in a barrel of insulating 
material, filled with quartz.  Silver and quartz combine to give a very good insulator and 
prevent the arc from re-striking (see Figure 5.1). 
 

 

Figure 5.1 
Sectional view of a typical class–GP type 5 

Cartridge fuse–link 

 Advantages 

1) Correct rating and characteristic fuse always fitted to a circuit-not open to  
      abuse as re-wireable type. 

2) Arc and fault energy contained within insulating tube-prevents damage. 

3) Normally sealed therefore not affected by atmosphere hence gives more  
      stable characteristic-reliable grading. 

4) Can operate considerably faster, suitable for higher short circuit duty: 

 - Cartridge type can handle 100,000 amps 

 - Semi-open type can handle  4,000 amps 

Normal currents carried continuously are much closer to fusing current due to special 
design of element. 
These fuses are most widely used in electrical systems and are referred to as HRC (High 
rupturing capacity) fuses, with the name synonymous with their short circuit current 
breaking capacity.  In North American terminology, these fuses go by the name of 
cartridge fuses. 
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5.4 Operating characteristics 

All fuses irrespective of the type have inverse characteristic as shown in the graph that 
follows. Inverse means that they can withstand their nominal current rating almost 
indefinitely but as the currents increases their withstanding time starts decreasing making 
them ‘blow’. The blowing time decreases as the flowing currents increase. The thermal 
characteristic or withstand capacity of a fuse is indicated in terms of ‘I2 t’ where I is the 
current and t is the withstand time (see Figure 5.2). 
 

 

Figure 5.2 
Inverse characteristic of fuse 

The prospective current is the Irms that would flow on the making of a circuit when the 
circuit is equipped for insertion of a fuse but that the fuse is replaced with a solid link. 
The curves are very important when determining the application of fuses as they allow 
the correct ratings to be chosen to give grading. 
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5.5 Governing standards  

Low Voltage cartridge type fuses are governed by various national and international 
standards; examples being IEC 60269, BS 88, BS EN 60269, NEMA standard FU 1:2002 
etc.  The standards aim at bringing uniformity in respect of various ratings and operating 
parameters and other aspects such as overall dimensions, interchangeability etc. For 
example, British standard BS 88 lays down definite limits of: 

a) Temperature rise 

b) Fusing factor = 4.1
RatingCurrent

CurrentFusingMinimum
=  

c) Breaking capacity 

These are all dependent on one another and by careful balancing of factors a really good 
fuse can be produced. For example, a cool working fuse may be obtained at the expense of 
breaking capacity.  Alternatively, too low a fusing factor may result in too high a 
temperature, therefore too close protection and possibilities of blowing are more. 

Another popular standard adopted in North America is NEMA standard document FU 
1:2002. This standard categorizes the fuses based on their performance requirements and 
specifies the voltage/current ratings for different categories. It also specifies the 
dimensions (derived from FPS system) for each category of fuse and indicates the 
ferrule/blade details for the fuse where it connects with the fuse holder or other external 
means of connection so as to ensure interchangeability between fuses manufactured by 
different vendors. 

NEMA LV fuses have voltage ratings of 60V, 125V, 160V, 250V, 300V, 400V, 500V and 
600V (AC RMS). Fuses are categorized under classes G, H, J, K, L, R, T and CC based on 
their current/voltage/interrupting ratings. The standard also stipulates the maximum 
temperature rise permissible over the ambient temperature and indicates exact details of 
measuring the temperature. Details of overload and short circuit tests are also specified. 

5.6 Energy ‘let through’ 

Fuses operate very quickly and can cut-off fault current long before it reaches its first 
peak (see Figure 5.3): 
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Figure 5.3 

Energy ‘let through’ 

If a fuse cuts off in the first quarter cycle, then the power let-through is I²t. 
By comparison, circuit breakers can clear faults in any time up to 10 cycles and in this 
case the power let-through is the summation of I2 for 10 cycles.  The energy released at 
the fault is therefore colossal compared with that let through by a fuse.  Damage is 
therefore extensive. 
In addition, all apparatus carrying this fault current (transformers etc) is subjected to high 
magnetic forces proportional to the fault current squared   (If 

2)!! 

5.7 Application of selection of fuses 

The fuses blow in cases where the currents flowing through them last for more than its 
withstand time. This property limits the use of fuses in circuits where the inrush currents 
are quite high and flow for considerable time such as motors, etc, which draw more than 
6 times their full load current for a short time ranging from milli seconds to few seconds 
depending on the capacity. Hence, it is not possible to use fuses as over load protection in 
such circuits, since it may be necessary to select a higher rated fuse to withstand inrush 
currents. Accordingly, the fuses are mostly used as short circuit protection rather than as 
over load protection in such circuits. 

The fuses can be used as either for overload and short circuit protection or for short 
circuit protection as noted below: 

• Circuits where the load does not vary much above normal value during 
switching on and operating conditions.  Resistive circuits such as lamps 
show such characteristics. Hence, it is possible to use fuses as overload 
protection in such circuits. They also protect against short circuits. 

•  Circuits where loads vary considerably compared to the normal rating e.g. 
-  Direct-on-line motors 
-  Cranes 
- Rolling mills 
- Welding sets, etc. In these cases, fuses are used to provide short-circuit 

protection only as it is not possible to select a size meeting both overload 
and inrush conditions. 
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Fuse selection depends on a number of factors: 

•  Maximum fault kVA of circuit to be protected 

•  Voltage of circuit 
The above factors help to calculate the prospective current of circuit to be protected.  The 
full prospective current is usually never reached due to rapid operation of the fuse and 
hence the following factors need to be considered. 

 (1) Full load current of circuit 

Short circuit tests show that the cut-off current increases as the rating 
increases. Hence if a higher rated fuse is used it may take longer to blow 
under short circuits which may affect the system depending upon the value 
and duration. Hence, a greater benefit is derived from the use of correct or 
the nearest rating of cartridge fuses compared to the circuit rating. 

 (2) Degree of overcurrent protection required 

It is necessary to consider slightly higher ratings for the fuses compared to 
the maximum normal current expected in a system. This factor is called the 
fusing factor (Refer to section 5.5) and can be anywhere between 1.25 to 1.6 
times the normal rating.  

(3) The level of overcurrent required to be carried for a short time without 
blowing or deteriorating e.g. motor starting currents 

This point is important for motor circuits.  Fuses must be able to carry 
starting surge without blowing or deteriorating. 

(4) Whether fuses are required to operate or grade in conjunction with other 
protective apparatus. This factor is necessary to ensure that only faulty 
circuits are isolated during fault conditions without disturbing the healthy 
circuits.  

Depending on the configuration used, discrimination must be achieved between: 

- Fuses and fuses 

- Fuses and relays, etc. 

There is no general rule laid down for the application of fuses and each problem must be 
considered on its own merits. 

5.8 General ‘rules of thumb’ 

5.8.1 Short circuit protection 

Transformers, fluorescent lighting circuits 

Transient switching surges - take next highest rating above full load current. 

Capacitor circuits 

Select fuse rating of 25% or greater than the full load rating of the circuit to allow for the 
extra heating by capacitance effect. 

Motor circuits 

Starting current surge normally lasts for 20 seconds. Squirrel cage induction motors: 

- Direct-on-line takes about 7 times full load current 
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- 75% tap autotransformer takes about 4 times full load current 

- 60% tap autotransformer takes about 2.5 times full load current 

- Star/delta starting takes about 2.5 times full load current 

5.8.2 Overload protection 

Recommend 2:1 ratio to give satisfactory discrimination. 

5.9 Special types 

5.9.1 Striker pin 

This type is most commonly used on medium and low voltage circuits. When the fuse 
blows, a striker pin protrudes out of one end of the cartridge. This is used to hit a tripping 
mechanism on a three-phase switch-fuse unit, so tripping all three-phases. This prevents 
single phasing on three-phase motors. 
Note: On switch fuse L.V. distribution gear, it is a good policy to have an isolator on the 
incoming side of the fuse to facilitate changing. 

5.9.2 Drop-out type 

Used mainly on rural distribution systems. Drops out when fuse blows, isolating the 
circuit and giving line patrolman easy indication of fault location. 

5.10 General 

The fuse acts as both a fault detector and interrupter.  It is satisfactory and adequate for 
both of these functions in many applications. Its main virtue is speed. 

However, as a protective device it does have a number of limitations, the more 
important of which are as follows: 

• It can only detect faults that are associated with excess current. 

• Its operating characteristic (i.e. current/time relationship) cannot be adjusted 
or set. 

• It requires replacement after each operation. 

• It can be used only at low and medium voltages. 
Because of these limitations, fuses are normally used only on relatively unimportant, 
small power, low and/or medium voltage circuits (see Figure 5.4). 
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Figure 5.4 
Characteristic of transformer HV/LV 

5.9.3 Series overcurrent A.C. trip coils 

These are based on the principle of working of fuses where the coils are connected to 
carry the normal current and operated as noted below: 

• A coil (instead of a fuse) is connected into the primary circuit and 
magnetism is used to lift a plunger to trip a circuit breaker. 

• Refinement on this arrangement is the dashpot, which gives a time/current 
characteristic like a fuse. 

• Amps-turns are a measurement of magnetism, therefore for the same flux 
(i.e. lines of magnetism necessary to lift the tripping plunger) say 50 Amp-
turns,  a 50 amp coil would have 1 turn, whereas  a 10 amp coil would have 5 
turns (see Figure 5.5) 



Fuses 47 

 
Figure 5.5 

Series over-current A.C. trip coil characteristic 

Limitation of this type of arrangement is: 

Thermal rating 

This coil must carry the full fault current and if this is high then the heating effect (I²) 
may be so great as to burn out the insulation. The design must therefore be very 
conservative. 

Magnetic stresses 

High fault currents induce tremendous magnetic forces inside the trip coil tending to force 
the windings apart. Here again the design must display a large margin of support and 
clamping to contain such stresses. 

5.11 IS-limiter 

A very ‘special’ type of fuse is the IS-limiter, originally developed by the company ABB. 
The device consists of two main current conducting parts, namely the Main conductor 
and the Fuse, as illustrated in Figure 5.6. 
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Figure 5.6  

Construction of IS-limiter 

The device functions as an ‘intelligent fuse’, as illustrated in Figure 5.7. The functional 
parts are the following: 

1. Current transformer (detects the short-circuit current) 

2. Measuring and tripping device (measures the current and provides the      
triggering energy) 

3. Pulse transformer (converts the tripping pulse to busbar potential) 

4. Insert holder with insert (conducts the operating current and limits the 
short-circuit current) 

1

2

3

4

Figure 5.7 
Functional diagram of IS-limiter 

The IS-limiter is intended to interrupt very high short-circuit currents very quickly, in 
order to protect the system against these high currents. Currents of values up to 210 kA 
(11 kV) can be interrupted in 1 ms. This means that the fault current is interrupted very 
early in the first cycle, as illustrated in Figure 5.8. 
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t

Short-circuit
current limited by
the fuse element

 

Figure 5.8  
Fault current cycle 

When a fault current is detected, the main conductor is opened very swiftly. The current 
then flows through the fuse, which interrupts the fault current. The over voltage occurring 
due to the interruption of current is relatively low due to the fact that the magnitude of 
current on the instant of interruption is still relatively low. The main conductor and 
parallel fuse have to be replaced after each operation.  
The IS-limiter is only intended to interrupt high fault currents, leaving the lower fault 
currents to be interrupted by the circuit breakers in the system. This is achieved by the 
measuring device detecting the instantaneous current level and the rate of current rise. 
The rate of current rise (di/dt), is high with high fault currents, and lower with lower fault 
currents, as illustrated in Figure 5.9 The IS-limiter only trips when both set response 
values are reached.  
A practical use of the IS-limiter is illustrated in Figure 5.10, where the combined fault 
current supplied by two transformers in parallel would be too high for the switchgear 
panel to withstand. 
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Figure 5.10 

Practical use of IS-limiter 

Here I2 is interrupted first thereby decreasing the fault current to the value of I1 and I1 is 
interrupted subsequently. The net resultant fault current follows the path of I1 once the 
limiter functions thereby limiting the overall fault current. 
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