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Three-phase Transformers

EI Three-phase Transformer
THREE PHASE

0 Star/StarorY/Y
Connection

0 Delta-Deltaor Connection

O Wye/Delta or Y/
Connection

O Delta/Wye or/Y
Connection

O Open-Delta or V-V
Connection

O Power Supplied by V-V
Bank

0 Scott Connection or T-T
Connection

O Three-phasetoTwo-Phase
Conversion andvice-versa

O Parallel Operation of 3-
phase Transformers

O Instrument Transformers

0 Current Transformers

0 Potential Transformers

4 Three phase transformers are used throughout
industry to change values of three phase voltage
and current. Three phase power is the most
common way in which power is produced.
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33.1. Three-Phase Transformer

Large scalegeneration of electric power isusually
3-phase at generated voltages of 13.2kV or somewhat
higher. Transmissionisgenerdly accomplished at higher
voltages of 110, 132, 275, 400 and 750 kV for which
purpose 3-phase transformers are necessary to step up
the generated voltageto that of thetransmission line.
Next, at load centres, the transmission voltages are
reduced to distribution voltages of 6,600, 4,600 and
2,300 volts. Further, at most of the consumers, the
digtribution voltagesaretill reducedto utilizetion voltages
of 440, 220 or 110 volts. Yearsago, it wasacommon
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contact with each other. Thecentreleg, formed by
thesethree, carriestheflux produced by the three-
phasecurrentsl, |, andl,. Asatany instant|, +1,,
+15 =0, hencethe sum of threefluxesisalso zero.
Therefore, it will make no differenceif thecommon
legisremoved. Inthat caseany twolegswill act as
thereturn for thethird just asin a 3-phase system
any two conductorsact asthereturn for the current

Three phase transformer inner circuits

practiceto use suitably interconnected
three single-phasetransformersinstead
of asingle 3-phasetransformer. But these
days, the latter is gaining popularity
because of improvement in design and
manufacture but principally because of
better acquaintance of operating men
with thethree-phasetype. Ascompared
toabank of single-phasetransformers,
the main advantages of a 3 phase
transformer arethat it occupieslessfloor
spacefor equal rating, weighsless, costs
about 15% lessand further, that only one
unitisto be handled and connected.
Likesingle-phasetransformers, the
three-phasetransformersarea so of the
core type or shell type. The basic
principle of a 3-phase transformer is
illustrated in Fig. 33.1 in which only
primary windings have been shown
interconnected in star and put across 3-
phase supply. Thethree coresare 120°
apart and their empty legsare shownin
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inthethird conductor. Thisimproved designisshowninFig. 33.2 (a) wheredotted rectanglesindicatethe
threewindingsand numbersin the cores and yokesrepresent the directionsand magnitudesof fluxesat a
particular instant. Itwill beseenthat at any instant, theamount of ‘up’ fluxinany legisequal to the sum of
‘down’ fluxesintheother twolegs. Thecoretypetransformersareusualy woundwith circular cylindrical

coils.

Inasimilar way, three single-phase shell type transformers can be combined together to form a 3-
phase shell type unit as shown in Fig. 33.2(b). But some saving in iron can be achieved in
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constructing a single
3-phase transformer as
showninFig. 33.3. It does
not differ fromthreesingle-
phasetransformersput side
by 9de. Savinginironisdue
tothejoint use of themag-
netic paths between the
coils. Thethreephases,in
thiscase, aremoreindepen-
dentthanthey areinthecore
typetransformers, because
each phase hasamagnetic
circuit independent of the
other.
Onemaindrawbackin
a 3-phase transformer is
that if any one phase be-
comes disabled, then the
whole transformer has to
beordinarily removed from
sarvicefor repairs (theshell

type may be operated open
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A or Veebut thisisnot alwaysfeasible). However, inthe case of a3-phasebank of single-phasetransform-
ers, if onetransformer goesout of order, the system can still berun open-A at reduced capacity or thefaulty
transformer can bereadily replaced by asingle spare.

33.2. Three-phase Transfor

mer Connections

There are various methods available for transforming 3-phase voltages to higher or lower
3-phase voltagesi.e. for handling aconsiderable amount of power. The most common connectionsare
M Y=Y(ii)A-A(iii) Y= A(iv) A - Y (v) open-deltaor V -V (vi) Scott connectionor T — T connection.

33.3. Star/Star or Y/Y Connection

Thisconnectionismost economi-
cal for small, high-voltagetransform-
ersbecausethe number of turng/phase
and theamount of insulation required
isminimum (asphasevoltageisonly 1/

J/3 of linevoltage). InFig.33.4a

bank of 3transformersconnectedin’Y
on both the primary and the secondary
sidesisshown. Theratio of linevolt-
ages on the primary and secondary
sidesisthesameasthetransformation
ratio of each transformer. However,
thereisaphase shift of 30° between
the phase voltages and line voltages
both on the primary and secondary
sdes. Of course, linevoltagesonboth
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satisfactorily only if theload isbalanced. With the unbalanced
load to theneutral, the neutral point shiftsthereby making thethree
line-to-neutrd (i.e. phase) voltagesunequal. Theeffect of unbal-
ancedloadscan beillustrated by placing asingleload between phase
(or cail) aand the neutral on the secondary side. The power to the
load hasto be supplied by primary phase (or coil) A. Thisprimary
coil A cannot supply therequired power becauseit isin serieswith
primaries B and C whose secondariesare open. Under these condi-
tions, the primary coilsBand C act asvery highimpedances so that
primary coil Acan obtain but very little current through them fromthe
line. Hence, secondary coil a cannot supply any appreciable power.
Infact, avery low resistance approaching a short-circuit may be
connected between point a and the neutral and only avery small
amount of currentwill flow. This, assaid above, isdueto thereduc-
tion of voltage E,,, because of neutral shift. Inother words, under
short-circuit conditions, the neutral ispulled too much towards coail
a. ThisreducesE,, butincreasesE, and E_, (however linevoltage
Eag: Egc and E, areunaffected). Ontheprimary side, E, will be
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practically reduced to zerowhereas Eg, and E will riseto nearly full primary linevoltage. Thisdifficulty
of shifting (or floating) neutral can beobviated by connecting the primary neutral (shown dottedinthefigure)
back to the generator so that primary coil A can takeitsrequired power from between itsline and the
neutral. It should be noted that if asingle phaseload isconnected betweenthelinesaand b, therewill bea
similar but less pronounced neutral shift which resultsin an overvoltage on one or moretransformers.

Another advantage of stabilizing the primary neutral by connecting it to neutral of thegenerator isthat it
eliminatesdistortionin the secondary phasevoltages. Thisisexplained as follows. For deliveringasine
waveof voltage, it isnecessary to haveasinewave of flux inthe core, but on account of the characteristics
of iron, asinewaveof flux requiresathird harmonic component in theexciting current. Asthefrequency of
thiscomponent isthrice thefrequency of thecircuit, at any giveninstant, it tendsto flow either towardsor
away fromtheneutral pointinall thethreetransformers. If the primary neutral isisolated, thetriplefre-
guency current cannot flow. Hence, the flux in the core cannot be asine wave and so thevoltagesare
distorted. Butif the primary neutral isearthedi.e. joined to the generator neutral, thenthis providesapath
for thetriple-frequency currentsand em.fs. and thedifficulty isovercome. Another way of avoiding this
troubleof oscillating neutral isto provideeach of thetransformerswith athird or tertiary winding of relatively
low kVA rating. Thistertiary windingisconnectedin A and providesacircuitinwhichthetriple-frequency
component of the magnetising current can flow (with anisolated neutral, it could not). Inthat case, asine
wave of voltage gpplied to the primary will resultinasinewave of phasevoltageinthesecondary. Assaid
above, the advantage of thisconnection isthat insulation is stressed only to the extent of lineto neutral
voltagei.e. 58% of thelinevoltage.

33.4. Delta-Delta or A — A Connection

Thisconnectioniseconomical for large, |ow-voltagetransformersinwhich insulation problemisnot so
urgent, becauseit increasesthe number of turns/phase. Thetransformer connectionsand voltagetriangles
areshowninFig. 33.5. Theratio of transformation between primary and secondary linevoltageisexactly
the sameasthat of each transformer. Further, the secondary voltagetriangle abc occupiesthe samerédlative
position asthe primary voltagetriangle ABC i.e. thereisno angular displacement betweenthetwo. More-
over, thereisnointernal phase shift between phase and linevoltageson either sdeaswasthecaseinY - Y
connection. Thisconnection hasthefollowing advantages:

1. Asexplained above, inorder that theoutput voltagebesinusoidd, it isnecessary that themagnetising
current of thetransformer must contain athird harmonic component. Inthiscase, thethird harmonic com-
ponent of the magnetising current can flow in the A-connected transformer
primarieswithout flowinginthelinewires. Thethree phasesare 120° apart whichis3x 120 = 360° with
respect to the third harmonic, hence it merely circulates in the A. Therefore, the flux is sinusoidal
which resultsin sinusoidal voltages.

2. Nodifficulty is experienced from unbalanced loading aswas the casein Y — Y connection.
The three-phase voltages remain practically constant regardless of load imbalance.

3. An added advantage of this connection is that if one transformer becomes disabled, the
system can continue to operate in open-delta or in V — V although with reduced available capacity.
The reduced capacity is58% and not 66.7% of the normal value, asexplainedin Art. 33.7.
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33.5. Wye/Delta or Y/A Connection

Themainuseof thisconnectionisat the substation end of thetransmissionlinewherethevoltageisto
be stepped down. Theprimary windingis Y-connected with grounded neutral asshowninFig. 33.6. The

ratio between the secondary and primary linevoltageis1/+/3 timesthetransformationratio of each trans-
former. Thereisa30° shift between the primary and secondary linevoltageswhich meansthataY - A
transformer bank cannot be paralleled with either aY — Y or aA — Abank. Also, third harmonic currents
flowsintheA to provideasnusoidal flux.

33.6. Delta/Wye or A/Y Connection

This connection is generally employed where it is necessary to step up the voltage as for
exampl e, at the beginning of high tension transmission system. The connectionisshowninFig. 33.7.
The neutral of the secondary is grounded for providing 3-phase 4-wire service. In recent years, this
connection has gained considerable popularity because it can be used to serve both the 3-phase
power equipment and single-phase lighting circuits.

This connection is not open to the objection of afloating neutral and voltage distortion because
the existence of a A-connection allows a path for the third-harmonic currents. 1t would be observed
that the primary and secondary linevoltages and line currents are out of phase with each other by 30°.
Because of this 30° shift, it is impossible to parallel such a bank withaA — Aor Y - Y bank of
transformers even though the voltage ratios are correctly adjusted. Theratio of secondary to primary

voltageis /3 timesthetransformation ratio of eachtransformer.

Example 33.1. A 3-phase, 50-Hz transformer has a delta-connected primary and star-con-
nected secondary, the line voltages being 22,000 V and 400 V respectively. The secondary hasa star-
connected balanced load at 0.8 power factor lagging. The line current on the primary sideis 5 A.
Determine the current in each coil of the primary and in each secondary line. What is the output of
the transformer in kKW ?

Solution. It should be noted that in three-phase transformers, the phase transformation ratio is
equal to the turn ratio but the terminal or line voltages depend upon the method of connection
employed. The A/Y connectionisshowninFig. 33.8.
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SA
22000V 5 A
3
O
Fig. 33.8
Phasevoltageon primary side = 22,000V
Phasevoltageonsecondary side = 400/ J3
0 K = 400/22,000 x /3=1/55//3
Primary phasecurrent = 5/J3A
5. 1
Second hase current = —+—=—=275A
P J3 5543

Secondary line current = 275A
0 Output = J3V_I_ cos® = /3 x 400 x 275 x 0.8 =15.24 kW.

Example 33.2. A 500-kVA, 3-phase, 50-Hz transformer has a voltage ratio (line voltages) of
33/11-kV and is delta/star connected. The resistances per phase are : high voltage 35 Q, low voltage
0.876 Q and theiron lossis 3050 W. Cal culate the value of efficiency at full-load and one-half of full-
load respectively (a) at unity p.f. and (b) 0.8 p.f. (Electrical Machinery, MadrasUniv. 1985)

: . . 11,000 _ 1
Solution. TransformationratioK = ————=—F+
J3x33000 33

Per phase Ry, = 0876 + 1/3/3)% x35=21720
500,000 _ 500 ,

J3x11,000 1143

Secondary phase current =

Full-load condition

Full load total Culoss = 3 (500/11y/3)® x 2.172 = 4,490 W: Iron loss = 3,050 W
Totd full-load losses
=4,490 + 3,050 = 7,540 W; Output at
unity p.f. =500 kW
O EL. efficiency = 500,000/507,540
=0.9854 or 98.54%; Output at 0.8 p.f.
= 400 kW
O Efficiency = 400,000/407.540
=0.982 or 98.2%
Half-load condition
Output at unity p.f.= 250 kW
Cu losses = (1/2)? x 4,490
=1,222\W
Total losses

=3,050+1,122=4,172W . Three-phase transformer
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O n = 250,000/254,172 = 0.9835 = 98.35 %
Output at 0.8 p.f. = 200kw 0O n=200,000204,172=0.98 or 98%
Example33.3. A3-phase, 6,600/415-V, 2,000-kVA transformer hasa per unit resistance of 0.02
and a per unit leakage reactance of 0.1. Calculate the Cu loss and regulation at full-load 0.8 p.f.
lag. (Electrical Machines-|, Bombay Univ. 1987)
Cu loss

x1
VA 00

Solution. AsseenfromArt. 27 - 16, % R=% Culoss=

Cu loss
2,000
Now, percentage leakage reactance=0.1 x 100 = 10%
Regn. = v, cos@+Vv,sin@=2x0.8+10x0.6=7.6%
Example 33.4. A 120-kVA, 6,000/400-V, Y/Y 3-ph, 50-Hz transformer has an iron loss of
1,600 W. The maximum efficiency occurs at 3/4 full load.
Find the efficiencies of the transformer at
(i) full-load and 0.8 power factor (ii) half-load and unity power factor
(iif) the maximum efficiency. (Elect. Technology Utkal Univ. 1987)

Solution. Since maximum efficiency occursat 3/4 full-load, Culossat 3/4 full-load equalsironloss
of 1,600 W.

Now,%R=0.02x100=2% [ 2= x100 [ Culoss=40kW

Culossat 3/4F.L. = 1,600 W; Culossat F.L.= 1,600 x (4/3)°= 2,845 W
(i) FL.outputat0.8p.f. = 120x0.8=96kW =96,000W
Total loss = 1,600+2,845=4,445W
96,000

O = 2 = 9557 %

N = 100425 <190 ’
(i) Culossatl/2full-load = (1/2)*x2,845=710W
Total loss = 710+1,600=2310W
Output at 1/2 F.L. and up.f. is= 60 kW = 60,000 W n = 2(2” 2(1’8 x 100 = 96.57%
(i) Maximum efficiency occursat 3/4 full-load whenironlossequals Cu loss.
Total loss = 2x1,600=3,200W
Output at u.p.f. = (3/4) x 120=90kW = 90,000W

90,000

Input 90,000+3,200=93,200W ) = x100=96.57%
Example33.5. A 3-phasetransformer, ratio 33/6.6-kV, AlY, 2-MVA hasa primary resistance of 8

Q per phase and a secondary resistance of 0.08 ohm per phase. The percentage impedanceis 7%.

Calculate the secondary voltage with rated primary voltage and hence the regulation for full-load

0.75 p.f. lagging conditions. (Elect. Machine-l, Nagpur, Univ. 1993)
2x10°

£ _=175A
J3x6.6x10°

Solution. F.L. secondary current =
K = 6.6/+/3 x33 = 1/8.65; Ry, =0.08+ 8/8.65” = 0.1867 Q per phase
Now, secondary impedance drop per phase = 7 5600

100 3

O Z,, = 266.7/175=1.523 Q per phase

=266.7V
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Xoo = |22 ~RE, =152 ~0.1867% =151 Qf phase
Drop per phase =1, (R, cos @+ X, sin @) = 175 (0.1867 x 0.75 + 1.51 x 0.66) = 200 V
Secondary voltage/phase = 6,600/4/3 =3810V O V,=3,810-200=23610V
3610%x+/3 =6,250V
200 x 100/3,810 = 5.23 %
Example 33.6. A 100-kVA, 3-phase, 50-Hz 3,300/400 V transformer is A-connected on the h.v.
side and Y-connected on thel.v. side. Theresistance of the h.v. winding is 3.5 Q per phase and that

of thel.v. winding 0.02 Q per phase. Calculate the iron losses of the transformer at normal voltage
and frequency if its full-load efficiency be 95.8% at 0.8 p.f. (lag).

(A.C.Machines, Jadavpur Univ. 1989)

Solution. EL. output 100 x 0.8 =80kW; Input =80/0.958 = 83.5 kW
Total loss Input — Output = 83.5-80=3.5kW
Let usfind full-load Cu losses for which purpose, we would first calculate R,

_ secondary voltage/phase _ 400/ J3 __4

primary voltage/phase 3300 33/3
Rp = Ry+K*R;=0.02+ (4/4/3x33)? x35=0.037Q

Full-load secondary phase current is 1, = 100, 000/+/3 x 400 =144.1 A
Total Culoss = 31,/R,=3%144.1°x0.037=2,306 W
Ironloss Total loss—F.L. Culoss=3,500-2,305=1,195W
Example 33.7. A 5,000-kVA, 3-phase transformer, 6.6/33-kV, A/Y, has a no-load loss of 15 kW

and a full-load loss of 50 KW. Theimpedance drop at full-load is 7%. Calculatethe primary voltage
when a load of 3,200 kW at 0.8 p.f. isdelivered at 33 kV.

O Secondary linevoltage
Yoregn.

Solution. Full-load I, = 5x10°//3x33,000 =87.5A
Impedance drop/phase = 7%o0f (33/+/3) =7%of 19kV =1,330V
0 Z,, = 1,330/87.5=15.3 Q/phase; FL. Culoss=50-15=35kW

a 31,R, = 35000, R,,=35000/3x8.75°=153Q/phase

. Xy = 4/15.32-1532 =1523Q

When load is3,200kW at 0.8 p.f.
,=3 200/+/3 x33%0.8 =70A; drop=70(1.53 x 0.8+ 15.23 x 0.6) = 725 VV/phase

725x100 _ , o0
O %regn. = W_&SA)
Primary voltage will haveto beincreased by 3.8%.
O Primaryvoltage = 6.6+3.8%o0f 6.6=6.85kV =6,850V

Example 33.8. A3-phasetransformer hasits primary connected in A anditssecondaryinY. It
has an equivalent resistance of 1% and an equivalent reactance of 6%. The primary applied
voltage is 6,600 V. What must be the ratio of transformation in order that it will deliver 4,800 V at
full-load current and 0.8 power factor (lag) ? (Elect. Technology-I1, Magadh Univ. 1991)

Solution. Percentageregulation

=V, COSQ+V,SinQ
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=1x0.8+6x0.6=4.4%
Induced secondary em-f. (linevalue)
=4,800+ 4.4% of 4,800=5,010V, asinFig. 33.9.

6600V 5010 V
Secondary phasevoltage &
= 5,010/\/§ =2,890V
Transformationratio Fig. 33.9

K =2,890/6,600 = 0.437.

Example 33.9. A 2000-kVA, 6,600/400-V, 3-phase transformer is delta-connected on the high
voltage side and star-connected on the low-voltage side. Determine its % resistance and % reac-
tance drops, % efficiency and % regulation on full load 0.8 p.f. leading given the following data :

SC.test; H.V.data: 400 V, 175 Aand 17 kW
O.C. test; L.V. data : 400V, 150 A and 15 kw (BasicElect., MachinesNagpur Univ. 1993)

Solution. From S.C. test data, we have

Primary voltage/phase = 400V; Primary current/phase= 175/./3 =100A
0 Zy = %0(1) =3.96 Q
|12 Roi = 17200 or Ry; =0.555Q; Xy, = 1/3.96° - 0.555° =3.92Q
%R = '1\?1)(100 :% x100 = 0.849
%X = '1\7101 X1OO:% x100 = 6

%regn = v,cos@ -V, sin@=0.49x0.8-6x0.6=-2.92%
Full-load primary line current can befound from
J3x6,600x1, = 2000x1,000;1,=175A

It shows that S.C. test has been carried out under full-load conditions.
Total losses = 17+15=32kW; F.L. output = 2,000 x 0.8 = 1600 kW
n = 1,600/1,632=0.980r 98%
Example 33.10. A 3-ph, delta/star connected 11,000/440 V, 50 Hz transformer takes a line
current of 5 amp, when secondary Load of 0.8 Lagging p.f. is connected. Determine each coil-
current and output of transformer. (Amravati Univ. 1999)

Solution. Due to delta/star connections the voltage ratings of the two sides on per phase basis
are:

Primary coil rating = 11,000 V, Secondary coil rating = 4%? =254 volts

Primary coil-current = 5/,/3 =2.887amp
Each coil isdelivering equal volt. amps.
Since three phase volt —amps = 3x11,000% 5/./3
= 95266
Volts amps/phase = 31755
This corresponds to the secondary coil-current of 1, given by

I, = 31755 - 125 amp. Thisisshownin Fig. 33.10.
2 254



Transformer : Three Phase 1221

Total Output of transformer, inkVA =31,755
Since, thep f. givenis0.8lagging.
Thetotd output powerinkW = 31,755 x 0.80 = 25.4 kW

11000y 11000V .
Primarye 3
Supply amp

PRIMARY SECONDARY )

Fig.33.10. Transformer coil currents

Example 33.11. Aload of 1000 kVA at 0.866 p.f. lagging is supplied by two 3 phase transform-
ers of 800 kVA capacity operating in parallel. Ratio of transformation is same : 6600/400 V, delta/
star. If the equivalent impedances referred to secondary are (0.005 + j.015) ohm and (0.012 + j
0.030) ohm per phase respectively. Calculate load and power factor of each transformer.

(Amravati Univ. 1999)

Solution. Total load = 1000 kVA
cos@ = 0.866Lag, ¢=30°lag
Total power output = 866 kW

Secondary current with star connection,
L= 1000
27 [3x440
If thetwo transformersareidentified as Aand B, with their parameterswith subscriptsof aand b, we
have:

x1000 = 1312.2 amp

= 0.005 +j 0.015 = 0.0158 OJ 71.56° ohm
7. = 0.012 +j 0.030 = 0.0323 J 68.2° ohm
7 +7, = 0017+]0.045=0.0481 01 69.3°chm
= secondary current of transformer A
= secondary current of transformer B
_ 2y ,,-003230682
Z,+7, 0.048169.3
= 88101 311°
_ Za i, = 0015817156
2. +7, 0.04810169.3
= 4310+ 27.74°

x1312 [+ 30

x1312 [+ 30

For Transformer A
Load = 3x254 %881 x10° =671L3KkVA
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Power factor = c0s31.1°lag=0.8561ag

For Transformer B
Load = 3x254 x 431 x 107° = 3284 kVA
Power factor = €0s23.74° lag=0.8851ag

Check : Total kW givesacheck.

1000 kVA at 0.866 |ag means 866 kW.

Output, inkW, of transformer A= 671.3 x 0.856 = 574.6 kW
Output inkW of transformer B = 328.4 x 0.885 = 290.6 kW
Sum of thesetwo outputs = 574.6 + 290.6 = 865.2 kW
Note. Total kVAR also givesacheck.

Depending on leading or lagging p.f., appropriate sign (+ ve or — ve) must be assigned to the KVAR-term.

Tutorial Problem No. 33.1

1. A 3-phase, star-connected alternator generates 6,360 V per phase and supplies 500 kW at ap.f. 0.9
lagging to aload through a step-down transformer of turns40: 1. Thetransformer isdeltaconnected onthe
primary side and star-connected on the secondary side. Calculate the value of the line volts at the load.
Calculate aso the currents in (a) alternator windings (b) transformer primary windings (c) transformen
secondary windings. [476V (a) 29.1 A (b) 16.8 A (c) 672 A]

2. A 11,000/6,600 V, 3-@, transformer has a star-connected primary and a delta-connected secondary.
It supplies a 6.6 kV motor having a star-connected stator, developing 969.8 kW at a power factor of 0.9
lagging and an efficiency of 92 per cent. Calculate (i) motor line and phase currents (ii) transformer
secondary current and (iii) transformer primary current.

[(& Motor ; I, = lpn=1263A (b) phase current 73 A (c) 75.8 A]

33.7. Open-Delta or V - V connection

If one of thetransformersof aA — Aisremoved and 3-phase supply is connected to the primariesas
showninFig. 33.11, then threeequal 3-phase voltageswill be available at the secondary terminalson no-
load. Thismethod of transforming 3-phase power by means
of only two transformersiscalled theopen— Aor V-V Co

O C
connection. J
Itisemployed: B - b
N o4 >—*—o

when the three-phaseload istoo small towarrant

theingtdlation of full three-phasetransformer bank. v
2. whenoneof thetransformersinaA — Abank is -

disabled, so that service is continued although l

at reduced capacity, till thefaulty transformer is Ao

repaired or a new one is substituted.

C ©
3. whenitisanticipated that in futuretheload will
increase necessitating the closing of open delta.
One important point to note is that the total load B A b

that can becarried by aV -V bank isnot two-third of the
capacity of aA — Abank butitisonly 57.7%of it. Thatis
areduction of 15% (strictly, 15.5%) fromitsnormal rating.
SupposethereisA — Abank of three 10-kVA transformers. When onetransformer isremoved, thenit runs
inV-V. Thetotd rating of thetwo transformersis20kVVA. But the capacity of theVV —V bank isnot the
sum of thetransformer kVA ratingsbut only 0.866 of iti.e. 20 x 0.866 = 17.32 (or 30 x 0.57 = 17.3kVA).
Thefact that theratio of VV-capacity to A-capacity is 1/+/3 =57.7% (or nearly 58%) instead of 66% per
cent can be proved asfollows:

O a
a

Fig. 33.11
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AsseenfromFig. 33.12 (a)

A - Acapacity = /3.V, .1, = 3.V, (319 =3V,Ig

InFig. 33.12 (b), it isobviousthat when A — Abank becomesV —V bank, the secondary line current
I, becomesequal to the secondary phasecurrent I

0 V-Veapacity = +/3.V(1, =3V, .l
V -V capacity _ «/§-VL|S _1
N~ A canacity capatity —SVL s 3 0.577 or 58 per cent

It meansthat the 3-phase|oad which can be carried without exceeding theratingsof thetransform-
ersis57.7 per cent of theoriginal load rather than the expected 66.7%.

O

c I= 31 . I=1, .
Is Is VL Is IS V' o
- e '
I I,
a a
e Closed-A o0 Ao Open-A ’
(a) (b)
Fig. 33.12

It isobviousfrom abovethat when onetransformer isremoved froma/ — Abank.

1. thebank capacity isreduced from 30 kVA to 30 x 0.577 = 17.3 kVA and not to 20 kVVA asmight
be thought off-hand.

2. only 86.6% of therated capacity of thetwo remaining transformersisavailable (i.e. 20 x 0.866
=17.3kVA). Inother words, ratio of operating capacity to available capacity of an open-A
is0.866. Thisfactor of 0.866 issometimescalled the utility factor.

3. eachtransformer will supply 57.7% of load and not 50% when operatinginV -V (Ex. 33.13).

However, itisworth noting that if threetransformersinaA — Abank are delivering their rated | oad*

and onetransformer isremoved, the overload on each of thetwo remaining transformersis 73.2% because
total load inV -V _ 3.V Ig _ 3 =173
VA/transformer Vi ig

Thisover-load may be carried temporarily but some provision must be madeto reducetheload if

overheating and consequent breakdown of the remaining two transformersis to be avoided.

The disadvantages of this connection are :

1. Theaveragepower factor at whichthe V-bank operatesislessthanthat of theload. Thispower
factor isactually 86.6% of the balanced load power factor. Another significant point to noteisthat,
except for abalanced unity power factor load, thetwo transformersinthe V -V bank operate at different
power factors (Art. 33.8).

2. Secondary terminal voltagestend to become unbalanced to agreat extent whentheloadisin-
creased, thishappenseven when theload is perfectly balanced.

It may, however, be noted that if two transformersare operating in vV —V and loaded to rated capacity
(intheaboveexample, to 17.3kVA), theaddition of athird transformer increasesthetotal capacity by /3

or 173.2% (i.e. to 30 kVA). It meansthat for an increase in cost of 50% for the third transformer, the
increasein capacity is73.2% when converting fromaV -V systemto aA — Asystem.

*  InEx. 33.13, thethree transformers are not supplying their rated load of 20 x 3 =60 kVA but only 40 kVA.
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33.8. Power Supplied by V - V Bank

WhenaV -V bank of two transformers suppliesabal anced 3-phaseload of power factor cos @,then
onetransformer operatesat ap.f. of cos(30° — ¢) and the other at cos (30° + ¢). Consequently, thetwo
transformerswill not havethe samevoltageregulation.

O P, = kVA cos(30° - @ and P, = kVA cos (30° + @)

(i) When@=0i.eloadp.f.=1

Each transformer will haveap.f. = cos30° = 0.866

(i) When @=230i.e.load p.f. = 0.866.

In this case, one transformer has a p.f. of cos (30° — 30°) = 1 and the other of cos (30° + 30°)
=0.866.

(iii) When @=60°i.e.load p.f.=0.5
Inthiscase, onetransformer will haveap.f. = cos (30 - 60°) = cos (- 30°) = 0.866 and the other of

€0s(30° + 60°) = 0. It meansthat one of the transformerswill not supply any load whereasthe other
havingap.f. =0.866 will supply theentireload.

Example 33.12. What should be the kVA rating of each transformer in a V — V bank when the
3-phase balanced load is40 KVA ? If athird similar transformer is connected for operation, what is
the rated capacity ? What percentage increase in rating is affected in this way ?

Solution. Aspointed out earlier, the KVA rating of each transformer hasto be 15% greater.

O kVAftrasformer = (40/2) x1.15=23

A — Abank rating = 23x3=69; Increase=[(69 — 40)/ 40] x 100="72.5%

Example 33.13. A A — Abank consisting of three 20-kVA, 2300/230-V transformers supplies a
load of 40 KVA. If one transformer isremoved, find for the resulting V —V connection

(i) kVAload carried by each transformer

(i) per cent of rated load carried by each transformer

(iii) total kVA rating of the V-V bank
(iv) ratio of the V-V bank to A — A bank transformer ratings.
(v) per centincreasein load on each transformer when bank is converted into V-V bank.

Solution. (i) Asexplained earlierin Art. 33.7, total KVA load inV —V bank =3
VA/transformer

O kVA load supplied by each of thetwo transformers= 40/./3 =23.1kVA
Obviously, each transformer in V - V bank does not carry 50% of the original load but 57.7%.

KVA load/transformer _ 23.1 _ 115.5 %

i t of rated load = -
(if) per cent of rated [o KVA rating/transformer ~ 20

carried by each transformer.
Obviousdly, inthiscase, each transformer isoverloaded to the extent of 15.5 per cent.*
(iii) kVA rating of the V - V bank = (2 x 20) x 0.866 = 34.64 kVA

V -V rating _ 34.64

= = =0.577 or 57.7%
A - Arating 60 o ’

(iv)

*  Overloading becomes 73.2% only when full rated load is supplied by the A — Abank (i.e. 3 x 20 = 60 kVA
in this case) before it becomesV - V bank.
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Asseen, therating isreduced to 57.7% of theoriginal rating.
(v) Load supplied by each transformerin A — Abank = 40/3=13.33kVA
0 Percentageincreaseinload supplied by each transformer

_ kVA load/transformer inV -V bank _ 23.1
"~ kVA load/transformer in A — A bank  13.3

Itisobviousthat each transformer inthe A — Abank supplying 40 kVA was running underloaded
(13.33vs20kVA) but runsoverloaded (23.1 vs20 kVA) in V -V connection.

Example 33.14. A balanced 3-phase load of 150 kW at 1000 V, 0.866 lagging power factor is
supplied from 2000 V, 3-phase mains through single-phase transformers (assumed to be ideal)
connected in (i) delta-delta (ii) Vee-Vee. Find the current in the windings of each transformer and
the power factor at which they operate in each case. Explain your calculations with circuit and
vector diagrams.

Solution. (i) Delta-Delta Connection
V3 VI cosg = 150,000

J/3x1000x | x0.866 = 150,0000) I, =100A

O Secondary linecurrent = 100 A; secondary phase current = 100/+/3 =57.7A
Transformation ratio 1000/2000=1/2

O Primary phase current 57.7/2=28.85A

(ii) Vee-Vee Connection

Let| bethe secondary line current which is aso the phase current in V - V connection. Then

J3x1000x 1 x0.866 = 150,000 [ /=100A

0O Secondary phase current 100 A; primary phase current = 100 x /2 =50 A

Transformer power factor 86.6 per cent of 0.866=0.75 (lag).

Example 33.15. (@) Two identical 1-phase transformers are connected in open-delta across
3-phase mains and deliver a balanced load of 3000 kW at 11 KV and 0.8 p.f. lagging. Calculate the
line and phase currents and the power factors at which the two transformers are working.

(b) 1f one moreidentical unit is added and the open delta is converted to closed delta, calcu-
late the additional load of the same power factor that can now be supplied for the same temperature

=1732=1732%

rise. Also calculate the phase and line currents. (Elect. Machinery-l, MadrasUniv. 1987)
Solution. (a) If I istheline current, then
J/3x11,000x | x0.8 = 3,000,000 | =197 A

Since, this also represents the phase current,
0O Secondary phase current = 197 A; Transformer p.f. = 86.6 per cent of 0.8 =0.693
(b) Additional load 72.5 per cent of 3000 =2175kW

Total load = 3000+2175=5175kW
Now, J3xV I cos@ = 51750000r \/3x11,000% |, x0.8 =5,175,000
0 I, = 340A; phasecurrent= 340/+/3 =196 A

Example 33.16. Two transformers connected in open delta supply a 400-kVA balanced load
operating at 0.866 p.f. (lag). The load voltage is 440 V. What is the (a) kVA supplied by each
transformer ? (b) kW supplied by each transformer ? (Elect. Machines-|, Gwalior Univ. 1991)
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Solution. Asstatedin Art 33.7, theratio of operating capacity to available capacity inanopen-Ais
0.866. Hence, kVA of each transformer isone-half of thetotal kVA load divided by 0.866.

_(400/2)
= 0.866

(b) As stated in Art 33.8, the two transformers have power factors of cos (30° - ¢) and
c0os(30° +@).

(a) KkVA of eachtransformer =231 kVA

O P, = kVAcos(30° - ¢ and P,=kVA cos(30+ @)
Now, load p.f. = cos@=0.866; @= cos* (0.866) = 30°
O P, = 231 xcos0°=231kW,; P,=231x cos60° = 115.5 kW

Obviously, P, + P, must equal 400 x 0.86 = 346.5 kW
Tutorial Problem No. 33.2

1. Three1100/110-V transformers connected delta-delta supply alighting load of 100 kW. One of the
transformers is damaged and removed for repairs. Find

(@) What currents were flowing in each transformer when the three transformers werein service ?

(b) What current flows in each transformer when the third is removed ? and

(¢) The output kVA of each transformer if the transformers connected in open A supply the full-load
with normal heating ?

[(@) primary = 30.3 A; secondary 303 A (b) primary = 30.3 \/§A§ secondary = 303\/§A
(c) 33.33kVA] (Elect. Machines-I, Gwalior Univ. Apr. 1977)

33.9. Scott Connection or T - T Connection

Thisisaconnection by which 3-phaseto 3-phasetransformation isaccomplished with the hel p of two
transformersas shownin Fig. 33.13. Sinceit wasfirst proposed by CharlesF. Scott, it isfrequently
referred to as Scott connection. Thisconnection canalso
beused for 3-phaseto 2-phasetransformationasexplained

inArt. 33.10.

One of the transformers has centre taps both on the

primary and secondary windings (Fig. 33.13) and is

known asthe main transformer. 1t formsthe horizontal
member of the connection (Fig. 33.14).

The other transformer has a0.866 tap and is known
asteaser transformer. One end of both the primary and
secondary of the teaser transformer isjoined to the cen-
tretaps on both primary and secondary of the main trans-
former respectively asshowninFig. 33.14 (a). Theother
end A of the teaser primary and the two ends B and C of Fig. 33.13
the main transformer primary are connected to the
3-phase supply.

Thevoltagediagramisshownin Fig. 33.14 (a) where the 3-phase supply linevoltageis assumed
to be 100 V and atransformation ratio of unity. For understanding asto how 3-phase transformation
resultsfrom thisarrangement, it isdesirable to think of the primary and secondary vector voltages as
forming geometrical T¢ (from which this connection getsits name).
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Primaries Secondaries
Main
A Transformer .
N\?/
S %
N
S/ N \- N
<l
C v D B c d "
H—/H—/ N
Ex Eos o 3
100 V .
de Idb
(a) (b)
Fig. 33.14

Inthe primary voltage T of Fig. 33.14 (a), E,. andE,; areeach 50V and differ in phase by 180°,
because both coils DB and DC are on the same magnetic circuit and are connected in opposition.
Each side of the equilateral triangle represents 100 V. The voltage E,, being the altitude of the

equilateral triangleisequal to (\/;_?,/ 2) x100=86.6V and lags behind the voltage across the main by

90°. The same relation holds good in the secondary winding so that abc is a symmetrical 3-phase
system.

With referenceto the secondary voltagetriangle of Fig. 33.14 (b), it should be noted that for aload
of unity power factor, current |, lags behind voltage E by 30° and |, leads E,, by 30°. In other
words, the teaser transformer and each half of the main transformer, all operate at different power
factors.

Obviously, thefull rating of the transformersis not being utilized. The teaser transformer oper-
atesat only 0.866 of itsrated voltage and the main transformer coils operate at cos 30° = 0.866 power
factor, whichisequivalent to the main transformer’s coils
working at 86.6 per cent of their kVA rating. Hencethe
capacity torating ratioinaT—T. connectionis86.6% —
thesameasinV —V connectionif twoidentical unitsare
used, although heating in thetwo casesisnot the same.

If, however, both the teaser primary and secondary
windings are designed for 86.6 voltsonly, then they will
be operating at full rating, hence the combined rating of c
thearrangement would become (86.6 + 86.6)/(100 + 86.6)
=0.928 of itstotal rating.* 1n other words, ratio of kVA
utilized to that available would be 0.928 which makes
this connection more economical than open-A with its
ratio of 0.866.

*  Alternatively, VA capacity available is =V I + (0.866 V, )I, = 1.866 V||, where |, isthe primary line
current. Since 3-phase power issupplied, volt-amperesactually utilized = 1.732 V|, . Hence, ratio of kVA
actually utilized to those availableis= 1.732 V| 1,/1.866 V, I, =0.928.
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Fig. 33.15 showsthe secondary of the T — T connection with itsdifferent voltagesbased on anominal
voltageof 100 V. Asseen, theneutral point nisonethird way up from point d. If secondary voltageand
current vector diagramisdrawn for load power factor of unity, it will befound that

1. current in teaser transformer isin phase with the voltage.

2. inthemaintransformer, current leadsthe voltage by 30° acrossone half but lagsthe voltage

by 30° acrossthe other half asshownin Fig. 33.14 (b).

Hence, when a balanced load of p.f. = cos ¢, is applied, the teaser current will lag or lead the
voltage by @ whilein the two halves of the main transformer, the angle between current and voltage
will be (30° — @) and (30° + ®). Thesituationissimilar to that existinginaV -V connection.

Example 33.17. Two T-connected transformers are used to supply a 440-V, 33-kVA balanced
load from a balanced 3-phase supply of 3300 V. Calculate (a) voltage and current rating of each
coil (b) KVA rating of the main and teaser transformer.

Solution. (&) Voltage across main primary is 3300 V whereas that across teaser primary is
=0.866 x 3300=2858 V.

The current is the same in the teaser and the main and equal s the line current.

O l» = 33,000/+/3%3300=5.77A —Fig.33.16

The secondary main voltage equals the line voltage of 440 VV whereas teaser secondary voltage
=0.866x440=381V.

Thesecondary linecurrent, I, =1, ,/k=5.77/(440/3300) = 43.3 A asshownin Fig. 33.16.

5.77 433 A

T T T
3300 V \ \ 440V

o]
<
I 381V =
B 3300 V 440 V b »
>
3300 V 40V @
Co l oc L_|
Fig. 33.16
(b) MainkVA = 3300 x 5.77 x 10 °= 19 kVA
Teaser KVA = 0.866 x mainkVA = 0.866 x 19 = 16.4 kVA

33.10. Three-phase to Two-phase Conversion and vice-versa

Thisconversionisrequired to supply two-phasefurnaces, tolink two-phasecircuit with 3-phase sys-
tem and d so to supply a3-phase apparatusfrom a2-phase supply source. For thispurpose, Scott connec-
tion as shown in Fig. 33.17 is employed. This connection requires two transformers of
different ratings although for interchangeability and provision of spares, both transformers may be
identical but having suitable tappings.

Scott a o
Tay
p\\ N .
o >
= ]
= E
o)
= (]
~ ° 2 l
g o o & A ss ro
E o € b |
= L, Z 100 V .
Primaries Secondaries N
o ) (Balanced)

: (a) _ (@)
Fig. 33.17 Fig. 33.18
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If, inthe secondaries of Fig. 33.14 (b), pointsc and d are connected asshown in Fig. 33.18 (b), then
a 2-phase, 3-wire system is obtained. The voltage E;. is 86.6 V but E., = 100 V, hence the

Teaser
Transformer
A T .
H
= =
o
A 100 141V g T
100 V Scott 2 =
86.6V ol Vé “
1 & 0§
B dc £
100V ¢ 100 V—>mof® j0d v &
3
L Secondary Main Transformer
Primaries (Balanced) O
() (b) (c)
Fig. 33.19

resulting 2-phase voltageswill be unequal. However, asshowninFig. 33.19 (a) if the 3-phaselineis
connected to point A, such that DA, represents 86.6% of the teaser primary turns (which arethe same
asthat of main primary), then thiswill increase thevolts/turnintheratio of 100 : 86.6, because now 86.6
voltsareapplied across 86.6 per cent of turnsand not 100% turns. In other words, thiswill makevolts/
turn the same both in primary of theteaser and that of the main transformer. If the secondaries of both
thetransformers have the same number of turns, then secondary voltagewill be equal in magnitude as
shown, thusresulting in asymmetrical 2-phase, 3-wire system.

Consider the same connection drawn dlightly differently asin Fig. 33.20. Theprimary of themain
transformer having N, turnsis connected between terminals CB of a 3-phase supply. If supply line

voltageisV, thenobviously Vg = Vg = Vo, = Vbut voltagebetween Aand D isV x /372 Assaid

© A AV
Al
7
\
\Y
3 (v
In 90°
v B l—>_>
C v D V L v
2 2 2M M
Primary Secondary
(a) (b)
Fig. 33.20 Fig. 33.21

above, the number of turns between A and D should bealso (+/3/2) N, for making volt/turn the same

in both primaries. If so, then for secondaries having equal turns, the secondary terminal voltageswill
be equal in magnitude although in phase quadrature.
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Itisto benoted that point D isnot theneutral point of the primary supply becauseitsvoltage with respect to
any lineisnot \/ /./3. LetN betheneutral point. Itsposition can be determined asfollows. Voltageof N

withrespectto Amustbe v/ /,/3 andsince D toAvoltageis \/ x+/3/ 2, henceNwill be (\/_3\/ 12-V /\/é)
=0.288V or0.29V fromD. Hence, Nisabove D by anumber of turnsequal to 29% of N,. Since0.288
isone-third of 0.866, henceN dividestheteaser winding AD intheratio2: 1.

L et the teaser secondary supply acurrent | at unity power factor. If we neglect the magnetizing
current |, thenteaser primary current isl = I x transformation ratio.

O I =1lor % Ny /(3N /2) = (2/4/3) X (N, / Ny X 1r = 1.15 (N/N,) I,y = 115 Kl 1 where
K =N,/N, = transformation ratio of main transformer. The currentisin phasewith star voltage of the
primary supply (Fig. 33.21).

Thetotal current|,,, in each half of the pri- A
mary of the main transformer consists of two
parts:

(i) Onepartisthat whichisnecessary to

I,=1.15KI, AVa

bal ancethemain secondary currentl,,. Itsvalue g“ EE .
IS N § %._4?(\] 900
- 2 = y =
= lyy % N, Kl e . >
(ii) Thesecond partisequal to one-half of Fig. 33.22

theteaser primary currenti.e. % I 11+ Thisisso becausethe maintransformer primary formsareturn path

for theteaser primary current which dividesitself into two halvesat mid-point D in either direction. The
valueof each halfis=1,/2=1.15KI,;/2=0.58 Kl .

Hence, the currentsin thelines B and C are obtained vectorially asshownin Fig. 33.22. It should be
noted that asthetwo halvesof theteaser primary current flow in oppositedirectionsfrom point D, they have
no magnetic effect on the coreand play no part at al in balancing the secondary ampere-turnsof themain
transformer.

Theline currentsthus have rectangular components of Kl,,, and 0.58, Kl ,; and, asshownin Fig.
33.22, are in phase with the primary star voltages V,z and V. and are equal to the teaser primary
current. Hence, the three-phase side is balanced when the two-phase load of unity power factor is
balanced.

I, =1.15KI,

(a) (b)
Fig. 33.23
Fig. 33.23(a) illustratesthe condition corresponding to aba anced two-phase | oad at alagging power
factor of 0.866. TheconstructionisthesameasinFig. 33.22. 1t will be seenthat the 3-phasesideisagain
balanced. But under these conditions, themain transformer rating is 15% greater than that of theteaser,
becauseitsvoltageis15% greater althoughitscurrent isthe same.
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Hence, we concludethat if theload is balanced on one side, it would always be balanced
on the other side.

Theconditions corresponding to an unbalanced two-phaseload having different currentsand power factors
areshowninFig. 33.23 (b). Thegeometrical constructionissimilar tothoseexplainedin Fig. 33.22 and
33.23(a).

Summarizing theabovewehave:
1. Teaser transformer primary has /3 / 2 timestheturnsof mainprimary. But volt/turnisthe same.
Their secondaries have the sameturnswhich resultsin equal secondary terminal voltages.
2. If mainprimary hasN, turns and main secondary has N, turns, then main transformationratiois
N,/N,. However, thetransformation ratio of teaser is
N/ (/3N,/2) = L15N,/N, = 115K
3. Iftheloadisbalanced ononeside, itisbalanced on the other sideaswell.

Under balanced load conditions, main transformer rating is 15% grester than that of theteaser.
5. Thecurrentsineither of thetwo halves of main primary arethevector sumof Kl and 0.58 Kl

A

1
(or EllT)-

Example 33.18. Two transformersare required for a Scott connection operating froma 440-V,
3-phase supply for supplying two single-phase furnaces at 200 V on the two-phase side. If the total
output is 150 kVA, calculate the secondary to primary turn ratio and the winding currents of each
transformer.

Solution. Main Transfor mer

Primary volts = 440V ; secondary volts=200V [ %:% :2—12
| .

Secondary current = 150,000/2x 200=375A

O Primary current = 375x1/,,=197A

Teaser Transformer

Primary volts = (\/3/2x440) =381V : Secondary volts= 200V

% - % = ;05 (also teaser ratio = 1.15 x 1/2.2 = 1/1.905)

Example 33.19. Two single-phase furnacesworking at 100 V are connected to 3300-V, 3-phase
mains through Scott-connected transformers. Calculate the current in each line of the 3-phase
mains when the power taken by each furnace is 400-kW at a power factor of 0.8 lagging. Neglect
lossesin the transformers. (Elect. Machines| 11, South Gujarat Univ. 1988)

Solution. Here K = 100/3,300=1/33 (maintransformer)
I, = % =5,000A (Fig. 33.24); Herel ,; =1,,=1,=5,000A
Asthe two-phase load is balanced, the 3-phase side is a so balanced.
Primary phase currentsare = 1.15KI,=1.15%(1/33) x5,000=174.3A
Since for a star-connection, phase current is equal to line current,
O Linecurrent = 1743A

Note. We have made use of thefact that since secondary load isbalanced, primary load isalso balanced. If
necessary, |,,, can also be found.
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I, isthevector sum of (i) K., and (ii) % I,70r 0.58 Kl .

A
o] > 5000 A
A
. I, = 1.15KL,
2 - = 1743A
= S
= N
v
M

=
S
<
5000A
(@]
(98]
(98]
o
()
s
oAl
MU
./(7 Y
los]

400 kW
(a) ()
Fig. 33.24

Now, Kl = (1/33)x5,000=151 A and 0.58 KI, = % l,;=174.32=87.1 A

\151° +87.1> =174.3A

Example 33.20. In a Scott-connection, calculate the values of line currents on the 3-phase side
if the loads on the 2-phase side are 300 kW and 450 kW both at 100 V and 0.707 p.f. (lag) and the
3-phase line voltage is 3,300 V. The 300-kW load is on the leading phase on the 2-phase side.
Neglect transformer losses. (Elect. Technology, Allahabad Univ. 1991)

Solution. ConnectionsareshowninFig. 33.25 (a) and phasor diagram in Fig. 33.25 (b).

|

3300V

o]

O

I1M

1.15 KL,

] I
300 kW g
o> I x 1.15 KL;
(KL, + 5 x 1.15 KL,) [ e—E
(a) (b)
Fig. 33.25
Here, K = 100/3300=1/33

Teaser secondary current isl,; = 450,000/100 % 0.707 =6360 A
Teaser primary currentis 1,1 = L15KI;=15x%(1/33) x6360=221.8A
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AsshowninFig. 33.25 (), main primary current | ,,, hastwo rectangular components.
(i) Kly,wherel,, isthesecondary current of the main transformer and

(i) Half of theteaser primarycurrent%l1T = %Xl.lS Kl =0.577 Kl ¢

_ 1, 300000 _ Al =1 _
Now Kl = 33 X 100% 0707 — 128.58 A ; Also > I > x221.8 =110.9A
Main Primary current = 128.58° +110.9° =169.79A

Hence, the 3-phaselinecurrentsare 221.8 A inonelineand 169.79 A in each of the other two.

Example 33.21. Two electric furnaces are supplied with 1-phase current at 80 V from a
3-phase, 11,000 V system by means of two single-phase Scott-connected transformers with similar
secondary windings. When the load on one furnace is 500 kW (teaser secondary) and on the other
800 kW (secondary of main transformer) what current will flow in each of the 3-phase lines (a) at
unity power factor and (b) at 0.5 power factor ? Neglect phase displacement in and efficiency of, the
transformers. (Electrical Engineering, MadrasUniv. 1987)

Solution. The connectionsare shownin Fig. 33.26 and the phasor diagramsfor unity and 0.5 p.f.
areshowninFig. 33.27 (a) and (b) respectively.

=105A

)
(=3
(=]
2
&
(=]
Z
500 kW
]
~J
[\
~J
>
52.5A

800 kW
(KL, + 0.58 KL,,)

(@)
N
3
>
L]
w

Fig. 33.26 Fig. 33.27

Here, K = 80/11,000=2/275

(& Unityp.f.

With referenceto Fig. 33.27 (a), we havel ,; = 500,000/80 x 1= 6,250 A
Teaser primary current 1, = 1.15KI,;=1.15x%(2/275) x6,250=52.5A
For the main transformer primary

0 Klay = 258 ot

Current in the primary of themain transformer is= ,/72.72 + 26.252 =77.1A

Hence, one 3-phaseline carries 52.5 A whereasthe other 2 carry 77.1 A each [Fig. 33.27 (a)].
(b) 05pf.

With referenceto Fig. 33.27 (b) we havel,; = 500,000/80 x 0.5= 12,500 A

Teaser primary current |,,=1.15x (2/275) x 12,500 =105 A

For themaintransformer primary

=72.7A (ii) % X1l =525/2=26.25A
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. 2 800,000
(0 Klaw = 575 80x05

=145.4 A (ii) %llT =105/2=525A.

Currentintheprimary of the maintransformer is= «/145.42 +525% =154.2A.

Hence, one 3-phaseline carries 105 A and the other two carry 154.2 A each.

Note: Part (b) need not be worked out in full because at 0.5 p.f., each component current and hence the
resultant are doubled. Hence, in the second case, answers can be found by multiplying by afactor of 2 theline
currents found in (a).

Example 33.22. Two furnaces are supplied with 1-phase current at 50 V froma 3-phase, 4.6 kV
system by means of two 1-phase, Scott-connected transformers with similar secondary windings.
When theload on the main transformer is 350 kW and that on the other transformer is200 kW at 0.8
p.f. lagging, what will be the current in each 3-phaseline ? Neglect phase displacement and |osses
intransformers. (Electrical Machinery-I1, Bangalore Univ. 1991)

Solution. Connectionsand vector diagramsare shownin Fig. 33.28.
K = 50/4,600=1/92; |, = 200,000/50 x 0.8=5,000 A
l,+ = L15KI,;=1.1x%(1/92) x5,000=62.5A

II'I‘=62'5 A IZT =5000 A
=
50V =
(=]
[\l

wnr—B
— SSBEEEIE— <
50V 3 g
7 A=
A T4 L
350 kW] = |7
BO
o (b)
Fig. 33.28

AsshowninFig. 33.28 (b), main primary current 1,,, has two rectangular components.
(i) Kly,wherel,,,=350,000/50x0.8=8,750 A O Kl,,,=8,750/92=95.1 A

(i) (12)1,;=6252=313A O I;,=/95.1%+31.3 =100A
O CurrentinlineA=62.5A; CurrentinlineB=100A; CurrentinlineC=100A.

Example 33.23. Two single-phase Scott-connected transformers supply a 3-phase four-wire
distribution system with 231 volts between lines and the neutral. The h.v. windings are connected
to a two-phase system with a phase voltage of 6,600 V. Determine the number of turns in each
section of the h.v. and I.v. winding and the position of the neutral point if the induced voltage per
turnis 8 volts.

Solution. As the volt/turn is 8 and the h.v. side voltage is 6,600 V, the h.v. side turns are
=6,600/8 = 825 on both transformers.
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Now, voltage acrosspoints B and C of mainwinding
=linevoltage= 231x /3 =400V

No. of turnsonthel.v. side of themain transformer =
400/8 =50

No. of turnson the |.v. side of teaser transformer =

J(3/2) x mains turns

= /3x 50/ 2 =43 (whole number) 825
Theneutral point on the 3-phase side dividesteaser 6600V
turnsintheratiol: 2. Fig. 33.29
0  Number of turnsbetween Aand N=(2/3) x AD
=(2/3) x43=129

Hence, neutral point islocated on the 29th turn from A downwards (Fig. 33.29).

Example 33.24. A Scott-connected (2 to 3-phase) transformer links a 6,000 V, 2-phase system
with a 440 V; 3-phase system. The frequency is 50 Hz, the gross core area is 300 cm?, while the
maximum flux density is to be about 1.2 Wo/m’. Find the number of turns on each winding and the
point to be tapped for the neutral wire on the 3-phase side. If the load is balanced on the one side
of such a transformer, find whether it will also be balanced on the other side. (London Univ.)

Solution. Usethetransformer voltage equation 1,
E=4.44fN @ volt
Grosscorearea= 300 cm?

Assuming netiron=0.9 of grossarea, and considering .+, BN, b
the h.v. side, we have

6000=4.44x50x N, x 1.2 (300 x 0.9 x 10™*)

Teaser
Ag ==

N, =834

Hence, h.v. sides of both transformers have 834 turns N = 834
each. 6000 V-

Now K =440/6000=11/150

O Turnsonthe I.v. side of main transformer

N, =834 x 11/150 = 61 Fig. 33.30

Turnson the |.v. side of teaser = (y/3/2) x 61=53
With referenceto Fig. 33.30, number of turnsin AN =53 x 2/3=35

Example 33.25. A 2-phase, 4-wire, 250 V system is supplied to a plant which has a 3-phase
motor load of 30 KVA. Two Scott-connected transformers supply the 250 V motors. Calculate
(a) voltage (b) kVA rating of each transformer. Draw the wiring connection diagram.

Solution. (a) Both the main and the teaser have the same voltage rating asthe supply voltagei.e.

250 V. The current in the main and the teaser coilsisthe same as the supply current and is
_ Tota KVA  _ 30,000
~ 2xLinevoltage 2x 250

On the three-phase side, current is the same in &l coils and is equal to the load line current
= 30,000/+/3 x 250 =69.3A
L oad voltage on main secondary = linevoltage= 250V

=60 Aarcsin®
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L oad voltage on teaser secondary = 0.866 x 250=216.5V

Hence, voltage rating of main transformer is 250/250 whereas that of teaser transformer is
250/216.5.

The current rating of main transformer is 60/69.3 and it is the same for the teaser transformer.

(b) Thevolt-amp rating of theteaser primary aswell as secondary isthesamei.e. 60 x 250 x 10° 3
=69.3%x 216.5x 10°=15kVA

The main volt-ampererating of secondary is= 250 x 69.3 x 103=17.3kVA

Incidentally, if two identical transformers are used for providing inter-changeability, then both
must berated at 17.3 kVA. Inthat case, atotal capacity of 34.6 kVA would be required to provide a
30kVA load.

Thewiring connectionsareshowninFig. 33.31.
60A 69.3A

I

250V ,——Teaser 250V 250V
'iA l J Motor
'[ Load
. 250V
* Main )
2 éOV 60A 69.3A l SOLIES

Fig. 33.31

Tutorial Problem No. 33.3

1. A Scott-connected transformer isfed from a6,600-V, 3-phase network and suppliestwo single-phase
furnacesat 100 V. Calculatetheline currentson the 3-phase side when the furnacestake 400 kW and 700 kW
respectively at 0.8 power factor lagging. (Elect. Machines|1, Indore Univ. 1977)

[With 400 kW on teaser, linecurrentsare 87. 2 A; 139 A; 139 A]

2. Two 220-V, 1-phase electrica furnaces take loads of 350 kW and 500 kW respectively at a power
factor of 0.8 lagging. The main supply isat 11-kV, 3-phase, 50 Hz. Calculate current in the 3-phase lines
which energi se a Scott-connected transformer combination. (Elect. Machines, Madras Univ. 1978)

[With 350 kW on teaser linecurrentsare: 45.7A ; 61.2 A; 61.2 A]

3. Two electric furnaces are supplied with 1-phase current at 80 V from 3-phase, 11,000-V supply
mains by means of two Scott-connected transformerswith similar secondary windings. Calculatethe current
flowing kW respectively in each of the 3-phaselinesat U.P.P. when theloads on the two transformers are 550
kW of 800 kW.

[With 550 kW on teaser, linecurrentsare: 57.5 A; 78.2; 78.2 A] (Electrical Machines-|, Madras

University, 1977)

33.11. Parallel Operation of 3-phase Transformers

All the conditions which apply to the parallel operation of single-phase transformers also apply
to the parallel running of 3-phase transformers but with the following additions:

1. Thevoltageratio must refer totheterminal voltage of primary and secondary. Itisobviousthat
thisratio may not be equal to theratio of the number of turns per phase. For example, if V,, V, arethe

primary and secondary terminal voltages, then for Y/A connection, the turn ratio is V,/ (V;/ J3)
=3V, 1V,
2. The phase displacement between primary and secondary voltages must be the same for all

transformers which are to be connected for parallel operation.
3. The phase sequence must be the same.
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4.  All threetransformersin the 3-phasetransformer bank will be of the same construction either core
or shell.

Note. (i) Indealing with 3-phasetransformers, cal culationsare madefor one phaseonly. Thevalueof
equivalent impedance used isthe equival ent impedance per phasereferred to secondary.

(ii) Incasetheimpedancesof primary and secondary windings are given separately, then primary
impedance must bereferred to secondary by multiplying it with (transformation ratio)®.

(iii) For Y/A or AJY transformers, it should be remembered that the voltage ratios as given in the
questions, refer to terminal voltages and are quite different from turn ratio.

Example 33.26. A load of 500 kVA at 0.8 power factor lagging is to be shared by two three-
phase transformers A and B of equal ratings. If the equivalent delta impedances as referred to
secondary are (2 + j6) Q for Aand (2 + j5) Q for B, calculate the load supplied by each transformer.

Zg _s 1
Z,+Z, 1+(ZA/Zg)
Now S = 500(0.8-j0.6) =(400-j300)
Z,Zg = (2+)6)/[(2+]5)=117+]0.07,Z,/Z, =(2+]5)/(2+]6)=0.85-)0.05

Solution. Sy = S

S, = (400-j300)/(2.17+j0.07)=180-] 144.2=230.7+ 38.7°
cos@, = 0.78lagging
Sg = (400-j300)/(1.85-j0.05)=220.1-j156=270[F 40°28 [ cosdg =0.76lagging.

Example33.27. State (i) the essential and (ii) the desirable conditionsto be satisfied so that two
3-phase transformers may operate successfully in parallel.

A 2,000-kVA transformer (A) is connected in parallel with a 4,000 kVA transformer (B) to
supply a 3-phase load of 5,000 kVA at 0.8 p.f. lagging. Determine the kVA supplied by each
transformer assuming equal no-load voltages. The percentage voltage drops in the windings at
their rated loads are as follows :

Transformer A resistance 2% ; reactance 8 %
Transformer B resistance 1.6 % ; reactance 3 %
(Elect. Engineering-11, Bombay Univ. 1987)
Solution. Onthebasisof 4,000 kVA
% Z, = (4,000/2,000) (2+j8)=(4+j16)=16.5076°

% Z, = (1.6+]3);%Z,+%Z;=(5.6+]16)=19.801 73.6°
S = 50003 36.9°=(4,000-] 3,000)
Now S = S.ZAZTAZB:S,OOO B—36.9°X%
= 50003 36.9°x0.832[124°=4,160+ 34.5°=(3,425-2,355)
S, = S—S;=(4,000-] 3,000) - (3,425—] 2355)
= (575-j645)=864 1 48.3°
cos@; = €0s34.5°=0.824 (lag); cos@,=cos48.3° = 0.665 (lag).

Example33.28. Aload of 1,400 kVA at 0.866 p.f. lagging is supplied by two 3-phase transform-
ers of 1,000 kVA and 500 kVA capacity operating in parallel. The ratio of transformation is the
samein both : 6,600/400 delta-star. If the equivalent secondary impedances are (0.001 + j 0.003)
ohmand (0.0028 + j0.005) ohm per phase respectively, calculate the load and power factor of each
transformer. (Elect. Engg-l, Nagpur Univ. 1993)
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Solution. Onthebasisof 1000kVA, Z , = (0.001+j 0.003) Q
(1000/500) (0.0028 + j 0.005) = (0.0056 +j 0.01) Q

N
w
1

Zn__ _ (0.001+ 0003 _3162x10° (716°
Zp*Zg T (0.0066+ j0.013 1457x10°° 063.1°

=0.2032 0 8.5°

S = 14000 cos * (0.866) = 1400 [+ 30° = (1212 - j 700)
ZA
Sg = S. m =1400 [+ 30° x0.20320 8.5°
= 28450 215°=265-j 104
S, = S—5;=(1212-j 700) — (265 —j 104) = (947 - 596) = 1145 [+ 32.2°
cos@, = €0s32.3°=0.846 (lag); cos ¢, = cos 21.5° = 0.93 (lag).

Example 33.29. Two 3-phase transformers A and B having the same no-load line voltage ratio
3,300/400-V supply a load of 750 kVA at 0.707 lagging when operating in parallel. The rating of
Ais500 kVA, itsresistance is 2% and reactance 3%. The corresponding values for B are 250 kVA,;
1.5% and 4% respectively. Assuming that both transformers have star-connected secondary wind-
ings, calculate

(a) theload supplied by each transformer,
(b) the power factor at which each transformer is working,
(c) the secondary line voltage of the parallel circuit.

Solution. Onthebasisof 500 kVA,
% Z, = 2+]3,%Z5=(500/200) (1.5+]4)=(3+]8)

Now, S = 75003 45°
@ S, = S-Z8_ 7500 45°x0711038°
Z, +Z,

533 41.2°=(400-j 351)
Sg = 7500 45°x 0.3 009.3°=225 54.3°
(b) cos@, = €0s41.2°=0.752 (lag); cos @, = cos54.3° = 0.5835 (lag)

(c) Sincevoltagedrop of each transformer isthe same, itsvaluein the case of transformer Awould
only becalculated. Now, for transformer A, KW =400 for the active component of the current and kVAR
= 351 for thereactive component.

O %resistivedrop =2 x400/500
= 1.6%; % reactive drop = 3 x 351/500 = 2.1%
Total percentagedrop = 1.6 +2.1=3.7
Secondary linevoltage =400 — (3.7 x 400/100) = 385.2 V.

33.12. Instrument Transformers

Ind.c. circuit when large currents are to be measured, it isusual to uselow-range ammeterswith
suitableshunts. For measuring high voltages, low-rangevoltmetersare used with ahigh resi stance connected
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inserieswiththem. Butitisnot convenient to usethismethodswith dternating current and voltageingtruments.
For thispurpose, specially constructed accurateratio instrument transformersareemployed in conjunction
with standard low-range a.c. instruments. Theseinstrument
transformers are of two kinds : (i) current transformersfor
measuring large alternating currents and (ii) potential
transformersfor measuring high alternating voltages.

33.13. Current Transformers

Thesetransformersare used with low-range ammeters
tomeasure currentsin high-voltageaternating-current circuits
whereitisnot practicableto connect instrumentsand meters
directly tothelines. Inaddition to insulating theinstrument
from the high voltageline, they step downthecurrentina
knownratio. Thecurrent (or series) transformer hasaprimary
coil of one or moreturns of thick wire connected in series
with the line whose current isto be measured as shownin
Fig. 33.32. The secondary consists of alarge number of
turns of fine wire and is connected across the ammeter
terminals (usually of 5-ampere bracket should be removed
or 1-ampererange).

Supply Load
—|\ —

\

Current
Transformer

LALLLUD

S

Fig. 33.32 Fig. 33.33

Asregardsvoltage, thetransformersisof step-up variety but it isobviousthat current will be stepped
down. Thus, if the current transformer has primary to secondary current ratio of 100: 5, thenit stepsup
thevoltage 20 timeswhereasit stepsdown thecurrent to /20th of its
actua value. Hence, if weknow current ratio (1,/1,,) of thetransformer -I
and the reading of thea.c. ammeter, theline current can be cal cul ated.

Infact, linecurrent isgiven by thecurrent transformation retio timesthe

reading ontheammeter. Oneof themost commonly used current trans-

former isthe one known as clamp-on or clip-on type. It hasalami- ‘
nated core which isso arranged that it can be opened out at hinged
section by merely pressing atriggr-like projection (Fig. 33.33). When
the coreisthusopened, it permitsthe admission of very heavy current-
carrying busbarsor feederswhereupon thetrigger isreleased and the
coreistightly closed by aspring. The current carrying conductor or
feeder acts asasingle-turn primary whereas the secondary is con-
nected acrossthe sandard ammeter conveniently mounted inthehandle.

It should be noted that, since the ammeter resistanceisvery low,
the current transformer normally worksshort circuited. |f for any reason,
theammeter istaken out of the secondary winding, then thiswinding Small current transformer
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must be short-circuited with the hel p of short-circulating switch S. If thisisnot done, then dueto the
absence of counter amp-turnsof the secondary, the unopposed primary m.m.f. will set up an abnormally
high flux in the corewhich will produce excessive corelosswith subsequent heating and ahigh voltage
acrossthe secondary terminals. Thisisnot the case with ordinary constant-potential transformers,
because their primary current is determined by the load in their secondary whereasin a current
transformer, the primay current is determined entirely by the load onthe system and not by theload onits
own secondary.

Hence, thesecondary of acurrent transformer should never beleft open under any circumstances.

Example 33.30. A 100 : 5 transformer is used in conjunction with a 5-amp ammeter. |f the
latter reads 3.5 A, find the line current.

Solution. Here, the ratio 100 : 5 stands for the ratio of primary-to-secondary currents i.e.
1,/1,=100/5
O Primary (or line) current =3.5% (100/5) =70 A

Example 33.31. Itisdesired to measure aline current of the order of 2,000 Ato 2,500 A. If a
standard 5-amp ammeter is to be used along with a current transformer, what should be the turn
ratio of the latter ? By what factor should the ammeter reading be multiplied to get the line current
in each case ?

Solution. 1,/I,=2000/5 =400 or 2500/5=500. Sincel /I, =N,/N, henceN,/N, =400inthefirst
case and 500 in the second case. It meansthat N, : N, :: 1:400or 1: 500.

Ratio or multiplication factor inthefirst caseis400 and in the second in the second case 500.

33.14. Potential Transformers

These transformers are extremely
accurate-ratio step-down transformersand are
used in conjunction with standard low-range
voltmeters (usually 150-V) whose deflection
when divided by voltagetransformationratio,
givesthetruevoltageonthehighvoltageside.
In general, they are of the shell-typeand do
not differ muchfromtheordinary two-winding
transformersdiscussed sofar, except that their
power ratingisextremely smal. Uptovoltages
of 5,000, potential transformersareusually of
thedry type, between 5,000 and 13,800 valts,
they may beeither dry typeor oil immersed
type, athough for voltagesabove 13,800 they
are always oil immersed type. Since their
secondary windings are required to operate
ingrumentsor relaysor pilotlights, their ratings
are usually of 40to 100 W. For safety, the
secondary should becompletely insulated from
the high-voltage primary and should be, in addition, grounded for affording protection to the operator. Fig.
33.34 showsthe connections of such atransformer.

Small Potential transformer
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High To
Supply Load ot X ]
DU Supply T .
LA L\ [ 7
Potential PT CT
Transformer
L\ \ L\
1 5T
'
Voltmeter = =
Fig. 33.34 Fig. 33.35

Fig. 33.35 showsthe connections of instrument transformersto awattmeter. While connecting the

wattmeter, therdative polaritiesof the secondary terminalsof thetransformerswith respect to their primary
terminalsmust beknown for connectionsof theinstruments.

OBJECTIVE TEST — 33

. Which of thefollowing connectionsisbest suited
for 3-phase, 4-wire service ?
(& A-A (b) Y=Y
(© A-Y d Y-A

. In athree-phase Y-Y transformer connection,
neutral isfundamental to the
(a) suppression of harmonics

(b) passage of unbalanced currents due to
unbalanced loads

(c) provisionof dual electric service
(d) balancing of phase voltages with respect to

linevoltages.

. Ascompared to A — Abank, the capacity of the
V =V bank of transformersis......... percent.
(@) 57.7 (b) 66.7
() 50 (d) 86.6

. If three transformersin a A — A are delivering
their rated load and one transformer isremoved,
then overload on each of the remaining trans-

formersis......... percent.
(a) 66.7 (b) 173.2
(c) 732 (d) 58

. WhenaV -V systemisconverted intoaA — A
system, increase in capacity of the system is

......... percent.
(a) 86.6 (b) 66.7
© 732 d) 50

. For supplying abalanced 3 — @load of 40-kVA,
rating of each transformer inV —V bank should
benearly ......... kVA.

(@ 20
(c) 346

(b) 23
@ 25

7.

10.

When a closed — A bank is converted into an
open — Abank, each of the two remaining trans-

formers supplies ......... percent of the original
load.

(a) 66.7 (b) 57.7

(c) 50 (d) 732

If the load p.f. is 0.866, then the average p.f. of

theV —V bank is

(a) 0.886 (b) 0.75

() 051 (d) 0.65

AT —T connection hashigher ratio of utilization

that aV —V connection only when

(a) identical transformersare used

(b) load power factor isleading

(c) load power factor is unity

(d) non-identical transformersare used.

The biggest advantage of T - T connection over

the V - V connection for 3-phase power trans-

formationisthat it provides

(a) aset of balanced voltages under load

(b) atrue 3-phase, 4-wire system

(c) ahigher ratio of utilization

(d) morevoltages.

Of thefollowing statements concerning parallel

operation of transformers, the one which is not

correct is

(a) transformers must have equal voltage
ratings

(b) transformers must have sameratio of trans-
formation

(c) transformers must be operated at the same
frequency

(d) transformers must have equal kVA ratings.
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12.

13.

lc

Electrical Technology

Statement

An auto-transformer is more efficient in trans-
ferring energy from primary to secondary
circuit.

Reason

Because it does so both inductively and
conductively.

Key

(a) statement is false, reason is correct and
relevant

(b) statement is correct, reason is correct but
irrelevant

(c) both statement and reason are correct and
are connected to each other as cause and
effect

(d) both statement and reason are false.

Out of thefollowing given choicesfor poly phase
transformer connections which one will you
select for three-to-two phase conversion ?

14.

15.

16.

(a) Scott (b) star/star
(c) double Scott (d) star/double-delta
A T - T transformer cannot be paralleled with

......... transformer.
(@ V-V (b) Y-A
© Y-Y (d A-A

Instrument transformersare used on a.c. circuits
for extending the range of

(@) ammeters (b) voltmeters

(c) wattmeters (d) all of theabove.
Before removing the ammeter from a current
transformer, its secondary must be short-
circuited in order to avoid

(a) excessiveheating of the core

(b) highsecondary emf.

(¢) increaseinironlosses

(d) dl of theabove.

ANSWERS
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