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4 Toovercome losses, the electricity froma
generator is passed through a step-up
transformer, which increases the voltage.
Throughout the distribution system, the voltages
are changed using step-down ftransformers to
voltages suitable to the applications at industry
and homes.
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32.1. Working Principle of a Transformer

A transformer isastatic (or stationary) piece of apparatus by means of which electric power in
onecircuit istransformed into el ectric power of the same frequency in another circuit. It canraiseor
lower thevoltagein acircuit but with acorrespond-
ing decrease or increase in current. The physical Laminated Core
basisof atransformer ismutual induction between
two circuitslinked by acommon magneticflux. In
itssimplest form, it consists of twoinductive coils
which are electrically separated but magnetically
linked through a path of low reluctance as shown  Primary
in Fig. 32.1. The two coils possess high mutual
inductance. If one coil isconnected to asource of
aternating voltage, an alternating flux isset upin
the laminated core, most of which is linked with
the other coil in which it produces mutually-in-
duced em.f. (according to Faraday’s L aws of Electromagnetic Induction e = Mdl/dt). If the second
coil circuit isclosed, acurrent flowsin it and so electric energy istransferred (entirely magneticaly)
from thefirst coil to the second coil. Thefirst coil, inwhich electric energy isfed from thea.c. supply
mains, is called primary winding and the other from which energy is drawn out, is called secondary
winding. Inbrief, atransformer isadevicethat

1. transferselectric power from one circuit to another

2. it does so without a change of frequency

3. it accomplishesthis by electromagnetic induction and

4. wherethetwo electric circuitsarein mutual inductive influence of each other.
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Fig. 32.1

32.2. Transformer Construction iron core

|

The simple elements of a transformer B
consist of two coils having mutual '

inductance and alaminated steel core. The primary secondary
two coilsareinsulated from each other and coil coil

the steel core. Other necessary parts are : >

some suitable container for assembled core  110/120 220/240
and windings ; a suitable medium for  volts volts
insulating the core and its windings from

its container ; suitable bushings (either of ]

porcelain, oil-filled or capacitor-type) for secondary

insulating and bringing out the terminals
of windings
from the

coil

—

220240 Q10120

T tank. volts volts
| In a| |

types of Principle of transformer

trandformers,

the coreisconstructed of transformer sheet steel laminations assembled

to provide a continuous magnetic path with a minimum of air-gap
included. The steel used is of high silicon content, sometimes heat
treated to produce a high permeability and alow hysteresisloss at the

Fig. 32.2
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usual operating flux densities. The eddy current loss is minimised by Normal Operation
laminating the core, the laminations being i nsul ated from each other by a Low High
light coat of core-plate varnish or by an oxide layer on the surface. The 1'I-V9'tage voltage
thickness of laminationsvariesfrom 0.35 mmfor afrequency of 50 Hz to Ii" ron Cor

0.5 mm for afrequency of 25 Hz. The core laminations (in the form of %
strips) are joined as shown in Fig. 32.2. It is seen that the jointsin the
aternate layers are staggered in order to avoid the presence of narrow
gaps right through the cross-section of the core. Such staggered joints
aresaid to be‘imbricated’ . 4
Paper Insulation._ Congtructionaly, thetransformers are of two
! general types, distinguished from each other IGround
merely by the manner in which the primary N
and secondary coils are placed around the
laminated core. The two types are known as (i) core-type and (ii) shell-
type. Another recent development is spiral-core or wound-core type, the
trade name being spirakore transformer.
Windirig In the so-called core type transformers, the windings surround a
“Secondary Winding considerable part of the core whereas in shell-type transformers, the core
surroundsa considerable portion of thewindings as shown schematically
inFig. 32.3(a) and (b) respectively.

L
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Core-type transformer

Shell-Type transformer
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Fig. 32.3 Fig. 32.4

Inthesimplified diagramfor the coretypetransformers[Fig. 32.3 (d)], the primary and secondary
winding are shown located on the opposite legs (or limbs) of the core, but in actual construction,
these areawaysinterleaved to reduce leakage flux. AsshowninFig. 32.4, half the primary and half the
secondary winding have been placed side by side or concentrically on each limb, not primary on one
limb (or leg) and the secondary on the other.

Inl #({Coﬂslwq

B — —

Fig. 32.5 Fig. 32.6

In both core and shell-type transformers, the individual laminations are cut in the form of long
stripsof L's, E'sand I’'sasshown in Fig. 32.5. Theassembly of the complete corefor the two types of
transformersisshowninFig. 32.6 and Fig. 32.7.
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Assaid above, in order to avoid high reluctance at thejointswherethe laminations are butted against
each other, the dternatelayersare stacked differently to eliminate thesejointsasshowninFig. 32.6 and

Fig. 32.7.

[ ]

L

Butt Join

Fig. 32.7

32.3. Core-type Transformers

The coilsused areform-wound and
areof thecylindrical type. Thegeneral
form of thesecoilsmay becircular or ova
or rectangular. In small size core-type
transformers, asmplerectangular coreis
usedwith cylindrica coilswhichareeither
circular or rectangular inform. But for
large-size core-typetransformers, round

L.V. Insulation

L.V. Winding
H.V. Winding

[z
||

Laminated Core
(Cruciform Section)

Fig. 32.8 (a)

Core

2-leg core

H.V. Insulation

TRIRT]

3-leg core 4-leg core

Single-Phase Transformer Cores

or circular cylindrical coilsare used which areso
wound asto fit over acruciform core section as
showninFig. 32.8(a). Thecircular cylindrical coils
are used in most of the core-type transformers
because of their mechanical strength. Such
cylindrica coilsarewoundinhelical layerswiththe
different layersinsulated from each other by paper,
cloth, micartaboard or cooling ducts. Fig. 32.8(c)
showsthegeneral arrangement of these coilswith
respect to thecore. Insulating cylindersof fuller
board are used to separate the cylindrical windings
from the coreand from each other. Sincethelow-
voltage(LV)windingiseasest toinsulate, itisplaced
nearest to the core (Fig. 32.8).

H.V. Winding

Insulating
Cylinder

Fig. 32.8
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Because of laminationsand insulation, the net or effective core areaisreduced, due allowancefor
which hasto bemade (Ex. 32.6). Itisfoundthat, ingeneral, thereductionin coresectional areaduetothe
presence of paper, surface oxideetc. isof the order of 10% approximately.

Aspointed out above, rectangular coreswith rectangular cylindrical coilscan beused for small-size
core-typetransformersasshownin Fig. 32.9 (a) but for large-sized transformers, it becomeswasteful to
userectangular cylindrical coilsand so circular cylindrical coilsarepreferred. For such purposes, square
coresmay be used asshownin Fig. 32.9 (b) where circlesrepresent the tubular former carrying the coils.
Obviousdly, aconsiderableamount of useful spaceisdtill wasted. A commonimprovement on square core
istoemploy cruciform coreasin Fig. 32.9 (¢) which demands, at least, two sizes of corestrips. For very
largetransformers, further core-steppingisdoneasin Fig. 32.9 (d) whereat least three sizesof coreplates
arenecessary. Core-stepping not only giveshigh spacefactor but aso resultsin reduced length of the mean
turn and the consequent I°R loss. Threestepped coreisthe one most commonly used although more steps
may beusedfor very largetransformersasin Fig. 32.9 (€). Fromthegeometry of Fig. 32.9, it can beshown
that maximum gross core section for Fig. 32.9 (b) is0.5d” and for Fig. 32.9 (c) itis0.616 d° whered isthe
diameter of thecylindrical coil.

_ _ 0.16d 0.16d 0.1d—lO.14d 0.144, 0.074d4 q0.09d q0.12d
“ " » €053 e ~ :‘|<-0-42d->| | - ol 103sdT | e
e | 2 S ar | _I_ iy
i ] f
0.71d 0.85d 0.9d 0.93d
/ _l_ l | |
l—0.71d—> [ | I I
| 4—0.85d— — 0.9d—>, [ 093d—
(a) (b) (c) (d) (e)
Fig. 32.9

32.4. Shell-type Transformers

In these case also, the coils are form-would but are multi-layer disc type usually wound in the
form of pancakes. The different layers of such multi-layer discs are insulated from each other by
paper. The complete winding consists of stacked discs with insulation space between the coils-the
spaces forming horizontal cooling and insulating ducts. A shell-type transformer may haveasimple
rectangular form asshownin Fig. 32.10 or it may have distributed form asshownin Fig. 32.11.

Core Core

= =
T E K

(@)

(b)
Fig. 32.10

A very commonly-used shell-type transformer isthe one known as Berry Transformer—so called
after the name of itsdesigner and iscylindrical inform. Thetransformer core consists of laminations
arranged in groups which radiate out from the centre as shown in sectionin Fig. 32.12.
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It may be pointed out that coresand coilsof transformers must be provided with rigid mechanical
bracingin order to prevent movement and possibleinsulation damage. Good bracing reducesvibration and
the obj ecti onabl e noi se-a humming sound—during operation.

The spira-coretransformer empl oysthe newest development in core construction. Thecoreisas-
sembled of acontinuousstrip or ribbon of transformer steel wound intheform of acircular or liptical
cylinder. Such construction allowsthe coreflux tofollow thegrain of theiron. Cold-rolled stedl of high
silicon content enablesthe designer to use considerably higher operating flux densitieswith lower lossper
kg. Theuseof higher flux density reducestheweight per kVA. Hence, the advantagesof such construction
are(i) arelatively morerigid core (i) lesser weight and size per kVA rating (iii) lower ironlossesat higher
operating flux densitiesand (i v) lower cost of manufacture.

Cylindrical Magnetic
Winding Core

(a)
(b)
Fig. 32.11 Fig. 32.12
Transformersaregenerdly housed intightly-fitted sheet-metd ; tanksfilled with specia insulating oil* .
Thisoil hasbeen highly developed and itsfunctionistwo-fold. By circulation, it not only keepsthe coils
reasonably cool, but also providesthe transformer with additional insulation not obtainable when the
transformer isleftintheair.

In caseswhereasmooth tank surface doesnot provide sufficient cooling area, thesidesof thetank are
corrugated or provided with radiatorsmounted on thesides. Good transformer oil should beabsolutely free
from alkalies, sulphur and particularly from moisture. The presence of even an
extremely small percentage of moisturein the oil ishighly detrimental from the insulation viewpoint
becauseit lowersthedielectric strength of the oil considerably. Theimportance of avoiding moisture
inthetransformer oil isclear from thefact that even an addition of 8 parts of water in 1,000,000 reduces
theinsulating quality of the oil to avalue generally recognized as below standard. Hence, the tanks
are sealed air-tight in smaller units. In the case of large-sized transformers where compl ete air-tight
constructionisimpossible, chambersknown as breathers are provided to permit the oil inside the tank
to expand and contract as its temperature increases or decreases. The atmospheric moisture is
entrapped in these breathers and is not allowed to pass on to the oil. Another thing to avoid in the oil
issledging whichissimply the decomposition of oil with long and continued use. Sledging iscaused
principally by exposureto oxygen during heating and resultsin theformation of large deposits of dark
and heavy matter that eventually clogs the cooling ducts in the transformer.

No other feature in the construction of atransformer is given more attention and care than the
insulating materials, because the life on the unit almost solely depends on the quality, durability and
handling of these materials. All theinsulating materialsare selected on the basis of their high quality
and ability to preserve high quality even after many years of normal use.

*  Instead of natural mineral oil, now-a-days synthetic insulating fluidsknown as ASKAREL S (trade name) are
used. They are non-inflammable and, under the influence of an electric arc, do not decompose to produce
inflammable gases. One such fluid commercially known as PY ROCLOR isbeing extensively used because
it possesses remarkable stability as adielectric and even after long service shows no deterioration through
sledging, oxidation, acid or moistureformation. Unlike mineral oil, it showsno rapid burning.
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All thetransformer leadsare brought out of their casesthrough suitable bushings. Thereare many
designsof these, their size and construction depending on thevoltage of theleads. For moderate voltages,
porcelain bushingsare used toinsulate theleads asthey come out through thetank. Ingenerd, they look
amod liketheinsulatorsused onthetransmissionlines. Inhighvoltageingtallations, oil-filled or capacitor-
typebushingsare employed.

The choiceof coreor shell-type construction isusualy determined by cost, because similar character-
igticscan beobtained with both types. For very high-voltagetransformersor for multiwinding design, shell-
typecongtructionis preferred by many manufacturers. Inthistype, usualy the mean length of coil turnis
longer than in acomparable core-type design. Both core and shell formsare used and the selectionis
decided by many factorssuch asvoltagerating, kKVA rating, weight, insulation stress, heat distribution etc.

Another means of classifying thetransformersisaccording to thetype of cooling employed. The
following typesarein common use:

(@) oil-filled self-cooled (b) oil-filled water-cooled (o) air-blast type

Small and medium size distribution transformers—so called because of their use on distribution
systems as distinguished from line transmission—are of type (a). The assembled windings and cores
of such transformers are mounted in awelded, oil-tight steel tank provided with steel cover. After
putting the core at its proper place, thetank isfilled with purified, high quality insulating oil. The cil
servesto convey the heat from the core and the windings to the case from where it is radiated out to
the surroundings. For small size, thetanksare usually smooth-surfaced, but for larger sizes, the cases
are frequently corrugated or fluted to get greater heat radiation area without increasing the cubical
capacity of thetank. Still larger sizes are provided with radiators or pipes.

Construction of very large self-cooled transformers is expensive, a more economical form of
construction for such large transformers is provided in the oil-immersed, water-cooled type. As
before, the windings and the core areimmersed in the oil, but thereis mounted near the surface of ail,
acooling coil through which cold water iskept circulating. Thehest iscarried away by thiswater. The
largest transformers such as those used with high-voltage transmission lines, are constructed in this
manner.

Oil-filled transformersare built for outdoor duty and as these require no housing other than their
own, agreat saving isthereby effected. These transformers require only periodic inspection.

For voltages below 25,000 V, transformers can be built for cooling by meansof anair-blast. The
transformer is not immersed in oil, but ishoused in athin sheet-metal box open at both ends through
which air is blown from the bottom to the top by means of afan or blower.

32.5. Elementary Theory of an Ideal Transformer

Anided transformer isonewhich hasnolossesi.e. itswindingshave no ohmic resistance, thereisno
magnetic leskage and hencewhich hasno I°R and corelosses. In other words, anideal transformer consists
of two purely inductive coilswound on aloss-freecore. It may, however, be noted that it isimpossible
to realize such a transformer in practice, yet for convenience, we will start with such a trans-
former and step by step approach an actual transformer.

1 s Vv,
N
0. (I *
SN \\\ o
V/ N\ N 90
o 0 v \
4 i / i
i 7 AN
- /
_\\/ T / N E]
. } A /!
Primary Secondary - E,
(a) (b)

Fig. 32.13
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Consider anideal transformer [Fig. 32.13 (a)] whose secondary isopen and whose primary iscon-
nected to sinusoidal aternating voltageV,. Thispotential difference causesan dternating current toflowin
theprimary. Sincethe primary coil ispurely inductive and thereisno output (secondary being open) the
primary draws the magnetising current |, only. The function of this current is
merely to magnetise the core, it issmall in magnitude and lagsV, by 90°. Thisalternating current I

producesan dternating flux whichis a al
times, proportional to thecurrent (assuming
permeability of the magnetic circuit to be
congant) and, hence, isin phasewithit. This
changing fluxislinked bothwith theprimary
and the secondary windings. Therefore, it
producessdf-induced em . intheprimary.
Thisself-inducedem.f. E, is, at every in-
stant, equal to andin oppositiontoV,. Itis
also known as counter em.f. or back em.f.
of theprimary.

Similarly, thereisproduced inthe sec-
ondary an induced em.f. E, which is
known as mutually induced em.f. This
e.m.f. isantiphasewith V, andits magni-
tude is proportional to the rate of change
of flux and the number of secondary turns.

Theinstantaneous values of applied

Primary coil

Primary coil

Step-up transformer
Secondary coil
LB

If the primary coil
has 3 loops and the
secondary coil has
30, the voltage is
stepped up 10
times.

Step-down transformer

Secondary coil
: If the primary coil
L has 30 loops and
the secondary coil
has 3, the voltage
is stepped down 10

] - times.

voltage, induced e.m.fs, flux and
magnetising current are shown by sinu-
soidal wavesin Fig. 32.13 (b). Fig. 32.13
(c) showsthevectoria representation of the effective valuesof the above quantities.

Step-up transformer

32.6. E.M.F. Equation of a Transformer

< Cycle
Let N; = No.of turnsin primary
N, = No.of turnsinsecondary O
®,, = Maximumfluxincoreinwebers
= B, XA “If"l
f = Frequency of a.c.inputinHz 4
AsshowninFig. 32.14, flux increasesfromitszero valueto Time
maximumvalue ®_ in onequarter of thecyclei.e.in 1/4 f second. T': /e

[0)
0O Averagerate of changeof flux = —

1/4 Fig. 32.14
= 4f ®,_ Wh/sor volt
Now, rate of change of flux per turn meansinduced em.f. involts.
O Averageemf./turn = 4f®_volt

If flux @ variessinusoidally, thenr.m.s. value of induced em.f. isobtained by multiplying theaverage
valuewithformfactor.
Formfactor = L\/Eﬂu& =111
average value
O  rmsvdueofemf/tun = 1.11x4fd =4.44f d volt
Now, r.m.s. value of theinduced em.f. inthewholeof primary winding
(induced em.f/turn) x No. of primary turns

4.44F N, ® =444f N, B A 0

E,
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Similarly, r.m.s. valueof theem.f.inducedin secondary is,
E, = 444fN,®_=4441fN,B A (i)
Itisseenfrom (i) and (ii) that E;/N; = EJ/N,=4.44f ®_. It meansthat em.f./turnisthe sameinboth
the primary and secondary windings.
In an ideal transformer on no-load, V, = E; and E, = V, where V, is the terminal voltage
(Fig. 32.15).

32.7 Voltage Transformation Ratio (K)

From equations (i) and (ii), we get = D————I
N, — 9|
—_= = <= ]
S -w freRT Ten
This constant K is known as voltage transformation C\I; dT P
ratio. vy C\:D E E Cj;D v,
' ] P
(i) 1fN,>N;,i.e K>1,thentransformer iscalled step-up C‘Irj T
transformer. C"‘i CID
(i) If N, <N, i.e. K <1, then transformer is known as : |
step-down transformer. | T T T~ -

Again, for anideal transformer, input VA = output VA.
I Fig. 32.15
Vi, =V, lL,or-%5=—=-

Hence, currentsareintheinverseratio of the (voltage) transformation ratio.

Example 32.1. The maximum flux density in the core of a 250/3000-volts, 50-Hz single-phase
transformer is 1.2 Wb/n?’. If theemf. per turnis8volt, determine
(i) primary and secondary turns (ii) area of the core.
(Electrical Engg.-1, Nagpur Univ. 1991)

Solution. (i) E, = N;xemf.induced/turn
N, = 250/8 =32; N, =3000/8 = 375
(i) Wemay use E, = —444fN,B_ A
0 3000 = 4.44x50x 375x 1.2 x A; A =0.03m”.

Example 32.2. The core of a 100-kVA, 11000/550 V, 50-Hz, 1-ph, core type transformer has a
cross-section of 20 cmx 20 cm. Find (i) the number of H.V. and L.V. turnsper phaseand (ii) thee.mf.
per turn if the maximum core density is not to exceed 1.3 Teda. Assume a stacking factor of 0.9.

What will happen if its primary voltageisincreased by 10% on no-load ?
(Elect. Machines, A.M.|.E. Sec. B, 1991)

Solution. (i) B, = 13T,A=(0.2x0.2)x0.9=0.036 m’

O 11,000 = 4.44x 50 x N, x 1.3 x 0.036, N, = 1060
550 = 4.44x 50 x N, x 1.3 x 0.036; N, = 53

o, N, = KN, = (550/11,000) x 1060 = 53

(ii) emf/tun = 11,000/1060 = 10.4V or 550/53 = 10.4

Keeping supply frequency constant, if primary voltageisincreased by 10%, magnetising current will
increase by much morethan 10%. However, dueto saturation, flux density will increaseonly marginally and
sowill theeddy current and hysteresislosses.

Example 32.3. A single-phase transformer has 400 primary and 1000 secondary turns. The
net cross-sectional area of the coreis60 cn’. I the primary winding be connected to a 50-Hz supply
at 520 V, calculate (i) the peak value of flux density in the core (ii) the voltage induced in the
secondary winding. (Elect. Engg-l, Pune Univ. 1989)
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Solution. K = N,/N,; =1000/400 = 2.5

0] EJE, = K 0O E,=KE; =25x520=1300V

(ii) E, = 444fN,B A

or 520 = 4.44 x50 x 400 x B, x (60 x 1040 B,,, = 0.976 Wh/m?

Example32.4. A 25-kVA transformer has 500 turns on the primary and 50 turns on the second-
ary winding. The primary is connected to 3000-V, 50-Hz supply. Find the full-load primary and
secondary currents, the secondary em.f. and the maximum flux in the core. Neglect |eakage drops

and no-load primary current. (Elect. & Electronic Engg., MadrasUniv. 1985)
Solution. K = N,/N,=50/500=1/10
Now, full-load I, = 25,000/3000=8.33A. FL.1,=1,/K=10x8.33=83.3A
em.f. perturnon primary side = 3000/500=6V
O secondary em.f. = 6x50=2300V (or E, = KE; = 3000 x 1/10 =300 V)
Also, E, = 4441 N,®,; 3000=4.44x50x 500 x & _OP =27mWb

Example 32.5. The core of a three phase, 50 Hz, 11000/550 V delta/star, 300 kVA, core-type
transformer operates with a flux of 0.05 Wh. Find

(i) number of H.V. and L.V. turns per phase. (ii) em.f. per turn
(iii) full load H.V. and L.V. phase-currents. (Bharathithasan Univ. April 1997)
Solution. Maximum value of flux hasbeen given as0.05 Wh.
(if) em.f.perturn = 4441 @,
= 4.44x50x0.05=11.1volts
(i) Cdculationsfor number of turnsontwo sides:
Voltage per phase on delta-connected primary winding = 11000 volts
Voltage per phase on star-connected secondary winding = 550/1.732 = 317.5volts
T, = number of turnson primary, per phase
= voltageper phasefem.f. perturn
= 11000/11.1=991
T, = number of turnson secondary, per phase
= voltageper phasefem.f. perturn
= 317.5/11.1=28.6

Note: (i) Generaly, Low-voltage-turns are calculated first, the figure is rounded off to next higher even
integer. Inthiscase, it will be 30. Then, number of turns on primary sideis calculated by turns-ratio.

In this case, T, = T,(V,/V,)=30x11000/317.5=1040

This, however, reduces the flux and results into less saturation. This, in fact, is an elementary

aspect in Design-calculationsfor transformers. (Explanation is added here only to overcome a doubt
whether afraction isacceptable asanumber of L.V. turns).
(if) Full load H.V. and L.V. phase currents:
Output per phase = (300/3)=100kVA
100 x 1000
= ————=91A
H.V. phase-current 11,000 mp

(100 x 1000/317.5) =315 Amp

Example 32.6. A single phase transformer has 500 turnsin the primary and 1200 turns in the
secondary. The cross-sectional area of the coreis 80 sg. cm. If the primary winding is connected to
a 50 Hz supply at 500 V, calculate (i) Peak flux-density, and (ii) Woltage induced in the secondary.

(Bharathiar University November 1997)

L.V. phase-current
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Solution. Fromthee.m.f. equation for transformer,
500 = 4.44 x50 x @, x 500
¢, = 1222Wb
(i) Peak flux density, B, = @,/ (80x10 % =0.563wh/m’
(if) Voltageinduced in secondary isobtained from transformation ratio or turnsretio

Vv, N,
Vl - Nl
or V, = 500 x 1200/500 = 1200 volts

Example32.7. A 25 kVA, single-phase transformer has 250 turns on the primary and 40 turnson
the secondary winding. The primary is connected to 1500-volt, 50 Hz mains. Calculate
(i) Primary and Secondary currents on full-load, (ii) Secondary em.f., (iii) maximum flux in the core.

(Bharathiar Univ. April 1998)

Solution. (i) If V, = Secondary voltagerating, = secondary em.f.,
V.
15(2)0 = 24—5%,givingV2:240volts

(if) Primary current 25000/1500 = 16.67 amp
Secondary current 25000/240 = 104.2 amp
(iii) 1f @, isthemaximum core-flux in Wb,
1500 = 4.44 x50 x @, * 250, giving @,,= 0.027 Wb or 27 mWb
Example 32.8. A single-phase, 50 Hz, core-type transformer has square cores of 20 cm side.

Permissi ble maximum flux-density is 1 Wh/n. Calculate the number of turnsper Limb on the High
and Low-voltage sides for a 3000/220 V ratio. (Manonmaniam Sundaranar Univ. April 1998)

Solution. E.M.F. equation gives the number of turns required on the two sides. We shall first
calculatetheL.V.-turns, round the figure off to the next higher even number, so that given maximum
flux density is not exceeded. With the corrected number of L.V. turns, calculate H.V.-turns by
transformation ratio. Further, therearetwo Limbs. Each Limb accommodateshalf-L.V. and half H.V.
winding from the view-point of reducing |eakage reactance.

Starting with calculationfor L.V. turns, T,

4.44 x50 % [(20 x 20 x 10'4) x1] x T,=220

T, = 220/8.88=24.77

Select T, =%
TJ/T, = ViV,
T, = 26x3000/220 = 354, selecting the nearest even integer.

Number of H.V. turnsoneachLimb =177
Number of L.V. turnsoneach Limb =13

32.8. Transformer with Losses but no Magnetic Leakage

We will consider two cases (i) when such atransformer ison no load and (ii) when it isloaded.

32.9. Transformer on No-load

Inthe above discussion, we assumed anideal transformer i.e. oneinwhich therewereno corelosses
and copper losses. But practical conditionsrequirethat certain modifications be madein theforegoing
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theory. When an actual transformer is put on load, thereisiron lossin the core and copper lossin the
windings (both primary and secondary) and theselosses are not entirely negligible.

Evenwhenthetransformer ison no-load, the primary input currentisnot wholly reactive. Theprimary
input current under no-load conditionshasto supply (i) ironlossesinthecorei.e. hysteresislossand eddy
currentlossand (i) avery small amount of copper lossin primary (therebeing no Culossin secondary as
itisopen). Hence, theno-load primary input current | isnot at 90° behind V,; but lagsit by anangle @, <
90°. No-load input power

W, = V,lycosq,

where cos @ isprimary power factor under no-load conditions. No-load Vi
condition of an actual transformer isshown vectorialy in Fig. 32.16.

Asseen from Fig. 32.16, primary current |, hastwo components: w

(i) OneinphasewithV,. Thisisknown as active or working or

iron loss component |, because it mainly supplies the iron loss plus E
small quantity of primary Culoss.
l, = lpycosq, .
(if) Theother component isin quadrature with V, andisknown as El
magnetising component | because its function is to sustain the : :
aternating flux in the core. Itiswattless. Fig. 32.16

L, = losing,

Obviously, Iisthevector sumof I, and1,,, hencel,= (1,7 +1,%).

Thefollowing pointsshould benoted carefully :

1. Theno-load primary current | isvery small ascompared to thefull-load primary current. Itis
about 1 per cent of the full-load current.

2. Owing to thefact that the permesability of the core varies with the instantaneous val ue of the
exciting current, the wave of the exciting or magnetising current is not truly sinusoidal. Assuch it
should not be represented by a vector because only sinusoidally varying quantities are represented
by rotating vectors. But, in practice, it makes no appreciable difference.

3. Asl,isvery small, the no-load primary Culossis negligibly small which means that no-load
primary input is practically equal to the iron loss in the transformer.

4. Asitisprincipally the core-losswhichisresponsiblefor shiftinthe current vector, angle @,is
known as hysteresis angle of advance.

Example 32.9. (a) A 2,200/200-V transformer draws a no-load primary current of 0.6 A and
absorbs 400 watts. Find the magnetising and iron loss currents.

(b) A 2,200/250-V transformer takes 0.5 A at a p.f. of 0.3 on open circuit. Find magnetising
and working components of no-load primary current.

Solution. (&) Iron-loss current
no-load input in watts _ 400 _ 0182 A
primary voltage 2,200

2

2 2
Now lo 1,

Magnetising component | (0.6> - 0.182)% = 0.572 A

M
The two components are shown in Fig. 29.15.
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() lp = 0.5A,cos@=0301,=1,c0s0,=05%x03=0.15A

l, = J05° - 0.15" =0.476 A

Example 32.10. A single-phase transformer has 500 turns on the primary and 40 turns on the
secondary winding. The mean length of the magnetic path in theiron coreis 150 cm and the joints
are equivalent to an air-gap of 0.1 mm. When a p.d. of 3,000 V is applied to the primary, maximum
flux density is 1.2 Wo/nf. Calculate (a) the cross-sectional area of the core (b) no-load secondary
voltage (c) the no-load current drawn by the primary (d) power factor on no-load. Given that
AT/cm for a flux density of 1.2 Wh/ni iniron to be 5, the corresponding iron loss to be 2 watt/kg at
50 Hz and the density of iron as 7.8 gram/cm’.

Solution. (a) 3000 = 4.44x50x500x1.2xA [0 A=0.0225m"=225cm’

Thisisthe net cross-sectional area. However, the gross areawould be about 10% moreto allow
for theinsulation between laminations.

(b) K = N,/N,=40/500=4/50
O N.L. secondary voltage = KE, =(4/50) x3000=240V
(0 ATpercm = 50 ATforironcore=150x5=750
- B 12
ATforair- = Hl == x| =—==—_ x0.0001 =95.5
o Ho 4 x1077
Total AT for given B, = 750+95.5=8455

Max. value of magnetising current drawn by primary = 845.5/500=1.691 A

Assuming this current to be sinusoidal, itsr.m.s. valueis|, = 1.691/ J2=119%A
Volumeofiron = length x area=150 x 225= 33,750 cm?®

Density 7.8 gram/cm3 0 Massofiron=233,750x% 7.8/1000=263.25kg

Total iron loss 263.25x2=526.5W

Iron loss component of no-load primary current | isl = 526.5/3000=0.176 A

J1Z+12 =,1196% +0.1767 =0.208 A

(d) Power factor,cosq, = 1,/1,=0.176/1.208 = 0.1457

Example32.11. Asingle-phasetransformer has 1000 turns on the primary and 200 turns on the
secondary. Theno load currentis3amp. at ap.f. of 0.2lagging. Calculate the primary current and
power -factor when the secondary current is 280 Amp at a p.f. of 0.80 lagging.

(Nagpur University, November 1997)

lo

Solution. V, istaken asreference. cos 0.80=36.87°
I, = 2803 368/Pamp
I’, = (2805)3 368Pamp
¢ = cos '0.20=785°,sin®=0.98
I, = ly+I',=3(0.20-j 0.98) + 56 (0.80 —j 0.60)
= 0.6-j294+44.8-j33.6
= 454-)2.94+448-]33.6
= 454-j36.54=58.338.86°
Thus | lags behind the supply voltage by an angle of 38.86°.
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10.

11.

12.

Tutorial Problems 32.1

The number of turns on the primary and secondary windings of a 1— transformer are 350 and 35
respectively. If the primary isconnected to a2.2 kV, 50-Hz supply, determine the secondary voltage
on no-load. [220 V] (Elect. Engg.-11, Kerala Univ. 1980)

A 3000/200-V, 50-Hz, 1-phase transformer is built on acore having an effective cross-sectional area

of 150 cm? and has 80 turnsin the low-voltage winding. Calculate

(8) the value of the maximum flux density in the core

(b) the number of turnsin the high-voltage winding. [(3) 0.75 Wb/m? (b) 1200]

A 3,300/230-V, 50-Hz, 1-phase transformer isto beworked at amaximum flux density of 1.2 Wb/m?

inthe core. The effective cross-sectional areaof thetransformer coreis 150 cm?. Calculate suitable

values of primary and secondary turns. [830; 58]

A 40-kVA, 3,300/240-V, 50 Hz, 1-phase transformer has 660 turns on the primary. Determine

(@) the number of turns on the secondary

(b) the maximum value of flux in the core

(c) the approximate value of primary and secondary full-load currents.

Internal dropsin the windings are to be ignored. [(a) 48 (b) 225 mWhb (c) 12.1 A; 166.7 A]

A double-wound, 1-phase transformer is required to step down from 1900 V to 240V, 50-Hz. Itis

tohave 1.5V per turn. Calculatetherequired number of turnson the primary and secondary windings

respectively.

The peak value of flux density is required to be not more than 1.2 Wb/m?. Calculate the required

cross-sectional area of the steel core. If the output is 10 kVA, calculate the secondary current.
[1,267; 160; 56.4 cm? 41.75 A]

The no-load voltage ratio in a 1-phase, 50-Hz, core-type transformer is 1,200/440. Find the number

of turnsin each winding if the maximum flux isto be 0.075 Wb. [24 and 74 turns]

A 1-phase transformer has 500 primary and 1200 secondary turns. The net cross-sectional area of

the coreis 75 cm?”. If the primary winding be connected to a400-V, 50 Hz supply, calculate.

(i) the peak value of flux density in the core and (ii) voltage induced in the secondary winding.

[0.48 Wh/m?; 60 V]

A 10-kVA, 1-phase transformer has a turn ratio of 300/23. The primary is connected to a 1500-V,

60 Hz supply. Find the secondary volts on open-circuit and the approximate values of the currents

inthetwo windingson full-load. Find also the maximum value of theflux. [115V; 6.67 A; 87 A;

11.75mWb]

A 100-kVA, 3300/400-V, 50 Hz, 1 phase transformer has 110 turns on the secondary. Calculate the
approximate values of the primary and secondary full-load currents, the maximum value of flux inthe
core and the number of primary turns.

How does the core flux vary with load ? [30.3A; 250 A; 16.4 mWh; 907]

Theno-load current of atransformer is5.0 A at 0.3 power factor when supplied at 230-V, 50-Hz. The
number of turnson the primary windingis200. Calculate (i) the maximum valueof flux inthe core (i)
the coreloss (iii) the magnetising current. [5.18 mWhb; 345W; 4.77 A]

The no-load current of atransformeris15 at apower factor of 0.2 when connected to a460-V, 50-Hz
supply. If the primary winding has 550 turns, calculate

(a) the magnetising component of no-load current
(b) theironloss
(¢) themaximum value of theflux in the core. [(a) 14.7 A (b) 1,380 W (c) 3.77 mWb]

Theno-load current of atransformer is4.0 A at 0.25 p.f. when supplied at 250-V, 50 Hz. The number
of turns on the primary winding is 200. Calculate

(i) ther.m.s. value of theflux in the core (assume sinusoidal flux)
(if) the coreloss
(iii) themagnetising current. [(i) 3.96 MW (ii) 250 W (iii) 3.87 A]
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13. Thefollowing dataapply to asingle- phasetransformer:
output : 100 kVA, secondary voltage; 400 V; Primary turns: 200; secondary turns: 40; Neglecting the
losses, calculate: (i) the primary applied voltage (ii) the normal primary and secondary currents (iii)
the secondary current, when the load is 25 kW at 0.8 power factor.
(Rajiv Gandhi Technical University, Bhopal 2000) [(i) 2000V, (ii) 50 amp, (iii) 78.125 amp]

32.10. Transformer on Load L | p=0== ]
i i T’_’I’ <’|/_$
When the secondary isloaded, the secondary current |l issetup. The vy, e Yz
magnitude and phase of |, with respect toV , is determined by the charac- L_;r 2
teristicsof theload. Current |, isinphasewith V, if loadisnon-inductive, it e —
lagsif load isinductiveand it leadsif load iscapacitive. I, | =y

Load
The secondary current setsupitsown m.m.f. (=N,l,) and henceits ¢ 11 I
own flux ®,whichisin opposition to the main primary flux ® whichis v, fl_, d 2
due to I,. The secondary ampere-turns N, |, are known as L‘—T"
demagnetising amp-turns. The opposing secondary flux @, weakens ==
the primary flux ® momentarily, hence primary back em.f. E, tendsto be
reduced. For a moment V, gains the upper hand over E, and hence
causes more current to flow in primary.

L[
5y
- . . Vi g1
Let the additional primary current be I,). It is known as load i_._HL
L
v,
b

component of primary current. This current is antiphase with 1,’. The |E=O=2=
additional primary m.m.f. N, |, sets up its own flux ®," which isin “O0—— | Load
opposition to ®, (but isin the same direction as ®) and isequal toitin ’{': 53
magnitude. Hence, the two cancel each other out. So, we find that the 7 ":/’ ’
magnetic effects of secondary current |, areimmediately neutralized by T |

the additional primary current |, whichisbrought into existence exactly Eo——
atthesameinstant asl,. ThewholeprocessisillustratedinFig. 32.17. Fig. 32.17

Hence, whatever the load conditions, the net flux passing through o
the coreisapproximately the sameasat no-load. Animportant deductionisthat dueto the constancy
of coreflux at al loads, the core lossis also practically the same under all load conditions.

N
As ®, = @ O Nf,=Nil; O 1y=1 %l =Kl
1
Hence, when transformer isonload, the primary winding hastwo currentsinit; oneis|, andthe other

isl,’ whichisanti-phasewith |, and K timesin magnitude. Thetotal primary currentisthevector sum
of lpand 1.

VA ViA
L2 I, L=
i 4
/ |
u| /
Q)‘/ / I, I, Negligible
0 0 0o/ p0O
L 0 0
1 1
E, B) EW 2 E,¥
k=1 k=1 =1
(@) (b) (o)

Fig. 32.18
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InFig. 32.18 are shown the vector diagramsfor aload transformer when load isnon-inductive and
when it isinductive (asimilar diagram could be drawn for capacitive load). Voltage transformation
ratio of unity isassumed so that primary vectors are equal to the secondary vectors. With reference
toFig. 32.18 (a), |, issecondary current in phase with E, (strictly speaking it shouldbe'V,). It causes
primary current |, which is anti-phase with it and equal to it in magnitude (- K = 1). Total primary
current |, isthe vector sum of Iy and 1, and lags behind V, by an angle ¢,.

In Fig. 32.18 (b) vectors are drawn for an inductive load. Herel, lags E, (actualy V,) by @,.
Current |, isagain antiphasewith |, and equal toitin magnitude. Asbefore, |isthevector sumof I’
and |, and lags behind V, by @,.

It will be observed that @, is slightly greater than @,. But if weneglect | ascomparedtol,’ asin
Fig. 32.18 (c), then @, = @,. Moreover, under thisassumption

Ny, = Nyl =Ny, O ————Wl—K

It showsthat under full-load conditions, the ratio of primary and secondary currentsis constant.
Thisimportant relationship ismade the basis of current transformer—atransformer which isused with
alow-range ammeter for measuring currentsin circuitswhere the direct connection of the ammeter is
impracticable.

Example 32.12. A single-phase transformer with a ratio of 440/110-V takes a no-load current
of 5A at 0.2 power factor lagging. If the secondary suppliesacurrent of 120 A at a p.f. of 0.8 lagging,

estimate the current taken by the primary. (Elect. Engg. Punjab Univ. 1991)
Solution.  cos@, = 0.8,@,=cos "(0.8)=36°54' .
cos@, = 02 0 ¢ ,=cos *(02)=7830 A I,=30A_, 1
Now K = V,V,=110/440=1/4 ) a4
O I, = KI,=120x 1/4=30A 3654 /
I, = 5A. 78°30'—
Angle between | ,and 1, 8
= 78°30/ - 36°54' =41°36' 3654
Using parallelogram law of vectors (Fig. 32.19) we get
I, = /(52 + 307 + 2 x5 x30 xcos 41°36) QZIZOAV
= 3445A )
Fig. 32.19

Theresultant current could also have been found by resolving
I," and |, into their X and Y -components.

Example 32.13. A transformer has a primary winding of
800 turns and a secondary winding of 200 turns. When the load
current on the secondary is 80 A at 0.8 power factor lagging,
the primary current is 25 A at 0.707 power factor lagging.
Determine graphically or otherwise the no-load current of the
transformer and its phase with respect to the voltage.

Solution. Here K = 200/800=1/4;1,' =80 x1/4=20A
@,=cos *(0.8)=36.9°; ¢,=cos ' (0.707) =45°
AsseenfromFig. 32.20, |, isthevector sumof | jand1,". Let
I, 1agbehind V, by anangle @,
l,cos@,+20c0s36.9° = 25c0s45°

Fig. 32.20
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O locos@, = 25x0.707-20x0.8

= 1675A
l,SiNQ,+20sin36.9° = 25sin45°

0 l,sng, = 25x0.707 - 20 x 0.6
= 5.675A

0 tan@, = 5.675/1.675=3.388

0 Qo= 733

Now, lysSng, = 5.675

0 I, = 5.675/sin73.3°=5.93A

0

Example 32.14. A single phase transformer takes 10 A on no load at p.f. of 0.2 lagging. The
turnsratiois4: 1 (step down). If the load on the secondary is 200 A at a p.f. of 0.85 lagging. Find
the primary current and power factor.

Neglect the voltage-drop in the winding. (Nagpur University November 1999)

Solution. Secondary load of 200 A, 0.85lagisreflected as50 A, 0.85 lag in terms of the primary
equivalent current.

Henceprimary current |,

The phasor diagramisshowninFig. 32.21.

I = 103¢ , where@,= cos 10.20="785° lagging

0
= 2-j9.8amp

I,,=503¢ , whereq =cos "0.85=31.8°, lagging

I, = 425-]26.35

V (Ref)

= I+l
2-79.8+425-j26.35

= 445-j36.15
57.333amp, p=0.776 Lag.

Il

\
1 445 o \
@ = Cos 157.333 = 39.10° lagging %11
Fig. 32.21

Tutorial Problems 32.2

The primary of acertain transformer takes 1 A at a power factor of 0.4 when it is connected across
a200-V, 50-Hz supply and the secondary is on open circuit. The number of turns on the primary is
twice that on the secondary. A load taking 50 A at alagging power factor of 0.8 is now connected
across the secondary. What is now the value of primary current ? [25.9A]
The number of turns on the primary and secondary windings of a single-phase transformer are 350
and 38 respectively. If the primary winding is connected to a 2.2 kV, 50-Hz supply, determine

(a) thesecondary voltage on no-load,

(b) theprimary current when the secondary currentis200 A at 0.8 p.f. lagging, if the no-load current

is5A at 0.2 p.f. lagging,

(c) the power factor of the primary current. [239 V; 25-65 A; 0.715 lag]
A 400/200-V, 1-phase transformer is supplying aload of 25 A at ap.f. of 0.866 lagging. On no-load
the current and power factor are 2 A and 0.208 respectively. Calculate the current taken from the
supply. [13.9 A lagging V1 by 36.1°]
A transformer takes 10 A on no-load at a power factor of 0.1. Theturnratiois4: 1 (step down). If
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aloadissupplied by the secondary at 200 A and p.f. of 0.8, find the primary current and power factor

(internal voltage dropsin transformer areto be ignored). [57.2 A; 0.717 lagging]

5. A 1-phase transformer is supplied at 1,600 V on the h.v. side and has a turn ratio of 8 : 1. The

transformer suppliesaload of 20 kW at a power factor of 0.8 lag and takes a magnetising current of

2.0 A at apower factor of 0.2. Calculate the magnitude and phase of the current taken from the h.v.

supply. [17.15 A ; 0.753 lag] (Elect. Engg. Calcutta Univ. 1980)

6. A 2,200/200-V, transformer takes 1 A at the H.T. side on no-load at ap.f. of 0.385lagging. Calculate
theiron losses.

If aload of 50 A at apower of 0.8 lagging istaken from the secondary of the transformer, calculatethe

actual primary current and its power factor. [847 W; 5.44 A; 0.74 lag]

7. A 400/200-V, I-phase transformer issupplying aload of 50 A at apower factor of 0.866 lagging. The

no-load currentis2 A at 0.208 p.f. lagging. Calculatethe primary current and primary power factor.

[26.4 A; 0.838 lag] (Elect. Machines-l, Indore Univ. 1980)

32.11. Transformer with Winding Resistance but No Magnetic Leakage

An ideal transformer was supposed to possess no resistance, but in an actual transformer, there
is always present some resistance of the primary and secondary windings. Due to this resistance,
thereis some voltage drop in the two windings. Theresult isthat :

(i) The secondary terminal voltage V, is vectorialy less than the secondary induced em.f. E,
by an amount I, R, where R, is the resistance of the secondary winding. Hence, V, is equal to the
vector difference of E, and resistive voltage drop |, R,.

0 V, = E-LR, ...vector difference

(i) Similarly, primary induced em.f. E, isequal to thevector differenceof V, and |, R, whereR;
isthe resistance of the primary winding.

E, = V,-LR, ...vector difference

()

Fig. 32.22
Thevector diagramsfor non-inductive, inductive and capacitiveloadsare shownin Fig. 32.22 (@),
(b) and (c) respectively.
32.12. Equivalent Resistance

InFig. 32.23 atransformer is shown whose primary and secondary windings have resistances of
R, and R, respectively. The resistances have been shown external to the windings.
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It would now be shown that the resistances of the

two windings can be transferred to any one of thetwo R R

windings. The advantage of concentrating both the O_M\I,W_,_\) 1 —vai/v—o

resistancesin onewinding isthat it makescalculations Li— — L

very simpleand easy because one hasthentowork in — —
o— P q I ———Y

onewinding only. Itwill be provedthat aresistance of
R, insecondary isequivalent to R2/K2 inprimary. The
value R2/K2 will be denoted by R,'- the equivalent Fig. 32.23
secondary resistance as referred to primary.

The copper lossin secondary is I22 R,. Thislossissupplied by primary which takesacurrent of | .
Henceif R, isthe equivalent resistancein primary which would have caused the samelossas R, in
secondary, then

1,°R, = 1,/Ry0r R, = (I,/1)°R,
Now, if we neglect no-load current I, then /1, = I/K". Hence, R, = R2/K2
Similarly, equivalent primary resistance asreferred to secondary isR,' = K2R1
InFig. 32.24, secondary resistance has been transferred to primary side leaving secondary circuit

resistanceless. TheresistanceR, + R, =R, + R,/K”isknown asthe equivalent or effectiveresistance
of the transformer as referred to primary and may be designated as Ry,

O Ry = Ry+Ry =R, +R,/K?
Similarly, the equivalent resistance of the transformer asreferred to secondary is
Rp = R,*R/=R,+K’R;.
Thisfactisshownin Fig. 32.25 whereall theresistances of the transformer has been concentrated
in the secondary winding.

R
01 R02
F—/ﬁ
R, R, R'=KR
R'.= 2 1 1
R T2 g2 R, —1 T —— MWW —WW—
MWW —AMWW—71—F <—’)—° g —
P ] P q
b b — -
P b o— TP p—r___ S
o P C"—o
Fig. 32.24 Fig. 32.25

It isto be noted that
1. aresistanceof R, inprimary isequivalent to K2R1 insecondary. Hence, itiscalled equivalent
resistance as referred to secondary i.e. R;.

2. aresistance of R, in secondary is equivalent to R2/K2 in primary. Hence, it is called the
equivalent secondary resistance as referred to primary i.e. R,

3. Total or effectiveresistance of the transformer asreferred to primary is
Ry = primary resistance + equivalent secondary resistance as referred to primary
= R+R/=R+ R2/K2
4.  Similarly, total transformer resistance asreferred to secondary is,
Ry, = secondary resistance + equivalent primary resistance as referred to secondary
= R,+ R'= R+ KR,

*Actualy 1, #2/1, = /K and not |, # 2/I,. However, if 1, isneglected, thenl,’ =1,.
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Note: Itisimportant to remember that

(a) when shifting any primary resistance to the secondary, multiply it by K?ie. (transformation rati 0)2.
(b) when shifting secondary resistance to the primary, divideit by K2,

(c) however, when shifting any voltage from one winding to another only K is used.

32.13. Magnetic Leakage

Inthe preceding discussion, it hasbeen assumed that
all the flux linked with primary winding aso links the it
secondary winding. But, in practice, it isimpossible to T g |
realize this condition. Itisfound, however, that al the v, *EI * 0, 0, *j
flux linked with primary does not link the secondary but l ‘7_flh+: \‘

partofiti.e. @, completesits magnetic circuit by passing 5 Jnp—-b d

through air rather than around the core, asshownin Fig. R

32.26. Thisleakageflux isproduced whenthem.m.f. due Fio. 32.96
ig. 32.

to primary ampere-turns existing between points a and
b, actsalong the leakage paths. Hence, thisflux isknown as primary leakage flux and is proportional
to the primary ampere-turns alone because the secondary turns do not link the magnetic circuit of CDLl.
Theflux ®_ isintimephasewithl,. Itinducesanem.f. g  inprimary but not in secondary.

Similarly, secondary ampere-turns (or m.m.f.) acting across points c and d set up leakage flux CDL2
which islinked with secondary winding aone (and not with primary turns). Thisflux CDL2 isintime
phase with I, and produces a self-induced em.f. e, in secondary (but not in primary).

Atnoloadandlightloads, theprimary and secondary ampere-turnsaresmall, henceleakagefluxes
arenegligible. But whenload isincreased, both primary and secondary windings carry huge currents.
Hence, large m.m.f.sare set up which, while acting on leakage paths, increase the | eakage flux.

Assaid earlier, theleakage flux linking with each winding, produces aself-induced em.f. in that
winding. Hence, in effect, it isequivalent to asmall
choker or inductive coil in series with each winding
such that voltage drop in each series coil is equal to
that produced by leakage flux. In other words, a
transformer with magnetic leakage is equivalent to
an ideal transformer with inductive coils connected
in both primary and secondary circuits as shown in
Fig. 32.27 such that theinternd em.f. ineachinductive Fig. 32.27
coil isequal to that dueto the corresponding leakage
flux inthe actual transformer.

X, = e /l;andX,=¢ /I,
Theterms X, and X, are known as primary and secondary |leakage reactances respectively.
Following few points should be kept inmind :

1. Theleakageflux links one or the other winding but not both, henceit in no way contributes
to the transfer of energy from the primary to the secondary winding.

2. Theprimary voltageV, will haveto supply reactivedrop |, X inadditionto |,R,. Similarly E,
will haveto supply I, R, and I, X,

3. Inanactua transformer, the primary and secondary windings are not placed on separate legs
or limbs as shown in Fig. 32.27 because due to their being widely separated, large primary and
secondary leakage fluxes would result. These leakage fluxes are minimised by sectionalizing and
interleaving the primary and secondary windingsasin Fig. 32.6 or Fig. 32.8.

| >
111]
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32.14. Transformer with Resistance and Leakage Reactance

In Fig. 32.28 the primary and secondary windings of atransformer with reactances taken out of
thewindings are shown. The primary impedanceis given by

Zl = I(Rl2 + X12) 7 Zz

Similarly, secondary impedanceis — ——
given by R, X X, R

MWW
Z, = (RE+X3)

The resistance and leakage reactance of
each winding is responsible for some voltage
drop in eachwinding. In primary, the leakage
reactancedropis|, X, (usualy 1 or 2% of V). Fig. 32.28
Hence

JJJJ]]
LLLLLT

V= E+L (R +]X)=E +1,Z,
Similarly, thereare|,R, and I,X, dropsin secondary which combinewith V, to give E,.
E, =Vt L (R +) X)) =V, 41,7,
The vector diagram for such atransformer for different kinds of loadsisshownin Fig. 32.29. In
these diagrams, vectors for resistive drops are drawn parallel to current vectors whereas reactive

drops are perpendicular to the current vectors. Theangle @, betweenV, and |, givesthe power factor
angle of thetransformer.

It may be noted that |eakage reactances can a so be transferred from one winding to the other in
the same way as resistance.

O X, = XJK® and X, =KX,
and Xogp = Xq+X, =X, + XK and X, =X, + X, =X, +K*X,
v, ~ X,
/
17, — IR,
El
11

I

LZ,

4 E,

L,

Fig. 32.29
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Zy, Zyp
— ———
Ry, X1 Ry, Xo
R+RY, "X, +X, Ry R, Xp+X
WW—— 88— i _—o o— | T T WW——8——o
| — 4| q b a1
C\:. a | 1
= ] T T
E‘> q1 q 1
—b 4| o “ b r 4

Fig. 32.30 (a) Fig. 32.30 (b)
Itisobviousthat total impedance of thetransformer asreferred to primary isgiven by
Zyy = (RS, + X3 ..Fig.32.30 ()
and Zg = (R, + X&) .Fig.32.30 (b)

Example32.15. A 30 kVA, 2400/120-V, 50-Hztransformer hasa high voltage winding resistance
of 0.1 Q and a leakage reactance of 0.22Q. The low voltage winding resistance is 0.035 Q and the
leakage reactance is 0.012 Q. Find the equivalent winding resistance, reactance and impedance
referred to the (i) high voltage side and (ii) the low-voltage side.

(Electrical Machines-|, Bangalore Univ. 1987)
Solution. K = 120/2400=1/20; R, =0.1Q, X, =0.22Q
R, = 0035Q and X,=0.012Q

(i) Here, high-voltagesideis, obvioudy, the primary side. Hence, valuesasreferredto primary side
are

Ry = Ry +R, =R;+R,/K*=0.1+0.035/(1/20)° =14.1Q
Xo = Xq+ X, =X, +X,/K?=0.22+0.12/(1/20)° = 5.02Q
Zy = JRE + X =414.22 +5.022 =15Q
(i) Ry = R,+R/=R,+K’R,=0.035+(1/20)*x 0.1=0.03525 Q
Xgp = Xy Xy =X, + KX, =0.012 + (1/20)” x 0.22 = 0.01255 Q
Zy = JRG + X3 =/0.08252 +0.01255% =0.0374 Q
(orZy, = K?Zy, = (1/20)% x 15 =0.0375 Q)

Example32.16. A 50-kVA, 4,400/220-V transformer hasR; =3.45Q, R, = 0.009 Q. Thevalues
of reactances are X; = 5.2 Q and X, = 0.015 Q. Calculate for the transformer (i) equivalent resis-
tance asreferred to primary (ii) equivalent resistance as referred to secondary (iii) equivalent reac-
tance as referred to both primary and secondary (iv) equivalent impedance as referred to both pri-
mary and secondary (v) total Cu loss, first using individual resistances of the two windings and
secondly, using equivalent resistances as referred to each side.

(Elect. Engg.-1, Nagpur Univ. 1993)

Solution. Full-load I, = 50,000/4,400=11.36 A (assuming 100% efficiency)
Full-load I, = 50,000/2220=227 A; K = 220/4,400= 1/20
- 0.009
0] Ry = R+ =345+ =345 +3.6 =7.05Q
S e (1/ 20)2
(ii) Ry = Ry,+K’R;=0.009+(1/20)" x 3.45=0.009+0.0086=0.0176 Q
Also, Rp = K?Ry =(1/20)*x 7.05=0.0176 Q (check)
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(iii) Xo = Xy+ X, =X, +X,/K?=52+0.015/(1/20)° =112 Q
Xp = Xy# Xy =X, + KX, =0.015+5.2/20° = 0.028 Q
AlDX g, = K*X, = 11.2/400 = 0.028 Q (check)
(iv) Zy = (R + x2) =(7.08? +11.9° = 13230
Zy, = (RS + X2) =J(0.01762 +0.028)2 =0.03311 Q
AlsnZ, = K®Z,, = 13.23/400 = 0.0331 Q (check)
) Culoss = IR, +1,°R,=11.36° x 3.45 + 227° x 0.009 = 910 W
AlsoCuloss = 1,°Ry, = 11.36° x 7.05= 910 W

= 1,°Ry, = 227° x 0.0176 = 910 W

Example 32.17. A transformer with a 10 : 1 ratio and rated at 50-kVA, 2400/240-V, 50-Hz is
used to step down the voltage of a distribution system. The low tension voltage is to be kept
constant at 240 V.

(a) What load impedance connected to low-tension size will beloading the transformer fully at
0.8 power factor (lag) ?
(b) What isthe value of thisimpedance referred to high tension side ?
(c) Whnat isthe value of the current referred to the high tension side ?
(Elect. Engineering-1, Bombay Univ. 1987)

Solution. (2) F.L.1, = 50,000/240= 625/3A; Z,= 220 _=11420

~ (625/3)
(b) K = 240/2400=1/10
The secondary impedancereferred to primary sideis
Z, = Z,/K*=1.142/(110)° = 114.2Q
(c) Secondary current referred to primary sideisl,’ = Kl, = (1/10) x 625/3=20.83 A
Example 32.18. Thefull-load copper loss on the h.v. side of a 100-kVA, 11000/317-V, 1-phase
transformer is0.62 kwand ontheL.V. sideis0.48 kW.

(i) Calculate R;, R, and R;in ohms (ii) the total reactanceis 4 per cent, find X;, X, and X;in
ohms if the reactance is divided in the same proportion as resistance.
(Elect. MachinesA.M .| .E,. Sec. B, 1991)
Solution. (i) FL.I; = 100x 10%11000=9.1A.FL. I,=100x% 10%317=3155A
Now, I,’R, = 0.62kWorR,=620/9.1°=7.5Q
I,°’R, = 0.48kW,R,=480/315.5"=0.00482Q
R, = R,/K”=0.00482x(11,000/317)*=5.8Q

I, x X 91x X
% reactance = %X1000r4zwﬁ01

1
X, +X, = 484Q. GivenR /R, =X,/X,
or (Ri+R))R,) = (X + X)X, (7.5+5.8)/5.8=484/X, O X,)=211Q
O X, = 484-211=273Q,X,=211x (317/11000)*=0.175Q
Example 32.19. The following data refer to a |-phase transformer :
Turnratio195:1; R =25Q; X, =100Q ; R,=0.06 Q ; X,= 0.25Q. No-load current =
1.25 A leading the flux by 30°.
The secondary delivers 200 A at a terminal voltage of 500 V and p.f. of 0.8 lagging. Determine

x100, X,, =484 Q
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by the aid of a vector diagram, the primary applied voltage, the primary p.f. and the efficiency.
(Elect. Machinery-I, Madras Univ. 1989)

Solution. Thevector diagramissimilar to Fig. 30.28 which hasbeen redrawn asFig. 32.31. Letus
take V, asthe reference vector.

O V
Z

5000J0°=500+j0

200(0.8-j0.6)=160-j 120

» = (0.06+j0.25)

E, = V,+1,Z,

(500+j 0) +(160—j 120) (0.06+j 0.25)
500+(39.6+)32.8)=539.6+) 32.8=5411135°

N

N
I 1

Obvioudly, 3 = 35°
E, = EJK=195E,=195(539.6+]32.8)

= 10,520+] 640
- E,=-10,520-640=10,540 ] 1835°
I} = —1,K = (-160+j 120)/19.5

= -821+)6.16

AsseenfromFig. 32.31, |, leads V, by an angle
= 35°+90°+30°=1235°
o I, = 12501235°
= 1.25(c0s123.5° +jsin123.5°)
= 1.25(-c0s56.5° +j Sin56.5°)
= -0.69+j1.04
I, = 1,)+1,=(-821+)6.16) +(—0.69+] 1.04)
= —-89+j7.2=11450141°
V, = =E +1,Z,
= -10,520-j 640+ (- 8.9+ 7.5) (25+] 100)
= -10,520-j640-942-j 710

= —11,462-j 1350

= 1154000186.7°
PhaseanglebetweenV, and |, is=186.7° —141° =45.7° Fig. 32.31
O primary p.f. = cos45.7° = 0.698 (lag)

No-load primary input power = V, I sing,
11,540 1.25 x cos60° = 7,210 W

Ry = R,+K’R,=0.06+25/19.5°=0.1257Q
Total Culossasreferred to secondary =1,° Ry, = 200° x 0.1257 = 5,030 W

Output = V,l,cos@,=500x 200 x 0.8 = 80,000 W
Total losses = 5030+ 7210=12240W
Input = 80,000+ 12,240=92,240W

n 80,000/92,240 = 0.8674 or 86.74%

Example32.20. A 100 kVA, 1100/220 V, 50 Hz, single-phasetransformer hasaleakageimpedance
of (0.1 + 0/40) ohm for the H.V. winding and (0.006 + 0.015) ohm for the L.V. winding. Find the
equivalent winding resistance, reactance and impedance referred to the H.\V. and L.V. sides.

(Bharathiar Univ. Nov. 1997)
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Solution. Turnsratio
(i) ReferredtoH.V. side:

(N,/N,)=(V,/V,)=1100/220=5

Resistance = r,+r,=0.1+ (25 x0.006) = 0.25 ohm
Reactance = X+ X, =04+ (25x%0.015) =0.775 ohm
Impedance = (0.25° +0.7759)%° = 0.8143 ohm
(i) ReferredtoL.V. side:
Resistance = 0.25/25=0.01
(or resistance = 0.006 + (0.1/25) = 0.01 ohm)
Reactance = 0.775/25=0.031 ohm
Impedance = 0.8143/25=0.0326 ohm
Vl

32.15. Simplified Diagram

Thevector diagram of Fig. 32.29 may be
considerably simplified if the no-load current
I, isneglected. Sincelis 1 to 3 per cent of
full-load primary current | ,, it may be neglected
without serious error. Fig. 32.32 shows the
diagramof Fig. 32.29 with |, omitted altogether.

InFig.32.32,V,, V,, @,areknown, hence
E, can be found by adding vectorialy I, R,
andl, X,toV,. Similarly, V, isgiven by the
vector additionof I, R, and [, X; to E,;. All the
voltageson the primary side can betransferred
to the secondary sideasshowninfigure, where
the upper part of the diagram has been rotated
through 180°. However, it should be noted
that each voltage or voltage drop should be
multiplied by transformation ratio K.

The lower side of the diagram has been
shown separately in Fig. 32.341aid horizontal ly
where vector for V, has been taken along
X-axis.

Itisasimple matter to find transformer regulation asshownin Fig. 32.34 or Fig. 32.35.

It may be noted that V, = KV, — |, (Ry, +j X)) = KV, = 1,7,

Fig. 32.32

LR, +KR)

I2
Fig. 32.34

= Also, V= (V,+ 1, Zg,) #3IK
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32.16. Total Approximate Voltage Drop
in a Transformer

When the transformer ison no-load, then V ; is ap-
proximately equal toE,. HenceE, =KE, =KV,. Also,
E, =V, Where,V, issecondary terminal voltage on no-
load, hence no-load secondary terminal voltageisK V.
Thesecondary voltageonloadisV,. Thedifferencebe-
tweenthetwoisl, Z,, asshowninFig. 32.35. Theap-
proximate voltage drop of thetransformer asreferredto Fig. 32.35
secondaryisfoundthus:

With O asthe centreand radius OC draw an arc cutting OA produced at M. Thetotal voltagedropl,
Z,,=AC=AM whichisapproximately equal to AN. From B draw BD perpendicular on OA produced.
Draw CN perpendicular to OM and draw BL parallel to OM.

Approximate voltage drop

= AN=AD+DN
= I,R;,cos80+1,X,SN @

where @ = @,=@(approx).

Thisisthe value of approximate voltage drop for alagging power factor.

The different figures for unity and leading power factors are shown in Fig. 32.36 (a) and (b)
respectively.

C
‘&\] N a
><—n
) _
0 v, IR, B Tk

(@)
Fig. 32.36
The approximate voltage drop for leading power factor becomes
(I,Ry, cos @1, X, sin Q)
Ingeneral, approximate voltagedropis(l, Ry, cos@+1, X, Sing)
It may be noted that approximate voltage drop asreferred to primary is
(I4Ry cos@x 1, Xy, Sin)
I, Ry cos@ £1, X, sin @

% voltage drop in secondary is= v x 100
072
_ 100X, Ry 0 1000 X o
0V2 0%2
= V,CosQ+V, Sing
100 | . 100 |
where v, = 10015Ry, _ percentage resistive drop = 101, Ry
0V2 Vl
100 1,X,, _ 100 1, Xy

ercentage reactive drop =
. v, p g v P v,
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32.17. Exact Voltage Drop
Withreferenceto Fig. 32.35, itisto benoted that exact voltagedropisAM and not AN. If weaddthe
quantity NM to AN, wewill get the exact val ue of the voltagedrop.
Considering theright-angled triangle OCN, we get
NC? = OC?-0ON?=(OC + ON) (OC - ON) = (OC + ON) (OM - ON) =2 OC x NM
O NM NC?%2.0C Now, NC = LC-LN=LC-BD
(1,Xo, COs @ —1,Ry, sin 9°
2.V,

0 NC = I,Xy,c0s0-1,R,sng [ONM=
O Foralagging power factor, exact voltagedropis

(1,Xgp COS @ = 1,Ry, Sin §°
20V2

= AN+NM=(I,Ry,cos@+ X, sing) +
For aleading power factor, the expression becomes

(1,Xgp COS @ +1,R), sin ¢’

= (I,LR,,cosq —I.X.,sing) +
(1R, COSP =1,Xp, SIN Q) 2\,

Ingenera, thevoltagedropis

(1,Xg, COS @ £ 1,R, sin ¢)°

= (I2Rozcos¢tI2Rozsin(p)+ 20\/2

Percentagedropis
_ (1;Ry; COS @ £ [, Xy Sin @ X100 (1,Xp, COS @F 1Ry, sin §° 400
0V2 20V22
= (v, cos@ +v, sin @) + (1/200) (v, cos@ x Vv, sin q))2
The upper signsareto be used for alagging power factor and the lower onesfor aleading power
factor.

Example 32.21. A 230/460-V transformer has a primary resistance of 0.2 Q and reactance
of 0.5 Q and the corresponding values for the secondary are 0.75 Q and 1.8 Q respectively. Find
the secondary terminal voltage when supplying 10 A at 0.8 p.f. lagging.

(Electric. Machines-I I, Bangalore Univ. 1991)
Solution. K = 460/230=2,R,=R,+ K? R,=0.75+ 2°x0.2=155Q
Xgp = X,+K?X;=18+2°x05=380Q
Voltagedrop = 1, (R, Cos@+Xy,sin@) =10(1.55%0.8+3.8x0.6) =352V

O Secondary terminal voltage = 460-35.2=424.8V

Example 32.22. Calculate the regulation of a transformer in which the percentage resistance
drops is 1.0% and percentage reactance drop is 5.0% when the power factor is (a) 0.8 lagging
(b) unity and (c) 0.8 leading. (Electrical Engineering, Banaras Hindu Univ. 1988)

Soluion. Wewill usethe approximate expression of Art 30.16.

(@ pf.=cosp=08lag p = v,cos@+v,sn@=1x08+5x0.6=38%

(b) pf.=cosp=1 H=1x1+5x0=1%

() pf.=cos@=08lead p = 1x08-5%x0.6=-22%

Example 32.23. Atransformer has a reactance drop of 5% and a resistance drop of 2.5%. Find

the lagging power factor at which the voltage regulation is maximum and the value of this
regulation. (Elect. Engg. Punjab Univ. 1991)

Solution. The percentage voltage regulation (L) is given by
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M = VvV, COsQ+V, sing
wherev, isthe percentage resistive drop and v, isthe percentage reactive drop.

d

Differentiating the above equation, we get d_tlp =-Vv,SinQ+Vv, CoOs®

For regulation to be maximum, du/dg=0 [0 - v,sing+v,cos@=0

ortan=v,/v,=5/25=21p = tan * (2) =63.5° Now, cos@=0.45and sin ¢=0.892

Maximum percentage regulation = (2.5 x 0.45) + (5 x 0.892) =5.585

Maximum percentage regulation is5.585 and occursat apower factor of 0.45 (lag).

Example 32.24. Calculate the percentage voltage drop for a transformer with a percentage
resistance of 2.5% and a percentage reactance of 5% of rating 500 kVA when it is delivering
400 kVA at 0.8 p.f. lagging. (Elect. Machinery-I, IndoreUniv. 1987)
(%R) | cosg , (%X) 1sn ¢

I f I f
where |; isthe full-load current and | the actual current.
. (%RKW . (%X) KVAR

a % drop = YyArating | KVA rating

400 % 0.8=320and kVAR =400 x 0.6 = 240

2.5% 320 + 5 x240 _
500 500

Solution. %drop =

In the present case, kw

O %drop = 4%

32.18. Equivalent Circuit

The transformer shown diagrammatically in Fig. 32.37 (@) can be resolved into an equivalent
circuitin which theresistance and | eakage reactance of the transformer areimagined to be external to
the winding whose only function then is to transform the voltage (Fig. 32.37 (b)). The no-load

ZI
~—
R, X, I
o— AN >
I, I I
! =iy L T I 'OIT T
§_’_‘t“> ] w o
I o t v RS X8 E E
Vl 4, PE E, ¢, b V. 0 0 1 2
¢ <+‘> 1 2<——{—> 2
P
e A | i
L — -
-,
Ideal
Transformer
(a) ()
Fig. 32.37

current I issimulated by pureinductance X, taking the magnetising component |, and anon-inductive
resistance R, taking the working component |, connected in parallel across the primary circuit.
Thevalue of E, is obtained by subtracting vectorialy I, Z, fromV,. Thevalueof X, =E,/l,and of
R,=E/l,. Itisclear that E, and E, are related to each other by expression
E,JE, = NJ/N,=K.
To maketransformer calculationssimpler, it ispreferableto transfer voltage, current and impedance
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either totheprimary or to the secondary. Inthat case, wewould haveto work in onewinding only whichis
more convenient.

Theprimary equivalent of the secondary induced voltageisE, = E,/K = E,.
Similarly, primary equivalent of secondary terminal or output voltageisV,' =V /K.
Primary equivalent of the secondary currentisl,’ =KI.,
For transferring secondary impedanceto primary K?isused.

R, = RJK% X, =X,/K? Z, =Z,/K?
Thesamereationshipisused for shifting an external load impedanceto the primary.

The secondary circuitisshowninFig. 32.38 (a) and itsequivalent primary valuesareshown in Fig.
32.38 (b).

R,=R/K X,=X,/K
I,

z,=Z, /K’
E'=E, V=V, /K]

L

()

Fig. 32.38

Thetotal equivaent circuit of thetransformer isobtained by adding inthe primary impedance asshown
in Fig. 32.39. Thisisknown asthe exact equivalent circuit but it presents a somewhat harder circuit
problemtosolve. A smplification can be madeby transferring theexciting circuit acrosstheterminasasin
Fig.32.400rinFig. 32.41(a). Itshould benotedthat inthiscase X, =V /1.

Fig. 32.39 Fig. 32.40

Further smplification may be achieved by omitting | , together asshowninFig. 32.41(b).
FromFig. 32.39it isfound that total impedance between theinput terminal is
~ ’ ’_%+Zm(22'+ZL')D
Z = Z,+Z ||(Z,)+2)= 1 Zm"'(zz""ZL')H
where Z, = R, +jX, andZ,,=impedanceof theexciting circuit.
Thisisso becausetherearetwo parallel circuits, one having animpedance of Z_, and the other
havingZ,' and Z, ' in serieswith each other.

Z (Z,)+2Z,") O
0 Vlzll%l-'- m(2' L),D
O Zm+(z2+zl_)|:|
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ZOl
I=I0) Ry, Xoi
7t
i V2 [Load]
1 =10
Fig. 32.41 (a) Fig. 32.41 (b)
Example 32.25. The parametres of a 2300/230 V, 50-Hz transfomer are given below :

R,=0.286 Q R, = 0319 Q Ry=250Q

X,=0.73Q X, = 073 Q X,=1250Q

The secondary load impedance Z, = 0.387 + j 0.29. Solve the exact equivalent circuit with

normal voltage across the primary.

Solution.

O

K

Z,'

Z,+7,
Y,

m

Zn+ (27 +2))

Now

Input power factor
Power input

Power output
Primary Culoss
Secondary Culoss

O

ly

n
Regulation

230/2300=1/10; Z, =0.387+{0.29
7,/K?=100(0.387+) 0.29) =38.7+] 29=48.4(136.8°
(38.7+0.319) +j(29+0.73) =39.02+j29.73=49.00 37.3°

= (0.004-j0.0008); Z, = 1/Y, =240+[48=245111.3°

(240 +48) + (39 +29.7) =290 115.6°
Vi _0O 2300 (00 0
Z(Z,+Z)  H.286+ j0.73+414 033 H

Z, + N RES 10
% =548 337

1 z, + ;r:)+ Z =548 - 33.7 x %
548+ 33.7°x0.845F 4.3°=46.2[F 38°

l, x Zm(§2('z+2lz-|:L; 5 =548 [+ 337 x %

54.8 3 33.7°x0.169 0 21.7° =9.26 # 12°
€0s33.7° =0.832lagging
V1, cos ¢, = 2300 x 54.8 x 0.832 = 105 kW

= 46.2° x 38.7 = 82.7 kW
= 54.8°x 0.286 = 860 W
= 46.2%° x 0.319 = 680 W; Coreloss = 9.26% x 240 = 20.6 kKW

(82.7/105) x 100="78.8%; V,' =1,/ Z,' =46.2 x 48.4 = 2,240V
2300 — 2240

100 =
>0 x100 = 2.7%

Example 32.26. A transformer has a primary winding with a voltage-rating of 600 V. Its
secondary-voltage rating is 1080 V with an additional tap at 720 V. An 8 kW resistive load is
connected across 1080-V output terminals. A purely inductive load of 10kVA is connected across
the tapping point and common secondary terminal so asto get 720 V. Calculate the primary current
and its power-factor. Correlateit with the existing secondary loads. Neglect |osses and magnetizing

current.

(Nagpur University, Winter 1999)
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Solution. Loadsare connected asshowninFig. 32.42.

|r2 = % =741 at unity p.f.
I, = 10000/720=13.89at zerolagging p.f.
Thesearereflected onto the primary sideswith gppropriateratios of turns, with corresponding power-
factors. If the corresponding transformed currents are represented by the above symbols modified by

dashed superscripts,

7.41 % 1080/600 = 13.34 A at unity p.f.
13.89 x 720/600 = 16.67 A at zerolag. p.f.
I, = [12+17%°=2135A, & 0625 lag p .

Hence,

L

8 kW T
600V (A Source

|

108

sec Pri

Fig. 32.42

Corrdation: Sincelossesand magnetizing current areignored, the calculationsfor primary current
and its power-factor can also be madewith datapertaining to thetwo L oads (in kW/kVAR), assupplied by
the 600V source.

S=Loadtobesupplied: 8kW at unity p.f. and 10 kVAR lagging
Thus, S = P+jQ=8-j10kVA

S = (8°+10)*°=12.8kVA
Power —factor = cos@=28/12.8=0.625lag
Primary current = 12.8 x 1000/600 = 21.33 A

32.19. Transformer Tests

Asshownin Ex 32.25, the performance of atransformer can be cal culated on the basisof itsequivalent
circuit which contains (Fig. 32.41) four main parameters, the
equivalent resistanceR ,, asreferredto primary (or secondary
Ry,), the equivalent leakage reactance X, as referred to
primary (or secondary X,,), the core-loss conductance G,
(or resistance R,,) and the magnetising susceptance B, (or
reactance X,). These constants or parameters can beeasily
determined by two tests (i) open-circuit test and (ii) short-
carcuit test. Thesetestsarevery economical and convenient,
becausethey furnishtherequired informationwithout actually
loading thetransformer. Infact, thetesting of very largea.c.
machinery consists of running two testssimilar to the open
and short-circuit tests of atransformer.

Small transformer
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32.20. Open-circuit or No-load Test

The purpose of thistest isto determine W
no-load lossor corelossand no-load | which 0_5’_ /oo (A)
ishelpful infinding X ,andR,, T W

One winding of the transformer —
whichever is convenient but usually high Vi 6’)
voltagewinding —isleft open and the other
isconnected to itssupply of normal voltage ’_
and frequency. A wattmeter W, voltmeter V Low High
and anammeter A are connected inthelow-
voltagewindingi.e. primary winding inthe Fig. 32.43
present case. With normal voltage applied to the primary, normal flux will be set upin the core, hence
normal iron losseswill occur which arerecorded by thewattmeter. Asthe primary no-load current I, (as
measured by ammeter) issmall (usualy 2to 10% of rated load current), Culossisnegligibly small inprimary
and nil insecondary (it being open). Hence, thewattmeter reading representspractically the corelossunder
no-load condition (and whichisthe samefor al loadsaspointed out in Art. 32.9).

It should be noted that since |, is itself very small, the pressure coils of the wattmeter and the
voltmeter are connected such that the current in them does not pass through the current coil of the
waettmeter.

Sometimes, ahigh-res sance voltmeter isconnected acrossthe secondary. Thereading of thevoltmeter
givestheinduced em.f.inthesecondary winding. Thishelpstofind transformationratio K.

Theno-load vector diagramisshownin Fig. 32.16. If W isthewattmeter reading (in Fig. 32.43),
then

W = V,ljcosq, O cos@,=W/V,I,
0 I, = losingy, I,=l;cosq, U Xy=V /I, and Ry=V,/l,,
Or sincethecurrentispractically all-exciting current when atransformer isonno-load i.e. 1, Ul ) and

asthevoltagedropin primary leskageimpedanceissmall*, hencethe exciting admittance Y of thetrans-
formerisgivenby 1,=V, Y o0r Y =1,/V,.
Theexciting conductance G,isgivenby W = V12 G, or Gy=W/HN 12.

Theexciting susceptanceB,= +/(Yy — G¢)

Example. 32.27. In no-load test of single-phase transformer, the following test data were
obtained :

Primary voltage : 220 V ; Secondary voltage : 110 V ;

Primary current : 0.5 A ; Power input : 30 W.

Find the following :

(i) Theturnsratio (ii) the magnetising component of no-load current (iii) itsworking (or 10ss)
component (iv) theironloss.

Resistance of the primary winding = 0.6 ohm.

Draw the no-load phasor diagram to scale. (Elect. Machine A.M.I1.E. 1990)
Solution. (i) Turnratio, N,/N, =220/110=2

(i) W=V, l,cosq,; cosq, = 30/220x0.5=0.273; sin ¢, = 0.962

l, = lpSingy=05x0.962=048 A

* Ifitisnot negligibly small, thenl = E)Y ji.e.instead of V, wewill haveto useE,.
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(iii) I, = l,c08@,=0.5x0.273=0.1365 A
(iv) Primary Culoss = I,°R, =05°x0.6=0.15W
O Ironloss = 30-0.15=29.85W

Example 32.28. A 5 kVA 200/1000 V, 50 Hz, single-phase transformer gave the following test
results :

O.C.Test (L.V.Sde): 2000V, 1.2 A, 90 W
S.C. Test (H.V. Sde) : 50V, 5A, 110 W
(i) Calculate the parameters of the equivalent circuit referred to the L.V. side.
(ii) Calculate the output secondary voltage when delivering 3 kW at 0.8 p.f. lagging, the input
primary voltage being 200 V. Find the percentage regulation also.
(Nagpur University, November 1998)

Solution. (i) Shunt branch parametersfrom O.C. test (L.V. side) :

R, = VAP, = 200°/90 = 444 ohms, |, = 200/444 = 0.45amp

I, = (1.2°-0459)°° = 1.11amp, X = 200/1.11 = 180.20hms
All thesearereferredtoL.V. side.
(i) Series-branch Parametersfrom S.Ctest (H.V side) :
Sincethe S.C. test has been conducted from H.V. side, the parameterswill refer toH.V. side.
They should be converted to the parametersreferred to L.V. side by transforming them suitably.
FromS.C. Testreadings, @ Z = 50/5 =100hms

R = 110/25 =4.400hms, X = (10°-4.4%)*°=8.90hms
ThesearereferredtoH.V. side.
For referring theseto L.V. side, transform these using theratio of turns, asfollows:
r, = 4.40x(200/1000)>=0.176 ohm
X, = 8.98x(200/1000)° =0.36 0hm

Equivalent circuit can be drawn with R, and X, calculated above and r, and x, as above.

L.V. Current at rated load= 5000/200 = 25A

L.V. Current at 3kW at 0.8 lagging p.f. = (3000/0.80)/200 = 18.75A

Regulation at thisload = 18.75(r, cos@+ X, Sin )
18.75(0.176 x 0.80+ 0.36 % 0.6)
+6.69 Volts=+ (6.69/200) x 100% = + 3.345%
Thisisreferred to L.V. side, and positive sign means voltage drop.
Regulationinvoltsref. to H.V. side=6.69 x 1000/200 = 33.45V
With 200V acrossprimary (i.e. L.V. side), thesecondary (i.e. H.V. side)
terminal voltage = 1000-33.45 = 966.55V

Note: Sinceapproximate formulafor voltage regulation has been used, the procedureissimpler, and faster.

32.21. Separation of Core Losses

The coreloss of atransformer depends upon the frequency and the maximum flux density when
the volume and the thickness of the corelaminationsare given. The corelossis made up of two parts
(i) hysteresislossW, = PBln'fax f asgiven by Steinmetz’'sempirical relation and (ii) eddy current lossW,

=QB’, f’whereQisaconstant. Thetotal core-lossisgiven by
W = W, +W, =PBL f2+QBZ,, f°
If we carry out two experiments using two different frequencies but the same maximum flux

density, we should be able to find the constants P and Q and hence calculate hysteresis and eddy
current 10sses separately.
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Example32.29. Inatransformer, the coreloss isfound to be 52 W at 40 Hz and 90 W at 60 Hz
measured at same peak flux density. Compute the hysteresis and eddy current losses at 50 Hz.

(Elect. Machines, Nagpur Univ. 1993)

Solution. Sincetheflux density isthe samein both cases, we can usetherelation
Total corelossW, = Af+Bf® or W./f =A +Bf
0 52/40=A+40B and90/60=A+60B; O A=09 and B=0.01
At50Hz, thetwo lossesare
W, =A,=0.9x50 =45W ; W,=Bf* =0.01x 50° = 25W

Example32.30. Inapower losstest on a 10 kg specimen of sheet steel laminations, the maximum
flux density and waveform factor are maintained constant and the following results were obtained:

Frequency (H2) 25 40 50 60 80

Total loss (watt) 18.5 36 50 66 104

Calculate the eddy current loss per kg at a frequency of 50 Hz.

(Elect. Measur. A.M | .E. Sec B, 1991)

Solution. When flux density and wave form factor remain constant, the expression for iron loss
can be written as
W = Af+Bf® or W/f = A+Bf
Thevaluesof W,/ f for different frequencies are as under :

f 25 40 50 60 80

W,/ f 0.74 09 10 11 13

The graph between f and W,/f has been plotted in Fig. 32.44. As seen from it, A = 0.5 and
B=0.01

0 Eddy current lossat 50 Hz = Bf “= 0.01 x 50°= 25 W W :

0 Eddy current loss’kg=25/10=2.5W f

Example 32.31. In atest for the determination of the losses of a B
440-V, 50-Hz transformer, thetotal iron losseswerefound to be 2500 W —
at normal voltage and frequency. When the applied voltage and A
frequency were 220 V and 25 Hz, theiron losses wer e found to be 850 W. f—»
Calculate the eddy-current loss at normal voltage and frequency.

(Elect. Inst. and M eas. Punjab Univ. 1991) Fig. 32.44

Solution. The flux density in both cases is the same because in
second casevoltageaswell asfrequency arehalved. Flux density remaining the same, theeddy current loss
isproportional to f 2and hysteresisloss[f.

Hysteresisloss O = Afand eddy current loss [0 f 2= Bf
where A and B are constants.

Total ironloss W = Af +Bf? [ ~ =A+Bf ()
Now, when f = 50Hz : W, = 2500 W
andwhen f = 25Hz; W, = 850W

Usingthesevaluesin (i) above, we get, from Fig. 32.44
250050 = A +50Band850/25 = A +25B [ B =16/25=0.64
Hence, at normal p.d. and frequency
eddy currentloss = Bf 2 = 0.64 x 50° = 1600 W
Hystersisloss = 2500 — 1600 = 900 W
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Example 32.32. When a transformer is connected to a 1000-V, 50-Hz supply the core loss is
1000 W, of which 650 is hysteresis and 350 is eddy current loss. If the applied voltageisraised to
2,000 V and the frequency to 100 Hz, find the new core losses.

Solution.  HysteresislossW,, 0 BX® f =PB.S f

Eddy currentlosswW, 00 B®, f* = QB f°
Fromtherelation E = 4.44fNB_, Avolt,wegetB, OE/f
Puttingthisvalueof B, inthe aboveequations, wehave

W, = PE%S f=PE" 7% andw, = Qﬁ%g f2=QE?

Inthefirst case, E = 1000V, f = 50Hz, W, = 650 W, W, = 350 W
0 650 = P x 1000M° x 50”%° 0 P=650 x 1000 -° x 50°°
Smilay, 350 = Qx1000° O Q = 350 x 1000~

Hence, constants Pand Q are known.

Using themin the second case, we get
W, = (650 x 1000 -° x 50> x 2000™°® x 100™%° = 650 x 2 = 1,300 W
W, = (350 x 1000%) x 2,000” = 350 x 4 = 1,400 W

0 Corelossunder new conditionis = 1,300+ 1,400 = 2700 W

Alternative Solution

Here, both voltage and frequency are doubled, leaving the flux density unchanged.

With 1000V at 50 Hz

W, = Af or 650 =50A ; A=13

W, = Bf? or350=B x50”; B =7/50
With 2000 V at 100 Hz

W, = Af=13x100= 1300 W and

W, = Bf *=(7/50) x 100° = 1400 W

a New coreloss = 1300 + 1400 = 2700 W

Example 32.33. A transformer with normal voltage impressed has a flux density of 1.4 Wo/m?
and a core loss comprising of 1000 W eddy current loss and 3000 W hysteresisloss. What do these
|osses become under the following conditions ?

(a) increasing the applied voltage by 10% at rated frequency.
(b) reducing the frequency by 10% with normal voltage impressed.
(c) increasing both impressed voltage and frequency by 10 per cent.
(Electrical Machinery-l, MadrasUniv. 1985)
Solution. Asseenfrom Ex. 32.32
w, = PEYf % and  W,=QF

Fromthegiven data, wehave3000 = PE™® f 0° (i)

and 1000 = QE? ...(ii)
where E and f are the normal values of primary voltage and frequency.

(a) Herevoltage becomes = E+10%E =11E

The new hysteresis loss is W, = P(L1E)*°f °° ..(iii)

W,
Dividing Eq. (iii) by (i), we get 3080 = 1.1"% w, =3000 x 1.165 = 3495 W
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Thenew eddy-current lossis

_ 2 e  _ 2
W =Q(LB* U 555 =11
O W, = 1000 x 1.21 = 1210 W
(b) AsseenfromEg. (i) aboveeddy-current losswould not be effected. Thenew hysteresislossis
W, = PE"® (0.9 (v
W, _
From (i) and (iv), we get 3080 = 0.9°% W, = 3000x 1.065 = 3,196 W

(c) Inthiscase, both Eandf areincreased by 10%. Thenew lossesareasunder :

W, = P(L1E)"® (11£)°°
VVh _ 16 -06 _
O 3000 = L1 x117°° = 1165 x0.944

O W, = 3000 x 1.165 x 0.944 = 3,299 W
AsW,_isunaffected by changesinf, itsvalueisthesameasfoundin (a) abovei.e. 1210W
Example32.34. Atransformer isconnected to 2200V, 40 Hz supply. The core-lossis 800 watts

out of which 600 watts are due to hysteresis and the remaining, eddy current losses. Determine the
core-loss if the supply voltage and frequency are 3300 V and 60 Hz respectively.

(Bharathiar Univ. Nov. 1997)
Solution. For constant flux density (i.e. constant V/f ratio), which is fulfilled by 2200/40 or
3300/60 figuresin two cases,
Core-loss = Af+Bf?

First term on the right-hand side represents hysteresis-loss and the second term represents the
eddy-current loss.

At 40Hz, 800 =600 + eddy current |oss.

Thus, Af =600, or A=15
Bf? = 200, or B=200/1600=0.125
At60Hz, core-loss = 15x 60 +0.125 x 60°
= 900+450
= 1350 watts

32.22 Short-Circuit or Impedance Test

Thisisan economical method for determining thefollowing :
(i) Equivaentimpedance(Z, or Z,),

leakage reactance (X,, or X,,) and Iy i

total resistance (R, or Ry,) of thetransformer %"_ C &) pe
asreferredtothewindinginwhichthemeas [ 'y Y H 3
suring instrumentsare placed. Supply@) E::; 0 %:)

(i) Culossafullload(andatanyde- ar 1] g
siredload). Thislossisusedin calculating } ‘]_ @
theefficiency of thetransformer. -

(iii) Knowing Z,, or Z, the total High Low

voltagedrop inthetransformer asreferred Fig. 32.45

to primary or secondary can be cal culated and hence regul ation of thetransformer determined.

Inthistest, onewinding, usualy thelow-voltagewinding, issolidly short-circuited by athick conductor
(or through an ammeter which may servetheadditional purpose of indicating rated | oad current) asshown
inFig. 32.45.
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Short Circuit

Fig. 32.46

A low voltage (usualy 5to 10% of normal primary voltage) at correct frequency (though for Culosses
itisnot essential) isapplied to the primary andiscautioudly increasedtill full-load currentsareflowing both
inprimary and secondary (asindicated by therespectiveammeters).

Since, inthistest, theapplied voltageisasmall percentage of the normal voltage, the mutual flux ®
producedisalsoasmall percentage of itsnormal value (Art. 32.6). Hence, corelossesarevery small with
theresult that thewattmeter reading represent thefull-load Culossor I°Rlossfor thewholetransformer i.e.
both primary Culossand secondary Culoss. Theequivaent circuit of thetransformer under short-circuit
conditionisshowninFig. 32.46. If V isthevoltagerequiredto circulaterated load currents, then Z,,, =

Vol

Also W = I/Ry
0 Ry = Wi

2 2
O Xoo = (201‘R01)

InFig. 32.47 (a) the equivalent circuit
vector diagram for the short-circuit test is
shown. Thisdiagramisthe sameasshown
in Fig. 32.34 except that al the quantities
arereferred to the primary side. It isobvious
that the entire voltage V o is consumed in
the impedance drop of the two windings.

If R, can be measured, then knowing Fig. 32.47
Ry, we can find R, = Ry, — R;. The impedance triangle can then be divided into the appropriate
equivalent trianglesfor primary and secondary as shown in Fig. 32.47 (b).

32.23. Why Transformer Rating in kVA ?

As seen, Cu loss of a transformer depends on current and iron loss on voltage. Hence, total
transformer loss depends on volt-ampere (VA) and not on phase angle between voltage and current
i.e.itisindependent of load power factor. That iswhy rating of transformersisin kVA and not in kW.

Example 32.35. The primary and secondary windings of a 30 kVA 76000/230, V, 1-phase
transformer haveresistance of 10 ohmand 0.016 ohmrespectively. Thereactance of thetransformer
referred to the primary is 34 ohm. Calculate the primary voltage required to circulate full-load
current when the secondary is short-circuited. What is the power factor on short circuit ?

(Elect. MachinesAM | E Sec. B 1991)
230/6000 = 23/600, X,, = 34Q,
R, +R,/K® = 10+0.016 (600/23)" = 20.9Q

Solution. K
ROl
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Zo = (RE+ X2 =4209% +342 =40 Q
FL., I, = 30,000/6000=5A; Vg =1,Z, =5x40=200V
Shortcircuitpf. = Ry/Zy, =20.9/40=0.52

Example 32.36. Obtain the equivalent circuit of a 200/400-V, 50-Hz, 1-phase transformer from
the following test data :

O.Ctest : 200V,0.7A, 70W —onL.V.side

SC.test : 15V, 10A, 85W —onH.V.side

Calculate the secondary voltage when delivering 5 kW at 0.8 p.f. lagging, the primary voltage

being 200V. (Electrical Machinery-l, MadrasUniv. 1987)
Solution. From O.C. Test
Vil cos@ = W, 1y Iy Ry X
O 200x0.7xcos@, = M I Ly 021Q031Q
cos@, = 05andsing, = 0.866
l, = l,c08q, = 0.7x0.5 = 0.35A 1 e
I, = I,sing, = 0.7x0.866 = 0.606A 200V < 2 £
W 0 ® 5 o
R, = V,/l, = 200/0.35 = 571.4Q
Xy = VI, = 200/0.606 = 330Q l LY I
Asshownin Fig. 32.48, these valuesrefer to primary ~ ~
i.e. low-voltageside. Fig. 32.48

From SC. Tet

It may be noted that in thistest, instruments have been placed in the secondary i.e. high-voltage
winding whereas the low-voltage winding i.e. primary has been short-circuited.

Now, asshowninArt. 32.32
Zy, = VI, =15/10 = 1.5Q; K = 400/200 = 2

Zy, = Zy/K®=15/4=03750
Also 17Ry, = W; Ry, = 85/100 = 0.85Q
Ry = Ry/K®=085/4=0210Q
Xg = 22 -RE =,J0375° ~021% =031 Q
Output kVA = 5/0.8; Output current |, = 5000/0.8 x 400 = 15.6 A

Thisvalueof |, isapproximate because V, (which isto be calculated asyet) has been taken equal
t0400V (which, infact, isequal toE, or (V).

Now, Zp = 15Q,R, =085Q O Xy, = 152-085°=1.240
Total transformer drop as referred to secondary

= 1,(RpyCOS@, + X, SN@,) = 15.6(0.85x0.8 + 1.24x0.6) = 222V
O V, = 400-222 = 3778V

Example 32.37. Sarting fromthe ideal transformer, obtain the approximate equivalent circuit
of a commercial transformer in which all the constants are lumped and represented on one side.

A 1-phase transformer has a turn ratio of 6. The resistance and reactance of primary winding
are0.9 Q and 5 Q respecitvely and those of the secondary are 0.03 Q and 0.13 Q respectively. If
330 -V at 50-Hz be applied to the high voltage winding with the low-voltage winding short-
circuited, find the current in the low-voltage winding and its power factor. Neglect magnetising
current.
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Solution. HereK = 1/6;R,; = R, +R, = 0.9 +(0.03x36) = 1.98Q
X = X3+ X, =5 +(0.13 x36) = 9.68Q

0 z,, = (9.682 +1.982) = 990; Vg = 330V

O Full-load primary current1, = V/Z,, = 330/0.9 = 100/3A

Asl,isnegligible hence 1, = I', = 100/3A. Now, I', = Kl,

F.L. secondary current I, = 1I',)K= (100/3) x6 = 200 A

Now, Power input on short-circuit = Vg.l, 00s @ =Culoss = 17 Ry,

O (100/3)2>< 198 = 330 x (100/3) x cos @ ; COSPy = 0.2

Example32.38. A 1-phase, 10-kVA, 500/250-V, 50-Hz transformer hasthe following constants:

Reactance : primary 0.2 Q; secondary 0.5 Q

Resistance: primary 0.4 Q; secondary 0.1 Q

Resistance of equivalent exciting circuit referred to primary, R, = 1500 Q

Reactance of equivalent exciting circuit referred to primary, X, = 750 Q

What would be the reading of the instruments when the transformer is connected for the open-
circuit and short-circuit tests ?

Solution. While solving this question, reference may please be madeto Art. 30.20 and 30.22.

O.C.Test

I, = VX =500750=2/3A; |, = V/R, = 500/1500 = L/3A

0 ly = (A/97+@/3°H = 0745

No-load primary input = VI, = 500x1/3 = 167 W
Instrumentsused in primary circuit are : voltmeter, ammeter and wattmeter, their readings being
500V, 0.745 A and 167 W respectively.
SC. Test

Suppose S.C. test is performed by short-circuiting the |.v. winding i.e. the secondary so that all
instrumentsarein primary.

Ry =R, +R,=R,+R/K*;HereK =12 [0 R,=02+(4x05)=220
Similarly, X, =X, +X',=0.4+(4x0.1)=0.8Q

Zy, = (222 +0.8%) =23410

Full-load primary current

1,=10,000/500=20A 0 Vg-=1,Z,,=20%2.341=46.8V

Power absorbed = 1% Ry, = 20° x 2.2 = 880 W

Primary instrumentswill read : 46.8V, 20 A, 880 W.

Example 32.39. The efficiency of a 1000-kVA, 110/220 V, 50-Hz, single-phase transformer, is
98.5 % at half full-load at 0.8 p.f. leading and 98.8 % at full-load unity p.f. Determine (i) iron loss
(i) full-load copper loss and (iii) maximum efficiency at unity p.f.

(Elect. Engg. AMIETE Sec. A Dec. 1991)

Solution. Output at F.L. unity p.f. =1000 x 1 = 1000 kW

F.L.input=1000/0.988=1012.146 kW

FL.lossses=1012.146 - 1000 = 12.146 KW

If FL. Cuandironlossesare x andy respectively then

X+y = 12.146kW (1)
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Input at half F.L. 0.8 p.f. =500 x 0.8/0.985 = 406.091 kW

Total lossesat half F.L. =406.091 — 400 = 6.091 kW

Culossat half-load = x (1/2)%=x/4

O xl4+y = 6.091 (i)

From Eqgn. (i) and (ii), we get (i) x =8.073 kW and (ii) y = 4.073 kW

(iii) KVA for n ., = 1000 x ./4.073/8.073 = 710.3kVA

Output at u.p.f. =710.3x 1=710.3kW

Culoss=ironloss=4.037 kW ; Total loss=2 x 4.037 = 8.074 kW

0N ey = 710.3/(710.3 + 8.074) = 0.989 or 98.9 %

Example 32.40. The equivalent circuit for a 200/400-V step-up transformer has the following
parameters referred to the low-voltage side.

Equivalent resistance = 0.15 Q ; Equivalent reactance = 0.37 Q

Core-loss component resistance = 600 Q ; Magnetising reactance = 300 Q

When the transformer is supplying a load at 10 A at a power factor of 0.8 lag, calculate (i) the
primary current (ii) secondary terminal voltage. (Electrical Machinery-I, Bangalore Univ. 1989)

Solution. Weare given thefollowing :

Ry =0.15Q,X,,=0.37Q;R,=600Q, X,=300Q

Using the approximate equivalent circuit of Fig. 32.41, we have,

= V,/X,=200/300=(2/3) A

vl
l, = V,/R,=200/600=(1/3) A
ly = 12 +12 ={(2/3? + W37 =0745A
AsseenfromFig. 32.49
ly _1/3 _1. V,A
tan® = w=29-1.6=266° IG=KI
o |, 2372 ? 2 AL
0 ¢, = 90°-26.6°=63.4°; Anglebetween|,and o S
l, = 63.4°-36.9°=265% K=400/200=2 0N
I, = Kl,=2x10=20A S ’
() 1, = (0.745%+ 207 +2x0.745x 20 x c0s 2659 /2 ¥ >t
= 20.67 A 36.9°
(i) Ry = K’Ry=2°x0.15=06Q
X, = 22x037=148Q
Approximate voltage drop L,=10A
= 15(RppC089+Xp, Sin) _
= 10(0.6x0.8+1.48x0.6)=13.7V Fig. 32.49
O Secondary terminal voltage=400-13.7

= 386.3V
Example32.41. Thelow voltage winding of a 300-kVA, 11,000/2500-V, 50-Hz transformer has
190 turns and a resistance of 0.06. The high-voltage winding has 910 turns and a resistance of
1.6 Q. Whenthel.v. winding is short-circuited, the full-load current is obtained with 550-V applied
to the h.v. winding. Calculate (i) the equivalent resistance and leakage reactance as referred to h.v.
side and (ii) the leakage reactance of each winding.

Solution. Assuming afull-load efficiency of 0.985, thefull-load primary currentis
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300,000/0.985 x 11,000 = 27.7A
Zy = 550/27.7=19.8Q ; R, = R?/K*=0.06 (910/190)" = 1.38 Q
O Ry = R,+R,=16+138=2980

Xo = (24 -R2) =198 -298%) =1950Q

L et usmakeanother assumption that for each winding theratio (reactance/res stance) isthe same, then
X, = 195x1.6/298=105Q
X, = 195%x1.38/298=9.0Q; X, = 9(190/910)* = 0.39 Q
@ Ry = 298Q;X;=195Q (b) X; =105Q:X,=0.39Q
Example 32.42. A 230/115 volts, single phase transformer is supplying a load of 5 Amps, at

power factor 0.866 lagging. The no-load current is0.2 Amps at power factor 0.208 lagging. Calcu-
late the primary current and primary power factor. Ref

(Nagpur University Summer 2000) Oé%)?

O

Solution. L.V. current of 5ampisreferredtoasa
2.5amp current onthe primary (=H.V.) side, at 0.866
lagging p.f. Tothis, thenoload current should be added,
as per the phasor diagram in Fig. 32.50. The phase
angleof theload-current is30°lagging. Thenoload
current hasaphase angle of 80°lagging. Resultant of
these two currents has to be worked out. Along the
reference, active componentsare added.

25 % 0.866 + égti:/g?()néponMSOf currents = Fig. 32.50. Phasor diagram for Currents
= 2.165+ 0.0416
= 2.2066 amp

Along the perpendicular direction, thereactive components get added up.

Reactivecomponent = 2.5x 0.5+ 0.2 x 0.9848
1.25 + 0.197 = 1.447 amp.
2.2066 —j 1.447

-1 1447 _ 0.
> 2066 33.25°; asshown

Iy

@ = tan

Tutorial Problems 32.3

1. TheS.C.test onal-phasetransformer, with the primary winding short-circuited and 30 V applied to
the secondary gave awattmeter reading of 60 W and secondary current of 10 A. If thenormal applied
primary voltageis200, thetransformation ratio 1 :2 and the full-load secondary current 10 A, calculate
the secondary terminal p.d. at full-load current for (a) unity power factor (b) power factor 0.8 lagging.
If any approximations are made, they must be explained. [394V, 377.6 V]

2. A single-phasetransformer hasaturnratio of 6, the resistances of the primary and secondary windings
are 0.9 Q and 0.025 Q respectively and the leakage reactances of these windingsare 5.4 Q and 0.15
Q respectively. Determinethe voltageto be applied to the low-voltage winding to obtain acurrent of
100 A inthe short-circuited high voltagewinding. Ignorethe magnetising current. [82V]
3. Draw theequivalent circuit for a3000/400-V, |-phase transformer on which thefollowing test results
wereobtained. Input to high voltage winding when 1.v. winding isopen-circuited : 3000V, 0.5A, 500
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W. Input to 1.v. winding when h.v. winding is short-circuited : 11 V, 100 A, 500 W. Insert the
appropriate values of resistance and reactance.
[R,=18,000 Q, X, =6,360 Q, R,, = 2.81 Q, X,, = 5.51 Q] (I.E.E. London)
4. Theironlossin atransformer core at normal flux density was measured at frequencies of 30 and 50
Hz, the results being 30 W and 54 W respectively. Calculate (a) the hysteresisloss and (b) the eddy
current loss at 50 Hz. [44 W, 10 W]
5. Aniron core was magnetised by passing an alternating current through awinding on it. The power
required for acertain value of maximum flux density was measured at anumber of different frequencies.
Neglecting the effect of resistance of the winding, the power required per kg of iron was 0.8 W at 25
Hz and 2.04 W at 60 Hz. Estimate the power needed per kg when the iron is subject to the same
maximum flux density but the frequency is 100 Hz. [3.63W]
6. The ratio of turns of a 1-phase transformer is 8, the resistances of the primary and secondary
windingsare 0.85 Q and 0.012 Q respectively and leakage reactances of thesewindingsare 4.8 Q and
0.07 Q respectively. Determine the voltage to be applied to the primary to obtain a current of 150 A
in the secondary circuit when the secondary terminals are short-circuited. Ignore the magnetising
current. [176.4 W]
7. A transformer has no-load losses of 55 W with a primary voltage of 250 V at 50 Hz and 41 W with
aprimary voltage of 200 V at 40 Hz. Compute the hysteresis and eddy current losses at a primary
voltage of 300 volts at 60 Hz of the above transformer. Neglect small amount of copper loss at no-
load. [43.5W ; 27 W] (Elect. MachinesAMI E Sec. B. (E-3) Summer 1992)
8. A 20kVA, 2500/250 V, 50 Hz, 1-phase transformer has the following test results:
O.C. Test (L.v. side) : 250V, 1.4 A, 105 W
S.C. Test (h.v. side) : 104V, 8 A, 320 W
Compute the parameters of the approximate equivalent circuit referred to the low voltage side and
draw the circuit. (Ry=5925Q;X,=187.2Q;R,=125Q; X,,=3Q)
(Elect. Machines A.M.1 .E. Sec. B Summer 1990)
9. A 10-kVA, 2000/400-V, single-phase transformer has resistances and | eakage reactances asfollows:
R,=520Q,X,=125Q,R,=02Q,X,=05Q
Determine the value of secondary terminal voltage when the transformer is operating with rated
primary voltage with the secondary current at itsrated value with power factor 0.8 lag. The no-load
current can beneglected. Draw the phasor diagram. [376.8 V] (Elect. Machines, A.M.I .E. SecB, 1989)
10. A 1000-V, 50-Hz supply to atransformer resultsin 650 W hysteresis loss and 400 W eddy current
loss. If both the applied voltage and frequency are doubled, find the new core losses.
[W,=1300W ; W, = 1600 W] (Elect. Machine, A.M.I .E. Sec. B, 1993)
11. A 50kVA, 2200/110 V transformer when tested gave the following results:
O.C.test (L.V. side) : 400 W, 10 A, 110 V.
S.C. test (H.V. side) : 808 W, 20.5A, 90 V.
Compute all the parameters of the equivalent ckt. referred to the H.V. side and draw the resultant ckt.
(Rajiv Gandhi Technical University, Bhopal 2000)
[Shunt branch : R, = 12.1 k-ohms, X, = 4.724 k-ohms Series branch : r = 1.923 ochms, x = 4.39 chmg]

32.24. Regulation of a Transformer

1. When a transformer is loaded with a constant primary voltage, the secondary voltage
decreases* because of itsinternal resistance and leakage reactance.

Let oV, = secondary terminal voltageat no-load.

*  Assuming lagging power factor. It will increaseif power factor isleading.
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E,=EK, =KV, because at no-load theimpedance drop isnegligible.
V, = secondary terminal voltageon full-load.

Thechangein secondary terminal voltagefromno-load tofull-loadis=V, - V,. Thischangedivided
by oV, isknownasregulation ‘down’. If thischangeisdivided by V., i.e., full-load secondary terminal
voltage, thenitiscalledregulation‘ up'.

V, -V, V, -V,
O %regn‘down’ = 22—2x100 and%regn‘up’ = >3, 2 x100
OV2 V2
Infurther treatment, unless stated otherwise, regulationisto betaken asregulation * down'’.
Wehavedready seenin Art. 32.16 (Fig. 32.35) that the changein secondary terminal voltagefrom no-
load to full-load, expressed asa percentage of no-load secondary voltageis,

= Vv, Cos@tVv, sin@ (approximately)
Or moreaccurately

= (v,c0sQ%V, Sing) + ZAOO (v, COS@TF v, sin @)’
O %regn = v, COS@*V,sSin@® ...approximately.

The lesser this value, the better the transformer, because a good transformer should keep its
secondary terminal voltage as constant as possible under al conditionsof load.

(2) Theregulationmay aso beexplainedintermsof primary values.

InFig. 32.51 (a) theapproximate equivalent circuit of atransformer isshownandin Fig. 32.51 (b), ()
and (d) thevector diagrams corresponding to different power factorsare shown.

The secondary no-load terminal voltage asreferred to primary isE, = E/K = E; =V, and if the
secondary full-load voltage asreferred to primary isV , (= V/K) then

%regn = \%xmo

Fig. 32.51

From the vector diagram, itisclear that if angle between V, and V } isneglected, then the value of
numerical differenceV, -V isgivenby (I, Ry, cos@+ I, X, sin @) for lagging p.f.

IRy cos@ +1, Xy, sin @

0 %regn = v, x100 =v, cos@+v,sing
IR, 100 1,X,, X100
where ﬁﬂT = v, and %:vx Art.32.16

1
Asbefore, if angle between V, and V., isnot negligible, then
. 1 2
%regn = (v,cos@+v,sing) + 200 (v, cos@F v, sing)

(3) Intheabovedefinitionsof regulation, primary voltage was supposed to be kept constant and
thechangesin secondary terminal voltagewere considered.
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Asthetransformer isloaded, the secondary terminal voltagefals(for alaggingpf.). Hence, to keep
theoutput voltage constant, the primary voltagemust beincreased. Therisein primary voltagerequiredto
maintain rated output voltage from no-load to full-load at agiven power factor expressed as percentage of
rated primary voltage givestheregulation of thetransformer.

Suppose primary voltage hasto beraised fromitsrated value V, to V', then

%regn. = M=V 00
Vl

Example 32.43. A-100 kVA transformer has 400 turns on the primary and 80 turns on the
secondary. The primary and secondary resistances are 0.3 2 and 0.01 Q respectively and the
corresponding leakage reactances are 1.1 and 0.035 Q respectively. The supply voltage is 2200 V.
Calculate (i) equivalent impedance referred to primary and (ii) the voltage regulation and the sec-

ondary terminal voltage for full load having a power factor of 0.8 leading.
(Elect. Machines, A.M.l.E. Sec. B, 1989)

Solution. K =80/400=1/5,R;=03Q,R; =R, + R2/K2 =0.3+0.01/(1/5)*=0.55 Q
Xy = Xy+X,/K?=1.1+0.035/(1/5)>=1.975Q
0] Z,, = 0.55+)1.975=2.05074.44°
(ii) Zy, = K%Zy, = (1/5)%(0.55 +j 1.975) = (0.022 + j 0.079)
No-load secondary voltage = KV, = (1/5) x 2200 =440V, |, = 10 x 10%440=227.3 A
Full-load voltage drop asreferred to secondary
= 1,(Ry, cos@ =X, SN Q)
227.3(0.022x 0.8-0.079x0.6)=-6.77V
%regn. = —6.77 x 100/440 = - 1.54
Secondary terminal voltageonload =440 — (- 6.77) = 446.77V
Example 32.44. The corrected instrument readings obtained from open and short-circuit tests
on 10-kVA, 450/120-V, 50-Hz transformer are:
O.C.test: V;=120V;1,=4.2 A; W, = 80 W, V,, W, and |, wereread on the low-voltage side.
SC.test: V,; =965V, 1, =222A; W, = 120 W — with low-voltage winding short-circuited
Compute :
(i) the equivalent circuit (approximate) constants,
(ii) efficiency and voltage regulation for an 80% lagging p.f. load,
(iii) the efficiency at half full-load and 80% lagging p.f. load.
(Electrical Engineering-l, Bombay Univ. 1988)

Soluion. ItisseenfromtheO.C. test, that with primary open, thesecondary drawsano-load current
of 4.2 A. SinceK =120/450=4/15, the corresponding no-load primary current | ;)= 4.2 x 4/15=1.12A.

(i) Now, V,l,cosq, = 80 0 cosg,=80/450x1.12=0.159
O ©, = cos "(0.159)=80.9%; sing,=0.987
l,,=loCos@,=1.12x0.159=0.178A and I = 1.12x0.987=1.1A
0 R, = 450/0.178=2530Q and X ,=450/1.1=409Q
During S.C. test, instruments have been placed in primary.
O Z, = 965/222=0435Q
Ry = 120/222°=0.2430

X = +/0.435° - 0.243° =0.361 Q

Theeguivalent circuitisshownin Fig. 32.52.
(ii) Total approximate voltage drop asreferred to primary isl, (R, cos@+ Xy, Sin@).

*  Assuming @, = @, = cos ™ (0.8).
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Now, full-load I, = 10,000/450=22.2 A I, Ry Xy

[

0O Drop=222(0.243x0.8+0.361x0.6)=9.2V — P AW—————
Regulation = 9.2 x 100/450 = 2.04% T Y, 243Q.361Q T

FL.losses =80+120=200W;

FL.outpt = 10,000 x 0.8 = 8000 W 450V % gr v,
N = 8000/8200 = 0.9757 or 97.57% &

(iii) Half-load 7

Ironloss = 80W; Culoss=(1/2)?x 120=30 W P P

Totdlosses = 110W;Output=5000x08=4000W o 357

0 N = 4000/4110 = 0.9734 or 97.34%

Example 32.45. Consider a 20 kVA, 2200/220 V, 50 Hz transformer. The O.C./S.C. test results
areasfollows :
O.C.test: 220V, 4.2 A, 148 W (1.v. side)
SC.test: 86V, 10.5A, 360 W (h.v. side)
Determine the regulation at 0.8 p.f. lagging and at full load. What is the p.f. on short-circuit ?
(Elect. MachinesNagpur Univ. 1993)

Solution. It may benoted that O.C. dataisnot required in thisquestion for finding the regul ation.
Since during S.C. test instruments have been placed on the h.v. sidei.e. primary side.
O Zy, = 86/10.5=819Q;R,, = 360/105°=3.26Q

Xy = 4/819° -326°=75Q
F.L. primary current, I, = 20,000/2200=9.09A

Total voltage drop asreferred to primary = 1, (Ry, cos@+ X, sin¢)

Drop=9.09(3.26x0.8+7.5x0.6)=64.6V

% age regn. = 64.6 x 100/2200 = 29%, p.f. on short-circuit = R,,/Z; = 3.26/8.19= 0.4 lag

Example 32.46. A short-circuit test when performed on the h.v. side of a 10 kVA, 2000/400 V
single phase transformer, gave the following data ; 60V, 4 A, 100 W.

If the 1.v. sideisdelivering full load current at 0.8 p.f. lag and at 400 V, find the voltage applied
toh.v. side. (Elect. Machines-|, Nagpur Univ. 1993)

Solution. Here, the test has been performed on the h.v. sidei.e. primary side.
Z,=60/4=15Q ; Ry, =100/4°=6.25Q ; X, = ,/15% - 6.25° =13.63Q
FL. I, = 10,000/2000=5A
Total transformer voltage drop asreferred to primary is
I, (Ryycos@+ Xy, sing = 5(6.25x0.8+13.63x0.6)=67V
Hence, primary voltage hasto beraised from 2000 V to 2067 V in order to compensatefor the total

voltage drop in thetransformer. In that case secondary voltage on load would remain the same ason
no-load.

Example 32.47. A 250/500-V transformer gave the following test results:
Short-circuit test : with low-voltage winding short-circuited :
20V; 12A,100W
Open-circuit test: 250V, 1 A, 80 W on low-voltage side.
Determine the circuit constants, insert these on the equivalent circuit diagram and calculate
applied voltage and efficiency when the output is 10 A at 500 volt and 0.8 power factor lagging.
(Elect. Machines, Nagpur Univ. 1993)
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Solution. Open-circuit Test :
Vi l,cos @, = 80 [ cosq,=80/250x1=0.32

l, = locos@,=1x032=0.32A,1,= \/1® - 0.32%) =0.95 A
Ry = Vy/l,,=250/0.32=781.3Q, X,=V,/1,=250/0.95=263.8Q

ThecircuitisshowninFig. 32.53 (8).

Short-circuit Test :

Astheprimary isshort-circuited, all valuesrefer to secondary winding.
0.174Q 0.38Q

(@)
Fig. 32.53 (a) Fig. 32.53 (b)
0 Ry, = short-circuit power  _ 100 -0.6940
F.L. secondary current 122
Zy, = 20/12=1.667Q;X,= \/(1,6672 - 0.694%) =1518Q

As R, and X, refer to primary, hence we will transfer these values to primary with the help of
transformationratio.

K = 5001250=2 [0 Ry,=R,/K*=0.694/4=0.174Q
Xg = Xoo/K?=1518/4=0.38Q; Z, =Z,,/K*=1.667/4=0.417 Q
Theequivaent circuitisshowninFig. 32.53 (a).
Efficiency
Total Culoss= I22R02 =100%0.694=69.4W ; Ironloss=80W
_ 5000 x 0.8 x 100
4000 + 149.4
The applied voltage V ;' isthe vector sum of V, and |,Z; asshownin Fig. 32.53 (b).
I, = 20A; 1R, =20%0.174=3.84V ;1,X,; =20x0.38=7.6V
Neglecting the angle between V, and V', we have

Total loss=69.4+80=149.4W [ n =96.42%

V,? = 0C?=0ON?+NC?=(OM+MN)?+ (NB+BC)?
= (250%0.8+3.48)° + (250 X 0.6 + 7.6)°
V,? = 2035°+157.6° O V,=2574V

Example32.48. A 230/230 V, 3 kVA transformer gave the following results :
O.C.Test: 230V, 2amp, 100 W
SC.Test: 15V, 13amp, 120 W
Determine the regulation and efficiency at full load 0.80 p.f. lagging.
(Sambalpur Univergty, 1998)

Solution. Thisisthe case of atransformer withturnsratioas1: 1. Such atransformerismainly
required for isolation.
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Rated Current = 3000 _ 13 amp

230
Cu-lossesatratedload = 120watts, from S.C. test
Corelosses = 100watts, from O.C. test
Atfull load, VA output = 3000
At0.8lagp.f., Poweroutput = 3000 x 0.8 = 2400 watts
2400

) . _ 2400 o — 0
Required efficiency 5400 + 220 x100% = 91.6%
15
From S.C. test, Z = - 1.154 ohms
_ 120 _ _ 2 2 _
R = TEx15 - 0.530hm, X =,/1.154° - 0.53° =1.0251 ohm
Approximatevoltageregulaion

= IRcos@+ | Xsin@=13[0.53 x 0.8+ 1.0251 x 0.6]
= 13[0.424 +0.615] = 13.51 volts

Interms of %, the voltage regulation = 12:',)%1 x100% =5.874%

Example32.49. A 10 kVA, 500/250 V, single-phase transformer hasits maximum efficiency of
94% when delivering 90% of itsrated output at unity p.f. Estimate its efficiency when delivering its
full-load output at p.f. of 0.8 lagging. (Nagpur Univer sity, November 1998)

Solution. Rated output at unity p.f. = 10000 W. Hence, 90% of rated output = 9,000 W

Input with 94% efficiency = 9000/0.94W
Losses = 9000((1/0.94) -1)=574W

At maximum efficiency, variable copper-loss = constant = Coreloss= 574/2 = 287 W

At rated current, Let the copper-loss = P, watts

At 90% load with unity p.f., the copper-lossis expressed as 0.90% x P..

Hence, P, = 287/0.81=354W

(b) Output at full-load, 0.8 lag p.f. = 10,000 x 0.80 = 8000 W

At the corresponding load, Full Load copper-loss = 354 W

Hence, efficiency = 8000/(8000 + 354 + 287) =0.926 = 92.6%

Example32.50. Resistancesand Leakage reactance of 10 kVA, 50 Hz, 2300/230 V single phase
distribution transformer are r, = 3.96 ohms, r, = 0.0396 ohms, x; = 15.8 ohms, x, = 0.158 ohm.
Subscript 1 refersto HV and 2 to LV winding (a) transformer deliversrated kVA at 0.8 p.f. Lagging
to a load on the L.V. side. Find the H.V. side voltage necessary to maintain 230 V across Load-
terminals. Also find percentage voltage regulation. (b) Find the power-factor of the rated load-
current at which the voltage regulation will be zero, hence find the H.V. side voltage.

(Nagpur University, November 1997)
Solution. (a) Rated currentonL.V. side=10,000/230=43.5A. Letthetota resistance and total

leakage reactance bereferredto L.V. side. Finally, the required H.V. side voltage can be worked out

after transformation.
Total resistance, =/ +r,=3.96% (230/2300)*+0.0396

0.0792ohms

X, +x,=15.8x (230/2300)° + 0.158

0.316 ohm

_‘
1

Total |eakage-reactance, X



1162 Electrical Technology

For purposeof cal culation of voltage-magnitudes, approximateformulafor voltageregul ation can be

used. For the present case of 0.81agging p.f.
V)" = V,+I[rcos@+xsing

230 +43.5[(0.0792 x 0.8) + (0.316 x 0.6)]
230+ 43.5[0.0634 + 0.1896] = 230 + 11 = 241 volts

Hence, V, = 241x(2300/230) = 2410 volts.

It meansthat H.V. sideterminal voltage must be 2410 for keeping 230V at the specified load.

(b) Approximateformulafor voltageregulationis: V' —V,=1[rcos@+xsing|

With Lagging pf., +vesignisretained. Withleading power-factor, the—vesignisapplicable. For the
voltage-regulation to be zero, only leading Pf. condition can prevail.

Thus, rcosp—xsing =0

or tang = r/x=0.0792/0.316 = 0.25

or @ = 14° cos@=0.97leading
Correspondingsing = sin14°= 0.243

H.V. terminal voltagerequiredis2300V tomaintain 230V at Load, since Zero regulation conditionis
under discussion.
Example32.51. A 5 kVA, 2200/220 V, single-phase transformer has the following parameters.
H.V.side: r, = 3.4 ohms, x, = 7.2 ohms
L.V.side: r, = 0.028 ohms, x, = 0.060 ohms
Transformer is made to deliver rated current at 0.8 lagging P.f. to a load connected on the L.V.
side. If theload voltage is 220 V, calculate the terminal voltage on H.V. side
(Neglect the exciting current). (Rajiv Gandhi Technical University, Bhopal, Summer 2001)

Solution. Calculations may be donereferring al the parametersthe L.V. sidefirst. Finaly, the
voltage required on H.V. side can be obtained after transformation.

Rated current ref. to L.V. side=5000/220=22.73 A
Total winding resistanceref. toL.V. side=r,’ +r, = (220/2200)° x 3.4 + 0.028
Total winding-leakage-reactanceref. toL.V. side=x," + X,

= (220/2200)?x 7.2 +0.060=0.132 ohm

Fig. 32.53(c)
Inthe phasor diagram of Fig. 32.53 ().
QA = V,=220volts, | =22.73 A at lagging phase angle of 36.87°
AB = Ir, AD=Ircos@=22.73x%0.062x0.80=1.127V
DC = Ixsin@=22.73x0.132x0.60=1.80V
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OC = 220+ 1.127 + 1.80 = 222.93 volts

BD = Irsing=0.85V

B'F = xcos@=240V

CF = 240-085=155V

V) = OF =(222.93" + 1.55) %% = 222,935 volts

Required terminal voltageof H.V. side=V, = 222.935 x (2200/220) = 2229.35 volts
[Note. Inapproximate and fast calculations, CF is often ignored for calculation of magnitude of V,'. The
concerned expressionis: V,' =V, + Ir cos@+ Ixsin @, for lagging Pf.]

Example32.52. A 4-kVA, 200/400 V, single-phasetransformer takes0.7 amp and 65 W on Open-
circuit. When the low-voltage winding is short-circuited and 15 V is applied to the high-voltage
terminals, the current and power are 10 A and 75 W respectively. Calculate the full-load efficiency
at unity power factor and full-load regulation at 0.80 power-factor lagging.

(Nagpur University April 1999)

Solution. At aload of 4 kVA, therated currentsare :
L.V.sde: 4000/200 = 20amp
AndH.V.side: 4000/400 = 10amp
From the test data, full-load copper-loss= 75 W
And constant core-loss = 65 W
From S.C. test, Z 15/10=1.50hms

R = 75/100=0.750hm

Hence X = 4/1.5° - 0.75° =1.300hms

All these series-parameters are referred to the H.V. side, since the S.C. test has been conducted
fromH.V. side.

Full-load efficiency at unity p.f.

4000/ (4000+ 65+ 75)
= 0.966=96.6%
Full load voltageregulation at 0.80 lagging p.f.
= Ircos@+Ixsing
= 10(0.75x 0.80+1.30x 0.60) = 16.14 Volts

Thus, duetoloading, H.V. sidevoltagewill drop by 16.14 volts(i.e. terminal voltagefor theload
will be 383.86 volts), when L.V. sideisenergized by 200-V source.

32.25. Percentage Resistance, Reactance and Impedance

These quantities are usually measured by the voltage drop at full-load current expressed as a
percentage of the normal voltage of the winding on which calculations are made.

(i) Percentage resistance at full-load

2
%R = %XJ_OO :ﬁ x100
1 1'1

IZR,
% x 100 =9 Culossat full-load

2'2
%R = %Culoss=v, .Art.32.16
(i) Percentage reactance at full-load
I,X X

I
17M01 — 127002 _
%X = v, %100 = v ><100_VX
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(iii) Percentageimpedanceat full-load

%z = %0 100 = 12%02 x100
1 V2

(iv) WZ = J(%R? + %X2)

It should be noted from abovethat the reactances and resistancesin ohm can be obtained thus:

%RxV, %CulossxV, %R xV, _%CulossxV,
Ru=100x1, ~ 200x1, - SmilalyRy=760%7, = 1001,
%X XV, _ v, XV, %X XV, _ Vv, XV,

Xo1= 100x1, 100 x I, - SMIaly X, = 76057, ~100x1,
It may be noted that percentage resistance, reactance and impedance have the same val ue whether
referred to primary or secondary.

Example32.53. A 3300/230 V, 50-kVA, transformer isfound to haveimpedance of 4% and a Cu
loss of 1.8% at full-load. Find its percentage reactance and also the ohmic values of resistance,
reactance and impedance as referred to primary. What would be the value of primary short-circuit
current if primary voltage is assumed constant ?

Solution. %X = \J(%z® - %R?) = /(4> -1.89) =357%( Culoss=%R)

Full load 1, =50,000/3300=15.2 A (assuming 100% efficiency). Considering primary winding, we
have

Roaly %100 _ 1.8x3300

0 = —

R vV, 18 URFf fogxisp >91Q
X1, x 100 3.57 x 3300

imi X = Z0LTTE —357 [ X.= o270

Smilaly % X V. T 100X 152 776 0

Similarly Zy = 22380 _g79
100 x 15.2

Short-circuit current*
NOW  Fulloed curent = o [/SC.current =15 25= 3804

Example32.54. A 20-kVA, 2200/220-V, 50-Hz distribution transformer istested for efficiency
and regulation as follows :

O.C.test: 220V 42A, 148W —.vside

SC.test: 86V 10.5A, 360W —l.v.side

Determine (a) core loss (b) equivalent resistance referred to primary (c) equivalent resistance
referred to secondary (d) equivalent reactance referred to primary (e) equivalent reactance referred
to secondary (f) regulation of transformer at 0.8 p.f. lagging current (g) efficiency at full-load and
half the full-load at 0.8 p.f. lagging current.

Solution. (a) Asshown in Art 32.9, no-load primary input is practically equal to the core loss.
Hence, core loss as found from no-load test, is 148 W.

(b) FromS.C.test, Ry = 360/10.5°=3.26Q

© Ry = KRy, = (220/2200)° x 3.26 = 0.0326 O
- _ _ v V, X %Z
* Short circuit lc = 7 Now, Zy = 700% I,

= V; x100 x 1; _ 100 x I, I~ 100
TV x%Z T %z L, %Z
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Ve _ 86 _
(d) ZlO = I——m—819Q
- .
Xy = +(8.19% - 3.26%) =7.51Q
G Xp = K*Xy =(220/2200)° x 7.51=0.0751 Q

(f) Wewill usethedefinition of regulation asgivenin Art. 32.24 (3).

Wewill find therisein primary voltage necessary to maintain the output termina voltage constant from
no-load tofull-load.

Rated primary current = 20,000/2200=9.1 A

Vy'= \/[2200 x 0.8+ 9.1x3.26)° + (2200 x0.6 +9.1 x7.5)°] =2265V

2265 - 2200
0 = — = 0
O Yoregn 2200 x 100 =2.95%

Wewould get the sameresult by working in the secondary. Rated secondary current =91 A.
oV, = \/(220 x 0.8 + 91 x 0.0326)% +(220 x0.6 +91 x0.0751)%] =2265V

226.5 - 220
0, = == === = 0
O Yoregns. 220 x 100 = 2.95%
(g) Coreloss = 1.48W. Itwill bethesamefor all loads.

Culossat full load
Culossat haf full-load

1> Ry =9.1°x 3.26 = 270 W
4.55% x 3.26 = 67.5W (or F.L. Culoss/4)
22,000 x 0.8 x 100
20,000 x 0.8 + 148 + 270
10,000 x 0.8 x 100
10,000 x 0.8 +148 + 67.5
Example 32.55. Calculate the regulation of a transformer in which the ohmic lossis 1% of the
output and the reactance drop is 5% of the voltage, when the power factor is (i) 0.80 Lag (ii) unity
(iii) 0.80 Leading. (MadrasUniverdgty, 1997)
Solution. When 1% of output is the ohmic loss, p.u. resistance of the transformer, € = 0.01
When 5% is the reactance drop, p.u. reactance of the transformer €, = 0.05
(i) Per Unit regulation of thetransformer at full-load, 0.8 Lagging p.f.
=0.01x cos@+0.05x sin@=0.01x 0.8+ 0.05x 0.06 = 0.038 or 3.8%
(i) Per Unitregulation at unity p.f.=0.01x1=0.01or 1%
(i) PerUnitregulationat 0.08 Leading p.f. =0.01 x 0.8—-0.05x% 0.6 =—0.022 or —2.2%
Example 32.56. The maximum efficiency of a 500 kVA, 3300/500 V, 50 Hz, single phase
transformer is 97% and occurs at 3/4™ full-load u.p.f. If the impedance is 10% calculate the
regulation at fullload, 0.8 p.f. Lag. (Madurai Kamraj University, November 1997)
Solution. At unity p.f. with 3/4™ full load, the output of the transformer
500 x 0.75 x 1kW =375 kW

O n afull-load = 97.4%

0 n ahdf-load = = 97.3%

375
097 = 375+2p
where P, = corelossin kW, at rated voltage.
Atmaximumefficiency, x* P. = P
(0.75°P, = P,

wherex =0.75, i.e. 3/4™ whichisthe fractional loadi ng of thetransformer
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P_. = copperlossesin kW, at rated current

1 1 3
P = = — - =1 = =5,
: 2{(375) x(0_97 1} o x375 x = =58 KW

P_ = 58/(0.75)°=10.3kwW
Full load current in primary (H.V.) winding = % = 151.5amp
Total winding resistanceref. to primary

- 1031000 _ 44876 ohm
U519 y515x044876 . . _
& = %resistance= — o0 — x 100 % = 2.06%

g, = %Impedance=10%

g = % reactance = /100 — 4.244 = 9.7855%
By Approximateformulaat 0.8 p.f. lag
%regulation = g.cos@+e, sing
= 2.06x0.8+9.7855% 0.6

1.648+5.87=7.52%

Example32.57. Atransformer has copper-lossof 1.5% and reactance-drop of 3.5% when tested
at full-load. Calculate its full-load regulation at (i) u.p.f. (ii) 0.8 p.f. Lagging and (iii) 0.8 p.f.
Leading. (Bharathithasan Univ. April 1997)

Solution. Thetest-dataat full-load givesfollowing parameters :
p.u. resistance = 0.015, p.u.reactance=0.035

(i) Approximate Voltage — Regulation at unity p.f. full load
= 0.015cos@+0.035sn @
= 0.015 per unit = 1.5%

(i) Approximate Voltage— Regulation at 0.80 Lagging p.f.
= (0.015%0.8) +(0.035 x 0.6) = 0.033 per unit = 3.3%

(iif) Approximate Voltage Regulation at 0.8 leading p.f.

= l,cos@-l,sing
= (0.015%0.8) - (0.035 % 0.6) = —0.009 per unit = — 0.9%

32.26. Kapp Regulation Diagram

It hasbeen shown that secondary terminal voltagefallsastheload on thetransformer isincreased
whenp.f.islagginganditincreaseswhenthepower factor isleading. Inother words, secondary terminal
voltage not only depends on the load but on power factor also (Art. 32.16). For finding the voltage
drop (or rise) which is further used in determining the regulation of the transformer, a graphical
construction is employed which was proposed by late Dr. Kapp.

For drawing Kapp regulation diagram, it is necessary to know the equivalent resistance and
reactance asreferred to secondary i.e. Ry, and X ,. If |, isthe secondary load current, then secondary
terminal voltageonloadV,, isobtained by subtracting I, Ry, and I, X ., voltagedrops vectorially from
secondary no-load voltage (V..

Now, 4V, isconstant, henceit can be represented by acircleof constant radius OA asin Fig. 32.54.
Thiscircleisknown asno-load or open-circuit em.f. circle. For agivenload, Ol, representstheload
current and istaken asthe reference vector, CB represents|, R, andisparallel to Ol,,, AB represents|,
Xop @nd isdrawn at right angles to CB. Vector OC obviously represents |, X, and is drawn at right
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anglesto CB. Vector OCobvioudy rep-
resents secondary terminal voltageV .
Since |, is constant, the drop triangle
ABCremainsconstantinsize. Itisseen
that end point C of V, lies on another
circlewhosecentreisO'. Thispoint O’
liesat adistanceof I, X, vertically be-
low the point O and adistanceof I, Ry,
toitsleft asshowninFig. 32.54.

Supposeit isrequired to find the
voltage drop on full-load at alagging
power factor of cosq, thenaradiusOLP
isdrawninclined at an angle of @with
OX. LM=1,Ry, andisdrawn horizon-
tal MN =1, X, and is drawn perpen-
dicular to LM. Obviously, ONisno-
load voltage ,V,. Now, ON=OP =
oV, Similarly, OL isV,. Thevoltage
drop=0OP-OL =LP.

Fig. 32.54

OP - OL LP
~op x100 = P %100

Itisseenthat for finding voltage drop, triangle L M N need not be drawn, but simply the radius OLP.

The diagram shows clearly how the secondary terminal voltage falls as the angle of lag
increases. Conversaly, for aleading power factor, thefall in secondary terminal voltage decreasestill for an
angle of @,leading, thefall becomes zero; henceV, = (V,. For anglesgreater than ¢, the secondary
terminal voltageV, becomesgreater than ,V .

TheKapp diagramisvery helpful in determining the variation of regul ation with power factor but it has
thedisadvantagethat sincethelengths of thesidesof theimpedancetrianglearevery smal ascomparedto
theradii of thecircles, thediagram hasto bedrawn on avery large scale, if sufficiently accurateresultsare
desired.

Hence, percentageregulation ‘down’ is=

32.27. Sumpner of Back-to-Back Test
Thistest providesdatafor finding the

regulation, efficiency and heating under load £ £ oA

conditionsand isemployed only whentwo Lt % b "o
similar transformers are available. One _/ f T
transformer isloaded on the other and both g lé S

are connected to supply. The power taken

fromthesupply isthat necessary for supplying
the losses of both transformers and the

IL
w, M
negligibly small lossinthecontrol circuit.
Asshownin Fig. 32.55, primariesof the § % )

— W
—_—
N’N

=
O

two transformersare connected in parallel
acrossthesamea.c. supply. With switch S
open, thewattmeter W, readsthe coreloss
for thetwo transformers. Supply

Fig. 32.55
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The secondaries are so connected that their potential sarein opposition to each other. Thiswould
0if Vg =VpandAisjoinedto Cwhilst BisjoinedtoD. Inthat case, there would be no secondary
current flowing around the loop formed by the two secondaries. T isan auxiliary low-voltage trans-
former which can be adjusted to give avariable voltage and hence current in the secondary loop
circuit. By proper adjustment of T, full-load secondary current |, can be madeto flow as shown. Itis
seen, that |, flowsfrom D to C and then from A to B. Flow of |, is confined to theloop FEJLGHMF
and it does not passthrough W,. Hence, W, continuesto read the coreloss and W, measuresfull-load
Culoss (or at any other load current valuel,). Obviously, the power takeninistwicethelossesof a
singletransformer.

Example 32.58. Two similar 250-kVA, single-phase transformers gave the following results
when tested by back-to-back method :
Mains wattmeter, W, = 5.0kw
Primary series circuit wattmeter, W, = 7.5 kW (at full-load current).
Find out the individual transformer efficiencies at 75% full-load and 0.8 p.f. lead.
(Electrical Machines- 11, Gujarat Univ. 1986)

Solution. Total lossesfor both transformers=5+7.5=12.5 kW
F.L.lossfor eachtransformer = 12.5/2=6.25kW

2
Copper-lossat 75%load = (%) x L2 W =211k
Output of eachtransformer at 75% F.L. and 0.8 p.f. = (250 x 0.75) x 0.8 = 150 kW
150

N = os25+211 0

32.28. Losses in a Transformer

In a static
transformer, there
arenofrictionor
windage osses.
Hence, the only
losses occuring 2500
ae:

(i) Core
orlronLoss: It
includes both
hysteresis loss
and eddy cur-
rent loss. Be- 500
cause the core
flux in a trans- 0 5 101520 25 30 3540 45 50 55 60 65 70 7580 8590 95 10(
former remains Load (%)
practically con-
stant for all loads Typical 75kVA Transformer Losses vs. Load
(itsvarigtionbeing
1to 3% fromno-load tofull-load). The corelossispractically thesameat all loads.

Hysteresisloss W, = nB® . fV watt; eddy current lossW,= PB?,, ft° watt

Theselossesare minimized by using steel of high silicon content for the core and by using very thin

3,000

=#= 150Rise

#— 110°Rise
—a— 80°Rise
—— TP-1 150°C Ris

2,000

1,500

1,000

Total Loses (Watts)
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laminations. Iron or corelossisfound fromthe O.C. test. Theinput of the transformer when on no-
load measures the core loss.

(if) Copper loss. Thislossisdueto theohmicresistance of thetransformer windings. Total Culoss
=1,°R; +1,°R,=1,°Ry; +1,°Ryy. Itisclear that Culossisproportional to (current)”or kVAZ. Inother
words, Culossat half thefull-load isone-fourth of that at full-load.

Thevalueof Culossisfound from the short-circuit test (Art. 32.22).

32.29. Efficiency of a Transformer

Asisthecasewith other typesof electrica machines, theefficiency of atransformer at aparticular load
and power factor isdefined asthe output divided by the input—the two being measured in the same units
(either watts or kilowaetts).

Output
Input

But atransformer being ahighly efficient piece of equipment, hasvery small 1oss, henceit isimpractica
totry to measuretransformer, efficiency by measuringinput and output. These quantitiesarenearly of the
samesize. A better method isto determinethelosses and then to cal culatethe efficiency from;

Output _ Output
Output +losses ~ Output + Cu loss + iron loss

Effidency =

Effidency =

n = Input — Losses _ 1 _ losses
Input Input
It may be noted herethat efficiency isbased on power output in wattsand not in volt-amperes, al-
though losses are proportional to VA. Hence, at any volt-ampereload, the efficiency depends on power
factor, being maximum at apower factor of unity.
Efficiency can be computed by determining corelossfrom no-load or open-circuit test and Culoss
fromthe short-circuit test.

or

32.30. Condition for Maximum Efficiency

Culoss = I,°Ry, or 1,°Ry,=W,,
Ironloss = Hysteresisloss+ Eddy currentloss=W, + W =W,
Considering primary side,
Primaryinput = V1, cos@,

Vjl, cos@ —losses _ Vjl, cos @ - I7Ry, —Wi

Vi, cosqg Vjl, cosq
1o WRe W

Vjcos@ Vil cos @
Differentiating both sideswithrespectto |, weget

r]:

ﬂ = 0- RO]‘ + \N'
di, Vicos@ V12 cos @
For n to bemaximum, g—ln = 0. Hence, the above equation becomes
1

Rot W 2 2
= or W.=I."R or |
Vicosq V12 cos g e 2 Foz

or Cu loss Iron loss
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Theoutput current corresponding to maximum efficiency isl, = / W/Ry,) -

Itisthisvalue of the output current which will makethe Culossequal to theironloss. By proper
design, it ispossible to make the maximum efficiency occur at any desired load.

Note. (i) If wearegivenironlossand full-
load Cu loss, then the load at which two losses Laminated Core
would beequal (i.e. corresponding to maximum
efficiency) isgiven by

= Full load x (M) 11—
F.L.Culoss

In Fig. 32.56, Cu losses are plotted as a
percentage of power input and the efficiency ~ Primary
curve asdeduced from theseisalso shown. Itis
obvious that the point of intersection of the Cu
andironloss curvesgivesthe point of maximum
efficiency. It would be seen that the efficiency
is high and is practically constant from 15%
full-load to 25% overload.

(if) Theefficiency at any load is given by

x x full-load kVA xp.f.

= x100
N7 (xxfull-load KVA xpf.) + Wy, +W

wherex ratio of actual to full-load kVA
W = ironlossinkW ; W, = Culossin kW.
Example32.59. Ina 25-kVA, 2000/200 V, single-phase transformer, the iron and full-load cop-

per losses are 350 and 400 W respectively. Calculate the efficiency at unity power factor on
(i) full load (ii) half full-load. (Elect. Engg. & Electronic, Bangalore Univ. 1990 and

Similar examplein U.P. Technical University 2001)

Secondary

a¥aWa¥alla
AJB A A anS)
faYaVaVaWaVal

Fig. 32.56

Solution. (i) Full-load Unity p.f.
Total loss = 350+400=750W
F.L.outputat up.f. = 25x1=25kW ; n=25/25.75=0.97 or 9%

(i) HafF.L.Unityp.f.

Cu loss =400 x (JJ2)2 =100 W. Iron loss remains constant at 350 W, Total loss = 100 + 350
=450 W.

Half-load output at u.p.f. = 12.5 kW

O n = 12.5/(12.5 + 0.45) = 96.52%

Example 32.60. If P, and P, be theiron and copper losses of a transformer on full-load, find the
ratio of P, and P, such that maximum efficiency occurs at 75% full-load.

(Elect. MachinesAMI E Sec. B, Summer 1992)

Solution. If P, isthe Culossat full-load, itsvalueat 75% of full-loadis= P, x (0.75)°= 9P,/16. At
maximum efficiency, it equal stheiron loss P, which remains constant throughout. Hence, at maximum
efficiency.

P, = 9PJ16 or P,/P,=9/16.

Example32.61. A 11000/230 V, 150-kVA, 1-phase, 50-Hz transformer has coreloss of 1.4 KW
andF.L. Culossof 1.6 kW. Determine

(i) the kVAload for max. efficiency and val ue of max. efficiency at unity p.f.

(i) theefficiency at half F.L. 0.8 p.f. leading (Basic Elect. Machine, Nagpur Univ. 1993)
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Solution. (i) Load kVA corresponding to maximum efficiency is

_ Ironloss _ 16 _
= FL.KVA x ‘/F.L. CU los 250><4/1_4 =160 kVA

Since Cu loss equals iron loss at maximum efficiency, total loss = 1.4 + 1.4 = 2.8 kW ;
output = 160 x 1 = 160 kW
Nmax = 160/162.8 = 0.982 or 98.2%
(i) Culossat half full-load = 1.6 x (1/2)*=0.4kW ; Total loss= 1.4+ 0.4= 1.8 kW
Half F.L. output at 0.8 p.f.= (150/2) x 0.8 = 60 kW
O Effidency = 60/(60 + 1.8) = 0.97 or 9%
Example 32.62. A 5-kVA, 2,300/230-V, 50-Hz transformer was tested for the iron losses with

normal excitation and Cu lossesat full-load and these wer e found to be 40 Wand 112 W respectively.
Calculate the efficiencies of the transformer at 0.8 power factor for the following kVA outputs:

1.25 25 3.75 5.0 6.25 7.5
Plot efficiency vs kVA output curve. (Elect. Engg. -I, Bombay Univ. 1987)
Solution. FL.Culoss = 112W; Ironloss=40W
0] Culossat 1.25kVA = 112x (1.25/5)2 =7TW

Total loss = 40+7=47W Output=1.25x0.8=1kW=1,000W

n = 100x 1,000/1,047 =95.51%

(i) Culossat25kVA = 112x (2.5/5)2 =28W

Total loss = 40+28=68W

Output =2.5x%0.8=2kW
n = 2,000 x 100/2,068 = 96.71%

(iii) Culossat 3.75 kVA
= 112 x (3.75/5)° = 63 W 98 -
Total loss = 40 + 63 =103 W %97 B
n =3000x100/3103=9668% 2% [ r\
(iv) Culossat 5kVA 295
= 112W m94 L
Total loss = 152 W = 0.152 kW 93 -
Output =5x 0.8 =4 kW g
1.25 25 375 5 625 75
N =4 x 100/4.142 = 96.34 % Load, KVA
(v) Culossat 6.25kVA Fig. 32.57

= 112 x (6.25/5)° = 175 W

Totd loss = 125W = 0.125 kW ; Output = 6.25 x 0.8 = 5 kW
n = 5x 100/5.215 = 95.88 %
(Vi) Culossat 7.5kVA = 112 x (7.5/5)% = 252 W
Totd loss = 292 W = 0.292 kW ; Output = 7.5 x 0.8 = 6 kW
N = 6x 100/6.292 = 95.36 %

ThecurveisshowninFig. 32.57.

Example 32.63. A 200-kVA transformer has an efficiency of 98% at full load. If the max.
efficiency occurs at three quarters of full-load, calculate the efficiency at half load. Assume negli-
gible magnetizing current and p.f. 0.8 at all loads. (Elect. Technology Punjab Univ. Jan. 1991)
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Solution. Asgiven, thetransformer hasaF.L. efficiency of 98 % at 0.8 p.f.
F.L.output = 200 x 0.8=160kW ; F.L.input = 160/0.98 = 163.265 kW
FL.losses = 163.265 — 160 = 3.265 kW

Thislossconsistsof FL. Culossx andironlossy.

O x+y = 3.265 kW (i)

Itisasogiventhat n . occursat three quarters of full-load when Cu loss becomes equal toiron
loss.

O Culossat 75%of FL. = x (3/4)>=9x/16
Sincey remains constant, hence9x/16=y (i)
Substituting thevalueof y in Egn. (i), weget x + 9x/16 = 3265 or x =2090 W; y = 1175W
Half-load Unity p f.
Culoss = 2090 x (1/2)* =522 W ; total loss = 522 + 1175 = 1697 W
Output = 100 x 0.8 =80 kW ; n = 80/81.697 = 0.979 or 97.9 %
Example32.64. A 25-kVA, 1-phasetransformer, 2,200 voltsto 220 volts, hasa primary resistance

of 1.0 Q and a secondary resistance of 0.01 Q. Find the equivalent secondary resistance and the
full-load efficiency at 0.8 p.f. if theiron loss of the transformer is 80% of the full-load Cu loss.

(Elect. Technology, Utkal Univ. 1998)
Solution. K =220/2,200=1/10; R;,=R,+K,R; =0.01+1/100=0.02Q

Full-load], = 25,000/220=113.6A ; FL.Culoss=1.2R,,=113.6?x 0.02= 258 W.
Ironloss = 80% of 258 = 206.4 W ; Total loss = 258 + 206.4 = 464.4 W

FL.output = 25 x 0.8 =20 kW = 20,000 W

Full-loadn = 20,000 x 100/(20,000 + 464.4) = 97.7 %

Example32.65. A 4-kVA, 200/400-V, 1-phasetransformer hasequivalent resistance and reactance
referred to low-voltage side equal to 0.5 Q and 1.5 Q respectively. Find the terminal voltage on the
high-voltage sidewhen it supplies 3/4th full-load at power factor of 0.8, the supply voltage being 220
V. Hence, find the output of the transformer and its efficiency if the core losses are 100 W.

(Electrical Engineering ; Bombay Univ. 1985)

Solution. Obvioudly, primary isthelow-voltage sideand the secondary, the high voltage side.

Here, Ry; =0.5Q and X, = 1.5Q. These can betransferred to the secondary sidewith the help of
thetransformationratio.

K =400/200=2; Ry, =K’Ry, =2°x05=2Q; X;, =K*X, =4%x15=6Q

Secondary current when load is 3/4 the, full-load is= (1,000 x 4 x 3/4)/400=7.5A

Total drop asreferred to transformer secondary is

=1, (R, cos @+ X,sin@* =75(2x0.8+6%0.6)=39V

0 Termind voltageon high-voltagesdeunder givenload conditionis

= 400-39=361V
Culoss = 13 R, =75 %x2=1125W Ironloss= 100 W
Totd loss = 2125W output = (4 x 3/4) x 0.8 = 24 kW
Input = 2,400 + 212.5=2,6125W N = 2,400 x 100/2,612.5 = 91.87 %

Example 32.66. A 20-kVA, 440/220 V, 1-¢, 50 Hz transformer hasiron loss of 324 W, The Cu
loss is found to be 100 W when delivering half full-load current. Determine (i) efficiency when

*  Assuming alagging power factor
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delivering full-load current at 0.8 lagging p.f. and (ii) the percent of full-load when the efficiency will
be maximum. (Electrotechnique-ll, M.S. Univ., Baroda 1987)

Solution. FL.Culoss
(i)  FEL.efficiency at 0.8p .

22 x 100 =400 W : Iron loss = 324 W

20x0.8 - 0
(20%08 +0724 x100 = 95.67 %

(i) kVA for maximum _ f Iron loss :\/@ =09

F.L.kVA F.L.Culoss 400
Hence, efficiency would bemaximum at 90 % of F.L.
Example 32.67. Consider a 4-kVA, 200/400 V single-phase transformer supplying full-load

current at 0.8 lagging power factor. The O.C./S.C. test results are as follows :
O.C.test : 200V, 0.8A, 70W (1.V.side)
SC.test : 20V, 10A, 60 (H.V.side)
Calculate efficiency, secondary voltage and current into primary at the above load.
Calculate the load at unity power factor corresponding to maximum efficiency.
(Elect. MachinesNagpur Univ. 1993)

Solution. Full-load, 1, =4000/400=10A

It meansthat S.C. test has been carried out with full secondary flowing. Hence, 60 W represents
full-load Cu loss of thetransformer.

Total FL.losses=60+70=130W ; F.L. output=4x 0.8=3.2kW
F.L.n=3.2/3.33=0.96 or %%
SC. Tet
Z,=20110=2Q;15Ry,=600r Ry, =60/10°=0.6 Q ; X, = /2° - 0.62 =1.9Q
Transformer voltage drop as referred to secondary
= 1,(Ry, cos@+X,,sng) =10(0.6x0.8+1.9x0.6)=16.2V
O V, = 400-16.2=3838V
Primary current =4000/200=20 A
kVA correspondington ., =4 % ~/70/60 =4.32kVA
O Loadat u.p.f. corresponding to n, ,, = 4.32 x 1 =4.32kW
Example32.68. A 600 kVA, 1-phasetransformer has an efficiency of 92 % both at full-load and
half-load at unity power factor. Determineits efficiency at 60 % of full-load at 0.8 power factor lag.
(Elect. Machines, A.M.| .E. Sec. B, 1992)
Solution.
N = XX KVA x cos @ »
(xx KVA) xcos @ +W +X W,
where X represents percentage of full-load
W, isironlossand W, isfull-load Culoss.
AtFL.u.pf. Herex =1
1x600x1

0 ® = 5 %100, W, + W, =52.174kW (i)
1x600 x1+W, +1° W,

100

Athalf FL. UPF. Herex=1/2
_ 1/2x600x1
(1/2) x 600 X1 + W +(1/ 2)* W,

x100;
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0 W,+0.25 W, = 26.087 kW (i)

From (i) and (ii), we get, W, = 17.39 kW, W, = 34.78 kW

60% F.L.0.8p.f. (lag) Here, x = 0.6

N = 0.6 x 600 x 0.8 x100 . - 8599
(0.6 x600x0.8) +17.39 +(0.6)° 34.78

Example32.69. A 600-kVA, 1-ph transformer when working at u.p.f. has an efficiency of 92 %
at full-load and also at half-load. Determineits efficiency when it operates at unity p.f. and 60 % of
full-load. (Electric. Machines, Kerala Univ. 1987)

Solution. Thefact that efficiency isthe samei.e. 92 % at both full-load and half-load will help us
to find the iron and copper losses.

At full-load
Output =600 kW ; Input = 600/0.92 = 652.2 kW ; Total loss= 652.2 — 600 =52.2 kW
Let X = lronloss — It remains constant at all loads.
y = FL.Culoss —ItisO(KVA)2. O x +y=522  ..()
At half-load

Output =300kW ; Input =300/0.92 O Losses=(300/0.92 - 300) = 26.1 kW
Since Culossbecomesone-fourth of itsF.L. value, hence
x+yl4 = 26.1
Solvingforxandy,weget x = 17.4kW ;y=234.8kW (i)
At 60 % full-load
Culoss=0.62 x 34.8=12.53 kW ; Total loss=17.4 + 12.53 = 29.93 kW
Output = 600 x 0.6 =360 kW [ n =360/389.93 = 0.965 or 96.5%
Example 32.70. The maximum efficiency of a 100-kVA, single phase transformer is 98% and

occurs at 80% of full load at 8 p.f. If the leakage impedance of the transformer is 5 %, find the
voltage regulation at rated load of 0.8 power factor lagging.

(Elect. Machines-|, Nagpur Univ. 1993)

Solution. Since maximum efficiency occursat 80 percent of full-load at 0.8 p.f.,

Output at 1., = (100 x 0.8) x 0.8 =64 kW ; Input = 64/0.98 = 65.3 kW

O Total loss= 65.3—64=1.3kW. Thislossisdivided equally between Cuand iron.
0O Culossat 80% of full-load = 1.3/2=0.65 kW

Culossat full-load = 0.65/0.8° = 1kW

% R= %SX1OO:1X% =1%=v,;v,=5%

0 %ageregn.=(1x0.8+5x%x0.6) + ZAOO (5x0.8—1x0.6)°=0.166%

Example32.71. A 10 kVA, 5000/440-V, 25-Hz single phasetransformer has copper, eddy current
and hysteresislosses of 1.5, 0.5 and 0.6 per cent of output on full load. What will be the percentage
losses if the transformer is used on a 10-kV, 50-Hz system keeping the full-load current constant ?
Assume unity power factor operation. Compare the full load efficiencies for the two cases.

(Elect. Machines, A.M.I .E., Sec. B, 1991)

Solution. We know that E; = 4,44 f N,B,A.. When both excitation voltage and frequency are
doubled, flux remains unchanged.

F.L.output at upf = 10kVA x 1=10kW
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F.L.Culoss=1.5x10/100=0.15kW ; Eddy current oss
= 0.5x10/100=0.05kW ; Hysteresisloss= 0.6 x 10/100 = 0.06 kW
Now, full-load current iskept constant but voltageisincreased from 5000 V to 10,000 V. Hence,
output will be doubled to 20 kW. Dueto constant current, Culosswould a so remain constant.
New Culoss = 0.15 kW, % Cu loss = (0.15/20) x 100 = 0.75 %
Now, eddy current loss [ f 2and hysteresisloss [ f.
New eddy current loss = 0.05 (50/25) = 0.2 kW, % eddy current loss= (0.2/20) x 100 = 1%
Now, W, = 0.06 x (50/25) = 0.12 kW, % W, = (0.12/20) x 100 = 0.6 %
1
"1 = 57015+ 006 To0e 10 = 874 %

20
20+0.15+0.2 +0.12

Example 32.72. A 300-kVA, single-phase transformer is designed to have a resistance of 1.5 %
and maximum efficiency occursat aload of 173.2 kVA. Find its efficiency when supplying full-load
at 0.8 p.f. lagging at normal voltage and frequency.  (Electrical Machines|, Gujarat Univ. 1985)

x100 = 97.7 %

N, =

) F.L. Culoss F.L. Culoss
. %R = k- CUIOSS , 145 .95- FL.Culoss
Solution R = Ruroad vy, 127 Booxa000 <P
0 FL.Culoss = 1.5x 300 1000/100=4500W
Also, 1732 = 300 [IFONLOSS .| 1n|0ss=1500W
\~ 4500
Total FL.loss = 4500-+1500=6kW
FL.na08pf. = —0*08 160 = o76%

(300x0.8) +6

Example 32.73. A single phase transformer is rated at 100-kVA, 2300/230-V, 50 Hz. The
maximum flux density in the coreis 1.2 Wh/n? and the net cross-sectional area of the coreis0.04 nt.
Determine

(a2) The number of primary and secondary turns needed.

(b) If the mean length of the magnetic circuit is 2.5 m and the relative permeability is 1200,
determine the magnetising current. Neglect the current drawn for the core loss.

(c) On short-circuit with full-load current flowing, the power input is 1200 W and an open-
circuit with rated voltage, the power input was 400 W. Determine the efficiency of the transformer
at 75 % of full-load with 0.8 p.f. lag.

(d) If the sametransformer isconnected to a supply of similar voltage but doubl e the frequency
(i.e,, 100 Hz). What isthe effect onitsefficiency ? (Elect. Engg., Bombay Univ. 1988)

Solution. () Applying e.m.f. equation of the transformer to the primary, we have

2300 = 4.44x50xN,x(1.2x0.04) 0O N,=216

K = 230/2300=1/10 N,=KN,=216/10=2L60r 22
®) AT = Hxl= B yj= 12X25  _1q99 7= B8 29510
Mo Ky 4t x10 © x1200
(0 FL.Culoss = 1200W —S.C.test; Ironloss=400W - O.C. test

Culossat 75%o0f FL. = (0.75)°x1200=675W
Total loss=400+675 = 1075kW
Output =100 x (3/4) x 0.8 =60 kW ; n = (60/61.075) x 100 = 98.26 %
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(d) Whenfrequency isdoubled, ironlossisincreased because

(i) hysteresislossisdoubled — W, O f

(i) eddy current lossisquadrupled— W, [f 2

Hence, efficiency will be decreased.

Example 32.74. A transformer has a resistance of 1.8 % and a reactance of 5.4 %. (a) At full
load, what is the power-factor at which the regulation will be : (i) Zero, (ii) positive-maximum ?
(b) If its maximum efficiency occurs at full-load (at unity p.f.), what will be the efficiency under these
conditions ?

Solution : Approximate percentage regulation is given, in this case, by the relationship

1.8cos@+5.4snq@.

(@) Regulation :

(i) If regulation is zero, negative sign must be applicable. This happens at leadings p.f.

Corresponding p.f. = tan@=1.8/5.4=0.333leading
Q= 18.44° leading
(if) For maximum positiveregulation, lagging p.f. isamust. From phasor diagram, theresult can
be obtained.
Correspondingtan@ = 5.4/1.8=3,¢p=71.56lagging
% Voltageregulation = 1.8cos@+54sn@=57%
(b) Efficiency : Maximum efficiency occursat such aload when
Iron losses = Copper losses

ThismeansIron-losses are 1.8 %.

Efficiency = 100/(100+ 1.8+ 1.8) =96.52%

Example32.75. A 10 kVA, 1 phase, 50 Hz, 500/250 V transformer gave following test results:

OCtest (LV) side: 250V, 3.0 A, 200 W

SCtest (LV) side: 15V, 30 A, 300 W.

Calculate efficiency and regulation at full load, 0.8 p.f. lagging.

(Nagpur University, Summer 2000)

Solution. For efficiency calculations, full load current should be calculated, on the L.V. sidein
this case,

10,000 _
FL. Current= 50 - 40amp
Short-circuit test data have been given at 30 A current ontheL.V. side.
2
i%r lossesat 40 A L.V. side = (g_g) x 300 Watts = 533.3 Wats
At rated voltage, iron losses (from O.C. test) = 200 Watts
F.L. Output at 0.8 PF. = 10,000 x 0.8 = 8000 Watts

_ 8000 o — 0
8000 + 47333 100 % =916%

For regulation, series resistance and reactance parameters of the equivalent circuit have to be
evauated, from the S.C. test.

Seriesimpedance,Z = == =0.

Hence, n =

[
[
o
o
o
=
3

Series resistance, r
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Seriesreactance, x = +/0.5% —0.333% =0.3730hm

By Approximateformula,
p.u. regulation at full load, 0.8 p.f. lagging
= 24—5_)(2) [0.333 x 0.8 - 0.373 x 0.6] = 6.82 x 10" p.L.

When converted into volts, thisis6.82 x 107 x 250=1.70volt

Example 32.76. A 40 kVA, 1-ph, transformer has an iron loss of 400 W, and full copper 10ss of
800 W. Find the load at which maximum efficiency is achieved at unity power factor.

(Amravati University, Winter 1999)
Solution. If x =fraction of rated load at which the efficiency is maximum.

P, = Iron-loss=400W
P, = FL.copper-loss=800W
Then X P. = P
On substitution of numerical values of P, and P,, we get
x = 0707

Hence, the efficiency is maximum, at unity p.f. and at 70.7 % of therated Load. At thisload,
copper—loss= Iron-loss = 0.40 kW

Corresponding output = 40x0.707x 1
= 28.28kW
; . _ 28.28 —
Corresponding efficiency = ———=== ____ = 97.25 %
esponding Y = 2828+04+04 ’
Extension to Question : (a) At what load (s) at unity p.f. the efficiency will be 96.8 % ?
98 T
97.5
B e T T G Yy Unity P.f.
97.25 > —
oo oooooooo e — N
|:| 97 /// //// O‘\\\ \\\
N
R
’ 7 \
7 \
96.5
0.90 P.f.
96 —l—
_I_
I
0| [ [ [
0 40 70 125
% Load

Fig. 32.58. Efficiency variation with load
Solution. Let x = Fractional load at which the concerned efficiency occurs, at unity p.f.

40"2 =0968
40 x+0.8x° +0.40

Thisgivesthefollowing values of x : X, =125 X,=0.40
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Thus, at 40 % and at 125 % of therated load, the efficiency will be 96.8% asmarked onthegraph,
inFig.32.58.

(b) How will maximum-efficiency condition be affected if the power factor is 0.90 lagging ?
Solution.

Theconditionfor efficiency-variation-statement isthat the power factor remainsconstant. Thus, for
0.90lagging p.f., another curve (Lower curvein Fig. 32.58) will bedrawnfor which the maximum efficiency
will occur at the samevalue of x (= 0.707), but

40 x cos @
40 cos +0.80 X* +0.40
28.28x0.90
(28.28x0.90) +0.80

Example32.77. A 10 kVA, 500/250 V, single-phase transformer gave the following test results:
S.C. Test (H.V.side) : 60V, 20 A, 150 W

The maximum efficiency occurs at unity power factor and at 1.20 times full-load current. De-
termine full-load efficiency at 0.80 p.f. Also calcul ate the maxi mum efficiency.

(Rajiv Gandhi Technical University, Bhopal, Summer 2001)
Solution. Full-load current on H.V. side=10,000/500 = 20 Amp

S.C. test has been conducted from H.V. side only. Hence, full-load copper-loss, at unity
p.f. =150 watts

(8) Maximum efficiency occursat 1.2 timesfull-load current, at unity p.f. corresponding copper-
loss= (1.2)* x 150 = 216 watts

At maximum efficiency, copper-loss = core-loss = 216 watts

Corresponding Power-output = 1.2 x 10,000 x 1.0 =12 kW

Hence, maximum efficiency at unity Pf. = (12)/(12 + 0.216 + 0.2160) = 0.9653 = 96.53 %
(b) Full-load efficiency at 0.80 Pf.

Output Power at full-load, 0.80 Pf. = 10,000 x 0.8 = 8000 W, constant core-loss=216 W
Corresponding copper-loss =150 W

Total losses = 366 W

Hence, efficiency = (8000/8366) x 100 % = 95.63 %.

Maximumefficency =

=97 %

32.31. Variation of Efficiency with Power Factor

Theefficiency of atransformer isgiven by 0.99
N = Output _ Input - Losses
Input Input 7
-0
_ g Loss_,_ Losses o 098 /| U\ﬁ.f
Input (V, 1, c05¢ +ossey) 2 //‘%f N
Let, losses/V, |, =X 2 U5
losses/V, 1, = A N\
On =1- 0.97
cos @ +(losses/V, | ,) /
X x/cos @
— _ =1-
(cos@ +x) 1 +(x/cos ¢ N
The variations of efficiency with power factor at 0'960 05 1.0 15
different loadingson atypical transformer are shownin Full Load

Fig. 32.59. Fig. 32.59
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Tutorial Problems 32.4

A 200-kVA transformer has an efficiency of 98 % at full-load. If the maximum efficiency occurs at
three-quartersof full-load, calculate (@) ironlossat F.L. (b) Culossat F.L. (c) efficiency at half-load.
Ignore magnetising current and assume ap.f. of 0.8 at al loads.

[(@) 1.777 kW (b) 2.09 kW (c) 97.92%]

A 600 kVA, 1-ph transformer has an efficiency of 92 % both at full-load and half-load at unity power
factor. Determineits efficiency at 60 % of full load at 0.8 power factor lag.

[90.59%)] (Elect. Machines, A.M.I E. Sec. B, 1992)
Find the efficiency of a 150 kVA transformer at 25 % full load at 0.8 p.f. lag if the copper loss at full
load is 1600 W and the iron lossis 1400 W. Ignore the effects of temperature rise and magnetising
current. [96.15%] (Elect. Machines, A.M.I.E. Sec. B, 1991)
TheF.L. Culossandiron loss of atransformer are 920 W and 430 W respectively. (i) Calculate the
loading of the transformer at which efficiency is maximum (ii) what would be the losses for giving
maximum efficiency at 0.85 of full-load if total full-load |osses are to remain unchanged ?

[(2) 68.4% of F.L. (i) W, =565 W ; W, = 785 W]
At full-load, the Cu and iron losses in a 100-kVA transformer are each equal to 2.5 kW. Find the
efficiency at aload of 65 kVA, power factor 0.8. [93.58%] (City & Guilds London)

A transformer, when tested on full-load, is found to have Cu loss 1.8% and reactance drop 3.8%.
Calculateitsfull-load regulation (i) at unity p.f. (ii) 0.8 p.f. lagging (iii) 0.8 p.f. leading.

[(i) 1.80% (ii) 3.7 % (iii) —0.88%]
With the help of a vector diagram, explain the significance of the following quantities in the open-
circuit and short-circuit tests of atransformer (&) power consumed (b) input voltage (c) input current.
When a 100-kVA single-phase transformer was tested in this way, the following data were obtained
: On open circuit, the power consumed was 1300 W and on short-circuit the power consumed was
1200 W. Calculate the efficiency of the transformer on (&) full-load (b) half-load when working at
unity power factor. [(8) 97.6% (b) 96.9%] (London Univ.)

An 11,000/230-V, 150-kVA, 50-Hz, 1-phase transformer has a core loss of 1.4 kW and full-load Cu
lossof 1.6 kW. Determine (a) the kVA load for maximum efficiency and the minmum efficiency (b)
theefficiency at half full-load at 0.8 power factor lagging. [140.33 kVA, 97.6% ; 97%]
A single-phase transformer, working at unity power factor hasan efficiency of 90 % at both half-load
and afull-load of 500 kW. Determinethe efficiency at 75 % of full-load. [90.5%] (I.E.E. London)

A 10-kVA, 500/250-V, single-phase transformer hasits maximum efficiency of 94 % when delivering
90 % of its rated output at unity power factor. Estimate its efficiency when delivering its full-load
output at p.f. of 0.8 lagging. [92.6%] (Elect. Machinery, Mysore Univ, 1979)
A single-phase transformer has a voltage ratio on open-circuit of 3300/660-V. The primary and
secondary resistances are 0.8 Q and 0.03 Q respectively, the corresponding |eakage reactance being
4Q and0.12 Q. Theload isequivalent to a coil of resistance 4.8 Q and inductive reactance 3.6 Q.
Determine the terminal voltage of the transformer and the output in kW. [636V, 54 kW]

A 100-kVA, single-phase transformer has an iron loss of 600 W and a copper loss of 1.5 kW at full-
load current. Calculatethe efficiency at (@) 100 kVA output at 0.8 p.f. lagging (b) 50 kVA output at
unity power factor. [(a) 97.44% (b) 98.09%]
A 10-kVA, 440/3300-V, 1-phase transformer, when tested on open circuit, gave the following figures
on the primary side: 440V ; 1.3 A ; 115W.
When tested on short-circuit with full-load current flowing, the power input was 140 W. Calculate
the efficiency of the transformer at (8) full-load unity p.f. (b) one quarter full-load 0.8 p.f.

[(a) 97.51% (b) 94.18%] (Elect. Engg-l, Sd. Patel Univ. June 1977)
A 150-kVA single-phase transformer has a core loss of 1.5 kW and a full-load Cu loss of 2 kW.
Calculate the efficiency of the transformer (a) at full-load, 0.8 p.f. lagging (b) at one-half full-load
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unity p.f. Determinealso the secondary current at which the efficiency ismaximumiif the secondary
voltageismaintained at itsrated value of 240 V. [(@) 97.17% (b) 97.4% ; 541 A]

A 200-kVA, 1-phase, 3300/400-V transformer gavethefollowing resultsin the short-circuit test. With
200V applied to the primary and the secondary short-circuited, the primary current wasthefull-load
value and theinput power 1650 W. Calculate the secondary p.d. and percentage regul ation when the
secondary load ispassing 300 A at 0.707 p.f. lagging with normal primary voltage.

[380 V ; 480%]
The primary and secondary windings of a 40-kVA, 6600/250-V, single-phase transformer have
resistances of 10 Q and 0.02 Q respectively. Theleakage reactance of thetransformer referred to the
primary is 35 Q. Calculate

(@) theprimary voltagerequiredto circulate full-load current when the secondary is short-circuited.
(b) thefull-load regulationsat (i) unity (ii) 0.8 lagging p.f. Neglect the no-load current.

[(@) 256 V (b) (i) 2.2% (ii) 3.7%] (Elect. Technology, Kerala Univ. 1979)
Calculate:
(@) FEL. efficiency at unity p.f.

(b) The secondary terminal voltage when supplying full-load secondary current at p.f. (i) 0.8 lag
(ii) 0.8 lead for the 4-kVVA, 200/400 V, 50 Hz, 1-phasetransformer of which thefollowing arethe

test figures
Open circuit with 200 V supplied to the primary winding-power 60 W. Short-circuit with 16 V
applied to the h.v. winding-current 8 A, power 40 W. [0.97; 383V ; 406 V]

A 100-kVA, 6600/250-V, 50-Hz transformer gave the following results :
O.C. test : 900 W, normal voltage.

S.C.test (dataon h.v. side) : 12 A, 290V, 860 W

Caculate

(a) theefficiency and percentageregulation at full-load at 0.8 p.f. lagging.

(b) theload at which maximum efficiency occursand the value of thisefficiency at p.f. of unity, 0.8
lagand 0.8 lead. [(a) 97.3%, 4.32% (b) 81 kVA, 97.8%, 97.3% ; 97.3%]

The primary resistance of a440/110-V transformer is 0.5 Q and the secondary resistanceis 0.04 Q.
When 440V isapplied to the primary and secondary is|eft open-circuited, 200 W isdrawn from the
supply. Find the secondary current which will give maximum efficiency and cal culate thisefficiency
for aload having unity power factor.

[53 A ; 93.58%] (Basic Electricity & Electronics. Bombay Univ. 1981)

Two testswere performed on a40-kVA transformer to predetermineitsefficiency. Theresultswere:
Open circuit : 250 V at 500 W
Short circuit : 40 V at F.L. current, 750 W both tests from primary side.
Calculate the efficiency at rated kVA and 1/2 rated kVA at (i) unity p.f. (ii) 0.8 p.f.
[96.97% ; 96.68% ; 96.24% ; 95.87%]
The following figures were obtained from tests on a 30-kVVA, 3000/110-V transformer :
O.C.test: 3000V  05A 350W; S.C.test; 150V 10 A 500 W
Calculate the efficiency of the transformer at
(& full-load, 0.8 p.f. (b) half-load, unity p.f.
Also, calculate the kVA output at which the efficiency ismaximum.  [96.56% ; 97% ; 25.1 kVA]

The efficiency of a400 kVA, 1-phase transformer is 98.77 % when delivering full load at 0.8 power
factor, and 99.13 % at half load and unity power factor. Calculate (&) theiron loss, (b) the full load
copper loss. [(a) 1012 W (b) 2973 W] (Rajiv Gandhi Technical University, 2000)
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32.32. All-day Efficiency

Theordinary or commercid efficiency of
atransformer isgiven by theratio
Output in watts
“Input in watts

But therearecertaintypesof transformers
whose performance cannot bejudged by this
efficiency. Transformersused for supplying
lighting and general network i.e., distribution
transformershavether primariesenergiseddl
the twenty-four hours, although their
secondaries supply little or no-load much of
thetimeduring theday except during thehouse The world first 5,000 KVA amorphous transformer
lighting period. It meansthat whereas core commissioned in August 2001 in Japan
loss occurs throughout the day, the Cu loss
occursonly when the transformers are loaded. Hence, it is considered agood practice to design such
transformersso that corelossesarevery low. The Culossesarerelatively lessimportant, because they
depend on theload. The performance of such iscompared on the basis of energy consumed during a
certaintimeperiod, usualy aday of 24 hours.

O = Output inkWh (For 24 hours)

N al-day Input in KWh
Thisefficiency isdwayslessthan thecommercid efficiency of atransformer.
Tofindthisal-day efficiency or (asitisaso called) energy efficiency, wehaveto know theload cycle

on the transformer i.e., how much and how long the transformer isloaded during 24 hours. Practical
calculationsarefacilitated by making use of aload factor.

Example 32.78. Find the all-day efficiency of 500-kVA distribution transformer whose copper
loss and iron loss at full load are 4.5 kW and 3.5 kW respectively. During a day of 24 hours, it is
loaded as under :

No. of hours Loading in kW Power factor
6 400 0.8
10 300 0.75
4 100 0.8
4 0 -

(Elect. Machines, Nagpur Univ. 1993)

Solution. It should be noted that a load of 400 kW at 0.8 p.f. is equal to 400/0.8 = 500 kVA.
Similarly, 300 kW at 0.75 p.f. means 300/0.75 = 400 kVA and 100kW &t 0.8 p.f. means 100/0.8 = 125kVA
i.e., one-fourth of thefull-load.

Culossat F.L. of 500 kVA
Culossat400kVA = 4.5x (400/500)° = 2.88kW
Culossat 125kVA = 4.5x (125/500)?=0.281KW
Total Culossin24hrs = (6x4.5)+(10x%2.88) + (4% 0.281) + (4 x0)
=56.924KkWh

Theiron loss takes place throughout the day irrespective of the load on the transformer because
itsprimary isenergized all the 24 hours.

45kW
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O Ironlossin24hours = 24 x 3.5=84 kWh
Totd transformerloss = 56.924 + 84 = 140.924 kWh
Transformer outputis24hrs = (6 x 400) + (10 x 300) + (4 x 100) = 5800 kWh

output  _ 5800 =0.976 or 97.6 %
output + losses 5800 +140.924

Example 32.79. A 100-kVA lighting transformer has a full-load loss of 3 KW, the |osses being
equally divided between iron and copper. During a day, the transformer operates on full-load for 3
hours, one half-load for 4 hours, the output being negligible for the remainder of the day. Calculate
the all-day efficiency. (Elect. Engg. Punjab Univ. 1990)

Solution. It should be noted that lighting transformers are taken to have aload p.f. of unity.
Iron lossfor 24 hour 1.5x24=36kWh;FL.Culoss=15kW
O Culossfor 3hoursonFL. = 1.5x3=45kWh

O N al-day

Culossat half full-load = 1.5/4kW
Culossfor 4 hoursat half theload = (1.5/4) x4=15kWh

Total losses=36+4.5+1.5 = 42kWh

Total output = (100 x 3) + (50x 4) = 500kWh

O N alday = 500x100/542=9226%
Incidentally, ordinary or commercial efficiency of thetransformeris
= 100/(100+ 3)=0.9710r 97.1%
Example 32.80. Two 100-kW transformer s each has a maximum efficiency of 98 % but in onethe
maxi mum efficiency occurs at full-load while in the other, it occurs at half-load. Each transformer

is on full-load for 4 hours, on half-load for 6 hours and on one-tenth load for 14 hours per day.
Determine the all-day efficiency of each transformer. (Elect. Machines-|, Vikram Univ. 1988)

Solution. Let x be the iron loss and y the full-load Cu loss. If the ordinary efficiency
isamaximum at 1/m of full-load, thenx = y/m?.

Now, output = 100kW ; Input =100/0.98

O Total losses = 100/0.98-100=2.04kW

O y+xm? = 204

Ist Transformer

Herem=1; y+y = 2.04;y=102kW andx=1.02kW

Ironlossfor 24 hours = 1.02x24=24.48kWh
Culossfor 24 hours = 4x1.02+6x(1.02/4) +14 (1.02/102) =573kWh
Total loss = 24.48+5.73=30.21kWh
= 4x100+6x50+14x10=840kWh

0 N aige = 840/870.21=0.9650r 965%
2nd Transformer
Here Um = 12orm=20y+y/4=2.04
or y = 1.63kW;x=0.14kW
Output = 840kWh ...as above

Ironlossfor 24 hours = 0.41x24=9.84kWh
Culossfor 24 hours = 4x1.63+6(1.63/4)+14 (1.63/102) =9.19kWh
Total loss = 9.84+9.19=19.03kWh
O N aldey = 840/859.03=0.9780r 97.8%
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Example 32.81. A 5-kVA distribution transformer has a full-load efficiency at unity p.f. of 95
%, the copper andironlossesthen being equal. Calculateitsall-day efficiencyif itisloaded throughout
the 24 hours as follows :

No load for 10 hours Quarter load for 7 hours
Half load for 5 hours Full load for 2 hours
Assumeload p.f. of unity. (Power Apparatus-|, Dehi Univ. 1987)

Solution. Let usfirst find out thelossesfrom the given commercial efficiency of thetransformer.
Output =5 x 1 =5kW ; Input = 5/0.95 = 5.264 kW
Losses = (5.264 - 5.000) = 0.264 kW = 264W
Sinceefficiency ismaximum, thelossesare divided equally between Cuandiron.
O Culossat FL.of 5kVA = 264/2=132W ; Ironloss= 132 W
Culossatone-fourthFL. = (1/4)°x 132=82W
Culossatone-haf FL. = (1/2)°x 132 =33 W
Quarter load Culossfor 7hours = 7 x8.2=57.4Wh
Half-load Culossfor 5hours = 5 x 33 =165 Wh
F.L.Culossfor2hours = 2 x 132 =264 Wh
Total Culossduringoneday = 57.4 + 165 + 264 = 486.4 Wh = 0.486 kWh
Ironlossin24hours = 24 x 132 = 3168 Wh = 3.168 kWh
Total lossesin24 hours = 3.168 + 0.486 = 3.654 kWh
Sinceload p.f. isto beassumed asunity.
F.L.output=5x1=5kW ; Half FL. output = (5/2) x 1= 2.5 kW
Quarter load output = (5/4) x 1 =1.25kW
Transformer outputinaday of 24hours = (7 x 1.25) + (5 x 2.5) + (2 x 5) = 31.25 kWh

_ 3125 oo
Naicy = (12543658 00 - 0928%

Example32.82. Find“ all day” efficiency of a transformer having maximum efficiency of 98 %
at 15 kVA at unity power factor and loaded as follows :
12 hours—2 kWat 0.5 p.f. lag
6 hours—12 kW at 0.8 p.f. lag
6 hours — at no load. (Elect. Machines-l, Nagpur Univ. 1993)
Solution. Output = 15x1=15kW, input=15/0.98
Losses = (15/0.98 - 15) = 0.306 kW = 306 W
Sinceefficiency ismaximum, thelossesare divided equally between Cuandiron.
O Culossat 15kVA 306/2 =153 W, Iron loss= 153 W
2kWat0.5p.f. = 2/0.5=4kVA, 12kW at 0.8 p.f. = 12/0.8 = 15 kVA
Culossat4kVA = 153 (4/15)°=10.9W ; Culossat 15 kVA = 153 W.
Culossin12hrs = 12x10.9=131Wh; Culossin6 hr =6 x 153 =918 Wh.
Total Culossfor24hr = 131 + 918 = 1050 Wh = 1.05 kWh
Ironlossfor24hrs = 24 x 153 = 3,672 Wh = 3.672 kWh
Outputin24hrs = (2 x12) + (6 x 12) =96 kWh
Inputin24hrs = 96+ 1.05 + 3.672 = 100.72 kWh
N alday = 96%100/100.72 = 953 %
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Example 32.83. A 150-kVA transformer isloaded as follows:
Load increasesfromzeroto 100 kVAin 3 hoursfrom 7 a.m. to 10.00 a.m., staysat 100 kVA from
10 a.m. to 6 p.m. and then the transformer is disconnected till next day. Assuming the load to be
resistive and core-loss equal to full-load copper loss of 1 kW, determine the all-day efficiency and
the ordinary efficiency of the transformer. (Electrical Machines-11, IndoreUniv. 1990)
Solution. Sinceload isresistive, itsp.f. isunity.
Averageloadfrom7am.to10am. = (0+100)/2=50kVAi.e,one-third F.L.
Loadfrom10am.to6p.m. = 100kVAi.e,2/30f FL.
Ordinary Efficiency
In this case, load variations are not relevant.
Output = 150x 1=150kW ; Ironloss= Culoss=1kW ; Total loss=2 kW.
0 Ordinaryn = 150/(150 + 2) =0.9868 or 98.68%
All-day Efficiency
Culossfrom7-10am.
Culossfrom10am. to6.p.m.
Total Culossfor 24 hrs

3x (U3)?x1=0.333kWh
8x (2/3)?x 1=3.555kWh
0.333+3.555=3.888kWh

Total ironlossfor 24 hrs = 24x1=24kWh
Lossesfor aday of 24 hrs = 27.888kWh
Output for 24 hrs = 3x (50 x 1) + 8 (100 % 1) = 950 kWh
950 x 100
O = ————— =9715%
N arey = {950+ 27.889) °

Example32.84. Findthe all-day efficiency of a 50 kVA distribution transformer having full load
efficiency of 94 % and full-load copper losses are equal to the constant iron losses. The loading of
the transformer is as follows, the power factor being 1.0.

(i) No load for 10 hours (i) Half load for 5 hours
(iii) 25 % load for 6 hours (iv) Full load for 3 hours. (Sambalpur Univergty, 1998)
Solution. At full load unity p.f.

efficiency = 94%:%
’ i
_ [50,000 o oo
op = 000 _ oo 1
' Bow 50’0005’ or P= 2x50,000 =

P = 25000x 996 - 1506 Watts
0.94

Hence, full load Cu-losses = 1596 Wetts

(a) Energy required in overcoming Cu-losses, during 24 hours
(i) Noloadfor 10 hours: zero

(ii) Athalfload, Cu-losses = (0.5)° x 1596 Watts=399

Energy in5hours = 399%5 |\Wh=1.995kWh

1000
(iii) At25%load,  Cu-loss = (0.25)° x 1596 = 99.75 Watts
. 6x99.75
E 6h = ———— = =0.5985kWh
nergy in 6 hours 1000
(iv) Energy lost during 3 hoursof full load = 15%60; 3= 4.788 kWh

(b) Energy lostin constant core-lossesfor 2 hours = 1838 x 24 =38.304 kWh
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(c) Energy required by theload = 25 x 5 + 12,5 x 6+ 50 x 3= 125 + 75 + 150 = 350 kWh

e 350 _ ,
All-dayefidency = = 38300+ 7.3815 <10 ~ 88454 %

Example32.85. A 10 kVA, 1-ph transformer hasa core-loss of 40 Wand full load ohmic |oss of

Transformer

100 W. The daily variation of load on the transformer is as follows:

6 a.m. to
1p.m.to
5p.m.to
lam.to
Determine all day efficiency of the transformer

Solution. Fractional loading (= x) and the output kWh corresponding to |oad variations can be
worked out in tabular form, asbelow :

1p.m.
S5p.m.
lam.
6am.

3kWat 0.60 p.f.
—-8kWat 0.8 p.f.
full load at u.p.f.

no load

(Amravati Univer sity, 1999)

load KVA 25 )
SN. | Number = _——— | X°P_in kW Output in Copper Loss
of hours Xmer Reting ¢ kwh in kWh
3/0.6 2 _

1 7 0 - 0.5 0.50° x 0.10 = 0.025 3x7=21 0.025 x 7=0.175
2 4 %%8 =10 0.10 8x4=32 0.1x4=0.40
3 8 %/)1 =10 0.10 10x8=280 0.1x8=0.8
4 5 Zero Zero Zero Zero

OutputinkWh 21+32+80

=133
Ohmic Loss, inkWh 0.175 + 0.40 + 0.80
=1.375
Corelossduring 24 Hrs = 40 x 24 =0.96 KWh
9 ~ 1000 "t
Hence, Energy efficiency (= All day Efficiency) = 133 x 100=983%
133+1.375+0.96

Example 32.86. A transformer has its maximum efficiency of 0.98 at 15 kVA at unity p.f.
During a day, it isloaded as follows:

12 hours
6 hours
6 hours
Find the all day efficiency.
Solution. Let 15kVA betreated asfull load.
Output at maximum efficiency = 15000 x 1 watts
Input = 15000/0.98 watts
Losses = Input — Output = 15000 (1/0.98 — 1) = 15000 x 2/98 = 306 Watts
At maximum efficiency, sincethevariable copper-lossand constant core-lossareequal.
Full load copper-loss= Constant core-loss = 306/2 = 153 Watts

Let theterm x representstheratio of required Load/Full load.

Output = 15 x cos @

2 kw at 0.8 p.f.
12kw at 0.8pf.
18kw at 09pf.

(Manomaniam Sundaranar Univ. April 1998)
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Following tabular entriessmplify thecal culationsfor all-day efficiency.

SN. [ x Hrs x’P_in kW | Energyin Copper | Output during the
-lossin kWh period in kWh
2/0.5 4
_— = — 12 .01 131 24
1 15 5 0.01088 0.13
2 %2'8 =10 6 0.153 0.918 72
8 %(5)9 =4/3 6 0.272 1.632 108

Total output during the day = 204 kwWh

Total copper-lossduring theday = 2.681 kWh

Total core-lossduring theday = 0.153 x 24 = 3.672
All day efficiency = (204/210.353) x 100 = 96.98 %

Tutorial Problems 32.5

1. A 100-kVA distribution transformer has a maximum efficiency of 98 % at 50 % full-load and unity

power factor. Determineitsiron losses and full-load copper losses.

Thetransformer undergoes adaily load cycle asfollows:

Load Power factor Load duration

100 kVA 10 8 hrs

50kVA 0.8 6 hrs

No load 10 hrs

Determineitsall-day efficiency. (Electrical Engineering, MS Univ. Baroda 1979)
2. What is meant by energy efficiency of atransformer ?

A 20-kVA transformer hasamaximum efficiency of 98 percent when delivering three-fourth full-load

at u.p.f. If during the day, the transformer is loaded as follows :

12 hours No load

6 hours 12 kWh, 0.8 p.f.

6 hours 20 kW, u.p.f.

Calculate the energy efficiency of the transformer.

(Electrical Technology-111, Gwalior Univ., 1980)
32.33. Auto-transformer

It is a transformer with one winding only, part of this being common to both primary and
secondary. Obviously, inthistransformer the primary and secondary are not electrically isolated from
each other asisthe case with a2-winding transformer. But itstheory and operation are similar to those
of atwo-winding transformer. Because of onewinding, it usesless copper and henceischeaper. Itis
used wheretransformation ratio differslittlefrom unity. Fig. 32.60 shows both step down and step-up
auto-transformers.

AsshowninFig. 32.60(a), AB, isprimary winding having N, turnsand BC is secondary winding
having N, turns. Neglecting iron losses and no-load current.
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Thecurrent in section CBisvector
difference* of I,and|,. But asthetwo
currentsare practically in phase oppo-
sition, theresultant currentis(l, - 1,)
wherel, isgreater thanl,.

As compared to an ordinary 2-
winding transformer of sameoutput, an
auto-transformer hashigher efficiency
but smaller size. Moreover, itsvoltage
regulationisalso superior.

Saving of Cu

Volumeand henceweight of Cu, is
proportional to the length and area of
the cross-section of the conductors. Fig. 32.60
Now, length of conductorsis proportional to the number of turnsand cross-section depends on current.
Hence, weight isproportional to the product of the current and number of turns.

Withreferenceto Fig. 32.60,

Wt. of CuinsectionACis[ (N, —N,) I, ; Wt. of CuinsectionBC is N, (I,—1,).

0 Total Wt. of Cuin auto-transformer 0 (N; =N,) I, + N, (I, - 1,)

If atwo-winding transformer wereto perform the same duty, then

Wt. of Cuonitsprimary [N, I, ; Wt. of Cuon secondary OON, |,

Total Wt. of Cu N, I, + N,l,,

=

(b)

Wt. of Cuinauto-transformer  _ (Ny = Np) I3 + N, (I, —1y)
Wt. of Cuinordinary transformer NI, + NI,
Ny
:|——N:l =1 —2_K:1—Kﬁm:|(,l_2 :lD
14+ Nay 1a 2 N K]
Nl Il

Wt. of Cu in auto-transformer
(W) = (1 -K) x (Wt. of Cuin ordinary
transformer W)

0 Saving=W,-W,

= W, - (1-K) W, =KW,

0 Saving=K x (Wt. of Cuinordi-
nary transformer)

Hence, saving will increaseasK ap-
proachesunity.

It can be proved that power trans-
formed inductivelyisinput (1 - K).

Therest of thepower = (K x input) is
conducted directly from the sourceto the
loadi.e, itistransferred conductively to
theload. Step up auto-transformer

* Infact, current flowing in the common winding of the auto-transformer is always equal to the difference
between the primary and secondary currents of an ordinary transformer.
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Uses

Assaid earlier, auto-transformers are used when K isnearly equal to unity and wherethereisno
objection to electrical connection between primary and secondary. Hence, such transformersare
used:

1. togivesmal boost to adistribution cableto correct the voltagedrop.
2. asauto-starter transformersto give upto 50 to 60 % of full voltageto an induction motor during
darting.
3. asfurnacetransformersfor getting aconvenient supply to suit thefurnacewinding from a230-V
supply

4. asinterconnecting transformersin 132 kV/330kV system.

5. incontrol equipment for 1-phaseand 3-phase el ectrical |ocomotives.

Example 32.87. An auto-transformer supplies a load of 3 kW at 115 volts at a unity power
factor. If the applied primary voltage is 230 volts, calculate the power transferred to the load

(a) inductively and (b) conductively. (Basic Elect. Machines, Nagpur Univ, 1991)

Solution. AsseenfromArt 32.33

Power transferred inductively = Input (1 —K)

Power transferred conductively = Input x K

Now, K =115/230 = 1/2, input Coutput = 3 kW

O Inductively transferred power = 3 (1 - 1/2) = 1.5kW

Conductivley transferred power = (1/2) x 3=1.5kW

Example 32.88. The primary and secondary voltages 80 A
of an auto-transformer are 500 V and 400 V respectively.
Show with the aid of diagram, the current distributionin the
winding when the secondary current is 100 A and calculate
the economy of Cu in this particular case.

Solution. ThecircuitisshowninFig, 30.61.

K =V,/V,=400/500=0.8

O I, = KI,=0.8x100=80A Fig. 32.61

Thecurrent distributionisshowninFig. 32.61.

Saving =KW,=0.8 W, - Art 32.33

0 Percentagesaving=0.8 x 100=80

Example 32.89. Determine the core area, the number of turns and the position of the tapping

point for a 500-kVA, 50-Hz, single-phase, 6,600/5,000-V auto-transforrneré assuming the following
approximate values: em.f. per turn 8 V. Maximum flux density 1.3 Wh/m'.

Solution. E = 444f®_ Nvolt

o = E/N__ 8
m 444f  4.44x50
Core area= 0.03604/1.3 = 0.0277 m? = 277 cm”
Turnsof h.v. side=6600/8=825; Turnsof L.V. side=5000/8 = 625
Hence, tapping should be 200 turnsfrom high voltage end or 625 turnsfrom the common end.

= 0.03604 Wb

32.34. Conversion of 2-Winding Transformer into Auto-transformer

Any two-winding transformer can be converted into an auto-transformer either step-down or
step-up. Fig. 32.62 (a) shows such atransformer with its polarity markings. Supposeitisa20-kVA,
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2400/240V transformer. If weemploy additive polarity between the high-voltage and low-voltage sides,
weget astep-up auto-transformer. If, however, we usethe subtractive polarity, we get astep-down auto-
transformer.

20 kVA

o]
o

2400 V ‘ ‘ 240V Input
(@)

Fig. 32.62
(a) Additive Polarity

Connectionsfor such apolarity areshowninFig. 32.62 (b). Thecircuitisre-drawninFig. 32.62(c)
showing common terminal of thetransformer at thetop whereasFig. 32.62 (d) showsthe same circuit
with common terminal at the bottom. Because of additive polarity, V, = 2400+ 240=2640V and V; is
2400 V. Thereis amarked increase in the kVA of the auto-transformer (Ex. 32.90). Asshown in
Fig. 32.62 (d), common current flows towardsthe common terminal. Thetransformer actsasastep-up
transformer.

(b) Subtractive Polarity

Suchaconnectionisshownin Fig. 32.63 (a). Thecircuit hasbeen re-drawn with common polarity
attopinFig. 32.63 (b) and at bottomin Fig. 32.63 (¢). Inthiscase, thetransformer actsasastep-down
auto-transformer.

Output
O

>

by :
Input E
o

2400V

240V

(@) ()
Fig. 32.63
The common current flows away from thecommon terminal. Aswill beshowninExample32.91, in

thiscaseaso, thereisavery largeincreasein kVA rating of the auto-transformer though not asmarked as
inthe previous case. Here, V,=2400-240=2160V.

Example 32.90. For the 20-kVA, 2400/240-V two-winding step-down transformer shown in

Fig. 32.63 (a) connected as an auto-transformer with additive polarity as shown in Fig. 30.61 (d),
compute
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(i) original current capacity of HV-windings.
(if) original current capacity of LV-windings.
(iii) kVA rating of auto-transformer using current capacity of current LV winding as cal culated
in (i) above.
(iv) per centincreasein kVA capacity of auto-transformer as compared to original two-winding
transformer.
(v) valuesof I, and | inFig. 30.61 (d) fromvalue of |, used in (iii) above.
(vi) per cent overload of 2400-V winding when used as an auto-transformer.
(vii) comment on the results obtained.
Solution. (i) I, =20 x 10%2400=8.33 A (ii) I,=1,/K=833x10=833A
(iii) KkVA rating of auto-transformer V|, = 2640 x 83.3 x 10~3=220kVA

(iv) PercentincreaseinkVA rating= % %100 = 1100%

(v) 1,=220x 10%2400 = 91.7A, l.=1,-1,=91.7-833=84A
(vi) Per cent overload of 2400 V winding = 8.4 x 100/8.33 = 100.8%
(vii) Asanauto-transformer, thekVA hasincreased tremendously to 1100% of itsoriginal valuewith
LV coail at itsrated current capacity and HV coil at negligibleoverload i.e. 1.008 x rated load.
Example 32.91. Repeat Example 30.64 for subtractive polarity as shown in Fig. 32.62 (c).
Solution. (i) 1, =8.33A (ii)1,=83.3A
(iii) New kVA rating of auto-transformer is 2160 x 83.3x 10™3= 180 kVA

(iv) PercentincreaseinkVA rating = % %100 = 900%

(v) 1,=180x% 10%2400 = 75 A, l,=1,-1,=833-75=83A

(vi) Per cent overload of 2400V winding = 8.3 x 100/8.33 = 100%

(vii) Inthiscase, kVA hasincreased to 900% of itsoriginal value asatwo-winding transformer with
both |ow-voltageand high-voltagewindingscarrying their rated currents.

Theabove phenomenal increasein kVA capacity isdueto thefact that in an auto-transformer energy
transfer from primary to secondary is by both conduction as well as induction whereas in a
2-winding transformer itisby induction only. Thisextraconductivelink ismainly responsiblefor the
increasein kVA capacity.

Example32.92. A 5-kVA, 110/110-V, single-phase, 50-Hz transformer hasfull-load efficiency of
95% and an iron loss of 50 W. The transformer is now connected as an auto-transformer to a
220-V supply. If it delivers a 5-kW load at unity power factor to a 110-V circuit, calculate the
efficiency of the operation and the current drawn by the high-voltage side.

(Electric Machinery-I1, Banglore Univ. 1991)

Solution. Fig. 32.64 (a) Primary Secondary
showsthenormal connection  ° T
fora2-windingtransformer. In ‘[ ‘[
Fig. 32.64 (b) the same unit 2BV
hasbeen connected asan auto 1oV 110V T =
transformer. Since the two 110V
windingsareconnectedin se- l

(o] O

ries, voltageacrosseachis110 I
V. (a) 2-Winding Transformer (b) Auto-Transformer

The iron loss would Fig. 32.64
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remain the samein both connections. Sincethe auto-transformer windingswill each carry but half the
current ascompared to the conventional two-winding transformer, the copper losswill be one-fourth of the
previousvalue.

Two-winding Transformer

output _ 5,000
output + losses 5,000 + 50 + Cu loss

n=0.95 0 0.95=

O Culoss=212W
Auto-transformer
5,000

= ——  __ =0.9797 7.97%
5000 + 53+ 50 0.9797 or 97.97%

Culoss=212/4=53W; Ironloss=50W [h

Current of theh.v. side=5103/220=23.2 A

Example 32.93. A transformer has a primary voltage rating of 11500 volts and secondary volt-
age rating of 2300 volts. Two windings are connected in series and the primary is connected to a
supply of 11500 volts, to act as a step-up auto transformer. Determine the voltage output of the
transformer.

Question extended : If the two winding transformer israted at 115 kVA, what will be the kVA
raitng of the auto-transformer ? (MadrasUniverdgty, 1997)

Solution. AsinFig. 32.65(a), 115kVA, 11500/2300 V, transformer hasthe current ratingsof 10 A
and 50 A.

Referring to Fig. 32.65 (b), the step-up connections have been shown. Winding currents have to
be at the samerated values. AsinFig. 32.65 (b), thevoltage obtainableat B, — B, is13800V, and from
b, aload-current of 50 A can be supplied.

KVA rating = 13800 x 50 x 10" =690

2300 \%
PRI SEC  SOamp A0S A
108 4, gHE b, < ® 1 13800 V
11500 \%
. % b, .
11500/2300 V B,
Ao «
60 A a
(b) 2 winding transformer Rating : 115kVA (b) Auto transformer
Fig. 32.65

Example 32.94. An 11500/2300 V transformer israted at 100 kVA as a 2 winding transformer.
If the two windings are connected in series to form an auto-transformer, what will be the possible
voltage ratios ? (Manonmaniam Sundaranar Univ. April 1998)

Solution. Fig. 32.66 (a) showsthis2-winding transformer with
rated winding currentsmarked .
Rated current of 11.5 KV winding = 100 x 100/11500 = 8.7 1A~ % %
Amp
Rated current of 2300 V winding =43.5Amp 11500/23OOV
Fig. 32.66 (b) and Fig. 32.66 (c) show autotransformer Fig. 32.66 (a). 2 winding transformer

PRI SEC 50 amp
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connections. OnH.V. side, they have arating of 13.8kV. OnL.V. side, with connection asin Fig. 32.66
(b), theratingis2300V. OnL.V. sideof Fig. 32.66 (c), theoutputisat 11.5kV.

Thus, possiblevoltageratiosare: 13800/2300 V and 13800/11500 V.
With both the connections, step-up or step-down versionsare possible.
Extension of Question : Calculate kVA ratingsin thetwo cases.

8 7 amp 43 S amp
52 2A 522A

13800 V 13800 V T
43k 5AT§ 11500V 8.7 ampT 11500 V

: A !

Fig. 32.66
Windingswill carry therated currents, whileworking out KVA outputs.
InFig. 32.66 (b), Input current (into terminal A, of windingsA-A,) canbe8.7 Ampwith H.V.-side-
voltageratingsas13.8kV. Transformation ratio = 13800/2300 =6
Hence, kVA rating 13.8x8.7=120
Output current 120 % 1000/2300=52.2 Amp
Currentinthewinding B,-B,

= Difference of Output current and Input current
=52.2-8.7=43.5A, whichistherated current of thewinding B,-B.,.
InFig. 32.66 (c). Similarly, transformation ratio=13800/11500=1.2
KVA rating = 13800x435x 10 *=600
Output current = 600x 1000/11500=52.2 Amp

Current carried by commonwinding=52.2-43.5=8.7 A, whichisrated current for thewinding
A -A,. Thus, with the same two windings give, atransformation ratio closer to unity giveshigher kVA
rating as an auto transformer.

Thus, a100 kVA two winding transformer isreconnected as an autotransformer of 120 kV A with
transformation ratio as 6, and becomes a 600 kVA autotransformer with transformationratioas 1.2.

Example 32.95. A two-winding transformer is 208 A
rated at 2400/240 V, 50-kVA. It is re-connected as a > 'y
step-up auto-transformer, with 2400 V input. Calcu- T
late the rating of the auto-transformer and the induc- 208 AI 240V
tively and conductively transferred powerswhile deliv-

ering the rated output at unity power-factor. o ) ~ _L o
(Nagpur Universty, Winter 1999)
Solution. With50kVA astherating, therated currents 2640 V
on the two sides are 20.8 A (2400-V side) and 208 A 20.8 A
(240-V side). Withtherequired re-connection, the2400- 2400V
V windingwill work asacommonwinding. Asshownin l
Fig. 32.67, thewinding common to input and output can ~ © <
carry 20.8 A, the output current can be 208 A with a
voltage of 2640V, which meansthat the output of thisaLito Fig. 32.67

220 A
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transformer is (2640 x 208) =550 kVA.
The corresponding input-currentis
(208 x 2640/2400) = 229 A.
Theratio of turnsinthiscaseisgiven by
k =2640/2400=1.1
Withthestep-upjob,and k = 1.1
Rating of Auto-transformer _ k _1
Rating as two-winding transformer ~ k~1_ 0.1
Thisgivestherating asauto-transformer of 550 kVA.
At unity power-factor, therated |oad = 550 kW.
Out of this, the“inductively” transferred power
= Power handled by thecommonwinding
(2400 V) x (20.8 A) x 103 =50 kW.
Rated output asatwo-winding transformer.
RemainingPower = 550 kW — 50 kW = 500 kW.

Thispower of 500 kW is*“conductively” transferred asisclear fromthedivision of currentsat the
input node. Out of thetotal current of 229 A from the source, 208 A goes straight to the output. The
remaining current of 20.8 A is through the “common” and “inductive” path, as marked in the
Fig. 32.67.

=

32.35. Parallel Operation of Single-phase Transformers

For supplying aload in excess of therating of
an existing transformer, asecond transformer may \

A
be connected in parallel withit asshownin Fig. ¢ ¢
32.68. It is seen that primary windings are
connected to the supply bus bars and secondary

windings are connected to the load bus-bars. In
connecting two or morethan two transformersin
parald,itisessentia that their terminasof smilar
polaritiesarejoined tothe samebus-barsasin Fig.
32.68. If thisisnot done, thetwo em.fs. induced °
inthesacondarieswhich areparalded withincorrect % H E
polarities, will act together inthelocal secondary o .
circuit evenwhen supplying noload and will hence
produce the equivalent of adead short-circuit as
showninFig. 32.69.

There are certain definite conditionswhich
must besatisfiedin order toavoid any local circulating currentsand to ensurethat thetransformerssharethe
commonloadin proportiontotheir KVA ratings. Theconditionsare:

1. Primary windings of thetransformersshould be suitablefor the supply system voltageand fre-

quency.

2. Thetransformersshould be properly connected with regard to polarity.

3. Thevoltageratingsof both primariesand secondaries should beidentical. Inother words, the

transformersshould havethe sameturnratioi.e. transformation retio.

4.  Thepercentageimpedancesshould beequd in magnitudeand havethesame X/Rratioin order to

avoid circulating currents and operation at different power factors.

Primary Busbars
Secondary Busbars

e

Fig. 32.68
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5. With transformers having different kVA ratings, the equivalent impedances should be
inversely proportional to theindividual kVA rating if circulating currents are to be avoided.

Of these conditions, (1) iseasily comprehended ; condition (2) isabsolutely essential (otherwise
paralleling with incorrect polaritieswill result in dead short-circuit). Thereissomelattitude possible
with conditions (3) and (4). If condition (3) is not exactly satisfied i.e. the two transformers have
slightly different transformation or voltageratios, even then parallel operationispossible. But dueto
inequality of induced em.fs. in secondaries, therewill be even on no-load, somecirculating current between
them (and therefore between the primary windingsa so) when secondary termina sare connected in pardlel.
When secondariesareloaded, thislocalized circulating current will tend to produce unequal loading condition.
Hence, it may beimpossibleto takefull k\VA output
fromtheparalel connected group without one of the

transformersbecoming over-heated. % ‘ ‘ ‘
If condition (4) is not exactly satisfied i.e. T

impedancetrianglesarenot identical in shapeand
size, parallel operation will still bepossible, but the
Fig. 32.69

power factorsat which thetwo transformersoperate
will bedifferent from the power factor of thecommon
load. Therefore, inthiscase, thetwo transformers
will not share theload in proportion to their kVA
ratings.

It should be noted that theimpedances of two
transformersmay differ in magnitudeand in quality (i.e. ratio of equivalent resistanceto reactance). Itis
worthwhileto distinguish between the per centage and numerical value of animpedance. For example,
consider two transformershaving ratingsintheratio1: 2. Itisobviousthat to carry doublethe current, the
latter must have half theimpedance of the former for the same regulation. For parallel operation, the
regulation must be the same, this condition being enforced by the very fact of their being connected in
parald. 1t meansthat the currentscarried by thetwo transformersare proportiona totheir ratings provided
their numerical impedancesareinversely proportional to theseratingsand their percentageimpedances
areidentical.

If the quality of thetwo percentageimpedancesisdifferent (i.e. ratio of percentage resistance to
reactanceisdifferent), then thiswill result in divergence of phase angle of the two currents, with the
result that onetransformer will be operating with ahigher and the other with alower power factor than
that of the combined load.

(@) Casel. ldeal Case

Wewill first consider theideal case of two transformers having the same voltageratio and having
impedance voltage trianglesidentical in size and shape.

L et E be the no-load secondary voltage of each transformer and V,, the terminal voltage; | , and
|5 thecurrents supplied by themand | -thetotal current, lagging behind V, by anangle @(Fig. 32.70(a)

Primary Busbars
<
Load Busbars

Fig. 32.70 (a) Fig. 32.70 (b)
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InFig. 32.70 (b) asingletriangle ABC representstheidentical impedancevoltagetrianglesof boththe
transformers. Thecurrents| , and|; of theindividua transformersarein phasewith theload current | and
areinversely proportional to therespectiveimpedances. Following relationsare obvious.

| = 1, +1g V,=E-1,Z, =E-1,Z,=E—-1Z,4

Also 1\ Zp = 1gZg OF 1\ /lg=Z,/Z,

O Iy = 1Z5/(Zy+2Z5) and g =1Z,/(Z,+Zy)

(b) Case 2. Equal Voltage Ratios

L et usassumethat no-load voltages of both secondariesisthesamei.e. E, = E; = E, and that thetwo
voltagesare coincident i.e. thereis no phase difference between E, and Eg, whichwould betrueif the
magnetising currents of the two
transformersare not much different
from each other. Under these
conditions, both primaries and v,
secondaries of thetwo transformers
canbeconnectedin parald and there
will circulateno current betweenthem
on on-load.

However, if we neglect the Fig. 32.71
magnetising admittances, thetwo transformers can be connected as shown by their equivaent circuitsin Fig.
32.71. Thevector diagramisshowninFig. 32.72.

FromFig. 32.71 (a) or (b) itisseenthat it representstwo impedancesin parallel. Considering all
values consistently with reference to secondaries, let

Z,, Zg = impedancesof thetransformers

la: Ig = theirrespectivecurrents
V, = commontermina voltage
| = combined current

Itisseenthat 1,2, =1Z5=1Z,5 ..(I)
whereZ , 5 isthe combined impedance of Z,
andZginparald.
YZ,g = UZp+1UZy
Hence Z,g = Z,Zgl(Zp+Zg)  ..(i0)
From equation (i), weget

Fig. 32.72

Zp = |ZpgZpy=1Zgl(Zp+Zg) and | g =1Z pglZg = 1Z p (Zp + Zg)
Multiplying both sidesby commonterminal voltageV,, wehave

z - 4
Vol =Vl =—E—: Smilarly V,l= A
2a = Vel7 47 Y Valg= Vil Z 427,
LetV,l x10™> = Sthecombined load KVA. Then, thekVA carried by each transformer is
Z Z
S4,=S-—28 =g 1  aod —g %A _—g 1 (i
A7 2y STz,iz, =57 47, Sz, 0z, (i

Hence, S, and S; are obtained in magnitude as well asin phase from the above vectorial
expressions.

Theabove problem may be solved graphicaly, dthough somewhat morelaborioudy. AsshowninFig.
32.72,drawnl , and I ; withan angular difference of (@, —¢5) and magnitude (according to some suitable

scale) inversely proportional to the respectiveimpedances. Vector sumof 1, and | g givestotal combined
current |. The phaseangleand magnitudeof | will beknown from the conditions of loading, so that angle @
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between V, and | will beknown. Inserting this, the transformer currents |, and | ; become known in
magnitude and phasewith respectto V.,

Note. (&) Ineguation (iii) above, it is not necessary to use the ohmic values of resistances and reactances,
because only impedance ratios are required.

(b) The two percentage impedances must be adjusted to the same kVA in the case of transformers of
different rating asin Ex. 32.101.

(c) From equation (iii) above, it is seen that if two transformers having the same rating and the same
transformation ratio are to share theload equally, then their impedances should be equal i.e. equal resistancesand
reactances and not numerical equality of impedances. Ingeneral, for transformers of different ratings but same
transformation ratio, their equivalent impedances must beinversely proportional to their ratingsif each transformer
istoassumealoadin proportiontoitsrating. For example, assaid earlier, atransformer operating in parallel with
another of twicetherating, must have animpedance twicethat of the large transformer in order that theload may

be properly shared between them.

Example 32.96. Two 1-phase transformerswith equal turns have impedances of (0.5 + j3) ohm
and (0.6 + j10) ohm with respect to the secondary. If they operate in parallel, determine how they
will share a total load of 100 kw at p.f. 0.8 lagging ? (Electrical Technology, MadrasUniv. 1987)

Solution. Z,=0.5+j3=3.04080.6° Z;=0.6+)10=10.02(186.6°
Z,+Zg = 11+j13=13.05085.2°
Now, aload of 100 kW at 0.8 p.f. meansakVA of 100/0.8 = 125. Hence,

S = 125+ 369
Z 125+ 36.9x 10.021 86.6
=S A = = 5°
Sa ZytZg 13.050 85.2 % 355
= aload of 96 x cos 35.5° = 78.2 kW
Z 125+ 36.9x 3.04 80.6
=S A = =29.13F 415°
Ss ZytZg 13.05085.2

aload of 29.1 x cos41.5° = 21.8 kW
Note. Obviously, transformer A is carrying more than its due share of the common load.

Example 32.97. Two single-phase transformers A and B are connected in parallel. They have
same kVA ratings but their resistances are respectively 0.005 and 0.01 per unit and their leakage
reactances 0.05 and 0.04 per unit. If Aisoperated on full-load at a p.f. of 0.8 lagging, what will be

theload and p.f. of B ? (A.C.Machines-, Jadavpur Univ. 1985)

Solution. Ingeneral, S, = SZAZ-FBZB and Sy= SZAZ-FAZB
where Sisthetotal kVA supplied and Z, and Z arethe percentageimpedances of thesetransformers.

Sg _ Za

SA ZB
Now, Z, = 0.005+j0.05perunit;%Z,=05+j5and%Z;=1+j4
Let Sy = S0~ 36.87°
where S, representstherating of transformer A (and aso of B).

S, = S, 3 3687 x %
20.7

S, 3 36.87°x 7 08.3°=122S, 3 2857°
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Itisobviousthat transformer B isworking 22% over-load and its power factor is
€0s28.57° = 0.878 (lag)
Example 32.98. Two 1-phase transformers A and B rated at 250 kVA each are operated in

parallel on both sides. Percentageimpedancesfor Aand Bare (1 + j 6) and (1.2 + j 4.8) respectively.
Compute the load shared by each when the total load is 500 kVA at 0.8 p.f. lagging.

(Electrical Machines-II, Indore Univ. 1989)

Solution.
Zp  _ 1+_l6 = 0.55[12.1°; Zg 1'2+_j 4.8 =045 25°
Z,+Zg 22+)108 Z,+Z, 22+j108
ZB
S, =S = 500F 36.9° x 0453 2.5° =225 39.4°
Z,+Z,
ZA

Sg = SZ 7 5002 36.9° x0.5502.1° = 275[F 34.8°
AT 4B

Obvioudly, transformer B isoverloaded to the extent of (275 — 250) x 100/250 = 10%. It carries
(275/500) x 100 =55% of thetotal load.

Example 32.99. Two 100-kW, single-phase transformers are connected in parallel both on the
primary and secondary. One transformer has an ohmic drop of 0.5% at full-load and an inductive
drop of 8% at full-load current. The other has an ohmic drop of 0.75% and inductive drop of 2%.
Show how will they share a load of 180 kW at 0.9 power factor.

(Elect. Machines-|, Calcutta Univ. 1988)
Solution. A load of 180 kW at 0.9 p.f. meansakVA of 180/0.9 =200

0 Load S = 200-258°
Z, _ (05+j8 _(05+8(L25-j12)
Z+7Z, (1.25+12 1.25% +12?
_ 9663+ 4 _09665024 _ o
1456 1456 066424
Z, _ (075+j4@L25-j12)
Z,+Z, 145.6
_ 4894-j4 4913 B
~ 1456 1456
= 03373 5°
S =S Z2 005 258° x 03373 5°=67.43 308°
Z,+7Z,
O kW, = 67.4x cos30.8° = 67.4 x 0.859 = 57.9 kW
S, = 2003 25.8°x 0.664 [12.4°=132.83F 234
kW, = 132.8x cos23.4° = 132.8 x 0.915 = 121.5 kW

Note. Second transformer isworking 21.5% over-load. Also, it shares 65.7% of the total |oad.

Example 32.100. A load of 200 kW at 0.85 power factor lagging isto be shared by two transform-
ers A and B having the same ratings and the same transformation ratio. For transformer A, the full-
load resistive drop is 1% and reactance drop 5% of the normal terminal voltage. For transformer
B the corresponding values are : 2% and 6%. Calculate the load kVA supplied by each transformer.

Solution. Z, = 1+j5Z,=Z+j6
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Z, _1+j5 _ . . Lg _2+j6 _ .
Z, “27i6 - 08+j0.1; Z, =175 =123-j0.514
Load kVA = kW/p.f. =200/0.85=235

kVA =S = 235(0.85 - j 0.527)
= 200-j123.8 (" cos@=0.85; sin =0.527)
s, = s %8 -g 1
A Zy+Zy T1+(Z,1Zp)
200- j123.8 _ 200 - j123.8
1+(0.8+j0.) 1.8+j0.1

=107.3-j 749

Sy = /(107.3% + 74.9%) =131; cos @, = 107.3/131=0.82 (lag)

. Z 1
= S-—A =5
Similaty S = 57 Nz, T STr @z,
_ _200-j1238 _ 200~ 1238 _ g _; gq
1+(1.23-j0.514) 2.23-0.154
0 S; = /(93 +49%) =105; cos @ = 90/105 = 0.888 (Iag)

(Asacheck, S= S, + §; =131+ 105=236. Thesmall error is due to approximations made in
calculations.)

Example 32.101. Two 2,200/110-V, transformers are operated in parallel to share a load of
125 kVA at 0.8 power factor lagging. Transformers are rated as below :

A : 100 kVA ; 0.9% resistance and 10% reactance
B: 50 kVA ; 1.0% resistance and 5% reactance
Find the load carried by each transformer. (Elect. Technology, Utkal Univ. 1989)

Solution. It should be noted that the percentages given above refer to different ratings. As
pointed out in Art. 32.35, these should be adjusted to the same basic kVA, say, 100 kVA.

%Z7,=09+j10; %Z,=(100/50)(1+]5)=(2+] 10)

Zy  _ 09+j10 _(0.9+j10)(29 - 20)
ZpytZg 29+ j20) 2.9% + 207
_ (2026 +j11) _ 202.93.1° _ .
4084 2084 - 049%8L3T
Zg  _ (2+j10)(29-j20) _206-j11
Z,+Z, 4084 408.4
206103 3.1°
= — = 0. B‘ .10
408.4 05045 3
Also cosp=0.8,¢ = cos *(0.8)=36.9°
ZB
S, = SZA+ZB = 1253 369°x05043 31°=633 40°
S.=S ZA_ - 1253 369°x04968(131°=6210 33.8°
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Example 32.102. A 500-kVA transformer with 1% resistance and 5% reactance is connected in
parallel with a 250-kVA transformer with 1.5% resistance and 4% reactance. The secondary
voltage of each transformer is400 V on no-load. Find how they share aload of 750-kVA at a p.f. of
0.8 lagging. (Electrical Machinery-I, Madras Univ. 1987)

Solution. It may be noted that percentage drops given aboverefer to different ratings. These should
be adjusted to the same basic kVA i.e. 500 kVA.

%Z,=1+j5= 5.1D78.7°;%zB:(%)(1.5+j4):3+18:8.55m69.4°
WZ,+Zy) = 4+j13=1360729°;S=7503F 36.9°
A B

Zg 750 (- 36.9x 8.55] 634
S =S=—B_— - : : 2 =470+ 404°
AT Lptlg 13.6 072.9
= 470kVA at p.f. of 0.762 lagging
Z 750+ 36.9x 5.1 787
= S A = = 1°
Se Z,+Z, 1360729 2800 311

280 kVA at p.f. 0.856 lagging

Note. The above solution has been attempted vectorialy, but in practice, the angle between | , and | isso
small that if instead of using vectorial expressions, arithmetic expressions were used, the answer would not be
much different. In most cases, cal culations by both vectorial and arithmetical methods generally yield resultsthat
do not differ sufficiently to warrant the moreinvolved procedure by the vector solution. The above examplewill
now be attempted arithmetically :

Z,=51Q,7,
Total current
I

855Q;1,/1g=24/7,=855/51=167701,=16771g
750,000/400=1875A
I, +1g;1875=1.677I5+1;=2677150 1,=1875/2.677
O S; = 400x1875/2.677 x 100=280kVA
|, = 1.677x1875/2.677
S, = 400x1.677x1875/2.677 % 1000=470kVA
Example 32.103. Two single-phase transformers A and B of equal voltage ratio are running in
parallel and supply aload of 1000 A at 0.8 p.f. lag. The equival ent impedances of the two transformers
are (2 + j3) and (2.5 + j5) ohms respectively. Calculate the current supplied by each transformer
and the ratio of the kW output of the two transformers.
(Electrical Machines-|, Bombay Univ. 1986)
Solution. Z, = (2+]3),Z5=(25+]5)
Ian_Zg _ 25+j5

Now, =(1.54+j0.2);1,=15(1.54+j0.2)

ls " Z, ~ 2+3
Taking secondary terminal voltage as reference vector, we get
| = 1000(0.8-j0.6) =800-j600=200(4-]j 3)
Also, I = 1, +15=15(1.54+j0.2)+Ig=15(254+]0.2)
O 200(4-j3) = 15(254+j0.2); 1;=294.6-j259.5=392.6[F 41.37°
[,=15(154+]0.2) = (294.6—]259.5) (1.54+] 0.2)=505.6—) 340.7
609.7 & 33.95°
Theratio of the kW output is given by theratio of the in-phase components of the two currents.
outputof A _ 5056 _1.7

outputof B~ 2946 1
Note. Arithmetic solution mentioned above could a so be attempted.
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Example 32.104. Two transformers A and B, both of no-load ratio 1,000/500-V are connected
in parallel and supplied at 1,000 V. A is rated at 100 kVA, its total resistance and reactance being
1% and 5% respectively, B is rated at 250 kVA, with 2% resistance and 2% reactance. Determine
the load on each transformer and the secondary voltage when a total load of 300 kVA at 0.8 power
factor lagging is supplied.

Solution. Let the percentageimpedances be adjusted to the common basic kVA of 100.

Then %Z, = (1+]5); %Zg = (100/250)(2 +j2) = (0.8 + 0.8)
Z, _ 1+j5 _
Z,+Zg = (18+j58 0.83905.9
Z, 0.8+j0.8
= , =0.18653F 27.6°
Z,+Zg (1.8+ 5.8
Now, S = 300+ 36.9°=240-j180
Sy = S.Z—B = 3003 36.9°x0.1865[F 27.6°=5595[+ 64.5°
Z,+Zg

S = SZZTAZ = 3003 36.9°x0.8390059°=251.7[+ 31°
A B
SinceZ, and Z arein parallel, their combined impedance on 100 kVA basisis
ZyZg _ (1+]5)(0.8+])0.9)
Z,+Z, 1.8+ 5.8
Percentage drop over Z,; is = (0.6%240/100) +(0.738 x 180/100) = 1.44 + 1.328 = 2.768%
s %00—50'%%768@: 48612V

Example 32.105. Two 1-¢ transformers are connected in parallel at no-load. One has a turn
ratio of 5,000/440 and a rating of 200 kVA, the other has a ratio of 5,000/480 and a rating of
350 kVA. The leakage reactance of each is 3.5%.

What is the no-load circulation current expressed as a percentage of the nominal current of the
200 kVA transformer.
Solution. The normal currentsare
200 10%440 = 455A and 350 x 10480 =730 A
Reactances seen from the secondary side are

35 440 _ 35 480
100 <255 - 003 155%730

Thedifference of induced voltageis40 V. Thecirculating current is
| =40/0.057 =704 A = 1.55timesthe normal current of 200 kVA unit.

Zys = =06+/0.738

0 v,

=0.023Q

Tutorial Problems 32.6

1. Twosingle-phasetransformers A and B of equal voltageratio arerunning in parallel and supplying a
load requiring 500 A at 0.8 power factor lagging at a terminal voltage of 400 V. The equivalent
impedances of the transformers, as referred to secondary windings, are (2 + j 3) and (2.5 + j 5) ohm.
Calculate the current supplied by each transformer.

(Note. The student is advised to try by arithmetic method &l o). [1,=304A;1,=197A]

2. Two single-phase transformers A and B are operating in parallel and supplying a common load of
1000 kVA at 0.8 p.f. lagging. The dataregarding the transformersisasfollows:
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Transformer Rating %Resistance % Reactance
A 750kVA 3 5
B 500kVA 2 4
Determinetheloading of each transformer. [S,=53513F 34.7°;S;=4653 39.37

. Twotransformers A and B givethe following test results. With the low-tension side short-circuited,
A takesacurrent of 10 A at 200 V, the power input being 1000 W. Similarly, B takes30 A at 200 V
; the power input being 1,500 W. On open circuit, both transformers give asecondary voltage of 2200
when 11,000 volts are applied to the primary terminals. Thesetransformersare connected in parallel
on both high tension and low tension sides Cal culate the current and power in each transformer when
supplying aload of 200 A at 0.8 power factor lagging. The no-load currents may be neglected.
(Hint : Calculate Z, and Z; from S.C. test data)
[l,=505A,P,=100kW ; I5 =151 A, Pz = 252 kW] (London University)
. Two 6600/250-V transformers have the following short-circuit characteristics : Applied voltage
200V, current 30 A, power input 1,200 W for one of thetransformers;; the corresponding datafor the
other transformer being 120V, 20 A and 1,500 W. All values are measured on the H.V. side with the
L.V. terminalsshort circuited. Find the approximate current and the power factor of each transformer
when working in parallel with each other on the high and low voltage sides and taking atotal load of
150 kW at ap.f. of 0.8 lagging from the high voltage bus-bars.
[1,=13.8A,cos@A =0.63; |;=15.35A, cos@B = 0.91] (Electrical Engg-1V, Baroda Univ. 1978)
. Two 11,000/2,200-V, 1-phasetransformersare connected in parallel to supply atotal load of 200 at 0.8
p.f. lagging at 2,200 V. One transformer has an equivalent resistance of 0.4 Q and equivalent reac-
tance of 0.8 Q referred to the low-voltage side. The other has equivalent resistance of 0.1 Q and a
reactance of 0.3 Q. Determine the current and power supplied by each transformer.
[52 A ; 148 A ; 9 A ; 252 kW]
. A 2,000-kVA transformer (A) is connected in parallel with a4,000-kVA transformer (B) to supply a
3-phase load of 5,000 kVA at 0.8 p.f. lagging. Determine the k\VVA supplied by each transformer
assuming equal no-load voltages. The percentage volt dropsin thewindingsat therated loads are as
follows:
Transformer A : resistance 2% ; reactance 8%
Transformer B : resistance 1.6% ; reactance 3%
[A : 860 kVA, 0.661 lag ; B : 4170 kVA, 0.824 lag] (A.C. Machines-|, Jadavpur Univ. 1979)
. Two single-phase transformers work in parallel on aload of 750 A at 0.8 p.f. lagging. Determine
secondary voltage and the output and power factor of each transformer. Test dataare :
Open circuit : 11,00/13,300 V for each transformer
Short circuit : with h.v. winding short-circuit
Transformer A : secondary input 200 V, 400 A, 15 kW
Transformer B : secondary input 100 V, 400 A, 20 kW
[3,190 VA : 80kVA, 0.651ag; B : 1,615 kVA ; 0.86 lag]

() Case3.Unequal Voltage Ratios

Inthiscase, the voltageratios (or transformation
ratios) of thetwo transformersaredifferent. 1t means
that their no-load secondary voltagesareunequal. Such
cases can be more easily handled by phasor algebra
thangraphicaly. v,
Let E,, Eg = no-load secondary e.m.f.s of the
twotransformers.

Z, =loadimpedance acrossthe secondary.

Theequivalent circuit and vector diagram area so

showninFig. 32.73and 32.74.

Fig. 32.73
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It isseen that even when secondariesare on no-load, therewill be some cross-current inthem because
of inequality intheir induced em.fs. Thiscirculating current | -isgiven by

lc = Ea—Ep)(Za+Zp) (i)

Astheinduced em.fs. of thetwo transformersare equal tothetota dropsintheir respectivecircuits.
0 Zy = 1, Z,+V, By =175+ V,
Now, V,=1Z, =(I,+1p) Z,
where Z, = loadimpedance

Ey = 10 Zpa+(a+15) 2, ..(i)

Eg = IgZg+(Io+15)Z,  ..(iii)
O Ep—Eg = 1,2, =15Z (V)

A = [(Ey—Ep) +15ZgllZ,
Substituting this value of |, in equation (iii),

Fig. 32.74
we get
Eg = 1gZg +[{(Ep —Eg) +1gZg}Z, +lG)/Z,
lg = [EgZpy—(Ep—ER)Z MZ\Zg+2Z (Zx+Zp)] (V)
From the symmetry of the expression, we get
|y = [EpZg+(Ep—Ep)Z [Z\Zs+Z (Z A+ Zp)] (Vi)
E.Z,+E,Z
Alo, |=1,+1, = AZB_—B A

Z,Zy+Z, (Z\+Zp)

By multiplying the numerator and denominator of thisequationby 1/Z,, 7, andtheresult by Z, weget
E,/Z, +EpZy

VZ, +1/Zg+1/Z

Thetwo equations (v) and (vi) then givethevalues of secondary currents. Theprimary currents may
be obtained by thedivision of transformationratioi.e. K and by addition (if not negligible) of theno-load
current. Usually, E, and E; have the same phase (as assumed above) but there may be some phase
difference between thetwo dueto somedifference of internal connectionin parallel of astar/star and astar/
ddta3-phasetransformers.

If Z, and Z; are small ascompared to Z, i.e. when the transformers are not operated near short-
circuit conditions, then equationsfor |, and | ; can be put in asimpler and more easily under-standable
form. Neglecting Z, Z, incomparisonwiththeexpressionZ, (Z, +Z), wehave

E,Z E, -E ..

I, = AT'B +-4 B (Vi
T 2@t 2y) 22, W
ErZ E,-E

lg = BZA___—A "B (Vi
. ZL(ZA+ZB) ZA+ZB ( )

The physical interpretation of the second termin equations (vii) and (viii) isthat it representsthe
cross-current between the secondaries. The first term shows how the actual load current divides
between theloads. Thevalueof current circulating in transformer secondaries (even when thereisno-
load) isgivenby* |- = (E, —Eg)/(Z 5 +Zg) assuming that E, > Eg. Itlagsbehind E, by ananglea
given by tan a = (X, + Xg)/(R, + Rg). If E, + Eg theratios of the currents are inversely as the
impedances (numerical values).

V,=1Z, =

*  Under load conditions, thecirculating current is
| = Ea~Ep
¢ Zp+Zg +ZpZ51Z)
If Z, = oi.e onopen-circuit, the expression reduces to that given above.
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IfinEq. (iv) wesubstitute |, = | -1, andsimplify, weget

4 E,-E )
l, = B _+_-A B (X
" ZA + ZB ZA +ZB ( )
| =I5 and simplify, then
o= —2a 4 Ea~Es ()
Zpa+tlyg Zp+lg
Inasimilar manner, valueof terminal voltageV, isgiven by
EpZg tEgZ, 12,2, (X))
Z,+2Zg

These expressionsgivethevaluesof transformer currentsand terminal voltagein termsof theload

current. Thevalueof V., may & so befound asunder :

AsseenfromFig. 30.70.

Similarly, if wesubgtitute N

Iy = EA—V)Z,=(Ey -V )Y ulg=(Eg—V,)Yg

| = VY =l +lg0r V.Y, =(E, = V)Y +(Eg—V,)Yg
E Y, +E.Y
a V(Y +Y,+Yg) = E\Y,+E Y orV,= A A_B B .(xii)
AN A B AT A B'B 2 YL+YA+YB

Eq. (xi) givesV, intermsof load current. Butif only load kVA isgiven, the problem becomes more
complicated and involves the solution of aquadratic equationin V..

Now, S=V,|. Whenwe substitute thisvalue of | in Eq. (xi), we get
EpZg +EgZ, —SZ,Z,1V,
(Za+2g)
or V,AZ A +Zg) = V(EAZGEgZ,) +SZ,Z5=0
WhenV , becomesknown, then |, and | ; may bedirectly foundfrom
V, = Ey—l,ZyandV,=E; — 157,

V, =

Note. Inthe case considered above, it isfound more convenient to work with numerical values of imped-
ances instead of % values.

Example 32.106. Two transformers A and B arejoined in parallel to the sameload. Determine
the current delivered by each transformer having given : open-circuit em.f. 6600 V for A and 6,400
V for B. Equivalent |leakage impedancein terms of the secondary = 0.3 + j3for Aand 0.2 + j1 for B.
The load impedance is 8 + j6. (Elect. Machines |, IndoreUniv. 1987)

EaZs t(Ex —Eg)Z,
ZpZg+Z (Z)+Zp)
6400V ;Z =8+j6, Z,=03+j3,Z;=02+j1
| = 6600(0.2+ j1) + (6600 —6400) (8 + j 6)
A7 (03+j3)(02+j1) +(8+)6) (0.3+]3 +0.2 +j1)
117 - j 156 = 195A inmagnitude
EgZ —(Ex —Eg)Z,
Zp\Zg*+Z (Zp+Zg)
_ _6400(0.3+ j3) — (6600 —6400) (8 + | 6)
(03+j3 +(02+j) (B8+j6) +(05+j 4
349 - 231=421 A (inmagnitude)

Solution. I, =

Here E,=6,600V ;Eg

Smilady, lg =
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Example32.107. Two 1-@transformers, one of 100 kVA and the other of 50 kVA are connected
in parallel to the same bus-bars on the primary side, their no-load secondary voltages being 1000 V
and 950 V respectively. Their resistancesare 2.0 and 2.5 per cent respectively and their reactances 8
and 6 percent respectively. Calculate no-load circulating current in the secondaries.

(Adv. Elect Machines, A.M .| .E. Sec. B, 1991)
Solution. Thecircuit connectionsareshowninFig. 32.75.
It transformer

Normal secondary current = 100,000/1000 = 100 A Supply Bus Bars
1000 2.0 1000 % 8
= T2 =020 X, = —— > =080 ’ ?
Ry 100 %100 02X, 100 x 100 08

2nd Transformer
Normal secondary current = 50,000/950 =52.63 A
Ry = 950 x 2.5/100 x 52.63 = 0.45 Q
Xg = 850 % 6/100 x 52.63=1.08 Q
Combined impedance of thetwo secondariesis

Z = \/(RA +Ry)% + (X, +Xg)°
) . > Load Bus Bars
= m =199 Q Fig. 32.75
0 I, = (1000-950)/1.99=251A ; a=tan ' (1.88/
0.65) = 71°

Example 32.108. Two single-phase transformers, one of 1000-kVA and the other of 500-kVA
are connected in parallel to the same bus-bars on the primary side ; their no-load secondary voltages
being 500 V and 510 V respectively. Theimpedance voltage of the first transformer is 3% and that
of the second 5%. Assuming that ratio of resistance to reactance is the same and equal to 0.4 in
each. What will be the cross current when the secondaries are connected in parallel ?

(Electrical Machines-|, Madras Univ. 1985)

Solution. Let usfirst determine the ohmic value of the two impedances. Also, |et the secondary
voltagebe 480 V*.

Full-load |, = 1000 x 1000/480 = 2083 A ; F.L. | = 500 x 1000/480 = 1042 A
%Z, X E 9x500
Z, = 2eA%Ea = 00072 Q
A = “100x1, 100x2083 O
_ 5x510 _
Zy = oo =002450
e~ 510-500 __3544

|. = =
C T Z,+Z, (0.0072+0.0245)

Note. Sincethevalue of X/R isthe samefor the two transformers, there is no phase difference between E,,
and Eg.

Example 32.109. Two transformers A and B of ratings 500 kVA and 250 kVA are supplying a
load kVA of 750 at 0.8 power factor lagging. Their open-circuit voltages are 405V and 415 V
respectively. Transformer A has 1% resistance and 5% reactance and transformer B has1.5%resis-
tance and 4% reactance. Find (a) cross-current in the secondaries on no-load and (b) theload shared
by each transformer.

*  Though itischosen arbitrarily, its value must be less than either of the two no-load em.fs.
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Solution. Assaid earlier, itismore convenient to work with ohmicimpedancesand for that purpose,
wewill convert percentage valueinto numerical va uesby assuming 400 volt asthetermina voltage (this
valueisarbitrary but thisassumption will not introduce appreciableerror).

1 400 _
N 1,R, = 1% of 4 0 R,=_-—x— =0.0032Q
o ARy = 1%01 400 A~ 1001250
where I, = 500,000/400 = 1250 A
5 _ 400 :
= 5o . =Y x> = =
IWXa = %01 400; X, = 12-x-2 200160 (e X, =5R,)

Inasimilar way, we canfind Rg and X ; Ry =0.0096 Q; X5 =0.0256 Q
0 Z, =0.0032+j0.016 = 0.0163 J 78.5° ; Z5 = 0.0096 + j 0.0256 = 0.0275 [169.4°
Z,+Z; = 0.0128 +j0.0416 = 0.0436 J 72.9°

Next step isto calculateload impedance. Let Z, betheload impedanceand V., theterminal voltage
which has been assumed as400 V.

0 (V,7Z,) = 7503 369°
0 7, =400°x1077503 36.9°=0.214[136.9°=(0.171+)0.128) Q
(a) | = EA - EB — (405 - 415)
C™ Z,+Z, 004360729
405x0.0275 0 69.4+ (405 415K 0.214] 36°9

=-230 72.9°

(b) ' = 0.0163078.5x 0.0275] 69.4 0214 369 0.0436 72.9
= 970 35°
Smilary, I = 415x0.0163 [0 78.5— (405 415x 0.2147 369
0.0163[78.5x 0.0275] 694 214 389 0.0436 72.9
O S, = 400x 970 x 10° 3 35°=3883F 35°kVA ;cos @, =c0s35°=0.82 (lag)
Sg = 400 x 875 x 102 042.6° =350 3 42.6° kVA
cos@ = C0s42.6°=0.736 (lag)

Example 32.110. Two transformers A and B are connected in parallel to aload of (2 + j 1.5)
ohms. Their impedancesin secondary termsare Z, = (0.15+ j 0.5) ohmand Z; = (0.1 + j 0.6) ohm.
Their no-load terminal voltages are E, = 207 [J 0° volt and Eg =205 [JO° volt. Find the power
output and power factor of each transformer. (Elect. Machines-|, Punjab Univ. 1991)

Solution. Using the equations derived in Art. 30.34 (c), we have

| = EpZg +(Ep —Eg)Z,
N Z\Zg+Z(Zy+Zg)
(015+j05Q;Z,=(0.1406)Q;Z =(2+)15=25036.9°
_ 207(0.1+ j0.6) + (207 —205) (2 + j1.5)
(0.15+j0.5)(0.1+0.6) +(2 +j1.5)(0.25 + j1.1)
_ 247+j1272 _ 129.7 079
-1435+ j2.715 3.07 J117.9

_ EgZ,-(Eo-Eg)Z, _ 2050.15+ j0.5)-2(2+j15) _ 10378

>N
1

=42.263 38.9°A =(32.89-26.55)A

B T Z,Ze+Z (ZA*Zg) ~1435+ ) 2.715 "~ 307 [117.9
= 3356 [+ 42.9° = (24.58 -] 22.84) A
Now V) =1Z =(,+1g)Z,

= (57.47 - 49.39) (2+j 1.5) = 189 - | 12.58 = 189.4 3 3.9°
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p.f. angleof transformer A = —3.9°-(-38.9°) = 35°

0 pf.of A =cos35°=0.818(lag); p.f. of B =cos[-3.9° — (-42.9°)] =0.776 (lag)
Power output of transformer A isP, =189.4 x 42.26 x 0.818 = 6,548 W

Smilaly, Py =189.4 x 33.56 x 0.776 = 4,900 W

Example 32.111. Two transformers have the following particulars :

Transformer A Transformer B
Rated current 200 A 600 A
Per unit resistance 0.02 0.025
Per unit reactance 0.05 0.06
No-load e.m.f. 245V 240V

Calculate the terminal voltage when they are connected in parallel and supply a load impedance
of (0.25 + j 0.1) Q.(Elect. Machines-|, Sd. Patel Univ. 1981)
Solution. Impedanceinohms=Z,,x N.L. em.f./full-load current
Z, = (245/200)(0.02 +j 0.05) = 0.0245 +j 0.0613 Q = 0.066 [168.2°
Zg = (240/600)(0.025 +j 0.06) = 0.01 +j 0.024 Q = 0.026 067.3°
Z =(025+j0.1)=0.269 0 21.8°; Z, + Z; = 0.0345 +j 0.0853 = 0.092 [168°
Z (Zp+Zg) =0.269 x 0.092 0189.8° = 0.0247 189.8° = (0 +j 0.0247)
Z,Zg = 0.066 x 0.026 O 135.5° = (-0.001225 + j 0.001201)
O ZZg+Z (Z,+Zg)=(-0.00125 + ) 0.259) = 0.0259 [J 92.7°
Let ustake E, asreference quantity.
Also E, isin phasewith E, becausetransformersarein parallel onboth sides.
E Zg = 245(0.01+j 0.0245) = 2.45 +j 5.87
EgZ, = 240(0.0245+j 0.0613) =5.88 +j 14.7
E Zg +EgZ, =8.33+)2057=2215067.9°

E Zg +EgZ 22,1501 67.9

Now, | = ATBTTBTA =855+ 24.8°
Z,Zo+Z (Zy+2Zg) 002590927

0 V, =1z, =885} 24.8°x0.269 [121.8° =230 - 3°

Tutorial Problems 29.1

1. A 1000-kVA and a500-kVA, 1-phasetransformers are connected to the same bus-barson the primary
side. Thesecondary e.m.fs. at no-load are 500 and 510V respectively. Theimpedance voltage of the
first transformer is 3.4% and of the second 5%. What cross-current will pass between them when the
secondaries are connected together in parallel ? Assuming that the ratio of resistance to reactanceis
the samein each, what currentswill flow in the windings of the two transformers when supplying a
total load of 1200 kVA.

[(i) 290 A (ii) 1577 and 900 A] (City & Guilds, London)

2. Two transformers A and B are connected in paralel to supply a load having an impedance of
(2+j1.5Q). The equivalent impedances referred to the secondary windings are 0.15 +j 0.5 Q and
0.1+ 0.6 Q respectively. The open-circuit em.f. of A is207V and of B is205V. Caculate (i) the
voltage at the load (ii) the power supplied to the load (iii) the power output of each transformer and
(iv) the KVA input to each transformer.

[(i) 189 B 3.8°V (ii) 11.5 kW (iii) 6.5 kW, 4.95 kW (iv) 8.7 kVA, 6.87 kVA]
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Q.1

Ans.

Q.2

Ans.

Q.3.

Ans.

Q.4

Ans.

Q5.

AnNs.

Q.6.

Ans.

Q7.

Ans.

Q..

AnNs.

Q..

AnNs.

Q. 10.
Ans.

How is magnetic leakage reduced to a minimum in commerical transformers ?
By interleaving the primary and secondary windings.

Mention the factors on which hysteresis loss depends ?

(i) Quality and amount of ironinthe core (i) Flux density and (iii) Frequency.
How can eddy current loss be minimised ?

By laminating thecore.

In practice, what determines the thickness of the laminae or sampings ?
Frequency.

Does the transformer draw any current when its secondary is open ?
Yes, no-load primary current.

Why ?

For supplying no-load iron and copper lossesin primary.

I's Cu loss affected by power factor ?

Yes, Culossvariesinversely with power factor.

Why ?

Culossdependson current inthe primary and secondary windings. Itiswell-knownthat current

required ishigher when power factor islowe.
What effects are produced by change in voltage ?
1. Ironloss........ varies approximately asV?

2. Culoss......... it also variesas V2 but decreaseswith an increasein voltageif constant kVA

output is assumed.

3. Efficiency......... for distribution transformers, efficiency at fractional loads decreaseswithin-
creaseinvoltagewhileat full load or overload itincreaseswith increasein voltage and vice-

Versa.

4. Reguldtion......... it variesas V2 but decreaseswithincreasein vol tageif constant kVA output

is assumed.

5. Hedting......... for constant KVA output, iron temperaturesincrease whereas Cu temperatures

decreasewithincreasein voltagesand vice-versa.
How does change in frequency affect the operation of a given transformer ?

1. Ironloss......... increaseswith adecreaseinfrequency. A 60-Hz transformer will havenearly
11% higher losseswhen worked on 50Hz instead of 60 Hz. However, when a25-Hz trans-

former isworked on 60 Hz, iron losses are reduced by 25%.
2. Culoss........ indistribution transformers, it isindependent of frequecy.

3. Efficiency......... since Culossisunaffected by changein frequency, agiven transformer effi-

ciency islessat alower frequency than at ahigher one.

4. Regulation......... regulation at unity power factor isnot affected because | R drop isindependent
of frequency. Sincereactivedropisaffected, regulation at low power factorsdecreaseswith
adecreasein frequency and vice-versa. For example, theregulation of a25-Hz transformer

when operated at 50-Hz and low power factor ismuch poorer.

5. Hedting......... sincetotal lossisgreater at alower frequency, thetemperatureisincreased with

decreasein frequency.
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OBJECTIVE TESTS - 32

. A transformer transforms

(a) frequency
(b) voltage
(c) current

(d) voltageand current. 10.

. Which of thefollowing isnot abasic element of
atransformer ?

(a) core

(b) primary winding

(c) secondary winding

(d) mutua flux.

. Inanideal transformer,

(a) windingshavenoresistance

(b) core has no losses

(c) corehasinfinite permeability

(d) al of theabove.

. Themain purpose of using corein atransformer

isto 12.

(a) decreaseiron losses

(b) prevent eddy current loss

(c) eiminate magnetic hysteresis

(d) decrease reluctance of the common mag-
netic circuit.

. Transformer cores are laminated in order to

(a) simplify itsconstruction
(b) minimiseeddy current loss

(c) reduce cost 13.

(d) reduce hysteresisloss.

. A transformer having 1000 primary turns is
connected to a 250-V a.c. supply. For a
secondary voltage of 400 V, the number of
secondary turns should be

(a) 1600 (b) 250

(c) 400

. The primary and secondary induced em.fs. E;

and E, in atwo-winding transformer arealways

(a) equal inmagnitude

(b) antiphasewith each other

(c¢) in-phasewith each other

(d) determined by load on transformer second-
ary.

. A step-up transformer increases

(a) voltage (b) current

(c) power (d) frequency.

. The primary and secondary windings of an

ordinary 2-winding transformer alwayshave

15.

(d) 1250 14,

(a) different number of turns

(b) same size of copper wire

(c) acommon magnetic circuit

(d) separate magnetic circuits.

Inatransformer, theleakage flux of each wind-

ing isproportiona to the current inthat winding

because

(a) Ohm'slaw appliesto magnetic circuits

(b) leakage pathsdo not saturate

(c) thetwowindingsareelectrically isolated

(d) mutual flux is confined to the core.

Inatwo-winding transformer, thee.m.f. per turn

in secondary winding isalways.......theinduced

e.m.f. power turnin primary.

(a) equd toK times

(b) equd to /K times

(c) equdto

(d) greater than.

Inrelationto atransformer, theratio 20: 1indi-

cates that

(@) there are 20 turns on primary one turn on
secondary

(b) secondary voltage is 1/20th of primary
voltage

(c) primary currentis20timesgreater thanthe
secondary current.

(d) for every 20 turnson primary, thereisone
turn on secondary.

In performing the short circuit test of a trans-
former

(a) highvoltagesideisusually short circuited
(b) low voltagesideisusually short circuited
(c) any sideisshort circuited with preference
(d) none of the above.

(Elect. Machines, A.M.I.E. Sec. B, 1993)
The equivalent resistance of the primary of a
transformer having K = 5 and R; = 0.1 ohm
when referred to secondary becomes.......ohm.
(@) 05
(b) 0.02
(c) 0.004
(d) 25
A transformer has negative voltage regulation
when itsload power factor is
(a) zero
(b) unity
(c) leading
(d) lagging.



16.

17.

18.

19.

20.

21.

22.

The primary reason why open-circuit test is
performed on the low-voltage winding of the
transformer isthat it

(a) drawssufficiently largeon-load current for
convenient reading

(b) requiresleast voltageto perform the test

(¢) needsminimum power input

(d) involveslesscoreloss.

No-load test on atransformer is carried out to
determine

(a) copper loss

(b) magnetising current

(c) magnetising current and no-load loss

(d) efficiency of the transformer.

The main purpose of performing open-circuit

test on atransformer isto measure its

(@) Culoss

(b) coreloss

(c) totdl loss

(d) insulationresistance.

During short-circuit test, the iron loss of a

transformer isnegligible because

(a) theentireinputisjust sufficient to meet Cu
lossesonly

(b) flux producedisasmall fraction of the nor-
mal flux

(c) iron core becomesfully saturated

(d) supply frequency isheld constant.

Theiron loss of atransformer at 400 Hz is 10

W. Assuming that eddy current and hysteresis

losses vary as the square of flux density, the

ironloss of thetransformer at rated voltage but

at 50 Hz would be....... watt.

(a) 80

(o 125 (d) 100

In operating 2400 Hz transformer at 50 Hz

(a) only voltageisreduced inthe same propor-
tion asthe frequency

(b) only kVA rating isreduced in the same pro-
portion as the frequency

(c) bothvoltageand kVA rating arereducedin
the same proportion as the frequency

(d) none of the above.

The voltage applied to the h.v. side of a trans-

former during short-circuit testis2% of itsrated

voltage. The core loss will be.......percent of

the rated core loss.

(@ 4

() 0.25

(b) 0.4
(d) 0.04

23.

24.

25.

26.

27.

28.

29.

30.

1209

Transformers are rated in kVA instead of kW
because

(a) load power factor is often not known

(b) kVA isfixed whereas kW depends on load
p.f.

(c) total transformer loss depends on volt-
ampere

(d) it has become customary.

When a 400-Hz transformer is operated at 50

HzitskVA ratingis

(a) raducedto 1/8

(b) increased 8times

(c) unaffected

(d) increased 64 times.

Atrelatively light loads, transformer efficiency

islow because

(a) secondary output islow

(b) transformer losses are high

(c) fixedlossishighin proportion tothe output

(d) Culossissmall.

A 200 kVA transformer hasanironlossof 1 kW

and full-load Cu loss of 2kW. Itsload kVA cor-
responding to maximum efficiency is....... kVA.

(a) 100 (b) 1414

(c) 50 (d) 200

If Cu loss of atransformer at 7/8th full load is
4900 W, then its full-load Cu loss would be

Transformer

(a) 5600 (b) 6400

(c) 375 (d) 429

The ordinary efficiency of agiven transformer
ismaximum when

(a) itrunsat half full-load

(b) itrunsatfull-load

(c) itsCulossequalsironloss

(d) itrunsslightly overload.

The output current corresponding to maximum
efficiency for atransformer having core | oss of
100 W and equivalent resistance referred to
secondary of 0.25 Q is ....... ampere.

(a) 20

(b) 25

(© 5

(d) 400

The maximum efficiency of a 100-kVA trans-

former having iron loss of 900 kW and F.L. Cu
loss of 1600 W occurs &t ....... kVA.

(a) 56.3 (b) 1333
(© 7 (d) 177.7
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32.

33.
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Theall-day efficiency of atransformer depends

primarily on

(a) itscopper loss

(b) theamount of load

(c) theduration of load

(d) both (b) and (c).

The marked increase in kVA capacity produced

by connecting a 2 winding transformer as an

autotransfomer is dueto

(a) increaseinturnratio

(b) increasein secondary voltage

(c) incresseintransformer efficiency

(d) establishment of conductive link between
primary and secondary.

The kVA rating of an ordinary 2-winding

transformer is increased when connected as an

autotransformer because

(a) transformationratioisincreased

(b) secondary voltageisincreased

(c) energy is transferred both inductively and
conductivity

(d) secondary current isincreased.

The saving in Cu achieved by converting a

2-winding transformer into an autotransformer

isdetermined by

(a) voltagetransformation ratio

(b) load onthe secondary

35.

36.

37.

38.

An autotransformer having atransformationratio
of 0.8 supplies a load of 3 kW. The power
transferred conductively from primary to

(b) 24

(c) 15 (d o027

Theessential condition for parallel opearation of

two 1-¢ transformers is that they should have

thesame

(a) polarity

(b) kVArding

(c) voltegeratio

(d) percentageimpedance.

If the impedance triangles of two transformers

operatingin parallel arenot identical in shapeand

size, the two transformers will

(a) sharetheload unequally

(b) get heated unequally

(c) have acirculatory secondary current even
when unloaded

(d) run with different power factors.

Two transformers A and B having equal outputs

and voltage ratios but unequal percentage

impedances of 4 and 2 are operating in parallel.

Transformer A will berunning over-load by .......

percent.

(a) 50 (b) 66
(c) magnetic quality of core material © d) 25
(d) size of the transformer core.
ANSWERS
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