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Chapter-1

1 INTRODUCTION

1.1 Brief Overview of Transformers

Power generation transmission and distributionughout the world is through A.C system and the
voltages are different at each level of the network

A transformer is a device that transfers energmfome AC system to another. A transformer can
accept energy at one voltage and deliver it athematoltage. This permits electrical energy to be
generated at relatively low voltages and transohigitehigh voltages and low currents, thus reducing
line losses, and again it is stepped down fromdrigh lower levels to be used at safe voltages.

Power transformers are necessary for increasingaltege from generation to transmission system and
then decreasing from transmission to sub-transomisand distribution system.

The total transformer capacity is usually 8 toihfles the total generating capacity, therefore
transformers are a very important apparatus irekberical network, it is a capital equipment with
life expectancy of several decades and care streuldken about selection and ratings for which a
good understanding of the basics and principlepefation is essential.

The KVA (Power) rating of a power transformer caarwide range between 5 KVA to 750 MVA.
Very big transformers are installed in generatitagiens and HVDC converter stations

very small transformers are used in low voltage @rdtronic circuits. The KVA rating of the
transformer depends on the load connected whicbrimally on the secondary winding

An analogy

The transformer may be considered as a simple tveeivgearbox' for electrical voltage and current.
The primary winding is analogous to the input shafl the secondary winding to the output shatft. In
this comparison, current is equivalent to shafedpe&oltage to shaft torque. In a gearbox, meclaanic
power (speed multiplied by torque) is constant lgamg losses) and is equivalent to electrical grow
(voltage multiplied by current) which is also caarst

The gear ratio is equivalent to the transformep-sijg or step-down ratio. A step-up transformer acts
analogously to a reduction gear (in which mechamiower is transferred from a small, rapidly rotgti
gear to a large, slowly rotating gear): it tradegent (speed) for voltage (torque), by transfeyrin
power from a primary coil to a secondary coil hgvnore turns. A step-down transformer acts
analogously to a multiplier gear (in which mechahjmower is transferred from a large gear to a kmal
gear): it trades voltage (torque) for current (sieby transferring power from a primary coil to a
secondary coil having fewer turns.
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Fig 1.1
Diagram showing the location of different powemnsrmers from generation to the L.T (domestic)
power network (circuit breakers and other equipnaeetot shown)

A transformer is an electrical device that transfamergy from one circuit to another purely by
magnetic coupling. Relative motion of the partshef transformer is not required.
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1.2 Flux coupling laws
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Fig 1.2
An idealized step-down transformer showing restiax in the core
A simple transformer consists of two electrical doctors called the primary winding and the
secondary winding. If a time-varying voItaE'P (Sinusoidal) is applied to the primary winding of
turns, a current will flow in it producing a magaehotive force (MMF). Just as an electromotive éorc
(EMF) drives current around an electric circuit\blF drives magnetic flux through a magnetic

circuit. The primary MMF produces a varying magodiiix ILI)P in the core (shaded grey), and
induces a back electromotive force (EMF) in opposito. In accordance with Faraday's Law, the
voltage induced across the primary winding is propoal to the rate of change of flux:

dbp
vp ==ﬂﬁu————

di

Similarly, the voltage induced across the secondanging is:

dd
t'sg ==3V5——ji

dt

With perfect flux coupling, the flux in the secomgavinding will be equal to that in the primary
winding, and so we can equi ~ £ and ILI).':’:.'. It thus follows that
P Np

Us Ns

Hence in an ideal transformer, the ratio of thenpriy and secondary voltages is equal to the ratioeo
number of turns in their windings, or alternativelye voltage per turn is the same for both winding
This leads to the most common use of the transfortm&onvert electrical energy at one voltage to
energy at a different voltage by means of windwghk different numbers of turns.

The EMF in the secondary winding, if connectedriekectrical circuit, will cause current to flow in

the secondary circuit. The MMF produced by curiernhe secondary opposes the MMF of the primary
and so tends to cancel the flux in the core. Siheeeduced flux reduces the EMF induced in the
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primary winding, increased current flows in thengatry circuit. The resulting increase in MMF due to
the primary current offsets the effect of the oppgsecondary MMF. In this way, the electrical eyer
fed into the primary winding is delivered to the@edary winding.

Neglecting losses, for a given level of power tfarred through a transformer, current in the seaond
circuit is inversely proportional to the ratio @c®ndary voltage to primary voltage. For example,
suppose a power of 50 watts is supplied to a resikiad from a transformer with a turns ratio 62

P = ExI (power = electromotive forcex current)
50 W =2V x 25 A in the primary @it

Now with transformer change:

50 W =2 A x 25V in the secondary circuit.
The high-current low-voltage windings have fewantuof wire. The high-voltage, low-current
windings have more turns of wire.
Since a DC voltage source would not give a timeAngr flux in the core, no back EMF would be
generated and so current flow into the transforwearld be unlimited. In practice, the series resista
of the winding limits the amount of current thahdbow, until the transformer either reaches thdrma
equilibrium or is destroyed.

The Universal EMF equation

If the flux in the core is sinusoidal, the relaship for either winding between its number of turns

voltage, magnetic flux density and core cross-eraliarea is given by the universal emf equation:
E=4.44 fnab

Where E is the sinusoidal root mean square (RMBage of the windingf is the frequency in hertz, n

is the number of turns of wire, a is the area eftbre (square units) and b is magnetic flux defrsit

webers per square unit. The value 4.44 collectsnaer of constants required by the system of units.

Invention

Those credited with the invention of the transfarinelude:

» Michael Faraday, who invented an 'inductiomrion August 29, 1831. This was the first
transformer, although Faraday used it onlyaimdnstrate the principle of electromagnetic indurcti
and did not foresee the use to which it woweh¢ually be put.

» Lucien Gaulard and John Dixon Gibbs, who fenghibited a device called a 'secondary generator' i
London in 1881 and then sold the idea to Ana@ricompany Westinghouse. This may have been the
first practical power transformer, but was ting first transformer of any kind. They also extebi
the invention in Turin in 1884, where it wa®pted for an electric lighting system. Their early
devices used an open iron core, which was éiendoned in favour of a more efficient circulairec
with a closed magnetic path.

» William Stanley, an engineer for Westinghouskpwuilt the first practical device in 1885 after
George Westinghouse bought Gaulard and Gibbshiza The core was made from interlocking
E-shaped iron plates. This design was first wsedmercially in 1886.

» Hungarian engineers Ott6 Blathy, Miksa Déri &@doly Zipernowsky at the Ganz company in
Budapest in 1885, who created the efficient "ZBibdel based on the design by Gaulard and Gibbs.

* Nikola Tesla in 1891 invented the Tesla coil jalihis a high-voltage, air-core, dual-tuned resonan
transformer for generating very high voltagelsigh frequency.

Types of transformers
1. Power transformers (Step-up and Step-down )
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Instrument Transformers (Current and voltage)

HVDC Converter Transformers

Reactors (Series and Shunt )

Isolation Transformers

Variable auto-transformers

. Signal transformers

Power Transformersare used for stepping up and down of generatidriradistribution of power in a
network, these are generally fully loaded transfmsn

Instrument Transformers are used for measurement, and protection of Hetrétal networks from
faults

HVDC converter Transformers are used as an impedance load and isolation fierD€ system,
these are generally at a similar voltage level /4800 KV AC for where the 500 KV AC system is fed
to the AC to DC converter system

Reactorsare used for compensation of reactive power im#te/ork, two types of reactors used are 1)
Series and 2) Shunt these are similar in princiggeeration and construction as transformers.
Isolation Transformers are used to isolate twautiscphysically for safety and security.

Variable auto-transformers are used when a variable voltage (hence curren€quired especially for
testing and calibration.

Signal transformersare used in electronic circuits for electricalbnoecting different regions are
circuits and physical isolation.

Nogkwd

1.3 Transformer ratings

When a transformer is to be used in a circuit, ntlsa@ just the turns ratio must be considered. The
voltage, current, and power-handling capabilitiethe primary and secondary windings must also be
considered.

The maximum voltage that can safely be appliechioveinding is determined by the type and thickness
of the insulation used. When a better (and thickexlation is used between the windings, a higher
maximum voltage can be applied to the windings.

The maximum current that can be carried by a toainsfr winding is determined by the diameter of the
wire used for the winding. If current is excessiva winding, a higher than ordinary amount of powe
will be dissipated by the winding in the form ofdteThis heat may be sufficiently high to cause the
insulation around the wire to break down. If thégppens, the transformer may be permanently
damaged.

The power-handling capacity of a transformer isathelent upon its ability to dissipate heat. If teath
can safely be removed, the power-handling capatitiye transformer can be increased. This is
sometimes accomplished by immersing the transformetl, or by the use of cooling fins. The power-
handling capacity of a transformer is measuredtireethe volt-ampere unit or the watt unit.

If the frequency applied to a transformer is ineeeh the inductive reactance of the windings is
increased, causing a greater ac voltage drop attressindings and a lesser voltage drop across the
load. However, an increase in the frequency apptiedtransformer should not damage it. But, if the
frequency applied to the transformer is decreabed;eactance of the windings is decreased and the
current through the transformer winding is increiasethe decrease in frequency is enough, the
resulting increase in current will damage the ti@mser. For this reason a transformer may be used a
frequencies above its normal operating frequenaynbt below that frequency.

Apparent Power Equation or KVA rating of a Singleape transformer
KVA = Vp * Ip where Vp is phase rms voltage in KWdlp is rms current in Amps.
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Apparent Power Equation or KVA rating of a threagh transformer

KVA = 3 * Vp * Ip where Vp is line to line rms voltage KV and Ip is rms line current in Amps.

Construction
A transformer usually has:

. Two or more insulated windings, to carry current

. A core, in which the mutual magnetic field couptee windings.

In transformers designed to operate at low fregesnthe windings are usually formed around an iron
or steel core. This helps to confine the magnétld fwithin the transformer and increase its effiaiy,
although the presence of the core causes energpslosransformers made to operate at high
frequencies may use other lower loss materialsjay use an air core.

Core Construction

Power transformers are further classified by trecearrangement of the core and windings as "shell
type", "core type" and also by the number of "lithtbeat carry the flux (3, 4 or 5 for a 3-phase
transformer).

Core type shape is mostly used in three-phasetdison transformers. The window height Ha depends

on the coil height and the core area Ar dependi®nated power S n.

<G+—ayoke—D> A

f

a wi Jdow H. A,

Y |
D/ J? ol I B

A~=core area V| /
Fig 1.3

There are five main groups of magnetically sofbysdlclassified primarily by the chief constitueots
the metal.

low-carbon steel

silicon steel

nickel-iron

cobalt-nickel-iron

cobalt-iron

Steel cores
Transformers often have silicon steel cores to cbbine magnetic field. This keeps the field more
concentrated around the wires, so that the tramsfors more compact. The core of a power
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transformer must be designed so that it does achrmagnetic saturation. Carefully designed gags ar
sometimes placed in the magnetic path to help ptesaguration. Practical transformer cores are yswa
made of many stamped pieces of thin steel. Thet@gistance between layers reduces eddy currents in
the cores that waste power by heating the coreselaee common in power and audio circuits. A
typical laminated core is made from E-shaped asithped pieces, leading to the name "El
transformer”. One problem with a steel core is thiatay retain a static magnetic field when poveer i
removed. When power is then reapplied, the resifieldl may cause the core to temporarily saturate.
This can be a significant problem in transforménsore than a few hundred watts output, since the
higher inrush current can cause mains fuses to bldess current-limiting circuitry is added. More
seriously, inrush currents can physically deforrd damage the primary windings of large power
transformers.

Solid cores

In higher frequency circuits such as switch-mode&gyosupplies, powdered iron cores are sometimes
used. These materials combine a high magnetic daiftitg with a high material resistivity. At even
higher frequencies (radio frequencies typicallyjesttypes of core made of nonconductive magnetic
materials, such as various ceramic materials céiedes are common. Some transformers in radio-
frequency circuits have adjustable cores whichaatlming of the coupling circuit.

Air cores

High-frequency transformers also use air coressdlaéiminate the loss due to hysteresis in the core
material. Such transformers maintain high coupéfigiency (low stray field loss) by overlappingeth
primary and secondary windings.

Toroidal cores

Toroidal transformers are built around a ring-sllapare, which is made from a long strip of silicon
steel wound into a coil. This construction ensthes all the grain boundaries are pointing in the
optimum direction, making the transformer moreoiint by reducing the core's reluctance, and
eliminates the air gaps inherent in the constrnatioan El core. The cross-section of the ringsisally
square or rectangular, but more expensive cordsawitular cross-sections are also available. The
primary and secondary coils are wound concentyitalcover the entire surface of the core. This
minimises the length of wire needed, and also ges/screening to prevent the core's magnetic field
from generating electromagnetic interference.

Toroidal cores for use at frequencies up to a &vs of kilohertz is made of ferrite material touee
losses. Such transformers are used in switch-moderpsupplies.

Windings

Power transformers are wound with wire, copperamaum rectangular conductors, or strip
conductors for very heavy currents. Very large panansformers will also have multiple strandshe t
winding, to reduce skin effect (The skin effecttie tendency of an alternating electric current to
distribute itself within a conductor so that therent density near the surface of the conductgrester
than that at its core).

Windings on both primary and secondary of a powagformer may have taps to allow adjustment of
the voltage ratio; taps may be connected to auioroatload tapchanger switchgear for voltage
regulation of distribution circuits.
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1.4 Understand the terminology

E-I lamination

A flat transformer steel lamination composed afgaf E-shaped and | shaped pieces. The middle
projection or tongue of the E is placed throughdbeter of a coil of wire, and the | placed at¢he

like this" EI" so the iron forms a complete magogath through the center and around the outside of
the coil.

Scrapless lamination

An E-I lamination with proportions such that twts Bnd two I's are stamped from a rectangle of iron
with no waste left over. This is the least expeasivape for transformer iron, and is the standarthe
industry for non-special purpose transformers. gitoportions are special, obviously. The I's are
stamped from the open areas of two end-facinglBs.middle part, or tongue, of each E is twice as
wide as the two outer legs, and the empty areapstdrout of the E (which forms the I) is half asgon
as the E is high from top to bottom. As you can sixe the proportions are pre-determined, you can
specify any one dimension and all the rest areadted. E-1 laminations are usually named by the
tongue width: EI100 has a tongue that is 1.00 iaakide. EI150 is 1.5" wide, etc.

Primary inductance

If you connect only the primary wires of a tranmgefer, and measure the inductance, no energy leaves
through any secondary windings, so the thing Idites(and is!) just an inductor. The amount of
inductance you measure is the primary inductanice.pfimary inductance is a consequence of the iron
and air in the magnetic field path, and is nondineyou would measure somewhat different values
under different conditions.

Secondary inductance
Likewise, what you measure if you connect a mesamant instrument only to the secondaries.

Leakage inductance

Leakage inductance is inductance that results frenparts of the primary's magnetic field that does
not link the secondary. This is an inductance fidmch the secondary can never draw energy, and
represents a loss of effectiveness in the trangorihyou short the secondary winding and then
measure the "primary" inductance, you will meashesleakage inductance, which appears to be in
series with the primary winding.

Core loss

The iron in the core is itself conductive, and itmeegnetic field in it induces currents. These cugen
cause the loss of energy, and this comes out asTheacore loss represents a price you have tagay
use a transformer. Core loss is strongly relatdcetpuency, increasing linearly as the frequenagsgo

up.

Eddy current

Eddy currents are the currents induced in condsi@oa magnetic field - such as the iron core. The
inside of a conductor looks like a shorted transfar turn to the magnetic field, so the currentsltzan
large, and can cause substantial heating, as icottedosses.
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Copper loss
Copper is not a perfect conductor. Current mowmgugh copper causes the copper to heat up as it
moves through the resistance of the wire.

Winding window
This is the area of a core available for windirigew into.

Margins

Space left at the end of a coil former where upeo windings are placed. This keeps the copper wir
from going out to the very edges of the coil forngerd improves the voltage isolation between layers
and windings.

Window fill
The amount of the winding window that is filled with copper wires, insulation, etc. Usually
expressed as a percent of the winding window area.

Interlayer insulation

After winding a neat layer of wire on a coil, yput a thin layer of insulating paper, plastic filetc.
over it. This is interlayer insulation. It helpsggethe insulation of the wires from breaking dowenf
the stress of the voltage difference between layerd mechanically helps form a neat, solid coil.

B

Magnetic field intensity, or "flux density"; sonreies measured in flux lines, Gauss or kiloGauss, or
Teslas depending on the measurement system yoMuosetransformer iron saturates around 14 to 20
kGauss. Ceramic materials saturate at around 3ul€Ga

H
Coercive force. This is what "forces" the magn@éld into being. It's usually measured in Ampere-
Turns per unit of magnetic circuit length, oftenpsre-turns per meter.

B-H curve
Pretty simply, the graph of B versus the causativé/hen there is a large slope of B versus H, the
permeability of the material is high.

Saturation
At saturation, the permeability falls off, as méteannot cause higher B.

Insulation class

Transformer insulation is rated for certain amewfttemperature rise. Materials which withstand
temperatures under 105C are Class A. Class B ralstevithstand higher termperatures, and other
letters even higher temperatures. Class A insulasiehe most common for output transformers, as no
great temperature rise (by power transformer staisdat least) are encountered. This "class" is not
related to the bias class of the amplifier attakty just happened to use the same words.

Stack

How much iron is put inside the coils of wire madiup the windings of the transformer. The
lamination size determines the width of the tongdlue,stack height determines the height, and the
width times the height is the core area, whichkeydeterminer of the power handling capability of
the transformer. All other things being equal, msisek height means either a greater inductanca for
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given number of turns, or a fewer number of tuordlie same inductance. This is one means of

juggling wire sizes and window fill.

I ing feede
neoraing feeder Bus

PT
H¥ L LA

i

_l__CE. CT —ﬂu$@¢0 "

CT CT CB
Line e Powrer
Izolator Transf
OFIeY

Fig 1.4

Equipment associated with a power transformerdankastation with one incoming (HV) and four

outgoing (LV) feeders (transmission lines)
Where LA — Lighting (Surge arrestor)

CT- Current Transformer

PT — Voltage Transformer

CB - Circuit Breaker

TYPE TESTS

» Temperature rise

* Short circuit

* Lightning Impulse

* Sound level

» Energy Performance

» Switching Surge Impulse

» Zero Sequence Impedance

ROUTINE TESTS PERFORMED ON ALL TRANSFORMERS:

* Ratio and Polarity

* Power Factor

* Winding Resistance

* No-Load Loss and Excitation Current
* Load Loss and Impedance

Transformers in and out
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¢ C.T. Current, Ratio and Polarity

 Standard Impulse Test (Class | | Transformers)

* Quality Control Impulse Test (Class | Transfiers)

* Applied Potential

* Quality Control Induced Voltage Test with CoaoDetection (Class | Transformers)
« Control Functions and Wiring

« Dissolved Gas Analysis

* Dew Point

Transformers in and out Page 16
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Chapter-2
2 MAGNETISM AND MAGNETIC FIELDS

21 Magnetism: quantities, units and relationships

Magnetic quantities in the Sl
Table 2.1

Quantity Quantity Quantity Quantity
name symbol name symbol
coercivity Hc core factor 2I/A
effective area Ae effective length le
effective permeability pe flux linkage A
induced voltage e inductance L
inductance factor Al initial permeability i
intensity of magnetization I magnetic field stréng H
magnetic flux D magnetic flux density B
magnetic mass susceptibility xP magnetic moment m
magnetic polarization J magnetic susceptibility 1
magnetization M magnetomotive force Fm
. ermeability of
permeability n \Iaacuum Y uo
relative permeability ur reluctance Rm
remnance Br

An Example Toroid Core

6.3 mm

I
6.3 mm 250mA

Figure 2.1 torroid core

As a concrete example for the calculationsubhout this page we consider the ‘recommended'
toroid, or ring core, Manufacturers use toroidde¢ave material characteristics because there gapo
even a residual one. Such tests are done usirygafolind cores rather than just the two turns Heaug;
providing the permeability is high, then the enalt be small.
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Table 2.2

Parameter mByl Value
Effective magnetic path length e | 27.6x10-3 m
Effective core area A 19.4x10-6 m2
Relative permeability 1 2490
Inductance factor A 2200 nH
saturation flux density B 360 mT

Let's take a worked example to find the inductaocehe winding shown with just two turns (N=2).
SIA =le/Ae = 27.6x10°/ 19.4x1¢ = 1420 m'
w=p0 x pr = 1.257x10 x 2490 = 3.13x1HHm™*

Rm= ClI/A) / n=1420/3.13x18= 4.55x16 A-t Wb*

Al =10 /Rm= 10/ 4.55x16 = 2200 nH per tufn

L = Al x N?=2200 x 10 x 2= 8.8uH

Core Factor :Core Factor in titd

Table 2.3

Quantity name

core factor or

geometric core constant

Quantity symbol 2I/A
Unit name per metre
Unit symbols m-1

The idea of core factor is, apart from adding ®jtdrgon :-(, to encapsulate in one figure the

contribution to corgeluctancanade by the size and shape of the core. It islysysoted in the data

sheet but it is calculated as -
T/A=le/Ae m?

So for our example toroid we find -

TI/A = 27.6x10°/ 19.4x10 = 1420 nit
Core factors are often specified in millimette¥ou should then multiply by 1000 before usingnthia

the formula for reluctance.

Effective Area

Transformers in and out
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N

Figure 2.2 Effective area

The 'effective area’ of a core represents the gastsonal area of one of its limbs. Usually this

corresponds closely to the physical dimensions@fore but becaugkix may not be distributed
completely evenly the manufacturer will specifysdue for A which reflects this.

The need for the core area arises when you wametate theflux densityin the core (limited by the
material typgto the totaflux it carries -

A.=D/B

In theexample toroidhe area could be determined approximately apribaiuct of the core height
and the difference between the major and minor radi

Ac=6.3x ((12.7-6.3)/2)=20.2 rAim

However, because the flux concentrates where tthel@agth is shorter it is better to use the value
stated by the manufacturer - 19.4 fnffor the simple toroidal shape i calculated as

Ae = hxI(RJRy) / (L/R-1/R,) nf
This assumes square edges to the toroid; realaseesiten rounded.

There is a slight twist to the question of area:tanufacturer's value for. Avill give give the correct
results when used to compute the d@lictancebut it may not be perfect for computing the

saturatiorflux (which depends upon the narrowest part ofdbre or Ay»,). In a well designed core
Anin won't be very different from & but keep it in mind.

Note :Effective area is usually quoted in millimestrsquared. Many formulae in data books implicitly
assume that a numerical value in friva used. Other books, and these notes, assumesragtrared.

Effective Length
Effective Length in the Sl

Table 2.4
Quantity name effective length
Quantity symbol d
Unit name metre
Unit symbols m
Transformers in and out Page 19
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The 'effective length' of a core is a measure efdistance whicflux lines travel in making a
complete circuit of it. Usually this correspondssely to the physical dimensions of the core but
because flux has a tendency to concentrate omssiei corners of the path the manufacturer will
specify a value for.lwhich reflects this.

In the toroid example the path length could berdeiteed approximately as -
le=mtx (12.7+6.3)/2=29.8 mm

However, because the flux concentrates where tthel@agth is shorter it is better to use the value
stated by the manufacturer - 27.6 mm. For a sitgpl@dal shape.lis calculated as

le=2tXIN(R/R)/ (L/R-1/R)
Another common core type, the EE, is shown in Bighown in Fig: 2.3

-

Figure 2.3 Flux paths

The (c) line represents the shortest path whidhxalihe could take to go round the core. The i@ Is
the longest. Shown in (b) is a path whose lengthasof the short path plus four sectors whoseisad
is sufficient to take the path mid-way down thelsn

le=2(3.8 +1.2) m((2.63-1.2)/ 2)
=12.25 mm This is all a bit approximate; but beamind that since manufacturing tolerances on
permeability are often 25% there isn't much poirbéing more exact.

Table 2.5
Quantity name | magnetomotive force
Quantity
symbol Fn,mor3
Unit name ampere
Unit symbol A

Note: Effective length is usually quoted in millitees. Many formulae in data books implicitly assume
that a numerical value in mm be used. Other bamkd,these notes, assume metres.

Table 2.6
Comparison with with the Electric units
Quantity Unit Formula
Magnetomotive force amperes F=Hxle
Electromotive force volts V=E (Electnc field strength)
x | (distance)
Transformers in and out Page 20
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MMF can be thought of as the magnetic equivalem@ttromotive force. You can calculate it as -

Fn=1xN ampere turns

The units of MMF are often stated asipere turngA-t) because of this. In the example toroid core-
Fn=0.25x2=0.5 ampere turns

Differentiate magnetomotive force with magnetiddistrength (magnetizing force). As an analogy
think of the plates of a capacitor, with a certectromotivdorce (EMF) between them. How high the
electric field strength is will depend on the dista between the plates. Similarly, the magnetlid fie
strength in a transformer core depends not jusherMMF but also on the distance that the flux must
travel round it.

A magnetic field represents stored energy apd B2 W /D

where W is the energy in joules. You can also eatamnf to the totallux going through part of a
magnetic circuit whose reluctance you know.

Fn=® x RmRowland's Law
There is a clear analogy here with an electriaudirend Ohm's Law, V = | x R. Magnetic Field

StrengthMagnetic Field Strength in tBé

Table 2.7
Quantity name magnetic field strength
Quantity symbol H
Unit name ampere per metre
Unit symbol: Am-1

Whenever current flows it is always accompanie@ Inyagnetic field. Scientists talk of the field as
being due to 'moving electric charges' - a readerddscription of electrons flowing along a wire.

Figure 2.3 Magnetic field
The strength, or intensity, of this field surroumgla straight wire is given by

H=1/@nr)
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where r, the distance from the wire, is small imparison with the length of the wire. The situation
short wires is described by the Biot-Savart equatio

By the way, don't confuse the speed of the chgiieh as electrons) with the speed of a signal
travelling down the wire they are in. Think of thignal as being the boundary between those electron
that have started to move and those that have ygdttgoing. The boundary might move close to the
speed ofsllight (3x1%m s) whilst the electrons themselves drift (on aveyagenething near to

0.1 mmSs.

You may object that magnetic fields are also preduzy permanent magnets (like compass needles,
door catches and fridge note holders) where nentiflow is evident. It turns out that even heris it
electrons moving in orbit around nuclei or spinnamgtheir own axis which are responsible for the
magnetic field.

Comparison with with the Electric units
Quantity Unit Formula

Fmle
Electric field strength volts per metre ¢ =e/d

Magnetic field strengtamperes per met

Magnetic field strength ianalogouso electric field strength. Where an electricdiées set up
between two plates separated by a distance, dyarndg an electromotive force, e, between them the
electric field is given by -

e=el/d Vvnl

Similarly, magnetic field strength is —

H=Fm/le

In theexamplethe field strength is then - H= 0.5/ 27.681918.1 Ant

The analogy with electric field strength is math&oz and not physical. An electric field has aatlg
defined physical meaning: simply the force exeded ‘test charge' divided by the amount of charge.
Magnetic field strength cannot be measured in éineesway because there is no 'magnetic monopole'
equivalent to a test charge.

Do not confuse magnetic field strength wiliax density B. This is closely related to field strength
but depends also on the material within the fi€ltk strict definition of H is

H=B/u0-M
This formula applies generally, even if the matenithin the field have non-uniforpermeability

or a permanenmagnetic momentt is rarely used in coil design because it isaliy possible to
simplify the calculation by assuming that withiretfield the permeability can be regarded as uniform
With that assumption we say instead that

H=B/u
Flux also emerges from a permanent magnet even thiees are no wires about to impose a field.
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A field strength of about 2000 A his about the limit for
cores made from iron powder.

Magnetic Flux  Magnetic Flux in tHgl

Table 2.8
Quantity name magnetic flux
Quantity symbol D
Unit name weber
Unit symbol Wh
Base units kg m2 s-2 A-1

We talk of magnetism in terms of lines of forceflowv or flux. Although the Latirfluxus means 'flow'
the English word is older and unrelated. Flux, them measure of the number of these lines -affaé t
amount of magnetism.

You can calculate flux from the time integral oétholtage V on a winding -
® = (IN)vV.dt webers

This is one form ofFaraday's lawif a constant voltage is applied for a time Trittigis boils down to

Oo=VxT/N Wb
How much simpler can the maths get? Because ®féhationship flux is sometimes specifiedvak
seconds
Comparison with with the Electric units
Quantity Unit Formula
Magnetic flux volt second O=VxT
Electric chargtamp second (= coulomQ =| x T

Although as shown above flux corresponds in physezans most closely to electric charge, you may
find it easiest to envisage flux flowing round aectn the way that current flows round a circuit &\
a given voltage is applied across a componentavikhown resistance then a specific current willvflo

Similarly, application of a givemagnetomotive forcecross derromagneticomponent with a
knownreluctanceesults in a specific amount of magnetic flux —

®=Fm/Rm

There's a clear analogy here with Ohm's Law. Yauatso calculate flux ad =1 x L / N

Flux can also be derived by knowing both thagnetic flux densitgnd the area over which it
applies:

o=AexB
A magnetic field represents energy stored withangpace occupied by the field. So
®©=2W/Fm
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where W is the field energy in joules. Or, equindlg

® =V2w/ Rm)
Magnetic Flux Density
Table 2.9
Quantity name Magnetic flux density,
Quantity symbol B
Unit name tesla
Unit symbol T

Comparison with with the Electric units
Quantity Unit Formula
Magnetic flux densitwebers per metfe B = D /Area
Electric flux density coulombs per metfiD = C/Area

Flux density is simply the totéluX divided by thecross sectional aredthe part through which it
flows -

B=®/Ae teslas

Thus 1 weber per square metre = 1 tesla. Flux tessielated tdield strengthvia the
permeability

B = H X H

So for theexample core

B =3.13x10 x 18.1 = 0.0567 teslas

suggests that the 'B field' is simply an effectvbich the 'H field' is the cause. Can we visuating
gualitative distinction between them? Certainlynfrthe point of view of practical coil design thése

rarely a need to go beyond equation TMD. However presence dhagnetizednaterials modifies
formula

B=yuo (M +H)

If the B field pattern around a bar magnet is caragavith the H field then the lines of B form
continuous loops without beginning or end wherbadihes of H may either originate or terminate at
thepolesof the magnet. A mathematical statement of thigega rule is —

divB=0

You could argue that B indicates better the stieiofja magnetic field than does the 'magnetic field
strength' H! This is one reason why modern auttesrd not to use these names and stick instead with
'B field" and 'H field'. Thelefinition of Bis in terms of its ability to produce a force Fawire, length

L-

B=F/(lxLxsind) Ampere's Force

Lawwheref is the angle between the wire and the field dioactSo it seems that H describes the way
magnetism igeneratedby moving electric charge (which is what a curiishtwhile B is to do with
the ability to bedetectedby moving charges.
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In the end, both B and H are just abstractions ithe maths can use to model magnetic effects.
Looking for more solid explanations isn't easy.

A feel for typical magnitudes of B helps. One metway in air from a long straight wire carrying one
ampere B is exactly 200 nanoteslas. The eartlsiees a value of roughly 60 microteslas (but varie
from place to place). A largish permanant magn#étgivie 1 T, iron saturates at about 1.6 T and@esu
conducting electromagnet might achieve 15 T.

Table 2.10
Quantity name flux linkage
Quantity symbol A
Unit name weber-turn
Unit symbol Wh-t
Base units kg n? s? A

In an ideal inductor thBuXx generated by one of its turns would encirclersldther other turns. Real
coils come close to this ideal when the cross @eatidimensions of the winding are small compared
with its diameter, or if a high permeability corgides the flux right the way round.

Figure 2.4 Flux Linkages

In longerair-core coilghe situation is likely to be nearer to that showirig. TFK: Here we see that
the flux density decreases towards the ends afdth@s some flux takes a 'short cut' bypassing the
outer turns. Let's assume that the current intedlilés 5 amperes and that each flux line repressén
mwWhb.

The central three turns all 'link’ four lines afxt 28 mWhb.
The two outer turns link just two lines of flux: tWb.

We can calculate the total 'flux linkage' for thodl as:

L =3x28 +2x14 =112 mWhb-t

The usefulness of this result is that it enableowslculate the total sdifiductanceof the coil, L:
L=wn1=112/5=22.4 mH

In general, where an ideal coil is assumed, yolezpeessions involvindNx®d or Nxdd/dt. For greater
accuracy you substituteor d./dt.

Table 2.11
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Quantity name Inductance
Quantity symbol L

Unit name henry
Unit symbol H
Base unit kam2 <2 A-2

Comparison with with the Electric units
Quantity Unit Formula

Inductance webers per amp L = /I

Capacitancicoulombs per vo C = Q/V

Any length of wire has inductance. Inductance iseasure of a coil's ability to store energy inftiren
of a magnetic field. It is defined as the ratefodmge offlux with current -

L=Nxd®/dl

If the core material'permeabilityis considered constant then the relation betwiesrahd current is
linear and so:

L=Nx®/]

By Substitution oEquation TMMandRowland's Law

L=N?*/Rm

You can relate inductance directly to the energyasented by the surrounding magnetic field -

L=2w/I?
Where W is the field energy in joules.

In practice, where a higaermeabilitycore is used, inductance is usually determinea tee Al
value specified by the manufacturer for the core -

L =10°Al x N?

Inductance for theoroid examplés then:

L = 2200 x 10 x 2= 8.8uH

If there is ndferromagneticore saur is 1.0 (the coil isair cored then a variety of formulae are
available to estimate the inductance. The corneetto use depends upon

e Whether the coil has more than one layer of turns.

e The ratio of coil length to coil diameter.

e The shape of the cross section of a multi-layeidisig.

e Whether the coil is wound on a circular, polygooatectangular former.

e Whether the coil is open ended, or bent roundantaroid.

e Whether the cross section of the wire is roundeotangular, tubular or solid.
e The permeability of the wire.

Transformers in and out Page 26
MANSOOR



e The frequency of operation.

e The phase of the moon, direction of the wind etc..

Table 2.12
Quantity name inductance factor
Quantity symbol A
Unit name Nanohenry
Unit symbol nH
Base units kg fs? A2
A, is usually called thenductance factqrdefined
A =L x10/N?

If you know the inductance factor then you can ipljtby the square of the number of turns to fihd t
inductancen nano henries. In o@xamplecore A = 2200, so the inductance is -

L = 2200 x 10 x 2 = 8800 nH = 8.§H

The core manufacturer may directly specify arva#lue, but frequently you must derive it via the
reluctancer,. The advantage of this is that only one set od daed be provided to cover a range of
cores having identical dimensions but fabricatédgimaterials having differepermeabilities

A, =10/ RmSo, for ourexample toroid core

A =10/ 4.55x16 = 2200

The inductance factor may sometimes be expressédilibenries per 1000 turns”. This is
synonymous with nanohenries per turn and takesdime numerical value.

If you have no data on the core at all then wimdttens of wire onto it and measure the inductgirce
henrys) using an inductance meter. Theaue will be 10 times this reading.

A, values are, like permeability, a non-linear fuatofflux. The quoted values are usually measured
at low (<0.1 mT) flux.

Table 2.13 Reluctance

Quantity name reluctance

Quantity symbol Rm orR

Unit name per henry or ampere-turns per weber
Unit symbols H-1

Base units A2 s2 kg-1 m-2

Reluctance is the ratio ohmf to flux -
Rn=Fm/®

In a magnetic circuit thisorresponds Ohm's Law and resistance in an electric circ@@mpare
Re=V/I1

Reluctance is also proportional to tbere factorzl/A, but inversely proportional tpermeability-
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Rn=(2ZI/A) I n

Again, compare

Re=(2ZlI/A) /o

whereg is the electrical conductivity of a conductor ofem length and cross-sectional area.
Take care to use the absolute rather than thevesjaérmeability here. So for tiieroid example
reluctance is then:

m=1420/3.13x18= 4.55x16 A-t Wb*
A magnetic field represents stored energy and
Rm=2 W /®?
Equation TMR

where W is the energy in joules.

Although it can be a useful concept when analyzierges or parallel combinations of magnetic
components reluctance is, like permeability, nomdr and must be used carefully.

You could be forgiven for thinking that there wotde no need to spell out what current is. That's
obvious surely? Your mistake is to forget how haltdvriters on electromagnetism strive to obfuscate
an already difficult subject. Here's the problem.

When considering thenagneto-motive forciemakes no difference whether you have twelvagur
of wire carrying one amp, or three turns carryiagrfamps, or two turns with six amps. As far as the
mmf goes it's all just 'twelve ampere-turns'. Ydll get just the same magnetic field in each case.

Reasoning that detail about the number of turnsla@dumber of amps doesn't matter, only the
product of the two, some writers decide to say that the curigetwelve amps. They write | =12 A and
leave it to you to decide which scenario brougtoualthat ‘current’. This insidious practice caroeer

to formulae as well.

Which is fine as long as it's consistent and dedhe reader what's happening. If the current ghsin

then, byFaraday's Lawe have an induced voltage. You then have to remeethat the induced
voltage isper turn and not the the total coil voltage. Ambiguity $teto creep in.

It depends, perhaps, on whether you're more inegtés physics or engineering. These pages take the
latter view and distinguish current from mmf. Cutrbere, then, is what an ammeter reads, and the

number of coilturns N, is written explicitly.

The physicists get their way in the end becausiepagh you might just speak téluctancess
‘ampere-turns per webeinductanceas 'weber-turns per ampere' is getting a littietroeed - even if

it does reflect the concept Btix linkagerather nicely. Bupermeabilityas 'weber-turns per
ampere-metre'?

Trivia point: why is the symbol | used for currerffegedly, it stands for 'electriatensity, as opposed

to 'total amount of electricity' (chargdflaxwell, though, used the symbol C for current and used
electric intensity to refer to the E-field: what sh@eople today know as electric field strengthitSo
goes.

Current density in the Sl
Table 2.14
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Quantity name current density

Quantity symbol J

Unit name amperes per square metrg
Unit symbol A m-2

Current density is simply the totalectric currentlivided by the area over which it is flowing.
Example: if a wire 0.7 millimetres diameter carréesurrent of 0.5 amperes then the current deissity

J=0.5/£0.0007/ 4) = 1.30x1H A m?
Or 1.3 amps per millimetfeA reasonable limit for most small transformer8.5x16 A m™,

The number of turns

By tradition, coil calculations use the capitatdetN to represent the total number of turns indabié
Solenoid coils are sometimes described using tiverlaase letter n to represent the number of turns
per unit length. So

N=nx|
Where } is the axial length of the coil.

Naturally, for most designs, the number of turrigined is the $64,000 question. The answer comes in
a bewildering variety of forms. For the most comnease, such as texample toroitore, where
the manufacturer has specifiéd -

N =~(10 L /Al

So, if you needed 330 microhenries then

N =+(10° x 330 x 10/ 2200) = 12 turns

Relationships between magnetic quantitiesFluxd fséfength, permeability, reluctance ..... it'sydas

go into jargon overload.

Snellinglists over 360 different symbol uses connectet fétromagnetics. There isn't even
agreement about what to call some properties (fes@mpnance, you say remanence, he says retentivity).
You will cope better if you can form a mental pretwf the party that these names throw when they ge
together inside your transformer.

Analogy with electric quantities
You may find it easier to obtain an intuitive grasghe relationships between magnetic quantities b

thinking in terms of 'magnetic circuits' wiffuX flowing round a core in a fashion analogous toenir
flowing round an electric circuit.

Electric analogues

Table 2.15
Magnetic Electric
guantity quantity
magnetomotive force electromotive force (voltage)
magnetic field strength electric field strength
permeability conductivity
magnetic flux current
magnetic flux density current density
reluctance resistance
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For example, if you have a transformer with a gdpgee then imagine that the core and the gap form
a series magnetic circuit with the safex flowing through bottreluctancecomponents in an

analogous fashion to a series electric circuitlmciv the same current flows through two resistors -
Fm=® x (Rm_gap+ Rm_coré ampere-turns

compare

V=1x(R1+R2) volts

There's an entire family of formulae which takeigmforms in both the electric and magnetic worlds
Krauslists most of them.

All analogies break down when pushed too far. Bhis falls rather quickly if you realise that curent

flowing through a resistor dissipates energy whlllx flowing through aeluctanceioes not. In fact
you can ask whether flux is a real physical effgatll (in the way that electron flow is).

Sequence of operation

In transformer design you would normally like tatim terms of the voltages on the windings.
However, the key to understanding what happengriarsformer (or other wound component) is to
realize that what the transformer really cares alsothecurrent in the windings; and that everything
follows on from that.

e Thecurrent in a winding producesiagneto-motive force-
Fm=1xN ampere-turns
e The magneto-motive force produceagnetic field -
H=Fm/le ampere-turns per metre
e The field producemagnetic flux density-
B=uxH tesla
e Summed over the cross-sectional area of the c@eduates to #tal flux -
O =B x A, webers
e The flux producesnduced voltage(EMF) -
e =N x db/dt volts

If you can follow this five step sequence then dinij a mental image of a magnetic component
becomes simpler. Remember, you put in a currengahbtack an induced voltage. In fact, if you can

treat the permeability as being linear, then thestantd\, le, u andAe can be lumped together into
one constant for the winding which is called (siggd) Inductance, L -
L=puxA.x N°/le henrys

| give the base units for all the quantities irstegquation; enabling thrill-seekers to make a dsiteral
analysis verifying that it is consistent. Right,teen our five step relationship between curreit an
EMF boils down to:

e=Lxd/dt volts
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You may be about to complain that you know the EFyour winding but don't know the current in
it. The answer is that the process then worksvarse - the current will build up until the induced
voltage is sufficient to oppose the applied voltageu can find out more by looking at Faraday's.law

How do you take into account the presence of therskary windings in a transformer? One way is to
take the first four steps of the sequence aboveapply them separately to each winding (whether
primary or secondary). The arithmetic sum ovematidings gives total core flux. From the time rafe
change of flux you then have the induced voltageaich winding (since you also know the number of
turns for each). There are less tedious methodsaifzing transformer operation which you would
probably do better using. But they are anotherystor

2.2 Magnetic phenomena in ferromagnetic materials

Ferromagnetism is one of magnetic state of thetanbss characterized by parallel orientation of the
magnetic moments of nuclear carriers of magnetisis.caused by positive value of energy of inter-
electronic exchange interaction. The magnetic pahfigy of ferromagnetic materials is positive and
reaches values of about®1®/Oe. Their magnetization J grows with increasmagnetic fieldd not
linearly and achieves a limit value Js (magnetiarsaion). Value J depends also on "magnetic histor
of a sample. It makes dependence Ha@ambiguous, so the magnetic hysteresis curve ereobd.

Ferromagnetic hysteresis curve (loop) charactefizeseveral parameters: coercivity, remanence (or
remanent magnetization), magnetization of saturatitaximum energy product (or strength of the
magnet). Coercitivity Hc is the field which hadh® applied to ferromagnetic material to make
magnetization equal to zero. High coercitivity &wimportant for permanent magnets to stay
magnetized in the presence of an opposing magfieltic On the contrary for magnetic transformers
the big coercitivity is harmful because it incresatiee lost of energy. Remanence is residual
magnetization of a ferromagnetic material in theemlge of external magnetic fields (after the exern
magnetizing field has been turned off). This par@mis convenient to use for comparison of the
relative “strength” of different magnets. It depsrgiieatly on magnet composition and method of
manufacture. Magnetization of saturation is maga#tin of ferromagnetic material in very strong
(infinity strong) magnetic fields. All the atomstinis case are magnetized in one direction. Stheoigt
the magnet is the area of hysteresis loop. Thissgivmeasure of the energy stored in the magnet. Th
usual unit is the Mega Gauss-Oersted (MGOe). Theis kJ/m. [1 MGOe = 8 kJ/.

Iron, nickel, cobalt, some of the rare earths (§adon, dysprosium) exhibit ferromagnetic propestie
Most of these materials have poly-crystalline foBamarium and neodynium in alloys with cobalt
have been used to fabricate very strong rare-eaatinets. Such magnets have very high coercivity,
remanence, maximum energy product. On the consane of amorphous (hon-crystalline)
ferromagnetic metallic alloys exhibit low coerciyitow hysteresis loss and high permeability. Such
amorphous alloys can be fabricated by very rap&hghing (cooling) of a liquid alloy (usually Fe, Co
or Ni with B, C, Si, P, or Al). One example of sua amorphous alloy is g8, (Metglas 2605).

Ferromagnetism is a so-called cooperative phenomersssingle atoms cannot exhibit ferromagnetism,
but once a certain number of atoms are bound tegettsolid form, ferromagnetic properties arise |
ferromagnetic material is cooled from above thei€temperature, microscopic domains with nonzero
magnetization form. Domains are spontaneously ntaagrieup to saturation. They usually have linear
sizes of about 18102 cm. The Curie temperature gives an idea of theuatnaf energy takes to break
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up the long-range ordering in the material. Thei€t@mperature of iron is about 1043 K, which
corresponds to the thermal energy of about 0.135 eV

In absence of an external magnetic field the mazmi&in vectors of the different domains are oment
in opposite directions, so the net magnetizatiothefmaterial is zero. Such domain configuration
diminishes the energy of magnetic field generatefblromagnetic material in external space. The
direction of vectors of domains magnetization cmas usually with a direction of easy magnetization
axes, that provides the minimum of free energyeafdmagnetic material. If the size of ferromagnetic
material is less then a critical size, then splittinto domains can become energetically unprdétab
and one-domain structure is formed. Such caseoisrsin animation (each arrow represents one
magnetic domain). In practice such case can b&eeah ferromagnetic films and amorphous alloys. |
the axis of easy magnetization coincides with adation of applied field H, then magnetization oscur
by means of domain walls motion. Thus, if an exdémagnetic field is increased in the direction
opposite to material magnetization, then the fiimagnetization occurs sharply when H=Ha , where
Ha is a value of anisotropy field. The rectangtlgsteresis loop is observed and coercivity Hc egjual
to Ha.

In a case when the axis of easy magnetizationrjgepdicular to applied field H, the magnetization
occurs by domains rotation and linear hysteresip whserved. Such ferromagnetic materials can be
used in measuring systems and transformers siegentlagnetization is directly proportional to appli
magnetic field (or, for example, to a current imary windings of a transformer). In such
ferromagnetic materials the effect of Young's madwhange under action of magnetic fielde¢

effect) is observed. In amorphous alloys, for exi@npis effect can be great enough (Young modulus
can be varied an order of magnitude by magnetid)fie

Two nearest domains magnetized in opposite dinestiwe always separated by a transitive layer of
final thickness (Bloch Wall) in which there is adual turn of spins as it is shown in animation.
Generally the magnetization of ferromagnetic matsroccurs both by means of domains rotation and
motion of domain walls. Presence of impurities imagnetic material, defects of a crystal lattice,
various sorts of non-uniformity complicates the mment of Block walls and by that raises the
coercitivity H. of a material.

Magnetostriction is a change of the form and tkessof a ferromagnetic material during
magnetization. This phenomenon was discovered42.18 such ferromagnetic materials as Fe, Ni,
Co, in a number of alloys and ferrites the magrigtti®n can achieve significant value (of about®10
10?). Animation shows a strip domain structure withaais of easy magnetization perpendicular to
applied field H. Magnetization is accompanied bation of domains that results in change of the siz
of a magnetic material (magnetostriction). Magntetctson has a wide range of applications in
techniques. This phenomenon underlies magnetastriconverters and relay lines, generators and
receivers of ultrasound, filters and stabilizerérefuency, etc.

2.3 Magnetics Properties of Transformers

The magnetic properties are characterized by g&ehigis loop, which is a graph of flux densitystes
magnetization force as shown below:
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Fig 2.5

When a electric current flows through a conductor ( copper wire), it generate a magnetic field.
The magnetic field is strongest at the conductor surface and weakens as its distance from the
conductor surface is increased. The magnetic field is perpendicular to the direction of current
flow and its direction is given by the right hand rule shown below

Magnetic Field

ANANWANANN
AV EVAVAV;

Current Carrying Conductor

Fig 2.¢

When the conductor or wire is wound around a magneaterials ( ferrite, iron, steel, MPP, sendust,
high flux, etc), and current flows through the coatr, a flux is induced on the magnetic materials.
This flux is induced by the magnetic field genedaby the current carrying conductor. The magnetic
material's atomic parts got influenced by the mégriield and causes them to align in a certain
direction.

The application of this magnetic field on the magnmaterials is called magnetization force.
Magnetization force is called Oersted or A/m (ameggyer meter).

The units for Magnetization force is "H"

The results of applying these magnetic field fréma ¢urrent carrying conductor causes the magnetic
materials to have magnetic flux being formed insldemagnetic materials. The intensity of these flu
is called flux density. Therefore flux density isfied as the flux per square area.

Flux density is called gauss or Tesla. | Tesla,30@ gauss, or 1mT is 10 gauss.
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The unit for Flux is "B"

Thus, the hysterisis loop is often called the BiH/euUnderstanding of the BH curve is extremely
important in the designs of transformers, chokess @nd inductors.

Flux density or B is given as

B= Ex 106
4ANT

E= Input or Output Voltage, in volt (rms)
A= Cross Sectional Area, in cm?

f = Switching frequency, in Hz

N= Number of Turns

Note that B is a function of voltage ( input volésifj calculated from primary windings, and output
voltage if calculated from secondary side). Fluk maduce if you increase the number of turns

The magnetization force or H is given as

H = 0.4tNI
/ Where N = No. of turns

| = Current in Amps
/= Magnetic Path Length in cm

Note that H is a function of input current. As therent swings from positive to negative the flux
changes as well, tracing the curve.

The permeability of a magnetic material is theigbdf the material to increase the flux intensity
flux density within the material when an electricrent flows through a conductor wrapped around the
magnetic materials providing the magnetizationdorc

The higher the permeability, the higher the flursly from a given magnetization force.

If you look at the BH loop again, you will note ttithe permeability is actually the slope of the BH
curve. The steeper the curve, the higher the pdititgaas shown below.

B
As the magnetization force increases ( or the
. Saturation current over the conductor is increased), a psint i
A reached where the magnetic material or core will
3 saturate. See point "S" above on the curves. When
5 that happens, any further increase in H, will not
4 lower permeability, shallower slope increase the flux. More importantly, the

permeability goes to zero as the slope now is flat.
high permeability, steeper slope
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In this situation the magnetic material or cord faill to work as a transformer, chokes, or industo

In a transformer design, you must make sure ttreattaximum AC current swings from positive to
negative is well below the saturation point.

Fig 2.7

Another way to get saturation is by increasingflilve density which is normally achieved by
increasing the voltage ( see equation above).

B = Voltage x10 ®

4ANf
From the BH curve, you can see that when the pasititgas high ( slope is steep), the cores will go
into saturation faster. Conversely, when the pehitigais low, the cores saturate at a much highet
density.

24 Typical construction of a transformer core

A photo of a typical core of a transformer (ratd@p kVA) is shown in Figure 2. The yokes and the
legs of the core have stepped cross-sectional &veasd by a stacked arrangement of thin lamination
Each layer of lamination has an average thicknE828mm. Considering its physical details, a
lamination on its own is a flimsy layer. These Iaations, although clamped at certain points, il
have a freedom for relative in-plane motions obeirtremaining interface areas. As laminations may
not have good matching flat surfaces and as thenairclamped together over an entire surface area,
residual gaps between the laminations are unaveidilagneto-motive forces acting across these air
gaps could set relative transverse motions betwestaminations. Also, with clamped constraint
points in place, deformation due to magnetostictiould set additional bending of the lamination
plates.

Therefore, it seems interesting to study in déiteleffect of laminations on the flexibility of tltere
structure. A preliminary study of these effectprigsented in the following sections.

Fig 2.8 Transformer core and Laminations
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Fig 2.9 Core arrangement in a transformer
PROPERTIES OF GRAINS, DOMAINS AND UNDERSTANDING QFYSTERISIS LOSSES

Every type of steel has "grains” which consistdgrhains”. These "domains" are nothing but
electrical charges oriented in any random direcfidrerefore if a transformer were to be made of
Mild Steel used as core material, the core losdavbe approx. 16 to 17 w/kg at 1.5T/50Hz and
the size of the transformer would be approx. 18adimes the size of a transformer manufactured
with GO steels.

The main difference between regular "carbon" staets GO steels are:

1. The size of the "grains" in GO steels are purpo&ggigwn” and made bigger and are
about 10 times the size of the grains in regukeelsthereby reducing the hystereses
losses. The size of grains in CGOS is 2 mm to 5mchHGOS is 5mm to 20mm. In
regular steels the size of a grain is less thami®.5

2. The grains in GO steels are all aligned almostlighta the direction of rolling of the
steel (i.e. the length of the steel). The anglmistorientation (i.e. deviation from the
rolling direction) is maximum 7% for conventionaDGnd less than 3% for Hi-B GO
steels. This reduces the hystereses losses ashiBwjt (explained later) becomes easier
within the domains.

3. The chemical composition of the GO steels has ab@d of Silicon as an alloy, thereby
increasing the specified volume resistivity of fteel, thereby reducing the eddy currents.
GO Steels are also decarbonised and have no nar®1@6% of carbon in their chemical
composition, which prevents aeging of the steel.

4. There is a special carlite insulation coating angteel, which reduces the inter-laminar
eddy current losses within the core.

Let us understand how exactly hystereses lossefeastoped with respect to GO electrical steels:
The microstructure of the steel, as mentioned befawnsists of numerous "grains” each of which
have domains. The magnified diagram would look this:

Typical core loss for M4 grade at 1.5 Tesla/50 mithis direction
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085 W/Kg
B

24WIKg

30w/Kg /r

Direction of rolling

O = Angle of misorientation from Rolling directi@rains which is less than 7% for CGOS and less
Than 3% for HGOS

The typical picture inside any "grain" would congidomains like this:

i <
E td

A domain when expanded would look like this; k" *

Domain

Thus, every domain is nothing but a closed magmaticit as shown in the figure above.

Now consider what happens when an alternating wuofes0 cycles is applied. The domains "switch"
to and fro 50 times in a second. Therefore the dofoaks like this as the current alternates 5@&8m
and the diagrams below represent the directiohetibmain as the current alternates

- N
H |
\

-
- -+

Je
o —

Andsoon ..... 50 times every second
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It is relatively very easy for the vertical switeh@/1 and V2) to occur but very hard for the honizd
(H1 and H2) switches to occur.

The horizontal switches require more energy todmepieted and also "lag" behind the vertical
switches, and this results in heat, which resuolthé hystereses loss within the steel. The suah @bt
the energy required for the horizontal switchesdcur are the total hystereses losses of the Jieas
the larger the grains, the lower the losses a® ther less total number of grains in the steel and
therefore less number of "switches" and low hysietbsses.

PROCESSING OF CRGO STEEL INTO LAMINATIONS

CRGO steel is a "delicate” steel to be handled eatie. As the magnetic property of the steel arid no
the tensile strength (as is the case with most stieels) is the important quality required, it is
imperative that we understand the nuances in hemditoring and processing of this steel. If tharse
not done properly, it ultimately leads to highesdes and the results are not as per design.

Stresses are of two types, elastic stress andgtaisiss. An elastic stress is a temporary stwbgsh
any GO steel may be subjected to like some loadiof the coil or a slight force to decoil. The
moment the stress is removed, the original magpetigerties of the material are restored and these
no longer damaged.

However, a plastic deformation due to winding iotoes or pulling or stretching or bending GOS as
shown below, can only be rectified by a stres&faihnealing at around 820°C.

1. Storage of CRGO coils has to be done properinpeoper storage may result in excessive stresses
unintentionally. This type of stress can be elagtiplastic depending on the severity of the wrong
storage and the resulting deformation in coil shiEpny).

Fig 2.11 Introduction of stress in steel due torioper storage of coils
CRGO is an important raw material which forms tbeecof the transformer.

1. Proper care is to be used in handling of sstigets or long laminations, failing which can idtroe
stresses that can distort magnetic properties

2 .The method of holding the laminations in a @ssembly and the mechanical pressure applied to the
core assembly also affects the total core lossditated bolts or assembly by welding, would previd
a low resistance path and increase eddy curresgdasnd should therefore be avoided. High assembly
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pressures decrease the surface resistance anasache inter-laminar losses and increase thedotal
losses. Therefore excessive clamping on the cost beuavoided as the resistance of surface ineolati
is inversely proportional to the pressure appliediigh clamping pressure leads to breakdown of

surface insulation resistivity and higher inter-laan losses.

3. Inaccurately cut angles in mitred cores alsalt@s a distortion of flux and increase in overedire

losses. Air gaps at joints can drastically altervhlues of t he total core loss.

4. Variation in thickness in the same width stematerial not only results in problems in core

building, but also increases the overall core tfighe material as it increases the air gaps duhiag
assembly.5. Residual material on lamination susfdige oil, dust etc. also adversely affects the

stacking factor and increases the total core loss.

Table 2.16

Sound Levels: Maximum sound levels are as follows:

AUDIBLE SOUND LEVELS for

LIQUID FILLED TRANSFORMERS

KVA Sound Level
(dBA)

0-9 40
10-50 45
51-150 50
151-300 55
301-500 60

KVA Sound Level
700 57
1000 58
1500 60
2000 61
2500 62
3000 63
4000 64
5000 65
6000 66
7500 67
10000 68
12500 69
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15000 70

Data are based on OA rating for oil-immersed powet

Chapter-3
3 TRANSFORMERS EQUATIONS

3.1 Magnetic circuit excited by alternating curren  t

According to the Faraday’s experiment the voltageduced in one turn linking a
changing magnetic field (see Fig.3.1) is proposidn the time rate of change of flgx

a2
dr 1

The polarity of the induced voltage can be deteeahiby the Lenz’s law that says:
“The induced voltage is always in such a directa@to tend to oppose the change in flux
linkage that produces it”
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Fig.3.1 Explanation to equation (1)

This is shown in 3.1. For multitern coil the inddosltage is:
e~ N @ _ di
dr di

where:

N —is the number of coil turns and

) —is the flux linkage in weber turns.

Suppose we have a coil wound on one leg of a @losecore as shown in Fig.3.2. To
draw an equivalent circuit of such a device caifehlictor, and then to analyze its
behavior under variable supply condition let wesider first an ideal inductor.

An ideal inductor

An ideal inductor is defined by the following assutians:

* The coil of inductance L has the resistance Raktquzero,

* There is an ideal magnetic circuit of the iromecwith no power losses in it,

» There is no leakage flux, what means that thelevimagnetic flux is within the
iron core.

Fig.3.2 Scheofi¢he inductor supplied from the ac. source
Assuming a linear relation between current and, flag sinusoidal current

i =Imsin@t) 3)
produces the sinusoidal flux
D=0ad,, sin(awt)
............. 4
The voltage induced in N-turn coil is
da . _ ,
e= ’\T =N-o-@,, -cos(ot) = E,, cos(ai)
'
...... (5)
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The effective value of this voltage is:
E, No®, 2rx

E NG NG NG Nf@,, =4.44Nf@,, o
The voltage expressed in terms of current flownoggh the colil is:
di
= L—
a @)
For sinusoidal current:
e=Laol, cosat=E, cosot @

The effective value of the voltage expressed incttraplex form is:
E=jX,1

whereX L g o = is the magnetizing reactance.

For an ideal inductor, the induced voltagenf — B is equal to the voltage supply
E=V.

The equivalent circuit of such an inductor is shawfig.3.3. The phasor diagram of
voltages and current is shown in Fig.3.4.

V| =|}

S 7_: I

——— -
©
Fig.3.3 Inductor equivalent circuit igB.4 Phasor diagram corresponding with

Fig.3.3

1.2 A real inductor

A real inductor has a real coil and the real magragtcuit. This magnetic circuit is
described by the hysteresis loop of B-H charadtestiown in Fig.3.5. During the process
of magnetization by the alternating flux the endémglpst due to the hysteresis loop. This
energy loss, called the hysteresis loss is prapaatito the area closed by the hysteresis
loop. That means it depends on the material thecitod core is made of. The empirical
formula for this loss is:

AP, =K, [ - B,
Ie .Frf meoee (10)

where the constatth andn vary with the core materiahis often assumed to be 1.6 — 2.
Since, according to equation @B)s proportional tde we can write fom=2

Aﬂf = K.r:r Ef
I
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Hd Hysterisis loop of B-H characteristic

There is another source of power loss in the magoete too. These are eddy

currents induced in the core. To illustrate thismpmenon let us consider the solid core
shown in Fig.3.6.a. If the magnetic flux existimgtihe core is directed towards the paper
and is increasing, it induces the voltages in thre,onvhich, in the case of close electric
loops, cause the eddy currents that generate therposses R 2 as a heat. The power
losses can be reduced by decreasiimcreasingR). If, instead of a solid iron core, thin
laminations are used (Fig.3.6.b), the effectivaioet! currents are decreased by the
increase of the resistance of the effective pathe.eddy current losses are significantly
reduced in that case.

(2) ©)

1
{/Effg>y/// [elileleleleliale]e

Fig.3.6. Eddy currents in: (a) solid iron core, l@hinated iron core

For the given core, the eddy currents power logsegiven by
AP, = K. f* B,

Since the voltage induced in the coil is propotidof Bm - , the power losses are
equal to:

AP, = K_E?
The constanke' depends on the conductivity of the core materidlthe square of
the thickness of the laminations.

Combining the eddy currents and hysteresis povesetothe total core power losses
are:
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JPF:' = dﬂt +/—1})e = KFefLSBz

............ (14)
For the purpose of the equivalent circuit we intemfuild, an equivalent resistance
RFeis introduced. Then the core power losses at cohstgply frequency can be
expressed as follows:

E2
AP_.F(:’ -
RFe

........... (15)
The power lossesPFe are proportional to the square of voltdgjevhich appears
across the resistanBd-e. This allows to show the inductor equivalent citau form as

in Fig.3.7a.
(@) (b)
r L E=V 4
IFe \ Ip.
V| mzE X L L
’Iu

Fig.3.7 An equivalent circuit (a) and the corregfing phasor diagram (b) of the inductor
with core losses

The excitation currerie is split into two components: the magnetizing aorigt and

IFe, proportional to the core power losses. Fig.3With the phasor diagram shows the
relationship between the voltaBend currents$ p andiFe. These currents are displaced
from each other by an angt#. This displacement can be explained by means of
excitation current waveform shown in Fig.3.8. i ttoil is supplied with sinusoidal
voltage the flux® must be sinusoidal too according to equation ice&Sthe magnetizing
characteristic B-H is nonlinear, and has a hystetesp, the current waveform obtained
from magnetizing curve is far from sinusoidal. ¥ wxtract two current components
from the currente by finding the symmetrical currents with regardttel line we obtain

ih current being in phase with the voltagand magnetizing currehtu lagging the
voltageE by the angler/2 (see Fig 3.7)
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Fig.3.8 Extraction of hysteresis current comporilerfitom the excitation currerne

So far we did not take into account the resistariche coilR and the leakage flux

®s. This is the flux, which goes via air as showrrig.3.9. It induces the voltadesin the
coil, which is equal

AP,

?S == 1Y
a (16)
If we express the flusin terms of the current:
& =L,
............. (17)

then the voltage:

di
e, =L —=L.ol,cosot

a (18)
or written in complex notation:
E =jX1
ST (19)
whereXsis the leakage reactance.

@
R 1
— d
v I (A= e‘ 'd P -!EDs
D i
d

Fig.3.9 Diagram of the real inductor with the aasistanc&® and the leakage fluds

The equivalent circuit of the real inductor is simaw Fig.3.10.a. The circuit shows
magnetic fluxes associated with their inductariceandL i. The voltage equation of the
circuit is
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V=E+(R+jX,)I

X1

Fig.3.10 Equivalent circuit (a) and phasor diag(ajnof the real inductor

3.2 Single-phase transformer
3.2.1. Transformer operation and construction

primary secondary
. - @ 2 oz
winding N winding
1 1 ]'_2
- A D d S
D d
1v1 81‘ C S N, N, q ‘ez Vz‘ Z,
C D
D d

Fig.3.11 Two-winding single-phase transformer
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(a) (®)

H.V. Winding L.V. Winding

\ /

H.V. Winding L.V. Winding

I

yoke legs
Fig.12.(a) Shell-type transformer, (b) core-type transformer

Fig.3.12.(a) Shell-type transformer, (b) core-tygamsformer

Two cooling systems:
- air-cooled: small transformers
- oil-cooled: large transformers
Very large transformers are immersed in the tanks nadiators and forced
circulation.
(@ (®)

Fig.3.13. Construction of transformer cores froamgtings: (a) shell-type and (b) coretype
transformer

3.2.2. Ideal transformer

Assumptions for an ideal transformer:

- R1 andR2 are equal to O

- ®©sl and®s? are equal to O ( p= andL = «)

Assuming a sinusoidal time variation of flux:

D= (‘ij 'SEF}(CN) ............... (21)
the induced emfs:
,dD o) .
2 :;7'\-17_&1 cw- D, -cosf(of) = V‘EEI cos(t) (22)
_do . i .
e, =N, =N, -0 -@, -cos(ak) =~2E, cos(ot)
- ©odrt - T, (23)
The rms voltages in complex notation:
El = j444.)(‘:"\r1 @Hf (25)
L, =444/ @y, (26)
The ratio of induced voltages:
e _E _ N _
e E N 27)

For an ideal transformer:
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Vi=E, and V,=E,

............... (28)
N
Vo N2 (29)
There are no power losses and
Sl==2 e (30)
hh=hh e (31)
From the above equation:
n_oL
h L (32)
I N, IN, I,

Fig.3.14 The equivalent circuit of ideal transf@r with the magnetic link

To eliminate the magnetic connection let us expiiessecondary voltage and current
as:

Vi=al, =T,

............... (33)
1 '
Il = —Ig = I’)
a T (34)
V2 'andl2' are secondary voltage and current referred tonagpyi side.
I I,
A% 5, =I5, v,

Fig.3.15 The equivalent circuit of an ideal tramsfer with electric connection of two
Sides
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¢, =9,

Fig.3.16 Phasor diagram for an ideal transformer

Transformer can be used for the impedance matching.
I, N;:N, 1,

-

N

U,
=
<

—
NN

Fig.3.17 Ideal transformer with secondary load idgree

|2 75 2 V5 '
80 22 27, = 7,
n L S
a (35)

Z2'is the output impedance seen at the primary sidieeciransformer input
impedance as shown in Fig.3.18.

@ v, Z; =a’Z,

Fig.3.18. Input impedance for ideal transfarmigh secondary load impedanzg

3.2.3 A real transformer
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leakage flux

@
e i
1y R, \\ R, 1
| — . = i - 1
L T D @ EE—
it - D
TV' No{c it jl@sl %-lg D N, vl |z,
q D
D i P

ideal transformer
Fig.3.20 Equivalent circuit of the real transformaéth magnetic coupling

Equation of magnetomotive forces in complex notatio
r =Fr r

= e = ml  =m?2

whereFme is the mmf responsible for generation of flbxThe above equation written
in other form:
NI, =MNI, - N T,

Thus:

NS
r =r —1rI =
TR TN (38)

where:

le - excitation current, and

12

' - secondary current referred to the primary side.
From the equivalent circuit in Fig.3.20

Vi=E, +(R + jX I,
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K‘) :Ez _(Rz +J.—Y52)£3

2o =2 T mhsess1 (42)
Multiplying the above equation k&
I, 2 I
a-V,=a-E,—a’Ry - ja’X, =
B a a (43)
or written in other form:
V,=E,-RI, — jX, I, (a4)

where:

Fig.3.21 Maodified equivalent circuit of a singtease transformer

Fig.3.22 Phasor diagram of the real transform#énatnductive load (load current is
lagging the voltage)

The primary impedance together with the shunt patara can be transferred to the
secondary side as shown in Fig.3.23.
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The transferred to the secondary side parameterasaiollows:
R, .

Fig.3.23 Equivalent circuit with parameters refdrte the secondary side.
3.2.4 Test for determination of circuit parameters
3.2.4.1 Open-circuit test

© ™)

___________________

Fig.3.24 Circuit diagram for the open-circuit testhe transformer

Measured quantities:
V1 ,lo, PoandV2.

Sincel | o n << andR RFel << ,X X sl << pu the modified equivalent circuit is as shawn
Fig.3.25. From the measured quantities the follgwparameters can be calculated:

P - E; _ o
RFe RFe (45)
RFe = i
g (46)
E
5pegt
o twe (47)
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G

1

Fig.3.25 Equivalent circuit of the transformertat bpen circuit test

According to the phasor diagram of Fig.3.26, whiolresponds to the equivalent

circuit of Fig.3.25, the magnetizing current:

{2 2
I;f = \-'Io _IFe

I

Fig.3.26 Phasor diagram at open-circuit test cpmeding with the equivalent circuit in
Fig.3.25.

From the open-circuit test:
3.2.4.2 Short-circuit test

a =

H
-3

O,

W Fig.3.27 Circuit diagram of the transformer at $toorcuit test

Sincele << | sc, the equivalent circuit is as in Fig.3.28.
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sc

Fig.3.28 Equivalent circuit of the transformer labig circuit test

Measured quantitie¥/1 , Isc, Psc
. P_—R,I-
Since: > EE (51)
the following parameters can be determined frorntkeasured quantities:

Rsc:Rl_Ré = Pf_)c

PRV (52)
Zsc = [i
Since Le (53)

the short-circuit reactance is equal to

XSE‘ = ‘Ysl +‘X’;2 = \Y Zf{ - Rfc (54)

For most of power transformers:

. R . X
R =R, :f and X ;=X,="%

2

L (55)

The phasor diagram corresponding to the equivalerit in Fig.3.28 is drawn in Fig.3.29.

E Vi
s
- jX;ZIsc
R,I Il
1€ RZI

Fig.3.29 Phasor diagram at short-circuited secgndar

3.2.6 Transformer operation at on-load condition
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Fig.3.30 Simplified equivalent circuit of the trémsner at on-load operation

(@)
(a) (b) '
I Vi
Vi i X egly
Va 1 XeqLey
P2
R, Reglen
A I=IL=I
Fig.3.31 Phasor diagrams at on-load conditions:cégacitive load  (b) inductive load,
V)
VFL I PFleading
VNL
VL PF=1
VFL
PFInggiug
0 IFL I2
Fig.3.32 V-1 characteristics (external characta$§tatV1 = const, f=const, PF=const.
Voltage regulation
As the current is drawn trough transformer, the@sdary voltage changes because of
voltage drop in the internal impedance of the ti@mser.Voltage regulatior(Av%) is
used to identify this characteristic of voltagemfpa It is defined as:
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7
Av,, = —‘VE Vi 100%

2z
.............. (56)
Referring to the equivalent circuit shown in FIi@@BEqu.56 can also be written as:

v, -
Ay, — 1IN -z
v,
2l
The load voltage is normally taken as the ratethgal. Therefore:
Ifz L = ‘1/2 rated

From equivalent circuit
Vi=V,+R, L, +jX,],

If the load is thrown off( s =, = 0). the voltage ¥; =V, . nence

VE‘ N ‘Vl‘
Finally:
AR A
A‘L‘% — ‘ 1‘ ‘ 2 lyated 100%
7
rated . (57)

The voltage regulation depends on power facton@fdad. This can be appreciated from
the phasor diagram (Fig.3.30). The locus of V1 déwrae of radius |Z«7|
The magnitude

of V1 will be maximum if the phaso
0+9,=0, ad ¢,=-9,

where:@?2 is the angle of the load impedance, and

@eq is the angle of the transformer equivalent inaped Zeq.

Therefore the maximum voltage regulation occutlefpower factor angle of the load is
the same as the transformer equivalent impedargie and the load power factor is
lagging.

To keep the output voltage unchanged i.e. to adjusthe required value, turns ratio is
changed by means of tap-changing switch as showigi.33.

|Z=2%:] is in phase with V2. That is
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+5%

A

v, - 5%

V;

Fig.3.33 Tap changing switch to vary the secondary
winding in the range of # of the rating value

3.2.7 Efficiency

Definition:
P P,
n=-2, of 7y =—100%
A A

where:P1 andP2 are the input and output powers respectively.
If expressed in terms of power losses:

pe—>5
P, +AP

S (59)
The power losses consist of mainly the losseséarctneAPFe and in the winding\Pw
AP = AP+ AR, (60)
The latter one is equal to:

2
ARV = RS‘(',“IQ,2 = (I—zJ AI)"'H = I%pHAPﬂ'H
an/) (61)

Since the output power isat 2 ¥ V=:

I
PQ = ]7212 COS% = V2n12n ]—200S(02 :Snjlp:t COS%

7 (62)
The transformer efficiency:

I2_pr.' SH cos @y

n= . 5
IZ;}H‘SH Cos @y + I2p:.-"—1P:vn h APF?

The efficiency vs. secondary current characteristshown in Fig.3.34. The maximum
efficiency is when the iron losses are equal tgpeodosses. It comes from

d(n)

d(l,. )
p (64)

at constantSn, cos12, APwnandAPFe the maximum efficiency is at:

cosg,=1, and when I; AP _=AP,

2pu—"w
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/_\‘Eﬁ = APF&

or expressed in otherway — w — — " Ff ..

n, AP

Mmax

AP,

APg,

0 I

2

Fig.3.34 Efficiency and power losses versus seaynalarent characteristics

3.2.8 “Per unit” system

In “per unit” (pu) system all quantities and equ&vd circuit parameters are

expressed not in terms of normal units, but aopgtion of reference or rated value.

This is particularly useful in the quantitative degtion of transformer work.

Let us select a reference value of the voltageléqube rated valu¥n. Then the per

unit value is
, _N , _Nh
Ipn = - » 2pu — V.,
1n 2n
I, = Ll y = el
pu ? 2pu
Il“’ IE” ..........
If we take as the reference impedance defined as
Z — I/lh‘ Z — I)fzh‘

1n »
1n

then the expression

-
In
12

v=.z

in the real units can be written in per unit valasdollows
¥V I z

v, 1I,z,
We see that
V I
pu
Zy= =2
P n

...... (72)

The impedance of the windings of transformers amating machines is usually

expressed as pu value and is related to the valGains by the equation above.
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Let us now consider the pu. system for poRer S. If the reference value of power

Sn = I’ln 'Iln = 1(2”'[2;"

.................. (73)
AY V.7
S_pr.' _?_ VI - Vp?r‘{pt{
no Unle (74)

Having all quantities of one side expressed insyatem we do not have to transfer
them to another side using turns ratio adjustmEmy are just equal to the value of
another side. For example:

Vipu  V V5, DNy N,

- =—1-"2_)
Vopu Vi Vo N2 N (75)
or
Lipw L L, N, N 1
Lyw Iy L NNy (76)
3.3 Three-phase transformers
3.3.1 Construction
(@)
I
Al 8>
(o
A2 .—L
I=1
®)
D/2
D
o2 @ 1[‘ on lr cp/zJ'

Fig.3.35.(a) Single-phase transformers suppliech fBephase symmetrical source, (b) 3-
phase transformer core with magnetic symmetrycqog of the real 3-phase coretype
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transformer

phase A c LV. OV

|
,..-""'_'-F'-

Fig.3.36 Three-phase core-type transformer

Dy D3 Dc
Al [ B1 L 1 L

- L - L - L
e g <

- ] -— o] -— D

IC
=it
I=1

D | D2 ¥ D2 Y ,m .
12
IB
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D2 ¢ @ t /2 2

' @ i m? m1
I T 8

Al Bl T s positive in

A2 f_c__ B2 J;L__D «© f_c all phases

mﬂ

3.3.2 Connection groups of three-phase winding
Table 3.1 Connection of three- phase winding

Type of Circuit diagram Graphic symbol Symbol
connection HV. LV.
Star S f Y y

Ap Bp C
Delta ﬁ D d
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Zigzag - z
a bt ¢
Phasor diagrams Topographic diagrams
Ve C
Ve
Vv
Vi B A
Vi=Vap
VB
Ve
Va
‘%
Connection
Vas
vV 150°= 5 hours Dv 5
ab N
Fig.39. Three-phase transformer connected in Dy,5
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3.3.3 Parallel operation of transformers
Demands put upon the operation of transformersexied in parallel, which must be
fulfilled to avoid wrong operation at no-load anatload conditions:

1.1 There must be no currents in the secondary windihge-load conditions,

2.1 The transformers must load themselves accordingliydir rated powers at on-load
Operation.

3.1 The phase angles of the secondary line currergl iof parallel connected transformers must
be the same.
| |
[ 1 I,

TR | TR I
§ @

1 I 1
] | |

[ 1]

(77
15+

Fig.3.40 Three-phase transformers connected irl@ara

To meet these demands the transformers must stitesfpllowing requirements:
1) Transformers must have the same voltage ratio,

2) The connection group of transformers must betidal,

3) The rated short-circuit voltages of transformarsst be the same,

4) The ratio of rated powe (5% %) should not exceed 1/3.

(a) (b) .
- \f . Iz zI > zL
A\ Vip = Vi
i - TR1 " Y TR1
Va ~—— &I TR
12 L I I, 0 1 n I,

Fig.3.41.(a) and (b) lllustrations to the requiretsel) and 3) respectively
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34 Auto-transformer

@ (b)

A B
v, A N,y
v, Ny v,
C D

Fig.3.42 An explanation to the construction of aémsformer

Similar, as for two-winding transformer the turtioas defined as follows:

g ~zN
N (77)
and it is approximately equal to the voltage ratio:
2 (78)

The power is transferred from the primary sideneogecondary side in two ways: by
conduction and induction. This is illustrated iy Bi43.

(©)
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r s
Vi-V5
I1
12
-~ Il
Vv, T12-11 v, |:] z,
(d)
L
Vl-\’z‘[
I1
- L-1, I I,

+ *-—re

N PR B 12

Fig.3.43 Explanation to the power transfer in thedransformer

Ignoring the power losses the total volt-amperegras the sum of “conduction”
powerScand “induction” powelSi.
S=5;+.5,

............... (79)
where:
8= (G-I = Iifl[l ‘lj
_ ar (80)
y T T 1
................. (81)
Since
S=F1T
e (82)

the two power components expressed in terms dbthépower are:
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The sum:

S +8, :S[l —lj—slzs
a a

gives the total powes.
The common type of auto-transformer, which canoo@d in most of laboratories is
the variable-ratio auto-transformer in which theoselary connection is movable as
shown in Fig.3.44.

% wiper

Qv

Fig.3.44 Auto-transformer with variable secondanitage
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Chapter-4
4 INSTRUMENT TRANSFORMERS

4.1 Introduction

Instrument transformers (ITs) are designed to foms voltage (Voltage (VTs) or Potential
Transformers (PTs)) or current (Current transfoa{@Ts)) from the high values in the transmission
and distribution systems to the low values thatlwantilized by low voltage current metering desice

There are three primary applications for which &fs used:

- metering (for energy billing and transaction msgs)

- protection control (for system protection andtective relaying purposes)
- load survey (for economic management of indudiv&ds)

Depending on the requirements for those applicatithre IT design and construction can be quite
different. Generally, the metering Its require hagtturacy in the range of normal operating volizys
current. Protection ITs require linearity in a widege of voltages and currents. During the
disturbance, such as a system fault or over volragsients, the output of the IT is used by aqmtdte
relay to initiate an appropriate action (open osela breaker, reconfigure the system, etc.) tigaé

the disturbance and protect the rest of the poygtes). Instrument transformers are the most common
and economic way to detect a disturbance. Typicfgiud levels of instrument transformers are 0-5 A
and 115-120 V for CTs and VTs, respectively. Thaeeseveral classes of accuracy for instrument
transformers defined by the IEEE, CSA, IEC and ABK&hdards. Figure 1 presents a conceptual
design of CTs and VTs.

: VT on LV
Incoruing feeder VT on Bus
HV Bus
Lik [P L; Chitgoing
Feeders
= o
@ avr = e () = = PN
- TJ_[ S
A -
l CB CT - [ﬁ@ i o B
Line CB cr Power (T B
Tsolatar Transf

Omner

Fig.4.1 Position of CTs and VTs. In a Substation

4.2 Current transformers

A current transformer is designed to provide aenirin its secondary which is accurately propoglon
to the current flowing in its primary.

Care must be taken that the secondary of a curagformer is not disconnected from its load while
current is flowing in the primary as in this circstance a very high voltage would be produced across
the secondary. Current transformers are often ageted with a single primary turn either as an
insulated cable passing through a toroidal corejs® as a bar to which circuit conductors are
connected.
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Design

For a current transformer design, the core chaiatits must be carefully selected because exaitati
current |, essentially subtracts from the metered currentadiedts the ratio and phase angle of the
output current.

E;= Secondary induced e.m.f.

Vs = Secondary output voltage

Iy = Primary current

I;=Secondary current

0 = Phase angle error

¢ = Flux
I;B = Secondary resistance voltage drop
I;X;= Secondary reactance voltage drop

1.= Exciting current

I,= Component of I, in phase with I3

I,= Component of I in quadrature with I

Fig.4.2 The higher the exciting current or coresltiee larger the error

4.3 Measuring and protective current transformers
Measuring current transformer

Permeability of the core material high and cors losv reduces exciting current ,low exciting cutren
reduces (l<<) current error . The exciting current determitresmaximum accuracy that can be
achieved with a current transformer

Protective current transformer

Permeability of the core material is low ,When agrence is reduced to a lower level (increase the
useful flux density, gapping), the voltage spikesdpiced by the leakage inductance due to the
transformer saturation will be eliminated. In linearrent transformers there are generally air gaps
the iron core to reduce the time constant and ren@ Such current transformers are used only to
protect objects of major importance that requishart tripping time.

4.4 Selecting core material

When choosing a core material a reasonable vaiug fo(0,2 ... 0,3 T) typically results in Land Rg
values large enough to reduce the current flowinthése elements so as to satisfy the ratio ansepha
requirements.
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Hystaresis curve of core
material for measuring
current transformer

Hysteresis curve of
core material for
protective current
transformer —

Fig.4.3. A transformer intended to supply measuiirstyuments, meters, relays and other similar
apparatus

Effect of Gapping
Bm F
AB =7- B, i
e !
AB

Br}j

_J____)

WITHOUT GAP WITH GAP

Fig.4.4 Effective lahgf the magnetic path

Air gap increases the effective length of the mégrpath
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Air-gapped current transformers

These are auxiliary current transformers in whigmall air gap is included in the core to produce a
secondary voltage output proportional in magnitiadeurrent in the primary winding. Sometimes
termed “transactors” or “‘quadrature current tramsfs’, this form of current transformer has besedu
as an auxiliary component of unit protection schemewvhich the outputs into multiple secondary
circuits must remain linear for and proportionedh® widest practical range of input currents.

Anti-remanence current transformers

A variation in the overdimensioned class of curtesmisformer has small gap(s) in the core magnetic
circuit, thus reducing the possible remanent fhaxf approximately 90% of saturation value to some
10% only. These gap(s) are quite small, for exarBd2mm total, and so within the core saturation
limits. Errors in current transformation are thersignificantly reduced when compared with those
with the gapless type of core.

Linear current transformers

The “linear” current transformer constitutes amewere radial departure from the normal solid core
CT in that it incorporates an appreciable air éapexample 7.5-10mm. As its name implies the
magnetic behaviour tends to linearization by treduigsion of this gap in the magnetic circuit. Howeve
the purpose of introducing more reluctance intontfagnetic circuit is to reduce the value of
magnetizing reactance, this in turn reduces thenslry time-constant of the CT thereby reducing the
overdimensioning factor necessary for faithful sfanmation.

The time constar T cof the circuit depends on the inductance of theamail on the resistance in the
circuit in accordance to the following simple forlazu

L
T'::E

Symbol of a
Current Transformer

/\Y/\ - e

I1.

Fig.4.5 Current Transformer symbol and winding latyo
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45 Connection of a CT

The object with current transformers is to transfocurrent ratios rather than voltage ratios. Gurre
ratios are the inverse of voltage ratios. The thongemember about transformers is that Pout ={Pin
transformer power losses). With this in mind, laBsume we had an ideal loss-less transformer in
which Pout = Pin. Since power is voltage timesent;rthis product must be the same on the output as
it is on the input. This implies that a 1:10 stepttansformer with the voltage stepped up by aofact

10 results in an output current reduced by a famftd0. This is what happens on a current transéorm

If a transformer had a one-turn primary and a ten-secondary, each amp in the primary results in
0.1Ain the secondary, or a 10:1 current ratie.dRactly the inverse of the voltage ratio — praser

volt times current product.

If we want to produce an output on the secondampqgmtional to the primary current, this output is
usually in volts output per amp of primary curtéftie device that monitors this output voltage loan
calibrated to produce the desired results whewdhiage reaches a specified level.

A burden resistor connected across the secondary
produces an output voltage proportional to thestesi
= . s value, based on the amount of current flowing thioit.

ki i With our 1:10 turns ratio transformer that produaes
3 f 10:1 current ratio, a burden resistor can be sedetct
produce the voltage we want.

1. Gas cushion
. Oil filling unit (hidden)
. Quartz filling
. Paper-insulated primary conductor
. Cores/secondary windings
. Secondary terminal box
. Capacitive voltage tap (on request)
. Expansion vessel
. Oil sight glass

10. Primary terminal
2 1l i 11. Ground terminal
7 If 1A on the primary produces 0.1A on the seconddwgn by Ohm's
! gﬁj\ in  law, 0.1 times is the ratio

With this knowledge, the user can choose the buregstor to

produce their desired output voltage.

OCO~NOUTAWN

Fig.4.6. showing the internal view of a C.T

The output current of 0.1A for a 1A primary dretl:10 turns ratio transformer will produce 0.AV/
across a @ burden resistor, 1V per amp across 8 boirden and 10V per amp across aQ®rden
resistor.
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When choosing the burden resistor, the engineeciete any output voltage per amp, as long as it
doesn't saturate the core. Core saturation lewal ismportant consideration when specifying current
transformers. The maximum volt-microsecond prodpeicifies what the core can handle without
saturating. The burden resistor is one of the faatontrolling the output voltage. There's a litoithe
amount of voltage that can be achieved at a gireguency. Since frequency = 1/cycle period, if the
frequency is too low (cycle period too long) sotthaltage-time product exceeds the core's flux
capacity, saturation will occur. The flux that @gig a core is proportional to the voltage timgde
period. Most specifications provide a maximum valtrosecond product that the current transformer
can provide across the burden resistor. Exceetling/tltage with too large a burden resistor will
saturate the transformer and limit the voltage.

What happens if the burden resistor is left ofbpens during operation? The output voltage wié ris
trying to develop current until it reaches the sation voltage of the coil at that frequency. Aatth
point, the voltage will cease to rise and the timmser will add no additional impedance to the oy
current. Therefore, without a burden resistor,dhgput voltage of a current transformer will be its
saturation voltage at the operating frequency.

There are factors in the current transformer tifatigefficiency. For complete accuracy, the output
current must be the input current divided by thraduatio. Unfortunately, not all the current is
transferred. Some of the current isn't transfortodtie secondary, but is instead shunted by the
inductance of the transformer and the core losstegxe. Generally, it's the inductance of the
transformer that contributes the majority of therent shunting that detracts from the output curren
This is why it's important to use a high-permeéapitore to achieve the maximum inductance and
minimize the inductance current. Accurate turn®naiust be maintained to produce the expected
secondary current and the expected accuracy. thentaransformed is smaller than the input current

by:
| rransForMED =] INPUT-| CORE'jI MAG (1)

What about the effect the transformer will havetom current it's monitoring? This is where the term
burden enters the picture. Any measuring deviasathe circuit in which it measures. For instance,
connecting a voltmeter to a circuit causes theagatto change from what it was before the meter was
attached. However minuscule this effect may or matybe, the voltage you read isn't the voltage that
existed before attaching the meter. This is alse with a current transformer. The burden resistor

the secondary is reflected to the primary by (1/N@jich provides a resistance in series with the
current on the primary. This usually has minim&etfand is usually only important when you are
concerned about the current that would exist whertransformer isn't in the circuit, such as whin i
used as a temporary measuring device.

loss components in the circuit. The resistancéefrimary loop, the core loss resistance, the
secondary is reduced by 1/N2, and the secondadehuesistor RBURDEN is also reduced by a factor
of N2. These are losses that affect current sdiliycéhe resistances have an indirect effect on the
current transformer accuracy. It's their effectlos circuit that they are monitoring that altess it

current. The primary dc resistance (PRIdcr) ands#teoandary DCR/N2 (RDCR/N2) don't detract from
the linput that is read or is affecting the accyraicthe actual current reading. Rather, they dlter
current from what it would be if the current tragrsher weren't in the circuit.
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4.6 Construction of a Current Transformer

Primary Winding :The primary winding consists of omemore parallel conductor of aluminum or
copper designed as a U-shaped bushing with voljeagiing capacitor layers. The insulation technique
is automated to give a simple and controlled wnagpivhich improves quality and minimizes
variations. The conductor is insulated with a splggaper with high mechanical and dielectric stteng
low dielectric losses and good resistance to agdinig design is also very suitable for primary
windings with many primary turns. This is used witlea primary current is low, for instance unbalance
protection in capacitor banks. (Ex. ratio 5/5A)

Cores and Secondary Winding

current transformers are can normally accommodateare configuration required.

Cores for metering purposes are usually made &kehadloy, which features low losses (= high
accuracy) and low saturation levels. The protectiares are made of high-grade oriented steel strip.
Protection cores with air gaps can be suppliegpecial applications. The secondary winding cossist
of double enameled copper wire, evenly distribaexiind the whole periphery of the core. The leakage
reactance in the winding and also between extraingps therefore negligible.

Impregnation

Heating in a vacuum dries the windings. After addgrall free space in the transformer (app. 60%) is
filled with clean and dry quartz grain. The assesdlitansformer is vacuum-treated and impregnated
with degassed mineral oil. The transformer is abv@glivered oil-filled and hermetically sealed.

Tank and Insulator

The lower section of the transformer consists ohlaminum tank in which the secondary windings and
cores are mounted. The insulator, mounted abovedhsformer tank, consists as standard of high-
grade brown-glazed porcelain. Designs using ligay gorcelain or silicon rubber can be quoted on
request.

The sealing system consists of O-ring gaskets.

Currents The rated currents are the values of pyiarad secondary currents on which performance is
based

Rated Primary Current Should be selected aboud00% higher than the estimated operating current.
Closest standardized value should be chosen.

Extended Current Ratings : A factor that multigley the rated current gives the maximum continuous
load current and the limit for accuracy. Standalligs of extended primary current are 120, 150 and
200% of rated current. Unless otherwise specifteel rated continuous thermal current shall be the
rated primary current.

Rated Secondary Current :The standard values &arid 5 A. 1 A is chosen for low measuring and
protection burdens. 1 A also gives an overall loladen requirement through lower cable burden.
Rated Short-time Thermal Current (Ith) Ith depeadshe short-circuit power and can be calculated
from the formula: Ith = Pk / Um %3 kA. Standardized duration of Ith is 1 second.eDtiuration (3
sec.)
must be specified.

Reconnection The current transformer can be dedigith either primary or secondary reconnection
or a combination of both to obtain more currenibsat

Primary Reconnection The ampere-turns always rethaisame and thereby the load capacity
(burden) remains the same. The short-circuit daphowever is reduced for the lower ratios.
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Secondary ReconnectiorExtra secondary terminals (taps) are taken out fiee secondary winding.
The load capacity drops as the ampere-turns dee@athe taps, but the short-circuit capacity rema
constant. Each core can be individually reconnected

Burden and Accuracy Class (IEC) Burden Accuracy R

Instrument Security Factor (FS)

Accuracy Limit Factor (ALF) The external impedance in the secondamgudi in ohms at the
specified power factor. It is usually expressethasapparent power — in VA -, which is taken up at
rated secondary current. It is important to deteenthe power consumption of connected meters and
relays including the cables. Unnecessary high Imgdee often specified for modern equipment.
Note that the accuracy for the measuring core,rdoog to IEC, can be outside the class limit if the
actual burden is below 25% of the rated burden.

The accuracy class for measuring cores is accotditite IEC standard given as 0.2, 0.5 or 1.0
depending on the application. For protection ctinesclass is normally 5P

or 10P. Other classes are quoted on request,lasg.leX, TPX or TPY. The secondary winding
resistance at 75 deg C

To protect meters and instruments from being dachagéiigh currents, an FS factor of 5 or 10 often
is specified for measuring cores. This means besecondary current

will increase a maximum of 5 or 10 times when thted burden is connected. FS10 is normally
sufficient for modern meters.

The protection cores must be able to reproducéatiiecurrent without being saturated. The
overcurrent factor for protection cores is callddFAALF = 10 or 20 is commonly used. Both FS and
ALF are valid at rated burden only.

4.7 Standard Burdens for Current Transformers with

The errors in ratio and phase angle depend omthedance connected to the secondary of the
transformer. This impedance is commonly referregstéburden”. The calculations required for
determining the performance of a transformer wh#fardnt burdens are applied are beyond the scope
of this discussion.

Therefore, the standard burdens as outlined in IERE 13 are used to represent typical service
conditions. Each transformer is rated accordinigstperformance at these standard burdens.

Many current transformers supply only a limited ftoe@mof watt-hour meter elements with a limited
number of runs. For metering and relaying applicetj IEEE C57.13 has established the standard
burdens as given in Table Below

Table 4.1

Standard Burdens for Current Transformers with 5 A Secondaries

Resistance Impedance

Burden Inductance Volt Amperes Power
Designation @) (mH) ©) (at5 A) Factor
Metering Burdens
B-0.1 0.09 0.116 0.1 25 0.9
B-0.2 0.18 0.232 0.2 5.0 0.9
B-0.5 0.45 0.58 0.5 12.5 0.9
B-0.9 0.81 1.04 0.9 22.5 0.9
B-1.8 1.62 2.08 1.8 45.0 0.9
Relaying Burdens
B-1 0.50 2.3 1.0 25.0 0.5
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B-2 1.00 4.6 2.0 50.0 0.5
B-4 2.00 9.2 4.0 100.0 0.5
B-8 4.00 18.4 8.0 200.0 0.5

Actual Burdens for Current Transformers

Actual devices connected to instrument transforrofées include an inductor with an iron core, which
usually means that the inductance is not constantdries during the cycle, and varies differemtith
different currents. Exact analysis of current tfamaer performance with such devices is difficult.
Fortunately, the impedances of most instrumentsaeigrs are sufficiently constant that no
appreciable error is introduced by considering thefme constant. Many electro-mechanical relays,
however, have variable impedance. Analysis of thresformer performance is usually based on an
equivalent value at normal current. This can bgfied on the basis that the burden at higher curise
usually less and thus the current transformerpeitform better than expected from the equivalent
burden.

Current Transformers: Accuracy Classes for Relaying

Relaying accuracy classes for CTs are defined afif@” or a “T” classification.

“C” indicates that the transformer ratio can be catedl These are transformers which are
constructed so that the effect of leakage fluxetsoperformance are negligible.

“T” indicates the transformer where the leakage fasxdn appreciable effect on the ratio. Since the
calculation of the excitation current by-passed isdious process, the performance of the transform
can only be determined by test. The basis for ifieagon of performance for relaying is an erronik

of 10% at any current from 1.0 to 20 times norriéilke accuracy class is the description of how much
voltage the

transformer can supply to the output circuit (budevithout the CT core going into saturation.

For example, a transformer that can supply a 2 ohtput circuit (burden) at 100 A [20 times normal
current (5 A)] or 200 V, without saturating the e@nd within a 10% error limit, is classified

as 200 accuracy class. Refer to Figure 2. Starstamaracy classes, which may be assigned for a
relaying current transformer, are 50, 100, 200, &0@ If a C200 transformer can supply 100 A
secondary output at exactly 10% error into a 2 bangen, then the exciting branch is not over

10 amperes. If the current is lower, then the huii: be higher without exceeding the output veltag
limit if a transformer can carry 2 ohms at 50 anegaand deliver 200 volts.

However, if the burden is 1 ohm at 200 amperasillinot work since the internal impedance will be
significant in relation to the 1 ohm burden

4.8 Voltage Transformers

Voltage or potential transformers are used to feansHigh Voltages AC to low (120 V AC)
accurately for measurement and relaying in an Etattnetwork.
Two types of voltage transformer are used for tote-relaying purposes, as follows:

(1) the "instrument potential transformer,"” heteafo be called simply "potential transformer,dg8)
the "capacitance potential device." A potentiahgfarmer is a conventional transformer having
primary and secondary windings. The primary windsgonnected directly to the power circuit either
between two phases or between one phase and gaepehding on the rating of the transformer and
on the requirements of the application. A capackgpotential device is a voltage-transforming
equipment using a
capacitance voltage divider connected between plradground of a power circuit.
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Fig.4.7. Symbol and winding layout of a VT

ACCURACY OF POTENTIALTRANSFORMERS

The ratio and phase-angle inaccuracies of any atdrAlISA accuracy classl of potential transformer
are so small that they may be neglected for priotecelaying purposes if the burden is within the
"thermal” volt-ampere rating of the transformerisTthermal volt-ampere rating corresponds to the
full-load rating of a power transformer. It is hegtthan the volt-ampere rating used to classifegpioal
transformers as to accuracy for metering purpd&sed on the thermal volt-ampere rating, the
equivalent-circuit impedances of potential transfers are comparable to those of distribution
transformers.

Burden

The "burden” is the total external volt-ampere loadhe secondary at rated secondary voltage. Where
several loads are connected in parallel, it is yssafficiently accurate to add their individuadlt
amperes arithmetically to determine the total eotipere burden.

If a potential transformer has acceptable accuaadg rated voltage, it is suitable over the

range from zero to 110% of rated less voltage. &jmer in excess of 10% overvoltage may cause
increased errors and excessive heating.

Where precise accuracy data are required, thebeatained from ratio-correctionfactor curves and
phase-angle-correction curves supplied by the naaturfer.

RATED BURDENS OF A VT

The rated burden of a secondary winding of a céqrame potential device is specified in watts atdat
secondary voltage when rated phase-to-ground igignpressed across the capacitance voltage
divider. The rated burden of the device is the sfithe watt burdens that may be impressed on both
secondary windings simultaneously.

Adjustment capacitors are provided in the devicectmnecting in parallel with the burden on one
secondary winding to correct the total-burden pdaetor to unity or slightly leading.

Table 4.2
Rated Circuit Voltage , kv Rated Burden,
waltts
Phase-to-Phase Phase-to-Ground
115 66.4 25
138 79.7 35
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161 93.0 45
230 133.0 80
287 166.0 100

The rated burden of coupling-capacitor potentiaiaks is 150 watts for any of the rated
circuit voltages, including those of Table 4.2.

CAPACITANCE POTENTIAL DEVICES (Capacitive voltage T ransformer)

Two types of capacitance potential device are fregrotective relaying: (1) the "coupling-capacito
potential device," and (2) the "bushing potentmtide.” The two devices are basically alike, the
principal difference being in the type of capact&anoltage
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Fig.4.7. Coupling-capacitor voltage divider
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Two types of capacitance potential device are fregrotective relaying: (1) the "coupling-capacito
potential device," and (2) the "bushing potentmtide.” The two devices are basically alike, the
principal difference being in the type of capactanoltage divider used, which in turn affects thei
rated burden. The coupling-capacitor device uses\adtage divider a "coupling capacitor” consigtin
of a stack of series-connected capacitor unitsaanthuxiliary capacitor,” as shown schematicaly i
Fig. 1. The

bushing device uses the capacitance coupling péeialy constructed bushing of a circuit breaker o
power transformer, as shown schematically in Fig. 2

Both of these relaying potential devices are cdli@dss A" devices.2 They are also sometimes called
"In-phase” or "Resonant"” devices 3 for reasonswulilbbe evident later. Other types of potential
devices, called "Class C" or "Out-of-phase™ or "Mesonant,” are also described in References 2 and
3, but they are not generally suitable for protectielaying, and therefore they will not be considie
further here.

4.9 Standard Burdens for Voltage Transformers

The standard burdens to be used for testing angaong voltage transformers are rated at 120 volts
and at 69.3 volts. IEEE C57.13 specifies that @ volt-rated burden will be used for any transferm
with the secondary voltage in the range of 11520 \olts, while the 69.3 volt burden will be used f
any

transformer with the secondary voltage in the raofggb to 72 volts. This means that the actual volt
amperes in the burden in a given test may be diftethan the nominal value of the burden in volt
amperes. For instance, if the standard burden i®R%amperes, the actual burden when it is used fo
testing a transformer with 115 volt secondary 5(120)2 or .918 times the nominal value of 25.

Table 4.3
Designation Amperes Factor 120 V Burden 69.3 V B urden
W 12.5 0.10 1152 384
X 25 0.70 576 192
M 35 0.20 411 137
Burdens Y 75 0.85 192 64
4 200 0.85 72 24
7 400 0.85 36 12

The burdens rated 69.3 volts have an impedanceoohthirdof that of burdens rated 120 volts and
they should not be used in testing or rating trammsérs rated at 115 to 120 volts. Transformergirate
115 or 120 volts should be treated as 115 or 1RGramsformers, and if they are actually used at
reduced voltage, the performance will not be déiferif the 120 volt burden is used as a basis for
performance. This is

because the performance of a transformer downltages of about 5% of its rating is not signifidgnt
different from the performance at 100% voltage.

Table 4.3 gives the standard burdens for voltaagestormers as outlined in IEEE C57.13.
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The Broken-Delta Burden and The Winding Burden Condtion in a PT

The broken-delta burden is usually composed of/titage-polarizing coils of ground directional
relays. Each relay's voltage-coil circuit contaanseries capacitor to make the relay have a lagging
angle of maximum torque. Consequently, the voltagjkeircuit has a leading power factor. The volt-
ampere burden of each relay is expressed by thafacarer in terms of the rated voltage of theyela
The broken-delta burden must be expressed in tefthe rated voltage of the potential-device wirgdin
or the tapped portion of the winding-whichever sedi for making up the broken-delta connection. If
the relay- and winding-voltage ratings are the saheebroken-delta burden is the sum of the relay
burdens. If the voltage ratings are different, wieshme-express the relay burdens in terms of thag®
rating of the broken-delta winding before addingnth remembering that the volt-ampere burden will
vary as the square of the voltage, assuming noadzmt.

The actual volt-ampere burdens imposed on theiishaid windings comprising the broken-delta
connection are highly variable and are only indlyeelated to the broken-delta burden. Normalhe t
three winding voltages add vectorially to zero. rBf@e, no current flows in the circuit, and thedan

on any of the windings is zero. When ground faodtsur, the voltage that appears across the broken-
delta burden corresponds to 3 times the zero-pbepeence component of any one of the three phase-
to-ground voltages at the potential-device locatide shall call this voltage "3V. What the actual
magnitude of this voltage is depends on how soliaéysystem neutrals are grounded, on the location
of the fault with respect to the potential devieejuestion, and on the

configuration of the transmission circuits so fartaaffects the magnitude of the zerophase- sexuen
reactance. For faults at the potential-device lonafor which the voltage is highest, 8¥an vary
approximately from 1 to 3 times the rated voltafjeazh of the broken-delta windings. (This voltage
can go even higher in an ungrounded-neutral systemald a state of ferroresonance exist, but this
possibility is not considered here because it masbe permitted to exist.) If we assume no magneti
saturation in the burden, its maximum current miagia will vary with the voltage over a 1 to 3 range

The burden current flows through the three brokeltadvindings in series. As shown in Fig. 5, the
current is at a different phase angle with resfeetich of the winding voltages. Since a groundt fau
can occur on any phase, the positions of any ovdttages of Fig. 5 relative to the burden curcant

be interchanged. Consequently, the burden on eexhing may have a wide variety of characteristics
under different circumstances.

Another peculiarity of the broken-delta burderhigttthe load is really carried by the windingshag t
unfaulted phases, and that the voltages of thaseings do not vary in direct proportion to the agke
across the broken-delta burden. The voltages dfitfeeulted-phase windings are not nearly as vagiabl
as the broken-delta-burden voltage.

The winding voltages of the unfaulted phases vanyfapproximately rated voltage{8 times rated,
while the broken-delta-burden voltage, and heneecthirent, is varying from less than rated to
approximately 3 times rated.

4.10 Construction of a Voltage Transformer

Primary Windings
The primary winding is designed as a multilayet obdouble enameled wire with layer insulation of
special paper. Both ends of the windings are cdeddo metal shields.
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Secondary and Tertiary Windings

In its standard design the transformer has a secgmieasurement winding and a tertiary winding for
ground fault protection, but other configurations available as required. (2 secondary windings in
design ) The windings are designed with double exfegnwire and are insulated from the core and the
primary winding with pressboard (presspahn) andépafhe windings can be equipped with additional
terminals for other ratios (taps).

Core
The transformer has a core of carefully selectetbnad, to give a flat magnetization curve. Theecw
over-dimensioned with a very low flux at operatirgitage.

Impregnation

Heating in a vacuum dries the windings. After addgnall free space in the transformer
(approximately 60%) is filled with clean and dryagtz grains. The assembled transformer is vacuum-
treated and impregnated with degassed mineral'tod.transformer is always delivered oil-filled and
hermetically sealed.

Tank and Insulator

The lower section of the transformer consists ohlaminum tank in which the winding and core are
placed. The tank consists of selected aluminunysbtleat give a high degree of resistance to cangsi
without the need of extra protection. Anodized tlietzan be offered on request. The sealing
system consists of O-ring gaskets. The insulatatsistandard design, consists of high qualitgwor
glazed porcelain. The voltage transformers cao ladsconstructed with silicone rubber insulators.

Inductive Voltage Transformer

Inductive voltage transformers are used for conaedietween phase and ground in networks with
insulated or direct-grounded neutral points.

The transformers are designed with a low flux dgneithe core

Chapter-5
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5 TRANSFORMER BUSHINGS & SURGE ARRESTOR

A bushing is an electrical engineering componeat #tlows a high voltage conductor to pass safely
through an earthed metal wall or casing. Bushipgear on switchgear, transformers, circuit breakers
and most other high voltage equipment. The busisihgllow, allowing a conductor to pass along its
centre and connect at both ends to other equipment

Some of the higher voltage types are called capaloitshings because they form a low value capacitor
between the conductor and the wall. This is dorn@der to carefully grade the reduce the electrical
field stress that would otherwise occur and causakaown. Bushings do sometimes fail due to partial
discharge degradation in the insulation. Theré¢ gesent great interest in the electricity supply
industry in monitoring the condition of high volegushings.

most high voltage bushings produced were capaétgradled, paper insulated, oil impregnated
condensers with the capacitance layers providealyinum foil. This method of construction had
provided the a very reliable bushing with excellepdt advantages over other types of construction.
The only drawback to this type of construction wastime it took to impregnate the condenser. With
cylinders of aluminum inside the condenser it aapregnate the paper insulation from the bottom of
the condenser.

5.1 Bushing design theory

The basic theory of bushing design is to bringpbiential through the tank of the transformer. Tifis
accomplished by using two basic bushing designejmisc non-graded bushings and capacitance graded
bushings. The former is the simplest concept akasehe oldest, known as bulk type bushings, as
shown in figure 1. Capacitance graded bushingswaa#able in four technologies. Resin bonded paper
(RB) bushings, oil impregnated paper (OIP) bushingsin impregnated paper (RIP) bushings and
epoxy-resin impregnated paper (ERIP) bushings.

Condenser Type Design

The bushing is built up around a central conduittbe or rod on which the condenser body is wound.
The upper and lower insulators, mounting flangedle extension, spring assembly, sight bowl, lower
support and clamping nut form an oil tight shelttmtain the condenser and insulating oil. Theirsgal
between components is accomplished with oil-resista-rings” in grooves and/or oil-resistant flat
fiber reinforced gaskets. The space between tHeasitbthe condenser is filled with high-grade
transformer oil. This oil is part of the insulatingd cooling systems of the bushing. Above the ail,
there is a gas space to provide for thermal expardfithe oil. The gas space is filled with dehyeda
nitrogen gas. The oil level in the bushing can lomitered by visual inspection of the sight bowl.eTh
sight bowl is prismatic to enhance observatiorhefdail level. The mounting flange and flange
extension are high strength

corrosion-resistant aluminum. The lower suppode&signed to accept a variety of optional
terminating devices such as standard threaded, siudsaw rod system.

The upper insulator is a one-piece high qualitycplain with sheds designed for maximum
performance.

Transformers in and out Page 81
MANSOOR



Designed to be used at angles of up to 60fieg the vertical position A typical condenser type
bushing for a 220 KV transformer

5.2 Construction of a Transformer bushing

The primary metal used in the housing is aluminam i
the form of castings for flanges, heads and externa TOP TERMINAL
ground sleeves.The other major housing componeatsa
the outboard and inboard insulators. these insddiave ASGEMBLY
been porcelain but, today a number of viable adttvas
are now being offered. The major alternative foe th
outboard

SIGHT BOWL

Insulating
Qil

porcelain insulator is an insulator that is a cosigoof a %
resin-impregnated fiberglass and silicone rubber %

commonly called Silicone Rubber Insulators (SRI).
UPPFR
PORCFEI AIN
] MOUNTING
FLANGE

Epoxy-resin materials are also being successfipibied
as replacements for the
FLANGE
EXTENSION

Condenser Core Winding : The High Quality
Insulating paper is wound on Aluminium Tube for
Currents upto 1250 Amps) / on copper Rod for Currenoiiace — g
Ratings of 2000 Amps / 3150 Amps. The winding A" =
machine has close looped controls to ensure censigt

of winding parameters such as tension, pressure &
temperature. At predecided locations by the winding
program, precisely cut Aluminium Foils are inserted
achieve the uniform condenser grading. During the
winding process partial drying of the paper Insalats
achieved.

CONDENSER —Hin|

Drying & Impregnation : The Condenser Cores are
then completely dried and impregnated in Vacuum
Drying Chambers in various stages such as Air Hgati

Rough Vacuum, Fine Vacuum. The Level of Fine
Vacuum is a critical parameter of Effectiveness of
Drying. The Drying cycles are concluded based on
Quality of Fine Vacuum measured on Pirani Gauges. Fig.5.1 Bushingaikst

— LOWER
PORCELAIN

SHIELD

After the drying cycle is concluded, the oil impnagjon is carried out at a predetermined rateaw fl
of Oil Inlet which is in relation with the CapillaRise of the Paper Insulation.

Assembly : The Impregnated Condenser Cores are then assewmilthethe assembly components such
as Air End Porcelain Insulator, Oil End Epoxy Iregol etc. The Entire Assembly is a Tie Rod
Assembly with the "O" Rings used at all sealingalimns. The Assembly is held together by a Pre
Loaded Coil Spring Stack which ensures perfectirsgadt highest operating temperatures & also
supports the assembly against the Loads appliedVatTerminal. Gravity Die Cast Aluminium
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Conservator & Mounting Flanges are used on the iBgshssembly. For Bushings upto 1250 Amps

Aluminium Cast Electrodes with external surfacenpad with Polyurethane (PU) Paint are used which
forms an integral part of the assembly. An extggpéal hole is provided on the Mounting Flange for

fixing the substation earth flat. Self Earthingeypest Tap / Capacitance & Tan Delta Measurement
Tap & Oil Filling, Sampling Valves are providedMbunting flange Level.

Oil Flooding under Vacuum : The Fully Assembled & Leaktested Bushing is thilad with High
Dielectric Strength Oil under Vacuum at Room Tenapane for predecided duration & fine vacuum
level.

Primary Terminations : The Primary Terminations are of Draw Lead Type Gaorrent ratings upto
800 Amps & they are of Draw Rod Type for Currentiigs upto 1200 Amps with Cable Joint at
Mounting Flange Level. The Primary Terminals arenafactured from Copper Alloys. For 2000 Amps
& 3150 Amps current ratings.

Capacitance Graded Bushings

Figure 4 outlines the basic principles of capacikagraded bushings.Capacitance grading provides two
basic design features with the ability to produn@léer diameter bushings. Without capacitance
grading a 230 kV Class bushing may have to be néadet in diameter. This smaller diameter, in
turn, allows bushings to achieve higher voltagelevCapacitance grading is available in two common
types; non-fine grading and fine grading. Fine grgds used primarily for transformer bushings hil
non-fine grading is

commonly used in bushings insulated with SF6 ssdreakers and GIS.

RB Bushings

Resin Bonded (RB) paper bushings, were first dgezldy Emil Haefely in 1918 and are still used
today up to 69 kV class. RB bushings utilize papat is coated with resin and once the activeipart
wound it is placed in an oven to cure. RB bushimgee high partial discharge levels and power factor
RB bushings

do not use oil.

OIP Bushings

Oil Impregnated Paper (OIP) bushings were develapdue 1920’s. OIP bushings utilize kraft paper
with layers of foil wound over a tube or conduciod then impregnated with transformer oil. Good
OIP bushings are partial discharge free and hamelow power factors. OIP bushings have a
temperature operating range of -50°C to +105°C.

RIP Bushings

Resin Impregnated Paper (RIP) bushings were desglopEurope in the early 1950’s. RIP bushings
utilize kraft paper with layers of foil wound ovarconductor and vacuum impregnated with resin in a
mold. RIP bushings use a small amount of transfooit@s an insulator and are generally higher in
partial discharge and power factor than OIP bushiRy§P bushings have a limited temperature
operating range of -30°C to +95°C.

ERIP Bushings

Epoxy-Resin Impregnated Paper (ERIP) bushings developed in the 1980’s as an improvement on
the RIP technology. ERIP bushings are made sinal&IP bushings and have similar power factors
and partial discharge levels. ERIP bushings daisettransformer oil and are considered DRY
bushings. ERIP bushings have higher temperatuitslip to +120°C.
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5.3 Voltage and BIL

Bushings are commonly classified with the transfermthree-phase voltage rating. This is known as
the Voltage Class. However, bushings are singles@lavices and therefore, the voltage class rafing
a bushing is somewhat immaterial to the selectioegss. The maximum line to ground voltage rating
is the key information needed when selecting bugshin

Example of this are the 161 kV and 230 kV Clas$iimgs. Both of these bushings have a maximum
line to ground rating of 146 kV and therefore bo#im be applied to a 230 kV class transformer.
However, this leads to the consideration of the @asic Insulation Level) of the bushing. The rote
thumb is that the bushing’s BIL must be equal tgreater than the BIL of the transformer windingsit
connected to. In the above example, the 161 k\sdashing has a BIL of 750 kV and the 230 kV class
bushing’s BIL is 900 kV. If the 230 kV class tramisher’s winding was rated 800 kV BIL you would
not select the 161 kV class bushing for the apgtinabut rather the 230 kV class bushing.

Table 1 lists the voltage class, maximum line twugd voltage rating and BIL for the most common
IEEE Standard bushings used today.

Table 5.1 Voltage class, maximum line to groundage rating and BIL

Voltage | Line — Ground BIL Voltage Line — BIL
Class Class Ground
KV KV KV KV KV KV
25 16 150 161 146 750
34.5 22 200 230 146 900
46 29 250 345 220 1175
69 44 350 500 318 1675
115 88 550 765 485 2050
138 102 650

Current Ratings

Selecting a bushing with a current rating that nit limit the loadability or overloadability of ¢h
power transformer is one of the most important etspaf bushing selection. It is important to know
that paper insulated bushings do not use thermpltlyaded kraft paper like modern power
transformers. The thermal basis of rating requirgsis based on a 55 K rise transformer applicgtion
caution should be exercised when selecting theourating of the bushing. The transformer’s
overload requirements must be known at the tim®ishing selection.

Bushings selected with a current rating of 120%hefrated current of the transformer winding are
considered to be able to withstand the overloadireapents of IEEE Standard C57.12.00. Certain
bushing designs are capable of withstanding greaemoads than other designs. As an example,
bushings designed for draw lead application withdhaw lead conductor supplied by the bushing
manufacturer are capable of operating 15% abovadheeplate rating without being overloaded.
Whenever unusual overload requirements are requicegsult with your bushing supplier.

54 Bushing Storage

All stored bushings should be periodically inspéctehis inspection would look for chipped
porcelains, damaged rain shields on non porcelashihgs, oil leaks, missing hardware, etc. This
inspection is for obvious problems that would prewvtbe bushing from being serviceable.
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It is recommended that the bushing manufactureobsulted concerning bushing storage. They will
provide instructions as to the proper storage @if thushing. Improper storage can result in noy onl
damaging the bushing but also the equipmentiitstalled in.

The type of bushing and expected storage time dhmth be considered when determining storage
options. If the bushings are to be stored outdtiwsrates need to be of a weatherproof material or
protected with an external covering. Knowledgewshing construction is helpful in developing
storage plans. If the bushing has an oil filledd=rser the bushing should be stored such that the
condenser remains covered. Bushing terminals shmutthecked to be tight and cap taps should be
covered and filled with fluids as required. Thisagrevent corrosion and water intrusion during
storage. In all cases the goal should be to camsiamage to the bushing and keep it in good opeyati
condition. If the bushings are subject to peridgdating the storage facility should be arrangedh sbhat
this can be accomplished.

55 Surge Arrestors

Lightning imposes voltage surges on aerial lindseeiby direct strokes or by induction.
Such surges can be transmitted to underground I@=ning and closing circuits in large generating
plants or switching stations can raise voltagdsvtoor three times normal for a brief period of éinin
addition, excessive voltages and currents cantrigsuh short-circuit conditions when line-to-line o
line-to-ground faults occur, because of inductigphritive characteristics of the line between the
electric power source and the fault location. Tfamser ferroresonance can create overvoltages
Since voltage surges can result in personnel ggurom electrical shock, insulation damage to
equipment, and possibly fire
Surge arresters divert the effects of extremelytst@om overvoltages on an electrical system tagdo
Lightning arresters are made up of varistors whesistance reduces as the implied voltage increases
This reduction in resistance continues until tiyatiing arrester acts just like a direct shortrmigd.
Upon reaching this condition, the lightning enedigyerts to ground away from the protected
equipment, thus reducing the effect of the oveagstthey must be designed so as not to earth non-
distructive voltage rises which are within limits.
The selection of a surge arrester rating is a loeltsetween providing the lowest possible let thhoug
voltage (best protection), and the ability of theester to survive temporary overvoltages.
Simplistically, the arrester is selected as theekivavailable rating which will survive the expelte
temporary overvoltages under normal and abnornsaésy conditions.
Surge arresters are of the valve-type or the rogdde-varistor type shown in Fig 1. Gapless, metal
oxide arresters are preferred because of therogperating characteristics. Surge arresterssae to
safeguard apparatus against hazards caused bynrailydnigh voltage surges. Such overvoltage can
cause serious damage if arresters are not coreathglinated with the insulation strength of the
protected equipment, and are unable to dischargerthrgy properly. To function correctly, arrester
protective levels must be lower than the insulatisthstand strength of equipment to be protected.
Surge arrester protective margins
Impulse sparkover voltagenpulse sparkover voltage is the highest valueottbige attained
by an impulse of a designated wave shape and tyotgoplied across the terminals of an
arrester prior to the flow of discharge currentisiNoltage plus the lead length voltage contribui®
the highest that can be impressed on protectegmeuit because, at this level, the arrester will
sparkover and discharge the surge to ground. Amrsstge wave sparkover voltage will be compared
to the insulation lightning impulse (chopped-wagest value that the protected equipment is reduire
to withstand for purposes of determining the pribteanargin.
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Discharge voltageDischarge voltage is the voltage that appears a¢hesterminals of an

arrester during passage of discharge current. #resaximum discharge voltage will be compared to
the BIL value that the protected equipment is neglito withstand for purposes of determining the
protective margin.

Impulse protective levelkor a defined waveshape, the impulse protective isvthe higher of the
maximum sparkover value or the corresponding digghgoltage value.

Duty cycle rating. The silicon carbide and MOV atez have a duty cycle rating (in kV), which duty
cycle testing established. This testing subjectaregster to an AC rms voltage equal to its ratmg4
min, during which the arrester must withstand kg surges at 1-min intervals. The magnitude ef th
surges is 10kA (10,000A) for station class arrasteid 5kA for intermediate and distribution class
arresters. The surge waveshape is an 8/20, whiahsrthe current wave reaches a crest in 8 ms (8
microseconds or 0.000008 sec) and diminishes fdtmakrest value in 20 ms.

Maximum continuous operating voltage rating (MCOYHhe MCOV rating is usually 80% to 90% of
the duty cycle rating. Table 2 lists the MCOV rgsrof various MOV arresters.

The MCOV rating of an MOV arrester is important &ese it's the recommended magnitude limit of
continuously applied voltage. If you operate thester at a voltage level greater than its MCOY¥, th
metal oxide elements will operate at a higher-tremommended temperature. This may lead to
premature failure or shortened life

Silicon carbide LAsThis design uses nonlinear resistors made of ddubailicon carbide placed in
series with gaps. The function of the gaps isatate the resistors from the normal steady-stateery
voltage. One major drawback is the gaps requirgoetde designs to ensure a consistent spark-over
level and positive clearing (resealing) after aysyvasses. This design has lost popularity dueeto t
emergence of the MOV arrester.

MOV LAs.The MOV design usually does not require series dafsolate the elements from the
steady-state voltages because the material (zide)s more nonlinear than silicon carbide. Théstt
results in negligible current through the elemeariien you apply normal voltage. This leads to a much
simpler arrester design.An insulated housing sumdsiseries disks of zinc oxide in an MOV arrester.
The disks have a conducting layer (generally aluminapplied to their flat faces to ensure a proper
contact and uniform current distribution within ttiek. This design results in no "gaps;" thus, the
reference to the MOV arrester as the "gaplessstarerhe MOV arrester design has become the most
preferred because of its simplicity and resultieduced purchase cost.
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Transformers.Arresters will be located and connected as close as
practicable to the transformer to be protecte@dcitordance with
IEEE Std C62.2. In regions of high lightning inaide, surge
arresters will be mounted on each of the incomeriphline
structures and directly on each of the main supplysformers. For

a 132 KV and above system the ground terminal®Lt is to be
solidly earthed through a Mild steel Iron Flatwiin 100 mm width
and 16 mm thickness connected to an earth pitfillith coke and
rock salt provided with a water tap for watering tht daily.

Ground
Terminal

Metal-oxide typeA metal-oxide surge-arrester (MOSA) utilizing
zinc-oxide blocks provides the best performancasuage voltage
conduction starts and stops promptly at a preotage level,
thereby improving system protection. Failure isuat, as there is
no air gap contamination possibility; but theralisays a small
Fig.5.2. A Metal Oxide L.A

value of leakage current present at powe
frequencies. Therefore, the arrester’'s maximum pdrmeguency continuous operating
voltage (MCOQOV) can not be exceeded.

5.6 Transformer Neutral Grounding

The need for neutral earthing

Limit the potential of current-carrying conductavih respect to the general mass of earth Provide a
current return path for earth faults in order lowlprotective devices to operate Neutral eartlsng
usually applied on the secondary winding of tramsfers it is different from equipment earthing which
connects the metallic parts and enclosures todtth & minimize electric shock.

Types of neutral earthing

Electrical systems are usually earthed via their gbint or neutral.

There are three choices:

1) solidly earthed 2) earthed via impedance, Wpaalesistor 3) Isolated
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Solidly earthed systems is used where high levels of fault curaeatobserved and rotating machines
are not connected in the system. High value eatrthsf can be cleared quickly. Solidly earthedesyst
provide the best control of transient and tempooasgrvoltages that can arise between earth and the
electrical system. Insulation that is applied bemvphase and earth can be rated based on thetphase
earth voltage. Lower rated insulation can redueectsst of electrical systems and equipment. This is
used in all 110 KV and above systems and foridigion transformer upto 11 KV and where the
impedance on the primary side(the transmissiors)itiits the fault current through the transformer
when there is a fault on the secondary side.

Isolated :having no neutral earthe voltage rises in the transformer windings adférs high
impedance to fault currents and causes insulatieakidown systems have one advantage. They can
continue operating in the presence of a singlddaut. This is because there is no return path
available for the flow of earth fault current. Herparotective devices will not operate. Insulatioattis
applied between phase and earth must be rated bathd phase to phase voltage, and often for even
higher voltages. This system is not adopted digstodisadvantages.

Neutral earthing via an impedances employed when it is desirable to limit the magdeé of fault
current to manageable levels. High levels of fauttent are undesirable as they can lead to irséser
damage equipment and systems.the selection ofthiteahresistor is vital for this system as it efffe
the operation of earth fault protection , to @eene this current transformers are provided ireseri
with the neutral resistor which detects the flowaaflt current and activates the protection sysféne
reliability of power supply is improved as theteys, Neutral resistors are used in MV transformers
(11 to 33 KV)

Neutral earthing resistors :

A neutral Earthing resistor restricts the flow afrent during an earth fault on an AC distribution
system. It is connected between the neural poiattainsformer and earth. Although a neutral aagthi
resistor will probably be active for just a few seds during its operational life, it musc offer
dependable protection at all time in case of fdudied in power distribution, mining and industrial
installations, indoors and outdoors where equipmertls to be protected against arc voltages and
currents.

Capacity : A neutral earthing resistor has a rasis# value specified to limit the fault cyrrenthint a
system to a pre-determined value which is suffitydiow to prevent damage yet high enough to
operate fault-clearing relays.

Each system is designed according to current ametditings, which are specified to be compatiblé wit
the protection switch gear.

neutral earthing resistors are made from tougH gtegs of a high quality iron-chrome-aluminium
They are non-corroding and offer good electicigbgtty

Neutral Voltage displacement

Unbalance in loads on three phases cause shiftingutral from earth potential. Neutral displaceien
is applicable for transformers with 'Star Pointidlg grounded. Under "solidly" grounded conditions
the potential of neutral should be equal to eaethziero. But in such conditions when the eartloing
the star point is imperfect the star to groundrsffamall resistance. This results in flow of negati
sequence currents (because IR + 1Y + IB M 0) thhooigutral to ground, thereby causing shift of
neutral from its earth potential, which is the malwoltage displacement.
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Unbalance voltages and displacement of neutralreslllt in decreased efficiency, negative torque,
leakage currents, vibrations and overheating. $awebalance and neutral displacement could lead to
malfunctioning of some equipment. Some types al$déke Xray machines; electric traction; induction
and arc furnace may induce unbalance in the siyghistges and shift the voltage of neutral fromeart
potential.

The Distribution Licensee shall ensure that thenaépoint voltage of the all 33/11 kV and 11/0M k
transformers with respect to earth will not haveeptial greater than 2% and 5% respectively ofihe
load phase-phase voltage of the transformer.
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Chapter-6
6 TRANSFORMER TANK AND COOLING SYSTEM

6.1 Transformer Tank Requirements

The tank is manufactured by forming and weldinglgpéate to be used as a container for holding the
core and coil assembly together with insulatingtoéinsformer tanks are designed to seal the
transformer from the outside atmosphere and ahléthstand the electromechanical forces, oil
expansion and vibrations produced on load and &ulditions

Shall satisfy the following criteria

Strength to prevent tank rupture under low energy fault conditions:

e The transformer tank, cooling equipment and connpamts subject to pressures shall be
designed to withstand, without permanent deformafioessures of at least twenty-five

percent greater than maximum operating pressuhesmBximum design withstand pressure
shall be indicated on the nameplate.

¢ Include sufficient expansion volume to allow openatunder specified load conditions.
The main cover shall be of welded onto the tank.

One or more hand-holes shall be provided in thike tawer for access to bushing connections
and current transformers, when required. The ogestiall be of sufficient size to allow
removal of any CT.

e The transformer base shall be suitable for rolingkidding in the direction of either tank base
centerline.

The base shall be designed so the center of grafvibye transformer as assembled for
transport does not fall outside the base for afififteen degrees.

e Lifting lugs shall be provided at each corner @ tank. The lifting lugs shall be designed to
provide a minimum safety factor of 5.

e Jacking area, pads or bosses shall be provided.

¢ Pulling provisions, for towing the transformer gdhaieto either centerline, shall be provided.
e Gaskets

The gaskets shall be compatible for the insuldting in the transformer tank.

Gaskets in continuous contact with Silicone flsinéll be Viton material.

Metal surfaces to which gaskets are applied slegaimooth, and shall have sufficient rigidity
to assure proper compression of the gaskets.

Types of Tanks:

1. Plain steel sheet tank without external cooforgsmaller ratings
2. Thick sheet boiler type plates with cooling tsibe

3. Tanks with external radiators attached to thk ta

4. Tanks with separated radiators connected byspipe
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Fig.6.1. showing transformer core and radiator sube

6.2 Tank Construction

Plain Sheet Steel tanks

Made of thin steel sheets of about 3 mm thickti®ssank’s surface is plain without any coolingdsib
,these tanks are used for housing small transfarmeto 50 KVA rating.

Thicker sheets are used for the base dependingtbpanstallation. the four side walls are mada of
single steel sheet and welded vertically, eleatetding is preffered

Thick boiler plate tanks:

This type of construction is used for self coolétrébution transformers of all sizes above 50 KVA
cooling tubes are welded to the tank walls to ebsaiditional cooling surface and natural circulaid
hot oil. High quality boiler plate steel of thiclsgefrom 5 mm to 12 mm is cut shaped and welde@to g
rigid construction stiffners are welded to the sidean interval of above 1 mm to prevent bulging.
The tank is proof tested for pressurepsig) and vacuum (0.1 torr or below ) as per the stecd
Cooling tubes are arranged at a spacing of about 8entre to centre the bottom of the plate isk#ric
than the sides and is about 8 to 15 mm. The optidinmensions of the tank and stiffeners are
determined by using computer aided design tools.ifiterior corners of the transformer corners are
welded to get added strength and to prevent leapatipes.

The transformer tanks are tested for leakage liydithem with oil and keeping them under pressire
0.5 kg/cm? for several hours and all joints arpligd with light blue chalk powder which turns dank
presence of oil undertaking location of minute kak

Surface treatment : the tanks are shot-blasted ifneide and outside to prepare a good clean surface
The rough spots on welded joints are chipped aadrgt and cleaned thoroughly by blasting
compressed air. A red oxide premier coat is agied final paint as per specification is coated.
Other fitting and provisions :

The top cover of the transformer has to be provisigd the following items

1) HV and LV terminal bushings

2) Neutral bushing if existing

3) Lifting bolts for top plate

4) Flange for connecting transformer with conseswvat

5) Flange for mounting tap changer head

6) Pocket for thermometer
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7) oil drain pipe

The transformer of larger size has the followinditidnal accessories
1) oil testing outlet with seal
2) oil and winding temperature indicators

Tanks with radiator banks :

For transformers of rating 5 MVA and above, theliogptubes are insufficient to cool the transformer
oil efficiently, separate detachable radiator fitial steel tubes welded inside pressed steetg)lat
connected on both sides of the transformer hawiniglat and outlet valve a number of such radiators
are connected to the transformer tank either ensate for transformers of less than 5MVA and on
both sides above

5 MVA The radiators are connected to the transfortarek by means of shut-valves. This method
allows individual radiators to be removed withotdiding oil from the transformer. The shut-off valv
is provided with a position indicating handle anithva locking spring. The lower part of the radiato
has a plug for oil outlet and the upper part a ffdwgir release.

Circulation of transformer oil takes place in following manner. when the transformer is loadesl th
Hot oil inside the transformer rises to the tophaf tank and gets into the radiator tubes (Insetd

after circulating in the tubes and getting cooteel ¢il flows back into the tank through the bottom
the radiators (Outlet). For large transformers B0-WVA fans are provided on the sides or bottom of
the radiator banks for better cooling of the oil.

Tanks with radiators are placed separately :

For very large and high voltage transformers thtanahcirculation of oil in radiators is not sufinit to
cool the oil radiator banks are placed separatefyydrom the tank and the oil is forced in cirdida
using pumps fans are provided for air circulatiserahe radiators, for better cooling water is also
circulated over the radiator tubes, but care tsettaken for leakages.

Conservator

&  L¥Bushing
HY Bushing
Cooling Fan
Radiator Bank
Fig.6.2 Picture of a transformer along with radiatand cooling fan
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Accessories with the Transformer Tank :

The following components are fitted to the transfer tank according to the requirements
1) oil conservator

2) Breather

3) Oil sampler

4) Buchholz relay

5) Pressure relief valve

6) Oil level Indicator

7) Oil Temperatute Indicator

8) Winding temperature indicator

9) HV and LV bushings

10) Neutral Bushing

11) Tap changer

12) Cooling system (radiator or pipes)
13) Marshalling kiosk, etc.,

Cooling System :
Cooling of dry type transformers.

AN — Air Natural

AF — Air forced (by Fans)

Cooling for oil Immersed transformers
ONAN - Oil Natural Air Natural
ONAF - Oil Natural Air Forced
OFAF - Oil Forced Air Forced
ONWEF - Oil Natural Water Forced
OFWEF - Oil Forced Water Forced

Air Natural : Applicable for dry type transformers only (i.e CRgsin and Resin Impregnated)

Air Forced :Also for dry type transformers air is forced onkaurface by a fan which is controlled by
a thermostat in the tank

Oil Natural Air Natural : This is the most widely used method of coolingdibffilled transformers
upto 30 MVA. In oil Natural cooling, the transformie under load and the surrounding oil heated up
due to circulating currents in core and windirng; oil is circulated in the tank by natural coniett
Plain tanks without cooling tubes are used upt&%8. ratings above this rating cooling tubes are
fitted to the tank for better circulation and cogiiupto 5 MVA.

Oil Natural Air Forced : A number of Large Fans are mounted near the wemsf radiators and
either at the bottom (Large transformers 100 MVApo sides (30-75 MVA) depending on the design
and , these fans are automatically switched on liietemperature of the transformer oil raises abov
a set value and off when it cools down below tiev/akie.

Oil Forced Air Forced : For transformers above 100 MVA the ONAF systemaafling is not
sufficient, hence oil is also forced into circutetifor better cooling in addition to forced airatifation.

A pump is used to force oil from the top of thenstrmer (outlet) into the radiator banks which are
placed some distance from the tank and connectaudiyand outlet pipes.
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Oil Natural Water Forced : This type of cooling is used in places where th®ispace restriction for
and water is available freely, by using a pumpews circulated around the radiator tubes for iogpl
of the transformer oil which is circulating by natbiconvection. But nowadays this type of system is
discontinued as present day transformer have lagt#gned radiators and cooling systems.

6.3 Transformer Cooling

No-load losses and load losses are the two signifisources of heating considered in thermal
modeling of power transformers. No-load lossesnaaide up of hysteresis and eddy loss in the
transformer core, and these losses are presenewdretihe transformer is energized. Hysteresisitoss
due to the elementary magnets in the material ialigwith the alternating magnetic field.

Eddy currents are induced in the core by the alterg magnetic field. The amount of hysteresis and
eddy loss is dependent on the exciting voltag@ettansformer.

Load losses are the more significant source okfoamer heating, consisting of copper loss dué¢o t
winding resistance and stray load loss due to eddents in other structural parts of the transfarm
The copper loss consists of both DC resistance éosbwinding eddy current loss. The amount of loss
is dependent on transformer load current, as wsdildaemperature. DC resistance loss increasés wit
increasing temperature, while other load lossesedse with increasing oil temperature. All of these
factors are considered in calculations of thermsaidformer performance.

The basic method for cooling transformers is tramsfg heat from the core and windings to the
insulating oil. Natural circulation of the oil trefers the heat to external radiators. The radiators
increase the cooling surface area of the transfotam&. Pumps may be used to increase the flovil,0f o
increasing the efficiency of the radiators. In ribrected flow transformers, the pumped oil flowesedy
through the tank. In directed flow transformerg ffumped oil is forced to flow through the windings
Forced air cooling is commonly applied on large powansformers, using fans to blow air over the
surface of the radiators, which can double theiefficy of the radiators. For some large power
transformers, water cooling may replace large tatBalLarge power transformers may also have
additional ratings for multiple stages of forcealing. Normally, only two stages are applied,
providing transformer ratings equivalent to 133% 467% of the self-cooled rating.
Both the IEEE and the IEC established standardydasons for the various cooling modes of
transformers. The IEEE has adopted the IEC desansatThe designation completely describes the
cooling method for the transformer, and the coofimgthod impacts the response of the transformer
insulating oil to overload conditions. Table 64tdithe common transformer cooling designations.
Table 6.1: Transformer cooling designations

Old IEEE Cooling Designations IEC Equivalent
Self-cooled OA ONAN
Forced air cooled FA ONAF
Directed-flow forced liquid cooled FOA ODAF
Water cooled ow OFWF
Forced liguid and water cooled FOW V@

Impact of Oil Temperature on Power TransformersREBSING transformer load increases the
temperature of the insulating oil, so loading abilneenameplate rating involves some risk.
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Transformers are rated at a maximum oil temperatseeover ambient, with modern transformers rated
at 65° C rise above ambient. These risks include

reduced dielectric integrity due to gassing, reduoechanical strength and permanent

deformation of structural components such as the aod windings, or possible damage to

auxiliary equipment such as tap changers, bushorgsjrrent transformers. Oil temperature, theeefor
makes a good choice to use as the basis of a pootdéaenction, providing sensitivity to a number of
possible transformer issues. Standard temperatoits bre defined in thEEEE

Guide for Loading Mineral-Oil Immersed Power Traorsfiers (described in the rest of this paper as
theGuide for Loadinyare listed in Table 6.2.

Table 6.2: Standard temperature limits, 65° C riséransformer, 30° ambient temperature

Standard temperature limits

Average winding temperature rise 65° @bove ambient
Hot-spot temperature rise 80° Q\bove ambient
Top liquid temperature rise 65° CAbove ambient
Maximum temperature limit 110° CAbsolute

One factor in transformer over-temperature conultiis the loss of insulation life. Aging of theinefd
paper insulation is based on temperature, moistumeent, and oxygen content over time. Modern oil
preservation systems minimize the impact of moésturd oxygen on insulation life. Therefore, aging
studies of transformers use the hottest-spot wiptrature to determine transformer life. [3]

The term “transformer life” is assumed to meanitiselation life of the transformer, not the total
operational life. “Loss-of-life” is assumed to mdass of the total insulation life of the transfam

For 65° C rise transformer operate at the maximemperature, th&uide for Loadinguses 65,000
hours (7.4 years) as normal life expectancy, bases0% retained

mechanical strength of the insulation. Theide for Loadinglso states that 180,000 hours (20.6 years)
is also a reasonable value for a normal life exgrest. This means, practically, that the transforoaer
be operated at full load for 65,000 hours overttital operational life of the transformer before th
mechanical strength of the insulation is reducetiddf; increasing the likelihood of failure durisgort
circuits. The relationship between oil temperaamd transformer life expectancy is given by the
accelerating aging factor, FAA. FAA for 65° C rise

transformers is defined as:

"15.000  15.000 }

| 383 @4+273 .
Fyq=¢e" B per unit,

Where®H is the hottest-spot temperature (°C)

The FAA is a multiplier for the rate of transfornaaging, and is greater than 1 when the

hottest-spot temperature exceeds the 30° C anmdesign temperature limit of 110° C. This factor
adjusts the normal life expectancy of the trans@arfar over-temperatures. For a transformer opdrate
continuously at a specific temperature, the aditfgaéxpectancy is the normal life expectancy dadd

by the accelerating aging factor FAA.
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Chapter 7
7 TRANSFORMER WINDINGS

7.1 Winding Construction

Coils are wound on a laminated silicon steel cdneclvprovides a path for the magnetic flux. Thdscoi
comprise a number of turns of conductor, eithepeomr aluminum, wound as two

electrically separate windings, called the primaityding and the secondary winding. The primary
winding is connected to the source of voltage wiikesecondary winding is connected to the loa@. Th
ratio of primary to secondary turns is the samenasequired ratio of primary to secondary voltages
Windings must be designed to ensure short circtiitstand capability, uniform surge voltage
distribution and effective heat dissipation whick eritical to transformer reliability.

L VAVAYY

E, ‘
{
|

Fig.7.1 Active Part of a 145 kV, 110 MVA generati@nsformer with off-circuit tap changers for
alternative rated HV voltages and on-load tap chafg voltage regulation,Courte€anz
Transelektro Bulgaria

The high voltage and low voltage windings are awrcséd using (copper, aluminum) conductors. The
conductors shall be insulated with a 220°C insofatiTransformer windings, insulation class 1.2 kV
(600v) and below, shall be wound using foil or sfeemductors. A sheet wound coil allows free
current distribution within the axial width of tltenductor/coil to essentially eliminate axail fagsce
under short circuit.

windings, insulation class 2.5 kV (2400v) and ahakall be wound using wire conductors. The high
voltage winding shall be wound over the low voltageding with sufficient mechanical bracing to
prevent movement during fault conditions and sigfit solid Class 220°C insulation to isolate thghhi
voltage winding dielectric potential from the lowltage windings.

Layer winding

For low voltage, i.e. less than 10 KV class windinthe winding technique used almost exclusively is
the layer winding technique, also sometimes cdildital winding or barrel winding. In this technique,
the turns required for the winding are wound in onenore concentric layers connected in seriey wit
the turns of each layer being wound side by sidegathe axial length of the coil until the layeifud.
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The conductors of the winding are insulated anbeteveen turns there will be a minimum of two
thicknesses of insulation. Between each pair adrigyhere will be layers of insulation material /@nd
an air duct.

Fig.7.2 Layer or helical winding

Low voltage windings will generally be wound topltattom, bottom to top etc. using a continuous
conductor, until all layers are complete. High agk windings, i.e. above 600 Volt class, may be
wound in the same way, provided the voltage betviagars is not too great. To reduce the voltage
stress between layers, high voltage windings aemafound in only one direction, for

example, top to bottom. When the first layer of difrg is complete, the winding conductor is laid
across the completed layer from bottom to top &aed the next layer is wound, again from top to
bottom. In this way, the voltage stress betweearkis halved. The conductor must, of course, have
additional insulation where it crosses the windiogn bottom to top.

Disc winding

In the disc winding, the required number of turres\@ound in a number of horizontal discs paced
along the axial length of the coil. The conductousually rectangular in cross-section and thestara
wound in a radial direction, one on top of the ottee one turn per layer, until the required numdfe
turns per disc has been wound. The conductor srii@ved to the next disc

and the process repeated until all turns have Wweend. There is an air space, or duct,

between each pair of discs. The disc winding reguinsulation only on the conductor itself, no
additional insulation is required between layessinahe layer winding.

Fig.7.3 Disc winding

The disc wound high voltage winding is usually wdum two halves, in order that the required voltage
adjustment taps may be positioned at the electraratler of the winding. In this way the magnetic, o
effective length of the winding is maintained, gpective of which tap is used, and

therefore the magnetic balance between primarysandndary windings is always close to its
optimum. This is essential to maintain the showtuit strength of the winding, and reduces thelaxia
electromagnetic forces which arise when the winslisuge not perfectly balanced.
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Characteristics of Layer wound coils

A layer wound coil requires insulation between tay@ addition to the conductor insulation. The
thickness of insulation required will depend uploe Yoltage stress between layers, and comprises one
or more thicknesses of the appropriate insulatiatenal. In practice, due to the nature of the
construction of a layer wound coil, the finished eoll have

several unavoidable small air pockets between tamdsbetween layers. Many of these air pockets will
become filled with resin during vacuum pressurerggpation of the coil. However, it sometimes
happens that some air pockets remain and it lsgset air pockets that partial discharges can occur,
greatly increasing the possibility of prematurenggdf the insulation and

eventual failure. Catastrophic failure can occuhimi a few months of energization.

Under short circuit conditions, the electromagnftices developed cause transformer windings to
attempt to telescope. At the same time the coill®acking is trying to prevent movement. The

result is often that the turns of the winding hawendency to slip over one another, causing

turn-to turn failure, due to abrasion of the insolaas the turns rub together.

Characteristics of Disc wound coils

The major advantage of the disc wound coil liegsropen construction and relative lack

of insulation. For a 15kV class transformer empigya disc wound primary winding, the number of
discs will typically be in the range 36 to 48, riéisig in a relatively low voltage per disc. Sincech

disc is separated from the next by an air spaeeydttage stress between discs can easily be tthhyle
the combination of conductor insulation and air additional insulation

being necessary. Each disc comprises a numberndf with each turn occupying one layer, i.e. one
turn per layer: the voltage stress between layetisarefore the same as the voltage stress betweaen
and again, can easily be handled by the condutsatation. The turns of each disc, being wound
tightly together provide almost no possibility af pockets being present

within the disc.

Unlike the layer wound coil, the disc wound coibyides good impulse voltage distribution, due $o it
inherently low value of ground capacitance and Ilsighies capacitance. The disc wound coil also
displays excellent short circuit strength. Eacle thg itself is mechanically very strong and the
complete assembly of discs are held very secungiyaice. While the electromagnetic forces
resulting from a short circuit result in a tenderfoy the windings to telescope, the high voltagas
usually remain intact relative to each other. ladfehe complete disc has a tendency to dist@has
assembly, with all the turns distorting by the sammunt. The transformer can often continue to
function, despite the distortion, until a convenigme arises for repair.

7.2 Insulation and drying system

The turns of conductor forming the primary and selesy windings must be insulated from one
another, while the primary winding must be insulldtem the secondary winding and both the primary
and secondary windings must be insulated from gito@ihe insulation of turns and windings is
collectively called the insulation system of thanisformer.

The insulation system must be designed to withstiaaeffects of lightning strikes and switching
surges to which the transformer is subjected, ditixh to the normal operating voltages. A further
requirement of the insulation system is that it mwghstand the environmental conditions to which

is exposed, such as moisture, dust etc. A varigigobiniques and materials are employed to achieve
the necessary performance characteristics of theation system.
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For dry transformers epoxy resin reinforced wildisg fibre is used as an insulation for the winsling
The internal insulation system is based on puresralroil, and cellulose in the form of paper,
pressboard, and sometimes selected natural wood.

An oil barrier system is used as the main insutatiedium and moulded angle rings for end insulation
Major oil gaps between the windings and earthets@ae divided into thin oil layers by means of
press board barrier cylinders enabling uniformrmiyyand PD (Partial Discharge) free insulation eaen
high electric stresses. Pre-compressed press bpacgrs and moulded end-barriers used in the active
part provide a rigid insulation structure with 16 levels.

Moisture content in insulating materials of windimgsembly is removed by application of heat and
vacuum in a separate drying oven (Winding Autocldefore windings are individually pressed in

a hydraulic press. As the active part can absoristare during the assembly process a final drying
process is carried out in a completely automatedwaphase drying (VPD) plant. This ensures
thorough and uniform drying resulting in a cleaw any core coil assembly (active part) which ensure
long transformer life.

Cellulose insulation is used in most power tramafens. Paper-oil insulation is also usenbination

of oil and fibrous cellulose materials has domidates technology of power transformer insulation
since electrification began

Cellulose material

The cellulose material parts in modern transforraeeshin paper tape for paper lap covering of the
conductor, solid pressboard in the form of strgmgcers, large cylinders and moulded collars, antes
structural massive pressboard supports for windamgsconnecting cables inside the tank.

The raw material for both paper and pressboarthis fpom subarctic forests. The paper

and board materials are made by the sulphate [gecesare unbleached.

Textile wrapping and impregnation varnishes for hagtcal stabilization of coils are for the same
reason not used today. Selected natural wood @sfosdess critical mechanical support structueeg,
paper-covered connecting cables.

Pressboard

Precompressed boards are made as large sheetsaréh@ympressed and dried under heat in a
hydraulic press from a soaking wet condition td dinyness. The maximum dry thickness is about 8
mm. It is a mechanically tough material that camaehined with sharp wood-working tools. Heavy
blocks for structural parts are machined from boitlat are glued together from several sheets of
precompressed material.

A softer pressboard variant is used to mould paitts complex geometries. The material is soaked, an
will then be dried under compression on mouldinglraks or between metal tools to form angle collars
or snouts of various specified shapes.

Vacuum Pressure Encapsulation Process

The completed core and coil assembly is to be driedmospheric pressure in an oven through which
hot air is continuously circulated. The assemslthien to be vacuum pressure encapsulated via a
multi-cycle process. This process requires thds ceceive a minimum of four (4) cycles and theecor
and clamping structure receive a minimum of twodigles in silicone varnish. The varnish shall be
applied in consistent coatings to give a unifornelshof silicone varnish. The VPE process shall
effectively encapsulate the entire core and caiéably that results in a unit which is virtually
impermeable to moisture, dust, dirt, salt air atiteoindustrial contaminants.

Transformer oil
Transformer oil is usually a highly-refined mineadlthat is stable at high temperatures and has
excellent electrical insulating properties. It &d in oil-filled transformers, some types of higitage
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capacitors, fluorescent lamp ballasts, and somestgp high voltage switches and circuit breakeis. |
functions are to insulate, suppress corona andgrand to serve as a coolant.

The oil cools the transformer, and provides pathefelectrical insulation between internal livetpalt
has to be stable at high temperatures so that th simoet or arc will not cause a breakdown or fife.
improve cooling of large power transformers, thditbed tank may have radiators through which the
oil circulates by natural convection.

Prior to about 1970, polychlorinated biphenyl (P@BJs often used as a dielectric fluid since it wais
flammable. However, under incomplete combustionrB&€an form highly toxic products, Furans, etc.
Due to the stability of PCB and its environmentadianulation, it has not being used in new equipment
since late 1960's . Today, nontoxic, stable sikcbased or fluorinated hydrocarbons may be used,
where the added expense of a fire-resistant ligfigeets additional building cost for a transformer

vault. Other less-flammable fluids such as candlmay be used, but all fire resistant fluids have
various drawbacks in performance, cost, or toxictignpared with mineral oil.

7.3 Transformer Impedance

Impedance of the transformers has a material effectystem stability, short-circuit currents, and
transmission line regulation, and it is usuallyigdsle to keep the impedance at the lower limit of
normal impedance design values. Table 7.1 illtestrthe range of values available in a normal two-
winding transformer design (values shown are fod@&ansformers witt13.8-kV low voltage).

Table 7.1
Nominal | Winding BIL Typical Impedance Imped%nce at Equiv.
System KV KV _ values . . .55 C KVA
Minimum Maximum| Minimum| Maximum
15 110 5.0 7.5 8.34 12.5
25 150 5.0 75 8.34 12.5
345 200 5.25 8.0 8.75 14.33
46 250 5.60 8.4 9.34 14.0
69 350 6.1 9.15 10.17 15.25
115 450 5.9 8.85 9.84 14.75
138 550 6.4 9.6 10.67 16.0
161 650 6.9 10.35 11.50 17.25
230 825 75 11.25 12.5 18.75
500 1425 10.95 15.6 18.25 26.0

Impedances within the limits shown are furnishedaincrease in transformer cost.

Transformers can be furnished with lower or higredues of impedance at an increase in cost. The
approximate effect of higher- or lower-than-norimapedances on the cost of transformers is given in
Table 7.2.

The value of transformer impedance should be oted giving consideration to impacts on selection
of the interrupting capacities of station brealeerd on the ability of the generators to aid in fatjug
transmission line voltage.
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Table 7.2

coneo | NCESER

IMPEDANCE X COST
1.45-1.41 3%
1.40-1.36 2%
1.35-1.31 1%
0.90-0.86 2%
0.85-0.81 4%
0.80-0.76 6%

Transformer impedances should be selected bassgstem and plant fault study results.
Impedances shown are subject to a tolerance sfgulminus
In making comparisons or specifying the value gbéaance of transformers, care should be taken to
place all transformers on a common basis. Impedahaeransformer is a direct function of its ratin
and when a transformer has more than one diffeatintg, it has a different impedance for each tatin
For example, to obtain the impedance of a forcea@oled transformer at the forced-air-cooled @tin
when the impedance at its self-cooled rating iemjivt is necessary to multiply the impedancelier t
self-cooled rating by the ratio of the forced-ameled rating to the self-cooled rating.

7.4 Insulation system

The dielectric tests of the transformer beforewéel are entirely directed to verify the internal
insulation system. The external insulation of theHings is covered by separate component tests.

Impulse tests

The tests normally include impulse testing on #reinals, where a steep-fronted impulse waveshape
simulates a lightning stroke close to a transformeservice. For very high voltage transformers

an additional impulse test is applied, using a wehape with longer duration and lower amplitude,

but larger energy content. The impulse tests am@tored with oscillographs or equivalent

transient recorders. This analysis is quite intedaut gives reliable information on any possible
disturbances in the transformer.

Separate source voltage test

The correct assembly of the transformer is veriffedugh tests using AC overvoltage. The separate
source voltage test is a test in which the whole winding is brought up to the same AC potential
by connecting one of its terminals to a test tramsér.(With certain windings having "non-uniform
insulation” and a neutral terminal intended foredirearthing this test is not applicable directly.)

Induced voltage test

For the induced voltage test the transformer isieoted for normal operation, and the transformer
is tested at an elevated power frequency to awedexcitation of the core. The test is run

either with a high voltage during less than a nenot with a more moderate voltage during a
longer application time with simultaneous obsemabf any possible partial discharge phenomena
in the transformer. This test method is a relayivetent quality control addition to enhance

the assessment of the transformer’s insulatioresyst
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IR testing. The IR of each winding should be measured usimggohmmeter in accordance with
Sections 10.9 through 10.9.4 of the ANSI/IEEE C3AR1-1979 Standard, Test Code for Dry-Type
Distribution and Power Transformers. The transforaieuld be deenergized and electrically isolated
with all terminals of each winding shorted togethidre windings not being tested should be grounded.
The megohmmeter should be applied between eachngiadd ground (high voltage to ground and
low voltage to ground) and between each set of wal(high voltage to low voltage). The megohm
values along with the description of the instrumenttage level, humidity, and temperature showd b
recorded for future reference.

The minimum megohm value for a winding should bé @es the rated voltage of the winding
divided by 1000. For example, a winding rated aPkg would have a minimum acceptable value of
2640 megohms ([13,200V x 200] / 1000). If previgusicorded readings taken under similar
conditions are more than 50% higher, you shoule:llag transformer thoroughly inspected, with
acceptance tests performed before reenergizing.

7.5 Megger details and Usage.

The megger is a portable instrument used to mea&ssukation resistance. The megger consists of a
hand-driven DC generator and a direct reading otatemA simplified circuit diagram of the
instrument is shown in Figure 1.

The moving element of the ohm meter consists ofdeits, A and B, which are rigidly mounted to a
pivoted central shaft and are free to rotate ov@rshaped core (C on Figure 1). These coils are
connected by means of flexible leads. The moviegieht may point in any meter position when the
generator is not in operation.

As current provided by the hand-driven generatawdl through Coil B, the coil will tend to set itsat
right angles to the field of the permanent magWéth the test terminals open, giving an infinite
resistance, no current flows in Coil A. Therebyjl®owill govern the motion of the rotating element
causing it to move to the extreme counter-clockwiggtion, which is marked as infinite resistance.

J R @ Infinite
Earth B |+
Scale _
Line r ’

ko

Zero Hand| Generator

2

R

Ohm Meter

Guard
Figure.7.4 Meg details

Cail A is wound in a manner to produce a clockwi@gue on the moving element. With the terminals
marked "line" and "earth" shorted, giving a zersis&nce, the current flow through the Coil A is
sufficient to produce enough torque to overcomedhgue of Coil B. The pointer then moves to the
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extreme clockwise position, which is marked as zesistance. Resistance (RI) will protect Coil A
from excessive current flow in this condition.

When an unknown resistance is connected acrogeshterminals, line and earth, the opposing taeque
of Coils A and B balance each other so that theeingent pointer comes to rest at some point on the
scale. The scale is calibrated such that the pailitectly indicates the value of resistance being
measured.

Insulation resistance measured with the transfocoler is greater than when measured with it hot and
is also greater out of oil than when immersed in Bherefore, in order to determine the conditén

the insulation, all of the measured values musedeaced to a fixed set of conditions. The refeeenc
conditions are a temperature of 20deg C and wattrdmsformer filled with dry transformer oil in agb
condition. For these conditions the minimum

satisfactory insulation resistance correspondingdoh normal line to line voltage class is given.
Corrected measured values lower than those showiabie 1 indicate that that transformer should be
dried before energizing.

The measured insulation resistance at the transfor@mperature is corrected t®@0by multiplying

the measured value by the correction factor coomding to the transformer temperature (Figurel®).
the insulation resistance is measured with thesfoamer out of oil the measured values should fiest
divided by 20 and then corrected for temperatlires desirable to have the temperature of the
transformer between +40 and OC to keep from making large corrections

Table 7.3 Guide for Minimum Insulation resistanceil at 30 deg C

Voltage class KV MegaOhmg Voltage class KV MegaOhms

1.2 35 92 2500
2.5 70 115 3150
5 135 135 3750
9 250 160 4350
15 400 196 5400
25 700 230 6300
35 950 287 7800
46 1250 345 9500
69 1900

METHOD OF MEASUREMENT USING MEGGER

The best method to measure insulation resistarfmeasmegger. This instrument is very convenient t
use and indicates the megohm resistance direttyget uniform results, measurements of insulation
resistance with the megger type of instrument ghfallow a regular procedure

The recommended practice in measuring insulatisistance is to always ground the tank and the core
iron or be sure they are grounded. Short-circaithewinding of the transformer at the bushing
terminals. Resistance measurements are then nededn each winding and all other windings
grounded.

Windings are never left floating for insulation istance measurements. Solidly grounded winding
must have the ground removed in order to measeré@8ulation resistance of the winding grounded.
If the ground cannot be removed, as in the casomfe windings with solidly grounded neutrals, the
insulation resistance of the winding cannot be miests Treat it as part of the grounded sectiothef
circuit.

For example, in the case of a three-winding transés, the high-voltage, tertiary-voltage, and low-
voltage windings are each short-circuited by cotingctheir terminals together. The high-voltage
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winding insulation resistance is measured by cotimgdhe high voltage terminals to the line or
resistance terminal of the megger.

The low-voltage and tertiary-voltage windings aoarected together and to the ground terminal of the
megger. The guard terminal of the megger, if terument has a guard terminal, is not used but lef
floating.

The resistance measured is commonly designated-thEG resistance. Likewise, the other windings
are measured and the measurements called T-HLG-&UG resistances. Two-winding transformer
would have only two resistances, H-LG and L-HG.

The instrument used to measure the resistancecshauk a voltage output of at least 500 volts. The
maximum insulation resistance to be measured naulds than the megohym rating of the instrument.
Resistance readings at the extreme upper end oi#teiment scale are not reliable. Where this
condition exists, an instrument capable of meaguenhigher resistance should not be used. The
measuring lead should be air insulated from akiothads and from the ground and grounded objacts i
order to prevent misleading results due to meaguconductor insulation resistance instead of the
insulation resistance.

The megger type of instrument may be motor dritvemd-cranked or supplied by a rectifier instrument
is used, the insulation resistance indicated byitls&#ument should be recorded approximately one
minute after the voltage from the instrument isligpto the transformer. In other words, the vgp#ta
from the instrument should be applied for one nerhéfore recording the resistance value.

With a hand-cranked instrument, the time intenfdrastarting to crank the instrument until recogli
the resistance value indicated should both bethess 30 seconds and preferably should be one minute
This reduction in time is due to the difficulty afanking a megger continuously for one minute.

In any case, the time interval during which thetagé is applied should be consistent throughout the
tests and should be recorded with the insulatisrsta@nce values. All measurements should be made
with the same procedure to avoid errors and tamlotamparative results.

7.6 Transformer Oil

The majority of power transformers in operationapdre filled with mineral oil. The primary functio
of the ail is to provide a high dielectric insutagimaterial and an efficient coolant. It is a byghrct
obtained by crude oil refining to fuels such asgeir diesel mixed with additives to give a suleab
chemical substance which is called a mineral insganil.

DESCRIPTION

Transformer Qil is a high quality electrical indirg oil. It is manufactured using specially sebett
base stocks to help provide protection againstatiad and sludge formation. Careful processing and
handling ensure that the oil is stable and fremaikr and other contaminants and remains so until i
reaches the user.

Transformer Oil is recommended for use as an &etinsulating oil in applications such as
transformers, oil immersed switchgear, circuit kega, oil filled capacitors, tap changers, eleatric
enclosures and fuses, where an oil meeting the@lisst Standard, British Standards Institution,
International Electro technical Commission or otb@mparable specification is required by the
equipment manufacturer or user.

It should not be used where safety consideratiegsire the use of non-flammable insulating oil

Dissolved Gas Analysis (DGA)
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When the insulation of an oil-filled transformertelgorates, it generates a number of gases from the
decomposition of insulation. These gases dissoltke transformer oil.

The DGA is a laboratory test to analyse the typebguantities of dissolved gases from oil samples
taken from transformers.

The DGA tests are carried out by qualified chemastccredited laboratory , according to ASTM
D3612.

Nine types of dissolved gases in the mineral tansér oil sample are being analyzed as per the
Standards' requirements.

7.7 Transformer Oil Quality Tests

The following Oil Quality Tests are performed teeck is the conditions of transformer oils. Thestste
are carried out by qualified chemists at accredaedratories.

Dielectric Breakdown Voltage Test (IEC 60156)

This test determines if the transformer oil hasjadée insulating strength. Low insulating strengfth
oil can lead to transformer failure.

Water Content Test (IEC 60814)

This test determines the water content in the atgig oil based on the Karl Fisher method. The
presence of water can adversely affect the diétestirengths of the insulating oil.

Acidity Test (IEC 60296)

This test measures the acids content of the od.Athld-up of acidic compounds cause the formadion
sludge in the transformer. Sludge has an advefset @h the cooling ability of the insulating dilatt

can lead to transformer overheating.

Corrosive Sulphur Test (ISO 5662)
This test detects the presence of corrosive suliphtre insulating oil. Sulphur can cause corrogmn
the winding insulation and conductor of transformer

From the quantity and type of each gas detectagineers can determine if the transformer has partia
discharge, thermal fault or arcing problem.

SIGNIFICANCE OF TESTS
The following comments and interpretations, basett@h technical understanding as well as
empirical knowledge, emphasize those propertieshwaie functionally important to transformer oils:

Aniline Point : The aniline point is the tempera&tiat which a mixture of aniline and oil separalies.
provides a rough indication of the total aromatintent, and relates to the solvency of the oil for
materials which are in contact with the oil. Thevéo the aniline point, the greater the solvencgatff

Carbon Type Composition : The carbon type compmsitharacterizes an insulating oil in terms of the
percentage of aromatic, naphthenic, and paraftiaibons. It can be used to detect changes in oil
composition and to relate certain phenomena that haen demonstrated to be related to oil
composition.
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Color : The color of a new oil is generally accepss an index of the degree of refinement it igadé
yellow for new oil. For oils in service, an increggor high color number is an indication of
contamination, deterioration, or both.

Corrosive Sulfur : This test detects the presefobjectionable quantities of elemental and thelynal
unstable sulfur-bearing compounds in an oil. Whesent, these compounds can cause corrosion of
certain transformer metals such as copper and silve

Dielectric Breakdown : The dielectric breakdowithis minimum voltage at which electrical flashover
occurs in an oil. It is a measure of the abilityaofoil to withstand electrical stress at poweqtiencies
without failure. A low value for the dielectric-takdown voltage generally serves to indicate the
presence of contaminants such as water, dirt,h@r aonducting particles in the oil.

Water Content : A low water content is necessanbtain and maintain acceptable electrical strength
and low dielectric losses in insulation systems.

Flash Point : The flash point is the minimum tenapare at which heated oil gives off sufficient vapo
to form a flammable mixture with air. It is an idtor of the volatility of the oil.

Furanic Compounds : Furanic compounds are geneaatbgproducts of the degradation of cellulosic
materials such as insulating paper, pressboardwand. These compounds serve as indicators of
insulation degradations. Because they are dissatvéte oil, furanic compounds can readily be
sampled and tested by high performance liquid chtography (HPLC). No significant quantity should
be detected in new ails.

Impulse Breakdown Voltage : The impulse breakdowltage is the voltage at which electrical
flashover occurs in an oil under impulse conditidhsdicates the ability of an oil to resist te@nt
voltage stresses such as those caused by nednbyinig strokes and high-voltage switching surges.
The results are dependent on electrode geomeagingp and polarity.

Interfacial Tension : The interfacial tension ofa@his the force in dynes per centimeter requiced
rupture the oil film existing at an oil-water inf@ce. When certain contaminants such as soapgspain
varnishes, and oxidation products are presentamilhthe film strength of the oil is weakenedjgh
requiring less force to rupture. For oils in seeyia decreasing value indicates the accumulation of
contaminants, oxidation products, or both. It r@cursor of objectionable oxidation products which
may attack the insulation and interfere with theliom of transformer windings.

Neutralization Number : The neutralization numbearooil is a measure of the amount of acidic or
alkaline materials present. As oils age in servive acidity and therefore the neutralization numbe
increases. A used oil having a high neutralizatiomber indicates that the oil is either oxidized or
contaminated with materials such as varnish, pamther foreign matter. (A basic neutralization
number results from an alkaline contaminant indig

Pour Point : The pour point is the lowest temperati which oil will just flow. A low pour point is
important, particularly in cold climates, to enstivat the oil will circulate and serve its purpesean
insulating and cooling medium. It may be usefulittentifying the type (naphthenic, paraffinic) dlso

Power Factor : The power factor of an insulatingsoihe cosine of the phase angle between a
sinusoidal potential applied to the oil and theutt@sg current. Power factor indicates the dieliedivss
of an oil; thus the dielectric heating. A high poviactor is an indication of the presence of
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contamination or deterioration products such astae, carbon or other conducting matter, metal
soaps and products of oxidation.

Specific Gravity : The specific gravity of an aslthe ratio of the weights of equal volumes ofwoit
water determined under specified conditions. Imegrely cold climates, specific gravity has beerduse
to determine whether ice, resulting from the fregzof water in oil-filled apparatus, will float dhe oil
and possibly result in flashover of conductors edieg above the oil level. The specific gravity of
mineral oil influences the heat transfer ratess @ildifferent specific gravity may not readily mithen
added to each other and precautions should be tal@rsure mixing.

Oxidation Inhibitor Content : These tests provideethod for the quantitative determination of the
amount of oxidation inhibitor (2,6-ditertiary butghracresol or 2,6 ditertiary phenol) present in an
inhibited oil. Control of the inhibitor content@s important factor in maintaining long service Idf
inhibited insulating oils.

Oxidation Stability (acid/sludge) : The acid/sludgst is a method of assessing the oxidation eesist

of an oil by determining the amount of acid/sluggeducts formed when tested under certain
prescribed conditions. Oils which meet or exceedrédguirements tend to preserve insulation system
life and ensure acceptable heat transfer. Thertagtalso be used to check the performance coneisten
of this characteristic of production oils.

Gassing Under Electrical Stress : The gassing teryds defined as the rate of gas evolved or alesbrb
by an insulating oil when subjected to electri¢gedss of sufficient intensity to cause ionizatibhe
characteristic is positive if gas is evolved andative if gas is absorbed.

Polychlorinated Biphenyls : Regulations prohibitthg commercial distribution of polychlorinated
biphenyls (PCBs) mandate that insulating oils kengred for PCB contamination levels to assure that
new products do not contain detectable amounts.

Viscosity : Viscosity is the resistance of oil tovt under specified conditions. The viscosity dfused
as a coolant influences heat transfer rates anseqomently the temperature rise of an apparatus. The
viscosity of an oil also influences the speed of/img parts in tap changers and circuit breakerghHi
viscosity oils are less desirable, especially ild eimates.

Fig.7.5 Showing the effect of different gases onansformer life
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7.8 Gas analysis of transformer
Table 7.4
Type Of Gas Caused By
CARBON MONOXIDE, CO IAGEING

CARBON DIOXIDE, CO2

HYDROGEN, H2 ELECTRIC ARCS
ACETYLENE, C2H2

ETHANE, H6 LOCAL OVERHEATING
ETHENE, ZE4

PROPANE, 3E16

HYDROGEN, H2
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| METHANE, CH |CORONA |
Oxidation
The oxidation of transformer oil begins as soothadransformer is energized. A chemical reaction
occurs when the oil is exposed to a combinatidmeaft, oxygen, and core and coil components. As the
process of oxidation progresses, acids and pofapoands are formed and in turn become sludge. This
sludge will then coat heat transfer surfaces orctine/coil and the tank/radiators, reducing the hea
transfer capacity of the system. The operatiomaptratures are increased, thus accelerating the
degradation of the oil.
Oil Which Is In The Initial Stages Of OxidizatioRprming Acids And Polar Compounds. Some sludge
deposits will be found in a small percentage dof wilthis initial stage of oxidization (Acidity leis
<.20mg KOH/g ail).
Oil Which Has Advanced In The Oxidization ProcessThe Point Where Sludge Deposits Have Been
Formed. This precipitating sludge coats all sudamfethe transformers tank and radiator walls, el$ w
as the core and coil oil ways. In so doing, heatsfer is reduced causing the transformer to opeitat
higher than normal temperatures, which in turn dpeg the oxidation process (Acidity levels of
.20mg KOHy/g oil or greater).
Moisture
Through Absorption From The Atmosphere Above Thel@ilel. Many transformer tanks are
designed to seal the transformer from the outdit@sphere; however, top side leaks may develop that
allow normal temperature changes to cause breattWith each new inhalation comes more moisture
to be potentially dissolved in the oil. Units desg as free breathing also can experience a bpilaf-u
dissolved moisture. In extreme cases, top covéssleamy be present which can allow rain to enter int
the unit directly.
Condensation Inside Transformers. The moistumatisduced by exposure to the atmosphere above the
oil level. Sudden temperature changes can condbasaoisture allowing it to run down the tank walls
into the oil. There it will dissolve slowly.
Oxidation Of Oil And Paper Insulation. Since oildgpaper are organic compounds containing
hydrogen, gradual oxidation will allow the formatiof moisture. This can account for a major portion
of the moisture in badly deteriorated oils.
oil is deteriorated beyond an acidity level of .@5KOH/g oil then moisture becomes a problem
Units with primary voltages above 15Kv should hdisdectric readings of 30Kv or above and moisture
contents below 25ppm.
Dielectric reading of less than 25Kv, and moisoetents above 30ppm signal the need for hot oil
treatment

Hot Oil Treatment

By heating the oil to a maximum of 95 °C. Procegdiagins when the oil reaches a minimum of 65

°C. The heaters have the capability of 38°C tenipegaise at the rate of 600 to 1200 GPH. From the
heaters the oil enters the filteration chamberse Hilteration Earth removes sludge, acid andrpola
compounds from the oil. Next, the oil enters thewan degassing chamber. Vacuum is maintained at a
minimum of 70 cm. This part of the process remaliesolved moisture, air, and dissolved gases from
the oil enabling a unit to be processed even vérikrgized.
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Chapter 8
8 TRANSFORMER CONSERVATOR TANK

8.1 Function of the Conservator Tank

The conservator is an expansion vessel partlylfiléh oil and connected to the main transformekta
Its function is to ensure that the transformer tendompletely filled with oil at all times

The Conservator, or Expansion-Tank System, sealfutd from the atmosphere in the main tank by
using an auxiliary tank partially filled with trafesmer fluid and connected to the main tank by mgpi
The system allows the transformer tank to remdindespite expansion or contraction
of the fluid due to temperature changes.
The oil conservator is mounted above the transfotargk and rests on a suitable rigid holding frame
(or on a separate frame, in case of special regugsnerally, the conservator has several separated
sections. The largest section is for the thermphasgion of the transformer oil. In case of on It
changers there is an other section for the theemgadnsion of the oil in the hermetically sealed tap
changer compartment. Third section or a separaél sonservator is necessary if oil filled cablexés
are used. Each conservator section has adequataea@onsidering the connected total oil volume and
the temperature variation in service. The oil & thifferent
conservator sections cannot come into contactairgpace above the oil of each conservator serdion
connected through a pipeline to an air dryer wisamounted at a comfortable height for handlinge Th
air dryer ensures the breathing of the air
space above the oil level and controls the hugni@iyntetic or rubber bag conservators for airtight
sealing of the oil are also available. The end-toweéthe conservator are fixed by bolts. After
removing them the inner part of the conservatortean
cleaned. Each separated section of the conselggioovided with o magnetic type oil level indicato
The oail level related to 20 C is marked. An oil
J —— filling pipe with a valve is connected to the
ol Love conservator, a draining valve is located at the
lowest point. Buchholz relays are placed in the
connecting pipe between the conservator and the
tank and between the conservator and the oil
filled cable box, if it is used. Between the tap
changer and the conservator an oil flow detecting
protection relay is placed
Prior to assembling the conservator per
manufacturer's instructions, the bladder should be
checked carefully for any contamination or
defects, such as a rip in the air bag. Also, proper
operation of the oil level float should be verified

OLTC to
onservator

The breather is provided with the conservator
tank. The breather is typically a glass vessel
whose top outlet is connected to the conservator
ad bottom outlet is free to air. It is connected
vertically with the constervator tank.
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Fig.8.1 Conservator tank position

The breather has two chambers top chamber is fillddsilicagel and bottom chamber which is of
bowl type is filled with transformer oil. The aiagses through the breathers. The moisture present i
the air is absorbed by the silica gel. The drygais inside conservator tank when needed. Thermese
of moisture change colour of silica gel from blagink.

Conservators are so arranged that the lower peraaa sump in which any impurities entering the
conservator can collect. A valve/plug is fittedtss lowest point of the conservator for draining dhe
inside of the conservator should be cleaned eversyor three years. The oil level indicators shdugd
kept clean and Figure showing conservator andexions examined at regular intervals, and oil
should be added when the level indicated is low.

8.2 Buchholz Relay connection

Most faults in an oil filled Transformer are accanped by the generation of gas. By using a suitable
relay the formation of this gas can be used asraim@of a developing fault. Double element relays
can be used

for detecting minor or major faults. The alarm eéertnwill operate after a specified volume of gas ha
collected to give an alarm indication.

Examples of incipient faults are:

a. Broken-down core bolt insulation

b. Shorted laminations

c. Bad contacts

d. Overheating of part of the windings

The alarm element will also operate in the evemildeakage or if air enters the cooling system.

The trip element will be operated by an oil surgéhie event of more serious faults such as:

a. Earth faults

b. Winding short circuits

c¢. Puncture of bushings

d. Short circuits between phases

The trip element will also operate if a rapid lo®il occurs

MOUNTING POSITION

The relay should be mounted in the connecting bgieeen the transformer and the conservator tank.
This pipe should be as long and as straight asip@sand must be arranged to slope upwards, tawvard
the

conservator, at an angle within the limits of Jtdegrees to the horizontal.

There should be a straight run on the transforider &f the relay of at lease five times the intérna
diameter of the pipe, and at least three timesdiismeter on the conservator side.

CONSTRUCTION AND METHOD OF OPERATION
o ,

The relay consists of a lightweight container €itte
with two pivoted elements. It is situated in thpepi
To C_Ic_:oannskervatnr line
between the transformer and the conservator tank,
/ so that under normal conditions it is full of dihe
Terminal  OpPerating force relies upon the principle that when
Bex a body is immersed in a liquid it appears to lose
weight.
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Fig.8.2 Buchholz relay

Mercury Swithes

Mercury switches are employed of a special desigirévent mal-operation due to excessive
transformer vibration. A sample relay of this typses to be submitted to a continuous vibratory type
test. . The mercury switches test connected tsitbem detecting equipment and no mal-operations
should be recorded. The mercury switches are gphag mounted within the switch cylinders and
protected from possible damage. Alarm and tripudinmercury switches will make break and carry
continuously

2 Amps at 250 Volts A.C or D.C. They will also maded carry for 0.5 sec. 10 Amps at 250 Volts A.C.
or D.C.

PRINCIPAL OF OPERATION

The operating mechanism consists of a solid noraffireetylinder containing the mercury switch,
counterbalanced by a smaller solid metal cylinBeth cylinders are jointed and free to rotate
about the same axis, the amount of rotation bebmgyalled by stops. When the relay is empty of oil,
the

weight of the switch cylinder predominates andsvéch system rests against the bottom stop, the
mercury switch being in the closed circuit positigvhen the relay is full of oil, both cylinders agap
to lose weight. Due to the different densities, ¢hwéich cylinder appears to lose enough weight to
enable the weight of the counterbalance cylindgréalominate and rotate the whole system until it
reaches the top stop, with the mercury switch édpen position.

“ALARM” OPERATION

When a slight or incipient fault occurs within ttiansformer, the gas generated will collect intthe
of the relay housing. As gas collects, the oil levidl fall and increasing amounts of the alarm ®iui
will appear above the oil level. This results imdpal restoration of the apparent lost weight,| tinéi
weight of the switch cylinder predominates. Theraat rotates as the oil level continues to fall and
eventually the alarm switch operates.

TRIP OPERATION

When a serious fault occurs, the generation oft®eis so rapid that an oil surge is set up thraligh
relay. This oil flow will impinge upon the flap fed to the trip element causing it to rotate alsuaxis
and so bring the mercury switch to the closed fsitvhich in turn operates the tripping devices.
In the event of serious oil loss from the transfernboth alarm and trip elements operate in turthe
manner previously described for gas collection. dihéevel in the double element relay can be
monitored

against a graduated scale on the windows both.sides

SINGLE ELEMENT AND TAP-CHANGER TYPES

Single element type relays are available for 1’etgire, designated 1 SE, which operate
indiscriminately for Gas or Oil collection and angtable for small oil filled transformer, capacisnd
potential transformer protection. single elemetdays can also be used for Tap-Changer type
transformers which operate for a surge conditiologs of oil only and allow gas, normally produced
during tapchanging operations, to pass freely. sihgle element relay has only one operating element
and operates in a similar manner to that descffitretthe double element types

8.3 Transformer Breathers

Transformers in and out Page 113
MANSOOR



Transformer Breathers eliminate oil thickening aetkeriorating when air space above it expands and
contracts with climatic variations. Units are fillaith self-indicating, environmentally friendly
Silicagel adsorbent that changes color when ittreasaturation level. Exhausted cartridge can be
changed Transformer Breather Protects Oil and Reditaintenance

Transformer breathers, avoid the problem of od itonservator tank thickening and deterioratingrwhe
the air space above it expands and contracts Viitiatic variations.

breathers are filled with self-indicating Silicagelsorbent in a cartridge which should be chandemnw
the color of the gel changes to pink from blue.
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Chapter-9
9 THREE-PHASE TRANSFORMERS

9.1 Three Phase Connection

Single-phase transformers can be connected totfuree-phase transformer banks. Normally, three
nominally identical transformers (P, Q, and R)ased and connected symmetrically (some special
cases will be discussed later). The primaries anaected in deltaA() or in wye (Y), as are the
secondaries. The possible combinations at#&; A- Y, Y-A and Y —Y . The names come from the
appearance of the diagrams we use - see below-¥ or Y- A connection introduces a 30° phase
shift and aV/3 change in the voltage ratio as will be discussetktail. We will assume that the
individual transformers are ideal in the followisgctions.

Delta-Delta Connection

The terminal connections are shown in Fig 1 wheFég® helps us understand the phase relationships.
VAB and V12 are the voltages across the primarysgudndary of one of the three transformers (P).
They are in phase with each other and differ inmitade by the turns ratio of the transformer. The
same is true for the other two transformers.
The currents IP and IS (pri and sec currents osfamer P) are in phase with each other and differ
magnitude by the inverse turns ratio.

P

i pe=s===———
AC H, X, 4*1 |
H; X; | i
Q I |
T é_ 1 |
8o ] v ) -: three-phase :
H: X, ! load |
"R g | ]
¢ o He X o |
1 L
i X bommmmmeed
Fig. 9.1
W3
R — 1
‘JI
X, YY) X, 2
X msect)ndar\rofPo X,
£
%%5 g’ load
*
Q,
> &
Xy X2 3
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Fig.9.2

There are two sets of currents in a delta conrnectiee line currents, IL, which flow in and outtok
bank, and the currents which flow in the windingssife the delta) - these are called phase or delta
currents A. The line currents aré3 larger than the delta currents and are shiftgghase by 30° .

=3 2-30 1,

L I
Recall 3-phase circuits note -

Sample calculation

A A - A transformer bank drops the utility voltage of K38to 4160 V for a manufacturing plant.
The plant draws 21 MW at 86% lagging.

(a) The apparent power drawn by the plant is: B/RE/0.86 = 24.4 MVA

(b) The apparent power drawn by the transformek lmr24.4 MVA(TFB considered lossless)
(c) The current in the HV lines is: S8 x VLL) = 24.4 M/ (/3 x 138 k) = 102 A

(d) The current in the LV lines is: S& x VLL) = 24.4 M/ (/3 x 4160) = 3384 A

(e) The current in the windings of each TF is: |_H\I0243 = 58.9 A, |_LV = 3384/3 = 1954 A
(f) The load carried by each TF is: 24.4/3 = 8.18A/br using 4160 x 1954 or 138 k x 58.9

Delta-Wye Connection

The connection of the primaries is the same asdrptevious case (delta). The secondaries are
connected in wye which creates a common neutrak pband two sets of voltages, line-to-line ¥nd
line-to-neutral Wn. In this case, the primary voltage of transforfes a line-to-line voltage, and its
secondary voltage is line-to-neutral. When we dtedevoltage ratio of the transformer bank, we
compare L-L voltages, so the bank ratio'@slarger than the individual transformer ratiog] #mere is a
30° phase shift.

Vi =3 .30 Vi

. | pmmmme-e
AO H, X, O =y —]
] ]

—{H: Xo= ] ]

] ]

Q 2 | balanced |

BO Hy X, O —I three-phase :
—H, x.}4N : load :

1 1

R 3 1 1

CcCo H, X, O— _1 :
H: X3 — L ______ J

Fig.9.3 Delta-Wye Connection
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secondary of R

Fig.9.4A -Y Schematic and Voltage Phasors

Since the secondary and the primary voltages obaeytransformer are in phase, the bank output
voltage must lead the bank input voltage by 301s Thn be seen in the phasor diagram of Fig 4 by

comparing k& with Exss

Sample calculation3 1-phase step-up TFs rated at 40 MVA, 13.2 kV k8@re connected in _-Y and
connect a 13.2 kV transmission line to a 90 MVAdio&alculate:

(a) The load voltage: For one TF, VP is 13.2 kV,i¥80 kV (which is a L-N voltage)
For load or bank, VLOAD (L-L) =/3 x VL_N =3 x 80 k = 138 kV

(b) The currents in the TF windings: For one TE, 8 MVA / 3 = 30 MVA

lpria =S /Mwe=S/ML=30M/13.2k=2272 A

Issecy=S /Vwe=S/Mn=30M/80k=375A

(c) The line currents (LV and HV)ul =3 x 2272 = 3932 Afrom delta to line)

Inv =375 A(no adjustment in a wye)

Wye-Delta Connection

The reverse of the delta-wye connection, the bati& is _3 smaller than the individual
transformer ratios, and the bank output voltaget tagsthe bank input voltage by 30 _.

Wye-Wye Connection

As with the delta-delta connection, the bank regithe same as the individual transformer ratios,
and the bank output voltage is in phase with thklia@put voltage. The only extra possible
problem is that the neutral point may shift causingalance of the line-to-neutral voltages. This
can be caused by unbalanced loads (different loaértts in each of the three phases).

4-Wire Wye Connection
There are two solutions. Use a 4-wire system (gg€lP.6) and tie the neutral points together eifog
the line-to-neutral voltage to be balanced, or
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Primary Secondary

Fig.9.5 4-Wire Wye Connection
1
1
ﬁ:j |
H
Xy H

Fig 9.6  Primary Secondary

3-Wire Wye with Tertiary

add a tertiary winding connected in delta (see9).- forcing the voltages to sum to zero.

Calculations involving Three-phase Transformer Banls (6 assumptions)

1. We assume both primary and secondary windirgs@mnected in wye (even if they are not).
2. We consider one single-phase transformer ofatsssimed Y-Y bank.

3. We consider the primary voltage to be the lm@dutral voltage of the incoming line.

4. We consider the secondary voltage to be thettimeeutral voltage of the outgoing line.

5. We consider the nominal power rating to be driettof the bank rating.

6. We consider the load on this transformer torethird of the load on the bank.

Example 3-phase bank is rated at 1300 MVA, 24.5 kV / 345 K@ Hz, XL = 11.5 %.

This bank connects a 24.5 kV generator to a 345tkAhsmission grid

Determine the equivalent circuit and the generaterminal voltage when this

transformer delivers 810 MVA at 370 kV with a 90 gging power factor.

We use the per-unit method and work on the HVdfitlee bank using the six assumptions.
VBASE = 34543 = 199.2 kV, SBASE = 1300/3 = 433.3 MVA, ZT = 00:]L15 pu

SLOAD =810/ 3 =270 MVA SLOAD (PU) = SLOAD / SBAS= 270/ 433.3 = 0.6231 pu
VLOAD = 370 /N3 = 213.6 kV VLOAD (PU) = VLOAD / VBASE = 213.6 /9D.2 = 1.0723 pu

| (PU) = SLOAD (PU) / VLOAD (PU) = 0.6231/ 1.07230.5811 pu _ = cos0.90 = 25.84°

V GEN = VLOAD + IxZT =1.0723_0 + (0.5811L_-25.84) x (0.115_90)

=1.0723 +j0 + (0.0668 64.16) = 1.1014 +j 0.0601 = 1.103 p1B.12°

VGEN = VGEN (PU) xVBASE = 1.103 x 24.5 kV = 27.0¥ Kanswer is line-to-line on LV side)

Connections of terminals
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When you start making the connections betweenrémsformer's terminals and the incoming and
outgoing conductors, carefully follow the instracts given on the nameplate or on the connection
diagram. Check all of the tap jumpers for propeatmn and for tightness. Re-tighten all cable
retaining bolts after the first 30 days of serviBefore working on the connections make sure &itga
precautions have been taken. As appropriate, youldimake arrangements to adequately support the
incoming/outgoing connecting cables to ensurettiere is no mechanical stress imposed on
transformer bushings and connections. Such stoesd cause a bushing to crack or a connection to
fail.

Transformers are usually designed and built toideogood electrical connections using either copper
or aluminum cable. A protective plating or compotimat prevents surface oxidation on the aluminum
terminals is usually applied at the factory. Yoowd not remove this coating from tap and line
terminals. Also, when aluminum conductors are uga@, them a protective compound treatment at the
terminal as specified by the cable manufacturer.

One should follow the instructions provided by tlensformer manufacturer. Torque specifications are
sometimes listed on the hardware. After applyingppr torque, you should wait a minute or so, and
then re-tighten all bolts to the specified torque.

You should use commercially available, properhedizZUL-listed mechanical- or compression-type
lugs. These terminations should be attached toghkes as specified by the termination or cable
manufacturer. Such terminations are available fetentrical distributors. Do not install washers
between the terminal lugs and the termination fausab this will introduce an added impedance and
will cause heating and possible connection failure.

Some transformer manufacturers recommend thattble size be based on an ampacity level of 125%
of nameplate rating. When speaking to consultirgirezers on this topic, we've found that they
recommend the cable be sized for the transformartseplate rating. You take your choice; extra gafet
and extra cost or regular-sized cables. Whateeclibice, the cable insulation rating must be aatequ
for the installation. The cables you install mustdept as far away as possible from coils and top
blades.

9.2 Parallel operation of Power transformer

The need for operation of two or more transfornireqsarallel often arises due to:

1) Load growth, which exceeds the capactiy of astiexg transformer

2) Lack of space (height) for one large transformer

3) A measure of security (the probability of twartsformers failing at the same time
is very less)

4) The adoption of a standard size of transfortmeyughout an installation

Conditions necessary for parallel operation
The Polarity or phase sequence is the same
All paralleled units must be supplied from the sametwork.

The winding configurations (star, delta, zigzag)sththe several transformers
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have the same phase change(angle of displaceb&n®en primary and secondary voltages

The short-circuit impedances are equal, or diffelelss than 10%

Voltage differences between corresponding phases not exceed 0.4%

Transformers in parallel must be of equal voltdfthe voltages are not equal, the difference betwe
the voltages will result in a net voltage, whichi wause current to circulate on the closed nekwor
between the two transformers

The theoretically ideal conditions for parallelimgnsformers are:
1 Identical turn ratios and voltage ratings.
2 Equal percent impedances.

3 Equal ratios of resistanc to reactance.
4. Same polarity.

5 Same phase angle shift.

6. Same phase rotation

Single-Phase Transformers

For single-phase transformers, only the first foomditions apply, as there is no phase rotatigohasse
angle shift due to voltage transformation.

If the turns ratio are not same a circulating aurrell flow even at no load. If the percent impede

or the ratios of resistance to reactance are diftshere will be no circulating current at no Iphdt

the division of load between the transformers wéygplied will no longer be proportional to their KVA
ratings.

Three-Phase Transformers
The same conditions hold true for three phasefioemgrs except that in this case the question akph
rotation and phase angle shift must be considered.

Phase Angle Shift (Vector groups)

Certain transformer connections as the wye-deltayerzigzag produce a 30° shift between the line
voltages on the primary side and those on the slecgrside. Transformers with these connections
cannot be paralleled with other transformers neirttathis shift such as wye-wye, delta-delta, zggza
delta, or zigzag-zigzag.

Phase Rotation
Phase rotation refers to the order in which thmiteal voltages reach their maximum values. In
paralleling, those terminals whose voltage maximootsir simultaneously are paired.

Power Transformer Paralleling

In practice, good paralleling can be accomplisiléabugh the actual transformer conditions devigte
small percentages from the theoretical ones.

Paralleling is considered attainable when the peéacge impedances of two winding transformers are
within 7.5% of each other. For multi-winding angt@transformers, the generally accepted limit is
10%.

Power transformers of normal design the ratio sistance to reactance is generally sufficientlylsma
to make the requirement of equal ratios of nedkgiimportance in paralleling.

When it is desired to parallel transformers hawindely different impedances, reactors or auto-
transformers having the proper ratio should be .used reactor is used it is placed in series itk
transformer whose impedance is lower. It shouletmvalue sufficient to bring the total effective
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percent impedance of the transformer plus the oeagt to the value of the percent impedance of the
second transformer.

When an auto-transformer is used, the relativeeatisrsupplied by each transformer are determined by
the ratio of the two sections of the auto-transfrnirhe auto-transformer adds a voltage to the

voltage drop in the transformer with the lower ird@eces and subtracts a voltage from the voltage
drop in the transformer with the higher impedangeto-transformers for use in paralleling power
transformers are specially designed for each iasiath. The wiring diagram showing the method of
connecting the auto-transformer is usually furnishe

In general, transformers built to the same manufag specifications as indicated by the nameplate
may be operated in parallel.

Connecting transformers in parallel when the loWage tension is comparatively low requires care
that the corresponding connecting bars or condsittave approximately the same impedance. If they
do not, the currents will not divide properly.

Load Sharing :

The total power (kVA) available when two or moransformers of the same kVA rating are connected
in parallel, is equal to the sum of the individuatings, providing that the percentage impedancesla
equal and the voltage ratios are identical.

Transformers of unequal kVA ratings will share adgractically (but not exactly) in proportion to

their ratings, providing that the voltage ratios mentical and the percentage impedances (atdhair
kVA rating) are identical, or very nearly so. Irefie cases, a total of more than 90% of the suhreof t
two ratings is normally available. It is recommetdeat transformers, the kVA ratings of which diffe
by more than 2:1, should not be operated permaniengiarallel.

9.3 Vector Groups and Diagrams
Table 9.1
Code | Vector | /000 Diagram Circuit Configuration Secondary
No. group Star point
" v W1 gy w202 22 owp
0
DdO None
(Odeg)
1U1 W oW 202
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wode | vedor | vector Diagram Circuit Configuration Secondary
No. group Star point
11 V2 1U1 w1 1WA 202 2vz  2W2
10 %
Yyo load
' capacity
U1 w1 202 2W3
1 2 W1 qy1 w1 202 2v2 2W2
Dz0 A /_L j Full load
U1 Wi 2u2 202 capacity

W 212

Wt 1 W1
Full load
U W1

2?2 2uU2  2vz  2WZ

2101 v wd
V1
202
Yd5 )\ M None
5
: V2 '
1 W1 W2
(120 202 2v2
deg) i U v W
)\ 2
U1 V2 D Full
Yz5 1w load
202 2v2 2W2 capacity
Secondary
Code | Vector Vector Diagram Circuit Configuration Y -Star
No. group .
pant
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w1 V2 W1 4y 1wt
Dd6 A M None
1U1 W W2
202 2vz 202
U1
W1 U2 W2 w1 1WH
6 : 10 %
Load
Yye )\ Y Capacity
180
((je ) 11 1WA V2
9 202 2v2  2W]
v Ut v 1wt
02 2W2
T Full
Dz6 load
101 W1 capacity
A 2U2 2v2 2W2
Vi 202 2v2 2Wi
%310 Full
deg Dyl1 Load
capacity
lead
) 101 W
202 2v2 2W2
Yd1i1 )\ b M None
1
Secondary
Vector Vector Diagram Circuit Configuration Y -Star
group -
pant
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i 2 02 2v2 202
W1 v 1w
Full
Yz11 W2 load
m w2 capacity
9.4 Vector groups and parallel operation

The vector group marks the circuitry of windingsldheir phase position to each other. It consis o
capital and small letter plus a code number. Tipgaldetter refers to the input winding, the sniall
the output winding.

The upper voltage is marked by 1 in front, the undléage by a 2 in front, regardless of input or
output voltage. A 1 in back on the contrary, mahebeginning of a winding, a 2 in back the enchsTa
are marked 3 and 4 in back. The numbers correddegters U V W and distinguish the 3 phases.
The neutral point (star point) is always marked e most common vector groups are summarized
alongside, input

left-hand, output right-hand. Unless otherwise esfied, three-phase transformers are preferentially
delivered in star-star connection.

If on secondary side, in relation to the primadesihigher currents at smaller voltages are needed,
preferentially

Yd5/Yd11 is used because of the winding crossmes

The transformers of the same vector group can eeatgd in parallel by connecting terminals A,B,C
on the primary side with terminals a,b,c on thesdary side of the transformers through the
respective busbars.

However it is possible to use transformers of vegtoup (Code 0) in parallel with those in group
(Code 6) by suitable internal winding adjustment.

Paralleling operation through Tap changer

Transformers connected in parallel even thougleriical ratings will have some difference in
impedance leading to unequal load sharing and ltlgetieculating currents through the windings.

To minimize the unequal loads being shared the O@grichanger is used to change taps automatically
so that the voltage and hence the load on theftranar changes so that the transformers are equally
loaded.

Chapter-10
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10 TRANSFORMER PROTECTION

Power transformers are the most expensive singtaegits of HV transmission systems. transformers
represent the largest portion of capital investniretriansmission and distribution substations. In
addition, power transformer outages have a coraditiereconomic impact on the operation of an
electrical network

Therefore, it is the aim of Power Engineers toéase the reliability of transformer operation ,lsab
service life and decrease the transformer maintmeosts

Transformer are subjected to various types of stiatits currents, thermal and transient mechéanica
stresses which occur during switching operation@néhult hence they need to be isolated during suc
conditions to avoid insulation failure and abnorimedting of the windings

10.1 Types of protection

The following protection relays / equipment aredudepending on the size, importance and
construction (tap changer type) of the transformer.

HRC fuses

Overcurrent protection

Graded time lag overcurrent relay

Instantaneous earth fault protection

Restricted earth fault protection

Buchholz relay (Gas operated protection)
Differential protection

Over-flux protection

. Over-voltage protection

10. Under voltage protection

11. Surge protection (horn gaps and lightning arreytors
12. Under-frequency protection

CoNoUA~AWNE

The faults commonly occurring in power transforraes phase to earth , Phase to phase, inter turn
winding, overheating of winding due to overcurrents

In addition transformers are subjected to otheseawf failure due to core heating, insulation oil
breakdown, improper or insufficient cooling systéinculating oil), winding displacement due to
mechanical vibrations, low oil level

The transformer unit protection system (differeaould not operate for faults occurring outdide
transformer protection zone. The transformer oeefleelay is provided as a back up for faults beyond
transformer protected zone.

The following details of the transformer are reqdifor selecting the relays and protection scheme
1. KVA rating

2. Voltage ratio

3. type of connection (star-delta ,etc)

4. Dry (resin clad) or Oil filled

5. conservator used or not

6. percentage Impedance

7. Tap changer type

8. Cooling system

9. Neutral Earthing type (solid or through resistor

10. Connected load
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Protective system for distribution transformers :
Small transformers ( below 500 KVA) :H.V fuses firase-earth and phase-phase faults

Graded time lag relays are sometimes used for agslo
Above 500 KVA or important transformers :

1. Overcurrent relays

2. Instantaneous earth fault relays

For transformerspto 5 MVA rating

1. Overcurrent protection

2. Restricted earth fault relay

3. Buchholz relay Over-flux protection

For transformerabove 5 MVArating
1.0vercurrent protection

. Restricted earth fault relay

. Buchholz relay

. Over-flux protection

. Differential protection

. Sudden pressure relays

. winding temperature alarm

~NOoO O WN

Table 10.1

Type of Fault Protection device used

Overloads (thermal) Thermal overload relays

Temperature relays alarms

Overcurrents sustained (overload)

Graded time Vagcoirrent relays

Through faults (back up protection)

Time gradedrowgent relay
HRC fuses (small transformers)

High voltage surges (Lightning and switching)

Liging Arrestors, rod gap

Heavy internal faults (phase to ground, phase t
earth)

0 Buchholz relay trip action

Incipient faults (interturn short circuit, winding
insulation breakdown, oil insulation breakdown

Buchholz relay alarm action
) Sudden pressure relay
Pressure relief valve

Earth faults

Earth fault relay
Diffrential protection

Magnetic saturation of core

Overflux relay

Overvoltage relay

10.2 Thermal Overload protection

For liquid-immersed power transformers, the temijpeeaof the winding hot-spot is the important
factor in the long-term life of the transformer.€Timsulating oil temperature is dependent on the
winding temperature, and is used to indicate theraiing conditions of the transformer. Failureitait
these temperature rises to the thermal capabfityeoinsulation and core materials can cause
premature failure of the transformer.
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Thermal Protection Functions

THERMAL protection functions can be discussed wesal broad groups. The first group is
“mechanical”, in that physical sensors and reldiengpt to detect over-temperatures, and take
mitigating action through alarms and tripping. Téngges of protection functions include direct
temperature sensors, internal thermal relays, suddessure relays, and gas detection relays. It is
important to note that the temperature sensors alonkst exclusively on top-oil temperature. An
important part of this type of protection is thantsformer cooling system, as different stages olfirog
fans and pumps are started by temperature seiSre transformers also use a topoil temperature

monitor that includes contacts that can directlybed for alarming and trippir@n oil temperature.

A second group is overcurrent based overload pioteqorovided by fuses or overcurrent relays.
These devices operate when current exceeds athaliis an unacceptable overload on the
transformer. This overload will cause oil temperatuse, so the overload functions provide limited
thermal protection by de-energizing the transformer

Thermal Overload function available in modern nuoattransformer protection relays acts depending
on the specific implementation in the relay, useae combination of measured current, ambient
temperature, and transformer oil temperature teati¢he presence of an over-temperature condition.
The function can then alarm the presence of ant@mperature condition, remove load from the
transformer, or trip the transformer off-line.

Table 10.2

Standard temperature limits
Average winding temperature rise 65°C Above antbien
Hot-spot temperature rise 80°C Above ambient
Top liquid temperature rise 65°C Above ambient
Maximum temperature limit 110°C Absolute

Table 10.2: Standard temperature limits, 65° C ris¢ransformer, 30° ambient temperature
Typical settings for oil temperature are

60 deg C - Switch on Fans

95 deg C - Alarm

120 deg C — Trip
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Fig.10.1 Temperature measurement

Measuring Ambient Temperature

TRANSFORMER operating temperatures are based erabieve ambient temperature. Models of
transformer oil temperatures generally requireafiyeneasuring the ambient temperature to determine
the operating state of the transformer. For exangadereviously defined, the hot-spot oil temperatu
is directly dependent on the ambient temperatuweh& major advantage of measuring the ambient
temperature is improving the accuracy of top-atperature calculations, and hot-spot temperature
calculations. Measuring the ambient temperatureires| connecting a temperature probe to the relay.
Temperature probes traditionally use a transduagrud, but may use RTD (Resistor Temperature
Detector) connections in some instances.

Measuring Top-Oil Temperature

TOP-OIL temperature is easily measured. Suitalpeotbtemperature sensors are installed as part of
the transformer cooling system. The actual tempegagensor is usually an RTD mounted in a heated
thermowell in one phase of the transformer. Togesiiperature sensors are also easy to

install, as sensors that mount externally to thk tae available. Directly measuring the top-oil
temperature improves the accuracy of temperatisedoprotection functions, and improves the
accuracy of hot-spot temperature calculations.

Use of measured top-oil temperature does requgmperature sensor at the transformer, with a
physical connection to the transformer protectielay. With newer transformer installations, the-top
oil temperature may be an output of the transforcoeting controls. Measuring the top-oil temperatur
at only one point assumes some homogeneity amengjlttemperature in the transformer tank. It is
possible to use multiple sensors for per-phasesunements of top-oil temperature, and therefore per
phase temperature protection of the transformeweer, the top-oil temperature will be identical
between all three phases, unless there is signifload imbalance.

Measuring Hot-Spot Temperature

The aim of temperature-based transformer protecsi®o limit the impact of the hottest-spot
temperature on transformer winding insulation. Ef@e, using measured hot-spot temperature
provides the most accurate protection againstftvtemgr over-temperature conditions, and may be the
only measurement required for protection purpobks.biggest disadvantage to this method is the hot-
spot temperature sensor. Practically, the senset beuinstalled during manufacture of the transtarm
as the sensor must be physically installed inrdwesformer winding at a point calculated by the
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transformer designer to be the location of thedpait. As the temperature sensors must also be
electrically isolated from the transformer tankd anndings, hot-spot temperature sensors are tpica
fiber-optic sensors. These sensors are installetesure the hot-spot temperature, for large power
transformers.

Oil & Winding Temperature Indicator

Oil temperature indicators are generally of twoety, one with rigid stem and the other type with
capillary tube. They are fitted with temperaturesseg elements at the end of rigid stem or cagpillar
tube.

Winding temperature Indicator is provided with ¢ipy tube with sensing element (bulb) at the ehd o
tube. Sensing elements are enclosed in metal Wwhilch are fitted in pockets provided on tank over i
the hottest oil region.

Before inserting temperature sensing bulb insidepttcket, transformer oil or heat conducting grease
should be filled in pocket. The union coupling be bulb should be screwed tightly on the pocket so
that water does not penetrate inside the pocket.

Capillary tube of instrument must be routed amddisuch a way that it suffers less risk of being
pinched or bent or cut off. Plastic straps are jolexy with each instrument for fixing the tube. Susp
length of tube should not be cut off since the gues balanced system will be destroyed. Tube may be
made into loop more than 150 mm diameter and tedrtk in suitable position. Utmost care should be
taken while fitting sensing bulb in the pocket giritcis likely that capillary tube may form

sharp bends and damage the instrument.

Instruments are calibrated and under no circumstaimalicator pointer should be moved by hand or
bent, as it might suffer permanent damage. Ifisgiiment is not giving correct temperature indocat
as a result of improper handling or any other caiiseay be calibrated as given in instrument’s
pamphlet.

Winding temperature indicator (with a separate érgadcket) . Temperature sensing bulb provided at
the end of capillary should be fitted in the hegterket in housing fitted on tank cover. Two terafin
provided in housing are connected to the heatiiigoEbeater pocket inside the housing (outsidé}an
and to current transformer secondary terminals ffugninside of tank. (These are normally connected
before dispatch of transformer). Housing is alefll Instrument is housed in the marshalling box

10.3 Over-flux protection

When the operating system frequency raises ab@veathd transformer frequency, the working
magnetic flux in the core and windings increasesahy increasing iron and core loses and heating up
the core lamination stressing the lamination irtsarta

The over-flux relay operates on the V/F input, veheoltage is fed from the voltage transformer and
frequency from the supply.

Over-flux relay is set with sufficient time lag
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104 Transformer differential protection

Percentage-restraint differential protective relayesused as a proven fast acting protection faepo
transformers and have been in service for mangsyea
Figure 10.2 shows a typical differential relay ceation diagram.

i CT1 CT2 Lo

*—— Power Transformer f

Differential Relay

Fig.10.2 Typical Differential Relay Connection Diam

Differential elements compare an operating cumvatit a restraining current. The operating current
(also called differential currentpe, can be obtained as the phasor sum of the cureatesing the
protected element:

Iop :‘Im +IFF2‘
lor is proportional to the fault current for internalifts and approaches zero for any other
operating (ideal) conditions.

There are different alternatives for obtaining tegtraining current. The most common ones
include the following:

Ipr = *E"| le *jﬁfz

Ipr = k( ‘fW1‘+‘fW2‘ )

[WZ ‘)

Wherek is a compensation factor, usually taken as 1 ar 0.5

Equation 3 and Equation 4 offer the advantage ioigogpplicable to differential relays with
more than two restraint elements.

The differential relay generates a tripping sightiie operating currentQOP, is greater than a
percentage of the restraining currdat;

2

e :Max(‘fm

]OP = ISLP ' IRT
Figure10.3 shows a typical differential relay ogiergacharacteristic. This characteristic consists
of a straight line having a slope equal to SLP ahdrizontal straight line defining the relay
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minimum pickup currentPU. The relay operating region is located above lbges
characteristic (Equation 5), and the restrainirgyare is below the slope characteristic. In
addition, the slope characteristic of the percesvdifferential relay provides further security
for external faults with CT saturation. A varialgercentage or dual-slope characteristic,
originally proposed by Sharp and Glassburn, furthereases relay security for heavy CT
saturation. Fig.10.3 shows this characteristia detted line.

p
IC!P

/
/

Operating Region ‘k——“ Dual-Slope Characteristic
/

Single-Slope Characteristic

Restraining Region

IRT

Fig.10.3 A percentage differential relay
SOURCES OF FALSE DIFFERENTIAL RELAY OPERATION

Inrush or overexcitation conditions of a power sf@nmer produce false differential currents thatldo
cause differential relay misoperation. Both cormaisi produce distorted differential currents because
they are related to transformer core saturatioe. diktorted waveforms provide information that kselp
to discriminate inrush and overexcitation condiidrom internal faults. However, this discriminatio
can be complicated by other sources of distortimh @s CT saturation, nonlinear fault resistance, o
system resonant conditions.

In the case of power transformer applications, iptesssources of false differential currents are:

» Mismatch between the CT ratios and the powersfoaimer ratio

* Variable ratio of the power transformer caused ligp changer

» Phase shift between the power transformer priraadysecondary currents for delta-wye connections
» Magnetizing inrush currents

* Transformer overexcitation

* Current transformer saturation

The relay percentage restraint characteristic &fyicolves the first two sources of error mentmne
earlier. A proper connection of the CTs or emulatbbsuch a connection in a digital relay addresses
the phase shift problem. A very complex problerninét of discriminating internal fault currents from
the false differential currents caused by magregirirush and transformer over-excitation.

Inrush Currents

Magnetizing inrush occurs in a transformer whendverpolarity and magnitude of the residual flux do
not agree with the polarity and magnitude of trealdnstantaneous value of steady-state flux.
Transformer energization is a typical cause ofshrourrents, but any transient in the transformer
circuit may generate these currents. Other canskglie voltage recovery after the clearance of an
external fault or the energization of a transforingparallel with a transformer that is already in
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service. The magnitudes and waveforms of inrusteats depend on a multitude of factors, and are
almost impossible to predict. The
following summarizes the main characteristics ofigh currents:

* Generally contain d.c. offset, odd harmonics, eneh harmonics.

* Typically composed of unipolar or bipolar pulsesparated by intervals of very low current values.
» Peak values of unipolar inrush current pulsesadese very slowly. Time constant is typically much
greater than that of the exponentially decaying affset of fault currents.

» Second-harmonic content starts with a low vahuiacreases as the inrush current decreases.

Transformer Overexcitation

The magnetic flux inside the transformer core iedly proportional to the applied voltage and
inversely proportional to the system frequency. i@ukage and/or underfrequency

conditions can produce flux levels that saturagettansformer core. These abnormal operating
conditions can exist in any part of the power systso any transformer may be exposed to
overexcitation. Overexcitation of a power transferns a typical case of a.c. saturation of the toae
produces odd harmonics in the exciting current. thirel harmonic is the most suitable for detecting
overexcitation conditions, but either the deltarcextion of the CTs or the delta connection
compensation of the differential relay filters dut harmonic. The fifth harmonic, however, islstil
reliable quantity for detecting overexcitation citiwths.

Transformer overexcitation causes transformer hgand increases exciting current, noise, and
vibration. A severely overexcited transformer skidog disconnected to avoid transformer damage.
Because it is difficult, with differential proteoti, to control the amount of overexcitation that a
transformer can tolerate, transformer differerpraitection tripping for an overexcitation conditiisn
not desirable. A separate transformer overexcitaglement, such as a V/Hz element, that responds to
the voltage/frequency ratio could be used instead.

CT Saturation

The effect of CT saturation on transformer différ@nprotection is double-edged. For external fult
the resulting false differential current may proeluelay misoperation. In some cases, the percentage
restraint in the relay addresses this false diffeaécurrent. For internal faults, the harmoniesulting
from CT saturation could delay the operation ofadléntial relays having harmonic restraint or
blocking.

The main characteristics of CT saturation are d¢tleviing:

» CTs reproduce faithfully the primary current given time after fault inception.

The time to CT saturation depends on seversbdifscbut is typically one cycle or longer.

» The worst CT saturation is produced by the cdommonent of the primary current. During this d.c.
saturation period, the secondary current mayaaoml.c. offset and odd and even harmonics.

* When the d.c. offset dies out, the CT has ordysaturation, characterized by the presence of odd
harmonics in the secondary current Differemtédys perform well for external faults, as longles
CTs reproduce the primary currents correctlyeWhne of the CTs saturates, or if both CTs saturat
at different levels, false operating currenteapg in the differential relay and could causeyrela
mal-operation.

Some differential relays use the harmonics caugetilbsaturation for added restraint and to avoid

mal-operations.
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CURRENT-TRANSFORMER CONNECTIONS FOR DIFFERENTIAL REYS

A simple rule of thumb is that theCT’S on any wyiading of a power transformer should be
connected in delta, and theCT'S on any delta wigidimould be connected in wye.

This rule may be broken, but it rarely is;

problem is how to make the required interconnedtieinveen theCT'’S and the differential relay.
Two basic requirements that the differential-retagnections must satisfy are: (1) the
differential relay must not operate for load oregral faults; and (2) the relay must

operate for severe enough internal faults.

If one does not know what the proper connectiorsthe procedure is first to make the
connections that will satisfy the requirement of mipping for external faults. Then, one

can test the connections for their ability to pdeviripping for internal faults.

The power transformers are grouped according tphiase displacement as given below
Group 1 :Start — Start, Phase displacement = 0°

Group 2 :Start — Start, Phase displacement = 180°

Group 3 :Delta — Start, Phase displacement = - 30°

Group 4 :Delta — Start, Phase displacement = +30°

I

Circuit Breaker —I
| -
.|h
L 15 P Hy -tz ] H, Currents in
T AA_ALT Transformer
— Y Windings
——— —_— ——
" 3x, ek 2.8 e X,
E Circuit Breaker 1

Fig.10.4. Development of CT connections for transfer differential relaying -1

As an example, let us take the wye-delta powesstaamer of Fig.10.4 The first step is arbitrarity t
assume currents flowing in the power-transformerdivigs in whichever directions one wishes, but to
observe the requirements imposed by the polaritksthaat the currents flow in opposite directioms i
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the windings on the same core, as shown in Fig M@ shall also assume that all the windings have
the same number of turns so that the current madgstare equal, neglecting the very small exciting-
current component.

(Once the proper connections have been deterntime@ctual turn ratios can very easily be taken int
account.)

On the basis of the foregoing, Fig.10.5 shows tlreeots that flow in the power-transformer leadd an
the CT primaries for the general external-fauliecs which the relay must not trip. We are assgmin
that no current flows into the ground from the maludf the wye winding; in other words, we are
assuming that the three-phase currents add vdbttddoaero.

The next step is to connect one of the sets of@T tkelta or in wye, according to the rule of thumb
already discussed; it does not matter how the aiumeis made, i.e., whether one way or reversed.

«— Determine currents

te e la in CT primaries
.|||
<te -tb LY
T AALALST
ic iy ta
i ,!* i —1 PP, ] Determine currents
SRR b= ta  te=tcY s n CT primaries

Fig. 10.5 Development of CT connections for transfer differential relaying.-2

Then, the other set of CT’'s must be connectedadsording to the rule, but, since the connectidns o
the first set of CT’s have been chosen, it doetenhbw the second set is connected; this conmectio
must be made so that the secondary currents willlete between the CT’s as required for the
external-fault case. A completed connection diagiteah meets the requirements is shown in Fig.10.6.
The connections would still be correct if the cortiens of both sets of CT's were reversed. Proaf th
the relay will tend to operate for internal faul#l not be given here, but the reader can easitisty/
himself by drawing current-flow diagrams for assdnfeults. It will be found that protection is
provided for turn-to-turn faults as well as for italtbetween phases or to ground if the fault curien
high enough.

We shall now examine the rule of thumb that teisunether to connect theCT’S in wye or in delta.
Actually, for the assumption made in arriving a4.ED.5, namely, that the threephase currents add
vectorially to zero, we could have used wye-conee€@T’S on the wye side and delta-connectedCT’'S
on the delta side. In other words, for all extetfiaalt conditions except ground faults on the wigkes
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of the bank, it would not matter which pair of Cdnabinations was used. Or, if the neutral of the grow
transformer was not grounded, it would not maffle significant point is that, when ground current
can flow

ic=—1tp
ib—ita

i =
T &

O ]
o I:\-J_ L\_A.u— Luud‘ Z?‘EEi—‘VVV“_g
[
|

- ]
L AAA =
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Fig.10.6 Completed connections for percentage+eiffeal relaying for two-winding transformer.

in the wye windings for an external fault, we musg the delta connection (or resort to a zero-phase
sequence-current-shunt that will be discussed)ldibe delta CT connection circulates the zero-phas
sequence components of the currents inside tha alett thereby keeps them out of the external
connections to the relay. This is necessary bedhease are no zero-phase-sequence components of
current on the delta side of the power transforiorea ground fault on the wye side; therefore, ¢her

no possibility of the zero-phase-sequence curi@ntply circulating between the sets of CT'S and, if
the

CT’s on the wye side were not delta connectedz#ne-phase-sequence components would flow in the
operating coils and cause the relay to operatesiratidy for external ground faults.

Incidentally, the fact that the delta CT connectieeps zero-phase-sequence currents out of the
external secondary circuit does not mean that ifferehtial relay cannot operate for single-phase-t
ground faults in the power transformer; the reldy/mwot receive zerophase- sequence components, but
it will receive and operate on the positive- andat&e-phase-sequence components of the fault
current.

The foregoing instructions for making the CT anldyenterconnections apply equally well for power
transformers with more than two windings per phéss;only necessary to consider two windings at a
time as though they were the only windings. Fomepla, for three-winding transformers consider first
the windings H and X. Then, consider H and Y, usirgCT connections already chosen for the H
winding, and determine the connections of the Y&T this is done properly, the connections fa th
XandY
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windings will automatically be compatible.

Figure 10.7 shows schematic connections for prioigthe main power transformer and the station-
service power transformer where a generator argbitger transformer operate as a unit. To simplify
the picture, only a one-line diagram is shown wlith CT and power transformer connections merely
indicated. It will be noted that one restraint ésisupplied by current from the station-service-bige
of the breaker on the low-voltage side of the statiervice power transformer in parallel with the C
in the neutral end of the

generator winding; this is to obtain the advantafgeverlapping adjacent protective zones

Main power
Y'YV transformer
—
Pbroenhga'-:. gtl
differential A ,—
<
relay 7 sardaau station- service
transformer
< Percentage-
—/\—< differential
Generator < relay
! <

Fig. 10.7 Schematic connections for main and stegervice-transformer protection.

around a circuit breaker, as explained in Chaptér deparate differential relay is used to proteet
station-service power transformer because the patgcting the main power transformer is not
sensitive enough to provide this protection; witsteam-turbine generator, the station-service mnk
no larger than about 10% of the size of the mairkpband, consequently, the CT’S used for the main
bank have ratios that are about 10 times as |laygeald be desired for the most sensitive protaatio
the station-service
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Fig.10.8 Usual method of protecting a Scott-conerbtiank.

transformer. With a hydroelectric-turbine generatioe station-service transformer is more nearly 1%
of the size of the main transformer; consequetttly,impedance of the station-service transformsois
high that a fault on its low-voltage side cannctrae the relay protecting the main transformenéfve
theCT’S are omitted from the low-voltage side af #tation-service transformer; therefore, for
hydroelectric generators it is the practice to diméise CT'S and to retain separate differential
protection for the station service bank. In ordeminimize the consequential damage should a gtatio
service-transformer fault occur, separate high-gpegcentage-differential relaying should be- used
the station-service transformer as for the maingravansformer.

Figure 10.8 shows the usual way to protect a Smmthected bank. This arrangement would not
protect against a ground fault on phase b', baitesihis is on the low-voltage side where a ground-
current source is unlikely, such a possibilityfisittie significance. A more
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Fig.10.9 Alternative protection of a Scott-connddvank.

practical objection to Fig. 10.8, but still of sadary significance, is that, for certain turn-tontar
phase-to-phase faults, only one relay unit canadpeihis is contrasted with the general practice o
providing three relay units to protect three-phaeseks where, for any phase-to-phase fault, twgrela
units can operate, thereby giving double assurtrateat least one unit will cause tripping. However
since Scott-connected banks are used only at otimedoad, it is questionable if the added cost of
slightly more reliable protection can be justifiéah alternative that does not have the technical
disadvantages of Fig. 5 is shown in Fig. 10.9.

Differentially connected CT’s should be groundedrdi one point. If more than one set
of wye-connected CT'’s is involved, the neutralsidtide interconnected with insulated
wire and grounded at only one point. If groundsmaeele at two or more different points,
even to a low-resistance ground bus, fault currémmgng in the ground or ground bus
may produce large differences of potential betwbenCT grounds, and thereby cause
current to flow in the differential circuit. Suctflaw of current might cause undesired
tripping by the differential relays or damage te tircuit conductors.
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10.5 Protection of parallel transformer

When parallel transformer banks having individugatixers are located some distance away from any
generating station, a possibly troublesome magngtieurrent-inrush problem may arise.11 If one
bank is already energized and a second bank isethengized, magnetizing-current inrush will
occurbnot only to the bank being energized but sidbe bank that is already energized. Moreover,
the inrush current to both banks will decay at aimslower rate than when a single bank is energized
with no other banks in parallel.

The magnitude of the inrush to the bank alreadyeoted will not be as high as that to the bankdein
switched, but it can easily exceed twice the fodld-current rating of the bank; the presence af wa
the bank will slightly reduce its inrush and ingeats rate of decay.

Generator

Resistance
——

energized

Ir

Fig.10.10 Prolonged inrush currents with parafi@hsformers.

Briefly, the cause of the foregoing is as follovie d-c component of the inrush current to the bank
being energized flows through the resistance ofstrassion-line circuits between the transformer
banks and the source of generation, thereby producid-c voltage-drop component in the voltage
applied to the banks. This d-c component of volteayeses a build-up of d-c magnetizing current @ th
already-connected bank, the rate of which is tingesas the rate at which the d-c component of
magnetizing current is decreasing in the bankgastgized. When the magnitudes of the d-c
components in both banks become equal, there ds-o@omponent in the transmission-line circuit
feeding the banks, but there is a d-c componeatlaiting in the loop circuit between the banks. The
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time constant of this trapped d--c circulating eatr depending only on the constants of the loop
circuit, is much longer than the time constanthef ¢-c component in the transmission-line circuit
feeding the banks. Figure 10.10 shows the cir@ovslved and

the magnetizing-current components in each circuit.

The significance of the foregoing is two-fold. Ejrdesensitizing means already described for
preventing differential-relay operation on magrietizcurrent inrush are not effective in the bardt th
is already energized. Only time delay in the openadf the differential relay will be elective in
preventing undesired tripping. However, if the bmake protected by separate relays having tripping
suppression or harmonic restraint, no undesiregitrg will occur.

EXTERNAL-FAULT BACK-UP PROTECTION

A differentially protected transformer bank shohkd/e inverse relays, preferably energized fromsCT’
other than those associated with the differengilalys, to trip faultside breakers when externalt$au
persist for too long a time. An exception is tresformer bank of a unit generator-transformer
arrangement where the generator’s external-fack-b@ relays provide all the necessary back-up
protection. The back-up relays should preferablgjperated from CT’s located as in Fig. 10.11; this
makes it unnecessary to adjust the relays so ae perate on magnetizing-current inrush and hence
permits greater sensitivity and speed if desiredelthe transformer is connected to more than one
source of short-circuit current, backup relayslirtree circuits are required, and at least some nesd

to be directional, as indicated in Fig. 15, for d@uotection and selectivity. Each set of back-elpys
should trip only its associated breaker, also d&ated in Fig. 15.

Source Source

Fig. 10.11 Back-up relaying for transformer Fig. 10.12. Back-up relaying with two sources.
connected to one source

When a transformer has overcurrent relaying fortstiocuit protection because the cost of differaint
relaying cannot be justified, the same overcurmrelatys are used for back-up protection. It is reali
that combining the two functions may work to theadivantage of one or both, but this is the priaé th
one must pay to minimize the investment.
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10.6 Internal Fault Protection

Gas Operated Relays

During in transformer internal faults below oil &ythe arc produced causes decomposition of
transformer oil. The gases formed by decomposdiengathered in the air cushion of the conservator
of the transformer.

The rate of gas developed depends on the arc eodtad fault current, the fault may be inter-tuartte

— phase or phase to phase fault and it can betogk=tect the fault, the following devices are used

-pressure relief device
- rate of rise preassure device
- buchholz relay (Gas accumulator device)

Pressure relief relay

Transformer

To
Alarm ’
] Spring
\ = compressed
=~ Trip position
-
L]

mm Gas Released

Seal
Fig.10.13 Pressure relief relay normal position

The pressure and pressure relief relay is moumtatie transformer tank and operates to releastogas
the atmosphere during the following gassing coonlti

- high overload peaks

- prolonged overloads

- arcing faults within oil

The pressure relief valve is a spring loaded demfthas a seal-seat (Fig. 10 ) when the preassure
inside the tank increases above a certain set Waduforce on the movable lever exceeds the spring
restraining force and the lever moves forward dosles the alarm contacts and also opens a valve to
release pressure.

The relay has to be reset manually after it opsrate
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Rate —of — rise pressure relay

This relay operates on sudden pressure rise dueatgy internal arcing and not on static or slow
pressure build up, The main pressure componeatggessure actuated micro-switch inside a metallic
bellow. Static pressure do not compress the belligwamic pressure pushes the below and operates the
micro-switch as shown in fig. 11

—————> ToTrip
——— Circit

Plunger

Metallic
Bellow

Transformer Tank

Fig.10.14 Rate of rise pressure relay

Buchholz Relay
Most faults in an oil filled Transformer are accanped by the generation of gas. By using a suitable
relay the formation of this gas can be used asraim@of a developing fault. Double element relays
can be used
for detecting minor or major faults. The alarm edenwill operate after a specified volume of gas ha
collected to give an alarm indication.
Examples of incipient faults are:
a. Broken-down core bolt insulation
b. Shorted laminations
c. Bad contacts
d. Overheating of part of the windings
The alarm element will also operate in the evertildeakage or if air enters
the cooling system. The trip element will be opedaty an oil surge in the event of more
serious faults such as:
a. Earth faults
b. Winding short circuits
c¢. Puncture of bushings
d. Short circuits between phases

The trip element will also operate if a rapid lo®il occurs
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Tap to
Collect Gas

m:‘[ for testing

Gas Accumalation

| Float tilting on
74 oil level low
| - Mercury Switch
To Consarvator .
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i
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To Tran. Tank

Fig.10.15Buchholz Relay

MOUNTING POSITION
The relay should be mounted in the connecting bgieeen the transformer and the conservator tank.

This pipe should be as long and as straight asip@sand must be arranged to slope upwards, tawvard
the conservator, at an angle within the limits 63 degrees to the horizontal.

There should be a straight run on the transformder o the relay of at lease five times the intérna
diameter of the pipe, and at least three timesdiismeter on the conservator side.

To Conservator

Collect Gas for testing

Tap to

Gas Accumalaton Conservator

Float Hhang on ittt o T
e

To Tran. Tank

Fig.10.16 Mounting position
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CONSTRUCTION AND METHOD OF OPERATION

The relay consists of a lightweight container €ttgith two pivoted elements. It is situated in flige
line between the transformer and the conservandr, &0 that under normal conditions it is full df o

lose weight.

To Conservator
Tank

/ Mercury Switches

Tenminal - Mercury switches are employed of a special
transformer vibration. A sample relay of this type
has to be submitted to a continuous vibratory

to sensitive detecting equipment and no mal-
operations should be recorded. The mercury
switches are to be spring mounted within the
switch cylinders and protected from possible
damage. Alarm and trip circuit mercury switches

To Transformer
Tank

Fig.10.16 Buchholz Relay

will make break and carry continuously 2 Amps & 2®lts A.C or D.C. They will also make and
carry for 0.5 sec. 10 Amps at 250 Volts A.C. or D.C

PRINCIPAL OF OPERATION

The operating mechanism consists of a solid noralfireetylinder containing the mercury switch,
counterbalanced by a smaller solid metal cylinBeth cylinders are jointed and free to rotate
about the same axis, the amount of rotation bebmgyalled by stops. When the relay is empty of oil,
the

weight of the switch cylinder predominates andsvéch system rests against the bottom stop, the
mercury switch being in the closed circuit positigvhen the relay is full of oil, both cylinders agap
to lose weight. Due to the different densities, ¢hwéich cylinder appears to lose enough weight to
enable the weight of the counterbalance cylindgréalominate and rotate the whole system until it
reaches the top stop, with the mercury switch édpen position.

“ALARM” OPERATION

When a slight or incipient fault occurs within ttiansformer, the gas generated will collect intthe
of the relay housing. As gas collects, the oil levidl fall and increasing amounts of the alarm ®ii
will appear above the oil level. This results imdpal restoration of the apparent lost weight,| tinéi
weight of the switch cylinder predominates. Theraat rotates as the oil level continues to fall and
eventually the alarm switch operates.

TRIP OPERATION

When a serious fault occurs, the generation of#®eis so rapid that an oil surge is set up thraligh

The operating force relies upon the principle that
when a body is immersed in a liquid it appears to

design to prevent mal-operation due to excessive

type test. . The mercury switches test connected
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relay. This oil flow will impinge upon the flap fed to the trip element causing it to rotate alsudxis
and so bring the mercury switch to the closed fsitvhich in turn operates the tripping devices.
In the event of serious oil loss from the transfernboth alarm and trip elements operate in turthe
manner previously described for gas collection. dihéevel in the double element relay can be
monitored

against a graduated scale on the windows both.sides

SINGLE ELEMENT AND TAP-CHANGER TYPES

Single element type relays are available for 1’etgire, designated 1 SE, which operate
indiscriminately for Gas or Oil collection and angtable for small oil filled transformer, capacisnd
potential transformer protection. single elemetays can also be used for Tap-Changer type
transformers which operate for a surge conditiologs of oil only and allow gas, normally produced
during tapchanging operations, to pass freely. sihgle element relay has only one operating element
and operates in a similar manner to that descffitretthe double element types

Limitations

Only internal below faults below oil level are dettsl

Mercury switch cannot be set for sensitive openadis it may operate for vibrations and mechanical
shocks to the pipes, sitting of birds, etc,.

It is slow in operation compared to electricallyeogted relays, minimum operating time being 0.1 sec
But it is very good device to detect incipient faul
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Chapter-11

11 TRANSFORMER TAP CHANGER

A transformer tap is a connection point along agfarmer winding that allows the number of turns to
be selected. By this means, a transformer withriale turns ratio is produced, enabling voltage
regulation of the secondary side. Selection ot#ipen use is made via a tap changer mechanism
Supply authorities are under obligation to theistomers to maintain the supply voltage between
certain limits. Tap changers offer variable contodkeep the supply voltage within these limitsoAb
96% of all

power transformers today incorporate on load tamgbrs
as a means of voltage regulation.

Tap changers can be on load or off load.

On load tap changers generally consist of a divextéch
and a selector switch operating as a

unit to effect transfer current from one voltage t@a the
next. It was more than 60 years ago on

load tap changers were introduced to power tramsfos as
a means of on load voltage control.

OLTC are generally Oil type means the OLTC is insad
in transformer oil and

switching contacts makes and breaks current urniler o
Tap changers possess two fundamental features:

Fig.11.1 In tank OLTC

(a) Some form of impedance is present to prevemt sttircuiting of the tapped section, and

(b) A duplicate circuit is provided so that thedaaurrent can be carried by one circuit whilst
switching is being carried out on the other.

The impedance mentioned above can either be resigtireactive. The tap changer with a
resistive type of impedance uses high speed swijchihereas the reactive type uses slow
moving switching. High speed resistor switchingasv the most popular method used worldwide,
and hence it is the method that is reviewed inrégi®ort.

The tapped portion of the winding may be locatednet of the following locations, depending upon
the type of winding:

(a) At the line end of the winding;

(b) In the middle of the winding;

(c) At the star point.

The most common type of arrangements is the lastThis is because they give the least
electrical stress between the tap changer and; @doting with subjecting the tapings to less
physical and electrical stress from fault currettering the line terminals.

At lower voltages the tap changer may be locatesitlagér the low voltage or high voltage
windings.
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111 Selection of On Load Tap Changers

The selection of a particular OLTC will render optim technical and economical efficiency if
requirements due to operation and testing of altitmns of the associated transformer windings are
met. In general, usual safety margins may be neglexs OLTCs designed, tested, selected and
operated in accordance with IEEE and IEC standdid§5], [12], [13], are most reliable.

To select the appropriate OLTC the following impottdata of associated transformer windings should
be known:

* MVA-rating

 Connection of tap winding (for wye, delta or derphase

connection)

 Rated voltage and regulating range

* Number of service tap positions

* Insulation level to ground

* Lightning impulse and power frequency voltagéha internal

insulation

The following OLTC operating data may be deriveatrirthis

information:

* Rated through-current: lu

* Rated step voltage: Ui

* Rated step capacity: Pst = Ui x lu

and the appropriate tap changer can be determined:

* OLTC type

* Number of poles

* Nominal voltage level of OLTC

* Tap selector size/insulation level

* Basic connection diagram

the following characteristics of the tap changeudti be checked:

* Breaking capacity

* Overload capability

« Short-circuit current (especially to be checkedase of phasshifting applications)

* Contact life

Fig.11.2 Different switching designs of OLTC’s

| tap selector

diverter
switch

diverter tap selector
&Y switch
Switching principle Design Switching principle Design
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Tap points are usually made on the high voltagé&gwrcurrent, side of the winding in order to

minimise the current handling requirements of thietacts. To minimise the number of windings and
thus reduce the physical size of a transformermesgbe made of a ‘reversing' winding, which is a
portion of the main winding able to be connectedsrmopposite direction and thus 'buck’ the voltage
Insulation requirements place the tap points atdvevoltage end of the winding. This is near thag s
point in a star connected winding. In delta cone@etindings, the tappings are usually at the cesftre
the winding. In an autotransformer, the taps avalgmade between the series and common windings,
or as a series 'buck-boost' section of the comniodimg.

The diverter switch and tap selector is the onlgrimal moving parts in a transformer. The diverter
switch does the entire on load making and brea&frayirrents, whereas the tap selector preselects
the tap to which the diverter switch will transfiee load current. The tap selector operates

off load and therefore needs no maintenance. Hawexygerience has shown that in some
circumstances inspection of selector switches besamecessary where contacts become
misaligned or contact braids in fact fatigueandkrea

11.2 Mechanical tap changers

A mechanical tap changer physically makes the rewection before releasing the old, but avoids the
high current from the short-circuited turns by temggily placing a large diverter resistor (sometme

an inductor) in series with the short-circuitechtibefore breaking the original connection. This
technigue overcomes the problems with open or stiradit taps. The changeover nevertheless must be
made rapidly to avoid overheating of the diverBawerful springs are wound up, usually by a low
power motor, and then rapidly released to effeettéip changing operation. To avoid arcing at the
contacts, the tapchangers is filled with insulatir@gsformer oil. Tapping normally takes place in a
separate compartment to the main transformer tapkevent contamination of its oil.

One possible design of on-load mechanical tap atrasghown to the right. It commences operation at
tap position 2, with load supplied directly via tight hand connection. Diverter resistor A is shor
circuited; diverter B is unused.

In moving to tap 3, the following sequence occurs:

Switch 3 closes, an off-load operation.

Rotary switch turns, breaking one connection amglsing load current through diverter resistor A.
Rotary switch continues to turn, connecting betweamacts A and B. Load now supplied via diverter
resistors A and B, winding turns bridged via A &d

Rotary switch continues to turn, breaking contaith wiverter A. Load now supplied via diverter B
alone, winding turns no longer bridged. Fig 1. Aamanical on-load tap changer

Rotary switch continues to turn, shorting diveBetLoad now supplied directly
via left hand connection. Diverter A is unused.

Switch 2 opens, an off-load operation.

The sequence is then carried out in reverse toréuap position 2.

Thyristor-assisted tapchangers
Thyristor-assisted tap changers use thyristorakée the on-load current whilst the main contacts
change over from one tap to the next. This prevartisg on
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Line
terminzl

Neutra
terminal

Fig.11.3 OLTC Tap changer

the main contacts and can lead to a longer seliféceetween maintenance activities. The disadvgata
is that these tap changers are more complex amndeexglow voltage power supply for the thyristor
circuitry. They also can be more costly

Solid state (thyristor) tap changers

These are a relatively recent development whichthugéstors both to switch the load current and to
pass the load current in the steady state. Therddantage is that all of the non-conducting thgrss
connected to the unselected taps still dissipateepdue to their leakage current. This power cah ad
up to a few kilowatts which has to be removed a hrd leads to a reduction in the overall efficien
of the transformer. They are therefore only empdoye smaller power transformers.

Examples of Commonly Used Winding Schemes

Fig.11.4 OLTC with Neutral end of tap winding gHi1.5 Delta connected OLTC 3-pole line-end tap
wing
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Fig.11.6 Delta connected OLTC 3-pole mid tap wigdi

The OLTC design that is normally applied to largewers and higher voltages, comprises a diverter
switch (arcing switch) and a tap selector. For lovaings OLTC designs are used, where the funstion
of the diverter switch (arcing switch) and the safector are combined in a so-called selector bwitc
(arcing tap switch).

With an OLTC comprising a diverter switch (arcirgtsh) and a tap selector

(Fig.5), the tap change operation takes place insteps (Fig. 6). First the next
wpsekcer tap is preselected by the tap selector at no

load (Fig. 6 position a-c). Then the diverter siitansfers the load current from
L the tap in operation to the preselected tap (Fgpstion c-g). The OLTC is
T% R operated by means of a drive mechanism. The tapteelis operated by a

%— diverter gearing directly from the drive mechanism. At theng time, a spring energy

swieh accumulator is tensioned, this operates the divevigch — after releasing in a

&*g very short time — independently of the motion @ tiiive mechanism.

Fig.11.7 OLTC diverter switch with tap selector

The gearing ensures that this diverter switch dieralways takes place after the tap preselection
operation has been finished. The switching tima diverter switch lies between 40 and 60 ms

with today's designs. During the diverter switclergtion, transition resistors are inserted (Fig. 6
position d-f) which are loaded for 20—30 ms, ithe resistors can be designed for short-term lgadin
The amount of resistor material required is theeefelatively small. The total operation time of an
OLTC is between 3 and 10 sec depending on thectgpeesign.

a) !1 b) !x o Y1 d] Y1 e ¥I fl Y1 g) Y1

Fig.11.8switching sequence tap selector suntg sequence diverter switch
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Switching sequence of tap selector — diverter swiarcing switch)

Power transformers equipped with OLTCs are mainpmants of electrical networks. Therefore, the
operational reliability of these transformers aneiit OLTCs is of high importance and has to be kept
a high level during their entire life span.

The principle of a preventive, i. e. periodic maimnce strategy for oil type on-load tap-changers,
based on the time in service or the number of dipera

Maintenance and usual check-up on the transfoameiinclude the following

Visual check of the motor drive unit

Protection test of the protective relay of the ¢hpnger

Monitoring of the tap-changer oil (the dielectricength is the

decisive criteria)

Regular check of the breather system (Silicagel)

11.3 Tap changer troubleshooting

Load tap changer (LTC) is a mechanical switchingade they are the most expensive and vulnerable
accessories on a power transformer and they caosefailures and outages than any other component
of a power transformer.

LTC function is to change turns ratio without imtgpting the load current. LTC failures are
categorized as electrical, mechanical, and therwhast of the failures are mechanical at the begigni
and developed to electrical faults mainly occuriitug to problems on the contacts, transition r@sst
and insulation breakdowns.

LTC can be evaluated on-line without affectingiiésmal operation by using a combination of acoustic
emission and vibration techniques (AE/VA).

Acoustic Emission assessment is based on thehfaicht acoustic activity is expected from inside th
LTC compartment if the tap changer is not beingajgel and if it is in good condition

Vibration technique consists in obtaining the aigne of one operation of the tap changer and
performs the comparison of its characteristics€fiamplitude, energy, etc.) with another signature
obtained some time in the future or with a sistét maving the same operation.

When using a combination of both techniques, tladuation of the condition of the tap changer when
it is not being operated is performed by using atowemission whereas the evaluation during an
operation is made by the vibration technique.

New developments :

A new type of vacuum switching technology is lgedeveloped to be — used in OLTCs — is going to
be the “state of the art” design at

present time and foreseeable future.

transformers that do not use conventional minatals insulating or switching medium,such as gas-
immersed transformers, drytype transformers, eartsformers with alternative insulating fluids meet
these requirements the conventional tapchangersaiitable, because the use of mineral oil as
switching medium is — for the reasons mentioned/@bonot desirable and would moreover require
technically complex and expensive overall solutions

vacuum type OLTC'’s superiority to competing switghtechnologies in the range of low and medium
power is based on
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» The vacuum interrupter is a hermetically sealestiesn
There is no interaction with the surrounding roedi despite the arc
The switching characteristics do not depend erstirrounding medium
* The arc (drop) voltage in vacuum is consider#dlyer than in oil or SF6
Low energy consumption
Reduced contact wear
* Elimination of the insulating medium as the avemching agent
Elimination of by-products e. g. carbon when gdimansformer oil
On-line filter becomes unnecessary
Easy disposal
* No ageing of the quenching medium, Constant eneémproving switching characteristics throughout
the entire life of the vacuum interrupters {gegffect)
* No interaction/oxidation during switching
High rate of re-condensation of metal vapor antacts extends contact life
Constantly low contact resistance
* Extraordinary fast dielectric recovery of up ®kv/us
Ensures short arcing times (maximum one halfe)yelen in case of large phase angles between
current and voltage or high voltage steepnesdtdifler the current zero (converter transformers).

Since the early seventies vacuum interruptersftitidted the characteristics required by reactpe
OLTCs have been developed.

These OLTCs, which in general are external compantrtype designs, did not dictate any special
requirements in regards to the physical size ofrtteerupter. Not so with resistor type OLTCs,
which in general have

Fig.11.9 selector switch contact system with ratientacts

Transformers in and out Page 152
MANSOOR



a very compact design. Today, after more tharetdezades of development, vacuum interrupters have
reached an advanced technical performance levelu$h of modern clean

room and furnace soldering technologies duringptteeluction process, and new designs of contact
systems and material are some of the milestonehiforeliable product. This has made possible

the design of considerably smaller vacuum inteexgytopening the door for its application in resist

type OLTCs with overall dimensions equivalent togh of conventional resistor type OLTC designs

Fig.11.10 diverter switch contact system
OLTCs with tungsten-copper arcing contact systenoildilled transformers (different scales)

&ﬁ‘

R

Fig.11.12 Vacuum interrupter designed for differénfl C diverter switches
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Chapter-12

12 TRANSFORMER TESTING

Power transformers are the most expensive singtaegits of HV transmission systems which are
designed and required to remain in operation fauraber of decades. Therefore, it is essential ¢alch
the transformer for any defects and deviations filoerated values and must be capable of
withstanding different types of electrical faudts well as mechanical and atmospheric adverse
conditions.

To confirm this the Power transformer is to begdghoroughly at different stages of manufacturing,
after transport and before commissioning.

12.1 Types of Tests

The following test are done
- Type tests

- Routine tests

- Special tests

- Commissioning tests.

Type test :is performed on a single transformer of the spetype and intended to confirm the design
soundness of the transformer. Type test relataditst or one manufactured to a given specificatio
and it is presumed that all the transformers hiailthis specification complies with type test a th
design and method of manufacture is identical.

Routine test are conducted by the manufacturer on all transfosrbefore dispatch and special tests
are conducted if specified in the purchase docuntieese tests are to be made in the presence of the
purchaser’s engineer.

Commissioning testsare done at site with all the associated equipmedtswitchgear in place, before

charging the transformer.

Table 12.1
Type Tests
ltems Objective Method Capacity / Equipment
1. Temperature-rise To measure 1. Actual loading  Measures temperature rise ol
test temperature rise of 2. Simulated loadingand winding of transformer. /F
oil and winding of 2.1 short circuit ,CT, Volt-Amp-Watt meter
transformer method
2.2 The loading back
method
2.Dielectric type testTo certify that the  Marx's multiplier ~ Measures dielectric of the
(Lightning and transformer has beecircuit transformers (BIL ) / Impulse
switching Impulse designed and Generator s E Max. Voltage
test, BIL) constructed to 1400 kV 70 kJ
withstand the
specified
(BIL)insulation levels
Table 12.2
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ltems Objective Method Capacity
1. Dielectric special To certify that the Marx's multiplier circuit 1. Impulse Generator E

test BIL FW&CW transformer has been Max. Voltage 1400 kV
designed and 2. Chopping Gap 1200
constructed to kv

withstand the specified
insulation levels

2. Determination of To measure capacitar Bridge method Measures capacitance
capacitance winding of transformer of the transformer.
to-earth, and betwee /Bridge capacitance
windings meter
3. Measurement Zerd-o measure Zero phad¥inding shall be excitedMeasures Zero phase
sequence impedancsequence impedance at rated frequency sequence impedance of
on three phase between the neutral andthe transformer. /PT
transformer three line terminal ,CT, Volt-Amp-Watt
connected together meter
4. Determination of To measure sound lev1l. Measuring continuousMeasures sound from
sound level originating from activesound pressure levels, liactive part of

part of transformer  term of either A-weight transformer. /sound
which is transmitted, 2. Rating transformer  level meter

either through the sound emissions

dielectric fluid or the 3. Report the result in a

structure supports, to standard manner

the outer shell or to

other solid surfaces

from which it is

radiated as airborne

sound
5. Measurement of To determine ratio of Bridge circuit Measures the
the dissipation factorthe power dissipated in dissipation factor (tan
(tan d) of the the insulation in watts d) of the insulation
insulation system  to the product of the system capacitance .
capacitance effective voltage and /Bridge capacitance
current in volt-amperes meter

when test under a
sinusoidal voltage
6. Determination of To measure the radio-Measures partial Measures partial
partial discharge on influence volage (RIV)discharge in terms of RI'discharge level of
transformer generated by any and will be measured at transformer. /PD
internal partial the line terminal of the Detector and PD
discharge winding under test analyzer,

Table 12.3
Routine Tests

Items Objective Method Capacity / Equipment
1. Voltage ratio test To measure voltage 1.Voltmeter method transformers have ratio
ratio between winding®2.Comparision methodand phase deviation not
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2. Polarity

of transformer 3. Ratio bridge methadore than +- 0.5%
To determine polarity 1. Inductive kick Measures polarity of
(sub. or additive ) 2. Alternating voltage transformer. / Volt-Amp-
3. Comparison 4. RatiWatt meter
bridge

3. Phase relation tedto determine angular 1. Phasor diagram  Measures angular

4. Resistance
measurements

5. No-load loss test

6. Exciting current

test

7.Load loss and
impedance test

8.Induce potential

test

Table 12.3 contd.

Routine Tests

9. Applied potential

test

Items

displacement and 2.ratio bridge displacement and phase
relative phase sequen@ excited voltage sequence (vector group)
the transformer

To measure resistancel. Bridge method Measures resistance of

of transformer winding2. Voltmeter-ammeter transformer winding /Volt-
method Amp-Watt meter

To measureload losi1. Average-voltage  Measures core loss of

at specified excitation voltmeter method transformer/ PT ,CT, Voli-

voltage and specified Amp-Watt meter

frequency

To measure current th1. Average-voltage Measures exciting current

maintain the magnetic voltmeter method of the transformer / PT

flux excitation in the ,CT, Volt-Amp-Watt meter

core of the transformel

To measure losses  Wattmeter-voltmeter- Measures load loss of the

occurring at rated loadammeter method transformer / PT,CT, Voli-

including 12R loss and Amp-Watt meter

stray loss and measured

voltage required to

circulate rated current

through one winding

when the other winding

is short-circuited

To check insulation tutApplied greater than 1. Generator 500 kW Ma

to turn and between rated volts per turn to frequency 500 Hz

layers of the winding the transformer , the 2. Generator 250 kW
frequency of the frequency 200 Hz
impressed voltage mu3. Testing Transformer
be high enough to limi4000 kVA 1.5/6.9/50 kV
the flux density in the
core

Objective Method Capacity / Equipment
To test the Applied potential at 1. HV Testing Transformer
transformers ability tgpower frequency to (3 x 75 kVA) 400V/0-250
withstand applicationspecified value and kV 2. Reactor
of voltage associatedheld for the time
with the specified  specified.
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insulation level
(insulation between
winding -winding and
winding - ground)
10. Oil test To determine oil Oil Tester (applied Measures dielectric strenc
dielectric strength  high voltage until gagof transformer oil. / Oil
in oil breakdown and Tester
measure this voltage

11. Insulation To determine the ~ Mega ohmmeter Measures insulation
resistance test insulation resistance (applied dc voltage) resistance of the
from individual transformer. / Mega
windings to ground or ohmmeter
between individual
windings
12. Leakage test Check leakage of tarPressurize tank by Check for tank leakage
applying dry nitrogen

if after 6 hours no
pressure drop is
registered the
transformer tank is
leakage free

12.2 Type Tests

1. Temperature-rise test :

Transformers are tested under a loading conditiahwill give losses as near as possible to those

obtained when the tranformer is operating at itaealate rating. Transformers are tested on the tap

connection giving the highest winding temperatise which is considered to be reached when the

temperature rise does not vary more than 2°C daeongecutive 3 hour periods. Surface temperatures

are measured by thermocouples. Average windingeemtyre and average winding temperature rise

are measured by the hot-resistance method. Amtasrgerature shall be taken as that of the

surrounding air, which should be not less than 1&°@ore than 40°C.

TEST PROCEDURE FOR TEMPERATURE RISE MEASUREMENTS

Keep transformers to be tested in room temperafiued 0C +3 OC for 24 hours before testing for

temperature rise.

2. Using the Ohmmeter , measure the secondaryaesiitance of the transformer with the primary coil

open circuited.

3. Record the room temperature, T1, in degreesdGhancoil resistance, R1.

4. Arrange the apparatus as shown in Figure 1 eathmercial power off.

5. Connect the transformers to the 6.6 amp seir@sitcoutputs A through E. Disconnect the series

circuit shorting switches for the outputs thatlaaded with transformers and make certain that the

outputs which have no transformers connected to e shorted with the shorting switches.

6. Note the volt-ampere capacity of each transfoimeéng tested for temperature rise and connect
sufficient load to each transformer approxirha¢gual to its volt-ampere capacity.

7. Turn on the power to the constant current tiansér. Adjust the lamp load so that the product of
the transformer minutes or more.

8. Leave transformers on in the overload conditoord hours. After 4 hours, reduce the load to équa

the volt-ampere capacity of the transformer. Wai@e hours.
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9. Turn off the commercial power. Disconnect batimgary and secondary wires of the transformers.
Measure the secondary coil resistance as in step D-

10. Record the coil resistance, R2. 11. Connedr#msformer back in the circuit. Turn on the
commercial power to the constant current transforigit 15 minutes or more.

12. Repeat steps 9 through 11 at least 2 more tim@dso further change is observed in the seaond
coil resistance.

13. Repeat steps 9 through 12 for each of the rengpiransformers.

14. The temperature rise shall be determined tifeetemperature of the transformer has become
constant. The temperature shall be consideredamnshen 3 successive readings of the resistance
taken at inimum intervals of 15 minutes indicatechange.

15. The resistance measurement of the transformadirtee completed within 4 minutes after shut-down
to get an accurate reading.

16. The temperature rise shall be calculated

TA=[(RR—R1)/Ri] x (234.5 + T)

Where:

T A = Temperature rise.

R1= Cold resistance of transformer coil.

R2> = Hot resistance of transformer

coil.

T1= Room temperature in degrees C.

17. Turn off the commercial power. Close the seriesiit shorting switches before removing the
transformer.

2. Dielectric type test (Lightning and switching Inpulse test, BIL)

Surge or impulse tests
These tests are carried out in order to investitjénfluence of surges in transmission lines,
breakdown of insulators and of the end turns afdf@mer connections to line. In impulse testimg, t
represent surges
generated due to lightning, the IEC Standard imgulave of 1.2 /50 ps (1.2 times BIL for 50 us)
wave is generally used. By the use of spark gapgjittons occurring on the flash over to line are
simulated. The total duration of a single lightnstgke os about 100 s, although the total dunatio
the lightning stroke may be a few seconds.
Overvoltages of much higher duration also arisetddime faults, switching operations etc, for whic
impulse waves such as 100/5000 micro sec durataynba used.
In surge tests it is required to apply to the dgirouapparatus under test, a high direct voltabese
value rises from zero to maximum in a very shonetiand dies away again comparatively slowly .
Methods of generating such voltages have alreaely Hescussed earlier.
While impulse and high frequency tests are camwigdoy manufacturers, in order to ensure that their
finished products will give satisfactory performaric service, the most general tests upon insglatin
materials are
Flash-over Tests
Porcelain insulators are designed so that spankaneeirs at a lower voltage than puncture, thus
safeguarding
the insulator, in service against destruction e¢hse of line disturbances. Flash-over testseate v
importance
in this case .
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The flash-over is due to a breakdown of air atitisalator surface, and is independent of the nadlteri
of the insulator. As the flash-over under wet ctinds and dry conditions differ , tests such asaihe
minute dry flash-over test and the one minute \esttover test are performance.

(i) 50 percent dry impulse flash-over test, usingrapulse generator delivering a positive 1/50 ps
impulse wave. The voltage shall be increased t&theercent impulse flash-over voltage (the voltage
at which approximately half of the impulses appledise flash-over of the insulator)

(ii) Dry flash-over and dry one-minute test In thig test voltage ( given in the B.S.S.) is appliétde
voltage is raised to this value in approximatelys&8onds and shall be maintained for one minute. Th
voltage shall then be increased gradually untitfteover occurs .

(iif) Wet flash-over and one minute rain test

In this the insulator is sprayed throughout theweth artificial rain drawn from source of supya
temperature within 10 degrees of centigrade ofthbient temperature in the neighborhood of the
insulator.

The resistivity of the water is to be between 9,868 11,000 ohm cm.

In the case of the testing of insulating materjalss not the voltage which produces spark-over
breakdown

which is important , but rather the voltage for gume of a given thickness ( ie. dielectric stréngt
The

measurements made on insulating materials arelysulaérefore , those of dielectric strength ahd o
dielectric loss and power factor , the latter bie¢imately connected with the dielectric strengtithe
material.

It is found that the dielectric strength of a givaaterial depends , apart from chemical and phlysica
properties of the material itself, upon many fagtorcluding,

thickness of the sample tested

shape of the sample

previous electrical and thermal treatment of thede

shape , size , material and arrangement of thé&r etiss

nature of the contact which the electrodes makie thi2 sample

waveform and frequency of the applied voltagel{draating )

rate of application of the testing voltage andtthee during which it is maintained at a
constant value .

temperature and humidity when the test is carrigd o

9. moisture content of the sample.

NookwdnE

Impulse Testing

These are done as tests on sample of apparatusnphise test level is determined by the operating
level (4 to 5 times the normal operating value pkmn to the sample a certain number (say 10)
positive impulse and 10 negative impulses of thidigular value. They should withstand this voltage
without any destruction.

To test the ultimate impulse strength, apply insiregamounts of impulse voltage until destruction
occurs;

during the tests it is necessary to see whethee th@ny damage. The damage may not be immediately
visible, so we have it on a high frequency ( siryleep and high speed ) oscilloscope.

In the event of complete damage, breakdown ofrtkelator due to the application of the impulse
voltage will be indicated as in (i). If the inswahas suffered only a minor damage the wave form

Transformers in and out Page 159
MANSOOR



would show no distortion , but would show as i (fi there is no damage caused due to the impulse,
the waveform will be complete and undistorted ain

In testing high voltage insulators whose actuahkdewn is in air (i.e flashover takes place before
breakdown of insulator) the porcelain itself cartésted by immersing the whole insulator in ligafd
high permeability so that there would be no outfi@ehover, and actual breakdown of the insulator
would occur.

—

@ !

Fig.12.1 Observed impulse waveforms

(i1) (iii)

In specifying the flashover characteristic in a& give the 50% flashover characteristic.

This is done as flashover occur at the same volageach application of the impulse . We apply
different values of test voltages (impulse) andvbleage at which there is 50% probability of
breakdown is taken as 50% flashover voltage.

The impulse flashover voltage also depends onirtiee g of the applied impulse before flashoveretim
lag of the applied impulse before flashover occlilais we have also got to determine the time lag
characteristics for breakdown.

Probability 100%
of flashover

50%

50 % breakdown wvoltage

Inpulee test wvoltage

Fig.12.2 Probability of flashover

If the voltage remains above a critical value lengugh, flashover occurs.
The time lag before flashover occurs depends osttistical time lag and on the formation time. lag
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Depending on the volume of space between the gapalao depending on the nature of shielding, a
certain time will be taken for enough free electrtmbe set free.This is the statistical time lag.

Once the electrons appear, depending on the valtagjeed, they multiply and ionise the space. once
the space becomes conducting, flashover occurs.igformation time lag.

To determine the time lag characteristic of a dewviee can use the impulse generator to generate
impulses of gradually increasing amplitude andraeitee the time of breakdown. At each value, the
test must be repeated a number of times so agdamatonsistent values.

Impulse
voltage ———

flashover

time

Fig.12.3 Chopped impulse waveform

This type of characteristic is important in designinsulators.If a rod gap is to protect a tramsfer.
Then the breakdown voltage characteristic of tllegap must be less than that of the transformasso
to protect it. If the characteristic cross, prataciwill be offered only in the region where thelrgap
characteristic is lower than that of the transfarme

Table 12.4
System Voltage I.LE.C. Impulse Withstand Voltage
11 kV 75 kV
33 kV 170 kV
66 kV 325 kV
132 kV 550 kV
275 kV 1050 kV

Determination of capacitance winding-to-earth, andoetween windings
Consider the entering of an impulse voltage orteéhminating transformer, as shown in figure 9.11.

ﬂJ\.
| v &
=1¥] E
___% 'g e
Q
v —— =
4 time
LA
= Transformer
winding
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Fig.12.4 Surge propagation in transformer winding

Due to the presence of the interwinding capacit@amckthe capacitances to earth of the transformer
windings, the upper elements of the transformedimigs tend to be more heavily stressed than the
lower portions. Due to the velocity of propagatadithe impulse voltage would not be evenly
distributed in the winding. Due to sharp rise @ tloltage of the surge. there is a large differerice
voltage caused in the winding as the wave fronetsaup the winding. Thus there would be an
overvoltage across adjacent windings. Dependindp@riermination, there will be reflections at the f
end of the winding. If the termination is a shartuit, at the lowest point the voltage wave whose
amplitude is same as the original wave but of opp@®larity is reflected. For a line which is open
circuited, the reflected wave would be of the samagnitude and of the same sign.

Arising out of the reflections at the far end rthe/ould be some coils heavily stressed. The posif
the

heavily stressed coils depending on the velocityropagation. If flashover occurs at the gap (hgig
arrestor) the voltage of the impulse suddenly dtopsero when flashover occurs. This can be
represented by a full wave, and a negative wavérggerom the time flashover occurs. The chopped
wave, though it reduces the voltage of the surgeto, will have a severe effect of the winding tlue
sharp drop in the voltage. Thus it is always neags® subject the transformer during tests to pledp
wave conditions. Generally the method is to appliyaves and see whether damage has occurred and
then to apply the chopped waves and to see whd#meage has occurred and then to apply the
chopped waves and to see whether damage has atcurre

Measurement Zero-sequence impedance on three phasansformer

Purpose of the measurement
The zero-sequence impedance is usually measuresthfoor zig-zag connected windings of the
transformer. The measurement is carried out bylgungpa current of rated frequency between
the parallel connected phase terminal. The zeroeseze impedance per phase is three times the
impedance measured in this way. The zero-sequergediance is needed for earth-fault
protection and earth-fault current calculations.

Ty

c

Fig.12.5 Circuit for zero-sequence impedaneasurement
MEASURING CIRCUIT AND PERFORMANCE OF MEASUREMENT
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G1 supply regulatorT1 transformer to be tested? current transformer,
P2 voltmeter,P3ammeter] test current.

The zero-sequence impedance is dependent on tleatfiowing through the winding. It is
measured as a function of test current, and wheessary the final result is obtained by
extrapolation.

Measuring Impedance
The impedance is measured by means of a shorttdigsti With one winding shorted, a voltage &t th
rated frequency is applied to the other windindisient to circulate full load current - see below:

Full Load Current

[ —
Irnpedatce Short
Woltage o
17 Circuit
G_

Fig.12.6 Measuring impedance
The percentage impedance can then be calculafetioyes:

Z% = Impedance Voltage x 100
Rated Voltage

Sequence Impedance (ZZ, Zy)

The calculation above deals with a balanced 3-pfeage Non-symmetrical faults (phase-earth, phase
phase etc) lead to more complex calculations regguihe application symmetrical component theory.
This in turn involves the use of positive, negatwel zero sequence impedances ZZand 2
respectively).

As with all passive plant, the positive and negaiequence impedances §8dZ,) of a transformer
are identical.

However, the zero sequence impedance is depengenttiie path available for the flow of zero
sequence current and the balancing ampere turilalaeawvithin the transformer. Generally, zero
sequence current requires a delta winding, orracetanection with the star point earthed. Any
impedance in the connection between the star paihtearth increases the overall zero sequence
impedance. This has the effect of reducing the gequence current and is a feature that is freélyuen
put to practical use in a distribution network émtrol the magnitude of current that will flow umde
earth fault conditions.
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Transformer Sound/Noise

A Humming is an inherent characteristic of transfers due to the vibration caused by alternating flu
in the magnetic core. Sound levels will vary acaggdo transformers due to the vibration caused by
alternating flux in the magnetic core. Sound levelsvary according to transformer size.Attentitun
installation methods can help reduce any objechmaocise. When possible ,locate the transformer in
an area where the ambient sound will be equaleatgr than the noise of the transformer sound.level
Avoid locating units in corners. Make connectiorithvilexible conduits and couplings to prevent
transmitting vibration to other equipment. Largeitsi should be installed on flexible mountings to
isolate the transformer from the building structure

Sound Level in Decibels

Table 12.5
KVA Decibels
150 Degrees Celcius Rise
K-1 Average
0-9 40
Oct-50 45
51-150 850
151-300 55
301-500 60
501-700 62
701-1000 64

Measurement of Tan Delta and Capacitance of Bushirsgof Transformers and Winding paper
insulation

The above measurement gives an indication of thétgand soundness of the insulation in the
bushings. For obtaining accurate results of tatadeld capacitance without removing the bushings
from the transformers a suitable test set capdtiking measurement by ungrounded specimen test
method shall be employed. This utilizes the tgstofethe bushings and a tan delta/capacitanceeégst
Both tan delta and capacitance can be measuregl th&rsame set-up. Portable capacitance and tan
delta bridge from any reputed manufacturer couldses for this test. Portable test set include
measuring bridge such as SCHERING Bridge or transforatio arm bridge, power supply and
standard capacitor in one enclosure.

Proper safety instructions as per utility practoel necessary isolation required is to be done fwio
commencement of this test. Following precautiong beaobserved during this test:

1. Measurement may be made on low voltages prefelabbwy 10 kV. It is preferred to have the
bridge frequency different but close to operatiogvgr frequency, so that stray power
frequency currents do not interfere with the openasf the instrument.

2. Measurement shall be made at similar conditiorthasof the previous measurement. In the
event of measurement being made a varying temperaturection factor have to be applied
wherever applicable.
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3. Porcelain of the bushing should be clean and deyn®&ve any dirt or oil with clean dry cloth.

4. Test shall not be conducted when there is a comatienson the porcelain. Relative humidity in
excess of 75% is preferred.

5. Connection to the overhead bus at the bushing toeleel removed, only if the bus line affect
the readings considerably.

6. Terminals of the bushings of each windings to lmtsld together using bare braided copper
jumper. Transformer windings not being tested sbalgrounded.

Evolution of Test Results

A large percentage of electrical equipment faihes been reported due to deteriorated conditidheof
insulation. A large number of these failures camtécipated in advance by regular applicatiorndf t
test. Changes in the normal capacitance of insulatidicates abnormal conditions such as presence o
moisture, layer short circuits or open circuithie ttapacitance network.

The interpretation of the dielectric measuremeatt@sed on observing the difference:

1. Between measurements on the same unit after sicz@s®rvals of time.

2. Between measurements on similar part of a uniedaesnder the same conditions around the
same time e.g. several identical transformers ervainding of a three-phase transformer
tested separately.

3. Between measurements made at different test valtag@ne part of a unit; an increase in
slope (tip up) of DF vs Voltage curve at a givettage in an indication of ionization
commencing at that voltage.

An increase of DF accompanied by a marked incrisasapacitance usually indicates presence of
excessive moisture in the insulation. An increddeFoalone may be caused to thermal deterioration o
by contamination other than water. Surface of tiseliator petticoats must be cleaned otherwise any
leakage over terminal surfaces may add to thedasistie insulation itself and may if excessivelegh
false indication of its condition.

Maximum value of tan delta of class insulation paper insulation, oil impregnated is 0.007. Rdte o
change of tan delta and capacitance is very impbr@apacitance value can be within + 10%, - 5% in
capacitance value.

The temperature correction factor to be applieddorgerature other than 20° C is given in the
following table 12.6 which is based on IEEE 57 dtad.

Table 12.6
Ambient temperature in °C| Temperature correctiahoia
10 0.8
15 0.9
20 1
25 1.12
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30 1.25
35 1.4
40 1.55
45 1.75
50 1.95
55 2.08

Partial Discharge Detection in Transformers

Detecting partial discharge in the insulation armadings of power and instrument transformers is a
well-documented use afcoustic emissiormonitoring. Discharges are due to electric arcwigich
vaporizes the dielectric fluid in the dischargehpateating a bubble cavitation effect. These sndde
bursts of acoustic energy are transmitted by thd fo the external wall, where an acoustic emissio
sensor can sensitively pick them up. There arei@pastruments for this application, combining
thresholded event and counts measurement, alohgwatlulated audio output. The ideal frequency
range has been determined from previous studies 1®0-200 kHz.

Since the induced acoustic signal will transmitienber of feet in the wall before becoming compietel
attenuated, the location of the source must berdéted by probing at several locations in a search
pattern until the strongest signal is obtainedh(Bgj count rate). A regular maintenance prograniimig
include recording the readings at standardizedilmtsion the exterior shell of the transformer.

Discharges typically take place in a regular patsssociated with the 50-cycle AC waveform as shown
in the oscilloscope image below.

Fig.12.7 Core noise associated with the transfopower cycle—no discharges.
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Fig.12.8 Partial discharge burst-like entissievident on power cycle at regular intervals.
denotes Transformer needs to bekeuethoroughly

The AE (Acoustic Threshold )is set above the caiisanlevel, so only the burst type emission agtivit
is counted (events and counts). In the RMS modepéak —to-average RMS ratio should also show an
increase when such activity is detected.

12.3 Routine Tests

Measurement of voltage ratio and check of phase gikcemen

These measurements are made to verify the voltdigeaf the windings, their interconnections and
phase displacement, i.e. vector group. For purpolSesgasurement, the transformer is exited by a low
voltage (some tens of volts) and, using a null metltomparison is made with an accurate, adjustable
voltage ratio standard.

The observed ratios are accepted if they are wilteértolerances of the relevant standard.

All standards which are adjusted to IEC permitlaramce of 0.5 % of the ordered ratio on the ppali
tapping or a percentage of deviation which equél® &f the measured impedance on the principal
tapping.

The tolerance for other tappings is to be agreednot less than the lowest of the values above.

The turns ratio of a transformer is defined as the number of tam#s secondary divided by the
number of turns on its primary.
The voltage ratio of an ideal transformer is disectlated to the turns ratio:

Vs Ns
Vp Np

The current ratio of an ideal transformer is ine@rselated to the turns ratio:
Ip  Ns

Is  Np

Where Vs = secondary voltage, Is = secondary cyrvgn= primary
voltage, Ip = primary current, Ns = number of tumshe secondary winding
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and Np = number of turns in the primary winding.

TR (turns ratio). This test energizes any choserding at a specified

voltage and measures the induced voltage on ary winding. The

results are then presented as a ratio (e.g. Zlefg.) Voltech AT testers

do this by dividing one voltage by the other witéempensating for winding
resistance. Phase is also measured: ‘in-phasatiygogolarity) and ‘antiphase’
(negative polarity).

VOC (voltage open circuit ). This test applies #age to the primary winding, reads the voltage
induced in the secondary winding and presentsafigts as a secondary voltage using aMegger of
500V, the test is suitable for testing low-frequepower transformers. Phase is also measured: ‘in-
phase’

(positive polarity) and ‘anti-phase’ (negative pahg.

Transformer Oil Quality Tests

following Oil Quality Tests are performed to cheskhe conditions of transformer oils. These tasts
carried out by qualified chemists at accrediteatatories.

Dielectric Breakdown Voltage Test (IEC 60156)

This test determines if the transformer oil hasjadée insulating strength. Low insulating strengfth
oil can lead to transformer failure.

Water Content Test (IEC 60814)

This test determines the water content in the atgig oil based on the Karl Fisher method. The
presence of water can adversely affect the diétestirengths of the insulating oil.

Acidity Test (IEC 60296)

This test measures the acids content of the od.Athld-up of acidic compounds cause the formadion
sludge in the transformer. Sludge has an advefset @h the cooling ability of the insulating dilatt

can lead to transformer overheating.

Corrosive Sulphur Test (ISO 5662)
This test detects the presence of corrosive suliphtre insulating oil. Sulphur can cause corrogmn
the winding insulation and conductor of transformer

From the quantity and type of each gas detectagineers can determine if the transformer has partia
discharge, thermal fault or arcing problem.

Test for dielectric strength (BDV)

Using a BDV test kit, adjust the electrodes (12rB tha) slot that a gap of 2.5 mm is between them.
Carry out six tests on the oil, stirring the oitween each breakdown and allowing it to settle €Tthie
average result of the six figure and this shouldid®d for acceptance criteria (i.e. 60 kV)

Tests for moisture content (ppm)

Using an automatic moisture content test set asdtable syringe that has been flushed, inject a
sample of the oil into the test set. Depending upermake of the test set the moisture figure neay b
indicated by mg H20. if this is the case the figoray be divided by weight of the sample injected in
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grams. This will give in parts per million (ppm)ygically the moisture content should be less than 1

ppm for transformers in service.

The recommended values of insulating oil for nemwused oil before filling in the equipment (as per
IS: 335/1983) and after filling in the equipment (eer 1S:1866/1983) are given below in Table 12.7 &

12.8

Table 12.7

S. No. Chracteristics / Property

1 Appearance

2 Colour
Density at 29.5C, Max.
Kinematic Viscosity at 27C, Max
Kinematic Viscosity at 40C, Max

5 Interfacial tension (IFT) 29%C, Min.

6 Flash point, Pensky Martin (Closed), Min.

7 Pour point, Max.

8 Acitity, Neutralisation value

a. Total acidity, Max.

b. Inorganic acidity / Alkalinity

S. No. Chracteristics / Property

9 Corrosive Sulphur

10 Di-electric strength (Breakdown Voltage),
Min. gap of 2.5 mm

a. New unfiltered oil

b. After filteration

11 Dielectric dissipation factor (Ta®) DDF at 90
C, Max.

12 Specific resistance (resistivity)
At 90° C, Min.

b. AT 27° C, Min.

Transformers in and out
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Standard value

Clear & transparent, free from
suspended matter or sediments

0.89 g/cn
27 cst
< 9cst

0.04 N/m
1400 C
-6°C

0.03mgKOH /g
NIL

Standard value
Non-corrosive

30 kV, rms
60 kV, rms
0.002

35*1012Q -cm
1500*1012Q2 -cm
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13 Oxidation Stability

Neutralisation value after oxidation, Max. 0Mg KOH / gm
b. Total sludge after oxidation, Max. 0.10% by virtig
14 Ageing characteristics after accelerated ageing

(Open Breaker method with copper ctalyst)
a. Specific Resistance (resistivity)
i. At 27° C, Min. 2.5*10120 -cm
i. At 9C° C, Min. 0.2*10120 -cm
b. DDF at 90 C, Max. 0.2

Total Acidity, Max. 0.05

Total sludge value, Max. % by weight 0.05

S.No.  Chracteristics / Property
15 Presence of oxidation inhibitor

16 Water content

New unfiltered oil

b. After filtration
17 PCB content
18 SK value
Table 12.8

S.No. Chracteristics / Property
1 Appearance
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Standard value

Max. 0.05% teelads absence of
oxidative inhibitor

50 ppm
15 ppm
<2 ppm
410 8%

Standard value

Clear & transparent free from suspendster or
sediments
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2 Interfacial tension (IFT) 29.5° C, Min. 0.018 N/Min.
3 Flash point, Pensky Martin (closed), Mih25° C, Min
4 Total acidity, Max. 0.5 mg KOH/g
5 Di-electric strength (breakdown voltagadBelow 72.5 kV — 50 kV Min.
BDV Min. gap of 2.5 mm 72.5 to including 145 kV — 40 kV, Min.
145 kV & above — 30 kV Min.
6 Dielectric dissipation factor (Tand) Below 145 kV — 0.2 Max.

DDF at 90° C, Max. 145 kV & above — 30 kV Min.
7 Specific resistance (resistivity) — At 90°0.1*1012 W -cm
C, Min.

8 Water content, Max. Below 145 kV — 25 ppm Max.

145 kV & above — 35 ppm Max.

9 Dissolved gas analysis (DGA) 145 kV & above paisIS 10593 latest rev.

Prior to energisation of transformer, the oil sagrgiiall be tested for properties and acceptaneasor
as given in Table 12.9.

Table 12.9

S.No. Particulars of test Acceptable value
1. BDV (kV rms) 60 kV (Min.)

2. Moisture content 15 ppm (Max.)
3. Tan delta at 90C 0.05 (Max.)

4. Resistivity at 90 C 1*10 : -cm (Min.)
5. Interfacial tension 0.03 N/m (Min.

Measurement of Insulation Resistance of Transformer

The measurement of insulation resistance is caouédo check the healthiness of the transformer
insulation. This test is the simplest and is beindely used by the electrical utilities. This tewdicates
the condition of the insulation i.e. degree of édigs of paper insulation, presence of any foreign
containments in oil and also any serious defectiartransformer. The measurement of insulation
resistance is done by means of megger of 2.5 kWdoisformer windings with voltage rating of 11 kV
and above and 5 kV for EHV transformers.

All safety instructions have to be followed as fier utility practice before carrying out this tdstas
also to ensured that high voltage and low voltagelings are isolated along with the concerned
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isolaters. In case transformer is having a tertiendings, ensure the isolation are the same poior
commencement of the test. Also the jumpers anditiglarrestors connected to the transformer have to
be disconnected prior to start of testing aftemessf PTW/SFT.

Following precautions may be taken while conductmgabove test.

1. Bushing porcelain may be cleaned by wiping \aithiece of the dry cloth.
2. When using a megger, observe the usual acquewentive rules.
3. As the windings possess a substantial capaeitdine current carrying cords should only be
touched

after the electric charge have been remowad them.
4. Connecting wires from the bushing line lead tamdk to megger shall be as short as possible
without

joints and shall not touch tank or each other.

Testing procedure:

IR measurements shall be taken between the windiiggectively (i.e. with all the windings being
connected together) and the earthed tank (earthpetiveen each winding and the tank, the resteof th
windings being earthed. Following measurementsedevant for Auto-transformer, three winding
transformer and reactor.

Table 12.10

For auto-transformer For shunt reactor For winding transformer
HV/LV+E HV/E HV/LV+TV+E
IV/HV+E LV/HV+TV+E
LV/HV+LV+E TV/HV+LV+E
HV/IV HV+TV/LV+E
IVILV LV+TV/HV+E
HV/LV HV+LV/TV+E

HV - High voltage, IV - Intermediate voltage, LV-hovoltage, TV - Tertiary voltage windings, E —
Earth

Record date and time of measurement, sl.no., niakegger, oil temperature and IR values at
intervals of 15 seconds, 1 minute and 10 minutks.live terminal of the equipment shall be conrecte
to the winding under test.

Evaluation of Test Results

Check the IR values with the values given in tts¢ tertificate by the manufacturer. These valueg ma
be used as bench marks for future monitoring offfhealues. The IR values vary with the type of
insulation, temperature, duration of applicatiorvaltage and to some extent on apply voltage. Fhe |
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values in air will be nearly 15 to 20 times morarthin the transformer oil at the same temperaitre.
following table can be used for IR conversion wémperature.

Minimum insulation values for one minute resistammasurements for transformers may be
determined by using the following empirical formula

R = CE N kVA

Where

R - Insulation resistance in ohms

C - 1.5 for oil filled transformers at 20° C assamthat the oil is dry, acid free and sludge free.

E - Voltage rating in V of one of the single facmdings (phase to phase for delta connected anskpha
to netural for wye connected transformers)

KVA - Rated capacity of the winding under test.

IR test results below this minimum value would tede probable insulation breakdown.

i) The following IR values may be considered asrthi@mum satisfactory value at 30° C at the time
commissioning, unless otherwise recommended byntreufacturer.

Table 12.11

Rated voltage class of Minimum desired IR value at
winding 1 minute (MQ)

11 kV 300

33 kV 400

66 kV & above 500

Even if the insulation is dry, IR values could beridue to poor resistivity of the oil. The IR vatue
increases with the duration of the applicationhef toltage. The increase in IR value is an indicadf
dryness of the insulation. The ratio of 60 secdRd@dlue to 15 second IR value is called absorption
proportion

Polarisation index

For oil transformers with Class A insulation wittasonably dried condition polarization index at G0°
will be more than 1.3. Polarisation index teshis tatio meteric test, insensitive to temperature
variation and may used to predict insulation sysp@niormance even if charging currents (i.e.
capacitive, absorption or leakage currents) hatdadiminished to zero. Since leakage current
increases at a faster rate with the presence dftureithen does absorption current, the megohm
reading will not increase with time as fast witkukation in poor condition as with insulation inoglo
condition. The polarisation index is the ratio 1ibate to 1 minute megaohm readings. The values
given below are guidelines for evaluating transferm
insulation:
Polarisation index = 10 min megger reading

1 min megger readi

Table 12.12
Polarisation Index Insulation condition
Less than 1 Dangerous
1.0-11 Poor
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1.1.-1.25 Questionable
1.25-2.0 Fair
Above 2.0 Good

Oil Leak Detection testPressure-Powdered Chalk Test

This test is used as a leak detecting means by samsformer manufacturers. The test piece is
mounted in a tank in a manner similar to its actyplication. All external surfaces are coated \&ith
powerdered chalk and alcohol mixture. The tankledfwith oil, sealed and pressuized to the spextif
pressure. Oil leaks are easily detected as distabors in the chalk. The test is typically run 2ar

hours.

Four switch assemblies are mounted into a testganidating the standard mounting procedures. Once
the switch assemblies are mounted, the tank elfiith transformer oil and sealed.

The external surfaces the switch and the tankervitinity of each switch are coated with the chalk
alcohol mixture. The tank is then pressuized t® P4 and left for 24 hours. At the end of the ddifs
period, the chalk is inspected for signs of oiklea evidensed by discoloratioin of the chalk. Fafur

the switch assemblies that were subjected to tlenméeak test were tested using the powdered chalk
pressure test.

No coloration of the chalk shall be observed after24 hourhold time. The assemblies must not leak.

Chapter-13

13 GENERAL AND PREVENTIVE MAINTENANCE

A power transformer in a sub-station is not onlg afithe costliest equipment but is also one of the
most important links of the power system. If thevpotransformer is required to give a trouble free
service it should receive proper attention foniintenance. General maintenance, which is normally
required to be done on transformers, is of twosype

Reactive maintenance and Preventative maintenance

Reactive maintenance, also referred to as breakdoaintenance, is the most common form of
equipment maintenance practiced in industry toBayipment is neither serviced on a regular
scheduled basis, nor is it tested to determinepitslition. With this approach, equipment is rephioe
replaced when a failure

occurs.

Preventative maintenance is a program of routingpagent inspections, maintenance tasks and repairs
which are scheduled to ensure that degradatiogupment is minimized. A well designed
preventative maintenance program slightly over-na&ms equipment because scheduling is designed
for the worst case

operating conditions. The overall objective is teyent operating problems or failures, and ensure
reliable operation of a facility.

Predictive maintenance is the technique of reguladnitoring selected parameters of equipment
operation to detect and correct a potential proldefore it causes a failure. This is done by
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trending measured parameters which allows a cosganf current parameters to historical data. From
this comparison, qualified judgments about the rfeedorrective action can be made. This approach
ensures that the right maintenance activities arfopmed at the right time.

13.1 Importance of Maintenance

For many companies, maintenance is an activity ivtscarried out reactively, in response to
interruptions, breakdowns and other unfortunate&ve he ramifications of this kind of approach can
be severe, especially at operations such as proggssnts, assembly lines and power plants, where
the failure of a relatively minor component carrali the entire facility. As many companies have
found out, the total cost of downtime and emergaroynd-the-clock repairs can be staggering. On the
other hand, a preventive maintenance program emsuorginuity of operation and lessens the danger of
unplanned

outages. Planned shutdowns take place during geoiodactivity or least usage, and as a result,
troubles can be detected in the early stages anelctive action taken before extensive damagengdo
The relationship between maintenance quality aectétal equipment breakdown can be seen in the
Following results from a survey conducted by thEHH

Table 13.1

Number of Failures Versus Maintenance Quality For Al
Equipment Classes Combined

Number of Failures
Percent of Failures
Maintenance All Inadequate | Due to Inadequate
Quality Causes | Maintenance Maintenance
Excellent 311 36 11.6%
Fair 853 154 18.1%
Poor 67 22 32.8%
Total 1231 212 17.2%

13.2 Causes of electrical failure

There are four principal causes of electrical failulust and dirt accumulation; moisture; loose
connections; and friction of moving parts. An effee maintenance program should aim to minimize
these effects by keeping equipment clean and éspikg connections tight and minimizing friction.
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DUST AND DIRT ACCUMULATION

Lint, chemical dust and the accumulation of oil tnaisd particles become conductive when combined
with moisture on insulation. These can be respdméilo degradation of insulation, tracking and
flashovers.

Dirt build up on coails, in motors, transformers aethys will obstruct air flow and increase opergti
temperatures. This results in decreased efficiamcyequipment failure. Contamination cannot be
avoided in certain facilities such as steel mifisnes, foundries and aggregate plants. However,
contamination in these environments can be minidwgiéh regularly scheduled cleaning of equipment,
and the use of properly designed apparatus suehcapsulated coils, totally enclosed self-cooled
equipment and separate filtering systems.

PRESENCE OF MOISTURE

Moisture condensation in electrical equipment camse oxidation, insulation degradation and
connection failure. High humidity produces free densation on the equipment which can result in
short circuiting and immediate failure. Ideallye@kical equipment should be operated in a dry
atmosphere, but often this is not possible, sogutdans should be taken to minimize the entrance of
moisture through the use of

proper enclosures and space heaters, where aFieopri

LOOSE CONNECTIONS

Electrical connections should be kept tight andued to recommended values. Creep or cold flow
during load cycles is a major cause of joint faludardware on all electrical equipment should be
checked for looseness resulting from vibration momnal device operation. Cable connections and fuse
clips are

common areas where loose connections can be fowgether with contactors and circuit breakers,
they should routinely be inspected for tightness.

FRICTION

Friction can affect the freedom of movement of &leal devices and can result in serious failure or
improper operation. In circuit breakers, frictimnaeduce speed of operation - a vitally important
factor. Dirt on moving parts can cause abrasioncamdresult in improper operation such as arcing or
burning.

Devices should not be lubricated unless specifiethe manufacturer. The type and grades of lubtican
specified should be strictly adhered to. Oil anelge collect dust and other contaminants, and also
attack insulation, particularly rubber.

Checking the mechanical operation of devices anuuadly or electrically operating any device that
seldom operates should be standard practice.

Correct interpretation of maintenance data fromdfarmers is vital for increased reliability, loliig,
and advanced information on possible need of repiaat.

Information accumulated through routine inspectiand periodic tests on transformers in operation
will usually provide you with a warning of appro@utp service problems. Then corrective measures can
be taken. More importantly, if the available tramsier maintenance records are effectively integgoket
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it's not unusual for an impending failure to bediceed. This, in turn, allows appropriate replaceme
measures, alleviating the impact of a sudden loss.

Recognizing the warnings of impending failure regsiicareful surveillance of the records to seek out
significant trends or aberrant behavior. Persiger a basic knowledge of a transformer's expected
operational characteristics will help you realize full benefit of a maintenance program.

1. Regular inspection of the external surface of ti@nser for any dirt and dust and when
required the same may be cleaned

2. Regular inspection of the external surface for dayages due to rust

3. Possible rust damages when noticed are to be rehamet surface treatment restored in the
original state by means of primer and finished {safior minimizing risk of corrosion and its
subsequent spreading

4. Before carrying out any maintenance work ensurpgqireafety procedures as per utility
practice and ensure the following:

a) The transformer and the associated equipmentahe taken out of service, isolated and properly
earthed

b) Obtain a permit to work / sanction for carryimg tests from the shift engineer

c¢) Obtain the keys for the transformer area

13.3 Checks to be carried out
Following checks may be carried out

Check for signs of corrosion

Check all joints for any sign of leakage
Check for any sign of mechanical damage
Check oil levels

Check that surrounding areas are clean and tidy

arwdE

All results must be entered in the proper formatcfimparison during future tests.
Silica Gel Breather

Check the color of the silica gel breather so gwéwent any deterioration of silica gel breatlitas
recommended to replace the same when half to tine dhthe silica gel has become saturated and
become pink in colour. Failure to comply this wébkult in decreasing the drying efficiency of the
breather. Silica gel breather could be reactivatede in its charge container or it can be empired a
shallow tray. It is required to be heated in a welttilated oven and a temperature of 130-138 @sgre
till the entire mass achieve the original blue colmmediately after reactivation the new silicd ge
must be placed in a sealed container to avoid begrance of moisture while cooling.
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Conservator Oil Level - Visual Checks

Visual checks may be carried out on regular basisdnservator oil levels. If the level is normal n
action is required. In the event of above or betmnmal level action has to be taken to add or remov
some of the oil. The correct oil filling level ismmally is to be specified on the information pla¢a
temperature of 45 degree C the conservator shaeutal filled. If the level shows the value full oi
must be drained off. If it is low oil must be addednediately.

Check for Marshalling Cubicle and Kiosk

Following checks may be carried out and all reulty be recorded in the format of comparison
during future checks.

Condition of paint work

Operation of door handles

Operation of doors and hinges

Condition of door seal

Door switches working

Lights working

Heater working

Thermostats working

Operation of heating and lighting switches

10. Mounting of equipment secure

11. Manual operation of switches satisfactory

12. Checking of tightness of cable terminations

13. Checking of operation of contractors (isolating titig signal, if any)

14. HRC fuses and their rating

15. Operation of local alarm annunciator by pushinghpusttons provided for lamp test,
acknowledge, reset, system test, mute etc. to @veystem function

16. Source change over test check by putting off pawserces alternatively

17. Check for plugs for dummy holes and replacemeriouihd missing.

CoNoOORA~WNE

Note: Transformer / shunt reactor need not be takemf service / isolated or earther while cargyin
out the above checks.

Valve Operation Checks

Following checks may be made either at the timerettion or after a major overhaul. All results mus
be recorded in the log for comparison during futests.

Check each value for free operation
Check that each valve is padlocked where applicable
Check that each valve is adequately greased

Check that each valve returns to its "in servigedrating position (open or closed)

hwnhE

Cooling System
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Regular inspection may be carried out of the cagptinrfaces and when required clean same from the
dirt, insects, and leaves or any other air bornte Bhis is important as it affects the fan cooling
Cleaning is normally done by water flushing at hijghssure. As regards cleaning of internal cooling
surfaces, no major are considered necessary sdHengl is in good condition. In the event of Begjt

of sludge formation of the oil the sludge may gepakited from the horizontal surfaces in radiators
coolers. The same may be flushed internally wigaeloil in connection with oil exchange. In therdve
the sludge doesn't gets loosed the flushing malohe first with petrol and then with oil. However,
this may be carried out in consultation with thpier.

Regular inspection of the cooler banks may be mglde.cooler can be cleaned by taking out the tube
packets and thereby making them assessable fariripd-or any increase in sound level of fan
retighten all mounting supports.

Cooling System - Fans - Controls

Fan control are designed to operate both manuatlyaatomatically. The automatic function is related
to the load and energization or both. The followoogtrols are required to be checked.

1. Manual Control - Fan operation should observed after turning itch to ON position for a
brief period. Oil pump should be checked by obsarihe flow through gauges. In case of any
malfunctioning manufacturers may be consulted.

2. Temperature Control - Remove the temperature bulbs from its well andtde / top of the
transformer. Set the master controller to the aatanposition. The temperature of the bulb
should be slowly raised by using a temperaturerobpalibration equipment for observe for
proper calibration / operation.

3. Load Control - Check the secondary current of the controllingf@Tproper operation. Shot
the secondary of CT (if the transformer is enemjizRemove the secondary lead from the
control circuit and inject the current to the cohtircuit. Vary the level of the current to
observe the proper operation.

Cooling System - Fan - Visual Inspection

Following visual inspection checks may be carristwithout taking a shut down of the transformer to
check that the fans are operating at a designedisp&ways are not blocked and guards and blages a
not damaged.

Visual check for contamination of motor and fandels
Check for build up of moisture in the motor

Check bearing lubrication

Check for correct rotation

Check for unusual noises

Check for corroding parts

o krwhE

Cooling System - Pumps-Visual Checks
Following visual inspection checks may be carristwithout taking a shut down of the transformer
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1. The transformer and associated equipment needenmittof service or isolated while carrying
out visual checks on the pumps.

Obtain a 'Permit to Work' from the Shift Engineer

Obtain keys to the transformer compound and mdnshaiosk

All results must be recorded in a log for comparidaring future tests in service.

Following checks should be carried out

arwn

a) Check for correct rotation

b) Check for unusual noises/abnormal vibratiomptaeement of rotor and bearings
¢) Check for corroded parts

d) Check for electrical problems

Winding Temperature Indicators — Test
Following tests may be carried out:
Cooler control, alarm and trip test

1. Temperature indication calibration of WTI bulb
2. Secondary induction test

Before carrying the tests it may be ensure thatrvsformer and the associated equipment is
de-energized, isolated and earthed.

Cooler control, alarm and trip test

The setting of temperatures should be as per thaegd scheme. The values given below are
indicative values. However, these values are nbettaken for granted and are to be verified with
manufacturers instruction manual.

1. Access the local winding temperature indicatat set the temperature indicator pointer to trss fir
stage of cooling value (65 degree C).

Check that the fans of those coolers set to fiegjesare operating.

- Set the temperature indicator pointer to secéagescooling value (80 degree C).
Check that the fans of those coolers set to sestag® are working.

- Set the temperature indicator pointer to thenalealue (110 degree C).
Check with the control room that the alarm sigres been received.

- Set the temperature indicator pointer to thevajue (125 degree C).

Check with the control room that the trignsil has been received

Temperature indication calibration of Winding Temperature Indicating (WTI) bulb
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Remove the WTI bulb from the transformer pocket @nsért the bulb into the calibrated temperature
controlled bath.

Raise the temperature of the bath in 5 degree atapsheck the response of the WTI after 10 minutes
This may be continued up to a maximum temperatut@® degree C. The tolerance permitted for
temperature indication is = 3 degree C.

Lower the temperature of the bath in 5 degree aejpcheck the response of the temperature indgator
after 10 minutes. At the same time check the tracexdoutput. The tolerance indicated for tempeeatur
indication is + 3 degree C.

Check the alarm and trip switch setting by rotatimg pointer slowly to the set temperatures. These
settings will be indicated using a multi-meter. &ekcthe values at which the switches operated.

Once these checks are completed return the bultetpocked in the transformer cover. Do not forget
to bring the maximum level pointer to match thepgenature indicator.

Oil Temperature Indicator - Test

Remove the OTI bulb from the pocket on the tramséarlid and insert them into the calibrated
temperature controlled oil bath.

Increase the temperature of the oil bath in 20eke@ steps from O degree C up to a maximum
temperature of 120 degree C. Check and record €3dings against bath temperatures up the range
(tolerance = 3 degree C).

Access the oil temperature indicator and rotateptiieter slowly to the alarm value (95 degree @) an
the trip value (110 degree C) and check their dmraUsing a resistance meter, across the switches

Gas and Oil Actuated Relay - Test

The use of gas operated relay as protection fanwiiersed transformers is based on the fact thatisfa
as flashover, short-circuit and local overheatingmally result in gas-generation. The gas-bubbles
gathering in the gas-operated relay affect a fhaitolled contact that gives an alarm signal.

Following tests may be carried out:

Gas and oil relay inclination (Only at the timepoé-comissioning)
Gas and oil relay alarm
Gas and oil relay trip

Gas and oil relay surge at pump energization

hwnhE

Before conducting above tests ensure that transfoamd associated equipment is de-energized,
isolated and earthed.
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Check the stability of the alarm and trip contaxtthe buchholz relay during oil pump start by both
manual and automatic control to ensure spuriousnaland trips do not result.

134 Maintenance and testing procedures

Insulation measurements shall be taken betweewitigings collectively (i.e. with all the windings
being connected together) and the earthed tanthjeard between each winding and the tank, the rest
of the windings being earthed. Following measureémare relevant for Auto-transformer, three
winding transformer

Bushsings

Regular cleaning of the bushing porcelene fromatid dust should be carried out in the areas where
the air contains impurities such as salt, cemenbke or chemical substances, the frequency may be
increased.

Connectors

To avoid prohibited temperature rise in the eleafrconnection of the transformer, all screw joints
should be checked and retightened. Use of thermoovcamera may be made for any hot-spots in the
joints.

Maintenance of Insulating Oil

One of the most important factor responsible fer lerformance of the transformer is the qualitshef
oil. Normally insulating oil is subjected to dietecand moisture contents at site for monitoring th
condition of the oil.

Test for dielectric strength (BDV)

Using a BDV test kit, adjust the electrod&2.5 mm dia)sot that a gap &.5 mmis between them.

Carry out six tests on the oil, stirring the oitween each breakdown and allowing it to settle €Tthie
average result of the six figure and this shouldid®d for acceptance criteria (i.e. 60 kV)

Table 13.2
For auto- For winding
transformer transformer
HV/LV+E HV/LV+TV+E
IV/IHV+E LV/HV+TV+E
LV/HV+LV+E TV/HV+LV+E
HV/IV HV+TV/LV+E
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IV/ILV LV+TV/HV+E
HV/LV HV+LV/TV+E

Note.: HV - High voltage, IV - Intermediate voltage, LV-hovoltage, TV - Tertiary voltage windings,
E — Earth

Record date and time of measurement, sl.no., niakegger, oil temperature and IR values at
intervals of 15 seconds, 1 minute and 10 minutks.live terminal of the equipment shall be conrecte
to the winding under test.

using the following empirical formula:

R = CE/VKVA

Where

R - Insulation resistance in ohms

C - 1.5 for oil filled transformers at 20° C assuhthat the oil is dry, acid free and sludge free.

E - Voltage rating in V of one of the single facendings (phase to phase for delta connected and phas
to netural for wye connected transformers)

KVA - Rated capacity of the winding under test.

The following IR values may be considered as th@mum satisfactory value at 30° C at the time
commissioning, unless otherwise recommended byntreufacturer.

Table 13.3
Rated voltage class Minimum desired IR
of winding value at 1 minute (MQ )
11 kV 300
33 kV 400
66 kV & above 500

The full details of the IR and othe tests are giwvethe above section of Transformer testing

Tests for moisture content (ppm)

Using an automatic moisture content test set asdtable syringe that has been flushed, inject a
sample of the oil into the test set. Depending upermake of the test set the moisture figure neay b
indicated by mg H2O. if this is the case the figoray be divided by weight of the sample injected in
grams. This will give in parts per million (ppm)ygically the moisture content should be less than 1
ppm for transformers in service.

Prior to energisation of transformer, the oil sagrgiiall be tested for properties and acceptaneasor
as given in Table 3.

Table 13.4
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S.No. Particulars of test Acceptable value

BDV (kV rms) 60 kV (Min.)
2. Moisture content 15 ppm (Max.)
3. Tan delta at 90° C 0.05 (Max.)
4, Resistivity at 90° C 1*10 : -cm (Min.)
5. Interfacial tension 0.03 N/m (Min.

13.5 Maintenance tests recommended

Measurement of Insulation Resistance

The measurement of insulation resistance is caouédo check the healthiness of the transformer
insulation. This test is the simplest and is beimdely used by the electrical utilities. This tewficates
the condition of the insulation i.e. degree of édigs of paper insulation, presence of any foreign
containments in oil and also any serious defectiartransformer. The measurement of insulation
resistance is done by means of megger of 2.5 kWdoisformer windings with voltage rating of 11 kV
and above and 5 kV for EHV transformers.

All safety instructions have to be followed as fier utility practice before carrying out this tdshas

also to ensured that high voltage and low voltagelings are isolated along with the concerned
isolaters. In case transformer is having a tertie@ndings, ensure the isolation are the same poior
commencement of the test. Also the jumpers anditiglarrestors connected to the transformer have to
be disconnected prior to start of testing aftemessf PTW/SFT.

Following precautions may be taken while conductmgabove test.

1. Bushing porcelain may be cleaned by wiping withex of the dry cloth.

2. When using a megger, observe the usual accidewerptiee rules.

3. As the windings possess a substantial capacitdmeeurrent carrying cords should only be
touched after the electric charge have been remiogedthem.

4. Connecting wires from the bushing line lead and tamrmegger shall be as short as possible
without joints and shall not touch tank or eacheath

Inspection / Maintenance of Tap Changer

Generally the temperature of OLTC compartmentsféesadegree Celsius less than the main tank. In
case the temperature is found to be higher tharirtHicates a sign of internal problem and the OLTC
compartment need to be opened. Prior to openi@ &iC compartment the same should be
thoroughly inspected for external symptoms of ptigéproblems. Also, inspect the integrity of paint
weld leakes, oil seal integrity, pressure releaséce and liquid level gage prior to opening of @LT
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Following de-engerisation, close all the walls ketw oil conservator, transformer tank and Tap
Changer head. Then lower the oil level in divestgitch oil compartment by draining the oil for
internal inspection. Upon entering the OLTC comparit check for gaskit deterioration if any,
compartment floor for any debris which may indicabmormal wear.

Following items may be checked and manufacturegimeer consulted for details of maintenance.

1. Function of control switches

2. OLTC stopping on position

3. Fastener tightness

4. Signs of moisture such as rusting, oxidation ee fstanding water

5.  Mechanical clearances as specified by manufaéurstruction booklet

6. Operation and condition of tap selector, changesegkector and arcing transfer switches
7. Drive mechanism operation

8. Counter operation

9. Position indicator operation and its co-ordinatidgth mechanism and tap selector position
10. Limit switch operation

11. Mechanical block integrity

12. Proper operation of hand-crank and its interlogich

13. Physical condition of tap selector

14. Freedom of movement of external shaft assembly

15. Extent of arc erosion on stationary and movabbhiag contacts

16. Inspect barrier board for tracking and cracking

17. After fitting with oil, manually crank throughoentire range

18. Oil BDV and moisture content (PPM) to be measiamed recorded

Finally, the tap selector compartment should behfiad with clean transformer oil carbonization which
may have been deposited should be removed. Min Bild be 50 kV and moisture content should
be less than 20 PPM.

Importance of variations in sound level

The audible sound level of a transformer, eithgrtgpe or liquid-filled, is largely dependent oreth
ratio of the applied voltage to the number of actiwns in the primary winding (volts per turn)aor
the degree of distortion in the load current. Tesser degree, it's dependent on the tightnessref c
and coil clamping components and the external sanicture.

If a noticeable change in sound level is detedtati¢annot be explained by changes in loading
practices, your first check should be the inpututput voltage on the transformer because its sound
level is very sensitive to changes in voltageh# voltage increases, the sound level will alsceiase.

As such, you should verify that the measured veltagvithin the nameplate rating for the tap sgttin
on the transformer. If it consistently exceedst#pevoltage by more than 5%, the transformer is-ove
excited and should be de-energized and a tap séldwit is within 5% of the applied voltage.
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Transformers designed to existing standards caalety operated at overvoltages of up to 5%, beit th
sound level will increase noticeably.

If the applied voltage is within the range of tap setting on the transformer, and there is an
unexplained increase in sound level, there couliieenal damage that has shorted one or more
winding turns in the primary winding. This woulddree the effective number of turns and increase the
volts per turn and the sound level. If this problisrsuspected, the transformer should be remowsd fr
service for acceptance tests. For liquid-fillechsfarmers, if these tests are inconclusive andiiteis

to remain in service, oil samples should be takemgés-in-oil analysis on at least a monthly basi

the analyses refute or confirm the internal windingblems.

An increase in sound level can also be the re$ida current distorted by harmonics. Check the
connected load for any changes. There may podsibbydeveloping problem with a load component
that has introduced load distortion on the tramséar As various load segments are switched in and
out, listen to the sound level for any abrupt clemndroad current with a high harmonic content can
cause higher temperatures than the designer atgdin the magnet core or in the windings. If any
noticeable increase in sound level is caused li/ h@amonics, you should take steps to minimize or
eliminate the additional loading on the transformer

Evaluating tank heating

Hot spots on the tank surfaces of liquid-filledhstormers, or enclosures of dry-types, that arersev
enough to blister or discolor the paint may indéddite existence of open or shorted internal lead
connections. These deficiencies may create changkes current paths, resulting in induced currémts
the tank wall. When tank heating occurs, the tamsér should be deenergized as soon as possible and
electrical tests performed. Winding resistanceiangkedance measurements are especially important
when tank heating is observed, as changes in tiesacteristics will indicate changes in the inaérn
connections.

For liquid-filled transformers, an oil sample shabbk taken for gas-in-oil analysis. If tank heating
persists, or a gas-in-oil analysis indicates areiase in combustible gas above the limits showkign
1, an internal inspection should be made to obs@nyeevidence of irregularities in the internal
connections. If a defective connection is identifian experienced repair organization may be able t
make a field repair and recondition the transforribe surface of the oil should be examined for
evidence of carbon or burnt insulation. If theisitliscolored to the point that the internal pagsnot
be seen, the transformer should be removed toadr fagility for untanking and examination.

Transformer oil maintenance

First, when reference is made to oil (askarel} thidone in a generic sense and the term retates t
group of synthetic, fire-resistant, chlorinatedyraatic hydrocarbons used as electrical insulating
liquids.These liquids serve as a heat transfer unedif a liquid-filled transformer is equipped wigh
pressure gauge, pressure readings should be takieg those times when top-oil temperature readings
are taken. Comparison of the pressure readingddsbewnoted on a regular basis and correlatedeto th
temperature readings. Whether a transformer hasssyre gauge or not depends on the type of oil
preservation system. The general types of oil prasen systems are as follows.
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* Free Breathing. These transformers have ventgeathe oil that allow air to enter and exit asdiie
expands and contracts due to variations in fieeading temperature.

* Sealed. A sealed transformer does not have \mrits designed to withstand the internal pressure

variations resulting from the compression of the gpace above the oil as the oil volume changes du
to thermal expansion and contraction.

* Conservator. These type transformers have a taakthat is completely filled with the insulating
liquid and a separate external reservoir. Thisreal tank is provided with a quantity of fluidgsitly
greater than that displaced by the expansiorcanttaction of the insulating fluid in the main kan
The external tank is mounted above the main entkis connected by a short pipe that allows the
insulating liquid to flow back and forth.

* Automatic gas seal. Transformers of this typeéhawspace filled with nitrogen above the liquideTh
open space is connected to a nitrogen bottle aadwdator. The regulator bleeds off nitrogen fréra t
transformer tank when the liquid rises and addsgén when the liquid falls. This procedure mamgai
the internal gas pressure within an allowable range

In addition to the above types, there are otheatrans. Most transformers in commercial applicasio
are either free breathing or sealed. A sealedwittitisually have a pressure gauge. But, a free
breathing unit will not.

A sealed transformer with a welded-on cover showdihtain a consistent relationship between top-oil
temperature and pressure. If a review of the maamee record indicates that periods of maximum
temperature do not have correspondingly high presgadings (with minimum pressure readings at
lowest temperatures), a leak in the gas space dlbeuwsuspected. If the peaks and valleys of the
pressure readings do correspond to similar peaksaieys in the temperature readings but the walue
of the pressure readings are declining over tirag,should check the liquid level for loss of flidd
inspect the transformer for fluid leaks.

Many sealed units with bolted-on covers and gas&als will lose gas pressure if a positive pressure
maintained for an extended period of time. Theseesanits may allow the entrance of air if a negativ
pressure is maintained over an extended periodcéZonn regard to this condition should depend on
the ambient weather conditions (humidity, precijsta and airborne contamination), and the degfee o
cyclic variations in oil temperature. Be carefut ticreate conditions that will draw moisture tney
contaminants into the transformer through a leak.

When conditions exist that would tend to allow &mérance of contaminants, and the pressure readings
indicate a leak, the transformer should be deenetgind a pressure test performed. Most leaksecan b
found and effectively sealed; however, large gaaskeds, especially those using cork or composition
gaskets, will often allow the gradual decline of gaessure, even though an identifiable leak caomot
found.

When operating transformers with minor gas leaks, should closely monitor oil tests of the fluid
dielectric and water content. If there is no nalie deterioration, the concern for a gradual tdsmgas
pressure should be minimal.
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Significance of liquid level

For liquid-filled transformers, the liquid level@hld vary with the top-oil temperature, as the tank
pressure varies with a sealed transformer. Ifridecated liquid level pattern does not follow tieer
and fall of the top oil temperature, you shouldeistigate for oil leaks. If none can be found, yoausd
check the liquid level gauge's operation at a coieve outage.

The liquid level should not descend below the mummindication on the gauge or rise above the
maximum indication during extremes of operatingditans. If these limits are exceeded, you should
consult the manufacturer or instruction book t@lelssh the proper oil level and the existing level
should be checked at the earliest available outage.

If the oil level is consistently below the minimundication, the transformer should not be operated
until the internal level is checked to ensure timtive parts are exposed above the fluid andttieat
minimum oil level reaches the upper tank openingrof existing external cooling radiators.

You should carefully follow the manufacturers' mistions when adding oil to a transformer. If the
instruction book cannot be located, the manufacgheuld be contacted as there are often critical
variations in the replenishment fluids used, arednttanner in which they are introduced to the fluid
already in the transformer.

Oil temperature interpretation

For liquid-filled transformers, an operating tengiere above normal limits can be indicative of
internal problems with the core and coil componenmtsvith the normal exchange of heat from the core
and coil assembly to the surrounding air. Howeaaryunderstanding of what should be the normal
operating temperature of a transformer often I¢adsnfusion. Most liquid-filled transformers are
rated with a temperature rise of either 55 [dedr€esr 65 [degrees] C. This rated temperaturewidle

be printed on the nameplate and is defined in uargtandards as the average winding temperatere ris
above ambient. The temperature rise must theréfmsrlded to the ambient or surrounding air
temperature to arrive at the expected full-loadperature for existing conditions.

Even with the understanding that the nameplate ¢eatpre rating is an average winding temperature
rise above ambient, there is no gauge on a transfothat measures the average winding temperature
because it cannot be directly measured. It canlmmiyneasured through a series of tests that wauld b
impractical to make outside a factory test instalfa The temperature measured on the gauge is the
top-oil temperature and sometimes a simulated wimtémperature. Both of these measurements will
indicate the temperature rise plus the ambient.

The important point to note here is that the naategkemperature rise is not the temperature orse see
on the temperature gauge of a transformer wheratipgrat full load. The rise in gauge temperature
cannot be precisely correlated to the nameplatpeesture rise with the information available to nos
users. But, this correlation can be approximatéidaftransformer is operating correctly. The
relationship between the measured top-oil tempegatnd the average winding temperature varies
somewhat from design to design but usually theoibgemperature will be 5 [degrees] C to 10
[degrees] C lower than the average winding tempegallhe winding temperature indicator, if one is
provided, will usually read the winding's hottegbsstemperature, which is from 5 [degrees] C to 10
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[degrees] C higher than the average winding tentppreraRemember that all measured temperatures
must have the ambient temperature subtracted te eqnwith the temperature rises referred to on the
nameplate and in the standards

Another variable that confounds analysis of temfoeeareadings is the time delay experienced between
a change in load, or a change in ambient temper,adad the eventual transformer temperature change.
The time to reach a temperature equilibrium follogva change in either or both of these conditi@ms c
be 4 hrs or more for a typical transformer in a gwrcial application. Therefore, you should compare
temperature readings at the same time of day.négdthe variables will be minimized, assuming that
the patterns for load variations and changes in@mkbemperature are somewhat consistent for
corresponding time periods.

The effect of varying ambient temperature over long spans can be eliminated in large part if the
ambient temperature is recorded so that it maybgacted from the temperature values read on the
gauges.

If temperatures under similar load conditions &r@\8ng an increase when ambient temperatures are
subtracted, you may have thermal problems devejopithe transformer and acceptance tests,
including winding resistance measurements and ldesg@as analysis, should be performed and
compared with prior tests.

Performing oil tests

Oil tests can be separated into two general catesgdhose that assess the immediate serviceadility
the oil and those that assess the degree of aging.

To evaluate the immediate serviceability of the teib important tests are carried out: determimatib
dielectric strength and determination of water eahtYou should review these test measurements to
verify no sudden changes that would indicate thssipdity of the entrance of moisture or other
contaminants. If there is a sudden change, thefoamer should be carefully inspected for leaks and
the oil processed if the dielectric is below th&\28evel, or water content is above 30 ppm (paes p
million). You should refer to the manufacturer'stimctions for oil processing practices appropriate
the transformer.

The principal indicators to assess the degreeinfagf the insulation system (lead conductor

insulation, winding insulation, core insulationdathe fluid insulation) are interfacial tension|aro

and acidity. These indicators should be reviewedfty abrupt changes as they would normally change
very little from year to year. A significant chanigethese values may indicate overheating of afjat

of the insulation system.

If there is an interfacial tension decrease of 20%more, or an acidity increase of 25% or moreh{\ait
change in the color of at least one full point lva ASTM-D1500 color scale between annual readings),
the oil should be re-sampled and tested for comfiion of the results. These abrupt changes demote a
accelerated aging of the insulation system, whiohla/be indicative of overheating of the insulation
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The transformer should be scheduled for acceptiEste as soon as possible if these results are
verified.

Gas-in-oil analysis

As a liquid-filled transformer insulation systemeagthe oil and paper gradually deteriorate, prioduc
combustible gases that are dissolved in the aidysof these gases has led to the recognitioneof th
products of normal aging as well as certain contlina of gases that, in sufficient quantities, can
provide warning of developing problems. Performéngas-in-oil analysis provides a valuable
maintenance tool, especially if done on a regudaid) so that normal trends for each transformer ca
be established. The laboratory report of the tsults will list the key combustible gases deteeted
their quantities expressed in ppm.

Fig. 1 (see page 54), taken from the Guide forrpmegation of Gases Generated in Oil-Immersed
Transformers (ANSI/IEEE C57.104), lists the 90%hataility norms of combustible gas levels for
transmission rated transformers (normally 115kV higtier). These values should be used as a guide
only. There is no universal agreement among expertsnits for particular gases; as such, it's
important to establish normal trends for individrahsformers.

Similar norms have not been established for lovefiage transformers as a separate category.
However, experience is accumulating that indicitedimits shown in Fig. 1 are suitable guidelines
that may be used for lower voltage transformers6dv to 34kV).

The most important gas to note is acetylene ¢8,). This gas requires arcing for its production and
levels above 35 ppm should be investigated. Ethadesthylene are next in order of concern and
indicate an intense hot spot. If an elevated lefelhrbon monoxide is also detected, paper insumas
involved in the hot spot. Elevated levels of methanthout correspondingly high values of ethylene
and ethane indicate a hot spot of less intenshg. resence of a high level of carbon monoxide evoul
again indicate that paper insulation was invol\gtirogen indicates that corona is present in the oi
Corona results from the partial breakdown of oikewlit is electrically stressed to a critical value.
Hydrogen theoretically should be a key gas in nesiahce analysis but, in practice, the level of
hydrogen varies so widely from test to test trmtigefulness is obscure.

If the limits in Fig. 1 are exceeded, or if estabéd trends for a particular transformer suddeninge,
the transformer should be acceptance tested.

ANSI/IEEE C57.104 and its references give compl#iemation on interpreting gas analysis data and
should be consulted for more information on thigject.

Insulation resistance measurements

Insulation resistance tests taken with a megohnemaee valuable maintenance measurements since
they are easy to make with portable instrumentsnaaylbe effective in finding defective insulation.
However, on liquid-filled transformers, these re@di are often erratically variable from test td.tes
There may be a measurement range as much as 5@%afiations are due in large part to the nature
of the insulating oil that takes into solution daipses that tend to polarize under the applicaifahe
DC voltage stresses produced by the megohm métersation resistance measurements on dry-type
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units are usually more consistent, and therefomeemseful than on liquid-filled transformers. Anet
significant factor affecting megohm readings otildtfilled units is that there are various combioas
of solid and liquid insulations that are used ansformer construction.

An additional factor to consider when measuringiiagon resistance is the temperature of the
transformer because heat affects each materiafeiiftly. Insulation resistance is usually measured
when the transformer is cooling down. But when da@n, a problem exists in that each material cools
at a different rate. The dual uncertainty of thaaxemperature of each insulation component, laad t
degree to which its resistance variation affeotsaverall reading, makes temperature correctighef
megohm values very imprecise. Because of thesati@rs, trends in insulation resistance readings
within [+ or -]50% are seldom significant and shibalways be supported with other tests such as
dissolved gas analysis, measurement of oil dietestrength, and determination of water content.

Meaning of changes in power factor

Power factor measurements are not usually recomedeiod dry-type transformers. If insulation power
factor measurements are carried out for a liquidefitransformer, and corrections are made for
temperature according to the instructions for thrigular test set, the measurements should slttbev li
variation over long periods of time. If there iswdden increase in the reading, or if it exceeds 2%
obtain an oil sample for water content measurenaieigctric strength measurement, and color
evaluation.

High power factor readings are usually caused bigtme in the insulation system. If oil tests iratie
the water content is less than 30 ppm, the coltim@btample is acceptable, and the dielectric gtiheis
good, a high water content in the insulation systemmlikely. Clean the external bushing surfaced a
check for cracks or other defects. If no bushinigas are identified, take an oil sample for digsdl
gas analysis and review the results for any abrlggma

If the above steps do not give an explanationiferttigh power factor, return the transformer to
service. Then, sample the oil for dissolved gasyaizaon a monthly basis until the absence of
increasing combustible gas indicates the transforsngerforming normally. At that point take a dafe
reading of the power factor and suspend testinifthietnext periodic maintenance is scheduledhaAt t
time take another reading of the power factor eowgeat change has taken place.

Because transformers are usually very reliabkee#’sy to forget to carry out routine maintenance
procedures. But recognizing that a transformerregresent a relatively sizable capital expenditure,
that these units are a critical component in priagdlependable electrical service, and that a safe
electrical system includes transformers operatorgectly, it's important to take the time and effor
properly maintain this type equipment.

The full value of a maintenance program can bezeglby reviewing accumulated maintenance data
with the above guidelines in mind. Simple routitservations and measurements, which should be
made and recorded on a regular basis, can progidahle insights into the internal operation of thos
transformers. The disciplined review of these olmgons along with periodic tests such as oil
evaluation, insulation resistance measurementssameétimes dissolved gas analysis, can give
optimum assurance that a transformer is not bdiogyed to fail due to a correctable defect. These
measures will also increase the likelihood of rearigg the inevitable approach of a failure duato

Transformers in and out Page 191
MANSOOR



cause that might not be correctable. This knowledgeallow preparation for a scheduled changeout
of the defective transformer and eliminate the statd expense that usually accompany an unplanned
outage.

Annexure - A

OIL SAMPLING PROCEDURES
Scope:

This procedure describes the techniques for samplirfrom oil filled equipment such as power
transformer and reactors using stainless steellsagrittles fitted with valves on both sides.

Apparatus:

i) Stainless steel sampling bottle of volume otre las per IS 9434 - 1992
i) Oil proof transparent plastic or transparenMGbing
iii) A drilled flange in case sampling valve is reatitable for fixing a tube

Sampling Procedure: (Refer Fig. ----- )

1. Remove the blank flange or cover of the samplifgevand clean the outlet with a lint free
cloth to remove all visible dirt.

2. If the sampling valve is not suitable for fittinguwbe, it may be necessary to use a separate
flange with a nozzle in the centre suitable to amtrthe transparent plastic / PVC tube (refer
Fig.----------- ).

3. Connect a short oil proof plastic tube (around m@ter long) at both end of the stainless steel
sampling bottle (5) as shown in (Fig&ldots;&ldotégkts;&ldots;).
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4. Open the valves (4) and (6) on the stainless btedk (5), allow 250 ml (approx.) of oil to
flow into the bottle by opening value (1). Closg, (#) and (1). Disconnect tube from the
flange and rinse by gently tilting the bottle ugsabwn such that no air bubble is formed
inside during rinsing. Expel this oil into the wastucket ;(7) by opening valves (4) & (6)

5. Connect the tube (3) to the flange (2). Hold thélédn vertical position as shown in Figure
(&ldots;&lIdots;). Slowly open the equipment-samplivalve so that oil flows through the
sampling bottle.

6. After stainless steel sampling bottle (5) has hmmnpletely filled with oil, allow about one
litre to two litres of oil to flow to waste buckgl), till no air bubbles are seen from top outlet.

7. Stop the oil flow by closing of first the valve (&hd then valve (4) and finally the sampling
valve (1).

8. Disconnect the sample bottle (5) and then discdrthedubing from the main equipment and
the sampling bottle.

9. Label the sample (Refer annexure Al).

10. Send the informations as per as per Annexure allg with the samples.

11. In case of critical samples furnish informationpas Annexure - Alll

Precautions:

When sampling oil, precaution should be taken & déh any sudden release of oil
Sample should normally be drawn from the bottomysarg valve.

Proper closing of both the valves (4) & (6) of thattle should be ensured immediately after
the collection of sample.

Due care should be taken to avoid exposure obalrtwhile sampling.

Sampling should be done preferably in a dry weathadition.

Sample should be taken when the equipment is moithial operating condition.

Care should be taken to hold the bottle in plasglathe container when transporting.
Testing should be carried out as early as possible.

wn e
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Annexure Al
Labling of the Oil Sample Bottle

a. Bottle Number.................. :
b. Company Name..................
C. Substation Name................
d. Equipment Name or ID No
e. Sampling date....................

Annexure - All
Details to be Furnished along with the Samples

1. Bottle NUMDET........oooiiiiiie it
2. Name of Substation :
3. Equipment Name/ldentification NO..........ccccueuiiiiiiiieenennnd!
4. Date of Sampling......c.ccoooveeiiiiiiiiei e
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5. Oll temMPerature...........ooooiieiiiiie e

6. WInding TemMpPerature...........ccuvuvieeeieieeeeiiiiieeeeeeae e

7. Load (in case of transformer) or Voltage (mecal’sreactor).......:
8. Date of 1ast filtration..............evve e ceeem e

9. Oil top UP (If @NY). it :

10. Manufacturer's serial nUMbBEr...........cceccmiiiiiiiiiid
11. Weather condition............oovevieeiiiineenie e

In Case of New transformer/reactor following additl informations to be furnished

12. Date of COMMISSIONING.....ccceiiiiiiiieieieeee et

13. MVA/MVAR Tating.....cccoveeeeieeieeie et

T4, KV FAENG.ccciiiiie ettt

15. QOil type (Parafinic/Napthanic).......... oo

16. Cooling (ONAN/ONAF/OFARF)......cccciiiiiimeeee el
17. Type of oil preservation (Air Cell/Diaphragnpg/Direct breathmg)
18. MAKE ..ottt e

Annexure - Alll

DATA INPUT FORMAT FOR CRITICAL EQUIPMENTS

1. Voltage profile for last Six months indicatingarimum and minimum values and % of time voltage
more than rate voltage.

2. Loading pattern (Monthwise) of the transfornrlast six months

Max. Load Current (A) MW....... MVAR.....
Max. Load Current (A) MW....... MVAR.....
Normal Load Current (A) MW....... MVAR.....

3. Date of last filtration carried out

4. Type of oil preservation system:
Air cell in conservator/diaphragm in conservatoréot Breathing

5. Any Buchholz Alarm / trip Operation in Past: s
6. Any oil topping up done in the past: Yes/No
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7. Whether complete oil was changed any time: Yes/N
8. Present BDV/Moisture content value:

9. Color of Silica gel

10. Date of Commissioning:

11. Manufacturer's Serial Number:

Annexure - B

TRANSFORMER DATA SHEET SMALL TRANSFORMERS

Customer Name:

Project/Quote Number: Iltem No.___

KVA Rating:

Frequency: 50 HZ 60 HZ

Impedance: %

Winding Temperature Rise: (Standard) ‘C /°C

Primary Voltage (KV) :

Primary Taps: Standard ( £ 2-2 %)) :

Primary BIL (KV):

Primary Connection Delta or Wye :

Primary Termination Switchgear throat Bus Duct Aarminal Chamber :

ANSI Segment:
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Secondary Voltage (KV):

Secondary BIL (KV) :

Secondary Connection Delta Wye :

Secondary Termination Switchgear throat Bus Ducfl&rminal Chamber :
ANSI Segment:

Secondary Bushing Arrangement Standard (X1-X2-XBX®-X1-X2-X3) :
Secondary Termination Location Right Left :

Insulating Fluid :( Mineral oil Silcone fluid ) :

Application Location: Indoor Outdoor :

Forced Air Rating (OA OA/FA OA/FFA)

Sound Level Standard Special
Special Tests: Witness__ Temperature __ Inepu@3C _ ANSI __ Sound ___
Drawings: Standard Reproducible Electronic DXF File

Other Special Instructions:

Annexure - C

TYPICAL TECHNICAL PARTICULARS FOR A 315 MVA, 400/22 0/33KV

TRANSFORMER
AUTO - TRANSFORMER
S.No. PARTICULARS RATINGS / VALUES
1 Name of the manufacturer, address ails. ABC
country

2 Governing Standards 1S-2026, IEC-60076
3 Service (Outdoor/Indoor) Out door
4 Rated frequency (Hz) 50 Hz
5 No. of phases Three
6 Type of cooling ONAN/ONAF/OFAF
7 No. of windings Three
8 Rating (MVA) HV v LV

i) With ONAN cooling 189 189 63 MVARHAVA

i) | With ONAF cooling 252 252 84 MVARHMVA

iii) | With OFAF cooling 315 315 105 MVABMVA
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9 a) | Rated voltage (KV) (HV/IV/LV) 400/220/33
b) | Short circuit withstand level (kA) and As per IS & 2 sec., HV & IV side system fault
duration (sec) level is 40kA
10 Connection symbol YN, a0, d11
11 Temperature rise of oil above
reference peak ambient temperature|of
50 deg.C
i) At full ONAN rating 50 deg.C
i) | At full ONAF rating 50 deg.C
iii) | At full OFAF rating 50 deg.C
12 Temperature rise of windings, above
reference peak ambient temperature|of
50 deg.C
i) At full ONAN rating 55 deg.C
i) | At full ONAF rating 55 deg.C
iii) | At full OFAF rating 55 deg.C
13 Temperature gradient between Approx. 15 deg.C
windings and oil
14 Limit of hot spot temperature for 98 deg.C at an average waighted yearly
which transformer is designed. ambient of 32 deg.C
S.No. PARTICULARS RATINGS / VALUES
15 Time in minutes for which the
transformer can be run at full load
without exceeding the max.
permissible temperature at referenge
ambient temperacture of 50 deg.C
when
a) Supply to fans is cut off but the oil | 20 minutes
circulating pumps are working
b) Supply to oil circulation pump is cut] 20 minutes
off but the fans are working
C) When supply to both the fans and thd 0 minutes
oil circulating pump is cut off
16 a)| Guaranteed "No load losses" at rate80 KW Max.
voltage, normal ratio and rated
frequency and 75 deg. C average
winding temperature (kW)
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b) | State whether the losses are firm of Firm
subject to tolerances. Incase it is
subject to tolerance indicate the
ceiling for tolerances.
17 | a) Guaranteed load losses at rated
output, rated frequency corrected far
75 deg. C winding temperature for
the: (KW)
i) Principal tap 500 KW Max.
i) Lowest tap 600 KW
iii) Highest tap 550 KW
b) 16.(b) as above. Firm
18 | a) Guaranteed cooler losses at rated | 14 KW Max.
output, normal ratio, rated voltage,
rated frequency at ambient temp. of
50 deg. C (KW)
b) 16.(b) as above Firm
S.No. PARTICULARS RATINGS / VALUES
19 Over excitation with stand time
i) 125% | 60 Sec.
ii) 140% | 5 Sec.
iii) 150% | 1 Sec. approx.
20 Positive sequence impedence on ratety/-IvV HV-LV IV-LV
MVA base, rated current and
frequency and 75 deg. C winding
temp at
i) Principal tap (%)(HV/IV, HVILV, 12.5410% 45+15% 30+15%
IVILV)
i) Highest tap (%) 12.25 app. 45 app. 0 app.
iii) Lowest tap (%) 13.0 app. 45 app.30 app.
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21 Zero sequence impedence at princ{pd@l9 to 1.0 P.U. of positive sequence
tap (%) impedance.
22 Leakage reactance for HV, IV and | Same as clause 20.0
LV
23 Capacitance to earth for HV, IV and 7500 pF, 7500 pF, 18000 All are approx.
LV values
24 Efficiency at 75 deg. C winding At Unity Power Factor
temperature on:
i) 100% load 99.82
ii) 75% load 99.85
iii) 50% load 99.87
S.No. PARTICULARS RATINGS / VALUES
25 Regulation at full load at 75 deg. C
expressed as percentage of normal
voltage, at
i) Unity (1.0) Power factor (P.F) 0.93
i) 0.85 PF (lagging) 7.28%
26 CORE DATA:
i) Material for core laminations HI-BI, AISI Standard CRGO
Governing Standards &
corresponding grade
i) Thickness of laminations 0.27 mm Approx.
iii) Insulation between core laminations Inorgalmsulation
iv) Insulation of core bolts, washers andCore bolts-Fiber Glass, Plates-Pre
plates etc. compressed Board
V) Max. flux density in core steel at | 1.53, 1.7 & 1.87 Tesla respectively
rated voltage, frequency and at 90%,
100% and 110% voltage (Tesla)
Vi) Number of limbs of the core Five
vii) Magnetising in rush current 5 to 6 times thead current
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viii)

No load current at normal tap on an
frequency for

a) | 85% of rated voltage 0.15% Approx.
b) | 100% of rated voltage 0.2% Approx.
c) | 105% of rated voltage 0.3% Approx.
iX) Core bolt insulation withstand 2.5 kv
voltage for one minute (Kv)
S.No. PARTICULARS RATINGS / VALUES
27 Data on windings
i) Maximum current density at CMR
and conductor area (A/Sg.mm)
a)| HV <2.7 A/ISq.mm, 168.4 mm2 min.
b) | IV <2.7 A/ISq.mm, 137.8 mm2 min.
c)| Lv <2.7 A/ISq.mm, 392.8 mm2 min.
i) Conductor material
a)| HV
b) | IV Electrolytic Grade Copper
c)| Lv
iii) Insulating material used for
a) | HV winding Craft paper covering on conductard &CB
Blocks between Discs, PCB wraps and
Spacers between different windings.
b) | IV winding
¢) | LV winding
iv) Insulating material used between
a) | HV and IV winding PCB wraps and spacers betwbffarent
windings
b) | IV and LV winding
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¢) | LV winding and core

V) Details of special arrangement HV Winding shall be interleaved/countra
provided to improve surge voltage | shielded
distribution in the winding

vi) Whether HV winding inter leaved HV Winding shbe interleaved/countra
shielded
vii) Position of the tappings on the Towards the line end of IV Winding i.e., on
winding 220kV side of series winding for achieving

—

+/- 10% of HV variation in steps of 1.25%.
shall be of constant flux voltage variation type

viii) | Maximum current density under shart
circuit (A/Sq.mm)

S.No. PARTICULARS RATINGS / VALUES
a)| HV 24 A/Sg.mm
b) | IV 24 AISg.mm

28 Test Voltages: HV v LV  Neu.

i) Lightning withstand test voltage (kV| 1300, 950, 250, 170
peak) (HV, IV, LV, Neu.)

i) Power frequency withstand test 570, 395, 95, 70
voltage (kV, rms) (HV, IV, LV,
Neu.)

iii) Switching surge withstand voltage | 1050, --
(kV, peak) (HV, IV, LV, Neu.)

29 Partial discharge level at 364 kV | Less than 500 pc
(Pico-coulomb)

30 | () Noise level when energised at norma6 db
voltage and frequency without load
(db)
Governing standard NEMA TR-1
(ii)
31 Whether the offered transformer canYes

be transported on railways to
destination. YES/NO

32 COOLING SYSTEM:
i) Name of manufacturer, address &
country
i) Model and type Manufacturers recommended
Transformers in and out Page 201

MANSOOR



iii) Number of cooler banks 2 x50%
iv) Number of fan/oil pump per cooler | 4/2
bank
V) Number of standby fan/oil pump 1/1 per coolank
vi) Rated power input kW (approx.) Oil pump = &W, Fans = 0.7 KW each
vii) Capacity (cu.m/min or Lt./min) Fan = 368 Cumin., Pump = 3400 LPM
viii) | Rated voltage (volts) 415 Volts
iX) Efficiency of motor at full load(%) 80% approx
X) Temp. rise of motor at full load As per 1S-325
Xi) BHP of driven equipment Pump = 3.7 Kw, FancERW
Xii) Degree of Protection (IP)of motor IP-55
xiii) | Temp. range over which cooler 40-140 deg.c
control is adjustable (deg.C)
S.No. PARTICULARS RATINGS / VALUES
Xiv) | Whether the fan and/or pumps are | Yes
suitable for continuous operation at
85% of their rated voltage
XV) Calculated time constant in hours
a) | Natural cooling 4 hours
b) | Forced air cooling 2 hours
33 On Load Tap Changing gear (OLTC)
i) Name of manufacturer, address and
country
i) Model and type High Speed resister Type
iii) Class as per IEC 60214 and 220kV Class
corresponding rated insulation levels
iv) Rated current (Amps) 800 amp
V) Rated voltage (kV) 220kV Class
Vi) Number of steps 16
vii) Step voltage (kV) 2.888 kv
viii) | Whether control suitable for
a) | Remote/local operation Yes
b) | Auto/manual operation Yes
c) | Parallel operation Yes
iX) Rated voltage & frequency of drive | 415 V 50 HZ 3 Phase
motor(volts & Hz) and permissible
variation
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X) Rated voltage of protective control | 110 V AC
devices (volts)
Xi) Particulars of protective devices Oil Surge Relay
provided (Over current/over
run/Restarting device)
Xii) Whether the control panel complete| Yes
with OLTC control equipment for
installation in the Control room
included in the scope of supply at np
extra cost
YES/NO
xiii) | Time taken to change one step(sec. 5 seadyp
xiv) | Temperature of tap-changer suitable for entire range of oil temperature
eNeu.ironment Minimum/Maximum
S.No. PARTICULARS RATINGS / VALUES
XV) Temperature of motor-drive -5 deg.C to 50 deg.C
33 mechanism environment
xvi) | Rated characteristics
a) | Rated through current (Amp) 505.2 amp (actualent of HV at full load
& at min. tap)
b) | Maximum rated through current (A) 800 amp (ratedent of OLTC)
c) | Rated step voltage (kV) 2.888 kv
d) | Maximum rated step voltage (kV) 3.5kV
e) | Rated frequency (Hz) 50 HzZ
f) | Rated insulation level 245 kV Class (460 kV rms BIL:
1050 kVp)
xvii) | Relevant rated step voltage (kV) 2.888 kV at 505.2 amp
(Rated step voltage corresponding to
specific rated through current)
xviii) | Oil compartments for divertor
switches & selector switches
a) | Pressure withstand rating 15 PSi
b) | Vaccum withstand rating Full
xix) | Details of protective services against
increase of pressure provided
a) | Oil flow controlled relay Yes/No Yes

Transformers in and out
MANSOOR

Page 203




b)

Over pressure relay Yes/I

No No

c) | Pressure relief devices No
Yes/No
XX) Details of limiting devices for No limitation on Transformer testing
protection of OLTC against transient
over voltages and any limitation
imposed during tests on completed
transformers
xxi) | Temperature rise of contacts & Less than 20 deg C/ contact material as pe
corresponding contact material in | supplier's std.
air/oil
xxii) | Transition impedance type & value | Resistor type / will furnish later
S.No. PARTICULARS RATINGS / VALUES
xxiii) | No. of operations corresponding to | 2,00,000
maximum rated through current ang
relevant rated step voltage
33
xxiv) | Whether copies of type tests Yes
performed on OLTC enclosed
YES/NO
xxv) | Partial discharge (micro columbs at|-NA
--- kV)
xxvi) | Details of oil purification and
filteration plant
a) Manufacturer, address & country
b) Model As per supplier’s recommendations
C) Capacity 60 litres per min
d) Governing standard. Supplier’s std.
34 BUSHINGS: (HV, IV, LV) HV v LV Neu.
i) Model and type Condenser Bushing <-oil commating
type--
i) Rated current (Amps) 1250 1250 3150 2000
iii) Lightning impulse withstand 1425 1050 250 170
voltage(HV,IV,Neutral and LV)
(kV Peak)
iv) Switching surge withstand voltage | 1050 -- -- --
(kV Peak)
V) Power frequency withstand voltage
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a) Wet for one minute (kV rms) 630 460 95 75
b) Dry for one minute (kV rms) 630 460 95 75

vi) Visible carona discharge voltage 320 175 -- --
(kV rms)

vii) Partial discharge level at 364 kV _ 19 pCfor HV, IV &LV
(Pico-coulomb) _

viii) | Creapage distance in air (mm) 10500 61251300 900

iX) Quality of ail in bushing and 200, 55 ltrs apprx. (EHV Grade oil)
specification of oil used lits.)

X) Weight of assembled bushing (kg) | 1000 450 50

S.No. PARTICULARS RATINGS / VALUES

Xi) Free space required above the 8 meters
transformer tank top for removal of
bank (meters)

Xii) Whether terminal connectors for all | Yes
bushings included in the scope of
supply (YES/NO)

xiii) | Are bushing dimensions as per Yes
specification (YES/NO)

Xiv) | Whether test tap provided or not Yes Yes NA
(YES/NO)

35 CONSERVATOR:

i) Total volume (liters) 6500 lits.

i) Volume between the highest and | 5600 lits.
lowest visible oil levels (Its.)

iii) Material of air cell Nitrile/Neoprne/Hyplon

a)

b) | Literature on air cell enclosed Yes

YES/NO

iv) Continuous temp. withstand capacity100 deg. C
of air cell

36 Tank:

i) Material and thickness of plate for | Mild Steel

tank construction
Side = 10mm, Bottom=50 mm, Top Cover 3
20 mm Approx.
i) Tank cover conventional or bell type  Bell type
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iii) No. of pressure relief devices 2
provided
iv) Operating pressure of relief device 8 psi agpro
V) Vaccum withstand capacity of
a) | Main tank Full
b) | Radiators and accesssories Full
Vi) Pressure withstand capacity of
a) | Main tank Continuous internal Pressure of 100 kN/sqm
over normal hydrostatic pressure of oil
S.No. PARTICULARS RATINGS / VALUES
b) | Radiators and accesssories
vii) Whether the impact recorder Yes
provided
viii) | Permissible limits of displacement | Impact recorder shall be fitted during
during transit Transport.
iX) Confirm whether impact recorder | Yes
fitted during Transit Yes/No
37 Bushing type current transformers:
i) Voltage class .
As per Specification
1) No. of cores As per Specification
iii) Ratio
iv) Accuracy class
V) Burden
vi) Accuracy limit factor As per Specification
vii) Maximum resistance of secondary
winding (ohms) As per Specification
viii) | Knee point voltage (volts)
iX) Current rating of secondaries(Ampsg
38 Insulating OIL
i) Name of Manufacturer, address &
country
i) Governing Standard I1S-335
a) | Quantity of oil Before Filling Before| 75 KL including 10% extra
Commissioning
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b) | Parameter of insulating oil Before
Filling Before Commissioning
Before Filling Before
‘ commissioning
i) Moisture content (PPm) 15 10
ii) Tan delta at 90 deg.C 0.002 0.05
iii) Resistivity (Ohm-cm) 35X1012 162
iv) Breakdown strength (kV) 30 kV 60 kV
v) Interfacial tension at 20 deg.C | 0.04 N/m 0.03 N/m
S.No. PARTICULARS RATINGS / VALUES
39 Temperature indicators - Range &
Accuracy
i) OTI 0 to 150 deg. C +-1.5%
i) WTI 010 150 deg. C +-1.5%
iii) RWTI 0to 150 deg. C +-1.5%
40 Minimum clearances(mm)
i) In oil HV v LV
- Between phase to phase Adequate with respeatiape of electrode
and Voltage Class
- Between phase to ground
i) In Air HV v Lv
a) | - Between phase to phase 4000, 2000,530
b) | - Between phase to ground 3500, 1820,480
41 WEIGHTS AND DIMENSIONS:
i) Weights (kg) Approx.
a)| Core 73500
b) | Windings 38000
c) | Tank 25000
d) | Fittings 40000
e)| Oil 60000
f) | Total weights of complete 240000

transformer with oil and fittings
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i) Dimensions (meters) Approx.
a) | Overall height above track 9.15
b) | Overall length 17.3
c) | Overall breadth 12.6
d) | Minimum bay width required for
installation of the transformer
iii) Weight of the heaviest package of the 50 Tonnes
transformer arranged for
transportation
42 | A LIFTING JACKS:
i) | Number of jacks included in one setf 6
ii) | Type and make Hydraulic, Make XYZ
S.No. PARTICULARS RATINGS / VALUES
iii) | Capacity 80 Tonnes
iv) | Pitch 150 mm
v) | Lift 470 mm
vi) | Height in close position 320 mm
B) RAIL TRACK GUAGES:
i) | 3rails or 4 rails 4 Nos.
ii) | Distance between adjacent rails on | 1676 mm
shorter axis
iii) | Distance between adjacent rails on | 1676 mm
longer axis
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