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Chapter 1 
 
ENERGY METER 

 
1.1 Introduction 

 

Energy meter is an instrument that measures and records the amount of electric energy used by a 
consumer in kilowatt-hours (kWh). One kWh is usually known as one unit, which is equivalent 
to the electrical energy consumed by 1,000W load in an hour.In other words, an energy meter is 
a device that can measure the amount of electric energy consumed by a residence, business, or an 
electrically powered device. In practice there are many other meters as described below. 
 
1.1.1 Electromechanical Energy Meters 

 

The conventional energy meters, known as induction type, operate on the principle of induction 
and consist of moving disk that drives a series of geared wheels connected to indicators on the 
meter's face. It contains two electromagnets and a metal disk that is free to rotate between them. 
Typical schematic diagram of an induction type energy meter is shown in Fig.1.1.One 
electromagnet is powered directly by the incoming supply voltage and the other, by current 
drawn by the load. The interaction of the magnetic fields produced by the currents in the coils 
causes the disk to rotate. Permanent magnets near the disk's edge provide restraining torque in 
such a way that the speed of rotation is proportional to the amount of current drawn (power 
consumed by the loads). As the disk rotates, it turns the series of geared wheels connected to the 
indicators on the meter's face, which displays the energy consumed in the specified time period.  
 
Inside, there is a mechanical counting system that counts the revolutions of an aluminum disk 
and in turn, displays the kilowatts of energy used. The customer then is billed by the electric 
company according to how many kilowatts are used. The aluminum disk in the meter is acted 
upon by three coils; one coil creates magnetic flux that is proportional to the voltage and the 
other two produce a magnetic flux that is proportional to the current. As the disk moves through 
the magnetic field of the first coil, the flux through the disk changes, causing an emf around 
paths through the disk. The features of the products are anti-thief, long life, high accuracy, high 
reliability, low power consumption, small volume and light weight. 
 
The meter as shown in Fig 1.2 has a 6 digits electromechanical counter to indicate added active 
energy consumption. The user can directly read the meter for added energy consumption value 
from the digits presentation.The meter is assumed to operate only within its specified range. In 
induction type meters, accuracy is the least at extremely light and over-specified loads.  At 
extremely light loads the ratio of coil-induced torque to friction induced torque is at a minimum 
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and the percentage of error is at its highest.Practical energy meters of this category are provided 
with many compensation schemes, such as, for friction effect at light load, creeping at no load, 
etc. 

 
 

 
 

Fig. 1.2 Outline Diagrams of kWh Meter 
 

 

1.1.2 Electronic Energy Meters 
 

Electronic energy meters with many additional features e.g. time stamped energy recording, 
multi-tariff billing, etc. are rapidly replacing conventional induction type energy meters. 
Electronic energy meters use either solid-state circuits that produce electrical analog signals 
whose frequency or strength is proportional to the voltage and current being used or digital 
processors that directly calculate energy consumptions in digital form. The analog signals are 
converted into energy measurements for mechanical or electronic indicators whereas digital data 
can be displayed using electronic indicators, recorded in memory or can be used for further 
applications e.g. tariff calculation. Electronic watt-hour meters are generally more expensive 
than electromechanical models, but are more accurate. The ability to report meter readings 
automatically by means of the power lines, makes them extremely useful in upcoming smart grid 
scenario. Fig. 1.3 shows the block diagram and pictorial view of an electronic energy meter. Its 
operation can be described below. 

 

Fig.1.1. Schematic and pictorial diagrams of induction type energy meter 
Source: http://www.leonardo-energy.org and http://www.wholesale-electrical-electronics.com 
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Current and voltage signals from the current transformer (CT) and potential transformer (PT) are 
fed to the signal conditioning block where signals are brought down to the appropriate level 
using divider circuits. Anti-aliasing filter removes the higher order unwanted components from 
the signal before converting it into digital form in analog to digital converter (ADC) block. 
Digital signal processor(DSP) processes the digitized data to calculate various derived quantities 
such as power, energy, power factor and other desired power quality parameters. These values 
can be displayed on LCD display, can be transmitted via communication channels to the 
centralized data center or can be stored in the memory. Electronic energy meters are equipped 
with real time clock, which is used to time stamp the data for advanced applications like time of 
day metering. 

 

 

 

1.2 Metering Applications and Key Features Requirement 
 

Primary application of energy meter is to record amount of electric energy consumed by the 
customers for proper billing and revenue collection. The power company installs an energy meter 
in the premises of the customer and reads the meter periodically and charges the customer for the 
amount of electricity used. The energy meter applications can be classified based on the type of 
the customer. Fig. 1.4 shows typical application areas of single phase and three phase energy 
meters. One of the important applications of metering includes monitoring of the energy at 
different levels, such as, generation, transmission and distribution system, to access amount of 
power losses and possible cause of the same. It helps to locate and curb electricity theft and 
avoid misuse (wastage) of electricity. 

Fig.1.3. Electronic type energy meter: Block diagram and pictorial view 
Source: http://www.service-1.org
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Modern, smart electronic energy meters, having automatic reading facility, are capable of 
providing many additional applications, such as, both import and export energy metering, time 
based recording of the consumption for multi-tariff situations, tariff based automatic switching of 
appliances, power outage notification, theft and temper monitoring, power quality, prepaid 
electricity supply, etc. These smart energy meters are back bone of the smart grid concept and 
serves as an importance means for bridging the communication gap between utilities and 
customers via two way communication facility. Therefore, energy meters must have all the 
features discussed above to enable customer as an active part of the power grid. Generalized 
desirable energy meter features can be listed as follows:  

 Sufficient range of operating voltage and current 

 Accuracy 

 Real time clock 

 Built in memory 

 Two way communication 

 Temper immunity and temper monitoring 

 Easy display of multiple parameter 

 Maximum demand and load profile recording 

 Power quality indices monitoring 

 Event logging 

 Import & export metering 

 Time of day facility 

 Authenticated self-billing with multi-tariff structure 
 

1.3 Role of Communication Technology in Energy Metering 
 

Millions of energy meters installed at geographically dispersed customer’s premises would be 
useless unless data recorded by them is collected accurately and, used efficiently and effectively 
to transform in to information/knowledge for desired application as already discussed in the 
previous section. The energy meter data, therefore, needs to be transferred to the centralized 
control center for further processing. Conventionally, this was done manually where a person 

 

Fig.1.4. Metering application tree 
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used to visit each customer and read individual meter; in fact, it is still in practice in some 
utilities. However, this process is not only prone to errors in readings but it is a tedious, time 
consuming and expensive too.  

 

Real time monitoring and other advanced applications require better communication technology 
in energy meters not only to enable automated meter reading but also to provide notice about 
scheduled outage to the customer, temper detection, prepaid billing and load profile monitoring. 
Communication can be implemented with home area network (HAN), neighboring area network 
(NAN), local area network (LAN) and wide area network (WAN). Fig.1.5 shows networking at 
different levels of the power distribution and utilization chain. Fig.1.6 shows automated meter 
reading using low power, low range radio frequency communication scheme. Some of the 
prevalent communication technologies adopted in energy meters are: 

 Infrared (tele-metering via optical fiber means) 
 Radio frequency communication 
 Ethernet, RS-232, RS-485 wired communication 
 Optical fiber wired communication 
 Wi-Fi wireless TCP/IP communication (GSM/CDMA/GPRS etc.) 
 Power line communication 

 

 

1.4 Energy Meter Testing and Calibration 
 

Accuracy and reliability of energy meters are important issues for utilities and consumers 
because it bills the electricity usage of the consumers and determines the revenue of the utilities. 
Therefore, every energy meter needs to be tested and calibrated before installation to ensure 
satisfactory performance of the meter. International Standards such as IEC 62053, ANSI C12, 

 

Fig.1.5. Energy meter network for two-way communication 

Source: “smart metering technology…,” by Austine [online] http://www.analog.com/library/analogdialogue/archives/43-01/smart_metering.pdf 
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etc. recommends number of type tests and routine tests to ensure accuracy, operating electrical & 
environmental conditions, mechanical requirements and electro-magnetic interference 
compatibility. Most of the utilities also test and calibrate energy meters, employed for higher 
power application, periodically during the service. Some of the important tests are listed below 
[http://www.screlektroniks.com, http://www.cpri.in]: 

 Full-range accuracy check 
 Starting current test 
 No load (creep) test 
 Repeatability of accuracy test 
 Meter constant test 
 Short-time over current test 
 Influence of power quality test 
 Insulation test (Impulse voltage/Dielectric) 
 Lightning surge test 
 Temper resistance check 
 Ingress protection (dust & water) check 
 Electro-magnetic interference test 
 Magnetic fields test 
 Communication system test 

 

 
 

1.5 Remote Meter Reading Concept 
 

Most of the distribution companies across the world faced tough time with heavy financial 
losses, repeatedly, over the years on account of incorrect/delayed/estimated billing.  The root 
cause of the problem was diagnosed as manual meter reading. Sometimes meter reader is 

 

Fig.1.6. Automatic meter reading with radio frequency communication 

Source: Jamie Gilchrist, “Examining the potential ofadvanced electricity metering in New Zealand’s domestic environment,” Thesis, 2011. 
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irregular and in some other instances door of the consumers is locked. Remote meter reading 
provides solution of such problems. The meter is equipped with low power radio frequency 
transmitter, which send meter reading signal to the fixed (usually on nearest distribution 
transformer), handheld or mobile receiving unit. GSM based communication technique is also 
used for transferring meter reading automatically from meters to the centralized data center. The 
most appealing technique is to use power line for transmitting meter data to the utility owned 
data center. In power line communication method electronic data is transmitted over power lines 
back to the substation, which is relayed to a data center.  
 

1.6 Multi-Tariff (Time of Day) Metering 

 

The cost of infrastructure to meet peak demand is huge. Therefore it is logical to charge more for 
electricity consumption during the peak hours. Similarly, “Generate and Use” nature (lack of 
storage possibilities) of the electricity requires encouraging electricity consumption during low 
demands for better utilization of the resources. Modern smart energy makes it possible to have 
different tariff for different time of the day because it can record time stamped energy 
consumption for small intervals such as 15 minutes or one hour. Multi-tariff metering is possible 
based on time of day for retail consumers, where, it has three rates for peak, normal and low 
demand hours. Or, it can be based on real-time load situation, determined by system frequency. 
Normal tariff is applicable within certain band of nominal frequency. At higher frequency, tariff 
is reduced as per actual frequency value, and as frequency goes down below certain threshold, 
tariff increases rapidly as shown in Fig. 1.6. 

 

1.7 Prepayment Technologies 
 

At present, energy is first consumed then it is billed monthly/quarterly for previous 
month/quarter consumption. The low percentage of total revenue collection out of total billed 
energy has been a major concern of the utilities. On the other hand, mistakes in the billing, which 
is quite common due to tedious, repeating nature of this process, have resulted in number of 
troubles to the customers leading to customer dissatisfaction. The prepayment technology in the 
energy meters is a recent innovation, where, energy meter is provided with inbuilt 
relay/contactor that enables power supply to the consumer only when customer pays in advance. 
This is implemented using smart card system, which holds the amount of pre-paid energy, 
balance amount and identification code. These cards can be recharged at the utility centers. An 
alarm signal alerts the customer when balance energy reaches to certain minimum amount. If 
card is not recharged, electricity supply is disconnected, as soon as energy balance reaches to 
zero (minimum allowed, can be negative also). [http://www.cms.com]. Diagram of pre-paid 
metering system is shown in Fig. 1.7. 
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1.8 Export/Import Facility  
 

Conventional electromagnetic and static energy meters could operate in only one direction, with 
protection of reverse metering to avoid any tempering or theft of electricity. The upcoming 
concept of distributed energy resources (DERs) and smart grid promote consumers to supply 
peak demand from home based renewable energy source (e.g. roof top photovoltaic system, 
electric vehicles, etc.). In such scenarios, electronics energy meters help to record two way flow 
of energy individually, thereby, it not only make a way for successful implementation of DERs 
and smart grid but also monitors any tempering attempt by the consumer. 
 

1.9  Load Management 
 

The smart features of modern energy meters such as two-way communication, multi-tariff 
metering, import/export metering, etc. together with advanced automatic control systems have 
made it possible to switch the load automatically hence providing the added advantage of 
reducing the peak demand. Multi-tariff metering offers higher tariff at peak loading therefore 
customers by ‘demand-supply economic concept’ naturally try to shift their less important works 
to off-peak hours. Also, via two-way communication channels, utilities may inform the customer 
about planned outages and/or peak loadings on particular day/season thereby customers can 
reschedule their tasks accordingly. Further, when tariff is excessively high during peak demand, 
customer may export power to the utility from back-up battery storage, idle electric vehicles or 
home photovoltaic system. This not only gives profit to the consumer but also help utilities to 
manage peak load demand. 

 

Smart 
Card

$

Energy 
Metering

Load

Relay

Power 
Supply

Pre-paid energy meter

Recharging smart card

 

Fig.1.7. Pre-paid metering system 
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Now a days, automatic smart home appliances are becoming more popular, which are capable of 
communicating to the smart meter to get the real-time tariff and/or loading of the system to 
switch on or switch off themselves for economic operation. 
 

1.10 Regulatory Requirements and Applicable Standards 
 

The new regulations across the globe have made it obligatory to meter entire energy generation, 
flow and consumption to perform energy audits, which in turn determines the energy losses, 
responsibilities and promotes energy conservation by suggesting energy efficiency measures. 
Therefore, installation of energy meters has become a requirement for audit. [Code of practice 
for energy audits in building (HK), Central Electricity Authority (Installation and Operation of 
Meters) Regulations, 2006]. Some of the applicable national and international standards are 
mentioned below. 

 IEC 62052-11:2003 - General requirements 
 IEC 62053-11:2003 - Electromechanical Meters 
 IEC 62053-21:2003 - Static Meters’. Class 1.0 & 2.0 
 IEC 62053-22:2002 - Static Meters’. Class 0.2 S & 0.5 S 
 IS 13010:2002 - Electromechanical Meters’ .Class 0.5, 1.0 & 1.5 
 IS 13779:1999 - Static Meters’. Class 1.0 & 2.0 
 IS 14697:1999 - Class 0.2 S & 0.5S 
 ANSI C12.1-1988 - American National Standard Code for Electricity Metering 
 ANSI C12.10-1987 - American National Standard for Electromechanical Watt-hour 

Meters 
 ANSI C12.16-1991 - American National Standard for Solid-State Electricity Meters 
 IEEE 739-1995 - IEEE Recommended Practice for Energy Management in Industrial and 

Commercial Facilities. 
 
1.11 Other Meters 
  
1.11.1 The kVA Meters 

 
The kVA meters as shown in Fig. 1.8 are used to measure the apparent power of AC devices in 
kilovolt-amperes (KVA). Apparent power is the combination of the true power and reactive 
power of the circuit. Reactive power or imaginary power indicates how a reactive load drops 
voltage and draws current, but does not actually dissipate power. 
 

 
Fig. 1.8KVA Meter  
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Important Specifications of kVA Meters 
a. Bandwidth which is the frequency range for AC current or voltage to be measured. 
a. Sampling rate which is the frequency that a digital meter tests an analog signal and converts to a 

digital value. 
b. Maximum channels for kVA meters range from 2 to 24. 
c. Operating temperature which is expressed as a range.   

 
Some products have an adjustable sampling rate, alarm lights, auto-ranging capabilities, and integral 
application software. Others feature data acquisition, data storage or logging, decibel reading, and 
external triggering capabilities. External shunts can be used to extend the current input range. Integrating 
functions allow the active power and current to be integrated. Mirrored scales facilitate readings to a 
given accuracy and help operators avoid parallax errors. Range switches can be used to select the range of 
units to measure. The kVA meters come in several different form factors. The kVA meters that function 
as clamp meters measure current through wires that are connected to the circuit. Output options, display 
type, and approvals are additional considerations when selecting kVA meters. Display types are 
designated as analog or digital. 
 

1.11.2 Power Factor Meter 

A power factor meter is a type of electrodynamometer, which incorporates two pressure coils, 
one with non-inductive resistance in series and other with capacitance in series with cross 
connected. These coils are set at 90 degrees to one another. The deflecting torque produced is 
proportional to the phase angle between current and voltage phasors. The pointer rests anywhere 
on the scale when meter is not connected in the circuit, as there is no controlling torque.The flow 
of circuit current is used to energize the field of this instrument. The method of connection of 
this type of power factor meter is shown in Fig. 1.9.  

  

Fig. 1.9 Power Factor Meter Connection 
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Another type of power factor meter is the electronic one. This kind of meter is made with a 
design that is based on ADC (analog to digital converter). These also provide ratio metric 
facilities. In this kind of power factor meter, a signal relative to the maximum output voltage is 
used as a reference input voltage. On the flip side, a signal relative to product of power factor 
and max out voltage is used to apply to analog input. The result that is given by such kind of 
meter is the reading of power factor.  

These meters also helps in saving energy cost as electric utilities can charge penalties if the 
power factor is low or even. This is why monitoring equipment is very important. These days the 
issue of power quality is getting very important. This makes monitoring significant and for 
proper monitoring the best way is to use a power a factor meter. A poor power factor can lead to 
bodily damage of an instrument and will lead to delay in production. A power factor meter is 
designed in such a way, that it gives precise readings and helps you to prevent any loss of power 
quality. This kind of meter is used commonly for industrial use and for consumer electronics.  

1.11.3  Maximum Demand Meter 
 

Maximum demand meter is used for monitoring maximum loading in power distribution 
systems, networks, apparatus, etc. It indicates maximum loading current over a period (15 min, 
30 min, and 60 min). Short-period current peaks are not registered but long overloads are 
registered.  

 

1.11.4 The kVAh Meter 

Some recent  electronic kilowatt-hour (kWh) meters have  the  capability  to  measure  both  
kWh  and kVArh  simultaneously  and  output  pulse  trains representing known  increments  of  
each quantity. These  pulses may  be  recorded  and  post- processed  as both  are conveniently 
available  in  the  same meter.These can be used to find  acorresponding kVAh  pulse  train.  The 
new pulsesmay then be accumulated for time-of-use billing or any other requirements. It is the 
standard power measurement used by electricity service utility companies. 

 
For pure resistive load (unity power factor), the kWh is equal to the kVAh as kVArh will be 
zero. For a pure inductive or capacitive load, the kVAh is equal to the kVArh as kWh will be 
zero. 

Real power is the power that is actually converted into useful work for creating heat, light and 
motion.  Real power is measured in kilowatts (kW) and is totalized by the electric billing meter 
in kilowatt-hours (kWh).Reactive power is the power used to sustain the electromagnetic field in 
inductive and capacitive equipment.  It is the non-working power component.  Reactive power is 
measured in kilovolt-amperes reactive (kVAR). 
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The apparent power is the maximum realpower that can be delivered to a load.Total power or 
apparent power is the combination of real power and reactive power. Total power is measured in 
kilovolt-amperes (kVA) 

 

Apparent Power2 = Reactive Power2 + Active Power2 

As Vrmsand Irmsare the effective voltage and currentdelivered to the load, the apparent power is 
equal to the VrmsIrms 

Power factor (PF) is defined as the ratio of real power to total power, and is expressed as a 
percentage (%). 

 

PF
Real Power kWh
Total Power kVAh

100 

 

1.12 Summary 
 

Energy meters have been the source of the revenue for electric utilities since beginning. 
Electromagnetic energy meters ruled for many decades with continuous improvements in the 
structure and operation. However, many technical and non-technical problems such as creeping, 
theft, tempering, etc. have always been the concerns. The advancement in electronics and signal 
processing techniques have provided far better solution to most of the problems in the form of 
electronic energy meters with many state of the art features, which are quite relevant in the 
modern power system. However, being one of the most important parts of the smart grid, there is 
still a long way to go to meet the expectations of the smart grid requirements. 
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Chapter 2 
 
CAPACITOR 
 

2.1 Introduction 

 

A capacitor is constructed from (form by) two conducting plates separated with an insulating 
material called a dielectric. This insulating material can be paper, plastic, film mica, glass, 
ceramic, air or a vacuum. The plates can be aluminum discs, aluminum foil or a thin film of 
metal applied to opposite sides of a solid dielectric. Capacitor has the ability to absorb and store 
an electrical energy and then release it into the circuit. When a capacitor is connected to a 
battery, the plate on the positive side gets positively charged and one on the negative side gets 
negatively charged as shown in Fig. 2.1. The charge on the plate is proportional to the applied 
voltage. The steady state current flows only till the charging of the plates of capacitor. 

 

 

Mathematically, the charge on a capacitor can be expressed as  

q  V 

or q = CV 

whereC is a proportionality constant and known as capacitance of the capacitor. The unit of 
capacitance is Farad (F) or coulomb/volt (q/V). Normally, the value of capacitance is very small 
and therefore, practical unit is micro-farad ( F). Capacitance is a passive circuit element that is 
related to the geometry and material used between the plates. The capacitance of a capacitor is 
defined as 

C =  
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whereε (=εoεr) is the permittivity of the material, A is the area of plate and d is the distance 
between the plates. εris the relative permittivity of the dielectric material whereas εo(=0.8842x10-

11F/m) is the permittivity of air. Its unit is Farad per meter. 

The current through the capacitor can be given by 

i(t) =  = C  

Thus, the voltage across capacitor will be  

v(t) = v(0) + 
t

0

1
i(t)dt

C   

where, v(0) is the initial voltage on the capacitor. For sinusoidal voltage, a capacitor voltage, a 
capacitor offers a linear characteristic. 

 

2.1.1 Energy stored in a capacitor 

The energy stored in a capacitor is given by 

2 2

1 1

V Vt
2 2

2 1

v V V

1
W v.idt v.idt Cvdv C(V V )

2
        

If capacitor has no initial charge (V1=0) and connected to a dc battery having voltage V, the 
energy stored in capacitor will be 

2
21 1 Q

W CV
2 2 C

   

whereQ is the total charge on the capacitor. 

If the capacitor has initial voltage V1 and connected to a voltage source V2, the capacitor will 
store the energy if V2>V1 and will return the energy if V1>V2. 

 

2.1.2 Important Properties 

a) Voltage across a capacitor cannot change instantaneously: Let voltage can be changed 
instantaneously (∆t=0) at any time t. The current through the capacitor will be 

dV
i C

dt
   

The infinite current is not possible (not practical). Thus, the voltage across capacitor cannot be 
changed instantaneously. 
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b) Acts as open circuit to dc source in steady state: When the capacitor is fully charged, the 
change in voltage or charge will be zero. 

Thus, 
dV dQ

i C C 0
dt dt

  
 

2.1.3  Types of Capacitor 

There capacitors are classified based on the purpose for which they are used such as ceramics for 
electronic circuits, paper and foil for noise suppression in charging and ignition systems, and 
electrolytic as used in turn signal flashers as shown in Fig. 2.2. The dielectric strength of 
different materials is shown in Table 2.1. 

 

 

Fig. 2.2: Different capacitors 

 

Table 2.1: Dielectric Properties 

 

2.2 High Voltage Capacitor 
 
High voltage power capacitors are very important in the transmission of electrical energy and are 
present in High Voltage Direct Current (HVDC) systems as well as Flexible AC Transmission 
Systems (FACTS). High voltage power capacitors improve the performance, quality and 
efficiency of electrical systems, minimizing the power losses, thus reducing the environmental 
load and making them more cost effective.High voltage capacitor units for power factor 
correction and harmonic filters are enclosed in metal containers fitted with porcelain capacitor 
bushings. Basically these are of two types:  

 

 r(10-4) tan δ 
(kV/mm) 

strength density 
(kg/m3) 

Temperature  
coefficient (10-6/K) 

Paper 6.6   1200  
Polypropylene 2.2 5 600 900 -200 
Polyester 3.3 50 500 1400 1200 
MineralOil 2.3 10 60 860 -1400 
Silicone 2.8 2 60 900 3300 
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 Single-phase (one or two bushings) capacitor units, as shown in Fig. 2.3, with internal 
element fuses suitable for connection of power system network of 11 kV and above or 
with high voltage power machines.  

 Three-phase (three bushings) capacitor units, as shown in Fig. 2.4, with internal element 
fuses for connection to power system bus bars or equipment’s with voltage rating 
preferably less than 11 kV. 

 
Fig. 2.3 HV 1-phase power capacitor units 

 

 
Fig. 2.4: High voltage 3-phase power capacitor units 

 
2.2.1 High Voltage (HV)Power Capacitor Units 
 
HV power capacitor unitsis used to compensate inductive loading from the devices likeelectric 
motors and transmission lines to improve the power factor. Each capacitor unit element has the 
possibility of having separate internal fuse and also each capacitor unit is provided with an 
internal discharge resistor. All high voltage power capacitor units are light-weight and have low 
losses.The dielectric liquid is specially made for capacitor units and has been chosen for its 
excellent electrical properties and heat stability at both low and high temperatures. The capacitor 
units are equipped with weld-type porcelain bushings.Capacitor unit containers are made of 
stainless steel and can be designed for specific purposes to meet to meet customer 
requirements.Fuseless/External fuse designs are also possible on request. 

 
2.2.2 High Voltage Harmonic Filter Capacitor Banks 
 
Power transmission and distribution systems are designed for operation with sinusoidal voltage 
and current waveforms at a constant frequency.However, when non-linear loads such as thyristor 
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drives, converters and arc furnaces are connected to the system, the excessive harmonic currents 
are generated, and this causes both current and voltage distortion. Harmonic filtering is the best 
way to eliminate/minimize this distortion from the power system. 
 
2.2.3 High Voltage Special Capacitor Units 
 
High voltage surge protection capacitor units, medium voltage rotating machines and 
transformers can be exposed to abnormal voltages (transient overvoltages or surges) due to 
internal or external reasons. The main causes could be due to capacitor bank switching, operation 
of vacuum circuit breakers, system faults and lightning.  

 
These surges can damage the insulation of rotating machines and transformers. Connecting surge 
capacitor units from line to ground prevents this damage by bringing down the steepness or slope 
of over voltage transients. The surge capacitor units must be designed to withstand and absorb 
damped or oscillatory line disturbances without affecting the mains frequency performance at the 
point of common coupling. 
 
2.2.4 High Voltage Induction Heating Installation Capacitor Units 
 
These capacitor units are designed for the oscillatory circuits of induction heating equipment. 
Theyare tuned such that the circuits to obtain a resonant frequency close to the power supply 
frequency. The main advantages of these capacitor units are in improving the low power factor 
of these installations and in improving the electrical circuit properties. The major applications are 
of these capacitors are in heat treatment furnaces, billet heating furnaces, forging and casting 
furnaces , and melting furnaces. 

 
2.2.5 High Voltage Shunt Capacitor Banks 
 
Shunt capacitor banks are used to improve the quality of the electrical supply and the efficient 
operation of the power systems.They are inexpensive solutions and can be easily and quickly 
installed anywhere in the network. Capacitor banks are formed by several capacitor units 
connected in series and in parallel to obtain a certain power rating at a given voltage. The 
number of groups of elements connected in series determines the voltage ratings and the number 
of parallel elements in a series group determines the power (kVAr) rating of capacitor units. The 
capacitor units are manufactured with “All film technology". The capacitor losses are as low as 
0.15 W/kVAr and in addition, in case of an internal short circuit, the risk of case rupture and 
explosion is also avoided. Figure 2.5 shows a typical shunt capacitor installation. 
 
High voltage capacitor banks are mainly installed in the following type of applications: 
 

 Cement factories. 
 Electric arc furnace installations. 
 Chemical and petro-chemical plants. 
 Water pumping stations. 
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 H.V motor centers. 
 Water purification plant. 
 Desalination plants. 
 Wind farms. 
 Airports. 
 Power generating stations and mini power generating stations. 
 Transmission centers / Sub – stations. 
 Paper manufacturing units. 
 Electric power distribution companies. 
 Large industries in general. 

 
Fig.2.5 High Voltage Shunt Capacitor Banks 

 

2.2.6Capacitor Losses 

Power loss in a capacitor may be attributed to dielectric hysteresis and dielectric leakage. 
Dielectric hysteresis may be defined as an effect in a dielectric material similar to the hysteresis 
found in a magnetic material. It is a result of changes in orientation of electron orbits in the 
dielectric because of the rapid reversals of the polarity of the line voltage. The amount of power 
loss due to dielectric hysteresis depends upon the type of dielectric used. A vacuum dielectric has 
the smallest power loss. 

 

Dielectric leakage occurs in a capacitor as the result of leakage current through the dielectric. 
Normally it is assumed that the dielectric will effectively prevent the flow of current through the 
capacitor. Although the resistance of the dielectric is extremely high, a minute amount of current 
does flow. Ordinarily this current is so small that for all practical purposes it is ignored. 
However, if the leakage through the dielectric is abnormally high, there will be a rapid loss of 
charge and an overheating of the capacitor. 
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The power loss of a capacitor is determined by loss in the dielectric. If the loss is negligible and 
the capacitor returns the total charge to the circuit, it is considered to be a perfect capacitor with 
a power loss of zero. 

 

2.3 Introduction to Reactive Power Management 
 
2.3.1. What Is Reactive Power (RP)?  
 
Reactive Power (RP) is a concept used to describe the energy movement in an Alternating 
Current (AC) system arising from the production of electric and magnetic fields. These fields 
store energy which changes through each AC cycle. Devices which store energy in form of 
electric fields, as capacitors, are said to generate RP (as shown in Fig. 2.6(a) where current 
phasor leads voltage phasor), and those which store energy in form of a magnetic field produced 
by a flow of current are said to absorb RP such as transformers, reactors, etc. (as shown in Fig. 
2.6(b) where voltage phasor leads to current phasor). 

The RP is present when the voltage and current waveforms are not in phase as shown in Fig. 
2.6(a)-(b). 

 One waveform leads the other or phase angle, , between them is not equal to 0o which 
results non-unity Power Factor (PF). 

 The RP is measured in Volt-Ampere Reactive (VAr). 

 

 

The AC voltage and current pulsate at the same frequency but they may have peak at a different 
time. The power is the algebraic product of voltage and current. Over a cycle, power has an 
average value, called Real Power or Active Power (P), measured in watts (W). There is also a 
portion of power with zero average value that is called RP (Q). The total power is called 
Complex Power or Apparent Power (S), measured in volt-amperes (VA). 

 

These are related as per Fig 2.6(c), 
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Fig. 2.6(a) Leading power factor-reactive power generated (b) Lagging power factor-reactive power absorbed (c) Power triangle. 
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2 2( )S P Q 
 ………..(2.3) 

 

System’s AP demand depends on angle, , as mentioned in (2.1). The ratio of P to S is called as 
PF, as given in (2.2). It is quite clear from (2.3) that the CP transmitted through a line comprises 
both AP and RP. 

 
2.4 Reactive Power Management 
 

Although the AP can be transported over long distances, but the RP is difficult to transmit, since 
the reactance of transmission lines is often 4 to 10 times higher than the resistance of the lines. 
When the transmission system is heavily loaded, the AP losses in the transmission system are 
also high. The RP (VAr) is required to maintain the voltage to deliver the AP through 
transmission lines. When there is not enough RP, the voltage sags down and it is not possible to 
push the power demanded by loads through the lines. The RP supply is necessary in the reliable 
operation of AC power systems. Several recent power outages worldwide may have been a result 
of an inadequate RP supply which subsequently led to voltage collapse. 

 

TheRP managementcan be defined as the control of system voltages using variable transformer 
tap settings, compensation, switchable shunt capacitor, reactor banks plus allocation of shunt 
capacitor and reactor banks in a manner that they manage reduction in system losses and/or 
voltage control. As already explained that the RP is produced when the current waveform leads 
voltage waveform, shown in Fig. 2.6(a), (Leading PF), consumed when the current lags voltage 
(lagging PF), shown in Fig. 2.6(b).Therefore, as per the need of the system the RP can be 
managed using this theory, in case of lagging power factor, capacitors can be used to supply the 
RP to the system. 

 

2.5 Low Power Factor 
 

The PF of an AC electric powersystem is a dimensionless value varying between zero to one. In 
practice, circuits are invariably combinations of resistance, inductance and capacitance. If the 
inductive/capacitive reactance dominates the circuit heavily then circuit can face low PF 
situation. If circuit is purely/nearly inductive or capacitive then PF of the circuit is zero/near to 
zero. When the net impedance of the circuit is solely resistance, so that the inductance and 
capacitance exactly cancel each other out, then it has a PF of unity. The circuit is now operating 
at its highest efficiency for transferring useful power.  
 

Low PF is caused mainly by following reasons:  
 Inductive loads, especially, lightly loaded induction motors and transformers.  
 Induction Furnaces.  
 Arc Lamps and arc furnaces with reactors.  
 Fault limiting reactors.  
 High intensity discharge (HID) lighting. 
 Induction generators (wind mill generators). 
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2.6 Power Factor Improvement Concept 
 

As discussed above that the practical circuits are invariably combinations of resistance, 
inductance and capacitance. Figs 2.7 (a)-(b) show the two ways to improve the PF of a circuit, 
either connecting the RP compensation in parallel as shown in Fig. 2.7(a) or in series as shown in 
Fig. 2.7(b). The Fig 2.7(c) shows how the RP can be compensated to have desired PF of the 
circuit. The RP is supplied or absorbed depends upon the type of the PF whether it is lagging or 
leading.  

 

 

There are two ways to improve the network PF as shown in Fig. 2.7(a)-(b). The RP 
compensating device is either connected in parallel or in series. The PF (lagging) correction can 
be carried out using devices such as synchronous alternators, synchronous compensators (SC), 
Static VArCompensators (SVC) and banks of static capacitors. These devices are considered to 
be the good source of RP.There are several methods of PF correction such as - distributed PF 
correction, group PF correction, centralized PF correction, combined PF correction, automatic 
PF correction. 
 
2.7 Analogy of Reactive Power 
 

The RP is a fundamental aspect of an electrical system, but it is difficult to understand. The horse 
and the boat analogy well describe the aspect. 

 

In actual, the horse is not in front of the boat to do a significant work of pulling it in a straight 
path. Due to the balancing compensation by the rudder of the boat, the boat is made to move in a 
straight manner rather deviating towards the bank. This is in line with the understanding of the 
RP.In this analogy, the horse’s real power goes into moving horizontally the boat, while the RP 
(due to the rudder) keeps the boat steady in navigating straightly. The turned rudder leads to 

 

Fig.2.8. (a) Boat pulled by a Horse (b) Vector representation of the analogy between mechanical force and electrical power 
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Figure 2.7(a) Electric circuit with reactive power compensator- in shunt (b)- in series (c) Power factor improvement concept. 
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extra losses. The fact that the rope is being pulled from the flank of the horse and not straight 
behind it, limits the horse’s capacity to deliver real work but the work of the rudder which 
contributes to the amount of real power being done by the horse.  
 
2.8 Types of Power Factor  
 

The PF of any electrical circuit is always between either lagging (resistive-inductive) or leading 
(resistive-capacitive). In lagging PF, the RP is consumed by the electric network but while in 
case of leading PF, the electric network itself supplies or generates RP as shown in Fig.2.9. In 
both of these cases, the real power is always consumed by the network if its PF is non-zero. 

 
 
2.9 Effects of Harmonics on Power Factor 
 

The effects of harmonics should be included in PF measurement as it has significant role in 
measurement. The harmonics add a third dimension to the classic power-factor triangle (Fig. 2.6 
(c)), by increasing the AP required to do a particular amount of work. The high amount of 
harmonics results as a low system PF.Also, the harmonics can result resonance when a harmonic 
frequency produced by a non-linear load closely coincides with a power system natural 
frequency. It modifies the system PF from actual value of the PF. 
 

 

2.10 Reactive Power, Inductive Loads, Capacitive Loads 
 

The RP demand requirement of the network depends upon whether it is having inductive load or 
capacitive load in majority. Hence, generation/absorption of the RP to improve the PF for 
lagging PF/leading PF is decided as shown in Fig. 2.9. 

 
2.11 Benefits of Adding Capacitors to Power Suppliers and Users 
 

The benefits of adding capacitors as an RP compensating device to the power suppliers and users 
are many and which are given below. 

1. It improves voltage profile as well as reduces system loss. 
2. It releases the power system capacity henceforth defers some investment cost on system 

expansion due to growing load demand. 
3. It avoids penalty and reduces electricity bill. 





 

Fig.2.9 Power flow in lagging and leading power factor operation. 
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4. It avoids operation of equipment at non-rated voltage profile and increases equipment’s 
life. 

 
2.12  VAr Support or Power Factor Correction  
 

 
There are many devices which help the system in providing reactive VAR support to correct 
system PF. These devices may be static or dynamic. Locating VAr support near the point of 
consumption, reducing step size, and making the control active improve the performance of the 
grid.  

 

2.13 Selection of Capacitor, Testing and Quality Control 
 

 
There are a variety of capacitors such as paper capacitor, PET film capacitor,class-I temperature 
compensating type ceramic capacitors, aluminum electrolytic capacitors, etc. A list of some 
important capacitors with their application and limitation is given in Table 2.1. As an example a 
picture of vacuum and paper electrolytic capacitor is shown in Figs. 2.10 (a)-(b). 
 

 
 

The selection of capacitors is a difficult task and it depends upon its application which governs 
the kVAr rating, frequency, ambient temperature, service conditions, types of bushing, impulse 
level, internal discharge devices, momentary power frequency, overvoltage, transient over-
current, connections for three-phase configurations, leakage currents, dissipation factor, etc. The 
selection of capacitors also depends on location of shunt capacitors whether group capacitor 
bank, branch capacitor bank, local capacitor bank. With further considerations in locating as 
pole-mounted capacitor banks, shunt capacitor banks at EHV levels, substation capacitor banks, 
metal-enclosed capacitor banks, distribution capacitor banks, fixed capacitor banks and switched 
capacitor banks, installation of capacitors on the low voltage side of the transformer, installation 
of capacitors on the high voltage side of the transformer, mobile capacitor banks, etc. 
 

  
Fig.2.10 (a)Vacuum capacitor (b)Paper electrolytic capacitors 



- 24 - 
 

 

 
 

Table 2.2: Types of capacitors and their application  

Type Application Limitation 

Paper or oil-
impregnated 
Capacitors 

Impregnated paper is used in certain high voltage 
applications. Has mostly been replaced by plastic film 
capacitors. 

Size is large. The paper absorbs moisture 
from the atmosphere even with plastic 
enclosures and impregnates. The moisture 
degrades performance of the capacitor. 

PET Film 
Capacitor 

Smaller in size as compared to paper capacitor. It has almost 
replaced paper capacitors for most DC electronic 
applications. Operating voltages up to 60,000 V DC and 
operating temperatures up to 125 °C. Low moisture 
absorption. 

Temperature capability is poorer than paper 
capacitors. Suitable with DC or at low 
frequencies AC supply. 

Polypropylene 
Plastic Film 
Capacitors 

Suitable in high frequency and high power applications such 
as induction heating due to very low dielectric losses. Larger 
value and higher voltage types from 1 to 100 μF at up to 440 
V AC are used as run capacitors in some types of single 
phase electric motors. 

More susceptible to damage from transient 
over-voltages or voltage reversals than oil-
impregnated Kraft paper for pulsed power 
energy discharge applications. 

Class-I 
Temperature 
Compensating 
Type Ceramic 
Capacitors 

Low cost and small size, good high frequency characteristics 
and reliability. Predictable linearcapacitance change with 
operating temperature. Available in voltages up to 15,000 
volts 

Capacitance changes with change in applied 
voltage, with frequency and with aging 
effects. 

Class-II High 
dielectric strength 
Type Ceramic 
Capacitors 

Smaller than Class-I type due to higher dielectric strength of 
ceramics used. Available in voltages up to 50,000 volts. 

Not as stable as Class-I type with respect to 
temperature and capacitance changes 
significantly with applied voltage. 

Aluminum 
Electrolytic 
Capacitors 

Large capacitance to volume ratio, inexpensive, polarized. 
Primary applications are as smoothing and reservoir 
capacitors in power supplies. It is used up to about 500 volts. 

Dielectric leakage is high, large internal 
resistance and inductance limits high 
frequency performance, poor low 
temperature stability and loose tolerances. 
May vent or burst open when overloaded 
and/or overheated.  

Lithium Ion 
Capacitors 

The lithium ion capacitors have a high power density.  Latest technology. 

AC oil-filled 
Capacitors 

AC motor starting and running, phase splitting, power factor 
correction, voltage regulation, control equipment, etc. 

Limited to low frequency applications due to 
high dielectric losses at higher frequencies. 

DC oil-filled 
capacitors 

Mainly designed for DC applications such as filtering, 
bypassing, coupling, arc suppression, voltage doubling, etc. 

Operating voltage rating must be de-rated as 
per the curve supplied by the manufacturer if 
the DC contains ripple. Physically larger 
than polymer dielectric counterparts. 

Vacuum 
Capacitors 

Extremely low loss. Used for high voltage high power radio 
frequency applications, such as transmitter and induction 
heating where even a small amount of dielectric loss would 
cause excessive heating. It can be self-healing if arc-over 
current is limited. May be good for voltage range of 5-30 kV. 

Very high cost, fragile, physically large, and 
relatively low capacitance. 

Energy Storage 
Capacitors 

Specific use for intermittent duty, high current discharge 
applications. More tolerant of voltage reversal than many 
polymer dielectrics. Typical applications include pulsed 
power, electromagnetic forming, pulsed lasers, and pulsed 
welders.  

Dimensionally large and heavy. Lower 
energy density than polymer dielectric 
systems. Not self-healing. Device may fail 
catastrophically due to high stored energy. 
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2.14 Testing of Capacitors 
 
There are some test procedures for capacitors which are mentioned as below. The quality of the 
capacitor is to be governed based on these tests.  
 
1) Design Tests: It includes following tests. 

 
 Impulse Withstand Test. 
 Bushing Test. 
 Thermal Stability Test. 
 Radio Influence Voltage (RIV) Test. 
 Voltage Decay Test. 
 Short-Circuit Discharge Test. 

 
2) Routine Tests: It includes following tests. 

 
 Short Time Overvoltage Tests. 
 Terminal-to-Case Test. 
 Capacitance Test. 
 Leak Test. 
 Discharge Resistor Tests. 
 Loss Determination Test. 
 Fuse Capability Tests for Internally Fused. 
 Capacitors. 

 
3) Installation Tests or Field Tests 

 
 Capacitance Measurement. 
 Low Voltage Energization Test. 
 High Voltage Insulation Strength Tests. 

 
 

2.15 Erection & Commissioning, Installation of APFC Panel, Maintenance, 
Capacitor Failure, Overloading, Failure of Capacitor Unit/Bank 

 
The electrical installation design methodology mainly considers points such as power demands, service 
connection, electrical distribution architecture, protection against electric shocks, circuits and 
switchgear, protection against over voltages, energy efficiency in electrical distribution, reactive 
energy, particular supply sources and loads, a green and economical energy, generic applications, 
EMC guidelines, etc. An economical method for the PF improvement is the installation of a 
centrally located automatic switched power factor correction bank (APFC). This capacitor bank 
is controlled by a microprocessor-based relay, which continually monitors the reactive power 
requirements or voltage level. The relay then connects or disconnects capacitors to supply 
capacitance as needed. Static capacitor banks can be placed at strategic locations throughout 
facility while implementing the APFC to handle the remaining requirements for capacitance. 
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Generally, the APFCs are placed centrally at the main electrical panel. The APFC correction unit 
consists of a number of capacitors that are switched by means of contactors. These contactors are 
controlled by a regulator that measures PF in an electrical network. Depending on the load and 
PF of the network, the PF controller will switch the necessary blocks of capacitors in steps to 
make sure the PF stays above a selected value. 

 

In most of the installations, there is not a constant absorption of the RP, for example, due to 
working cycles for which machines with different electrical characteristics are used. In such 
installations, there are mechanisms for APFC to allow the automatic switching of different 
capacitor banks, thus following the variations of the absorbed RP and keeping constant the PF of 
the installation constant. An automatic compensation system is formed by: 

 Some sensors detecting current and voltage signals. 
 An intelligent unit which compares the measured PF with the desired one and operates 

the connection and disconnection of the capacitor banks with the necessary RP (PF 
regulator). 

 An electric power board comprising switching and protection devices. 
 Some capacitor banks to supply a power as near as possible to the demanded one. The 

connection of the capacitors is implemented step by step with a control accuracy. 
 

 
Capacitor banks require very little maintenance because they are static equipment. However, 
regular inspection of the capacitor units include a check of ventilation, fuses, ambient 
temperature, phase voltages, line currents, clearance, bulged capacitor units, leaking from 
capacitor units, measurement, maintenance, visual inspections, physical inspection and 
grounding& cleaning of the surfaces for removal of dust. There are many reasons of capacitors 
failures such as capacitor failure due to inadequate voltage rating, fuse blowing, thermal failure, 
ferro-resonance, harmonics, open circuited capacitor units, dielectric failures, rack faults and 
insulation failures, manufacturing defects, failures due to internal stress in the capacitor units, 
failures due to external stress, human error, surge arrester connection, converter harmonic 
production and related issues. 
 
 

2.16 Harmonics, Effects of Harmonics on Capacitors, Resonance/ 
Amplification of Harmonic Currents 

 
AC power is transmitted with the least losses if the current is undistorted and exactly 
synchronized with the voltage. Light bulbs and resistance heaters draw current exactly 
synchronized and proportional to voltage, but most other loads tend to draw current with a time 
lag/lead (i.e. phase shift) or to distort it (i.e. introduce harmonics). It takes more current to 
deliver a fixed amount of power when the current is phase shifted or distorted. 

The main apparatus generating harmonics are: 
 Personal computers. 
 Fluorescent and gas discharge lamps. 
 Static converters. 
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 Continuity groups. 
 Variable speed drives. 
 Welding machines. 
 Arc and induction furnaces. 
 Welding machines. 
 Power electronics based non-linear load 

 
The harmonics can result resonance when a harmonic frequency produced by a non-linear load 
closely coincides with a power system natural frequency. There are two forms of resonance 
which can occur: parallel resonance and series resonance. Parallel resonance occurs when the 
natural frequency of the parallel combination of capacitor banks and the system inductance falls 
at or near a harmonic frequency. This can cause substantial amplification of the harmonic current 
that flows between the capacitors and the system inductance and lead to capacitor fuse blowing 
or failure or transformer overheating. Series resonance is a result of a series combination of 
inductance and capacitance and presents a low impedance path for harmonic currents at the 
natural frequency. The effect of a series resonance can be a high voltage distortion level between 
the inductance and capacitance. This all modify the system PF from actual value of the PF. 

 
2.17 Benefits of Power Factor Correction 
 
The low PF requires an increase in the electric utility’s transmission and distribution capacity in 
order to handle the RP component caused by inductive loads. Utilities usually charge large 
customers with PFs less than about 0.95 an additional fee. One can avoid this additional fee by 
increasing PF. The internal electrical system’s capacity will increase. Uncorrected PF will cause 
increased losses in the electrical distribution system and limit capacity for expansion. Voltage 
drop at the point of use will be reduced (i.e. improved). Voltages below equipment rating will 
cause reduced efficiency, increased current, and reduced starting torque in motors. Under-voltage 
reduces the load motors can carry without overheating or stalling. Under voltage also reduces 
output from lighting and resistance heating equipment. 

 
 

2.18 Summary 
 
An optimal planning (sitting and sizing) of a capacitor helps in improving system voltage profile, 
reducing system loss, reducing harmonics level, reducing electricity bill of a customer, etc.  The 
role of an inductive reactor is also important as it also helps in improving the system operation 
conditions when system is under light (leading power factor), fault, etc. Therefore, a reactive 
power compensating device must be capable to mitigate with either mode of low power factor 
problem viz. lagging or leading. The system harmonics are very crucial issue and to be handled 
with good attention along with power factor correction issue. The automatic power factor 
correction device may be a good tool to tackle on-line power factor correction problem with 
better system performance. Nevertheless, the overall planning of these devices must be carried 
out with broader planning perspective considering the system annual load growth.  
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Chapter 3 
 
SURGE ARRESTERS 
 

3.1 Introduction 
 

Surge arresters are connected across an apparatus to provide a low-resistance path and to limit 
the various types of transient voltages below the corresponding insulation level of the apparatus. 
A surge arrester should act like an open circuit during normal operation of the system, limit 
transient voltages to a safe level, and bring the system back to its normal operational mode as 
soon as the transient voltages are suppressed. Therefore, a surge arrester must have an extremely 
high resistance during normal system operation and a relatively low resistance during transient 
overvoltagei.e., its voltage–current (V–I) characteristic must be nonlinear. 
 
Two main types of surge arresters are available such as the expulsion type and the valve type. 
There might be expulsion arresters still in use, but they are no longer manufactured. Valve 
arresters consist of nonlinear resistors which act like valves when voltages are applied to them. 
There are two types of valve arresters: silicon carbide (SiC) and metal oxide (MO). Figure 3.1 
shows a typical surge arrestor. 
 

 

 
Fig.3.1(a) Typical arrangement of arrester in 420 kV substations                             (b) Surge Arrestor 

 

The surge arrester is identified by the following technical data (rating), which also shall be stated 
on the name plate:  

 Continuous operating voltage (Vc)  
 Rated voltage (Vr)  
 Nominal discharge current  
 Short-circuit capacity, kA  
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 Type designation and identification of the complete surge arrester  
 Identification of the position of a unit (for multi-unit arresters)  

 

Various types of surge arrester are in service for the protection purpose. Metal-oxide varistor is 
one which was first introduced in Japan in 1968. In 1976, large metal-oxide varistors suitable for 
use as active elements in station class surge arresters were produced and the latter were offered at 
ratings up to 588 kV. The technology has matured very rapidly and, by now, virtually every 
manufacturer is offering metal-oxide surge arresters. 
 

3.2 Metal Oxide Arresters 
 

Metal Oxide (MO) surge arrester may be of two types: gapless and gapped MO valve 
arresters.MO surge arrester must withstand the maximum rms value of power-frequency voltage 
that may appear across its terminals and be capable of operating under the maximum TOV 
(temporary overvoltage) that can occur at its location during the length of time. In addition, the 
arrester should have an energy capability greater than the energy associated with the expected 
switching surges on the system.Cross-sectional drawing of the unit of a porcelain housed MO 
arrester is shown in Fig. 3.2. 

 

Electrical failure of metal-oxide disks may occur in two possible ways subjected to voltage in 
system applications: 

a) They may absorb an excessive amount of energy adiabatically, i.e., in a short duration 
(e.g. microseconds, milliseconds). 

b) They may reach excessive temperatures (above 100oC), and fail by thermal runaway (in 
minutes, hours) at voltages as low as the normal system continuous operating voltage. 

 
Fig.3.2 Cross-sectional drawing of the unit of a porcelain housed MO arrester. 

 

The V–I characteristic of MO arresters as shown in Fig. 3.3 can be divided into three regions: 

 In region 1, I is less than 1 mA and is primarily capacitive. 
 In region 2, I isbetween 1 mA to about 1000 or 2000 A and is primarily a 

resistivecurrent. 
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 In region 3, I isbetween 1 to 100 kA. For very large currents, the 
characteristicapproaches a linear relationship with voltage; i.e., the MO varistor 
becomes apure resistor. 

 
Fig. 3.3 Typical characteristics of an MO arrester disk 

 
Coefficient α primarily used to indicate the flatness of the characteristic is variable for MO 
varistors, reaching a maximum of about 50 in the first region and decreasing to about 7–10 in the 
third region. Thus, α should not be employed to model the arrester. However, in some cases, it is 
convenient to use α value within a limited range to assess the arrester performance; e.g., the TOV 
capability of the arrester. 

 

3.3 Polymer Arresters 
 

Polymer arrester is more in used as compared to the porcelain arresters for the protection 
purpose. When a reclose operation occurs and the fault has not cleared, the arrester is subjected 
to a second fault current. This second operation often leads to arrester explosion since the 
porcelain had already been weakened by the first fault. If the pressure relief rating of the arrester 
is exceeded, the arrester may fail violently, since it cannot vent the excess gasses. This type of 
failure can lead to other equipment being damaged or injury to personnel who may be in the 
vicinity of the failure. Due to the ability of the polymer station arrester to vent out the side, the 
housing is not weakened when exposed to the fault current. Therefore, a polymer arrester can be 
reclosed on multiple times without the fear of failure. The polymer arresters are less expensive 
than the porcelain arrester and appear to avoid some of the in service problems, such as moisture 
ingress that often occur in porcelain arrester. Fig. 3.4 shows the various rating of polymer 
arrestors. 

 

A damaged seal-gapped arrester should be handled with care. Due to increased pressure caused 
by the destruction of internal elements, a defective arrester may become an explosive hazard. If 
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adecision is made to perform an internal inspection of the failed arrester, it should be assured that 
the arrester has vented properly. Do not “throw away” a defective arrester – the arrester should 
be properly vented before disposing. Figure 3.5 shows a good and a failed arrestors. 

 

 

Fig. 3.4: Polymer Arrester for Different Rating 

 

 
Fig. 3.5: Normal and damaged arrestors 

 

3.4 Zinc Oxide Arresters 

Zinc oxide (ZnO) arrester is one kind of new arrester, which was developed in the 70s, made of 
zinc oxide varistor. The construction of ZnO surge arresters consists of a very simple structure. It 
basically consists of an insulating housing which is made of porcelain or polymeric material, and 
the inner active column, composed of the ZnOvaristors as shown in Fig. 3.6. 



- 32 - 
 

 
Fig 3.6The cross-section view of a polymeric insulated distribution class ZnO surge arrester. 

 

The ZnOvaristor block elements are the main component of the ZnO surge arrester. These 
provide the desired non-linear characteristics and present a strong relation with the temperature 
(low current range).The non-linear resistivity is an inherent bulk property of the composite 
ceramic resistor, which consists of mainly ZnO with relatively small amount of several additives 
of other metal oxides such as Bi2 O3, CoO2, MnO3, and Sb2O3. These additives essentially 
determine the electric properties of the block arresters element. The V-I characteristics of  ZnO 
element as shown in Fig. 3.7 are divided into three regions, being low current region (I), 
operating region (II) and high current region (III). 

 

 
Fig.3.7. Voltage-current characteristics of ZnO element 

 
The current density-electric field (J-E), relationship in region-I is expressed from the physical 
point of view as follows: 

exp 
  E 0.5

 

 
In operating region (II), the current density is considered to be proportional to a power a of the 
electric field intensity and is explained by the Fowler-Nordheim tunnel effect: 

exp 
γ
E

 

where β = (e . εεo),  φ is the potential barrier (Â), E the electric field intensity (V/m), k the 
Boltzmann constant, T the absolute temperature (K), e the electron charge (C), εo the vacuum 
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dielectric permittivity, and ε is the relative permittivity of the barrier substance.γ
/

andm 

is the mass of the electron, h=ĥ/2π , with ĥ being the Planck's constant.  
 

In high current region (III), the resistivity of ZnO grain is dominant and the characteristic is 
given by: 

                                               V≈KI   
 

whereK is the resistivity of the ZnO grain.   
 
 

3.5 Selection of Surge Arrester Application 
 
The objective of arrester application is to select the lowest rated surge arrester which will 
provide adequate overall protection of the equipment insulation and has a satisfactory service life 
when connected to the power system. The arrester with the minimum rating is preferred because 
it provides the greatest margin of protection for the insulation. A higher rated arrester increases 
the ability of the arrester to survive on the power system, but reduces the protectivemargin 
provided for a specific insulation level. Both, arrester survival and equipment protection must be 
considered in the arrester selection process as shown in Fig. 3.8. 
 

 
Fig. 3.8: Arrestor selection process 
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The proper selection and application of lightning arresters in a system involve decisions in three 
areas: 

 Selecting the arrester voltage rating (This decision is based on whether or not the system is 
grounded and the method of system grounding.) 

 Selecting the class of arrester (In general, there are three classes of arresters based on 
protection, capability and cost) 

 Station class 

 Intermediate class 

 Distribution class 

The station class arrester has the best protection capability and is the most expensive. 

 Determine where the arrester should be physically located. 

 

3.6 Testing 
 
Two of the most common tests to perform in the field on surge arresters are the Doblepower 
factor test and infrared analysis.While performing power factor testing, each unit should be 
tested as a separate unit.  A test performed on more than one arrester either in series or parallel 
will diminish the effectiveness of the tests.  This masking effect can become more of a problem 
if a larger arrester is paired with a smaller arrester in a single stack.  If the smaller arrestersare to 
increase in watts-loss, the overall effect of the stack could be minimal or go unnoticed.  If a two-
stack arrester had one unit with higher than normal losses and the other unit with lower than 
normal losses, they could cancel the difference in watts-loss. Method for two-stack arrestor 
testing is shown in Fig. 3.9. 

 
 

Fig. 3.9: Method for two-stack arrestor measurement 
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3.7 Analysis of Abnormal Losses  
 

Based on the losses and change in current in different arrestors, several inferences can be drawn.  
In Silicon Carbide Arresters: 
a) If loss is higher than the normal loss, it shows that arrestor is either contamination by 

moisture, dirt or dust or gaps are corroded.  
b) If loss is lower than the normal los, it shows that arrestor has broken shunting resistors and 

poor contact and open circuits between elements. 
c) If there is change in current, it shows that arrestor is mechanical damaged. 

 
In Metal Oxide Arresters: 
(a) If loss is higher than the normal loss, it shows that arrestor is either contamination by 

moisture, dirt or dust or gaps are corroded in early design.  
(b) If loss is lower than the normal los, it shows that there are discontinuities in internal electrical 

configuration.  
(c) Infrared analysis of the arrester is gaining popularity and has been used by several companies 

with good results in identifying higher than normal current flow through the metal oxide 
components.  Routine testing on a normal basis is recommended to identify and to replace the 
defective arresters before equipment damage or personal injury. 

 

3.8 Field Maintenance Aspects and Quality Checks for Surge Arresters 
 
A regular maintenance of the high voltage structure should include checking for physical 
damage, mechanical stability and electrical clearances and cleaning and testing the structure 
electrical components. Cleaning and testing should be performed on the: 

 High voltage station insulators 

 Surge (lightning) arresters 

 High voltage fuses 

 Disconnecting switches 

 
Also, substation fence and electrical grounding should be checked and tested on regular basis as 
part of a regular maintenance program. 

 

3.9 Design of Station Class Arresters up to 420 kV 
 
Station class arresters are designed for protection of equipment that may be exposed to 
significant energy due to line switching surges and at locations where significant fault current is 
available.They have superior electrical performance because their energy absorption capabilities 
are greater, the discharge voltages (protective levels) are lower and the pressure relief is 
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greater.The value of the protected equipment and the importance of uninterrupted service 
generally warrant the use of station class arresters throughout their voltage range. Industry 
standards dictate the use of both station class and intermediate class arresters for equipment 
protection in the 5-to 20-mVA size ranges. Above 20 mVA, station class arresters are 
predominately used and are available in both polymer and porcelain housing configurations. The 
main features of an arrester should be followings. 
 High Fault Current Capability   
 Excellent Protective Characteristics   
 Light Weight   
 High Durability   
 Excellent Temporary Overvoltage and Surge Duty Capabilities   
 Superior Contamination Performance  

 

3.10 Arresters for Transmission Line Protection 
 
Transmission line arrester is a line arrester applied on a transmission line. There are two basic 
reasons to install transmission line arresters on a system. The most common purpose is to reduce 
or eliminate lightning induced outages due to flashover of insulators.  The second and less 
common purpose of this type of arrester is to eliminate insulator flashover due to switching 
surges.  In both cases, the objective is to reduce or eliminate flashover of system insulators.  In 
both cases, a study of the system is generally carried out to determine the best location for the 
arresters to fulfill the desired results.    Fig 3.10 shows the line arresters. 

 

 
Fig.3.10 Two forms of Line Arresters Transmission Line and Distribution Line Arrester 

 
There are many factors involved in the selection of a transmission line arrester.  These factors are 
as follows.  
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a) Purpose of the arrester (Switching mitigation, lightning mitigation, or both). 
b) Nominal system voltage and temporary overvoltage potential  
c) System shielding (For unshielded systems, where the top phase is used as a shield, the 

top arrester may be different than the others.) 
d) Lightning flash density and or historical insulator flashover rate.  
e) Quality of the tower ground. 
f) Desired flashover rate.  
g) Available fault current on the system. 

 

3.11 Transmission Line Arresters Components 
 
It is important to note that there are some basic components of a transmission line arrester (TLA) 
that are common to all units, but nearly each TLA configuration is different and must be 
designed for that particular application.  Even in one project, there may be several configurations 
needed to match the numerous tower or pole configurations.  Connecting hardware and arrester 
orientation must be designed for each installation such as saddle clamp, flex joint, shunt, arrester 
body, disconnector, ground lead, etc. Fig 3.11 shows the various components of suspension 
arrester. 

 
Fig.3.11 Typical Suspension Arrester 

 

3.12 Pollution Behavioral Aspects of Metal Oxide Arresters 
 
A  metal oxide surge arrester (MOSA) under the  effect  of conductive pollutants presents two 
problems namely  the  insulation  performance  of  the  porcelain  housing  which  is more  or  
less similar  to  insulators  working  under polluted  condition and the second problem as spark 
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over performance of the active parts consisting of coupling and grading capacitances.Polluted 
arrester housing with regard to external flashover,  is  in  no  way  different  from  other  polluted  
insulators,  because  of  very  small  arrester  grading current.  More severe and decisive 
pollution stresses of the interior of an MOSA, however, originate from the formation of dry 
bands.  For various reasons such as the geometrical shape of the porcelain, connection of units, 
and irregular contamination layer, the heat dissipation is bound to increase at certain locations.  
Due to the thermal increase of the surface resistivity the power dissipation will accelerate quickly 
on such a locationscausing a dry band formation.  Transfer of thermal energy takes place from 
dry bands to interior around varistors and temperature rise affects ionization process around 
varistor. The continuous activity of this type decomposes the internal atmosphere of the MOSA.  
This will attack the external coating of the varistors and it could be cause of ageing of varistors. 
 

Due to potential difference between the varistor column and corresponding area of the pollution 
on the arrester, exterior creates radial electric fields.  For typical geometries of air or nitrogen 
filled arresters (future development of small unit design), a difference of potential of order 40 km 
cms leads to electrical breakdown of the gas. This may damage the varistors and change the 
electrical characteristics.Pollution test laboratory allows testing under the most varying 
environmental conditions. The devices to be tested must prove their functionality under the most 
severe requirements such as pollution, salt fog, icing or extreme climatic conditions. Fig. 3.12 
shows the salt-fog test of an arrester. 

 

 
Fig.3.12 Salt-fog test for 420 kV Current Transformers 
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3.13 Quality Assurance  
 
Quality needs to be defined firstly in terms of parameters or characteristics, which vary from 
product to product. For example, for a mechanical or electronic product, these are performance, 
reliability, safety and appearance. The specifications and drawings produced by the designer 
should show the quality standard demanded by the requirements. Every dimension should have 
realistic tolerances and other performance requirements should have precise limits of 
acceptability so that the production team can manufacture the product strictly according to 
specification and drawings. 

 

To achieve the above, those responsible for design, production and quality should be consulted 
from the sales negotiation stage onwards. The overall design of any product is made up of many 
individual characteristics. For example these may be: 
 Dimensions, such as length, diameter, thickness or area 
 Physical properties, such as weight, volume or strength 
 Electrical properties, such as resistance, voltage or current etc. 
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Chapter 4 
 
DISTRIBUTION TRANSFORMERS 
 

4.1 Introduction 

 

Transformer, which is an important device used in power, communication and electronic circuits, 
is a two-port circuit containing coupled coils around a common core. It is also known with 
different names such as power transformer, distribution transformer, generating transformer, 
impedance matching transformer, isolation transformer, filament transformer, instrument 
transformer (current and potential transformer), etc. depending on the applications. Transformer 
is a static electromagnetic device (static in the sense that it has no moving part and does not try 
to rotate) operated on the basis of mutual induction. It is constructionally similar to magnetic 
coupled circuit.  In transformer, an alternating current of one voltage is transformed into different 
alternating current of the same frequency but of a different voltage.  

 
The purpose of a distribution transformer is to reduce the primary voltage of the 
electricdistribution system to the utilization voltage level. It provides the final voltage 
transformation in the electric power distribution system, stepping down the voltage used in the 
distribution lines to the level used by the customer.A distribution transformeris a static device 
constructed with two or more windings used to transfer alternatingcurrentelectric power by 
electromagnetic induction from one circuit to another at the samefrequency but with different 
values of voltage and current.Distribution transformers are generally categorized in several ways 
as: 

 Type of insulation:  liquid-immersed or dry-type  

 Number of phases:  single-phase or three-phase  

 Voltage level:   low or medium 

 Type of installation: Overhead (pole type), pad mounted and substation transformer 
 
Application of distribution transformers varies significantly by type of transformer (liquid-
immersed or dry-type) and ownership (electric utilities own approximately 95% of liquid-
immersed transformers, commercial/industrial entities use mainly dry-type). Depending upon the 
type of application, space, and environment, these transformers are selected, e.g., pad mounted 
transformers are used for underground cabling. The pictorial representation of different type of 
transformers is given in Fig. 4.1. 
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(a) Pole Mounted Transformer 

 
(b) Pad Mounted Transformer 

 

(c) Substation Transformer (d) Double Pole Rail Mounted Transformer 

Fig. 4.1: Differernt dirtcibution transfosformers 

 

 

Typical rating of a three-phase and a single-phase distribution transformers are given as follows: 

(a) Single Phase Transformer 
Ratings: CRGO Silicon Steel Transformers – Upto 25 kVA 
Applicable Standards : IS, IEC, ANSI, JIS, etc. 
Cooling : ONAN 
Insulating Fluid : Mineral Oil to specification 
Frequency : 50 Hz 
Primary Voltage : Upto 11 kV Class 
Secondary Voltage : 120, 120/240, 210-105, 250, 240/480 V 
Winding Material : Copper / Aluminum 
Taping Range : ± 5% in steps of 2.5% (Other tapings as required) 
Impedance : In line with applicable standards. 
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(b) Three-Phase Transformer 
Ratings: Upto 20MVA 
Applicable Standards : IS, IEC, ANSI, JIS, etc. 
Cooling : ONAN 
Insulating Fluid : Mineral Oil to specification 
Frequency : 50 Hz 
Primary Voltage : Upto 33 kV Class 
Secondary Voltage : 415,433 V(Other voltages as required) 
Winding Material : Copper / Aluminum 
Taping Range : ± 5% in steps of 2.5% (Other tapings as required) 
Impedance : In line with applicable standards. 

IEC: International Electro-mechanical Commission 
ANSI: American National Standard Institute 
JIS: Japanese Industrial Standard 

 

4.2 Basic Operation of Distribution Transformer 
 
A schematic diagram of a single-phase distribution transformer is shown in Fig 4.2. The single-
phase distribution transformer consists of a primary winding and a secondary winding wound on 
a laminated steel core. If the load is disconnected from the secondary winding of the transformer 
and a high voltage is applied to the primary winding of the transformer, a magnetizing current 
will flow in the primary winding. If we assume the resistance of the primary winding is small, 
which is usually true, this current is limited by the counter-voltage of self-induction induced in 
the highly inductive primary winding. The windings of the transformer are constructed with 
sufficient turns in each winding to limit the no-load or exciting current and produce a counter-
voltage approximately equal to the applied voltage. The exciting current magnetizes, or produces 
a magnetic flux in the steel transformer core. The magnetic flux reverses each half cycle as a 
result of the alternating voltage applied to the primary winding. The magnetic flux produced cuts 
the turns of the primary and secondary windings. This action induces a counter-voltage in the 
primary winding and produces a voltage in the secondary winding. The voltages induced in each 
turn of the primary and secondary winding coils will be approximately equal, and the voltage 
induced in each winding will be equal to the voltage per turn multiplied by the number of turns. 

 

Fig. 4.2: Schematic Diagram of single phase transformer 
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If,  
Voltage primary winding    = Vp 

Voltage secondary winding    = Vs 

Volts per turn      = Vt 

Number of turns of primary winding   = Np 

Number of turns of secondary winding  = Ns 

Voltage, V      = volts per turn (Vt) × number of turns (N) 
 

Therefore, the voltage of the primary winding is equal to the applied voltage and equal to the 
number of turns in the primary winding multiplied by the volts per turn. 

Vp=Vt× Np 

Likewise, the voltage of the secondary winding will equal to the volts per turn multiplied by the 
number of turns in the secondary winding. 

Vs=Vt× Ns 

Therefore, 

  

When a load is connected to the secondary winding of the transformer, a current Is will flow in 
the secondary winding of the transformer. This current is equal to the secondary voltage divided 
by the impedance of the load Z. 

  

 

Lenz’ law determined that any current that flows as a result of an induced voltage will flow in a 
direction to oppose the action that causes the voltage to be induced. Therefore, the secondary 
current, or load current, in the distribution transformer’s secondary winding will flow in a 
direction to reduce the magnetizing action of the exciting current or the primary current. This 
action reduces the magnetic flux in the laminated steel core momentarily and, therefore, reduces 
the counter-voltage in the primary winding. Reducing the counter-voltage in the primary winding 
causes a larger primary current to flow, restoring the magnetic flux in the core to its original 
value. The losses in a distribution transformer are small, therefore, for all practical purposes, the 
volt-amperes of the load or secondary winding are considered to be equal to the volt-amperes of 
the source, or primary winding.  
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A three-phase transformer is basically a three single-phase transformers in a single tank in most 
cases. The windings of the three transformers are normally wound on a single multi-legged 
laminated steel core. 

 

4.3 Design and Constructional Features of Transformer 

 
Transformers used in practice are of extremely large variety depending upon the end use. 
Distribution transformers of smaller sizes could be air cooled while the larger ones areoil cooled. 
This brings in a very large variety in their constructional features. Here mainly, more common 
constructional aspects are discussed. These can be broadly divided into: 

1. Core construction 
2. Winding arrangements 
3. Cooling system 
4. Conservator, breather and Buchholz relay 

 
4.3.1 Core Construction 

 
The construction of a transformer starts with the core. The magnetic core is made of stacks of 
thin laminations ( 0.35 mm thickness) of cold-rolled grain oriented silicon steel sheets lightly 
insulated with varnish. This material allows the use of high flux densities (1-1.5 T) and its low-
loss properties together with laminated construction reduce the core-loss to fairly low value. 
Lamination of core reduces eddy-current loss. The laminations are punched out of sheets and the 
core is then built of these punching. Before building the core, the punched laminations are 
annealed to relieve the mechanical stresses set in at the edges by punching process. The primary 
and secondary coils are wound on the core and are electrically insulated from each other and 
from the core. Two types of cores are commonly used in practice: core-type and shell-type. In the 
core type construction, the windings surround the two legs of laminated core, while in the shell-
type construction, the windings are wound on the central leg of three-legged steel core. To 
reduce the leakage flux, in the core type construction, the two windings (HV and LV) are 
arranged as concentric coils. In shell type construction, leakage is reduced by subdividing each 
winding into subsections (wound as pancake coils) and interleaving HV and LV windings. Small 
transformers used for power distribution are usually of the core-type as shown in Fig. 4.3, while 
some of larger transformers are of shell type as shown in Fig. 4.4. 
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Fig. 4.3 Core type transformer 

 
Fig. 4.4: Shell Type Transformer 

 
4.3.2 Windings or Coils 
 
Transformer windings or coils are designed to get the required number of turns into minimum of 
space. At the same time, the cross section of the conductor must be large enough to carry the 
current without overheating, and sufficient space must be provided for the insulation and for 
cooling paths, if any. These may be made of copper or aluminum, the choice depending on the 
cost to achieve the low resistance and small space requirement. For small units, the coil wire may 
be round, insulated with enamel, varnish, paper or a combination of these. For larger units, the 
wire may be square or rectangular usually insulated with impregnated ribbon or paper. 

 

The terminals of the coils (windings) are taken out of the transformer tank with the help of 
bushings. Usually, these consist of conductor through an insulating collar made of porcelain. In 
this way, bushings insulate the windings from the tank. Fig 4.5 shows the different part of 
winding and bushings. 



- 46 - 
 

 

Fig. 4.5 Transformer showing windings and bushings 

 

 

4.3.3 Cooling System 
 
Transformers are usually cooled by oil or air. The smaller units are cooled by air and larger 
transformers use oil cooling. To facilitate natural oil cooling circulation and to increase the 
cooling surface exposed to the ambient, tubes or fins are provided on the outside of the tank 
walls. The oil surrounding the core and windings gets heated, expands and moves upwards. It 
then flows downwards by the inside of tank walls through fins or tubes, which cause it cool and 
oil goes down to the bottom of the tank from where it rises once again completing the circulating 
cycle. The heat is removed from the walls of the tank by radiation but mostly by air convection. 
Fig. 4.6 shows the natural oil cooling mechanism. 
 

 

Fig 4.6 Oil Natural Cooling 
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4.3.4 Conservator and Breather  
 
Some outdoor transformers are provided with oil conservators. When the transformer is loaded 
or unloaded, the oil temperature inside the transformer  tank rises or falls. Therefore, the oil 
volume inside tank increases or decreses. Thus, air volume inside tank changes, by either 
sucking in or pushing out the air. The consevator is used for this breathing process. The 
conservator is open to the surrounding air through a breathing device filled with silica gel. The 
air, which is being sucked in, contains either foreign impurities and/or moisture, which 
deteriotate the insulation strength of oil.  The silica gel which is blue when it is dry, absorbs the 
moisture and becomes pinkish white. Before passing through silica gel, the air is passed through 
the oil compartment of the breather, which remove all type foreign impurities. Fig 4.7 shows the 
breather-conservator arrangement. 
 
 

Fig 4.7 Breather conservator arrangement Fig 4.8Accessories of transformer 

 
4.3.5 Bochholz Relay 
 
Buchholz relay is a gas-actuated relay installed in oil-immersed transformers for protection 
against all kind of faults. It is used to gives an alarm in case of slow developing faults or 
incipient faults in the transformer and to disconnect the transformer from the supply in the event 
of severe internal faults. It is installed in the pipe between the conservator and main tank as 
shown in figure above. This relay is used in oil-immersed transformers. Fig. 4.8 shows the 
accessories of a transformer.  
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4.4  Performance Characteristics 
 
The distribution transformer is designed to operate under the conditions of constant rms voltage 
and frequency and so the efficiency and the voltage regulation are of prime importance. 
 

4.4.1 Transformer Losses 
 

The various losses in the transformer are enumerated below: 

Core-loss: It is also known as iron-loss. It includes both hysteresis and eddy-current losses 
resulting from alternation of magnetic flux in core. The core loss is constant for a transformer 
operated at constant voltage and frequency. 

Copper-losses: This loss occurs in winding resistance when the transformer carries the load 
current (I2R losses). 

Stray-loss: It results from leakage fields inducing eddy-currents in tank wall, and conductors. 

Dielectric-losses: The loss occurs in the insulation materials, particularly in oil and solid 
insulations. 

 

The major losses are core-losses and copper-losses. Therefore, only these two losses are 
considered for performance calculations. Other losses are neglected. 

 
4.4.2 Transformer Rating 
 

The rating of transformer is expressed in VA and not in watts because heating (temp) determines 
the life of the transformers, which depends on the losses. Hence, the rated output is limited by 
the losses, which depends on the voltage (core loss) and the current (copper loss), and almost 
unaffected by the load power factor. Therefore, the rating of a transformer is not expressed in 
power rating (watt) but by the apparent power (VA) that it can deliver. It is also mentioned in the 
nameplate rating whether transformer is single-phase or three-phase along with the operating 
frequency at which transformer performs satisfactory.  

 

 

 

4.4.3 Efficiency 
 

The transformer has no moving parts so that its efficiency is much higher than that of rotating 
machines. The power output depends on the power factor of the load. 

Single (or Three)-phase, 2MVA, 33kV/11kV, 50Hz 
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The efficiency is defined as the ratio of the useful power output to the input power. Thus 

 

Efficienccy,
Output
 Input

Output
Output Losses

1  

 

Losses are calculated from the open circuit (OC) and short circuit (SC) tests of the transformer. 

 

Effect of load and load power factor on efficiency: 

 

Fig4.9 Transformer on load 

 

The iron losses depend upon the flux density and so, on the induced e.m.f. 

From Fig. 4.9, the copper losses in the two winding are as follows 

 

2  

Where R1=Primary winding resistance, 

R2=Secondary winding resistance and 

Req=equivalent resistance referred to secondary sides 

Transformer output,  and iron loss is equal to Pi. 

2
 

The above equation shows that for a given power factor, efficiency varies with load current. The 
efficiency can now be written as  

Pcopper(Pi)
 

Pout (Po)
 Pinput 
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  2
 

For the maximum value of  : 

2  , i.e., Copper Loss (Variable) = Core Loss (Constant)  

 

The distribution transformer supply load which varies over the day through a wide range. 
Therefore, these transformers are designed to have maximum efficiency at about 70 % of the full 
load. This is achieved by restricting the core flux density to lower values by using a relatively 
larger core cross section. 

 
4.4.4 Voltage Regulation 
 

Constant voltage is the requirement of the most domestic, commercial and industrial loads. The 
voltage drop in the transformer on load is mainly determined by its leakage reactance which 
must be kept as low as designed and manufacturing would permit. The voltage regulation is 
defined as follows: 
 

%    ,

,
 100 

 

Where, , = rated primary voltage at full load and specified power factor. 

= Secondary voltage when load is thrown off. 

 
4.5 Testing and Quality Control 
 

For quality assurance, there are different tests for the transformers which fall into roughly three 
categories: 

 Test to prove that the transformer has been built correctly: These include ratio, polarity, 
resistance and tap change operation. 

 Test to prove guarantees: These are losses, and impedance test. 

 Test to prove that transformer will be satisfactory in service for long period: The tests in 
this category are the most important and the most difficult to frame: they include all the 
dielectric or overvoltage tests and load current run for temperature rise. 
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4.5.1 Ratio Test 
 

The ratio of a transformer is the ratio of voltage of the high voltage winding to low-voltage 
winding for two winding transformers. When there are more than two windings, there are several 
ratios, all taken with respect to the high-voltage winding. 
 
4.5.2 Polarity Test 
 

This test is made to determine how the coils of a transformer are wound in relation to each other, 
so that the direction of secondary voltage may be known when connecting transformers in 
parallel or in poly-phase banks.  
 
4.5.3 Resistance Test 
 

This test is made to measure the resistance of each winding to calculate power (I2R) loss, the 
resistance component of the voltage drop under load and to determine the temperature rise under 
load. 

 
4.5.4 Impedance Test  
 

This test is also known as short circuit test as shown in Fig. 4.10. The impedance of transformer 
is important since, to a large extent, it determines the regulation of the transformer. It is made up 
of the internal resistance and reactance and will create a voltage drop caused by current flowing 
in the windings. Impedance tests show whether the coil and core arrangements produce 
satisfactory voltage drop and losses in the transformer. They also determine whether 
transformers may be satisfactorily paralleled since the manner in which such transformers divide 
the load depends on their impedance voltages i.e. the one having the higher impedance will take 
the smaller part of the load, and vice versa. The low voltage (LV) side is short circuited and an 
ac voltage is impressed on the primary winding (HV side) and adjusted until the transformer is 
carrying rated current. The transformer is allowed to heat to approximately its normal full load 
operating temperature (of about 75o C) so that the copper loss (heat losses) may be adjusted to 
the standard temperature of 75oC. 

     

Fig. 4.10: Impedance test 
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Total impedance referred to LV side is 

 
V

I
  

 
From the test data, the total equivalent resistance, the reactance and impedance, in ohms, may be 
determined and the data may also be used for calculating the efficiency of the transformer. 
Copper loss is also determined by the impedance test. The wattmeter reading will represent the 
full load copper loss. 
 
4.5.5 Test for Transformer Losses 
 
 Core loss is determined by performing open circuit test as shown in Fig. 4.11. The rated voltage 
is applied across the LV side and the HV side is kept open. The wattmeter reading will represent 
the core loss. 

 

Fig 4.11 Open circuit test 

 
4.5.6 Temperature Test or Heat Run Test 
 
This test is made to determine the temperature rise of the transformer under rated load. 
Thermometers or thermocouples are installed to measure ambient temperatures, oil surface 
temperature in the transformer tank and at some point (2 or 3 inches) below the oil surface where 
maximum temperatures may be expected. Readings on these are taken before the test started to 
obtain base temperature on which to determine the rise at rated load. These are also read 
periodically during the test, and continued until temperatures do not vary more than few degrees 
over a period of hours, and hence, may be considered as stabilized. 
 
Loading of transformer under test: The transformer under test can be loaded in three ways: the 
direct method; the opposition method; and the compromise short-circuit method.  
 

(a) The Direct Method: This method is used for very small transformer. The transformer is 
loaded by means of a lamp bank or other resistance load. 

 
(b) The Opposition Method (back to back connection): In this method, the unit under test is 

connected to a duplicate transformer. The two transformers are connected in parallel on 
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both the high and low voltage sides.  Full rated voltage is applied to the low voltage or 
the secondary side, and a voltage from an external source is inserted in the high voltage 
or primaries in parallel, just large enough to circulate rated current through the primaries 
of two transformers. The two transformers are thus both carrying their normal currents in 
both primary and secondary windings 

 
(c) Compromise Short Circuit Method: One winding, usually the secondary, of the 

transformer under test is short-circuited. A current is circulated in the other winding 
which will give an impedance loss equal to the sum of the core loss and the normal 
impedance loss. 

 
4.5.7 Overvoltage or Dielectric Test 
 

The object of this test is to show that the insulation of the transformer winding is adequate. A 
higher than the rated voltage is applied between the winding under test and the other windings 
and ground. The terminal of the winding under test is connected together and to one terminal of 
the testing equipments. The terminals of the other windings are connected together and to the 
core and tank and to the other terminal of the testing equipments. This second series of 
connection is usually connected to the ground as safety precautions. The voltage applied is raised 
gradually up to usually about twice the rated voltage and held for a predetermined time, usually 
one minute and then reduced to low value before circuit is opened. The connection diagram for 
over-voltage test is shown in Fig. 4.12. 
 

 

Fig 4.12: Connection for over voltage test 

 

4.5.8 Impulse Test 
 

This test is made to prove that the transformer insulations, which include insulation to ground, 
insulation between turns and windings, and the flashover voltage of the associated bushing, will 
withstand voltage surges caused by lightning or switching. A high voltage wave of standard 
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values, and approximating a lightning surge as shown in Fig. 4.13, is imposed on the unit to be 
tested. The surge generators usually consists of a number of capacitors connected so that they are 
charged in parallel form a relatively low voltage source and discharged in series to give a high 
voltage across a test piece. 

 
Fig. 4.13: Impulse test 
 

4.6  Erection and Commissioning 
 
Transformers usually require less maintenance than any other kind of electrical power apparatus, 
when it is erected and commissioned with care. 

4.6.1 Erection 

Before commencing erection, different arrangements are made at the site. 
 
 

 A mobile crane is essential for assembling the accessories of the transformer. 

 One or more oil tanks of sufficient storage capacity shall be provided if required. 

 For erection of the whole set up, different tools like vinyl hose, crowbar, drum 
opener,chain pulley block, electric hand lamp, cutting pliers (insulated), PVC wire for 
insulation test and voltage value test, cotton cloth, D-shackle, slide wrench, spanners etc. 
are needed. 

 
No special foundation is necessary for the installation of transformer except a level floor or base 
strong enough to support the weight. Transformer should be so installed that easy access is 
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provided all around, so that rating & diagram plate, thermometers, valve oil gauge etc are easily 
accessible. Type ONAN transformers depend entirely upon the surrounding air for carrying away 
the heat generated as losses. Therefore, for indoor installations, the room must be well ventilated. 
For recommendation on minimum spacing between the Transformer and its surrounding walls, 
reference should be made to IS: 10028 (Code for selection, Installation and Maintenance of 
transformer). 
 
In fact, all electrical installations shall comply with the requirement on Indian Electricity rules 
and reference may be made to IS: 10028 (which highlight these points). All connection to earth 
shall be made in accordance with IS: 3043 (Code of practice for earthing).  

 
Erection is preparing the transformer for service. A reference to the outline drawing of the 
transformer should be made for the location of various fittings and accessories. Certain parts like 
radiators, conservator, explosion vent etc. may have been dismantled for transport purpose. 
Before erection it is essential to examine all parts which will be in contact with the oil to ensure 
scrupulous cleanness. All these parts after thorough inspection should be re-fitted in position 
shown in the relevant outline drawing of the transformer. 
 
The following points are essential to be followed before starting the erection work: 
 Parts detached for transport such as radiators, conservator, explosion vent, bushings etc. 

should be examined for cleanness. 
 Rinse parts thoroughly, if necessary, with hot transformer oil, which are in contact with 

oil in the transformer such as radiator heat exchanger, pumps, pipe work etc. 
 Check the porcelain bushing for any damages of crack. Bushings should be assembled 

using proper gaskets for the various joints. 
 If gaskets is over pressed or aged its reuse is strictly discouraged. Replace all such 

gaskets with asset of new one. 
  Current transformers are mounted with care so that correct polarities are observed.  
 While mounting the Buckholz relay, check for direction of the arrow marked on the body 

for correct mounting arrow should be pointing towards conservator. The pipe assembly 
should, be at an upward direction of 3-4o(degree).  

 
Now mounting and fitting of all the accessories should be done according to the outline drawing. 
Then Transformer oil is to be filled in to transformer through suitable clean pumps & pipes 
slowly through one of the top valves. 
 
4.6.2 Commissioning 
 
After the installation work is over, the transformer is to be made ready for commissioning. Prior 
to putting the transformer into service, attention should be paid to the many checks and tests.The 
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instructions given below are of a general nature and are likely to vary depending upon the site 
condition and design features of the transformer.  
 

a) General Instructions  
 
These instructions include some pre-commissioning checks as follows: 
 Direction and mounting of Buchholz relay, Dryness of silica gel, oil level in main 

conservator tank, earthing of main tank, bushing and their oil level, overall clearance etc. 
 Checks on electrical accessories: Marshalling box, fans, OLTC etc. These should be 

mounted and connected properly. 
 

b) Pre-commissioning Test 
 
Following tests are carried out before switching on the transformer: 

 Ratio and Vector Group: Voltage ratio between HV and LV at all the taps should be 
checked. For 3- winding transformer ratio between pairs of windings should also be 
taken. 

 

 Dielectric Strength of oil: Oil samples from the bottom of the tank and diverter switch 
tank of on load tap changer, wherever applicable, should be tested. In order to obtain 
representative sample of the oil, extreme care should be taken. It should be absolute clean 
and moisture free. The sample should be tested for its dielectric strength as per the latest 
edition of IS: 6792 (should be more than 60kV rms/2.5mm). It is expected that every 
sample pass the test, if the normal transit and storage precautions are taken. 

 

 Insulation resistance: Check the insulation resistance between windings and between 
winding and earth. A 2.5 kV or 1.0 kV megger should be used for measuring insulation 
resistance values. At ambient temperatures this set of insulation resistance values should 
proper as per the specification. 

After all these checks, the transformer is commissioned or energized. 

 

4.7 Operation and Maintenance 

 
The transformer requires little attention in the way of operation and maintenance because there 
are no moving parts and so the construction is simple and rugged. However, certain steps are 
taken to insure failure-free operation, including the operation of its auxiliary equipments.The 
most important consideration in transformer operation is the prevention of overheating. 
Overheating may result from the loads served by the transformer, from poor ventilation, from 
failure of cooling systems and from incipient faults (progressive failure of the insulation) within 
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the transformer.For proper operation, different parts of the transformers are monitored 
continuously. In case of indication of any abnormal condition corrective actions are taken. 
 

 Heat Indicators: Some heat sensitive devices are incorporated in transformer to give 
automatic indication of excessive heating. For example, special crayon marks which 
change color with heat or small pieces of wax which melt at different temperature. 

 

 Ammeters: Other means of monitoring the loads of transformer is measurement of 
currents by ammeters. Records of ammeter reading serve to indicate progressive changes 
in transformer loadings and call attention to possible approaching critical conditions. 

 

 Transformer load Monitoring: The transformer is connected to several loads (consumers) 
with individual meter for billing purpose. These meter readings are added together in the 
computer to give an approximate amount of energy supplied by transformer. This 
operation is known as “transformer load monitoring”. 

 External Inspections: Cracked, broken, chipped or discolored bushings may not only be 
caused by vandalism, but may be sign on of flashover caused by overload or by voltage 
surges (lightning or switching), and may be an indication of potential insulation failure 
inside the transformer. 
 

o Discoloration of terminals and leads may be evidence of heating, which may be 
evidence of loose connections.Excessive rust or corrosion of the tank may also 
indicate excessive transformer heating. 

o Unusual noise or unusual heat during periods of normal loads may indicate that 
the unit may have been subjected to severe operating conditions, such as 
overloads or frequent short circuits. 

o The color and the clarity of the oil may also indicate the existence of carbon or 
sludge or moisture; carbon or sludge may indicate the excessive internal 
temperatures; moisture may indicate leaks from improperly tightened bushings or 
cover in transformer. A very small quantity of moisture will spoil insulating 
quality if the oil. So it must be taken care off. 

 

 Internal Inspections: Oil level may be visually inspected by opening the hand-hole (if 
any) or by removing the tank cover.The condition of the gaskets should be observed for 
sign of wear. If worn, they should be replaced with new ones and fixed properly. If they 
are even slightly loose, rain or snow may be driven into transformer causing failure.Tap 
changers should be checked for proper position and for the condition of the contacts. 
Core, coils, terminal boards, and connections should be inspected for signs of heat 
discoloration. These may be caused by overloading, loose connections, loose core 
laminations due to improper bracing.Radiators should be inspected for dents and holes 
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which may cause restriction of the flow of coolant or leakage, eventually causing the 
transformer to overheat.Other ordinary mechanical maintenance should be performed in 
the normal manner regularly. Rusted and corroded areas should be cleaned before 
repainting. Connections should be cleaned before remaking or retightening. 
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Chapter 5 
 
INSTRUMENT TRANSFORMERS 
 

5.1 Introduction 
 

A transformer is a static electromagnetic device for changing the voltage and current value at the 
same frequency. Transformers are also used in connection with measurement of power, current, 
voltage, power factor, frequency and for indication of synchronism. Instrument transformers find 
a wide application in protection circuits of power systems for the operation of over current, under 
voltage, earth fault and various other types of relays. 

 

5.2 Principle of Transformer 
 

The main components of the transformer are core, winding, insulation (solid or liquid) and tank. 
The purpose of the transformer core is to provide a low reluctance path for the magnetic flux 
linking the primary and secondary windings.It works on the principal of electromagnetic 
induction. A varying current in the primary winding creates a varying magnetic flux in the 
transformer's core and thus a varying magnetic field through the secondary winding. This 
varying magnetic field induces a varying electromotive force (EMF), or "voltage", in the 
secondary winding. This effect is called inductive coupling. The main principal of operation is 
discussed in the previous chapter. 

 
5.3 Types of Transformer 

 

5.3.1  Autotransformer 
 

An autotransformer is also known as an electrical transformer with only one winding. In an 
autotransformer, portions of the same winding act as both the primary and secondary.An 
autotransformer does not provide electrical isolation. 

 
5.3.2 Poly-phase Transformers 

 

The three primary windings are connected together and the three secondary windings are 
connected together. The most common connections are Y-Delta, Delta-Y, Delta-Delta and Y-Y. 
A special purpose poly-phase transformer is the zigzag transformer. There are many possible 
configurations that may involve more or fewer than six windings and various tap connections. 

 
 



- 60 - 
 

5.3.2 Leakage Transformers 
 

Due to leakage inductance some inductance appears in series with the mutually-
coupled transformer windings. This is because of imperfect coupling of the windings and 
creation of leakage flux which does not link with all the turns of the winding.The leakage flux 
alternately stores and discharges magnetic energy with each electrical cycle and thus effectively acts as 
an inductor in series in each of the primary and secondary circuits. 

 
5.3.4 Resonant Transformers 

 
A resonant transformer operates at the resonant frequency of one or more of its coils and 
(usually) an external capacitor. The resonant coil, usually the secondary, acts as an inductor, and 
are connected in series with a capacitor. When the primary coil is driven by a periodic source 
of alternating current, such as a square or saw-tooth wave at the resonant frequency, each pulse 
of current helps to build up an oscillation in the secondary coil which results a very high voltage 
across the secondary coil. These devices are used to generate high alternating voltages, and the 
current. 

 
5.3.5 Audio Transformers 

 

Audio transformers are those specifically designed for use in audio circuits. They can be used to 
block radio frequency interference or the dc component of an audio signal, to split or combine 
audio signals, or to provide impedance matching between high and low impedance circuits.  

 
5.3.6 Instrument Transformers 

 

Instrument transformer is used for measuring the current, voltage, power and energy in electrical 
power systems and for power system protection and control with instruments or meters of 
moderate size. In power systems, currents and voltages are very large for any meter of 
reasonable size and cost and, therefore, direct measurements of currents and voltages are not 
possible. These currents and voltages can only be measured by stepping down these currents and 
voltages with the help of instrument transformers. 

 

5.4  Voltage or Potential Transformer 
 

Voltage transformer is designed for monitoring single-phase and three-phase power line voltages 
in power metering and protection applications. A potential transformer is a conventional 
transformer having primary and secondary windings. The primary winding is connected directly 
to the power circuit either between two-phases or between one phase and ground, depending on 
the rating of the transformer and on the requirements of the application.Voltage transformers, i.e. 
inductive voltage transformers (IVTs) and capacitive voltage transformers (CVTs), provide 
voltage signals for measuring devices and protective relays. 
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5.5 Construction of Voltage Transformers 
 

(a)The Core:The core is built from high grade transformer steel sheet. Shell type construction of 
core is used in all types of transformer. 
 

(b)The Winding:Special oil proof enameled copper wire is used and wound in layers of winding, 
each layer being adequately insulated from the adjacent layers. Since the equipment is for 
outdoor use, it is important that the windings are designed suitably to withstand the surges to 
which the system may be subjected.  

 

(c)The Insulation: The insulation is in the form of oil impregnated paper. The wound coils, duly 
insulated with paper, are thoroughly dried under vacuum before being assembled. The oil used is 
of high quality transformer oil which is fully treated under vacuum before use. 

(d) The Tank:The tank is made of sheet steel and is given three coats of paint, both inside and 
outside, to avoid corrosion. Suitable clamping arrangement is provided in the tank for firmly 
bolting the core and the wound coils. Two earthing studs, which are welded to the tank, are 
provided for earthing the transformer when the connected into the system.  

(e)The Bushing:The porcelain bushings used on the potential transformers are suitable for use in 
normally polluted atmosphere. The bushings are mounted on the tank by suitable clamps. 
Neoprene rubber gaskets are used to avoid any leakage of oil. 

(f) The Oil Expansion Chamber: The oil expansion chamber which is made of aluminum is fixed 
onto the bushing by using epoxy resin. The high voltage end/ends of the winding are connected 
to the oil expansion chamber. The volume of the expansion chamber is designed to permit 
expansion of oil due to the increase of ambient temperature.  

 
(g) The Secondary Connection Box: This box is welded on to the transformer tank and is 
provided with a suitable cover to protect the low tension (LT) terminals from atmospheric 
hazards. A suitable hole for entry of the LT cable is provided. The transformers are of fully 
sealed in construction and are supplied filledwith required quantity of oil. Provision of adequate 
size oil expansion chamber does away with the need for a breather. 

 

5.6 Inductive Voltage Transformers (IVTs) 
 

The inductive voltage transformer works on the same principle of other step-down transformers. 
It converts voltages from high to low. It will take the thousands of volts behind power 
transmission systems and step the voltage down to something that meters can handle. These 
transformers work for single- and three-phase systems, and are attached at a point where it is 
convenient to measure the voltage. The design of a potential transformer is quite similar to that 
of a power transformer but the loading of a potential transformer is always small, sometimes 
only a few volt-amperes.  
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5.7 Capacitor Voltage Transformers (CVTs) 
 

A capacitance potential device is voltage-transforming equipment using a capacitance voltage 
divider connected between phase and ground of a power circuit.CVTs convert transmission class 
voltages to standardized low and easily measurable values, which are used for metering, 
protection and control of the system.  As such, the need for accurate and reliable voltage 
transformation is essential. Additionally, CVTs serve as coupling capacitors for coupling high 
frequency power line carrier signals to the transmission line.  

 

The auxiliary transformer,as shown in Fig. 5.1, consists of an inductance L, which may consist 
wholly or partly of leakage inductance of the windings of auxiliary transformer. The value of this 

inductance L may be adjusted to 
2

1 2

1

(C C ) 
so that the voltage drop due to the current drained 

from the divider is largely compensated. Thus the overall voltage transformation ratio is 
independent of burden. The overall ratio is the product of the divider and transformer ratios. 
However, the compensation is not complete because of the losses in the inductance and also due 
to small changes in frequency which might occur.  

 
 

5.8 Testing of Potential Transformers 
 

5.8.1 Absolute Null Method 
 

The load is connected across the secondary winding for testing transformer and normal voltage at 
normal frequency is applied to the primary winding. One end of primary winding is connected to 
secondary winding and non-inductive potential divider is connected across the primary winding. 
Potential divider is consists of a fixedresistor in series with slide wire, and shielded high voltage 
resistance in series with the primary of a variable mutual inductor M. A capacitor C shunts a 
small part of resistance r. The resistance is chosen such that the nominal ratio of test transformer 
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is equal to R/R1. L is the primary winding inductance of mutual inductance M which causes a 
phase error in the divider. Capacitor C compensates this error as shown in Fig 5.2. 
 

5.8.2 Methods Employing Capacitance Divider 
 
This method is shown in Fig. 5.3. C1 is a high voltage, compressed gas, three terminals capacitor 
andC2 is a high quality mica capacitor having a very small power factor. Capacitor C3 low 
voltage electrode and guard time of C1 create problem in using capacitordivider circuit. Loss 
resistance R3 is associated with C3 so value of C3 should be large so that C2+C3andR3 have 
negligible power factor. 

 

 

The phase error of the divider circuit is determined by C2and minimum ratio of divider cannot be 
used. This can be overcome by modification shown in Fig. 5.4(b). The guard ring is connected to 
the ground andC4 is adjusted so that C1/C2=C1-E/C4 then guard ring and low voltage electrode 
are at the same potential. The slide wire Sand mutual inductor can be calibrated to read ratio 
error and phase angle directly. 
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5.9 Errors in Voltage Transformer 
 

Ratio (Voltage) Error: The actual ratio of transformation varies with operating conditions and 
the error in secondary voltage may be defined as: 

 

Percentage ratio error = 100
nK R

X
R   

whereKnis nominal ratio andR is actual ratio 

Phase angle error,   e p m ps
s s

s s

I x I rI
X cos R sin

V nV


    

 

 

5.10 Characteristics of Voltage Transformer 

 
5.10.1 Effect of Secondary Current or VA 
 
On increasing the load, secondary and primary currents increase which result into increase in 
voltage drop across load. Thus, with increase in load, for a given value of Vp, Vs decreases and 
hence, the actual ratio increases. This variation of ratio error is almost linear with change in 
burden. 
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5.10.2 Effect of Power Factor on Secondary Burden 
 
If the power factor of secondary circuit load decreases then angle ∆ increases which results Ip to 
shift towards Io. Voltages Vpand Vs are in phase with Epand Es,respectively. Since, voltage drop is 
almost constant and therefore, increase in Vp is relative to Ep. But Vp is constant and therefore,Ep 
decreases relative to Vp. Similarly, Vsdecreases relative to Es. Therefore, transformer ratio 
increases as power factor of secondary load decreases.     

 
5.10.3 Effect of Frequency 
 

At constant voltage, flux is inversely proportional to frequency. With increase in frequency, flux 
decreases and therefore, magnetizing current (Im) and exciting current (Ie) decrease which result 
in decrease in voltage ratio. The leakage reactance increases more compared to voltage ratio. 
Thus, change in voltage ratio depends on relative values of no-load current (Io) and leakage 
reactance since, the effects produced by them oppose each other. 

 
5.10.4 Effect of Primary Voltage 

 

There is no wide variation of supply voltage to which the primary winding of the PT is 
connected. 
 

5.11 Current Transformers (CTs) 
 

A current transformer (CT) is used for measurement of electric currents. The primary winding 
connected in series with the line carrying current to be measured and therefore, current depends 
on load connected to the system. The primary winding consists of few turns so no appreciable 
drop across it. The secondary winding of the current transformer has large number of turns and 
the exact number can be determined by turn ratio. The ammeter or wattmeter current coil, are 
connected directly across the secondary winding to measure the current. One of the terminals of 
the secondary winding is earthed to protect the equipment. 

 

5.12 Construction of Current Transformer(CT) 
 

There are three basic configurations of current transformer: 
1. Wound Type: A primary and secondary winding insulated from each other consisting of one 

or more turns encircling the core.  
2. Bar Type: The primary and secondary winding consists of a bar of suitable size and material 

forming an integral part of transformer. 
3. Ring Type or Window Type: A secondary winding insulated and permanently assembled on 

the core with no primary winding but with complete insulation for a primary winding. 
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5.13 Design of Current Transformer 
 
 

(a)TheCore:The core must have a low reluctance and a low core loss to minimize the errors. The 
reduction of reluctance of flux path can be done by using materials of high permeability, short 
magnetic paths, large cross-section of core and a low value of flux density. The current 
transformers are designed for much lower flux densities than that are used for power 
transformers. Protective relays are required with current transformers for good accuracy at 
currents many times the rated current (20 to 30 times the rated value) which protects the circuit 
in case of short circuit or a fault on the system. 
 
The number core joints in building up cores should be minimized because joints produces air 
gaps which offer paths of high reluctance for the flux. The core losses can be reduced by using 
material having low hysteresis and low eddy current losses and by working the core at low flux 
densities.Magnetic materials used in current transformer are: 
a) Hot rolled silicon steel 
b) Cold rolled grain oriented silicon steel 
c) Nickel iron alloys 

 
(b) Primary Winding Current Ratings: The ratio of exciting current to primary current should be 
small i.e. ratio of excitation mmf to primary winding mmf should be low. By increasing the 
primary winding current or mmf the performance can be improved and it will give satisfactory 
results if the primary winding current is rated at 500 A. Transformers for rating below 500 A are 
provided with multiturn windings wherever possible if this enables the core size to be reduced.  
 
(c) Leakage Reactance:Due to leakage reactance ratio error increases therefore, primary & 
secondary winding should be closed together to reduce secondary winding leakage reactance. 
Use of ring shaped cores around which toroidal windings are uniformly distributed also leads to 
low values of leakage reactance. 
 

(d) Turns Compensation: 

Actual transformation ratio, e

s

I
R n

I
   

whereIe is loss component andIs is secondary winding current 
 

If we make the “nominal ratio” equal to the turns ratio the actual transformation ratio becomes 
more than the nominal ratio. Now if we reduce the turn’s ratio and keep the nominal ratio equal 
to the earlier value, the actual transformation ratio will be reduced. This would make actual 
transformation ratio nearly equal to the nominal ratio. 
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(e) Use of Shunts:If secondary winding current is too large then it may be reduced by placing a 
shunt across the primary or the secondary winding. This method can do exact correction only for 
a particular value and type of load. It reduces the phase angle error. 

 

(f) Two Stage Design:This design utilizes a second current transformer to correct the error in 
secondary current of first transformer. This method is applicable to an energy meter because a 
second coil is needed in the meter to carry the error-correcting current, unless an auxiliary 
transformer is used. 

 
 

 

5.14 Testing of Current Transformer 
 

5.14.1 Mutual Inductance Method 
 
Figure 5.4 shows the mutual inductance method for CT testing where Rp(fixed) and Rs(variable) 
are low resistance, non-inductive shunts. Rs is adjusted to get the balanced condition. The voltage 
drop across Rp is matched against Rsand balanced condition is shown by vibration galvanometer. 
When phase difference is zero, vibration galvanometer shows zero deflection if IpRp=IsRs or Ip/Is 
= Rs/Rp. Therefore, Rsand Rp should be chosen that the ratio Rs/Rp is nearly equal to the nominal 
ratio of the current transformer. Thus a mutual inductance M is put to compensate for phase 
difference between Isand Ipwhich is not possible without any compensating device. 

s

s s s

I M M
tan

I R R

 
   and s s

p p

I R
cos

I R
 

 

where,  M is mutual inductance 

From these relations we have, phase angle
s

M
rad

R


  . 

Actual ratio p s s

s p p

I R R
R

I R cos R
  


 is very small 

 
The secondary circuit includes the resistance Rs, impedance of primary winding of mutual 
inductance and load impedance. This must be taken into account while stating the load at which 
errors have been measured. The phasor diagram of mutual inductance method for CT testing is 
shown in Fig. 5.5. 
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5.14.2 Silsbee’s Method 
 
The ratio and phase angle of the test transformer X are determined in terms of a standard 
transformer having the same nominal ratio. The two transformers are connected with their 
primaries in series as shown in Fig. 5.6. An adjustable load is put in the secondary circuit of the 
transformer under test. An ammeter is used in the circuit of standard transformer so that current 
can be set at desired value.W1 wattmeter coil is connected to carry the secondary current of the 
standard transformer. The coil of wattmeter W2 carries a current ∆I which is the difference 
between the standard currents of the standard and test transformers. W2 must be a sensitive 
instrument. Its current coil may be designed for small values like 0.25 A for testing CTs having 
secondary current of 25 A. The voltage circuit of the wattmeter is used in parallel from a phase 
shifting transformer at a constant voltage V. 

If the ratio and phase angle errors of standard transformer are known, we can compute the errors 
of the test transformer. Phasor diagram is shown in Fig. 5.7. 
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5.14.3 Arnold’s Method 
 
This method givesvery accurate results.The errors of test transformer X and standard transformer 
S are compared as shown in Fig. 5.8. To isolate the measuring circuit from the secondaries of 
CTs, 5/5 current transformer T is used. This transformer has minimum errors. 

 

 

Balance is obtained when  

ss ssIxR I ' r I ' jwM 0           ……. (1) 

Now ss sxI I I   but p
ss x s

x

I
I (cos jsin )

R
    

    
……. (2) 

p
s

s

I
(1 j )

R
    asθs is very small and p

sx x
x

I
I (1 j )

R
   

  
…….(3) 

Thus,  I’ss=Issas transformer T is 1:1 C.T. 

Substituting these values of ∆I and Iss in (1) 
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    ……. (4) 

Equating real and imaginary parts 

Real quantities: s

x

R
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Imaginary quantities: s
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Rx≈Rs and therefore, x s

M

R


   rad 

Phase angle of transformer under test x s

M

R


   rad. 

5.15 Errors in Current Transformer 
 

(a) Ratio Error: Percentage Ratio Error = nK R
x100

R



 
whereKn is nominal ratio and R is actual ratio 
 

(b) Phase angle error: Phase angle, m e

s

I cos I sin180

nI

   
     

degree 

wheren = turns ratio 
Im = magnetizing component of exciting current  
Ie = loss component of exciting current 
δ = angle between secondary winding induced voltage and secondary winding current 
 

(c) Approximate formulae for errors: The usual instrument burden is largely resistive with some 
inductance and therefore, δ is positive and is generally small. 

Hence, sin δ ≈ 0 and cos δ ≈ 1. Therefore, we can write equations as: 

e

s

I
R n

I
         ……. (5) 

& m

s

I180

nI

        
degree     ……. (6) 

ButIp≈nIs and therefore equation (5) and (6) can be rewritten as  

 e p e pR n n I I n 1 I I         ……. (7) 

m

p

I180

I

         
degree [2]      …….(8) 

5.16 Characteristics of Current Transformers 
 

5.16.1 Effect of Secondary winding Burden on Errors 
 

a) Ratio Error: For all inductive burdens the secondary winding current, Is,lags behind the 
secondary induced voltage, Es so that δ is positive. For burdens which are sufficiently 
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capacitive Is leads Es and so δ is negative. Under these conditions, the actual transformation 
ratio for values of δ approaching -90°.  

 
b) Phase Angle: For inductive loads, phase angle θ is positive for small values of δ (high 

secondary p.f.) but becomes more inductive and δ approaches 90°. For negative values of 
δ (sufficiently capacitive loads) θ is always positive. The variation of transformation ratio 
R and phase angle θ with δ is shown in the Fig.5.9.  
 

5.16.2 Effect of change of Primary Winding Current 
 

The secondary winding current is directly proportional to the primary winding current. At low 
values of Ip(or Is), current Im and loss component Ie are a greater proportion of Ip and therefore, 
the errors are greater. As the current Ip increases, there is an increase inIs and there is a decrease 
in ratio error and phase angle in the secondary winding which is shown in the Fig.5.10 and 5.11.  

R

n

2


2


2


2


 

 

 

 



- 72 - 
 

5.16.3 Effect of Change in Secondary winding Circuit Burden 
 

An increase in secondary winding circuit burden impedance means an increase in volt ampere 
rating which results in the secondary winding induced voltage which can be generated by an 
increased flux and flux density. Therefore, both magnetizing Im and loss component Ie are 
increased. Greater burden impedance not only increases the transformation ratio, but also shifts 
the phase angle between primary winding current and secondary winding current reversed to 
more positive values as shown in the Fig.5.10 and Fig. 5.11.  

 
5.16.4 Effect of Change of Frequency 

 

Frequency is inversely proportional to the flux density. The effect of increase in frequency is 
similar to that produced by decrease in impedance of secondary winding burden. 
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Chapter 6 
 
ELECTRICAL CABLES 

 

6.1 Introduction  

 

Cables are widely used to transmit the electric power and other signals. To accomplish this, a 
conductor is provided to flow the electric current imposed. Electrical insulation (dielectric) is 
provided to largely isolate the conductor from other paths or surfaces through which the current 
might flow. In a broad sense, an electric conductor (not exposed in air) along with its insulation 
is called electrical cable. Cables are normally used for low voltage application and where the 
overhead line erection is impractical. Normally cables are placed under the ground but in some 
countries and applications it is also hanged on the towers. Cable can be classified in various 
ways such as based on location, types of insulations used, number of conductors used, based on 
shield etc.  

 

In overhead lines used for transmitting electrical power, inductance is more predominant 
whereas capacitance is in the cables. The large charging current in high voltage cables limit the 
length of its use and therefore overhead transmission lines are preferred for long distance 
application. Since copper is normally used in cables, the cost of conductor is high in the case of 
cable compared to the overhead lines where Aluminum conductors are used.  Another cost 
involved in the cables is the cost of insulation, which is air in the case of overhead lines. The 
erection costs in the case of overhead lines are higher than the cable. In spite of some limitations, 
cables are preferred over the overhead transmission lines where 

(a) Public safety is involved. 
(b) Scenic beauty of city is important. 
(c) Submarine crossing is there. 
(d) Connections of substations, transformers etc. are required. 

 

The cross sectional view of a typical 132 kV cable is shown below. Function of each layers and 
material used for them will be discussed in later sections. 
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Fig. 6.1: Typical 132 kV Cable cross section 

 

6.2 Electrical Characteristics of Cable 

Some of the basic electrical characteristics of electrical cable are discussed in this section. 

 

6.2.1 Voltage Rating 
 

The rating of a cable is based on the phase-to-phase voltage of the system eventhough it is in a 
single or three-phase circuit. For example, a 25 kV rated cable must be specified on a system that 
operates at 14.4 kV to ground. 

 

6.2.2 Cable Insulation Resistance 
 

There are two types of insulation resistance namely volume insulation resistance and surface 
resistivity. The volume insulation resistance of a cable is the direct current resistance offered by 
the insulation to an impressed dc voltage tending to produce a radial flow of leakage through the 
insulation material. This is expressed as a resistance value in MΩ for a given conductor diameter 
and insulation thickness.When voltage is applied to the conductor, current can flow over the 
surface of that material. This current is known as surface current and corresponding resistance is 
called surface resistivity. Surface resistivity is a property of a material. 

 

6.2.3 Cable Capacitance 
 

The property of a cable system that permits the conductor to maintain a potential across the 
insulation is known as capacitance. Its value is dependent on the permittivity (dielectric constant) 
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of the insulation and the diameters of the conductor and the insulation. The capacitance of a 
single conductor cable having an overall grounded shield may be calculated using the formula: 

 

 
0.00736

 

where,  
C=capacitance in microfarads per 1000 feet 
ε=permittivity of the insulating material 
D=diameter over the insulation (under the insulation shield) 
d=diameter under the insulation (over the conductor shield) 

 

6.2.4 Charging Current for AC Operation 
 

For a single conductor cable, the current may be calculated using the formula: 
 

2 10  
where,  
IC=charging current in milliamperes per 1000 feet 
f=frequency in hertz 
C=capacitance in picofarads per foot 
E=voltage from conductor to neutral in kilovolts 
 

6.2.5 Cable Inductance 
 

The inductance of an electrical circuit consisting of parallel conductors such as a single-phase 
concentric neutral cable may be calculated from the following equation: 

2 0.1404  0.153 10  

where,  
XL=ohms per 1000 feet 
f= frequency in hertz 
S=distance from the centre of the cable conductor to the centre of the neutral 
r=radius of the centre conductor 

 

6.2.6 Cable Dissipation Factor 
 

The ratio of the ac resistance of the insulation to the capacitive reactance of the insulation is 
known as the dissipation factor. This is equal to the tangent of the dissipation angle that is 
usually called tan δ as shown in Fig. 6.2. This tan δ is approximately equal to the power factor of 



- 76 - 
 

the insulation which is the cosθof the complimentary angle. In practical cable insulations, high 
insulation resistance and a comparatively large amount of capacitive reactance is present. Hence 
the current leads the voltage by almost 90° and the dissipation factor (often referred to as power 
factor of the insulation) also is small. Typical values for insulation power factor are 0.005 to 
0.02. 

 

Fig, 6.2: Cable Dissipation Factor 

 

The power dissipation per phase i.e. dielectric loss Wd is given by: 

 

  W/m 

6.3 Conductors of Cables 
 

The fundamental concern of power cable engineering is to transmit current (power) economically 
and efficiently. The choice of the conductor material, size, and design must take into 
consideration such items as: ampacity (current carrying capacity); voltage stress at the conductor; 
voltage regulation; conductor losses; bending radius and flexibility; overall economics; material 
considerations; mechanical properties, etc. Considering all above mentioned criterions, copper 
and aluminum become the logical choices. 

 

Earlier only stranded copper conductors were used in the cables but now aluminum is also used 
due cheaper than copper. However, any saving in the cost must be compensated against its extra 
insulation cost required to surround the core.  Comparison of copper and aluminum materials is 
given in Table 6.1. 

Table 6.1: Comparison of copper and aluminium materials 

Properties Copper Aluminium 
Specific gravity 8.890 2.71 
Young's modulus 12700 kg/mm2 5600 kg/mm2 
Ultimatetensile strength 40 kg/mm2 15 kg/mm2 
Resistivity at 200C 1.73 -cm 2.87 -cm 
Resistancetemperature coefficient 0.00426 per 0C at 00C 0.00380 per 0C at 00C 
Coefficient of linear expansion 16.610-6 per  0C 2310-6 per 0C 



- 77 - 
 

Larger sizes of solid conductors become too rigid to install, form and terminate and suffers from 
objectionable skin effect. Stranding becomes the solution to these difficulties. The most popular 
type of stranding which is being used is concentric stranding. It consists of a central wire or core 
surrounded by one or more layers of helically applied wires. Except in unilay construction, each 
layer is applied in a direction opposite to that of the layer underneath.  

 

Apart from this, there are various types of stranding such as compressed stranding, compact 
stranding, bunch stranding, rope stranding,sector conductors, segmental conductors, annular 
conductors, etc.Stranded conductors are used to provide mechanical flexibility. Various 
conductors are spiraled round the central conductor. If more than one layer, alternate layer is 
spiraled in opposite direction to prevent bird caging when conductor is bent. One complete turn 
of spiral measured across the axis of cable is called lay. Spiraling increases the resistance since 
length of each spiraled conductor is greater than central conductor and thus weight of cable. The 
size of conductors are represented as 19/20s where first number stands for the number of strands 
used and second number is the standard wire gauge (SWG) of each strands. If it is shown as 
19/2.9, the first number is strands used and second is the diameter of each strand in mm. The 
different cross sectional areas are used and they are defined differently.  

(a) Nominal cross-section area is the area of one conductor in a plane perpendicular to its 

length multiplied by the number of conductors.  

(b) Actual cross-section area is the cross section of oblique cross-section due to cutting of 

the stranded cable by a plane perpendicular to the core of cable multiplied by the number 

of conductors.  

(c) Equivalent cross-section is the cross section of solid conductor of same length as the 

cable and having same resistance at same temperature. Thus, 

Equivalent area < Actual cross-section area > Nominal cross-section area           

 

Pitch dia 

Lay 

Fig. 6.3:  Lay of a cable 
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(a) Weight Calculation: If l is the lay and d is pitch diameter for the particular layer as shown 

in Fig.6.2, the circumference of this layer will be d .  The length of conductor along the 

spiral is hypotenuse of right-angled triangle. The length along the spiral l' will be 

22 )(' dll   

 If n is the number layer (excluding central strand), the total number of conductor in each 

layer will be 6n and pitch diameter of each layer will be (2n+1)D where D is the diameter 

of each strand. The length of nth layer strands will be 

  22' )12( Dnlln    (6.1) 

 

 If there are n layers, the central stand will be of length l and nth layer strands will have 6n 

strands and length of each strand will be '
nl . The sum of length will be therefore 

    
nn

n Dnlnllnl 22' )12(66   (6.2) 

  

 If it is not spiraled, the length will be (3n2+3n+2)l. The increase in length will be 

   lnnDnlnl
n

)233()12(6 222     (6.3) 

 Therefore increase in weight can be calculated.  

 

(b) Resistance Calculation: Since the cross section area of each conductor is same, the total 

resistance R' is given by 
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If all the strands were of the same length l, the resistance (R) would be proportional to 

)233/( 2  nnl . The change in the resistance will be 
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times (6.5) 

 

6.4 Electrical Insulation Materials 
 

Electrical insulation materials are utilized to provide electrical isolation over the metallic 
conductors of underground cables. The insulating materials physically protect the conductor and 
provide a margin of safety. These materials are comprised of either synthetic or natural 
polymers. The polymeric insulation material selected for use may vary with the voltage class of 
the cable. The main properties of insulating materials of cables are as follows:  

1. High insulation resistance. 
2. High dielectric strength. 
3. Good mechanical properties (elasticity and tenacity). 
4. Immunity to chemical attacks over wide range of temperatures. 
5. It should be non-hygroscopic (i.e. free from moisture). 
6. Being economical. 
7. Easy handling, manufacture and installation. 
8. Reasonably long life. 
9. Sufficiently low thermal resistivity. 
10. Low relative permitivity and loss tangent angle when used in ac cables. 

 

The key features of various insulation materials are discussed below. 

 
6.4.1 Vulcanized Rubber 

Ordinary rubber has sufficient dielectric strength but it easily absorbs the moisture contents and 
thus it dielectric strength is reduced. The sulfur used in vulcanizing process to have high 
dielectric strength and resistant to moisture absorption. Ordinary rubber is not too elastic but 
vulcanized rubber is elastic and resilient. Vulcanized rubber insulated cables are normally used 
for low voltage application such as wiring of houses, building, factories etc. There are different 
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types of synthetic rubbers materials are available such butyl rubber, silicon rubber, neoprene and 
styrene rubber.  

6.4.2 Varnished Cambric 

A cotton cloth impregnated and coated with varnish is known as varnished cambric. The varnish 
is oil with petroleum bitumen added. The cambric is lapped on to the conductor in form of a tape 
and to allow for sliding on one turn over another as the cable is bent. The surfaces are lubricated 
with a petroleum compound to have good finish. The dielectric strength is about 40 kV/cm and 
dielectric constant is 3 to 4. Terylene can be used in place of cambric which is mechanically 
stronger and non-hygroscopic. It can also be operated at much higher temperature. 

 

6.4.3 Polyvinyl Chloride (PVC) 

Polyvinyl chloride is a polymer and made from acetylene during polymerization process. 
Different grades such as hard grade, heat resisting, general-purpose type etc are possible which 
depends on the plasticizer. PVC is inferior to the vulcanized rubber in respect of elasticity and 
insulation resistance but it inert to oxygen, alkalis, acids, oils, etc. PVCs are expensive than 
vulcanized rubber. 

 

6.4.4 Impregnated Paper 

Insulating paper is lapped on the conductor until required thickness which depends on the 
operating voltage of cable is achieved.  It is then dried in heat and vacuum and impregnated with 
insulating compound which should be such that it is plastic at ordinary temperatures and has no 
tendency to drain from higher end to the lower end. Impregnated paper cables have the 
advantages of marked durability, high dielectric strength, low cost and low electrostatic 
capacitance thus suitable for extra high voltages. The compounds used are paraffinic or 
naphtaenic mineral oil with resin to improve the impregnating quality. There should not be any 
voids in finished cable. 

 
These are highly reliable (partly due to presence of an outer lead sheath), which makes them a 
construction of choice for many urban locations.In use, the paper, which is derived from wood 
pulp, is impregnated with dielectric fluid i.e. synthetic oil, which is a low molecular weight 
hydrocarbon.Impregnated paper-insulated cable has high initial electrical resistivity, low power 
factor and low rate of deterioration from high temperatures.This type of insulation is highly 
susceptible to deterioration from moisture, once the lead sheath is breached. 
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6.4.5Polyethylene (PE) 
 

The major advantages of polyethylene are high initial dielectric strength, low permittivity and 
low dielectric losses.Under voltage stress, polyethylene is moisture sensitive. Thus, it is 
susceptible to water treeing.At elevated temperature it undergoes significant thermal expansion 
hence insulation quality degrades.  

 

6.4.6 Cross Linked Polyethylene (XLPE) 
 

PE is replaced by XLPE as the material of choice during the late 1970s to early 1980s. However, 
in the mid-1980s, XLPE has been gradually replaced by ‘tree resistant’ XLPE (TR-XLPE) as the 
material of choice for new distribution class cables.Cross-linking is the process of joining 
different polyethylene chains together by chemical reaction. In a sense, XLPE can be considered 
as the cross-linked polyethylene having an “infinite” molecular weight. The different means of 
cross linking are Peroxide induced cross linking, High energy radiation induced cross linking, 
Silane induced cross linking, etc.XLPE has all the advantages of PE mentioned earlier. In 
addition to that, it posses improved mechanical properties at elevated temperature and reduced 
susceptibility to water treeing.XLPE has slighter higher dielectric losses than PE. 

 

6.4.7 Tree Retardant Cross Linked Polyethylene (TR-XLPE) 
 

Tree retardancy is achieved by using an additive or additives placed into the homo-polymer or 
using a more polar copolymer in place of a polyethylene homo-polymer. TR-XLPE has all the 
advantages of XLPE mentioned earlier. In addition, it has even better resistance to water treeing. 

 

6.4.8 Ethylene Propylene Copolymer (EPR) 
 

EPR is considered to be one of the insulation choices for new cables in modern days. To achieve 
improved physical properties, it is necessary to incorporate inorganic mineral fillers into the EPR 
compound.The EPR resin must be cross-linked to render it suitable as an insulation material. 
Dielectric losses are relatively more for EPR insulations.EPR insulation is more flexible, less 
thermal expansion and less moisture sensitive compared to XLPE. 

 

Classification of insulating materials is given in Table 6.2. 
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Table 6.2: Classification of insulating materials 

Class Temperature (0C) Materials 

Class Y (formerly O) 90 Cotton, silk, paper without impregnation 

Class A 105 Cotton, silk, paper impregnated suitably or 
coated or immersed in dielectric liquids. 

Class E 120 Consists of materials or combination of 
materials which by experience or accepted test 
for 120oC temperature.  

Class B 130 Mica, glass fibre, asbestos, wood, etc.  

Class F 150 Mica, glass fibre, asbestos, wood, etc. with 
suitable binding substances at this temperature 
operation. 

Class H 180 Silicon, elostomer and combination of 
materials such as mica, glass, fibre, etc. with 
suitable bonding substances such as silicon 
resin. 

Class C above 180 Mica, porcelain, glass and quartz with or 
without inorganic binder.  

 

6.5  Shielding of Electric Cables 
 

Shielding of an electric power cable is accomplished by surrounding the insulation of a single 
conductor or assembly of insulated conductors with a grounded, conducting medium. The 
purposes of the insulation shield are to: 
 

 Obtain symmetrical radial stress distribution within the insulation. 

 Eliminate tangential and longitudinal stresses on the surface of the insulation. 

 Exclude from the electric field those materials such as braids, tapes, and fillers that are 
not intended as insulation. 

 Protect the cables from induced or direct over-voltages by making the surge impedance 
uniform along the length of the cable. 
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6.5.1  Conductor Shielding 
 

In practical cables, a conductor shield is required by industry standards. The purpose of the 
conductor shield over the conductor is to provide a smooth cylinder rather than the relatively 
rough surface of a stranded conductor in order to reduce the stress concentration at the interface 
with the insulation.The conductor shielding materials were originally made of semi conducting 
tapes that were helically wrapped over the conductor.  

 

6.5.2  Insulation Shielding 
 

The insulation shield for a medium voltage cable is made up of two components:  

 A semi conducting or stress relief layer  

 A metallic layer of tape or tapes, concentric neutral wires or a metal tube. 

In a semi conducting layer, the polymer layer used with extruded cables has replaced the tapes 
shields that were used many years ago. The non-metallic layer is directly over the insulation and 
the voltage stress at that interface is lower than at the conductor shield interface.  

 

6.5.3 Metallic Shield 
 

The metallic portion of the insulation shield or screen is necessary to provide a low resistance 
path for charging current to flow to ground. It is important to realize that the extruded shield 
materials are capable of handing the small amounts of charging current, but cannot tolerate 
unbalanced or fault currents.  

 

6.5.4 Sheaths, Jackets and Armours 

a) Sheaths 
 

The terms “sheaths” and “jackets” are frequently used as though they mean the same portion of a 
cable. Various metals may be used as the sheath of a cable such as lead, copper, aluminum, 
bronze, steel, etc. A sheath provides a barrier to moisture vapour or water ingress into the cable 
insulation. It is necessary to use such a sheath over paper insulation, but it also has a value over 
extruded materials because of water ingress.The thickness of the metal sheath is covered by 
standards and specifications. To fully utilize the metal chosen, one should consider first cost, 
ampacity requirements—especially during fault conditions, and corrosion. 

 

 



- 84 - 
 

b) Jackets 
 

The term jacket should be used for non-metallic coverings on the outer portions of a cable. This 
serves as electrical and mechanical protection for the underlying cable materials. An ideal jacket 
material should have the following properties: 

 Good physical strength  

 Moisture resistance  

 Adequate oil resistance 

 Good flame resistance 

 Excellent resistance to weathering and to soil environments 

 

There are many materials that may be used for cable jackets. For use as a jacket, most of the 
material is compounded with some additive, fillers or other ingredients to provide the 
aforementioned qualities. The two broad categories are thermoplastic and thermosetting.  

 

c) Armours 
 

Two kinds of armour have been widely used in recent times. These are interlocked armour and 
round wire armour. 

 

Interlocked Armour: This armour consists of a single metal tape whose turns are shaped to 
interlock during the manufacturing process. Mechanical protection is therefore provided along 
the entire cable length. Galvanized steel is the most common metal provided. Aluminum and 
bronze are used where magnetic effects or weight must be considered. 

 

Round Wire Armour: This construction consists of one or two layers of round wires applied over 
a cable core. For single-conductor cables, copper or aluminium wires have been used to 
minimize losses due to circulating currents. When superior tensile strength and abrasion 
resistance is required, armour wires can be made with copper, bronze or steel. 

 

6.6 Cable Manufacturing 
 

Insulated electric power cable manufacturing involves a broad range of complexity depending on 
the cable design to be produced. Despite this large variability in plants, the steps in the 
manufacture remain basically the same, whether done in one facility or a number of facilities.  
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6.6.1 Conductor Manufacturing 
 

It is quite well known that copper and aluminium are the most popular power cable conductor 
materials due to suitable combinations of conductivity, workability, strength and cost. There are 
three major steps of conductor manufacturing are as follows: 

 

a)  Wire Drawing   
 

In this step, the copper or aluminium rod is drawn through a series of successively smaller dies to 
reduce the rod to a wire of the desired diameter. The quality of the wire surface depends on 
sufficient drawing and reduction to eliminate surface defects. If fine wire is desired, it is 
common to utilize a coarse wire-drawing machine followed by a fine wire drawing machine.  

 

b) Annealing 
 

Drawing copper or aluminum wires increases the temper of the metal. That is, a rod of a “softer” 
temper is “hardened” as the wire is drawn down to the required diameter. To produce a softer 
temper, the wire is exposed to elevated temperatures well in excess of emergency operating 
temperatures of the cable. This process is known as annealing.  

 

c) Stranding 
 

As the cross sectional area of the conductor increases, the conductor becomes increasingly stiff 
and skin effect becomes prominent. Thus, we have to go for stranded conductors. Stranding 
process consists of several sub-processes such as application of successive layers of strands over 
a central core made up of one or a number of strands, production of stranded configurations 
resembling ropes and for very fine wires etc. 

 

d) Extruded cable manufacturing 
 

There are literally thousands of insulating and jacketing compounds used in the cable industry. 
Many of these compounds are commercially available from compound suppliers, known as 
“ready-to-extrude” compounds. The cost of “ready-to-extrude” compounds is high enough so 
there is considerable incentive for the manufacturer to mix many compounds in-house. 
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e) Curing and Cooling 
 

The heating period to effect cross-linking process for modern thermosetting compounds is 
referred to as curing stage. Following curing, thermosetting materials must be cooled by a 
controlled cooling process to avoid any locked-in stresses. Thermoplastic materials do not 
require curing but they require gradient cooling to avoid any locked-in stresses. 

 
f) Extrusion Method 
 

The methods of extrusion currently in use to produce polymeric layers comprising the cable are 
similar regardless of the polymer or layer being extruded. Compound, in the form of pellets or 
strips, is fed into the back of a screw that rotates in a barrel. In general, the barrel is divided into 
zones that are individually temperature controlled. Compound is all melted during the process 
and forced through a die-head arrangement that deposits the melt on the core being passed 
through the head. This core may be a bare wire or cable in some stage of completion. 

 

g) Paper Insulated Cables 
 

Some of the important aspects of manufacturing process of paper insulated cableis discussed 
below. 

 

Conditioning of Paper: It has been found that up to a certain point, the mechanical strength of 
paper increases with its moisture content. Accordingly, prior to their use in the taping machine, 
pads (rolls) of paper are conditioned for a definite period in a room in which the temperature and 
humidity are controlled. This procedure assures more uniformity in the taped insulation. 

 

Paper Taping:Paper taping process is carried out employing pulley and motor-gear 
arrangements. Torque must be regulated during this process to make the insulation uniform, 
wrinkle free and avoid any mechanical defects.  
 

Drying and Impregnating:The electrical characteristics of a cable depend primarily upon the 
drying and impregnating process. It has been established that presence of residual air and 
moisture are harmful to impregnated paper insulation. Thus, paper insulated cables are dried and 
impregnated in a closed system. In the manufacturing of solid-type paper insulated cables, the 
general practice is to regulate the drying and impregnating process by setting up standard periods 
of time for each operation.  
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Paper cables have been impregnated with numerous compounds over the years. Investigation had 
shown that the unblended mineral oil was the most stable oil from a chemical and electrical 
standpoint. Natural inhibitors in the petroleum afforded high oxidation stability.  

 

6.7  Cable Installation 
 

Two important aspects of cable installation (cable pulls and sidewall bearing pressure) are 
discussed here. 

 

6.7.1  Cable Pulls 
 

Cable manufacturers have handbooks in print that describe methods of making safe cable pulls 
and for making the necessary calculations of pulling tensions. The maximum allowable tension 
on cable conductors that should be used during pulls must be based on experience as well as 
good engineering. Factors that have an impact on the value include type of metal, temper, and 
factors of safety. The limits have been set based on only the central conductor of the cable or 
cables. The basic equation for pulling a single cable in a straight, horizontal duct is given as 
follows: 

 

           (6.6) 
where, T = tension in pounds 
  W = weight of one foot of cable in pounds 
  L = length of pull in feet 
  f = coefficient of friction for the particular cable 

 

It is obvious that the weight of the cable and the length of the pull can be determined with great 
accuracy. But the value of the coefficient of friction can vary significantly in a range of 0.05 – 
1.0. It has been observed that coefficient of friction not only depends upon duct material but also 
depends upon quantity and type of lubricant as well as the level of sidewall bearing pressure. 

 

6.7.2  Sidewall Bearing Pressure (SWBP) 
 

When one or more cables are pulled around a bend or sheaves, the tension on the cable produces 
a force that tends to flatten the cable against the surface. This force is expressed in terms of the 
tension out of the bend in pounds divided by the bend radius in feet. Mathematically it can be 
written as: 
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            (6.7) 

where,  SWBP = force in pounds per foot 
 TO = tension coming out of the bend in pounds 
 R = radius of the inside of the bend in feet 
  

For multiple cables in a duct, the matter is complicated because of the fact that the sidewall 
bearing pressure is not equally divided among the cables. This situation is taken into account by 
using the weight correction factor which is defined as: 

  ∑ ∑           (6.8) 

where, Wc= weight correction factor 
ΣF = force between cable and conduit, usually in pounds 
ΣW = weight of the cable with same units as above 

6.7.3 Tension Out of a Horizontal Bend 
 

Bends in cable runs are a fact of life. The important point is that the friction and sidewall bearing 
pressure around that bend increase the tension coming out of the bend in respect to the tension on 
the cable coming into the bend. 

            (6.9) 
were, TO=tension going out of the bend 

TIN=tension coming into the bend 
c=weight correction factor 
f=coefficient of friction 
a=angular change of direction in radians 
 

This is a simplified equation that ignores the weight of the cable. This equation shows that a 
large number of bends in a run can literally multiply the tension exponentially. Thus, we should 
keep the coefficient of friction down to a low value—especially when there are multiple bends in 
a run. 

6.8  Cable Terminations, Joints and Accessories 
 
6.8.1  Termination Theory 
 

Whenever a medium or high voltage cable with an insulation shield is cut, the end of the cable 
must be terminated so as to withstand the electrical stress concentration that is developed due to 
change in the geometry of the cable. When the cable is cut, the shield ends abruptly and the 
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insulation changes from that in the cable to air. The concentration of electric stress is now in the 
form of Fig. 6.4 with the stress concentrating at the conductor and insulation shield. 

 

In order to reduce the electrical stress at the end of the cable, the insulation shield is removed for 
a sufficient distance to provide the adequate leakage distance between the conductor and the 
shield. In this operation, the stress at the conductor is relieved by spreading it over a distance. 
The stress at the insulation shield remains great since the electrical stress lines converge at the 
end of the shield as seen in Fig. 6.5. 

     

 

 

Figure 6.4 Figure 6.4 

To produce a termination of acceptable quality for long life, it is necessary to relieve voltage 
stresses at the edge of the cable insulation shield. This can be achieves by employing a stress 
cone or voltage gradient termination. 

 

6.8.2  Jointing Theory 
 

The splicing or joining of two pieces of cable together can best be visualized as two terminations 
connected together. The ideal joint achieves a balanced match with the electrical, chemical, 
thermal, and mechanical characteristics of its associated cable. In actual practice, it is not always 
economically feasible to obtain a perfect match. A close match is certainly one of the objectives. 
There exist different kinds of splicing such as Taped splice, Premolded splice, etc. Fig. 6.5 shows 
a taped splice and its components. 

 
6.8.3  Shaping of Cable Insulation 

 

From the Fig. 6.6, it can be noticed that at each end of the splice cable-shielding component has 
been removed for electrical stress relief purpose just as it was when terminating. Moreover, on 
each side of the joint the cable insulation is “penciled” back to provide a smooth incline for the 
tape to be applied evenly and without voids.  
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Fig.6.6: Taped slpice and assembly 

6.8.4 Connector 
 

A connector is used to join two conductors. It must be mechanically strong and electrically equal 
to the cable conductor. There are several methods of connecting two conductors namely 
compression, welding, heat-fusion, soldering, twisting etc. In this application, the ends of the 
connector are tapered so that sharp edges can be avoided and tape can be applied without 
creating any voids. 

 

6.8.5 Joint Insulation 
 

The material used as the primary insulation in a joint must be completely compatible with the 
materials in the cable. The wall thickness and its interfaces with the cable insulation must safely 
withstand the intended electrical stresses. It is not always a good idea to put on too much 
insulation. Too much insulation can reduce the ability of the joint to carry the same current as the 
cable without overheating the centre of the joint.  

 

6.8.6 Shield Materials 
 

These materials must be compatible with the rest of the cable as well as having adequate 
conductance to drain off the electrostatically induced voltages, charging currents, and leakage 
currents. Joint semiconducting shields achieve their ability to perform the task of electrical 
shielding by having a considerable amount of carbon black compounded into the material. 

Jacket for joints: 
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6.9  Capacitance of a Single Core Cable 

Capacitance is formed between the core and sheath, which is separated by insulating material. 
The electric field at point x from the center of core is given by 

x

q
Ex 2

 volt/meter         (6.10) 

wherecharge on the conductor surface is q coulomb/unit length and  is the permitivity of 
dielectric. If R isthe inner radius of sheath or outer radius of insulating material and r is the 
radius of conductor, potential difference V can be calculated as 

r

Rq
dxEV

r

R

ln
2

.


 volt        (6.11) 

Therefore, capacitance C can be given by 

r

R
VqC

ln

2
/


 F/meter  (6.12) 

This capacitance is much more than the overhead transmission line due to following reasons 

(a) High value of permitivity of insulating material 
(b) Distance between the core and earthed sheath is small. 
(c) Small distances between the cores (phases) itself. 

 

6.10 Capacitance of a 3-Core Cable 

In three-core belted cable two insulations are required: the conductor insulation of thickness d 
and belt insulation of thickness t as shown in Fig. 6.7. The belt insulation thickness is required 
because with operating voltage V, the conductor insulation is only suitable for V/2 voltage 

whereas the voltage between the conductor and sheath it V/3.  

t 

d

Conductor 
insulation 

Belt 
insulation 

Fig. 6.7: Three core belted cable 

Filling 
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Since conductors of cable are not surrounded by 
isotropic homogenous insulation of one known 
permitivity, the capacitances cannot be easily 
calculated and generally obtained by measurement. 
There are six capacitances formed. Three capacitances 
will be formed between the phases and are connected 
in delta as shown in Fig. 6.8 and represented as C2. 
Other three capacitances are formed between each 
conductor and sheath and represented as C1 in Fig. 6.8. 

 
 
The capacitances formed between the phases can be represented in terms of equivalent star 
connection as shown in Fig. 6.9. The values of capacitances will become now 3C2 where C2 is 
the capacitance between phases represented in delta connection. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Since the neutral point of star is at ground potential, if supply is balanced, the capacitances C1 
are in parallel with 3C2 as shown in Fig. 6.10.  The total equivalent capacitance between phases 

to sheath will be C0 (= 21 3CC  ).  The value of C0 can be calculated with acceptable accuracy by 

following empirical formula for circular conductors. 
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wherer is the relative permitivity of the insulation, t is the thickness of belt insulation, d is the 
diameter of conductor and T is the conductor insulation thickness. 

 

 
From Fig. 6.10, it can be seen that two unknown must be measured to find out the capacitance 
per phase of the cable. In determining the capacitances of three-core cable, the common tests 
performed are: 

 
1. Measure the capacitance Cx between the sheath and all three conductors joined together 

as shown in Fig.6.11 (a). With this arrangement the entire conductor to sheath 
capacitances will be in parallel, therefore Cx=3C1. 

2. Connect any two cores to the sheath and measure capacitance (Cy) between remaining 

conductor and sheath as shown in Fig. 6.11 (b). With this arrangement, 21 2CCC y  .  

 
 
 
 
 
 
 
 
 
 

 
 
 
From these measurements, we get 
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Fig. 6.10: Equivalent phase to sheath capacitance 
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Fig.6.11: Capacitance measurements
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3. Measure the capacitance Cz between two conductors by means of a Schering bridge and 
connecting the third conductor to the sheath to eliminate one of the C1 as shown in Figure 
6.12. Thus, 

 )3(
2

1
)(

2

1
21212 CCCCCCz   (6.16) 

 or 

 zCC 20   (6.17) 

 

6.11 Testing of Cable 
 

The various field test methods that are presently available for testing shielded insulated power 
cable systems rated 5 kV through 500 kV will be discussed in this article.  

 

Field tests can be broadly divided into the following categories: 
 

1. Withstand tests which are intended to detect defects in the insulation of a cable system in 
order to improve the service reliability after the defective part is removed and appropriate 
repairs performed. These are also referred to as “go/no go” or “pass/fail” tests. 

C2 

C2 

C2 

C1 

C1 

C1 

To 
Schering 
bridge 

Fig. 6.12: Measurement by Schering Bridge
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2. Condition assessment tests which are intended to provide indications that the insulation 
system has deteriorated. Major goals of these tests are to estimate the future performance 
of the cable system being tested—hence the term “diagnostic test” is used. 

Testing of cable can be also be classified into two categories depending upon method of testing 
and source of excitation: 

 

6.10.1 Off-line Testing 
 

In off-line testing the circuit/cable to be tested is de-energized and taken out of service. This is 
necessary with any method that requires higher than normal test voltages or frequencies other 
than for normal operations. A disadvantage is that there are times when it is not practical to take 
a circuit out of service in order to test. Switching may also be time consuming and hence 
expensive. 

 

6.10.2 On-line Testing  
 

In on-line testing we employ the methods which allow diagnostic measurements to be made 
while the circuit is in normal operation. This method is applicable to all system voltages and all 
types of cable construction and insulations.  A disadvantage of this method is that sensors must 
be placed around the cable or equipment at frequent intervals such as at each joint and 
termination. 

 

6.10.3 Direct Voltage Testing 
 

These are generally divided into two broad categories, delineated by the test voltage level: low 
voltage dc testing (LVDC) covering voltages up to 5 kV and high voltage dc testing (HVDC) 
covering voltage levels above 5 kV.The following three general types of DC test is usually 
conducted on a cable – DC withstand test, Leakage current vs. time test, Step voltage test. 
 

Advantages: 

 Relatively simple, portable and low cost test equipment in comparison to non-dc test 
equipment for comparable kV output. 

 Extensive history of successful testing of laminated dielectric cable systems and well 
established database. 

 Effective when the failure mechanism is triggered by conduction or by thermal 
consideration. 
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Disadvantages: 

 Blind to certain types of defects, such as clean voids and cuts. 

 May not replicate the stress distribution existing with power frequency ac voltages. 

 May adversely affect future performance of water-tree-affected extruded dielectric 
cables. 

 

6.10.4 On-Line Power Frequency Testing 
 

An on-line condition assessment service is available that utilizes the measurement of a form of 
partial discharge. Sensors are placed at convenient locations along the cable route. The circuits 
are energized by their normal source of supply voltage and data is collected and analyzed. 

 

6.10.5 Off-Line Power Frequency Testing 
 

In this testing method, power frequency voltage is impressed on the cable to be inspected. These 
methods have the advantage of stressing the insulation exactly the same as normal operating 
conditions. A further advantage of power frequency testing is that it allows partial discharge and 
dissipation factor (tan delta) testing for diagnostic purposes. However, there is a practical 
problem in carrying out power frequency test at above normal voltage level. As the cable system 
represents a large capacitive load, a bulky and expensive test transformer is required. The size of 
the test transformers can be substantially reduced by using the principle of resonance. In practice, 
the effective capacitance of the cable is resonated with an inductor so that test transformer will 
only be required to supply energy to balance the true resistive loss in the inductor and cable 
system.  

 

6.12 Location of Faults in Underground Cables 

There are two types of faults in the cables: conductor failure and insulation failure. Conductor 
failures, in general, are located by comparing the capacity of the insulated conductors whereas 
insulation failures are located by fault tests. In short cables, the faults are located by inspection of 
manholes, listening the cracking sound etc. In long cables, the locations of ground faults are 
determined by the balance-bridge principle.  
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(a) Murray Loop Test 
 
It is one of the best methods for locating high resistance faults in low conductor resistance 
circuits. This test is useful where more than one conductor of same size in the cable is present. 
Fig. 6.13 shows a Murray loop. L is the length is cable conductor (MO and NO) and having the 
same cross-sectional area. The fault is in the section NO at distance x from N.  Murray loop can 
be established if the conductor is broken at any point. In order to avoid earth current 
galvanometer is connected as shown in figure.  A battery is used to energize the bridge. The 
balance is obtained by adjusting the resistances.  If the unfaulted line and faulted line have the 
same resistances per unit length, the following relation can be written at the balance point.   
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Thus the location of fault can be determined. 

(b) Varley Loop Test 

This test is also used when there is a second conductor of same size as the one with the fault. A 

Varley loop is shown in Fig. 6.14. With balance condition, 
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Fig. 6.14: Varley loop 
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where cr  is the conductor resistance in ohms per unit length. 

If the conductor resistance is not known, it can be found out by changing the switch to Sposition 

and measuring the resistance of the conductor 2L by using the wheatstone bridge method. 

 

6.13 Classification of Cables 

Cables can be classified according to voltage, location of use, insulation material used etc. Table 

6.3 shows the classification of cables. 
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Table 6.3: Classification of cables 

(1) Based on location (a) Underground 
(b) Submarine 
(c) Aerial  

(2) According to voltage (a) Low voltage or LT cables (up to 1000 volts) 
(b) High voltage or HT cables (up to 11 kV) 
(c) Supper tension or ST cables (up to 33 kV) 
(d) Extra high voltage or EHT cables (up to 132 kV) 
(e) Extra supper voltage power cables (above 132 kV) 

(3) According to types of 
insulation and protective 
covering 

(a) Rubber and rubber like compound (VIR cables) 
(b) PVC cables 
(c) Lead sheathed cables 
(d) Paper insulated lead covered cables 
(e) Paper insulated aluminium covered cables 
(f) Paper insulated lead covered steel armoured cables 
(g) Varnished cambric cables 
(h) Oil-filled cables 
(i) Gas filled cables 
(j) External pressure cables 

(4) According to the number 
of conductors or cores 

(a) One core 
(b) Two core 
(c) Three core 
(d) Three and half core 
(e) Four core 

(5) Based on protective finish (a) Metallic (a lead sheath) 
(b) Nonmetallic (plastic) 

(6) Presence or absence of 
metallic shield over the 
insulation 

(a) Shielded (Hochstadter or type H) 
(b) Nonshielded 

(7) According to construction 
and arrangement of 
conductors and insulation 

(a) Belted cables 
(b) Solid cable 
(c) H type 
(d) SL type 
(e) HSO type 
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Chapter 7 
 
INSULATORS 
 

 

7.1 Introduction 
 

Overhead power lines are usually suspended/supported on the tower using insulators, which are 
made of glazed porcelain, toughed glass or made of composite materials. These are designed and 
manufactured for a certain voltage range (usually the maximum voltage per insulator is 33kV). 
Insulators must be capable of supporting the conductor load. In addition, voltage flashover must 
be prevented under the worst weather and pollution situations with leakage currents kept to 
negligible proportions. Ideal insulators must have following characteristics: 
 

 There should not be any pores or air spaces. 
 There should not be any impurities. 
 There should be perfectly homogeneous material. 

 Leakage current through insulators should be minimum. 

 Insulators should be able to withstand over-voltage and normal working voltage. 
 It should be mechanically strong to bear the conductor load. 

 
First three are the physical characteristics of the insulator but the (iv) and (v) are the electrical 
characteristics. Last one is the mechanical characteristic of the insulators. Porcelain and 
toughened glass are two main material used for the construction of insulators for overhead 
transmission lines. Some other materials such as polymers and other moulded materials are also 
used.  
 
In the following sections, the types and characteristics of line insulated has been described. 
 

7.2 Types of Insulators 
 

7.2.1 Pin Type 
 

In case of pin type insulator, the conductor is supported on the top of the insulator. A typical pin 
type insulator is shown in Fig. 7.1. Maximum working voltage for this type of insulator is 50kV 
only as it becomes uneconomical for higher voltages. Upto 25kV system voltage, it is possible to 
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use pin type insulators as one piece but beyond that voltage range, they are made in more than 
one piece and are uneconomical. 
 

 

Fig. 7.1 Pin Type insulator 

7.2.2 Suspension Type insulators 

 

In case of suspension type insulator, the conductor is supported at the lower end as shown in Fig. 
7.2. A number of insulators in the form of discs are used together in a flexible string to attain the 
desired voltage range. The distribution of voltage along the insulator string  is not uniform due to 
the capacitances formed between the discs, conductor, and tower and also due to the proximity of 
supporting structure. Therefore, the disc (line unit) nearest the conductor has the highest voltage 
stress. It is possible to increase the working voltage by adding insulator units to form a string of 
suspension insulator. Hence, it is advantageous to use suspension type of insulators on high 
voltage transmission lines. 

 

Fig. 7.2 Suspension Type insulator 
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It is hung from cross-arm and carrying power conductor at lowest extremity. It is free to swing 
and therefore large cross-arm required than the pin type insulators. The main advantages of 
suspension insulators are  

 
(a) Economical for voltage above 33 kV. 
(b) Each insulator is designed for 11 kV and hence for any operating voltage, a string can 

be made. 
(c) Failure of any unit can be replaced without chaining the whole string. 
(d) Since it is allowed to swing in the air, mechanical stress at point of attachment is 

reduced. 
(e) Flexible in extension of voltage rating by adding more units. 
(f) Since the conductors lay below the cross-arm, the line outages due to lightening 

storkes are reduced.  
 
7.2.3 Strain Type insulators 

 

Suspension type insulators, when used in horizontal position, are known as strain insulators. They are 
used to handle the tension off the conductors at sharp curve/corner or at the end of the transmission line or 
at the anchor towers where lines are dead ended at road or river crossings. 

 
7.2.4 Shackle Type insulator 

 

Shackle type insulators are frequently used as a strain insulator for low voltage distribution lines. 
Both the low voltage conductors and the house service wires are attached to the shackle 
insulator. These insulators are also used in section poles, end poles, on sharp curves and for 
service connections. These are bolted to the pole or with the cross-arm. 
 

 

7.3 Components and Manufacturing  
 
7.3.1 Manufacturing 
 
Overhead line insulators are designed to have both electrical insulation and mechanical 
strength.  Highly insulative material is used and a recurring design theme is the “watershed” fins 
that discourage conductive water paths during rain and provides the required electrical leakage 
insulation distance. Design and manufacturing care is taken to ensure smooth electrical stress 
loading and mechanical integrity of line insulators:  

 
1) Insulation materials may only be drilled or cored parallel sided, and may only be hot-

punched at forging temperatures. 
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2) Sharp radii of curvature shall be avoided to reduce electrical stress. In practice, this also 
means that porcelain insulators will be glazed and free from rough particles and 
unevenness. Glass insulators will be free from internal bubbles that allow partial 
discharge and put the insulator at risk of explosion and failure. 

3) Dimensions such as shed and creepage distances may be adjusted for service in high 
pollution environments (with or without rain washing), areas of airborne sea salts, 
icing and bird risk areas. Extra creepage distances are used to avoid inadvertent flashover 
in such highly ionized atmospheres or areas with large bird sizes (e.g. Sudan, North 
America).  

4) Dimensions of insulator couplings are material strength dependent and guidelines are 
specified in standards such as AS2947.3 and IEC 120. 

5) Voltage and waveform tests, including parameters such as water and dampness are also 
specified in standards such as AS2947.4. 

6) For disc-type insulators, the cement adhesion strength should be strong enough to hold 
the contacted disc insulator material to the cap and pin even when the exposed disc 
perimeter is shattered or vandalized. 

 

7.3.2. Insulator Components 
 

Three basic materials are available: polymeric composite, glass and porcelain types. 
 

(a) Polymeric and resin materials 
 

Overhead line polymeric insulators (sometimes called ‘silicone insulators’) are a development 
dating from the 1960s. They have the advantage of reduced weight; high creepage offset and 
resistance to the effects of vandalism since the shade do not shatter on impact. Epoxy resin cast 
insulators are extensively used in indoor substation equipment up to 66kV and metal enclosed 
switchgear. Epoxy resins have been used to a limited extent on medium voltage current 
transformers installed outdoors and in particular on neutral connections where the insulation is 
not subject to the same dielectric stress as the phase conductor supports. 

 
(b) Porcelain 

 

Porcelain is most widely used insulator material as it is cheap. It is thoroughly verified and 
glazed before use. Glazing is necessary to keep the surface free from dust and moisture. 
Porcelain is having the dielectric strength of 120 to 280 kV/cm. Any impurity will reduce the 
dielectric strength of the insulator. It is difficult to manufacture the perfectly homogenous 
porcelain in the thickness required and therefore, it is necessary to go for different pieces and 
cemented together. Porcelain is produced by firing a mixture of 20% silica, 30% feldspar and 
50% china clay at high temperature. It is mechanically stronger (but costlier than glass) and is 
used as a material to manufacture different types of insulators. Dust deposits and temperature 
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changes normally do not affect much on its surface. The dielectric strength of porcelain is 60kV 
per cm of thickness. A single porcelain unit can be used up to 33kV. When used at low 
temperatures, the mechanical properties of the porcelain insulator are better but, at the same 
time, the material remains porous and may subsequently lead to dielectric failure. 

 
(c) Glass 
 

Glass insulators are extensively used due to their lower costs, high dielectric strength (140kV per 
cm of thickness) and simple design. It is very easy to detect any fault within them because of 
their optical transparency. When compared to porcelain, glass withstands higher mechanical 
stresses, has low thermal expansion and it may develop high resistivity after proper annealing. 
The major advantage of glass is that moisture condenses more readily on its surface and 
facilitates the accumulation of dirt deposits, thus giving a high chance of surface leakage. Hence, 
its use is limited to a voltage of about 33kV. 
 
Toughened glass, which is normally having dielectric strength of 1200 kV/cm, is another 
material used for insulators. The glass is toughened to make skin more resistant to damage by 
chipping and arc. The main advantages of glass insulators are 

 
(a) High dielectric strength. 
(b) Longer life. 
(c) High thermal sock resistant thus reduced damage from the flashover. 
(d) Lower coefficient of thermal expansion. 
(e) Greater mechanical strength under the compression but in tension it is same as 

porcelain. 
(f) Fault can be easily seen from the naked eyes. 
 

Instead of several advantages, it has some disadvantages such as 
 
(1) Moistures are readily condensed on the surface. 
(2) It is expensive than porcelain. 
(3) Its resistance to continuous mechanical load and temperature changes is poor 

compared to porcelain & toughened glass. 
 
Plasticized wood, also referred to as polymer concrete has been used for post type insulators. 
Polymerconcrete has demonstrated thermal stability in excess of 300 degrees C.  Since both 
these designs utilize organic material, there have been concerns about material lifespan and lack 
of UV resistance.  
 
Coupling fittings for overhead line insulators (i.e. the ball-socket and clevis-tongue 
interlocks)are normally galvanised cast iron and forged or mild steel. Clevis and pins may be 
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specified with a coating of hot-dipped galvanised zinc to protect the base metal against severe 
corrosion. 

7.4 Testing (Mechanical, Electrical, Thermal and Other Tests) 
 

7.4.1 Porcelain and glass insulators 
 

In countries having IEC-based test standards, two types of tests are required for porcelain and 
glass insulators: type tests and batch tests.  For type tests, AS1154.1 requires three representative 
samples from each factory production specification run tested.  Type tests for porcelain and glass 
insulators are mainly voltage withstand tests.For batch testsrequires both voltage and mechanical 
loading tests, based on the amount of units per batch of customer orders. 

 
7.4.2  CompositeSynthetic Insulators 

 

Due to greater manufacturing variability in electrical and mechanical properties of composite 
synthetic insulators and difficulty in predicting polymer insulation performance, two additional 
tests are required to ensure design viability and quality consistency:  
(1) Design tests and (2) Routine tests. 

 

Tests detailed are: 
i. Design tests, which include sudden release loading, thermal-mechanical loading, water 

immersion, mechanical loading and dye penetration tests to detect material permeability. 
ii. Type tests, which include wet power testing and mechanical loading. 
iii. Batch (sample) tests, which include dimension, locking system and mechanical load 

testing. 
iv. Routine tests, which include visual inspection and mechanical testing. 

The mechanical loading test consistently recurs at each stage of testing, underlining the 
importance of insulator mechanical integrity under both static and dynamic loading caused by 
wind, ice sloughing and fault current. 

 

7.4.3  Design Tests 
 

Design test standards vary from manufacturer to manufacturer.  In general, design tests will 
indicate specifications for holding tension, failing load, and nominated conductor tension for 
each insulator design. For composite synthetic insulators, holding tensions (MDWL) are typically 
80-90% of failing load (Ultimate Strength), while nominated conductor tension (SML) are 
usually specified at 50% of holding tension.Minimum design tests for composite 
synthetic insulators described in IEC 61109 clauses 5.1-5.4 are as follows: 

i. Tests on Interfaces and Connections of Metal Fittings, which include the following: 
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-    Dry power frequency voltage test 
-    Sudden load release test 
-    Thermal-mechanical test 
-    Water immersion test 
-    Steep-front impulse voltage test 
-    Repeated dry power frequency test after the initial five tests 
 

ii. Assembled Core Load-Time Test, which consist of: 
-    Determination of the average failing load of the core of the assembled insulator 

-    Control of the slope of the strength-time curve of the insulator 
iii. Test of Housing: Tracking and Erosion Test 

 Tests for Core Material, which consists of a: 
-    Dye penetration test 
-    Water diffusion test 

Depending on application requirements, a more rigorous set of composite synthetic insulator 
design test standards may be specified as follows: 

1) Overall performance: 
-    UV durability test  
-    Ozone durability test  
-    Durability of end-fitting interfaces  
-    Core load-time test  
-    Housing tracking and erosion test  
-    Core material test  
-    Flammability test  
 
2) Electrical performance of insulator: 
-    Power-frequency wet withstand voltage (IEC 60383) 
-    Lightning impulse wet withstand voltage (IEC 60383) 
-    Switching impulse wet withstand voltage (IEC 60383) 
-    Maximum withstand voltage of pollution to (JEC 170) 
-    Arc-withstand characteristics (IEC SC36B (Secretariat) 116) 
-    Corona characteristics (IEC 60437) 
-    TV interface test (for V string insulators only) 
 

3) Mechanical performance of insulator: 
-    Tensile breakdown strength (IEC 61109, JIS C 3801) 
-    Tensile withstand load (IEC 61109) 
-    Bending characteristics (JIS C 3801) 
-    Bending breakdown strength (JIS C 3801) 
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The IEC 61109 durability of end-fittings test is particularly salient because end fittings are 
particularly prone to water ingress due to electromechanical defects. The insulator must endure 
1000kV/microsecond steep-front voltage tests in positive and negative polarity, 25 times each 
without puncture of the end-fitting, housing or core material.  
 

7.4.4 Type Tests 
 

Minimum type tests are covered in detail in IEC 61109 clauses 6.1-6.4 are: 
1) Dry Lightning Impulse Withstand Voltage Test 
2) Wet Power Frequency Test 
3) Wet Switching Impulse Test 
4) Mechanical Load-Time Test 

As in design testing, type testing may also be expanded and/or made more rigorous, depending 
on customer requirements. 

 

7.4.5 Tests to Simulate Lifespan and Wearing 
 

For synthetic composite insulators, electrical ageing and insulation tests may be carried out 
according to IEC 61109 Annex C, which involves accelerated electrical stressing under a natural 
environment and measuring cumulative insulator charge, leakage current, hydrophobicity and 
surface conditions using scanning electron microscopy (SEM) and photoelectron spectrometry 
(XPS). 
 
In Japan, it was found that overhead line insulator failures increased during typhoons.  Hence 
there have been studies on the links between increased leakage currents during typhoons and 
electrical aging due to “accelerated pollution” during the typhoon. IEEE Std. 987 provides 
helpful guidelines in designing tests that simulate insulator aging, including load-time tests. 
 
 

7.5 Insulator Selection, Handling & Installation 
 

Line insulator manufacturers supply their insulators to customers such as utilities or utility 
contractors based on customer and application requirements, which in good practice should 
exceed application requirements. Prior to placing an order for line insulators, the customer, 
contractor or design consultant would specify line insulator designs based on load bearing 
requirement calculations, electrical withstand requirements and creepage distances (which are 
typically based on IEC 815 pollution indices). 

 



 

Longrod
or suspen

Fig. 7

 

Strain ty
changes o
 

7.5.1 L
 

To meet 
supplied 
tension b
load spe
practice, 
manufact

Sometim
mechanic
circumsta
importan
To preve
specified
 

7.5.2 E
 

The tran
insulator
lightning

d and disc t
nsion type in

7.3 Long rod In

ype insulator
of transmiss

Load Bearin

mechanical
based on s

based on load
cifications, 
overhead li

turer’s nomi

mes, porcelai
cal rating gi
ances, IEEE

nt for the line
ent galvanic 
d to be of sim

Electrical W

nsmission li
s, including

g impulses m

types insulat
nsulators (Fig

nsulator  

r assemblies
ion line dire

ng Requirem

l service req
specification
d-bearing ca
dynamic te

ine system d
inated condu

in post-type 
iven as an a
E Std. 987 r
e designer o
corrosion, e

milar materia

Withstand Re

ine designer
g switching 
may have mo

tors are wid
gs.7.3, 7.4).

s are comm
ections. 

ments 

quirements, l
ns for holdi
alculations. T
nsion and s
designers wi
uctor tension

 insulators 
average of fa
recommends

or drafter to 
electrical con
al to the adja

equirements

r must also
impulse vo

ore effect on

- 108 - 

dely applied 

Fig. 7.4 Disc T

monly applie

line insulato
ing tension,
The transmis
safety marg
ill limit wor

n (SML).  

tested to A
ailing load (
s taking the
be aware of
ntact (matin

acent connec

s 

o specify th
oltage magn
n voltage tr

as either str

Type Insulator

d at long ri

or applicatio
, failing loa
ssion line de
ins to apply
rking loads 

ANSI standar
(Ultimate St
e MDWL as
f the insulato
g) surfaces 

ctions. 

he desired 
nitudes.  For
ransients tha

rain (tension

r 

iver and roa

ns are norm
ad and nomi
signer must 
y the insula
for insulator

rds may on
trength) test
s 40% of fa
or rating sys
of the insula

electrical w
r voltages l
an switching

n) type insul

 

ad crossings

mally ordered
inated cond
be aware of

ator correctl
rs to 50% o

ly have a s
t results.  In 
failing load.
stems being 
ator are norm

withstand of
less then 22

g, so the des

lators 

s and 

d and 
ductor 
f such 
ly.  In 
of the 

single 
such 
 It is 
used. 
mally 

f the 
20kV 
signer 



- 109 - 
 

may decide that insulator lightning withstand spec is the critical spec for insulators applied at 
less than 220kV. 

7.5.3 CreepageDistance Requirements 

 

Creepage distance calculations are based on pollution indices at the area of installation.  An 
sample creepage distance calculation is given in Appendix A and is based on IEC 815 pollution 
level classifications.  Minimum distances for porcelain and composite synthetic insulators may 
also be specified (typically 20-25 mm/kV). 
 

7.5.4 Grading Requirements and String Efficiency 
 

The transmission line designer must be aware that voltage stress falls off linearly from the line 
end disc with number of insulator discs used.  There is also capacitance coupling of each disc 
with the pylon and neighboring structures.  This has an effect on string efficiency, defined as 
{total voltage insulated} divided by {number of discs x voltage on line end unit}. 

Grading devices are often used to even out voltage stress along the string by spreading the 
voltage stress densities away from line-end units, increasing string efficiency.  Grading devices 
also channel external flashovers away from insulator surfaces, preventing surface damage.  They 
are specified for insulators 230kV and above. Capacitance grading may also be used to increase 
string efficiency but is rarely implemented because discs of different capacitance are tedious to 
stock and replace. Typically, 132kV lines have 10-14 11kV insulator discs and 275kV lines 20-
25 11kV discs, depending on grading ring design and pylon material. 

7.5.5 Handling Requirements 
 

Synthetic composite insulators are light and can cut and scratch easily.  The following handling 
practice is recommended in IEEE Std. 987: 

 Storage away from rodents 

 Careful cutting and unpacking of the packaging they are delivered in. 

 Insulators should not be stepped on or stacked directly on one another because their sheds 
can cut into each other.  

 They should be handled by their end fittings and inspected for cuts and abrasions prior to 
mounting and secured to pre-erected pylons to prevent swinging and compression.  

 Lift slings should never be placed over the sheds. 

An inspection of type test certificates and data sheets supplied with the insulators is usually done 
by nominated utility inspectors prior to actual installation.  On-site certificate checking prior to 
installation may include checks of sample and routine test certificates. 
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7.5.6 Installation Practice 
 

A summary of insulator and line installation is as follows. 

First, electrical pylons are designed and constructed according to function: suspension, strain or 
dead-end. Line insulator specification selection is also made and is thus part of the pylon’s 
design and function.  For construction efficiency, line stringers (travelers) and line insulator 
assemblies are mounted while the pylon is assembled on the ground. 

However, if pylon assembly is done from the air via the “pole stack” method, line insulator 
mounting is only done after the entire pole stack is completed to prevent “impact loading” of the 
line insulators. IEEE Std. 1025 emphasizes grounding of structures under erection when erecting 
in the vicinity of energized lines. 

After complete assembly and erection of pylons, all pylon bolts should be securely 
tightened.  Line insulator bolts and nuts must be torqued to design drawing specifications. 
Overhead lines are then stung along travelers at 5-8 km/h, avoiding unnecessary torsion.  Cable 
static seating for more than 24 hours is avoided to prevent cable creepage. Overhead lines strung 
along travelers after pole erection. After cables are tensioned and sagged to design 
rawings, suspension insulator connection locations are then attached (“clipped”) to their 
appropriate locations on the lines.  All lines are grounded during clipping. After clipping, 
line conductors are lifted, stringers (travelers) removed, and suspension clamps are placed on 
conductors for permanent line tension. 

 

7.5.7 Voltage Stress Effects 
 

For line insulators in general, changes in surface resistance due to chemical changes and 
variations on the surface or pollutive films covering the surface have an effect on surface 
resistance, leakage currents and withstand voltage of the insulator. 

Hence voltage discharge external to the insulator may occur when the insulation material is too 
polluted, wet, and has a reasonably low resistance path allowing for the discharge during 
lightning, switching or transient overvoltages.  Every time a discharge (external flashover) 
occurs, the insulator is at risk of “tracking”, a phenomenon where a physical indentation or scar 
appears as a semi-conductive “track” caused by an electrical arc over the insulator surface. 

Over time, with more and more discharges along the surface, the track may worsen and weaken 
the insulator further.  Arcing horns installed on line insulators may reduce the risk of surface 
tracking by providing a discharge path further away from the insulator material. For the specific 
case of synthetic composites, studies have shown that the surfaces synthetic composite polymer 
housings are relatively mobile compared to porcelain and glass, and “have much greater freedom 
for rearranging in the bulk or at the surface”.  Polymer surfaces also have the interesting ability 
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to interact with pollutants to reduce the conductance of the pollution layer, thereby improving 
insulator performance. 
 
7.5.8 Mechanical stress effects 

 

Mechanical stresses are caused by tension, bending, compression or torsion loads, which may be 
static or dynamic.  Repeated mechanical stresses can result in a unique creep phenomenon for 
composite synthetic insulators, where the residual strength of the composite material remains 
very high until the instant of failure. Mechanical stress effects are minimized by stringent 
mechanical testing of insulators. Long term mechanical and insulative performance of composite 
synthetic insulators is critically dependent on the continued protection provided by the 
housing.  Housing deterioration or aging must never result in exposure of the rod to the 
environment because this will rapidly change the mechanical characteristics of the rod. 
 
7.5.9 Environmental Effects 

 

Environmental effects on line insulators such as end-fitting moisture ingress, surface area 
contamination and extreme wind-loading (such as in typhoons) contribute to insulator 
failure.  Saltwater ingress can also corrode disc insulator pin material and weaken its strain 
(tension) rating. 

Periodic testing of insulators using the “Hi-test insulator tester” or “Buzzer” method minimizes 
risk of insulator failure due to moisture ingress. Insulators installed in areas with heavy airborne 
pollutants such as phosphate, cement, pulp and lime processing plants have experienced external 
flashovers due severe insulator pollution that sometimes engulfs the entire insulator.  In South 
Africa, line insulator reliability was found to suffer due to bird droppings and bird 
electrocutions.  In South Africa, birds perched above line insulators that do not bridge an 
electrical circuit still get electrocuted when they excrete continuous “streamer” droppings or 
urine that bridge a circuit across the below insulators. 

Periodic insulator washing reduces the risk of insulator failure due to surface area 
contamination. Bird electrocution occurs when a bird’s wings or “other appendages” complete an 
electrical circuit by bridging the gap between two live wires, or a live wire and a grounded wire 
or structure.  In addition to insulator failure, line outages and endangered bird deaths, hazardous 
bushfires and wildfires sometimes start when the electrocuted bird catches fire and falls to the 
ground.  During electrocution, the insulator is shorted out, the bird is killed or severely burned, 
and power outages occur.  

Studies by The German Society for Nature Conservation have shown that: 
1) Birds as small as 25 cm can short out pin-type or pot-type “upright” insulators between 

the metallic cross-bar and the live line. 
2) Insulator arcing horns with gaps 60 or less are particularly at risk of shorting due to bird 

electrocution. 
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3) Insulators that most at risk to shorting via bird electrocution are those designed between 1 
- 60kV transmission. 

A bird-safe arcing horn has been developed in Japan by IERE.  In effect, the device utilizes a 
subhorn and “mini-insulator” that prevents bird electrocution through the main horns under 
normal operating conditions. Abnormal operating currents from lightning strikes and voltage 
surges are passed through the mini-insulator to the main horns.  The subhorn picks up flashovers 
due to surface area contamination. Although vultures in South Africa have been known to eat 
fibre-optic cable insulation, incidents of synthetic composite line insulator housing being eaten 
by vultures or other wildlife are rare. Crows’ nests that contain abandoned wiring material have 
also been known to short out insulators when they span a circuit bridge.  
 

7.5.10 Vandalism 
 

Glass and porcelain insulators are susceptible to shattering by thrown or shot projectiles.  This is 
a major reason for recent trends to replace older glass and porcelain insulators with composite 
synthetics. 

 

Fig. 7.5 A Vandalized disc insulator suspension string type 

7.6 Troubleshooting 

7.6.1 Condition Monitoring and Maintenance 
 

Studies have shown that the highest incidence of insulator failure occurs at dead-end 
applications, where the mechanical and electrical stresses are higher.  Non-visible insulator 
failure is more common than visible insulator failure, and symptoms of non-visible insulator 
failure include: 

1) Radio frequency interference (RFI) 
2) Blinking lights 
3) Nuisance over current relay and ground fault tripping 
4) Blown fuses 
5) Pole top fires 
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Non-visible insulator failure includes non-visible moisture ingress inside an insulation 
string.  The moisture may get vaporized during a lightning strike or switching surge, resulting in 
sudden internal volume expansion and the insulator blown apart. Condition monitoring of line 
insulators allows operation and maintenance crews to detect and pinpoint insulator failure.  This 
may be done in real time via leakage current monitoring, RFI troubleshooting, during periodic 
inspections or as a safety procedure prior to live line work. 
 
7.6.2 Maintenance 

 

One way of reducing or eliminating radio frequency interference (RFI) caused by insulator 
failure or defects is to de-energize the line and replace the insulator.  A temporary method for 
porcelain or glass insulators is to repair or patch the insulator's arc voids using grease. Greasing 
is not recommended for synthetic composite, because the grease may worsen tracking along the 
composite’s surface. Preventive maintenance of line insulators involves ensuring they are debris, 
salt and pollution-free.  There have been studies and proposed techniques for assessing line 
insulator pollution rates by monitoring insulator leakage currents but such real-time pollution 
monitoring techniques are uncommon. Scheduled washing of line insulators are a more practical 
and economical practice for preventive maintenance. One method of washing is by helicopter, 
however, washing via live line approaches are also practiced. IEEE Std. 987 recommends 
consulting with insulator manufacturers prior to high pressure washing (3-7 MPa), because not 
all composite synthetic insulator designs can withstand such forces.  

 
7.6.3 Replacement 
 

Damaged and defective insulators usually require replacement.  If a porcelain or glass insulator is 
to be replaced with its synthetic composite equivalent, care must be taken in selection of the new 
insulator because insulators with similar dry arc ratings may have different electrical 
characteristics due to the difference in end-fitting lengths.  However, if grading rings are used, 
the dry arc distance is still the distance between rings. Insulator replacement (Figure 7.6) is 
typically done via live-line methods (KTPower, 2006 and Smith &Mailey, 2003) to prevent grid 
power interruption. 
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7.6.5 Condition Monitoring Techniques 
 
A power utility that receives customer complaints about non-visible insulator failure symptoms 
will usually investigate sources of RFI interference along nearby overhead line insulators.  Such 
investigations may utilize Radio Directional Finding (RDF) techniques. Alternatively, or in 
conjunction with RDF, infrared or UV photography may be applied to further pinpoint the 
insulator responsible for the RFI noise.  An advantage of UV over IR photography is the UV 
camera’s ability to capture electrical corona discharges on cracked or punctured insulators at up 
to 150m range. 

Since non-visible insulator failure may also pose a safety threat to line crews, standard practice 
for condition monitoring prior to live-line work involves line testing using a the “Hi-test 
insulator tester”  or “Buzzer” method.  This method has also been used to detect non-visible 
defects on insulators within hotstick range. The “Hi-test insulator tester” or “Buzzer” method 
involves fitting a 10kVDC self-contained insulator tester at the end of a hotstick and placing the 
tester’s two probes such that the line insulator is in between them.  The condition of the insulator 
is then indicated via a LED display or audible warning buzzer. 

 

7.7 Voltage Distribution Across Suspension Insulators 

Normally the string units are similar in shape and 
size, the capacitance of each unit can be taken the 
same. The capacitance between metal part and 
structure (at earth potential) is formed which is not 
negligible because the cross-arms are not longer. If 
the cross-arm length is long enough, the capacitance 
between the metal structure and earth (tower) can be 
neglected. Under this condition the current flows in 
each string will be the same and the potential 
distribution will also be the same in each insulator. 
But this assumption is not true and the current in 
lower string (near to line conductor) is larger than 
the top most string (near to earth) and this uneven 
distribution of current cause the different voltage 
across the string. Let the capacitance of each unit 
(also called mutual capacitance) is mC and defined a 
ratio m as 
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Let us calculate the voltage across each string (unit). Inis current through capacitance between 
nth pin to the earth and in is current through nth string. Vnis the voltage across nth string and vn is 
the voltage between nth pin to the earth.   From Fig. 7.8, we can write for the first string near to 
earth as 
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Substituting the value of V2 in above equation from equation (11.2), we can get 
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In the same way we can find the voltage across each string.  
 

It is convenient to use the general formula for getting the same. We can write 
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This shows that the voltage across the unit nearest to the conductor is the highest and therefore 
the unit near to the conductor is highly stressed and top most string is less utilized. It is also to 
note that the capacitance formed between the line conductor and the structure will not affect the 
voltage distribution across the disc units. Therefore, it can be ignored in the calculation. 
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7.8 String Efficiency  
 

Normally efficiency is defined as a ratio of output to input. However, string efficiency is a 
measure of utilization of material in the string. If the number of units used in the string is n, the 
string efficiency is defined as 
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From this definition, if the voltage distribution is same across each unit, the string efficiency will 
be 100 %. 
 

7.9 Methods to Improve String Efficiency or to Equalize the Potential Across 
the Units 

 
String efficiency can be improved by three ways as follows 

 
(1) Increasing the value of m 
(2) Grading of units 
(3) Static shielding 
(4) Conducting glazes 
 

(a) Increasing value of m: If the value of m is increased, which can be achieved by 
increasing the cross-arm length so that the capacitance between pin to earth is decreased, the 
voltage distribution across the unit can be improved and thus higher efficiency can be achieved. 
However, increasing the cross-arm length after certain value will not be economical. 
Mathematically we can achieve 100 % efficiency (equal voltage across each units), if the value 
of m is infinity.It is found that value of m greater 10 is not economical.  

 
(b) Grading of Units: Since the current in each unit is different which is not possible to 
eliminate, voltages across each unit can be equalized using the different capacity units. As the 
current in the lowest string is highest, the low impedance unit (or high capacitance unit) near to 
the conductor will improve the string efficiency. This shows that if discs are arranged in 
increasing order of capacitance from bottom (near to the conductor) to top, the voltage across 
each unit can be equalized. In other words, if the product of capacitive reactance to the current 
flowing through discs is the same, the voltage across each unit will be the same.  This is possible 
only if the capacitance of top unit is less than it lower unit.  
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Grading of units is also called capacitance grading. This method of improving the efficiency 
will result in the need for large stock of different sizes of units, which outweighs the advantages 
of string insulators. Good results can be obtained by using insulators of one size for most of the 
units and larger units for the one or two adjacent to the line. In practice this method is used for 
very high voltage lines.  

 
(c) Static Shielding: In this method, current from pin to earth is equalized by injecting 
current from the line to the pin so that equal current flows through the unit and therefore the 
voltage across each unit can be the same. This is achieved by the employment of a grading or 
guard ring, which usually takes the form of a large metal ring surrounding the bottom unit, and 
connected to the line. Due to this arrangement, capacitances between line to pin of the units are 
formed.In practice it is also difficult to achieve this. Nevertheless it is normally used and 
advantage is gained partially. However grading ring solves two purposes. First it equalizes the 
voltage drop across units and protects string from flashover when used with arcing horns.  
(d) Conducting Glazes: Since the uneven voltages are due to unsymmetrical current in each 
unit, if each mutual capacitance (also called self capacitances) could be shunted by a resistor of 
such a magnitude that the capacitance currents were swamped by the effect of the leakage 
current through the resistors then a more uniform voltage division can obtained. This can be 
achieved by coating the insulators with a conducting glaze. This method is practically impossible 
due to difficulty of producing glaze for long time.  
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