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CHAPTER 2 

 
LITERATURE REVIEW 

2.1 Distribution Transformer  

 

Distribution transformer is a static electrical device which steps down voltage by 

electromagnetic induction to feed different types of loads. They are designed to 

operate in different capacities. With given secondary voltage, distribution 

transformer is usually the last in the chain of electrical energy supplied to households 

and industrial enterprises. In Sri Lanka, distribution transformer steps down voltages 

from either 33kV or 11kV (on primary side) to 400V between phases and 230V 

between phase and neutral (on secondary side) through Delta – Star windings.  

 

Unlike power transformers which are rated in MVA and are meant for transmission 

purpose, distribution transformers are rated in kVA are meant for distribution 

utilization of electric power. Generally, power rating of distribution transformers 

range from 50 to 1000kVA. Power ratings of distribution transformers used by CEB 

are 100, 160, 250, 400, 630, 800, and 1000kVA. These transformers are generally 

installed outdoor, but few indoor installations also exist. Transformer with capacities 

of 100kVA and 160kVA are very common in distribution network of CEB. 

 

Basically, there are two types of mounting arrangements of outdoor transformers, 

pole mounted and plinth mounted. As per CEB distribution construction standard, 

CEB limits the installation of pole mounted transformers to maximum capacity 

400kVA. The ratings of 630kVA and above are mounted on a plinth.  
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2.2 Distribution Transformer Components  

 

Distribution transformer is a double wound, oil immersed naturally cooled and 

hermetically fully sealed oil filed type transformer.  

 

2.2.1 Core 

 

Core is made of high grade, cold rolled grain oriented silicon steel sheet and 

transformer core is three limbs stacked core type. The stacked core provides a 

superior flux path by utilizing a step-lap that joins the core legs to the top and bottom 

yokes. The effective support for the core together with a step-lap joint ensures 

optimum performance in relation to existing currents, sound levels and iron losses.  

 
Figure 2.3: Stacking of transformer core 

 

2.2.2 Windings 

 

The low voltage or the secondary is a foil winding using copper sheets. The 

insulation between each layer of winding is a thermally upgraded kraft paper which 

is coated with a diamond pattern of epoxy adhesive. The LV leads are welded to the 

foil at the beginning and the ending by using TIG (Tungsten Inert Gas) welding. The 

high voltage or the primary is a layered winding is wound on top of the low voltage 
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winding with an insulation barrier in between two windings. Tapping for distribution 

transformers are provided in high voltage winding. There are oil ducts extending 

along the height of the coil to provide cooling in the winding.  

 
Figure 2.4: Assembling three windings 

 

2.2.3 Transformer Tank 

 

The cooling method used for distribution transformers is Oil Normal Air Normal 

(ONAN) type where the oil in the transformer is circulated on account of natural 

thermal heat. The oil takes away the heat from windings and gets cooled in radiators 

by natural circulating of air.  

 

The tank is hermetically sealed and gaskets are used with low voltage and high 

voltage insulator bushings to make oil tight joints. The transformer tanks are made of 

steel. Fabricated tanks are hot dipped galvanized and powder coated.  

 

2.2.4 Tap Changer 

 

A distribution transformer has off load tap changer and it has five tap positions with 

steps of ±2.5%. The wiring diagram of a typical tap changer is shown in figure 2.5.  
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Figure 2.5:  Wiring diagram of a tap changer 

 

2.2.5 Bushings 

 

Porcelain bushings are used for primary and secondary with bushing gaskets. 

Bushing gaskets are used to seal the connection to prevent ingress of moisture and 

leaking of oil. Primary bushing comes with arcing hones and secondary bushings 

have LV fags to connect load conductors.  

 
Figure 2.6: Primary bushing 
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Figure 2.7: Secondary busing 

2.2.6 Pressure Relief Valve 

 

The transformer tank is fitted with a suitable pressure relief valve to operate when 

the pressure exceeds 0.35 bars to prevent explosion of the transformer due to internal 

fault. 

 

2.3 Overview of Transformer Operation 

 

Transformers are used to transform power from one voltage level to another voltage 

level. It uses AC power in a coil of wire to create magnetic lines of flux which pass 

through a core and induce a voltage across the output coil.  

 
Figure 2.8: Coupling between a transformer coils and its core 
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Figure 2.8 shows the coupling between a transformer coils and its core. The 

transformer coils are identified as primary and secondary coils. Power is applied to 

the transformer’s primary coil. This is the input power, or power in. The output 

power is available at the transformer’s secondary coil. The secondary coil is also 

considered the load side of the transformer. The output power is equal to the input 

power less the power consumed by the transformer. The efficiency of a transformer 

is the ratio of output power to input power. 

 

The power ratings of transformers are directly related to the voltage across the coils 

and the current through the coils. Table 2.1 identifies some standard transformers and 

their associated current levels. 

 

Table 2.1: Primary and secondary current of different transformer capacities 

Transformer 

Capacity 

11kV/400V 33kV/400V 

Primary 

current (A) 

Secondary 

current (A) 

Primary 

current (A) 

Secondary 

current (A) 

100 kVA 5.25 144.34 1.75 144.34 

160 kVA 8.40 230.94 2.80 230.94 

250 kVA 13.11 360.84 4.37 360.84 

400 kVA 21.00 577.35 7.00 577.35 

630 kVA 33.06 909.33 11.02 909.33 

800 kVA 42.00 1,154.70 14.00 1,154.70 

1000 kVA 52.50 1,443.37 17.50 1,443.37 
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2.4 Transformer Protection 

 

Protective devices provided to distribution transformers are shown in table 2.2.  

Table 2.2: Protection devices of a distribution transformer 

No Protective Device Protection given 

1 DDLO Fuse Against over current on primary side 

2 HRC Fuse Against over current on secondary side 

3 Surge Arrestor (MV) Against lightning strokes or surges on primary side 

4 Pressure Relief Valve Protecting tank from bursting by itself acting as a 

relief valve 

5 Earthing System Transformer neutral earthing provides a path for the 

earth fault current. 

 

Protective fuses have well defined operating characteristics that relate fault 

magnitude to operating time. These characteristics curves should be coordinated with 

comparable curves applicable to transformer that relate duration and fault magnitude 

to withstand capability.  

 

As well as transformer protective fuses must allow the normal range of currents due 

to energize and heavy temporary loading periods, while protecting the transformer 

from extended periods of heavy overloads, and the system from a failed transformer.  

 

• Transformer Damage Curve 

Transformer damage curve use as a guide to determine the level of protection of a 

transformer. This curve is composed of time current points that combine both the 

thermal and mechanical withstand capabilities of transformers. IEEE standards 

C57.12.00-1993, “General requirement for liquid-immersed distribution, power and 

regulating transformers” defines four categories of transformers based on the kVA 

ratings. Those categories are shown in table 2.3. 
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Table 2.3: Transformer categories [4] 

Category Single phase transformer 

(kVA) 

Three phase transformer 

(kVA) 

I 5 to 500 15 to 500 

II 501 to 1667 501 to 5000 

III 1668 to 10000 5001 to 30000 

IV Above 10000 Above 30000 

 

As per the table 2.3, distribution transformers used by CEB are belongs to Category I 

and Category II. Each category has its own damage curve. Damage curve for these 

four categories are defined by IEEE standard C57.109-1993, “Guide for liquid-

immersed transformer through fault current duration”. According to this standard 

short time thermal load capability of oil immersed transformers are shown in table 

2.4. 

Table 2.4: Short-time thermal load capability of oil immersed transformers [5] 

Time Times rated current 

2 sec 25.0 

10 sec 11.0 

30 sec 6.3 

60 sec 4.75 

5 min (300 sec) 3.0 

30 min (1800 sec) 2.0 

 

Damage curve for a 33/0.4kV 160kVA transformer is shown in figure 2.9. 

 

• Transformer Inrush Current 

When an unloaded distribution or power transformer is energized, there occurs a 

short duration inrush of magnetizing current of which the transformer primary fuse 

must be capable of withstanding without operating. A conservative estimate of the 

integrated heating effect on the primary fuse as a result of this inrush current is 

roughly equivalent to a current having a magnitude of 12 times the primary full-load 

current of the transformer for a duration of 0.1 second and 25 times the primary full-
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load current of the transformer for a duration of 0.01 second. The minimum- melting 

curve of the primary fuse should be such that the fuse will not operate as a result of 

this magnetizing-inrush current [6].  

 

The transformer primary fuse must also be capable of withstanding the inrush current 

that occurs when a transformer that is carrying load experiences a momentary loss of 

source voltage, followed by re-energization (such as occurs when a source-side 

circuit breaker operates to clear a temporary fault, and then automatically recloses). 

In this case, the inrush current is made up of two components, the magnetizing-

inrush current of the transformer and the inrush current associated with the connected 

loads. The ability of the primary fuse to withstand this combined magnetizing and 

load inrush current is referred to as “hot-load pickup” capability. 

 

The integrated heating effect on the transformer primary fuse as a result of the hot-

load pickup current is equivalent to a current having a magnitude of between 12 and 

15 times the primary full load current of the transformer for a duration of 0.1 second 

[6]. Here again, the minimum melting curve of the fuse should exceed the magnitude 

and duration of the combined inrush current.  

 

When a transformer is re-energized after an outage, it may be required to withstand 

currents which are much higher than the normal load currents. The higher currents 

are caused by the loss of diversity and also motor starting currents. To avoid a 

nuisance operation of the transformer primary fuse, it must be capable of 

withstanding the magnetizing inrush current of the transformer superimposed on the 

transient over current associated with picking up cold, the expected overload current 

associated with the total kVA connected. The time integrated heating effect of the 

cold-load current profile on thermally responsive devices, such as fuses, are usually 

represented by the following equivalent multiples of transformer nominal rated load 

current, 

• 6 times primary full load current for 1 second 

• 3 times primary full load current for up to 10 seconds  
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Damage and inrush curves for 33/0.4kV 160kVA transformer is shown in figure 2.9. 

  
Figure 2.9: Damage and Inrush curves for 33/0.4kV 160kVA transformer 

 

2.4.1 Fuse Protection  

 

The main transformer protective device of CEB owned distribution transformer is 

Drop Down Lift Off (DDLO) type expulsion fuse. High Rupturing Capacity (HRC) 

type current limiting fuses are used for secondary side feeders in normal outdoor 

distribution transformers and MCCBs are used in indoor and bulk consumer 

transformers.  
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The fuse link is considered as an electrically weak element in the distribution system. 

This weak element is purposely introduced into the system to prevent any damages to 

transformers, lines and other equipments which are used in distribution network. 

Whenever a fault current passes through a fuse link, it must melt in time to open the 

circuit and prevent damage to the line or equipment.  

 

The Time Current Characteristic (TCC) curves are an important tool utilized in 

distribution transformer fuse application. The TCC curve exhibits minimum melt and 

total clearing characteristics of a fuse and two curves are shown in figure 2.10.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Time Current Characteristics Curves 

 

The relationship of the magnitude of the current passing through a fuse to the time 

required for the fuse element to melt is referred to as the minimum melting time 

current characteristic of the fuse. The relationship of the magnitude of the current 

passing through the fuse to the time required for the fuse element to melt and the arc 

to be extinguished is referred to as the total clearing time current characteristic of the 

fuse link. 

Minimum 
Melting Curve 

Total Clearing Curve 
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• DDLO type Expulsion Fuse   

 

The fuse link is used with a medium voltage expulsion fuse switch normally called a 

DDLO switch. DDLO switches used on primary side of the distribution substation to 

protect the transformer and isolate the faulty section due to transformer internal fault 

or secondary side fault. Overload protection is not expected from expulsion fuse 

links and current limiting fuses are used on secondary side of the distribution 

substation for that purpose.  

 

 

 

 

 

 

                                   

Figure 2.11: DDLO type expulsion fuse 

 

For each transformer capacity proper selection of a primary side fuse rating is very 

important. Fuse ratings used for CEB 33kV and 11kV distribution transformer 

capacities are shown in table 2.5 and table 2.6 respectively. 

 

 Table 2.5: Fuse ratings used for CEB 33kV distribution transformers [7] 

Transformer kVA 

rating (33kV) 

Rated current at 

primary side (A) 

CEB used fuse link 

rating (A) 

100 1.75 3 

160 2.80 6 

250 4.37 8 

400 7.00 10 

630 11.02 12 

800 14.00 15 

1000 17.50 20 
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 Table 2.6: Fuse ratings used for CEB 11kV distribution transformers [7] 

Transformer kVA 

rating (11kV) 

Rated current at 

primary side (A) 

CEB used fuse link 

rating (A) 

100 5.25 6 

160 8.40 10 

250 13.12 12 

400 20.99 20 

630 33.07 30 

800 41.99 40 

1000 52.50 50 

 

In distribution substation distance between DDLO expulsion fuse and transformer is 

very short. Hence chance of short circuiting or touching of way leaves are limited. 

Therefore blowing of DDLO expulsion fuses due to over current or earth fault of HV 

side is very rare.  

 

• HRC Current Limiting Fuses 

 

There are two options used by the CEB as secondary side protective devices and 

those are HRC fuses and MCCBs. Normally HRC fuses are used for outdoor type 

distribution substations. MCCBs are used for bulk supply consumer substations and 

very rarely used for distribution substations. HRC fuses are less expensive than 

MCCBs and installation and operation are easy.  

 
Figure 2.12: HRC fuses 
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HRC fuses are mounted on fuse switch disconnector sets as shown in figure 2.13. To 

disconnect the LV feeder, it should be pulling down using an LV operating rod. A 

fuse switch disconnector set consists of three HRC fuses for each phase and a copper 

bar for neutral conductor. 

 
Figure 2.13: Fuse switch disconnector 

 

Fuse switch disconnector sets are used for each outgoing feeder from a distribution 

substation and those are mounted on substation poles. In CEB, 160A rated HRC 

fuses are used for all transformer ratings and the basis for this selection is the current 

carrying capacity of the LV conductor. There are two types of conductors used in LV 

distribution system. 

• All Aluminum Conductor (Fly) 7/3.40mm 

• Arial Bundle Conductor (ABC) of 3 no of 70mm2 phase conductors and 

54.6mm2 neutral conductor   

The current carrying capacities of above conductors are around 155A. Hence to 

protect the LV conductor from over current 160 HRC fuses are used.  

 

2.4.2 Surge Protection 

 

In CEB distribution substations DDLO fuse switch is fixed at the source side and 

arrestor is fixed at transformer side (load side) (Case A in figure 2.14). This ensures 

safety of the workers who work on the transformer during the maintenance, as the 

arrestor is isolated when the DDLO switch is opened. If the arrestor is fixed first and 

then the DDLO switch, there can be less DDLO expulsion fuse failures, hence 
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increased reliability (Case B in figure 2.14). But it increased the risk to the 

transformer by increasing lead length. This configuration is practiced by LECO in 

their distribution substations.  

 
Figure 2.14: Two different practices of positioning the surge arrestors 

 

Present transformers come with the arrestor mounting bar fitted to the transformer 

tank itself. This ensures the minimum lead length. But in the present distribution 

network there are several distribution substations with arrestors mounting on cross 

arm of poles in between transformer tank and DDLO location.    

 

Two separate earthing circuits are used in distribution substation construction. One 

earth electrode is used to ground the transformer neutral. Another earth electrode is 

used to connect surge arrestor, transformer tank, cross arm and line earth wire. But 

different installation practices are in field and common practices are shown in figure 

2.15.  
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Figure 2.15: Common transformer earthing practices 

 

Case A is the most common practice. Arrestor is mounted on transformer tank and 

transformer tank earth is connected parallel to the arrestor earth. Neutral earth is 

continued to ground separately and distance between two earths is 3m. In this 

configuration lead length can be taken as zero. Sometimes HV cables are connected 

directly to transformer HV bushing and then to the arrestor (Case B). Lead length can 

be considered as 0.5m. In Case C, HV cable connection is same as Case A. but 

arrestor earth and transformer tank earth continue separately and closely join at 

ground level to be connected to ground electrode. Neutral earth is continued to 

ground separately.  

  

2.4.3 Earthing of Substation 

 

As discussed in previous section, earthing arrangement of a distribution substation is 

as follows.  

• Neutral of the transformer is connected to one earth electrode. 

• Transformer tank, lightning arrestors and all other metal parts are separately 

earthed with another electrode. 

Separation of minimum 3m is maintained between two electrodes. The connection of 

the transformer to earth should be as directly as possible for discharge of high 

currents.  The discharge of high current with high frequency component require earth 
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connections of low resistance and reactance, i.e. short connections with as few 

changes of direction as possible where loops have been completely avoided.      

 

The surge current conducted in to substation would stress the transformer to high 

discharge voltages, which would cause the transformer to fail eventually. Therefore 

substation high voltage earthing and lightning arrestor earthing shall be limited to 

10Ω for lighting protection purposes [8]. However it is not strictly necessary to 

achieve 10Ω for the surge arrestor earth electrode where lightning is not severe. 

Hence, in the areas where there is less lightning activity an earth electrode resistance 

of about 25Ω would be sufficient for the surge arrestor earth. However, in lightning 

prone areas, the recommended value of 10Ω shall be achieved [8].  

 

2.5 Transformer Failure Modes 

 

A transformer is a complex component, and the approach to gain better 

understanding about potential causes to transformer failures wants it to divide the 

transformer in to subcomponent. Through literature studies, fault for each sub 

component were performed. The purpose was to identify the main function and get a 

general idea of potential failure modes and failure effects of each subcomponent. 

Failure modes means the way in which something could fail. Generally each 

subcomponent has numerous potential failure modes and the same fault may result 

from different failure modes [9]. For example, the dielectric breakdown of 

transformer oil is a failure mode, which may have multiple causes such as oil 

contamination, thermal decomposition or moisture in oil.  

 

2.5.1 Core 

 

The core’s function is to carry magnetic flux. The failure mode of this function is a 

reduction of the transformer efficiency. The cause can be mechanical fault in the 

core, due to DC magnetism or displacement of the core steel during construction, i.e. 

manufacturing fault.  
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Table 2.7:  Failure causes and failure modes of core 

Failure cause Failure Event Failure Mode 

DC Magnetization  Mechanical Failure Loss of efficiency 

 

2.5.2 Winding 

 

The winding belongs to the active part of a transformer, and their function is to carry 

current. The windings are arranged as cylindrical shells around the core limb. Copper 

is today’s primary choice as winding material. In addition to dielectric stresses and 

thermal requirements the windings have to withstand mechanical forces that may 

cause winding displacement. Such forces can appear during short circuits due to 

transient overvoltage. 

 

Table 2.8:  Failure causes and failure modes of windings 

Failure cause Failure Event Failure Mode 

Aging of Cellulose 

Mechanical Damage 
Short Circuit 

Lightning (Transient over 

voltage) 

Short Circuit in network  

Low oil quality Failure in insulation material 

 

2.5.3 Tank 

 

The tank is primarily the container of the oil and a physical protection for the active 

part of the transformer. It also serves as supportive structure for accessories and 

control equipment. The tank has to withstand environmental stresses, such as 

corrosive atmosphere, high humidity and sun radiation. Internal arcing in oil filled 

transformer can instantly vaporize surrounding oil which can lead to a high gas 

pressure that may rupture the tank. 
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Table 2.9:  Failure causes and failure modes of transformer tank 

Failure cause Failure Event Failure Mode 

Accident 

Tank Damage 
Oil Leakage 

Careless Handling 

Lightning – high pressure 

due to gas generation 

Insufficient maintenance - 

Corrosion 

Sabotage 

Aging Inelastic gasket 

 

2.5.4 Solid Insulation 

 

The solid insulation in a transformer is cellulose based product such as press board 

and paper. Its function is to provide dielectric and mechanical isolation to the 

windings. Cellulose consists of log chains of glucose rings. When degradation of the 

cellulose occurs these chains get shorter. Degree of polymerization (DP) is the 

average number of these rings in the chain and indicates the condition of the paper. 

New paper has an average DP number of 1200 – 1400. A DP less than 200 means 

that the paper has a poor mechanical strength and may no longer withstand and short 

circuit and other mechanical forces that appear. The solid insulation is the weakest 

link in the transformer insulation system, due to degradation of the cellulose is 

irreversible and it is often not economically defensible to replace it. The aging of 

cellulose is accelerated by water, oxygen and heat.   

 

Table 2.10:  Failure cause and failure mode of solid insulation   

Failure cause Failure Event Failure Mode 

Ageing of cellulose 

(short Circuit)  
Mechanical damage Cannot supply 

insulation 
Overload Fault in insulation material 
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2.5.5 Oil Insulation 

 

Transformer oil is a highly refined product from mineral crude oil and consists of 

hydrocarbon composition of which the most common are paraffin, naphthene and 

aromatic oils. The oil serves as both cooling medium and as an electrical insulation 

system between the different parts. The quality of the oil greatly affects the 

insulation and cooling properties of the transformer. The major causes of oil 

deterioration are due to moisture and oxygen coupled with heat. If the isolation fails 

there is a short circuit. A short circuit can appear if there are conducted particles 

present in oil. Conducted particles are for example water that appears in the oil as a 

result of aging process of cellulose.  

 

Table 2.11:  Failure cause and failure mode of oil insulation 

Failure cause Failure Event Failure Mode 

Aging (Water in the oil) Conducted particles  

in oil 
Short Circuit 

Over heated 

 

2.5.6 Bushings 

 

The function of the bushings is to isolate electrically between tank and windings and 

to connect the windings to power system outside the transformer. The main failure 

mode of the bushing is short circuit. A short circuit in the bushing can either happen 

due to material faults in the isolation or due to damage. Damage on bushing of 

porcelain can occur due to sabotage like stone throwing and also during handling.  

 

A material fault in the isolation can occur due to water or dirt. Damages, cracks in 

the porcelain and bad gaskets can give water an entrance to the oil isolation in the 

bushing. It is important that the gasket between the transformer tank and the bushing 

are absolutely tight so that no air or water is allowed to enter the transformer. As the 

gasket ages it becomes inelastic and allows water or air enter to the transformer. But 

dirt in the bushings is a consequence of insufficient maintenance. 

 



26 
 

It is important that the oil level remains at a normal level. If the oil level decreases, it 

is a sign of a leak. If the oil level sinks and expose the paper isolated parts, it can lead 

to a dielectric failure in the bushing. Also leak can let water enter to transformer at 

expansion. If transformer is situated in highly contaminated area, bushing shall be 

washed regularly. 

 

Table 2.12:  Failure causes and failure modes of bushings. 

Failure cause Failure Event Failure Mode 

Lack of maintenance (Dirt) 
Fault in isolation 

material 
Short Circuit 

Aging (Inelastic Gasket - 

Water penetration) 

Sabotage Damage on 

bushings Careless handling 

 

2.6 Transformer Failure Causes 

 

According to above details, short circuit is the most common failure mode for many 

failure causes. Main objective of this research is to identify different failure causes 

that mainly contribute to transformer failures. Analyzing along with failure modes 

will not be a success. Doing detail investigation on failure cause should be there. 

Common failure causes are, 

• Lightning (Transient overvoltage) 

• Short circuit faults in network 

• Aging 

• Overload 

• Lack of maintenance 

• Oil leaks 

• Loose connections 

• Corrosion 

These failure causes are described in detail in chapter 4. 

 


