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INTRODUCTION

The most commonly used machine for generation of electrical power for
commercialpurposds the synchronougeneratorSucha synchronougenerators
alsoreferredto asalternatorsinceit generateslternatingvoltage

Department of EEE, NSCET, Theni Page-01

Rarla-l" Saraswathi Enll;ge of
Engineering & Technalogy



CONSTRUCTION OF SYNCHRONOUS GENERATOR

Synchronougieneratolaccordingto their constructionaredividedinto the following
two classifications

1. Rotatingarmaturaype It hasstationaryfield polesandrotatingarmature
2. Rotatingfield type It hasstationaryarmatureor statorandrotatingfield poles

Most synchronougieneratoor alternatordaverotatingfield andstationaryarmature
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Theadvantagesf therotatingfield typealternatorsare

() A stationaryarmatureis more easily insultedfor the high voltagefor which the alternatoris
designed

(i) The armaturewindings canbe bracedbettermechanicallyagainsthigh electromagneti¢orces

dueto largeshortcircuit currentswhenthe armaturewindingsarein the stator

(i) Thearmaturewindings,beingstationaryarenot subjectedo vibrationandcentrifugalforces

(iv) The output current can be taken directly from fixed terminals on the stationaryarmature

without usingslip rings,brushes

(v) The rotating field is suppliedwith direct current Only two slip rings are requiredto provide

direct currentfor the rotatingfield, while at leastthreeslip rings would be requiredfor a rotating

armature

(vi) Rotatingfield is comparativelylight andcanbe constructedor high speedotation

(vii) Thestationaryarmaturemay be cooledmoreeasilybecausehe armaturecanbe madelargeto

providea numberof coolingducts
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The basicconstructionof a synchronougeneratolanda synchronousnotor
Is the same Similar to otherrotatingmachinesan alternatorconsistsof two
main partsnamely,the stator and the rotor.

[1 The statoris the stationarypart of the machine It carriesthe armature
winding in which the voltageis generatedThe output of the machineis
takenfrom the stator

1 The rotor is the rotating part of the machine The rotor producesthe
mainfield flux.
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Construction of Stator
The statorconsistsof an armaturemadeof laminationsof silicon steelhavingslotson its
innerperipheryto accommodatarmaturenindings
Fig. 1 showsa crosssectionalview of the statorof a three phasetwo pole synchronous
machine
Double layer armaturewindings of three phasea, b and c are placedin the slots The
windngis starconnected
The winding of eachphaseis distributedover severalslots Since an alternatingflux is
producedin the statordueto the flow of alternatingcurrentin the armaturewinding, the
statoris madeof high permeabilitylaminatedsteelstampingdn orderto reducehysteresis
andeddycurrentlosses
Thewholestructures heldin aframemadeof caststeelor weldedsteelplates
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b
phase ~

Slotsprovidedon the statorcoreare mainly of two types openslotsandsemiclosedslots

Openslotsare commonlyusedfor commercialgeneratorsHowever,non-uniform air gaps
due to openslots may produceripplesin the emf waveform The useof semiclosedtype
slots can minimize ripples by distributing the flux as uniformly as possible For slot
insulation,leatheroigd micafolium, or manilapaperof properthicknesss used
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CONSTRUCTION OF ROTOR
Two types of rotors are used in alternatansSéalient pole type (i) Smooth cylindrical
type

(i) Salient (or projecting ) Pole Type

Thetermsalientmeangprojecting Thusa salientpole rotor consistof polesprojecting
out from the surfaceof the rotor core as shownin fig. 2. Salient pole rotors are
normallyusedfor rotorswith four or morepoles

Field __ S
winding
Slip ring S
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Sincethe rotor is subjectedto changingmagneticfields, it is madeof steellaminationsto
reduce eddy current losses Poles of identical dimensionsare assembledby stacking
laminationsto the requiredlength and then riveted together After placing the field coill
aroundeachpole body,thesepolesarefitted by a dovetail joint to a steelspiderkeyedto the
shaft Salientpolerotorshaveconcentrateavinding onthepoles

Damperbarsare usuallyinsertedin the pole facesto dampout the rotor oscillationsduring
sudderchangdan load conditionasshownin fig. 3.

The pole faceis so shapedhat the radial air gap lengthincreasedrom the pole centreto
poletips. This makesthe flux distributionover the armatureuniform to generatesinusoidal
waveformof emtf.
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Thesalientpolefield structurehasthefollowing specialfeatures
(i) Theyhavelargediameterandshortaxial length
(i) Polesarelaminatedo reduceeddycurrentlosses

(i) Theseareemployedwith hydraulicturbinesor dieselenginesThe speeds 100
to 375rpm.

(i) Smooth Cylindrical Type

A cylindrical rotor machine is also called a realient pole rotor machine. It has

its rotor so constructed that it forms a smooth cylinder as shown in fig.4. This type
of rotor is used for alternators which are coupled to steam turbines which run at
very high speeds. The number of poles of the rotor are two or four.
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Field
winding

Thenonsalientfield structurehasthefollowing specialfeatures

(i) Theyareof smalldiameterandof very long axial length

(i) Robustconstruction

(i) High operatingspeed3000rpm)

(iv) Noiselesoperation

(v) Dynamicbalancings better

(vi) No needto providedampemwindings,exceptin specialcasedo assistsynchronizing
(vii) Betteremfwaveform
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Difference between salient and cylindrical type of rotor

1 Poles are Projected Poles are not projected

2 Air gap is non uniform Air gap is uniform

3 Diameter is high and axial length is = Diameter is small and axial length is
small large

4 Mechanically weak Mechanically strong

5 Suitable for Low speed alternators Suitable for High speed alternators

6 Separate damper winding is Separate damper winding is not
provided provided
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Frequency of the induced EMF:
Consideranalternatevhoserotoris driver ata constanspeed\ rpm.

LetA phb®no. of polesandf is thefrequencyof thegeneratedoltage

No. of cyclesof theinducedEMF persec

= No. of cyclesperrevolutionsx no. of revolutionssec

=P/2x N/60=PN x120.

Frequencyf = PN/120Hz.

Foragivenalternatetheno. of polesis fixed.

Hencein orderto generatgower at a specifiedfrequency,the machineis to berun at a

definite speedwvhichis termedassynchronouspeed
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EMF EQUATION OF AN ALTERNATOR

Let
4:: Flux per pole in wb

P = Number of poles

Ny = Synchronouws Speed in RE=l1p]

F = Frequenty of induced. ems in Wz
Z = Toml Mo of conducrors

=

th - Conducrevs per p‘[‘-ctSE connected n Senes
zpl.‘ = 21;h
Toh = No. of turmnfphase

Ke = coil span Facror = cos &),
K, = Distmburon Ffacror = Sin mp
2
m sin B
) 2z

H:.:r= Fermn Facmor = 111 g em¥f IS sinusoidal
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SYNCHRONOUS REACTANCE

The leakagereactanceXL andthe armaturereactanceXa may be combinedto
give synchronouseactance

HenceXS=XL+Xa

Theohmicvalueof Xa varieswith the powerfactor of theload becausarmature
reactiondepend®n load powerfactor.
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ARMATURE REACTION

Power factor Relation between Effect Voltage level
armature flux and
field flux

Lagging Both fluxes acts Demagnetising Terminal voltage
opposite to each decreases more
other than the unity factor
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VOLTAGE REGULATION OF ALTERNATOR

It is defined as the change in terminal voltage, expressed as a percentage (or p.u.) of the
rated voltage, when the load at a given power factor is removed, with speed and field current
remaining unchanged. Therefore,

F -V
—2— in p.u.

Voltage regulation = v

F -V
= —“V— » 100 in percentage.

Here E, is the no-load excitation voltage and V is the full-load terminal voltage at the same
speed and field excitation.

For a lagging power-factor load, E, always increases and for a leading power-factor load,
FE,may decrease—consequently the voltage regulation may be positive or negative.
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Methods of Determining the Regulation

1. ElectroMotive Force(EMF) or Synchronousmpedancenethod
2. MagnetoMotive Force(MMF) or Ampereturnsmethod

3. Zeropowerfactor (ZPF)or Potiermethod

4. AmericanStandardissociationASA) method
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EMF or SYNCHRONOUS IMPEDANCE METHOD

This method requires following data to calculate the regulation.
1. Effective Resistance of Armature (Re)

2. Synchronous impedance (Z2S)

3. Open Circuit Test & Short Circuit Test

Open Circuit Test and Short Circuit Test:
Procedure:

The Terminals of the alternator is kept open.

The Field Excitation is variedptothe rated voltage .
The corresponding values are obtained.

Short Circuit Test:

The output terminals are short circuited.

The field current is variedptothe rated current.
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CIRCUIT CURRENT ==t
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FIELD CURFIENT IN AMPERES — e
Fig.

The synchronous impedanc&s=EO0/Isc =(AC(in volts)/AB(in amperes))
Xs 2= Zs2l Raz
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or Ey = ¥(Vcos + IR,)?+(Veing + IX,)°

Fora Laggingp £

For a leading power-factor load, the expression for E,can be similarly derived
and can be expressed as

Ey = (Vcosd + IR, +(Vsin$ — IX,)°

Fora Leading p £

Thus, in general, the expression of no-load voltage can be written as,

Ey = (Vcosd + IR, +(Vsing + IX,)°

where, + sign is for lagging power-factor load and, - sign is for leading power-
factor load.

And % regulation = Eﬁ%—v x 100

This method is also called apesimisticmethod because the regulation value obtain
Is always greater than actual value.
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MMF or AMPERE -TURN METHOD

This method is converse method of emf method. if@thosalso requires open circuit test
and short circuit test.

i-field ampere turns require to produce rated voltage.
ii.field ampere turns require to overcome demagnetizing effect of armature reaction

From the OC and SC tests the open circuit and short circuit characteristics are drawn, as
shown in fig. From the above characteristics field current If1 is determined to give rated
voltage V on no load. Neglecting armature resistance drop and field current If2 is
determined to cause shaitcuit current, equal to full load current on short circuit.
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Rated I,
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Procedure to find Eo for different power factor

a) Unity Power factor
When the alternator supplies full load current at upiffhen the armature reaction is

cross magnetizing, therefore the two currents are assumed to be perpendicular to each
other. The net field curretiio is vector sum of If1 and If2.

£ L]

I ]

i ﬂ; ]

L R
A

For Unity P F
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From the phasor diagram the various magnitudes are
OA=If1 AB=If2 OB=lIfo

From the phasor diagram

If0=((1f12)+(1f22))v~

Now find open circuit EMHFO, usinglfo from open circuit
characteristics

- i - 1 i I
Then prrcentage regulation can be determined from the velation, % Regulation = '_uiT_ = 101},
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ZERO POWER FACTOR (ZPF) or POTIER METHOD
This test requires three test:
Open Circuit test:
Short Circuit Test:
Zero Power factor Test:
Already we discussed about the procedure for Open circuit and Short circuit test we furthe
deal about ZPF test

Zero Power Factor test:

This test is done by connecting the inductive load at the terminals. The field excitation is
varied slowlyuptothe rated voltage and load is also increased the voltage will reduced agair
the excitation has to be variegtothe rated voltage.

The excitation current value must be note down at the rated voltage and rated current.
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Tarminal
voltage
and
induced
amf

pat
phase

Rated Vg,

0CC.

— Polir tiangle

Full load zem p. f.
saturation curve

k)

1. Plot the open circuit characteristics.

2. Mark the field current corresponding to short circuit test
A along X axis.

3. Mark the field current required to produce rated voltage
and rated current from ZPF test as P.

4. Join A and P to get a smooth curve called ZPF curve.

5. From P draw a line PQ equal and parallel to OA

6. Draw a tangent to OCC which is called as air line.

7. From Q draw a line parallel to air line to meet OCC at R.
8. Join RP. Triangle QPR is callpdtiertriangle.

9. From R draw a perpendicular line to QP to meet at S.
10. Frompotiertriangle SP=t=Field current required to
overcomeademagnetizingeffeaf armature reaction

11. Frompotiertriangle RS =IX.=Leakage reactance drop
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ASA METHOD

We have seen that neither of the two methods, M.M.F. method and EM.F. method
is capable of giving the reliable values of the voltage regulation. The error in the
restlts of these methods is mainly due to the two reasons,

1. In these methods, the magnetic circuit is assumed to be unsaturated. This
assumption is unrealistic as in practice. It is not possible to have completely
unsaturated magnetic circuit.

2. In salient pole alternators, it is not correct to combine field ampere turns and
armature ampere turns. This is because the field winding is always
concentrated on a pole core while the armature winding is always distributed.
Similarly the field and armature m.m.fs act on magnetic circuits having
different reluctances in case of salient pole machine hence phasor combination
of field and armature m.m.f. is not fully justified.

Inspite of these short comings, due to the simplicity of constructions the ASA
modified form of M.M.F. method is very commonly used for the calculation of voltage
regulation.
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E!

Im Considerthe phasordiagramaccordingto the
MMF method as shown in Fig. for c 0 s
laggingp.f. load TheIf0 is resultantexcitation

I A of If1 andIf2 wherelf1 is excitationrequiredto

produceratedterminal voltage on opencircuit
while If2 is excitation requiredfor balancing

For Lagging P armaturereactioneffect
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saturation curve
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1. In the graph draw a line from voltage E (calculated for gpzéim step 1 of ZPF method)
which i1 s parallel to X axis which cuts 1t
respectively.

2. If3=Addition excitation required to take into account effect of partially saturated field
=BBO from graph.

3.Adding If3 to If0 we get modified field curretfm=If0+ If3 (Take the value IfO from
step 3 of ZPF).

4. From modified field currerifm, the open circuit voltage EO can be determined from
OCC . Now find the regulation by using %R=V£V)*100

The results obtained by ASA method are reliable for both salient as well aslnemt pole
machine.

The results obtained by ASA method are reliable for both salient as well as naalient pole
machine.
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SYNCHRONIZING AND PARALLEL OPERATION

U The operationof connectingan alternatorin parallel with anotheralternatoror with commonbus
barsis knownassynchronizing.

U Generally, alternatorsare usedin a power systemwhere they are in parallel with many other
alternatorslt meanghatthe alternatoris connectedo alive systemof constantvoltageandconstant

frequency

U  Oftentheelectricalsystemto which thealternatons connectedhasalreadyso manyalternatorsand
loadsconnectedo it that no matterwhat poweris deliveredby the incomingalternatorthe voltage
andfrequencyof the systemremainthe same In that case the alternatoris saidto be connectedo
infinite bus bars.

Conditions to be satisfied:

V TheTerminalvoltageshouldbesame

V Thespeedandthefrequencyshouldbesame
V Thephasesequencshouldbesame
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SYNCHRONIZING OF ALTERNATORS

SYNCHRONISING OF THREE PHASE ALTERNATORS

In case of single phase alternators, synchronization is done generally by lamp methods. It can be done by
two ways:

a) Dark lamp method

b) Bright lamp method

Two Bright and One Dark lamp

Common bus-bars

Load

O
{1 5@/ .

\

Synchronising
N L Switch
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The incoming machine is faster or slower can be found by this method with respect to the sequence give
it can be easily found.

Note: With respect to above fig. light wave travelling in counter clockwise direction indicates the
incoming machine is slow. Light wave travelling in clockwise direction indicates the incoming machine is
slow.

SYNCHROSCOPE
Clockwisedirection 1 Frequencyof theincomingAlternator

Commeon bus-bars ) )
Load | 'S high.
Anti  Clockwise direction i Frequencyof the incoming
5- ] Alternatoris slow.
126 ockdck position i Frequencyof the incomingalternator
O — = Is exactlyequalto busbar
I Switch 0,0,0 @ o
(/ (/3/ Advantagesof synchronizing alternator :
. o Repairandmaintenanceanbedoneeasily
(:I[) | Theoutputpowercanbeincreased
S o Synchroscope

U U Theefficiencycanbeincreased
G1 G2
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SYNCHRONIZING CURRENT, POWER AND TORQUE
By Using the phasor diagram the Synchronizing current ,Power and Torque can be derived.

0 Syn.Current: Isy = EUXs
[1 Syn.Power: Psy=3UE2/Xs
[0 Syn.Torque: Tsy = (3Psy*60)/(2*3.14*Ns)
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TWO REACTION THEORY

This theory is suitable fazalinetpole alternator. The reactance effect is divided into direct axis reactance an:
guadrature axis reactance.

{,/ Direct axis (d-axis)

Direct axis _
flux path

¥}

Quadrature axis
\ /[ (q-axis)

}‘J
Quadrature-axis
%  flux path
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Theaxisalongthe axis of therotor is calledthe director the d axis. The axis perpendiculato d axisis knownas
the quadratureor q axis The direct axis flux pathinvolvestwo small air gapsandis the pathof the minimum

reluctance The path shownin the abovefigure by « hastwo large air gapsandis the path of the maximum
reluctance

Plane of E;
o

B

[0 Direct axis synchronous reactanc&d=Xad+XI
[0 Quadrature axis synchronous reactangg=Xaq+Xl
0 Voltage V=EQlaRaldXd-OPERATING CHARACTERISTICS
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EQIUVALENT CIRCUIT
The steady state operating characteristics of a cylindrical rotor alternator can be obtained from its equivalent ci

shown in fig.
xﬂr I{“ r'.'.t 15 T,u
_"_I ekl ¥ —_— + Y - +
l.ﬂ ]u tﬂ.
+ +
Qe l oF "
{a) (&)

Equivalent circuit for a cylindrical-rotor synchronous generator.

1. External load characteristics
Theexternalloadcharacteristicer thealternatowvolt-amperecharacteristics,
representhevariationof armaturgerminalvoltageVt with thearmaturecurrentla, for aconstanfield current

Thevariationof Vtwith lafor constantt, is illustratedin Fig. for differentpowerfactorloads
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0

! !
g &
= 2
1-0 S
g g 10
= —_
£ g
< E
& o
- .
0 0 -
Armuiure current(p.u) Armature current{p.u.) m—s
Load in WAEp.uJ o
(a) (b)

Alternator external characteristics with fr held constant
(x) at its no-load value and (&) at its rated V: and rated [,.
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2.Alternator compounding characteristics

L
o

Field current (or Ef ) needed
to maintain rated Vi —
(=]

o
o

10

Armature current in p.u.
or kVA in pu —a

Alternator compounding curves for
maintaining rated terminal voltage V..
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CAPABILITY CURVES

The capability curves are used to find the capacity of the alternator. The any point on the curve gives po
rating of the machine. This will give the real power and reactive power. The upper half gives more leadin
and lower half more lagging .the lagging will increase the current this will affect the winding and losses w
increase.

The x axis is the real power.

The y axis is reactive power.

The center of the circle(0,0) with the radius of 3Vtla the circle has been drawn.

a Lagging pf
oparatian

= |
P

Leading pf
— operation

Zarc pf
lgading
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The heating curve is drawn to determupgowhich the loading can be done.
Thecentreof the circle is (0,3VIKs), with the radius of 3VIEKs

=¥ ,
Figld
heating
a limit
Raled pf«
085lag .-
f Lo
« Machine
rating
‘-"\.
~h
-
3'l"ltl'l-
W
Ts
B Armature
= heating int
| %
Eu:- _:El!

Department of EEE, NSCET, Theni Page-45




