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1.1  Objectives 

Through this module participant will be able to;  

 Identify the various components of a substation. 

 Understand the functions of the components of a substation. 

 

1.2  Introduction 

Electric power transmission substations are capital intensive infrastructure projects that 

require careful planning and appraisal to inform the decision to commit to an investment. 

In view of the complexity of substations, their execution require strict adherence to 

standard procurement and project management standards. Knowledge and adherence to 

established project procedure is critical to the success of any utility in view of the mandate 

to develop and maintain adequate and appropriate infrastructure for operations. 

The electric power transmission grid is founded on performance requirements defined in 

specifications. It is therefore critical to know the requirements of each grid to enhance 

operational success.   

 

Figure 1-1. Electric Power Transmission Substation 

 

1.3  Substation 

A substation is a collection of equipment in the electric power transmission system 

arranged primarily to facilitate voltage transformation and (or) multiplication of feeder 

nodes. 



  

 

1.3.1  Types Of Substations 

There are four (4No.) major types of substations as follows.  

 

1.3.1.1  Transmission substation 

A transmission substation connects two or more transmission lines. The simplest case is 

where all transmission lines have the same voltage. Transmission substations can range 

from simple to complex.  The largest transmission substations can cover a large area with 

multiple voltage levels (with many circuit breakers). 

 

1.3.1.2  Distribution Substation 

A distribution substation transfers power from the transmission system to the distribution 
system of an area.  The input for a distribution substation is typically at least two 

transmission or sub transmission lines. 

 

1.3.1.3  Collector substation 

In distributed generation projects such as a wind farm, a collector substation may be 

required. Collector substations also exist where multiple thermal or hydroelectric power 

plants of comparable output power are in proximity. Example for such a substation is 
Kpone Collector (KC) Station at Tema Ghana where power is collected from nearby thermal 

power plants. via multiple feeders.  

1.3.1.4  Converter substations 

Converter substations may be associated with HVDC converter plants, traction current, or 

interconnected non-synchronous networks.  These stations contain power electronic 

devices to change the frequency of current, or else convert from alternating to direct 
current or the reverse.. 

 

1.3.1.5  Switching station 

A switching station is a substation without transformers and operating only at a single 

voltage level.  Switching stations are sometimes used as collector and distribution stations. 

A switching station may also be known as a switchyard. 

 



  

 

1.4  Substation Components 

The components of a substation generally fall under the following categories.   

 Power Transformers 

 Switchgear 

 Reactive Power Compensators 

 Instrument Transformers 

 Insulation Coordination  

 Conductors 

 Protection, Control and Metering Equipment 

 SCADA and Communication Equipment, Auxiliaries 

 

1.5   Power Transformer 

A transformer is a static piece of apparatus used for transferring power from one circuit to 

another without change in frequency. It can raise or lower the voltage with a corresponding 

decrease or increase in current. In its simplest form, a transformer consists of two 

conducting coils having a mutual inductance. The primary is the winding which receives 

electric power and the secondary is the one which delivers it to the load. The coils are 

wound on a laminated core of magnetic material. 

 

 

Figure 1-2.  Power Transformer 



  

 

The basis of a transformer is mutual inductance between two circuits linked by a common 

magnetic flux through a path of low reluctance. 

 

Figure 1-3. Transformer Scheme 

If one coil is connected to a source of alternating voltage, an alternating flux is set up in the 

laminated core, most of which is linked up with the other coil thereby producing mutually 

induced electromotive force (emf).  e = M ∗  di/dt 

When the second circuit is closed, a current flows in it and so electric energy is transferred 

via magnetic coupling from the first coil (primary winding) to the second coil (secondary 

winding). 

The above model of an ideal transformer is governed by the following relations.  

 

 

Figure 1-4. Principle of Transformer 



  

 

1.6  Switchgear 

 Circuit Breakers 

 Disconnect Switches 

 Earthing Switches 

 Assembly of switching devices .  MCSG, GIS 

 

Figure 1-5. Typical Substation Switchgear 

 

1.6.1  Circuit Breakers(High Voltage) 

A mechanical switching device capable of making , carrying , and breaking currents under 

normal circuit conditions and also breaking currents under specified abnormal conditions 

such as a short circuit.  

 
Figure 1-6. Circuit Breaker Switching Positions 

Electrical power transmission networks are protected and controlled by high-voltage 

breakers. The definition of high voltage varies but it’s usually thought to be 72.5 kV or 

higher, according to a recent definition by the International Electrotechnical Commission 

(IEC). High-voltage breakers are nearly always solenoid-operated, with current sensing 

protective relays operated through current transformers. In substations the protective 

relay scheme can be complex, protecting equipment and buses from various types of 

overload or ground/earth fault. 

High-voltage breakers are broadly classified by the medium used to extinguish the arc.  

https://en.wikipedia.org/wiki/Power_transmission
https://en.wikipedia.org/wiki/International_Electrotechnical_Commission
https://en.wikipedia.org/wiki/Solenoid
https://en.wikipedia.org/wiki/Protective_relay
https://en.wikipedia.org/wiki/Current_transformer
https://en.wikipedia.org/wiki/Electrical_substation


  

 

1.6.1.1  Types of Circuit Breakers 

Circuit breakers are mainly classified per the medium used for quenching of arc in the 

interrupting chamber. Brief description on each type follows.  

 Sulfur Hexafluoride (SF6) Circuit Breakers – Sulfur-hexafluoride gas is used for arc 

extinction. 

 Air blast Circuit Breakers – Utilize high pressure compressed air for arc extinction. 

They are normally equipped with compressed air plant. 

 Vacuum Circuit Breakers – The contacts are housed inside a permanently sealed 

vacuum interrupter. The arc is quenched as the contacts are separated in high vacuum. 

They are used for voltages up to 36kV. 

 Oil Circuit Breaker  - Oil circuit breaker uses oil as a dielectric or insulating medium 

for arc extinction. In oil circuit breaker the contacts of the breaker are made to separate 

within an insulating oil. When the fault occurs in the system the contacts of the circuit 

breaker are open under the insulating oil, and an arc is developed between them and 

the heat of the arc is evaporated in the surrounding oil.  

 

Figure 1-7. Types of Circuit Breakers 



  

 

1.6.2 Disconnect Switches 

They are mechanical devices that conducts electrical current and provides an open point 

in a circuit for isolation. Disconnect switches are also installed to by-pass circuit breakers 

or other equipment for maintenance.  They are designed for no-load switching. Disconnect 

switches are expected to meet the following requirements at all times.  

 Open and Close reliably whenever necessary 

 Carry current continuously without overheating 

 Remain in the closed position under fault current conditions.  

1.6.2.1  Types of Disconnect Switches 

There are four main configurations of disconnect switches as follows.  

 Vertical Break Type 

 Horizontal Center  / Double Side Break Type 

 Pantograph Type 

  

Figure 1-8. Types of Disconnect Switches 



  

 

1.6.3  Earthing Switches 

They are mechanical devices that are used for earthing and short circuiting disconnected 

sections of substation. It is not required to carry current under normal operating 

conditions. 

They are usually provided in transmission line bays, capacitor banks and on bus bars to 

facilitate discharge of residual voltages upon isolation.  

Earthing  switches are expected to meet the following requirements.  

 Open and Close reliably whenever necessary 

 Capable of withstanding currents under abnormal conditions such as those of short 

circuit for a specified time 

  

1.6.3.1  Types of Earthing Switches 

There are two (2No.) main configurations of earthing switches as follows.  

 Stand Alone Type  

 Combined with Disconnector Type 

 

Figure 1-9. Types of Earthing Switches 

1.6.4  Fused Disconnect Switches 

They are switches which incorporate fuses as the isolating arm. They are used to protect 

voltage transformers and auxiliary transformers from fault conditions that result in the 

flow of high currents. They are installed in the primary (source side) of medium voltage 



  

 

transformers and auxiliary transformers. As a standard they are rated for 34.5kV 

operation.  

1.7   Reactive Power Compensation Devices 

1.7.1  Shunt Reactor 

In high voltage networks, the cumulative effect of charging of lightly loaded lines spanning 

long distances results in the receiving end voltages being higher than the sending end 

voltages.  

In such instances, shunt reactors present an economical and technically sound means of 

compensating part of the capacitive charge on the lines to facilitate operation within 

prescribed limits. 

A shunt reactor is an absorber of reactive power, thus increasing the energy efficiency of 

the system. It is the most compact device commonly used for reactive power compensation 

in long high-voltage transmission lines and in cable systems. The shunt reactor can be 

directly connected to the power line or to a tertiary winding of a three-winding 

transformer. 

The shunt reactor could be permanently connected or switched via a circuit breaker. To 

improve the adjustment of the consumed reactive power the reactor can also have a 

variable rating. If the load variation is slow, which it normally is (seasonal, daily or hourly), 

a variable shunt reactor (VSR) could be an economical solution for some customer 

applications. 



  

 

 
Figure 1-10. Shunt Reactor 

1.7.2  Series Reactor 

Series reactors are normally used in capacitor bank installations to limit high transient 

inrush current flowing into the capacitor bank when it is switched on. It also helps in 

suppressing harmonics in the system. 

It is normally constructed with fibre glass insulation in a coreless assembly which is cooled 

by natural ventilation. 



  

 

 
 

Figure 1-11. Series Reactor 

 

1.7.3  Shunt Capacitor Banks 

Shunt capacitors are installed to increase transmission capability, reduce losses and 

improve the power factor.  

Shunt capacitors are primarily used to improve the power factor in the network. Inductive 

loads consume reactive power, e.g. magnetization power for transformers, motors and 

reactors. The reactive power needed is generated by capacitors. By applying capacitors 

adjacent to equipment consuming reactive power, several advantages are obtained.  

 Improved power factor 

 Reduced transmission losses 

 Increased transmission capability, since the load on the generators, transformers and 

supply lines is reduced 

 Improved voltage control 

 Improved power quality. 



  

 

 

Figure 1-12. Shunt Capacitor Bank 

 

1.7.4 Static Var Compensators (SVC) 

Static var compensation involves the use of thyristors to switch and control capacitors and 

reactors. Instant switching as well as continuously variable control of the reactive power 

is obtained through the use of SVC. Static var compensators in transmission systems 

increase the transmission capacity, improve voltage control and stability, and damp power 

swings due to network faults or tripping of heavy loads in interconnected systems.  

 

Figure 1-13. Model of Static Var Compensator 

1.8  Instrument Transformers 

1.8.1 General 

The name instrument transformer is a general classification applied to current and voltage 

devices used to change currents and voltages from one magnitude to another or to perform 



  

 

an isolating function, that is, to isolate the utilization current or voltage from the supply 

voltage for safety to both the operator and the end device in use.  

Instrument transformers are designed specifically for use with electrical equipment falling 

into the broad category of devices commonly called instruments such as voltmeters, 

ammeters, wattmeters, watt-hour meters, protection relays, etc.  

Figure 4a shows some of the most basic uses for instrument transformers. Voltage 

transformers are most commonly used to lower the high line voltages down to typically 

115 volts on the secondary to be connected to a voltmeter, watthour meter, or protection 

relay. Similarly, current transformers take a high current and reduce it to typically 5 amps 

on the secondary winding so that it can be used with a watthour meter, ammeter, or 

protection relay. 

 

 

Figure 1-14. Single Line Diagram of Instrument Transformers 

 



  

 

1.8.1.1  Functions of Instrument Transformers 

 Measuring function - Provide a manageable scaled current or voltage in proportion 

to primary current or voltage for protection and metering purposes.  

 Isolation function - Isolation of the secondary circuit from the high voltages of the 

primary circuit. Also isolate the sensitive secondary equipment from disturbances 

(switching, lightning) in the power circuit.  

 Standardization - By suitable selection of the ratio, the secondary currents (or 

voltages) can be standardized (e.g. CTs either 1A or 5A) 

1.8.2  Current Transformers 

 

Figure 1-15.  Current Transformation Principle 

The Current Transformer ( C.T. ), is a type of “instrument transformer” that is designed 

to produce an alternating current in its secondary winding which is proportional to the 

current being measured in its primary 

1.8.2.1 Current Transformer Primary Turns Ratio 

 

Figure 1-16. Current Transformer Ration Principle 



  

 

Current transformers are governed by the relation  .   Np ∗ Ip = Ns ∗ Is 

Current transformers are constructed in various ways as follows.  

 Wound Type - Two separate windings on a common magnetic steel core. One winding 

consists of fewer turns of heavier wire on the steel core and is called the primary 

winding. The other winding consists of a relatively large number of turns of fine wire, 

wound on the same core and is called the secondary winding.  

 Window Type - The core has an opening through which the conductor carrying the 

primary load current is passed. This primary conductor constitutes the primary 

winding of the CT (one pass through the “window” represents a one turn primary), and 

must be large enough in cross section to carry the maximum current of the load. 

 Bar Type – It is essentially a window type current transformer with a solid bar sized 

to carry the maximum current of the load positioned within the core. 

 

         Wound type                                 Window type                            Bar type 

Figure 1-17. Types of Current Transformers 

1.8.3  Voltage Transformers 

1.8.3.1  Construction of Voltage Transformer 

Voltage transformers are governed by the relation.  

Vp/Vs = Np/Ns 

Potential transformers consist of two separate windings on a common magnetic steel core. 

One winding consists of fewer turns of heavier wire on the steel core and is called the 

secondary winding. The other winding consists of a relatively large number of turns of fine 

wire, wound on top of the secondary, and is called the primary winding. 



  

 

1.8.4  Capacitor Voltage Transformers 

 

Figure 1-18 . Capacitor Voltage Transformer Scheme 

 

Capacitor voltage transformers are governed by the relations.  

Vp/Vs = Np/Ns 

    Vpl = Zc2 ∗  Vph/(Zc1 + Zc2) 

Where.  

 Vph.  Specified High Voltage Phase to Ground Voltage 

 Vpl.  Voltage across the impedance presented by the capacitor element 

designated 

 C2 

 Zc1.  Impedance across high voltage capacitor C1 

 Zc2.  Impedance across intermediate capacitor C2     

 

Per the design,   Vpl << Vph 

Thus the primary voltage is applied to a series capacitor group (C1 and C2). The voltage 

across Zc2 feeds the conventional wound transformer. The transformer is designed to have 

the desired voltage at the secondary terminals.  

The use of the capacitors limits the size of transformer for the desired function and is more 

economical. 



  

 

 

Figure 1-19.  General Arrangement of Capacitor Voltage Transformer 

 

1.9  Insulation Coordination 

It is a combination of measures adopted or designed to prevent the breakdown of 

insulation at the substation. Two main equipment can be listed. These are insulators and 

surge arresters.  

The named equipment complement specified electrical clearances to ensure the integrity 

of insulation of equipment within the substation and the substation as a whole. 

 



  

 

1.9.1  Insulators 

Insulators primarily provides mechanical support to the transmission link and in addition 

serves to limit the current path to the transmission link by maintaining the air gap thus 

preventing the flow of current through steel supporting structures to earth. The major 

functions of insulators are summarized as follows.  

Maintains an air gap by.  

 Separating the transmission link from ground 

 Resisting mechanical stresses (i.e normal loads and extreme loads) 

 Resisting electrical stresses (i.e system voltage and overvoltages) 

 Resisting environmental stresses (i.e temperature variations, contamination etc.) 

Mainly post insulators and suspension insulators are used in substations. They are 

designed per the following key specifications.  

 Power frequency withstand voltage (Wet) 

 Lightning Impulse withstand voltage (Dry) 

 Switching Impulse withstand voltage (Wet), when applicable. 

 Mechanical failing load (kN) 

 Minimum nominal creepage distance 

 Fixing arrangement of top and bottom fittings and colour of glaze. 

    

    Figure 1-20a. Post Insulator                              Figure 1-20b. Suspension Insulator 

 



  

 

1.9.2  Surge Arresters 

They serve to divert the transient overvoltage surges to earth and protect the substation 

equipment from lightning and switching overvoltage surges.  During normal operation, an 

arrester should have no negative effect on the power system. Moreover, the arrester must 

be able to withstand typical surges without incurring any damage. Nonlinear resistors 

(metal oxide blocks within the housing) fulfil these requirements thanks to the following 

properties.   

 Low resistance during surges, so that over-voltages are limited.  

 High resistance during normal operation to avoid negative effects on the power 

system.  

 Sufficient energy absorption capability for stable operation. 

With this kind of nonlinear resistor, there is only a small flow of current when continuous 

operating voltage is being applied. When there are surges, however, excess energy can 

quickly be removed from the power system by a high discharge current.  

Generally the characteristic of surge arresters performance relative to withstand 

insulation levels of equipment is as follows.  

 

Figure 1-21. Surge Arrester Performance Characteristic 



  

 

 

Typically they are the first equipment to interface with the transmission line conductor in 

the line bay.  

For the transformer bay, it is installed just before the high side bushing (i.e 69kV, 161kV 

and 330kV). Transformers with medium voltage windings are typically equipped with 

surge arresters to protect the windings. 

For feeder bays, it forms the last equipment that interfaces with the overhead 

transmission line or feeder cable. 

Figures below depict porcelain and polymer (used up to 36kV) housed surge arresters 

respectively. 

 

 Figure 1-22. Porcelain Housed Surge Arrester 

 

The role of the grading ring (where applicable) is to distribute the electric field gradient 

and lower its maximum values below the corona threshold, preventing corona discharge. 

High voltage surge arresters are usually equipped with surge counters to record the 

number of operations and provide indication on the leakage current of the arrester.  

 



  

 

 

Figure 1-23.  Surge Arrester Operation Counter 

1.10  Conductors 

They provide the medium of transmission of electricity from one point to another. Per the 

selected substation configuration (i.e single bus, double bus, ring, one and half breaker 

etc.) the conductors are the medium of electricity flow in and out of the substation and 

within. They serve as the transmission links between the power equipment deployed per 

the selected configuration.  They are either strain buses (i.e Aluminium Alloy Conductors 

or Aluminium Conductor Steel Reinforced (ACSR)) or rigid Aluminium tubular tubes. 

 

                       Fig. 1-24a.  ACSR                           Fig. 1-24b.  Aluminium Tubular Bars 

 

1.10.1  BARE CONDUCTORS 

1.10.1.1  Functions of Conductors 

The main functional requirements of conductors is.  

 To carry normal currents and overload currents continuously with temperature rise 

within specified limits. 



  

 

 To withstand mechanical stresses due to wind, short circuits etc. without damage. 

 To provide low resistance path for current flow. 

 

Even though copper is also a very good conductor, aluminium conductors are generally 

used for outdoor busbar systems for the following reasons.  

 Higher conductivity on weight basis. 

 Lower cost for equal current-carrying capacity. 

 Higher resistance to corrosion. 

 Relatively easier to form or bend. 
 

1.10.1.2  Factors Influencing Use of Rigid Buses 

 Skin Effect - Skin effect in a conductor carrying an alternating current is the tendency 

toward crowding of the current into the outer layer, or “skin,” of the conductor due to 

the self-inductance of the conductor. This results in an increase in the effective 

resistance of the conductor and in a lower current rating for a given temperature rise. 

Tubing has less skin-effect resistance than rod or flat conductors of the same cross 

section, and tubing with a thin wall is affected the least by skin effect. Aluminium 

conductors are affected less by skin effect than copper conductors of similar cross 

section because of the greater resistance of aluminium.  

 

 Proximity Effect - Proximity effect in a bus is distortion of the current distribution 

caused by induction between the leaving and returning conductors. This distortion 

causes a concentration of current in the parts of the buses nearest together, thus 

increasing their effective resistance. Tubular conductors used on alternating current 

have a better current distribution than any other shape of conductor of similar cross-

sectional area, but they also have a relatively small surface area for dissipating heat 

losses. These two factors must be balanced properly in the design of a tubular bus. 

 

 1.10.2  Cables 

1.10.2.1  Functions of Cables 

The main functional requirement of cables is.  



  

 

 To enhance power supply reliability through its insulation as it is not subjected to 

lightning strikes and other severe weather conditions. 

 

1.10.2.2 Types of Cables 

Two main categories are identified for various uses as outlined below.  

(a) Power Cables 

 They are the preferred transmission link for the interface between the transmission 

utility and the distribution utility at both 11kV and 36kV voltage levels. 

 They are also used for the connection from the auxiliary transformers to the 

changeover panel to ensure availability of both AC and DC supplies at the substation. 

 (b) Control Cables 

 They are used for the wiring of equipment from the switchyard to respective terminal 

blocks in protection, control and metering panels in the control building. 

 They are also used for the connection of protection, control and metering equipment 

to the communication equipment within the control building. 

 

1.11  Protection, Control and Metering Equipment 

These equipment are generally housed in the control rooms off the equipment in the 

switchyard. Protection equipment may also be housed in “Relay Rooms” within the 

switchyard. 

They cover panel boards equipped with protection relays for the main elements in the 

switchyard (i.e. transmission lines, power transformers and associated feeders), control 

switches and associated indication lamps, annunciation systems as well as indicative 

meters for measuring relevant electrical parameters. 

Two types of panel board configurations are identified.  

 Duplex – Wide panel board with control gear in the front panel and the protection gear 

at the rear between which is access to either panel. 



  

 

 Simplex – Narrow panel board designed for either protection or control function. 

Outgoing feeders may be equipped with both protection and control gear.  

 

 

1.11.1 Protection 

 

1.11.1.1  Transmission Line Panel 

Typically equipped with two (2No.) relays, one for longitudinal differential protection or 

distance protection and the other for ground direction earth fault protection. 

1.11.1.2  Transformer Protection Panel 

Typically equipped with two (2No.) relays, one for longitudinal differential protection and 

the other for overcurrent protection. It may also be equipped with the feeder protection 

relay which introduces an additional overcurrent protection relay. 

 

Figure 1-25.  Protection Panel 

 

 

 

 

 



  

 

1.11.2 Control And Metering 

1.11.2.1  Switchyard Control and Metering 

 

Figure 1-26.  Mosaic Mimic Panel Board 

 

1.11.2.2  Tariff  Metering 

These are panel boards equipped with high accuracy meters for measuring the energy 

consumed by customers. 

 

Figure 1-27. Tariff Metering Panel 



  

 

1.12  SCADA And Communication 

Supervisory Control and Data Acquisition (SCADA) involves the use of transducers (i.e 

Remote terminal units (RTU’s)) to gather relevant data on respective equipment to 

facilitate hierarchical management and control of the network. 

This data on equipment together with voice communication, metering, protection signals, 

control commands etc. is transported over a communication platform with fiber optic 

interface equipment as primary mode and power line carrier equipment as the backup.  

Typical Communication scheme between two (2No.) substations is as follows.  

 

 

Figure 1-28.  Typical Communication Scheme 

 

The fiber optic network is interfaced by “FOX” equipment while the power line carrier 

network is interfaced by “ETL” equipment.  

 



  

 

1.12.1 Power Line Carrier Communication 

It is the superimposition of various signals (i.e. data, voice, Fax etc.) on the power line at 

different frequencies thus relying on the power line as the carrier of the signals. 

1.12.1.1  Functions 

The following functions amongst others are valid for both fiber optic and power line 

communication media. However, fiber optic platform is preferred as it has a higher 

bandwidth and facilitates high speed data transfer compared to power line carrier systems. 

 Provides means of high speed fault clearing through use of communication schemes to 

confirm faulted line section. 

 Aids in implementation of breaker failure schemes 

 Aids in remote control requirements 

12.1.1 System Configuration 

 

Figure 1-29. Power Line Carrier Scheme 

 

 Line Tuners - Works in conjunction with the coupling capacitor to provide a low 

impedance path for the carrier energy to the transmission line and a high impedance 

path to the power frequency energy. 

 Coupling Capacitor - The capacitance of the coupling capacitor which is typically part 

of the capacitor voltage transformer, is such that it offers low reactance to the carrier 



  

 

frequency but high reactance to the power frequency. Thus the coupling capacitor 

serves to isolate the power frequency energy from the carrier equipment. 

 Drain Coil - The drain coil forms a tuned resonant circuit at the carrier frequency with 

the coupling capacitor and serves to further reduce the impedance of the carrier signal 

path.  

 Line Trap - Directs the carrier energy off the substation bus towards the remote line 

terminal. It presents a high impedance path for the carrier energy towards the bus thus 

directing onto the remote line terminal. The coil of the line trap presents a low 

impedance path to the power frequency.  

 

Figure 1-30.  Line Trap  

 

1.13  Earthing And Steel Support Structures 

Substation earthing is a means of channelling excessive fault currents to ground with the 

view to preventing damage to equipment and protecting personnel from being subjected 

to unsafe potentials.  

It is achieved with a mat made up of horizontal interconnected bare conductors and ground 

rods to which all equipment structures are bonded. 

The earthing system includes all of the interconnected grounding facilities in the substation 

area, including the ground grid, overhead ground wires, neutral conductors, underground 

cables, iron rods in foundations etc. 



  

 

Steel support structures are required to provide support to various equipment at the 

switchyard. They also serve as terminal structures for conductors feeding transmission 

lines, transformers and feeders. They constitute an integral part of the earthing system 

design.  

Their design includes consideration of the following parameters.  

 Weight of equipment and conductors 

 Limiting weight of structure 

 Wind Pressure 

 Limits of horizontal and vertical clearances. 

 

1.13.1  Purpose of Earthing 

 It provides a means of dissipating electric current into the earth without exceeding the 

operating limits of the equipment. 

 It provides a safe environment to protect personnel in the vicinity of grounded facilities 

from the dangers of electric shock under fault conditions. 

 

Figure 1-31. Earthing 
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2.1  Objectives 

Through this module participant will be able to;  

 Identify the importance of safety and understand the safety rules and safety gears 

 Understand the necessity of grounding and understand the grounding system  
 

2.2  Introduction 

An electrical substation is a subsidiary station that is part of an electrical generation, 

transmission, and distribution system. A substation’s primary function is to transform 

voltage from one level to another level while serving other important functions. Based on 

their function, the voltage of power being handled at the substation and the destination to 

which it is routed is bound to vary. Transmission sub-stations step down high-voltage 

power and pass it on to distribution sub-stations, where the voltage is further reduced 

suitably before being supplied to different types of consumers. 

Given the core function of substations, the equipment used to execute the task and the 

electrical hazards that abound in the environment, safety is the key factor needing 

consideration. The design of the substation should ensure 100% safety for operations and 

maintenance by personnel as well as visitors to the facility at all times. 

2.2.1  Definition 

Relative freedom from danger, risk, or threat of harm, injury, or loss to personnel and/or 

property, whether caused deliberately or by accident.  

2.3  Safety Standards Organizations  

They are recognised organizations whose primary activities are to.   

 Develop 

 Coordinate  

 Promulgate  

 Revise  

 Amend  

 Reissue 

 Interpret 



  

 

 Or otherwise produce technical standards that are intended to address the SAFETY AND 

GROUNDING in the electrical field.   

 The Institute of Electrical and Electronics Engineers (IEEE) - C2  

 National Electricity Safety Code (NESC) Standards.  

 Occupational safety and Health Division. 

 America National Standards Institute. 

These regulations are all aimed at protecting the facility, its infrastructure and occupants 

from potential electrical hazards in our work environment. 

2.3.1 Standards outline safety requirements pertaining to several aspects 
including.  

 Equipment installations (grounding, clearance from the ground, space above the 

equipment, shielding live parts). 

 Electric supply and communication lines. 

 Safety of personnel. 

 Personal Protective Equipment (PPE) 

 Facility lighting and ventilation. 

 Enclosing equipment. 

 Structural design. 

They also spell out specific instructions applicable to all equipment that are used in typical 

substation. Complying with required standards however, need no special effort as most of 

the safety measures have been recommended based on practicalities and common sense. 

2.4 Importance of safety  

The moral obligation is to protect workers who may be exposed to electrical hazards, but 

there are legal and other factors that require every facility to establish a comprehensive 

Electrical Safety Program.  Reducing insurance costs, minimizing downtime and repair 

costs are additional benefits of Electrical Safety Program. When electrical faults occur, the 

electrical system is subjected to both thermal and magnetic forces. These forces can 

severely damage equipment and are accompanied by fires, explosions and severe arcing. 

Such violent damage often causes death or severe injury to personnel. The attendant cost 

https://en.wikipedia.org/wiki/Technical_standard


  

 

of repairs, equipment replacements, and medical treatment can run into millions of dollars. 

It is also possible that one tragic event could close a plant permanently.  

2.5  Electrical Hazards in Substations 

There is no absence of electrical hazards in electrical substations. The potential risks are 

endless and tend to vary based on actual operating conditions and operating voltage of the 

facility at any given point in time. Even trained and authorised technicians must be fully 

geared to face emergencies and take adequate measures to protect themselves from the 

highest possible risk involved when working on a specific task or equipment. 

Electrical conductors or buses installed overhead and capacitor banks, battery rooms, 

circuit breakers and other equipment at the ground level pose significant threats. While 

most of the equipment at ground level are usually fenced and locked to maintain a safe 

distance and prevent accidental contact, the same may not be applicable to overhead 

infrastructure. 

 2.6  Safety Factors to Consider for Substation Accessibility  

Substations are potentially high-risk environments with a unique set of threats often 

hidden from the untrained eye. A step in the wrong direction can bring people too close to 

live equipment.   

 An accidental stretch of an arm flipping a control switch can bring the entire facility to 

a grinding halt, 

 A dropped wrench can trigger an explosion.  

There are so many ways in which things can go wrong. These not only cause damage to 

assets and infrastructure but also compromise the safety and lives of personnel, apart from 

interrupting power transmission or distribution.  

Accessibility is a key aspect that heavily influences the security of the substation, its 

infrastructure, and the safety of its occupants. Network owners/ managers/ industrial 

units/ utilities are all free to manage accessibility concerns based on the site-specific risk 

analysis and potential safety threats. Monitoring and controlling access right from the 

perimeter of the premises to the different structures and buildings as well as areas within 

them is necessary as a preventive measure. This inevitably tends to vary based on who is 



  

 

authorized to enter the substation, how, and under what circumstances. There is always 

the risk of unauthorized, deliberate or accidental access, which must be mandatorily 

addressed. 

2.6.1  Controlling Authorized Access 

There are basically a few typical circumstances that warrant authorized substation access.  

 Electrical Work 

Installation, maintenance, operation of cranes/ vehicles fitted with booms/ baskets for 

working on electrical installations 

 Non-Electrical Manual Work  

Installation, servicing of mechanical equipment/ communication lines, material 

movement, ground maintenance and clean up, waste disposal 

 Inspections/ Delivery/ Audits/ Observations  

- Routine inspections/ audits 

- Verification of layout drawings/ building plans 

- Material delivery 

- Official facility tours 

While OSHA’s 29 CFR 1910.269(u) stipulates that only qualified personnel can enter areas 

where live equipment/ parts are exposed or accessible, ground realities are indeed 

different, given the practical requirements. Site-specific access programs and safety 

procedures have made it possible for substations to comply with OSHA standards. 

Particularly, classifying access based on the entrant and purpose of entry helps determine 

the safety measures that need to be in place during the visit. Access to high-risk/ restricted 

areas can typically be categorized as.  

 Unescorted 

All qualified employees are cleared for unescorted access 

Unqualified employees, however, need to be trained and acclimatized to the layout, 

location of the different live equipment/ parts, potential risks, dangers, restrictions and 

safety requirements of work in substations to move through the premises without an 

escort or guide to complete their tasks safely. 



  

 

The training qualifies them for unescorted access, and does not permit any activities that 

involve exposure to electrical hazards. 

 Accompanied by a Qualified Personnel 

Unqualified workers need to be accompanied by a trained, qualified escort as they go about 

their tasks. 

Qualified escorts closely supervise and warn their wards from moving too close to 

energized equipment or other potential threats, and protect them from exposure to 

hazards should the need arise. 

 Accompanied by a Privileged Personnel 

Privileged escorts are trained and experienced personnel who are knowledgeable about 

substation layout, infrastructure, different equipment, their operating voltages and 

minimum approach distances, likely hazards, emergency procedures and other significant 

aspects of the work environment. 

Their presence is most likely required during rescue, maintenance, repairs, and emergency 

missions. 

Regulating authorized access can prove helpful in enhancing the safety levels within the 

facility. 

Vehicles entering the premises too will need to be monitored and guided by flagmen along 

roadways that have been reinforced to protect underground cables. Overhead clearance 

along the route and at the unloading point also needs careful attention. 

 Restricting Authorized Access 

Restricting access reduces the need for control as it limits movement of people into and out 

of the substation, and hence the possibility of accidents triggered by human presence or 

negligence. 

Allowing visitors into the substation or using the spare space within the premises to store 

equipment/ material simply results in an increase in the number of people who have access 

to restricted areas. More importantly, not all of them will be aware of potential electrical 

hazards that lurk in the environment. 



  

 

While it is common sense for people to stay away from labelled enclosures and fencing 

around electrical installations, it may not be possible to steer clear of other unnoticeable 

hazards. 

Escorted access in such cases is the prevalent practice. Locking out for high-risk areas is 

also recommended. 

 Preventing Unauthorized Access 

Adequate illumination, surveillance systems, alarms, enclosures and fences along the 

perimeter with warning signs are a few security measures that help deter unauthorized 

access, which is equally capable of compromising the safety of facility and the people 

manning it. It is worth noting that unauthorized entrants with malicious intent or thieves 

are more likely to trigger accidents, as they tend to use poorly-lit routes and target remote 

parts of the premises in an attempt to stay hidden. 

The purpose of access and qualification of the entrant are two key factors that need to be 

considered to ensure safe access to the substation. Implementing a suitable access program 

after analyzing site-specific risks can help address accessibility concerns. 

Implementing and following a well-designed Electrical Safety Program will protect 

employees and employers against.  

 Injury to personnel. 

 Increased costs for insurance and workman compensation 

 Loss of unusable materials 

 Unplanned equipment repair or replacement costs 

 Multi-million dollar lawsuits against company. 

 Possible bankruptcy of the utility company. 

Electrical Safety is not an option — it is absolutely necessary for workers and employers 

alike. 

2.7  Six Rules That Provide Substation Safety 
 
2.7.1  Clearance 

Enough clearance from energized parts should be provided to avoid accidental contact 

with them. If that can’t be met, live parts should be guarded or enclosed. 



  

 

2.7.2 Minimum Height 

A minimum height from the ground to any ungrounded part of an electrical installation 

should comply with relevant standards, so a person staying on the ground can’t touch a 

substation element or its part which may become energized accidentally. For example, the 

bottom of a post insulator supporting an energized bus does not normally have any 

potential. 

However, if bus flashover to the ground over insulator occurs, touching the bottom of the 

insulator may become unsafe. That’s why an appropriate clearance from the bottom of 

insulator to the ground should be provided. 

2.7.3  Illumination 

There should be sufficient illumination for personnel to clearly see their surroundings and 

perform any work safely. Required illumination levels are specified in relevant standards. 

2.7.4 Passageways 

All passageways and stairs should be wide enough for personnel to navigate them safely, 

adequate railing should be provided, and floor openings should have guard rails. 

2.7.5  Evacuation Routes 

Exits should be clearly marked and evacuation routes should be free from obstructions. 

Depending on the function of the building (for example, control house), it may require 

several exits to avoid personnel being trapped during equipment fault, fire, etc. 

2.7.6  Earthing 

All substation metallic structures, fences, and equipment tanks should be connected to a 

station ground grid which should be designed to ensure that step and touch potential 

values are lower than the ones stipulated in the applicable standards. 

2.8 Safety Clearance 

Adequate clearance or safe distance from an energized equipment or parts to avoid 

accidental contact with live systems must be available. Clearance requirements vary for 

each type of equipment, and equipment-specific recommendations are available for 

reference. Alternatively, enclosing or shielding live parts serves to achieve the same result. 

Warning signs are sometimes required to creates awareness of danger 



  

 

 

 

Figure 2-1. Warning Signs 

2.8.1  Ground Clearance 

Ungrounded parts of electrical installations such as live tank breakers, disconnect switches 

and station service transformers should be located at a safe prescribed height from the 

ground level to ensure there is no accidental contact with live parts. Though typically 

insulated, the parts are likely to be energized when in the path of an arc flash from the 

equipment to the ground. 

Only qualified employees may work in areas containing unguarded, uninsulated energized 

lines or parts of equipment operating at 48 volts or more. Electric lines and equipment shall 

be considered and treated as energized.  

At least two employees shall be present while the following types of work are being 

performed.  

 Installation, removal, or repair of lines that are energized at more than 415 volts, 

 Installation, removal, or repair of de-energized lines. 

 Installation, removal, or repair of equipment, such as transformers, capacitors, and 

regulators, if an employee is exposed to contact with parts energized at more than 415 

volts. 

 Work involving the use of mechanical equipment, other than insulated aerial lifts, near 

parts energized at more than 415 volts 

2.9  Safety Using Aerial Lifts 

The following hazards, among others, can lead to personal injury or death.  



  

 

 Fall from elevated level, 

 Objects falling from lifts, 

 Tip-overs, 

 Ejections from the lift platform, 

 Structural failures (collapses), 

 Electric shock (electrocutions), 

 Entanglement hazards, 

 Contact with objects, and 

 Contact with ceilings and other overhead objects. 

 

Figure 2-2. Aerial Bucket 

 

2.9.1  Safety Measures 

2.9.1.1  Fall Protection 

 Ensure that access gates or openings are closed. 

 Stand firmly on the floor of the bucket or lift platform. 

 Do not climb on or lean over guardrails or handrails. 

 Do not use planks, ladders, or other devices as a working position. 

 Use a body harness or a restraining belt with a lanyard attached to the boom or bucket. 

 Do not belt-off to adjacent structures or poles while in the bucket. 



  

 

 In all the above, remember to be in your full personal protective gear. ( overall, safety 

shoes, goggles, harness and helmet) 

2.9.1.2 Operation/Traveling/Loading 

 Do not exceed the load-capacity limits. Take the combined weight of the worker(s), 

tools and materials into account when calculating the load. 

 Do not use the aerial lift as a crane. 

 Do not carry objects larger than the platform. 

 Do not drive with the lift platform raised (unless the manufacturer’s instructions allow 

this). 

 Do not operate lower-level controls unless permission is obtained from the worker(s) 

in the lift (except in emergencies). 

 Do not exceed vertical or horizontal reach limits. 

 Do not operate an aerial lift in high winds above those recommended by the 

manufacturer. 

 Do not override hydraulic, mechanical, or electrical safety devices. 

2.9.2 Training 

Only trained and authorized persons are allowed to operate an aerial lift. Training should 

include.  

 Explanations of electrical, fall, and falling object hazards; 

 Procedures for dealing with hazards; 

 Recognizing and avoiding unsafe conditions in the work setting; 

 Instructions for correct operation of the lift(including maximum intended load and 

load capacity); 

 Demonstrations of the skills and knowledge needed to operate an aerial lift before 

operating it on the job; 

 When and how to perform inspections; and 

 Manufacturer's requirements. 

 



  

 

2.10  General Safety Practices 

Following are some other general safety procedures that should be observed in 

substations.  

 Mobile equipment – such as aerial bucket trucks, digging equipment and cranes – shall 

be grounded to the substation ground grid in accordance with established rules and 

regulations. Stranded copper of 150mm size should be used. 

 Only trained, authorized personnel are allowed to work inside or near capacitor banks, 

reactors and other fenced-in areas inside a substation. Some people may not be aware 

that these metal structures may be energized.  

 Remember to guard against the hazards of live or induced voltage. If the need arises, 

ensure equipment is switched out, tagged out, tested for voltage and grounded. 

 Exercise caution around control house equipment; some of it is very sensitive to 

vibration. 

 Observe hazard warnings regarding battery systems in the substation.  

 

Figure 2-3. Hazard warning signs for Battery Room 

 

As a general rule, it is not a good idea to store any equipment or material in a substation. 

An untrained employee sent to retrieve the material could get hurt. Additionally, if 

equipment in the substation blows up, it may also damage stored equipment 



  

 

  

 Figure 2-4. Oil Tank, Cable drums, Drums of oil and Spare Breakers 

 

 2.11 Substation Earthing 

An electrical substation is a critical resource in a power system. Safe operation of 

a substation calls for a properly designed and installed grounding system. A well-

designed grounding system will ensure.  

 Safety of maintenance personnel working on the equipment. 

 Reliable performance of the substation over its entire service life. 

Good grounding path of sufficiently low impedance ensures safety of personnel and fast 

clearing of faults. 

The following steps are to ensure a reliable, safe and trouble-free substation grounding 

system for personnel and equipment.  

  

http://electrical-engineering-portal.com/download-center/electrical-software/touch-voltage-ground-current


  

 

 Size of conductors used for grounding  

Conductors must be large enough to handle any anticipated earth faults without fusing 

(melting), at least 150mm2 copper cable. 

 

 Use the right connections   

It is very evident that the connections between conductors and the main grid and 

between the grid and ground rods are as important as the conductors themselves in 

maintaining a permanent low-resistance path to ground. 

 

Figure 2-5.  Ground Rod Connections 

 

Figure 2-6. Cad Weld or Exothermic  Connection 

The basic issues here are.  

http://electrical-engineering-portal.com/effective-substation-grounding-1#2


  

 

- The type of bond used for the connection of the conductor in its run, with 

the ground grid and with the ground rod. 

- The temperature limits, which a joint can withstand. 

The most frequently used grounding connections are mechanical pressure type (which will 

include bolted, Compression and wedge-type construction) and exothermically welded 

type. 

 

Pressure-type connections produce a mechanical bond between conductor and connector 

by means of a tightened bolt-nut or by crimping using hydraulic or mechanical 

pressure. This connection either holds the conductors in place or squeezes them together, 

providing surface-to-surface contact with the exposed conductor strands. 

On the other hand, the exothermic process fuses the conductor ends together to form 

a molecular bond between all strands of the conductor. 

  

   
Figure 2-7.  Compression Type Grounding 

 

 Ground Rod Selection 

In Medium Voltage and High Voltage substations, where the source and load are connected 

through long overhead lines, it often happens that the ground fault current has to flow 

through the groundmass (earth). This means that the ground rods of both source and load 

side substations have to carry this current to or from the groundmass. 

The ground rod system should be adequate to carry this current and ground resistance of 

the grounding system is most important. 

The length, number and placement of ground rods affect the resistance of the path to earth. 

Increasing ground rod length reduces resistance , under uniform soil conditions. Usually, 

http://electrical-engineering-portal.com/inspection-of-ground-fault-protection-systems


  

 

soil conditions are not uniform and it is vital to obtain accurate data by measuring ground 

rod resistance with appropriate instruments. 

 

Figure 2-8.  Substation Grounding Rod 

 

 Attention to step and touch potentials 

The ground gradient control mat is used to create an equipotential zone. It brings the 

surface of the earth, where workers are standing, to the same potential as the equipment 

on which work is being done. Should an accidental energization occur, or should there be 

an induced potential, the ground gradient control mat protects against step and touch 

potentials. To accomplish its purpose, the ground gradient control mat must be correctly 

sized and positioned, so work can be performed without workers stepping off the mat.  

Ground gradient control mats are commonly used for operating disconnect switches. 

   
Figure 2-9.  Ground Gradient Mat 

 

2.11.1  Earthing the Substation Fence 

Metal fences and other metal structures in or surrounding a substation with exposed 

electrical conductors and equipment shall be grounded and bonded to limit step, touch, 

http://electrical-engineering-portal.com/effective-substation-grounding-1#5


  

 

and transfer voltages. This is to provide protection to the general public and workers that 

may come in contact with the enclosures that are put in place to guard the energized 

equipment from unauthorized personnel. 

 

 

Figure 2-10. Grounded Substation Fence 

 

Figure 2-11.  High Voltage Warning Signs 

Gates and gate support posts shall be bonded to the grounding electrode system. 

Any gate or other opening in the fence shall be bonded across the opening by a buried 

bonding jumper. The grounding grid or grounding electrode systems shall be extended to 



  

 

cover the swing of all gates. The barbed wire strands above the fence shall be bonded to 

the grounding electrode system. 

 

2.11.2  Surge Arrester Earthing 

Surge arrestors need to be reliably grounded to ensure protection of the equipment they 

are protecting. They should be connected as close as possible to the terminals of the 

equipment it’s protecting and have as short and direct path to the grounding system as 

possible and practical. Also arrestor leads should be as free from sharp bends as practical. 

 

Figure 2-12.  Arresters Connected to Power Transformer 

 

2.11.3  Earthing of Cable Trays 

Cable trays shall not be used as the Equipment Grounding Conductor (EGC) in any 

installation. Copper conductors from  the earth grid shall be bonded to the cable trays at 

appropriate intervals apart.  

The EGC is the most important conductor in an electrical system as its function is electrical 

safety. A bare copper equipment grounding conductor should not be placed in an 

Aluminium cable tray due to the potential for electrolytic corrosion of the Aluminium cable 

tray in a moist environment and should be separated from other cables. 

For such installations, it is best to use an insulated conductor and to remove the insulation 

where bonding connections are made to the cable tray, raceways, equipment enclosures, 

etc. with tin or zinc plated connectors. 

http://electrical-engineering-portal.com/what-is-the-difference-between-bonding-grounding-and-earthing


  

 

   

 Figure 2-13.  Grounded Cable Tray 

2.11.4 Temporary Earthing of normally energized parts. 

Equipment for effective electrical connection, with intentional low impedance to ground, 

designed to guarantee the equipotential and continuously maintain it during the 

intervention in the electrical installation, promoting protection of the workers against 

accidental energization.  

The correct specification of the Temporary Grounding Equipment is the first principle 

which ensures efficiency and safety when performing dead line works, if the system is 

accidentally energized. The specification must be compatible with the characteristics of the 

electrical system where the Temporary Grounding Equipment will be installed.  

 

 Always remember to work within two sets of temporary groundings, thus 

outgoing and incoming lines or installed equipment terminations in the station.  

2.11.4.1 Cleaning The Conductor And Equipment 

It is very important to clean the conductor by approved methods before installing 

temporary grounding equipment. The surfaces of conductors are normally contaminated 

or corroded. In some cases, equipment or metal structures are coated with paint. This high 

resistance surface contamination must be eliminated with an approved conductor cleaning 

wire brush or a filing process, to ensure positive contact with the surface of the grounding 

clamps. 

 

 



  

 

2.11.4.2 Minimize Cable Slack 

Shorter grounding cables offer lower resistance. During fault currents tremendous forces 

result in unpredictable, severe and dangerous cable movement, if there is excessive slack 

in the grounding cable. Long leads should be lashed at some intermediate point to reduce 

the possible hazard to personnel, and prevent the dislocation of grounding connections, 

should a fault current develop. 
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M01 – BUS SYSTEM 

  



  

 

1.1  Objectives 

Through this module participant will be able to;  

 Identify the definition and major functions of substation bus  

 Understand the advantages and disadvantages of each bus configuration 

 

1.2  Introduction 

An electrical bus bar is defined as a conductor or a group of conductors used for collecting 

electrical energy from the incoming feeders and distributing them to the outgoing feeders.  

In other words, it is a type of electrical junction in which all the incoming and outgoing 

electrical current meets. Thus, the electrical bus bar collects the electrical energy at one 

location. When the fault occurs in any section of the bus bar, all the circuit equipment 

connected to that section must be tripped to give complete isolation in the shortest possible 

time. 

 

Figure 1-1.  Electrical Busbar 

1.3  Types of Bus-bar 

The type of bus-bars used in electrical substations usually comes with different shapes and 

sizes. They usually come as round aluminium tubular bars or all aluminium conductor 

(AAC) and have several advantages over copper such as.   

 Higher conductivity, 

 Lower cost, 



  

 

 Excellent corrosion resistance 

 

Figure 1-2.  Type of Bus Bar 

 

In many instances HV outdoor substations with a high current rating are constructed more 

economically with aluminium tubular bus bars rather than with stranded conductors. The 

advantages realized by using aluminium tubular bus bars are.  

- Bus bars are lighter in weight and have a greater stiffness than stranded conductors 

with the same current transfer capacity. 

- This facilitates larger free spans which require fewer points of supports and 

foundations;  

- Impose a lower mechanical load on the foundation points and circuit equipment 

than stranded cables do under short circuit conditions;  

- Are good electrical conductors due to the skin effect.  the bus bar surface has a 

current density that is relatively lower than that of a stranded conductor; 

- Are permanently corrosion resistant; 

- Possess excellent electric conductance properties; 

- Have a smooth surface; 

- Maintenance free; 

- Have a very long life span. Tubular bus bars can be welded together to provide a 

total length of about 140 meters. 

1.4  Major Factors To Be Considered  

 The following are the electrical considerations during the design and selection of a 

particular bus bar arrangement. 

 The bus bar arrangement must be simple and easy in maintenance. 

 It must have the provision of extension with load growth. 



  

 

 The installation should be as economical as possible, keeping in view the needs and 

continuity of supply. 

 There is the availability of alternative arrangements in the event of the outage of any 

of the apparatus. 

In a small and medium sized station, where, the shutdown can be permitted at times, single 

bus bars can be used. But in a major plant, an elaborate bus bar arrangement is essential 

so that the duplicate supply is always available in case of the fault, which might otherwise 

cause interruption of supply to a large area.  

1.4.1  Important Factors Of Bus Bar Arrangement 

There are several types of bus bar arrangements, and the choice of a particular 

arrangement depends on important factors such as.   

 system voltage, 

 The position of a substation in the system, 

 Reliability of supply,  

 Flexibility and cost. 

 

1.5  Types Of Bus Bar Arrangement 

1.5.1  Single Bus-Bar Arrangement 

This is the simplest arrangement consisting of a single set of a bus bar for the full length of 

the switchboard and to which all the generators, transformers and feeders are connected 

as illustrated in the figure. 



  

 

 

Figure 1-3.  Single Bus-Bar Arrangement 

 

The advantage of single bus bar arrangements are; 

 It has low initial cost. 

 It requires less maintenance 

 It is simple in operation 

 

Disadvantages of Single Bus-Bars Arrangement are; 

 Upon the incidence of a fault on the bus-bars, all the connected elements (transformers 

and feeders) are affected. 

 The single bus bar arrangement provides the least flexibility. 

1.5.2  Single Bus-Bar Arrangement with Bus Sectionalizer 

The bus-bar may be sectionalized by a circuit breaker and isolating switches so that a fault 

on one part does not cause a complete shutdown. In a sectionalized bus bar arrangement, 

only one additional circuit breaker is required which does not cost much in comparison to 

the total cost of the bus bar system. 

http://circuitglobe.com/wp-content/uploads/2016/07/sinlge-bus-bar-arrangement-compressor.png


  

 

 

Figure 1-4.  Sectionalized Single Bus-Bar System 

 

Advantage of single Bus-bar Arrangement with Bus Sectionalization 

 The faulty section can be isolated without affecting the supply of other section or 

sections. 

 One section is completely shut down for maintenance and repair without affecting the 

supply of other sections. 

  

 

Disadvantages of Single Bus-Bar Arrangement with Sectionalization 

 Additional isolators and circuit breaker are used in the sectionalized part of the circuit 

breaker which increases the cost of the bus-bar. 

1.5.3  Double Bus Single Breaker Arrangement 

This scheme has two main buses connected to each line circuit breaker and a bus tie 
breaker. Utilizing the bus tie breaker in the closed position allows the transfer of line 
circuits from bus to bus by means of the switches. This arrangement allows the operation 
of the circuits from either bus. In this arrangement, a failure on one bus will not affect the 
other bus. 

http://circuitglobe.com/wp-content/uploads/2016/07/sectionalized-single-bus-bar-system-compressor.jpg


  

 

 

Figure 1-5.  Doube Bus Single Breaker Arrangement 

 

The following steps may be taken while transferring the load from one bus to the other. 

These steps are; 

 Close the bus coupler so as to equalize the potential on the two buses. 

 Close isolators on the “destination” bus. 

 Open isolators on the “source” bus. 

The load is now transferred to the destination bus and the source bus is disconnected. 

 Advantages of Double Bus Single Breaker Arrangement 

 It ensures the continuity of supply in case of bus fault. When the fault occurs on one 

bus, the entire load can be shifted to the other bus bar. 

 Repair and maintenance can be carried out on either bus without interrupting the 

supply as the entire load can be transferred between the buses. 

 Each load can be supplied from either bus. 

 

 

http://circuitglobe.com/wp-content/uploads/2016/07/main-and-transfer-bus-arrangment-compressor.jpg


  

 

Disadvantages of Double Bus Single Breaker Arrangement 

 Relatively more expensive than the Single bus arrangement with sectionalizer 

arrangement due to the use of two bus bars. 

Relay protection for this scheme can be complex, depending on the system 

requirements, flexibility, and needs. 

 

1.5.3  Main and Transfer Bus Arrangement 

This scheme is arranged with all circuits connected between a main (operating) bus and 

a transfer bus (also referred to as an inspection bus). As a standard main and transfer 

arrangements operated include a bus tie breaker . 

Since all circuits are connected to the single, main bus, reliability of this system is not 

very high. However, with the transfer bus available during maintenance, de-energizing of 

the circuit can be avoided. They are operated with the transfer bus normally de-

energized.  

 

 

Figure 1-6.  Main and Transfer Bus Arrangement 

 



  

 

The following steps may be taken while transferring the load from the main to the transfer 

bus. These steps are; 

 Close the switches associated with the tie circuit breaker. 

 Close the switch that transfers the circuit to be maintained to the transfer bus. 

 Close the tie circuit breaker. 

 Open the main circuit breaker to be maintained and its associated switches. 

 

The element (transformer or transmission line) is now transferred to the transfer bus and 

protected by the tie circuit breaker. 

 Advantages of Main and Transfer Bus Arrangement 

 The cost of construction is relatively low.  

 Operational flexibility is higher than the single bus scheme due to the transfer bus and 

tie breaker . 

 

Disadvantages of Main and Transfer Bus Arrangement 

 Reliability is low. 

1.5.4  Double Bus Double Breaker Arrangement 

In such type of arrangement two bus bars and two circuit breakers are employed. This 

arrangement does not require any bus coupler and permits switch over whenever desired. 



  

 

 

Figure 1-7.  Double Bus Double Breaker Arrangement 

 

Advantages of Double Bus Double Breaker 

 This type of arrangement provides maximum reliability as faults are limited to affected 

elements. 

 There is increased Operational Flexibility (E.g No outage required on associated 

element for maintenance of switchgear) 

 

Disadvantages of double bus Double breaker 

 The cost of construction is high. 

 Their maintenance cost is also very high. 

Because of its higher cost, such type of scheme is seldom used in substations. 

1.5.5  Sectionalized Double Bus Bar Arrangement. 

In this type of bus arrangement sectionalized main bus bar is used with the auxiliary bus 

bar. In this arrangement, any section of the bus bar can be isolated for maintenance, while 



  

 

any section may be synchronized with any other through the auxiliary bus-bar. 

Sectionalization of the auxiliary bus bar is not required and would increase the cost. 

 

Figure 1-8.  Sectionalized Double Bus Arrangement 

 

1.5.6  One and a Half Breaker Arrangement 

In this arrangement, three circuit breakers are required for two circuits. The number of 

circuit breakers per circuit comes out to be one and a half. Such type of arrangement is 

preferred in large stations where power handled per circuit is large. 

http://circuitglobe.com/wp-content/uploads/2016/07/sectionalized-double-bus-bar-compressor.jpg


  

 

 

Figure 1-9.  One-and-a-Half Circuit Breaker Arrangement 

 

Advantages of One and a Half Breaker Arrangement 

 It provides large security against loss of supply as a fault in a bus will not interrupt the supply. 

 Increased Operational Flexibility (E.g No outage required for maintenance of circuit 

breakers)  

 

Disadvantages of One and a Half Breaker Arrangement 

 Cost of construction is very high. 

 Their maintenance cost is very high. 

1.5.7  Ring Main Arrangement 

In this arrangement, the end of the bus bars is returned upon themselves to form a ring. 

Hence it is called main ring arrangement. 



  

 

 

Figure 1-10. Ring Main Arrangement 

 

Advantages of Ring Main Arrangement 

 Provides great flexibility as each feeder is supplied by two paths. Hence the failure of 

supply does not cause any interruption of the supply. 

 The effect of fault is localized to that section alone and the rest of the section continues 

to operate. 

 A circuit breaker can be maintained without interrupting the supply. 

 

Disadvantages of Ring Main Arrangement 

 There are difficulties in expanding existing ring arrangements with additional 

elements. 

 There is the possibility of overloading of the circuits on the opening of any section of 

the breakers. 

 There is the necessity of supplying the potential to relays separately to each of the 

circuits. 

1.5.8  Mesh Arrangement 

In such type of arrangement, the circuit breakers are installed in the mesh formed by the 

buses. The circuit is tapped from the node point of the mesh. Such type of bus arrangement 

is controlled by four circuit breakers. 



  

 

 

Figure 1-11.  Mesh Arrangement 

 

When a fault occurs on any section, two circuit breakers have to open, resulting in the 

opening of the mesh. Such type of arrangement provides security against bus-bar fault but 

lacks switching facility. It is preferred for substations having a large number of circuits. 

  

http://circuitglobe.com/wp-content/uploads/2016/07/mesh-arrangement-compressor.jpg


  

 

 

 

 

M02 – TRANSFORMERS 

 
  



  

 

2.1  Objectives 

Through this module participant will be able to;  

 State the basic theories that is applied to the Transformer 

 List types of Transformers in practical use 

 Define various devices which are connected to transformer and its function.  

 

2.2  Introduction 

A power transformer is one of the most important and costly devices in electrical systems. 

Its importance is attributed directly to the continuity of power supply, since its loss 

through failure or defect means supply interruptions. This is a large piece of equipment 

whose substitution is expensive and involves a lengthy process. 

A transformer is a device that changes ac electric power at one voltage level to ac electric 

power at another voltage level through the action of a magnetic field.  Transformers 

provide much needed capability of changing the voltage and current levels easily.  They are 

used to step-up generator voltage to an appropriate voltage level for power transfer and 

stepping down the transmission voltage at various levels for distribution and power 

utilization.  

A transformer is a static piece of apparatus by means of which electrical power is 

transferred from one alternating current circuit to another .  

The primary and secondary coil wound on a magnetic core made up of silicon steel, 

laminated to reduce eddy and hysteresis current. The function of the core is to transfer the 

changing magnetic flux.  The transformer works on the principle of mutual induction.  

 

2.2.1  General Purpose Of Transformers 

The transformer is an electrical device without continuous moving parts in its basic design. 

By electromagnetic induction it transforms electrical energy from one or more circuits to 

one or more other circuits at the same frequency, usually with a change in voltage and 

current. Specially designed transformers can also affect a change in phase angle between 

input and output voltages. Distribution of electrical power would be impractical without 

this common but vital piece of electrical equipment. 



  

 

 

Figure 2-1. High Voltage Transformer 

 

 

2.3  Basic Transformer Principles  

A transformer consists of two or more windings linked by a magnetic circuit. The magnetic 

circuit usually takes the form of a laminated iron core. In most transformers there is no 

metallic or direct electrical connection between the windings. However, in an 

Autotransformer the two windings are connected in series. Autotransformer for power 

purposes are usually used for high voltage power transmission systems. 

This reference material will describe only the simple conventional two winding 

transformer. However, it is satisfactory for explaining basis principles. 

The transmission of power over varying distances requires that voltage levels should be 

kept high to minimise the I2R losses in the line. A transformer is used to raise the voltage 

from the generator for transmission and another transformer is used to reduce the voltage 

for distribution. 

The main purpose of the power transformer then is primarily to change AC power from 

one voltage level to another.  

The diagram below is the simplest form of a transformer. It has two windings on an iron 

core. 

http://www.trenchgroup.com/en/Products-Solutions/Instrument-Transformers/Capacitive-Voltage-Transformers
http://www.trenchgroup.com/en/Products-Solutions/Instrument-Transformers/Capacitive-Voltage-Transformers


  

 

 

Figure 2-2. Simplest form of Transformer 

 

The winding connected to the source of power is called the primary and the winding which 

supplies power to the load is called the secondary winding. 

When discussing a step-up transformer it is important to remember that the primary is on 

the low voltage side. The power is transmitted through the transformer by the magnetic 

core. 

If the primary winding is energized and the secondary winding is open circuited, no current 

can flow in the secondary. The primary winding then behaves as a simple induction coil on 

the core.  

The applied voltage Vp causes a current Ip to flow in the primary winding for the 

magnetization of the core. This current sets up the flux ø.    

  

When an alternating voltage is applied to the primary winding, the magnetic flux 

established in the core causes an electromotive force (emf) to appear across the coil and 

limit the flow of current to same level, depending on the voltage, frequency number of turns 

in the coil and the nature of the core material. This flux also links the secondary winding 

and induce a voltage across its terminals. 



  

 

The voltage across the secondary winding will vary directly with the voltage across the 

primary winding as the ratio of the number of turns in the secondary (Ns) to the number 

of turns in the primary (Np). This is called the Turns Ratio of the transformer. 

Example .  Turns ratio = Np/Ns 

If a load is connected across the secondary winding, current will flow in it, producing a 

magnetic flux, which by Lenz’s law, will oppose the main magnetic flux and so upset the 

balance. The primary will then draw more current from the line to increase the magnetic 

flux, thereby restoring the previous balance condition. The extra current which appears in 

the primary at this time flows because the reduced flux produces a reduced counter emf 

which is unable to balance out the line voltage. 

When the secondary winding is supplied with load, the secondary voltage will be lower 

than it was at no load because of the voltage drop due to the resistance of the transformer 

winding and leakage reactance. This reduction in voltage under load is called regulation. It 

is generally desirable for a transformer to have as low a regulation as possible to keep 

voltage fluctuation with load at a minimum. It is also desirable for the transformer to have 

a certain amount of reactance so that it will share load with other transformers and also 

limit fault current on the secondary side. 

 

Figure 2-3. Electromotive Force 

 

 

 



  

 

2.3.1  Magnetizing Inrush Current In Power Transformer 

When an electrical power transformer is switched on from the primary side with its 

secondary circuit open, it acts as a simple inductor. When electrical power transformer 

runs normally, the flux produced in the core is in quadrature with applied voltage as shown 

in the figure below. That means, flux wave will reach its maximum value, 1/4 cycle or π/2 

angle after reaching maximum value of voltage wave.  

Hence as per the waves shown in the figure, at the instant when, the voltage is zero, the 

corresponding steady state value of flux should be negative maximum. But practically it is 

not possible to have flux at the instant of switching on the supply to the transformer. This 

is because, there will be no flux linked to the core prior to switching on the supply. The 

steady state value of flux will only reach after a finite time, depending upon how fast the 

circuit can take energy. This is because the rate of energy transfer to a circuit cannot be 

infinity. So the flux in the core also will start from its zero value at the time of switching on 

the transformer.  

 

Figure 2-4.  Flux Wave in a Transformer 

 

2.3.2  Current Relationships – Transformer Capacity 

The current flowing in the primary and secondary windings varies inversely as the 

number of turns in the windings, this may be written .  Np/Ns = Is/Ip 

Restated.  primary ampere turns = secondary ampere turns if core and stray current loses 

are neglected, where “Ip” is the primary current and “Is” the secondary current. 

The voltage in the primary and secondary windings varies directly as the number of turns. 

This can be stated as .  Vp/Vs = Np/Ns = Is/Ip. 



  

 

Eliminating the turns from this equation.  then Vs × Is = Vp × Ip, which means the product 

of the secondary voltage times the secondary current equals the product of the primary 

voltage times the secondary current (neglecting core losses) 

 

2.4  Transformer Core Losses 

The ability of iron or steel to carry magnetic flux is much greater than it is in air, and this 

ability to allow magnetic flux to flow is called permeability. Most transformer cores are 

constructed from low carbon steels which can have permeability in the order of 1500 

compared with just 1.0 for air. This means that a steel laminated core can carry a magnetic 

flux 1500 times better than that of air. However, when a magnetic flux flows in a 

transformer’s steel core, two types of losses occur in the steel. One termed “eddy current 

losses” and the other termed “hysteresis losses”. 

 

2.4.1  Hysteresis Losses 

Transformer Hysteresis Losses are caused because of the friction of the molecules against 

the flow of the magnetic lines of force required to magnetize the core, which are constantly 

changing in value and direction first in one direction and then the other due to the influence 

of the sinusoidal supply voltage. This molecular friction causes heat to be developed which 

represents an energy loss to the transformer. Excessive heat loss can overtime shorten the 

life of the insulating materials used in the manufacture of the windings and structures. 

Therefore, cooling of a transformer is important. Also, transformers are designed to 

operate at a particular supply frequency. Lowering the frequency of the supply will result 

in increased hysteresis and higher temperature in the iron core. So reducing the supply 

frequency from 60 Hertz to 50 Hertz will raise the amount of hysteresis present and 

decrease the VA capacity of the transformer. 



  

 

 

Figure 2-5.  Hysteresis losses 

 

2.4.2  Eddy Current Losses 

Transformer Eddy Current Losses on the other hand are caused by the flow of circulating 

currents induced into the steel caused by the flow of the magnetic flux around the core. 

These circulating currents are generated because to the magnetic flux the core is acting like 

a single loop of wire. Since the iron core is a good conductor, the eddy currents induced by 

a solid iron core will be large. 

Eddy currents do not contribute anything towards the usefulness of the transformer but 

instead they oppose the flow of the induced current by acting like a negative force 

generating resistive heating and power loss within the core. 

 

 

Figure 2-6.  Eddy Current Losses 



  

 

2.5  Types And Application Of Transformers 

Many transformers are utilized in the transmission and distribution of power from the 

generator to the customer. These transformers may be classified according to their 

purposes. The following classification refers to the most common types of transformers 

which will be encountered. 

Transformers may be classified into five general categories. 

 Voltage Transformation.  

- Power Transformer              - Distribution Transformer 

 Voltage Regulation.  

- Regulation Transformer      - Step voltage 

- Induction Regulator              - Phase Shift 

 Current Regulator 

 Metering and Protection.  

- Instrument Transformers    - Current and Voltage Transformers 

- Grounding Transformers 

 Accessories 

 

Figure 2-7.  Shape of High Voltage Transformer 

 

https://www.google.co.kr/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi9rNaw6PbSAhUCTLwKHWB6DkkQjRwIBw&url=https://www.linkedin.com/pulse/types-construction-power-transformers-manuel-bolotinha&psig=AFQjCNGkmLXI76z5ImEAph2XHqEwO2rtrQ&ust=1490708586930111


  

 

2.5.1  Transformers For Voltage Transformation In Power Circuit 

These are transformers through which power flows from its point of generation until it 

reaches the customer. Pad mounted or pole type transformers are usually in the 5 to 150 

KVA class and they are used to supply retail customers. Pole type transformers are usually 

referred to as “distribution” transformers but they are in fact power transformers. 

 

2.5.2  Transformer For Regulation 

These transformers are capable of maintaining a circuit voltage within a desirable range. 

The primary winding is connected in parallel with the circuit to be regulated and the 

secondary winding in series with the circuit to be regulated. This automatically adds or 

subtracts voltage to maintain an approximate constant voltage of a desired magnitude on 

the output terminals. 

               

2.5.2.1  Regulating Transformer Or Step Voltage Regulator 

A regulating transformer or step voltage regulator is a transformer having one or more 

windings excited from the system circuit or a separate source and one or more windings 

connected in series with the system circuit for adjusting the voltage in steps, without 

interrupting the load.  

 

2.5.2.2  Phase Shifter 

A phase shifting transformer is a transformer which affects a shift in phase angle voltage 

between the input and output voltage. This shift in phase angle can usually be varied from 

0 to 120 degrees in either direction as the need demands and provides a means of 

controlling the transfer of power between two like systems by adjusting the load angle 

between the two systems. 

 

2.5.2.3  Induction-Voltage Regulator 

An induction regulator is an alternating current electrical machine, somewhat similar to an 

induction motor, which can provide a continuously variable output voltage. The induction 



  

 

regulator was an early device used to control the voltage of electric networks. Since the 

1930s it has been replaced in distribution network applications by the tapped transformer. 

Its usage is now mostly confined to electrical laboratories, electrochemical processes and 

arc welding. With minor variations, its setup can be used as a phase shifting power 

transformer. 

These transformers are capable of maintaining a circuit current within a desirable range. 

In circuits such as series street lighting it is important to maintain constant current 

regardless of supply voltage or resistance of the load circuit.  

This is achieved by a transformer in which the primary and secondary windings are formed 

side by side on a core. The windings are free to move closer or farther apart along the core, 

thus varying the magnetic coupling between the two. In practice, one winding is supported 

by a system of levers and adjustable weights so arranged that the correct current flows in 

the load when supply voltage is normal and resistance of load is normal.  

Should load resistance fall, or supply voltage rise, the current will momentarily increase. 

This increased current causes increased magnetic repulsion and the coils separate, 

decreasing the coupling between them. As a result of loss of magnetic coupling, voltage falls 

on secondary and consequently, current returns to norma1. This type of installation has 

pretty much a historical significance only. 

 

2.5.3  Transformer For Regulation Of Current 

The constant-current transformer, usually called a regulator, has a movable secondary 

winding that automatically changes position to provide constant current for any load 

within its full-load rating. The balance point between coil weight and magnetic force may 

be adjusted to provide the desired output current.  

This regulation transformer required for street lighting work. It consists of a fixed primary 

coil and a movable secondary coil on a laminated core. Voltage applied to the primary 

winding causes voltage to be induced in the secondary winding. 

2.5.4  Instrument Transformers For Metering And Protection 

Electrical instrument transformers transform high currents and voltages to standardized 

low and easily measurable values that are isolated from the high voltage. When used for 

metering purposes, instrument transformers provide voltage or current signals that are 



  

 

very accurate representations of the transmission line values in both magnitude and phase. 

These signals allow accurate determination of revenue billing.  

When used for protection purposes, the instrument transformer outputs must accurately 

represent the transmission line values during both steady-state and transient conditions. 

These critical signals provide the basis for circuit-breaker operation under fault conditions, 

and as such are fundamental to network reliability and security.  

Instrument transformers used for network control, supply important information for 

determining the state of the operating conditions of the network.  

2.5.3.1  Current Transformers 

Protection Current Transformers are designed to measure the actual currents in power 

systems and to produce proportional currents in their secondary windings which are 

isolated from the main power circuit. These replica currents are used as inputs to 

protective relays which will automatically isolate part of a power circuit in the event of an 

abnormal or fault condition therein, yet permit other parts of the plant to continue in 

operation. 

 

Figure 2-8. Free Standing Current Transformers 



  

 

 

Figure 2-9. Current Transformer 

 

2.5.4.2  Voltage Transformer 

Voltage transformer is also called as a potential transformer. It’s employed in electrical 

power system for stepping down the voltage of the system to some protected value which 

is often provided to low rating meters and relays. Commercially accessible relays and 

meters utilized for coverage and metering are prepared for low voltage, so the potential 

transformer is normally used for stepping down the voltage in distribution systems.   

http://www.trenchgroup.com/en/Products-Solutions/Instrument-Transformers/Inductive-Voltage-Transformers
http://www.trenchgroup.com/en/Products-Solutions/Instrument-Transformers/Inductive-Voltage-Transformers


  

 

 

Figure 2-10. Voltage Transformer 
 

  



  

 

2.5.4.3  Grounding Transformers 

A grounding transformer is a transformer that may be used on a delta system to provide a 

three-phase, four–wire system to supply a number of unbalanced single-phase power 

customers. It may also be used for ground protection. 

 

Figure 2-11. Grounding Transformer 

 

2.5.4.3.1 Grounding Transformer 

 

A grounding transformer is a transformer that is used on a delta system to provide source 

of ground current to a ground current relay in order to detect and clear ground faults on 

the system. 

 

2.5.4.3.2 Grounding/Station Service 

 

A power-grounding transformer is a transformer that may be used on a delta system to 

provide a three phase, four-wire system to supply a number of unbalanced single-phase 

power customers.  

 

2.5.5  Accessory Transformers 

 

An accessory transformer is a transformer especially designed to supply certain specified 

loads. There are many of these found in domestic, industrial and power systems such as 

ignition transformers, bell ringing transformers etc. 



  

 

2.6  Transformer Construction 

The construction of a simple two-winding transformer consists of each winding being 

wound on a separate limb or core of the soft iron form which provides the necessary 

magnetic circuit. 

 

2.6.1  Transformer Core 

This magnetic circuit, known more commonly as the “transformer core” is designed to 

provide a path for the magnetic field to flow around, which is necessary for induction of 

the voltage between the two windings. 

However, this type of transformer construction where the two windings are wound on 

separate limbs is not very efficient since the primary and secondary windings are well 

separated from each other. This results in a low magnetic coupling between the two 

windings as well as large amounts of magnetic flux leakage from the transformer itself. In 

addition to this “O” shaped construction, there are different types of “transformer 

construction” and designs which are used to overcome these inefficiencies producing a 

smaller more compact transformer. 

The efficiency of a simple transformer construction can be improved by bringing the two 

windings within close contact with each other thereby improving the magnetic coupling. 

Increasing and concentrating the magnetic circuit around the coils may improve the 

magnetic coupling between the two windings, but it also has the effect of increasing the 

magnetic losses of the transformer core. 

As well as providing a low reluctance path for the magnetic field, the core is designed to 

prevent circulating electric currents within the iron core itself. Circulating currents, called 

“eddy currents”, cause heating and energy losses within the core decreasing the 

transformer’s efficiency. 

These losses are due mainly to voltages induced in the iron circuit, which is constantly 

being subjected to the alternating magnetic fields setup by the external sinusoidal supply 

voltage. One way to reduce these unwanted power losses is to construct the transformer 

core from thin steel laminations. 

In all types of transformer construction, the central iron core is constructed from of a highly 

permeable material made from thin silicon steel laminations assembled together to 

provide the required magnetic path with the minimum of losses. The resistivity of the steel 

sheet itself is high reducing the eddy current losses by making the laminations very thin. 



  

 

These steel transformer laminations vary in thickness from between 0.25mm to 0.5mm 

and as steel is a conductor, the laminations are electrically insulated from each other by a 

very thin coating of insulating varnish or by the use of an oxide layer on the surface. 

 

2.6.1.1  Lamination Of Core 

 

Figure 2-12. Laminated Core of Transformer 

 

Eddy current losses within a transformer core cannot be eliminated completely, but they 

can be greatly reduced and controlled by reducing the thickness of the steel core. Instead 

of having one big solid iron core as the magnetic core material of the transformer or coil, 

the magnetic path is split up into many thin pressed steel shapes called “laminations”. 

The laminations used in a transformer construction are very thin strips of insulated metal 

joined together to produce a solid but laminated core as we saw above. These laminations 

are insulated from each other by a coat of varnish or paper to increase the effective 

resistivity of the core thereby increasing the overall resistance to limit the flow of the eddy 

currents. 

The result of all this insulation is that the unwanted induced eddy current power-loss in 

the core is greatly reduced, and it is for this reason that the magnetic iron circuit of every 

transformer and other electro-magnetic machines are all laminated. Using laminations in 

a transformer construction reduces eddy current losses. 

The loss of energy, which appears as heat due to both hysteresis and eddy currents in the 

magnetic path, is commonly known as “transformer core losses”. Since these losses occur 

in all magnetic materials as a result of alternating magnetic fields. Transformer core losses 

are always present in a transformer whenever the primary is energized, even if no load is 

connected to the secondary winding. 



  

 

Also these hysteresis and the eddy current losses are sometimes referred to as 

“transformer iron losses”, as the magnetic flux causing these losses is constant at all loads. 

Lamination stampings when connected together form the required core shape. For 

example, two “E” stampings plus two end closing “I” stampings to give an E-I core forming 

one element of a standard shell-type transformer core. These individual laminations are 

tightly butted together during the transformers construction to reduce the reluctance of 

the air gap at the joints producing a highly saturated magnetic flux density. 

Transformer core laminations are usually stacked alternately to each other to produce an 

overlapping joint with more lamination pairs being added to make up the correct core 

thickness. This alternate stacking of the laminations also gives the transformer the 

advantage of reduced flux leakage and iron losses. E-I core laminated transformer 

construction is mostly used in isolation transformers, step-up and step-down transformers 

as well as auto transformers. 

 

2.6.1.2  Transformer Core Types 

Generally, the name associated with the construction of a transformer is dependent upon 

how the primary and secondary windings are wound around the central laminated steel 

core. The two most common and basic designs of transformer construction are the Closed-

core Transformer and the Shell-core Transformer. 

In the “closed-core” type (core form) transformer, the primary and secondary windings are 

wound outside and surround the core ring. In the “shell type” (shell form) transformer, the 

primary and secondary windings pass inside the steel magnetic circuit (core) which forms 

a shell around the windings as shown below. 



  

 

 

Figure 2-13. Transformer Core Type 

  

In both types of transformer core design, the magnetic flux linking the primary and 

secondary windings travels entirely within the core with no loss of magnetic flux through 

air. In the core type transformer construction, one half of each winding is wrapped around 

each leg (or limb) of the transformers magnetic circuit as shown above. 

The coils are not arranged with the primary winding on one leg and the secondary on the 

other but instead half of the primary winding and half of the secondary winding are placed 

one over the other concentrically on each leg in order to increase magnetic coupling 

allowing practically all of the magnetic lines of force to go through both the primary and 

secondary windings at the same time. However, with this type of transformer construction, 

a small percentage of the magnetic lines of force flows outside of the core, and this is called 

“leakage flux”. 

Shell type transformer cores overcome this leakage flux as both the primary and secondary 

windings are wound on the same center leg or limb which has twice the cross-sectional 

area of the two outer limbs. The advantage here is that the magnetic flux has two closed 

magnetic paths to flow around external to the coils on both left and right hand sides before 

returning to the central coils. 

This means that the magnetic flux circulating around the outer limbs of this type of 

transformer construction is equal to Φ/2. As the magnetic flux has a closed path around 

the coils, this has the advantage of decreasing core losses and increasing overall efficiency. 

 



  

 

2.6.2  Transformer Winding Arrangements 

Transformer windings form another important part of a transformer construction, because 

they are the main current-carrying conductors wound around the laminated sections of the 

core. In a single-phase two winding transformer, two windings would be present as shown. 

The one which is connected to the voltage source and creates the magnetic flux called the 

primary winding, and the second winding called the secondary in which a voltage is 

induced as a result of mutual induction. 

If the secondary output voltage is less than that of the primary input voltage the 

transformer is known as a “Step-down Transformer”. If the secondary output voltage is 

greater than the primary input voltage it is called a “Step-up Transformer”. 

 

Figure 2-14. Transformer Winding 

 

The type of wire used as the main current carrying conductor in a transformer winding is 

either copper or aluminium. While aluminium wire is lighter and generally less expensive 

than copper wire, a larger cross sectional area of conductor must be used to carry the same 

amount of current as with copper so it is used mainly in larger power transformer 

applications. 

Small kVA power and voltage transformers used in low voltage electrical and electronic 

circuits tend to use copper conductors as these have a higher mechanical strength and 



  

 

smaller conductor size than equivalent aluminium types. The downside is that when 

complete with their core, these transformers are much heavier. 

Transformer windings and coils can be broadly classified into concentric coils and 

sandwiched coils. In core-type transformer construction, the windings are usually 

arranged concentrically around the core limb as shown above with the higher voltage 

primary winding being wound over the lower voltage secondary winding. 

Sandwiched or “pancake” coils consist of flat conductors wound in a spiral form and are so 

named due to the arrangement of conductors into discs. Alternate discs are made to spiral 

from outside towards the center in an interleaved arrangement with individual coils being 

stacked together and separated by insulating materials such as paper of plastic sheet. 

Sandwich coils and windings are more common with shell type core construction. 

Helical Windings also known as screw windings are another very common cylindrical coil 

arrangement used in low voltage high current transformer applications. The windings are 

made up of large cross sectional rectangular conductors wound on its side with the 

insulated strands wound in parallel continuously along the length of the cylinder, with 

suitable spacers inserted between adjacent turns or discs to minimize circulating currents 

between the parallel strands.  

 

2.6.3  Insulation 

The insulation used to prevent the conductors shorting together in a transformer is usually 

a thin layer of varnish or enamel in air cooled transformers. This thin varnish or enamel 

paint is painted onto the wire before it is wound around the core. 

In larger power and distribution transformers the conductors are insulated from each 

other using oil impregnated paper or cloth. The whole core and windings is immersed and 

sealed in a protective tank containing transformer oil. The transformer oil acts as an 

insulator and also as a coolant. 

 

2.6.4  TRANSFORMER DOT ORIENTATION 

We cannot just simply take a laminated core and wrap one of the coil configurations around 

it. We could but we may find that the secondary voltage and current may be out-of-phase 

with that of the primary voltage and current. The two coil windings do have a distinct 

orientation of one with respect to the other. Either coil could be wound around the core 



  

 

clockwise or anticlockwise so to keep track of their relative orientations “dots” are used to 

identify a given end of each winding. 

This method of identifying the orientation or direction of transformer windings is called 

the “dot convention”. Then transformer windings are wound so that the correct phase 

relations exist between the winding voltages with the transformers polarity being defined 

as the relative polarity of the secondary voltage with respect to the primary voltage as 

shown below.  

 
Figure 2-15.  Transformer Dot Orientation 

 

The first transformer shows its two “dots” side by side on the two windings. The current 

leaving the secondary dot is “in-phase” with the current entering the primary side dot. Thus 

the polarities of the voltages at the dotted ends are also in-phase so when the voltage is 

positive at the dotted end of the primary coil, the voltage across the secondary coil is also 

positive at the dotted end. 

The second transformer shows the two dots at opposite ends of the windings which means 

that the transformers primary and secondary coil windings are wound in opposite 

directions. The result of this is that the current leaving the secondary dot is 180o “out-of-

phase” with the current entering the primary dot. So the polarities of the voltages at the 



  

 

dotted ends are also out-of-phase so when the voltage is positive at the dotted end of the 

primary coil, the voltage across the corresponding secondary coil will be negative. 

Then the construction of a transformer can be such that the secondary voltage may be 

either “in-phase” or “out-of-phase” with respect to the primary voltage. In transformers 

which have a number of different secondary windings, each of which is electrically isolated 

from each other it is important to know the dot polarity of the secondary windings so that 

they can be connected together in series-aiding (secondary voltage is summed) or series-

opposing (the secondary voltage is the difference) configurations. 

 

2.6.5  Transformer Primary Tap Changes 

The ability to adjust the turns ratio of a transformer is often desirable to compensate for 

the effects of variations in the primary supply voltage, the regulation of the transformer or 

varying load conditions. Voltage control of the transformer is generally performed by 

changing the turns ratio and therefore its voltage ratio whereby a part of the primary 

winding on the high voltage side is tapped out allowing for easy adjustment. The tapping is 

preferred on the high voltage side as the volts per turn are lower than the low voltage 

secondary side. 

 

Figure 2-16. Transformer OLTC 

 

Some transformers may have two or more primary or two or more secondary windings for 

use in different applications providing different voltages from a single core. 



  

 

 

Figure 2-17.  Transformer Tap Change 

 

2.7  Transformer Accessories 

For providing long service life to the transformer, different transformer accessories get 

fitted with it. These transformer accessories should also be included in our study for better 

understanding of transformer operation and maintenance. 

 

2.7.1  Breather Of Transformer 

When the temperature changes occur in transformer insulating oil the oil expands or 

contracts and there an exchange of air also occurs when transformer is fully loaded. When 

transformer gets cooled, the oil level goes down and air gets absorbed within. 

This process is called breathing and the apparatus that the air passes through is called 

breather. Actually, silica gel breather controls the level of moisture, entering electrical 

equipment during the change in volume of the cooling medium and/or airspace caused by 

temperature increasing 

 

Figure 2-18.  Transformer Breather 

 



  

 

2.7.1.1  Conservator Tank Of A Transformer 

This is a cylindrical tank mounted on supporting structure on the roof of the transformer's 

main tank. When transformer is loaded, the temperature of oil increases and consequently 

the volume of oil in the transformer increases. Again; when ambient temperature is 

increased, the volume of oil is also increased. Conservator tank of a transformer provides 

adequate space for expansion of oil. Conservator of the transformer also acts as a reservoir 

of oil.  

 

Figure 2-19.  Transformer Conservator Tank 

 

 

2.7.2  Explosion Vent Of Transformer 

The purpose of the explosion vent in a transformer is to prevent damage of the transformer 

tank be releasing any excessive pressure generated inside the transformer. 

 

2.7.2.1  Construction Of Explosion Vent Of Transformer 

This is nothing but a bent pipe with thin aluminium diaphragms at both ends. A wire mesh 

is provided at lower end of the explosion vent to prevent the pieces of rutted diaphragm 

from entering the tank. A wire mesh is also provided at upper end of vent pipe to protect 

mechanical damages of upper diaphragm. Near the lower end, a small oil level indicator is 

provided to lower diaphragm ruptures; transformer oil rises in the vent pipe and is visible 

through the indicator indicating the failure of the lower diaphragm. If even after brushing 

the lower diaphragm, there is enough pressure and is not reduced, the upper diaphragm 



  

 

then bursts out to give way to release the inside pressure of transformer tank by thronging 

out oil and gases. In this way, explosion vent of transformer prevents mechanical damage 

to the transformer tank. Sometimes, upper portion of conservator tank is connected with 

explosion vent with an equalizer pipe with or without a valve.  

 

 

Figure 2-20.  Pressure Relief Valve 

 

2.7.3  Radiators 

Oil immersed transformer is always provided with radiator. In case of electrical power 

transformer, the radiators are detachable and transported separately to the site. The upper 

and lower portions of the radiator unit are connected with the transformer tank via valves. 

These valves are provided to prevent draining of oil during detaching a radiator unit from 

the transformer for cleaning and maintenance purposes. 

 

Figure 2-21.  Radiator 

 

2.7.3.1  Operation And Purpose Of Radiator In Transformer 

When transformer is in the loaded condition, the hot oil comes up in the main tank, and 

enters into the radiator tank through upper valve. As the heat transfer surface of the 



  

 

radiator is quite large, the oil gets cooled and enters into the transformer tank via lower 

valve of radiator units. The convectional flow of oil in the tank and radiator of transformer 

continues. The cooling effect of radiator can be accelerated by applying forced air to the 

radiator outer wall by air fans. 

 

2.7.4  Cooling System 

The load that a transformer carries without heat damage can be increased by using an 

adequate cooling system. This is due to the fact that a transformer's loading capacity is 

partly decided by its ability to dissipate heat. If the winding hot spot temperature reaches 

critical levels, the excess heat can cause the transformer to fail prematurely by accelerating 

the ageing process of the transformer's insulation. A cooling system increases the load 

capacity of a transformer by improving its ability to dissipate the heat generated by electric 

current. In other words, good cooling systems allow a transformer to carry more of a load 

than it otherwise could without reaching critical hot spot temperatures. One of the more 

common types of transformer cooling equipment is auxiliary fans. These can be used to 

keep the radiator tubes cool, thereby increasing the transformer's ratings. Fans should not 

be used constantly, but rather only when temperatures are such that extra cooling is 

needed. Automatic controls can be set up so that fans are turned on when the transformer's 

oil or winding temperature grows too high. 

 

Figure 2-22.  Transformer Cooling System 

 



  

 

 Dry-type transformers.   

For dry-type transformers, the area in which the transformer is to be installed should have 

proper ventilation. This ventilation should be checked prior to installation to make sure it 

is adequate. Additionally, the transformer's radiator vents should be kept clear of 

obstructions that could impede heat dissipation. 

 

 Forced air.  

 If the transformer's temperature is being kept at acceptable levels by forced air from a fan, 

the fan's motors should be checked periodically to make sure they are properly lubricated 

and operate well. The thermostat that ensures the motors are activated within the preset 

temperature ranges should be tested as well. 

 

 Water cooled systems.   

Systems that are cooled by water should be tested periodically to make sure they operate 

properly and do not leak. Leaks can be checked by raising the pressure within the cooling 

system, which can be done in various ways. If the cooling coils can be removed from the 

transformer, internal pressure can be applied by adding water. Otherwise, pressure checks 

can also be made using air or coolant oil, if the coils need to be checked within the 

transformer itself. If the cooling coils are taken out of the transformer, the water cooling 

system as a whole can be tested. Here, the coils are filled up with water until the pressure 

reaches 80 to 100 psi, and left under that pressure for at least an hour. Any drop in pressure 

could be a sign of a leak. The other equipment linked to a water-cooled system can be tested 

at the same time, such as the alarm system, water pump and pressure gauges. Also, the 

water source should be tested to make sure it has sufficient flow and pressure. 

 

 Liquid coolants.    

When oil coolants are prepared they are dehydrated, and processed to be free of acids, 

alkalis, and sulphur. They should also have a low viscosity if they are to circulate easily. If 

a transformer is cooled by oil, the dielectric strength of the oil should always be tested 

before the transformer is put into service. 

 

 

 



  

 

2.7.4.2  Types Of Cooling Systems 

For oil immersed transformers, the options for cooling systems are as follows.  

 

 Oil Immersed Natural Cooled (ONAN).  

 Here, both the core and the windings are kept immersed in oil. The transformer is cooled 

by the natural circulation of this oil. Additional cooling can be provided by radiators, which 

increase the surface area over which a large transformer can dissipate heat. 

 

 Oil Immersed Air Blast (ONAF).   

In this case air is circulated and the transformer cooled with the help of fans. Fans allow 

one to have a smaller transformer for a given rating, since not as much surface area is 

needed for heat dissipation. This in turn can cut costs. 

 

 Oil Immersed Water Cooled (ONWN).   

Here the transformer is cooled by an internal coil through which water flows. This method 

is feasible so long as there is a readily available source of a substantial amount of water, 

which is not always the case. This kind of cooling has become less common in recent years, 

abandoned in favor of Forced Oil Water Cooled (OFWF). 

 

 Forced Oil Air Blast Cooled (OFAF).   

In this case, cooling is accomplished in two ways. Oil circulation is facilitated by a pump, 

and fans are added to the radiators to provide blasts of air. 

 

 Forced Oil Natural Air Cooled (OFAN).  

 For this type of cooling, a pump is included within the oil circuit to aid in oil circulation. 

 

 Forced Oil Water Cooled (OFWF).  

Here, a pump within the oil circuit forces the oil to circulate out through a separate heat 

exchanger in which water flows. The most dependable type of cooling system for a 

transformer is the oil immersed naturally cooled (ONAN), which also produces the least 

noise. A forced-air cooled transformer (OFAF) is more efficient, but it is also noisier and 

less reliable on account of the possibility of fan malfunction. The method of forced cooling 

has been used for many years now to increase the loading capacities of transformers. A 



  

 

transformer's thermal performance can be directly improved by the implementation of 

cooling systems. Consequently, it makes sense to avoid excess heating and accelerated 

aging within a transformer by using the appropriate cooling system. 

 

 

Figure 2-23.  Transformer Cooling Fans 

 

2.7.5  Buchholz Relay  

The Buchholz relay working principle of operation is very simple. Buchholz relay function 

is based on very simple mechanical phenomenon. It is mechanically actuated. Whenever 

there will be a minor internal fault in the transformer such as an insulation fault between 

turns, break down of core of transformer, core heating, the transformer insulating oil will 

be decomposed in different hydrocarbon gases, Carbon dioxide (CO2) and Carbon mono-

oxide (CO). The gases produced due to decomposition of transformer insulating oil will 

accumulate in the upper part of the Buchholz container which causes fall of oil level in it.  

Fall of oil level means lowering the position of float and thereby tilting the mercury switch. 

The contacts of this mercury switch are closed and an alarm circuit energized. Sometime 

due to oil leakage on the main tank air bubbles may be accumulated in the upper part of 

the Buchholz container which may also cause fall of oil level in it and energize the alarm 

circuit.  

By collecting the accumulated gases from the gas relay release pockets on the top of the 

relay and analyzing them, one can predict the type of fault in the transformer.  



  

 

More severe types of faults, such as short circuit between phases or to earth and faults in 

the tap changing equipment, are accompanied by a surge of oil which strikes the baffle plate 

and causes the mercury switch of the lower element to close. This switch energizes the trip 

circuit of the circuit breakers associated with the transformer and immediately isolate the 

faulty transformer from the rest of the electrical power system by inter tripping the circuit 

breakers associated with both LV and HV sides of the transformer.  

 

Figure 2-24.  Buchholz Relay 

 

  



  

 

2.7.5.1  Buchholz Relay Operation Precaution  

The Buchholz relay may be actuated without any fault in the transformer. For instance, 

when oil is added to a transformer, air may get in together with oil, accumulated under the 

relay cover and thus cause a false buchholz operation. 

 

2.7.6  Tap Changer 

A tap changer is a mechanism in transformers which allows for variable turn ratios to be 

selected in discrete steps. Transformers with this mechanism obtain this variable turn ratio 

by connecting to a number of access points known as taps along either the primary or 

secondary winding. These systems usually possess 17 taps (one at center "Rated" tap and 

eight to increase and decrease the turn ratio) and allow for ±10% variation1 (each step 

providing 1.25% variation) from the nominal transformer rating which, in turn, allows for 

stepped voltage regulation of the output. 

Tap changers exist in two primary types, no load tap changers (NLTC) which must be de-

energized before the turn ratio is adjusted and on load tap changers (OLTC) which may 

adjust their turn ratio during operation. The tap selection on any tap changer may be made 

via an automatic system, as is often the case for OLTC, or a manual tap changer, which is 

more common for NLTC. Additionally, tap changers are often placed on the high voltage 

(low current) Transformer winding for easy access and to minimize the current load during 

operation. 



  

 

  

          Figure 2-25a.  Tap Changer                 Figure  2-25b.  Tap Diverter 

 

 Type of Tap selector 

 

 
Figure 2-26.  Tap Selector  



  

 

2.7.6.1  No Load Tap Changers 

Also called Off-Circuit Tap Changer, Off-Load Tap Changer, or De-Energized Tap Changer 

(DETC). 

No load tap changers are often utilized in situations in which a transformer's turn ratio 

doesn't require frequent changing and it is permissible to de-energize the transformer 

system. This type of transformer is frequently employed in low power, low voltage 

transformers in which the tap point often may take the form of a transformer connection 

terminal, requiring the input line to be disconnected by hand and connected to the new 

terminal. Alternatively, in some systems, the process of tap changing may be assisted by 

means of a rotary or slider switch. 

No load tap changers are also employed in high voltage transformers in which the system 

includes a no load tap changer on the primary winding to accommodate system variations 

within a narrow band around the nominal rating. In such systems, the tap changer will 

often be set just once, at the time of installation, although it may be changed later during a 

scheduled outage to accommodate a long-term change in the system voltage profile. 

 

2.7.6.2  On Load Tap Changers 

For many power transformer applications, a supply interruption during a tap change is 

unacceptable, and the transformer is often fitted with a more expensive and complex on 

load tap changing (OLTC, sometimes Load Tap Changer, LTC) mechanism. On load tap 

changers may be generally classified as mechanical, electronically assisted, or fully 

electronic. 

 A mechanical on load tap changer (OLTC), also known as under-load tap changer (ULTC) 

design, changes back and forth between tap positions.  

Tap changers typically use numerous tap selector switches which may not be switched 

under load, broken into even and odd banks, and switch between the banks with a heavy-

duty diverter switch which can switch between them under load. The result operates like 

a dual-clutch transmission, with the tap selector switches taking the place of the gearbox 

and the diverter switch taking the place of the clutch. 

 

  



  

 

 Switching Sequence of OLTC(Reversing tap selector) 

 

Figure 2-27. Switching Sequence 

 

Figure 2-28.  Switching Sequence 



  

 

 

Figure 2-29.  Switching Sequence 

 

Figure 2-30. Switching Sequence 

 



  

 

 

Figure 2-31.  Switching Sequence 

 

Figure 2-32. Switching Sequence 



  

 

 

Figure 2-33. Switching Sequence 

 

 

Figure 2-34. Switching Sequence 



  

 

 

Figure 2-35. Switching Sequence 

 

  



  

 

 

 

 

M03 – CIRCUIT BREAKERS 
 



  

 

3.1  Objectives 

Through this module participant will be able to;  

 Identify the definition of circuit breaker and its functions 

 Describe various types of circuit breaker and its characteristics 

 Properly operate circuit breaker and test it  

3.2  Introduction 

A circuit breaker is a mechanical switching device capable of carrying and breaking current 

under normal circuit conditions and also carrying for a specified time and breaking current 

automatically under specified abnormal circuit conditions such as short circuit. 

A circuit breaker is an apparatus in electrical systems that has the capability to, in the 

shortest possible time, switch from being an ideal conductor to an ideal insulator and vice 

versa.  

Furthermore, the circuit breaker should be able to fulfil the following requirements.  

 In the stationary closed position, conduct its rated current without producing 

impermissible heat rise in any of its components. 

 In its stationary positions, open as well as closed, the circuit breaker must be able to 

withstand any type of over-voltages within its rating 

 The circuit breaker shall, at its rated voltage, be able to make and break any possible 

current within its rating, without becoming unsuitable for further operation.  

3.2.1  Why do we need circuit breakers? 

The circuit breaker is a crucial component in the substation, where it is used for coupling 

of bus bars, transformers, transmission lines, etc. The most important task of a circuit 

breaker is to interrupt fault currents and thus protect electric and electronic equipment. 

The interruption and the subsequent reconnection should be carried out in such a way that 

normal operation of the network is quickly restored, in order to maintain system stability.  

In addition to the protective function, the circuit breakers are also applied for intentional 

switching such as energizing and de-energizing of shunt reactors and capacitor banks. 

For maintenance or repair of electrical equipment and transmission lines, the circuit 

breakers, together with the disconnectors, earthing switches or disconnecting circuit 

breakers with built-in disconnecting function, will ensure personnel safety. 



  

 

 

Figure 3-1.  Circuit Breakers 

 

3.2.2  Requirements of Circuit breaker.  

A circuit breaker is required to perform the following three duties.   

 It must be capable of opening the faulty circuit and breaking the fault current.  

 It must be capable of being closed on to a fault  

 Must be capable of carrying fault current for a short time while clearing the fault.  

 

Depending on the above duties the circuit breaker has three ratings.  

 Breaking capacity 

 Making capacity 

 Short time capacity.  

 

3.2.2.1  Breaking Capacity  

It is the current that a circuit breaker is capable of breaking at a given recovery voltage 

under specified conditions. The breaking capacity is always stated at the r.m.s value of fault 

current at the instant of contact separation. When a fault occurs there is considerable 

asymmetry in the fault current due to presence of d.c component. The d.c component dies 

away rapidly.  



  

 

3.2.2.2  Making Capacity  

The capacity of a breaker to make current depends upon its ability to withstand and close 

successfully against the effects of electromagnetic forces. These forces are proportional to 

the square of maximum instantaneous current on closing. So making capacity is stated in 

terms of a peak value of current. The peak value of current during the first cycle of current 

wave after the closure of circuit breaker is known as making capacity. To find making 

capacity multiply symmetrical breaking current by root 2 to convert from r.m.s to peak and 

then by 1.8 to include the doubling effect of maximum asymmetry. Making capacity = 2.55 

* symmetrical breaking capacity.  

3.2.2.3  Short Time Capacity  

Short time rating is the period for which the circuit breaker is able to carry fault current 

while remaining closed. The fault on the system of very temporary nature persist for 1 or 

2 sec after which the fault will be cleared, so the breaker should not be tripped in such 

situations. This means the circuit breakers should be able to carry high current safely for 

some specified period while remaining closed. i.e they should have short time rating. It 

depends on its ability to withstand electromagnetic force effects and temperature rise.  

3.3  Classification of circuit breakers 

Circuit breakers can be classified mainly by the insulating medium used for arc quenching.   

 Air circuit breakers  

 Oil circuit breakers   

 Sulphur hexafluoride (sf6) circuit breakers 

 Vacuum circuit breakers  

 CO2 circuit breakers. 

 

The development of circuit breakers outlined above has taken place over several years in 

order to meet two important requirements of the power system, which has progressively 

grown in size. For larger faults, the breaker should have larger breaking capacity and 

smaller interruption time.  

 



  

 

3.3.1  Air Blast Circuit Breaker  

3.3.1.1  Principle of Air Blast Circuit Breakers.  

The Air Blast Circuit Breaker is an external extinguishing energy type in which the high 

pressure air is employed for an arc extinction. The auxiliary compressed air system of an 

air blast circuit breaker is shown below.  

 

Figure 3-2.  Air Blast Circuit Breaker 

 

An auxiliary compressed air system of an air blast circuit breaker consists of a fixed contact 

and a moving contact, enclosed in an arc extinction chamber. Under normal operating 

conditions, both the contacts are closed. Whenever a fault occurs, high currents are induced 

which raises the temperature. When the air  enters into the arc extinction chamber the air 

pushes away the moving contact establishing an arc. The air inside the arc extinction 

chamber will have high pressure than the atmospheric pressure. The air blast cools the arc 

and sweeps away all the ionized gases along with it. Because of this, the dielectric builds 

up rapidly, between the contacts, which prevents the reestablishment of arc. Thus, the flow 

of current is interrupted. 

 



  

 

3.3.1.2  Two types of Air Blast Circuit Breakers  

 Axial Blast Air Circuit Breaker,  Cross Blast Air Circuit Breaker 

The difference between two types of Air Blast Circuit Breakers is just air flow direction 

with respect to the arc. In axial type, air flows in the direction of the arc. In cross blast, air 

flow direction is perpendicular with respect to arc. 

 

         Figure 3-3a.  Axial Blast Air Circuit Breaker     Figure 3-3b. Cross Blast Air Circuit Breaker 

 

 

3.3.1.3  Components of a typical Air Blast Circuit Breaker  

 

Figure 3-4.  Components of a Typical Air Blast Circuit Breaker 

 



  

 

(a)  Air Reservoir 

In air reservoir, the air of high pressure with an atmospheric pressure of 20-30 atm is 

stored.  

(b) Hollow Insulator Columns 

The hollow insulator columns are mounted on air reservoir with valves provided at base. 

It carries air from reservoir to an arc extinction chamber. 

(c) Double Arc Extinction Chamber 

The arc extinction chamber is mounted on the top of the hollow insulator columns. It 

consists of a fixed contact and a moving contact with a spring mechanism. Depending upon 

the pressure of air the moving contact opens (or) closes the air outlet valves. 

(d) Valves 

The purpose of valves is to supply the air from the air reservoir to hollow insulator columns 

and an arc extinction chamber(s). This happens when the valves are kept open. Similarly 

when the valves are closed it stops supplying the insulator columns and arc extinction 

chambers. 

(e) Current Carrying Conductors 

The current carrying conductors links all the arc extinction chambers in series and the 

poles of neighbouring equipment. 

 

3.3.1.4  Operation of Air Blast Circuit Breakers.  

When a breaker receives a signal, the rod connected to valves gets opened. During this 

instant the air enters into the hollow insulator column and further enters into arc 

extinction chambers. Because of high pressure in the arc extinction chamber, the pressure 

increases on the moving contact and becomes more than the spring pressure. Hence the 

contacts are separated. Because of high pressure on moving contact, it travels a short 

distance against the spring pressure and closes the air outlet valves. As a result, the high 

pressure air in the arc extinction chamber is not let out. However, at the arcing period the 

air goes out through the air outlet valves with all ionized gases.  

Later, if the valves are closed, then the air in the insulator column is let into the atmosphere, 

due to which the pressure on the moving contact is dropped to atmospheric pressure. 

Hence the moving contact closes over the fixed contact by virtue of its spring pressure.  

 

 



  

 

3.3.1.5  Advantages of Air-blast Circuit Breakers 

 Due to absence of oil in air-blast circuit breaker, risk of fire and maintenance of oil is 

eliminated. 

 Deterioration of oil is eliminated and the arcing products are completely removed. 

 Fast operation is possible and suitable for indoor installation. 

 Suitable for rapid reclosing at successive operation and has a very high rupturing 

capacity. 

  It is easily accessible. It has relatively less weight. 

 

3.3.1.6  Disadvantages of Air-blast Circuit Breakers 

 The construction of air-blast circuit breaker is very complicated. 

 Compressed air system consisting of electric motor, air compressors etc., are required 

for installation, which increases the cost. 

 They are very sensitive to variations in RRRV (Rate of Rise of Recovery Voltage). 

 Maintenance of plant requires highly trained personnel. 

 Cost of operation is high. 

 

3.3.2  Oil Circuit Breaker 

Oil circuit breaker is a type of circuit breaker which uses oil as a medium for arc extinction, 

the oil acts as an arc extinguishing medium and as an insulator between the live part and 

earth. When a  fault occurs in the system the contacts of the circuit breaker are open inside 

the insulating oil and the heat from the developed arc is evaporated in the surrounding oil.  

The oil circuit breaker is divided into two categories 

 Bulk Oil Circuit Breaker 

 Low Oil Circuit Breaker 
 

 

3.3.2.1  Construction of Oil Circuit Breaker 

Oil circuit breaker is very easy in construction. It consists of current carrying contacts 

enclosed in a strong, weather-tight earthed metal tank  filled with transformer oil.  

At the top of the oil, air is filled in the tank which acts as a cushion to control the displaced 

oil on the formation of gas around the arc and also to absorb the mechanical shock of the 

upward movement of oil. The breaker tank is securely bolted for carrying out the vibration 



  

 

caused on interrupting very high current. Oil circuit breaker consists gas outlet which is 

fitted in the tank cover for the removal of the gases. 

 

Figure 3-5.  Bulk Oil Circuit Breaker 

 

3.3.2.2  Working Principle of Oil Circuit Breaker 

During the normal operating conditions, the contacts of the oil circuit breaker are closed 

and carry the current. When the fault occurs in the system, the contacts of the breaker are 

opened and an arc is formed which decomposes the surrounding oil into hydrogen and 

carbon. The hydrogen gas, thus liberated, surrounds the arc cooling and extinguishing the 

arc. 

The oil circuit breaker is very reliable in operation and it is relatively cheap. The oil as an 

arc quenching medium has certain advantages and disadvantages 

 

3.3.2.3  Advantages of Oil as an Arc Quenching 

 The oil used in circuit breaker provides a small clearance between the conductors and 

the earth components. 

 The hydrogen gas formed in the tank has a high diffusion rate and good cooling 

properties. 

 

  



  

 

3.3.2.4  Disadvantages of Oil as an Arc Quenching 

 The oil used in oil circuit breaker is inflammable and hence is a fire hazard. 

 There is a risk of formation of explosive mixture with air. 

 Due to decomposition of oil in the arc, carbon particles generated reduces dielectric 

strength of the oil. 

  

3.3.3  Vacuum Circuit Breaker.  

The dielectric strength and interrupting ability of high vacuum is superior to those of 

porcelain, oil, air and SF6 at atmospheric pressure. Its construction is very simple as, 

compared to other circuit breakers.  

 

Figure 3-6.  Vacuum Circuit Breaker 

 

3.3.3.1  Structure of Vacuum Circuit Breaker 

Vacuum casing is evacuated to pressure of some 10-6 to 10-9 bar to achieve high dielectric 

strength. 

When contacts are separated in high vacuum, an arc is drawn between them. The arc does 

not take place on the entire surface of the contacts but only a few spots. The contact surface 

is not perfectly smooth. It has certain micro projections. At the time of contact separation, 

these projections form the last point of separation. The current flows through these points 

of separation resulting in the formation of a few hot spots, these spots emit electrons and 



  

 

act as cathode spots. Its enclosure is made up of insulating material such as, glass, porcelain 

or glass fibre reinforced plastic. The vapour condensing shield is made up of synthetic 

resin. Vacuum circuit breaker is now very popular for voltage rating up to 36kv. The main 

advantage of vacuum circuit breaker is it’s suitability for repeated operations, least 

maintenance, silent operation, long life etc. 

 

 

Figure 3-7.  Contacts of a Vacuum Circuit Breaker 

 

Figure 3-8.  Arc Extinction between Two Contacts 



  

 

3.3.4  SF6 Gas Circuit Breaker 

3.3.4.1  Brief history of SF6 breakers 

The first patents on the use of Sulphur hexafluoride (SF6) as an interrupting medium were 

filed in Germany in 1938 by Vitaly Grosse (AEG) and independently later in the United 

States in July 1951 by H. J. Lingal, T. E. Browne and A. P. Storm (Westinghouse). The first 

industrial application of SF6 for current interruption dates to 1953. High-voltage 15 kV to 

161 kV load switches were developed with a breaking capacity of 600 A. The first high-

voltage SF6 circuit-breaker built in 1956 by Westinghouse, could interrupt 5 kA under 115 

kV, but it had six interrupting chambers in series per pole. In 1957, the puffer-type 

technique was introduced for SF6 circuit breakers.  The first high-voltage SF6 circuit-

breaker with a high short-circuit current capability was produced by Westinghouse in 

1959. This dead tank circuit-breaker could interrupt 41.8 kA under 138 kV (10,000 MV·A) 

and 37.6 kA under 230 kV (15,000 MV·A).    

Sulphur hexafluoride (SF6) circuit breakers have greatly changed since they were first 

introduced in the mid-1950s, and several interrupting principles have been developed that 

have contributed successively to a large reduction of the operating energy. These breakers 

are available for indoor or outdoor applications. Current interruption in a high-voltage 

circuit-breaker is obtained by separating two contacts in sulphur hexafluoride (SF6), which 

has excellent dielectric and arc-quenching properties. After contact separation, current is 

carried through an arc and is interrupted when this arc is cooled by a gas blast of sufficient 

intensity.  Sulphur hexafluoride is generally used in present day high-voltage circuit-

breakers.  

 



  

 

 

 

 Figure 3-9.  Typical SF6 Breakers used in the NITS 

 

3.3.4.2  SF6 Gas 

(a) Preference for SF6 as an Arc Quenching Medium in Circuit Breakers 

Due to the following advantages associated with SF6 as an arc quenching medium relative 

to other media, it is the preferred interrupting medium despite its impact on the 

environment in respect of global warming. 

 Higher dielectric strength. 

 Nontoxic, non-flammable and noncorrosive. 

 Chemically stable with high breakdown strength. SF6 molecules provide excellent arc 

extinction during electrical operations which minimizes contact wear and 

maintenance. 

 Excellent thermal conductivity. High heat transfer permits lower operating 

temperatures. 

 Readily available in many commercial locations.    

 

 



  

 

 

(b) SF6 and the Ozone Layer 

SF6 does not deplete the ozone layer when released into the atmosphere. This is because 

SF6 does not contain chlorine atoms as do CFCs (chlorinated fluorocarbons).  

(c) SF6 and the Greenhouse Effect / Global Warming 

SF6 has been identified as a greenhouse gas. This means that SF6 is one of a group of gases 

which can absorb and re-radiate back to earth some of the earth's natural infrared 

radiation. Greenhouse gases are important to maintain the natural surface temperature of 

the earth. Some greenhouse gases (predominantly water vapor (H2O) and carbon dioxide 

(CO2)) are naturally occurring and some are the result of manmade processes (more CO, 

methane (CH), chlorinated fluorocarbons (CFCs), a substitute for Freon (HCFC-22), SF6 and 

others). The effect of absorbing and reradiating infrared radiation back to earth is termed 

the "greenhouse effect". The resultant increase in the earth's natural atmospheric 

temperature is termed "global warming". 

(d) Toxicity 

SF6 in both pure and commercial grades is physiologically inert. It has no adverse effects 

when inhaled at high concentrations (in air) or for prolonged-periods of time; however, 

SF6 contains no oxygen and therefore, like nitrogen, will not support life, making it unsafe 

to work with, in any unventilated atmosphere containing SF6. Furthermore, SF6 is heavier 

than air and will displace air in confined areas. 

3.3.4.3  Arc Extinction Process in SF6 Circuit Breakers 

 

Figure 3-10.  Arc Extinction in SF6 Breakers 



  

 

When CB is tripped to interrupt a short circuit current, the contacts start to separate 

anywhere in the current loop and an electric arc is established. After the contacts have 

parted mechanically, the current continues to flow between the contacts through the arc. 

Arc consists of extremely hot gas with a temperature of 5,000 to 20,000 K. This column of 

gas is fully ionized (plasma) and has an electrical conductivity. 

When the current reaches zero, the arc diameter decrease. Near zero of current, the gas has 

been cooled down to around 2,000 K and will no longer be ionized plasma, nor will it be 

electrically conducting. 

 

 

Figure 3-11.  Gas Flow Analysis 

 Recovery Voltage 

The voltage which appears across the terminals of a pole of CB after current interruption. 

The breaking operation is successful if the CB is able to withstand the TRV(transient 

recovery voltage) and power frequency recovery voltage 



  

 

 

Figure 3-12.  Recovery Voltage 

 

 TRV 

The TRV is a decisive factor that limits the interrupting capability. The withstand capability 

between contacts must always be higher than the TRV. The TRV is dependent on the circuit 

being interrupted, i.e. resistive, capacitive or inductive (or combination). When developing 

interrupters, manufacturers must prove the withstand capability with in respect of TRVs 

specified in the standards. 

 

 

Figure 3-13.  Dielectric Withstand Voltage Capability 

 

 



  

 

 Two requirements (phases) for Arc Extinction 

- Thermal phase.  the hot arc channel is cooled down to a temperature low 

enough that it ceases to be electrically conducting 

- Dielectric phase.  after the arc extinction, the insulation medium between 

contacts must withstand the rapidly-increasing recovery voltage which has a 

transient component caused by the system. 

If either of these two requirements is not met, the current continues to flow for another 

half cycle, until the next current zero is reached. If the Arc is not extinguished, the circuit is 

not opened electrically and the CB fails to interrupt current. 

 

3.3.4.4  Puffer Action Principle in SF6 Circuit Breakers 

Circuit breakers are constructed with a fixed contact and a movable contact in an 

interrupting chamber. Thus the movable contact moves either to close or open the circuit 

breaker. 

Puffer action involves a puffer cylinder moving against a fixed piston around the contacts. 

Gas in the puffer cylinder is compressed. This is released over the arc via nozzles into the 

arcing chamber. Flow of gas over the arc causes arc quenching. 

 

Figure 3-14.  Puffer Action Principle 



  

 

In the closed position of the circuit breaker, current is conducted from the upper current 

carrier to the lower current carrier via the main contacts and the puffer cylinder. On 

opening, the moving part of the main and arcing contacts, as well as the puffer cylinder and 

nozzle, are pulled toward the open position. It is important to note that the moving 

contacts, nozzle and puffer cylinder form one moving assembly. As the moving assembly is 

drawn toward the open position, the refill valve is forced closed and SF6 gas begins to be 

compressed between the moving puffer cylinder and the stationary piston. The first 

contacts to part are the main contacts. Parting the main contacts well before the arcing 

contacts ensures that any arc drawn will be between the arcing contacts and contained by 

the nozzle. When the arcing contacts part, an arc is drawn between the moving and 

stationary arcing contacts. As the arc flows, it to some degree blocks the flow of SF6 gas 

through the nozzle. Thus, the gas pressure in the puffer volume continues to increase. 

When the current waveform crosses zero, the arc becomes relatively weak. At this point, 

the pressurized SF6 gas flows from the puffer volume through the nozzle extinguishing the 

arc. 

In the open position, there is sufficient distance between the stationary and moving 

contacts to withstand rated dielectric levels. On closing, the refill valve opens so that SF6 

gas can be drawn into the puffer volume. Note that the SF6 gas pressure required for 

interruption is built up by mechanical means. Thus, circuit breakers using puffer 

interrupters require operating mechanisms with sufficient energy to overcome the 

pressure build up in the puffer volume to interrupt rated short circuit current while at the 

same time maintaining the contact speed required to withstand recovery voltage. 

 

Figure 3-15.  Arc Quenching in SF6 Breakers 



  

 

3.3.4.5  Puffer Assisted Thermal Expansion in SF6 Circuit Breakers 

 

 

 

Figure 3-16.  Hybrid Method 

 



  

 

3.3.5  Carbon Dioxide (CO2) Circuit Breakers 

In 2012 ABB presented a 75 kV high-voltage breaker that uses carbon dioxide as the 

medium to extinguish the arc. The carbon dioxide breaker works on the same principles as 

an SF6 breaker and can also be produced as a disconnecting circuit breaker. By switching 

from SF6 to CO2 it is possible to reduce the CO2 emissions by 10 tons during the product’s 

life cycle due to usage. 

3.4  Structural Categorization of Circuit Breakers 

Circuit breakers are structurally categorized as Dead Tank and Live Tank. 

3.4.1  Dead Tank Circuit Breaker. 

In a Dead-tank circuit breaker, the switching device is located, with suitable insulator 

supports, inside a metallic vessel at ground potential and filled with insulating mediumThe 

incoming and outgoing conductors are taken out through suitable insulator bushings and 

low voltage type current transformers are located at the lower end of both insulator 

bushings, i.e. at the line  and the load sides.  

 

3.4.2  Live Tank Circuit Breaker.  

In live-tank circuit breaker, the interrupter is located in an insulator bushing, at a potential 

above ground potential. The live-tank circuit breaker is cheaper but has no current 

transformer.  

 

Figure 3-17.  Live Tank and Dead tank type Circuit Breaker  



  

 

3.5  Rated characteristic of circuit breakers 

The rating of a circuit breaker denotes its capabilities under specified condition of use and 

behaviour. The following are generally based on the recommendation of IEC-60056.  "High 

Voltage Alternating Current Circuit-Breakers". The capabilities of a circuit breaker of a 

particular type are proved by conducting type tests as per the recommendations of the 

standards.  

 

3.5.1  Rated Voltage  

The rated voltage of a circuit-breaker corresponds to the higher system voltage for which 

the circuit breaker is intended. The rated voltage is expressed in kVrms and refers to phase 

to phase voltage for three phase circuit. The earlier practice of specifying the rated voltage 

of a circuit breaker as nominal system voltage is no more followed.  

3.5.1.1  Nominal system voltage  

A suitable approximate value of voltage used to designate or identify a system. 

 Ghana .  330 kV, 225 kV, 161 kV, 69 kV, 34.5 kV, 11.5 kV 

 Korea .  765 kV, 345 kV, 154 kV, 66 kV, 22.9 kV 

3.5.1.2  Highest (Lowest) voltage of a system  

 The highest (lowest) value of operating voltage which occurs under normal operating 

conditions at any time and at any point on the system excluding transient or abnormal 

conditions. 

3.5.1.3  Rated voltage for equipment  

Equal to the highest system voltage 

 

Table 3-1. Rated voltage for equipment 



  

 

3.5.2  Rated Insulation Level of C.B. 

The rated insulation level of a circuit breaker refers to.  

 The power frequency withstand voltage and  

 Impulse voltage withstand values which characterize the insulation of the circuit breaker.   

Power-frequency over voltages are due to regulation, ferranti effect, higher tap-setting, etc. 

The circuit breaker should be capable of withstanding the power frequency over-voltages 

which are likely to occur. These capabilities are verified by conducting power frequency 

voltage withstand tests and impulse voltage withstand tests. The circuit breaker is 

subjected to impulse over-voltage due to causes like lightning  and switching surges.  

During single-line to ground faults, the voltage of healthy lines to earth increases to √3 time 

the normal value in the system with isolated neutral. Hence higher values of insulation are 

recommended for circuit breaker connected in non-effectively earthed systems. The 

following insulations are provided in the circuit breaker .   

 Insulation between live parts and earth for each pole external and internal.  

 Insulation between poles.  

 Insulation between terminals of the same pole-external and internal. 

The design of these insulations depends upon the structural form of the circuit breaker and 

the rated insulation level desired. 

3.5.2.1  Rated Insulation Level 

 Rated power frequency withstand voltage 

   RMS value as per specified standard 

 Rated lightning impulse withstand voltage 

Peak value, Standard lightning impulse wave.  1.2 × 50 μs 

 Rated switching impulse withstand voltage 

Peak value, Standard switching impulse wave.  250 × 2,500 μs 

 

3.5.3  Rated Frequency   

The standard frequency for a three pole circuit breaker is the frequency of the power 

system The characteristics like normal current breaking capacity etc. are based on the 

rated frequency.  

The frequency of the current influences the circuit breaker behaviour as follows.    



  

 

 The temperature rise of current carrying parts and neighbouring metallic parts is 

influenced by eddy current heating. The increase in frequency results in increased eddy 

currents. Hence, with specified limits of the temperature rise the rated current of a 

circuit breaker needs de-rating for application on higher frequency.  

 The frequency corresponds to the number of current-zeros per second. Since the 

breaking time of the circuit breaker is associated with the time for half cycles during 

the arc extinguishing process, the breaking time is influenced by the frequency of 

current. The breaking time increases with reduction in frequency. 

 The increase in frequency influences the TRV and rate-of-rise TRV. Hence a circuit 

breaker designed and rated for a certain frequency cannot be recommended for other 

frequencies unless capabilities are proved for those frequencies. 

 Direct current (d.c) circuit breakers generally adopt a different principle of arc 

extinction and have different construction than a.c. circuit breaker  

 

3.5.4  Rated Normal Current 

The rated normal current of a circuit breaker is the r.m.s value of the current which the 

circuit breaker can carry continuously and with temperature rise of the various parts 

within specified limits. Preferred values of rated current in Amps are 1250, 1600, 2000, 

2500, 3150, and 4000.  

The design of contacts and other current carrying parts in the interrupter of the circuit 

breaker are generally based on the limits of the temperature rise. For a given cross-section 

of the conductor and a certain value of current, the temperature rise depends upon the 

conductivity of the material. Hence, high conductivity material is preferred for current 

carrying parts. The cross-section of the conductors should be increased for materials with 

lower conductivity. The use of magnetic materials in close circuits should be avoided to 

prevent heating due to hysteresis loss and eddy currents. The rated current of a circuit 

breaker is verified by conducting temperature rise tests.  

The r.m.s value is  the current which circuit breaker shall be able to carry continuously 

under specified conditions of use and behaviour. The values should be selected from the 

R10 series. 



  

 

 

Table 3-2. Rated Normal Current 

3.5.5  Rated Short Circuit Breaking Current  

The rated short circuit breaking current of a circuit breaker is the highest rms value of 

short circuit current which the circuit breaker is capable of breaking under specified 

conditions of transient recovery voltage and power frequency voltage. It is expressed in 

kArms at contact separation.  

The highest short-circuit current (r.m.s.) which the circuit breaker shall be capable  of 

breaking under the conditions of use and behaviour. The values should be selected from 

the R10 series. 

 

Table 3-3. Rated Short Circuit Breaking Current 

 

3.5.6  Rated short-circuit making current  

The peak current associated with the first major loop of the rated short-time withstand 

current which the CB can carry in the closed position.  

The values are.   

 Equal to 2.5 times rated short-circuit breaking current for rated frequency of 50 Hz 

 Equal to 2.6 times rated short-circuit breaking current for rated frequency of 60 Hz 



  

 

3.5.7  Rated duration of short-circuit  

The interval of time for which circuit breaker can carry, in the closed position, a current 

equal to its rated short-time withstand current 

 The standard value is 1 s 

 If it is necessary, 0.5 s, 2 s, 3 s are recommended 

 

 3.6  Operating Mechanism 

The main requirement of the operating mechanism is to open and close the contacts of the 

circuit breaker within a specified time. The operating mechanism shall provide the 

following consecutive functions.  

 Charging and storing of energy 

 Release of energy 

 Transmission of energy 

 Operation of the contacts 

A requirement common to most circuit breakers, regardless of the type of operating 

mechanisms, is to carry out an open-close-open (O - 0.3 s - CO) sequence with no external 

power supply to the operating mechanism. The circuit breaker shall, after a closing 

operation, always be able to trip immediately without intentional time delay. O - 0.3 s - CO 

- 3 min – CO. The time of 3 min is the time needed for the operating mechanism to restore 

its power after a O - 0.3 s - CO. Modern spring and hydraulic operating mechanisms do not 

need 3 min to restore their power.  As an alternative, IEC specifies that the time values 15 

s. or 1 min. can also be used. The dead time of 0.3 s is based on the recovery time of the air 

surrounding an external arc in the system (i.e. a short-circuit). Sometimes the operating 

sequence CO - 15 s - CO is specified. 

  



  

 

3.6.1 Circuit Breaker Operation Time Characteristics 

 

 
Figure 3-18.  Opening Time Characteristic 

 

 

 

Figure 3-19.  Closing Time Characteristic 



  

 

3.6.2  Circuit Breaker Operating Mechanism 

Circuit breakers operating mechanisms are conventionally designed to have adequate 

energy to hold the moving contact firmly against the fixed contact in the closed position 

and also have enough energy to separate the contacts with adequate speed to ensure arc 

quenching within a specified time period on opening.   

The energy storage means of choice for opening circuit breakers has been charged springs. 

However, the means of transmitting energy to keep circuit breaker contacts in place and 

charge the opening springs (energy storage) for the opening operation has been achieved 

via the following means.  

 Spring – Charged spring transmits energy to circuit breaker contacts through 

mechanical links and simultaneously charges the opening spring. Energy release is 

by latches driven by electrical coils (tripping coils). A trip signal causes the trip coils 

to magnetize and release a latch allowing the opening spring to release some of it’s 

stored energy. 

 Pneumatic - Compressed air at high pressure transmits energy to circuit breaker 

contacts through mechanical links and simultaneously charges the opening spring. 

Energy release is by latches driven by electrical coils (tripping coils). A trip signal 

causes the trip coils to magnetize and release a latch allowing the opening spring to 

release some of it’s stored energy. 

 Hydraulic - Oil at high pressure transmits energy to circuit breaker contacts through 

mechanical links and simultaneously charges the opening spring. Energy release is 

by latches driven by electrical coils (tripping coils). A trip signal causes the trip coils 

to magnetize and release a latch allowing the opening spring to release some of it’s 

stored energy. 

In all the above mechanisms, initial charging and re-charging when fully discharged is via 

electric motors. Conventional drives use electric motors to drive the energy charging 

system, either to directly tension springs or to drive pumps for pneumatic or hydraulic 

systems.   

Circuit breaker operating mechanisms are designed for single pole operation or three pole 

operation. For single pole operation, each pole has an independent operating mechanism 



  

 

whereas for three pole operation, a common operating mechanism operates all poles 

through a common mechanical link. 

3.6.2.1  Spring-operated mechanism 

In the spring mechanism, the energy for open and close operation is stored in springs. 

When the mechanism’s control system receives an open or close command, the energy 

stored in the spring will be released and transmitted through a system of levers and links 

and the contacts will move to the open or closed position. In most designs the closing spring 

has two tasks.  to close the contacts, and at the same time to charge the opening spring (or 

springs). Thus the criteria stated above are fulfilled; the circuit breaker in closed position 

is always ready to trip. After the O - 0.3 s - CO operation, the closing spring will be recharged 

by an electric motor, a procedure that lasts 10-20 seconds. The circuit breaker will then be 

ready for another CO (Close pen) operation.  

The advantage of the spring-operated mechanism is that the system is purely mechanical; 

there is no risk of leakage of oil or gas, which could jeopardize the reliability. A well-

balanced latching system provides stable operating times. Furthermore, the spring system 

is less sensitive to variations in temperature than pneumatic or hydraulic mechanisms are. 

This ensures stability even at extreme temperatures. The spring mechanism has fewer 

components than hydraulic and pneumatic mechanisms, which improves its reliability. 

 

Figure 3-20.  Spring Operated  Mechanism 



  

 

 

Figure 3-21.  Spring Operated 3D Mechanism 

 

3.6.2.2  Pneumatic-operated Mechanism 

The pneumatic-operated mechanism uses compressed air as energy storage, and 

pneumatic cylinders for operation. Solenoid valves allow the compressed air into the 

actuating cylinder for closing or for opening. The compressed-air tank is replenished by a 

compressor unit. The use of pneumatic operating mechanisms is decreasing. Due to the 

high operating pressure, there is always a risk of leakage of air, particularly at low 

temperatures. There is also a risk of corrosion due to humidity in the compressed air. 

 

Figure 3-22.  Pneumatic-Operated Mechanism 



  

 

 

Figure 3-23.  Pneumatic-Operated Mechanism 

 

3.6.2.3  Hydraulic-operated mechanism 

The hydraulic mechanism usually has one operating cylinder with a differential piston. The 

oil is pressurized by a gas cushion in an accumulator, and the operating cylinder is 

controlled by a main valve. The hydraulic mechanism has the advantages of high energy 

and silent operation. 

However, there are also some disadvantages. There are several critical components which 

require specialized production facilities. The risk of leakage cannot be neglected as the 

operating pressure is in the range of 30-40 MPa (300-400 bar). It is necessary not only to 

check the pressure as such but also to supervise the oil level in the accumulator or, in other 

words, the volume of the gas cushion. Large variations in temperature lead to variations in 

operating time.  

Until recently several manufacturers used hydraulic mechanisms for their SF6 circuit 

breakers. However, with the introduction of self-blast circuit breakers, the requirement of 

high energy for operation is decreasing and the hydraulic mechanisms are losing ground 

to spring-operated mechanisms. 



  

 

 

Figure 3-24 .  Hydraulic-Operated Mechanism 

 

 

Figure 3-25 .  Hydraulic-Operated Mechanism 



  

 

3.7  Testing Circuit Breakers 

The design of the insulation system for switchgear is based upon a predetermined life 

expectancy. (about 30 years for metal-enclosed switchgear).  However, environmental 

conditions such as dirt, moisture, and corrosive atmosphere can shorten the design life.  

Moisture combined with dirt is the greatest deteriorating factor for insulation systems 

because of leakage and tracking, which will result in eventual failure. 

Therefore, it is important to maintain the circuit breaker insulation and to chart its 

condition by routine maintenance testing. 

Proper functioning of a breaker is reliant on a number of individual components that have 

to be calibrated and tested at regular intervals. The trigger for maintenance testing 

intervals differs greatly between utilities but the intervals are often based on time since 

last test, number of operations, or severity of fault current operations. Environmental 

considerations such as humidity and temperature, whether the breaker is located in a 

desert or coastal region, also play into the maintenance scheme. 

Mechanical wear and lubrication often affects the performance of breakers, so being able 

to trend  critical parameters and compare these with factory thresholds helps to verify 

proper breaker functionality. 

 

Circuit Breakers are factory tested (routine testing) before delivery, tested again on site 

(field tests) after installation (commissioning tests), and periodically after that, 

(maintenance tests) until the end of its life. Field tests are conducted to.  

 See whether newly installed equipment has been damaged,   

 Check condition of new equipment before energisation.  

 Indicate whether any corrective maintenance or replacement is necessary on existing 

equipment  

 Indicate if equipment can continue to perform its design functions safely and 

adequately,   

 Chart the gradual deterioration of equipment over its service life, 

 

In view of these Objectives, the electrical testing of equipment can be divided into the 

following.  

 Types of tests  

 Types of testing methods 



  

 

3.7.1  The types of tests 

 Acceptance Tests,  

 Routine Maintenance Tests,   

 Special Tests that are conducted for Specific Purposes. 

 

3.7.1.1  Acceptance Tests  

These tests are known as start-up tests and are performed on new equipment usually after 

installation and prior to energisation, test repeated within a year that is before the 

warranty period expires, are referred to as proof tests. Tests of this type are made at 80-

percent of the final factory test voltage value. They are run to determine the following.  

 Whether the equipment is in compliance with specification  

 To establish a bench mark for future tests  

 To determine that the equipment has been installed without damage  

 To verify whether the equipment meets its design intent and limit. 

 

3.7.1.2  Routine Maintenance Tests  

These tests are performed at regular intervals over the service life of the equipment. They 

are made concurrently with preventive maintenance and at 60 percent of the final factory 

test voltage value. In the course of routine maintenance tests, it is very helpful to record 

the information as it is found on the equipment and to also record the condition in which 

the equipment is left.  Therefore, these tests can be further subdivided into the following.  

 As-found tests .    

These tests are performed on equipment on receipt or before maintenance work is done. 

 As-left tests .    

These tests are performed after maintenance has been performed and just before re-

energisation.  They can indicate the degree of improvement in the equipment and serve as 

a benchmark for comparison for future tests. 

 

3.7.1.3  Special Maintenance Tests  

These tests are performed on equipment that is known to be defective or has been 

subjected to adverse conditions that may affect its operating characteristics. An example 



  

 

might be the fault interruption by a circuit breaker, which requires inspection, 

maintenance, and tests before it can be put back into service.  

 

3.7.2  Types of Testing Methods  

The testing of electrical power system equipment involves checking the insulation system, 

electrical properties, and other factors as they relate to the overall operation of the power 

system.  Therefore, testing of electrical equipment can be divided into the following types.  

 Insulation Testing  

− Solid Insulation    

− Liquid Insulation  

− Gaseous Insulation 

 Protective device testing  

 Circuit breaker time-travel analysis  

 Circuit breaker contact resistance test  

 Grounding electrode resistance testing  

 Fault gas analysis testing  

 Infrared inspection testing 

 

Insulation can be solid, liquid, or gaseous dielectric materials that prevent the flow of 

electricity between points of different potential.  Insulation testing is done to determine 

the integrity of the insulating medium.  This usually consists of applying a high potential 

voltage to the sample under test and determining the leakage current that may flow under 

test conditions.  Excessive leakage current flow may indicate a deteriorated condition or 

impending failure of the insulation. The electrical switchgear may be tested with ac or dc 

voltage.  Before conducting any other tests, an insulation resistance test should always be 

conducted first to determine if it is safe to conduct other higher voltage tests.  These tests 

are listed and discussed next. 

 Insulation resistance test  

 DC or AC high-potential test  

 Power factor or dielectric loss test 

 



  

 

3.7.2.1 AC Voltage Tests  

The alternating current (ac) voltage tests are ordinarily conducted in the field for 

acceptance (start-up) and routine field (maintenance) testing of insulation of electrical 

equipment and apparatus.  For the purpose of conducting these tests, the question might 

be asked, why conduct ac voltage tests?  The answer is obvious because the equipment to 

be tested is normally energised with ac voltage; therefore testing with the same type of 

voltage that the equipment sees in service provides the best information on the condition 

of that equipment.  By applying an ac voltage test potential across a series of insulations 

(insulation system), the voltage drop across each layer of insulation and the resulting 

measured losses can be equated to true operating conditions.  The voltage drop is 

proportional to the dielectric constant of the insulation layers.  The ac voltage tests can be 

classified into the categories as given below.  

- Power factor and dissipation factor  

- AC high potential tests  

- One-tenth hertz frequency  

- AC series resonant  

- Induced voltage 

The a.c tests can be classified as destructive and non-destructive tests.  The Power Factor 

(PF) and Dissipation Factor (DF) tests are considered to be non-destructive since the test 

voltages used do not normally exceed line-to-neutral voltages of the equipment being 

tested.  The basic principle of the non-destructive testing is the detection of a change in the 

measurable characteristics of an insulation that can be associated with the effects of 

contaminants and destructive agents without overstressing the insulation.     

The a.c High Potential, One-Tenth Hz, and ac Series Resonant tests are classified as 

destructive since the test voltages associated with these tests are higher than operating 

voltages which overstress the insulation.  The effects of repeated high voltage tests on an 

insulation are cumulative, and these tests normally should not be used for field 

maintenance except for special investigations or for acceptance testing.  The Induced 

Voltage test is primarily conducted at the factory during manufacturing of electrical 

apparatus and equipment.  However, for special investigations, this test may be conducted 

in the field but will require special test equipment and set-up. We therefore want to 

concern ourselves exclusively with Power Factor and Dissipation Factor testing methods. 



  

 

3.7.2.2 DC Voltage Tests  

The DC testing of electrical switchgear and circuit breakers involves the following.  

- Insulation resistance measurement test  

- DC high-Potential test  

- Circuit breaker contact resistance test 

 

3.7.3  Safety Rules 

Bad things can happen – Safety First! There are many things to consider when testing a HV 

circuit breaker, but first and foremost, it is essential to think about safety. Always.  

 Make sure the breaker is isolated and grounded 

 Disconnect the breaker control circuit from test equipment before performing work on 

the breaker  

 Observe polarity  

 Use touch-proof connectors  

 Connect the ground to the test equipment  

 Comply with local safety regulations  

 Exercise care before operating a breaker 

 

3.7.4  Test Equipment  

 Micro-ohmmeters  

 Breaker analyzers  

 Power supplies   

 Vacuum testers  

 High current sources  

 

Software including capability to do the following.   

 Set user defined parameters  

 Create databases   

 Generate reports  

 Analyze data   

 Create graphical presentations 

 



  

 

3.7.5  What to Test - Definitions   

There are fundamental differences between timing, travel, motion, velocity, and 

acceleration. The differences need to be explained before going any further. Timing - The 

time measurement of the mechanical operations in order to verify its integrity and good 

working order. Mechanical operation means all operation or cycle of operation the breaker 

is intended to do without being connected to the power grid. It is most often measured in 

milliseconds (ms) but it is occasionally measured in cycles. Note the value of a cycle is 

different depending on what region of the world you are in i.e. 50Hz or 60Hz network.  

 

 Close Time - The time it takes from the moment a circuit breaker receives a close pulse 

until the main contact touches.  

 Open Time - The time it takes from the moment a circuit breaker receives an open 

pulse until the main contact separates. This is also referred to as Trip Time.  

 Close-Open Time - The time it takes from the initial touch of the main contact until the 

main contact separates. This is commonly referred to as Trip-Free Time or Contact 

Dwell Time. 

 Open-Close Time - The time it takes from contact separation until the contact touches 

again. This is often referred to as Reclose time.   

 Travel - The travel trace indicates the instantaneous position of the circuit breaker 

contacts during an operation. The travel trace is a bi-directional linear movement 

traveling back and forth between the open and closed positions. Travel is measured in 

millimeters.  

 Velocity - Measured in meters per second (m/s). It is calculated from the slope of the 

travel trace. This is the speed at which the main contacts travel. 

 Acceleration - This is the rate of change of velocity of the contacts. Electrical testing 

can reveal much information about the health of the High Voltage Breaker.    

 

There are several electrical parameters that need to be tested on these breakers including 

the following.    

 Timing Measurements - Timing of the contacts can include the main contacts, pre-

insertion or post-insertion resistors, and auxiliary contacts. Timing of the contacts can 

be as simple as a single break per phase or as complicated as 12-breaks per phase. 



  

 

 Coil Measurements - Coil measurements can be recorded on both close and trip coils. 

If the breaker is gang operated then you will have one trip coil and one close coil 

operating all three phases. If the breaker is an IPO (Independent Pole Operation) 

breaker then you will have a separate close coil for each phase and a separate open coil 

for each phase. 

 Travel Measurements - Travel measurements include stroke, speed, damping, and 

penetration of the main contacts. 

 Minimum Trip Voltage - Under normal conditions the breaker should be operated at 

a standard control voltage but the breaker is designed to operate at a minimum voltage 

level as well. This test will allow the operator to verify that the breaker coil is operating 

correctly by injecting a variable coil voltage and observing whether the breaker 

maintains proper trip characteristics within acceptable levels of control voltage. 

 Contact Resistance - Contact resistance tests provide information about how healthy 

the contacts are and their ability to handle their rated current. The maximum contact 

resistance should be verified against manufacturers’ specifications. Rated current 

should not be exceeded and testing at 10% of the rated current is recommended. The 

minimum DC test current should be used according to manufacturers’ specification; 

however, the IEC and ANSI recommended levels are.   50 A (IEC 60694); 100 A (ANSI). 

Contact resistance tests are commonly referred to as a Ductor, micro-ohmmeter, static 

resistance or DLRO (Digital Low Resistance Ohm Meter) test. 

Static Contact resistance is measured by injecting a DC current through the breaker or 

device under test and measuring the voltage drop. A four wire measurement method 

is used. The breaker must be in the closed position. Static resistance is measured to 

reduce switchgear breakdowns caused by high contact resistances across bus bar 

joints, breaker contact points and isolators. If low resistance readings are obtained 

when testing the breaker contact resistance using a low current, then it is 

recommended to re-test the contacts at a higher current. Why would we benefit using 

a higher current? A higher current will have the ability to overcome connection issues 

and oxidation on terminals, where a lower current may produce false (higher) readings 

under these conditions. 

 

 

 



  

 

3.7.6 Dynamic Resistance 

The arcing contact is the metal rod (copper, tungsten, etc.) that is inserted into the nozzle 

and is designed to take the brunt of the arcing during close and open operations. The ring 

around the arcing contact is the main contact (silver, silver plated copper, etc.) and it 

functions to carry the load while the breaker is in the closed position. The arcing contact is 

the first to make contact during a close operation and the last to break contact during an 

open operation. The arcing contact wears by normal operation as well as when breaking 

short-circuit currents. If the arcing contact is too short or otherwise in bad condition, then 

the breaker soon becomes unreliable. Main contact surfaces can be deteriorated by arcing 

resulting in increased resistance, excessive heating and in worst-case explosion. 

The main contact resistance is measured dynamically over an open or close operation and 

the arcing contact length can be reliably estimated. The only real alternative in finding the 

length of the arcing contact is dismantling the circuit breakers arcing chamber. Reliable 

interpretation requires high test current and a circuit breaker analyzer with good 

measurement resolution. Dynamic resistance measurement, commonly known as “DRM” 

is a test method used as a diagnostic and analysis tool. It is a comparative test and as such 

will not necessarily yield results the first time it is performed. The measurement is 

performed by injecting current through the breaker and simultaneously monitoring the 

voltage drop as well as current flow during the operation of the breaker. From these two 

parameters a resistance value can be calculated. As the breaker starts to move, the 

resistance increases slightly. When the main contacts part, there is a spike in the resistance 

curve and now the arcing contact resistance can be measured. When the resistance goes to 

infinity or current flow stops the breaker is open.   

When a motion trace is overlaid onto the resistance trace, the actual length of the arcing 

contact can be determined. Monitoring the length of the arcing contact and the resistance 

of the arcing contact can give you insight into the health of the interrupter without opening 

up the breaker. DRM can also be used as a timing measurement in certain applications 

when it is not possible to disconnect both sides of ground connections to the breaker. 

Potential problems to detect.   

 Measure shortening of the arcing contacts  

 Determination of the length of the arcing contact  

 Increased resistance of arcing contact. 

 



  

 

3.7.7  Timing 

Accuracy and Consistency Variations in times obtained do not always indicate problems on 

the breaker. It’s important to take into account variations in ambient temperature, 

previous method of testing and the type of equipment used. 

 

3.7.7.1  Timing within single phases  

Simultaneous measurements within a single phase are important in situations where a 

number of contacts are connected in series. Here, the breaker becomes a voltage divider 

when it opens a circuit. If the time differences are too great, the voltage becomes too high 

across one contact, and the tolerance for most types of breakers is less than 2 ms. 

 

3.7.7.2  Timing between phases  

The upper limits of timing between phases is approximately 5-7 ms, provided that the 

breaker is not equipped with synchronized tripping. Always consult the manufactures 

specifications when setting limits. 

 

3.7.7.3  Timing main/auxiliary contacts 

Circuit breakers use auxiliary contacts to determine what state the breaker is in and to 

control current flow in the control circuitry. Circuit breakers have two types of auxiliary 

contacts, “a” contacts and “b” contacts. The “a” contacts, which are found in the open control 

circuitry, follow the state of the breaker i.e. if the breaker is closed, the “a” contacts are 

closed and if the breaker is open, the “a” contacts are open. The “b” contacts, which are 

found in the close control circuitry, have the opposite state of the breaker i.e. when the 

breaker is closed, the “b” contacts are open and when the breaker is open, the “b” contacts 

are closed. The auxiliary contacts always lag the main contacts of the circuit breaker. As an 

example, let’s discuss an open operation for the circuit breaker. The breaker starts in the 

closed position therefore the “a” contacts are closed and the “b” contacts are open. An open 

pulse is sent through the control circuitry and is flowing through the “a” contacts. The coil 

is energized and it releases the trip latch that releases the spring energy in order to trip the 

breaker. Once the breaker changes to the open state, the auxiliary contacts quickly change 

state as well. When the “a” contacts switch from closed to open position, the coil is no longer 

being energized and it quickly discharges. There are no generalized time limits for the time 



  

 

relationships between main and auxiliary contacts, but it is still important to understand 

and check their operation. 

 

3.7.7.4  Potential problems that can be detected  

Closing times in spring-actuated breakers are directly related to the potential energy in the 

spring mechanism. Increasing or decreasing operating times tends to indicate changes in 

the amount of energy used by the linkage driving the main and auxiliary contacts. Increased 

friction will consume part of the spring’s energy. Time differences between phases with 

separate operating mechanisms could indicate differences in individual operating 

mechanism settings, imminent mechanism failure, internal chamber faults developing on 

a particular phase or be an indication of faulty actuating coils on a particular mechanism. 

Time differences between phases with a common operating mechanism could indicate 

internal faults on main and/or secondary contacts on a particular phase. 

 

3.8.0  Coil Current Measurement  

 

Figure 3-26.  Coil Current Measurement  

This is a good diagnostic measurement tool to detect potential electrical and/or mechanical 

problems in the actuating coils. Specific parts of the mechanism that will be checked are 

the trip coil, the close coil and the auxiliary contacts. 

 Time t0 - It is the time when the operating voltage is applied to the coil. If the voltage 

is temporarily interrupted for some reason, for example a bouncing contact in the 

supply source, the coil will be de-energized and the coil current will drop. As a result 



  

 

the operating time of the breaker will be increased due to uncontrolled fluctuations in 

the test device.  

 Time t1 - It is the time when the latch of the coil begins to move. As a result the rate of 

rise of the current will change due to the change of inductance in the circuit.  

 Time t2 - The time when the latch has stopped moving or slightly later. If the drop off 

of the current has been sharp as a result of a fast moving latch, the dynamic delay of 

the current drop might cause a minor delay in time t2 in comparison with the stop time 

of the latch.  

 Time t2 to t3 - The rate of rise of current between t2 and t3 depends on the electrical 

characteristics of the coil.  

 Time t4 - At time t4 the auxiliary contact breaks the DC supply to the coil, which de-

energizes down to zero. The peak value of the first, lower current peak is related to the 

fully saturated coil current (max current), and this relationship gives an indication of 

the spread to the lowest tripping voltage. If the coil were to reach its maximum current 

before the armature and latch started to move, the breaker would not be tripped. It is 

important to note, however, that the relationship between the two current peaks 

varies, particularly with temperature. This also applies to the lowest tripping voltage. 

 

  



  

 

3.8.1 Travel Motion 

 

Figure 3-27.  Motion Curve 

A high-voltage breaker is designed to interrupt short-circuit current in a controlled 

manner. This puts great demands on the mechanical performance of all components in the 

interrupter chamber as well as the operating mechanism. It has to operate at a specific 

speed in order to build up adequate pressure to allow for cooling stream of air, oil or gas 

(depending on the type of breaker) to extinguish the arc that is generated after the contact 

separation until the next zero-crossing. It is important to interrupt the current to prevent 

a re-strike. This is accomplished by making sure that the contacts move apart far enough 

from each other before the moving contact has entered the so called damping zone. The 

contact travel motion is captured by connecting a travel transducer on the moving part of 

the operating mechanism. The motion is presented as a curve where distance vs. time 

allows for further analysis. Speed is calculated between two points on this motion curve. 

The upper point is defined as a distance in length, degrees or percentage of movement 

from.   a) the breaker’s closed position, or b) the contact-closure or contact-separation 

point. 

The time that elapses between these two points ranges from 10 to 20 ms, which 

corresponds to 1-2 zero-crossovers. The distance the breaker has to travel in which the 

electric arc must be extinguished is usually called the arcing zone. From the motion curve, 



  

 

a velocity or acceleration curve can be calculated in order to reveal changes in the breaker 

mechanics that may affect the breakers operation. Damping is an important parameter to 

monitor and test as the stored energy an operating mechanism use to open and close a 

circuit breaker is considerable. The powerful mechanical stress can easily damage the 

breaker and/or reduce the breakers’ useful life. The damping of opening operations is 

usually measured as a second speed, but it can also be based on the time that elapses 

between two points just above the breaker’s open position. 

 

3.8.2  Speed  

Manufacturers often include speed calculation points in their breaker specifications. These 

are predefined points of reference, which we can use with the breaker analyzer to 

determine a velocity in a certain region on the travel trace. These points will be used as the 

speed calculation points asked for in the Computer Aided Breaker Analysis (CABA) 

software. Speed is defined as the “average speed calculated between two defined points on 

the motion curve. A point might be defined as an absolute position, an absolute time, a 

position at the instant for an event, a time difference or position difference to the other 

point.” Testing the circuit breaker’s first open operation after it has been sitting idle for 

some time, is a good way to evaluate status, especially of a line circuit breaker. The 

measurement and connections to the circuit breaker are carried out while it is still is in 

service. All of the connections are made inside the control cabinet. This of course makes it 

impossible to do some of the recordings and means that there is a bigger risk of injury 

during testing. Extra caution must be taken since there is up to 415V in the control cabinet 

and the mechanism is fully charged. The breaker can operate at any time if there is a fault 

on the line. The biggest benefit of using first trip testing is to test “real world” operating 

conditions. If the circuit breaker has not operated for year(s), first trip testing will show if 

the circuit breaker is slower due to problems like corrosion in the mechanism linkages. 

With traditional methods, the testing is carried out after the circuit breaker has been taken 

out of service and has been operated once or even twice. On a gang operated breaker one 

coil current is measured and on an IPO breaker three coil currents are measured. Auxiliary 

contacts can also be measured. If the CB has another breaker connected in parallel then 

open times may also be measured by monitoring the protection CT’s. A more advanced 

approach to first trip is to also measure vibration. This provides detailed information of the 



  

 

status of the circuit breaker. These measurements during first trip are possible with 

TM1800 and TM1600/MA. Below is a typical printout from a TM1600 Breaker Analyzer. 

 

3.8.3  Vibration Testing  

Many different diagnostic methods have been used over the years. The most common 

measurements on circuit breakers are off-line measurements of contact resistance, contact 

timing, travel motion, velocity and coil current. More sophisticated methods are 

acceleration, DRM (dynamic resistance measurement) and vibration testing. The tests are 

well known and widely used for periodic or preventive maintenance. Another possibility is 

to introduce on-line condition monitoring of circuit breakers. An estimated 10% of breaker 

problems and failures are attributed to improper maintenance, and condition monitoring 

could possibly eliminate too-early or unnecessary off-line testing and overhauls and make 

just-in-time maintenance possible. The problem is that a complete monitoring system that 

covers all breaker subsystems and failure modes can easily escalate in complexity until its 

cost becomes as much as half the breaker cost. An alternative to installing a separate 

condition monitoring system on each breaker is to use portable test sets but still perform 

in-service measurements on energized breakers. The complete test procedure will be less 

complex and the time saving may be substantial compared to traditional off-line testing. To 

many utilities, this may become an attractive testing alternative. 

 

 

3.8.4 Dual Ground Testing 

Dual grounding involves grounding the breaker on both sides after it has been removed or 

taken out of service. When HV breakers in live substations are removed from the system, 

the effects of the induction from adjacent live overhead lines can create hazardous voltages 

in any un-grounded equipment and erroneous results in connected test equipment. Typical 

substation procedure includes the breaker being  grounded on both sides initially and then 

one side is usually removed or temporarily lifted while testing is taking place. The Dual-

Ground technology allows the breaker under test to be grounded while testing is being 

performed without any impact to the test results being obtained. 

There are various benefits to using Dual-Ground capable test Instruments.   

 Personnel can work safely between safety grounds  



  

 

 Test results are not affected  

 No need for a standby bucket truck and crew  

 No waiting time between tests 

 Hazardous voltages are negated  

 Number of work permits is reduced 

 Actual testing time is reduced 

 

 

Figure 3-28.  Dynamic Capacitance Measurement (DCM) 

 

Conventional timing requires at least one side of the circuit breaker to be ungrounded to 

allow the instrument to sense the change in contact status. Live high voltage conductors 

will induce currents in all parallel conductors due to capacitive coupling. In a 

disconnected circuit breaker with one side connected to earth and both disconnectors 

open, this current can reach double digit mA values which are lethal for humans. 

 

 

The circuit breaker acts as variable capacitor when it operates. Its capacitance can be 

expressed as follows.  



  

 

 

 

 

where.  

C is capacitance 

ε is the dielectric constant 

A is the surface area of the breaker contacts 

d is the distance between the surfaces of the contacts 

When the circuit breaker moves from being open to closed, d decreases and as a result, C 

increases. However, once the circuit breaker is fully closed, C drops to 0. 

 

The DCM technique uses high frequency to achieve resonance in the test circuit. The 

resonance frequency varies when the circuit breaker changes state, and this is how a 

change from open to closed (and vice versa) is detected. This also means that the 

technique is completely immune to the effects of  50Hz or 60 Hz interference.  
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4.1  Objectives 

Through this module participant will be able to;  

 Describe various types of disconnect switches/isolators 

 Properly operate disconnect switches and test it 

 Explain the functions of interlocking systems 

4.2  Introduction 

Throughout the electrical field there is a constant effort towards improvement of the 

performance of equipment, more automatic control and greater dependence on reliable 

operation.  

Like low voltage disconnect switches, medium and high voltage disconnect switches 

perform a number of functions. The term disconnect refers to the act of interrupting or 

causing an opening in an electrical circuit. In addition to turning off whatever load is 

consuming this electricity, disconnecting allows for the isolation of downstream circuit for 

purpose of inspection and maintenance. 

Disconnecting switches often serve as enclosures for over current protection when they 

contain fuses, some can also be part of a large protection scheme when equipped with a 

shunt trip that can be signalled by relays elsewhere in the network. 

4.2.1  Definition 

A disconnect or isolator switch is used to make sure that an electrical circuit can be 

completely de-energised for service or maintenance. In other words,  high voltage 

disconnect switches are used in electrical substations to allow isolation of apparatus such 

as circuit breakers, transformers and transmission lines, for maintenance. 

4.2.2  Functions Of Disconnect Switch 

The functions of disconnect switches include the following.  

 Isolate de-energized sections of the network from the energized sections to ensure 

complete isolation. Installed on each side of circuit breaker to provide isolation for 

maintenance team to work safely. 

 

Ghana Grid Company 
      



  

 

4.3  Classification Of Disconnect Switches   

Disconnects switches are classified by their.  

 Configurations 

 Breaks 

 Current Rating 

 Mounting 

 Operating Mechanism 

 Insulator 

4.3.1  Configurations 

 Without earth switch 

 With single earth switch 

 With double earth switch 

4.3.2  Breaks 

 Center break type 

 Double break type with turn and twist contact 

 Double break type with banging type contact 

 Pantograph type 

 Vertical type 

 Horizontal break knee type 

 

Figure 4-1.  Center Break Type 



  

 

 

 

 

  

4.3.4  Rating 

  800A TO 4000A 

4.3.5  Mounting 

 Vertical Mounting 

 Horizontal Mounting 

 Under Hung 

4.3.6  Operating Mechanism 

 Motor Operated 

 Manual Lever Operated 

 Manual Gear Operated 

4.3.7  Operating Method 

 Gang operated  

Figure 4-2.  Double Break With Turn and Twist 

Figure 4-3.  Double Break Type With Banging 



  

 

 Individual operated with master & follower arrangement 

 Tandem operated only without earth switch 

4.3.8  Insulator 

 Creepage Distance  

 Cantilever Strength 

4.4 Design & Construction of Disconnect Switches 

4.4.1  Insulators 

The disconnect are equipped with insulators in accordance with IEC specifications. 

4.4.2  Drive Mechanism 

The disconnect switches can be single-pole or three-pole operated by means of a motor-

operated drive mechanism or a manual-operated drive mechanism. 

In case only one drive mechanism is used for three-pole operation, the poles are 

interconnected by means of adjustable coupling rods. The drive mechanism also houses 

the auxiliary contacts for position indication. 

 

Figure 4-4.  Motor operated Disconnect Switch in GIS 

4.4.3  Installation 

The disconnect switches are pre-assembled and adjusted as complete as possible. The 

construction is designed so that all disconnects can be installed and adjusted at site very 



  

 

easily, without the need of any special tools. The manufacturers always provides clear 

installation instructions and assembly drawings. 

 4.4.4  Maintenance 

The disconnect switches are designed to be virtually maintenance free. However, to 

warrant a long and trouble-free service period, it is advisable that a visual inspection of the 

contacts and bearing points are carried out at regular intervals. 

Regular greasing and cleaning prolongs the the use of the disconnect switches. 

 

4.5 Horizontal Center Break Type 

 

The horizontal centre break disconnect switches consists of three poles. Each pole consists 

of a frame, two rotating support insulators and a main blade that moves in a horizontal 

plane. 

   Figure 4-5.   Horizontal Center Break 



  

 

4.5.1  Frame 

The frame is made of a square tube in which the bearing housings and the turntables are 

installed. The turntable is supported by two roller bearings. The bearing housing is sealed 

and filled up with grease, to ensure a long lifetime. All steel parts of the disconnect are hot-

dip galvanized. 

4,5.2  Main Blade 

The main blade consists of a U-shaped profile, in which the main contacts and the rotating 

contacts are installed. The rotating contact consists of a silver-plated copper pin and a 

bronze housing. Silver-plated bronze balls, are pressed against these two parts by means 

of a stainless steel spring to ensure that the current is transferred from the pin into the 

housing. This contact construction is sealed and maintenance free. The main contacts are 

installed inside the main blade. They are made of copper, with a silver plated surface. 

Each contact finger is provided with stainless steel springs to ensure reliable contact 

pressure. The contacts are self-cleansing, which makes the disconnect suitable for 

installation in areas with severe climatic conditions. Depending on the voltage rating, anti-

corona shields will be provided. 



  

 

4.6 Horizontal Double Break Type 

 

The horizontal double-break disconnect switch consists of three poles. Each pole consists 

of a frame, two supporting insulators at each end and one rotating insulator in the center, 

on which the main blade is mounted. 

 4.6.1 Frame 

The frame is made of a square tube in which in the center of the bearing housing and the 

turntable are installed. 

The turntable is supported by two roller bearings. The bearing housing is sealed and filled 

up with grease, to ensure a long lifetime. All steel parts of the disconnect are hot-dip 

galvanized. 

 4.6.2  Main Blade 

The main blade consists of two fixed contacts, mounted on the supporting insulators, and 

a moving blade mounted on the rotating insulator. The main contacts are installed inside 

the main blade. They are made of copper, with a silver-plated surface. Each contact finger 

Figure 4-6.  The Horizontal Double Break 



  

 

is provided with stainless steel springs to ensure reliable contact pressure. The contacts 

are self-cleansing, which makes the disconnect switch suitable for installation in areas with 

severe climatic conditions. Depending on the voltage rating, anti-corona shields are 

provided. 

4.7 Pantograph Type 

 

Figure 4-7.  Pantograph Disconnect 

The pantograph mechanism is installed on the support insulator and transfers the move-

ment of the rotating insulator to the arms of the pantograph disconnects. The mechanism 

is housed in an aluminium enclosure, protecting it against pollution and ice. The springs 

that compensate the weight of the pantograph arms are also installed in this housing. Each 

pantograph is equipped with four aluminium arms to ensure a rigid construction with a 

very high short circuit rating. 

The main contacts are made of copper, with a silver plated surface. The counter contact is 

a horizontal copper bar, silver-plated, which has to be connected to the busbar system. 



  

 

4.8 Vertical Break Type 

 

Figure 4-8.  Vertical Break Disconnect 

The vertical break disconnect or isolator consists of three poles. Each pole consists of a 

frame, one rotating insulator and two support insulators on which the main blade is 

mounted. 

4.8.1  Frame 

The frame is made of a square tube on which the insulators are mounted. The bearing 

housing for the rotating insulator is also mounted in this frame. The bearing housing is 

sealed and filled up with grease, to ensure a long lifetime. All steel parts of the disconnect 

are hot-dip galvanized. 

4.8.2  Main Blade 

The main blade is made of an aluminium tube, which has silver-plated copper contacts at 

both the hinge end and the jaw end. During closing of the disconnect, the main blade makes 

a double movement.  First, the blade is lowered so that it reaches full horizontal position 

and then the main blade rotates so that contact pressure is applied to both the hinge end 

and the jaw end of the disconnect. 

 The main contacts are of the "reverse-loop" design, which makes them suitable for very 

high short circuit currents. 

 All contact fingers are made of silver-plated copper and are equipped with stainless 

steel springs to ensure reliable contact pressure.  



  

 

 The main terminals are made of flat aluminium and can be drilled as per request.  

 Depending on the voltage rating, anti-corona shields are provided. 

4.9  Horizontal Break Knee Type 

 

Figure 4-9.  Horizontal Break Type DS 

 

 The horizontal break knee type disconnect consists of three poles. Each pole consists of a 

base, one rotating insulator and two support insulators on which the main blade is 

mounted. 

 4.9.1  Base 

The base is made of steel plates on which the insulators are mounted. The individual bases 

are connected by means of a tie rod. All steel parts of the disconnect are hot-dip galvanized. 

4.9.2  Main Blade 

The main blade is made of two (2) aluminium tubes with a hinge in the middle and has 

silver plated copper contacts at the jaw end. During closing of the disconnect, the main 

blade make a horizontal stretching movement. 

Full contact pressure of the main contacts is achieved by full stretching of the main blade.  

 The main contacts are of the "reverse-loop" design, which makes them suitable for very 

high short circuit currents. 



  

 

 All contacts are made of silver-plated copper and are equipped with stainless steel 

springs to ensure reliable contact pressure.  

 The main terminals are made of flat aluminium.  

 Depending on the voltage rating, anti-corona shields can be provided. 

 

 4.10  Product Range   

SERIAL No KV CLASS KV RANGE 
BIL  AT 1000 MASL 

(Lighting impulse ) 

1 33 33 KV TO 36 KV 170 

2 66 66 KV TO 72.5 KV 325 

3 110 110 KV TO 123 KV 550 

4 145 132 KV TO 145 KV 650 

5 170 161 KV TO 170 KV 750 

6 245 220 KV TO 245 KV 1050 

 

Table 4-1. Product Range 

 

4.11 Main Parts Of Disconnect Switches 

Disconnect switches are categorized mainly in five different parts.  

 Metallics 

 Support Insulators 

 Support Structures   

 Terminal Connectors 

 Operating Mechanism 



  

 

  

Figure 4-10.  Horizontal type DS        Figure 4-11.  GIS type DS 

 4.11.1  Metallics 

These includes current carrying parts, fixed contacts, moving contacts, terminal pads 

operating arrangements, base assembly, bearing housing, tandem pipes, down operated 

pipes. 

 4.11.2  Support Insulator 

It is solid core insulator made up of nine (9) pieces in one set for double break disconnects 

and six (6) pieces for center break disconnects.  

 4.11.3  Support Structure 

This depends on customer requirement, normally of either pipe type structure or lattice 

type structure. 

4.11.4  Terminal Connectors 

The manufacturers design their product to suit several values of power supply around the 

world.  

Most manufactures design their disconnect switches to operate within a voltage range 

(a.c/d.c)  with minimum and maximum operating values so its usage becomes easy 

throughout the world.  



  

 

 

Figure 4-12.  Star and Delta Connection 

 4.11.5  Operating Mechanism 

Operating mechanism is the means by which the operator activates the opening, or release, 

of the movable hook component. It includes the operating handle, linkages/cables and 

hydrostatic interlock, if fitted. 

 

 
 

STAR CONNECTION DELTA CONNECTION 



  

 

 

Figure 4-13.  Motor Operated Disconnect (MOD) Mechanism   

 

 

 Figure 4-14.  Motor Operated DS Mechanism in GIS 

 



  

 

 4.12 Interlocking Systems 

 

a) Isolated                                             b) Service 

Figure 4-15.  Interlocking System 

 

The improper operation of disconnect switches or isolators can have dire consequences 

and may cause destruction of parts of the plant as well as power interruptions and 

sometimes human life. To prevent such improper operations, interlocks are used. The 

disconnecting switch is blocked against the circuit breaker, earthing switch or other 

isolating switches 

 

 

Figure 4-16.  Arc from Improper Operation of Disconnect 



  

 

4.12.1 Requirements of Interlocking Systems 

 The isolator cannot be operated, unless the associated breaker is locked in the open 

position. 

 The earthling switch shall close only when the line isolator is open and locked. 

 The line isolator shall close only when the corresponding circuit breaker and the 

corresponding earthing switch of the line are open. 

 The circuit breaker shall close only after all isolators associated with it have been 

locked either in closed or opened position. 

 4.13 Testing 

4.13.1  Types Of Tests Performed On Disconnect Switches 

 Short Time Current (STC) Rating for 3-seconds and peak current test for main and 

earth 

 Dry and wet power frequency  test 

 Lightening impulse test 

 Temperature rise test 

 Mechanical endurance tests  

 4.13.2  Routine Testing Of Disconnect 

 Visual inspection 

 Dimensional checks 

 Measurement of resistance of main circuit  

 Mechanical operation test 

4.13.3  Contact Resistance Measurement 

100A dc current passed through main contacts and voltage across the terminals of 

disconnect switch. The contact resistance is calculated by formula V=IR formula 

The acceptance limit for contact resistance is 1.2*R, where R is contact resistance 

measured during temperature rise test. 

 4.13.4 Mechanical Operation Tests 

 Operations at minimum operating conditions 



  

 

- Control voltage 85 % as per IEC  

- Closing - 5 operations & opening - 5 operations 

 Operations at maximum operating conditions 

- Control voltage 110 % as per IEC  

- Closing - 5 operations & opening - 5 operations 

 Operations at rated operating conditions 

- Control voltage 100 % 

- Closing - 40 operations 

- Opening – 40 operations 

4.13.5  High Voltage Test Values 

Rated 

Voltage kV 

Test Voltage kV Phase to Earth  

(Contact close ) 

Test Voltage kV Across Isolating 

Distance (Contact Open ) 

33kV 70 80 

72.5kV 140 160 

110kV 230 265 

145kV 275 315 

170kV 325 375 

245kV 460 530 

 

Table 4-2. High Voltage Test Values 
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5.1  Objectives 

Through this module participant will be able to;  

 Identify between indoor and outdoor Earthing Switch 

 Know the Importance of Earthing Switch 

5.2  Introduction 

Earthing switches are mounted on the base of mainly line side isolator. Earthing switches 

are normally vertical break switches. Earthing arms (contact arm of earthing switch) are 

normally aligned horizontally at off condition. During switching on operation these 

earthing arms rotate and move to vertical position and make contact with earth female 

contacts fitted at the top of the post insulator stack of isolator at its outgoing side. The 

earthing arms are so interlocked with main isolator moving contacts that it can be closed 

only when the main contacts of isolator are in open position. Similarly the main isolator 

contacts can be closed only when the earthing arms are in open position. 

Earthing practices adopted at Generating Stations, Substations, Distribution structures and 

lines are of great importance. It is however observed that this item is most often neglected. 

The codes of practice, Technical Reference books, Handbooks contain a chapter on this 

subject but they are often skipped being considered too elementary or even as 

unimportant.  

Earthing system design must take into consideration maintenance and future expansion.  

Substation earthing system is essential not only to provide the protection of people 

working in the vicinity of earthed facilities and equipment against danger of electric shock 

but to maintain proper function of electrical system. Reliability and security are to be taken 

into consideration as well as adherence to statutory obligations (IEEE and environmental 

aspects).  

 5.3 Importance Of Earthing 

The earthing system in a plant / facility is very important for a few reasons, all of which are 

related to either the protection of people and equipment and/or the optimal operation of 

the electrical system. These include.   

 Equipotential bonding of conductive objects (e.g. metallic equipment, buildings, piping 

etc) to the earthing system prevent the presence of dangerous voltages between 

objects (and earth).  



  

 

 The earthing system provides a low resistance return path for earth faults within the 

plant, which protects both personnel and equipment.  

 For earth faults with return paths to offsite generation sources, a low resistance 

earthing grid relative to remote earth prevents dangerous ground potential rises 

(touch and step potentials)  

 The earthing system provides a low resistance path (relative to remote earth) for 

voltage transients such as lightning and surges / over voltages  

 Equipotential bonding helps prevent electrostatic buildup and discharge, which can 

cause sparks with enough energy to ignite flammable atmospheres  

 The earthing system provides a reference potential for electronic circuits and helps 

reduce electrical noise for electronic, instrumentation and communication systems. 

“Earthing means an electrical connection to the general mass of earth to provide safe 

passage to fault current to enable the operation of protective devices and provide safety to 

personnel and equipment.”  

 

5.4 Types Of Earthing  

Earthing is broadly classified as.  ; 

5.4.1  System Earthing  

This is primarily concerned with the protection of Electrical equipment by stabilizing the 

voltage with respect to ground (Connection between part of plant in an operating system 

like LV neutral of a Power Transformer winding and earth).  

 

5.4.2  Equipment Earthing (Safety Grounding)  

This is primarily concerned with the protection of personnel from electric shock by 

maintaining the potential of non-current carrying equipment at or near ground potential. 

Connecting frames of equipment (like motor body, Transformer tank, Switchgear box, 

operating rods of Air break switches, etc) to earth.  

 

The system earthing and safety earthing are interconnected and therefore fault current 

flowing through system ground raises the potential of the safety ground and also causes 

steep potential gradient in and around the Substation. But separating the two earthing 



  

 

systems have disadvantages like higher short circuit current, low current flows through 

relays and long distance to be covered to separate the two earths. After weighing the merits 

and demerits in each case, the common practice of common and solid (direct) grounding 

system designed for effective earthing and safe potential gradients is being adopted.  

 

5.4.3  Types Of Earth Electrode  

 Rod electrode.  

 Pipe electrode.  

 

5.5  Application  

Disconnectors and earthing switches are suitable for both indoor and outdoor installations. 

Due to their cast-resin ribbed insulators, the disconnectors and earthing switches can also 

be used with high air humidity and occasional condensation, e.g., in tropical areas. 

The devices are protected against corrosion. Steel parts are either galvanized and yellow-

passivated, or electrostatically coated with epoxy-resin powder over a phosphate layer. 

The switching devices can be installed in any position with horizontal shaft. Designs for 

installation with the shaft in vertical position are also available. 

 

5.5.1  Ground Switches  

These ground switches can be furnished for single pole or group operated applications to 

provide grounding for inspection, maintenance, repair, or replacement of other substation 

equipment such as capacitor banks, circuit breakers, circuit switchers, etc.  They are 

available as stand-alone devices (A common application of this is capacitor bank 

grounding.) or as attachments to disconnect switches, circuit switchers, and other 

devices.  Their operation can be via manual swing handle operator, manual gear operator, 

electric motor operator, or manually via a hook stick.   

 

5.5.2  High Speed Ground Switches 

One of the most common applications of the high speed ground switch is to provide 

protection of power transformers in circuits having enough impedance to limit the low side 

fault currents to values below the trip settings of source breakers.  The system relays signal 

the high speed ground switch to close, imposing a deliberate single phase fault to ground 



  

 

on the high side of the power transformer which in turn causes the source breaker to open, 

clearing the fault.  Another popular application for the high speed ground switch is in 

backup protection for a power transformer as part of a circuit breaker failure scheme or a 

circuit switcher failure scheme.  If a fault occurs and the power transformer's main 

protective device (either a circuit breaker or a circuit switcher) fails to successfully operate 

to clear the fault within a defined period of time the high speed ground switch is signalled 

by system relays to close, imposing a deliberate single phase fault to ground on the high 

side of the transformer and causing a remote circuit breaker to trip, clearing the fault.  High 

speed ground switches can be furnished as stand-alone devices or can be attached to a hook 

stick operated switch or to a single phase of a group operated switch.  Installing high speed 

ground switches on the hinge end of hook stick operated switches or to the hinge end of a 

single phase of a group operated switch is increasing in popularity as this combination 

device allows you to test operate the ground switch during initial installation and during 

routine maintenance without imposing a fault on the system as the switch the high speed 

ground switch is attached to can be opened, isolating the high speed ground switch from 

the system.  After test operation is completed, the high speed ground switch is left in the 

open position and the switch on which it is mounted is closed, readying the high speed 

ground switch to perform its function. 

 

Figure 5-1.  Earth Switch for Outdoor Disconnect Switch 



  

 

 

Figure 5-2.  Earth Switch Closed on Busbar 

 

5.6  Endurance 

Normally, disconnectors and earthing switches are operated very rarely. Therefore they 

are not designed for a high number of operating cycles. The mechanical endurance and the 

contact endurance are.  

 5,000 operating cycles for the disconnector 

 1,000 operating cycles for the earthing switch. 

 

5.7  Functions Of The Switching Devices 

Disconnectors have the following functions.  

 Opening or closing circuits when either negligibly small currents have to be switched 

off/on or when there is no significant voltage difference between the circuits to be 

disconnected or connected. 

 Establishing an isolating distance between the terminals of each pole in the open 

position. 

The Earthing switch is to earth de-energized parts of the switchgear and – in the case of 

multi-pole earthing switches – to short-circuit them at the same time.  



  

 

Sufficient interlocking is guaranteed for motor operating mechanisms as well as for self-

blocking manual operating mechanisms (e.g., spherical joint mechanism). 

For earthing switches built on a disconnector, the mechanical interlock between the 

disconnector and the earthing switch is a simple means to ensure inadvertent grounding 

of the system. 

 

5.8  Operation 

 

5.8.1  Motor Operating Mechanism 

The motor operating mechanism provided for disconnectors and earthing switches mainly 

consists of a DC compound-wound motor, which drives the eccentric shaft of a free-

wheeling mechanism via a single-step spur gearing. The free-wheeling mechanism makes 

the crank rotate counter-clockwise. The crank is linked with the drive lever through a short 

drive rod, and the drive lever is connected with the operating shaft. 

A 180° turn of the crank produces a switching angle of 90° at the operating shaft. In the end 

positions of the switching device, the drive motor is de-energized via built-in position swit  

 ches. If an AC motor operating mechanism is required, a rectifier is installed additionally. 

The time from initiation of the command until reaching the end position or arrival of the 

feedback (total operating is 3 s as a maximum at the lowest value of the operating voltage).   

 

Figure 5-3.  Motor Operating ES                Figure 5-4.  Motor Spring Operated ES  

 



  

 

 

Figure 5-5.  3-Postion EDS Mechanism in GIS 

 

5.8.2  Auxiliary Mechanism For Motor Operating Mechanism 

If the auxiliary voltage fails, the motor operating mechanism can be emergency-operated. 

The auxiliary mechanisms provided for this purpose are fixed-mounted in the switchgear 

panel and required for each motor operating mechanism. The simplest design consists of a 

straight shaft running horizontally from the eccentric shaft (pin for emergency operation) 

of the motor operating mechanism to the front of the switchgear panel. There it is guided 

in a bearing plate, and ends with an operating pin. The switching operation is performed 

by means of an auxiliary crank, which is only required once for the switchgear assembly. 

If the direct way to the front of the panel is not possible, the straight shaft can be equipped 

with a spherical joint at the motor operating mechanism. This built-on system enables 

deflecting the shaft by maximum 10° to all directions. Another design is provided for motor 

operating mechanisms that are hard to access. This operating mechanism is designed with 

a flexible shaft, which is also operated with the auxiliary crank.  



  

 

 

Figure 5-6.  Auxilliary Switch For Disconnect And Built-On Earthing Switch 

 

5.8.3  Manual Operating Mechanisms 

Instead of being operated by a motor, the operating shaft can also be actuated manually. 

Operation by means of a switching rod depends on the mounting position and the 

accessibility. Switching rods are made of glass-fibre reinforced polyester tube and can be 

used in switchgear with rated voltages above 1 kV. These switching rods are used to 

actuate the switching rod lever (available as an accessory) mounted on the operating shaft. 

Switching rod levers made of insulating material are always used where the necessary 

minimum distances are not reached. For fixing in the end positions, an elastic latch is 

always provided for switching rod actuation. 

 

5.9   Interlocks (Latch) 

For disconnectors and earthing switches a latch can be supplied, which latches tight in the 

end positions in an elastic way. Such a latch must be provided when these switching devices 

are operated manually with a switching rod. 

5.9.1  Mechanical Interlocking 

Disconnectors with built-on earthing switch can be equipped with a mechanical interlock 

if the earthing switch is actuated by means of a switching rod. 



  

 

Power-operated earthing switching devices must be provided with electrical interlocking 

system to prevent accidental operation (i.e., actuation must be prevented). For this 

purpose, the part without power operating mechanism requires an auxiliary switch. 

5.9.2  Lock Out Mounted On The Disconnector 

Electromechanical lockout devices can be installed on all disconnectors and earthing 

switches without power operating mechanism. The lockout devices block the switching 

devices in the end positions when the solenoid is not excited. 

In the intermediate position (faulty position) the lockout is not effective. The magnet coils 

are suitable for continuous operation. 

  



  

 

 

 

 

M06 – GAS INSULATED SWITCHGEARS(GIS) 
 

 

 

 

  



  

 

6.1  Objectives 

Through this module participant will be able to;  

 Understand the scheme of Gas Insulated Switchgear(GIS) and its major components 

 Properly install, operate and maintain the GIS system 

6.2  Introduction 

Gas insulated substation (GIS) have been used in power systems over the last three decades 

because of their high reliability, easy maintenance and small ground space requirement. 

A gas insulated substation (GIS) uses a superior dielectric gas, SF6, at moderate pressure 

for phase-phase and phase-to-ground insulation. The high voltage conductors, circuit 

breaker interrupters, switches, current transformers, and voltage transformers are in SF6 

gas inside grounded metal enclosures. The atmospheric air insulation used in a 

conventional, air-insulated substation (AIS) requires meters of air insulation to do what 

SF6 can do in centimetres. GIS can therefore be smaller than AIS by up to a factor of 10. A 

GIS is mostly used where space is expensive or not available. In a GIS the active parts are 

protected from the deterioration from exposure to atmospheric air, moisture, 

contamination, etc. As a result, GIS is more reliable and requires less maintenance than AIS. 

GIS was first developed in various countries between 1968 and 1972. After about 5 years 

of experience, the use rate increased to about 20% of new substations in countries where 

space is limited. In other countries with space easily available, the higher cost of GIS 

relative to AIS has limited use to special cases. 

6.2.1 SF6 GAS 

Sulphur hexafluoride is an inert, nontoxic, colourless, odourless, tasteless, and non-

flammable gas consisting of a sulphur atom surrounded by and tightly bonded to six 

fluorine atoms. It is about five times as dense as air. SF6 is used in GIS at pressures from 

400 to 600 kPa absolute. The pressure is chosen so that the SF6 will not condense into a 

liquid at the lowest temperatures the equipment experiences. SF6 has two to three times 

the insulating ability of air at the same pressure. SF6 is about 100 times better than air for 

interrupting arcs. It is the universally used interrupting medium for high voltage circuit 

breakers, replacing the older mediums of oil and air. SF6 decomposes in the high 

temperature of an electric arc, but the decomposed gas recombines back into SF6 so well 

that it is not necessary to replenish the SF6 in GIS. There are some reactive decomposition 



  

 

by-products formed because of the trace presence of moisture, air, and other contaminants. 

The quantities formed are very small. Molecular sieve absorbents inside the GIS enclosure 

eliminate these reactive by-products. The SF6 in the equipment must be dry enough to 

avoid condensation of moisture as a liquid on the surfaces of the solid epoxy support 

insulators because liquid water on the surface can cause a dielectric breakdown. However, 

if the moisture condenses as ice, the breakdown voltage is not affected. So dew points in 

the gas in the equipment need to be below about –10°C. Small conducting particles of 

millimetres (mm) size significantly reduce the dielectric strength of SF6 gas. Cleanliness in 

assembly is therefore very important for GIS. Some GIS equipment is provided with 

internal “particle traps” that capture the particles before they move to a location where 

they might cause breakdown. SF6 is a very minor contributor to the total amount of 

greenhouse gases due to human activity, but it has a very long life in the atmosphere (half-

life is estimated at 3200 years), so the effect of SF6 released to the atmosphere is effectively 

cumulative and permanent.  

 

6.3 Construction and major components 

GIS is assembled of standard equipment modules (circuit breaker, current transformers, 

voltage transformers, disconnect and ground switches, interconnecting bus, surge 

arresters, and connections to the rest of the electric power system) to match the electrical 

one-line diagram of the substation. A cross-section view of a 242-kV GIS shows the 

construction and typical dimensions (Figure 6-1). The modules are joined using bolted 

flanges with an “O” ring seal system for the enclosure and a sliding plug-in contact for the 

conductor. Internal parts of the GIS are supported by cast epoxy insulators. These support 

insulators provide a gas barrier between parts of the GIS, or are cast with holes in the epoxy 

to allow gas to pass from one side to the other. 

 



  

 

 

Figure 6.1 Structure of GIS 

Up to about 170 kV system voltages, all three phases are often in one enclosure (Figure 6.2 

). Above 170 kV, the size of the enclosure for “three-phase enclosure” GIS becomes too large 

to be practical. So a “single-phase enclosure” design (Figure 6.1) is used.  

 

 

Figure 6.2 .  Structure of GIS  

There are no established performance differences between three-phase enclosure and 

single-phase enclosure GIS. Some manufacturers use the single-phase enclosure type for 

all voltage levels. Enclosures today are mostly cast or welded aluminium, but steel is also 

used. Steel enclosures are painted inside and outside to prevent rusting. Aluminium 

enclosures do not need to be painted, but may be painted for ease of cleaning and a better 

appearance.  



  

 

Conductors today are mostly aluminium. Copper is sometimes used. It is usual to silver 

plate surfaces that transfer current. Bolted joints and sliding electrical contacts are used to 

join conductor sections. There are many designs for the sliding contact element. In general, 

sliding contacts have many individually sprung copper contact fingers working in parallel. 

Usually the contact fingers are silver plated.  

Support insulators are made of a highly filled epoxy resin cast very carefully to prevent 

formation of voids and/or cracks during curing. Each GIS manufacturer’s material 

formulation and insulator shape has been developed to optimize the support insulator in 

terms of electric field distribution, mechanical strength, resistance to surface electric 

discharges, and convenience of manufacture and assembly. Post, disc, and cone type 

support insulators are used. Quality assurance programs for support insulators include a 

high voltage power frequency withstand test with sensitive partial discharge monitoring. 

The electrical stress limit for the cast epoxy support insulator is not a severe design 

constraint because the dimensions of the GIS are mainly set by the lightning impulse 

withstand level and the need for the conductor to have a fairly large diameter to carry the 

load current of several thousand amperes. This results in the space between the conductor 

and enclosure for support insulators having low electrical stress. Inside the enclosure is a 

dry, inert gas that is itself not subject to aging. There is no exposure of any of the internal 

materials to sunlight. Even the “O” ring seals are found to be in excellent condition because 

there is almost always a “double seal” system — the lack of aging has been found for GIS, 

whether installed indoors or outdoors. 

 

Figure 6-3 .  Gas Insulated Switchgear 



  

 

 

Figure 6-4.   Hyosung GIS - 170kV 

 

6.3.1 Circuit Breaker  

GIS uses essentially the same dead tank SF6 puffer circuit breakers used in AIS. Instead of 

SF6-to-air as connections into the substation as a whole, the nozzles on the circuit breaker 

enclosure are directly connected to the adjacent GIS module.  

6.3.2 Current Transformers (CT) 

Current Transformers (CTs) are inductive ring types installed on either inside the GIS 

enclosure or outside the GIS enclosure. The GIS conductor is the single turn primary for the 

CT. CTs inside the enclosure must be shielded from the electric field produced by the high 

voltage conductor or high transient voltages can appear on the secondary through 

capacitive coupling. For CTs outside the enclosure, the enclosure itself must be provided 

with an insulating joint, and enclosure currents shunted around the CT. Both types of 

construction are in wide use.  

6.3.3 Voltage Transformers (VT) 

Voltage Transformers (VTs) are inductive types with an iron core. The primary winding is 

supported on an insulating plastic film immersed in SF6. The VT should have an electric 

field shield between the primary and secondary windings to prevent capacitive coupling of 



  

 

transient voltages. The VT is usually a sealed unit with a gas barrier insulator. The VT is 

either easily removable so the GIS can be high voltage tested without damaging the VT, or 

the VT is provided with a disconnect switch or removable link. 

6.3.4 Disconnect Switches  

Disconnect switches  have a moving contact that opens or closes a gap between stationary 

contacts when activated by an insulating operating rod that is itself moved by a sealed shaft 

coming through the enclosure wall. The stationary contacts have shields that provide the 

appropriate electric field distribution to avoid too high a surface stress. The moving contact 

velocity is relatively low (compared to a circuit breaker moving contact) and the 

disconnect switch can interrupt only low levels of capacitive current (for example, 

disconnecting a section of GIS bus) or small inductive currents (for example, transformer 

magnetizing current). Load break disconnect switches have been furnished in the past, but 

with improvements and cost reductions of circuit breakers, it is not practical to continue 

to furnish load break disconnect switches, and a circuit breaker should be used instead. 

6.3.5 Ground Switches 

Ground switches have a moving contact that opens or closes a gap between the high voltage 

conductor and the enclosure. Sliding contacts with appropriate electric field shields are 

provided at the enclosure and the conductor. A “maintenance” ground switch is operated 

either manually or by motor drive to close or open in several seconds and when fully closed 

to carry the rated short-circuit current for the specified time period (1 or 3 sec) without 

damage. A “fast-acting” ground switch has a high speed drive, usually a spring, and contact 

materials that withstand arcing so it can be closed twice onto an energized conductor 

without significant damage to itself or adjacent parts. Fast-acting ground switches are 

frequently used at the connection point of the GIS to the rest of the electric power network, 

not only in case the connected line is energized, but also because the fast-acting ground 

switch is better able to handle discharge of trapped charge and breaking of capacitive or 

inductive coupled currents on the connected line. Ground switches are almost always 

provided with an insulating mount or an insulating bushing for the ground connection. In 

normal operation the insulating element is bypassed with a bolted shunt to the GIS 

enclosure. During installation or maintenance, with the ground switch closed, the shunt 

can be removed and the ground switch used as a connection from test equipment to the 



  

 

GIS conductor. Voltage and current testing of the internal parts of the GIS can then be done 

without removing SF6 gas or opening the enclosure. A typical test is measurement of 

contact resistance using two ground switches. 

6.3.6 Bus  

To connect GIS modules that are not directly connected to each other, an SF6 bus consisting 

of an inner conductor and outer enclosure is used. Support insulators, sliding electrical 

contacts, and flanged enclosure joints are usually the same as for the GIS modules. 

6.3.7 Air Connection  

SF6-to-air bushings are made by attaching a hollow insulating cylinder to a flange on the 

end of a GIS enclosure. The insulating cylinder contains pressurized SF6 on the inside and 

is suitable for exposure to atmospheric air on the outside. The conductor continues up 

through the centre of the insulating cylinder to a metal end plate. The outside of the end 

plate has provisions for bolting to an air insulated conductor. The insulating cylinder has a 

smooth interior. Sheds on the outside improve the performance in air under wet and/or 

contaminated conditions. Electric field distribution is controlled by internal metal shields. 

Higher voltage SF6-to-air bushings also use external shields. The SF6 gas inside the bushing 

is usually the same pressure as the rest of the GIS. The insulating cylinder has most often 

been porcelain in the past, but today many are a composite consisting of a fibreglass epoxy 

inner cylinder with an external weather shed of silicone rubber. The composite bushing 

has better contamination resistance and is inherently safer because it will not fracture as 

will porcelain.  

6.3.8 Cable Connections  

A cable connecting to a GIS is provided with a cable termination kit that is installed on the 

cable to provide a physical barrier between the cable dielectric and the SF6 gas in the GIS. 

The cable termination kit also provides a suitable electric field distribution at the end of 

the cable. Because the cable termination will be in SF6 gas, the length is short and sheds 

are not needed. The cable conductor is connected with bolted or compression connectors 

to the end plate or cylinder of the cable termination kit. On the GIS side, a removable link 

or plug in contact transfers current from the cable to the GIS conductor. For high voltage 

testing of the GIS or the cable, the cable is disconnected from the GIS by removing the 



  

 

conductor link or plug-in contact. The GIS enclosure around the cable termination usually 

has an access port. This port can also be used for attaching a test bushing.  

6.3.9 Direct Transformer Connections  

To connect a GIS directly to a transformer, a special SF6-to-oil bushing that mounts on the 

transformer is used. The bushing is connected under oil on one end to the transformer’s 

high voltage leads. The other end is SF6 and has a removable link or sliding contact for 

connection to the GIS conductor. The bushing may be an oil-paper condenser type or more 

commonly today, a solid insulation type. Because leakage of SF6 into the transformer oil 

must be prevented, most SF6-to-oil bushings have a centre section that allows any SF6 

leakage to go to the atmosphere rather than into the transformer. For testing, the SF6 end 

of the bushing is disconnected from the GIS conductor after gaining access through an 

opening in the GIS enclosure. The GIS enclosure of the transformer can also be used for 

attaching a test bushing. 

6.3.10 Surge Arrester 

Zinc oxide surge arrester elements suitable for immersion in SF6 are supported by an 

insulating cylinder inside a GIS enclosure section to make a surge arrester for overvoltage 

control. Because the GIS conductors are inside in a grounded metal enclosure, the only way 

for lightning impulse voltages to enter is through the connections of the GIS to the rest of 

the electrical system. Cable and direct transformer connections are not subject to lightning 

strikes, so only at SF6-to-air bushing connections is lightning a concern. Air-insulated surge 

arresters in parallel with the SF6-to-air bushings usually provide adequate protection of 

the GIS from lightning impulse voltages at a much lower cost than SF6 insulated arresters. 

Switching surges are seldom a concern in GIS because with SF6 insulation the withstand 

voltages for switching surges are not much less than the lightning impulse voltage 

withstand. In AIS there is a significant decrease in withstand voltage for switching surges 

than for lightning impulse because the longer time span of the switching surge allows time 

for the discharge to completely bridge the long insulation distances in air. In the GIS, the 

short insulation distances can be bridged in the short time span of a lightning impulse so 

the longer time span of a switching surge does not significantly decrease the breakdown 

voltage. Insulation coordination studies usually show there is no need for surge arresters 



  

 

in a GIS; however, many users specify surge arresters at transformers and cable 

connections as the most conservative approach.  

6.3.11 Gas Monitoring System  

The insulating and interrupting capability of the SF6 gas depends on the density of the SF6 

gas being at a minimum level established by design tests. The pressure of the SF6 gas varies 

with temperature, so a mechanical temperature-compensated pressure switch is used to 

monitor the equivalent of gas density. GIS is filled with SF6 to a density far enough above 

the minimum density for full dielectric and interrupting capability so that from 10 to 20% 

of the SF6 gas can be lost before the performance of the GIS deteriorates. The density 

alarms provide a warning of gas being lost, and can be used to operate the circuit breakers 

and switches to put a GIS that is losing gas into a condition selected by the user. Because it 

is much easier to measure pressure than density, the gas monitoring system usually has a 

pressure gage. A chart is provided to convert pressure and temperature measurements 

into density. Microprocessor-based measurement systems are available that provide 

pressure, temperature, density, and even percentage of proper SF6 content. These can also 

calculate the rate at which SF6 is being lost. However, they are significantly more expensive 

than the mechanical temperature-compensated pressure switches, so they are supplied 

only when requested by the user. 

 

 

Figure 6-5.  Gas Monitor Gauge 

 

6.3.12 Gas Compartments and Zones  

A GIS is divided by gas barrier insulators into gas compartments for gas handling purposes. 

In some cases, the use of a higher gas pressure in the circuit breaker than is needed for the 

other devices, requires that the circuit breaker be a separate gas compartment. Gas 



  

 

handling systems are available to easily process and store about 1000 kg of SF6 at one time, 

but the length of time needed to do this is longer than most GIS users will accept. GIS is 

therefore divided into relatively small gas compartments of less than several hundred kg. 

These small compartments may be connected with external bypass piping to create a larger 

gas zone for density monitoring. The electrical functions of the GIS are all on a three-phase 

basis, so there is no electrical reason not to connect the parallel phases of a single-phase 

enclosure type of GIS into one gas zone for monitoring. Reasons for not connecting together 

many gas compartments into large gas zones include a concern with a fault in one gas 

compartment causing contamination in adjacent compartments and the greater amount of 

SF6 lost before a gas loss alarm. It is also easier to locate a leak if the alarms correspond to 

small gas zones, but a larger gas zone will, for the same size leak, give more time to add SF6 

between the first alarm and second alarm. Each GIS manufacturer has a standard approach 

to gas compartments and gas zones, but will, of course, modify the approach to satisfy the 

concerns of individual GIS users.  

 

 

Figure 6-6.  Gas Compartments and Zones 

 

6.3.13 Electrical and Physical Arrangement 

For any electrical one-line diagram there are usually several possible physical 

arrangements. The shape of the site for the GIS and the nature of connecting lines and/or 

cables should be considered. Most GIS designs were developed initially for a double bus, 

single breaker arrangement. This widely used approach provides good reliability, simple 



  

 

operation, easy protective relaying, excellent economy, and a small footprint. By 

integrating several functions into each GIS module, the cost of the double bus, single 

breaker arrangement can be significantly reduced. Disconnect and ground switches are 

combined into a “three-position switch” and made a part of each bus module connecting 

adjacent circuit breaker positions. The cable connection module includes the cable 

termination, disconnect switches, ground switches, a VT, and surge arresters.  

6.3.14 Grounding  

The individual metal enclosure sections of the GIS modules are made electrically 

continuous either by the flanged enclosure joint being a good electrical contact in itself or 

with external shunts bolted to the flanges or to grounding pads on the enclosure. While 

some early single-phase enclosure GIS were “single point grounded” to prevent circulating 

currents from flowing in the enclosures, today the universal practice is to use “multipoint 

grounding” even though this leads to some electrical losses in the enclosures due to 

circulating currents. The three enclosures of a single-phase GIS should be bonded to each 

other at the ends of the GIS to encourage circulating currents to flow. These circulating 

enclosure currents act to cancel the magnetic field that would otherwise exist outside the 

enclosure due to the conductor current. Three-phase enclosure GIS does not have 

circulating currents, but does have eddy currents in the enclosure, and should also be 

multipoint grounded. With multipoint grounding and the resulting many parallel paths for 

the current from an internal fault to flow to the substation ground grid, it is easy to keep 

the touch and step voltages for a GIS at safe levels.  

 

6.4 Testing  

Test requirements for circuit breakers, CTs, VTs, and surge arresters are not specific for 

GIS and will not be covered in detail here. Representative GIS assemblies having all of the 

parts of the GIS except for the circuit breaker are design tested to show that the GIS can 

withstand the rated lightning impulse voltage, switching impulse voltage, power frequency 

overvoltage, continuous current, and short-circuit current. Standards specify the test levels 

and how the tests must be done. Production tests of the factory-assembled GIS (including 

the circuit breaker) cover power frequency withstand voltage, conductor circuit resistance, 

leak checks, operational checks, and CT polarity checks. Components such as support 



  

 

insulators, VTs, and CTs are tested in accordance with the specific requirements for these 

items before assembly into the GIS. Field tests repeat the factory tests. The power 

frequency withstand voltage test is most important as a check of the cleanliness of the 

inside of the GIS in regard to contaminating conducting particles, as explained in the SF6 

section above. Checking of interlocks is also very important. Other field tests may be done 

if the GIS is a very critical part of the electric power system, when, for example, a surge 

voltage test may be requested. 

 

6.5 Installation  

The GIS is usually installed on a monolithic concrete pad or the floor of a building. It is most 

often rigidly attached by bolting and/or welding the GIS support frames to embedded steel 

plates or beams. Chemical drill anchors can also be used. Expansion drill anchors are not 

recommended because dynamic loads may loosen expansion anchors when the circuit 

breaker operates. Large GIS installations may need bus expansion joints between various 

sections of the GIS to adjust to the fit-up in the field and, in some cases, provide for thermal 

expansion of the GIS. The GIS modules are shipped in the largest practical assemblies. At 

the lower voltage level, two or more circuit breaker positions can be delivered fully 

assembled. The physical assembly of the GIS modules to each other using the bolted flanged 

enclosure joints and sliding conductor contacts goes very quickly. More time is used for 

evacuation of air from gas compartments that have been opened, filling with SF6 gas, and 

control system wiring. The field tests are then done. For a high voltage GIS shipped as many 

separate modules, installation and testing takes about two weeks per circuit breaker 

position. Lower voltage systems shipped as complete bays, and mostly factory-wired, can 

be installed more quickly. 

 

6.6 Operation and Interlocks 

Operation of a GIS in terms of providing monitoring, control, and protection of the power 

system as a whole is the same as for AIS except that internal faults are not self-clearing so 

reclosing should not be used for faults internal to the GIS. Special care should be taken for 

disconnect and ground switch operation because if these are opened with load current 

flowing, or closed into load or fault current, the arcing between the switch moving and 

stationary contacts will usually cause a phase-to-phase fault in three-phase enclosure GIS 



  

 

or to a phase-to-ground fault in single-phase enclosure GIS. The internal fault will cause 

severe damage inside the GIS. A GIS switch cannot be as easily or quickly replaced as an AIS 

switch. There will also be a pressure rise in the GIS gas compartment as the arc heats the 

gas. In extreme cases, the internal arc will cause a rupture disk to operate or may even 

cause a burn-through of the enclosure. The resulting release of hot, decomposed SF6 gas 

may cause serious injury to nearby personnel. For both the sake of the GIS and the safety 

of personnel, secure interlocks are provided so that the circuit breaker must be open before 

an associated disconnect switch can be opened or closed, and the disconnect switch must 

be open before the associated ground switch can be closed or opened. 

 

6.7 Maintenance  

Experience has shown that the internal parts of GIS are so well protected inside the metal 

enclosure that they do not age and as a result of proper material selection and lubricants, 

there is negligible wear of the switch contacts. Only the circuit breaker arcing contacts and 

the Teflon nozzle of the interrupter experience wear proportional to the number of 

operations and the level of the load or fault currents being interrupted. Good contact and 

nozzle materials combined with the short interrupting time of modern circuit breakers 

provide, typically, for thousands of load current interruption operations and tens of full-

rated fault current interruptions before there is any need for inspection or replacement. 

Except for circuit breakers in special use such as at a pumped storage plant., most circuit 

breakers will not be operated enough to ever require internal inspection. The external 

operating mechanisms and gas monitoring systems should be visually inspected, with the 

frequency of inspection determined by experience. 

 

6.8 Diagnostic tools for Gas Insulated Systems 

Gas Insulated Systems (GIS) have attained a very high degree of reliability and availability. 

Nevertheless, failures cannot totally be excluded, as shown by service experience. Besides 

manufacturing, defects may be induced by aging, in the course of time. Such defects shall 

be found as early as possible, in any case before an outage is caused. 

Typical sources for partial discharge (PD) in GIS are.  

 Protrusions 

 Particles fixed to an insulator surface 



  

 

 Free moving particles 

 Electrically floating parts 

 
 

Partial discharge (PD) measurement using UHF sensors is the most common technology 

used to diagnose conditions of insulation in Gas Insulated System (GIS). Online UHF 

monitoring system records and displays the UHF signals generated by partial discharges in 

a gas insulated substation. It is permanently fitted into the substation and can be 

interrogated remotely at any time. This makes it possible to detect and eliminate emerging 

dielectric faults before a flashover can occur. Used with suitable sensors, this system can 

detect critical defects such as particles, coronas, free potentials and insulator voids. It can 

also be programmed to generate alarms at specified absolute value and time thresholds. 
 

 

 

 

Figure 6-7.  Partial Discharge Detection Procedure 



  

 

 

Figure 6-8.  Type of PD Signal 

  



  

 

 

 

 

M07 – CURRENT TRANSFORMER(CT) 
  



  

 

7.1  Objectives 

Through this module participant will be able to;  

 Explain what a current transformer is. 

 Understand the basic theory applied to the current transformer. 

 State the functions and the applications of a current transformer. 

 

7.2  Introduction 

The name instrument transformer is a general classification applied to current and voltage 

devices used to change currents and voltages from one magnitude to another or to perform 

an isolating function, that is, to isolate the utilization current or voltage from the supply 

voltage for safety to both the operator and the end device in use. Instrument transformers 

are designed specifically for use with electrical equipment falling into the broad category 

of devices commonly called instruments such as voltmeters, ammeters, watt meters, watt-

hour meters, protection relays, etc. 

Figure below shows some of the most basic uses for instrument transformers. Voltage 

transformers are most commonly used to lower the high line voltages down to typically 

115 volts on the secondary to be connected to a voltmeter, watt-hour meter, or protection 

relay. Similarly, current transformers take a high current and reduce it to typically 5 amps 

on the secondary winding so that it can be used with a watt-hour meter, ammeter, or 

protection relay. 

 

Figure 7-1.  Instrument Transformer Scheme 



  

 

7.3  Type of Instrument Transformer 

7.3.1 Wound Type Verses Windows Type 

Potential transformers consist of two separate windings on a common magnetic steel core. 

One winding consists of fewer turns of heavier wire on the steel core and is called the 

secondary winding. The other winding consists of a relatively large number of turns of fine 

wire, wound on top of the secondary, and is called the primary winding.  

Current transformers are constructed in various ways. One method is quite similar to that 

of the potential transformer in that there are two separate windings on a magnetic steel 

core. But it differs in that the primary winding consists of a few turns of heavy wire capable 

of carrying the full load current while the secondary winding consist of many turns of 

smaller wire with a current carrying capacity of between 5/20 amperes, dependent on the 

design. This is called the wound type due to its wound primary coil. 

Another very common type of construction is the so-called “window,” “through” or donut 

type current transformer in which the core has an opening through which the conductor 

carrying the primary load current is passed. This primary conductor constitutes the 

primary winding of the CT (one pass through the “window” represents a one turn primary), 

and must be large enough in cross section to carry the maximum current of the load. 

Wound Type                                    Window Type                               Bar Type 

Figure 7-2.  Types of Current Transformers 

7.3.2  Indoor Vs Outdoor 

Another distinguishing feature is the difference between indoor and outdoor construction. 

The performance characteristics of the two constructions are essentially the same, but the 

physical appearance and hardware are different. The outdoor unit must be protected for 

possible contaminated environments while indoor units are protected due to their being 

mounted in an enclosure of some kind. Thus most outdoor units will have larger spacing 



  

 

between line and ground, which is achieved by the addition of skirts on the design. This 

provides larger surface creepage distances from the primary. 

 For the outdoor types the hardware must be of the non-corrosive type and the insulation 

must be of the non-arc-tracking type. One other feature that differentiates the indoor from 

the outdoor is the orientation of the primary terminals. The indoor types must be 

compatible for connection to bus type electrical construction 

 

 

Outdoor Type       Indoor Type                                         GIS Type 

Figure 7-3.  Types of Current Transformers and location applicable 

 

7.4  How To Modify The Ratio On A Current Transformer 

The secondary consists of a larger number of turns of smaller wire. The number is 

dependent on the primary to secondary current transformation desired. If a lower current 

rating than is available is required due to a low load density, this can be achieved by looping 

the primary cable through the window of the CT. An example would be the need for a 100 

ampere to 5 units when the lowest current rating made by the manufacturer was 200 to 5 

amperes.  

By looping the cable through the window so that the cable passes through the window 

twice, we can make an effective 100. 5 ampere unit out of a 200. 5 ampere unit. Smaller 

increments of current change can be achieved by adding or backing off secondary turns as 

well as primary turns, i.e., we can make a 110. 5 ampere unit out of a standard 200. 5 

ampere unit by adding 2 primary turns and adding 4 secondary turns.  

The primary ampere turns must equal the secondary ampere-turns. Thus 110 amperes X 2 

turns are 220 ampere turns on the primary. To equalize this on the secondary of a standard 

200. 5 ampere unit which has 40 turns (40 X 5 amperes = 200NI), we would have to add 4 

secondary turns through the window of the CT thus giving us a total of 44 secondary turns 

X 5 amperes = 220 ampere turns. Thus we have modified a standard 200. 5 ampere CT to 

be a 110. 5 ampere unit by adding 2 external primary turns and 4 external secondary turns 



  

 

to it. Had we chosen to back off the 4 secondary turns instead of adding, we would have 

had a 90. 5 ampere CT.  

 

Figure 7-4.  Current Transformer 

 

7.5  Magnetic Circuits 

Instrument transformers can be simplified with basic magnetic circuits. Figure 7-4 depicts 

the most basic magnetic circuit of an ideal instrument transformer. As a current passes 

through the primary winding it induces a magnetic flux in the steel core. The flux flows 

through the core and induces a current on the secondary winding proportional to the ratio 

of turns on the primary to the secondary.  

Instrument transformers are not a perfect device and incur losses from resistance and 

stray inductance of the copper winding and core. The two biggest losses are due to the 

copper windings that carry the current and the magnetic core that carries the flux.  

Figure 7-5 below shows the electric circuit and associated losses of an actual transformer. 

Figure 7-6 shows the equivalent circuit for a current transformer 

 

Figure 7-5.  Non ideal magnetic field 



  

 

 

Figure 7-6.  Instrument transformers circuit 

 

7.6  Thermal Rating Factor 

Rating factor (RF) is a term, which applies to a current transformer. In its application to a 

current transformer, it is the number representing the amount by which the primary load 

current may be increased over its nameplate rating without exceeding the allowable 

temperature rise. In other words, it is a designation of the transformer’s overload 

capability. In order to be completely meaningful, the ambient temperature at which the 

rating factor applies should be stated. The standard ambient reference levels are at 30°C 

or 55°C. In the manufacturer’s literature, a typical statement would be.  RF 2.0 at 30°C 

ambient with RF 1.5 at 55°C ambient. These statements mean that in a 30°C ambient, the 

CT will safely carry on a continuous basis two (2) times the nameplate rating and at 55°C 

ambient, it will carry one and a-half (1.5) times the nameplate rating. 

It is very important that the ambient temperature be considered when applying CT’s above 

the rating. Typical rating factors of CT’s are 1.0, 1.25, 1.33, 1.5, 2.0, 3.0, and 4.0. 

Many times the manufacturer will only list the CT rating factor at 30°C ambient (room 

temperature). If you wish to know what the rating factor is at some other ambient 



  

 

temperature, you will have to convert the value by use of a rather simple proportional 

equation. Following is a typical example.  

The manufacturer states his 400. 5 ampere CT has a rating factor of 4.0 at a 30°C ambient 

and you wish to know how much you must derate it when it is put in an enclosure where 

the highest ambient temperature might be 55°C. 

The basic formula for a 55°C rise CT is.  

 

 

 

And for our particular example.  

 

 

 

Thus where the 400 ampere unit could carry (400 X 4.0) 1600 amperes primary at 30°C 

ambient without exceeding the manufacturer’s recommended transformer thermal rating, 

it can safely carry only 2.95 x 400 at 55°C. The IEEE standard C57.13 provides a graph 

depicting the change in thermal rating to ambient temperature as well. 

7.7  Insulation/Voltage Class 

The insulation class indicates the magnitude of voltage, which an instrument transformer 

can safely withstand between its primary and secondary winding and between its primary 

or secondary winding and ground (core, case or tank) without a breakdown in the 

insulation. Industry standards have established insulation classes ranging from 600 volts 

up through 545 kV.  Industry recommendations are that, the insulation class of an 

instrument transformer should be at least equal to the maximum line-to-line voltage 

existing on the system at the point of connection. For example, the insulation class of a 

potential transformer used on a 7200/12470 volt system should be 15 kV even though the 

PT has a primary rating of 7200 volts and is connected phase-to-ground. Similarly, any 



  

 

current transformer used on a 7200/12470Y volt system should be of the 15 kV insulation 

class. Under fault conditions these units could be subjected to line-to-line voltage. 

 

7.8  Polarity 

In the application of instrument transformers, it is necessary to understand the meaning of 

polarity and to observe certain rules when connecting watt-hour meters, relays, etc. If you will 

accept the fact, without proof, that the flow of current in the secondary winding is in a direction 

opposite to that in the primary winding, that is, 180° out of phase with it, it will be relatively 

simple to understand the meaning of polarity. At any instant, when the current is flowing into 

one of the primary terminals it will be flowing out of one of the secondary terminals. 

 

 

Figure 7-7.  Current Transformer Polarity 

 

The polarity of a transformer therefore is simply an identification of the primary terminal 

and the secondary terminal, which satisfies the previously stated conditions. All 

instrument transformers, whether current or potential will have polarity marks associated 

with at least one primary terminal and one secondary terminal. These markings usually 

appear as white dots or letter and number combinations. When number and letter 

combinations are used IEEE refers to H1 as the primary terminal marking and to X1 for the 

secondary polarity mark. 

In applications which depend on the interaction of two currents, such as a watt-hour meter 

or protective relay, it is essential that the polarity of both current and potential 

transformers be known and that definite relationships are maintained. 

While all instrument transformers should be clearly marked as to their polarity, it is 

sometimes necessary to verify existing markings or to determine the polarity of an old or 

unmarked transformer.  



  

 

 

Figure 7-8.  Current Transformer Polarity 

 

7.9  Accuracy Classification And Burden 

The IEEE has established standardized methods of classifying instrument transformers as 

to accuracy and burden. An accuracy classification for an instrument transformer includes 

the standard burden as well as the maximum percent error limits for line power factors 

between 100% and 60% lagging. A typical CT classification might be 0.3 B0.5 where the 0.3 

is the percent allowable error and the B0.5 is the secondary burden in ohms impedance. 

The accuracy is dependent on the burden. 

It is extremely important at this point to have a very clear understanding of the term 

“burden” as it is used in connection with instrument transformer accuracy classifications. 

The term “burden” has been adopted to distinguish it from “load” which is generally 

associated with the primary, especially with current transformers. For example, the load 

rating of a current transformer indicates the load (in current) which may be applied to its 

primary, while the burden rating indicates the amount of resistance (in ohms) and 

inductance (in milli-henries) which may be connected to its secondary without causing a 

metering error greater than specified by its accuracy classification. 

The types of meters and relays and the size and length of wire connected to the secondary 

side of the instrument transformer make up its burden.  

These values can be calculated by converting each device into terms of volt-amperes and 

power factor, and doing a vector analysis to determine what the total effective burden on 

the transformer is. A more practical way is to obtain from the manufacturer the burden of 



  

 

each device in terms of watts and vars and calculate the total effective burden on the 

instrument transformer.  

 

 Typical example might be as follows  

RELAY CLASS & ASSOCIATED BURDENS 

Secondary terminal voltage Standard burden 

C10 B-0.1 

C20 B-0.2 

C50 B-0.5 

C100 B-1 

C200 B-2 

C400 B-4 

C800 B-8 

 

Table 7-1.  Relay Class and Burden 

 

7.10  Metering Accuracy 

There are two sources of error in instrument transformers, namely ratio error and phase 

angle error. In a given transformer, the metering error is the combination of the two 

separate errors. This combination is called Transformer Correction Factor (TCF), IEEE has 

established accuracy classes for both current and potential transformers. The limit of 

permissible error in a potential transformer for a given accuracy class remains constant 

over a range of voltage from 10% below to 10% above rated voltage.  

The limit of permissible error in a current transformer accuracy class has one value at 

100% rated current and allows twice that amount of error at 10% rated current. Typically 

0.3% error is acceptable for watt-hour metering, 0.6% to 1.2% error for indicating 

instruments.  

 

7.11  High Accuracy Instrument Transformers 

Two new accuracy classes have been developed by IEEE C57.13.6 to accommodate the shift 

towards electronic relays and meters from the traditional induction devices. Consequently, 



  

 

manufacturers have begun to improve accuracy of instrument transformers to take 

advantage of the lower impedance of the devices. Included in the new high accuracy 

standard are new testing points and burdens to verify performance. New burdens of E.04, 

(1.0 Volt-Ampere at 5Amp, unity power factor), E0.2, (5.0 Volt-Ampere at 5Amp, unity 

power factor), and low current test point of 5% versus the traditional 10% rated current, 

are now required.  

Current transformers must maintain 0.15% accuracy from rated current through rating 

factor at rated burden. At 5% rated current through 100%, the current transformer must 

maintain 0.3% accuracy. No accuracy is guaranteed at levels below 5%.  

 

7.12  Relay Accuracy Of A Current Transformer 

Current transformers that are used to operate relays for control and system protection 

must have certain accuracy during over-current conditions. The transformer must be able 

to not only withstand the high currents involved, but must also transform current to a 

lower value suitable for application to the relay terminals, and do this with a reasonable 

accuracy. A typical relay accuracy classification might be C200 or T200. 

The “C” stands for calculated and means that the window and bar type units which have a 

fully distributed secondary winding on a low leakage flux core thus leading itself to 

calculated values. The “T” stands for tested because wound type units do not have fully 

distributed windings, they must be tested because the leakage reactance is not predictable. 

The last number is the secondary voltage that can be developed at the secondary terminals 

without saturation. Thus the meaning of the relay classification C200 would be (10% 

accuracy inferred at 20 X normal current X secondary impedance OR 

 

V = IR 

200 volt = (20 X 5 amps) X B2.0 ohms 

Thus, this CT would have an error of no larger than 10% at 20 times normal secondary 

current with a secondary burden of 2.0 ohms. 

Manufacturers will often offer a graph of the excitation performance of a particular CT. The 

graph allows the end user to determine the performance of the CT over the entire range of 

secondary current and ensure that the CT will function as required.  

 



  

 

 

Figure 7-9.  A Typical Excitation Curve of a Relay class CT 



  

 

7.13  Connections - Current Transformers 

CT’s with wound primaries always have their primary windings connected in series with 

the line and the load and their secondary windings connected to the burden (the watt-hour 

meter current coil) as show below.  

Current transformers having a center tapped secondary are referred to as a dual ratio CT. 

They are used in applications where it is necessary to have available two ratios of primary 

to secondary current from the same secondary winding of the CT. This may be 

accomplished by adding a tap in the secondary winding to get a second ratio. The ratio 

obtained by the tap is usually one-half the ratio obtained by the full secondary winding.  

A schematic example is shown below. With 200 amperes flowing in the primary 

 

 

Figure 7-10.  CT Connection 

 

A connection X2 – X3 will produce 5 amperes out of the secondary. Then as the load grows 

to 400 amperes, the secondary circuit will be reconnected to X1 – X3 to produce 5 amperes 

in the secondary. It is not recommended to reconnect while the unit is energized; the 

secondary terminals must be short circuited so as not to induce high voltage in the 

secondary circuit when the circuit is opened to make the connection. Voltage from a few 

hundred volts to several thousand volts, dependent on the design, can be developed in the 

secondary circuit when it is open circuited with current flowing in the primary winding.  

On a dual ratio tapped secondary CT, both the full winding and the tapped winding cannot 

be operated simultaneously. The unused terminal must be left open to avoid short-

circuiting a portion of the secondary winding. 



  

 

Another design of CT quite commonly used is the double secondary CT. In this 

configuration the CT has two cores, two secondary windings and one common primary 

winding. Its application would be for using one CT to both meter and relay a common 

circuit where the metering circuit must be isolated from the relaying circuit 

In this design, if both circuits are not going to be used simultaneously, then the unused 

circuit must be short circuited while the other is energized or you will develop an induced 

high voltage on the open circuited unused CT. 

 

 

Figure 7-11.  Double secondary CT Connection 

 

 

  



  

 

7.14  Connections - Standard Metering 

Typical current transformer connections on three common circuits will illustrate the 

principles involved in making CT installations. 

 

 

Figure 7-12.  CT Y, Delta Connection 

 

 

Figure 7-13.  Example - CT Y, Delta Connection 

 



  

 

 

 

 

M08 – POTENTIAL TRANSFORMER(PT) 

 

 

 

 

 

  



  

 

8.1  Objectives 

Through this module participant will be able to;  

 Explain what a potential transformer is 

 Understand the basic theory applied to the potential transformer 

 State the functions and the applications of a potential transformer 

 

8.2  Introduction 

Potential Transformer is an instrument transformer used to feed the potential coils of 

indicating and metering relays. These transformers make the ordinary low voltage 

instruments suitable for measurement of high voltages and isolate them from high voltage. 

 

The primary winding of the transformer is directly connected to the high voltage power 

circuits between two phases or between phase and ground depending on the transformer 

rating and its application. The secondary winding of the Potential Transformer is 

connected to the various measuring relays and devices. The secondary winding has less 

number of turns and the primary has larger number of turns. These two windings are 

magnetically coupled. 

 

The number of the secondary winding turns depend upon the purpose or the application 

of the Potential Transformer. However,  new employees are unable to identify this 

equipment in the power substations. This section has therefore been designed 

 to assist them identify it easily and know the application. 

 

8.3  Definition - Potential Transformer  

The Potential Transformer may be defined as an instrument transformer used for the 

transformation of voltage from a higher level to a lower level as shown in Figure 8-1. 

This Transformer steps down the voltage to a safe value which can be easily measured by 

the ordinary low voltage instrument like voltmeter and to a protection Relay. 



  

 

 
Figure 8-1.  Potential Transformer 

8.4  Identification 

 

8.4.1 By the nameplate 

Figure 8-2 shows a typical name plate with all the information that can be used to identify 

the equipment in either AIS or GIS power systems.  

 

 

Figure 8-2 .  Name Plate of Potential Transformer 



  

 

8.4.2 Construction 

 

Potential transformers are constructed with a single node or terminal for connection to 

primary circuit as depicted below.  

 

Figure 8-3.  Potential Transformer with Stud or Flat Terminal 

 

8.4.3  BY SYMBOL 

The Symbol Fig. 8-4a below is an electrical standard representation of a potential 

transformer in any diagram. The symbol depicts primary and secondary windings. The 

secondary windings are typically configured for protection and metering requirements. 

The Dot indicates the polarity of the winding. 

 

Figure 8-4.  General symbol for Potential Transformer     

 



  

 

8.5   APPLICATIONS 

8.5.1   Measurement 

The secondary winding terminal is connected to a low voltage meter on a control board to 

read the voltage. 

 

8.5.2 Protection 

Typical multiple winding potential transformer wiring connection for feeder protection 

and also to monitor phase to phase voltage. 

 

  

Figure 8-5  .  Diagram of Potential Transformer on Feeder line Monitoring and 

Protection 

 



  

 

  

Figure 8-6.  Voltage of the secondary winding of Potential Transformer 

incorporated into a Relay Logic circuit  to trip Circuit break 

  



  

 

 

 

 

M09 – LIGHTENING ARRESTORS 
  



  

 

 

9.1  Objectives 

Through this module participant will be able to;  

 Define Lightning Arrester 

 Know the application of lightning arrester 

 Know the advantages and disadvantages  

9.2  Introduction 

The original lightning arrester was nothing more than a spark air gap with one side 

connected to a line conductor and the other side connected to earth. When the line-to-

ground voltage reached the spark-over level, the voltage surge would be discharged to 

earth. The modern metal oxide arrester provides both excellent protective characteristics 

and temporary overvoltage capability. The metal oxide disks maintain a stable 

characteristic and sufficient non-linearity and do not require series gaps.  

Due to the broad nature of this subject, this book will concentrate on the application of the 

gapless metal oxide arrester to circuits and systems rated 1,000 V and greater.  

The states around the Gulf of Mexico have the highest annual average number of lightning 

storms in the United States. This is called the isokeraunic level for an area. On average, 

between 40 and 80 thunderstorms hit the areas along the Gulf Coast each year, while 

California and some states along the Canadian border have an average of less than 5 per 

year. So, it is easy to understand that surge protection of electrical equipment is a very 

important part of the electrical system design.  

Lightning strikes are not the only sources of voltage surges in the electrical system. The 

following are a few of the more frequently encountered causes of transient voltage surges.   

 Surge voltages associated with switching capacitors.  

 Surge voltages due to a failure in equipment insulation resulting in a short circuit on 

the distribution system.  

 Surge voltages associated with the discharge of lightning arresters at other locations 

within the facility. 

 

When capacitors are switched in and out of the circuit, it is possible to get a restrike when 

interrupting the capacitor.  



  

 

 9.3  Definition Of Lightning Arrester 

It is a device used on electrical power systems and telecommunications systems to protect 

the insulation and conductors of the system from the damaging effects of lightning, and 

equipment switching by diverting lightning and switching impulses from sensitive 

equipment and save them from damage. 

 

 
 

Figure 9-1.  Various type of Lightning Arresters 

 

9.4    Importance Of Lightning Arrester  

The original lightning arrester was nothing more than a spark air gap with one side 

connected to a line conductor and the other side connected to earth. When the line-to-

ground voltage reached the spark-over level, the voltage surge would be discharged to 

earth.  

The modern metal oxide arrester provides both excellent protective characteristics and 

temporary overvoltage capability. The metal oxide disks maintain a stable characteristic 

and sufficient non-linearity and do not require series gaps.  

 

When lightning discharges through an arrester, surge currents are discharged into the 

grounding terminal. It is very important that substations and overhead lines be protected 

with well-grounded shield wires. It is also equally important that the ground system 



  

 

between pieces of equipment be bonded together with interconnected ground wires 

dedicated to the grounding system.  

When a surge is released on a line by direct strokes or induced strokes, the stroke travels 

in both directions from the point where the stroke originated. Wave velocity is an inverse 

function of the surge impedance. Waves travel on an overhead line at approximately 1000 

ft. per microsecond, in cables about 300 – 600 ft. per microsecond and in a buried 

conductor about 300 ft. per microsecond. The velocity internal to a rotating machine may 

be only 25 ft. per microsecond.  

The current resulting from a traveling wave is equal to the voltage divided by the 

impedance (E/Z). Wave current is approximately two to four amps per kilovolt of surge 

voltage. Lightning waves on overhead lines gradually attenuate with travel.  

When the wave runs into a change in impedance (transformer, another line, etc.), the wave 

continues in the same direction at a different magnitude. It will also reflect back in the 

direction from which it came.  

When a wave E1 traveling on surge impedance Z1 encounters another surge impedance Z2, 

the voltage on the new wave Z2 becomes.   

 

Note.  as the new surge impedance Z2 approaches infinity, representative of an open line,  

E2 = 2E1. 

The reflected wave will actually double in magnitude in its return in the opposite direction. 

Unless the wave is discharged to ground (lightning arrester connected to ground), the 

reflected wave can severely damage electrical equipment.  

Surges produced by lightning have high magnitudes, but their durations are very short.



  

 

The lightning discharge may reach its crest value in approximately 1 to 20 microseconds and produce 

conduction flashover voltages of 5 to 20 times normal in 1 microsecond or less.  

The wave shape is customarily expressed by two intervals associated with the wave geometry. The 

first time interval is between a virtual zero and crest; the second time interval is between the virtual 

zero and the half crest value on the wave tail. The wave is defined if the crest value is added to the 

two time-interval designations. For example, a 20,000 amp 10 x 20 microsecond current wave rises 

to a crest of 20,000 amperes in 10 microseconds after virtual zero and decays to 10,000 amperes in 

20 microseconds after virtual zero.  

 

Figure 9-2.  High Voltage Surge Arresters 

 

Protective Margin  

Most electrical equipment are rated for traveling wave voltage surge capability by the Impulse Test. 

The Impulse Test is most common and consists of applying a full-wave voltage surge of a specified 

crest value to the insulation of the equipment involved. The crest value of the wave is called the Basic 

Impulse Insulation Level (BIL) of the equipment. Each type of electrical equipment has a standard 

BIL rating. Lightning arresters are coordinated with standard electrical equipment insulation levels 

so that they will protect the insulation against lightning over voltages. This coordination is obtained 

by having an arrester that will discharge at a lower voltage level than the voltage required to break 

down the electrical equipment insulation. Equipment has certain applicable impulse levels or BIL as 

defined in industry standards. 

Surge arresters are applied to limit the magnitude of impulse waves. Surge capacitors reduce the 

steepness of the wave fronts so that the equipment being protected is not subjected to as severe a 

voltage wave.  

For insulation coordination, protective ratios are calculated at three separate points within the volt-

time regions. These are.  the switching surge withstand, the full wave withstand and the chopped 



  

 

wave withstand. The following protective ratios must be met or exceeded if satisfactory insulation 

coordination is to be achieved, according to the minimum recommendations given in ANSI C62.22.  

These protective ratios assume negligible arrester lead length and distance between the arrester and 

the transformer.  

Switching Surge Withstand > = 1.15  

Switching Surge Protective Level  

Full Wave Withstand (BIL) > = 1.20  

Impulse Protective Level  

Chopped Wave Withstand > = 1.25  

Front-of-Wave Protective Level  

The protective ratios typically exceed the minimum protective ratios recommended by ANSI by a 

considerable amount in actual power system applications.  

Overwhelming evidence points to the fact that surge voltage is a significant contributor to cable 

failure. When transformers are subjected to surge voltages, if the insulation strength of the 

transformer is sufficient to withstand the surge, there is typically no damage to the transformer. 

However, cable has memory. Each impulse on a cable contributes to the deterioration of cable 

insulation strength, such that the cable may ultimately fail by overvoltage levels below the BIL.  

The important thing to note is that each apparatus has a design rating. Many lightning and switching 

surges are of a magnitude much higher than the design rating. It is of vital importance, therefore, to 

properly select, locate, and apply surge arresters in order to avoid damaging equipment. Properly 

applied surge protection can reduce the magnitude of the traveling wave to a level within the rating 

of the equipment.  

 

9.5 Types Of Lightning Arresters 

 Rod Gap Arrester 

 Sphere Gap Arrester 

 Horn Gap Arrester 

 Multiple-Gap Arrester 

 Impulse Protective Gap 

 Electrolytic Arrester 

 Expulsion Type Lightning Arrester 

 Valve Type Lightning Arresters 



  

 

 Thyrite Lightning Arrester 

 Auto valve Arrester 

 Oxide Film Arrester 

 Metal Oxide Lightning Arresters 

9.5.1  Metal Oxide Lightning Arrester 

Such Types of diverter are also known as gapless surge diverters, or Zinc oxide diverter. The base 

material used for manufacturing metal oxide resistor is zinc oxide. It is a semiconducting N-type 

material. The material is doped by adding some fine powder of insulating oxides. The powder is 

treated with some processes and then it is compressed into a disc-shaped block. The disc is then 

enclosed in a porcelain housing filled with nitrogen gas or SF6. 
 

 

Figure 9-3.   Zinc Oxide LA 

 

This arrester consists a potential barrier at the boundaries of each disc of ZNO. This potential barrier 

controls the flow of current. At normal operating condition, the potential barrier does not allow the 

current to flow. When an overvoltage occurs, the barrier collapses and sharp transition from 

insulating to conducting take place. The current starts flowing and the surge is diverted to ground. 

 

9.6 Arrester Selection  

The objective of arrester application is to select the lowest rated surge arrester which will provide 

adequate overall protection of the equipment insulation and have 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 protective margin it provides 

for a specific insulation level. Both arrester survival and equipment protection must be considered in 

arrester selection.  

The proper selection and application of lightning arresters in a system involve decisions in three 

areas.   

1. Selecting the arrester voltage rating. This decision is based on whether or not the system is 

grounded and the method of system grounding.  

2. Selecting the class of arrester. In general there are three classes of arresters. In order of 

protection, capability and cost, the classes are.   

 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.  
 

9.7  Arrester Voltage Rating  

The lower the arrester voltage rating, the lower the discharge voltage, and the better the protection 

of the insulation system. The lower rated arresters are also more economical. The challenge of 

selecting and arrester voltage rating is primarily one of determining the maximum sustained line-to-

ground voltage that can occur at a given system location and then choosing the closest rating that is 

not exceeded by it. This maximum sustained voltage to ground is usually considered to be the 

maximum voltage on the un-faulted phases during a single line-to-ground fault. Hence, the 

appropriate arrester ratings are dependent upon the manner of system grounding. Table 1 lists 

arrester ratings, for one manufacturer, that would normally be applied on systems of various line-to-

line voltages. The rating of the arrester is defined as the RMS voltage at which the arrester passes the 

duty-cycle test as defined by the reference standard. For surge arrester applications the “solidly 

grounded” classification is usually found in Electric Utility distribution systems where the system is 

usually only grounded at the point of supply. These systems can exhibit a wide range of grounding 

coefficients depending upon the system or location in the system. Accordingly, these systems may 

require a study to ensure the most economical, secure, arrester rating selection. If this information is 

not known or available, the ungrounded classification should be used. The “ungrounded” 

classification includes resistance grounded systems, ungrounded systems and temporarily  

Ungrounded systems. Both high resistance and low resistance systems are considered ungrounded 



  

 

for the selection of the proper surge arrester since during a line-to-ground fault the un-faulted phases 

and their arresters experience essentially line-to-line voltage. The same is true for the infrequently 

used ungrounded system. This simply means that the maximum continuous operating voltage, as 

discussed below, must be at least 100 % of the maximum operating voltage of the system.  

 

Table 9-1.  Typical Arrester Ratings for Line Voltages 

9.8  Continuous System Voltage  

When arresters are connected to the power system they continually monitor the system operating 

voltage. For each arrester rating, there is a limit to the magnitude of voltage that may be continuously 

applied to the arrester. This is referred to as the Maximum Continuous Operating Voltage (MCOV). 

The MCOV values for each arrester rating are shown for one manufacturer in Table 9-2 below. These 

values meet or exceed those values contained in the referenced standard. Note that the MCOV is less 

than the arrester voltage rating. The arrester selected must have a MCOV rating greater than or equal 

to the maximum continuous system voltage. Attention must be given to the circuit configuration 



  

 

(single phase, wye, or delta) as well as the arrester connection (line-to-ground or line-to-line). Most 

arresters are connected line-to-ground, in which case, the grounding methods discussed above must 

be considered. If the arrester is connected line-to-line, then the phase-to-phase voltage must be 

considered. There are also special applications that require additional consideration such as the use 

of a delta tertiary winding of a transformer where one corner of the delta is permanently grounded. 

In this case the normal voltage applied to the arrester will be full phase-to-phase voltage even though 

the arresters are connected line-to-ground.  

 

Table 9-2.  MCOV Ratings of Arresters 

 

9.9  Temporary Over-voltages  

Temporary over-voltages (TOV) may be caused by a number of events such as line-to-ground faults, 

circuit back feeding, load rejection, and ferro-resonance. The system configuration and operating 

practices will identify the most probable forms of temporary overvoltage that may occur at the 



  

 

arrester location. The temporary overvoltage capability must meet or exceed the expected temporary 

over-voltages.  

Table 9-3 identifies the temporary overvoltage capability of one manufacturer's arresters in per unit 

of MCOV. It also defines the time duration that the over-voltages may be applied before the arrester 

voltage must be reduced to the arrester’s continuous operating voltage capability. These capabilities 

are independent of system impedance and are, therefore, valid for voltages applied at the arrester 

location.  

If detailed transient system studies or calculations are not available, the over-voltages due to a single 

line-to-ground fault should be considered as a minimum. The arrester application standard ANSI 

C62.22 gives some guidance in determining the magnitude of single line-to-ground fault over-

voltages. The effects of TOV on metal oxide arresters are increased current and power dissipation 

and a rising arrester temperature.  

 
 

Table 9-3.  TOV Ratings of Arresters 
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10.1 Objectives 

Through this module participant will be able to;  

 Define the reactive power and know the need for phase modifying equipment 

 Identify the purpose and main functions of Capacitors, Reactors and SVC  

 Understand the structure and the major components of them  

10.2 Introduction 

10.2.1 Understanding of Reactive Power 

Reactive Power can best be described as the quantity of “unused” power that is developed by reactive 

components, such as inductors or capacitors in an AC circuit or system. In a DC circuit, the product of 

“volts x amps” gives the power consumed in watts by the circuit.  

However, while this formula is also true for purely resistive AC circuits, the situation is slightly more 

complex in AC circuits containing reactive components as this volt-amp product can change with 

frequency. In an AC circuit, the product of voltage and current is expressed as volt-amperes (VA) or 

kilo volt-amperes (kVA) and is known as Apparent power, symbol S. In a non-inductive purely 

resistive circuit such as heaters, irons, kettles and filament bulbs etc., their reactance is practically 

zero, so the impedance of the circuit is composed almost entirely of just resistance. 

For an AC resistive circuit, the current and voltage are in-phase and the power at any instant can be 

found by multiplying the voltage by the current at that instant, and because of this “in-phase” 

relationship, the r.m.s. (Root Mean Square) values can be used to find the equivalent DC power or 

heating effect. 

However, if the circuit contains reactive components, the voltage and current waveforms will be “out-

of-phase” by some amount determined by the circuit’s phase angle. If the phase angle between the 

voltage and the current is at its maximum of 90o, the volt-amp product will have equal positive and 

negative values. 

In other words, the reactive circuit returns as much power to the supply as it consumes resulting in 

the average power consumed by the circuit being zero, as the same amount of energy keeps flowing 

alternately from source to the load and back from load to source. 

Since we have a voltage and a current but no power dissipated, the expression of P = IV (rms) is no 

longer valid and it therefore follows that the volt-amp product in an AC circuit does not necessarily 

give the power consumed. Then in order to determine the “real power”, also called Active power, 

symbol P consumed by an AC circuit, we need to account for not only the volt-amp product but also 



  

 

the phase angle difference between the voltage and the current waveforms given by the equation.  

VI.cosΦ. 

Then we can write the relationship between the apparent power and active or real power as.  

 

Note that power factor (PF) is defined as the ratio between the active power in watts and the apparent 

power in volt-amperes and indicates how effectively electrical power is being used. In a non-

inductive resistive AC circuit, the active power will be equal to the apparent power as the fraction of 

P/S becomes equal to one or unity. A circuit power factor can be expressed either as a decimal value 

or as a percentage.  But as well as the active and apparent powers in AC circuits, there is also another 

power component that is present whenever there is a phase angle. This component is called Reactive 

Power (sometimes referred to as imaginary power) and is expressed in a unit called “volt-amperes 

reactive”, (Var), symbol Q and is given by the equation.  VI.sinΦ. 

Reactive power, or Var, is not real power at all but represents the product of volts and amperes that 

are out-of-phase with each other. Reactive power is the portion of electricity that helps establish and 

sustain the electric and magnetic fields required by alternating current equipment. The amount of 

reactive power present in an AC circuit will depend upon the phase shift or phase angle between the 

voltage and the current and just like active power, reactive power is positive when it is “supplied” 

and negative when it is “consumed”. Reactive power is used by most types of electrical equipment 

that uses a magnetic field, such as motors, generators and transformers. It is also required to supply 

the reactive losses on overhead power transmission lines. The relationship of the three elements of 

power, active power (watts), apparent power (VA) and reactive power (Var) in  AC circuit can be 

represented by the three sides of right-angled triangle. This representation is called a Power Triangle 

as shown.  

 

Figure 10-1.  Power in an AC Circuit 



  

 

 

From the above power triangle, we can see that AC circuits supply or consume two kinds of power.  

active power and reactive power. Also, active power is never negative, whereas reactive power can 

be either positive or negative in value so it is always advantageous to reduce reactive power in order 

to improve system efficiency. 

The main advantage of using AC electrical power distribution is that the supply voltage level can be 

changed using transformers, however transformers and induction motors of household appliances, 

air conditioners and industrial equipment all consume reactive power that takes up space on the 

transmission lines since larger conductors and transformers are required to handle the larger 

currents that need to be paid for. 

 

Figure 10-2. Reactive Power Analogy with Beer 

 

In many ways, reactive power can be thought of like the foam head on a pint or glass of beer. You pay 

the barman for a full glass of beer but only drink the actual liquid beer which is always less than a full 

glass. 

This is because the head (or froth) of the beer takes up additional wasted space in the glass leaving 

less room for the real beer that you consume, and the same idea is true for reactive power.  

For many industrial power applications, reactive power is often useful for an electrical circuit to have. 

While the real or active power is the energy supplied to run a motor, heat a home, or illuminate an 

electric light bulb, reactive power provides the important function of regulating the voltage thereby 

helping to move power effectively through the utility grid and transmission lines to where it is 

required by the load. 



  

 

While reducing reactive power to help improve the power factor and system efficiency is a good thing, 

one of the disadvantages of reactive power is that a sufficient quantity of it is required to control the 

voltage and overcome the losses in a transmission network. This is because if the electrical network 

voltage is not high enough, active power cannot be supplied. But having too much reactive power 

flowing around in the network can cause excess heating (I2R losses) and undesirable voltage drops 

and loss of power along the transmission lines. 

One way to avoid reactive power charges is to install power factor correction capacitors. Normally 

residential customers are charged only for the active power consumed in kilo-watt hours (kWhr) 

because nearly all residential and single phase power factor values are essentially the same due to 

power factor correction capacitors being built into most domestic appliances by the manufacturer. 

Industrial customers, on the other hand, which use 3-phase supplies have widely different power 

factors, and for this reason, the electrical utility may have to take the power factors of these industrial 

customers into account. Customers are required to pay a penalty if their power factor drops below a 

prescribed value because it costs the utility companies more to supply industrial customers since 

larger conductors, larger transformers, larger switchgear, etc., are required to handle the larger 

currents. 

Generally, for a load with a power factor of less than 0.95 more reactive power is required. A load 

with a power factor value higher than 0.95 is considered good as the power is being consumed more 

effectively, and a load with a power factor of 1.0 or unity is considered perfect and does not use any 

reactive power. 

We have seen that “apparent power” is a combination of both “reactive power” and “active power”. 

Active or real power is a result of a circuit containing resistive components only, while reactive power 

results from a circuit containing either capacitive and inductive components. Almost all AC circuits 

will contain a combination of these R, L and C components. 

Since reactive power takes away from the active power, it must be considered in an electrical system 

to ensure that the apparent power supplied is sufficient to supply the load. This is a critical aspect of 

understanding AC power sources because the power source must be capable of supplying the 

necessary volt-amp (VA) power for any given load. 

 



  

 

10.3  Capacitor Bank 

10.3.1  Need for Capacitor Bank 

The demand of active power is expressed in Kilo Watt (kW) or Mega Watt (MW). This power should 

be supplied from electrical generating station. All the arrangements in electrical power system are 

done to meet this basic requirement. 

In alternating power system, reactive power always comes in to the picture. This reactive power is 

expressed in Kilo VAR or Mega VAR. The demand of this reactive power is mainly originated from 

inductive load connected to the system.  

These inductive loads are generally electromagnetic circuit of electric motors, electrical transformers, 

inductance of transmission and distribution networks, induction furnaces, fluorescent lightings etc. 

This reactive power should be properly compensated otherwise, the ratio of actual power consumed 

by the load, to the total power i.e. vector sum of active and reactive power, of the system becomes 

quite less. This ratio is alternatively known as electrical power factor, and fewer ratios indicates poor 

power factor of the system. 

If the power factor of the system is poor, the ampere burden of the transmission, distribution 

network, transformers, alternators and other equipment connected to the system, becomes high for 

required active power. Hence reactive power compensation becomes so important. This isachieved 

by installation of capacitor banks. 

To explain in details active power is expressed = VIcosθ where, cosθ is the power factor of the system. 

Hence, if this power factor is low, the corresponding current (I) increases for same active power P. 

As the current of the system increases, the Ohmic loss of the system increases. Ohmic loss means, 

generated electrical power is lost as unwanted heat originated in the system. The cross-section of the 

conducting parts of the system may also have to beincreased for carrying extra ampere burden, which 

is also not economical from the commercial point of view. 

 Another major disadvantage, is poor voltage regulation of the system, which is mainly due to poor 

power factor.  

 

The equipment used to compensate reactive power include the following   

 

 Static capacitors or Capacitor Bank synchronous condensers  

It can produce reactive power and the production of reactive power can be regulated. Due to this 

regulating advantage, the synchronous condensers are very suitable for correcting power factor of 

https://www.electrical4u.com/electrical-motor-types-classification-and-history-of-motor/
https://www.electrical4u.com/electric-power-single-and-three-phase/
https://www.electrical4u.com/electrical-power-factor/
https://www.electrical4u.com/what-is-transformer-definition-working-principle-of-transformer/
https://www.electrical4u.com/alternator-or-synchronous-generator/
https://www.electrical4u.com/electric-current-and-theory-of-electricity/
https://www.electrical4u.com/electric-power-single-and-three-phase/


  

 

the system, but this equipment is quite expensive compared to static capacitors. That is why 

synchronous condensers, are justified to be used only for voltage regulation of very high voltage 

transmission system. It has been found out that maximum benefit from compensating equipment can 

be achieved when they are connected to the individual load side. This is practically and economically 

possible only by using small rated capacitors with individual load and not by using synchronous 

condensers.  

 

10.3.2 Type of Capacitor Bank 

Static Capacitor Bank can further be subdivided into two categories, (a) Shunt capacitors (b) Series 

capacitor 

These categories are mainly based on the methods of connecting capacitor bank with the system. 

Among these two categories, shunt capacitors are more commonly used in the power system of all 

voltage levels.  

 

 
Figure 10-3 .   Series Capacitor                                         Figure 10-4 .   Shunt Capacitor 

  

 

10.3.3  Advantages of Shunt Capacitor Bank 

There are some specific advantages of using shunt capacitors such as, 

 It reduces line current of the system. 

 It improves voltage level of the load. 

 It also reduces system Losses. 

 It improves power factor of the source current. 

https://www.electrical4u.com/voltage-or-electric-potential-difference/
https://www.electrical4u.com/shunt-capacitor-capacitor-bank/


  

 

 It reduces load of the alternator. 

 It reduces capital investment per megawatt of the Load. 

 

All the above-mentioned benefits come from the fact that the effect of capacitor reduces reactive 

current flowing through the whole system. Shunt capacitor draws almost fixed amount of leading 

current which is superimposed on the load current and consequently reduces reactive components 

of the load and hence improves the power factor of the system. Series capacitor on the other hand 

has no control over flow of current. As these are connected in series with load, the load current always 

passes through the series capacitor bank. 

Actually, the capacitive reactance of series capacitor neutralizes the inductive reactance of the line 

hence, reduces the effective reactance of the line and thereby improving the voltage regulation of the 

system. However the series capacitor bank has a major disadvantage. During faulty condition, the 

voltage across the capacitor may be raised up to 15 times more than its rated value. Thus series 

capacitor must have sophisticated and elaborate protective equipment. Because of this, the use of-

series capacitor is confined in the extra high voltage system only. 

 

10.3.4 Construction of Shunt Capacitor 

The active parts of capacitor unit are composed of  two aluminium foils separated by impregnated 

papers. The thickness of the papers may vary from 8 microns to 24 microns depending upon the 

voltage level of the system. The thickness of the aluminium foil is in the order of 7 microns. 

For low voltage applications, there may be one layer of impregnated paper of suitable thickness 

between the foils but for higher voltage applications more than one layer of impregnated papers are 

placed between the aluminium foil to avoid unwanted circulation of short circuit current between 

the foil due to presence of conducting matters in the papers.  

The capacitor sections are wound into rolls, thereafter they are flattened out, compressed into packs, 

enclosed in multiple layers of heavy paper insulations and inserted into the containers. When the lid 

is welded to the container, the capacitor unit is dried and integrated in large autoclaves by a 

combination of heat and vacuum. After the paper is completely dried and all gases removed from the 

insulation the capacitor tank is filled with degassed oil at the same vacuum. 

In the early stages of development, it was generally mineral insulating oil which was used as 

impregnant. This has now been replaced by most of the manufacturers with synthetic liquids of 

https://www.electrical4u.com/alternator-or-synchronous-generator/
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chlorinated diphenyl group bearing different trade names. Mineral insulating oil has very low electric 

conductivity and very high dielectric strength. But it has however some drawbacks such as, 

 Low dielectric constant. 

 Non-uniform voltage distribution in the mineral oil. 

 It is very inflammable. 

 It is subjected to oxidation. 

 
With the synthetic impregnant it is quite possible to manufacture smaller capacitor unit with higher 

voltage rating. The voltage rating of the capacitor unit is restricted within certain limits because on 

low voltage the cost per kilo VAR goes high. For high voltage applications, numbers of capacitor units 

are connected in series and parallel combination to form a capacitor bank for required voltage and 

Kilo VAR ratings. For example, in a typical star – star ungrounded three phase system, given a rating 

of 6.64kV and 600kVar per unit, one (1No.) unit and three (3No.) units are required per phase in 

11.5kV and 34.5kV systems respectively. 

Depending on the rating of the capacitor bank, the units can be stacked up in parallel evenly over the 

three phases to achieve a balanced system. For example, for a 10.8MVar (2x5.4MVar) on 11.5kV, three 

(3No.) capacitor units in parallel are required per phase of each bank. However, for a 10.8MVar 

(2x5.4MVar) on 34.5kV, three (3No.) capacitor units in series are required per phase of each bank.     

 

 
 

10.4 SHUNT REACTOR 

10.4.1 Introduction to Shunt Reactor 

Shunt reactors are inductive loads that are used to absorb reactive power to reduce the over voltages 

generated by line capacitance. An inductive load consumes reactive power versus a capacitive load 

generates reactive power. A transformer, a shunt reactor, a heavy loaded power line, and an under 

magnetized synchronous machine are examples of inductive loads. Examples on a capacitive load are 

a capacitor bank, an open power line and an over magnetized synchronous machine.  

Shunt reactors are mainly used in transmission networks. Their function is to consume the excess 

reactive power generated by overhead lines under low-load conditions, and thereby stabilize the 

system voltage. They are quite often switched in and out on daily basis, following the load situation 

in the system. Shunt reactors are normally connected to substation busbar, but also quite often 



  

 

directly to the overhead lines. Alternatively, they may also be connected to tertiary windings of power 

transformers. The shunt reactors may have grounded, or reactor grounded neutral.  

10.4.2 Type of Shunt Reactor 

There are two types of shunt reactor groups one is the oil immersed type (Fig. 10-7) similar to 

transformers. The other type is the air core or core-less reactor. The dry type of reactors (Fig. 10-6) 

are normally used up to 73.0 kV and often installed on the tertiary of a transformer. 

The design is divided in gapped core and core-less reactors. The gapped core has a subdivided limb 

of core steel with air gaps inside the winding and no limb at all for the core less concept. The gapped 

core gives compact design with low losses and low total mass, low sounds and low vibrations. Higher 

energy density can be achieved in a gapped core compared to an air core. The slope of the 

permeability is greater in a gapped core versus an air core reactor.  

The primary advantages of dry-type air-core reactor, compared to oil-immersed types, are lower 

initial and operating costs, lower weight, lower losses, and the absence of insulating oil and its 

maintenance. The main disadvantages of dry-type reactors are limitations on voltage and kVA rating 

and the high-intensity magnetic field. There is no magnetizing inrush current when the reactor is 

energized.  

 

Figure 10-5.    Dry Type                     Figure 10-6.    Oil-Immersed Type 

 

10.4.3 Application of Shunt Reactor 

Shunt reactors are used to compensate for large line charging capacitance of long high voltage power 

transmission lines and cables.   

Their major applications are.   

 Preventing over voltages that occur when the line is lightly loaded (Ferranti Effect).  



  

 

 Providing voltage control.  

 Compensating for line charging reactive power demand of the open-circuit line.  

 Suppressing the secondary arc current for successful single pole reclosing.  

10.4.3.1 Connection to the Power System and Grounding Methods  

 Line and Bus connected reactors  

The reactors are normally connected to power system in three locations. They can be connected to 

Line, Bus or Tertiary winding of the power transformer or auto-transformer.  

The line connected reactors are normally connected at both ends of the line as each end can be 

energized or de-energized independently. The shunt reactors can be connected directly to HV lines  

or via circuit switcher or circuit breaker to HV lines or buses depending on the application  

The permanently connected reactors are used to prevent overvoltages on long lines due to light 

loading or open circuit. The switched reactors are used for voltage control.  

These reactors are normally grounded, solidly or via a neutral reactor. The neutral reactor is used 

where single pole auto-reclose is applied, to suppress the secondary arc current.  

 

Figure 10-7.  Solidly Grounded Three Phase Reactor Directly Connected to Line 

  



  

 

 

 Connected near large industrial loads, to improve power quality ("Industrial SVC") 

In transmission applications, the SVC is used to regulate the grid voltage. If the power system's 

reactive load is capacitive (leading), the SVC will use thyristor controlled reactors to consume VARs 

from the system, lowering the system voltage. Under inductive (lagging) conditions, the capacitor 

banks are automatically switched in, thus providing a higher system voltage. By connecting the 

thyristor-controlled reactor, which is continuously variable, along with a capacitor bank step, the net 

result is continuously variable leading or lagging power. 

In industrial applications, SVCs are typically placed near high and rapidly varying loads, such as arc 

furnaces, where they can smooth flicker voltage.  

 

10.5.2 Components 

Typically, an SVC comprises one or more banks of fixed or switched shunt capacitors or reactors, of 

which at least one bank is switched by thyristors. Elements which may be used to make an SVC 

typically include.  

 Thyristor controlled reactor (TCR), where the reactor may be air- or iron-cored 

 Thyristor switched capacitor (TSC) 

 Harmonic filter(s) 

 Mechanically switched capacitors or reactors (switched by a circuit breaker) 
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Figure 10-8 .   One-line Diagram of a Typical SVC Configuration 

 

Here,  a thyristor controlled reactor, a thyristor switched capacitor, a harmonic filter, a mechanically 

switched capacitor and a mechanically switched reactor are employed. 

By means of phase angle modulation switched by the thyristors, the reactor may be variably switched 

into the circuit and so provide a continuously variable VAR injection (or absorption) to the electrical 

network. In this configuration, coarse voltage control is provided by the capacitors; the thyristor-

controlled reactor is to provide smooth control. Smoother control and more flexibility can be 

provided with thyristor-controlled capacitor switching.  
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   Fig. 10-9     Fig. 10-10 

Figure 10-9.   Thyristor Controlled Reactor (TCR), shown with Delta connection 

Figure 10-10.   Thyristor Switched Capacitor (TSC), shown with Delta connection 

 

The thyristors are electronically controlled. Thyristors, like all semiconductors, generate heat and 

deionized water is commonly used to cool them. Chopping reactive load into the circuit in this manner 

injects undesirable odd-order harmonics and so banks of high-power filters are usually provided to 

smooth the waveform. Since the filters themselves are capacitive, they also export MVARs to the 

power system. 

More complex arrangements are practical where precise voltage regulation is required. Voltage 

regulation is provided by means of a closed-loop controller. Remote supervisory control and manual 

adjustment of the voltage set-point are also common. 

10.5.3 Connection 

Generally, static VAR compensation is not done at line voltage; a bank of transformers steps the 

transmission voltage (for example, 230 kV) down to a much lower level (for example, 9.0 kV). This 

reduces the size and number of components needed in the SVC, although the conductors must be very 

large to handle the high currents associated with the lower voltage. In some static VAR compensators 

for industrial applications such as electric arc furnaces, where there may be an existing medium-

voltage busbar present (for example at 33kV or 34.5kV), the static VAR compensator may be directly 

connected in order to save the cost of the transformer. 
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Another common connection point for SVC is on the delta tertiary winding of Y-connected auto-

transformers used to connect one transmission voltage to another voltage. 

The dynamic nature of the SVC lies in the use of thyristors connected in series and inverse-parallel, 

forming "Thyristor valves"). The disc-shaped semiconductors, usually several inches in diameter, are 

usually located indoors in a "valve house". 

10.5.4 Advantages 

The main advantage of SVCs over simple mechanically switched compensation schemes is their near-

instantaneous response to changes in the system voltage. For this reason, they are often operated at 

close to their zero-point in order to maximize the reactive power correction they can provide when 

required. 

They are, in general, cheaper, higher-capacity, faster and more reliable than dynamic compensation 

schemes such as synchronous condensers. However, static VAR compensators are more expensive 

than mechanically switched capacitors, so many system operators use a combination of the two 

technologies (sometimes in the same installation), using the static VAR compensator to provide 

support for fast changes and the mechanically switched capacitors to provide steady-state VARs. 

 

 

Figure 10-11.   Static VAR Compensator 
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M11 – CHARGER, BATTERY & POWER SUPPLY 
  



  

 

11.1 Objectives 

Through this module participant will be able to;  

 Understand the need for using Batteries and Chargers in substation 

 Define various type of batteries and its characteristics   

 Properly operate internal supply system and inspect the battery and charger 

  

11.2 Introduction 

As a reliability measure, DC Power Supply is often used at electrical power plants, substations and 

many other industrial facilities. The supply is used for circuit protective devices like circuit breakers, 

relays, Generator Field Flashing etc. 

The closing and tripping power for a circuit breaker can be either dc or ac. However it is desirable to 

have closing and tripping power independent of voltage conditions on the power system. For this 

reason the dc battery power is a preferable source of closing and tripping power. If normal AC power 

fails or there is voltage dip, there must be power for emergency switching necessary to restore the 

AC power, emergency lighting and other essential circuits. Storage batteries provide this power. 

11.2.1 Battery 

By definition a battery is a group of two or more cells that convert chemical energy to electrical 

energy. In industrial applications, batteries have a wide range of uses, from flashlights to industrial 

vehicles. Batteries may be composed of either primary cells or secondary cells. A primary cell 

provides electrical power as long as it has chemical energy. Common examples of primary cells 

include flashlight batteries and radio batteries. In both examples, the primary cell is discarded after 

its chemical energy has been used up. Secondary cells, however, can be recharged and re-used. The 

cell's depleted chemical energy can be restored by passing direct current through the cell. One 

familiar application of secondary cells is the engine-starting batteries used in most automobiles.  

There are many applications for storage batteries; these include supplying power for some electrical 

substation uses and mobile machines. 

When direct current is passed through a storage battery, electrical energy is converted to chemical 

energy by the battery. The battery is being "CHARGED" as this conversion takes place. When it is fully 

charged, a storage battery is a store of chemical energy. On the other hand, when the battery is 

converting back the chemical energy to electrical energy, the battery is said to being "DISCHARGED".  



  

 

There are several types of storage batteries, categorized according to the composition of their cells. 

Some types use nickel, iron and an alkaline material (the Edison battery); some types use nickel- 

cadmium and an alkaline material (the NICAD battery).  

Others use silver and zinc and some types use lead and sulphuric acid. It is the last type, the lead-acid 

battery, which is most commonly found in industrial applications.  

Lead-acid batteries come in a variety of sizes, from small automotive batteries to the larger and 

heavier batteries used to supply motive power to electrical driven vehicles. Still larger lead-acid 

storage batteries are found in Industrial facilities, electrical substations and power plants.  

11.3 Station Battery Bank 

 

Figure 11-1.  A Battery Bank 

A Station Battery Bank is a large, fixed storage battery. The storage battery plays an important role 

in substation and generating station Protection, Control and Communication Systems. It is probably 

the most reliable source of power when it is properly maintained and serviced. It is not affected by 

voltages and current during fault conditions. Batteries are used to ensure that critical electrical 

equipment is always on and available. There are so many places that batteries are used and it is nearly 

impossible to list them all. Some of the applications for batteries include.   

 Electric generating stations and substations for protection and control of switches and relays, 

Generator Field Flashing etc. 

 Telephone systems to support phone service, especially emergency services 

 Uninterruptible Power Supply Systems (UPS).  

 Industrial applications for protection and control Back-up of computers, especially financial 

data and information.  

Batteries are used extensively and without them many of the services that we take for granted would 

fail and cause innumerable problems. They are required to actually work under three main 

conditions as follows.  



  

 

 When the load of the DC system exceeds the maximum output of the battery charger. 

 When there is interruption of the output of the rectifier. 

 When there is AC failure. 

11.4 Design of Station DC System 

The design of the Station DC system is that AC input is supplied to a large transformer-rectifier 

combination which converts the AC to DC. The DC is then used to charge the Station Battery Bank 

which is connected in parallel with the DC load as shown in Figure 1. below. 

 
Figure 11-2.  Station Battery Bank connected in parallel with the DC Load 



  

 

 

11.5 Types of batteries 

 

 

Figure 11-3.   Types of Battery 

 

11.5.1 Lead-Acid Battery (Lead-antimony type) 

 Clad type .  This is used for non-varying loads 

 Pasted type .  This is used for varying loads 

 Sealed type stationary lead-acid battery .   

Holds a cap to return water 

OHOH 222 22   

 Sealed type stationary lead-calcium battery .  

 

 

Figure 11-4.   Lead-Acid Battery Charging  



  

 

11.5.2 Alkali Battery 

Alkali Battery (Ni-Cd, Ni-H) has a long life span and maintain feature more than lead-acid battery.  

For safety reasons, some power utilities adapted it after 2014. 

11.6 Consideration for battery selection 

 The battery should meet the maximum, minimum and nominal allowable dc voltages  

 The life expectancy of the battery should exceed the replacement period. 

 Installation place by battery type 

Battery Type Place 

Ventilate type stationary lead-acid Battery 
Substation with battery room 

-except underground substation 

Sealed type stationary lead-calcium Battery 
-Underground substation 

-Substation without battery room 

Table 11-1.   Battery Type and Place 

11.7 Determination of battery capacity 

11.7.1 Type of load 

 Continuous load 

a. Load that runs continuously through the load curve (duty cycle) 

Eg. Lighting, indicator light, running motor, inverter, excited coil, annunciator, power of 

measuring instrument. 

 Non Continuous load 

a. Load running for some time through the load curve (duty cycle) 

(eg.) load running within a certain time in the load curve (duty cycle) 

b. Load that runs for a pre-set time 

c. Load that runs until it is blocked manually or automatically 

d. Load that continuous to run to the end of the load curve (duty cycle) 

Eg. Emergency motor, Communication load, fire protection equipment, motor for ventilation 

 Momentary Load 

Load that occurs during a short time (not exceeding 1 minute) 

Eg. Starting current of motor, trip/closing current, etc. 

 Random Load 

Load which is difficult to predict operation time among the load curve (duty cycle) 



  

 

11.7.2 Determination of number of batteries 

 Maximum allowable voltage 

Calculation of the number of batteries based on the maximum allowable voltage, constrains the 

battery voltage not to exceed the maximum allowable voltage. 

Nmax= Maximum allowable voltage/voltage required for charging. 

Nmax = number of cells based in maximum allowable voltage 

Eg. If voltage required for charging = 2.33V/cell 

         Vmax= 140V, then 

Nmax= 140V/2.33V/ cells = 60.09 cells (approx. 60 cells) 

 

 Number of cells using minimum allowable voltage (Nmin) 

This constraint is to ensure that the battery voltage does not go below the minimum allowable 

voltage. 

Nmin = Minimum allowable voltage/final voltage 

Eg. Minimum allowable voltage = 105V 

       Final voltage = 1.81V/cell 

       Nmin = 105V/ (1.81V/cell) = 58.01cells (approx. 58 cells) 

 

 Final discharging voltage 

When a battery is charged and then used, the voltage across its terminals can rapidly discharge 

to 0V.  This adversely affects the battery.  The final voltage is determined, according to the 

required discharge time rate. 

Discharge time rate  (hour) 10 5 3 1 

Final discharging voltage 

(V/cell) 
1.80 1.75 1.70 1.61 

Table 11-2.   Discharge time rate  (hour) 

 

11.8 Operation time 

The DC Supply system is designed to be able to operate the substation for 10 hours.  This is dependent 

on the connection method to the external grid, economic feasibility, etc. 



  

 

11.9 Types of Charge 

Storage batteries are not always fully charged or fully discharged. Their state of charge or discharge 

depends on their duties. In order to enable them perform their duties optimally, they must be given 

one form of charge or another periodically as part of their normal cyclical operation. So, there are 

many different types of charges that can be given to a storage battery. They include the following.   

 Initial charge;  

 Freshening charge;  

 Normal charge;  

 Floating, or trickle, charge;  

 Equalizing charge;  

 Fast or emergency charge.  

11.9.1 Initial Charge  

An initial charge is given to a brand-new storage battery or cell when it is delivered in an inactivated 

(dry-uncharged) condition. When an initial charge is performed, electrolyte must first be added to 

the cell or cells. (This procedure is covered later in this unit). The battery is then given a long, low-

rate initial charge in accordance with the instructions of the battery manufacturer. 

11.9.2 Freshening Charge  

Batteries that are delivered with activated plates (dry-charged or wet-charged) are given a 

freshening charge before being put into service. A charge at the finishing rate shown on the nameplate 

of the battery or cell is given for a period of time specified by the manufacturer, or until there is no 

appreciable change in the battery's state of charge. 

11.9.3 Normal Charge  

A normal charge is given to a battery that has been discharged as part of its normal cyclical operation. 

When the battery is almost completely discharged, a normal charge is given to fully recharge it for 

the next day's work.. Usually, normal charges are given to lead-antimony cells. 

11.9.4 Floating, Or Trickle, Charge  

A floating charge is a continuous relatively low amperage (approximately 50 - 100 milliamperes per 

100 ampere-hours of battery capacity) charge given to a battery to maintain it at a fully charged state 

at all times. Batteries on a floating, or trickle charge are therefore connected in parallel with the load 

to a Charger at all times. In normal situations, the charger output is sufficient to handle the load; 



  

 

therefore, the battery is maintained in a fully charged condition. The battery discharges only when a 

load exceeds the current capacity of the charger or when AC power to the charger is interrupted.  

Typically, a constant-voltage charger is used to maintain batteries on a floating charge at the battery's 

rated open-circuit voltage. This voltage is 2.25 volts per cell for lead-calcium cells, and 2.15 or 2.17 

volts per cell for lead-antimony cells. 

A constant trickle of current at a relatively low amperage flows through the battery to replace 

unavoidable losses. For example, a large 130-volt lead-calcium battery may draw less than one 

ampere under normal conditions. Lead-calcium cells respond well to floating service as opposed to 

frequent cycling. Conversely, float- charging lead-antimony cells can result in shortening their useful 

lifetime.  

11.9.5 Equalizing Charge  

An equalizing charge is accomplished by raising the charger voltage to a battery to a value slightly 

higher than its routine normal charge or floating charge voltage. The increased voltage results in 

higher current through the cells. This increased current flow serves to drive off the small amounts of 

lead sulphate that remain even on fully charged plates, restoring the battery to "like-new" condition.  

Equalizing charges are generally performed on a periodic basis as part of routine battery 

maintenance. Occasionally, however, they may be conducted as a corrective action if one or more 

cells of a battery fail to take a full charge. The voltage and duration of an equalizing charge depend 

upon the type of battery and its service requirements. 

Typically, the equalizing voltage is set at a value of between 2.33 and 2.4 volts per cell. Slightly lower 

voltages may be used according to the maximum voltage limits of interconnected equipment.  

11.9.6 Fast, or Emergency Charge  

A fast, or emergency, charge is given to recharge a battery in a short period of time. The procedure 

involves raising the charging rate to a much higher than a normal charging rate. (Usually this rate is 

anywhere from 2.35 to 2.65 volts per cell.) The charging rate is then held until the battery is fully 

charged. This procedure should only be used in an emergency situation, since it will shorten the 

lifetime of the battery. 

11.10 Charging Time 

When charging starts, the charger initially supplies a high charging current.  After this initial high 

current, the time required for recharging the battery decreases as the charge-voltage per cell 

increases. 



  

 

If the maximum charge voltage is limited, then the number of cells should be chosen to allow them to 

be recharged within the available time period. 

The time required to recharge the battery is a function of the number of cells and the battery capacity.  

Generally the recharge time is 8 to 12 hours. GRIDCo/KEPCO sets 10 hours as a standard. 

 Calculation of charger capacity 

Formula for charger capacity 

21

111.1

KKT

Ah
LI 







 
  

Where, 

I     = rated output of charger 

Ah = Calculated battery capacity from total discharge time 

T    = Time to recharge to 95% of battery capacity 

L    = continuous discharge current of duty cycle 

K1  = coefficient of temperature attenuation 

K2   = coefficient of altitude attenuation 

NB.  1.1 is the calibration rate for battery loss. 

 Division 

Coefficient 
Temperature (°C) Altitude (m) 

40 50 60 1,000 1,500 3,000 

K1 1.0 0.83 0.64    

K2    1.0 0.94 0.82 

 

Table 11-3.  Charging Time 

 

11.11 Installation 

11.11.1  Battery Installation 

 Installation conditions 

Dry and clean room (Temp. +10°C to +30°C) with no direct sunlight 

 Battery support installation 

Arrange the support parts and mount it 

 Battery arrangement and connection 

Connect the wire between positive and negative electrode 

Fasten the bolt enough to maintain tight connection 



  

 

 Joint point inspection 

 Electrolyte injection 

Fill the electrolyte up to the marked level 

 Charge and operation 

11.11.2  Battery charger installation 

 Installation condition 

Dry and well-ventilated room. 

 Check the circuit 

Check the insulation resistance (over 5MΩ by using 500V Megger) 

 Control cable connection 

Attached switches should be off 

 Function test 

Input and output voltage test. 

Adjust the errors of the voltage and ampere meter 

 Charge and operation 

Input.  AC 415V 

Output.  DC 125V 

 

11.12 Maintenance of Lead Acid Battery 

If the cells are over charged, the physical property of lead sulphate gradually changes, and it may 

become adamant and therefore difficult to convert by charging process. The specific gravity of the 

electrolyte thus decreases and the rate of chemical reaction is hampered. Sulphated battery cells can 

easily be recognized by viewing the changed colour of plates. The color of a sulphated plate becomes 

lighter and its surface becomes harsh and gritty. Such cells evolve gas prematurely on charge and 

show a decreased capacity. If the sulphation is allowed for long time, it becomes difficult to rectify 

the cells. To avoid this situation, it is recommended to charge the lead acid battery cells for prolonged 

time at a low rate of charging current. There is always a high chance for the terminal connectors of 

the battery cells to be corroded. Corrosion mainly affects the bolted connection between cells in a 

row. This can easily be avoided if the tightness of each bolt is properly checked and rectified and also 

each nut bolt connection is covered by a thin layer of petroleum jelly. If any of the cells is corroded, it 

should be replaced immediately. 



  

 

The specific gravity of the electrolyte may be permanently decreased due to ageing effects. This 

problem is generally found in old battery cells. This is mainly due to,  

 Action of sediment-at the bottom of the cell container. 

 Due to loss of acid by spray during charging. 

 Inadequate treatment after the removal of short circuit. 

 Due to excessive sulphation on the plates. 

If the lowering of specific gravity is not due to sulphation or short circuit, concentrated sulphuric acid 

may be added to restore normal value of specific gravity. A short circuit may occur between the 

positive and negative plates either due to treeing or due to buckling of the plates. Treeing is usually 

due to excessive gassing which tends to loosen the active materials from the plates. The particles of 

active materials fall into the electrolyte and may accumulate on the negative plates in such a way as 

to bridge the space between the positive and negative plates. This treeing can be removed by the use 

of scaling stick made of ebonite. By this stick it is possible to explore the space between these two 

types of plates of a cell and to remove loose materials or treeing. If the short circuit is due to buckling 

of plates, this can be removed by inserting additional separator or by removing and straightening the 

plates mechanically. After removing of short circuit, care should be taken to restore the specific 

gravity of the electrolyte to normal by constant charging by high current. 

11.12.1 Maintaining Battery Lead Acid Battery Room 

There is a high chance of acid spray and gases during charging of battery. These may pollute the 

atmosphere surrounding the battery. Hence, ample space and good ventilation is essential inside the 

battery room. These gases can explode and hence naked flames should not be brought inside the 

battery room and also smoking is strictly prohibited inside the battery room. There should be at least 

one exhaust fan of suitable size, fitted in the battery room to keep the atmosphere free from those 

gases and free from moisture inside the room. The temperature inside the battery room should 

always be maintained above 10°C. The walls, ceilings, doors, window frames, ventilators, metal parts 

and other apparatus in the battery room should be painted with anti-acid coating at regular intervals. 

The electrical wiring inside the room should be in metal conduit and lighting fixtures should be 

flameproof in construction. All the switching elements including electrical fuses and plug sockets 

should be installed outside the battery room otherwise there may be a chance of fire hazard initiated 

from sparking during switching operation. The floor of the room should be well finished preferably 

by using ceramic tiles. The floor and walls of the room should be cleaned properly in regular intervals. 

There are some safety measures to be taken during handling and storage of battery in substation 

https://www.electrical4u.com/electrical-fuse-hrc-fuse-high-rupturing-capacity/


  

 

 Do not smoke inside the room. 

 Do not bring a flame inside the room. 

 Do not generate any spark inside the room. 

 Wear splash proof goggles, rubber gloves, while working with the battery. 

 During electrolyte preparation, always add the concentrated acid in little bits to the water. 

 Never pour water into the concentrated acid. 

11.13 Battery and Charger Inspections 

11.13.1 Visual Inspection 

 Verify ventilation of battery room and enclosure 

 Inspect physical and mechanical condition (bulging of battery, plate sulphation) 

 Inspect anchorage, alignment and grounding 

 Cleanness of the unit 

 Clean corroded/oxidized terminals and apply an oxide inhibitor 

11.13.2   Diagnostic Maintenance 

 Float voltage and inter-cell resistance measurement 

Measure across each cell at posts during float conditions 

Compare the value to manufacturers recommendations and each cell’s value 

 Battery capacity test 

Can be performed if required to confirm the AH capacity and to identify the failed capacitors 

No Cell Inter-cell resistance Battery Capacity test (V) 

Imp 

(mΩ) 

Volt 

(V) 

Fail/Pass present Discharge 

1H 

Discharge 

2H 

Discharge 50A 

(1.8V under) 

1 0.686 2.25 - 1.97 1.96 1.92 - 

6 0.990 2.22 Fail 1.92 1.86 1.68 Fail 

7 0.561 2.27 - 2.00 2.01 1.99 - 

8 0.996 2.23 Fail 1.93 1.87 1.78 Fail 

9 0.940 2.22 warning 1.93 1.87 1.75 Fail 

 

Table 11-4.   Battery Capacity Test 
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M01 – SUBSTATION PROJECT PROCEDURE & DESIGN STANDARD 
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1.1 Objectives 

Through this module participant will be able to;  

 Identify the various steps of the Substation Project process. 

 Understand major equipment specifications and explain their significance. 

 

1.2 Introduction 

Electric power transmission substations are capital intensive infrastructure projects that require 

careful planning and appraisal to inform the decision to commit to an investment. In view of the 

complexity of substations, their execution require strict adherence to standard procurement and 

project management standards. Knowledge and adherence to established project procedure is critical 

to the success of any utility in view of the mandate to develop and maintain adequate and appropriate 

infrastructure for operations. 

The electric power transmission grid is founded on performance requirements defined in 

specifications. It is therefore critical to know the requirements of each grid to enhance operational 

success.   

 

1.3 Substation 

A substation is a part of an electrical generation, transmission, and distribution system. Substations 

transform voltage from high to low, or the reverse, or perform any of several other important 

functions. Between the generating station and consumer, electric power may flow through several 

substations at different voltage levels. A substation may include transformers to change voltage levels 

between high transmission voltages and lower distribution voltages, or at the interconnection of two 

different transmission voltages. 

Substations may be owned and operated by an electrical utility, or may be owned by a large industrial 

or commercial customer. Generally substations are unattended, relying on SCADA for remote 

supervision and control. 

The word substation comes from the days before the distribution system became a grid. As central 

generation stations became larger, smaller generating plants were converted to distribution stations, 

receiving their energy supply from a larger plant instead of using their own generators. The first 

https://en.wikipedia.org/wiki/Electricity_generation
https://en.wikipedia.org/wiki/Electric_power_transmission
https://en.wikipedia.org/wiki/Electric_power_distribution
https://en.wikipedia.org/wiki/Voltage
https://en.wikipedia.org/wiki/Transformer
https://en.wikipedia.org/wiki/SCADA
https://en.wikipedia.org/wiki/Electric_power_transmission


 

 
 

substations were connected to only one power station, where the generators were housed, and were 

subsidiaries of that power station. 

1.4 Substation Project Procedure 

The standard project cycle as illustrated in Figure 1 below depicts activities leading to the 

identification and development of a substation. 

 

Figure 12-1.  Standard Project Cycle 

 

1.4.1 Evaluation 

This involves the collection of relevant data on the existing electric power transmission network to 

enable studies to be carried out on the system based on set criteria. 

Major information required include load growth projections on the grid, characteristics of newly 

installed equipment in the grid as well as equipment proposed for installation in the grid (i.e. 

generators, transformers, capacitor banks etc.) 

1.4.2 Programming 

This involves system studies (i.e load flow, short circuit performance, dynamic performance, 

contingency analysis etc.) based on specified criteria for a determination on the suitability of the grid 

for the required duty. 

1.4.3 Identification 

This involves a determination of the capability of the grid to meet required duty including any 

performance limitations as well as various mitigating measures to be considered in a bid to satisfy 

the set performance criteria.  

  

https://en.wikipedia.org/wiki/Power_station


 

 
 

1.4.4 Appraisal 

This involves an evaluation of identified options considering political acceptability, financial 

feasibility, economic viability and technical suitability. 

 Political Acceptability – This evaluates the environmental and social impact amongst others 

of the project for a determination on the acceptability (or risk of opposition) to the project. 

Budgetary estimates for environmental restoration and/or compensation payments to project 

affected persons can be determined upon appraisal. To avoid undue delays and associated 

costs, projects determined to be environmentally and socially acceptable are pursued. 

 Financial Feasibility – This considers project generated cash flows relative to the investment 

outlay for a determination on the returns and payback period. 

 Economic Viability – This considers social development factors amongst others in 

determining the viability of the project. Thus the investment decision is not limited to financial 

returns but leveraged on social benefits as well. 

 Technical Suitability - This considers all constraints for a determination of a suitable technical 

solution. 

An evaluation of all the above factors helps in determining the optimum solution (technically viable 

at least cost) to ensure satisfactory system performance. 

1.4.5  Financing 

This involves a determination of a financing scheme to be adopted in procuring the identified 

infrastructure considering projected schedules and cash flows amongst others. 

Major sources of financing include.  

 Internally generated funds 

 Multilateral Agencies (i.e. Agence Francaise de Developpement (AfD), World Bank etc.) 

 Supplier’s Credit 

 Commercial Banks 

  



 

 
 

1.4.6 Implementation 

Upon identification of a suitable financing vehicle for the procurement of identified infrastructure, a 

proposal detailing the need, identified solution and proposed financing is submitted to the Board of 

Directors for consideration and approval.  

When approval is granted the following activities are carried out to deliver the required 

infrastructure.  

 Tendering (Procurement of Works or Goods) 

 Contract Management (Execution of Works) 

 

(a)  Tendering 

Tendering covers all activities required to describe the full extent of the works to be carried out, the 

expected deliverable, characteristics of the deliverable, characteristics of equipment to be used, the 

rules and terms of engagement including schedule for delivery to all prospective tenderers by 

providing a common platform for information dissemination.  

It covers the following.  

 Issuance of a document made up of the instructions governing the procurement process, 

conditions to govern the contract to be executed, technical specifications of equipment to be 

used and (or) mode of execution of works, the design (i.e. drawing) of product being procured, 

the schedule of quantities of equipment and (or) activities to be carried out including timelines 

for various deliverables by parties. 

 Joint site visit to proposed project site to ascertain prevailing conditions prior to submission of 

proposals for the works (or Goods). 

 Evaluation of proposals submitted by Tenderers based on instructions communicated via the 

Tendering document. This is carried out to select the offer that delivers the required product at 

the least cost. 

 Meetings to clarify all aspects of proposal of selected Tenderer to ensure a common 

understanding of all issues by both parties prior to preparation of Contract for execution.  

 

  



 

 
 

(b)  Contract Management 

Contract Management covers all activities required to ensure the full extent of the works are carried 

out, the expected deliverable has the required characteristics, equipment used have the required 

characteristics, the rules and terms of engagement including schedule for delivery are met.  

It covers the following.  

 Issuance of a document made up of conditions governing the contract to be executed, technical 

specifications of equipment to be used and (or) mode of execution of works, the design (i.e. 

drawing) of product being procured, the schedule of quantities of equipment and (or) activities 

to be carried out including timelines for various deliverables by parties. 

 Establishment of a team to monitor and supervise the works to be carried out to ensure 

required deliverables are met.  

 Coordination of activities to ensure availability of required services at the appropriate time 

including design review, environmental, site testing and commissioning etc.  

 Coordination of activities for all corrective measures to be carried out prior to taking over of 

facility. 

 

1. 5   Design Standard Overview 

1.5.1 Terms And Definitions 

(a) Nominal Voltage.   

The root mean square (r.m.s) line to line voltage by which the system is designated. 

(b) Highest Voltage.   

The highest r.m.s line to line voltage for which the equipment is designed to withstand under normal 

operating conditions. 

(c) Insulation Level.   

The combination of voltage values which characterize the withstand capability of dielectric stresses 

under power frequency and impulse conditions. 



 

 
 

Specified values are limited to altitudes ≤1000m above sea level. Higher altitudes require appropriate 

correction. 

The specification “Across Isolating Distance” is applicable only for disconnectors and circuit breakers. 

(d) Basic Insulation Level (BIL)/ Lightning Impulse Withstand Level (LIWL).   

This indicates the required withstand level phase-to-earth, phase-to-phase and across open contacts. 

It is expressed in kV as a peak value. 

A standardized wave shape (1.2/50µs) is used for simulation of lightning overvoltages.  

(e) Service Conditions.   

This provides information on the limits of various environmental stresses to which the equipment 

may be subjected. 

(f) Creepage Distance.   

Shortest distance between two conducting parts along the surface of an insulating material. 

A parameter that impacts the specified creepage distance directly is the “pollution level”. Until 2008 

pollution levels were categorized into four (i.e. I, II, III and IV). The creepage distance was specified 

based on phase-to-phase voltage. 

Since 2008 they have been re-categorized into five (i.e. a, b, c, d and e). The creepage distance has 

since been revised to be based on phase-to-ground voltage. 

The table below highlights the relation between the old and new categorizations.  

 

 

 

 

 

Table 12-1. Creepage Distance   

Pollution Level 

Creepage distance Creepage distance 

Phase – Ground Voltage Phase – Phase Voltage 

mm/kV mm/kV 

a – Very light 22 - 

b – Light 28 16 

c – Medium 35 20 

d – Heavy 44 25 

e – Very Heavy 55 31 



 

 
 

(g) Clearance.   

Shortest distance between two conducting parts along a stretched string. 

(h) Clearance to Earth.   

Clearance between ground and the highest earthed point on the equipment. 

(i) Clearance between Phases.   

Shortest distance between adjacent phases. 

(j) Work Section.   

A space in which a person may work safely with the condition that some part of the body always 

remains within that space. 

(k) Section Clearance.   

The minimum distance between a live conductor and the limits of the work section. 

(l) Isolating Distance.    

The distance between the terminals of an isolator when open. 

1.5.2 Service Conditions And Design Parameters 

1.5.2.1 Service Conditions 

All H.V. electrical equipment will be installed outdoors. Service (ambient) conditions are as follows.  

 Maximum temperature   - 45°C 

 Annual Average Temperatures  - 30°C 

 Minimum Temperature   - 10°C 

 Maximum wind velocity (gust)  - 34m/sec. 

 Relative Humidity    - Up to 98% 

 Earthquake Severity    - 0.29g Acceleration Horizontally 

 Atmospheric winds are dust or, alternatively, salt laden. 

 Rainstorms are heavy.   

 Isokeraunic Level     - 100 



 

 
 

1.5.2.2 Design Parameters 

 Design Parameters            HV   MV 

  Nominal System Voltage    161kV   34.5   

  Rated Voltage for Equipment   170kV   36  

   Highest Continuous operating voltage  178.5 kV  - 

Frequency      50Hz   50Hz   

  Neutral Point      Directly Earthed              Through Earthing  

 Transformer 

  Short Circuit Current     40 kA   31.5kA   

  Duration Short Current    3   3   

  Dynamic Withstand Current    100kA   -   

  Insulation Levels.        

 - 1.2/50 s Impulse     750kV Peak  170kV  

 - 1.2/50 s Impulse across Isolating Distance 860kV Peak  196kV 

 Power Frequency Withstand for 1 minute  325kV rms  70kV rms  

 Power Frequency Withstand for 1 minute  375kV rms  80kV rms  

Across Isolating Distance     

 Insulation Withstand for all Aux. & 

Control Circuits     2kV rms  2kV rms 

 Minimum Creepage to Earth (all bushings)  4250 mm  1,080mm 

 Minimum Clearance Phase to Phase (Substn) 1,750mm  500mm 

 Minimum Clearance Phase to Earth (Substn) 1,500mm  500mm  

 Minimum Ground Clearances to Bottom of        2,300mm  2,300mm 

Live Insulations (Substns)       

 Minimum Ground Clearance to Live   4,500mm 

Equipment (Substns)       - 

 Overhead Line Conductors Minimum Ground Clearances at 65 
o
C.  

- Open Ground      ≥7000mm  ≥6,500mm 

- Roads/Canals      ≥8,000mm  ≥7,500mm 

- Railways      ≥9,000mm  ≥7,500mm 

- 33/11kV Lines     ≥2,500mm  ≥2,500mm  



 

 
 

- Telecommunication Lines    ≥3,500mm  ≥2,500mm 

  Auxiliary Supplies.  

- AC LV System      415/240 volts 

- DC Battery System     125 volts for protection and control 

- DC Battery System     48 volts for communication systems 

 

For 330kV.  

  

 Rated Voltage       330kV 

 Max. continuous operations voltage     362kV  

 Frequency       50Hz 

 Short-time withstand current and breaking capacity 50kA 

 Peak withstand current     125kA 

 Minimum Creepage Distance outdoor, 

Phase-to-ground.          Substation     9050mm 

 Radio interference level     Max 2500V 

 System earthing      Solid 

 Highest voltage for equipment    362kV 

Insulation levels 
50Hz, 1 min.,wet 

(kV rms) 

SIWL 

(kV peak) 

LIWL 

(kV peak) 

 Phase-to-earth and between phases 
 

520 - 1300 

Across open switching device and/ or 
Isolating distance 

610 - 1300 (+240) 

Phase-to-earth and across open 
Switching device 

 950 - 

 Phase-to-Phase 
 

- 1275 - 

 Across isolating distance - 900 (+345) - 

 

Table 12-2. Insulation Level  

 

 Live parts in air 

Minimum clearance phase-earth   2700 mm 

Minimum clearance phase –phase   3100 mm 



 

 
 

Normal current, cross bay    2000A 

Normal current, main busbar    3150A 

Duration of short circuit    3s 

 

1.6 Design, Manufacturing And Installation Requirements 

 Standard - Applicable standard for design, manufacture, installation and testing of materials 

shall be IEC. 

 System of Units – SI system of Units. 

 Degree of Protection provided by enclosure for LV equipment shall be IP54 (minimum) for 

outdoor equipment and IP51 (minimum) for indoor equipment. 

 All enclosures within which condensation can occur require the provision of anti-condensation 

space heaters. 

 All steel support structures shall be hot dip galvanized. 

 Phase Designations – Throughout the substation the phases shall be designated A, B and C in 

counter clockwise vector rotation. 

 Labels and Plates – All equipment in the substation shall be provided with appropriate 

identification. 

1.7  Electromechanical Equipment Specifications Review 

1.7.1 Power Transformer 

1.7.1.1 Rated Voltage (Ur)  

 The voltage assigned to be applied, or developed at no load, between the terminals of an 

untapped winding, or of a tapped winding connected on the principal tapping.  

 For a three phase winding, it is the voltage between line terminals. 

 Typical ratings per specifications are.  

 330/161kV; 330/34.5kV, 161/34.5/11.5kV, 69/34.5/11.5kV, 161/34.5kV and 161/11.5kV 

1.7.1.2 Rated Frequency (fr)  

The frequency at which the transformer is designed to operate. 

  



 

 
 

1.7.1.3 Rated Power (Sr)  

Conventional value of apparent power assigned to a winding which, together with the rated voltage 

of the winding, determines the rated current. 

Typical ratings per specifications are.  

200MVA, 50/66MVA, 25/33MVA and 10/13MVA 

1.7.1.4 Rated Current (Ir)  

The current flowing through a line terminal of a winding. It is derived from the rated power and rated 

voltage of the winding per the following formula.  

Sr = √3 ∗ Ir ∗ Ur 

1.7.1.5 Transformer Cooling Nomenclature  

(a) Non directed Oil Flow (ON)  

 This indicates that the oil from the heat exchangers or radiators flows freely inside the tank and is 

not forced to flow through the windings. 

(b) Oil Natural Air Natural (ONAN)  

Heat is dissipated from transformer oil to the atmosphere via transformer tanks and radiator banks 

depending on the power rating. 

Smaller rated transformers may be able to dissipate the heat directly to the atmosphere via the 

transformer tanks only. 

(c) Oil Natural Air Forced (ONAF)  

Fans are used to force air onto the surface of the transformer tanks and radiator banks to increase 

the rate of heat dissipation thereby giving a better cooling than natural air. 

1.7.1.6 Voltage Range and Tapping  

This defines the limits of operating voltage to ensure flexibility in maintaining the required operating 

voltage irrespective of system conditions. Typical specification is 161+10%/34.5 



 

 
 

1.7.1.7 Regulation  

This defines the number of steps and the percentage variation in voltage per step required to 

establish the defined voltage range.   

Typical specification is +8 taps each of 1.25% 

1.7.1.8  On Load Tap Changers (OLTC)  

They are employed to change the turns ratio of the transformer to regulate the system voltage while 

the transformer is delivering normal load. 

1.7.1.9 Connection Symbols  

This provides a conventional representation of the configuration of the windings on a transformer as 

well as the relative angular displacement of the windings. 

By convention, the star, delta, or zigzag connection of a set of phase windings of a three-phase 

transformer or of windings of the same voltage of single-phase transformers associated in a three-

phase bank shall be indicated by the capital letters Y, D or Z for the high-voltage (HV) winding and 

small letters y, d or z for the intermediate and low-voltage (LV) windings. If the neutral point of a 

star-connected or zigzag-connected winding is brought out, the indication shall be YN (yn) or ZN (zn) 

respectively. 

Typical specifications are YNd11, ZNyn11 and Dyn11 etc. 

1.7.1.10 Impedance Voltage  

The percentage impedance of a transformer is the voltage drop on full load due to the winding 

resistance and leakage reactance expressed as a percentage of the rated voltage.  

It is also the percentage of the normal terminal voltage at one side required to circulate full-

load current under short circuit conditions on other side.  

The impedance of a transformer has a major effect on system fault levels.   It determines the 

maximum value of current that will flow under fault conditions. 

Typical specifications is 8.5%  

  



 

 
 

1.7.1.11 Construction  

Specified configuration of transformer iron core assembly is the three limbed or shell type. 

Conductors shall be made of electrolytic copper insulated by pure cellulose paper. 

 

Figure 12-2.  Three-Phase Transformer 

 

1.7.1.12  Grounding Transformers (ZN)  

Provided on delta (D) connected medium voltage windings of transformers to facilitate the detection 

of ground fault current and also limit related fault currents. 

Typical specification provides for the following.  

 Rated short time duration – 15s 

 Rated current per phase – 600A 

 Rated current in neutral – 1800A 

1.7.2  Circuit Breaker 

1.7.2.1  Switching Impulse Withstand Level (SIWL)  

This indicates the required withstand level phase-to-earth, phase-to-phase and across open contacts. 

It is expressed in kV as a peak value. 

A standardized wave shape (250/2500µs) is used for simulation of switching over-voltages. It is 

applicable for voltages ≥300kV.  



 

 
 

1.7.2.2  Rated Normal Current  

It is the maximum continuous current the equipment is allowed to carry. It is expressed in Arms. It is 

based on a maximum ambient temperature of +400C. At higher temperatures derating of the normal 

current is necessary. 

It is also referred to as rated current, rated nominal current or rated continuous current. 

Typical specification is 3150A for high voltage and 2500A for medium voltage.  

1.7.2.3  Rated short-time withstand current 

It is the maximum current (expressed in kArms) which the equipment shall be able to carry in closed 

position for a specified time duration. Standard durations are 1 or 3s.  

The rated short-time withstand current is equal to the short-circuit breaking current. 

Typical time per specifications is 3s. 

1.7.2.4  Rated short-circuit breaking current 

It is the maximum symmetrical short-circuit current (in kArms) which a circuit breaker shall be 

capable of breaking. 

Typical rating per specifications for 330kV network is 50kArms. 

1.7.2.5  Rated short-circuit making current 

It is the maximum peak current the circuit breaker shall be able to close and latch against.   

The rated short-circuit making current is equal to the rated peak withstand current. 

1.7.2.6  Rated peak withstand current  

It is the peak value of the first major loop (expressed in kA) during a short-time withstand current 

that the equipment shall be able to carry. 

1.7.2.7  First-pole-to-clear-factor (Kpp)  

It is used for calculating the transient recovery voltage for three phase faults. It is dependent on the 

type of earthing for the network. 



 

 
 

In general the following apply.  

 Kpp=1.3 for three phase faults in effectively earthed systems 

 Kpp=1.5 for three phase faults in isolated or resonant earthed systems. 

It is noted that despite the use of directly earthed systems for the High Voltage network (161kV & 

330kV), the specified Kpp is 1.5. 

1.7.2.8  Rated transient recovery voltage (TRV)  

It is the peak transient voltage (expressed in kV) that corresponds to the first-pole-to-clear when 

interrupting a three phase fault at rated short-circuit current. 

As per IEC, the rated transient recovery voltage is calculated as follows.  

Uc = Ur ∗ Kpp ∗ √2 ∗ Kaf/√3 

Where.  

 Ur = Rated Voltage 

 Kpp = First-pole-to-clear-factor 

 Kaf = Amplitude factor (1.4 at 100% of short-circuit current). 

  

1.7.2.9 Capacitive Voltage Factor  

It defines the single-phase recovery voltage for different capacitive switching applications. It depends 

on the type of earthing and the application. The following applications are identified.  

Application 

 No-load line switching 

 No-load cable switching 

 Capacitor bank switching 

It is worth noting that the following specifications relate to capability of circuit breaker for capacitive 

switching duty.  

 Rated line charging current 

 Rated cable charging breaking current. 



 

 
 

 Rated isolated shunt capacitor bank current 

 Rated back to back shunt capacitor bank current. 

 

1.7.2.10 Rated Operating Sequence  

It is the specified operating sequence which the circuit breaker shall be able to perform at the 

specified ratings. 

There are two main alternatives.  

(a) O – t – CO - t’ – CO 

Where.  

 t = 0.3s for circuit breakers intended for rapid auto-reclosing (dead time) 

 t=3min for circuit breakers not intended for rapid auto-reclosing (dead time) 

 t’ = 3min 

(b) CO – t” – CO 

Where.  

  t” = 15s for circuit breakers not intended for rapid auto-reclosing (dead time). 

  



 

 
 

1.7.2.11  Operation 

330kV 161kV/69kV 34.5kV 

Mechanism 

Motor wound spring type 
with sufficient energy to 
complete one (1No.) 
operating duty cycle without 
auxiliary power. 

Motor wound spring type 
with sufficient energy to 
complete one (1No.) 
operating duty cycle without 
auxiliary power. 

Motor wound spring type 
with sufficient energy to 
complete one (1No.) 
operating duty cycle without 
auxiliary power. 

   

Three pole operation Independent pole operation Three pole operation 

   

Designed to Lockout and 
block both closing and 
tripping operations on low 
SF6 gas pressure 

Designed to Lockout and 
block both closing and 
tripping operations on low 
SF6 gas pressure 

Designed to Lockout and 
block both closing and 
tripping operations on low 
SF6 gas pressure 

   

Tripping Circuits 

Two (2No.) electrically 
independent tripping coils. 
 
One (1No.) for primary 
protection and one (1No.) 
for backup protection. 

Two (2No.) electrically 
independent tripping coils. 
 
One(1No.) for protection 
and one (1No.) for manual 
operation. 

Two (2No.) electrically 
independent tripping coils. 
 
One(1No.) for protection 
and one (1No.) for manual 
operation. 

Auxiliary Supplies 

125Vdc for both closing and 
tripping circuits 

125Vdc for both closing and 
tripping circuits 

125Vdc for both closing and 
tripping circuits 

   

230Vac for heating and 
lighting circuits. 

230Vac for heating and 
lighting circuits. 

230Vac for heating and 
lighting circuits. 

 

Table 12-3. CB Operation 



 

 
 

1.7.3 Disconnecting Switch 

330kV 161kV/69kV 34.5kV 

Types 

Vertical Break, Vertical 
reach pantograph and 
Earthing switches 

Vertical Break, Center 
Break, Double side break, 
Vertical reach pantograph 
and Earthing switches 

Vertical Break, Center 
Break and Double side 
break switches 

Mechanism 

Motorized and Manual 
Operation 

Motorized and Manual 
Operation 

Manual Operation 

Single pole operating 
mechanism  

Three pole operating 
mechanism 

- 

Auxiliary Supplies 

125Vdc for control, 
signaling and motor circuits  

125Vdc for control, 
signaling and motor circuits  

- 

230Vac for heating and 
lighting circuits. 

230Vac for heating and 
lighting circuits. 

230Vac for heating and 
lighting circuits. 

 

Table 12-4. DS Operation 

1.7.4 Current Transformers 

1.7.4.1 Rated Primary Current  

It is the maximum continuous current the equipment is allowed to carry.  

It is specified to be higher than the estimated operating current within the range of 10 – 40%. The 

closest standardized value is chosen. 

1.7.4.2 Rated Secondary Current  

The standard values are 1, 2 and 5A. However, the standard per specifications is 5A. 

1.7.4.3 Rated short-time thermal current (Ith)  

It is the maximum current (expressed in kArms) which the equipment is able to carry for a specified 

time duration. 

Standard values are 1 or 3s. Typical value specified per specifications is 3s. 



 

 
 

1.7.4.4  Rated dynamic current (Idyn)  

As per IEC, Idyn = 2.5 * Ith  

1.7.4.5  Burden  

The external impedance in the secondary circuit in ohms at the specified power factor. It is usually 

expressed as the apparent power (in VA) which is taken up at the secondary current.  

It is important to determine the power consumption of connected meters and relays including cables. 

Typical specification is 30VA or 15VA. 

1.7.4.6  Accuracy Class  

As per IEC, the accuracy class for measuring cores is given as 0.2, 0.2S, 0.5, 0.5S or 1.0. For protection 

cores the class is normally 5P or 10P. 

Per specifications, the accuracy class for measuring cores are limited to 0.2. That for protection cores 

is 5P.  

1.7.4.7  Accuracy Limit Factor (ALF)  

The protection cores must be able to reproduce fault current without being saturated. The factor by 

which the primary current can be reproduced within the specified margins of error (i.e. accuracy) is 

the accuracy limit factor. 

The typical specification is 20. 

1.7.5 Voltage Transformers 

1.7.5.1 Rated Voltage  

It is the specified value of primary and secondary voltages on which the performance of the 

equipment is based.  Typical primary and secondary voltages are as follows.  

Rated Primary Voltages 

330/√3 161/√3 69/√3 34.5/√3 
Rated Secondary Voltage 

115/√3 115/√3 115/√3 115/√3 

 

Table 12-5. Rated Voltage 



 

 
 

1.7.5.2  Voltage Factor (Vf)  

It is a factor that allows the voltage transformer to reproduce the continuous fault overvoltages that 

can occur in the network without violating thermal limits. 

The specification of 1.2 continuously and 1.5 for a duration of 30 seconds is as per IEC.   

1.7.5.3  Burden  

The external impedance in the secondary circuit in ohms at the specified power factor. It is usually 

expressed as the apparent power (in VA) which is taken up at the secondary voltage.  

Typical specification is 100VA and 50VA for the protection and measuring cores respectively. 

1.7.5.4   Accuracy Class  

As per IEC, the accuracy class for measuring cores is given as 0.2, 0.5 or 1.0. For protection cores the 

class is normally 3P or 6P. 

Per specifications, the accuracy class for measuring cores are limited to 0.2. That for protection cores 

is 3P.  

1.7.6  Surge Arresters 

1.7.6.1  Gapless Metal Oxide Type  

An arrester having non-linear metal oxide resistors connected in series and/or parallel without any 

integrated series or parallel spark gaps. 

1.7.6.2  Non-linear Metal Oxide Resistor  

The part of the surge arrester which by its non-linear voltage versus current characteristics acts as a 

low resistance to overvoltages, thus limiting the voltage across the arrester terminals, and as a high 

resistance at normal power frequency voltage. 

1.7.6.3  Grading Ring of an Arrester  

A metal part, usually circular in shape, mounted to modify electrostatically the voltage distribution 

along the arrester. 

  



 

 
 

1.7.6.4  Unit of an Arrester  

A completely housed part of an arrester which may be connected in series and/or in parallel with 

other units to construct an arrester of higher voltage and/or current rating. 

1.7.6.5  Pressure Relief Device of an Arrester  

Means for relieving internal pressure in an arrester and preventing violent shattering of the housing 

following prolonged passage of fault current or internal flashover of the arrester. 

1.7.6.6  Rated Voltage of an Arrester  

The maximum permissible r.m.s. value of power frequency voltage between its terminals at which it 

is designed to operate correctly under temporary overvoltage conditions. 

Typical values per specifications are as follows.  

330kV 161kV 69kV 34.5kV 

Rated Voltages (kVrms) 

312 156 66 36 

 

Table 12-6. Rated Voltage of an Arrester  

1.7.6.7  Continuous Operating Voltage of an Arrester  

It is the maximum permissible r.m.s power frequency voltage that may be applied continuously 

between the arrester terminals. 

1.7.6.8  Nominal Discharge Current of an Arrester  

The peak value of lightning current impulse that is used to classify an arrester. 

Typical values per specifications are as follows.  

330kV 161kV 69kV 34.5kV 

Nominal Discharge Current (kA) 

10 10 10 10 

 

Table 12-7. Nominal Discharge Current of an Arrester 

  



 

 
 

1.7.6.9  Residual Voltage/Discharge Voltage of an Arrester  

This is the peak value of voltage that appears between the terminals of an arrester during the 

passage of discharge current through it. 

1.7.6.10  Temporary Overvoltage (TOV)  

They are oscillatory power frequency overvoltages of relatively long duration (from a few cycles to 

hours). 

The most common form of TOV occurs on healthy phases of a system during an earth-fault involving 

one or more phases. Other sources of TOV are load rejection, energization of unloaded lines etc. 

1.7.6.11  Energy Capability  

The energy that a surge arrester can absorb, in one or more impulses, without damage and without 

loss of thermal stability. The capability is different for different types and duration of impulses. 

Typical values per specifications are as follows.  

330kV 161kV 69kV 34.5kV 

Minimum Energy Absorption Capability (kJ/kV) 

10 (Class 4) 7.5 (Class 3) 7.5 (Class 3) 3 (Class 2) 

 

Table 12-8. Energy Capability  

 

1.7.7  Capacitor Banks 

1.7.7.1  Capacitor Element  

A device consisting essentially of two electrodes separated by a dielectric. 

 

1.7.7.2  Capacitor Unit  

An assembly of one or more capacitor elements in the same container with terminals brought out.  

1.7.7.3  Capacitor Bank  

A number of capacitor units connected so as to act together. 



 

 
 

1.7.7.4  Discharge Device of a Capacitor  

A device which may be incorporated in a capacitor, capable of reducing the voltage between the 

terminals practically to zero, within a given time, after the capacitor has been disconnected from a 

network. 

1.7.7.5  Internal Fuse of a Capacitor  

A fuse connected inside a capacitor unit, in series with an element or a group of elements. 

1.7.7.6  Rated Capacitance of a Capacitor (CN)  

The capacitance value derived from the values of rated output, voltage and frequency of the capacitor. 

Typical value per specifications is 43.3µF. 

1.7.7.7  Rated Output of a Capacitor (QN)  

The reactive power for which the capacitor has been designed. 

Typical value per specifications is 600kVar. 

1.7.7.8  Rated Voltage of a Capacitor (UN)  

The r.m.s. value of the alternating voltage for which the capacitor has been designed. 

Typical value per specifications is 6.64kV. 

The above parameters are related per the formula.  

QN = (UN ∗ UN)/(2 ∗  π ∗ f ∗ CN) 

  



 

 
 

1.7.8  Protection And Control 

1.7.8.1  Transmission Line Protection 

330kV 161kV/69kV 

Main 1 Protection.  
Primary.  Differential or Distance 
Backup.  Ground Directional 
Overcurrent 
 
Main 2 Protection.  
Primary.  Differential or Distance 
Backup.  Ground Directional 
Overcurrent 

 
Primary.  Differential or Distance  
 
Backup.  Ground Directional   
Overcurrent  

Comments.   

 Main 1 and Main 2 protections shall be separate both electrically 

and mechanically.  

 Main 1 and Main 2 protections shall be equipped with relays from 

different manufacturers. 

 Main 1 and Main 2 protections are wired to separate tripping coils 

in the circuit breakers. 

 Main 1 and Main 2 protections are fed with 125Vdc supply from 

different battery banks.  

 

Table 12-9. Transmission Line Protection 

 

1.7.8.2  Busbar Protection 

330kV 161kV/69kV 

Differential Differential 

 

Table 12-10.  Busbar Protection 

  



 

 
 

 

1.7.8.3  Transformer Protection 

330/161kV or 330/34.5kV 161/34.5kV or 69/34.5kV 

Main 1 Protection.  

Primary.  Differential  
Backup.  Overcurrent 
 
Main 2 Protection.  
Primary.  Differential  
Backup.  Overcurrent 
 

 
Primary.  Differential  
Backup.  Overcurrent  

Comments.   

 Main 1 and Main 2 protections shall be separate both electrically 

and mechanically. 

 Main 1 and Main 2 protections shall be equipped with relays from 

different manufacturers. 

 Main 1 and Main 2 protections are wired to separate tripping coils 

in the circuit breakers. 

 Main 1 and Main 2 protections are fed with 125Vdc supply from 

different battery banks.  

 

Table 12-11. Transformer Protection 

 



 

 
 

1.7.9 Control 

Control and supervision of the 330/161/69 kV circuit breakers and line disconnects are done from 

the System Control Centre through the SCADA and communications systems.  Controls are provided 

locally from the various equipment locations (in the switchyard) and remotely from the control panel 

boards in the switchyard control buildings.   

Control transfer switches are provided at the equipment locations and on the control panels to select 

between the three control locations.  Transfer switch positions are monitored by the SCADA systems. 

The control locations shall be identified as follows.  

 LOCAL - at the control panel in the switchyard control building 

 REMOTE - from the System Control Centre. 

1.7.10 Auxiliaries 

Substation auxiliaries encompass all systems that make the operating voltages of 415Vac, 125Vdc 

and 48Vdc available at the substation. It includes the following.  

 Auxiliary Transformers (usually 34.5/0.415kV, 250kVA) 

- Purpose.  Provides 415Vac supply at 50Hz to station loads from a primary voltage of 34.5kV 

(Typical).  

- Vector Group is Dyn11. 

 

Figure 12-3.   Auxiliary Transformers 



 

 
 

 Diesel generator sets 

- Purpose.  Provides 415Vac supply at 50Hz to station loads in the event of loss of power supply 

to the auxiliary transformer. 

- Typical Rating.  150kVA 

 

 

Figure 12-4.  Diesel Generator Set 

 

 Solar Power Systems 

- Purpose.  Complements the grid in the provision of power to supply station loads. Reduces 

dependence on the grid for the supply of the entire 415Vac power requirement for the station. 

 

Figure 12-5.  Solar Power Systems 



 

 
 

 125Vdc Rectifiers 

- Purpose.  Provide charging current to the 125V battery bank as well as the load.  

- The load shall be made up of the protection, control and signalling system including, tripping 

and closing circuits of circuit breakers. 

- Configuration.  One charger connected to the load.  

- Duty.  The charger shall maintain the system at the nominal voltage within the maximum 

limits of +10% and -10% on a continuous float charging basis. 

 

 125Vdc Battery Banks 

- Purpose.  Provide load currents in the absence of the rectifier to ensure continuous operation 

of protection and control systems for a specified duration. 

- Configuration.  Appropriate number of cells to be connected to form a bank of nominal voltage 

125Vdc. 

- Type.  Open, rechargeable type in transparent, high-impact containers. 

- Capacity.  To be determined considering load to be served over a period of ten (10) hours. 

-  

Figure 12-6.  125Vdc Rectifiers      Figure 12-7.  125Vdc Battery Banks 

-  

 48Vdc Rectifiers and 48Vdc Battery Banks  

- Purpose.  Provide charging current to the 48V battery bank as well as the load with the (+) 

terminal being grounded. 



 

 
 

- The load shall be made up of the PAX, SCADA, Telemetering, Power Line Carrier, and Fibre 

Optic Terminal equipment, and any other communications equipment. 

- Configuration.  Two chargers connected in parallel and connected to the load. The load shall 

be taken from both chargers such that when one unit fails, the remaining charger shall supply 

100% load current. 

- Duty.  The charger shall maintain the system at the nominal voltage within the maximum 

limits of +10% and -10% on a continuous float charging basis. 

-  

 

Figure 12-8.  48Vdc Rectifier         Figure 12-9.   Change Over Panel 

  

 48Vdc Battery Banks  

- Purpose.  Provide charging current to the 48V battery bank as well as the load with the (+) 

terminal being grounded. 

- The load shall be made up of the PAX, SCADA, Telemetering, Power Line Carrier, and Fibre 

Optic Terminal equipment, and any other communications equipment. 

- Configuration.  Two (2) chargers connected in parallel and connected to the load. The load 

shall be taken from both chargers such that when one unit fails, the remaining charger shall 

supply 100% load current. 

- Duty.  The charger shall maintain the system at the nominal voltage within the maximum 

limits of +10% and -10% on a continuous float charging basis. 



 

 
 

 

Figure 12-10.   48Vdc Battery Banks 

 

 AC Distribution Boards 

- Purpose.  Houses miniature circuit breakers of various operating characteristics for the 

protection of various alternating current circuits 

 DC Distribution Boards 

- Purpose.  Houses miniature circuit breakers of various operating characteristics for the 

protection of various direct current circuits. 

-  

Figure 12-11.   AC Distribution Board     Figure 12-12.  DC Distribution Board 

1.7.11  Earthing 

1.7.11.1  Design  

Grid of copper conductors to be arranged in a mesh with earth rods as necessary, to limit touch and 

step voltages to safe values. 

1.7.11.2  Earth Conductor  

A minimum of 150sqmm stranded copper conductor shall be used for main earth grid. Where 

flexibility is required, e.g. on switchgear operating handles or gates, two single plastic covered flexible 

conductors with a minimum cross-sectional area of 50 sq. mm shall be used. 



 

 
 

1.7.11.3  Earth Rods  

Copper clad steel rods of 16mm diameter and 3m in length.  

1.7.11.4  Installation   

 For joints to be buried, crimped connector or Cad weld/thermic process shall be used to achieve 

jointing. 

 Connections to earth terminals of equipment, structures etc. shall be made using a bolted 

connection. 

 Earth conductors, which are buried in the ground, shall have a minimum of 600mm earth cover.  

1.7.11.5 Earthing of High Voltage Equipment  

 Structures, enclosures which can become live at high voltage during earth fault shall have 

connection to earth grid by double running conductor of fully rated stranded conductor of a 

minimum cross-section of 150 sq. mm. 

 Miscellaneous other structures and steel work, relay and control panels etc. shall have connection 

to earth grid by at least one stranded conductor of a minimum cross-section of 150 sq. mm. 

1.7.11.6 Building (Control Building or Relay House) 

Buildings which are located within an earth grid shall be encircled by a potential control ring of 

minimum 150 sq. mm stranded copper laid 600mm deep and approximately 1m outside the 

perimeter wall. A separate earth bus bar (connected to the main earth grid) shall be installed within 

the building to allow connection of all items of plant. 

1.7.11.7 Perimeter Fence 

A perimeter earth conductor shall be run outside the compound fence at a distance of 1m from the 

fence. 
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1.1  Objectives 

Through this module participant will be able to;  

 Review the substation and its type, configuration and major components 

 Understand the substation operation procedures 

 Understand the substation maintenance procedures 

  

1.2  Introduction 

This chapter is meant to introduce new technical staff to the activities involved in the operation of a 

substation. The power substation serves humanity in diverse ways to make them comfortable but 

can be dangerous to the lives of people who maintain and operate the equipment if they are not well 

trained. There are many equipment which put together constitute the substation. To understand the 

operation of a substation, one needs to know and also understand the operating principles and 

processes of the various equipment that constitute the substation. It is also important that, the newly 

employed staff have a fair idea about the maintenance requirements of these equipment. Thorough 

maintenance procedures may not be covered in this book. 

The student is also required to know how equipment are arranged in the substation like the Bus-bar 

arrangement which make power delivery, maintenance and switching convenient. Other areas to be 

touched on include protection of the station equipment and personnel as well as Operating 

Procedures. 

These activities if carried out meticulously enhances smooth operation of substations. 

 

1.3  What Is A Substation 

A substation is a collection of electrical equipment connected together to provide efficient and 

reliable power supply to customers. It is part of an electrical generation, transmission and 

distribution system. Substations transform voltage from high to low (step-down), or the reverse, or 

perform any of several other important functions such as regulating the voltages for system stability, 

transfer of loads, etc. 

 

  



 

 
 

1.3.1  Voltage Profile of Substations in GRIDCo 

 330/161 kV 

 225/161 kV 

 161/69 kV 

 161/34.5/11.5 kV 

 69/34.5/11.5 kV 

 

 
Figure 1-1.  Voltage Profile in the NITS 

 

1.3.2  Main functions of a Substation  

 Voltage transformation 

 Power converging and distribution 

 Control of Power flow 

 Regulation of System Voltage 

 Protection of power system 



 

 
 

1.3.3  Types of Substations 

There are four major types of electric substations. 

 Switchyard at a generating station 

 Customer substation 

 System station 

 Distribution station 

1.3.3.1  Generating Station Switchyards 

These facilities connect the generators to the utility grid and also provide off-site power to the 

plant. Generating switchyards tend to be large installations that are typically engineered and 

constructed by the power plant designers and are subject to planning, finance, and construction 

efforts different from those of routine substation projects.  

 

1.3.3.2  Customer Substations 

The second type of substation, typically known as the customer substation, functions as the 

main source of electric power supply for one particular business customer. The technical 

requirements and the business case for this type of facility depend highly on the customer’s 

requirements, more so than on utility needs. 

 

1.3.3.3  System Stations 

The third type of substation involves the transfer of bulk power across the network and is referred to 

as a system station. Some of these stations provide only switching facilities (no power transformers) 

whereas others perform voltage conversion as well. These large stations typically serve as the end 

points for transmission lines originating from generating switchyards and provide the electrical 

power for circuits that feed transformer stations. Volta (V2) substation in Tema is one of such 

substations. 

They are integral to the long-term reliability and integrity of the electric system and enable large 

blocks of energy to be moved from the generators to the load centres. These system stations are 

strategic facilities and usually very expensive to construct and maintain. 



 

 
 

1.3.3.4 Distribution Substation 

The fourth type of substation is the distribution station. These are the most common facilities 

in electric power systems and provide the distribution circuits that directly supply most electric 

customers. 

They are typically located close to the load centres, meaning that they are usually located in or near 

the neighbourhoods that they supply, and are the stations most likely to be encountered by the 

customers. 

 

1.3.4 Classification depending on the equipment used 

 Outdoor type with air-insulated equipment 

 Indoor type with air-insulated equipment 

  Outdoor type with gas-insulated equipment 

 Indoor type with gas-insulated equipment 

 Mixed technology substations 

 Mobile substations 

 Some substation equipment were developed with oil insulation. 

 

1.3.5 Classification depending on the Operation 

There are two main classes of substations depending on the strategic nature of the station. They are 

Manned and Unmanned Substations. 

1.3.5.1 Manned Substation 

 Personnel are always stationed at the substation. 

 Run shift duties (three shifts in a day) 

 Monitor, control and conduct patrol/inspection of substation equipment 

 

Staff responsibility is to. - 

Monitor.  Figure out the equipment operating condition and current state of the power system. This 

requires relays and meters located in the control room. 

Record.  Take record of operating situation periodically i.e. power flow, ambient temperature, circuit 

breaker operating history, transformer temperature among others. 



 

 
 

Inspection/Patrol.  The essence is to take note of unusual equipment condition and do simple 

maintenance and repair works and report major faults to maintenance team for redress. Inspections 

are done three times in a day. 

Control.  Operate equipment so as to adjust voltages, transfer loads and switching to provide 

isolation for workmen etc. 

 

1.3.5.1 Unmanned Substation 

 Personnel not stationed but visits twice or three times in a week. 

 Reliable if effective communication system is in place. 

 Mostly operated from Remote Control Centre (RCC) or SCADA (System Control and Data 

Acquisition 

 

Activities carried out from the RCC include. - 

Monitor.  Figure out the equipment operating condition and current state of the power system. 

Operation of equipment is done from Remote Control Centre. 

Instruct.  Instruct the recovery method and send somebody when a fault occurs. 

Control.  Operate equipment so as to adjust voltages, transfer loads and switching for maintenance 

work. 

Report.  Report on fault conditions/occurrences and recovery of operating results to related officers 

for redress. 

Manage.  Takes care of Unmanned Substation Access Control by limiting access by people. 

 

1.4  Bus Arrangement in a Substation 

Substation design comes in many forms depending on the bus arrangement. The electric substation 

is a junction where usually two or more transmission lines terminate. In such scenario the first 

requirement is avoidance of total shutdown of the station for the purpose of maintenance or due to 

some fault somewhere. Switching schemes are therefore adopted depending upon the importance of 

the station, reliability requirement, flexibility and future expansion. These situations inform the type 

of bus arrangement needed at a substation. Some bus arrangements require more equipment which 

also come with cost but make operation of the station very reliable. 

There are mainly six bus schemes which are. - 



 

 
 

 Single bus 

 Ring Bus System 

 Double Bus Double Breaker 

 Double Bus Single Breaker 

 Main bus and Transfer Bus 

 Breaker and Half 

1.5 Equipment In A Substation 

Some major equipment that constitute a substation are Transformers, Circuit breakers, Reactors, 

Capacitor banks, Disconnect Switches, Surge Arresters, Instrument Transformers, Bus-bars, Battery 

banks, Static Var Compensator (SVC), Relays, Control and Metering Panels. 

 

1.5.1  Functions of Substation Equipment  

1.5.1.1  Transformers 

Transformers can be termed as a Step-Up or Step down Transformer depending on the purpose it is 

to be used for. Step-up transformers are generally used at Generation Stations to increase generator 

voltage of 14400 Volts to 161000 Volts or more depending on the grid voltage. Step-down 

transformers are used to step down high voltage from the Grid and supplied to the Distribution 

Company. In Ghana HV of 161kV is brought down to 34.5kV or 11.5kV and sometimes 6.6kV to the 

Mining Companies. 

 

1.5.1.2  Circuit Breakers 

Electrical circuit breaker is a switching device which can be operated manually and automatically for 

controlling and protection of electrical power system. It carries normal load under normal conditions 

and separates the system under fault conditions (Are designed to interrupt currents beyond its rated 

value without damage). Circuit breakers are manufactured with gas (Sulphur hexafluoride, SF6), air, 

vacuum and insulating oil as the quenching medium. 

 

https://www.electrical4u.com/electric-power-single-and-three-phase/


 

 
 

 

Figure 1-2 .  Picture of Power Transformer              Figure 1-3 .  Picture of SF6 Circuit Breaker 

 

1.5.1.3 Disconnect Switch/Isolator 

It is a switch that isolates a circuit or piece of electrical apparatus after interruption of the current. It 

is usually installed on either side of the apparatus and provides direct visible break in the electrical 

network. Disconnecting switches are also used for sectionalizing buses and switching electric lines 

from one bus system to another. It comes in many forms and the mode of breaking current describes 

the name given to them.                                   

 

Figure 1-4 .  Picture of High Voltage Disconnect Switch 

 

1.5.1.4 Bus-bar 

It is a conductor or group of conductors on which power is concentrated for distribution to outgoing 

feeders. The bus-bar used at substations may be rectangular bars, round tubes or solid round bars. 

Aluminium is mostly used compared to copper because of its higher conductivity, lower cost, 

excellent corrosion resistance among others. 



 

 
 

 

 

   Fig. 1-5.  Tubular or Pipe Bus   Fig. 1-6.  Conductor Bus 

1.5.1.5  Shunt Reactor 

A shunt reactor is an absorber of reactive power, thus increasing the energy efficiency of the system. 

It is the most compact device commonly used for reactive power compensation in long high-voltage 

transmission lines and in cable systems. 

 

Figure 1-7 .  Picture of Shunt Reactor 

 

1.5.1.6 Capacitor Bank 

In a three phase power system, the capacitor bank is used to supply reactive power to the load and 

hence improve the power factor of the system. Capacitor banks are installed after a precise 

calculation is done. It reduces the losses and improves the efficiency of the system. 



 

 
 

 

Figure 1-8.   Picture of Capacitor Bank 

 

1.5.1.7 SVC(Static VAR Compensator) 

It is a set of electrical devices for providing fast-acting reactive power on high-voltage electricity 

transmission networks. It is part of the flexible AC transmission system device family regulating 

voltage, power factor, harmonics and stabilizing the system. 

 

 

Figure 1-9.  Picture of SVC 



 

 
 

 

1.5.1.8  Battery Bank 

It is a group of batteries joined together for a single application to increase voltage and amperage. 

Substation batteries comprise of 2.2 volts individual cells connected in series to give the required 

equipment operating voltage and are normally sixty (60 Nos.) per bank of 125 Volt dc output. 

 

 

Figure 1-10.  Battery Bank 

1.5.1.9 Surge Arrester 

A surge arrester is a device to protect electrical equipment from over-voltage transients caused 

by external (lightning) or internal (switching) events. When a powerful electric surge travels from 

the power system to the surge arrester, the high voltage current is sent directly to the insulation 

or to the ground to avoid damaging the system. 



 

 
 

 

Figure 1-11.  Surge Arrester 

 

1.5.1.10  Instrument Transformers 

    

 

 

 

They are current, potential and capacitive voltage transformers and are used in AC system for 

measurement of electrical quantities such as voltage, current, power, energy, power factor and 

frequency. They are high accuracy class electrical devices used to isolate or transform high voltage 

or current levels to very low levels for metering. The primary winding of the transformer is connected 

to the high voltage or high current circuit and the meter is connected to the secondary circuit. 

 

Fig 1-12.  Potential 

Transformer 

Fig. 1-13.  Current 

Transformer 

Fig. 1-14.  CVT 



 

 
 

1.5.1.11 Relay, Control and Metering Panels 

Relays are essentially switches that open and close circuits electromechanically or electronically. 

They control one electrical circuit by opening and closing contacts in another circuit. Relays are 

normally installed in panels in the control room. 

 

                 Figure  1-15.  Relays on a Panel           Figure 1-16.  The inside of a Relay Panel 

 

1.6  Maintenance Of Substation Equipment 

For efficient operation of substation equipment, an effective maintenance regime must be in place. 

Staff are trained to carry out prescribed maintenance on these equipment on regular basis. 

Maintenance plans are drawn based on manufacturers’ instructions and operation data. 

1.6.1  Major Functions of Maintenance Sections/Departments 

 Maintenance of installed equipment and facilities. 

 Installation of new equipment and facilities. 

 Modification of already installed equipment and facilities. 

 Inspection and Lubrication. 

 Monitor faults and failures using appropriate regulations. 

 Management of equipment and spares inventory. 

 Making recommendations for faulty equipment replacement based on equipment performance 

history. 

 Supervision of Manpower. 

 Keeping records. 



 

 
 

1.6.2  Categories of Maintenance 

1.6.2.1  Preventive Maintenance 

Preventive Maintenance involves (a) Routine or scheduled maintenance and (b) Condition based 

maintenance. Routine maintenance is scheduled activity carried out periodically and its time bound 

or depends on number of operation carried out by the equipment. Condition Based maintenance is 

taking a decision to maintain equipment based on the status or knowledge of equipment from 

monitoring (e.g. visual inspection, thermo-vision or diagnostic tests) which delay may affect power 

delivery or may be inimical to reliable supply of power. 

 

1.6.2.2  Corrective Maintenance 

Corrective Maintenance involves (a) Emergency/Breakdown Maintenance and (b) Deferred 

Maintenance.  

Emergency/Breakdown maintenance is carried out immediately to prevent danger to personnel, 

equipment, or system performance. Deferred maintenance is work that is programmed for a later 

date e.g. defect found during inspection provided the deferment may not affect system stability. It 

makes room for the necessary spares to be acquired if not available and time for effective work to be 

done.  

 

1.6.3  Inspections/Patrol by Maintenance team 

The failure of most electrical equipment do occur sometimes due to lack of proper monitoring and 

inspection. Minor faults which are overlooked degenerate into major problems causing equipment 

damage and system shutdown. The inconvenience caused and economic losses may be great and can 

also create a dent on corporate image. It is therefore very important that inspections on substation 

equipment are carried out meticulously as some upcoming/simmering problems or defects may be 

identified and rectified. 

The Maintenance Team as well as Operating Technicians who visit the stations are expected to 

conduct inspections and record their findings. 

  



 

 
 

 

STATION INSPECTION SHEET 

STATION………………………  AREA………………..   DATE……………. 

 EQUIPMENT CHECK 

NORMAL 

CHECK 

FAULTY 

INITIAL 

CONTROL/ BATTERY ROOM    

1 Check extractor fan functioning    

 

2 

Check Cell electrolyte levels normal 

(above minimum) 

   

 

3 

Check battery voltage (132V dc for 125V 

bank and 54v dc for 48V bank 

   

4 Take random individual cell voltage    

5 Check battery terminals for corrosion    

6 Check individual cells clean    

7 Check battery room clean    

8 Check rectifier/charger voltage normal    

9 Check dc panel voltage and all MCBs on    

10 Check ac panel and all MCBs on    

     

SWITCHYARD    

No Power Transformers    

1 Check temperature gauges (oil and 

winding) 

   

2 Check OLTC functioning    

3 Check cooling fans functioning and test 

run 

   

4 Check oil conservator (Main tank and 

OLTC) gauges. 

   

5 Check for oil leakages    

6 Check bushing oil levels    

7 Check bushings for chips, cracks and 

leakages 

   

8 Check silica gel and replace if wet    

9 Conduct hotspot test on bushing 

terminals 

   

Remarks.  

 



 

 
 

Breakers    

Bulk Oil Circuit    

1 Check for any broken air pipe and 

leakage 

   

2 Drain trapped moisture from air receiver 

tanks 

   

3 Check compressor crankcase oil level    

4 Check compressor belt tightness    

5 Check air pressure gauge at normal level    

6 Check breaker main tanks for oil leakages    

7 Check breaker operation counter and 

record 

   

     

SF6 Breaker    

1 Check breaker manometer at normal level    

2 Check piping for air leakages    

3 Check break air compressor at normal 

level 

   

4 Check other mechanism equipment 

normal 

   

5 Check breaker operation counter and 

record 

   

6 Check insulator column/bushings for 

chips and cracks 

   

     

Disconnect Switch    

1 Check for proper toggling/closing    

2 Check post-insulators for cracks, 

flashover and chips 

   

3 Check motor drive unit, heater operation 

MCB in service 

   

4 Check motor drive unit cabinet is 

properly closed and seals are in good 

condition 

   

5 Check for leakage of grease at insulator 

base and motor gear 

   

6 Check ground connection from 

disconnect to the grid grounds. 

   



 

 
 

 

 

    

Capacitive Voltage Transformers (CVT)    

 Check for oil leakage    

 Check insulator column for cracks and 

chips 

   

 Check ground connection from to the grid 

grounds. 

   

Remarks.  

Station Service, Grounding Transformers & 

Feeder Structure 

   

1 Check for oil leakages    

2 Check bushing oil levels    

3 Check bushings insulators for chips, 

cracks and leakages 

   

4 Check fused disconnects for broken fuse    

 

5 

Check feeder structure insulators for 

flashes and crack 

   

6 Check silica gel and replace if wet    

7 Conduct thermo-vision test on joints and 

clamps  

   

     

Current Transformers (CTs)    

1 Check for oil leakage    

2 Check insulator column for cracks and 

chips 

   

3 Check ground connection from to the grid 

grounds. 

   

     

Surge Arrester    

1 Check arrester counter and record    

2 Check insulator for cracks and chips    

3 Check for resistance to ground using 

clamp on ammeter 

   

     

Other miscellaneous equipment    

1 Check all outdoor lights on    



 

 
 

2 Check ground conductor to all equipment 

and structure well fitted 

   

3 Check for hotspot using thermo-vision 

camera  

   

4 Check all cable trenches covered     

5 Switchyard fencing, check all ground 

connections in place 

   

6 Check switchyard for weeds    

     

     

Remarks.  

 

1.7  Protection Of Substation Equipment 

Construction and acquisition of Substation equipment is capital intensive and installations must be 

guided against damage during fault situations. Some of the problems may be nature induced like 

lightning strikes which cause high voltages or storms that may break down structures. Protective 

equipment needed to counter such problems are normally installed and structures reinforced. 

One method used in protecting substation equipment electrically is by installing relays to protect 

equipment from all incipient faults be it electrical or otherwise. The relays typically, operate the 

tripping coils of breakers to take out the equipment to avoid damages. Relays are therefore designed 

to work faster to avert as much as possible any disastrous occurrences. Alarm systems are also 

installed to give warning about any abnormal condition from the equipment or system. 

Other protective equipment like surge arresters also provide safety for workmen at the station since 

any danger that comes up can affect their lives.  

 

1.7.1  Relays 

It is important that the trainee knows the functions and operating principles of relays in the operation 

of a substation. A relay is a switching device that works to isolate or change the state of an electrical 

circuit from one state to another. A relay basically is a special type of switch turned on and off by an 

electromagnet. It has a coil that is magnetized upon the flow of current. The magnet attracts an iron 

armature, whose other end pushes the contacts together completing the circuit. 



 

 
 

Evolution of technology has improved the type of relays being produced these days i.e. a shift from 

mechanical relays to electronic, solid state devices and now numeric relays. 

Relays are used to protect equipment such as transformers, reactors, capacitor banks, bus-bar and 

feeder lines by causing their associated breakers to trip thus isolating the equipment. The relay 

compare the input and output current of the device being protected and any difference will cause the 

coil to be energized to actuate the contacts of the tripping circuit. Some relays used in the power 

system are. - Protective, Reclosing, Regulating and Monitoring relays and come in the form of 

Overcurrent, Differential, Buchholz and Distance relays. 

 

 

Figure 1-17.  An Electrical Circuit with Relays 

 

1.8  Operating Substation Equipment 

Equipment installed at substations must be monitored and operated to make the system stable with 

minimal interruptions and also give continuous supply to customers. Staff are trained on operating 

procedures which may vary from station to station depending on the type of equipment installed and 

station configuration. 

Operation of equipment takes many forms that is Manual Switching/regulation and Remote 

Switching/Regulation to take out or place equipment in service and deliver quality power in terms 

of regulation. Switching can be done manually or electrically from a remote source. Manual switching 

may involve opening or closing disconnects which are not electrically operated. There may also be 

times when remote operation of some equipment may not go through and has to be operated (opened 

or closed) manually from the mechanism box.  



 

 
 

Remote switching/regulation is carried out from Control centres where signals are routed through 

Remote Terminal Units (RTUs) or SCADA systems. 

Also Voltage regulators and tap-changers which do not operate on-load are operated manually. 

 

1.8.1  The Operator at Manned and Unmanned Substations 

Manned substations have personnel stationed there to monitor, patrol, operate equipment to adjust 

voltages and transfer of loads, report and record all incidents at the station. Staff run shift around the 

clock and keep data as well. Such stations are strategic and require strict surveillance as they are 

sited at load centres or where distribution to other locations is convenient. Some of these stations 

are considered as Master Stations and exercise Operating control over some of the unmanned 

stations. Staff from these stations often travel to these stations to carry out inspections, provide 

isolation for workmen to carry out maintenance on equipment. 

Unmanned Substations on the other hand have no personnel stationed there. To run these stations 

efficiently, effective communication system must be in place. As stated earlier the substation is 

operated from Remote Control Centre (RCC) who also monitor and control with SCADA system. Such 

stations are visited periodically for monitoring and inspections and any abnormal conditions 

reported to the appropriate maintenance team for redress. 

 

1.8.2  Modes of Operation 

The Operating or switching and regulation of substation equipment for maintenance, voltage 

regulation and load transfer is very important and play major role in substation operation. The 

processes have gone through evolution over the years creating safe avenues for personnel and 

equipment. Also time and expenditure spent in travelling long distances to carry out operations have 

reduced drastically with these innovations. Some methods used are.  

 Switchboard.  - Substation equipment are monitored and controlled 

 Mosaic.  -More equipment are captured and controlled in a lump 

 Mosaic Compact.  - Optical fibre cable Digitalized 

 HMI.  - Communications (RTU ~ PC) 

 Despatching Board.  -Field – Control room (LAN) 

 



 

 
 

 

Figure 1-18.  Switchboard    Figure 1-19.  Mosaic Board / Mosaic Compact Board 

 

 

Figure 1-20. HMI                     Figure 1-21.  Dispatch Centre 

 

GRIDCo employs all these technologies in the operation of its substations with the switchboard 

facility taking the greater part. Stations being constructed recently are fitted with HMI facility. 

However, almost all the stations are hooked to the Despatch Centre which has operating control over 

the substations. 

1.8.3 Operating Procedure 

The Operating Technician in GRIDCo plays a central role in the switching, regulation and releasing 

equipment for maintenance. Regulations and procedures are put in place for such activities to be 

carried out safely. Procedures for reporting faults on equipment, isolation and release for 

maintenance are well documented to guarantee the workmen’s safety and that of the equipment.  

Typical forms used are found in the Standard Protection Code which include the Work Permits, Order 

to Operate and Application for Protection Guarantee Forms. 

 



 

 
 

1.8.3.1  Emergencies and Fault Reporting 

Power utilities sometimes face problems with outages which are not planned but affect customers 

adversely. For system stability and credibility, such situations must be handled promptly to avoid 

any inconvenience.  

Fault situations may be reported through station patrols or inspections by personnel on visit or from 

the public who may be in the vicinity through telephones. Monitoring equipment installed in the 

system also detect such faults and these information go through the processes below.  

 

 Fault Detection. - The situation as reported or seen is logged in the event recording book (Event 

Logging) 

 Understanding of Fault Situation.  - Per the information given and the relay operation recorded 

the fault can be identified. 

 Reporting to RCC & Discussing recovery method.  - The situation is often reported to Managers of 

the Area or the Sectional Head and the necessary recovery method discussed. 

 Emergency Control.  - Where necessary emergency measures are put in place to restore the 

system whilst the necessary arrangements are made for repairs. 

 Final Report & Maintenance Request.  - Documented report is made to the maintenance unit 

involved for proper redress. 

  



 

 
 

 

 

 

M02 – MAINTENANCE & TEST 
 

  



 

 
 

2.1  Objectives 

Through this module participant will be able to;  

 Define the need for maintenance of substation equipment and its standard 

 Understand the type of test for substation equipment and its procedures 

 

2.2  Introduction 

Maintenance as defined by Cambridge English Dictionary is.  the work needed to keep a road, building, 

machine, etc. in good condition. In our case, it is the work needed to keep electrical machines and 

equipment (High Voltage Substation Electrical Equipment) in good working condition. 

A great number of failures in the electrical power industry is due to partial or complete insulation 

degradation or failure. So let us look at some of the major causes of insulation degradation.  

2.3  Causes Of Insulation Degradation 

Among others there are five (5) basic causes for insulation degradation. Apart from their individual 

effects; they also interact with each other and cause a gradual spiral of decline in insulation quality.  

2.3.1  Electrical Stress 

Insulation is designed for a particular application. Over voltages and under voltages cause abnormal 

stresses within the insulation, which can lead to cracking or delamination. 

 

2.3.2  Mechanical stress 

Mechanical damage such as hitting a cable while digging a trench or a porcelain insulator to shatter 

are obvious, but mechanical stresses also may occur from running a machine out of balance or 

frequent starts and stops. Vibration from machine operations may also cause defects within the 

insulation. 

 

2.3.3  Chemical Attack      

Corrosive vapour, oil, dirt and other chemicals can affect and cause insulation deterioration.  

 



 

 
 

2.3.4  Thermal Stress  

Operating machines in excessively hot or cold conditions will cause over expansion and contraction; 

which leads to cracks in the insulation materials.   

 

2.3.5  Environmental Attack  

Contamination from the surroundings covers many.  from moisture, humidity, dirt and also attack 

from rodents that bite the insulation material.  

High Voltage Substation Electrical Equipment are power and distribution transformers, circuit 

breakers, disconnects and earthing (ground) switches, bus bars, lightning or surge arresters, 

potential transformers, current transformers, capacitor voltage transformers, capacitor banks and 

reactors. Others are battery banks, rectifiers (chargers), control panels, protection relays, metering 

and indication instruments, communication equipment, cooling systems, and indication lights etc.  

 

 

Figure 2-1 .  Necessity of Preventive Diagnosis in Substation Equipment 

 

2.4  Types Of Maintenance 

There are many and complex equipment in substation so maintenance activities are also many and 

varied. Traditionally, there are five (5) types of maintenance  that have been distinguished and these 

are differentiated by the nature of tasks involved which  are.  



 

 
 

 

 Preventive Maintenance.  Its mission is to maintain a certain level of service on equipment, in 

the most opportune time to offset any malfunction or breakdown. It is a systematic procedure, 

that is, the equipment is inspected even if it has not given any symptoms of having a problem. 

 

 Corrective maintenance.  These are sets of tasks designed to correct the defects that are found 

by the users of the equipment during operation; defects are communicated to the maintenance 

department for their necessary response and action. 

 

 Periodic maintenance (Time Based Maintenance TBM).  The basic procedure of maintenance 

by the manufacturer for the users to follow. It consists of a series of detailed tasks (data 

collections, visual inspections, cleaning, lubrication, retightening bolts and nuts, screws etc.).   

 

 Predictive Maintenance.  This requires regular monitoring to know and report the status and 

operational capacity of the equipment by knowing the values of certain variables, which 

represent such state and operational ability. To apply this type of maintenance, it is necessary to 

identify certain physical variables such as (sound, temperature, vibration, power consumption, 

etc.). This variation is indicative of problems that may be appearing on the equipment. This 

maintenance is the most technical, since it requires advanced technical resources and at times of 

strong mathematical, physical and / or technical knowledge. 

 

 Zero Hours Maintenance (Overhaul).  The goal of this task is to review the equipment at 

scheduled intervals before any failure occurs, either when the reliability of the equipment has 

decreased considerably or it is risky to make forecast of production capacity. This review is based 

on leaving the equipment to zero hours of operation, i.e. as if the equipment were new. The review 

will replace or repair all items subject to wear and the aim is to ensure, with high probability, a 

good uninterrupted working time in advance. 

 
Finding the type of Maintenance applicable to the various types of Equipment 

This division of types of maintenance has the disadvantage in that any equipment needs a mix of each 

of these maintenance types, so we cannot think of applying just one of them to effectively cover 

particular equipment. If we think that any equipment will need a mix of different types of 



 

 
 

maintenance, then we have to consider different type of maintenance which is known as a 

maintenance model.  

 

 

Figure 2-2 .  Maintenance Trend 

 

 Which is the maintenance that should be applied to each of the equipment that makes up 

a particular substation? 

To answer this question it is convenient to define the concept of Maintenance Models. A 

Maintenance Model is a mixture of the previous types of maintenance in certain proportions, 

which can respond appropriately to the needs of a particular equipment.  

 

 Maintenance models 

Each of the model presented below include several of the previous types of maintenance. 

Moreover, all of them include two activities.  visual inspections, cleaning and testing or 

lubrication. Even in the simplest model (Corrective Model), where the equipment is virtually left 

unattended until a fault occurs, it is advisable to observe it at least once a week, month, lubricate 

it with suitable products to enhance their characteristics. Visual inspections virtually cost no 

money (these inspections will be included in a range where we have to look at other nearby 

equipment, so it will not mean we have to allocate resources specifically for this function). This 



 

 
 

inspection allows us to detect faults in an early stage and its resolution will generally be cheaper 

as soon as detected. Lubrication is always profitable. Although it does represent a cost which is 

the lubricant and labour, it is generally so low that it is more than warranted since a malfunction 

due to a lack of lubrication will always involve a greater expense than the corresponding lubricant 

application 

 

 Corrective Model 

This is the most basic model and includes in addition to visual inspections and lubrication 

mentioned previously,  the arising breakdowns. It is applied to equipment with the lowest level 

of criticality, whose faults are not a problem economically or technically. In this type of 

equipment it is not profitable to devote more resources and efforts. 

 

 

 Conditional Model 

This includes activities of the previous model, and also this model includes conducting of series 

of tests that will determine a subsequent action. If an anomaly is discovered after testing an 

outage is scheduled to rectify the problem.  

 

2.5 GridCo Maintenance Activities 

For the purposes of uncertainty of a particular type or model of maintenance that can effectively 

cover substation equipment; GRIDCo has instituted the under listed maintenance models in order to 

cover effectively maintenance needs of every substation equipment. Also being a Grid Operator, to 

maintain continuous service and prolong equipment life. These are.  

  

 Monthly Substation Inspection  

 Monthly Servicing 

 Semi-Annual Maintenance 

 Annual Maintenance 

 Six Years Maintenance 

 



 

 
 

2.5.1 Monthly Station Inspection  

This type of maintenance covers the entire substation and its equipment and it is mandatory that 

every substation is covered. Even though the name is inspection, some minor maintenance activities 

that do not require outages are carried out. This inspection allows for the detection of faults in an 

early stage so that an outage can be scheduled for its resolution. 

  
Note.  No outage required so care should be taken not to come in contact with live parts. 

 Visual inspection on all major equipment and auxiliaries. 

 Check condition of porcelain/bushings and bus bar support insulators. 

 Cleaning up to a safe height of equipment (removal of cobwebs and bird nests) where applicable. 

 Check temperature, oil, and SF6 pressure gauges on power transformers and circuit breakers.  

 Check colour of silica gel on transformers and replace if necessary. 

 Check and clean cooling fans on transformers. 

 Check and clean mechanism/control boxes. 

 Visually check equipment ground terminations. 

 Service battery banks and top up electrolyte levels where necessary. 

 

2.5.2 Monthly Battery Servicing  

Battery Bank is the backbone of protection systems. This is a mandatory monthly maintenance 

activity carried out on Substation Battery Banks to keep them in good working condition all the time. 

 

 WARNING 

Do not short battery terminals when taking readings or cleaning. No bare tools should be used when 

working on battery banks. 

 

 Record voltage and current on rectifier and DC distribution board. (As found)   

 Switch off Battery bank Miniature circuit breaker on DC distribution board. 

 Check and record voltage and specific gravity of each cell on the bank using Multimeter in DC 

volts mode and Hydrometer respectively. 

 Check and record electrolyte temperature of a pilot cell with a thermometer. 

 Check electrolyte levels of each cell and top up with distilled water if necessary. 

 Clean the battery bank with a dry clean rag. 

 Switch on Battery bank Miniature circuit breaker on DC distribution board. 



 

 
 

 Record voltage and current on rectifier and DC distribution board. (As left)   

 

2.5.3 Semi-Annual Maintenance 

This is basically a thermovision measurement at the terminations of the main current path elements 

such as disconnects, circuit breakers, power transformers and capacitor banks etc. Equipment with 

severe hot spots and others with higher temperatures are immediately taken out of service for 

repairs.  

 

2.5.4 Annual Maintenance 

This is the type of maintenance carried out on major equipment such as Power Transformers, Circuit 

Breakers, On Load Tap Changers (OLTCs), Battery Banks and Capacitor Banks. 

 

2.5.4.1 Power Transformers 

Outage Required- Make sure that the transformer is isolated and de-energized! 

 Inspect the condition of the transformer. 

 Check oil level indicators and temperature gauges.   

 Check the condition of bushings and clean. 

 Disconnect High Voltage (HV), Low Voltage (LV) and Tertiary Voltage (TV) connections.  

 Conduct Turns Ratio, Insulation Resistance and Insulation power factor and capacitance tests.  

 Check the operation status of mechanical and electrical protective devices. 

 Check for oil leakage(s) and repair if any. 

 Take oil sample and test for dielectric strength test. 

 Check the operation conditions of the cooling fans and clean. 

 Re-connect HV, LV and TV connections and prepare the transformer for service. 

 

2.5.4.2 Circuit Breakers 

Outage Required - Make sure that the circuit breaker is isolated and de-energized! 

 Inspect the condition of the circuit breaker pole insulators. 

 Clean breaker pole insulators. 

 Check for leakages air, oil or SF6 gas. 

 Check SF6 gas pressure levels and top up if necessary. 



 

 
 

 Conduct contact resistance test and compare results with commissioning results. 

 Perform contact timing test (Analyzing). 

 Check and record operating coils resistance.  

 Check mechanism for any abnormality and lubricate.  

 Perform Close/Open operations on both Local and Remote.  

 Prepare and restore the circuit breaker to service. 

2.5.4.3 Battery Banks 

Battery Bank annual maintenance is known as Capability Test. It is a test like the name suggests to 

check the capability of the Battery Bank to supply DC power for eight (8) hours without the Rectifier. 

In other words, it is a test performed to assess whether the Battery bank can supply the station load  

when the grid power supply to the whole substation is  out for eight (8) hours. 

 Switch off the ac power supply to the rectifier or battery charger. 

 Switch off the rectifier miniature circuit breaker on the DC distribution board. 

 Check and record voltage and specific gravity readings of every cell on the battery bank with DC 

voltmeter and Hydrometer-this is known as the initial readings. 

 Consequently voltage and specific gravity readings are taken every other hour on pilot cells for 

seven hours. 

 Finally the eighth hour readings known as the final readings are again taken on all the cells.  

 Switch on ac power to the rectifier and allow it to complete its starting process fully. 

 Switch on the rectifier miniature circuit breaker on the DC distribution board. 

 Give the battery bank eight (8) hours equalizing charge and then return the charging level to the 

normal floating or trickle charge for normal service.  

Note.  On the other hand, if the battery bank is weak voltages of individual cells will be reducing 

remarkably hour after hour; however the energy in the battery bank should not be drained 

completely. If the voltage of individual cells reaches the minimum value of 1.85 volts or the value 

indicated by the battery manufacturer the test should be suspended, and the bank returned to service.  

 

2.5.4.4 On Load Tap Changers 

This annual maintenance does not cover all tap changers we have in the system but very few on 

transformers that requires frequent operations for voltage control such as those supplying power to 

the Gold Mines. The rest are based on their counter readings or number of years in service.  



 

 
 

Outage Required-Make sure that the transformer is Isolated and De-energized! 

 Record tap position number and tap changer operations counter reading. 

 Conduct transformer turns ratio test known as initial test. 

 Return the tap changer to the Neutral Position and check the indicator on the diverter switch 

compartment correspond to that of the mechanism box. 

 Close the valve between diverter switch compartment and the tap changer conservator tank. 

 Drain carbonized oil from the diverter switch compartment into a suitable container. 

 Detach the driving shaft from the mechanism box. 

 Loose the cover bolts and remove the diverter switch compartment cover. 

 Loose bolts holding the diverter switch and with a suitable lifting device remove the diverter 

switch for cleaning and inspection. 

 Clean the diverter switch and its compartment with new insulating oil.  

 Check and record the values of transitional resistors and contacts for wear. 

 Finally flush the diverter switch, fix it, fill with new insulating oil and also fix back the cover. 

 Couple the driving shaft from the mechanism box. 

 Conduct again transformer turns ratio test known as final test. 

 Return the tap changer to its position before maintenance and record the counter reading. 

 Prepare and return the transformer to service. 

  

2.5.4.5 Disconnects Switches 

Outage Required- Make sure that the disconnect switch is isolated and de-energized. 

 

 Inspect the condition of support insulators and clean. 

 Inspect, clean and lubricate mechanism boxes and other linkages. 

 Operate and check contact toggle. 

 Check tightness on terminations and lubricate contacts.  

 Prepare and return the disconnect switch to service. 

 

2.5.4.6 Capacitor Banks  

Outage Required-Make sure that the capacitor bank is isolated and de-energized. 

 



 

 
 

 Inspect the condition of capacitor cans, unbalanced neutral current transformer, reactors and 

clean. 

 Check and record capacitance values of individual cans. 

 Perform insulation resistance test on each phase to ground. 

 Check tightness on terminations including the unbalanced neutral current transformer. 

 Prepare and return the bank to service. 

 
 

 
 

Figure 2-3.  Capacitor Bank with Reactor 

 

2.5.5 Six Years Maintenance 

This type of maintenance is applicable to major equipment like power transformers and Oil circuit 

breakers. These are broad-based general overhaul activities that are carried out including cleaning, 

repair of oil leakages, oil treatment, adjustment of contacts, adjustment of springs, replacement of 

deteriorated gaskets and O-rings, various tests and at times painting. 

 

2.6 Tests  

The major substation equipment on which tests are usually carried out are as follows.   

 Power And Station Service Transformers  

 Circuit Breakers 

 Disconnects Switches 

 Lightning Arresters 

A capacitor can 

Reactor 



 

 
 

 Bus Bar Works 

 Capacitor Banks 

 Battery Banks 

 Cooling Fans And Other Auxiliaries 

 

2.6.1 Safety Requirement 

It is very important to note that before a test is commenced on any piece of equipment at the 

substation it is imperative to check the voltage rating of the apparatus in order to select the right test 

voltage from the test device.  

 Before test is conducted on any electrical equipment, ensure that it is isolated from all sources of 

power and de-energized. 

 All personnel must stay away from equipment under test as some of the tests involve high voltage 

injection.  

 

2.6.2  List of Tests 

Tests carried out on electrical equipment at the substation are many and varies from one equipment 

to the other, so time will be spent to take major electrical equipment one by one and explain how 

these tests are conducted. Below is the list of most of the tests normally conducted on equipment. 

Take note that there is no single equipment at the substation that will be subjected to all the tests 

listed below.  

 Insulation Resistance (Megger) 

 Winding Excitation 

 Winding Resistance  

 Transformer Winding Turns Ratio 

 Insulation Power Factor And Capacitance Of Windings And  Bushings   

 Oil Dielectric Strength 

 Dissolved Gas-In-Oil Analysis (DGA) 

 Sweep Frequency Response Analysis (SFRA)  

 Contact Resistance 

 Contact Timing (Analyzing) 

 SF6  Analyzing 



 

 
 

 Capacitance 

Amongst the substation equipment Power transformers are the most expensive and complicated in 

design and therefore require various tests to confirm that the insulation system is dry, no damage 

has occurred during transportation and installation and also no internal connections have been 

loosened. Therefore, a large chunk of tests listed above are applied to it. 

 

2.6.2 Insulation Resistance Test 

This test can be regarded as the master test; as it is applied to almost all equipment found at the 

substation. It is conducted to check the insulation integrity between phases and phases to ground 

(earth) of the various apparatus found at the substation. It involves an introduction of DC voltage. 

The voltage value must be selected carefully in order not to destroy the insulation of the device under 

test. As a general rule, the test voltage should not be more than two times the voltage rating of the 

equipment under test for low voltage devices i.e. (240 to 415 volts). If in doubt consult the equipment 

manual or the Maintenance Supervisor. 

This test determines the amount of resistance that the insulation of equipment can offer against the 

flow of current between phases or the phases to ground. The value of test results are normally in 

large amount of Ohms with symbol (Ω) and are preferred with prefixes in Millions (Mega), Billions 

(Giga) or Trillions (Tera). Examples are Mega Ohms-MΩ or Giga Ohms- GΩ. Test values are generally 

high but in worst cases the acceptable value should not be less than 1+ the kilo volts rating of the 

equipment in Mega Ohms. For example if equipment is rated at 34.5 kilo volts the least insulation 

resistance should be 1+34.5 = 35.5 Mega Ohms or 35.5 MΩ.   

 

This test proves the integrity of insulation system in power transformers.  i.e. between windings and 

between windings and ground potential. Severe contaminants or insulation failure can be detected.    

  



 

 
 

 Method For Transformers 

Using Megger instruments, 500 V to 5000V is applied for one minute to 10 minutes between 

windings and between windings and ground. Test is sensitive to moisture, temperature and 

contamination. Polarization index (which is the ratio of the tenth minute reading divided by the 

first minute reading) can detect changes in insulation structure over time. Minimum acceptable 

value is 1000 MΩ when corrected to 20°C. 

 

 
 

Figure 2-4.  Insulation Resistance Tester (Megger) 

 

2.6.4  Winding Excitation 

A test conducted on transformers to check for magnetic balance, generally recognized to detect any 

changes in the magnetic circuit. 

Voltage source is applied to winding and exciting or excitation current is measured. Test is most often 

done with power factor bridge test set at 10 kV (that is if the voltage rating of the winding can 

withstand it). The test voltage must be reduced to a safe value with respect to the voltage rating of 

the winding under test. Residual magnetism greatly affects readings. Demagnetization of core may 

be required for acceptable results. Test results are compared to original baseline test for indications 

of variance. Phase A and Phase C should be close.  



 

 
 

2.6.5  Winding Resistance 

This test verifies internal connections and detection of any open or poor connections. This is done on 

all tap positions. 

Using a 5 – 200 amps bridge a resistance of the transformer winding is measured. Test is very 

sensitive to temperature and must be corrected to standard temperature of 75°C for comparison. The 

test is generally performed on a single phase of each winding and repeated for all phases. Residual 

magnetism may affect readings. Demagnetization of the core may be required to obtain repeatable 

results.  

Acceptance criteria is +5%/-10% from calculated value and ± 2% variation phase-to-phase.  

 

2.6.6  Transformer Winding Turns Ratio 

This test is performed to check turns ratio and polarity on all tap connections,  verify all internal 

connections and winding configurations are correct. 

 

Test is conducted using low voltage ratio-bridge or three phase power supply and voltmeters. Voltage 

is applied to the primary winding and the voltage is measured on a secondary winding. This is done 

at all tap positions. Ratio is calculated in accordance with nameplate values. ANSI limits are that 

measured ratio must be ± 0.5% of calculated voltage ratio. 

 
 

Figure 2-5.  Three Phase Transformer Winding Turns Ratio Tester 



 

 
 

 

2.6.7  Insulation Power Factor And Capacitance Of Windings And  Bushings 

These tests are conducted to check the condition of transformer and bushing insulation system which 

comprises of insulating oil, paper, wood and press boards. 

Insulation power factor-bridge is used to measure power factor and capacitance of winding 

insulation and bushings. Test voltage is typically 10 kV (max Voltage) for windings and for bushings 

it is determined by the bushing design and construction. Typically PF should be ≤ 0.5%. Higher PF 

may be due to moisture or foreign contamination in the insulation structure or excessive 

contamination to bushing surfaces. Readings are corrected to standard temperature. Testing is highly 

susceptible to temperature, humidity and contamination. ANSI power factor limit for bushings is 0.5% 

when corrected to 20°C. ABB recommends that the readings be compared to nameplate values. 

Bushings should be replaced when the measured power factor doubles the nameplate value or 

capacitance is in excess of 110% of the nameplate value. The figure below shows the connection for 

a bushing test in the UST Mode. 

 

 
 

Figure 2-6.  Insulation PF and Capacitance Bushing 



 

 
 

 
 

Figure 2-7.   Watts  - Loss 

2.6.8  Oil Dielectric Strength   

Put simply, a dielectric breakdown voltage test is a measure of the electrical stress that insulating oil 

can withstand without breakdown. The test is performed using a test vessel that has two electrodes 

2.5mm apart mounted in it, with a gap between them. A sample of the oil to be tested is put into the 

vessel and an ac voltage is applied to the electrodes. This voltage is gradually increased until the oil 

breaks down – that is, until a spark passes between the electrodes. The test voltage is then 

immediately turned off. The voltage at which breakdown occurred is the test result in kilo volts. 

Minimum oil dielectric Strength/Breakdown value is 40 kV with ASTM D1816 (equivalent to 60 kV 

by IEC 156 BS 5874) 

 

Figure 2-8.  Oil Dielectric Strength Test 



 

 
 

 

2.6.9  Dissolved Gas-In-Oil Analysis (DGA)   

Transformer oil sample analysis is a useful, predictive, maintenance tool for determining transformer 

health. Along with the oil sample quality tests, performing a dissolved gas analysis (DGA) of the 

insulating oil is useful in evaluating transformer health. The breakdown of electrical insulating 

materials and related components inside a transformer generates gases within the transformer. The 

identity of the gases being generated can be very useful information in any preventive maintenance 

program. There are several techniques for detecting those gases and DGA is recognized as the most 

informative method. This method involves sampling the oil and testing the sample to measure the 

concentration of the dissolved gases. It is recommended that DGA of the transformer oil be performed 

at least on an annual basis with results compared from year to year. 

 

Figure 2-9.   Procedure of Dissolved Gas Analysis 

 

 

Figure 2-10.   Criteria of DGA from ANSI/IEEE 



 

 
 

2.6.10 Sweep Frequency Response Analysis (SFRA) 

 

It is also an off-line, non-destructive diagnostic technique; can detect mechanical problems in the 

transformer without opening the transformer and is comparative tool where two spectra are 

compared. Spectrum changes mean mechanical deformation(s) inside the transformer. Transformers 

consist of multiple complex networks of capacitances, inductances and resistors that can generate a 

unique spectrum when tested at discreet frequencies and plotted as a curve. The distance between 

conductors of the transformer forms a capacitance. Any movement of the conductors or windings will 

change this capacitance. This capacitance being a part of complex L (inductance), R (Resistance) and 

C(Capacitance) network, any change in this capacitance will be reflected in the curves or spectrum. 

SFRA test reveals if the transformers mechanical or electrical integrity has been compromised. Below 

is the spectrum of a healthy transformer. 

 

 

Figure 2-11.   3-phse SFRA Spectrum for a Healthy Power Transformer 

  



 

 
 

2.6.11  Contact Resistance 

Contact resistance test is performed for Circuit breakers and Disconnect switches which are very 

important components of the electrical power system to check if their contacts latch well in close 

position sincethey play key roles in the protection of electrical equipment. They carry the load 

current during normal condition. However in faulty condition, circuit breaker interrupts the 

power/current by opening its contacts.  

 

The following figure shows the connection diagram to perform contact resistance testing. Current 

leads are marked as C1 and C2 while potential or voltage leads are designated as P1 and P2. 

 

 

Figure 2-12.  An Electrical Circuit with Relays 

 

Connect the leads marked C1 and C2 to the outside of the connection points and P1 and P2 to the 

inside of C1/C2. This prevents reading the resistance of the connection itself.  

After making the connection, close the contacts of circuit breaker and turn on the test set. Start 

increasing current using current knob, up to100A. Value of maximum current may vary according to 

equipment. Press button of resistance to show resistance of contacts.  

For high voltage breakers 132kV or greater, the contact resistance is less than 60 µohm. For 11kV or 

less breakers the contact resistance is around 100 µohm. These values are just general guides; the 

exact values are specified by manufacturer. 

According to ANSI/NETA MTS-2011, difference between the contacts of all three phases should not 

be greater than 50%. 



 

 
 

2.6.12  Contact Timing (Analyzing) 

Circuit breakers are one of the important and critical parts of electric power system and are the 

backbone of electrical protection system. Because of their key importance, they must be checked 

periodically. Circuit breaker timing test is among different maintenance tests which should be 

performed regularly. It measures the mechanical operating time of the circuit breaker. This test is 

always important because delay in operation of circuit breaker can have disastrous effects on the 

equipment when fault occurs. 

 Closing time.  The time interval between energizing the coils of the breaker (when CB contacts 

are in open position) and the instant when the contacts touch each other. 

 Opening time.  It is opposite to that of closing time. It is the time interval between energizing the 

trip coil (CB contacts are in open position) and the instant when contacts separate from each 

other. 

 As can be seen from the figure below, that connection to incoming of each phase of breaker is 

provided from Circuit Breaker Analyzer (CBA) via red, yellow and blue wires while outgoing is 

connected with black wire. Positive (+) and Negative (-) sign shows the connection of external 

battery to the triggering circuit. When the connections are done, note the state of the circuit 

breaker from breaker state indicator (on or off). Press the ready button, the circuit breaker will 

be operated and the time will be displayed on the screen.  Results of the timing test of circuit 

breaker can be printed using thermal printer, downloaded directly to USB via USB port and 

displayed on PC via USB interface. Repeat the process for closing and opening of circuit breaker.  

  

 

Figure 2-13.  Typical Connection Diagram 



 

 
 

 

Figure 2-14.   Typical Connection for Circuit Breaker Timing Test (GIS Type) 

 

The exact correct operation time of circuit breaker is provided by the manufacturer. It can be 

mentioned on the nameplate of circuit breaker. However as general guide, operating time of circuit 

breaker should fall in the following ranges 

 

 Opening time = 1-2 cycles (20 – 40 ms) 

 

Figure 2-15.  Opening Time of a Breaker 



 

 
 

 

 Closing time = 2-5 cycle (40 – 100 ms ) 

 

Figure 2-16.  Closing Time of a Breaker 

 

2.6.13  SF6 Gas Analyzing 

This test checks the Purity- SF6 concentration in percentage (%), Dryness - Moisture concentration 

in SF6 gas. It also measures decompositions products-SO2 concentration in ppmv. This test is 

performed automatically by SF6 Gas Analyzer. A piece of gas hose is connected between the circuit 

breaker and the analyzer which draws some of the gas from the circuit breaker as a sample and test.  
 



 

 
 

 

Figure 2-17.  SF6 + 2H2O = 2H2F3 + SO2 

 

For a new SF6 gas the following are the accepted values. 

 SF6 content new gas.  > 98% 

 Moisture Content.  ≤ 500 

 SO2 concentration  < 40 ppmv 

 

When the circuit breaker is in service 

 SF6 content – In-service.  > 97% 

 Moisture Content.  ≤ 500  

 SO2 concentration  < 40 ppm 

  



 

 
 

 

 

 

M03 – PREVENTIVE DIAGNOSIS(THERMAL VISION) 

 

  



 

 
 

3.1  Objectives 

Through this module participant will be able to;  

 Define the thermal imaging scanning technology 

 Analyse the result of thermos-vision test to prevent a fault in the substation 

3.2  Introduction 

Thermo-vision, thermal imaging or thermo-graphic scanning has become an electrical maintenance 

activity which identifies potential faults and allows for swift inspections and fault rectification.  

The loading, weather changes and equipment operation do affect clamps and joints, equipment 

terminals and terminations. Loose joints develop sparks causing overheating which if not spotted 

and rectified can cause damage to equipment or circuit. Some situations have caused fire outbreaks 

and eventual unexpected outage to power supply and high cost in repairs and replacement. 

 

3.3  Thermo-Vision Or Thermal Imaging 

All objects, both natural and man-made, emit infrared energy as heat. By detecting very subtle 

temperature differences of everything in view, infrared (or thermal imaging) technology reveals 

what otherwise would be invisible to the naked eye. Even in complete darkness and challenging 

weather conditions, thermal imaging gives users the ability to see the unseen. 

 In the electrical industry and specifically for substation equipment’s predictive maintenance, 

thermal imaging reveals "hot spots" where failure may be imminent. 

In order to understand thermal imaging, it is important to understand something about light. The 

amount of energy in a light wave is related to its wavelength.  Shorter wavelengths have higher energy. 

Of visible light, violet has the most energy, and red has the least. Just next to the visible light spectrum 

is the infrared spectrum. 

 

 

3.3.1 Understanding Thermography 

Infrared light can be split into three categories.  

 Near-infrared (near-IR) - Closest to visible light, near-IR has wavelengths that range from 0.7 

to 1.3 microns, or 700 billionths to 1,300 billionths of a meter. 



 

 
 

 Mid-infrared (mid-IR) - Mid-IR has wavelengths ranging from 1.3 to 3 microns. Both near-IR 

and mid-IR are used by a variety of electronic devices, including remote controls. 

 Thermal-infrared (thermal-IR) - Occupying the largest part of the infrared spectrum, thermal-

IR has wavelengths ranging from 3 microns to over 30 microns. 

The key difference between thermal-IR and the other two is that, thermal-IR is emitted by an object 

instead of being reflected off it. Infrared light is emitted by an object because of what is happening at 

the atomic level. 

3.3.2  Principles of Operation of the Camera 

The focused light is scanned by a phased array of infrared-detector elements. The detector elements 

create a very detailed temperature pattern called a thermo-gram. It only takes about one-thirtieth of 

a second for the detector array to obtain the temperature information to make the thermogram. This 

information is obtained from several thousand points in the field of view of the detector array. 

The thermogram created by the detector elements is translated into electric impulses. The impulses 

are sent to a signal-processing unit, a circuit board with a dedicated chip that translates the 

information from the elements into data for the display. The signal-processing unit sends the 

information to the display, where it appears as various colors depending on the intensity of the 

infrared emission. The combination of all the impulses from all of the elements creates the image. 

3.4  Handling of The Thermal Imager/Thermo-Vision Camera 

 

Figure 3-1.  Thermovision Cameras 

A company may perform thermographic inspections in-house or hire a consultant. Because 

thermographic imaging equipment is complex, persons performing evaluations require special 



 

 
 

training. In addition, there is a potential for exposure to “live” electrical components. As such, unless 

the company is large or sophisticated, these inspections are commonly performed by consultants. 

GRIDCo as a Company has trained staff and gone ahead to acquire the test sets so that the test can be 

performed regularly.  
 

 

Figure 3-2.  Using the Thermography Camera 

3.4.1  Accepted Standards 

The Occupational Safety and Health Administration (OSHA) and other Safety Organizations address 

work on live electrical components. It requires that “Employees shall wear protective equipment for 

the eyes or face wherever there is danger of injury to the eyes or face from electric arcs or flashes or 

from flying objects resulting from electrical explosion.” Article 130 of NFPA 70E, Standard for 

Electrical Safety in the Workplace, provides details on the level of protection required based on the 

arc flash potential present. 

Thermal imagers or thermo-vision cameras may be simple to operate but they are most effective in 

the hands of a qualified technician who understands electrical measurements and the equipment to 

be inspected. Three points are especially important when using such equipment. 

3.4.1.1  Load on Equipment.  Loading  

The electrical equipment being inspected must be under at least 40% of nominal load in order to 

detect problems with a thermal imager. Maximum load conditions are ideal, if possible. 



 

 
 

3.4.1.2  Safety of Personnel Handling Camera 

Electrical measurement safety standards still apply under NFPA 70E 1. Standing in front of an open, 

live electrical panel requires personal protective equipment (PPE). Depending upon the situation and 

the incident energy level (Bolted Fault Current) of the equipment being scanned, this may include.   

 Flame resistant clothing 

 Leather-over-rubber gloves 

 Leather work boots 

 Arc flash rated face shield, hard hat and hearing protection, or a full flash suit 

 

3.5  Electrical Equipment And Heating 

Emissivity describes how well an object emits infrared energy or heat. This affects how well a thermal 

imager can accurately measure the object’s surface temperature. Different materials emit infrared 

energy in different ways. Every object and material has a specific emissivity that is rated on a scale of 

0 to 1.0. The higher emissivity the better it is for thermal imagers to report accurate temperatures. 

Objects that have high emissivity emit thermal energy well and usually are not very reflective. 

Materials that have low emissivity are usually fairly reflective and do not emit thermal energy well. 

This can cause confusion and incorrect analysis of the situation if the user is not careful. A thermal 

imager can only accurately calculate the surface temperature of an object if the emissivity of the 

material is relatively high, and/or the emissivity level on the imager is set close to the emissivity of 

the object. 

Most painted objects have a high emissivity of about 0.90 to 0.98. Ceramic, rubber and most electrical 

tape and conductor insulation have relatively high emissivity as well. Aluminium bus, copper and 

some kinds of stainless steel, however, are very reflective. 

The good news is that most thermal imaging performed for electrical inspection purposes is a 

comparative-or qualitative—process. Users typically do not need a specific temperature 

measurement. Instead they should look for a spot that is hotter than similar equipment under the 

same load conditions—spots that are unexpected. 

 

3.5.1 Troubleshooting in Electrical Systems  

There are specific things to check when identifying breaker problems or load performance issues. 

Once repairs are complete, another thermal scan should be obtained. If the repair was successful, the 



 

 
 

previously detected hot spot should have disappeared. (Note.  Not all electrical hot spots are loose 

connections. For a correct diagnosis, it is important to have a qualified Technician/Trained personnel 

either perform the thermal scan or be present while it is completed.) 

 

3.5.2  Three-phase imbalance 

This captures thermal images of all electrical panels and other high-load connection points such as 

drives, disconnects, controls and so on. Wherever higher temperatures are discovered, follow that 

circuit and examine associated branches and loads. 

Compare all three phases side-by-side and check for temperature differences. A cooler-than-normal 

circuit or leg might signal a failed component. More heavily loaded phases will appear warmer. Hot 

conductors may be undersized or overloaded. However, since an unbalanced load, an overload, a bad 

connection and harmonics  can all create a similar pattern, it is important to follow up with electrical 

or power quality measurements to accurately diagnose the problem. (Note.  Voltage drops across the 

fuses and switches also can show up as unbalance at the motor and excess heat at the root trouble 

spot. Before it is assumed the cause has been found, double-check with both the thermal imager and 

a multimeter or clamp meter current measurements.) 

 

3.5.3 Connections and wiring 

To check hotspots on connections that have higher temperatures, that of other similar connections 

under similar loads must be tested and compared. That could indicate a loose, over-tightened or 

corroded connection with increased resistance. Connection-related hotspots usually but not always 

appear warmest at the spot of resistance, cooling with distance from that spot. In some cases, a cold 

component is abnormal due to the current being shunted away from the high-resistance connection. 

Broken or undersized wires or defective insulation also may be found. The NETA (Inter-National 

Electrical Testing Association) guidelines say that when the difference in temperature (DT) between 

similar components under similar loads exceeds 15oC (~25 F), immediate repairs should be 

undertaken. 

 



 

 
 

3.5.4 Transformers 

Thermo-vision cameras are also used on oil-filled transformers to look at high and low-voltage 

external bushing connections, surge arresters, cooling tubes, and cooling fans and pumps, as well as 

the surfaces of critical transformers. Dry transformers have coil temperatures so much higher than 

ambient, it is difficult to detect problems with thermal imagery. Incorporate the previously noted 

guidelines for connections and imbalances.  

 

Figure 3.3.  Transformer Thermal Image 

The cooling tubes should appear warm. If one or more tubes are comparatively cool, oil flow is 

probably restricted. Remember that like an electric motor, a transformer has a minimum operating 

temperature that represents the maximum allowable rise in temperature above ambient (typically 

40°C). A 10°C rise above the nameplate operating temperature will probably reduce the 

transformer’s life by 50%. (Note.  For a thermal imager to detect an internal transformer problem, 

the malfunction must generate enough heat to be detectable on the outside. That means that a 

malfunctioning bushing connection, for example, will be much hotter than the surface temperatures 

read by the camera. 

 

3.6 Thermographic Testing Of Electrical Equipment 

Thermography is a non-destructive test method that may be used to detect.  

 Poor connections or loose joints  

 Unbalanced loads  

 Deteriorated insulation 

 Extreme heating  

 Other potential problems in energized electrical components.  



 

 
 

These problems may lead to excess power use, increased maintenance costs, or catastrophic 

equipment failure resulting in unscheduled service interruptions, equipment damage, or other 

problems. Some of the problems are melted joints and conductors due to high current flow causing 

sparks. 

3.6.1  How Thermography Works 

Thermography, also called infrared inspection, is based upon the sensing of heat emitted from the 

surface of an object in the form of infrared radiation. Test instruments are used to detect and convert 

the infrared radiation into either a temperature value or a thermal image, which can be used to assess 

the thermal condition of the object at the time of measurement. An infrared camera is one common 

type of an infrared thermal imaging device. 

3.6.2  Using Thermography to inspect Electrical Equipment 

Energized electrical systems generate heat because of electrical resistance. The amount of heat 

generated is related to the amount of current flowing through the system and the resistance of the 

individual system components and connections within the system. As components deteriorate, their 

resistance increases, causing a localized increase in heat. Similarly, a poorly made connection will 

have higher resistance than a well-made connection, along with a higher temperature profile. 

Thermography may be used to detect these temperature differences. 

3.6.3 Benefits of Thermographic Inspection 

The National Fire Protection Association (NFPA) estimates that ten percent of the fires occurring in 

manufacturing properties are related to electrical system failures, such as failure of electrical 

insulation, terminals, and related components. Additionally, failures can cause employees to be 

exposed to live electrical circuits, making them susceptible to serious injury or death from 

electrocution.  

 By detecting high-resistance connections and repairing them, the likelihood of a breakdown of 

the electrical wires and related components should be reduced. 

 Other advantages to detecting and repairing these faults are the cost savings from energy 

conservation and lower outage and repair costs. High resistance in circuits causes an increase in 

current flow. When current flow is increased, the resulting power consumption will increase.  



 

 
 

 Maintenance and repair cost reduced.  Further, high current draw can cause critical electrical 

circuit components, such as fuses, circuit breakers, and transformers, to fail prematurely. These 

failures result in higher maintenance and repair costs, and resultant business interruptions. 

 

3.6.4  When Is a Thermographic Scan Needed? 

While all properties can benefit from a thermographic scan, those with high power consumption, 

multiple branch circuits and distribution subsystems, or heavy equipment have the greatest need. 

Businesses with high electrical demands should have a thermographic scan performed at least 

annually on critical systems, such as circuit panels, switchgears, and transformers. Based on the scan 

results, a schedule to rescan should be based on the types of equipment, power consumption, and age 

of the electrical systems. Qualified Electrical Technicians can assist and draw out plan in determining 

what and how often to conduct scans. In addition to these recommended intervals, some conditions 

and circumstances may specifically warrant a thermographic scan. These include.  

In the switchyard of Power Systems, Equipment like termination on transformer bushings high 

and low, breaker bushings, arresters, bus clamps, jumpers, feeder structure equipment, CT and PT 

terminals.  

 

 

Figure 3-4.  A Potential Transformer 

Also there have been times when transmission line conductors have snapped and fallen. Investigation 

has shown that the conductors get heated up in the sleeves or clamps and start arcing which lead to 

eventual break. It is therefore necessary that sample random tests are performed on some of the lines 

as the maintenance team go on patrol. 



 

 
 

 

Figure 3-5.  Image of a Line Jumper 

 

  



 

 
 

 

 

 

M04 – PREVENTIVE DIAGNOSIS(SFRA) 
 



 

 
 

4.1  Objectives 

Through this module participant will be able to;  

 Define the Sweep Frequency Response Analysis(SFRA) technology 

 Analyse the result of SFRA test to prevent a fault in the substation 
  

4.2 Introduction 

Sweep Frequency Response Analysis (SFRA) is an  advanced, powerful and sensitive form of test 

conducted on a transformer to evaluate the mechanical integrity of the core, windings and clamping 

structures within the transformer by measuring their electrical transfer functions over a 

wide  frequency range. 

Frequency response means amplitude ratio and phase difference between the voltages measured at 

two terminals of the test object over a range of frequencies when one of the terminals is excited by a 

voltage source. And we called FRA (Frequency response analysis) as a technique used to detect 

damage by the use of frequency response measurement. 

It is also an off-line, non-destructive diagnostic technique, can detect mechanical problems in the 

transformer without opening the transformer and is a comparative tool where two spectra 

arecompared. Spectrum changes mean mechanical deformation inside the transformer.               
 

4.3 Purpose Of Frequency Response Measurements 

The detection of damage using FRA is most effective when frequency response measurement data is 

available from the transformer when it is in a known good condition (baseline measurement), so it is 

preferable to carry out the measurement on all large transformers either in the factory or when the 

transformer is commissioned at site or both. If a baseline measurement is not available for a 

particular transformer, reference results may be obtained from either a similar transformer or 

another phase of the same transformer. Frequency response measurements can also be used for 

power system modelling including transient overvoltage studies. 

Frequency Response Measurements will figure out;  

 damage following a through fault or other high current event (including short-circuit 

testing) 

 damage following a tap-changer fault 

 damage during transportation 

 damage following a seismic event 

https://en.wikipedia.org/wiki/Mechanical_engineering
https://en.wikipedia.org/wiki/Electrical
https://en.wikipedia.org/wiki/Frequency_range


 

 
 

4.4 Application of SFRA. 

Sweep Frequency Response Analysis (SFRA) is performed under the following three (3) main 

categories 

 Prevention 

 High Probability of Mechanical Movements  

 Diagnostic Purposes 

 

4.4.1 Prevention 

An initial test is carried out after manufacturing to create first reference known as the Fingerprint or 

the signature of the transformer. It is also performed as part of a routine diagnostic means to check 

for changes during service life. 

The detection and evaluation of damage to a transformer during transportation is a commonly used 

application of frequency response measurements. The method can provide information about the 

mechanical condition of the core, the windings and the clamping structures with one set of 

measurements. All these parts are susceptible to transportation damage. There are however parts of 

the transformer that are also susceptible to transport damage that are not effectively checked by this 

measurement. In particular core to frame and tank insulation should also be checked. 

As for all other applications of FRA, performing the measurements for comparison under the same 

conditions are important to get reliable results. Generally medium and large transformers are 

shipped without oil (depending on size, weight and environmental restrictions) so baseline data from 

factory or on-site measurements taken with the transformer full of oil cannot be used to compare 

with measurements taken in the transport configuration because the results will differ from each 

other. Similarly, it shall be noted that measurements made in the transport configuration usually 

cannot be used as baseline data for future measurements in the operational condition.  

 

4.4.2 High Probability Of Mechanical Movements  

After the initial measurement before the start of the transportation, measurements can be performed 

at any time during transit to check the integrity of the transformer. It is important to note that the 

frequency response measurement should be the last electrical test prior to transportation and the 

first test after arrival.  



 

 
 

If there are more than one transportation configuration, then baseline data and configuration records 

will be required for each one. If the transformer undergoes several distinct transport legs on its 

journey, for example road, ship, railroad, crane off-loading etc. it may be important to determine 

where any damage occurred, so measurements before and after particular transport legs may be 

prudent particularly if they involve different legal custodies or insurance arrangements. After the 

receipt of the transformer at its final destination a measurement in the transport configuration 

should be performed to compare with the initial measurement to detect any damage that might have 

occurred during transportation. If this measurement shows no abnormalities, another frequency 

response measurement with the transformer assembled and oil-filled as for service should be 

performed to be used as baseline data for future measurements. In all cases it is recommended that 

photographs are taken of the connections between the frequency response measuring equipment 

and the bushings. 

 

Figure 4-1.   Accident on Transformer Transportation 

 

4.4.3 Diagnostic Purpose  

Frequency response measurements have proved to be an accurate way of detecting damage to 

windings caused by a short circuit test. This detection method is complimentary to a visual inspection, 

because it may reveal subtle changes to winding dimensions that are not easy to see, but some small 

displacements to leads etc. may not be easily detected using frequency response measurements. 

For investigative purposes a test is conducted after a major change in on-line analytic condition such 

as, transformer alarm, a significant through-fault event, after external failures compromising the 

transformer condition e.g. short circuits, close lightning impact, serious ground faults) and to 

compare with a sister units in trouble.  



 

 
 

The baseline measurement should be made at the short-circuit test station before the short-circuit 

test. It is recommended that short circuit measurements are included in the frequency response 

measurements for this application as this may help to determine if changes are due to core 

magnetization or winding distortion. 

The measurements before and after test should where possible be made using the same measuring 

equipment and the same measurement leads and measurement lead arrangement to eliminate as 

many potential sources of uncertainty about the cause of any observed variation as possible. 

Finally, it should be borne in mind that although SFRA technique is very powerful and effective tool 

and capable of detecting a range of transformer faults, it is nevertheless primarily a mechanical 

condition assessment test and must be used in conjunction with other diagnostic tests if the complete 

picture of the condition of the transformer is to be obtained.     

 

4.5 The Principle Of Sfra 

Transformers consist of multiple complex networks of capacitances, inductances and resistors that 

can generate a unique spectrum when tested at discreet frequencies and plotted as a curve. The 

distance between conductors of the transformer forms a capacitance. Any movement of the 

conductors or windings will change this capacitance. This capacitance being a part of complex L 

(inductance), R (Resistance) and C (Capacitance) network, any change in this capacitance will be 

reflected in the curve(s) or spectrum. 

The very first test conducted on the transformer in the factory or field when the transformer is 

normal that is when the transformer is healthy is known as the finger print or the signature of the 

transformer. All future tests are compared to it for trending; any variation is an indication of 

mechanical problem(s) within the transformer tank. 

To make a frequency response measurement, a low voltage signal is applied to one terminal of the 

test object with respect to the tank. The voltage measured at this input terminal is used as the 

reference signal and a second voltage signal (the response signal) is measured at a second terminal 

with reference to the tank. The frequency response amplitude is the scalar ratio between the 

response signal (Vout) and the reference voltage (Vin) (presented in dB) as a function of the 

frequency. The phase of the frequency response is the phase difference between Vin and Vout 

(presented in degrees). 

The response voltage measurement is made across an impedance of 50 Ω. Any coaxial lead  

https://en.wikipedia.org/wiki/Capacitance
https://en.wikipedia.org/wiki/Resistor


 

 
 

connected between the test object terminal and the voltage measuring instrument shall have a 

matched impedance. To make an accurate ratio measurement, the technical parameters of the 

reference and response channels of the measuring instrument and any measurement leads shall be 

identical. 

NOTE 1. The characteristic impedance of the coaxial measuring leads is chosen to match the 

measuring channel input impedance to minimise signal reflections and reduce the influence of the 

coaxial lead on the measurement to the point where it has little or no practical effect on the 

measurement within the measurement frequency range. With a matched impedance lead, the 

measuring impedance is effectively applied at the test object terminal. 

NOTE 2. As Vout/Vin varies over a wide range, it is expressed in decibels 

An example of the general layout of the measurement method using coaxial measuring leads is shown 

in Figure 1.  

 

Figure 4-2.  Example schematic of the Frequency Response Measurement Circuit 

4.6 Measurement Configuration 

For common transformer and reactor winding configurations, a standard set of measurements is 

given which is sufficient in the majority of cases to provide a baseline measurement. These 

measurements shall be made in all cases. Additional measurements may be specified if required 



 

 
 

either to provide some additional information under particular circumstances or to match previous 

measurements. Standard measurements on other types of transformers and reactors shall follow the 

following principles. 

 

4.6.1 Type Of Measurement 

The standard measurements shall be end-to-end measurements of each phase of each winding, with 

the phases and windings separated as far as possible and with all other terminals left floating. 

Additional measurements, where specified, can include capacitive inter-winding, inductive inter-

winding, and end-to-end short circuit measurements. 

 End to end measurement 

frequency response measurement made on a single coil (phase winding) with the source and 

reference (Vin) leads connected to one end and the response (Vout) lead connected to the other 

end 

 Capacitive inter-winding measurement 

frequency response measurement made on two adjacent coils (windings of the same phase) with 

the source and reference (Vin)) leads connected to one end of a winding, the response (Vout) lead 

connected to one end of another winding and with the other winding ends floating 

 inductive inter-winding measurement 

frequency response measurement made on two adjacent coils (windings of the same phase) with 

the source and reference (Vin)) leads connected to one end of the higher voltage winding, the 

response (Vout) lead connected to one end of the other winding and with the other ends of both 

windings grounded 

 end-to-end short circuit measurement 

frequency response measurement made on a single coil (phase winding) with the source and 

reference (Vin)) leads connected to one end, the response (Vout) lead connected to the other end, 

and another winding of the same phase short-circuited 

 baseline measurement 

frequency response measurement made on a test object to provide a basis for comparison with a 

future measurement on the same test object in the same configuration 

 



 

 
 

4.6.2 Presentation Of Frequency Response 

Although both the amplitude and phase of the voltage ratio are recorded during frequency response 

measurements, generally only the amplitude information is presented and used for visual 

interpretation of the result. However, both amplitude and phase information may be necessary if the 

frequency response data is to be parameterised by an automatic system for example based on a pole-

zero representation. The frequency response can be displayed on either a logarithmic or a linear scale 

as shown in Figure 4-3. Each method has advantages but generally a logarithmic scale plot offers easy 

overall response trend analysis while a linear scale plot is useful for looking at discrete frequency 

bands and to compare small differences at particular frequencies. 

 

Figure 4-3.  Typical SFRA Spectrum for a healthy High Voltage Transformer 

 In the core influence region (up to about 2 kHz), the response is dominated by the core 

magnetising inductances and the bulk capacitances of the transformer. For three-phase three 

limb core-form power transformers, the middle phase would have a single anti-resonance in this 

frequency region due to the symmetrical magnetic reluctance paths seen by the middle phase of 

the core through the other two phases. The outer phases generally have two anti-resonances 

since they experience two different magnetic reluctance paths one through the nearest (middle) 

phase and one through the furthest phase (the other outer phase). Residual magnetization of the 

core also influences the frequency response in this region. Five limb cores will have a different 

response in this region. 



 

 
 

 Intermediate frequency region (in between 2kHz and 20kHz) is mostly affected by the 

coupling between windings, which depends significantly on the arrangement and connections of 

the windings, for example delta connection, auto-transformer winding connection, single-phase 

or three-phase transformer configurations. For an auto-transformer winding such as shown in 

Figure 4-4, the response in this range shows two distinct resonances, this is a characteristic 

feature of the response of auto-transformer windings.  

 In the winding structure influence (high frequency) region (in between 20 kHz and 1 MHz in 

this case), the response is determined by the winding leakage inductances together with the 

winding series and ground capacitances. In this region, the series capacitance is the most 

influential factor in determining the shape of the response. Typically, the response of the HV 

winding of large power transformers with a high winding series capacitance (interleaved or 

inter-shield construction) shows a generic rising amplitude trend with few resonances and anti-

resonances as shown in Figure 4-4.  On the other hand, the LV winding with low series 

capacitance generally shows flat amplitude trend and superimposed by a series of anti-

resonances and resonances. 

 At the highest frequencies of above 1 MHz (> 72.5 kV) or above 2 MHz (≤ 72.5 kV), the 

response is less repeatable and is influenced by the measurement set-up, especially by the 

earthing connections, which effectively relies on the length of the bushing. 

 

 

Figure 4-4.  General Relationships between Frequency Response and each Factor 



 

 
 

4.7 SFRA METHODS 

The SFRA is a comparative method, meaning an evaluation of the transformer condition is done by 

comparing an actual set of SFRA results to reference results. Three methods are commonly used to 

assess the measured traces .  

 

Time-based – current SFRA results will be compared to previous results of the same unit. 

  

Figure 4-5.  SFRA Results will be compared to Previous Results 

 

 Type-based – SFRA of one transformer will be compared to an equal type of transformer. 

 

Figure 4-6.  SFRA Compared to an equal Type of Transformer 

https://en.wikipedia.org/wiki/Comparative_method


 

 
 



 

 
 

 Phase comparison – SFRA results of one phase will be compared to the results of the other phases 

of the same transformer. 

 

Figure 4-7.  SFRA Phase Comparison with an equal Type of Transformer 

 

4.8 Problems That Can Be Detected By Sfra 

SFRA analysis can detect problems in transformers such as.  

 winding deformation – axial and radial collapse, like hoop buckling, tilting, spiralling 

 displacements between high and low voltage windings 

 partial winding collapse 

 shorted or open turns 

 faulty grounding of core or screens 

 core movement 

 broken clamping structures 

 problematic internal connections 

 

Figure 4-8.  An example of Partial Axial collapse and localized Inter-turn Short-circuit 



 

 
 

 

 

 

M05– INSULATION AGING 

 

 



 

 
 

5.1 Objectives 

Through this module participant will be able to;  

 Understand Insulation Stress  

 Understand Insulation Strength  

 Analyse the result of Insulation aging test to prevent a fault in the substation 

5.2 Introduction 

Insulation coordination comprises the selection of the electrical strength of equipment and its 

application, in relation to the voltages which can appear on the system for which the equipment is 

intended and taking into account the characteristics of available protective devices, so as to reduce 

to an economically and operationally acceptable level the probability that the resulting voltage 

stresses imposed on the equipment will cause damage to the equipment insulation or affect 

continuity of service. (IEC Publication 71-1 "Insulation Coordination Part1.  Terms, Definitions, 

Principles, and Rules) 

In order to test a system for expected performance life, one must gain a clear notion of what the 

insulation is expected to do. That the material normally must withstand electric stress is correct; 

however, in many cases it must also endure other stresses. Most of the time the insulation has as a 

prime function the support of electric conductors. In a motor the torque is the result of the force 

created by current in the conductor and surrounding magnetic field. In cables as well as in electric 

apparatus a short circuit can create enormous mechanical forces between conductors. These aspects 

remind one that insulation must have electrical as well as mechanical properties that will continue 

to isolate the conductor over normal and abnormal load conditions. 

5.3 PURPOSE OF FREQUENCY RESPONSE MEASUREMENTS 

 Enhance System Reliability 

 Minimize Damage to Apparatus 

 Enhances Safety to Personnel 

 Minimize Loss of Revenue 

 Extension of Apparatus Life 

 Defer replacement costs 



 

 
 

5.4 The Principle Of Insulation Aging 

 

5.4.1 Insulation 

Insulation is basically two plates separated by one or more dielectrics.   One plate is at a high potential 

and the other at a lower or ground potential. 

 

Figure 5-1.  Simplified Equivalent Circuits of an Insulation Specimen 

 

Figure 5-2.  Typical Insulation System 



 

 
 

5.4.2 The Capacitor 

 

Figure 5-3.  Two conducting plates with area “A” separated by a dielectric with a thickness of 

“d” and dielectric constant e 

 

 

Figure 5-4. Physically Damaged M.Tr 

 

5.4.3  Dielectric Constant 

 

Figure 5-5. Dielectric Constant 



 

 
 

 

In 1836, Michael Faraday (the father of the Capacitance – Just look at his name) discovered that when 

the plates between a capacitor were filled with another insulating material, the capacitance would 

change.  This factor is the dielectric constant e. 

 

Typical Insulation System 

 

 

Figure 5-6.  Typical Insulation System 

 

Example.  Oil leaking from an Insulation System 



 

 
 

 

Figure 5-7.  Oil leaking from an Insulation System 

Dielectric Loss 

5.4.6  

 Dielectric Loss is the time rate at which electric energy is transformed into heat in a dielectric 

when it is subjected to an electric field.  The heat generated is given in terms of Watts. 

 iR » Watts          (from vector diagram) 

 Watts = E IR       (from dielectric model circuit, parallel R/C network) 

 Watts = Contamination + Deterioration 

 Contamination = Water + Carbon + Dirt 

 Deterioration = Carbon + Corona 

5.4.7 Watts 

• Is the current created by polar contaminants in a dielectric that are influenced by electrical 

stress. 

• Is the energy expended on these contaminants in the form of HEAT 

• Is a function of Volume. The more insulation the more area there is to dissipate watts (from 

contamination, deterioration, and normal losses). 

• To analyze Watts-Loss you need to be able to compare the dimension of the insulation tested 

-- difficult. 

• If you had perfect insulation the testing current would be purely capacitive 



 

 
 

5.4.8 Typical Insulation System 

 

Figure 5-8.  Typical Insulation System 

 Good Insulation.   Has a very low power factor  

 IR<<IC for most insulation  systems, IC ~ IT 

5.4.9 Basic Power Factor 

 

Figure 5-9.  Basic Power Factor 

 

Power Factor is 

Independent of specimen size  .  Useful for tabulations and comparisons 

 Temperature sensitive  .  Needs to be corrected for liquid-filled apparatus 

 Performed at or near apparatus frequency .  Similar to normal operation 

 

 

 



 

 
 

5.5 TEST MODE TERMINOLOGY 

 

GST (Ground Specimen Test) .  Measures connected to ground, grounded insulation 

 

 

Figure 5-10.  GST-Guard Mode 

 

 

 

Figure 5-11.  GST-Ground Mode 

 

 



 

 
 

 

 UST (Ungrounded Specimen Test) .  Does not measure connected to ground,  ungrounded insulation 

  

  

 

Figure 5-12.  UST Mode 
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M01 – FUNDAMENTAL CONCEPT OF SUBSTATION AUTOMATION 

  



 

 
 

1.1  Objectives 

Through this module participant will be able to;  

 Appreciate the need for a smart grid 

 Know what is an IEC 61850 automated substation 

 Know the key benefits of IEC 61850 Substation Automation 

 Be familiar with the architecture of an intelligent automated substation 

 

1.2  Introduction 

 

1.2.1 The need for smart grids and automated substations 

Smart grids and automated substations are needed to increase efficiency of the energy supply system.  

Due to the inability to store electrical energy commercially, most resources are procured to meet the 

peak demand requirements.  When electrical power demand reduces during the off peak hours, these 

resources are not fully utilized. 

This has created the need for data acquisition for protection and control as well as for management 

and maintenance of resources.  Competitive forces between vendors will always generate some 

proprietary areas among venders, as a tool to maintaining their competitive advantage.  This makes 

it necessary for transparency, hence a standard to ensure sufficient transparency and 

interoperability.  The IEC 61850 will provide the necessary transparency and interoperability needed 

for a future smart grid at Substations.  

Aggregation of demand and supply data from smart grid infrastructure (Figure 1-1), will enable 

machine learning tools to forecast and predict future electrical power requirements accurately.  This 

will allow resources to be leveraged between peak and non-peak hours to improve efficiency. 

 



 

 
 

 

Figure 1-1.  A Typical Smart Grid 

 

Big data can be gathered within the substations and outside substations to generate the demand and 

supply of electricity in the power grid. 



 

 
 

 

Figure 1-2.  Electricity demand data will be aggregated from various facilities and sensors to 

predict future demand accurately for efficient management of resources 

 

Big Data is used to manage electrical power during peak demand and non-peak hours for efficiency 

using variable and non-variable power supply sources.  Using quality data gathered from smart grid 

infrastructure, energy storage systems (ESS) can greatly improve power quality by providing power 

storage and usage to keep the power supply frequency at a constant value. 

 

1.3  Architecture of an IEC 61850 automated substation 

1.3.1  What is an IEC 61850 Substation Automation System? 

It is a system to reduce fault causes and complex operation by digital communication for the 

operation and monitoring of substation facilities in conformance with the IEC 61850 Standard. 

  



 

 
 

Some features of the IEC 61850 Standard include the following, 

 It ensures device interoperability 

 

Figure 1-3.  Limitation – Vendor-Dependent Solution 

 

 It is object oriented  

 

Figure 1-4.  IEC 61850 International Standard 

  



 

 
 

 Its required medium is fiber optic cable 

 

Figure 1-5. Change Of SA 

 It provides a software based configuration to minimize the complexity of Substation Automation, 

using the Substation Configuration Language (SCL) 

 Enforces reliability and efficiency by communication among IEDs 

 Its Open System Architecture makes it possible to implement applications 

 It reduces the use of copper wiring, by transmitting signals using light waves 

 

1.3.2  MAPPING OF A REAL WORLD SUBSTATION INTO A VIRTUAL WORLD 

A Power Substation consists of switchgear, transformers and transmission lines.  Some of the 

equipment at Substations or connected to Substations include current transformers, voltage 

transformers, circuit breakers, transformers, transmission lines, etc.   

1.3.2.1  Current transformers  

Current transformers are instrument transformers used to measure current.  They reduce the current 

from a large value to a convenient value for current measurement.  This is done by using a higher 

number of turns in the secondary winding than the primary winding.   



 

 
 

1.3.2.2  Voltage transformers 

Voltage transformers are instrument transformers used to measure voltage.  They reduce the voltage 

from a large value to a smaller value convenient for measurement  Instruments.   

 

The various facilities are represented as logical nodes.  The logical nodes are represented as objects 

at the substation.  Each object has attributes which include position, mode of operation, status 

information, etc.  This facilitates the transfer of information between sensors, applications, devices 

and database centers. 

1.3.2.3  Sensors 

Sensors provide a measureable change in some property that gives information on something to be 

detected. 

1.3.2.4  Merger Units 

Merger Units are intelligent electronic devices (IEDs) that use analog to digital converters to provide 

discrete data samples of analog signals.  These discrete data samples are then packaged into an 

information packet similar to the TCP/IP format.  The packaged information is then modulated onto 

light waves and transmitted on fiber optic cable forming the process bus. 

Merger units convert analog information from CTs, PTs and Sensors into discrete time information.  

The time information is then coded to provide digital information, after this the digital information 

is packaged using the TCP/IP format.  Finally the information is then used to modulate light waves, 

which are then propagated on process bus, which is made using fiber optic cable. 

1.3.2.5  Fiber Optic Cables 

Fiber Optic Cables are wave guiding systems used to transmit light waves at terahertz frequencies or 

nanometer wavelengths. They are made up of several layers of silicon each with a different refractive 

index.  The increasing refractive index of successive layers from the center of the fiber towards the 

outside of the fiber causes total internal refraction of light waves.  This constrains the light waves to 

the core of the fiber optic cable. 

1.3.2.6  The Process Bus 

The process bus is a fiber optic cable that transmits signals from the power equipment at the 

substation, e.g. circuit breakers, current transformers, voltage transformers, etc.  It conveys 



 

 
 

measurement, control and status information at the process level using light waves.  Fiber optic 

cables are used as the medium for propagation of light waves, but are not the only means of 

propagating light waves. 

1.3.2.7  The Station Bus 

The station bus is a fiber optic cable that propagates signals around the substation at a higher level 

than the process bus.  It conveys information around the substation to and from the relays, station 

computers, human machine interfaces (HMI) and gateway using light waves. 

 

 

Figure 1-6.  Mapping of an actual substation into a virtual form, enables equipment to be  

represented in software form. 

 

Figure 1-7.  Data Model Example 



 

 
 

1.4 State space model for discrete-time systems 

To better understand the various issues related to an IEC 61850 automated substation, it will be best 

to model such a substation as a discrete time control system.  A discrete time control system has 

measured inputs in the form of sensor data, voltages and current information.  It also has an output, 

which may be binary (either 1 or 0) as well as feedback signals in the form of status information of 

disconnect switches, circuit breaker contacts, sensor data, etc.  Also, the sampling of analog signals 

requires a clock signal.  This clock signal is very critical because information from several current 

transformers, voltage transformers, sensors, among others, have to be used in accordance with the 

same time reference signal.   

 

Figure 1-8.  A discrete time control system 

 

The variables in a discrete time control system can be defined as follows, 

 k= a discrete time point 

 x= a state vector 

 u= Sampled voltages and currents from current transformers,  voltage transformers, and 

local/remote sensors 

 y= system output signals 

 v=noise 

The state vector captures the current status of the substation, and it should contain all the necessary 

information to completely describe the substation at any point in time.   

 

 



 

 
 

Noise 

Noise is present in an actual control system at all parts.  It may be injected at the inputs, outputs or 

generated within the system.  Noise can also originate from galactic radiation in the form of flicker 

noise.  Noise can make it difficult for any control system to process information if the noise signal 

exceeds the level of the information carrying signal.  This makes it difficult for the system to 

distinguish between the needed signal and the noise signal. 

To reduce the impact of noise on the performance of an IEC 61850 Substation, it is important to clean 

all sensors properly, and keep the system at low temperatures (preferably below room temperature). 

 

 

Figure 1-9.  Information flow in an IEC 61850 Substation 

 

The information on the process bus is taken by relays (Control and Protection IEDs) and other IEDs.  

Protection and control algorithms use the information and the status of facilities to initiate control or 

protective signals as their output.  These output signals are sent to circuit breakers, other IEDs and 

remote locations through the station bus, which is made up of fiber optic cable. 

 



 

 
 

Figure 1-9 shows how information i.e current, voltage and sensor information is converted from 

analog form into digital form and placed on the process bus.  This information is then used by relays 

to make control and protection decisions and initiate control action through the station bus, which is 

made up of fiber optic cable. 

 

Figure 1-10.  Signals in a IEC 61850 Substation 

 

1.5 Data Modeling (IEC 61850-7-3, 7-4) 

 Data are standardized for protection, control, measurement, and monitoring of substations 

 Logical Object modeling (LN, Logical Node) of various functions 

 Eg XCBR (LN) is the data aggregation object for monitoring and control of circuit breakers 

 Logical Nodes and functions of IEDs are standardized 

 Detailed data attributes of logical nodes (Common Data Classes) are standardized,  

 Example.   



 

 
 

- Pos.  Circuit Breaker contact status (open or closed),  

- Loc.  Local or Remote,  

- Mod.  Operation Status (on/blocked/test/off) 

- Examples of logical nodes  

PDIF.  Differential protection, RBRF.  Breaker Failure, CSWI.  Switch Controller, MMXU.  

Measurement Unit, YPTR.  Power Transformer, XCBR.  Circuit Breaker 

 

 

1.5.1  Data Models 

Data from power facilities are standardized. Power facilities in the real world are represented as 

logical objects in the virtual world in the form of logical nodes (LN). 

Item Description Logical Node 

1 Differential Protection PDIF 

2 Breaker Failure RBRF 

3 Circuit Breaker XCBR 

4 Switch Controller CSWI 

5 Measurement Unit MMXU 

6 Power Transformer YPTR 

 

Table 1-1.  Logical Nodes at Typical Substation 

Number of logical nodes available  



 

 
 

 

Item Category Example No 

1 System LLNA, LPHD 2 

2 Protection PDIF 28 

3 Protection related RBRF 28 

4 Control  5 

5 Generic  3 

6 Interfacing and Archiving  4 

7 Automatic Control  4 

8 Metering and measurement MMXU 8 

9 Sensor and monitoring  4 

10 Switchgear CSWI, XCBR 2 

11 Instrument transformers  2 

12 Power transformers YPTR 4 

13 Further power system equipment  15 

 

Table 1-2.  Number of Logical Nodes 

 

1.6 Communication Service Interface or Mapping 

1.6.1 Abstract Communication Service Interface (ACSI).  IEC 61850-7-2(Service Models) 

The ACSI service interface involves client-server relations between IEDs and the human machine 

interface (HMI).  The ACSI is used for monitoring and requesting data from power equipment and 

also for providing functions for substation operation. 

Status and measurement information are conveyed around the Substation using ACSI request and 

response signals.  They are used to set system values to more current parameters.  Some ACSI 

applications includes reads/write, reports and logging, etc. 

 

Figure 1-11.  Service Interface 



 

 
 

 

Figure 1-12.  ACSI – Service Models Report 

 

 

Figure 1-13.  ACSI – Service Models .  GOOSE 



 

 
 

1.6.2 Specific Communication Service Mapping (SCSM) 

 

Applications at the substation are mapped and adapted across and interface onto various levels of 

the IEC 61850 stack.  Three key application services, Generic Object Oriented Sampled Events (GOOSE) 

events, Sampled Values (SV), and Client-Server communications are provided at the application level.  

Both GOOSE and Sampled Values bypass the MMS, TCP and IP levels and are mapped directly to the 

Ethernet Link layer.  From the Link layer, they go to the Physical layer, which modulates them onto 

light waves to be carried on either the station bus or the process bus.  Because GOOSE and Sampled 

Values bypass the MMS and TCP and IP layers, they are very fast in communication speed (real time 

in nature). Client-Server applications however go through all the layers of the IEC 61850 stack, hence 

they are slow in transmission speed.  

 

 

Figure 1-14.   Mapping of applications onto the IEC 61850 Stack 

 



 

 
 

 

Figure 1-15.  An IED is any device with at least one microprocessor 

 

 

Figure 1-16.  Example of IED 



 

 
 

1.7  IEEE 1588 Precision Time Protocol (PTP) Synchronization 

 

 

Figure 1-17.  The IEEE 1588 Stack 

 

 

Figure 1-18.  IEEE 1588 Synchronization Topology 



 

 
 

1.7.1  Clocks and PTP Operation 

1.7.1.1  PTP Operation 

IEEE 1588 operation is based on the transfer of event messages to determine system properties and 

time information.  A delay measurement method is used to measure path propagation delay which is 

then used to adjust local clocks according to the Best Master Clock (BMC) algorithm. 

1.7.1.2  Grandmaster Clock 

The grandmaster clock is the primary reference clock source in a PTP sub-domain.  The grandmaster 

clock has a high precision time source (e.g. an atomic clock, GPS Clock, crystal clock (Rubidium and 

Quartz may be used)) 

1.7.1.3  Boundary Clock (BC) 

A boundary clock runs the PTP protocol and is synchronized to the master clock. The boundary clock 

then acts as a master to all slave clocks within the same network.  It serves to reduce packet delay 

variation. 

1.7.1.4  Transparent Clocks (TC) 

Transparent clocks are not multiport clocks, instead serving as master clocks, they update a 64 bit 

time-interval correction filed within PTP message events.  This field update provides for switch delay 

compensation to within one (1) picosecond. 

 

1.8  Benefits of IEC 61850 Substation Automation 

 Assurance of device interoperability 

 Flexible and extensible due to the use of TCP/IP based data communications 

 High availability of data for operations, research and managerial purposes 

 Reduced use of copper avoids copper theft 

 High data transfer rates due to the use of fiber optic communications 

 

1.9  Summary 

 Appreciate the need for a smart grid 

Due to variations in the demand and supply of power, a smart grid is needed for efficient 

management of electrical power infrastructure. 



 

 
 

 Know what is an IEC 61850 automated substation 

An IEC 61850 automated substation is simply a synchronized, networked protection and control 

system. 

 Know the key benefits of IEC 61850 Substation Automation 

 Be familiar with the architecture of an intelligent automated substation 

We have seen how inputs, outputs and feedback signals are integrated to form an automated 

substation. 

 


