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Preface

Indian Industry is being challenged in today’s competitive market on multiple counts: Inferior
quality of products, inefficiencies, indifferent and ill-trained workforces, short-sighted policies of
managements.

These turbulent environment have created much anxiety in the management circles of Indian
industries which face new realities, challenges and uncertainties. The stakes are very high for Indian
industries. If we don’t control and set the direction and pace right now, we may as well not participate
in the race.

We have no other choice, but to look for survival. The need of the hour is to pick-up some
lessonsfrom the fast devel oping countriesin theworld and catch-up with them. Cross culture comparison
of Indian quality management practices with those of industrialised nations will help inidentification of
the organisational weaknesses and correct themselves according to the need of the hour.

There is paucity of literature on ‘QUALITY ASSURANCE’ from the stand point of empirical
analysis, more so from Indian aspect. Most of the literature is mainly anecdotal, though refreshing but,
in the absence of practical data, is of limited value.

Top management isresponsiblefor establishing quality performance. Leadership is shown through
management actions, example: vision, mission, policy and approach. Top management needs to involve
in the improvement of process and should drive organisation’s efforts towards excellence in quality.
Higher priorities should be given to the quality than cost and scheduling objectives. A culture of trust is
necessary to establish through open and frequent communications. Quality isan integral part of strategic
plan. Management should involve in approach, development and results of the business process strategy.
Dr. Deming'sPDCA (Plan-Do-Check-Act) cycle of continuousimprovement strategy should be employed
inall processes. Informations and knowledge should be shared with all employees. It is necessary to see
that the available sources are successfully provided to carry desired changes.

Middle management hasto play the pivotal interactive role between management and employees,
besides managing empowerment and fostering team work in the transformation process. The task of
middle management in quality transformation will require a basic change in habits, beliefs, attitudes
and assumptions. Traditionally, the top management has very little direct contact with employees and
the middle management has been serving as conduit.

Certification under 1SO-9000 (or it's equivalent) is a building block of quality. Quality is
implemented through the introduction of disciplined systems, process and documentations.

The system of quality is prevention and not detection. We vaccinate our children in order to
prevent them from contracting specific disease. We plan our expenditures in a way that does not cause
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us to spend more money than available. We look both ways before attempting to cross the street. We
have learnt these things through experience.
Today’s slogan for the management:

“We shall deliver defect free products and
services to our customers and co-workers on
time and every time at agreed cost.”

| have been working in the transformer industries for more than 35 years. | have the privilege to
handle small, medium and large size power transformers. | thought to share some of my knowledge and
experiences with the engineers, students and especially those who have just started their profession in
the transformer industries. The power utilities, who often buy transformers can aso take reference of
this book for installation, erection, commissioning, maintenance etc., as well as the procedure of testing
of transformers.

Asthe materials play avital role towards the ultimate quality of the finished products, | thought
it appropriate to share some of my experiences with the material processors and suppliers on afew vita
raw materials and components.

Apart from the materia processing, the book has dealt with the requirements of 1SO-9000 for
the quality system implementation in the manufacturing technique up to testing of finished products,
inspection and servicing. The chapter describing non-conforming products, condition monitoring, training,
statistical technique etc. may look to be useful to the manufacturers.

The chapter “Failure Analysis of Transformers During Short Circuit Test — A Case Study” may
attract the users as well as manufacturers, especialy the paragraph “Nature of Failure of Transformers
Under Short Circuit Tests” at CPRI and probable remedial measures.

| would like to add here that the quality of any product not only depends on good design, but also
on the successful implementation of the 7 ‘M’ which the Japanese called as:

1. Men . Skilled workforce

2. Machine . Machine being used for manufacturing transformers
3. Materid : Quality materials

4. Method . Good process

5. Motivation :  Eager to reach the target

6. Media : Advertisement

7. Money : Resources

Skilled workmen, healthy machines, and quality materials can easily be organised by following
the quality path of 1SO-9000. | strongly recommended the entrepreneurs to go for the quality system
implementation as described in 1SO-9000 procedures.

I wish to conclude the paragraph with a quote from the great quality Guru Philip B Crosby that

‘Quality is Free'.

It reduces the cost of products by way of less wastage, less rework, and timely delivery.

Sharing informations, training and education increase the quality awareness. The purpose of
writing this book is to stimulate thinking in the quality direction, promote product excellence, and help
‘Made in India products known worldwide for their excellence in quality.

Indrajit Dasgupta
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Section |

Working Principles of Transformers

FOOD FOR THOUGHT

Life is too short to be wasted. A pill for success has not been invented as yet. Success is like a good
timber, which does not grow with ease. The stronger the wind, the stronger will be the tree. It is the
same with human life. There are plenty of opportunitiesall around us. What we need most of thetimeis
perseverance. It is a virtue by which even mediocrity can achieve glorious success.

We can do almost anything if we work and keep on working; if we try and keep on trying.
Nothing in this world can replace persistence. Calvin Coolidge says: *‘ Talent will not; nothing is more
common than unsuccessful men with talent. Genius will not; unrewarded genius is ailmost a proverb.
Education will not; the world is full of educated derelicts. Persistence and determination alone are
omnipotent.”

If we want to have more than what we have got, we have to become more than what we are. This
is possible only if we do our best every day. We should always be willing to stretch beyond our limits,
willing to renew our commitment to happiness, to becoming the best we can do. Too often we give up
too soon. Sometimes, we don’t even bother to try because we are convinced that we will be unsuccessful.
It would be interesting to examine why thisis so. Isit because we are letting our past experiences dictate
our present ? Whatever beliefs we are holding about happiness or failure, be willing to get rid of these
self-limiting beliefs. We must break through our own self-imposed boundaries. Incontrovertible and
undeniable victories come as aresult of hard labour. No real victory comes cheap and none will in the
future. Luck is not merely being in the right place at the right time. In fact, it is an energetic and
dynamic process of creating the life we want. Do not just sit back and hope that good things will
happen. Be courageous and go all out after what you want. Commit yourself to your good and visualise
your success daily. Luck will then *“happen” to you. It will come to you when you do what you are
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meant to do in order to make your dream come true. Do not fall into the category of people who are
always talking about the trouble they once had, or the trouble they now have, or they expect to have.
Instead, believe that yesterday got over last night and today, there is a chance to begin a new. Put the
past behind you and move on.

True wisdom lies in knowing when and what to overlook and ignore. Do not trap yourselvesin
the past, including past regrets and past hurts. Start opening doorsto your happiness by opening yourself
to its possibility. Henry David, an Amrecian thinker has said: ‘*What a man thinks of himself, that is
what determines, or rather indicates, his fate.

AT A GLANCE

The basic function of transformer, in particular, is to transform electric power at one voltage to some
other voltage without effecting much on electric power for which it isintended. Core is made-up of thin
insulated laminations of electrical steel sheet carries two windings, which are insulated from each other.
If one of the windings is supplied with an alternating voltage, a magnetic flux will produce in the core
linking both the windings. According to law of electromagnetic induction the varying magnetic flux
will induce emf in both the windings. The magnitude of emfs depend on the number of turns and the
magnetic flux produced in the core.

A very important characteristic of the transformer isthe transformation ratio which isthe ratio of
the emfs induced in the windings. Under no-load condition it may safely be assumed that the emfs
induced in the transformer windings are equal to the voltage across the windings. Further, the induced
emfs are proportiona to the number of turns of the respective windings.

The chapter has briefly touch the open-circuit and short-circuit characteristics of transformer.

1.1 INTRODUCTION

Before we commence discussion on the subjected topic of thebook i.e., “ TRANSFORMER: QUALITY
ASSURANCE", it is essential to understand the definitions of a few basic parameters relating to the
application and operation of transformer in service.

Power stations, either fuel fired (thermal) or hydroelectric, are installed at a point of location
generally hundreds and thousands kilometres away from the consumers, hence a vast transmission lines
between generating point and consumer load centreis needed. It has been seen in practice that generation
voltages at the power stations are in the range of 10 to 15 kV. It is a known fact that when a power is
transmitted through a overhead line, some of the power it carries is dissipated in the line conductor as
I’Rin theform of heat, where ‘1’ isthe current drawn by the line conductor and ‘R istheline resistance.
It is not economical to try to reduce the losses by solely decreasing the conductor resistance, because
thiswould require asubstantial increasein the cross-sectional areaof conductor, resulting ahuge expenses
of copper conductor beyond means.

It is preciously to reduce the power loss and the cost of line conductor, transformers are used.
The transformer while leaving the transmitted power unchanged, decreases the current by increasing
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the voltage and the loss which is proportional to the square of the current (1) is thus sharply reduced.
For example, aten-fold increase in supply voltage reduces the power by afactor of one hundred.

1.2 APPLICATIONS OF TRANSFORMER

At the beginning of the power transmission line near the generating station, the line voltage israised by
astep-up transformer and at the end of thelinethevoltageislowered by series of step-down transformers
to a value convenient for the consumers (400 V or nearer).

The primerolein the present day power station is played by power transformers. The transformer
is used to raise or lower the voltage in the supply network of the power system which serve to transmit
electric power over great distance and distribute it among consumers.

Power transformers are notable for their high power capacities and operating voltages.

Since electricity has to transmit over thousands of kilometres to the integrated power grid, the
load centre and directly to numerous minor consumers, the system voltage has to be transformed four to
five times, hence the need to installed a large number of step-up and step-down transformers. Also, it
should be noted that each transformation stage operating at progressly lower voltage the total capacity
of power transformersisusually greater than that at the preceding stage. Thereforein any power station
theinstalled capacity of transformer issix or seven timestheinstalled generating capacity. Asan example,
Fig. 1.1 shows the layout of atransmission and distribution network.

Supply network operating at voltage more than 220 kV sometimes make wide use of auto-
transformers. Such transformers have generally windings conductively connected so that there is some
portion of the winding common to both primary and secondary circuit.

Besides power transformers, distribution and auto-transformers, there are agreat variety of special
transformers including electric furnace, rectifier, welding, regulating, testing, traction, marine, mining
and instrument transformers.

Numerous types of transformers find application in communication equipments, automation and
telecontrol systems, domestic appliances and so on. Today thereis hardly asingle electrical installation
operating without transformer. The capacities and voltages of existing transformers vary over a very
wide range—from afew fractions of akilovolt ampere to hundreds or thousands of kilovolt ampere and
from afew fractions of a volt to hundreds of kilovolts.

1.3 PRINCIPLES OF OPERATION

Transformer is an electromagnetic apparatus consisting of two or more independent electric circuits
(windings) linked by electromagnetic induction, converts one or more aternating current systems to
one or more alternating current system without the use of rotating parts. The basic function of transformer,
in particular, isto transform electric power at one voltage to some other voltage without effecting much
on electric power for which it isintended. For its operation the transformer depends on the phenomenon
of electromagnetic induction which generates electromotive force (emf) in a closed conductive circuit
by a change in magnetic flux linking that circuit.

Fig. 1.2 shows a schematic diagram of a single-phase transformer. Core (3) is made-up of thin
insulated laminations of electrical steel sheet carries two windings (1) and (2) which are insulated from
each other. If one of the windings, say winding (1) is supplied with an alternating voltage (V,), current



Step-down 11/0.433 kV
Power Step-up transformer Step-down transformer transformer Step-down
station 13/220 kV (two windings) 220/33 kV (two windings) 33/11 kV transformer
13 kV 220 kv 220 kV 33 kV 33 kV 11 kv
433V
S D D - =
220 kV 33 kV
transmission line transmission line
© QD— g D AD—t——--D——A
11 kV transmission
line and 11 kV step-
down transformer
O——@—t+————— @t AD—t——-D——1
13 kV 220 kV 220 kV 33 kV 33 kV 11 kv 43
— - ——- > — — - —- + 11 kV transmission line
Step-up 33 kv
transformer transmission
13/220-33 kv 33KV line kv
(three windings) Step-down
transformer
220/33 kV

(three windings)

Fig. 1.1. Single line diagram of a transmission and distribution network

NN

Customers

JONVHNSSY ALIVNO @ SYAWHOASNVYHL ¥3IMOd



WORKING PRINCIPLES OF TRANSFORMERS 7

(1,) will flow in it, producing magnetic flux (¢), which varies at the same frequency as voltage V, does.
Since the permeability of steel is 800 to 1000 times that of air, a major part of the magnetic flux ¢
(which is called main flux) has its path through the core. The other parts of the flux (referred to as the
leakage flux ¢, ), much smaller in magnitude than the main flux, does not link magnetically with winding
(2) and has its path through air. The leakage flux takes no part in voltage transformation.
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. 1.2. Simple single phase transformer
1. Primary winding; 2. Secondary winding
3. Core; ¢ = Direction of main flux
¢, = Direction of leakage flux

According to thelaw of electromagnetic induction, the periodically varying main flux (¢) linking
both windings (1) and (2) induces an emf in each winding. Let us designate the emfs as E; and E,.
Electromotive force E, can be measured with a voltmeter connected across winding 2. If winding 2 is
connected across some load, thiswill give riseto aflow of current through the load and this current will
cause an increase in the current flowing in winding 1.

Thus principally, the electric energy supplied to winding 1 isfirst transformed to electromagnetic
energy and then becomes electrical energy again consumed by theload circuit connected acrosswinding 2.

The transformer winding to which the A.C. power being fed is referred to as primary winding,
which the other from which the transformed A.C. power is drawn is called secondary winding.

1.4 ELECTROMOTIVE FORCE

The magnitudes of emfs E, and E, induced in the primary and secondary windings are measured in volt
and may be calculated by the formula

E, =444fn ¢ volt
E,=4.44fn,¢ volt
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where f = Frequency of the aternating current in Hz
n, and n, = No. of turnsin primary and secondary windings
o = Magnetic flux in Weber
Electromagnetic force E, induced in the primary winding is practically equals to the applied
voltage. The magnitude of the secondary emf E, depends on the number of turns on the secondary
winding. An increase in the number of turns on the secondary side causes an increase in the secondary
emf and vice versa. In practice, to calculate emf induced in the transformer winding, use is made of a
formulain which frequency is taken as 50 Hz.
Then E=444x50xnxA xB_ x10*
=222x10°xnx A xB_ x 10
=22xnxA xB x10%
where n = Number of turns
A = Net cross sectional area of the core limb in sg mm
B, = Magnetic induction (flux density) in tesla
In this equation, flux (¢) isreplaced by A, x B,

The net cross sectional area (A) isthe area of the core sheet minus (=) the lamination insulation
which is taken by afactor 0.97 for all practical purposes.

Therefore A=Ay x 097
where A, = Gross cross sectional area of core limb in sg mm
The emf expression may be re-written as
E, = Voltage per turn = E/n
and Ein=222xA;x097x B, x10™*

The voltage induced per turn (E,) isthe same for both the primary and secondary windings, since
they are linked by the one and the same flux. This is a very important characteristic of transformer
which iswidely used in calculation.

1.5 TRANSFORMATION RATIO

A very important characteristic of transformer is the transformation ratio which is the ratio of the emfs
induced in the high voltage (HV) winding to the low voltage (LV) winding and so it is always greater
than unity. Under no-load condition, it may be safely assumed that the emfs induced in the transformer
windings are equal to the voltage across the windings,

i.e E =V, ad E,=V,
Hence, if the primary and secondary windings have n, and n, turns respectively, we may write
E,/E, = V,/V, = n,/n, = constant, k
Therefore V,=kV,
n,=kn,
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Thus knowing the transformation ratio and voltage on the secondary side of a transformer, we
can easily find out the voltage of the primary side and vice versa. This equally applies to the number of
turns in the windings.

1.6 DEFINITION OF A FEW BASIC PARAMETERS OF TRANSFORMER

According to the operating voltage, the transformersare categorized into different classes. Thetransformer
winding of higher voltage classis referred to as ‘high voltage winding', and that of lower voltage class
as ‘low voltage winding'. The winding of a voltage class intermediate between those of the HV and LV
windings is called the medium voltage winding.

A transformer whose core carries two independent windings is called two winding transformer,
while that of with three independent windings on its core is referred to as three winding transformer. A
transformer with single winding is called auto-transformer. High capacity power transformers have
three windings—HV, MV and LV. One of theseis called primary and two others are secondaries.

A transformer with asingle-phase magnetic field produced initsmagnetic circuit (core) isreferred
to as single-phase transformer, while the three-phase transformer is the one in whose magnetic circuit
produces a three-phase magnetic field.

To improve the electrical insulation of the current carrying components of a transformer and its
cooling conditions, the transformer windings, together with the core are placed in a tank filled with
transformer oil. Such transformers are called oil-immersed or oil cooled. Some special transformers use
a non-combusible synthetic liquid ‘askeral’ instead of conventional oil. Transformers operating in air
(not immersed in ail) are called ‘Dry type’ or ‘air cooled transformer.

Therated capacity of atransformer is usually expressed asits apparent power in kilovolt ampere
(the kVA rating). The transformers are built for certain standard capacities and voltages. The rated
primary voltage is the one for which the primary winding of the transformer is designed. The rated
secondary voltage is the voltage developing across the secondary winding when the primary of the
transformer is supplied with the rated voltage under no-load condition. Therated currents are determined
by the corresponding rated voltages and the kVA rating of the transformer. In India, the rated frequency
for supply input is 50 Hz.

1.7 PERFORMANCE PARAMETERS

Performance parameters are those which declare the status of quality of atransformer. We shall discuss,
in brief, a few of the vital performance parameters.

No-Load (Open-Circuit) Characteristic

If rated alternating voltage V, isimpressed on transformer windings, say the primary winding (P, —P,)
having n, turns (Fig. 1.3) when the secondary winding is open-circuited, the transformer is said to be
operating under no-load condition. The current | | flowing in the primary winding of the transformer on
no-load is known as no-load current. Its magnitude is small in comparison to the rated primary current
and generally in the order of 2to 4% in low capacity distribution transformers and 0.5 to 1% in medium
and high capacity transformers.

The reactive component of the no-load current produces the main magnetic flux ¢ in the core
and aweak leakage flux ¢, which causes an inductive reactance to comeinto play inthe primary circuit.
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The resistive component has a negligible effect on the later and causes a resistive drop across the

primary winding. The no-load current is commonly called the exciting current.

The transformer under no-load transfer no-electrical energy, since the secondary winding having
n, turns is open-circuited. The active power consumed by the transformer is dissipated as heat in the
core steel and particularly in the windings. These power losses as awhole are referred to as the no-load

losses of the transformer and designated as (P,,.).
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The 1°R loss (copper loss or winding loss) is the primary winding due to no-load current is low,
because the current is small, therefore this loss is disregarded and the active power consumed by the
transformer under no-load condition is considered to be dissipated only as loss in the core steel.

The power losses in the core steel are caused by its cyclic magnetization (reversed magnetic
field sense at twice the supply frequency) and by eddy currents. The reversal of magnetization is
accompanied by the generation of heat in the core and requires power expenditure, asin any other type
of work. This loss of power in the transformer core due to cyclic magnetization of core steel is called
‘hysteresis loss'.

The Transformer core is made of steel and operates in an aternating magnetic field. According
to the law of electromagnetic induction this induces a current in it. These currents flow in plain,
perpendicular to the direction of magnetic flux and are referred to as ‘eddy current’. The thicker the
core laminations and lower their resistivity, the greater the magnitude of these currents. Eddy currents
are also called parasitic. When the path is completed through the core steel, it forms a current, causing
some wastage of energy.

If the core steel were made solid, eddy current would grow enormous and causes prohibitive
heating of the core. To reduce the eddy current loss, transformer cores are made up of 0.23 mm to 0.35
mm thick laminations (also called stampings) insulated one from other. Theinsulating film preventsthe
flow of current from lamination to laminations.

In practice, the hysteresis and eddy current losses are not taken separately, and one simple
consideration what is called core loss (or iron’loss), bearing in mind that this is the sum of hysteresis
and eddy current losses. It is customary to estimate the core lossin terms of specific lossi.e., the loss of
power per kilogram of the core steel. This loss per kilogram of a given grade of core steel depends on
the permeability, resistivity and lamination thickness, as also frequency of the current and magnetic
induction.

During normal operation, the no-load loss of a transformer comes only to 0.25% to 0.5% of its
rated kVA. Nevertheless no effort is spared to minimize these losses. While operation of a transformer
inservice, theinduction in the core and consequently the corelossremain constant, whatever the operative
condition prevail on the transformer (i.e. no-load, under-load, full-load or over-load) and as aresult the
total annual loss of power amounts to a substantial figure. For core-steel of grade M4 of thickness 0.27
mm, the specific loss at 50 Hz standard frequency and an induction of 1.6 teslaamountsto be 1.0 W/kg.

The no-load loss crow materially as the induction in the core isincreased. This may occurs due
to inadequate stacking of core (reduced number of laminations), or fault in the windings (reduced
number of turns) during manufacturing. The ageing of the core laminations and the mechanical damaging
of the core laminations and their insulation contribute to an increase in the core loss. Electrical steel
sheet partialy looses its valuable magnetic properties when subjected sharp blows and bending. All
these causes awastefull increase in the no-load current and power drawn by the primary winding of the
transformer from the current source.

Short-Circuit Characteristic

One of the transformer windings s short-circuited and avoltage is applied to the others, the transformer
issaid to be operating under short-circuit. If such ashort-circuit occurs during operation of the transformer
at rated voltage, the short-circuit current arising in the winding exceeds the rated current by 20 to 25
times or more. Under such conditions heavy mechanical stresses develop in the windings and the
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temperature of the later rises. The operation of the transformer on a short-circuit [Fig. 1.3(b)] is very
harmful and a special protection device is required, which must switch-off the transformer in afraction
of a second.

Short-Circuit Impedance Voltage and Losses

Let us consider the case of short-circuit test which helps to determine one of the basic characteristic of
the transformer. As has been shown in Fig. 1.3(b). The secondary is short-circuited while a reduced
voltage is fed to the primary windings. This reduced voltage is gradually increased to a certain value
(V,) which madeto circulate rated short-circuit current |, and I ., in the primary and secondary windings
respectively. V, is called the short-circuit voltage or impedance voltage of the transformer.

The short-circuit voltage V, is usually expressed as percentage of the rated primary voltage.

V, x 100

0p) =
V2 (%) Rated primary voltage

where V, (%) = Short-circuit impedance voltage expressed in percentage.
V, = Short-circuit impedance voltage measured across primary winding

The short-circuit voltage is a very important operating characteristic. The quality of the short-
circuit voltage of transformer is one of the conditions requisite for their possible paralled operation.
V, (%) isindicated on the name plate of each transformer.

Its value, depending upon the type and capacity of transformer, is specified by the pertinent
standard and ranges from 4 to 6% for low and medium capacity distribution transformers and 6 to 17%
or more for high capacity transformers.

During short-circuit test, the applied short-circuit voltage of low magnitude produces a weak
flux ¢4 inthetransformer core. Besidestherated current flowing in the primary and secondary windings,
it produces leakage flux ¢, , and ¢, , whose paths are partly in air and partly in the metal components of
the transformer. The leakage fluxes produced in the transformer operating on a short-circuit gives rise
to a substantial inductive reactance, thereby limiting the short-circuit currents in the windings and
protecting them against excessive heating and mechanical damages. It is mainly the reactive voltage
drop across the windings that determines the magnitude of short-circuit voltage. The higher the short-
circuit voltage, the less the danger that the windings will be damaged by mechanical forces developing
under short-circuit emergency condition.

However the short-circuit voltage should not exceed a certain value, otherwise an inadmissibly
high reactance voltage drop across the secondary winding due to the high inductive reactance caused by
the leakage fluxes will reduce secondary voltage V, and consequently the useful power availableto the
consumers. In addition, the leakage fluxes having their paths partly in the metal components of the
transformer cause extra eddy current and hysteresis losses (also known as stray losses) which reduce
the efficiency of the transformer.

When designing atransformer, the magnitude of impedance voltageV, is selected so to make the
transformer strong mechanically and thermally as possible on one hand and have the maximum possible
efficiency on the other hand i.e., to strike a balance between these two conflicting requirements.

Voltage V, fed to the transformer during short-circuit test is by a factor 5 to 25 lower than the
rated voltage depending upon the type of transformers, therefore, the exciting flux ¢4, which takes its
path in the core amounts to not more than 5 per cent of the main flux. For this reason the core loss
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during short-circuit test is disregarded and the power P . consumed by the transformer under such
condition is considered to be dissipated completely as the copper loss in the primary and secondary
windings and stray hysteresis and eddy current losses due to leakage fluxes in the steel structural
components (like tank walls, yoke clamps etc.). Since these losses have the same magnitude as in the
case of the transformer operation under full load, they are frequently referred to as the load loss.

1.8 CONCLUSION

Before we go into in-depth study of various aspects of ‘ Quality Assurance’, it isappropriate to highlight
in brief the application, classification, operation and basic parameters of transformer.

The transformer is an electromagnetic apparator, consisting of two or more independent electric
circuits, linked by electromagnetic induction. It servesthe purpose of transforming power to one voltage
to some other voltage without effecting much on electric power for which it is intended. Operation of
transformer in terms of emf generation, open-circuit, short-circuit etc. have been discussed.

Every common man in an electrified city/town/village is familiar with the name ‘transformer’.
The main reason for this familiarity with transformer is the fact that it is subject to a very high rate of
failure in service. Each case of failure is followed by days or even week of life without electricity and
even water.

Transformer is a static machine having no moving or wearing part. If transformers are properly
manufactured and maintained, they should operate with a failure rate of negligible percentage. The
quality of materials—their selection and checks etc. also increase the life of a transformer.

A good design is necessary to produce a quality product. But all good design may not yield
always good products. Good design need to be supplemented by good materials, good machines (healthy
machines) and good (skilled) manpower. Right kind of machines, materials and manpower together
with good design can definitely produce good transformers.

Thefollowing chapterswill cover the method of selecting materials and their checks, controlling
manufacturing processes and preventive maintenance of transformer in service (Chapter 3 to 41).
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Elementary Engineering of
Transformer Operation

2.1 INTRODUCTION

Electricity is generated through Generator (commonly known as Alternator). Bulk of the generation is
done either by Thermal Power Plant or by Hydro Power Plant or in the Nuclear Power Plant. Wind
Power Energy, Bio Gas Energy, Power generated by Natural Gas, Energy devel oped from waste etc. are
some other forms of source of energy whose contribution to the total generation is limited to less than
one per cent in India. The thermal plants are generally constructed by the National Thermal Power
Corporation (NTPC), Hydel plants are mostly constructed by the National Hydro-electricity Power
Corporation (NHPC) and Nuclear Power Plant is constructed by the Nuclear Power Corporation (NPC).
Generally thermal and nuclear power plants are set up far away from the localities to keep the air
pollution in control. Hydro Plant by its character, need to be set-up in such areas where we get a natural
height of water falling from some appreciable atitude and is generally available in hill areas. Since the
point of generation is far away from the distribution network, it is aways a difficult task for the power
engineersto transfer bulk power from the generating station up to the point of utilization i.e., customers.

The main hurdle to transfer power from one point to other isthe loss of energy. Transformer isa
static equipment which helpsin transmitting power without affecting much of energy loss. The function
of step-up transformer is to raise the voltage at the generating station and the increase isin the range of
132 kV, 220 kV, 400 kV, 800 kV, 1050 kV and so on. The increase of voltage is done without affecting
the frequency and not much of loss of energy (neglecting the transformer inherent losses which are less
than one per cent). The generated power at extra high voltage is then transmitted miles away from the
generating station to some distribution locality. Power is thus available at the distribution system
(commonly known as Sub-Station, S/S) at avery high voltage. It is now required to reduce the voltage
to an appreciable low value, suitable to the industrial load and home appliances. The reduction of
voltage is done through step-down transformers. The reduction of voltage to the tune of 415V is done
in two to three stages (i.e., 220 kV to 33 kV, then 33 kV to 11 kV and finally 11 kV to 415 V).

14
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The chapter covers in brief the elementary engineering of transformer application in terms of
construction, working methodol ogy, vector diagram of currentsand voltages and cal cul ation of equipment
resistance and reactance.

2.2 PRINCIPLES OF OPERATION

According to Faraday’s Laws of Electromagnetic Induction, if an Direction of flux
alternating voltage is applied to one winding placed in a closed A 4
magnetic circuit, an alternating flux will generate in the magnetic
loop, the direction of which isindicated in Fig. 2.1.

If the magnetic circuit has more than one windings, each
winding will link the flux (i.e., cut the flux) and will generate an
Electro Motive Force (E.M.F.). The magnitude of E.M.F. depends
upon the number of turns in each winding and amount of flux
generated in the magnetic circuit.

Operation of transformer, its step-up and step-down  Fig. 2.1. Elementary diagram of
configuration are based upon Faraday’s principal . flux and winding

Only rotating component in transformer operation is flux,
which moves electromagnetically (not physicaly), rest everything is stationary and hence transformer
is a static electrical equipment.

A schematic view of closed magnetic circuit with two sets of coils is shown in Fig. 2.2. The
same figure may further be modified with a block diagram as shown in Fig. 2.3.
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Fig. 2.2. Primary and secondary coils Fig. 2.3. Block diagram of
placed in a closed magnetic circuit elementary transformer

The induced emf depends upon the number of turns each of primary and secondary coil. Since
the flux around the windings are same and the only variable is the number of turnsin the windings, the
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induced emf in the windings are directly proportional to their turns. In case of step-up transformer, the
secondary turns are more than the primary turns

ie. Primary Turns <1
Secondary Turns
Alternatively, secondary turns is less than primary turns in case of step-down transformer
e, Primary Turns >1
Secondary Turns

Inatransformer action if the power iskept same, the primary and secondary voltagesand currents
are inversely proportional. In other words, in the process of transformation, a voltage is decreased or
increased with proportional increase and decrease of current respectively.

We have so far seen that a transformer will function only when two winding are placed in a
closed magnetic circuit, with one of thewindingsis energized with an aternating supply, an alternating
emf is produced on the other winding. The magnitude of voltage depends upon the number of turns
provided in the coil. The ratio indicates whether the transformer is step-up or step-down type. Step-up
transformer will have aratio less than one and vice-versa.

The coil which receive voltage from source is called primary coil and the other coil which is

magnetically induced to generate emf is Core

called secondary coil. If the secondary coil X

is electrically closed through a load (as P

shown in Fig. 2.4), a current will flow T I Primary I
throught it. The magnitude of current 4 A ¢ co q >

depends upon the voltage available across (input) ~v ::; Secondary E:i

the secondary terminals and the 41 coil —» J~b Load
characteristics of the load. Here the E:; E:i
transformation of energy from onewinding

to the other is completed through

electromagneticaly. It is needl-&es to say Fig. 2.4. Primary coil is energized and
that the frequency of the alternating voltage secondary coil is loaded

remain unaffected.

2.3 PRINCIPLES OF CONSTRUCTION

So far we have learnt that a transformer necessarily have a closed magnetic circuit and atleast two sets
of coils, known as primary and secondary. The construction of core in the form of mitredjoints has been
shown in Fig. 2.5.

Principally the magnetic circuit i.e. core should remain at earth potential and coils are charged to
their respective voltages. Apart from core and coils, a transformer needs the followings:

e Coreinsulating materials
Cail insulating materials
Insulating cylinder between primary and secondary coils
Steel frame to hold the core
Core clamping screws to apply mechanical rigidity to core assembly
Connection materials
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e Tap changing switch, if provided

e Steel container (M.S. Tank) to house the core-coil assembly

e Suitable insulating terminals

e Insulating and cooling material (Transformer Oil)

e Radiators to enhance cooling surface

Whether it is astep-up or step-down transformer, the low
voltage winding is generally placed nearer to the core. High
voltage winding remains away from the core and is placed over
LT coil in co-axial fashion. Right kind of insulation is needed to
insulate the core from the secondary coil. Similarly insulating
cylinder and oil ducts are used in between coils. Vertical supports
of coils are done through insulating rings and blocks.

Windings are made either from aluminium or copper, in
the shape of wires (for small current) or rectangular strip (for
high current). For oil cooled transformer, winding wiresare either
enamel coated or paper covered. Stripsare usually paper covered.
Electrical Grade Insulating Paper (EGIP) of very thin thickness
(in the order of 1.5 to 2 mil) are used for covering the wires and
strips. Paper cylinders, ringsand blocks are made from insulating
pressboard. Papers and pressboards used for making transformers
are made from wood pulp.

Steel frame either in the shape of rolled angle
or channel or formed channel from mild steel sheet
are used to hold the core assembly. To apply rigidity,
the core assembly isfurther tightened with horizontal

Side limb projecting top

V-\notch
457 L Top yoke
Top yoke ¥
45

90°

o

Side
limb

Top yoke projecting side
6 45° V-notch
Top yoke

Fig. 2.5. Mitred core construction

and vertical screws.
Let usrelate afew of the abovein Fig. 2.6.

(01) —Core assembly side view

(02) —Insulating cylinder between core and
secondary coil

(03) —Insulating cylinder between secondary
and primary coil.

(04) — Sectional view of secondary cail

(05) — Sectional view of primary coil

(06) —Horizontal core binding screw

(07) —Tap switch

(08) —Primary termination (porcelain bushing)

(09) — Secondary termination (procelain bushing)

(10) —Steel enclosure

(11) —Insulating liquid

Core

Fig. 2.6. Core-coil assembly placed
inside a steel enclosure
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In the previous paragraph, we have mentioned
that the connection materials are one of the
components in transformer construction. This is
nothing but thickly insulated copper wire having
higher cross section than winding materials.

These insulated |leads are either brazed or
crimped to the winding ends for terminating to the
tap switch (no. 7) or to the incoming and outgoing
terminals (no. 8 and no. 9). For three phase
transformer, the connections between phases are al so
made by the insulated leads to form star and delta
(asrepresented in Fig. 2.7)

Tap Switch

Use of tap changing switch for small transformersis
an optional choice to the buyers. The switch is used
to control the secondary voltage in cases where the
primary voltage is either high or low. We must bear
inmind that tap switchisprovided on the high voltage
side of the transformer where the current is
comparatively low. Voltage available near the
substation is always high with respect to rated

voltage and the sameiscomparatively low in remote

area. That is why the high voltage winding is

designed to operate both plus and minus tappings.

A few steps are provided between plus and minus

tappings. In India, the widely used tapping voltage

ist2.5%and + 5%for HV variations. Thetap switch

may be off-circuit or on-load with push button

control.

Fig. 2.8 represents a schematic view of taps
provided on HV winding to maintain constant LV
voltage. The HV winding shown in Fig. 2.8 has a
break between tap no. 5 and 6. Taps no. 3 and 4 and
7 and 8 are taken out from the bottom and upper
halves of HV winding respectively. The tap switch
has a roller contact which connect one end of the
upper and lower taps.

(a) Delta connection

Insu

Insulated
leads

lated

leads

(b) Star connection

Fig. 2.7. Phase connection

HV winding

o

|<— LV-winding —>|

o

-

Fig. 2.8. Schematic view of taps

on HV winding
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The following table indicates the function of tap switch for a 11/0.433 KV transformer with
+ 2.5% and + 5% tappings on HV side.

Tap % HV Variation Short Primary Secondary
position voltage voltage
1 +5% 56 11550 V 433V
2. +2.5% 64 11275V 433V
3. Normal 47 11000 V 433V
4. —2.5% 7-3 10725V 433V
5. -5% 3-8 10450 V 433V

From the above we can safely conclude that the operation of tap switch can maintain the secondary
voltage(i.e., load voltage) fairly constant evenif the primary voltage varieswithin areasonabl e percentage
of + 5%.

Use of Insulating Oil as Cooling Medium

Whilein operation, thetransformer i.e., core and winding emits heat which is detrimental to theinsulating
materials being used for transformer construction. It is customary to keep the temper ature under control.
Mineral ail, available from fractional distillation of crude petroleum liquid has a unique property to
cool thetransformer aswell as acts as an insulating material. The oil isused in medium and high voltage
transformers. The active part of the transformer i.e., core-coil assembly is placed inside a leak proof
steel enclosure (no. 10) and is filled with insulating oil. The oil acts as a mediato carry heat from the
windings up to the tank surface. The tank then dissipate the heat to the atmosphere by radiation. In the
process of transferring heat from winding to tank, the winding and oil retain certain amount of heat. If
the rise in temperature of winding and oil exceeds pre-determined values of 50°C rise for winding and
40°Crisefor ail, the electrical properties of both oil and insulating materials start deteriorating. To limit
therisein temperature of winding and oil, the tank surface area needsto be increased. It is customary to
use radiators in such cases. Radiators are made from steel pipe, either in the shape of round or élliptical
tubes or in the form of fins (discussed separately in section-11). It has an inlet, an outlet and is fixed in
the tank wall. Hot ail circulates through such radiators and gets cooled by convection process. This
aspect has been discussed at length in the later part of the book.

All openings and joints like tank cover, terminal holes, inspection pocket, tap switch handle, air
release plug etc. are sealed with respective components and sealing gaskets. Connection to the bushing
terminals are made. Oil is added to the required level. Now the transformer is complete and is ready for
floor testing. High voltage test is recommended to carry out atleast 24 hours after the oil being filled, as
the paper insulation used inside the transformer needs time to absorbs oil and to offer higher electrical
strength to the windings.

2.4 CONSTRUCTION OF CORE

Thebasic core material iselectrica steel andisavailablein theform of thin laminated sheet, commercialy
knowL as Cold Rolled Grain Oriented (CRGO) Silicon Stedl. It is an aloy steel which contain
certain percentage of silicon. This material has excellent magnetic property of high permeability and
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low hysteresis loss at reasonable operating flux density, which is 1.6 Tesla. When a coil is placed in a
closed magnetic circuit and is energized with an alternating voltage, a magnetic loss occurs in the core
material which is commercialy known as‘Core Loss' . Core loss has two components : HY STERESIS
LOSS AND EDDY CURRENT LOSS. Hysteresis Loss depends upon the quality of magnetic material
at the operating flux density, frequency of the system and weight of core material. Eddy current lossis
inversely proportiona to the thickness of the laminated sheet and that is why we have seen a mark
improvement of the availability of thinner sheet, in the range of 0.18 mm, 0.23 mm, 0.27 mm, 0.30 mm,
0.35 mm. Each laminated sheet is insulated on either side by a thin oxide film, commonly known as
‘Carlitefilm’. The laminations available from mills are in the form of roles. After the steel is produced
in the mill, it is annealed at a temperature of 800 to 900°C. This is done to get the magnetic grain
uniform towards the rolling direction. The roled laminations are sheared to various shape and designed
dimensions as indicated in Fig. 2.9.

Fig. 2.9 representsaview of assembled core of a 3-phase, 3 limb transformer. Two sidelimbs are
identified as ‘A’ and are identical in shape. The ends
are sheared at 45°. The centre limb is identified as %7 ¢
‘B’ and the ends are cut at 90°. The top and bottom 25° 90°
limbs are identified as‘C’ and are identical in shape.
Theendsof ‘C’ laminations are cut at 45°C and have
a‘V notch at the centre to match ‘A" and ‘B’. All A B A
these laminations are sheared in such a configuration
S0 as to enable them match the assembly without
leaving air gap between them.

To minimize the eddy current loss, the core
laminations are made thin. In order to build a stack
core, it is assembled layer by layer in staggered way.
During the process of assembly one hasto take utmost
care towardsjoints and ensure that the joints between
lamination are free from air gap. Further the laminations need a few millimeter overlap to build afirm
assembly. Usually for small transformers up to 100 kVVA, an overlap of 5 mm is kept in each joint.
Overlap and assembly of aternate layers have been shown in Fig. 2.5.

Fig. 2.9. View of an assembled core
indicating three steps of lamination

Classification of Construction

Construction of coreis classified by the placement of its primary and secondary coils in the core and
how the core is being constructed. Two type of core constructions are familiar. They are: (a) Core Type
and (b) Shell Type.

Fig. 2.10 represents a schematic view of core-type and shell type transformers. In core type
transformer, the windings are placed on either limb of the core, whereas in shell type transformer, the
windings are placed in the centre limb only. The side limbs are |eft open. In other words we can simply
say that in core type transformer the windings surround a considerable part of the core, whereasin shell
typetransformer the core surrounds a considerable part of thewindings. Electrically shell typetransformer
performs better than coretype transformer asthe flux generated in the magnetic circuit remain concealed
in the core and the loss of flux in air is minimized. However in core type transformer, a good amount of
flux islost intheair. Thisloss of flux is caled leakage flux. Generally core type transformer is cheaper
and hence is widely used in industries.
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(a) Core type transformer (b) Shell type transformer

Fig. 2.10. Single-phase core type and shell type transformers

To simplify the view and to make the construction easily understandable, the primary and
secondary coils have been shown separately wound on either side of the core (Fig. 2.10, a) or placed
one above the other (Fig. 2.10, b). Practically this is not correct. The coils are usually wound co-axially
as shown in Fig. 2.6 earlier. Co-axial coils have better linkage of flux in the windings and also it reduces
the leakage flux.

2.5 VECTOR DIAGRAM

The angular positions of voltages induced e.m.f. and currents
are called vector diagram. When a transformer operates under
no-load, the vector diagram is quite simple, representing only
the primary and secondary voltages and the exciting current
drawn by the core material. Vector diagram becomes
complicated when the transformer is loaded, as it starts
drawing a load current which creates a dropping of voltage
due to inherent resistance and reactance of the transformer
windings.

We shall discuss each of the above operating
conditions separately.

(a) Vector diagram of a transformer under no-load
(off-load)
Fig. 2.11 represents the following parameters:
V, = Input voltage to the primary winding

Fig. 2.11. Vector diagram at no-load

E, = Back emf induced in the primary winding
E, = Induced emf on the secondary winding
¢, = Direction of magnetic flux

I, = Hysteresis and eddy current

I, = Magnetising current

I, = No-load primary current
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To understand the composition of no-load primary current (1), it hastwo components—hysteresis
and eddy current which isin-phase with V, and the other is magnetizing current which is perpendicular
toV,.

I, IS known as active component of no-load current and | is known as reactive component of
no-load current. ¢ is the power factor angled betweenV, and |,

The components of no-load current may be written as

lse =15 COS O
lh=1,snd

I0 = (|h+e)2 + (Im)2

When a transformer operates under no-load condition, it has to account for iron loss of the
magnetic circuit which is mainly dueto the hysteresis and eddy current loss. Magnetizing component of
no-load current do not add to any loss asit is at right angle toV, and cos 90° is zero.

Power loss at no-load condition isV, I, cos ¢

In the above discussion we have eliminated the effect of copper loss in the primary winding due
to the no-load current. Since the magnitude of no-load current is very small and to the extent of one to
two per cent of full load current, the copper loss generated in the primary winding during the no-load
condition is negligible and hence neglected in the aforesaid discussions. Hence we conclude that the
power loss at no-load is practically equal to iron loss in the transformer.

(b) Vector diagram of a transformer under no-load
Fig. 2.12 (a) showsasimple schematic diagram of asingle phasetransformer on no-load condition

Ip
Vi

.

ot—<
i _’;
-
Ky

Fig. 2.12. Transformer at load
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An input voltage of V, is applied to the primary winding which generates a no-load current (1))
and aflux (¢) rotating in the magnetic circuit in an assumed direction. Secondary open circuit voltage is
(V,), and remains off-load.

Fig. 2.12 (b) shows a simple schematic diagram of a single phase transformer whose secondary
is loaded with aresistive load. Loaded secondary will set up a current |, whose magnitude depends on
the characteristics of the load and the secondary voltage. Current |, is in phase with V, if the load is
resistive. It lagsif theload isinductive [Fig. 2.12 (c)] and it leadsif theload is capacitive [Fig. 2.12 (d)].

Fig. 2.13 (a) shows a simple vector diagram when the secondary is loaded with aresistive |oad.
Current |, isin phase withE,,

Current |, will lag E, by an angle ¢, in case of inductive load. The same will lead in case of
capacitive load (not shown in Fig. 2.13)

Vy ‘Vl
A I h 12D= Il
LO_—x¥1
< :)
/
oy /
, /,’ I, = Neglected
4
/ /
Pm skl & o,
I, K=1 0, K=1 K=1
L 0
E, VE, I VE,

(@) (b) (c)
Fig. 2.13. Vector diagram on load

The secondary current will establish its own magnatomotive force (which is proportional to
N,l,) and generate a momentary flux ¢, which isin opposition of main flux ¢ asindicated in Fig. 2.12
(b). The two fluxes are rotating on the same closed magnetic circuit, but in opposite direction. This
weaken the main flux momentarily and hence the secondary opposing flux is called de-magnetizing
amp-turns. This causes aslight momentary gain of V, over E; and thus more current flowsin the primary
windings.

Fig. 2.12 (c) shows this primary current I, flows in the primary winding alongwith the primary
no-load current (l,) both being in the same direction. I, is antiphase with respect to |, as shown in

Fig. 2.12 (c). The additiona primary current I, will create amomentary mmf N, 1”, which sets up aflux

¢, [Fig. 2.12 (c)]. Thismomentary flux ¢’, isin opposition to ¢,, but in the same direction of main flux
¢, Since the magnitude of ¢, and ¢’, are same, they cancel each other and the main flux ¢, remains
only in existence. Thisis represented in Fig. 2.12 (d).

We now come to an understanding that the momentary flux ¢, generated by the secondary and
the antiflux ¢’, generated by the primary current cancel each other leaving the main flux ¢, in existence
which is same when the transform was at no-load. This could be an important conclusion that the
magnetic loss (or coreloss) isaconstant losswhich remains practically constant at al loading conditions.
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Flux is the product of number of turns and current generated in the magnetic circuit.
From the above we conclude the following:

0, =9,
e, Ny, = NI,
N
or I, =—2|
2 N, 2

Primary will have two currents at load—one isl, and other is1’, which is anti-phase with I, and
‘K’ times in magnitude. The total primary current is the vectoria sum of I, and I,

Fig. 2.14 (a) and (b) represent the vector diagrams of atransformer when theload isnon-inductive
as well as inductive load respectively. Voltage transformation ratio is assumed unity to make primary
and secondary voltage vector equal. Asindicated in Fig. 2.14(a), in anon-inductive load (i.e., resistive
load), the secondary current |, isin phase with E, and causes a primary current 1”, which is anti-phase
and equal to its magnitude (as K = 1). The resultant primary current |, is the vectoria sum of I, and I,
and lags behind V, by an angle¢,.

LR,

5
N
(@) (b) T ©

Fig. 2.14. Vector diagram with the presence of winding resistance

A close look to the vector diagrams shows that ¢, is slightly greater than ¢, because of the
existence of | ,. Sincel is very small as compared to |, its presence may be neglected while drawing
vector diagram. This aspect has been shown in Fig. 2.13 (c), where ¢, is equal to ¢,.

2.6 EFFECT OF WINDING