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1402 Electrical Technology

37.1. Basic Principle

A.C. generatorsor dternators (asthey are
usudly called) operate onthe samefundamental
principlesof electromagneticinduction asd.c.
generators. They also consist of an armature
winding and amagneticfield. But thereisone
important difference betweenthetwo. Whereas
in d.c. generators, the armature rotates and
thefield systemisstationary, thearrangement
inaternatorsisjust thereverseof it. Intheir
case, standard congruction consistsof armature
winding mounted on astationary element called stator and field windingson arotating €l ement called rotor.
Thedetailsof construction areshownin Fig. 37.1.
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Stator Terminals

Fig. 37.1

Thestator consists of acast-iron frame, which supportsthe armature core, having slotsonitsinner
periphery for housing the armature conductors. The rotor is like a flywheel having alternate
N and Spolesfixedtoitsouter rim. Themagnetic polesare excited (or magnetised) from direct current
supplied by ad.c. sourceat 125to0 600 volts. In most cases, necessary exciting (or magnetising) currentis
obtained fromasmall d.c. shunt generator which isbelted or mounted on the shaft of the alternator itself.
Becausethefield magnetsarerotating, thiscurrent issupplied throughtwo diprings. Astheexciting voltage
isrelatively small, the dip-ringsand brush gear are of light construction. Recently, brushlessexcitation
systems have been devel oped inwhich a3-phasea.c. exciter and agroup of rectifierssupply d.c. tothe
dternator. Hence, brushes, dip-ringsand commutator are eliminated.

When therotor rotates, the stator conductors (being stationary) are cut by the magnetic flux, hence
they haveinduced em.f. produced in them. Becausethemagnetic polesaredternately N and S they induce
anem.f. and hence current in armature conductors, which first flowsin onedirection and then inthe other.
Hence, an dternating e.m.f. is produced in the stator conductors (i) whose frequency depends on the



number of N and S poles moving past a
conductor in one second and (ii) whose
directionisgiven by Fleming'sRight-handrule.

37.2. Stationary Armature

Advantagesof having stationary armature
(and arotatingfield system) are:

1. Theoutput current can beled directly
from fixed terminalson the stator (or
armaturewindings) totheload circuit,
without having to pass it through
brush-contacts.

Laminated core
i '|

. Armature
Stator- windings
assembly (in slots)

Stationary armature windings

stampingsand windingsin position. Low-
speed large-diameter dternatorshaveframes
which because of ease of manufacture, are
castin sections. Ventilation is maintained
withthehelp of holescastintheframeitself.
The provision of radia ventilating spaces
in the stampings assists in cooling the
meachine.

But, thesedays, instead of using castings,
frames are generally fabricated from mild
steel plateswelded together in suchaway as
toform aframe having abox type section.

InFig. 37.2isshown the section through
thetop of atypical stator.

2. Stator Core

The armature core is supported by the
stator frameand isbuilt up of laminations of
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2. ltisesdertoinsulatestationary armaturewinding
for high a.c. voltages, which may haveashigha
valueas30kV or more.

3. Thediding contactsi.e. dip-ringsaretransferred
tothelow-voltage, low-power d.c. field circuit
which can, therefore, be easily insulated.

4. Thearmaturewindingscan bemoreeasly braced
to prevent any deformation, which could be
produced by the mechanical stressesset up asa
result of short-circuit current and the high
centrifugal forcesbroughtinto play.

37.3.Details of Construction

1. Stator Frame

Ind.c. machines, the outer frame (or yoke) servesto
carry themagnetic flux but in alternators, itisnot meant
for thet purpose. Here, itisusedfor holdingthearmature

Stator Frame

Laminations

Fig. 37.2



1404 Electrical Technology

specid magneticironor sted dloy. Thecore
islaminated to minimiselossdueto eddy
currents. Thelaminationsare stamped out
incompleterings(for smaller machine) orin
segments (for larger machines). The
laminationsareinsul ated from each other and
have spacesbetween them for allowing the
cooling air to passthrough. Theslotsfor
housing thearmatureconductorslieaongthe
inner periphery of the core and are stamped
out at the sametimewhen laminationsare
formed. Different shapesof thearmature
dotsareshowninFig. 37.3.

Thewide-opentypedot (alsousedin
d.c. machines) has the advantage of
permitting easy install ation of form-wound
coilsandtheir easy removal in caseof repair.
But it hasthedisadvantageof digtributingthe
air-gap flux into bunchesor tufts, that produceripplesin thewave of the generated e m.f. The semi-closed
typedotsarebetter inthisrespect, but do not allow the use of form-wound coils. Thewholly-closed type
dotsor tunnelsdo not disturb theair-gap flux but (i) they tend toincrease theinductance of thewindings
(i) the armature conductors have to be

threaded through, thereby increasing initial 7
labour and cost of winding and (iii) they
present a complicated problem of end-

connections. Hence, they arerarely used.

37.4. Rotor % % M
Two types of rotors are used in %/

alternators (i) salient-pole type and Wide-Open Semi-Closed Closed
(i) smooth-cylindrical type. Fig. 37.3
(i) Salient (or projecting) Pole Type

Streetbike stator

Itisusedinlow-and medium-speed
(enginedriven) aternators. Ithasa
large number of projecting (salient)
poles, having their cores bolted or
dovetailed onto a heavy magnetic
wheel of cast-iron, or steel of good
magnetic quality (Fig. 37.4). Such
generatorsare characterised by their
largediametersand short axid lengths.
The poles and pole-shoes (which
cover 2/3 of pole-pitch) arelaminated
to minimize heating dueto eddy cur-

Slip Rings

Turbine Driven Rotor

High speed -1200 RPM Salient-pole
Ormore Rotor

Low speed -1200 RPM
Cross-section Orless Schematic

Line of rents. Inlargemachines, field wind-
- magnetic - ingsconsist of rectangular copper trip
force
A wound on edge.

Types of rotors used in alternators



(i) Smooth Cylindrical Type

Itisused for steam turbine-driven alternatorsi.e. turbo-
aternators, which run at very high speeds. Therotor consistsof a
smooth solid forged stedl cylinder, having anumber of dotsmilled
out at intervalsalong theouter periphery (and paralel tothe shaft)
for accommodating field coils. Such rotorsare designed mostly
for 2-pole (or 4-pole) turbo-generators running at 3600 r.p.m.
(or 1800 r.p.m.). Two (or four) regions corresponding to the
central polar areasareleft undotted, asshowninFig. 37.5(a)
and (b).

Turbine alternator

quieter-operation and al so lesswindage | osses.

37.5. Damper Windings

Most of theaternatorshave
their pole-shoes slotted for re-
ceiving copper barsof agrid or
damper winding (also known as
quirre-cagewinding). Thecop-
per bars are short-circuited at
both endsby heavy copper rings
(Fig. 37.6). Thesedampersare
useful in preventing the hunting
(momentary speed fluctuations) in
generatorsand areneeded insyn-
chronous motorsto providethe
gartingtorque. Turbo-generators
usudly do not havethese damper (@)
windings (except in special case
to assist in synchronizing) be-

v Max. Flux Density =z —
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Fig. 37.4

Thecentra polar areasare surrounded by

- thefiddwindingsplacedindots Thefied
| coilsareso arranged around these polar

areasthat flux dengity ismaximum onthe

* polar centrd lineand gradudly fallsaway

oneither side. It should benotedthatin
thiscase, polesarenon-sdienti.e. they
do not project out from the surface of the
rotor. To avoid excessive peripheral
velocity, such rotors have very small
diameters (about 1 metreor so). Hence,
turbo-generators are characterised by
small diametersand very long axial (or
rotor) length. Thecylindrica congtruction
of the rotor gives better balance and

Non-Salient

Field Windings A
(b)

Fig. 37.5

causethe solid field-polesthemsel ves act as efficient dampers. 1t should be clearly understood that under
normal running conditions, damper winding doesnot carry any current becauserotor runsat synchronous

speed.

Thedamper winding al so tendsto maintain bal anced 3-@voltage under unbal anced |oad conditions.
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37.6. Speed and Frequency

Inandternator, thereexistsadefiniterel ationship between
the rotational speed (N) of the rotor, the frequency (f) of the
generated e m.f. and the number of polesP.

Consider the armature conductor marked Xin Fig. 37.7
situated at the centre of a N-pole rotating in clockwise
direction. The conductor being situated at the place of
maximum flux density will havemaximum em.f.inducedinit.

Thedirection of theinduced e.m.f. isgiven by Fleming's
right hand rule. But while applying thisrule, one should be
careful to note that the thumb indicates the direction of the
motion of the conductor relativeto thefield. To an observer
stationed on the clockwise revolving poles, the conductor
would seem to be rotating anti-clockwise. Hence, thumb

Bars of
amping Winding

should point to theleft. Thedirection of theinduced em . is Satient
downwards, in adirection at right angles to the plane of the
paper. Fig. 37.6

When the conductor isintheinterpolar gap, asat AinFig. 37.7, it hasminimum em.f. inducedinit,
becauseflux density isminimumthere. Again,
whenitisat the centre of aS-pole, it has maxi-
mum e.m.f. inducedinit, becauseflux density at
Bismaximum. Butthedirection of theem.f. when
conductor is over a N-pole is opposite to that
whenitisover aS-pole.

Obvioudy, onecycleof em.f.isinducedina
conductor when onepair of polespassesover it.
In other words, the e.m.f. in an armature
conductor goes through one cycle in angular
distance equal to twice the pole-pitch, as
showninFig. 37.7. Pole Pitch

Let P = total number of magnetic poles Fig. 37.7

N = rotative speed of therotor inr.p.m.
f = frequency of generatedem.f.inHz.

Since one cycle of em.f. isproduced when apair of poles passes past aconductor, the number of
cycles of em.f. produced in one revolution of the rotor is equal to the number of pair of poles.

O No. of cycles/revolution = P/2 and No. of revolutions/second = N/60

P_N _PN

. frequency =566 120 -
PN
or f = @HZ

N isknown as the synchronous speed, becauseit isthe speed at which an aternator must run, in
order to generatean em.f. of therequired frequency. Infact, for agiven frequency and given number of
poles, the speed isfixed. For producing afrequency of 60 Hz, the alternator will haveto run at the

following speeds:
No. of poles 2 4 6 12 24 36
Speed (r.p.m.) 3600 1800 1200 600 300 200




Referring to the above equation, we get P = 120f/N
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Itisclear from the above that because of slow rotative speeds of engine-driven alternators, their
number of polesis much greater as compared to that of the turbo-generators which run at very high

speeds.

37.7. Armature Windings

Thearmaturewindingsin aternatorsare different from
thoseusedind.c. machines. Thed.c. machineshave closed
circuit windings but alternator windings are open, in the
sense that there is no closed path for the armature currents
inthewindingitself. Oneend of thewindingisjoinedtothe
neutral point and the other is brought out (for a star-
connected armature).

The two types of armature windings most commonly

used for 3-phase dternators are :
(i) single-layer winding

(i) double-layer winding

Single-layer Winding

Itisvariously referred to as concentric or chain winding.
Sometimes, itisof simple bar type or wave winding.

The fundamental principle of such a winding is
illustrated in Fig. 37.8 which showsasingle-layer, one-turn,
full-pitch winding for a four-pole generator. There are 12
dlotsinall, giving 3 slots per pole or 1 slot/phase/pole. The
polepitchisobviously 3. To get maximum e.m.f., two sides
of acoil should be one pole-pitch apart i.e. coil span should
be equal to one pole pitch. In other words, if one side of the

D.C. Armature

Fig. 37.8

coil isunder the centre of aN-pole, then the, other side of the same coil should be under the centre of
Spolei.e. 180° (electrical) apart. Inthat case, thee.m.fs. induced in thetwo sides of the coil are added

Coil Stator

Rotor
Permanent

magnet

.-* -
Gap

sensor

Single layer winding

together. It is seen from the above
figure, that R phase startsat slot No.
1, passes through slots 4, 7 and
finishes at 10. The Y-phase starts
120° efterwardsi.e. fromslot No. 3
whichistwo dotsaway fromthe start
of R-phase (because when 3 slots
correspond to 180° electrical degrees,
two slots correspond to an angular
displacement of 120° electrical). It
passes through slots 6, 9 and
finishes at 12. Similarly, B-phase
starts from slot No.5 i.e. two dots
away from the start of Y-phase. It
passes through slots 8, 11 and
finishesat dot No. 2, Thedeveloped
diagram is shownin Fig. 37.9. The
ends of the windings are joined to
form astar point for a Y-connection.
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Fig. 37.9

37.8. Concentric or Chain Windings

For thistypeof winding, thenumber of dotsisequal to twicethenumber of coilsor equal to the number
of coil sides. InFig. 37.10isshown aconcentric winding for 3-phaseaternator. It hasonecoil per pair of

polesper phase.

It would be noted that the polar group of each phaseis360° (electrical) apart in thistype of winding
1

3.

It is necessary to use two
different shapes of coilsto
avoid fouling of end
connections.

Since polar groups of each
phase are 360 electrical de-
greesapart, all such groups
are connected in the same
direction.

The disadvantage is that
short-pitched coils cannot
be used.

InFig. 37.11isshowna
concentric winding with two

coils per group per pole.

Different shapesof coilsare

required for thiswinding.
All cail groupsof phase

| 180°

1 60?

I'Pole Pitch!

Star Point

/)

) ()

ﬁ:

R Y B R
Fig. 37.10
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Rare connected in the same
direction. It isseen that in
each group, one coil has a
pitch of 5/6 and the other
hasapitch of 7/6 sothat pitch

U

2

UREEVEECE NI
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factor (explained later) is0.966. Suchwindingsareused for large high-voltage machines.

37.9. Two-Layer Winding

Thiswinding iseither of wave-wound typeor lap-wound type (thisbeing much more common espe-
cidly for high-speed turbo-generators). Itisthesimplest and, assaid above, most commonly-used not only

in synchronousmachinesbut ininduction motorsaswell.
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Twoimportant pointsregarding thiswinding should benoted :

(a) Ordinarily, the number of dlotsin stator (armature) isamultiple of the number of polesand the
number of phases. Thus, the stator of a4-pole, 3-phase alternator may have 12, 24, 36, 48 etc.
slotsall of which are seento be multipleof 12 (i.e. 4 x 3).

(b) Thenumber of stator slotsisequal to the number of coils (which are all of the same shape).
In other words, each slot contains two coil sides, one at the bottom of the slot and the other
a thetop. Thecoilsoverlap each other, just like shingleson aroof top.

For the4-pole, 24-d ot stator machineshowninFig. 37.12, the pole-pitchis24/4=6. For maximum
voltage, the coils should be full-pitched. It meansthat if one side of the coil isin slot No.1, the other
side should bein slot No.7, the two slots 1 and 7 being one pole-pitch or 180° (electrical) apart. To
make matters simple, coils have been labelled as 1, 2, 3 and 4 etc. In the developed diagram of Fig.
37.14, the coil number isthe number of the slot in which the left-hand side of the coil is placed.

Each of the three phases has 24/3 = 8 coils, these being so selected as to give maximum

voltage when connected in series.
When connected properly, coils
1,7,13and 19 will add directly in
phase. Hence, we get 4 coils for
thisphase. To completeeight coils
for this phase, the other four
selected are 2, 8, 14 and 20 each of
which is at an angular
displacement of 30° (elect.) from
the adjacent coilsof thefirst. The
coils1and 2 of thisphase are said
to congtituteapolar group (which
is defined as the group of coils/
phase/pole). Other polar groups
for this phase are 7 and 8, 13 and
14,19 and 20 etc. After the coils
are placed in slots, the polar
groups are joined. These groups
are connected together with
alternate poles reversed (Fig.
37.13) which shows winding for
one phase only.

Now, phase Y is to be so
placed asto be 120° (elect.) away
from phase R. Hence, it is started
fromdot5i.e. 4 dotsaway (Fig.
37.14). 1t should be noted that an-
gular displacement between slot
No. 1and5is4 x30=120° (elect).
Starting from coil 5, each of the
other eight coilsof phase Y will be
placed 4 slotsto theright of corre-
sponding coilsfor phase R. Inthe

[‘1[I2[ 3[a[s[e] 7] 8] of10]11] 2] 13[14]15] 16] 17] 18] 19] 20[ 21] 22[ 23] 24] |‘[ 2‘[

TCT T JT

Fig. 37.13

same way, B phase will start from coil 9. The complete wiring diagram for three phasesis shownin
Fig. 37.14. TheterminalsR,, Y, and B, may be connected together to formaneutral for Y-connection.



1410 Electrical Technology

NENDA G SO
> OAONVON SN
S XX AN N SO
T I T '
||||| ||:| (. :I
T B AT '
e e
f,a%“ 3 :5{57891:01:112
A B BT
e 1
e !
11 '
)

Fig. 37.14 (a)
A smplified diagram of theabovewindingisshownbelow Fig. 37.14. Themethod of construction for

thiscan beunderstood by closely inspecting the devel oped diagram.

Rz | 7.8 | L s,ie | | 1920 | R,

v,[56 | | u,12 | I z,s | 1 2304 | Y,

Blow| | 15,16 | 2,22 | | 34 | B,
Fig. 37.14 (b)

37.10. Wye and Delta Connections

For Y-connection, R;, Y; and B, arejoined together to form the star-point. Then, endsR,, Y, and B,
are connected to theterminals. For deltacon-
nection, R,andY,, Y, and B, B, and R, are con- R,

nected together and terminal leads are brought . B,

out fromtheir junctionsasshowninFig. 37.15 E R, TS

() and (b). E E
& 5

37.11. Short-pitch Winding : Pitch y R oF

factor/chording factor Y ¥
So far we have discussed full-pitched coils Bz°
i.e. coils having span which is equal to one (a) (®)

pole-pitchi.e. spanning over 180° (electrical). Fig. 37.15
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AsshowninFig. 37.16, if thecoil sidesareplacedinsots1and 7, thenitisfull-pitched. If thecoil
sidesareplacedindots1 and 6, then it isshort-pitched or fractiona-pitched because coil spanisequal to
5/6 of apole-pitch. Itfallsshort by 1/6 pole-pitch or by 180°/6 = 30°. Short-pitched coilsaredeliberately
used because of thefollowing advantages:

1. They savecopper of end connections.

2. Theyimprovethewave-formof thegeneratedemdf.i.e the
generated em.f. can be madeto approximateto asinewave |
moreeasily and the distorting harmonics can be reduced or 4] 1]2]3]4]5[6] 7] 8]
totdly diminated. [

3. Duetodiminationof highfrequency harmonics, eddy current
and hysteresis|osses are reduced thereby increasing the
efficiency.

But the disadvantage of using short-pitched coilsisthat thetotal
voltagearound the coilsissomewhat reduced. Becausethevoltages
inducedinthetwo sidesof the short-pitched coil aredightly out of phase, their resultant vectoria sumisless
thanther arithmetical sum.

Thepitchfactor or coil-span factor k, or k; isdefined as

_vector sum of theinduced e.m.fs. per coil
~ arithmetic sum of theinduced e.m.fs. per coil

Full Pitch
5/6 Pitch

Fig. 37.16

Itisawayslessthan unity.

Let Egbetheinduced em.f.ineach sideof thecail. If thecoil werefull-pitchedi.e. if itstwo sideswere
one pole-pitch apart, then total induced e.m.f. inthe coil would have been = 2E¢[Fig. 37.17 (a).

If itisshort-pitched by 30° (elect.) then asshownin Fig. 37.17 (b), their resultant iSE which isthe
vector sum of two voltage 30° (electrical) apart.

. E = 2Egcos30°/2 = 2E4cos 15°
Vector sum E _ 2Egcosl5®
T i = = =00s15° =0.
c arithmeticsum 2 Eg 2 Eg cos15° =0.966

Hence, pitch factor, k= 0.966.

Fig. 37.17

Ingenerd, if thecoil spanfdlsshort of full-pitch by ananglea (electrica)*,

thenk, = cos a/2.

Similarly, for acoil having aspan of 2/3 pole-pitch, k. = cos60°/2 = cos 30° = 0.866.
Itislesser thanthevalueinthefirst case.

Note. Thevalue of o will usually be given in the question, if not, then assumek_ = 1.

*  Thisangleisknown as chording angle and the winding employing short-pitched coilsis called chorded
winding.
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Example 37.1. Calculate the pitch factor for the under-given windings : (a) 36 stator slots,
4-poles, coil-span, 1to 8 (b) 72 stator slots, 6 poles, coilsspan 1to 10 and (c¢) 96 stator slots, 6 poles,

coil span 1to 12. Sketch the three coil spans.

“4——180° Pole Pitch —>:

|¢——— 180° Pole Pitch ———»

ESRERRRXI|[O0:

1 T T T T [ [ T 1 T T
%??????IOIIIZ 131|41|5

‘ s 9] |1
|

| |
\/.w»:

(@)

~__—

T
!

(b)

Solution. (a) Here, the cail spanfallsshort by (2/9) x 180° = 40°

o = 40
0 k,=cos40°/2=cos20°=0.94
(b) Here o=(3/12) x180° =45°
() Here o=(5/16)x180°=56°16'

0 k,=c0s45°/2=c0s22.5° = 0.924
0 k,=co0s28°8' =0.882
The coil spans have been shownin Fig. 37.18.

37.12. Distribution or Breadth Factor or Winding Factor or Spread Factor

It will be seen that in each phase, coils are not concentrated or bunched in one slot, but are
distributed in anumber of slotsto form polar groups under each pole. These coils/phase are displaced
from each other by acertain angle. The result isthat the em.fs. induced in coil sides constituting a
polar group are not in phase with each other but differ by an angle equal to angular displacement of

the dots.

In Fig. 37.19 are shown the end connections of a 3-phase single-layer winding for a 4-pole

Fig. 37.19

aternator. It has atotal of 36 dotsi.e. 9
dlotg/pole. Obviously, there are 3 slots /
phase/ pole. For example, coils1, 2and 3
belong to R phase. Now, these three coils
which constitute one polar group are not
bunched in one slot but in three different
dlots. Angular displacement between any
two adjacent slots= 180°/9 = 20° (elect.)

If the three coils were bunched in one slot,
then total em.f. induced in the three sides
of the coil would be the arithmetic sum of
thethreeem.f.s.i.e. = 3Eg, where Egisthe
em.f. induced in one coil side [Fig.37.20
@]

Sincethe coilsaredistributed, theindividual
e.m.fs. have a phase difference of 20° with
each other. Their vector sum as seen from
Fig.35.20(b)is
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m
|

= Egc0s20° + Eg+ Egcos 20°
2 EgC0s20° + Eg

2 E4%x0.9397 + Eg= 2.88 Eg4
Thedistribution factor (k) isdefined as

_ em.f.with distributed winding
~em.f. with concentrated winding

Inthepresent case

emf. with windingin 3slots/pole/phase _ E _ 2.88Eg

Ka = emf.with windinginisiotspolelphase - 3E; 3 Eq =0.96

©
©
(2

A Aes!
A fes!

+—3E,—— P>

S

(@)
Fig. 37.20
General Case
Let 3 bethevalueof angular displacement betweenthedots. Itsvalueis
B = 180° _180°
No.of dotg/pole n
Let m No. of dotgphase/pole
mpB = phasespread angle

Then, theresultant voltage induced in one polar group
would be mEg

where Egisthevoltageinduced inonecoil side. Fig. 37.21 w -
illustrates the method for finding the vector sum of m \\\ll//
voltages each of value Eg and having a mutual phase o ™
difference of (3 (if mislarge, then the curve ABCDE will Fig. 37.21
become part of acircleof radiusr).

AB = Eg=2rsinfp/2

Arithmeticsumis = mEg=mx 2r sin 3/2
Their vector sum= AE = E, = 2r sin mpB/2
vector sum of coilsem.fs.
arithmetic sum of coil em.fs.
2rsnmB/2 _sinmp/2
mx2rsinp/2 msnfp/2

Thevaueof distribution factor of a3-phaseaternator for different number of dots/pole/phaseisgiven
intableNo. 37.1.

ky =
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Table37.1
Sots per pole m 3° Distribution factor k
3 1 60 1.000
6 2 30 0.966
9 3 20 0.960
12 4 15 0.958
15 5 12 0.957
18 6 10 0.956
24 8 7.5 0.955

In general, when Bissmall, the aboveratio approaches

_ chord _sinmB/2
arc mp/2

—anglemB/2inradians.

Example 37.2. Calculatethedistribution factor for a 36-slots, 4-pole, single-layer three-phase
winding. (Elect. Machine-l Nagpur Univ. 1993)

Solution. n = 36/4=9;3=180°/9=20°,m=36/4%x3=3

kd = snmB/2 _sin3x20°/2

"~ msinB/2 3sin20°/2

Example. 37.3. Apart of an alternator winding consists of six coilsin series, each coil having
anemf. of 10 Vr.m.s. inducedinit. The coilsare placed in successive slots and between each slot

and the next, there is an electrical phase displacement of 30°. Find graphically or by calculation,
theemf. of thesix coilsin series.

Solution. By calculation

= 0.96

snmB/2 _ sin90° _ 1
msinB/2 6xsin15° 6 x0.2588

Arithmetic sum of voltageinduced in 6 coils=6x 10=60V

Vector sum = kyxarithmetic sum = 60 x 1/6 x 0.2588 = 38.64V

Example 37.4. Find the value of k; for an alternator with 9 slots per pole for the following
Cases:

(i) Onewinding in all the slots (ii) onewinding using only thefirst 2/3 of the slots/pole (iii) three
equal windings placed sequentially in 60° group.

Solution. Here, B = 180°/9 = 20° and values of mi.e. number of slotsinagroup are 9, 6 and 3
respectively.

. sn9x20°/2 smn/Z
m=9, =20°, k, = =" _~-064 = = 7D
® P d 9sin20°/2 Ej ka = =063

. _ o _ Sn6x20°/2 _ smn/3
() m=6, B=20° k, = peo o= 083 E) K = 0827D

_ — ro _ Sn3x20°/2 smn/6_
(i) m=3, p=20°, Kk, = T iS= 096§Jkd 095%

Here B=30°:m=60 k=
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37.13. Equation of Induced E.M.F.

Let Z = No. of conductorsor coil sidesin series/phase
= 2T —whereTistheNo. of coilsor turns per phase
(remember oneturn or coil hastwo sides)
P = No. of poles
f = frequency of inducedem.f. inHz
® = flux/poleinwebers

snmp/2
ky = distributionfactor = 1 gn g/ 2
k. or k, = pitchor coil spanfactor = cosa/2
k; = fromfactor=1.11 —if em.f. isassumed sinusoidal
N = rotorr.p.m.

In one revolution of therotor (i.e. in 60./N second) each stator conductor is cut by aflux of ®P
webers.

O d®d = ®P and dt = 60/N second
O A ¢ induced ductor= 1P = P _®NP
veragee.m.f. induced per conductor = dt  60/N 60

Now, we know that f = PN/120 or N = 120 f/P
Substituting thisvalue of N above, we get
dP _120f

Averageem.f. per conductor = 50 X—p—= 2f dvolt

If thereare Z conductorsin series/phase, then Averagee.m.f./phase=2f ®Zvolt=4f T volt
RM.S. valueof emf./phase  =1.11 x 4f ®T = 4.44f PT volt*.

This would have been the actual value of the induced voltage if all the coils in a phase were
(i) full-pitched and (i) concentrated or bunched in one dlot (instead of being distributed in several slots
under poles). But thisnot being so, theactualy availablevoltageisreduced intheratio of thesetwo factors.

0 Actually available voltage/phase = 4.44 k K f ® T =4k k k,f® Tvolt.

If the alternator is star-connected (asisusually the case) thenthelinevoltageis /3 timesthe phase
voltage (asfound from theaboveformula).
37.14. Effect of Harmonics on Pitch and Distribution Factors

(a) If theshort-pitch angleor chording angleisa degrees(electrical) for thefundamental flux wave,
thenitsvauesfor different harmonicsare

for 3rd harmonic

3a ; for 5thharmonic =5 a and so on.

0  pitch-factor, k. = cosa/2 —for fundamenta
= cos3a/2 —for 3rd harmonic
= cosba/2 —for 5th harmonic etc.

(b) Similarly, thedistributionfactor isalso different for different harmonics. Itsvaluebecomes
_snmp/2

4 = —=—n75 Wherenistheorder of theharmonic
msin3/2

*  |tisexactly the same egquation asthe em.f. equation of atransformer. (Art 32.6)
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for fundamenta, n=1 Ky = ;nsir::gg
for 3rd harmonic, n=3 Kgs = %
for 5th harmonic, n=>5 Ks = Sr:gsninggg

(c) Frequency isasochanged. If fundamental frequency isS0Hzi.e. f; =50 Hz then other frequen-
ciesare:
3rd harmonic, f; =3x50=150 Hz, 5th harmonic, f;=5 x50 =250 Hz etc.
Example37.5. Analternator has 18 slots/poleand thefirst coil liesinslots1 and 16. Calculate
the pitch factor for (i) fundamental (ii) 3rd harmonic (iii) 5th harmonic and (iv) 7th harmonic.
Solution. Here, coil spanis = (16— 1) =15dots, whichfallsshort by 3dots.
Hence, o = 180° x 3/18=30°
(i) k. =cos30°/2 = cos15° = 0.966 (i) kg =cos3x30°2=0.707
(iii) ks = cos5x 30°/2=cos75° =0.259(iv) k,=cos7 x 30°/2 = cos105° = cos75° =0.259.
Example 37.6. A 3-phase, 16-pole alternator has a star-connected winding with 144 slots and
10 conductors per slot. The flux per pole is 0.03 Wh, Snusoidally distributed and the speed is
375 r.p.m. Find the frequency rpm and the phase and line em.f. Assume full-pitched coil.
(Elect. Machines, AMIE Sec. B, 1991)
Solution. f = PN/120=16x375/120=50Hz
Since k, isnot given, it would be taken as unity.
n = 144/16=9;3=180°/9=20°; m=144/16x3=3

k, = sin3x(20°/2)/3sin (20°/2) =0.96
Z = 144x10/3=480; T=480/2=240/ phase
Eph = 444x1%x0.96x50x0.03x240=15.34V
Linevoltage, E =3 Epn = J3 x1534 =2658 V

Example 37.7. Find the no-load phase and line voltage of a star-connected 3-phase, 6-pole
alternator which runs at 1200 rpm, having flux per pole of 0.1 Wb sinusoidally distributed. Its
stator has 54 slots having double layer winding. Each coil has 8 turns and the coil is chorded by 1
slot.

(Elect. Machines-|, Nagput Univ. 1993)
Solution. Sincewinding ischorded by oneslat, it is short-pitched by 1/9 or 180°/9 = 20°

O k. = €0s20°/2=0.98;f=6x1200/120=60 Hz
n = 54/6=9;3=180°/9=20°,m=54/6x3=3
kg = sin3x(20°/2)/3sin(20°/2) =0.96
Z = 54x8/3=144;,T=144/2=72,f=6x1200/120= 60 Hz
Eojn = 444x098x0.96x60x0.1x72=1805V
Linevoltage, E, = J3 x1805=3125V.

Example 37.8. The stator of a 3-phase, 16-pole alternator has 144 slots and there are 4
conductors per slot connected in two layers and the conductors of each phase are connected in
series. If the speed of the alternator is375r.p.m., calculate the em.f. inducted per phase. Result-
ant fluxintheair-gapis5 x 10~% webers per pole sinusoidally distributed. Assume the coil span
as150° electrical.

(Elect. Machine, Nagpur Univ. 1993)
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Solution. For sinusoidal flux distribution, k;= 1.11; a = (180° — 150°) = 30° (elect)
k. = cos30°/2=0.966*

(]

No. of dots/ pole, n = 144/16=9;
B = 180°/9=20°
m = No. of slots/pole/phase=144/16% 3=3
0 k, = SNMPB/2_sin3x20°/2 _ 4 5. £ = 16 x 375/120 = 50 Hz

msinp/2 3sin20°/2
No. of dots/ phase = 144/3=48; No of conductors/slot =4
0 No. of conductorsin series/phase=48 x 4 =192
O turns/ phase = conductorsper phase/2 =192/2 =96
Eon = 4Kk kfOT
4x1.11%0.966 x 0.96 x 50 x 5 x 1072 x 96 = 988
Example37.9. A 10-pole, 50-Hz, 600 r.p.m. alternator hasflux density distribution given by the

following expression

B=sinB6+ 04sn306+ 0.2sin50
The alternator has 180 slots wound with 2-layer 3-turn coils having a span of 15 slots. The

coils are connected in 60° groups. If armature diameter is = 1.2 m and core length = 0.4 m,
calculate

(i) the expression for instantaneous e.m.f. / conductor
(i) the expression for instantaneous e.m.f./coil
(iii) ther.m.s. phase and line voltages, if the machine is star-connected.

Solution. For finding voltage/conductor, we may either usetherelation Blv or usetherelation of

Art. 35-13.

Areaof pole pitch (1.27710) x 0.4=0.1508 m’
Fundamental flux/pole, @, = av. fluxdensity x area=0.637 x 1 x 0.1508 = 0.096 Wb
(8 RMSvalue of fundamental voltage per conductor,

= L1x2fp =1.1%x2x50%x0.096=10.56V

Peek value = J2x10.56 =14.93V
Sinceharmonic conductor voltagesarein proportionto their flux densities,
3rd harmonic voltage = 04x1493=597V
5th harmonic voltage = 02x1493=298V

Hence, equation of theinstantaneouse.m.f./conductor is
e = 1493snB®+597sin30+298sin50
(b) Obviously, thereare 6 conductorsina3-turn coil. Using thevaluesof k, found in solved Ex.

37.5, weget

6x14.93%x0.966=86.5V
6x597x0.707 =253V
6x 298 x0.259 =4.63V

fundamental coil voltage
3rd harmonic coil voltage
5th harmonic cail voltage

Since they are not of much interest, the relative phase angles of the voltages have not been included in the
expression.
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Hence, coil voltageexpressionis*

e = 86.5sin0+253sin30+4.63sn50
_ om0 — Aro. _ Sn6x10°/2 _
(c) Here, m = 6, 3 =180°/18 = 10°; Ky = SN2 0.956
_sin3x6x10°/2 _ _ sin5x6x10°/2 _
kos = “gsinax10°72 - -0 Kas = gensxi072 - O
It should be noted that number of coils per phase=180/3 = 60
Fundamenta phaseemf.= (86.5,/42)x60x0.956 = 3510V
3rdharmonicphaseemf.= (25.3//2)x60x0.644 = 691V
5thharmonicphaseemf.= (4.63//2)x60x0.197 = 39V
RMSvalueof phasevoltage= (3510% + 691% + 3992 = 3577V
RMSvalueof linevoltage = /3 x (3510° + 39%)"2 = 6080V

Example 37.10. A 4-pole, 3-phase, 50-Hz, star-connected alternator has 60 slots, with
4 conductors per sot. Cails are short-pitched by 3 slots. If the phase spread is 60°, find the line
voltage induced for a flux per pole of 0.943 Wh distributed sinusoidally in space. All the turns per

phase arein series. (Electrical Machinery, MysoreUniv. 1987)
Solution. Asexplainedin Art. 37.12, phase spread = m(3 = 60° —qgiven
Now, m = 60/4x3=5 [0 5B=60°p=12°

_sin5x12°/2

kd‘ = W = 0957, a= (3/15) x180° :360; kC =c0s18°=0.95

Z = 60x4/3=280; T=80/2=40; ®=0.943Wb; k;=1.11
O Epn = 4% 1.11x0.95%0.975 x50 x 0.943 x 40 = 7613 V
E, = 3 x7613=13185V

Example 37.11. A 4-pole, 50-Hz, star-connected alternator has 15 slots per pole and each slot
has 10 conductors. All the conductors of each phase are connected in series the winding factor
being 0.95. When running on no-load for a certain flux per pole, the terminal em.f. was 1825 volt.
If thewindingsarelap-connected asina d.c. machine, what would bethee.m.f. between the brushes
for the same speed and the same flux/pole. Assume sinusoidal distribution of flux.

Solution. Here ki = 1.11,k;=0.95, k. = 1 (assumed)

f = 50Hz em.f./phase=1825/,/3V
15x4=60
60/3 = 20; No. of turng/phase = 20 x 10/2 =100

Total No. of dots
0O No. of dotg/phase

0 1825//3 = 4x111x1x0.95x ® x50 x 100 O ® =49.97 mWb
When connected asad.c. generator
Ey = (PZN/60) x (P/A) volt
Z = 60x10 =600, N = 120 f/P = 120 x 50/4 = 1500 r.p.m.
. g, = 4997 x10° x600x1500 4 __. 0.,
60 4

*  Alsok,=sin150°/2 =sin 75° = 0.966
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Example 37.12. An alternator on open-circuit generates 360 V at 60 Hz when thefield current
is3.6 A. Neglecting saturation, determine the open-circuit e.m.f. when the frequency is 40 Hz and
thefield currentis2.4 A.

Solution. Asseenfromthee.m.f. equation of an dternator,

EDef 0B = ®h
E2 CD2 f2
Since saturation isneglected, ® [ 1, wherel; isthefield current
[P
0 S oo I o 360_36%60 gy
E, (PP E, 24x40

Example 37.13. Calculate the RM.S value of the induced em.f. per phase of a 10-pole,
3-phase, 50-Hz alternator with 2 dlots per pole per phase and 4 conductors per slot in two layers.
The coil spanis 150°. The flux per pole has a fundamental component of 0.12 Wh and a 20% third
component. (Elect. Machines-I 11, Punjab Univ. 1991)

Solution. Fundamental E.M.F.

o = (180°-150°) =30°; k, =cosa/2=cos15°=0.966
m = 2;No. of slots/pole=6; 3 =180°/6 = 30°
0 k,, = smm[3/2_sm2><30/2:o_966

msinp/2  2sin30°/2
Z = 10x2x4=80; turn/phase, T=80/2=40
0 Fundamental EIM.F./phase=4.44k k,f® T
0 E, = 4.44x0.966 x 0.966 x 50 x 0.12 x 40 = 995V
HormonicE.M.F.
Kes

cos3a/2 =cos 3 x 30°/2 = cos 45° =0.707
Ko = snmnp/2
@ 7 msinnB/2

_ sinZXSXSO°/2: sin 90° _ _ B
a Kgs = 25in3x30°/2 _ 2sin45° =0.707,f,=50 x 3= 150 Hz

wherenistheorder of theharmonici.e. n=3

®, = (1/3) x 20% of fundamental flux = (1/3) x 0.02 x 0.12=0.008 Wb
0 E; = 4.44x0.707 x 0.707 x 150 x 0.008 x 40 = 106 V
O E per phase = \/Ef +EZ = \/9952 +1062 =1000V

Note. Since phase em.fs. induced by the 3rd, 9th and 15th harmonics etc. are eliminated from the line
voltages, the line voltage for a Y-connection would be = 995 x V3 volt.

Example 37.14. A 3-phase alternator has generated em.f. per phase of 230 VV with 10 per cent
third harmonic and 6 per cent fifth harmonic content. Calculate ther.m.s. line voltage for (a) star
connection (b) delta-connection. Find also the circulating current in delta connection if the
reactance per phase of the machine at 50-Hzis10 Q. (Elect. Machines-111, OsmaniaUniv. 1988)

Solution. It should be noted that in both star and delta-connections, the third harmonic compo-
nents of the three phases cancel out at the line terminal s because they are co-phased. Hence, theline
e.m.f. iscomposed of the fundamental and the fifth harmonic only.

(a) Star-connection

E, = 230V ;E;=0.06%230=13.8V
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EMF/phase = [g2 4 g2 =[230% +13.8% =230.2V
R.M.S. vaueof lineemf. =/3x230.2=3.99V
(b) Delta-connection
Sincefor delta-connection, lineem.f. isthesameasthephaseem.f.
R.M.S. valueof lineem.f.= 230.2V

In delta-connection, third harmonic componentsare additive round the mesh, henceacircul ating cur-
rent is set up whose magnitude depends on the reactance per phase at the third harmonic frequency.

R.M.S. vaueof third harmonic em.f. per phase=0.1x 230=23V
Reactanceat triplefrequency = 10x3=30Q
Circulatingcurrent = 23/30=0.77 A

Example 37.15 (a). A motor generator set used for providing variable frequency a.c. supply
consists of a three-phase, 10-pole synchronous motor and a 24-pole, three- phase synchronous
generator. The motor-generator set is fed from a 25 Hz, three-phase a.c. supply. A 6-pole, three-
phase induction motor is electrically connected to the terminals of the synchronous generator and
runsat a slip of 5%. Determine:

(i) thefreguency of the generated voltage of the synchronous generator.
(i) the speed at which the induction motor is running. (U.P. Technical University 2001)
Solution. Speed of synchronous motor = (120 x 25)/10 = 300 rpm.

(i) At300rpm, frequency of thevoltage generated by 24-pole synchronous generator
24 x 300

= 0 - 60 Hz

Synchronous speed of the 6-poleinduction motor fed from a60 Hz supply

= 120g %0~ 1200 rpm

(i) With5%dlip, the speed of thisinduction motor =0.95 x 1200 = 1140 rpm.
Further, the frequency of therotor-currents=sf=0.05x60=3Hz.

Example 37.15 (b). Findthenoload linevoltage of a star connected 4-pole alternator fromthe
following :

Flux per pole = 0.12 Weber, Sots per pole per phase= 4
Conductors/ slot = 4, Two layer winding, with coil span = 150°
[Bharthithasan Univer sity, April 1997]

Solution. Total number of dots = 4x3x4=48, Slot pitch=15° electrical
Total number of conductors = 48x4=192, Total number of turns=96
No. of turnsin seriesper phase = 32
For a60° phase spread,

sin (60°/2)

Ko = 2xsnvs = 0958
For 150° coil-span, pitch factor k, = cos15°=0.966, and for 50 Hz frequency,

E, = 4.44x50x0.12 x 0.958 x 0.966 x 32 = 789 volts
E = 789 x 1,732 =1366.6 volts
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10.

12.

13.

Tutorial Problems 37.1

Find the no-load phase and line voltage of astar-connected, 4-pole alternator having flux per pole of 0.1
Wh sinusoidally distributed; 4 slots per pole per phase, 4 conductors per slot, double-layer winding
with a coil span of 150°.

[Assuming f=50Hz; 789 V; 1366 V] (Elect. Technology-1, Bombay Univ. 1978)
A 3-@, 10-pole, Y-connected aternator runs at 600 r.p.m. It has 120 stator slots with 8 conductors per
slot and the conductors of each phase are connected in series. Determinethe phaseand linee.m.fs. if the
flux per poleis 56 mWhb. Assume full-pitch coils.

[1910V; 3300 V] (Electrical Technology-I1, MadrasUniv. April 1977)

Calculate the speed and open-circuit line and phase voltages of a4-pole, 3-phase, 50-Hz, star-connected
aternator with 36 slots and 30 conductors per slot. The flux per poleis0.0496 Wb and is sinusoidally
distributed. [1500 r.p.m.; 3,300 V; 1,905 V] (Elect. Engg-Il, Bombay Univ. 1979)
A 4-pole, 3-phase, star-connected alternator armature has 12 slots with 24 conductors per slot and the
flux per poleis 0.1 Wb sinusoidally distributed.
Calculatethe linee.m.f. generated at 50 Hz. [1850 V]
A 3-phase, 16-pole aternator has a star-connected winding with 144 slots and 10 conductors per slot.
The flux per poleis 30 mWhb sinusoidally distributed. Find the frequency, the phase and line voltageif
the speed is 375 rpm. [50Hz; 1530 V; 2650 V] (Electrical Machines-I, Indore Univ. April 1977)
A synchronous generator has 9 slots per pole. If each coil spans 8 slot pitches, what isthe value of the
pitch factor ? [0.985] (Elect. Machines, AM.I.E. Sec. B. 1989)
A 3-phase, Y-connected, 2-pole aternator runsat 3,600 r.p.m. If there are 500 conductors per phasein
series on the armature winding and the sinusoidal flux per poleis 0.1 Wh, calculate the magnitude and
frequency of the generated voltage from first principles. [60Hz; 11.5kV]
One phase of a 3-phase alternator consists of twelve coilsin series. Each coil hasanr.m.s. voltage of
10V induced in it and the coils are arranged in slots so that there is a successive phase displacement of
10 electrical degreesbetweenthee.m.f. in each coil and thenext. Find graphically or by calculation, the
rm.s. value of the total phase voltage developed by the winding. If the alternator has six pole and is
driven at 100 r.p.m., calcul ate the frequency of the e.m.f. generated. [ 108 V; 50 HZ]
A 4-pole, 50-Hz, 3-phase, Y -connected alternator has a single-layer, full-pitch winding with 21 slots
per pole and two conductors per slot. The fundamental flux is 0.6 Wb and air-gap flux containsathird
harmonic of 5% amplitude. Find ther.m.s. values of the phase em.f. due to the fundamental and the
3rd harmonic flux and thetotal induced em.f.
[3,550V; 119.5V; 3,553 V] (Elect. Machines-I11, Osmania Univ. 1977)
A 3-phase, 10-polealternator has 90 dots, each containing 12 conductors. If the speedis600r.p.m. and
the flux per poleis 0.1 Wb, calculate the line em.f. when the phases are (i) star connected (ii) delta
connected. Assume the winding factor to be 0.96 and the flux sinusoidally distributed.
[(i) 6.93kV (ii) 4 kV] (Elect. Engg-11, Kerala Univ. 1979)
A star-connected 3-phase, 6-pole synchronous generator has a stator with 90 slotsand 8 conductors per
slot. The rotor revolves at 1000 r.p.m. The flux per pole is 4 x 102 weber. Calculate the emf.
generated, if al the conductorsin each phasearein series. Assume sinusoidal flux distribution and full-
pitched coils. [Eph =1,066 V] (Elect. Machines, AM.l.E. Summer, 1979)
A six-pole machine has an armature of 90 slotsand 8 conductors per slot and revolvesat 1000 r.p.m. the
flux per pole being 50 milli weber. Calculate thee.m.f. generated as athree-phase star-connected ma-
chineif the winding factor is0.96 and all the conductorsin each phase arein series.
[1280 V] (Elect. Machines, AMIE, Sec. B, (E-3), Summer 1992)
A 3-phase, 16 pole aternator has a star connected winding with 144 slots and 10 conductors per slot.
Theflux/poleis0.04 wb (sinusoidal) and the speed is 375 rpm. Find the frequency and phase and line
em.f. Thetotal turng/phase may be assumed to series connected.
[50Hz, 2035 Hz, 3525 V] (Rajiv Gandhi Technical University, Bhopal, 2000)
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37.15. Factors Affecting Alternator Size

Theefficiency of andternator alwaysincreasesasitspower increases. For example, if an adternator of
1 kW hasan efficiency of 50%, then one of 10 MW will inevitably havean efficiency of about 90%. Itis

because of thisimprovement in efficiency
with sizethat aternatorsof 1000 MW and
above possess efficiencies of the order of
99%.

Another advantage of large machines
isthat power output per kilogram increases
asthedternator power increases. If 1 kW
dternator weighs20kg (i.e 50W/kg), then
10MW dternator weighing 20,000 kg yields
500 W/kg. Inother words, larger alterna-
torsweigh relatively lessthan smaller ones
and are, consequently, cheaper.

However, asdternator Sizeincreases,
cooling problem becomes more serious.

Light weight alternator

Sincelarge machinesinherently produce high power loss per unit surface area(\N/mz), they tendto overhest.

Large weight alternator

To keep the temperature rise within
acceptablelimits, wehaveto desgn efficient
cooling system which becomesever more
elaborate as the power increases. For
cooling alternators of rating upto 50 MW,
circulating cold-air systemisadequate but
for those of rating between 50 and 300
MW, wehaveto resort to hydrogen cooling.
Very bigmachinesin 1000 MW rangehave
to be equipped with hollow water-cooled
conductors. Ultimately, apointisreached
whereincreased cost of cooling exceedsthe
saving made el sewhere and thisfixesthe
upper limit of thedternator size.

Sofor asthespeed isconcerned, low-speed
alternators are always bigger than high
speed alternators of the same power.
Bigness always simplifies the cooling
problem. For example, thelarge 200-rpm,
500-MVA dternatorsingtalledinatypica

hydropower plant are air-cooled whereas much smaller 1800-r.p.m., 500-M VA dternatorsinstalledina

steam plant are hydrogen cooled.

37.16. Alternator on Load

Astheload on an dternator isvaried, itstermina voltageisalsofoundtovary asind.c. generators.
Thisvariation in terminal voltage V is due to the following reasons:

1. voltage drop due to armature resistance R,
2. voltage drop due to armature |eakage reactance X
3. voltage drop due to armature reaction
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(8 ArmatureResistance

The armature resistance/phase R, causes a voltage drop/phase of IR, whichisin phase with the
armaturecurrent |. However, thisvoltagedropispractically negligible.

(b) Armaturel eakage Reactance

When current flowsthrough the armature conductors, fluxes are set up which do not crosstheair-gap,
but take different paths. Such fluxesare known asleakagefluxes. Varioustypesof leakagefluxesare
showninFig. 37.22.

; Leakage Flux

:Stator Conductor
=0 i©® Oll IO
~O|~AJOI||O|~

0.0

g0l YA 9 o
é -«

G Leakage Flux

/[
Fig. 37.22 Fig. 37.23

The leakage flux is practically independent of saturation, but is dependent on | and its phase
anglewithterminal voltageV. Thisleakageflux setsup ane.m.f. of self-inductancewhichisknownas
reactance em.f. and which is ahead of | by 90°. Hence, armature winding is assumed to possess
leakage reactance X, (also known as Potier rectance X;,) such that voltage drop dueto thisequals1X; .
A part of the generated e.m.f. isused up in overcoming this reactance em.f.

0 E=V+I(R+jX,)

Thisfactisillustrated in the vector diagram of Fig. 37.23.

() ArmatureReaction

Asind.c. generators, armaturereactionisthe effect of armature flux onthemain field flux. Inthe
case of alternators, the power factor of theload hasa considerable effect on thearmaturereaction.
We will consider three cases : (i) when load of p.f. is unity (ii) when p.f. is zero lagging and
(iii) when p.f. iszeroleading.

Before discussing this, it should be noted that in a 3-phase machine the combined ampere-turn
wave (or m.m.f. wave) issinusoida which movessynchronously. Thisamp-turnor m.m.f. waveisfixed
relative to the poles, its amplitude is proportional to the load current, but its position depends on the
p.f. of theload.

Consider a3-phase, 2-pole alternator having asingle-layer winding, as shown in Fig. 37.24 (a).
For the sake of simplicity, assume that winding of each phase is concentrated (instead of being
distributed) and that the number of turns per phaseisN. Further supposethat the alternator isloaded
with aresistive load of unity power factor, so that phase currents|, I, and | . are in phase with their
respective phasevoltages. Maximum current I, will flow when the polesarein position shownin Fig.
37.24 (a) or at atimet, inFig. 37.24 (c). When |, hasamaximum value, |, and | . have one-half their
maximum values (thearrows attached to |, 1, and | ;are only polarity marks and are not meant to give
the instantaneous directions of these currents at time t;). The instantaneous directions of currents
areshowninFig. 37.24 (a). Attheinstantt,, I, flowsin conductor a whereas|, and I, flow out.
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Fig. 37.24

AsseenfromFig. 37.24(d), them.m.f. (= NI ;) produced by phase a-a’ ishorizontal, whereasthat
produced by other two phasesis(I,/2) N each at 60° to the horizontal. The total armature m.m.f. is
equal to the vector sum of these three m.m.fs.

O  Armaturem.m.f. =NI_+2.(1/2NI ) cos60°=1.5NI

Asseen, at thisinstant t;, them.m.f. of themain field isupwardsand the armature m.m.f. isbehind
it by 90 electrical degrees.

Next, let us investigate the armature m.m.f. at instant t,. At this instant, the poles are in the
horizontal position. Alsol,=0, but I, and | areeach equal to 0.866 of their maximum values. Sincel,
has not changed in direction during the interval t; to t,, the direction of its m.m.f. vector remains
unchanged. But |, has changed direction, hence, its m.m.f. vector will now bein the position shown
inFig. 37.24 (d). Total armaturem.m.f. isagain the vector sum of thesetwo m.m.fs.

O  Armaturem.m.f. =2x(0.866 NI ) xcos30°=15NI .

If further investigations are made, it will be found that.

1. armaturem.m.f. remainsconstant withtime
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2. itis90 gpacedegreesbehind themainfidldm.m.f., sothat itisonly distortional in nature.

3. itrotatessynchronoudy roundthearmaturei.e. stator.

For alagging load of zero power factor, dl currentswould bedelayedintime 90° and armature m.m.f.
would be shifted 90° with respect to the polesas shownin Fig. 37.24 (e). Obviously, armature m.m.f.
would demagnetise the polesand causeareductionin theinduced em.f. and hence theterminal voltage.

For leading loads of zero power factor, the armature m.m.f. is advanced 90° with respect to the
position showninFig. 37.24 (d). AsshowninFig. 37.24 (f), thearmature m.m.f. strengthensthemain
m.m.f. Inthiscase, armaturereactioniswholly magnetising and causesanincreasein theterminal voltage.

Theabovefactshavebeen summarized briefly
in thefollowing paragraphs where the matter is
discussedintermsof ‘flux’ rather thanm.m.f. waves. Main Flu"7

1. Unity Power Factor

Inthiscase[Fig. 37.25 (a)] thearmatureflux ()
iscross-magnetising. Theresultisthat theflux at
theleading tips of the polesisreduced whileitis
increased at thetrailingtips. However, thesetwo
effectsnearly offset each other leaving theaverage

Amature—\/ )

yZ N

field strength constant. In other words, armature / N
reactionfor unity p.f.isdistortional. (b) ST Zero P.F.
; \ . Lagging
2. ZeoPF. lagging 2

AsseenfromFig. 37.25 (b), herethearma- T
ture flux (whose wave has moved backward by
90°) isindirect oppositiontothemain flux.

Hence, themainflux isdecreased. Therefore,
itisfound that armaturereaction, inthiscase, is
wholly demagnetising, with the result, that due —
to weakening of the main flux, less emf. is
generated. To keepthevaueof generated em.f.
the same, field excitation will haveto beincreased
to compensatefor thisweakening.

3. ZeroP.F. leading

Inthiscase, showninFig. 37.25 (c) armature Fig. 37.25
flux wave hasmoved forward by 90° sothat itisin
phasewiththemain flux wave. Thisresultsinadded mainflux. Hence, inthiscase, armaturereactionis
wholly magnetising, which resultsin greater induced em.f. Tokeepthevaueof generated em.f. thesame,
field excitation will haveto bereduced somewhat.

4. For intermediate power factor [Fig. 37.25 (d)], the effect is partly distortional and partly
demagnetising (becausep.f.islagging).

37.17. Synchronous Reactance

From the above discussion, it is clear that for the same field excitation, terminal voltage is
decreased fromitsno-load value E, to V (for alagging power factor). Thisisbecause of

1. dropduetoarmatureresistance, IR,

2. dropduetoleakagereactance, I X

3. dropduetoarmaturereaction.
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Thedropin voltage dueto armature reaction
may beaccounted for by assumiung the presence of
afictitiousreactance X, inthearmaturewinding. The
valueof X, issuchthat I X, representsthevoltage
drop dueto armature reaction.

The leakage reactance X, (or Xp) and the
armature reactance X, may be combined to give
synchronous reactance X

Hence Xy =X + X}

Therefore, total voltagedrop in an aternator
under load is= IR, +jIXg=I(R, +jXJ) = 1Zgwhere Zg is known as synchronous impedance of the
armature, the word ‘ synchronous’ being used merely as an indication that it refers to the working
conditions.

Hence, welearn that the vector difference between no-load voltage Ej and terminal voltage Visequal
tolZg asshowninFig. 37.26.

Fig. 37.26

37.18. Vector Diagrams of a Loaded Alternator

Beforediscussing thediagrams, following symbolsshould beclearly keptinmind.

E,= No-loadem.f. Thisbeing the voltageinduced in armature in the absence of three factors
discussedin Art. 37.16. Hence, it representsthe maximum value of theinduced e.m.f.

E = Load induced em.f. It istheinduced em.f. after allowing for armature reaction. E is
vectorially lessthan E, by IX,. Sometimes, itiswrittenasE, (Ex. 37.16).

(a) (b) (©)

Fig. 37.27
V = Termind voltage, Itisvectoridly lessthan E, by 1Zgoritisvectoridly lessthan E by |, where
Z = (R + X[ . ItmayasobewrittenasZ,.

| = armaturecurrent/phaseand @=Iload p.f. angle.

InFig. 37.27 (a) isshownthecasefor unity p.f., in Fig. 37.27 (b) for lagging p.f. andin Fig. 37.27(c)
forleading p.f. All thesediagramsapply to one phase of a3-phasemachine. Diagramsfor the other phases
canasobedrawnsimilary.

Example 37.16. A 3-phase, star-connected alternator supplies a load of 10 MW at p.f. 0.85
lagging and at 11 kV (terminal voltage). Its resistance is 0.1 ohm per phase and synchronous
reactance 0.66 ohm per phase. Calculate the line value of em.f. generated.

(Electrical Technology, Aligarh Mudlim Univ. 1988)

*  Theohmicvalueof X_ varieswith the p.f. of the load because armature reaction depends on load p.f.
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6
Solution. FL. outputcurrent = 10x10 =618 A
/3x11,000x0.85
IR, drop = 618x0.1=61.8V
IXgdrop = 618 x 0.66 = 408 V

Terminal voltage/phase= 11,000/ /3 =6,350V
@ = cos 1(0.85) = 31.8° sin = 0.527
Asseenfromthevector diagram of Fig. 37.28 where| instead
of V has been taken aong reference vector,
E, :\/(\/ cos@ +IR)% +(V sin @ +IXg)?

= \/(6350 x 0.85 + 61.8)% + (6350 x0.527 +408)*

6,625V
J3x6,625 = 11,486 volt Fig. 37.28
PF. Leading

Line emf.

37.19. Voltage Regulation

Itisclear that with changeinload, thereisachange
interminal voltage of an aternator. Themagnitude of
this change depends not only on the load but also
on the load power factor.

Thevoltageregulation of an alternator isdefined
as"“theriseinvoltagewhenfull-loadisremoved (field
excitation and speed remaining the same) divided by
therated terminal voltage.”

-V
0 %regulation‘up’ = EOV x100 Fig. 37.29

Terminal Volts

Load Current

Note. (i) E,— Visthe arithmetical difference and not the vectorial one.
(if) Inthecaseof leading load p.f., terminal voltagewill fall onremoving thefull-load. Hence, regulationis
negativein that case.
(iif) Therisein voltage when full-load is thrown off is not the same as the fall in voltage when full-load is
applied.
Voltage characteristics of an alternator are shownin Fig. 37.29.

37.20. Determination of Voltage Regulation

Inthe case of small machines, the regulation may befound by direct loading. The procedureisas
follows:

The alternator is driven at synchronous speed and the terminal voltage is adjusted to its rated
value V. Theloadisvaried until the wattmeter and ammeter (connected for the purpose) indicate the
rated values at desired p.f. Then theentireload isthrown off while the speed and field excitation are
kept constant. The open-circuit or no-load voltage E, isread. Hence, regulation can be found from

o~V 1100

%regn =

In the case of large machines, the cost of finding the regulation by direct loading becomes
prohibitive. Hence, other indirect methods are used as discussed below. It will befound that all these
methods differ chiefly in the way the no-load voltage E isfound in each case.
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1. Synchronous|Impedanceor E.M.F. Method. Itisdueto Behn Eschenberg.
The Ampere-turn or M.M.F. Method. Thismethod isdueto Rothert.

3. ZeroPower Factor or Potier Method. Asthenameindicates, itisdueto Potier.

All thesemethodsrequire—

1. Armature (or stator) resistance R,

2. Open-circuit/No-load characteristic.

3. Short-circuit characteristic (but zero power factor lagging characteristic for Potier method).

Now, let ustake up each of these methods one by one.

(i) Valueof Ra

Armatureresistance R, per phase can be measured directly by voltmeter and ammeter method or by
using Wheatstone bridge. However, under working conditions, the effective value of R, is
increased dueto* skin effect’*. Thevalueof R, so obtained isincreased by 60% or soto allow for this
effect. Generaly, avalue 1.6 timesthed.c. valueistaken.

(ii) O.C. Characteristic

Asind.c. machines, thisis plotted by running the machine on no-load and by noting the values
of induced voltage and field excitation current. Itisjust likethe B-H curve.

(iii) S.C. Characteristic

It is obtained by short-circuiting the armature (i.e. stator) windings through a low-resistance
ammeter. Theexcitationisso adjusted asto give 1.5to 2 timesthe value of full-load current. During
this test, the speed which is not necessarily synchronous, is kept constant.

Example 37.17 (a). The effective resistance of a 2200V, 50Hz, 440 KVA, 1-phase, alternator is
0.5 0hm. On short circuit, a field current of 40 A gives the full load current of 200 A. The electro-
motive force on open-circuits with same field excitation is 1160 V. Calculate the synchronous

N

impedance and reactance. (MadrasUniversity, 1997)
Solution. For the 1-ph alternator, sincethefield currentissamefor O.C. and S.C. conditions
_ 1160 _
s = 200 5.8 ohms

\/5.8% — 0.5° =5.7784 ohms

Example37.17 (b). AB0-KVA, 220V, 50-Hz, 1-galternator has effective armature resi stance of
0.016 ohm and an armature leakage reactance of 0.07 ohm. Compute the voltage induced in the
armature when the alternator is delivering rated current at a load power factor of (a) unity (b) 0.7
lagging and (c) 0.7 leading. (Elect. Machines-l, IndoreUniv. 1981)

Xs

Solution. Full load rated current | = 60,000/220=272.2 A
IR, = 2722x0.016=4.3V ;
IX = 2722x0.07=19V

(& Unityp.f. —Fig. 37.30(a)

E = Jv+IR)Z+(1 x)? =4(220+4.37 +19* =225V

*  The'skineffect’ may sometimesincrease the effective resistance of armature conductorsas high as6 times
itsd.c. value.
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N
)
E 19V

V=220V 43V
(a) () (c)
Fig. 37.30
(b) p.f. 0.7 (lag) —Fig. 37.30(b)
E = [Veos@+IR)?+(Vsing+1X)*"
= [(220x 0.7 + 4.3)% + (220 x 0.7 + 19)*] " = 234 v/
(¢) p.f. =0.7 (lead) —Fig. 37.30(c)
E = [(Vcoso+ IRa)2 +(Vsno- IXL)Z]]J2
= [(220x 0.7 + 4.3)? + (220 x 0.7 - 19)*]*? = 208 V/
Example37.18 (a). Ina50-kVA, star-connected, 440-V, 3-phase, 50-Hz alter nator, the effective

armature resistance is 0.25 ohm per phase. The synchronous reactance is 3.2 ohm per phase and
|leakage reactance is 0.5 ohm per phase. Determine at rated load and unity power factor :

(a) Internal em.f. E, (b) no-load emf. E; (c) percentage regulation on full-load (d) value of
synchronous reactance which replaces armature reaction.
(Electrical Engg. Bombay Univ. 1987)

Solution. (a) Theem.f. E,isthevector sumof (i) termi-
nal voltageV (ii) IR, and (iii) IX_asdetailedin Art. 37.17.
Here,
V = 440/ /3 =254V
F.L. output currentat u.p.f. is
= 50,000/ /3 x 440=65.6 A C V=254

Resistivedrop=65.6 x0.25=16.4V
Leakage reactancedrop IX, =65.6x0.5=32.8V

0 E, = JV +IR)Z +(1X,)?

(254 +16.42 +32.87 =272 volt

Fig. 37.31

Linevaue J3x272 =471 volt.
(b) Theno-loadem.f. Ejisthevector sumof (i) V(i) IR, and (iii) IXgor isthevector sum of Vand
1Z4(Fig. 37.31).

0 Eo = (v +IR)? +(IXs)? =/(254 +16.4)% +(65.6 x32)? =342 volt

Linevaue = /3x342 =592 volt
—_ V —_
(c) Yageregulation‘up’ = EOV %100 = 3422—54254 x100= 34.65 per cent
(d) X, = X=X =32-05=27Q At 37.17

Example 37.18 (b). A 1000 kVA, 3300-V, 3-phase, star-connected alternator deliversfull-load
current at rated voltage at 0.80 p. f. Lagging. The resistance and synchronous reactance of the
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machine per phase are 0.5 ohmand 5 ohms respectively. Estimate the terminal voltage for the same

excitation and same load current at 0.80 p. f. leading. (Amravati University, 1999)
Solution. Vo = % =1905 volts
1000 % 1000
Atratedload, lp, = —F=————=175am
P /3x3300 P
From phasor diagramfor thiscase[Fig. 37.32(a)]
Component of E along Ref = OD=0OA+ABcos@+BCsing

= 1905 + ( 87.5 % 0.80) + (875 x 0.60) = 2500
Component of E along perpendicular direction

= CD=-ABsn@ +BCcos

= 87.5x 0.6 +875x0.80=647.5volts

oo}

»Ref

I

I

l

|'|

D A B F

(@) Phasor diagram at lagging Pf. (b) Phasor diagram for leading P.F.
Fig. 37.32
OA = 1950,AB=1 =875BC=1Xs=875
OC = E=,/OD? +DC? =/2500% +647.5 = 25825 volts

‘18—2 =sin"! (647.5/ 2582.5) =14.52°

61:SH

Now, for E kept constant, and the alternator delivering rated current at 0.80 leading p.f., the phasor
diagramistobedrawnto evaluateV.

Construction of the phasor diagram startswith marking thereference. Takeapoint Awhichisthe
terminating point of phasor V which startsfrom O. Oisthe point yet to be marked, for which the other
phasors have to be drawn.

AB = 87.5,BC=875
BAF = 36.8°
BC perpendicular to AB. From C, draw an arc of length E, i.e. 2582.5 voltsto locate O.
Note. Construction of Phasor diagram starts from known AE, V is to be found.

Along the direction of the current, AB = 87.5, O BAF = 36.8°, since the current is leading.
BC =875 which must be perpendicular to AB. Havinglocated C, draw aline CD whichisperpendicular
to the reference, with point D, onit, as shown.
Either proceed graphically drawing to scale or calculate geometrically :
CD = ABsin@+BCcos@ =(87.5x0.60) +(875x 0.80) = 752.5volts

Since CD = Esind,,sind,=7525/2582.5givingd,=17°
OD = Ecosd=2470volts
DA = DB - AB

BCsing ~ABcos@ —875x 0.6 —87.5x 0.8 =455volts
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Termind voltage, V' = OA= 0D + DA = 2470 + 455 = 2925 volts/phase

Sincethealternator isstar connected, linevoltage /3 x 2925 = 5066 volts
Check : Whileddiveringlagging p.f. current,

Total power delivered= (100 kVVA) x 0.80 = 800 kW

Intermsof E and d, referring to theimpedance-trianglein Fig. 37.32(c)
total power delivered

B
VE v?2 %
-3 cos (6 -9) —— cos
% % Zg U
1905 x 2582.5 . o 2 a0
=3 505 €os (84.3° —14.52°) —1905° x cos 84.3 g Z X,
= 800kW ...checked
OA = 05 AB=5 R
[0) A
OB = /052 +52=50250Q
6 = OBOA=tan ! (XJR) =tan ™ 10=84.3° Fig. 37.32 (C) Impedance

. L. ] . . triangle for the Alternator
Whiledelivering leading p.f. current theterminal voltageis5.066 kV

linetoline.
Total power deliveredintermsof Vand|
= /3x5.066x175x 0.8 KW =1228.4 kW
Intermsof E and with voltagesexpressed invalts,
total power output

2
3 -VE cos (6 - 9,) ~V7 cos % x1073 kW
% Zg U

[P925 x 2582.5 29257 3
_ 3050 06 (843 -17°) - 84.397 %10 kW
30 5025 ¢ )~ 5005 ¥ ﬁ *

[2925 % 2582.5 o _ 2925x 2925 I
=3 5025 x C0os (67.3°) ~ 5005 c0s 84.3 ka

= 3(580.11 - 169.10) = 1233 kW, which agreesfairly closely to the previousfigure
and hence checks our answer.

37.21. Synchronous Impedance Method

Following procedural steps areinvolved in this method:

1. 0O.C.Cisplotted fromthegiven dataasshowninFig. 37.33(a).

2. Similarly, S.C.C. isdrawn from the data given by the short-circuit test. Itisastraight line
passing through the origin. Both these curves are drawn on a common field-current base.

Consider afield current I;. The O.C. voltage corresponding to this field current is E;. When
winding is short-circuited, the terminal voltage is zero. Hence, it may be assumed that the whole of
thisvoltage E, is being used to circul ate the armature short-circuit current | , against the synchronous
impedance Z,

E, (open-circuit)

0 E = hZs  UZs= 7 (shortarcuin)

3. Since R, can be found as discussed earlier, X4 = (Zg - Rj)
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4. Knowing R, and X, vector diagram asshownin Fig. 37.33 (b) can bedrawn for any load and any
power factor.

RSN t
Q. | ZS//

~ S | - =
= © I -7 g
= Z, | - =
o - ©)

£ e I 3
= | 1 9

L Y N~ e n
8a) C-C'

S
11

Field-Current /,
(or Amp-Turns)

Fig. 37.33 (a) Fig. 37.33 (b)
Here M = E, O E=./08?+BD?)
or E, = \/[(\/ cos@ +IR)% +(V sin @ +1Xg)’]
O Y%regn.‘up’ = EOV_V %100

Note. (i) Value of regulation for unity power factor or leading p.f. can also be found in asimilar way.

(if) Thismethod isnot accurate because the value of Zgso found isalwaysmore than itsvalue under normal
voltage conditionsand saturation. Hence, the value of regulation so obtained isaways more than that found from
an actual test. That is why it is called pessimistic method. The value of Zgis not constant but varies with
saturation. At low saturation, itsvalueislarger because then the effect of agiven armature ampere-turnsismuch
more than at high saturation. Now, under short-circuit conditions, saturation is very low, because armature
m.m.f. isdirectly demagnetising. Different valuesof Zgcorresponding to different values of field current arealso
plotted in Fig. 37.33 ().

(iii) Thevalue of Zg usually taken is that obtained from full-load current in the short-circuit test.

(iv) Here, armature reactance X, has not been treated separately but along with leakage reactance X, .

Example 37.19. Find the synchronous impedance and reactance of an alternator in which a
given field current produces an armature current of 200 A on short-circuit and a generated em.f. of
50 V on open-circuit. The armature resistance is 0.1 ohm. To what induced voltage must the
alternator be excited if it isto deliver aload of 100 A at a p.f. of 0.8 lagging, with a terminal voltage
of 200V. (Elect. Machinery, BangloreUniv. 1991)

Solution. It will be assumed that alternator is a single phase
one. Now, for samefield current,

z, = O.C. volts :5_020_259_

S.C.current 200

Xs = \Jz2-R? =\J025% 0.2 =0.23Q.

Now, IR, = 100x0.1=10V,IXs=100%0.23=23V,
cos@ = 0.8,sn@=0.6. AsseenfromFig. 37.34.

Fig. 37.34
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E, = \/(\/ cos@ +IR)* +(V sin @ +IX)?
=[(200 x 0.8 + 10)? + (200 x 0.6 + 23)*] "% = 222 v/

Example 37.20. From the following test results, determine the voltage regulation of a 2000-V,
1-phase alternator delivering a current of 100 A at (i) unity p.f. (ii) 0.8 leading p.f. and (iii) 0.71
lagging p.f.

Test results : Full-load current of 100 A is produced on short-circuit by a field excitation of 2.5A.

An em.f. of 500 V is produced on open-circuit by the same excitation. The armature resistanceis
0.8Q. (Elect. Engg--I1,M.S. Univ. 1987)

. .C. vol _—
Solution. Zg = _O.C.volts. —for sameexcitation
S.C. current
for sameexcitation

500/100=50
JZ2 - R =52 -0.8 =4.936 O

Xs

V=2000 V 80

(a) ® 80V
Fig. 37.35
(i) Unityp.f. (Fig.37.35(a)]

IR, = 100x08=80V; IXs=100x4.936=494V
0 E, = +/(2000+80)° +494° =2140V
2140 - 2000
%regn = —/— ——— = T%
°re 2000 L00= %

(i) p.f. =0.8(lead)[Fig. 37.35(0)]
E, = [(2000x0.8+80)*+ (2000 0.6 - 494)"]"* = 1820V

o _ 1820-2000 _ o
Yoregn = 000> 100= 9%
(i) p.f. =0.71(lag) [Fig.37.35(b)]
E, = [(2000x0.71+80)>+ (2000 x 0.71+494)° > = 2432V
%regn = MX1OO=21 6%
2000 :

Example 37.21. A 100-kVA, 3000-V, 50-Hz 3-phase star-connected alternator has effective
armatureresistance of 0.2 ohnm. Thefield current of 40 A produces short-circuit current of 200 Aand
an open-circuit emf of 1040 V (line value). Calculate the full-load voltage regulation at 0.8 p.f.
lagging and 0.8 p.f. leading. Draw phasor diagrams.

(BasicElect. Machines, Nagpur Univ. 1993)
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0.C. voltage/phase

Solution. Zg = — for sameexcitation
S.C. current/phase
_ 10403 _
200 o
Xs = |Z2-R ={# -02
= 299Q
F.L. current, 0 1
| =100,000//3 x 3000 > =
= 192A i 1o
IR, =192x0.2=384V By | I%
IXg =19.2x2.99=57.4V IS
\oltage/phase 0 v > 3.84V
= (LR
= 3000/ /3 = 1730V (LR,) ®) R
cos@ =0.8;sin@=0.6
Fig. 37.36

(i) p.f.=0.8lagging
—Fig. 37.36(a)

[(Veos@+IR)*+ (Vsing+I1X9)7"?

(1730 x 0.8 + 3.84)? + (1730 x 0.6 + 57.4)]** = 1768 V

Eo

%regn. ‘up’ = meoz 2.2%

(i) 0.8p.f. leading—Fig. 37.36 (b)
E, = [(Vcos@+IR, )+ (Vsing-I1X9)7"
[(1730 x 0.8 + 3.84)? + (1730 x 0.6 — 57.4)4**
1699 V
1699 —1730 _
Y%regn. = —1730 %100 = —1.8%

Example 37.22. A 3-phase, star-connected alternator is

rated at 1600 kVA, 13,500 V. The armature resistance and
synchronous reactance are 1.5 Q and 30 Q respectively per
phase. Calculatethe percentageregulation for aload of 1280
kW at 0.8 leading power factor.

(Advanced Elect. MachinesAMIE Sec. B, 1991)

Solution. 103V
1280,000 = /3x13,500x| x0.8; Fig. 37.37
O | = 684A
IR, = 68.4x15=103V ; IXg=68.4x 30 = 2052

Voltage/phase
AsseenfromFig. 37.37.

13,500/,/3 =7795V

[(7795 x 0.8 + 103)% + (7795 x 0.6 - 2052)] /2 = 6663 V

(6663 — 7795)/7795
~- 0.1411 or - 14.11%

Eo
% regn.
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Example 37.23. A 3-phase, 10-kVA, 400-V, 50-Hz, Y-connected alternator supplies the rated
load at 0.8 p.f. lag. If arm. resistance is 0.5 ohm and syn. reactance is 10 ohms, find the power

angle and voltage regulation. (Elect. Machines-1 Nagpur Univ. 1993)
Solution. FL.current, | = 10,000/\/5 x400 =144 A
IR, = 144x05=72V

IXg = 144x10 =144V
\oltage/phase= 400/ \/é =231V

@ = cos '0.8=36.87°, asshowninFig. 37.38.
E, = [(Veos@+IR)*+(Vsin@+IX9)T"?
= (231x0.8+7.2°+(231x 06 +144)71%2
= 342V
Voregn. = o Cotx100=0.480r 48% Fig. 3738
The power angle of the machineis defined asthe angle betweenV and Ei.e. angled
) _ BC _231x0.6 +144 _ 2826
AsseenfromFig. 37.38,tan (p+90) = == = = =1.4419;
g ©+9) OB 231x0.8+7.2 192 o
O (p+3d) = 5526°
O powerangle 0 = 5b.26° - 36.87° = 18.39°

Example 37.24. The following test results are obtained from a 3-phase, 6,000-kVA, 6,600 V,
star-connected, 2-pole, 50-Hz turbo-alternator:

With a field current of 125 A, the open-circuit voltage is 8,000 V at the rated speed; with the
same field current and rated speed, the short-circuit current is 800 A. At the rated full-load, the
resistance drop is 3 per cent. Find the regulation of the alternator on full-load and at a power
factor of 0.8 lagging. (Electrical Technology, Utkal Univ. 1987)

O.C. voltage/phase _ 8000/ J3

. _ =577 Q
Solution. Zs = 'SC.current/phase 800 >
Voltage/phase = 6,600/3=3810V

Resistive drop = 3%o0f 3,810V =0.03x3,810=114.3V

Full-load current 6,000 x 10°/~/3 x 6,600 =525 A

Now IR, = 1143V
0 R = 1143525202180
Xg = |22 - R =\[5.772 ~0.218" =574 Q(approx.)

Asseen from the vector diagram of Fig. 37.33, (b)

Eo

\/[3,810 x 0.8 +114.3)% + (3,810 x0.6 +525 x5.74)?] =6,180 V

O regulaion = (6,180 - 3,810) x 100/3,810 = 62.2%

Example 37.25. A 3-phase 50-Hz star-connected 2000-kVA, 2300 V alternator gives a short-
circuit current of 600 A for a certain field excitation. Wth the same excitation, the open circuit
voltagewas 900 V. Theresistance between a pair of terminalswas0.12 Q. Find full-load regulation
at (i) UPF (ii) 0.8 p.f. lagging. (Elect. Machines, Nagpur Univ. 1993)

_ _ OcC volts/phase _ 900/+/3 _
Solution. Zs = SC.current/phase 600

0.866 Q
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Resistance between theterminalsis0.12 Q. Itistheresistance of two phases connected in series.
0 Resistance/phase=0.12/2=0.06 Q;
effectiveresistance/phase =0.06 x 1.5=0.09 Q;

X5 =4/0.866° - 0.09° =0.86 Q

FL. 1= 2000,000/+/3 x 2300 =500 A

IR,=500%0.06=30V ;
IXs=500x0.86 =430V

430V

rated voltage/phase % ¢ : :é
=2300/+/3=1328V R
(i) U.PF. —Fig.37.39(a), O 328V/Phase * 30V(=IR) L O 30V(=IR,)
Ey=[(Vcos @+ IR)*+ (1X97"2 @ ®)
Fig. 37.39

= 1328+ 30) + 4307 =1425V

% regn. = (1425 - 1328)/1328 = 0.073 or 7.3%
(i) 0.8p.f. lagging—Fig. 37.39 (b)
E, = [(Vcos@+IR)?+(Vsing+I1x)7"

[(1328 x 0.8 + 30)? + (1328 x 0.6 + 430)] Y% = 1643 V

O % regn. (1643 — 1328)/1328 = 0.237 or 23.7%.

Example 37.26. A 2000-kVA, 11-kV, 3-phase, star-connected alternator has a resistance of
0.3 ohmand reactance of 5 ohm per phase. It deliversfull-load current at 0.8 lagging power factor
at rated voltage. Compute the terminal voltage for the same excitation and load current at 0.8
power factor leading. (Elect. Machines, Nagpur Univ. 1993)

Solution. (i) At 0.8 p.f.lagging
FL. | =2000,000/+/3x11,000=105A

Terminal voltage = 11,000/+/3 = 6350 V

IR,=105x0.3=315V;

IXs=105x5=525V

AsseenfromFig. 37.40 (a)

E,=[6350 x 0.8+ 31.5)* +
(6350 x 0.6+ 525)4 Y2 = 6700V

AsseenfromFig. 37.40 (b),
now, we are given E; = 6700V o
and we are required to find the
terminal voltage V at 0.8 p.f.
leading. Fig. 37.40

6700° = (0.8V + 3L.5)% + (0.6V — 525)% V = 6975 V/

Example 37.27. The effective resistance of a 1200-kVA, 3.3-kV, 50-Hz, 3-phase, Y-connected
alternator is0.25 Q/phase. Afield current of 35 A produces a current of 200 A on short-circuit and
1.1kV (linetoline) on open circuit. Calculate the power angle and p.u. change in magnitude of the

terminal voltage when thefull load of 1200 kVA at 0.8 p.f. (lag) isthrown off. Draw the corresponding
phasor diagram. (Elect. Machines, A.M.I .E. Sec. B, 1993)

v

> 31.5V(=IR)

(b)
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) O.C. voltage o
Solution. = SCv—oItage —Ssameexcitation
_11x10°%/43 _
=T =31750
Xg = /3.175° - 0.25° =3.165Q
V = 3.3x10°/+/3 =1905V
tan @ = X/R,=3.165/0.25,0=85.48°
O Z, = 3175018548°
Rated 1, = 1200x10%./3 x3.3x10°
= 210A
Let, V = 1905010°, 1,=2103 36.87°
AsseenfromFig. 37.41, Fig. 37.41

E =V+1,Z = 1905+ 210 3 36.87° x 3.175 185.48° = 24000 12°

Power angle = 6=12°

Per unit changeintermind voltageis

= (2400 - 1905)/1905 = 0.26

Example37.28. Agiven 3-MVA, 50-Hz, 11-kV, 3-¢, Y-connected alter nator when supplying 100
Aat zero p.f. leading has a line-to-line voltage of 12,370 V; when the load is removed, the terminal
voltage falls down to 11,000 V. Predict the regulation of the alternator when supplying full-load at
0.8 pf. lag. Assume an effective resistance of 0.4 Q per phase.

(Elect. Machines, Nagpur Univ. 1993)
Solution. AsseenfromFig. 37.42(a), at zero p.f. leading

E02 = (Vcos<p+IR3)2+Vsin<p—IXS)2
Now, E, = 11,000/~/3 =6350V
V = 12370//3=7,142V,

cos@ = 0,sinp=1
0 6350° = (0+100%0.4)°+(7142— 100Xy’
0 100X = 7900rXs=7.9Q
F.L. current 0 =90°

=310 o
/3 x11,000
IR, =0.4x157=63V;IXg
= 157x7.9=1240V
0 E, =[(6350x0.8+63)+

(6350 % 0.6 + 1240)*] /%= 7210 V/phase

)

V=7142V

100X, o

<

40
0 o%regn= /2106390, 100 = 135% @ ®)
6350 Fig. 37.42

Example 37.29. A straight line law connects terminal voltage and load of a 3-phase star-
connected alternator delivering current at 0.8 power factor lagging. At no-load, the terminal
voltage is 3,500 V and at full-load of 2,280 kW, it is 3,300 V. Calculate the terminal voltage when
delivering current to a 3-¢, star-connected |oad having aresistance of 8 2 and a reactance of 6 Q per
phase. Assume constant speed and field excitation. (London Univ.)
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Solution. No-load phasevoltage = 3,500/ /3 =2,021V
Phase voltage on full-load and 0.8 power factor = 3,300/ /3 = 1905 V
Full-load currentisgiven by

J3V I cosp=2280x1000 O

2,280 %1000
| = 27 —500A
L /3%x3300%0.8

dropinterminal voltage/phasefor 500 A =2,021-1,905=116V
L et usassumethat aternator issupplying acurrent of xampere.
Then, drop interminal voltage per phasefor x ampereis= 116 x/ 500 = 0.232 x volt

O

terminal p.d./phasewhen supplying x amperesat ap.f. of 0.8 laggingis
= 2,021 -0.232x volt

Impedance of connected load/phase= /(8” + 6°) =10 Q

load p.f. =cos@=28/10=0.8

When current isx, theapplied p.d. is=10x

O
O
O

10x = 2021-0.232x or x=1975A
terminal voltage/phase = 2021 -(0.232 x 197.5) = 1975.2V
terminal voltage of alternator =1975.2x /3 =3,421V

Tutorial Problem No. 37.2

If afield excitation of 10 A inacertain ternator givesacurrent of 150 A on short-circuit and
aterminal voltageof 900V on open-circuit, find theinternal voltage drop with aload current of
60A. [360 V]
A 500-V, 50-kVA, 1-galternator hasan effectiveresistanceof 0.2 Q. A field current of 10A
produces an armature current of 200 A on short-circuit and an em.f. of 450 VV on open-
circuit. Calculatethefull-load regulation at p.f. 0.8 1ag. [34.4%)]
(Electrical Technology, Bombay Univ. 1978)

A 3-¢ star-connected aternator israted at 1600 kVA, 13,500 V. The armature effective
resistance and synchronousreactanceare 1.5 Q and 30 Q respectively per phase. Calculate
the percentage regulation for aload of 1280 kW at power factors of (a) 0.8 leading and
(b) 0.81agging. [(a) —11.8% (b) 18.6%)] (Elect. Engg.-11, Bombay Univ. 1977)
Determinethevoltage regul ation of a2,000-V, 1-phasealternator giving acurrent of 100 A at
0.8p.f. leadingfromthetest results. Full-load current of 100 A isproduced on short-circuit by
afield excitation of 2.5 A. Anem.f. of 500V isproduced on open-circuit by the same
excitation. Thearmatureresistanceis0.8Q. Draw thevector diagram.

[-8.9%] (Electrical Machines-1, Gujarat Univ. Apr. 1976)
Inasingle-phaseaternator, agivenfield current producesan armature current of 250 A on
short-circuit and agenerated e.m.f. of 1500 V on open-circuit. Calculatetheterminal p.d.
when aload of 250 A at 6.6 kV and 0.8 p.f. lagging is switched off. Calculate also the
regulation of the alternator at the given load.

[7,898 V; 19.7%] (Elect. Machines-I1, Indore Univ. Dec. 1977)

A 500-V, 50-kVA, single-phase alternator hasan effectiveresistanceof 0.2 Q. A field current

of 10 A producesan armature current of 200 A on short-circuit and em.f. of 450V on open

circuit. Calculate (a) the synchronousimpedanceand reactanceand (b) thefull-load regulation
with 0.8 pf. lagging.

[(8) 2.25Q, 2.24 Q, (b) 34.4%] (Elect. Technology, Mysore Univ. 1979)
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7. A 100-kVA, 3,000-V, 50-Hz, 3-phase star-connected alternator has effective armature
resistanceof 0.2 Q. A field current of 40 A produces short-circuit current of 200 A and an
open-circuitem.f. of 1040V (linevalue). Calculatethefull-load percentageregulation at
apower factor of 0.8 1agging. How will the regulation be affected if the alternator delivers
itsfull-load output at a power factor of 0.8 leading?

[24.4% - 13.5%] (Elect. Machines-I1, Indore Univ. July 1977)

8. A 3-¢,50-Hz, star-connected, 2,000 kVA, 2,300-V alternator givesashort-circuit current of
600 A for acertainfield excitation. With the same excitation, the O.C. voltagewas900 V.
The resistance between a pair of terminalswas 0.12 Q. Find full-load regulation at (a)
u.p.f. (b) 0.8 p.f.lagging (c) 0.8 p.f. leading.

[(a) 7.3% (b) 23.8% (c) —13.2%] (Elect. Machinery-I11, Bangalore Univ. Aug. 1979)

9. A 3-phasegtar-connected dternator isexcited to give 6600 V between lineson open circuit. It
hasaresistance of 0.5 Q and synchronousreactance of 5 Q per phase. Calculatetheterminal
voltage and regulation at full load current of 130 A whenthe PF. is(i) 0.8 1agging, (ii) 0.6
leading. [Rajive Gandhi Technical University, Bhopal, 2000]

[(i) 3318 Volts/Ph, + 14.83% (ii) 4265 Volts/Ph, - 10.65%]

37.22. Rothert's M.M.F. or Ampere-turn Method

Thismethod also utilizesO.C. and S.C. data, but isthe converse of the E.M.F. method inthe sense
that armature leakage reactanceis treated as an additional armature reaction. In other words, it
isassumed that the changein terminal p.d. on load isdue entirely to armature reaction (and dueto the
ohmic resistance drop which, in most cases, isnegligible). ThisfactisshowninFig. 37.43.

Now, field A.T. required to produce avoltage of V on full-load isthe vector sum of thefollowing :

(i) FieldA.T. requiredto produceV (or if R, isto betaken into account, thenV +1 R, cos¢) onno-
load. Thiscanbefoundfrom O.C.C. and
(if) Field A.T. required to overcome the demagnetising
effect of armature reaction on full-load. Thisvalueisfound
from short-circuit test. The field A.T. required to produce
full-load current on short-circuit balances the armature
reaction and the impedance drop.

Theimpedancedrop can beneglected because R, isusuly
very small and Xgisalso small under short-circuit conditions.
Hence, p.f. on short-circuit isalmost zero lagging and thefield
A.T. areused entirely to overcomethearmature reaction which Fig. 37.43
is wholly demagnetising (Art. 37.15). In other words, the
demagnetising armature A.T. on full-load are equal and opposite to the field A.T. required to
produce full-load current on short-circuit.

Now, if the alternator, instead of being on B,
short-circuit, is supplying full-load current at > y O
itsnormal voltageand zerop.f. lagging, thentotal A B, B, A -
field A.T. required arethevector sum of © =
(i) the field A.T. = OA necessary to @ ®)
produce normal voltage (as obtained from Fig. 37.44

O.C.C)and
(i) thefield A.T. necessary to neutralizethe armaturereaction AB,. Thetotal field A.T. arerepre-
sented by OB, in Fig. 37.44 (a) and equal sthe vector sum of OA and AB;
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If thep.f. iszeroleading, the armature reactioniswholly magnetising. Hence, inthat case, thefield
A.T.requiredis OB, whichislessthan OA by thefield A.T. = AB, required to producefull-load current on
short-circuit [Fig. 37.44 (b)]

If p.f.isunity, thearmaturereactioniscross-magnetisingi.e. itseffect isdistortional only. Hence, field
A.T.required isOB;i.e. vector sumof OA and AB; whichisdrawn at right anglesto OA asin Fig. 37.44

(©.
37.23. General Case

L et usconsider the general case when the p.f. hasany value between zero (lagging or leading) and
unity. Field ampere-turns OA corresponding to V(or V + IR, cos @) islaid off horizontally. Then AB,,
representing full-load short-circuit field A.T. isdrawn at an angleof (90° +¢) for alagging p.f. Thetotdl field
A.T.aregivenby OB, asinFig. 37.45. (a). Foraleadingp.f., short-circuit A.T. = AB, isdrawn at anangle
of (90° — @) asshowninFig. 37.45 (b) and for unity p.f., AB;isdrawnat right anglesasshownin Fig. 37.45

©.

2/’_‘\\ B3
7 AN
/ O \
/ d \
g | o E— 0 A
(b) (c)
Fig. 37.45

In those cases where the number of turns on the field coilsis not known, it is usua to work in
termsof thefield current asshownin Fig. 37.46.

InFig. 37.47.isshown thecompletediagram alongwith O.C. and S.C. characteristics. OArepresents
field current for normd voltageV. OC representsfield current required for producing full-load current on
short-circuit. Vector AB=0C s
drawn at an angle of (90° + ¢) to
OA(if thep.f.islagging). Thetota

EO E0
V| | Vi |
field current is OB for which the i RS : i & :
corresponding O.C. voltageisE, a2l C o A | 2 ) o |
0 % 5"V 00 5 < : 15 2 | |
eren= Ty o | L ¥ | LW
It should be noted that this | 9°+'q> \: : 0°+6 \:
method givesresultswhich areless C A C A
than theactual results, that iswhy it Fig. 37.46 Fig. 37.47

issometimesreferred to asoptimis-
ticmethod.

Example 37.30. A 3.5-MVA, Y-connected alternator rated at 4160 volts at 50-Hz has the open-
circuit characteristic given by the following data :

Field Current (Amps) 50 | 100 | 150 | 200 | 250 | 300 | 350 | 400 | 450

E.M.F. (\Volts) 1620 | 3150 | 4160 | 4750 | 5130 | 5370 | 5550 | 5650 |5750

Afield current of 200 A is found necessary to circulate full-load current on short-circuit of the
alternator. Calculate by (i) synchronous impedance method and (ii) ampere-turn method the full-
load voltage regulation at 0.8 p.f. lagging. Neglect resistance. Comment on the results obtained.

(Electrical Machines-I 1, Indore Univ. 1984)
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Solution. (i) Asseenfromthegiven data, afield current of 200 A producesO.C. voltage of 4750
(linevalue) and full-load current on short-circuit whichis

3.5x10°/+/3 x 4160 =486 A

O.C.volt/phase _ 4750/~/3 _ 2740 _

Ze = =5.64 Q/phase

S~ SC.current/phase 486 486
Since R,

0,Xs=Zg O IR, =0,1Xs=1Z5=486x 5.64 = 2740V

F.L.Voltage/phase = 4160/ \[3=2400V, cos ¢»=0.8,sinp=0.6

E, = (Vcoso+ IRa)2 +(Vsno+l, XS)Z]]J2
= [(2400 x 0.8 + 0)* + (2400 x 0.6 + 2740)* Y2 = 4600 V
4600 - 2400
%regn. up = a0 " 100 = 92.5%

(i) Itisseenfromthegiven datathat for normal voltage of 4160V, field current needed is150 A.
Field current necessary to circulate F.L.. current on short-circuitis200 A.

InFig. 37.48, OArepresents 150 A. Thevector AB which represents200 A isvectorially added to
OA at (90° + @) = (90° +36°52') = 126°52'. Vector OB represents excitation necessary to produce a
terminal p.d. of 4160V at 0.8 p.f. lagging at full-load.

OB = [150°+ 2007 + 2 x 150 x 200 x cos(180°— 126°52")]
= 3138A
Thegenerated phasee.m.f. E, corresponding to thisexcitation asfound

from OCC (if drawn) is3140V. Linevaueis 3140 x V3 =5440V.

-,
5440 - 4160 150A A
%regn. = ———————x100 = 30.7%
°reg 4160 ’ Fig. 37.48
Example 37.31. Thefollowing test results are obtained on a 6,600-V alternator:
Open-circuit voltage : 3,100 4900 6,600 7,500 8,300
Field current (amps) : 16 25 375 50 70

A field current of 20 A is found necessary to circulate full-load current on short-circuit of the
armature. Calculate by (i) the ampere-turn method and (ii) the synchronous impedance method the
full-load regulation at 0.8 p.f. (lag). Neglect resistance and leakage reactance. Satethe drawbacks
of each of these methods. (Elect. Machinery-11, Bangalore Univ. 1992)

Solution. (i) Ampere-turn Method

Itisseen fromthe given datathat for thenormal voltage of 6,600V, thefield current needed is37.5A.

Field-current for full-load current, on short-circuit, isgivenas20 A.

InFig. 37.49, OArepresents 37.5 A. Thevector AB, which represents20 A, isvectorialy added to
OAat (90° + 36°52') = 126°52'. Vector OB representsthe excitation necessary to produceaterminal p.d.
of 6,600V at 0.8 p.f. lagging on full-load

OB = [37.5% +207 +2x3.75 x20 xc0S53B’ =52 A

The generated e.m.f. E, corresponding to thisexcitation, asfound from O.C.C. of Fig. 37.49is
7,600 V.
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, E, -V _ 7,600 - 6,600 _
Percentageregulation = —— 100 = 6600 %100 =15.16%
(ii) Synchronousl mpedance M ethod
L et the voltage of 6,600 V betaken as 100 per —
cent and alsolet 100 per cent excitation bethat which 8000
isrequired to produce 6,600 V on open-circuit, that ;888 1T 1" TA i
|S, theexcitation of 37.5A. = 6000 '
Full-load or 100 per cent armature current is S 5000 |
produced on short-circuit by afield current of 20 A. J 4000 i
If 100 per cent field current were applied on short- < 3000 I
circuit, then S.C. current would be 100 x 37.5/20 = 2000 o !
187.5 per cent. 1000 TN
=
O.C.voltage i 0 L=—T"TAN
O Zg= SC. current | e xdtation 0 10 20 30 40 50 60 70 80
.C. current ]
Field Amps
= 100/187.50r 0.533 or 53.3%
Theimpedance drop |1 Zgis equal to 53.3% of Fig. 37.49

the normal voltage. When the two are added
vectorialy (Fig. 37.50), thevaueof voltageis

Eo

J[100+ 533 cos (90 - 9I° +[53:3sin (%0 - 92

%reg =

J100+533%0.6)° +(53.3 x0.8)% =138.7%

138.7 -100 %100 = 38.7%

Thetwo value of regulation, found by the two methods, are

foundtodiffer widely from each other. Thefirst method givessome-

B
1318 ”
e
0 3 - what |esser vaue, whilethe other method givesalittle higher value

100 A ascompared to the actual value. However, thefirst valueismore
Fig. 37.50 likely to be nearer the actual value, because the second method
employsZg, which does not have aconstant value. Itsvaluede-

pendsonthefield excitation.

Example 37.32. The open-and short-circuit test readings for a 3-¢, star-connected, 1000-kVA,

2000 V, 50-Hz, synchronous generator are :

Field Amps; 10 20
O.C. Terminal V 800 1500
SC. armature

currentin A: — 200

1760

30

40 50

2000 2350 2600

300

The armature effective resistance is 0.2 Q per phase. Draw the characteristic curves and esti-
mate the full-load percentage regulation at (a) 0.8 p.f. lagging (b) 0.8 p.f. leading.

Solution. TheO.C.C.and S.C.C. areplottedin Fig. 37.51

Thephasevoltagesare: 462, 866, 1016,
Full-load phasevoltage = 2000/ /3 =1155V

1155,

Full-load current =1,000,000/2000 x /3 =288.7 A

1357, 1502.
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2000
1555 | || | | -
o 1500 , §
<
= /1 . S
S 12000 — - —+— 54 QC“ ; =
2 A5 5
= 1000 AH {400 2
> OO/ | | @)
- A b 28878 .
= I e -
500 1/ ! ] 200 NG 36°52
/ | | N \39 |
1! I ) -
29| T [54.611 \
0 de32e 1§ 0 A
0 20 40 60 32A
Field Amps

Fig. 37.51 Fig. 37.52 Fig. 37.53

Voltage/phase at full-load at 0.8 p.f. =V + IR, cos = 1155+ (288.7 x 0.2 x 0.8) = 1200 volt
Form open-circuit curve, itisfound that field current necessary to producethisvoltage= 32 A.

From short-circuit characteritic, it isfound that field current necessary to producefull-load current of
288.7Ais=29A.

(a) cos@=0.8, =36°52' (lagging)

InFig. 37.52, CA=32A, AB=29 A andisat anangleof (90° + 36°52') = 126°52' with OA. The
total field current at full-load 0.8 p.f. laggingisOB =54.6 A

O.C. volt corresponding to afield current of 54.6 A is= 1555V

% regn. = (1555 - 1155) x 100/1155 = 34.6%

(b) Inthiscase, asp.f.isleading, ABisdrawnwith OA (Fig. 37.53) at an angle of 90° —36° 52' =
53°8'. OB=274A.

O.C. voltage corresponding to 27.4 A of field excitationis 1080 V.
1080 -1155

%regn. = —1iE x100 =—6.4%

Example 37.33. A 3-phase, 800-kV A, 3,300-V, 50-Hz alternator gave the following results:

Exciting current (A) 50 60 70 80 90 100

O.C. valt (line) 2560 3000 3300 3600 3800 3960

SC. current 190 — — — — —

The armature leakage reactance drop is 10% and the resistance drop is 2% of the normal
voltage. Determine the excitation at full-load 0.8 power factor lagging by the mm.f. method.

Solution. Thephasevoltagesare: 1478, 1732, 1905, 2080, 2195, 2287

TheO.C.C.isdrawninFig. 37.54.

Normal phase voltage 3300/+/3 =1905V; | R, drop=2%o0f 1905=238.1volt

Leakagereactancedrop 10% of 1905 = 190.5 Volt
0 E = \J[1905x 0.8 +38.1)° +(1905 x0.6 +190.5)7] =2,068V
Theexciting current required to produce thisvoltage (asfound from O.C.C.) is82 A.

Full load current = 800.000/+/3 x 3300 = 140A
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Asseenfrom S.C.C., theexciting current required to produce thisfull-load current of 140 A on short-
circuitis37A.

2500
2068 - — — — — —
2000 |
% |
2 |
C) ~
= 1500~ ¢ | —300 £
% © C.Q’ | )
> S | g
S) - ! 1200 ©
S 1000 | o
W
—_—————— :— ——————— 140 B
a | | —{ 100
>0 | | \O® B
| [ g
’ 20 40 60 80 100 82A A
Exciting Current
Fig. 37.54 Fig. 37.55

InFig. 37.55, OB givestheexcitation required on full-load to give aterminal phasevoltage of 1905V
(or linevoltageof 3300V) at 0.8 p.f. lagginganditsvalueis

= [82% +37% +2x82 x37 xcos538' = 108 A

Tutorial Problem No. 37.3

1. A 30-kVA, 440-V, 50-Hz, 3-¢, star-connected synchronous generator gave the following test data:

Fieldcurrent(A) : 2 4 6 7 8 10 12 14
Terminal volts . 155 287 395 440 475 530 570 592
S.C. current o 2 A 40 46 57 69 80

Resistance between any two terminalsis 0.3 Q
Find regulation at full-load 0.8 p.f. lagging by (a) synchronous impedance method and (b) Rothert’s
ampere-turn method. Take Zg corresponding to S.C. current of 80 A. [(a) 51% (b) 29.9%]

37.24. Zero Power Factor Method or Potier Method

This method is based on the separation of armature-leakage reactance drop and the armature
reaction effects. Hence, it givesmore accurate results. It makes use of thefirst two methodsto some
extent. The experimental datarequiredis (i) no-load curve and (ii) full-load zero power factor curve
(not the short-circuit characteristic) also called wattlessload characteristic. Itisthe curve of terminal
voltsagainst excitation when armatureisdelivering F.L. current at zero p.f.

Thereduction in voltage due to armature reaction is found from above and (ii) voltage drop due
to armature leakage reactance X, (also called Potier reactance) is found from both. By combining
thesetwo, E, can be calculated.

It should be noted that if we vectorially add to V the drop dueto resistance and leakage reactance X,
weget E. If to Eisfurther added the drop dueto armature reaction (assuming lagging p.f.), thenweget E,
(Art. 37.18).

Thezerop.f. lagging curve can be obtained.
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(a) if asmilar machineisavailablewhich may bedriven at no-load asasynchronousmotor at practi-
caly zerop . or

(b) by loading thealternator with purereactors

(c) by connectingthedternator toa3-glinewithammeters —————— D
and wattmeters connected for measuring current and power and by SN
so adjugting thefield current that we get full- load armature current Y, E
with zerowattmeter reading. H B

Point B (Fig. 37.56) wasobtainedin thismanner when wattmeter
wasreading zero. Point Aisobtained from ashort-circuit test with L |
full-load armature current. Hence, OA representsfield current which M |
isequal and oppositeto the demagnetising armature reaction and +. G
for balancing leakage reactance drop at full-load (pleaserefer to 50+0) D
A.T. method). Knowing thesetwo points, full-load zero p.f. curve N
AB can be drawn as under. 0 N A F

From B, BH isdrawn equal to and parallel to OA. From H, Field Current
HD isdrawn parallel toinitia straight part of N-L curvei.e. parallel Fig. 37.56
to OC, whichistangential to N-L curve. Hence, we get point D on no-load curve, which correspondsto
point Bonfull-load zero p.f. curve. ThetriangleBHD isknown asPotier triangle. Thistriangleisconstant
for agiven armature current and hence can betransferred to give us other pointslike M, L etc. Draw DE
perpendicular to BH. Thelength DE representsthedrop in voltage dueto armatureleskage reactance X
i.e. 1.X. BE givesfield current necessary to overcome demagnetising effect of armature reaction at full-
load and EH for balancing the armature leakage reactance drop DE.

Let V betheterminal voltage on full-load, then if we add to it vectorially the voltage drop dueto
armature | eakage reactance alone (neglecting R,), then we get voltage E = DF (and not E;). Obviously,
field excitation corresponding to E isgiven by OF. NA (= BE) representsthefield current needed to
overcomearmaturereaction. Hence, if weadd NA vectorially to OF (asin Rothert’sA.T. method) we get
excitation for E, whose value can beread from N-L curve.

InFig. 37.56, FG (= NA) isdrawn at an angle of (90° + @) for alagging p.f. (or itisdrawn at an angle
of 90° — pfor aleading p.f.). Thevoltage corresponding to thisexcitationisJK =E,

E, -V
v %100

Thevector diagramisa so shown separately
inFig. 37.57.

Assuming alagging p.f. with angle @, vector
for | isdrawn at an angle of @toV. IR, isdrawn
parallel to current vector and IX, is drawn
perpendicular toit. OD representsvoltageE. The
excitation correspondingtoiti.e.. OF isdrawn at
90° ahead of it. FG (= NA=BE inFig. 37.56)
representing field current equivalent of full-load
armaturereaction, isdrawn paralle to current vector Ol. Theclosing side OG givesfield excitationfor E,.
Vector for E,is90° lagging behind OG. DL representsvoltage drop dueto armature reaction.

EMF
Z0 P.F., F.L. Curve

O %regn.=

Fig. 37.57

37.25. Procedural Steps for Potier Method 1.

1. Supposewearegiven V-theterminal voltage/phase.
2. Wewill begiven or elsewe can cal culate armature | eskage reactance X, and hence can calculate
IX,.
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3. AddinglX (andIR, if given) vectoridly toV, weget voltage E.

4. Wewill next find fromN-L curve, field excitationfor voltageE. Letitbeiy,.

5. Further, field current i, necessary for bal ancing armature reaction isfound from Potier triangle.

6. Combinei;, andi, vertorially (asin A.T. method) to geti;.

7. ReadfromN-L curve, theem.f. correspondingtoi;. ThisgivesusE,. Hence, regulation canbe
found.

Example 37.34. A 3-phase, 6,00-V alternator has the following O.C.C. at normal speed :

Fieldamperes : 14 18 23 30 43

Terminal volts : 4000 5000 6000 7000 8000

With armature short-circuited and full-load current flowing the field current is 17 A and when
the machine is supplying full-load of 2,000 kVA at zero power factor, the field current is42.5 A and
the terminal voltage is 6,000 V.

Determine the field current required when the machine is supplying the full-load at 0.8 p.f.
lagging. (A.C.Machines-I, Jadavpur Univ. 1988)

Solution. TheO.C.C.isdrawnin Fig. 37.58 with phasevoltageswhich are
2310, 2828, 3465 4042 4620
Thefull-load zero pf. characteristic can bedrawn

becausetwo pointsareknowni.e. (17, 0) and (42.5, 5000
3465). / //
InthePotier ABDH, line DE representsthelesk- 4000 D
agereactancedrop (= 1X, ) andis(by measurement) 37508 — — + — — 4 — ~_
equal to450V. Asseenfrom Fig. 37.59. 2 // i :E /,.
E= (v cos@? +(V sin @ +I1X,)? imoo | /
= /(3465 % 0.8)2 + (3465 x 0.6 +450)? e / |/
= 3750V = /’ /
From O.(;.C. of Fig. 37.58, itisfoundthat field 1000 |
amperesrequired for thisvoltage=26.5 A. :
Field amperesrequired for balancing armature |
reaction = BE = 14.5 A (by measure-ment from 0% 10 1720 v 30 40 30
Potier triangle BDH). S
Asseenfrom Fig. 37.60, thefield currentsare Leelel A
added vectorialy at an angle of (90° + ¢) =126° Fig. 37.58
52'.

Resultant field currentisOB= \/26.52 +14.5% +2 x26.5 x14.4 cos53°8' =37.2A

Example 37.35. An 11-kV,
1000-kVA, 3-phase, Y-connected
alternator hasaresistance of 2 Q per
phase. The open-circuit and full-load
zero power factor characteristicsare
given below. Find the voltage
regulation of the alternator for full
load current at 0.8 p.f. lagging by
Potier method.

Fig. 37.59 Fig. 37.60
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Field current (A) : 40 50 110 140 180
O.C.C. linevoltage : 5,800 7,000 12,500 13,750 15,000
Line volts zero p.f. 0 1500 8500 10,500 12,500

(CalcuttaUniv. 1987 and S. Ramanandtirtha Univ. Nanded, 2001)

Solution. TheO.C.C. andfull-load zero p.f. curvefor phasevoltagearedrawnin Fig. 37.61. The
corresponding phase voltages are :

O.C.C. phasevoltage 3350 4040 7220 7940 8660

Phasevoltagezeropf. 0 866 4900 6060 7220
1000 x 1000/+/3 x11,000=525A

Phase voltage 11,000/ /3 =6,350A

InthePotier A ABC, AC=40A, CBisparald tothetangent to theinitial portion of the O.C.C. and
BD is[0to AC.

BD = leskagereactancedrop X, = 1000V — by measurement
AD =30A — field current required to overcome demagnetising effect of armature reaction on

Full-load current

full-load.
AsshowninFig. 37.62,
10000
9000 s =
/ ]

7700 == T —F £~ 3 —3
o 7000 220 - — VA L
2 0,0' |
& 6000
= /

§ 5000 //’ Q‘,x//

i

oA

5 4000 // / :
I

i

|

o
3000 B‘,

2000
C/ > 1':&

Y 4

1000 i

o
00 20 40 60 80 108/120140 160 180200
Field Current
Fig. 37.61 Fig. 37.62
OA = 6350V;AB=1R,=525%x2=105V
IX = BC=1000V —by measurement

OC=E = /(v cos@+IR)? +(V sin @ +X,)’

\/(6350x 0.8 +105)% + (6350 x0.6 +1000)% ; E =7,080 VV

AsseenfromO.C.C., field current required for 7,080V is108 A. Vector OD (Fig. 37.62) represents
108 A andisdrawn Jto OC. DF represents30 A and isdrawn parallel to Ol or at (90° + 36° 52') = 126°
52" with OD. Total field currentis OF.

OF = \[108? +307 +2 108 x30 C0S 538’ =128 A
From O.C.C.,itisfound that thee.m.f. corresponding to thisfield current is 7,700V
7,700 - 6,350
6,350

O E, = 7,700V; regulation= %100 = 21.3 per cent
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Example 37.36. Thefollowing test resultswere obtained on a 275-kW, 3-¢, 6,600-V non-salient
pole type generator.

Open-circuit characteristic:

\olts : 5600 6600 7240 8100

Exciting amperes : 46.5 58 67.5 96

Short-circuit characteristic : Sator current 35 A with an exciting current of 50 A. Leakage
reactance on full-load = 8%. Neglect armature resistance. Calculate as accurately as possible the
exciting current (for full-load) at power factor 0.8 lagging and at unity. (City & Guilds, London)

Solution. First converttheO.C.

linevoltsinto phase volts by divid- 5000
ing thegiven termina valuesby v3.
0 O.C.volts(phase) : 3233, _______________/
3810, 4180, 4677. bt !
O.CC.isplottedinFig. 37.63. :
For plotting S.C.C., we need two & !
points. Oneis(0, 0) and theother is § 3000 Q@'// | // 1 60 &
(50 A, 35 A). Infact, wecando 2 Q: b =
without plotting the SC.C. becauseit = / oS e o
being astraight line, valuesof field < / S 40
currents corresponding to any © y / !
armature current can be found by T / 1/94 e JI T T
directratio. / / : : | 20
L eakage reactance drop Vifa 1 :
3810x 8 L i
=00 048V °0 0 2" o 80 100
Normal phasevoltage Exciting Amps
= 6,600//3=3,810V Fig. 37.63

InFig. 37.64, OA=3810V and at an angle @ ahead of current vector OI.
AB=304.8V isdrawn at right anglesto Ol. Resultant of thetwoisOB=4010V.
From O.C.C,, field current correspondingto 4,010V is62 A.

Full-load current at 0.8 p.f. = 275,000/ \/:_J, x 6600 x 0.8=30 A

35A of armature current need 50 A of field current, hence 30 A of armature current need 30 x 50/35
=43A.

InFig. 37.64, OC =62 A isdrawn at right anglesto OB. Vector CD =43 A isdrawn parallel to Ol.
Then,OD =94.3A

Note. Here. 43 A pf field excitation isassumed as having all been used for balancing armaturereaction. In
fact, apart of it isused for balancing armature leakage drop of 304.8 V. Thisfact has been clarified in the next
example.

At Unity p.f.

InFig. 37.65, OAagain represents V= 3810V, AB = 304.8 V and at right anglesto OA.

The resultant OB = /(38107 +304.8%) = 3830V

Field current from O.C.C. corresponding to thisvoltage=59.8 A.
Hence, OC = 59.8 A isdrawn perpendicular to OB (asbefore)

Full-load current at u.p.f. 275,000/ /3 x 6600 x 1=24 A
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Now, 35 A armature current correspondsto afield current of 50 A, hence 24 A of armature current
correspondsto 50 x 24/35=34.3A.
Hence, CD = 34.3Aisdrawn||to OA (and [0to OC approximately).*

343 A
D €

Fig. 37.64 Fig. 37.65

0O oD = /(59.8% +34.3%) = 7T0A

Example 37.37. A 600-kVA, 3,300-V, 8-pole, 3-phase, 50-Hz alternator has following
characteristic:

Amp-turns/pole : 4000 5000 7000 10,000

Terminal EM.F. : 2850 3400 3850 4400

There are 200 conductor in series per phase.

Find the short-circuit characteristic, the field ampere-turns for full-load 0.8 p.f. (lagging) and
the voltage regulation, having given that theinductive drop at full-load is 7% and that the equival ent
armature reaction in amp-turns per pole = 1.06 x ampere-conductors per phase per pole.

(London Univ.)

Solution. O.C. terminal voltagesarefirst converted into phase voltagesand plotted againgt field amp-
turns, asshowninFig. 37.66.

Full-load current 2500 T
600,000 st
= ———=105A L~
/3 %3300 2000____-_.____,?/
Demagnetising amp-turnsper poleper phase o // }
for full-load at zerop f. 21500 AL - // 200 E
= 106x105x2008 % o L | S g
Normal phasevoltage U / P 100 %
=3300/+/3 =1910volt © BA !
Leakagereactancedrop 300 / |
_ 33007 _ 133y |
\/é x100 0 2000 4000 6000 8000 10000
InFig. 37.67, OArepresents 1910 V. AMP Turns / Pole
AB = 133 V isdrawn 0O OI, OB is the _
resultant voltage E (not Ey). Fig. 37.66

00 OB =E=1987 volt

From O.C.C., wefindthat 1987 V correspond to 5100 field amp-turns. Hence, OC =5100isdrawn
[(Jto OB. CD =2780is|| to Ol. Hence, OD = 7240 (approx). From O.C.C. it is found that this

*  |tisso because angle between OA and OB is negligibly small. If not, then CD should be drawn at an angle
of (90 + a) where a isthe angle between OA and OB.
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correspondsto an O.C. voltage of 2242 volt. Hence, when load isthrown off, the voltage will riseto

2242 V.

2242 -1910
1910

17.6 %

O Y%regn. 100

HowtodeduceS.C.C.?

Wehavefound that field amp-turnsfor balancing ar-
maturereaction only are 2,780. To thisshould be added
field amp-turnsrequired for balancing the leakage reac-
tancevoltagedrop of 133 V.

Field amp-turnscorresponding to 133 volt on O.C.
are 300 approximately. Hence, with referenceto Fig.
37.56, NA = 2780, ON = 300

O Short-circuit field amp-turns

= OA =2780+ 300
=3080 Fig. 37.67

Hence, weget apoint Bon S.C.C.i.e. (3080, 105) and theother point istheorigin. SoS.C.C. (which

isastraight line) can bedrawn asshowninFig. 37.66.

Example 37.38. The following figures give the open-circuit and full-load zero p.f saturation
curves for a 15,000-kVA. 11,000 V, 3-¢, 50-Hz, star-connected turbo-alternator:

Field AT in 10° : 10 18 24 30 40 45 50
O.C. linekV : 49 8.4 10.1 15 128 133 1365
Zerop.f. full-loadlinekv: — 0 — — — 10.2 —

Find the armature reaction, the armature reactance and the synchronous reactance. Deducethe
regulation for full-load at 0.8 power lagging.

Solution. First, O.C.C. isdrawn between phase voltages and field amp-turns, as shown in Fig.
37.68.

Full-load, zero p.f. line can be drawn, because two pointsareknowni.e. A (18, 0) and C (45, 5890).
Other pointson this curve can befound by transferring the

Potier triangle. At point C, draw CD || to and equal to OA
and from D draw DE ||to ON. Join EC. Hence, CDE is 8000 ]
thePotier triangle. 540 T T A
LineEFisOtoDC 610 AN L5
CF = fiddamp-turnsfor balancingar- 8 by D F/C
mature-reaction only = : }
= 15,700 g N4
_ _ _ > 4000 o SH
EF = GH =640 volt = leskagereactancedrop/phase o \\;/ L
Short-circuitA.T.  required = OA = 18,000 S © 45/ | :
&) |}
Full-load current = 120001000 _ 705 2000 [(—f~- 3T,
\/3%11,000 G l
0 640=1xX_ O X _=640/788=0812Q /l 1]
From O.C.C., wefind that 18,000 A.T. correspond to 2 H A2 40 10
an O.C. voltageof 8,400/ /3 = 4,850 V. Field Amp-Turns
0 z, = O.C. volt _ 4,850 Fig. 37.68
S.C.cuerrent 788

= 6.16Q (Art. 37.21)
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AsR isnegligible, hence Zequals X
Regulation

InFig. 37.69, OA = phase voltage = 11,000/ /3
=6,350V
AB =640V andisdrawn at right anglesto Ol or at (90° + @) to OA.

Resultantis OB=6,750V

Field A.T. corresponding to O.C voltage of
6,750V is=0C = 30,800 and isdrawn [1to OB.

CD =armaturereactionat F.L.=15,700 and
isdrawn||to Ol or at (90° + ¢) to OC.

Hence, OD = 42,800.

FromO.C.C.,em.. corresponding to 42,800
A.T. of rotor =7,540V
O %regn. up = (7,540 - 6,350)/6,350 = 0.187
or 18.7%

Fig. 37.69

Tutorial Problem No. 37.4

1. Thefollowing datarelateto a6,600-V, 10,000-kVVA, 50-Hz, 3-¢, turbo- aternator:

O.C.kilovolt 4.25 5.45 6.6 7.3 8 9

ExcitingA.T.in10° 60 80 100 120 145 220
Excitation needed to circulate full-load current on short circuit : 117,000 A.T. Inductive drop in stator
winding at full-load = 15%. Find the voltage regulation at full-load 0.8 power factor.
[34.4%] (City & Guilds, London)
2. Deducethe exciting current for a 3-¢, 3300-V generator when supplying 100 kW at 0.8 power factor
lagging, given magnetisation curve on open-circuit :

Linevoltage: 3300 3600 3900

Exciting current : 80 9% 118

There are 16 poles, 144 dots, 5 conductorsg/slot, single-circuit, full-pitched winding, star- connected. The
stator winding has aresistance per phase of 0.15 Q and aleakagereactanceof 1.2 Q. Thefield coilshave each 108
turns. [124 A] (London Univ.)

3. Estimate the percentage regulation at full-load and power factor 0.8 lagging of a 1000-kVA, 6,600-V,
3-¢, 50-Hz, star-connected salient-pole synchronous generator. The open-circuit characteristic is asfollows :

Terminal volt 4000 6000 6600 7200 8000

Field A.T. 5200 8500 10,000 12,500 17,500

L eakage reactance 10%, resistance 2%. Short-circuit characteristic: full-load current with afield excitation
of 5000 A.T. Take the permeance to cross armature reaction as 35% of that to direct reaction. [20% up]

4. A 1000-kVA, 11,000-V, 3-¢, 50-Hz, star-connected turbo-generator has an effective resistance of
2Q /phase. The O.C.C. and zero p.f. full-load dataisasfollows:

O.C. volt 5,805 7,000 12,550 | 13,755 | 15,000

Field current A 40 50 110 140 180
Terminal volt at F.L. zero p.f. 0 1500 8,500 10,500 | 12,400
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Estimate the % regulation for F.L. at 0.8 p.f. lagging. [22 %]

5. A5-MVA, 6.6 kV, 3-¢, star-connected alternator has a resistance of 0.075 Q per phase. Estimate the
regulation for aload of 500 A at p.f. (a) unity and (b) 0.9 leading (c) 0.71 lagging from the following open-circuit
and full-load zero power factor curve.

Field current (A) Open-circuit terminal Saturation curve
voltage (V) zero p.f.
32 3100 0
50 4900 1850
75 6600 4250
100 7500 5800
140 8300 7000

[(a) 6.3% (b) =7.9% (c) 20.2%] (Electrical Machines-11, Indore Univ. Feb. 1978)

37.26. Operation of a Salient Pole Synchronous Machine

A multipolar machinewith cylindrical rotor hasauniform air-gap, because of which itsreactance
remainsthe same, irrespective of the spatial position of therotor. However, asynchronous machinewith
salient or projecting poleshas non-uniform air-gap dueto which itsreactance varieswith therotor position.
Consequently, acylindrical rotor machine possessesoneaxisof symmetry (poleaxisor direct axis) whereas
salient-pole machi ne possessestwo axes of geometric symmetry (i)
fiddpolesaxis, caled direct axisor d-axisand (ii) axispassing through
the centre of theinterpolar space, called the quadrature axisor ¢-
axis, asshowninFig. 37.70.

Obviously, two mmfs act on the d-axis of a salient-pole
synchronous machinei.e. field m.m.f. and armaturem.m.f. whereas
only onem.m.f.,i.e. armature mmf actsontheqg-axis, becausefield
mmf hasno component intheg-axis. Themagneticreluctanceislow
aong the polesand high between the poles. Theabovefactsformthe
basis of the two-reaction theory proposed by Blondel, according to
which

(i) armature current |, can beresolved into two components

i.e. 14 perpendicular to E,and | ;along E, asshownin Fig. 37.71 (b).

(i) armature reactance hastwo componentsi.e. g-axis armature reactance X, associated with I 4

and d-axisarmature reactance X, linked with ;.

If weincludethe armatureleskage reactance X, whichisthe same on both axes, we get
Xy = Xgg+ X and X, =X, + X
Sincereluctance ontheg-axisishigher, owing to thelarger air-gap, hence,

Xaq<XadorXq<Xdoer>Xq

37.27. Phasor Diagram for a Salient Pole Synchronous Machine

Fig. 37.70

Theequivaent circuit of asdient-polesynchronousgenerator isshowninFig. 37.71 (a). Thecompo-
nent currents|  and | q provide component voltage dropsjl , X andj | 0%y asshowninFig. 37.71(b) for a
lagging load power factor.

Thearmature current |, has been resolved into itsrectangul ar componentswith respect to the axisfor
excitation voltage E, Theangle Y between E,and | isknown astheinternal power factor angle. The
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vector for the armature resistance drop |, R, is drawn parallel to |,. Vector for the drop
4 Xyisdrawn perpendicular tol ;whereasthat for |, x X, isdrawn perpendicular tol ;. Theangledbetween
E,and Viscalled the power angle. Following phasor relationshipsare obviousfrom Fig. 37.71(b)
Eo = V+ IR +jlg Xy +jlg Xgand [, =14+ 1,
If R, isneglected the phasor diagram becomesasshowninFig. 37.72 (a). Inthiscase,
Eo = VH+jlg Xy +ilgX

Iq Ra
»

» Xd t Xq
Uy.1,)

(a) (b)
Fig. 37.71

Incidentally, we may also draw the phasor diagram with terminal voltage V lying in the horizontal
direction as shown in Fig. 37-72 (b). Here, again drop I, R is|| I, and I, X, is O to |4 and drop
Iy XqisOtol, asusual.

37.28. Calculations from Phasor Diagram

InFig. 37.73, dotted line AC has been drawn perpendicular to I, and CB is perpendicular to the
phasor for E,. Theangle ACB = ) because angle between two linesisthe same as between their perpen-
diculars. Itisalso seenthat

lg = lasiny;1,=1,cosy; hence, |, =1/cosy
InA ABC, BC/AC COSlonrAC:BC/coqu:Iqu/coqu:IaXq

(a)

Fig. 37.72
From A ODC, weget

AD + AC _Vsno+1,X,

tany = = —qgeneratin

Y= OE+ED Veose+I,R, 9
Vsng-1_X

= # —motoring
Vsnp-I,R,

The angle Y can be found from the above equation. Then, d = — @(generating) andd=¢ —
(moatoring)

Asseenfrom Fig. 37.73, theexcitation voltageisgiven by
Ey= Vcosd+1 R, +13 X, —generating
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=Veosd -1 R, ~14X;  —motoring < VCos§—>l i [, X—>
. .Note. Sinceangle(pistak@ positivefor lagging p.f., ol ﬁ | I E
it will betaken negativefor leading p.f. ) : | /| C ?
If we neglect the armatrueresistanceasshownin 3 | : Avm//
Fig. 37.72, then angle 3 can befound directly asunder : : |\
U = + &generating) [
and Y =@ — d(motoring). I I/ B
Ingenerd, Y= (@9 AN /1A I,X,
ly = 1,8ny ES / '
=l,sin(@+9;1,=l,cosp=1,cos(p*9 \\ //
AsseenfromFig.37.73, Vsin d = Iq Xq = Ian D\<
cos(¢£9 Fig. 37.73
O Vsind = I,X,(cos@cosd+sin@sind)
or Vo= I, X cos@cotd+1, X sing
O I, X cos@cotd = VI, X,sin@
I, X, CosQ
H tend = Vilaqxqsincp

Intheaboveexpression, plussignisfor synchronousgeneratorsand minussign for synchronousmotors.
Similarly, when R, isneglected, then,
E, = Vcosd* I, X,
However, if R, and hencel R, dropisnot negligiblethen,
Eq = Veosd+1 R, + 14Xy —generating
= Vceosd -1 R, — 14Xy —motoring

37.29. Power Developed by a synchronous Generator
If we neglect R, and hence Cu | oss, then the power devel oped (P,) by an alternator isequal to the

power output (P,,). Hence, the per phase power output of an alternator is
P.t = VI, cos@= power developed (py) (i)
Now, as seen from Fig., 37.72 (a), lqXq= Vsind; Iy X;=E;-Vcosd ..(iiM)
Also, ly = 1,8in(@+3);1,=1,cos(p+79) (n)
Substituting Eqn. (iii) in Eqn. (i) and solving for |, cos ¢, we get
V g V 4 V g
= - 2
I,cos@ dem6+2qum26 2dem 0
Finally, subgtituting theabovein Egn. (i), we get
O O V2 (X4 - X
Pd:ﬂsin5+lv2 1 —i sin26:ﬂ sn 5+Msin25
Xq 2V BX, X0 Xq 2%, X

Thetotal power devel oped would be threetimesthe above power.

As seen from the above expression, the power developed consists of two components, the
first term represents power dueto field excitation and the second term givesthe reluctance power i.e.



Alternators 1455

power due to saliency. If X, =X, i.e. the machine has a cylinderical rotor, then the second term
becomes zero and the power is given by the first term only. If, on the other hand, there is no field
excitationi.e. E,=0, thenthefirst termin the above expression becomes zero and the power developedis
given by the second term. It may be noted that value of dis positive for agenerator and negativefor a
motor.

Example 37.39. A 3-phasealternator hasa direct-axis synchronousreactance of 0.7 p.u. and a
quadrature axis synchronous reactance of 0.4 p.u. Draw the vector diagram for full-load 0.8 p.f.
lagging and obtain therefrom (i) the load angle and (ii) the no-load per unit voltage.

(Advanced Elect. Machines, AMIE Sec. B 1991)
Solution. V 1p.u,; X;=0.7p.u,; Xq =04p.u,;
cos@ = 0.8;sinp=0.6; = cos 1 0.8 = 36.9°; I,=1p.u.
: I, XqCOS® 1x0.4%0.8
tand = 29 "= =0.258,0 =16.5°
® V+igsng 1+04 x06
(i) Iy = I,sin(p+9d)=1sin(36.9° +14.9°) =0.78 A
E, = Vcosd+1,X;=1x0.966+0.78 x 0.75=1.553
Example 37.40. A 3-phase, star-connected, 50-Hz synchronous generator has direct-axis
synchronousreactance of 0.6 p.u. and quadrature-axis synchronousreactance of 0.45 p.u. Thegenerator

deliversrated kVA at rated voltage. Draw the phasor diagramat full-load 0.8 p.f. lagging and hence
calculate the open-circuit voltage and voltage regulation. Resistive drop at full-load is 0.015 p.u.

(Elect. Machines-I1, Nagpur Univ. 1993)

Solution. I, = 1pu;V=1pu,;X,=06p.u,; Xq =0.45p.u. ;R,=0.015p.u.
Vsn@+1,X,  1x06+1x0.45

V cos@+I,R, 1x0.8 +1 x0.015
0 = Y- @=522°-36.9°=153°
lg = l,sing=1x079=0.79A;1,=1,cosy=1x0.61=0.61A
Eo = Vcosd+ I, R, + 13X,

= 1x0.965+ 0.61 % 0.015+ 0.79 x 0.6 = 1.448
1'Mf_lx100 = 44.8%

tany =1.288, Y=522°

O %regn.

Example 37.41. A 3-phase, Y-connected syn. generator supplies current of 10 A having phase
angle of 20° lagging at 400 V. Find theload angle and the components of armature current |;and I,
if Xy = 10 ohmand X, = 6.5 ohm. Assume arm. resistance to be negligible.

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

Solution. cos@ =c0s20°=0.94;sinp=0.342;1,=10A
[, X4 COSQ 10% 6.5x0.94
= - = =0.1447
N0 = HT.X sng 400 +10 x65 x0.342
o = 823

I,sin(p+d)=10sin(20°+8.23°) =4.73A
I, = 1,cos(@+d)=10cos(20° +8.23°) =8.81 A
Incidentally, if required, voltage regul ation of the above generator can befound asunder:
4 Xy = 473x10=473V
E, = Vcosd+ 1 X, =400co0s8.23° +47.3=443V
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% regn.

E, -V
100
v X

443 - 400
= T " x100= 10.75%
0 x 100 0

Tutorial Problem No. 37.5.

1. A 20MVA, 3-phase, star-connected, 50-Hz, salient-polehas X =1 p.u.; X,=0.65p.u. andR,=0.01
p.u. The generator delivers 15 MW at 0.8 p.f. lagging to an 11-kV, 50-Hz system. What isthe load
angle and excitation e.m.f. under these conditions? [18°; 1.73 p.u]

2. A sdient-polesynchronousgenerator deliversrated kVA at 0.8 p.f. lagging at rated terminal voltage. It
has X4 = 1.0 p.u. and X, =06 p.u. If its armature resistance is negligible, compute the excitation
voltage under these conditions. [1.77 p.u]

3. A 20-kVA, 220-V, 50-Hz, star-connected, 3-phase salient-pole synchronous generator suppliesload at
alagging power factor angle of 45°. The phase constants of the generator are X, =4.0Q ; X;=2Q
andR,=0.5Q. Calculate (i) power angleand (ii) voltage regulation under the given load conditions.

[(i) 20.6° (ii) 142%]

4. A 3-phase salient-pole synchronous generator has X, = 0.8 p.u.; X;=0.5p.u. and R, = 0. Generator
suppliesfull-load at 0.8 p.f. lagging at rated terminal voltage. Compute (i) power angle and (ii) no-
load voltageif excitation remains constant. [(i) 17.1° (ii) 1.6 p.u]

37.30. Parallel Operation of Alternators

Theoperation of connecting an dternator in parallel with another aternator or with common bus-bars
isknown assynchronizing. Generaly, aternatorsare used in apower systemwherethey arein parallel
withmany other alternators. It meansthat the alternator isconnected to alive system of constant voltage
and constant frequency. Oftentheelectrical system towhich theaternator isconnected, hasalready so
many alternatorsand | oads connected toiit that no matter what power isdelivered by theincoming alterna-
tor, the voltage and frequency of the system remain the same. Inthat case, the alternator issaid to be
connected toinfinite bus-bars.

Itisnever advisableto connect astationary alternator tolive bus-bars, because, stator induced em.f.
being zero, ashort-circuit will result. For proper synchronization of aternators, thefollowing three condi-
tionsmust besatisfied:

1. Theterminal voltage (effective) of theincoming alternator must bethe sameasbus-bar voltage.

2. Thespeed of theincoming machine must be such that itsfrequency (= PN/120) equal s bus-bar
frequency.

3. Thephaseof theaternator voltage must beidentical with the phase of the bus-bar voltage. It
means that the switch must be closed at (or very near) the instant the two voltages have correct phase
relationship.

Condition (1) isindicated by avoltmeter, conditions (2) and (3) areindicated by synchronizing lamps
or asynchronoscope.

37.31. Synchronizing of Alternators

(8 Single-phaseAlternators

Suppose machine 2isto be synchronized with or ‘ put on’ the bus-barsto which machine 1 isaready
connected. Thisisdonewiththehelp of twolampsL, and L, (known assynchronizing lamps) connected
asshowninFig. 37.74.

It should be noted that E, and E, arein-phaserelativeto the external circuit but arein direct phase
oppositioninthelocal circuit (shown dotted).
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If the gpeed of theincoming machine 2 isnot brought up to that of machine 1, thenitsfrequency will dso
bedifferent, hencetherewill be aphase-difference between their voltages (even whenthey areequal in
magnitude, whichisdetermined by field excitation). Thisphase-differencewill becontinoudy changingwith
thechangesintheir frequencies. Theresultisthat their resultant voltagewill undergo changessimilar tothe
frequency changes of beats produced, when two sound sources of nearly equal frequency are sounded
together, asshowninFig. 37.75.

Sometimesthe resultant voltageis maximum and some other times minimum. Hence, thecurrentis
alternatingly maximum and minimum. Dueto this changing current through thelamps, aflicker will be
produced, thefrequency of flicker being (f, LIf;). Lampswill dark out and glow up aternately. Darkness
indicatesthat thetwo voltages E, and E, arein exact phase oppositionrelativetothelocal circuit and hence

A AWIAN/ANANANAN
\,\\/\w\\v S\

NN N o
IAVAVAVAVALS

Fig. 37.74 Fig. 37.75

Machine 1 Machine-2

thereisno resultant current through thelamps. Synchronizing isdoneat the middle of thedark period. That
iswhy, sometimes, itisknown as‘lampsdark’ synchronizing. Someengineersprefer ‘lampshbright’ syn-
chronization because of thefact thelampsare much more sensitiveto
changesin voltage at their maximum brightnessthan whenthey are Bus-Bars
dark. Hence, a sharper and more accurate synchronization is ob-
tained. Inthat case, thelampsare connected asshowninFig. 37.76.
Now, the lampswill glow brightest when the two voltagesarein-
phasewith the bus-bar voltage because then voltage acrossthemis
twicethevoltage of each machine.

(b) Three-phaseAlternators

In 3-@dternators, it isnecessary to synchronize one phaseonly,

the other two phaseswill then be synchronized automatically. How- E,
ever, firgtitisnecessary that theincoming dternator iscorrectly * phased
out’ i.e. the phasesare connected inthe proper order of R, Y, Band ~ Machine 1 Machine 2
not R, B, Y etc. .
Fig. 37.76

In this case, three lamps are used. But they are deliberately
connected asymmetrically, asshowninFig. 37.77 and 37.78.

Thistransposition of two lamps, suggested by Siemensand Halske, hel psto indicate whether the
incoming machineisrunningtoo dow. If lampswereconnected symmetricaly, they would dark out or glow
up simultaneoudly (if the phaserotation isthe same asthat of the bus-bars).

LampL, isconnected betweenRand R, L, between Y and B’ (not Y and Y') and L ; betweenBand Y'
(and not Band B'), asshownin Fig. 37.78.

Voltage stars of two machinesare shown superimposed on each other in Fig. 37.79.
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Two sets of star vectors will rotate at
unequal speedsif thefrequenciesof thetwo
machines are different. If the incoming
dternator isrunning faster, then voltage star
RY'B' will appear torotate anticlockwisewith
respect to the bus-bar voltage star RYB at a
speed corresponding to the difference
betweentheir frequencies. Withreferenceto
Fig.37.79, itisseenthat voltage acrossL, is
RR andis seento beincreasing from zero,
that across L, is YB' which is decreasing,
havingjust passed through its maximum, that
across L, is BY' which is increasing and
approaching its maximum. Hence, the
lampswill light up one after the other inthe
order 2, 3, 1; 2,3, 1or 1, 2 3.

B Bus-Bars
) R
) L)
R
R
B Y
Fig. 37.77

Now, supposethat theincoming ma:
chineisdightly dower. Thenthestar
R'Y'B’ will appear to be rotating
clockwiserdativetovoltagestar RYB
(Fig. 37.80). Here, wefindthat volt-
ageacrossL,i.e. Y'Bis decreasing
havingjust passed through itsmaxi-
mum, that acrossL, i.e. YB' isin-
creasing and approaching itsmaxi-
mum, that acrossL, isdecreasing
having passed through itsmaximum
earlier. Hence, thelampswill light
up oneafter theother intheorder 3,
2,1;3,2,1, etc. whichisjust the
reverseof thefirst order. Usually,
thethreelamps are mounted at the
three cornersof atriangleandthe L, ()
gpparent direction of rotation of light

Fig. 37.79

The rotor and stator of 3-phase generator

Ok

Fig. 37.80
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indicateswhether theincoming aternator isrunning too fast or too slow (Fig. 37.81). Synchronizationis
done at the moment the uncrossed lamp L, isin the middle of the dark period. When the alternator
voltageistoo highfor thelampsto be used directly, then usually step-down transformersare used and the
synchronizing lampsare connected to the secondaries.

It will be noted that when the uncrossed lamp L, is dark, the other two ‘crossed’ lamps L, and
L;aredimly but equally bright. Hence, thismethod of synchronizingisaso sometimesknownas* two bright
and onedark’ method.

It should be noted that synchronization by lampsisnot quite
accurate, because to alarge extent, it depends on the sense of Fast Slow
correct judgement of the operator. Hence, to eliminatetheele- — |
ment of persona judgment in routine operation of alternators, the
machines are synchronized by amore accurate devicecaled a
synchronoscope. It consistsof 3 stationary coilsand arotating
ironvanewhichisattached toapointer. Out of threecoils, apair
isconnected to one phase of the line and the other to the corre-
sponding machineterminals, potential transformer being usualy
used. Thepointer movesto onesideor the other fromitsvertical
position depending onwhether theincoming machineistoofast or
too slow. For correct speed, the pointer pointsvertically up.

Example37.42. InFig. 37.74, E, = 220V and f, = 60 Hz, whereasE, = 222V and f, = 59 Hz
With the switch open; calculate

(i) maximum and minimum voltage across each lamp.

(if) frequency of voltage across the lamps.

(iii) peak value of voltage across each lamp.

(iv) phaserelations at the instants maximum and minimum voltages occur.
(v) the number of maximum light pulsations/minute.

Fig. 37.81

Solution. (i) E.o/lamp = (220 +222)/2=221V
E, /lanp = (222-220)/2=10V
(i) f =(f—-f) =(60-59) =1.0Hz
(iii) Epeak = 221/0.707 =313V
(iv) in-phaseand anti-phaserespectively inthelocal circuit.
v) No. of pulsation/min = (60 — 59) x 60 = 60.

37.32. Synchronizing Current

Oncesynchronized properly, two dternatorscontinueto runin synchronism. Any tendency onthe part
of onetodrop out of synchronismisimmediately counteracted by the production of asynchronizingtorque,
which bringsit back to synchronism.

When in exact synchronism, thetwo alternators have equal terminal p.d.’sand arein exact phase
opposition, sofar asthelocal circuit (condisting of their armatures) isconcerned. Hence, thereisno current
circulating roundthelocal circuit. AsshowninFig. 37.82 (b) em.f. E; of machineNo. 1isinexact phase
oppositiontothee.m.f. of machineNo. 2i.e. E,. It should beclearly understood that thetwoe.m.f.s. are
inopposition, so far astheir local circuit isconcerned but arein the same direction with respect to the
external circuit. Hence, thereisno resultant voltage (assuming E, = E, in magnitude) round thelocal circuit.
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But now suppose that dueto changein the speed of the governor of second machine, E, fallsback* by a
phase angle of a electrical degrees, asshowninFig. 37.82 (c) (though still E; = E,). Now, they havea
resultant voltage E,, which when acting on thelocal circuit, circulatesacurrent known as synchronizing
current. Thevalueof thiscurrentisgivenby |, = E, /Zswhere Zgisthe synchronousimpedance of the
phase windings of both the machines (or of one machine only if it isconnected to infinite bus-bars**).
Thecurrent | 5, lagsbehind E, by an angle® given by tan 8 = X/ R, where Xisthe combined synchronous
reactanceof thetwo machinesand R, their armatureresistance. SinceR, isnegligibly small, 8isalmost 90
degrees. Solg, lagsE, by 90° and isalmost in phasewith E,. Itisseenthat |, is generating current
with respect to machine No.1 and motoring current with respect to machine No. 2 (remember when the
current flowsin the samedirection asem.f., then the alternator actsasagenerator, and when it flowsinthe
opposite direction, the machine acts as a motor). This current |4, sets up a synchronising
torque, which tendsto retard the generating machine (i.e. No. 1) and accel erate the motoring machine
(i.e. No. 2).

Similarly, if E, tendsto advancein phase[Fig. 37.82 (d)], then | 5, being generating current for machine
No. 2, tendsto retard it and being motoring current for machine No. 1 tendsto accelerateit. Hence, any
departurefrom synchronism resultsin the production of asynchronizing current | g, which setsup synchro-
nizing torque. Thisre-establishessynchronism between thetwo machinesby retarding theleading machine
and by accelerating thelagging one. Thiscurrent |, it should be noted, is superimposed on the [oad
currentsin case the machinesareloaded.

37.33. Synchronizing Power

Consider Fig. 37.82 (c) wheremachine No. 1isgenerating and supplying the synchronizing power
=E,l5, cos@ whichisapproximately equal toE; I, (- @ issmall). Since @, =(90° - 6), synchronizing
power = E,lg, cos@, = E l5,cos(90°-0) = E, |4, sin 8 E, |, because 6 [190° so that

()

Fig. 37.82
sin® [J1. Thispower output from machineNo. 1 goesto supply (a) power input to machine No. 2 (which
ismotoring) and (b) the Culossesinthelocal armaturecircuit of thetwo machines. Power input to machine
No. 2isE, | 5, cos@, whichisapproximately equal to E, I .

0 E,lgy = E,lg +Culosses
Now, et E, = E,=E(sy)
Then, E, = 2Ecos[(180° - a)/2]*** = 2E cos[90° - (a/2)]

*  Please remember that vectors are supposed to be rotating anticlockwise.

** |nfinite bus-bars are those whose frequency and the phase of p.d.’s are not affected by changes in the
conditions of any one machine connected in parallel to it. In other words, they are constant-frequency,
constant-voltage bus-bars.

**x Strictly speaking, E, = 2Esin 6. sina/2 O2E sin a/2.
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= 2Esna/l2=2Exa/2=0E (- aissmdl)
Here, theanglea isineectricd radians.
E, E, _ aE
synch.impedance Zg 2 Xg 2 Xg
—if R, of bothmachinesisnegligible
Here, X represents synchronousreactance of one machine and not of both asin Art. 37.31 Synchro-
nizing power (supplied by machineNo. 1) is
Py, = Ejlg cos@, =Elg, cos(90° - 6) = Elg,sin6 OElg,
Substituting thevaueof 15, fromabove,
Py, = E.0E/2Z=aEY2Z [ EY/2Xg —per phase
(moreaccurately, Py, = a E’sin 8/2Xy)
Total synchronizing power for three phases
= 3P, = 30aEY/2Xg (or 30E” sin /2%
Thisisthevalueof the synchronizing power when two aternatorsare connected in parallel and areon
no-load.

Now, lg =

37.34. Alternators Connected to Infinite Bus-bars

Now, consider the case of an aternator whichisconnected toinfinite bus-bars. Theexpression for
P, givenaboveisstill applicable but with oneimportant differencei.e. impedance (or reactance) of only
that one alternator is considered (and not of two asdone above). Hence, expression for synchronizing
power in thiscase becomes

E, = aE —ashbefore
lsy = E/Z5UE/Xg= aE/Xg —if R,isnegligible
0 Synchronizingpower Pg, = Elg, = EQE/Zg= aEYZg [ EY/Xg — per phase
Now, E/Z;OE/Xs = S.C.current |
O Pg, = GE/XS=0aEE/Xg=0aElg —per phase

(moreaccurately, Py, = aE?sin B/Xs=0aE.14.sinB)
Total synchronizing power for three phases= 3 Pg,
37.35. Synchronizing Torque Tgy,
L et T, bethe synchronizing torque per phasein newton-metre (N-m)
(8 Whentherearetwoalternatorsin parallel
2TNg P aE?/2X
X = P O = SY = S N-
60 S Tsr = omNg /60 2nNg/60 T
2
3Py  _30E 12Xg N-mm
2N /60  2TNg/60
(b) Alternator connected toinfinitebus-bars
2
XZT[NS S P or To= Psy :aE/XS
60 Sv S 2mNg/60 2T1Ng/60
2
Py  _HE I Xg N-mm
2Ng/60 21N /60
where Ng= synchronousspeedinr.p.m. =120f/P

O Tsy

Total torque dueto three phases. =

Tsy N-m

Again, torquedueto3phase =
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37.36. Effect of Load on Synchronizing Power

In this case, instead of Py, = a E2/X5, the approximate value of synchronizing power would be
OaEVIXwhereVisbus-bar voltage and E isthe alternator induced e m.f. per phase. Thevalueof E=V

+1Zg

AsseenfromFig. 37.83, for alagging p.f.,

E=(Vcosp+ IRa)2 +(Vsno+ IXS)Z]]J2

Example 37.43. Find the power angle when a 1500-kVA,
6.6 kV, 3-phase, Y-connected alternator having a resistance of
0.4 ohm and a reactance of 6 ohm per phase delivers full-load
current at normal rated voltage and 0.8 p.f. lag. Draw the
phasor diagram.

(Electrical Machinery-I1, Bangalore Univ. 1981)

Fig. 37.83

Solution. It should be remembered that angle o between V and E isknown as power angle (Fig.

37.84)
Full-load | = 15x10°+/3 x 6600 =131 A
IR, = 131x0.4=524V,|X;=131%6
= 786V
V/phase = 6600/+/3 = 3810V;

@ = cos }(0.8) = 36°50.
AsseenfromFig. 37.84
AB _ Vsng+IXg

\]/”5%\0\]

tan(p+a) = —=
@+ OA Vcosgp+l R,
3810x0.6 +786
= = - - =0. (0]
3810x0.8+52.4 0991
O (p+0) = 44° [bn =44°-36°50"=7°10'

Theanglea isaso known asload angle or torque angle.

37.37. Alternative Expression for Synchronizing Power

AsshowninFig. 37.85, let Vand E (or Ey) betheterminal
voltageand induced em.f. per phase of therotor. Then, takingV
=V [ 0°, theload current supplied by the alternator is
E-V _El- VO°0

Zg Z5[®
E \Y

= —-6- =4+6
ZS ZS

= E [cos@-a)-jsin(®-d)]
ZS
~ Y (cos8-jsin g

ZS

Fig. 37.84

Fig. 37.85

UE \Y 0 0OE _ \YA
= cos(@—a) ———cosB—j —sm(e—or)——smE
BZ_S ZS % BZS ZS
These componentsrepresent the | cosgand | sin grespectively. The power P convertedinternaly is
given bethe sum of the product of corresponding components of the current withEcosa and Esina.
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O \Vj [ . OE . \VARR
0 P= Ecosa cos(®-a)- ——cosb - Esina —sm(e—a)——smﬁ
s Zs 4 qzs Z
UE 1 [y E
- E cosB5-E —.cos(9+aE:— — — h
N GH 7. 7, [Ecos® -V (cos6+a)] per phase*

Now, let, for somereason, angle a be changedto (o + 8). SinceVisheldrigidly constant, dueto
displacement + 3, an additional em.f. of divergencei.e. |, = 2E. sina/2will be produced, whichwill set up
anadditional current |y, givenby | 5, = Eq/Z. Theinternal power will become

P = E [EcosB -V cos(0 +a = d)]
Thedifferencebetween P’ and P gi v&the synchronizing power.
O Pyy = P— P——[cos(9+a) cos (0 + a = 9)]

= =¥ [sin&. sin(8+a)+2cos(8+a) sin*&/2]
S
If disvery small, thensin? (8/2) iszero, hence Pg, per phaseis
Py = zﬂ sn@+a)snd (i)

(i) Inlarge dternators, R, is negllglble hence tan 6 = X4/R, = , so that 6 [J90°. Therefore,
sin(6+a) =cosa.

0 Py, = Zﬂ.cosa snd — perphase (i)
S
= ';V cosasind  —per phase (i)

S
(if) Consider the case of synchronizing an unloaded machine on to aconstant-voltage bus-bars. For
proper operation, o = 0 so that E coincideswith V. Inthat case, sin (6 +a) =sin6.
EV

O Py = Z ——sin Bsin d—from (i) above.
S
Sincedisvery smal,sind=9,
0 p. = EV5sne=EY 5sn e Usually, sin® 001, hence
SY ZS XS 1 1
EV OO 0 egd
O Py = =—.0"*=V —00=VO—f6=Vlg..0 —perphase
¥ Zs ZsO  O0Xd =
. I
37.38. Parallel Operation of Two Alternators - L
I
Consider two aternatorswith identical speed/load char- ’
acteristics connected in paralldl asshowninFig. 37.86. The = %1 Z
commonterminal voltageV isgivenby v Z
V = E-1,Z,=E,-1,Z,
O B -E = 1hZ,-157, E E,
Als | =1, +l,andV=1Z - -
0 E, = 1,Z,+12=1,Z+Z)+1,Z I !
Fig. 37.86

E =
*  Inlarge machines, R_isvery small so that = 90°, hence P-Z—SVCOS(go G)-Z—VS'”O‘ o EV/Zg
—|fa|ssosmallthatsmcx a

2 2
**  With E =V, the expression becomes P, —V—6-6V Itisthesameasin Art. 37.33 —per phase

Zs  Xg
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m
N
1

1,Z,+1Z=1,(Z+Z,)+1,Z
(E,-E,)Z+EZ,
s W= Z@z,+z)+2.2,
(E,-E)Z+E,Z, .
. = Z@Z,vz,)+v2,2,’
I = Z(zElZJrzer)E fzzlz
1 2 1=2
v oo 1z= E\Z,%EZ | _E-V. | _E
Z,+2,+@2Z,2,)2)’'* z, T Z,
Thecirculating current under no-load conditionis| . = (E, = E,)/(Z, +Z,).
Using Admittances
Theterminal Voltage may al so be expressed in terms of admittancesas shown below:

V = 1Z=(,+1,)Z O 1,+1, = VIZ=VY 0)
Al = (E,=V)/Z,=(E,=V)Y,; I, = (E,=V)/Z,=(E,=V)Y,
0 L+l = (E;=V) Y, +(E,- V)Y, ...(ii)

From Eq. (i) and (ii), we get
El Y1+E2Y2
W = (E,-V)Y,+(E,-V)Y, or V= Y +Y, +Y

Using Parallel Generator Theorem

(E, -V, E,-vO,
V = IZ:(|1+|2)Z:5 Z]_ Z2 H
Ok, , E,O0 01 10
- +=207 -Voo—+=p Z
B2,z 8" Bz, ZH
1 1 10 E,  E,
0 V +—+ = —+===| + | =
ﬁ Zl ZZH Zl 22 SC1 SC2 SC

wherel o, and| o, arethe short-circuit currents of the two alternators.

S R A N 1 -
If Z, - B Z, Z—ZH,theanZ—o—ISCorV—ZOISC

Example 37.44. A 3,000-kVA, 6-pole alternator runs at 1000 r.p.m. in parallel with other
machines on 3,300-V bus-bars. The synchronous reactance is 25%. Calculate the synchronizing
power for one mechanical degree of displacement and the corresponding synchronizing torque.

(Elect. Machines-|, Gwalior Univ. 1984)

Solution. It may please benoted that herethe dternator isworking in parallel with many aternators.
Hence, it may be considered to be connected to infinite bus-bars.

Voltage/phase = 3,300/+/3 = 1905V
FL. current | = 3x10%+/3 x3300=525A
Now, IXg = 25%0f 1905 [ Xg=0.25 x 1905/525 = 0.9075 Q
Alsp, Ps, = 3% aE7Xg
Here o = 1°(mech.); a (elect.) =1x (6/2) =3°

a o = 3x717180=T1760 €elect. radian.
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3XTT x19052
0 P. = = 628.4 kW
Y 60x0.9075 %1000
60.P, P 628.4x10°
= =955 =955 """~~~ = 5000 N-
Ts = g Ng 1000 Dt

Example 37.45. A 3-MVA, 6-pole alternator runs at 1000 r.p.m on 3.3-kV bus-bars. The
synchronousreactanceis 25 percent. Calculate the synchronising power and torque per mechanical
degree of displacement when the alternator is supplying full-load at 0.8 lag.

(Electrical Machines-1, Bombay Univ. 1987)

Solution. V' = 3,300/~/3 = 1905 V/phase, F.L. 1 = 3x 10%+/3 x3,300=525A
IXg = 25% of 1905 = 476 VV; Xq= 476/525 = 0.9075 Q
Let, | = 52501 0°, then, V = 1905 (0.8 + j0.6) = 1524 + | 1143

E, = V +1Xg= (1524 +(1143) + (0 + j476) = (1524 + j1619) = 2220 [] 46°44'
Obvioudly, Ejleads| by 46°44'. However, V leads| by cos * (0.8) =36°50'.
Hence, a = 46°44' — 36°50' = 9°54'
o = 1°(mech.), No. of pair of poles=6/2=3 [Oa =1x3=3°(elect.)

Pg, per phase = Ev cosasind = 22201905 x €0s 9°54'sin 3° = 218 kW

Xg 0.9075
Py for three phases = 3 x 218 = 654 kW
Ty = 9.55x Pg/Ng=9.55 x 654 x 10%1000 = 6245 N-m
Example 37.46. A 750-kVA, 11-kV, 4-pole, 3-¢, star-connected alternator has percentage
resistance and reactance of 1 and 15 respectively. Calculate the synchronising power per mechanical
degree of displacement at (a) no-load (b) at full-load 0.8 p.f. lag. Theterminal voltagein each case
is11 kv. (Electrical Machines-I 1, Indore Univ. 1985)

75x 10%+/3 x 11 x 10° =40 A

Von = 11,000/ \3=6,350V, IR, =1% of 6,350 = 63.5
or 40R, = 635, R,=1.6Q; 40 x Xs=15% of 6,350 = 952.5V

O Xs = 238Q; Zg= \[1.6% + 2387 123.8Q

(@ No-load
o (mech)=1°: a (elect) =1 % (4/2) =2°
=2 x 17180 = 1790 el ect. radian.
p_ —QE? jaE’_ (1/90) x 63507
Y Zg o Xg 23.8
= 59,140 W = 59.14 kW/phase.
Onno-load, V has been taken to be equal to E.
(b) FL.0.8p.f. 5
AsindicatedinArt. 37.35, Pg, = aEV/IXg Thevaue
of E (or E,) canbefound fromFig. 37.87.
E = [(Vcosp+IR)*+ (Vsing+IX97"?
[(6350 x 0.8 + 63.5) + (6350 x 0.6 + 952.5)°]*% = 7010

oEV _ (1/90) x7010 x6350
Psy = X - 238 = 65,290 W

Solution. F.L. Current |

O 9525V @

Fig. 37.87

65.29 kW/phase
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MoreAccurateMethod [Art. 37.35]
EV

Py = X_s cosa sind
Now, E = 7010V,V =6350V, d=1° x (4/2) = 2° (elect)
AsseenfromFig. 37.87,sin (@ + o) = AB/OB = (6350 x 0.6 + 952.5)/7010 = 0.6794
g (p+a) = 42°30'; a =42°30' - 36°50' = 5°40'
O Psy = cho%%o%sin 2

7010 x 6350 x 0.9953 x 0.0349/23.8 = 64,970 W = 64.97 kW/phase

Note. It would beinstructiveto link thisexamplewith Ex. 38.1 since both are concerned with synchronous
machines, one generating and the other motoring.

Example 37.47. A 2,000-kVA, 3-phase, 8-pole alternator runs at 750 r.p.m. in parallel with
other machines on 6,000 V bus-bars. Find synchronizing power on full-load 0.8 p.f. lagging per
mechanical degree of displacement and the corresponding synchronizing torque. The synchronous
reactance is 6 ohm per phase.(Elect. M achines-11, Bombay Univ. 1987)

Solution. Approximate M ethod

AsseenfromArt. 37.37 and 38, Py, = aEV/Xg —per phase

Now o = 1°(mech); No. of pair of poles=8/2=4;
a = 1x4=4°(elect)
= 417180 = 1745 elect. radian
V = 6000/+/3=3465 —assumingY-connection

FL.current| = 2000x10° /+/3 x 6000 =192.4 A
AsseenfromFig. 37.88,
E, =[(Vcos@)?+(Vsing+I1X9)7"*=4295V
= [(3465 x 0.8) + (3465 x 0.6 + 192.4 x 6)] 2
= 4295V
Py, = (1745) x 4295 x 3465/6 = 173,160 W
=173.16 kW/phase
Pgy for three phases = 3 x 173.16 = 519.5 kW
If Ty, isthetotal synchronizing torquefor three phasesin
N-m, then
Ty =9.55 Pg/Ng = 9.55 x 519,500/750 = 6,614 N-m
Exact Method

Asshowninthevector diagram of Fig. 37.89, | is
full-load current lagging V by @= cos ™ (0.8) =36°50'.
Thereactancedropis|Xganditsvector isat right angles
to(lag.)*. Thephaseanglebetween E,andVisa.

Fig. 37.88

FL.current | = 2,000,000 /+/3 x 6,000
= 192.4A
Let, | = 192400°

V  =3465(0.8+j0.6)=2772+]j 2,079

*  Earlier, wehad called thise.m.f. as E when discussing regul ation.
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IXg =1924x6=1154V =(0+) 1154) V
E, =V +IXg

= (2,772 +] 2,079) + (0 + ] 1154)

= 2,772 +) 3,233 = 4,259 [J 49°24'
o =49°24' - 36°50' = 12°34'
Eg, =2E,sind/2=2E,sin(4°/2)

=2 x 4,259 x 0.0349 = 297.3 V

lgy = 297.3/6=49.55A
Asseen, Vleads| by gand |y leads| by (¢ + a + &/2), hencelg, leads V by (o + 8/2) = 12°34' +
(4°12) =14°34'.

0 Pg/phase=Vlg, cos14°34' = 3465 x 49.55 x cos 14°34' = 166,200 W = 166.2 kW
Synchronising power for three phasesis=3x 166.2 = 498.6 kW
If T isthetotal synchronizing torque, then T, x 21t x750/60 = 498,600
O Ty, = 9.55x498,600/750 = 6,348 N-m

Alternative M ethod

Wemay useEq. (iii) of Art. 37.36to find thetotal synchronizing power.

- EV ; _
Py = X, cosa sind per phase
Here, E = 4259V ;V=3465V;a=12°34";d=4° (elect.)

O Pg/phase = 4,259 x 3,465 cos 12° 34’ x sin4°/6
4,259 x 3,465 x 0.976 x 0.0698/6 = 167,500 W = 167.5 kW
Py, for 3phases = 3 x 167.5=502.5kW

Next, Tg, may befound asabove.

Example 37.48. A 5,000-kV A, 10,000 V, 1500-r.p.m., 50-Hz alternator runsin parallel with
other machines. Itssynchronousreactanceis20%. Findfor (a) no-load (b) full-load at power factor
0.8 lagging, synchronizing power per unit mechanical angle of phase displacement and cal culate the
synchronizing torque, if the mechanical displacement is0.5°.

(Elect. Engg. V, M..S. Univ. Baroda, 1986)
10,000/+/3 =5,775V

Solution. Voltage/ phase

Full -load current = 5,000,000/+/3x10,000 = 288.7 A
20 5775 120 f _120x50
= = xZ T =4QP-= = =
Xs = 1002887 1P TN, T 1500

o =1° (mech.) ; No. of pair of poles=2 fo =1x2=2°(elect.) =2 717180 =11/ 90 radian
(@ Atno-load
3aE’_, m, 5775

Py = X< =3% 90 X 2x1000 =873.4kW

O Ty = 9.55%(873.4 % 10%/1500 = 5,564 N-m

O Ty, for 0.5° =5564/2=2,782 N-m

(b) At F.L. p.f. 0.8lagging

Let | = 288.700° ThenV =5775(0.8+j 0.6) = 4620 + j 3465
. Xg = 288.700°x4090°=(0+]1155)

E, = V +IX,= (4620 +]3465) + (0 +j1155)
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= 4620 + j4620 = 6533 [145°
cos@ = 0.8, ¢=cos * (0.8) = 36°50'
Now, E,leads| by 45° and V leads| by 36° 50'. Hence, EjleadsV by (45° - 36°50') =8°10' i.e.a
=8°10". Asbefore, 6=2° (elect).

EV :

X—Scosor sind —per phase
= 6533 x 5775 x cos 8° 10’ x sin 2°/4 = 326 kW

3 x 326 =978 kW

AsseenfromArt. 37.36, Pg,

P, for three phases
T/ unitdisplacement = 9.55 x 978 x 10%1500 = 6,237 N-m
Ty, for 0.5° displacement = 6,237/2=3118.5N-m
(c) We could also usethe approximate expression of Art. 37.36
Py perphase = a EV/IXg= (W 90) x 6533 x 5775/4 = 329.3 kKW

Example 37.49. Two 3-phase, 6.6-kW, star-connected alternators supply a load of 3000 kW at
0.8 p.f. lagging. The synchronous impedance per phase of machine A is (0.5 + j10) Q and of
machine B is (0.4 + j 12) Q. The excitation of machine A is adjusted so that it delivers 150 A at a
lagging power factor and the governorsare so set that load is shared equally between the machines.

Determine the current, power factor, induced em.f. and load angle of each machine.
(Electrical Machines-I I, South Gujarat Univ. 1985)

Solution. Itisgiventhat each machinecarriesaload of 1500 kW. Also, V= 6600/ /3 =3810 V.
LetVV=3810[1 0°=(3810 +j Q).
For machineNo. 1
376600 x 150 x cos @ = 1500 x 10%;
cos @, =0.874, ¢,= 29°; sinp, = 0.485

Total current | =3000/+/3 x 6.6 x0.8=328 A

or | = 828(0.8-j0.6)=262—j 195 A

Now, I, = 150(0.874-j0.485)=131-j 72.6 I

O |, = (262-j 195) - (131 - 72.6) Fig. 37.90
= (131-j124.9)

or I, = 181 A, cosq,=131/181=0.723 (lag).

E, =V +1,Z,=3810+(131-j 72.6) (0.5 +j10)

= 4600 +}1270
/3 /(46007 +1270%) =8,260V

Linevaueof emdf.

Loadangle o, = (1270/4600) = 15.4°
Ep = V+1,Z,=3810+ (131 -j124.4) (0.4 +}12)
= 5350 +j1520
Linevalueof em.f =3 \/53502 +1520% = 9600V
Loadangle a, =tan" (1520/5350) = 15.9°

Example 37.50. Two single-phase alternator operating in parallel haveinduced e.m.fs on open
circuit of 230 0 0° and 230 [0 10° volts and respective reactances of j2 Q and j3 Q. Calculate
(i) terminal voltage (ii) currents and (iii) power delivered by each of the alternators to a load of
impedance 6 Q (resistive). (Electrical Machines-I I, Indore Univ. 1987)

Solution. Here, 7, = j2,7,=].3,Z=6;E;=2300 0° and
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E, = 2300 10° =230(0.985 +] 0.174) = (226.5 +j 39.9), asin Fig. 37.90

i) 1= (E,-E,)Z+EZ, [(230+ jO)-(226.5 + j39.9)] x6 +230 %3
1T Z(@Z,+Z2)+72Z, 6(j2-j3 +j2xj3
= 14.3-j356=14.730 - 14° —Art. 37.38
| = (B-B)Z+EZ _(-35+)399) +(2225 +399) x|2
2 Z(2Z,+2,)+22Z, 6(j2+j3) +j2x%j3

22.6-j1.15=2263[F 3.4°

0] I =1,+1,=369-j471=37.20-73°

V = 12=(369-j471)x6=2214-j283=2232[F 7.3°
(iii) P, = VI, cosq, =223.2x 14.73 x cos 14° = 3190 W

P, = VI, cosp, = 223.2 x 22.63 x cos 3.4° = 5040 W

Tutorial Problem No. 37.6.

1. Caculatethe synchronizing torquefor unit mechanical angle of phase displacement for a5,000-kVA,
3-@alternator running at 1,500 r.p.m. when connected to 6,600-volt, 50-Hz bus-bars. The armature
has a short-circuit reactance of 15%. [43,370 kg-m] (City & Guilds, London)

2. Calculatethe synchronizing torquefor one mechanica degree of phase displacement in a6,000-kVA,
50-Hz, alternator when running at 1,500 r.p.m with a generated e.m.f. of 10,000 volt. The machine
has a synchronous impedance of 25%.

[544 kg.m] (Electrical Engineering-111, MadrasUniv. April 1978; Osmania Univ. May 1976)

3. A 10,000-kVA, 6,600-V, 16-pole, 50-Hz, 3-phase alternator has a synchronous reactance of 15%.
Calculate the synchronous power per mechanical degree of phase displacement from the full load
position at power factor 0.8 lagging. [10MW] (Elect.Machines-|, Gwalior Univ. 1977)

4. A 6.6 kV, 3-phase, star-connected turbo-alternator of synchronous reactance 0.5 ohm/phaseis ap-
plying 40 MVA at 0.8 lagging p.f. to alarge system. If the steam supply issuddenly cut off, explain
what takes place and determine the current the machine will then carry. Neglect losses.

[2100 A] (Elect. Machines (E-3) AMIE Sec. B Summer 1990)

5. A 3-phase400kVA, 6.6 kV, 1500 rpm., 50 Hz alternator isrunning in parallel with infinite busbars.
Itssynchronous reactanceis 25%. Calculate (i) for noload (ii) full load 0.8 p.f. lagging the synchro-
nizing power and torque per unit mechanical angle of displacement.

[Rajive Gandhi Technical University, 2000] [(i) 55.82 kW, 355 Nw-m (ii) 64.2 kW, 409 Nw-m]

37.39. Effect of Unequal Voltages

L et usconsider two aternators, which arerunning exactly in-phase (relative ~ £:
totheexternal circuit) but which have dightly unequal voltages, asshownin Fig.
37.9L If E, isgreater than E,, thentheir resultantisE, = (E, -~ E)) andisin-phase .
withE,. ThisE, or Eq, set upaloca synchronizing current | 5, which (asdiscussed
earlier) isalmost 90° behind Eg, and hence behind E; also. Thislagging current
produces demagnetising effect (Art. 37.16) on thefirst machine, hence E, isre- gy
duced. Theother machinerunsasasynchronousmotor, taking amost 90° leading
current. Hence, itsfield isstrengthened due to magnetising effect of armature  E,
reaction (Art. 37.16). ThistendstoincreaseE,. Thesetwo effectsact together
and hencelessen theinequalities between the two voltages and tend to establish
stableconditions.

Fig. 37.91

37.40. Distribution of Load
Itwill, now be shown that the amount of |oad taken up by an dternator running, in parallel with other
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machines, issolely determined by itsdriving torquei.e. by the power input to its prime mover (by givingit
moreor lesssteam, inthe case of steamdrive). Any aternationinitsexcitation merely changesitskVA
output, but not itskW output. In other words, it merely changesthe power factor at which theload is
delivered.

(a) Effect of Changein Excitation

Supposetheinitia operating conditionsof thetwo parallel dternatorsareidentical i.e. each aternator
supplies one half of the active load (kW) and one-half of the reactive load (kVAR), the operating
power factorsthusbeing equal totheload p.f. In other words, both active and reactive powersaredivided
equally thereby giving equal apparent power trianglesfor thetwo machinesasshowninFig. 37.92 (b).
Asshown in Fig. 37.92 (a), each alternator supplies aload current | so that total output current is
21.

Now, let excitation of alternator No. 1 be increased, so that E; becomes greater than E,.
The difference between the two em.fs. setsup acirculating current | . =I5, = (E, — E,)/2Zgwhichis
confined tothelocal path through thearmaturesand round the bus-bars. Thiscurrent issuperimposed on
theoriginal current distribution. Asseen, | .isvectorially added to theload current of alternator No. 1
and subtracted from that of No. 2. The two machines now deliver load currents |, and I, at
respective power factors of cos ¢, and cos ¢,. These changes in load currents lead to changes in
power factors, such that cos @, is reduced, whereas cos @, is increased. However, effect on the

«— Load kVAR —,| kVAR,
G T M/c-p |/
2 I Nl
kW, -
¢ / =
Load l :/
kW 2
M/C 1 T M/CL/
/,
kWi o ,° “kvAl
9 l %
No.1 No.2 v o
(@) (b) ©
Fig. 37.92

kW loading of the two alternatorsis negligible, but KVAR, supplied by aternator No. 1 isincreased,
whereaskVAR, supplied by alternator No. 2 iscorrespondingly decreased, asshown by thekVA triangles

of Fig. 37.92 (c). I, KVAR,
(b) Effect of Change in 5 ~[M/C /
Steam S,Ipp|y E 3 2 E 2 L KVA
Now, suppose that excita- £ E, ! KVAR, / ?
tions of the two aternators are M/C / L7
kept the same but steam supply to __/
alternator No. 1isincreasedi.e. ‘ kW, @V’\
power input toitsprimemover is )] S/
increased. Sincethespeedsof the 0 © o7
twomachinesaretiedtogetherby  Equal Excitations Equal Excitations
their synchronousbond, machine  Equal Steam Supply Steam Supply-1>
No. 1 cannot overrunmachineNo ~ Equal Speeds Steam Supply-2
2. Alternatively, it utilizesitsin- Equal Speeds
creased power input for carrying (a) (b) ()

Fig. 37.93
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moreload than No. 2. Thiscan be made possible only when rotor No. 1 advancesitsangular position with
respect to No. 2 as shown in Fig. 37.93 (b) where E, is shown advanced ahead of E, by an angle a.
Conseguently, resultant voltageE, (or ES/) isproduced which, acting onthelocal circuit, setsup acurrent |
which lags by almost 90° behind E, but isalmost in phasewith E, (solong asanglea issmall). Hence,
power per phase of No. 1isincreased by an amount = E, |, whereasthat of No. 2 isdecreased by the
same amount (assuming total load power demand to remain unchanged). Sincel 5 hasno appreciable
reactive (or quadrature) component, theincreasein steam supply doesnot disturb thedivision of reactive
powers, but it increases the active power output of alternator No. 1 and decreasesthat of No. 2. Load
division, when steam supply to alternator No. lisincreased, isshowninFig. 37.93(c).

So, itisfound that by increasing theinput to its prime mover, an alternator can be made to take a
greater share of theload, though at adifferent power factor.

Thepointsworth remembering are:

1. Theloadtaken up by an aternatorsdirectly depends upon itsdriving torque or in other words,
upontheangular advanceof itsrotor.

2. Theexcitation merely changesthep.f. at which theload isddivered without affecting theload so
long as steam supply remainsunchanged.

3. Ifinputtotheprimemover of andternator iskept constant, but itsexcitationischanged, thenkVA
component of itsoutput ischanged, not KW.

Example 37.51. Two identical 3-phase alternatorswork in parallel and supply a total load of
1, 500 kw at 11 kV at a power factor of 0.867 lagging. Each machine supplies half the total power.
The synchronous reactance of each is 50 Q per phase and theresistanceis4 Q per phase. Thefield
excitation of thefirst machineis so adjusted that itsarmature currentis50 Alagging. Determinethe
armature current of the second alternator and the generated voltage of the first machine.

(Elect. Technology, Utkal Univ. 1983)

Solution. Load current at 0.867 p.f. laggingis
_ 1500x1,000
~ \/3x11,000 x 0.887
Wattful component of thecurrent = 90.4 x 0.867 = 78.5 A
Wettless component of the current = 90.4 x 0.4985=45.2 A

Each alternator supplieshdf of each of the abovetwo component when conditionsareidentical (Fig.
37.94).

Current supplied by each machine=90.4/2=452 A

Since the steam supply of first machine is not changed, the working components of both
machineswould remainthesameat 78.5/2=39.25A. But thewattlessor reactive componentswould be
redivided dueto changein excitation. Thearmature current of thefirst machineischanged from45.2 A to
50A.

=90.4 A; cos = 0.867; sin ¢ =0.4985

0 Wattlesscomponentof thelstmachine = /507 — 39.25% = 31A
Wattlesscomponent of the2nd machine = 452-31=141A

Thenew current diagramisshowninFig. 37.95(a)
(i) Armativecurrentof the2ndalternator,1, = 4/39.25° +14.1* =41.75A
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Wattless Component

B 31A
. 452 A 452 A
: 5 '/ MACHINE
Machine g, f No.2
I No. 2 = 2
: 53925 A
39.25 A 7
< /' /MACHINE
3
0
0 (@) (b)
Fig. 37.94 Fig. 37.95

(i) Terminal voltage/ phase = 11,000 /+/3 = 6350 V/
Considering thefirst alternator,
IRdrop = 4x50=200V ; IXdrop =50x%50=2,500V
cos@, = 39.25/50=0.785; sing, = 0.62
Then, asseenfromFig. 37.95 (b)

E \/(\/ cos@ +IR)? +(V sin @ +X)?
\/(6, 350 % 0.785 + 200)? + (6,350 x0.62 +2,500)> =8,350V

Linevoltage 8,350 x /3 = 14,450 V
Example 37.52. Two alternators A and B operate in parallel and supply a load of 10 MW at
0.8 p.f. lagging (a) By adjusting steam supply of A, its power output is adjusted to 6,000 kW and by
changing its excitation, its p.f. isadjusted to 0.92 lag. Find the p.f. of alternator B.
(b) If steam supply of both machinesisleft unchanged, but excitation of B isreduced so that its
p.f. becomes 0.92 lead, find new p.f. of A.
Solution. (&) cos@=0.8, p=36.9°, tan ¢=0.7508; cos ¢, = 0.92, @, = 23°; tan @, = 0.4245
load kW = 10,000, load kVAR  =10,000 x 0.7508 = 7508 (lag)
kW of A =6,000, kVARof A =6,000 x 0.4245 =2547 (lag)
Keeping in mind the convention that lagging kKVAR istaken asnegative wehave,
kW of B = (10,000 - 6,000) = 4,000 : kVAR of B = (7508 — 2547) = 4961 (lag)
0 KkVA of B=4,000 - j4961 = 6373 0 -51.1°; cos @ = cos 51.1° = 0.628
(b) Sincesteam supply remainsunchanged, load kW of each machineremainsasbefore but dueto
changein excitation, KVARsof thetwo machinesare changed.
kW of B = 4,000, new kVAR of B = 4000 x 0.4245 = 1698 (lead)
kW of A = 6,000, new kVAR of A =-7508 — (+1698) = — 9206 (lag.)
O new kVA of A = 6,000 —j9206 = 10,988 (- 56.9°; cos @, = 0.546 (lag)
Example 37.53. A 6,000-V, 1,000-kVA, 3-¢palternator isdelivering full-load at 0.8 p.f. lagging.
Itsreactanceis 20% and resistance negligible. By changing the excitation, the em.f. isincreased by

25% at this load. Calculate the new current and the power factor. The machine is connected to
infinite bus-bars.

1,000,000 _

875A
3% 6,600

Solution. Full-loadcurrent | =
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Voltage/phase = 6,600/+/3 = 3810V C,_ -
_ 3810%20 _ -
Reactance = 875x100 =87Q (N
IX = 20%of 3810 =762V Ay

InFig. 37.96, current vector istaken along X-axis. ON
represents bus-bar or terminal voltageandishencecon-  E~
sant.

Current | has been split up into its active and © v - 1 X
reactive components| and |, respectively. v -
NA, = 1,.X=525x7.8=457V *
_ _ _ Fig. 37.96
AC, = Ig.X=70%x87=609V
E, = OC,= IV + 1, X)% + (1.X)7]

J[(3810+ 457)° +609°] =4,311V

When e.m.f. isincreased by 25%, then E, becomes equal t04,311 x 1.25=5,389V

Thelocusof theextremity of Ej liesonthelineEF whichisparale to ON. SincethekW isunchanged,
| gand hencel . X will remainthesame. Itisonly thel,.X component whichwill bechanged. Let OC, be
thenew valueof E,. Then A,C,=A,C, =1 Xasbefore. But thel, X component will change. Let 1’ be
thenew line current having active component |  (the same as before) and the new reactive component |,
Then, 1,/X = NA,

Fromright-angled triangle OC,A,

OC,” = OA+A,C,’; 5,389” = (3810 + VA,)* + 609°
O VA, = 1546 Vorly X=1546
O Iy 1546/8.7=177.7 A

J(70? +177.7%) = 191 A

tan™* (177.7/70) = 68° 30'; cos @' = cos 68°30' = 0.3665
/3% 6,600 x191 x 0.3665 = 800 KW
Itisthesameashefore 1000 x 0.8 = 800 kW
Example 37.54. A 6,600-V, 1000-kVA alternator has a reactance of 20% and is delivering full-
load at 0.8 p.f. lagging. It isconnected to constant-frequency bus-bars. If steamsupply isgradually
increased, calculate (i) at what output will the power factor become unity (ii) the maximum load
which it can supply without dropping out of synchronism and the corresponding power factor.
Solution. Wehavefound in Example 37.52 that
| = 87.5A X=8.7Q, V/phase= 3,810V
E, = 4311V, Ig=70A,1,=525Aand
IX = 87.5x87=762V
Using thisdata, vector diagram of Fig. 37.97 can be constructed.

Sinceexcitationiscongtant, E, remainsconstant, the extremity of E, liesonthearc of acircleof radius
E, and centre O. Constant power lines have been shown dotted and they aredl parallel to OV. Zero power
output linecoincideswith OV. When p.f.isunity, the current vector liesalong OV, 1, Zis [to OV and cuts
thearcat B,. Obviously

O New linecurrent I’

New angleof lag, (0}
Asacheck, the new power
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VB, = ,/(OB? - OV?)

= J/(4,311% -3810%) =2018V

Now z=X 0O [,X=2018V
01,=2018/8.7=232 A
() O poweroutput at u.p.f.

_/3%6,600x 232
- 1000
(if) Asvector OB moves upwards along the arc,
output power goesonincreasingi.e., point B shiftsonto
ahigher output power line. Maximum output power is
reached when OB reachesthe position OB, whereitis Fig. 37.97
vertical to OV. Theoutput power linepassing through B,
represents the maximum output for that excitation. If OBisfurther rotated, the point B, shiftsdowntoa
lower power linei.e. power isdecreased. Hence, B,V =1,Zwherel, isthe new current corresponding to
maximum output.
Fromtriangle OB,V itisseenthat
BV = \(OVZ+0B?) =/(3810% +4,311%) =5753V
O I,Z = 5753V O 1,=5753/8.7=661A

Letl,zandl,, bethe power and wattless componentsof |, then
l,g X = OB,=4311and |, =4311/8.7=495.6 A

Output Power
Lines

= 2,652 kW

Similaty | = 38L0/8.7= 438 A; tan ¢, = 438/495.6 = 0.884
O @ , = 41°28'; cos@,=0.749

0 Max. poweroutput = Y36 60(1) - 0261 x0.749 _ 5 658 kW

Example 37.55. A 3-phase, star-connected turbo-al- G G

ternator, having a synchronousreactance of 10 Q per phase
and negligible armature resistance, has an armature cur-
rent of 220 A at unity p.f. The supply voltageis constant at
11 kV at constant frequency. If the steamadmissionisun- o
changed and the em.f. raised by 25%, determine the cur- + Iy 6350 V £
rent and power factor. h
If the higher value of excitation is maintained and the ’
steam supply isslowly increased, at what power output will
the alternator break away from synchronism ?
Draw the vector diagram under maximum power condition.

(Elect.M achinery-111, Banglore Univ. 1992)

Solution. Thevector diagram for unity power factor isshownin Fig. 37.98. Here, thecurrentis
whoally ective.

Fig. 37.98

OA, = 11,000/+/3=6,350V
AC, = 220x10=2,200V

E, =+/(6350% + 2,200%) =6,810V

When em.f. isincreased by 25%, thee.m.f. becomes 1.25 x 6,810 = 8,512 V and isrepresented by
OC,. SincethekW remainsunchanged, A,C, = A,C,. If I' isthenew current, then its active component
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|, would bethe same asbeforeand equal t0 220 A. Let itsreactive component bel,. Then
AA, = 1,Xs=101y
Fromright-angled A OA,C,, wehave
8,512° = (6350 + AA)” + 2,200°
0 A/A, = 1870V O 101,=1870 1,=187A
Hence, the new current has active component of 220 A and areactive component of 187 A.

New current = /2207 +187° =288.6 A
New power factor = active component _ 220 _ 0.762 (lag)

total current 288.6

Sinceexcitation remainsconstant, E iscongtant. But asthesteam supply isincreased, the extremity of
E,liesonacircleof radiusE, and centre O asshownin Fig. 37.99.

The constant-power lines(shown dotted) aredrawn parallel to OV
and each representsthelocus of thee.m.f. vector for aconstant power
output at varying excitation. Maximum power output conditionisreached
when the vector E, becomes perpendicular to OV. In other words, when
thecircular em.f. locus becomestangential to the constant-power lines  £o
i.e.at point B. If the steam supply isincreased further, the alternator will
break away from synchronism.

B\ = ,/6350% +8,512° = 10,620V 0 A

Fig. 37.99
O | X 10 =10,6200r 1, = 1,062 A
If Izand |, arethe active and reactive componentsof |, then
101, = 8512 O 15,=851.2A;101,=6,350 O [,=635A
Power factor at maximum power output = 851.2/1062 = 0.8 (lead)
Maximum power output = /3 x11,000 x1062 x 0.8 x10™° = 16,200 kW

Example 37.56. Two 20-MVA, 3-@alternatorsoperatein parallel to supply aload of 35MVA at
0.8 p.f. lagging. If the output of one machineis 25 MVA at 0.9 lagging, what is the output and p.f.
of the other machine? (Elect. Machines, Punjab Univ. 1990)

B

Constant
Power Lines

Solution. Load MW = 35x0.8=28;load MVAR=35%x0.6=21

First Machine cos@ = 0.9,sin@, =0.436;, MVA, =25, MW, =25x0.9=225
MVAR, = 25x0.436=10.9

Second Machine MW, = MW -MW,; =28-225=55
MVAR, = MVAR-MVAR, =21-109=10.1

0 MVA, = JMWZ + MVARZ = /557 +10.1% =115

cos@, = 5.5/11.5=0.478 (lag)

Example 37.57. A lighting load of 600 kW and a motor load of 707 KW at 0.707 p.f. are
supplied by two alternators running in parallel. One of the machines supplies 900 kW at 0.9 p.f.
lagging. Findtheload and p.f. of the second machine.

(Electrical Technology, Bombay Univ. 1988 & Bharatiar Univer sity, 1997)

Solution.
Active Power kVA Reactive Power
(a) LightingLoad (unity Pf.) 600 kW 600 —
(b) Motor, 0.707 Pf. 707 kW 1000 707 k VAR
Total Load: 1307 By Phasor addition 707 k VAR
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One machine supplies an active power of 900 kW, and dueto 0.9 lagging p.f., kVA = 1000 kVA

anditsk VAR = 1000 x /(1 - 0.9%) =436 kVAR. Remaining sharewill be catered to by the second
machine.
Active power shared by second machine = 1307 — 900 = 407 kW
Reactive power shared by second machine= 707 — 436 = 271 kVAR
Example 37.58. Two alternators, working in parallel, supply the following loads :
(i) Lighting load of 500 kW (if) 1000 kw at p.f. 0.9 lagging
(iii) 800 kw at p.f. 0.8 lagging (iv) 500 kw at p.f. 0.9 leading

One alternator is supplying 1500 kW at 0.95 p.f. lagging. Calculate the kW output and p.f of
the other machine.

Solution. Wewill tabulatethe kW and kVAR components of each load separately :

Load kW kVAR
0] 500
(ii) 1000 1000 ,, 436 = 485
0.9
800x 0.6
— 600
(iii) 800 08
500 % 0.436
' o2
(iv) 500 09
Totd 2800 + 843

For 1st machine, itisgiven : kW = 1500, kVAR = (1500/0.95) x 0.3123 =493
O kW supplied by other machine= 2800 — 1500 = 1300
kVAR supplied = 843 — 493 = 350 [J tan ¢350/1300=0.27 [ cos@=0.966
Example 37.59 Two 3-¢ synchronous mechanically-coupled generators operate in parallel on
the same load. Determine the kW output and p.f. of each machine under the following conditions:

synchronous impedance of each generator : 0.2 + j2 ohm/phase. Equivalent impedance of theload :
3+ j4ohnV/phase. Induced em.f. per phase, 2000 + jO volt for machine | and 2,2000 + j 100 for II.

[London Univ]
. , E,-V _ .
Solution. Currentof 1stmachine = 1,= 55757 ' E,-V=1,002+]2)
Smilaly E,-V = 1,(02+j2)
Also V = (I,+1,) (3+j4) where 3 +j4 = load impedance
Now E, = 2,000+j0, E,=2200+j100
Solvingfromabove, weget |, = 68.2 —j 102.5
Smilaly I, = 127-j196.4;1=1,+1,=195.2 -j299
Now V = 1Z2=(192.2-j299) (3+)4)=1781-j 1159

Using themethod of conjugatefor power cal culating, we havefor thefirst machine
Py =(1781-j115.9) (68.2 +j 102.5) = 133,344 +j 174,648
O kW, =133.344 kW/phase = 3 x 133.344 = 400 kW —for 3 phases
Now tan™* (102.5/68.2) = 56°24"; tan™* (115.9/1781) = 3°43
O for 1st machine; cos(56°24' — 3°43') = 0.6062
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PVA, =(1781-j115.9) (127 +j 196.4) = 248,950 + j 335,069
O kW, = 248.95 kW/phase = 746.85 kW —for 3 phases
tan (196.4/127) = 57°6'; cos @ = cos (57°6' — 3°43) = 0.596
Example 37.60. The speed regulations of two 800-kW alternators A and B, runningin parallel,
are 100% to 104% and 100% to 105% from full-load to no-load respectively. How will the two

alternators share a load of 1000 kW? Also, find the load at which one machine ceasesto supply any
portion of the load. (Power Systems-1, A.M.I.E. 1989)

Solution. The speed/load characteristics (assumed straight) for the alternatorsare shownin Fig.
37.100. Out of the combined load AB = 1000 kW, A'sshareisAM and B'sshareisBM. Hence, AM + BM
=1000kW. PQisthehorizontal linedrawn through point C, whichisthepoint of intersection.

From similar As GDA and

CDP, wehave E
105~ 105
cP_po,,
GA  AD e Z 104
cP =GA. 2 2 ! g
" AD 2103 ' 1032
Since, & : &
PD =(4 - h) 3 101%% C [ 102 §
0cP=s0@-t4 & T | ﬂ%l e
= 200(4 - h) h n
Similarly, fromsimilarAs 1904 | L IN, Bli00
BEF and QEC, we get 0 200 400 M 600 800 1000
Load in kW
BF ~ BE Fig. 37.100
QC =800(5 - h)/5
=160 (5 - h)
0 CP+ QC = 1000 or 200 (4 — h) + 160 (5 — h) = 1000 or h=5/3

O CP = 200(4 - 5/3) = 467 kW, QC = 160 (5 - 5/3) = 533 kW

Hence, alternator A supplies467 kW and B supplies 533 k\W.

Alternator Awill cease supplying any load when line PQisshifted to point D. Then, load supplied by
dternator B (= BN) issuch that the speed variation isfrom 105% to 104%.

Knowing that when its speed varies from 105% to 100%, alternator B suppliesaload of 800 kW,
henceload supplied for speed variation from 105% to 100% is (by proportion)

= 800 x 1/5=160 kW (= BN)

Hence, when load dropsfrom 1000 kW to 160 kW, alternator Awill cease supplying any portion of

thisload.

Example 37.61. Two 50-MVA, 3-@alternators operate in parallel. The settings of the gover-
nors are such that the rise in speed from full-load to no-load is 2 per cent in one machine and 3 per
cent inthe other, the characteristics being straight linesin both cases. |f each machineisfully loaded
when the total load is 100 MW, what would be the load on each machine when the total load is 60
MW? (Electrical Machines-I 1, Punjab Univ. 1991)

Solution. Fig. 37.101 showsthe speed/load characteristics of the two machines, NB isof thefirst
machineand MAisthat of the second. Base AB showsequal load division at full-load and speed. Asthe
machinesarerunningin paralld, their frequenciesmust bethe same. Let CD bedrawn through x% speed
wheretotal loadis60 MW.
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50

CE = 50-AP=50- 3 X M| 103
ED = 50-QB=50- 2 x
0 CD = 50 - (50/3) x + 50 — 25 x }j Lz
O 60 = 50— (50/3) x+50 - 25x g o1
24 24 C v D
X 25,D LE=100 o5 70 /: X B :
Load supplied by 1st machine A P L Q B
oad
L oad supplied by 2nd machine. Fig. 37.101
= CE=50- (@)Xg =34 MW
B B 3/ 25~

Example 37.62. Two identical 2,000 -kVA alternators operatein parallel. The governor of the
first machineis such that the frequency drops uniformly from 50-Hz on no-load to 48-Hz on full-load.
The corresponding uniform speed drop of the second machinesis 50 to 47.5 Hz (a) How will the two
machines share aload of 3,000 kW? (b) What isthe maximumload at unity p.f. that can be delivered
without overloading either machine ? (Electrical Machinery-11, Osmania Univ. 1989)

Solution. InFig. 37.102 are shown the frequency/load characteristics of thetwo machines, ABis
that of the second machineand AD that of thefirst. Remembering that thefrequency of thetwo machines
must bethe sameat any load, aline MN isdrawn at afrequency x as measured from point A (common
point).

Total load at that frequency is 50 A A

NL + ML = 3000 kW
From AsABC and ANL, NL/2000 = x/ 2.5

a NL = 2000 x/2.5 = 800 x
Smilaly, ML = 2000 x/2 = 1000x 49 T
a 1800 x = 3000 or x=5/3

<—
<

Frequency = 50— 5/3=145/3 Hz.
(a) NL =800 x 5/3 = 1333 kW (assuming u.p.f.)
ML= 1000 x 5/3 = 1667 kW (assuming u.p.f.) B 48
(b) For getting maximum load, DE isextended to cut
AB at F. Max. load = DF.

o | Frequency
=

!
I

Now, EF = 2000 x 2/3.5 = 1600 kW s
_ _ B LOAD
0 Max.load = DF = 2,000 + 1,600 C
= 3,600 KW. <2000/
Fig. 37.102

Tutorial Problem No. 37.7

1. Twosimilar 6,600-V, 3-¢, generatorsarerunning in parallel on constant-voltage and frequency bus-
bars. Each hasan eguivalent resistance and reactance of 0.05 Q and 0.5 Q respectively and supplies
onehalf of atotal load of 10,000 kW at alagging p.f. of 0.8, thetwo machinesbeing similarly excited.
If the excitation of one machine be adjusted until the armature current is438 A and the steam supply
to the turbine remains unchanged, find the armature current, the em.f. and the p.f. of the other
alternator. [789 A, 7200 V, 0.556] (City & Guilds, London)
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2. A single-phase alternator connected to 6,600-V bus-bars has a synchronousimpedance of 10Q and
aresistance of 1 Q. If itsexcitation is such that on open circuit the p.d. would be 5000 V, calculate
the maximum load the machine can supply to the external circuit before dropping out of step and the
corresponding armature current and p.f. [2864 kW, 787 A, 0.551] (London Univ.)

3. Aturbo-alternator having areactance of 10 Q hasan armature current of 220 A at unity power factor
when running on 11,000 V, constant-frequency bus-bars. If the steam admission is unchanged and
theem.f. raised by 25%, determine graphically or otherwise the new value of the machine current
and power factor. If thishigher value of excitation were kept constant and the steam supply gradu-
ally increased, at what power output would the alternator break from synchronism? Find also the
current and power factor to which this maximum load corresponds. State whether this p.f. is
lagging or leading.

[360 A at 0.611 p.f. ; 15.427 kW ; 1785 A at 0.7865 leading] (City & Guilds, London)

4. Two single-phase alternators are connected to a 50-Hz bus-bars having a constant voltage of
10 0 0°kV. Generator A has an induced em.f. of 13 [0 22.6° kV and areactance of 2 Q; generator
B hasane.m.f. of 12.5 0 36.9° kV and areactance of 3 Q. Find the current, kW and kVAR supplied
by each generator. (Electrical Machine-I1, Indore Univ. July 1977)
5. Two 15-kVA, 400-V, 3-ph aternatorsin parallel supply atotal load of 25 kVA at 0.8 p.f. lagging. If
one alternator shares half the power at unity p.f., determine the p.f. and kVA shared by the other
alternator. [0.5548; 18.03 kVA] (Electrical Technology-11, Madras Univ. Apr. 1977)
6. Two 3-¢, 6,600-V, star-connected alternatorsworking in parallel supply thefollowing loads:
(i) Lightingload of 400 kW (i) 300 kW at p.f. 0.9 lagging
(i) 400 kW at p.f. 0.8 lagging  (iv) 1000 kW at p.f. 0.71 lagging
Find the output, armature current and the p.f. of the other machine if the armature current of one
machineis 110 A at 0.9 p.f. lagging. [970 kW, 116 A, 0.73 lagging]
7. A 3-@, star-connected, 11,000-V turbo-generator has an equival ent resistance and reactance of 0.5 Q
and 8 Q respectively. Itisdelivering 200 A at u.p.f. when running on a constant-voltage and con-
stant-frequency bus-bars. Assuming constant steam supply and unchanged efficiency, find the
current and p.f. if the induced em.f. israised by 25%. [296 A, 0.67 lagging]
8.  Two similar 13,000-V, 3-ph dternators are operated in parallel oninfinite bus-bars. Each machine
has an effective resistance and reactance of 0.05 Q and 0.5 Q respectively. When equally excited,
they share equally atotal load of 18 MW at 0.8 p.f. lagging. If the excitation of one generator is
adjusted until the armature current is400 A and the steam supply to itsturbine remains unaltered, find
the armature current, the em.f. and the p.f. of the other generator.

[774.6 A; 0.5165: 13,470 V] (Electric Machinery-11, Madras Univ. Nov. 1977)

37.41. Time-period of Oscillation

Every synchronous machinehasanatural time period of freeoscillation. Many causes, including the
variationsinload, create phase-swinging of themachine. If thetime period of these oscillations coincides
with natural time period of the machine, then theamplitude of the oscillations may become so gregtly devel-
oped asto swing the machine out of synchronism.

Theexpressionfor the natural time period of oscillations of asynchronousmachineisderived below :

Let T = torqueper mechanical radian (in N-m/mech. radian)

J=3mr? —moment of inertiainkg—mz.

The period of undamped free oscillationsisgiven by t = 21t \/g .

We have seenin Art. 37.32 that when an alternator swings out of phase by an angle a (electrical
radian), then synchronizing power developedis

Py, = a E7Z —aindect. radian
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2
= E7 per electrical radian per phase.

Now, 1 electrical radian = g x mechanical radian—where P isthe number of poles.
E*P

0 Pgyper mechanical radian displacement= 55—

Thesynchronizing or restoring torqueisgiven by

Py _ E°P

Te = = —Nginr.p.s.
S T 2nNg | 4T2Ng sINTp-s
3E’P
Torqueforthreephasesis T = 3Tg = ——-— whereEisem.f. per phase ()
4T1ZNg
Now E/Z = short-circuit current =l o
f = PNg2; hence PINg= 2 fINS
Subgtituting thesevaluesin (i) above, wehave
- 3 (E P 3 2f Bl f
T = —.(—).E.—z— lg - E. =5 =0477 =55
an \Z Ns 4 NS NS
- J _ J
Now, t = 21 5> =91INg, |[——F second
0477E I & f /NS E.lg.f
= 91 NS\/ - J
E, /). f
NeE F(Ic /).
J
= 91N
S \/;\@ E .1.(Ig/1). f
J
= 91N
S 1000 J3.E, 1 Olg
1000 H E
91x3 J
/1000 KVA. (I /1) f
0 t = 04984Ng |9
SAYKVA.(Ig:/1). f
wherekVA =full-load kVA of thealternator; Ng=r.p.s. of therotating system
If Ng representsthe speedinr.p.m., then
— 04984
t -
Ns-\[(VA. (| my.f - 00083 NS\/kVA(I My o
Note. It may be proved that | /I = 100/percentage reactance = 100/% X
V x% X _ reactancedrop _ VX% Xg

Proof. Reactancedrop = 1.Xs= —55 S~ Fullload current 100 |
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v _Vx100xI _ 100 lsc _ 100
Now lg = Y =Vx100x1 _ 100 ..o lsc o
© £ T XS TVx%Xg  %Xg | % Xg

For example, if synchronous reactancesis 25 per cent, then
I/l =100/25 = 4 (please see Ex. 37.64)

Example 37.63. A 5,000-kVA, 3-phase, 10,000-V, 50-Hz alternate runs at 1500 r.p.m. con-
nected to constant-frequency, constant-voltage bus-bars. 1f the moment of inertia of entire rotating
systemis 1.5 x 10* kg.m2 and the steady short-circuit current is 5 timesthe normal full-load current,
find the natural time period of oscillation. (Elect. Engg. Grad. | .E.T.E. 1991)

Solution. Thetimeof oscillationisgivenby

/ J
0.0083 NS m . second

1500rp.m.; Ig/l =5%; J=15x10"kg-m*; f=50Hz

4
0.0083x 1500 [ 15%10" -1364s
5000 x 5 x 50

Example37.64. A10,000-kVA, 4-pole, 6,600-V, 50-Hz, 3-phase star-connected alter nator hasa
synchronous reactance of 25% and operates on constant-voltage, constant frequency bus-bars. |If
the natural period of oscillation while operating at full-load and unity power factor isto belimitedto
1.5 second, calculate the moment of inertia of the rotating system.

(ElectricMachinery-11, AndhraUniv. 1990)

J
0.0083 Ng ’/W second.

t

Here, Ng

t

Solution. t =
Here I/l = 100/25 = 4; Ng= 120 x 50/4 = 1500 r.p.m.
_ / J _ J3
0 L5 = 0.0083x 1500 [zoerrs oy = 1245 % 5 N
0 J = (1L5x10°x /2/12.45)% = 2.9 x 10" kg-m®

Example 37.65. A 10-MVA, 10-kV, 3-phase, 50-Hz, 1500 r.p.m. alternator is paralleled with
others of much greater capacity. The moment of inertia of the rotor is 2 x 10° kg-m2 and the
synchronous reactance of the machineis 40%. Calculate the frequency of oscillation of the rotor.

(Elect. Machinery-111, Bangalore Univ. 1992)

Solution. Here, I/l =100/40=25
2x10°
t = 0.0083 x 1500 —104 Xx25%50 5 second
Frequency = 1/5=0.2Hz.

* It meansthat synchronousreactance of the aternator is20 %.
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Tutorial Problem No. 37.8

1.  Show that an aternator runningin parallel on constant-voltage and frequency bus-barshasanatural
time period of oscillation. Deduce aformulafor thetime of one complete oscillation and calculateits
value for a5000-kVA, 3-phase, 10,000 VV machine running at 1500 r.p.m. on constant 50-Hz bus-

bars.
The moment of inertia of the whole moving system is 14112 kg-m? and the steady short-circuit
current isfivetimesthe normal full-load value. [1.33 second]

2. A 10,000-kVA, 5-kV, 3-phase, 4-pole, 50-Hz alternator is connected to infinite bus-bars. The short-
circuit current is 3.5 times the normal full-load current and the moment of inertia of the rotating
system is 21,000 kg-m?. Calculateits normal period of oscillation. [1.365 second]

3. Caculatefor full-load and unity p.f., the natural period of oscillation of a50-Hz, 10,000-kVA, 11-kV
alternator driven at 1500 r.p.m. and connected to an infinite bus-bar. The steady short-circuit
current is four times the full-load current and the moment of the inertia of the rotating massesis
17,000 kg-mz. [1.148s] (Electrical Machinery-11, Madras Univ. Apr. 1976)

4. Calculatetherotational inertiain kg-m? unitsof the moving system of 10,000 kVA, 6,600-V, 4-pole,
turbo-alternator driven at 1500 r.p.m. for the set to have anatural period of 1 second when running
in parallel with anumber of other machines. The steady short-circuit current of the alternator isfive
timesthefull-load value. [16,828 kg-m2] (City & Guilds, London)

5. A 3-@ 4-pole, 6,000 kVA, 5,000-V, 50-Hz star-connected alternator isrunning on constant-voltage
and constant-frequency bus-bars. It has a short-circuit reactance of 25% and its rotor has a mo-
ment of inertiaof 16,800 kg-m”. Calculateitsnatural time period of oscillation.  [1.48 second]

37.42. Maximum Power Output

For given values of terminal voltage, excitation and frequency, thereisamaximum power that the
aternator iscapableof delivering. Fig. 37.103 (a) showsfull-load conditionsfor acylindrical rotor where
IR, drop has been neglected*.

The power output per phaseis

VIX cos @
P = Vlcosg= i—
S
Now, from A OBC, we get
IXg _ E __E
sina sn(90+¢@ cos @
IXscos@ = Esna
0 p = EV sina
XS
Power becomesmaximumwhen

a=90°,if V, Eand Xareregarded
asconstant (of course, Eisfixed by
excitation).

O Prax = EVIXg

Itwill beseenfromFig. 37.103
(b) that under maximum power
output conditions, | leadsV by @and
sincel Xgleads| by 90°, anglepand
hence cos @isfixed = E/IXq

* Infact, thisdrop can generally be neglected without sacrificing much accuracy of results.
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Now, from right-angled A AOB, we havethat IXs= /E? +V? . Hence, p.f. corresponding to maxi-
mum power outputis
E

cosp = T——
I E2 +V 2
Themaximum power output per phase may aso bewritten as
E
P =Vl ,cose=Vl_ ————
max max max \/ﬂ
wherel . representsthe current/phasefor maximum power output.
If I;isthefull-load current and % Xgisthe percentage synchronous reactance, then

X I, x100
%Xy = —Sx100 0 L=t

v Xs % Xg

El, x100

VI —E :ﬂ:—f

Now, P

max max \/W XS %XS
Two thingsare obviousfrom the above equations.
(i) L s
max T 0f X Y
Substituting the val ue of %X from above,
Co_ 01 o JERevE BTy
max 1001, Xg Vv Xg
100 El
(ii) Prax = %Xsf :5. 0/%0)?8 XVl per phase
_ E 100
V% Xq
Total maximum power output of theal éernalt&r) is

TV %X

Example 37.66. Derive the condition for the maximum output of a synchronous generator
connected to infinite bus-bars and working at constant excitation.

A 3-¢, 11-kV, 5-MVA, Y-connected alternator has a synchronous impedance of (1 + j 10) ohm

per phase. Itsexcitation issuch that the generated linee.m.f.is14 kV. If the alternator is connected
to infinite bus-bars, determine the maximum output at the given excitation

(Electrical Machines-I 11, Gujarat Univ. 1984)
Solution. For thefirst part, pleaserefer to Art. 37.41

X FL. power output at u.p.f.

X FL. power output at u.p.f.

EV V
P x PEr phase = _Xs —Iif Rjisneglected= 7~ (E-V cos6) —if R, isconsidered
S

Now, E = 14,000//3=8,083V :V = 11,000/ /3 =6352V
cosf = R/Z,=1,/1> +10° =1/10.05
_ 8083x6352 _
O P ax PEr phase = 101000 = 5,135 kW
Totd P = 3%5135=15405kW
2 2 2 7451
Moreaccurately, P, /phase = % (80 - 16(? %5) = EC??JS 1000 = 471LkW
Totd P = 4711x3=14,133kW.

max
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Example37.67. A 3-phase, 11-kVA, 10-MW, Y-connected synchronous generator has synchro-
nous impedance of (0.8 + j 8.0) ohm per phase. If the excitation is such that the open circuit
voltageis 14 kV, determine (i) the maximum output of the generator (ii) the current and p.f. at the
maximum output.

(Electrical Machines-I 11, Gujarat Univ. 1987)
Solution. (i) If weneglect R *,the P, per phase=EV/Xg
whereV istheterminal voltage (or bus-bar voltagein general) and E theem.f. of themachine.
0 p = (1000/.3) ;(14, 000/+/3) _ 154; 200 KWi/phase

Tota Pmax = 3% 154,000/24 = 19,250 kW = 19.25 MW
Incidentaly, thisoutput isnearly twicethenorma output.

) _JEZ+v?114,000/3) +(12,000/4/3)%]
(”) Imax - XS - 8

(iii) pf. = E__ 14000/ /3
JEZ+v?  /4,000//3) + (11,000//3)2

=1287 A

= 0.786 (lead).

QUESTIONS AND ANSWERS ON ALTERNATORS

Q. 1. What arethetwotypesof turbo-alternators?

Ans. Vertica and horizontal.

Q. 2. Howdoyou comparethetwo ?

Ans. Vertical typerequireslessfloor spaceand while step bearing isnecessary to carry theweight of
themoving e ement, thereisvery littlefrictioninthemain bearings. Thehorizonta typerequires
no step bearing, but occupies more space.

Q.3. Whatisstep bearing?

Ans. It consistsof two cylindrical cast iron plateswhich bear upon each other and have acentral
recess between them. Suitableoil ispumpedinto thisrecessunder considerable pressure.

Q. 4. What isdirect-connected alter nator ?

Ans. Oneinwhich the alternator and engine are directly connected. In other words, thereisno
intermediate gearing such asbelt, chain etc. between the driving engineand aternator.

Q. 5. What isthedifference between direct-connected and dir ect-coupled units?

Ans. Intheformer, alternator and driving enginearedirectly and permanently connected. Inthelatter
case, engineand aternator are each completeinitself and are connected by some device such as
friction clutch, jaw clutch or shaft coupling.

Q. 6. Canad.c.generator beconverted intoan alternator ?

Ans. Yes

Q.7. How?

Ans. By providing two collector ringson oneend of the armature and connecting these two ringsto
two pointsin the armaturewinding 180° apart.

Q. 8. Wouldthisarrangement result in adesirablealternator ?

Ans. No.

* If R isnot neglected, thenP__ = Zi (E -V cos 6) where cos 6 = R/Z (Ex. 37.66)
S




Q.9.

Ans.

Q. 10.
Ans.
Q. 11.
Ans.

How isadirect-connected exciter arranged in an alter nator ?
Thearmature of the exciter ismounted on the shaft of the alternator closeto the spider hub. In
some cases, it ismounted at adistance sufficient to permit apedestal and bearing to be placed

between the exciter and the hub.

Any advantage of a dir ect-connected exciter ?

Yes, economy of space.
Any disadvantage?

and so made proportionately smaller.

Theexciter hasto run at the same speed asthealternator which iss ower than desirable. Hence,
it must belarger for agiven output than the gear-driven type, becauseit can berun at high speed
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OBJECTIVE TESTS - 37

. Thefrequency of voltage generated by an alter-

IS e hertz.

(a) 60 (b) 7200

(o 120 (d) 450.

. A 50-Hz alternator will run at the greatest
possible speed if it iswound for ....... poles.
(a) 8 (b) 6

(© 4 (d) 2.

. Themain disadvantage of using short-pitch wind-
inginateratorsisthat it

(a) reducesharmonicsinthe generated voltage

(b) reducesthetotal voltage around the arma-
turecoils

(c) produces asymmetry in the three phase
windings
(d) increases Cu of end connections.

. Three-phase alternators are invariably Y -con-
nected because

(@) magneticlossesare minimised

(b) lessturnsof wirearerequired

(c) smaller conductors can be used
(d) higher terminal voltageisobtained.

. The winding of a 4-pole aternator having 36
slots and a coil span of 1 to 8 is short-pitched

by ....... degrees.
(a) 140 (b) 80
() 20 (d) 40.

. If anaternator winding hasafractional pitch of
5/6, the cail spanis....... degrees.

(a) 300 (b) 150

() 30 (d) 60.

. Theharmonic whichwould betotally eliminated
fromthealternator em.f. using afractiona pitch

10.

12.

of 4/5is
(@) 3rd (b) 7th
(0 5th (d) 9th.

For eliminating 7th harmonic from the em.f.

wave of an aternator, the fractional-pitch must

be

(a) 2/3 (b) 5/6

(c) 7/8 (d) 6/7.

If, in an aternator, chording angle for funda-

mental flux wave is a, its value for 5th har-

monicis

(a) 5a (b) a/5

(o) 250 (d) a/25.

Regarding distribution factor of an armature

winding of an alternator which statement is

false?

(a) it decreases as the distribution of coils
(dots/pole) increases

(b) higher itsvalue, higher theinduced e.m.f.
per phase

(c) it isnot affected by the type of winding
either lap, or wave

(d) it is not affected by the number of turns
per coil.

When speed of an alternator is changed from

3600 r.p.m. to 1800 r.p.m., the generated

e.m.f./phaseswill become

(a) one-haf (b) twice

(c) fourtimes (d) one-fourth.

The magnitude of the three voltagedropsinan

aternator due to armature resistance, leakage

reactance and armature reactionissolely deter-

mined by

(a) load current, I,
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13.

14.

15.

16.

17.

18.

19.

20.

Electrical Technology

(b) pf.of theload
(c) whetheritisalagging or leading p.f. load
(d) field construction of the alternator.

Armaturereaction in an alternator primarily af-
fects

(a) rotor speed

(b) terminal voltage per phase

(c) frequency of armature current
(d) generated voltage per phase.

Under no-load condition, power drawn by the

prime mover of an alternator goesto

(a) produceinduced em.f. inarmature wind-
Ing

(b) meet no-load losses

(c) produce power inthe armature

(d) meet Cu losses both in armature and rotor
windings.

Asload p.f. of an aternator becomesmorelead-

ing, the value of generated voltage required to
giverated terminal voltage

(a) increases

(b) remainsunchanged

(c) decreases

(d) varieswith rotor speed.

With aload p.f. of unity, the effect of armature
reaction onthemain-field flux of an alternator is
(a) distortiona (b) meagnetising

(c) demagnetisng  (d) nomind.

At lagging loads, armature reaction in an alter-
nator is

(a) crossmagnetising(b) demagnetising

(c) non-effective (d) megnetising.
Atleading p.f., thearmatureflux in an alternator
....... the rotor flux.

(a) opposes (b) ads

(c) distorts (d) does not affect.

The voltage regulation of an aternator having
0.75 leading p.f. load, no-load induced em.f.
of 2400V and rated terminal voltage of 3000V is
............... percent.

(& 20 (b) —-20

(c) 150 (d) -26.7

If, in a 3-@ alternator, a field current of 50A
produces afull-load armature current of 200 A
on short-circuit and 1730V on open circuit, then

its synchronous impedance is ....... ohm.
(a) 8.66 (b) 4
(© 5 (d) 34.6

21.

22.

23.

24.

25.

26.

27.

The power factor of an aternator isdetermined

by its

(a) speed

(b) load

(c) excitation

(d) primemover.

For proper parallel operation, a.c. polyphaseal-

ternators must have the same

(a) speed (b) voltagerating

(c) kVArding (d) excitation.

Of thefollowing conditions, the onewhich does

not have to be met by alternators working in

pardldis

(a) terminal voltage of each machine must be
thesame

(b) the machines must have the same phase
rotation

(c) the machines must operate at the same
frequency

(d) the machinesmust have equal ratings.

After wiring up two 3-@alternators, you checked

their frequency and voltage and found them to

be equal. Before connecting them in parallel,

youwould

(a) check turbine speed
(b) check phaserotation
(c) lubricateeverything
(d) check steam pressure.

Zero power factor method of an aternator is

used to find its

(a) efficiency

(b) voltageregulation

(c) armatureresistance

(d) synchronousimpedance.

Some engineers prefer “lamps bright' synchro-

nizationto ‘lampsdark’ synchronization because

(a) brightnessof lamps can bejudged easily

(b) itgivessharper and more accurate synchro-
nization

(c) flickerismore pronounced

(d) it can be performed quickly.

It is never advisable to connect a stationary

alternator to live bus-bars becauseit

(a) islikely to run as synchronous motor

(b) will get short-circuited

(c) will decrease bus-bar voltage though mo-
mentarily

(d) will disturb generated em.fs. of other al-
ternatorsconnected in parallel.



28.

Two identical alternatorsarerunningin parallel
and carry equal loads. If excitation of one al-
ternator isincreased without changing its steam
supply, then

(a) itwill keep supplying almost the sameload
(b) kVAR supplied by it would decrease

(c) itsp.f. will increase

(d) kVA supplied by it would decrease.

31
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(a) field strengthsof the alternators

(b) power factors of the alternators

(c) steam supply totheir prime movers
(d) speed of the alternators.

Squirrel-cage bars placed in therotor polefaces
of an alternator help reduce hunting

(a) above synchronous speed only
(b) below synchronous speed only

29. Keepingitsexd tatiqn cqnstant, if ste_am supply (c) aboveand below synchronous speeds both
of an aternator running in parallel with another
identical alternator isincreased, then (d) noneof the above.
(a) itwould over-run the other alternator (Elect. Machines, AM.I.E. Sec. B, 1993)
(b) itsrotor will fall back in phasewith respect 32. Foramachineon infinite bus active power can
to the other machine bevaried by
(c) itwill supply greater portion of theload (8) changingfield excitation
(d) its power factor would be decreased. (b) changing of prime cover speed
30. The load sharing between two steam-driven () both (a) and (b) above
dternatorsoperating in parallel may be adjusted (d) none of the above .
by varying the (Elect. Machines, A.M.I.E. Sec. B, 1993)
ANSWERS
la 2.d 3.b 4.d 5.d 6.b 7.C 8.d 9.a 10.b 1l.a
122a 13.d 14b 15c¢ 16.a 17.d 18b 19.b 20.c 21.b 22.b
23.d 24b 25b 26.b 27.b 28a 29.¢ 30.c. 3lLc 32b
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