Synchronous Machine

3-phase 4-pole SOHz 2,200 V 1,870kW star-co
achronous impedance of (0-06 ‘ Se. The roychro
padanca ( +j0-602)/phase, The motgy is :l: b Totor

Al the motor output is 1,870kW and its efficiency js 0-9p.u a& 15 09 lagy;
kVAr, kw and kVA input to the motor, (b) the inpu: Cun':en‘; Etemﬁne a) ||-,g';

to the motor, (c) the load angle of the motor in mechanica] de and powey ¢

field current of the motor. STees, ang (da}c:::
;!n:.ﬁitBkVA:, 2,080kW; 2,}70kVA; 570A; 0-955 |a ing: 7
_ B8IN8; 778 mechapjgy

124 A 2,200V 3-phase star-connected synchronous motor

0-6Q)/phase and a synchronous reactance of 642/ o resistance
Sl v phase. Find : of
gthm?me the generated e.m.f. and the angular retardation of t?m E;ap hma“}' or
input is 200kW at (a) a power factor of unity, (&) a power factor of ?}I..Bﬂil;:g‘lh:
ing,

Ans. 2200V, 15%; 2,640V, 13-5°,. (C.&G)

125 A 400V 3-phase S0Hz star<connected synchronous i
_ S OLIOUS moto
sll:run_um nnped;mne per phase of (1 + j5)AL. It takes a line cu;rehnaiso?‘ls A
| : unnyisp?wcr actor when operating with a certain field current. [f the IUA
| increased until the line current is 40A, the field current re 'qad
| find the new power factor and the gross output power, Tvng

Ans. 0957 lagging, 25kW. (H.N.C)

12.6 I‘:flg_ﬂsﬁwmtpgaas; induction Irnulor has a full-load efficiency and power
Srrespectively. A 3-phase star-connected cyne
motor, connected to the same mains, is to bep e connected synchronoys

the resultant power fact - <€xcited in order to improv
. - Or 10 unity. The synchronous motor also dri prove
X stant load, its power input being 100kW. The I el

——r

™

- D Fale sl
4 - S B

synchronous reactance in€ voltage is 415V and the
| . Ll hase fthes chr N.5 -

1 bﬂﬂgnegh ble. i y 0l ynchronous motor is 0-50). the resistance
| motor. gl Determine the induced e.m.f. per phase of the synchronous
| Ans. 306V, (H.N.C)
i 127 As

nous
bust Explain mﬁ?ﬁﬂ;m::;‘r Operates on constant-voltage constant-frequency
:' on power t, power factor vaniation of (a) excitation and (b) steam supply
_ Ir An 11kV » AImature current and [oad angle of the machine.

at unity E’m factor when . Synchronous generator delivers 4.000kVA
the st - bymon constant-voltage constant-frequency

p;;lcenl determine the kVA and power

€ Steam supply is constant and the
€Ct power losses and assume the

(L.U)

Procedure for sypcp

€hronizing and co j -
¢ nnecting a 3-phase
fstan 'r"ﬂ“ﬂlfy busbars. How is the u!tjjtput

.0 and the synchrongge 'Y 50Hz busbars, The winding
! < T BYE AN open<circuit emf, of | kV. 10Q. If the excitation is
| *¥» What is the maximum power
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output of the machine? Find the armature current and power factor for this

tion. H.N.C,
wﬁij. 10-9 MW; 1,4B80A; 0-737 leading. (HN.C)

12.9 Show that the maximum power that a synchronous generator can suppl
when connected Lo cnnﬁlanl-mltage constant-frequency busbars increase “El{

the Exﬂilﬂliﬂﬂ.
An 11kV 3-phase star-connected turbo-alternator delivers 240A at unit

ower factor when running on constant voltage and frequency busbars. If the
excitation Is increased so that the delivered current rises to 300 A, find the

factor at which the machine now works and the percentage increase in the

induced e.m.f. assuming a constant steam supply and uﬂchanged eﬂiciency, The

armature resistance is 0-5£) per phase and the synchronous reactance 100 per

phase: (H.N.C)
Ans. 0-802 lagging: 24 per cent

12.10 An 11kV 300 MVA 3-phase alternator has a steady short-circuit current
equal to half its rated value. Determine graphically or otherwise the maximum

load the machine can deliver when connected to 11kV constant-voltage constant-
frequency busbars with its field excited to give an open-circuit voltage of
12:7kV/phase. Find also the armature current and power factor corresponding
to this load. Ignore armature resistance. (HN.C))

Ans. 300MW; 17-4kA; 0-895 leading
12.11 An alternator having a synchronous impedance of R + jX ohms/phase is
supplying constant voltage and frequency busbars. Describe, with the aid of
complexor diag , Lthe changes in current and power factor when the excitation
is varied over a wide range, the steam supply remaining unchanged. Thecomplexor
diagrams should show the locus of the induced e.m.f.

A star-connected alternator supplies 300A at unity power factor to 6,600V
constant voltage and frequency busbars. If the induced e.m..f. is now reduced
by 20 per cent, the steam supply remaining unchanged, determine the new values
of the current and power factor. Assume the synchronous reactance is 5€)/phase,
the resistance is negligible and the efficiency constant. (H.N.C)

Ans. 350A; 0-85 leading
12.12 Deduce an expression for the 5ynchmn£zing power of an alternator.

Calculate the synchromzing power in kilowatis per dﬁ'gfﬁ'ﬂ of mﬂhﬂﬂiﬁ?]
displacement at full load for a 1,000kVA 6,600V 0-8 power-factor 50Hz 8-pole

oy synchronous

. ; [ 101 = 1 a
star-connected alternator having a ncg!lglhh. resistance and (L.U.)

reactance of 60 per cent.
Ans. 158kW per mechanical degree.

1213 A 40 MVA SOHz 3,000 rev/min turbine-driven alternator has an

i stead
equiraicnt moment of inertia of 1.3“]1‘8'"'2* and the machine has a /

sy - ' al full-load current. _
short-circuit current of four times its norm frequency at which hunting may take

. s s > timate the h
Deducing any formula used, es “infinite" grid system.

place when the alternator is connected 0 an (H.N.C))

Ans. 3-14 Hz.

: -
12.14 An11KkV 3-phase star-connected turhu::---.mlt.'::r::at«::nr%riiﬁaat ﬁgﬁtf e;; ;lpb:;:tﬁ A
voltage constant-frequency busbars. The armature r i
the synchronous reactance is 100). The alternator IS




3526  Transformers
Two irsasformers of equal voltage ratios but with the following ray,
‘ A—1,000kVA, 1 cen! resistance, S : s
Eﬁﬁ B:i.smtv,q; l!::r cent resistance, fe ;c:?c;:?;;::;:

are connected in parailel 10 feed a load of 1,000kW at 0-8p . lagging Determ;

the KVA in cach transformer and its power factor. e ine
{ Note. Impedances may be expressed in per-unit form by dividing the P“ttﬁtfg:

es by 100.)
ime. A: 448KVA, 0-73 lagging. B: 804kVA, 0834 lagging.
920 Two single-phase transformers work in parallel on a load of
08p.f laggmg Determine the secondary voltage and the oulpmﬂm‘;fv{m al
factor of each transformer. POWer
Test data are:
w: 11,000V/3,300V for ezch transformer
+ circuit with hov. winding short-circuited:
Transformer A: secondary input 200V, 400A, 15kW
Trapsiormer B:_m&ryinpm 100V, 400A, 20kW Ly
Anms. 3,190V; A: BOTEVA, 0-65 lagging. B: 1,615kVA, 086 lagging L)

T T T R
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GENERAL PRINCIPLES
oF ROTATING MACHINES

Rotating machines vary greatly in size, ranging from a few watts
o 600 MW and above—a ratio of power outputs of over 107.

They also vary greatly in type depending on the number and inter-
connexion of their windings and the nature of electrical supply to

which they are to be connected. Despite these differences of size

and type their general principles of operation are the same, and it 18
the purpose of this chapter 1o examine these common principles.
Three succeeding chapters give a more detailed treatment of parti-

cular types of maching.

10.1 Modes of Operation

There are three distinguishable ways or modes of operation of rotat-
ing machines and these are illustrated in the block diagrams of Fig,
10.. The three modes, motoring, generating and braking, are

specified below.

MOTORING MODE

Electrical energy is supplied to the main or armalure winding of the
machine and a mechanical energy output is available at a rotating
shaft. This mode of operation 1s illustrated in Fig. 10.1(a), which
takes the form of a 2-port representation of a machine, one port
being electrical and the other mechanical.

327
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| ernally applied voltage v drives a current ;

- induction of e.m.f. is discussed in Section 10.4. T © Procegg

| led to absorb electrical energy at the rate e, A, lm!gm thug
= , » | 80

.1. mrgx olor) at an angular velocity w,, and R
. isdelivered at the rate of w,T./". The process of torqu:nl;crgldﬁnefﬂ}f
is discusse él's Section 10.5. An externally applied load ;i:zn
- [ = .l -_i » -. & e

§ h‘m that of rotation enables the load

| (10.1)

tarn.or and its mechanical load.
followis (> Mcluded in the externa
olowing eqo, (10.1), i 1, and 7.

1e will rotate at a

qd th € mact

I

o

a sufficient period

The windip, 0cess of

flux is obtained for moderate values of m.m.F.

with the rotor diameter the radial air-gap I
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machines this may be provided by permanent

most machines it 1s provided “lemmmﬂgﬂeli{:auy magnets, but in
Some machines have a separate field win

quired magnetic field. For such machine

Fig, 10.1(a) would require a second electrical port.
sing'lplicity this has been omitted. The energy F:d to ttl:: ‘rﬁ:ﬂf’ sake of
s either dissipated as loss in the field wi Winding

: Inding or is stored i
associated magnetic field and does not enter into the c;gv:; the
PI'OCES& 10N

ding 1o produce the
re-
s the block diagram of

GENERATING MODE

Mechanical energy is supplied to the shaft of the machine by a prime
mover and an electrical energy output is available at the armzture*
winding terminals. This mode of operation is illustrated in Fj
10.1(b). The shaft of the machine is driven at an angular velncif '
wy in the direction of the applied external instantaneous tarqui
Tx' and in opposition to the torque T4 due to the armature winding
enabling the machine to absorb mechanical energy. The armature
winding has an e.m.f. e induced in it which drives a current through
an external load of terminal voltage ». Eqns. (10.1) and (10.2)
apply equally to generator action.

BRAKING MODE

In this mode of operation the machine has both a mechanical energy
mput and an electrical energy input. The total energy input is
dissipated as loss in the machine. This mode is of limited practical
application but occurs sometimes in the operation of induction
and other machines.

10.2 Rotating Machine Structures

Rotating electrical machines have two members, a stationary member
called the stator and a rotating member 'ca!led 't.he rotor. The s;a:_f:r
and rotor together constitute the magnetic f;;?;ﬁwo{h E‘:I’:mf;n etiz
chine an -of magnetic matert t mag
machine and both are made gn by
a cylinder and the stator a hollow cylinder. The rotor and stator

are separated by a small air-gap as shown In F‘F‘ _ll;ﬂi_s s BJTP The
stator and rotor magnetic cores are usually, kol tnvariably,
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 built up from laminations (typically 0 o)

eddy-curren untnp t loss. (pieatly 035 mm thick)in order v redy
.._@ﬁgmt_iﬁ-mmama‘mumaj torque has to be sustginag ce
m@rm‘i mﬁ?f- A"l‘?ﬂldmg cnpablc of carrylng :IHEd betwem
sustaining torque is required on at least one l'ﬂn:'mlmr'_-l-m-m"“t and qf
but not always, on both. One method of arranging w‘:;md_ USually
I_-m_mchme is to place coils in uniformly distribu;ndmgs in 3
both the stator and the rotor. This method is mustraf:d S:msi: on
n Fig,

Stator

Air gop

Rotor

= r .

- =

Fig. 102 BASIC ARRANGEMENT OF A ROTATING MACHINE
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of a slot. Each coil has one coil s

:::lt‘:hi other at the bottom. de at the top of the slot

An alternative ar_rangement to having uniform slotting on h
sides of the air-gap 15 to have salient poles around which Ere W oth
cnneentrated coils to provide the field winding. The salient nu?d
may be on either the stator or the rotor, and such arrangemﬂntlzu €s
[lustrated in Figs. 10.4 and 10.5(a). are

The salient-pole stator arrangement is commonly used for dir
current machines and occasionally for small sizes of Sy“Chrc:nicJ;

Salient pole

Concentrated
coil

Stator yoke

Pole shoes

Rotor

Fig. 10.4 SALIENT-POLE STATOR

machine. As far as d.c. machines are concerned the stator is most
often referred to as the field and the rotor as the armature. The main
winding in such a machine is on the rotor and is called the armature
winding.

The salient pole rotor arrangement is most often used for syn-
chronous machines. In such machines the main winding is on
the stator but it is often called the armature winding.

In general, rotating machines can have any even number of poles.
The concentrated coil windings surrounding the poles are excited
s0 as to make successive poles of alternate north and south polarity.

The salient-pole rotor structure s unsuitable for large high-speed
turbo-alternators used in the supply industry because of the high
stress in the rotor due to centrifugal force. In such machines a
cylindrical rotor is used as shown in Fig. 10.5(b). _U!:ufcrm} slotting
occupies two thirds of the rotor surface. the remaining third being

unslotted, Such rotors are usually solid steel forgings.
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tb)

Fig. 10.5 roTORS
(a) Salient pole (5 Cylindrical

10.3 Self- and Mutusl Inductance of Stator and Rotor Windings

The simplest rotating machine structure is a 2-pole machine with a
uniform air-gap as shown in Fig, 10.2 which does not exhibit
“saliency" (i.e. does not have salient poles) on either side of the air-

£ap. In this and all succeeding sections of this chapter only 2-pole
machines will be considered.

chosen to correspond with a horizontal an ar refl '
wmm?md-my at which 0 = R Moo
A convention for positive current in 5 coil must be established
and this is done in the following way. Consider a winding zchbal: the
stator windmgar Fig. 10.6(a) whose axis corresponds with the d-
axis. Positive current is taken to produce an m,m f. acting in the

General Principles of Rotating Machines

Rotor

—— . W —— W ——

Stator mumt. oxis

:
tator
i
I"'rl- ig

—f— = ] —

: Yl
.
Fe

R COILS
Fig. 10.6 MUTUAL COUPLING OF STATOR AND ROTO
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. whose axis does not correspond with the d-axis i
the clockwise angle through which the coil must pe rota
m.f. acts along thei pqsmve direction of the ~axis S
. 10.6(a) shows a rotor winding at an angle 6, to the d-axi

$F b cairrent in this coil were reversed, reprcﬁente::i in the diagram bs‘
interchange of the dots and crosses of the rotor winding, the Windjny
position would be taken as 180° + fr. °

Fiag, 10.6(8) is a circuit mersenmﬂan of the gonﬁguration shown
at (a) which uses the dot notation. The dot notation for coils capabje
of rotation can be expressed as “currents entering the dotted end
of a winding give rise to an m.m.f. which acts towards the doteg
coil end™. -

Evidently the mutual inductance between [he stator and rotor wing.
ings is a positive maximum in the configuration of Fig. 10.6(c), where
8, = 0, and a negative maximum for that of f‘:g. 10.6(e), where §, —
180°. Further, in the configuration of Fig. 10.6(g), where the

indine axes are at right angles, the mutual inductance between the
R ._g is zero, If the rotor is considered to have diametra]
coils (i.e. coil sides in diametrically opposite slots) then the current of
Wﬁ: 1 hﬂh the stator flux 1in the OPPGSitE direction to that of the
current in coil 3 so that the net current-flux linkage is zero.

The mutual coupling between the stator and rotor coils depends
on the angular separation of their m.m.f. axes ;. When an induc-
tance is a function of 6 in this way it will be denoted by the symbo]

Z. Where an inductance is not a function of 6 it is written L.

- The mutual coupling between the stator and rotor windings is

evidently a cosine-like or even function of the form

.‘.?.', = Ly{cos b, + ks cos 30, + ks cos 56, . . .) (10.3)

11 all terms except the fundamental are ignored,
.y,: Lyr cos 6, (10.4)
‘Since the air-gap is uniform, the permeance of the stator and rotor
magnetic circuits munaﬂ’n:ted by rotor position and the stator and
1Ff the stator has salient poles, the mutual inductance between the

. Mtafor and rotor windings is still given by eqn. (10.3) though the

e _;:.H:_-;-IFAﬂh'kHiihﬁ efc. ﬂﬁ“ﬂbﬂidﬂﬁ” .
space harmonics are ignored, the mutual mﬂm“l?;vféng;

. constant independeat of 6, but the selFinductunce o oo 1y
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Laa, 5ay, but when it 18 limed up with an axis at right
neles o the d-axis, thf_: quﬂdmrure axis (g-axis), the self-inductance
ﬂL']gi have fallen to a minimum ?'ahfe Lqq, say, because of the much
3 gr permeance of the magnetic circuit centred on this axis.

Iniﬂef the rotor has turned through 180° the rotor m.m.f. axis
again corresponds with the d-axis so that its self-inductance again

(ﬂ) (b}

Fig. ]0.7 VARIATION OF SELF-INDUCTANCE DUE TO SALIENCY

has the maximum value Lga. Fig. 10.7(b) shows Zr to a base of
§,, from which approximately

ffr=[f0+L2C{)52Br

or, from Fig. 10.7(b),
Ly = HLaa + Leg) + $Laa — Lqq) cos 26,
on the rotor, on the other hand, the

rotor self-inductance becomes constant and the stator self-md;i‘t:m:ﬁz
changes. In such a case the d- and g-axis are dec::ed to _I;Dbe“; at
d-axis coinciding with the salient-pole axis and the tg;azlaﬁatioﬁ E
right angles to the d-axis. Eqn. (10.6) th;injLi gw‘csn X
stator-winding self-inductance without modificatio

Py = HLaa + Lg) + #Laa — Lgq

(10.5)

(10.6)

When the saliency occurs

) cos 20, (10.7)

10.4 General Expression for Induced E.ML.F.

and a rotor winding

' tator w
dt with respect to the s
i indings carry instantaneous

indi that rotates at a
Consider a stator wxpdtng s, g
steady angular velocity wr =

ing, as shown in Fig. 10.8. Let the W




]
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currents is, ir Which, _in.ggne-::ral, will be functions of time, Th
inductance of the windings is a function of 6, as also wil] pe 0’;‘-! Mutyg)

selfinductances if saliency exists on cither side of the ;_F‘fthe
Since the position of the rotor winding 0, is a functiop otl‘?:p'
| q

Fig. /0.8 INDUCED E.M.F. AND TORQUE IN A ROTATING MACHINE

such inductances are implicitly functions of time. The e.m.f, jp.
duced in the rotor winding is

d
ey = E.;(frrir + L eris)
Differentiating each term as a product,
. agﬂ ﬁr y d’r a-? & dar . dia
| 5 g ¥ . .E’ 2 dff - df-l'
ey rr Wrly + - H-(Qfl'l'l'grr?ﬁ,' +-5alr'? (10.8)
Eﬂhﬂ;;l voltages Transformar vulta.gul
where £y’ = 6%1,/26 etc. and w, = db,/dt.
[t will be seen that the expression for e, contains terms of two

distinct types: (a) voltages proportional to the ro

DA AR, YONABES: pIC al | e rotor angular
i “ﬂﬂuﬂifﬂfﬂﬁﬂfﬁ :?.Ifflgﬂ_i, and (b) voltages proportig;nal
*;‘:'ff:;w ?#l!qgmmndmi Glig currents. These latter are

' n§== reir + Lo wyiy + & or Wely 4+ rr‘;"if + Ly %f (10.9)
dt '

| ’Zm voltage applied to the stator winding is

=rit Lulvis + Pl b 2,8 L b

."u :_
11 - :'_ B x
= I__- _ L r_,
E=_; - —I':

- (] b -

- I e Tl

S | Ll = o P B :
L M S
(9 ||1:"":. '

gry_ == =

Lo

Y G PR

) —
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In general, for n coupled windings the voltage applied :

winding is RECE IO
k=n 4

vy = raiy + -t; i L 1ele) (10.11)

When th_ere are additional stator or rotor windings the expression
for a winding voltage may usually be inferred by extension of eqn

(10.9) or eqn. (10.10).
10.5 General Expression for Torque

Consider again a mt:schine consisting of a stator winding s and a
rotor winding r rotating at a steady angular velocity w,, as shown in
Fig. 10.8. The total instantaneous power fed into the machine is

P" = Urir —+ U;f;
Substituting for vs and v, in terms of eqns. (10.9) and (10.10),

1 ! . 5 I d‘ -
Pe = r""'z + fl'lf‘ Im!‘Ir2 -+ faf Welrls + -(!-Frrl‘r ﬁ = ysrfr d?l:

. g _ di diy
+ rsis® + L os Wris® + L ot Wrirls + &L g5is 'E:": + -?:rfa‘d_: (10.12)

In this equation the terms ryi,®> and r¢,® represent power loss in the

winding resistances.
The energy stored in the maenetic fields associated with the two

coils 1s

Wr. == %--gyrriﬁr2 + }-g,ssfsa + Porisir

The rate at which energy is stored in the magnetic field is

di , , . dis
%? == 1&'l*ra rr W + L rrir B‘Fr 55 i,sﬂ s Wr ’?"’I*B}-

dir di#

+ i;irf;r'mf + gﬂll "d_‘" -+ f;rl}?{' (10.13)

where again &y, = 8% ,s[00y, etc., and @ = db;|dt.

There is an instantancous mechanical
to that portion of the instantaneous

power output corresponding

electrical power input which is




- - in the winding resistances nor used to store eney
2 m dml" d. If the instantaneous torque on the rﬁtﬂrgl}g’
. = - m mﬁm

T 1 _' 5 . 'r‘ . g d"’!
S =T = pe— Trir® = Tels" =,
Il _='*-'.?'r'r"ﬁ‘.hﬂfrt 4+ Lo wriris + 4L ss'wyi?

ar

= l-?rr it 4 Lorlivie + L% s (10.14)

tor windings the ¢
there are additional stator or ro £s otal
When on the rotor or stator may be inferred by extension of

$ (1&14)

41 B otor has a uniform air-gap. The stator and rotor
4 _ mm *ﬂﬂ‘l{ih of the rotor coil may rotate relative to that of
e T;:-wl? ﬂmm mutual inductance between the coils is such that

(@) Show when the axes of the coils are lined up on the d-axis and each
m ﬂu?"éM'umﬂ:itamﬂy positive current, the coils are in a position of

{G}F-whh "' wﬂim aligned the current in either coil is reversed show that

ﬁﬁmkmufmhleequﬂibnum
Ny m an arrangement the rotor and stator coils are in series, the rotor
- s G gﬂmguﬂ,aﬂs*mdthcmmum mutual inductance s 1H.

. Calculate the coil currents if the mutual torque on the rotor is to be
n lmﬂamn‘?l;: —b direction and the coils are excited with direct current.

| E IR e SN ;'torqnemg:mbynqn (10.14) as
i t : ﬂ“=i-’ﬂ'n?i4+ Fo'ids + 1 L4 1° (10.14)

. J <F % the air-gap is uniform the rotor and stator winding self-inductances are
Loy A mmwmﬂﬁlﬁﬁdﬂnﬁ:mwadﬂ Zn' =0and o' = 0.

AR *=%w.a = 5 (Lncos8) = ~Lo s,

S . -" l_| ._.:; . = :

(10.15)

lignes naihlhumtarmﬂ axis 6, = 0 and the torque
ven a small d e -1—15&!;1:&!11 this position, with
positive _ torque takes on a negative value
iﬁ'm Iamtﬁm mhrt:q its nitial pmuu;ngumlarly
* __r. iven a small deflectior ﬂﬁﬂ:_ﬂwm!ttahﬁonaptmtwe value
) the +6, dir ﬂimal pomllﬂn
site result occurs and
50 as 1o increase the

e "; > hﬂm?mﬂﬂﬂlﬂhﬁpmqumhnum

i !_:"' _3 ;J! o 1’@!}“‘“‘-}*
'--_i ,ﬁﬂ. ;.: ﬁii&? fo ﬂﬂﬁllmﬂlplhﬁm

| "1 . ||I|
..-._._" -i'i' "I“i

L L et At
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From eqn. (10. 15) for is = ir = I, the stead
winding is at any angle fy is

T = —Lyl?sin b,

339

¥ lorque when the axis of the rotor

As the torque on the rotor is to act in the —#6 direction, T = —100N- Thi
gﬂrﬁ = q

I = eias = 19A

EXAMPLE 102  An electrodynamic wattmeter has a fixed current coil and a
rotatable voltage coil. The magnetic circuit of the device does not exhibit
saliency. The following are details of a particular wattmeter:

Full-scale deflection . ) . . S 110s
Control-spring constant : - 107"N-m/deg
Maximum current-coul current (r m.s. ) . 10A
Maximum voltage-coil voltage (r.m.s.) . . 60V
Voltage-coil resistance . . . : . 60002

The mutual inductance between the coils varies cosinusoidally with the angle

ufscparallﬂ]] of the coil axes. Thezero on the instrument corresponds to a voltage-
coil position of 6, = 145°.

(@) Determine the direct current flowing in the current coil when a direct

voltage of 60V is applied to the voltage coil and the angular deflection is
100° from the instrument scale zero.

(b) For a sinusoidally g current-coil current of 6 A (r.m.s.) and a voltage-
coil voltage of 60V (r.m.s.) of the same frequency as the current, determine
the phase angle by which the current lags the voltage when the voltage-
coil deflection is 60° from the instrument scale zero.

I'he reactance of the voltage coil is negligible compared with its resistance
A diagram of the arrangement is given in Fig. 10.9.

no*

Bru-‘t45 8, =35°

Current coil, s

-

*  §.=0

g. 10.9

Since there is no saliency and ¢ = Lqr cos By, the expression for the instan-

taneous torque is the same as that found in Example 10.2, namely

== ¢ 5in Oy

-scale deflection are substituted the value of Lsy, the
mdﬁgm{fnﬂil inductance between the coils, is found. Since the

deflection is in the — 0y direction the torque is negative.

(10.15)
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&0 _— Ty .

-

10 x 1077 _ 102 x {0-"H
L = 5T % 10 X 5in 35°

g, = 145 — 100 = 45°. This gives, in eqn. (10.15),
~100 X 1077 = =192 x 1077 x O*1 x [, sin 45°

L i = 737A

*lﬁxﬂ'lxﬁ'mT —

ie = lem 008 (01 — ¢)
The instantaneous torque is, from eqn. (10.15),
T = —Lalw 05 wilm 005 (0 — ¢) sin 6,
= —§Lorlrmlim sin B:cos ¢ + cos 2wt — §))

torque is therefore
T = —}Luckmlo= sin 8, cosé

Vi = 0-525
V2 x 60
600 X v"! X6 x 0995

o g i ORE LY. the unthe positive
waly rorer DM tGH0S on the gystem |
rolating machine 15 10 be pry:du::«;f

= 3§°

(e) When the angular deflection is 100" the pasition of the voltage coj s

(b) I the voltage-coil current is taken as reference, the current-coil current i

This expression shows that the instantaneous torgue consists of two components:
(@

et | at, and (4) an alternating ponent which oscillates at
wio Wmﬁ in the two coils. The inertia of the rotating

twice
system will prevent its responding to the alternating component. The average

e, =
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erefore, some method must be foynd of maintain e = DIS
;';gular displacement of the axes of the rotor aﬂdn;rtj;;gt ;r cﬁ?i!:[ill?nt RSy
m.m.f.s under steady mnd_ltmns despite the rotation of ghe ng SO
and its winding. Several different methods exist for achieyin fipor‘
the particular method chosen determipes the type of magch' IS;
The rest of the chapter is devoted to considering how this ik ::::
angular displacement of the axes of the winding m.m s is bmugh:
abont in some common types of machine.

10,7 The Commutator

In some types of machine the stator winding
current and so the axis of the stator m.m.f., F,,
angle 1s to be maintained between the
winding m.m.f.s the rotor wind ing

1S excited with direct
s fixed. Ifg constant
axes of the stator and rotor
m.m.f. must be stationary despite

i

U: \\m,,
o

X|

Fig. 10.10 A TWO-SEGMENT COMMUTATOR

the rotation of that winding. This may be achieved by exciting the
rotor winding with direct current supplied through a commutator.
Fig. 10.10 shows a simple 2-segment commutator which consists
essentially of a hollow cylinder of copper split in half, each being
insulated from the other and from the shaft. One end of a rotor
coil is joined to each commutator segment. Two brushes, fixed in
Space, make alternate contact with each segment of the commutator
as it rotates, Although the current in the coil reverses twice in each -y o
revolution, it will be seen that whichever of the coil sides, a or @', lies £
to the left of the brush axis XX will carry current in the direction
indicated by ©, whereas whichever coil side lies to the right of
XX carries current in the direction indicated by @, : :
A rotor winding consisting of many coils wound into uniformly




'@ﬁﬂ&hemtm is not salient pole the
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2 supphed  through g Co
Fatind slots may also be supp b Commy gy,
g‘:;;’h:fwﬁw two ends of each coil is connected (o e o Ator

| ¥ : {-’ |"?'.!I[_'"{
commutator segments, The rotor coils are connecte in el

= % Lhe
ends of successive colls being joined at the commutaror a8 show, ih

1 i 2 [} i “I] g
o 10, . Such windings are double-layer windings,
Fl. li ;ﬂllﬂl.(lﬂ)[b) 18 & conventional representation of such

where the commutator is not shown and the brushes are thougp,

O iy (B
(a)

e 1001 A MULTI-StGMENT COMMUTATOR

of as bearing directly on the conductors. All the conductors to the
left of the brush axis Garry current in the direction ® and
1o Its right carry current in the direction (. Te will be se
that lu?p]y_ing the rotor winding through a commut
eflect of fixing a certain current pattern in space
the winding, As a result the axis of the roto
Py, 18 fixed in space and coincides with the brush
brush at which the current enters
dotted end of the Winding.

all those
en, therefore,
ator has the
despite rotation of
r winding m.m.f,
axis. The positive
the winding corresponds to the

10.8 Separately Excited D, Machine

The d.c. machine has salient pole structure on
{he stator and a non-salient poje rotor. The stator h};s a concentrated
coil winding; thﬁ_rator winding Is distributed i slots, Fig, 10.4
i "}: gueture commonly adopied gy (p d.c. machine, The
hm winding iy excited “q-lh_'dire_ut current, and the rotor winding
, R lled - .th direct current :t.]."-"“ﬂh & commutator, thus main-
'ltaﬁrga:daganﬁ:n\tizg :Iqr di‘f_;lmmﬂf' between (e axes of the
tenadce. & mam.Ls as jy feuired for torque main-

llﬂ'ttlr-wlndl'ng selfsinductance

4 Winding,
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x

ith the angular position of the rotor as explained in
ary w :
pot VALY

docs .2,
ection 103 (10.16)
jf’" e L
0 that
" o%u _ o (10.17)
Lu = 0 S
| inductance between the stator and rotor windings is
The mutu e
Ly = Ly COS Oy )
R (10.18)
L = Lz sin 0y -
“ A

' there is saliency on the stator the rotor self-inductance varies
'Sr:nl[if angular positi':,m of the rotor and 1s given by eqn. (10.6) as
wil = -

Lo = W Laa 4 Lgg) + $(Laa — Lyg) cos 20, (10.6)
s0 that

H‘rr—r‘ = ""'(!-;‘.‘Hf — !efﬂ‘;} f'li“ 29,- {I{Jlgl
Eqn. (10.9) gives the voltage to the rotor winding as
: 0 l‘.'-h,r -?J ffi‘hl [ ]” {}J

Ve == Iyly + —Trr’f”rf‘r -4- ylrjf-‘.’rla + Ly E 4 L g di -

Consider a separately excited d.c. n‘tuc.hnu:: wlnh ::‘cru:]ji,n élll:;t
voltages, Vy and V,, applied o the s[alnr'dﬁm lr::;mr s
Let the steady, direct currents in the H!H“mett::rut e s
be [, and /. The time rates of change of lhc:aiu- 5;_”1’ if; )
zero o that the voltage applied to the rotor winding

et (10.20)
Ve = rely & Lo wply + X' il
or
' I 10.21)
Ve = rely — (Lag — Lqg) 8in 20pwely — Lo 5in Opoply
r 4

: | jonal voltages, and

In this equation the terms involving oy ﬂrel rn:ﬁ:ﬂrr; o5 rﬁ v alven

the larger these terms are, for a given H"E“ u:\uchinc will: be as an

winding currents, the more eﬁ'ccllj-ff: t l’-'t: tor winding current

: tor, For the commutation of' t aifota e by

fg “'I";f‘:lly C;}‘:;ir wiihoul sparking between bru;hee. E]% :} An e

ol i ' : t right angles (o the _

the brush axis m;?lsbzﬂt:&q{;’:"::“:g’ :;5 en%cd by ﬁlll,'ﬂ,tuli.i.:lg :Et
wt;ldmﬂg mmﬁ.ﬂ i:. eqn. (10,21) and has the effect of making

value 0y = - -
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I, increasing

I, increasing

o —
Il‘ II"'
(b) (c)
Fig. 10,12 SEPARATELY EXCITED D.C. MOTOR
: 5 : rotational voltage involving the term (Laa — Lqgg) zero but the
' q_tata_ona,l voltage involving the the term Ls; a maximum. Sub-
' stituting fy = —/2 in eqn. (10.21) has the advantage of removing

t‘mm the q:!yat;iqns minus signs which could be a source of con-
fusion. Assigning the value f, = —n/2 means that the dotted end
of the rotor winding (i.e. the positive commutator brush) is placed at

vl‘E I increasing
. Ab)
-

1 _‘ ‘_‘-1' 1T . Flg- J0.13 SEPARATELY EXCITED D.C, GENERATOR 7
{4 "i'[_l R -ﬂmﬂlﬂiuﬁaﬁtﬂﬁon gives £ li,l 10.13 and 10.14. Carrying
g W= rdet Lo,

(10.22)

e . =,
- ] - i - I'."_
L] -

I
. - & B
s y s 7 ' = .
11 4 i [ ’ 5 T .
— o g 1 1acninge conmn
z } y S El
i '- o " - -
n =

.r'l-—--‘-..__ e =
i ¥ u f
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The voltage Lsrwels i'_s a gteady, direct rotational voltage due to the
rotation of the rotor wrpd_lng ir} a magnetic fieid set up by the stator
winding. The fact that it is a direct voltage is due to the effect of the
commutator.

When attention 18 directed to the voltage applied to the stator
winding it will be realized that no rotational voltage will appear
in the winding, This is so because, in spite of rotor rotation, the
cotor winding m.m.f. axis is fixed in space by the action of - the
commutator, and so the rotor flux does not change its linkage with
the stator winding even when the rotor rotates. The voltage applied

to the stator winding is therefore given by eqn. (10.10):

Ve = rals (10.23)
The instantaneous torque developed is given by eqn. (10.14) as

T’ = 3Zwir® + Lor'iris + 4L 515" (10.14)
As previously noted,

L =0 (10.17)

PLs' = —Lyrsin b, (10.18)

P, = —(Laa — Lqg) sin 26, (10.19)

The positive rotor brush or terminal is located at i, = —m/2,

and the rotor and stator windings carry steady currents Iy and I
The steady torque 7 is then given by substitution in eqn. (10.14) as

— —}(Lag — Lqg) sin (—m)? — Ler sin (—7/2) s

= Ly 11, (10.24)

The torque/rotor-winding-current characteristic is shown in Fig.

10.12(5).
The result shown in eqn. (10.24)

eqn. (10.22) by Ir, which gives
Velr = rely® + Lsrwr!rfs

The term VI, represents the input p
LsrwplyI5 the portion which 1s availab
power. Therefore

wrl = Lgrﬂjrf rI 8
or the torque on the rotor is
T = LHI rI §

may be confirmed by multiplying

ower to the rotor winding, and
le for conversion to mechanical

(10.24)

e ——————

-
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I|JI | -11 _I |

I
O 1
| TE) — Ve

e A Ve = rely E Using the assumptions previously made the steady-state Operating equations are "_ 1. ﬁ.’t BT Y 1 ' Ll!}
Jasaar _ A T T ; | S hi
g |1],' o= : Loty “—ﬂ-ZSj i 11022 | "a_-‘*% Eﬂ‘r TR
oW e ) i Vy = reds | N s RS
LN _ Egns. (10-22), (10.23) and (10.24) have been set Up oy e _" 0 (10.23) ! . R I.:i.'.jt:-‘!
|=-'I-:"' X0 m posinve current eatering the windings correspond; Oven. T Ly (10.24) | 3 ' g s
- dlectrical power input and therefore motering mode e S © (a) Adhering to the previous sign conventions and considering the armature Ll i
.~ Egn (10.24) shows the torque developed as positive, i.e, acting . DO winding open-circuit test, 17 =123V, I =0, /, = 1A, Substiluting in eqn | o
Tl +8 direction. For motor operation it is to be expected mazfﬁm-‘h‘ L
o . ﬁllule place in the same direcu'un.as that in which the t;ﬂtion 125 = (01 x 0) + (Lyrryy x 1)
= acts, and this is confirmed by the positive sign of w, given lip ?;l:e inscetnre )
- For a constant applied rotor-winding voltage and 3 s Lo = 125V/A
by, - stator current, eqn. (10.25) shows that the speed of the ser fany 125 125
T excited d.c. machine operating in the motoring mode me;‘:;lte_iy 0 Le = = 30s00/60 22l
e almost constant as the rotor winding current varies wi el :
v o &{ A : the internzl \'Olﬂ@ m vl “?]Iln‘i: Nt vanes with ]{}ad, Since (¢) When the speed of the machire is doubled, this will double the value of the
' . 4 RS ol m FT=— P Trir small‘ Ct.‘{mpared with ¥; in ' voltage coefficient. Substituting the given data for generator action in (10.22),
ol - :yﬁc : machine. _ Thue*.speed,!romr-wmdmg-cumm charae 000
¥ o m{lﬂm 1 i Fig. 10.12(c). Ll Vo = {0-1 x (—200)} + {125 x s :} = 480V
i-'ll' - 1“ fnthf}w(:]?ﬂ) and (10.29) apply equally to s ‘ e
= | ‘&ction. ey be taken to emerge from the dotted en Note that J; = —200A for generator action.
BTl ‘Totor winding and (d) From egn. (10.25),
bRl anging the sign of I, in eqn. (10.22), e R
.-.'t_ 1,000
e o Vo= —nd + Lo, e 1000 =239 x I, x2  sothat I = o= =209A
m V,!ﬁ. m F = ] If we2 is‘ the new angular velocity, then from (10.22) the new voltage coefficient,
1n Fig. iﬁ_m ' Lsrtiyrs, 1S —
i H‘ — frf:r = -Sm 3 {G'l x zng) = 240\;;“\
S I 2 L
The new speed is ';

mmm(%) = 500 x %g*—-%ﬁrev}min

10.9 Shunt and Series D.C. Machines

The stator winding of a d.c. machine is usuztlly Fxcited from the san:; 1!

supply as the rotor winding. The stator winding may be mnnec; ,
in parallel with the rotor winding across the supply to form a d.c. 3 i
shunt machine or in series with the rotor winding to form a d.c |
series machine. 5 s




e -

y '4 Ne o o ")ﬁ‘/m

Ey 8 I #}/ >y

» !ji :r' I'.’l',]',

— - Ly
(el {s)

Fig 10. 1z} shows the connexion dizsgram fora d.c. shunt

=g i the matoring mode, and Fig. 10.14(5) shows j PeTating
& - “-. 0 ‘
-&emm&: Iie operating eguations fortheghnm

chmc. I cqus (10.20) and (10.23), putting ¥, — § o g o0 B

-

S and ¥, — g
F=rl + Lok (1025
V=

G e (1028,
=L
e | _ (1024

Rz o Fig #0.15a) for motor-mode operation

I=kL+1,
| (1029
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The torquejcurreat chara raciensne of the d.c. seres motor i shown in
Fig. 10.15(5). From Fig. 10.1a),
§F == I-r + I'r = rr; = ’_r.ﬁ'";--r! — ",J
= (r- + rald + j T £10.34)
; _,-\‘\-1’1.-
e AN S
o i L
- ——
A —
]
i
;
'. ) .
{b) k =) ¥
Fe. 1015 D SERIES MOTOR
From this equation,
V—1rr+ rsMf 1.11:‘.351*

ty = =

Since (ry + r,) is very much smaller than ¥, the speed of te
- : is approximately inversely proporuonal @ the
input current. Therefore, on hght loads dangerously hugh speeds
could be reached. In practical applications of the motor, protecine
devices are used to cuard against this contingency. The speed.
current characteristic 1s shown iz Fig. 1015} e

vol of a dc. series geperator S appre ;
propﬂrmm ?uw!mﬁmm?mcmg_ The establishmen t of this output
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10.10 Universal Motor
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The universal motor is a series connected : Aviadi ~ : =
Bt Bheilet s o ob T e €d motor SUitable for Ope instantancous stator-winding voltage is therefore, from eqn. (10.10), : 'E?':
: : . fa. - - \
As_ previously, the inductance coefficients are i e Pl ke P g + _g’,,.ﬂ
& Vs dt di (10.38)
=Ly
X = Ly cos 0, (10, 16) ’1?1;" = \:{; and with the rotor winding at 6, = —7)2, Ly =0
is gl
“rr = §Laa + Lyg) + HLaa — Lyg) cos 26, (104 | di
(10) v =rd + Lo g, (10.39)
J Eqn. (10.38) written 1n complexor form gives
v
Vy = red +j{ULnI (10.40)
If ¥ is the complexor representing the supply voltage, then
V = Vr 25 Vl
Fi?- 1016 ac. SERIES MOTOR i o
To consider i St o i o | | V = Lgwel + [(rr + rs) +jm(ld'r + Lu)]f (1041)
fexion shown in Fig 10.16, let the supply ;l;r;sr:?% the series gop. The instantaneous torque developed is, from eqn. (10.14),
et e
F (=0 =iy = I cos T’ = }Lrn'ic + Lor'ipis + 1L 0slis? (10.14)
“ollowi - .
i OWing eqn. (10.9), the Instantaneoys rotor-wind Substituting the conditions previously found (%' =0, &£,
~Windin
i & Voltage = Lor, Lo’ =0, iy = iy = i) in eqn. (10.14) gives
r= rrf 4 = : X
+'?ﬂ" Dl + '?IT'WFE + fﬂ‘f! + .2; df. Ima
The dotted dr sn i (10.9) T = Lgit = Lyln®cos? ot = Ly 5 (cos2wt + 1)  (10.42)
Eubﬁhwtﬁd in :hl: a;f the rotor Wil]dlﬂg IS at @ |
v = HLas + Lay) E"" €qQuations thjs gives & T = —7/2; when : This equation therefore shows that for a.c. operation the torque
becomes T Th Ay, N Ly =i , developed by the machine consists of two components, a steady
qn. (10.9) then | torque and one that pulsates at twice the supply frequency. The
=gt L e i ric o di average torque is
. dt
;fglm quation may pe y iy, (10.36) T = Lyl® (10.43)
m?PI?D i mmPoﬂding to z, ::1 ;Omplﬁmr form, L. where I is the r.m.s. value of i. The torque/current characteristic
e aaen | ad 7 the COmplexor t ¥r be the is therefore the same as for d.c. operation. L
Vo=r1+ Lercor T | cﬂ"espﬂﬂding | Universal motors usually have a compensating winding on the
Due to the e el : stator with its m.m.f. axis coinciding with the rotor brush hamhs.
Orowinar " action of the | The compensating winding is connected in series opposition with the
rotor. - Ol lhe ¢o | P g g _ .
= l._'_“"i'.iillﬂg m.m.f, no rota‘tmmor M fixing 4 ' rotor winding and serves to reduce the voltage drop in the internal
£ whether Operation js from volta P&ﬁre 4X1s of the | reactance as well as assisting commutation. It has been ncglectf:d U
| ade o n 8.0 _’ ﬂll‘_—‘ stator | in the above analysis. A laminated stator construction is essential =
* SUpply. The , for a.c. operation. i g
s
sy e | " ! 18
S e R . g
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! EXAMPLE 10.4 A D1kW series motor has the following constants.
ye 1 Armature resistance . . : . , ; . g
! Series field resistance . \ : : ) : €4 120
Effective armature inductance J \ , 1 I 360)
8 Seri fi ' . Fr = {].,:” g
| es field inductance . \ . . i : A 1
1‘ Maximum muotiual inductance between rator and stator windings N ﬂ'%;'
- r == .H

Detarmine the input current and speed when the load torque applied
motar is O0-18 N-m (@) when connected to a 200V d.c. supply, and ®) wl O the
nected (o a 200V SOHz a.c. supply. : €0 cop.

: Neglect windage and friction and all core losses.
I {a) Considering first d.c. operation, the applied voltage is
Vo (4 1+ L] s
-' and the torque developed is .
T Lypl®

| From eqo. (10.33),
T 018
’ = /_ = — = "5 F
g [ gl

From egn. (10,34),

V= (rr 4+ rdl _ 200 = (48 x 0:504)
Lol 0-71 x 0-504

. y iy 492
, | ny e ~ X 00 = s X 60 = 4,700 rev/min
[ ]

@y ==

= 492 rad/s

. ——
(#) Considering a.c. operation, the r.m.s. current is. from eqgn. (10.43)
:-JL_: - 218 osouA

The applied voltage is
V= Lﬂ'ﬂkl + "rl' + rs) +jf-ll(£rr + Lu}"
'le{rng f as the reference complexor,
| 20008 = 071 ! B'Sﬂﬂ-w.-@f + [48 4 20 x 5003 + 0-34)]0:504/0°
| 200 cos f + /200 5in 6 = 0:3580, 4 24.2 <+ /101 e

Equating quadrate parts in this equation,
200 5in 0 = 10)

w:sin 0 = 0505, cos 0 = 0-864,
St Equating referonce parts,
o 200 X 0864 ~ 242

= 4| 5rad/s

Jnmlﬂw ol /7]

effect of 4 compensali P45 H. The effective value s

ng winding connected N series

e ——

—— —— —
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| Rotating Field due to a Three-phase Winding

10.1 oy : : :
10,17 shows a stator winding with three diametral coils aa’,
FIg: *° " “each having N, turns. The dots and crosses indicate the

' cc . it i 1
ph' and F conventionally positive current in each coil as explained

direction ©

A J-PHASE WINDING

Fig. 10.17 MM.F. DUE TO

tion 10.3. The axes of the coil m.m.f.s are therefore mutually

displaced by 27/3 radians, as shown in Fig. 10.17.
S‘I,Juppuse the three coils are supplied with balanced 3-phase cur-

cents, ia, ip and fe, such that

in Sec

ip = Iem €OS (0t — 27[3) = %ﬂ (elet—22/3) | g—i=t—=2x/3)) (10.45)

f L I — i osd & Dp !
is = lgm cos (@t + 2m[3) = 121*" (ef(mt+2el¥) 4 g—Hat+20i8)) (10.46)

The m.m.f. of coil a is directed in the reference direction when iz 1s
positive. The instantaneous value of this m.m.f. is therefore

IsmN
2

! (ei™ 4 e—iot)ed® (10.47)*

Fn‘ -
This expression has been multiplied by e (= 1) to indicate that it
acts in the space reference direction.

¢ To avoid confusion with / Tor (requency, instantaneous m.m.f. will ba represented
by F’.
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i The mimif. of coil b is directed along an axis +2n/3 radi ! LS|
1 ™ iy from the reference dllrccllﬂniwl‘mn in is positive, The tistaritas ans o B
! "'_I!ffnm value of this m.m.f. 18 therelore - eous : o

IamN:
2

i) L F t - *I ! N
) c L1 Do |F '
f | / . "_bf "RF.E_ L (E'Hml - 25) | ¢ i sl _z“f‘:”}ﬂ]'ﬁﬂfﬂ

| ' % -'_)‘: nc 2

=

L Jool o — J(ud ~ 4u/8)
(Bl F ) (10.48)

Similarly the m.m.f. due to coil ¢ at any instant is

(b)
TemN . .
o 2 - j_f{;‘__f (Ef{mf t 2n/a) 4 ¢ —Hwt L{nji!jjc jw/3
Iy = 3 = {anﬁ
o == | e

(= etg e An iR (10.49)

The resultant stator m.m.[. due to all three coils is
f‘kn, . r;l, + }r;‘l.':rir + Fr!
!A’HIN-“I

2
(EJ + e - §i el 4 lwff!]‘

1 ) i g ; o
In- -§'Ilrr| Since e Joud + e Jlad —dm/Yd) + e et + 4w f3) 0’

Iy, ™ {
I Fy =} lonNseie (10.50)

-]

——

[Ejml' + e juf _I_t:juul + e okt - 4w [3) + Ejau'

It
&m : ! ¥
This equation shows that, when three coils are so positioned that

their m.m.f, axes are mutually displaced by 2#/3 radians and are then
supplied with balanced 3-phase currents, an m.m.f. of constant
| magnitude results and the m.m.f. axis rotates at an angular velocity
of w radians per second,
For the coil configuration and phase sequence chosen the direction
(d) -' of rotation is in the 40 direction. It will be found that, if the phase
la ™ 0 sequence is reversed, the direction of rotation of the resultant m.m.f.
b ™ '?-l.m axis 1s also reversed.
"‘"f'l,m Fig. 10.18 shows the m.m.f. due to a 3-phase winding supplied
with balanced 3-phase currents for a number of different instants.
At (a) the current in phase a is positive maximum value and the
currents in the two other phases are half the negative maximum
| value. The negative currents are indicated by showing the current
A J-PHagy WINDING in the cross direction in coil sides b and ¢, and in the dot direction in |
Rk AT DIvPERENy coil sides b and ¢’. F, is shown acting along the stator m.m.f.
el - _-l axis, _
H s | ‘ Figs. 10.18(h), (¢) and (d) show successive instants in the 3-
AT | phase cycle corresponding to 30° rotations of the complexor diagram. )
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| } It will be seen that the axis of the Stator m.m.f, j also djgp,
f successive steps of 30° in the -0 direction, go that £, com F; dceq by
. revolution in each cycle and thus muys fotate with ap, angyj aF' “1es o,
of  radians per second. This is in agreement with eqn, (19 ;{;fcloﬁty
Eqn. (10.50) also shows that the m.m.f. dyo g 3-phage
| when excited by balanced 3-phase currents could pe repres
v EE the m.m.f. of a single winding of Ny tu ited wigy ﬂant
o | current of value §/,,, where the Winding is considereq ¢, »
Bli 4 an angular velocity w and N, represents the nu =
' each stator phase,
f j In Chapter 11 the resultant m.m f due to
i# windings is considered, and the effect of spa
4 | : .

: Contin |

oL m.f. mugt

@ In t.he smnc direction as the stator m.m.f i .
This rotation of the rotor m.m.r

number of dife

| machj € oft :
_ | Fig. 1051, e Nl of the salient.
Ie type of rotor 45 h i but for iy en
§ of the stato
d"dﬁmﬂ e A 31_?:;‘]0.! I, the ph Consisg ot
oY - tain Fig. 10,19, T oreiPYing the yoo Stator pe g 1l Coils

ol _ this Periphery 44
Jiced £10 the g2 Clleddig s SSbuton o LTIy
i  eres L OPeTation of gpe oo into

Wt
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function which, ignoring space harmonij
instantancous angle of the axis of the rot
phﬂhﬂ a, is

ZLar = Lgy cos 0, (]0.5]]
Since it is assumed that there are no
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€s and taking ¢

goL 2 r 45 the
Or winding with

espect to

salient poles, alf
inductances are constant and thejr angular rates of

As explained in the previous section, the 3-phas
may be considered to be replaced by a representative stator windingg

of N, turns, excited by a direct current of § /.., and rotating g
angular velocity of w radians per second The

the self.
change are 7810,

t an
4xes of both the stator

a Q T a a
e o ‘ b " o3 © ETK/)
S @) [© < 0\ W (o (C

w ¥’
3 ¥ s ' 0
cl A () b ‘ c +) ’
_[._F' II”'Ful
b ) c w b N w
¢ . ¢
® z i o
b pr—af ¢ b al vc
a a' a a w F. /T
(a)

Filg. 10.19 BYNCHRONOUS MACHINE
(a) Cenerating (5) Motoring

and rotor windings therefore rotate at w. If the

angular displacement
between these axes is € as shown in Fig. 10,19, th

en, from eqn. (10.51),

(10,52)

otor m.m.f. axis is displaced anticlockwis._c
axis, The angular rate of change of this

-g.rp,'r = Lpr COS €

When ¢ is positive the r
rom the stator m.m.f.
mutual inductance is

u-?;r’ = —LJr ﬂ"] €

(10.53)
The instantaneous

torque on the rotor is given by eqn, (10.14) as
T = -(-Z’rr‘rff2 + gn’frﬁ + }-'Z’ll,flﬂ (10-14)

The rotor winding current i, is !",a steady, direct current,hacr;: r}hc
representative stator winding carries a current of $m, w m

8 the maximum current per phase in the actual 3-phase winding.

Substituting for these currents and for the angular rates of change of
inductance in eqn. (10.14),

54
I = —'!L,.r [r!;m sin € (10 34)
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For a steady angular displacement e, between the gyes
and rotor m.m.[s, the mean torque on the rotor is

Tﬂ _}Lﬂ' If'lm sin €

It is to be noted that under steady conditions the 3-phase
unlike the single-phase machine, does not produce ap ﬂsca
component of torque.

At starting, as a motor, the rotor angular veloc
so that the displacement between the rotor and star
is € = wl, and the instantaneous torque on
eqn. (10.54) 1s

The mean value of the torque given by this equation
since the mertia of the rotating system is too large to alj
to respond to a torque which oscillates at mains I'reque
chronous motor is not self-starting,
The currents in the actual 3-phase stator windin
to be the same as those of Section 10.11:

it}' W 13
or ml-nr

ncy,
g2 may pe taken

1::=!;-005mf

(10.44}
s = Lo cOs (wr — 27/3) (10.45
e = Iem cos (01 + 2m/3) (10 %)

For the stator phase currents so chosen, the stator m m.f. ax;
. -ILI. axig
axis, and therefy

at f = 0 s along the positive direction of the 4. e
€ is the angle of separation of the rotor and stator ,
al_mnm in Fig. 10.19. When e, is positive the rotornr::.mrﬁf;‘ aa’f'ﬂ %
displaced anticlockwise from the stator m.m.f axis, and as ;I;nwis ;
eqn. (10.55), the torque on the rotor acts in the —0 direction gy
in the direction opposite to rotation. Under such circumstances tli:'
lgmchmc acts as a generator, the rotor being driven against the dir i
tlcu; ?f the torque developed on it by a prime mover. When i,
negative the torque acts in the -4 direction, i.e. in the sa e
4s rolation, and the machine acts as a motor.
When the machine is unloaded €s = 0, corres
:;jn!_ o? the rotor and stator m.m.f. axes. As load 15 imposed the
value of e, Increases, the rotor and stator m.m.f. axes are dis laced
and the appropriate torque is developed. :
& lg{_optm;pn of the syncflmnuus machine is illustrated in Figs.
AU.1%a) and (b). 1n both diagrams the stator current djst ibuti
5 drawn for the instant in the 3. hase cycl = T ol
Bt n i o P cycle when i; = J,,, and
L em, the axis of the stator m.m.f. js along the

me direction

ponding to the align-

Of thE Etatnr

. ch].ne*
atip,
ztru'

the Totor Efvenaxb?

(!U-Sﬁj

iS ZEI'G‘ a.ﬂd
OW the fotor

the s};n_
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o of the d-axis. Fig. 10.19(a) illustrates generator
positive d;r?ffg’ 10.19(b) motor action. VA

ction a0 " shases b and ¢ are assumed to be open-circuited,
8 {f the stawl‘gg applied to stator phase @ may be obtained by

rolta |
then the 111{; subscripts of eqn. (10.10) as
adapling iy Tt ?
= ria + Lar Wrlr T Zaa dt + Zar dt (10.57)
Va —
10.51
Par = L,y COS O, ( )
‘g" f o= —'—'L‘f Sln ﬁr = _"I-'Ff' Sin (U’Jrr + EI:‘ (1058}
ar

- the pﬂsit_ign of the rotor winding axis at fr = 0. Since the
lsdim: ‘s excited with direct current, i = I and di,[df = 0.
- phase a is, from eqn. (10.44), iz = Iy cos wt. Sub-
(10.57),

where €
rolor win
The currc
stituting 10 €qn-

d
g = rlsm COS oy - f-'JrLar!r sin ("Urf -+ €) + Laa Z’ (Im COS wf)

— rlom cOS W1 + @rLarly cOs (@rf + € + 7/2)

d
+ Laa Z{Tem cos wi) (10.59)

Under normal operating ;onditipns all three phaseslcarr}f current,
and under balanced conditions this has _the effect of increasing the
effective inductance per phase by apprnx:mfilel}' 50 per cent because
of the mutual inductance between phases. If the effective inductance

per phase 1S Ly, eqn. (10.59) becomes

Ug = f')rm-ﬁ. cos w! + {Ungr[r COS {.I‘:Urf + € + 7':']21
d

In complexor form eqn, (10.60) becomes

! -
mﬁ;h e« T8 L (r + jowLsys) v—q; ei® (10.61)

':"s,e.f"f’ =

or

EXAMPLE 10.5 A 2-pole 1,000V 50Hz synchronous machine has a 3-phase
starconnected stator winding each phase of which has an effective inductance
of 001 H and negligible resistance. The maximum mutual inductance between
the rotor winding and a stator phase is 0:4 H.

(@) Determine the developed torque, the stator phase current, the rotor winding
current, the angle between the stator and rotor m.m.f. axes and the induced

- i —

P HSY

L -




——
.

From egn. (10.55) the mean tor,

T = i tin

Thus the rotor current s

L= — _ =

| Fx04x /7 % 129 sin (—1257%)
| Asachadn,ﬁnm €qn. (10.73),

- =Ll 04 x 314 x 7.95

= T7-95A
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. > the stator current as the r:l'e:ren_ce complexor, then for
rﬂ;’:’r‘g‘rgﬂ_g lagging, the phase voltage will lead the curreny by Ct:sti Pglgp lf__t_ I;“?;r
Therefore
577[+369" + 04 x 314 x 12/e 4 90°
V2
o= 314

and
J = 184/—531° — 339)¢
= 110 — j147 — (339 cos ¢ + j339 sin ¢)
The quadrate part of the complex expression for the current is zero: hence
—147 — 339sine =0

E 14? x et ! e
Sjn£=_ﬁ=—ﬂ433 € = —257 and mﬁ::ﬂ-%l
Thus
=110 — (339 x 0:901) = —196A
and

I=196/180°A

The negative value of current corresponds to generating action and the reversal
of currenl with respect to the terminal voltage. The axis of the stator m.m.f. at
r = 0 is therefore at 180° whereas that of the rotor m.m.f. is at e — —25-7°.
The axis of the rotor m.m.f. is thus displaced from that of the stator m.m.f.
by 180 — 25:7 = 154:3" in the 48 direction as is to be expected for generator
action.

3 X 577 x 196 x 0-8
Output power = = 271kW
PP 1,000 :
The phase angle between the induced rotational voltage per phase and the
terminal voltage is

90 — 25-7 — 369 = 274°

R e

10.13 Three-phase Induction Machine

The 3-phase induction machine has a uniformly slotted stator and
rotor. The stator has a 3-phase winding like that of the synchronous
machine. Unlike that of the synchronous machine the rotor winding
is not excited with direct current and may be supposed to consist
of short-circuited coils. The effects of distribution are again neg-
lected, and the three stator phase windings and three rotor phase
windings are each treated as if they were single, concentrated coils.
The arrangement is shown in Fig. 10.20(a).

The stator winding is excited with balanced 3-phase currents,
which, as explained in Section 10.11, set up an m.m.f. of constant
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magnitude the axis of which rotates at o rad;
+0 direction for the 2-pole configuratio ‘808 per S¢cony ;

N the

and for the stator phase currents given byn shown' in Fig, l(}.zofﬂ)
la = I COS w1

iy = Iy 08 (w1 — 27/3) (10,44

le = dm €08 (! + 2r[3) (“0-45;

10,46

........
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i ! T
and nine mutual inductances. The resulting algebraic work though r,r -__;:ﬂﬁ_%_
i : P = oIl
qot difficult 18 extremely lcd'mus.r More sophisticated methods of B R
analysis exist which greatly simplify the algebraic manipulation but L\
are outside the scope of the present chapter. oot R P

without carrying out the actual algebraic work, however, it is -8
not difficult to anticipate the form of the expression for the current '
in any rotor phase.

Rotor current/phase o Induced rotor ¢.m.f, per phase

Rotor e.m.f, per phase o« Relative angular velocity of stator
m.m.f.. St
o Maximum mutual inductance be-
(ween a4 rotor and stator phase wind-
ng, Ly
o Maximum stator current per phase,

Iom.

The angular frequency of the rotor current per phase is also
directly proportional to the relative angular velocity of the stator
m.m.f., sw.

The current in phase 4 of the rotor winding is thus of the form

Tt kS{ULgrfm

g = Z
T

cos (sl — ¢y + 2) (10.64)

where k and « are constants, and Z, is the rotor impedance per phase:

Zr = Iy +j.§'ﬂ.l£rnn 1]0.65}
SU_Jer
i) (10.66)
¢y = tan =

Ly is the total effective rotor inductance per phase. This includes a
contribution due to mutual coupling with the two other rotos

phases. _ Ul
Analysis shows that k = ¥ and that if rotor phase d is at Uy =

at t = 0, then o = —n/[2. Therefore

2 iJWL;rIm
Z
' h as to form,
The currents in the two other rotor phases are suc ‘
with that in rotor phase d, a balanced 3-phase system of currents.

| inding will
| eqn. (10.50), the 3-phase rotor Winding ¥
;I‘:‘::{;r::}a::ﬁf:fzf goustant magnitude rotating at an angular

PN

(10.67)

cos (swt — ¢r — 7/2)
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. ~velocity sw in the 40 direction. Following egn. ( 10.50), , _! General Principles of Rotating Machines 365
. mmfis A8y, 8 e T from eqn. (10.69),
"‘F *', Bl o) gubstituting dy 8
| " Foe=} m UW' | 3 ﬂsleralm .
IR Rt ' . e | oo (- W sin (—¢r — 7/2)
el p  where Iy is the mmum rotor current per phase and ('n‘ﬁﬂ} | Yt (2) Zr :
Rl = Sy . number of turns per rotor phase: 8 | Since none of these terms varies with time the mean torque is
" « : Lt I-' ln
e Im = Sl | 3\ 8 swLar®lim® COS Pr (10.70)
] q (]069 7= (5) = Ly -
i _ ‘ W)
o  Since the rotor winding itsell is rotating at o), - o o | itive when w = d when thi ‘
e R e = il Xia _unit slip, 5, i8 positive when @ = @r, and when this condi- Saly _ o
E,-_ﬂi— - theaxis of the rotor m.m.f. has an angular velocity in spac¢( give'%‘ ﬁu'}‘lh:li;l;m the torque developed on the rotor is positive and acts e g
= et 1 Absolute ur velocity of rotor m.m.f. "oy ' the 40 direction, the direction of assumed rotor rotation. The RSN
i =l -0t sw=w | :nachiﬂb‘ therefore acts in the rpotoring mode for positive values of - ST
- | gk’ y [f the rotor is coupled to a prime mover and driven so that w, > w =

que become negative and the machine acts in the

& the angular velocity of the rotor m.m.f, 1s co | 1 :
*%ﬂr { ?h nstant and mdﬂpm. the 5||p and tor

~ dent of 10 e axes of the stator and roto ing mode.
~ rotate at the same angular velocity with an angul a: 3:;"5;-53 bot | 5‘"“:“;11%?0) shows that, like the 3-phase synchronous motor, the
Ly -!-;t-mfz{nbmnnd by--oomparing eqns. (10.50) and (lozg%cm L 3. has.c induction motor produces a non-oscillatory torque. Unlike
mchine will wmp roduce a steady torque. 08)). The f thg 3-phase synchronous motor, however, the 3-phase induction
Just as the :m.m.f. due to a 3-phase winding when exci , motor is self-starting. At starting w, = 0, and from eqn. (10.63),

3-phase currents can bc represented as the m‘m';w by -0

£ 1g of N turns excited by a direct current (;f' 3{}“ § = & = |
~when m w

s the winding is considered to rotate at w radians per

“w} | Hmm.m .f . due 0 a 3-phase rotor winding wlll:,en ;iz?;ﬂ’;“ | Eqn. (10.70) shows that a torque will be developed on the rotor for

‘balanced y mu'bc represented as the m.m.f, of 5 wind y iy yalue of::
LTy adim:t current §/, and rotating at an an Ilng

_ mmmlindumcc between a stator phase 4 aiudaar

WmL gl =
- &
iy L

PROBLEMS

101 An electrodynamic ammeter consists of a fixed coil and a moving coil
connected in series. The self-inductance of the fixed coil is 400 H and that of the

moving coil 200uH. The mutual inductance between the colls is
Lo = 100 x 1079 cos O, henry

where 0 is the position of the axis of the moving coil relative to that of the fixed
one, The zero on the instrument scale corresponds to a position of the axis of
the moving coil 0, = 145°. Full-scale deflection is 110° from the scale zero.
The control constant is §:22 % 10-5N-m per degree of deflection. Determine the
direct current required for full-scale deflection,

Ifan altcmalinﬁcurwnl of SA r.m.s, and of frequency 50 Hz passes through the
ammeter coils, what is the voltage drop across 3112 instrument terminals? The
resistance of the windings may be neglected.

Ans. 10A; 091V, (The angular deflection of the moving coil is approxi-
mately 48° from the instrument zero.)

- T ¥

s "-"-':_".E:_l"'a:_.. rl-' ; e e o .
he mutus ,henveen the two equivalent windings of
s carrying direct currents §,, and §7,,, respectivelyis
Cos e wﬁ' ence L. : .
St s . fqr = -L;r sin «

-|.|- _:,:..-
i

L “ BN

.-

placement of the axes of the stator and rotor

PRV '- ped on the rotor may be obtained
T G DA
“3-_2 A rul_utln relay consists of a stator coll of self-inductance 220H and a
L?‘“f coll of self-inductance 1'0H. The axes of the rotor and stator coils are
ltﬁl{m by 30°, and in this configuration the mutual inductance of the coils is
POH. Neither stator nor rotor has salient poles. A current iy = 14:14 cos 3141




Lk 8=

| I
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passed through the stator coil. The rotor ¢oil is shory <

ad SN "tn show the relative directions of the stator and rotor CDH‘—‘::ttd* Dray
mm the r.m.s. value of the rotor current, DetFrmj'Fe also the rfl,:t“‘*&nd
of voltage applied to the stator coil. Describe the direction jg which th 5. Valye

of each winding can be neglected, e tg,que

acts, The

Ans. 10A; 3,140V. The torque acts 5o as to tend to align the coils,

3 A 2-pole d.c. machine has a field (stator) winding resistance of
:::rmnnu (rotor) resistance of 0-141 thfl Operating as a genﬂ:f angd
output voltage is 240V when the armature winding current js 1004, lherﬁlhe
winding current 2A, and the speed 500 rev/min. eld

Determine the armature current and speed when the machine fs Connect
& shunt motor to a 400V d.c. supply and the total load torque imposeg ucd as
motor &5 1,000N-m. Assume that the machine is linear. 1 the

Ans, 209A; 758rev/min.
104 A 93W 2-pole series motor has the following constants:

Armtuwrmsm . : . : . . -t =120
s. .. wd resistance . " . ‘ . . - Fg ==3GQ
tCtive armature inductance . . | : : Ly = 03Q
'Sﬂﬂﬁl ﬁdﬂ mdmm . 3 . . . - . Lu = 0-34}]
Mmmmmmualmdumwhﬁwecnrqtﬂrandstalunﬁndings Ly =071 H

Determine the speed, output power, input current and ower facto
mmiﬁmmﬂdtmmvm}iﬁ"??'y and the load qu%e appli 0258
and friction and iron losses

Negiect windage
Ans. 3,000rev/min; 78:5W; 0-594A; 0802 lagging,

th
edis0-25Nom

POWET factor of 0.8 Jeading.
Ans. 2894 - 68-6V; 89-1V; 123V, i msmmwpm Hegligthle
10.6 The o '
w mmmnousv i bmmachme of Problem lgj l;s TuUn as a motor connected to
Ans. 3014, .

THREE-PHASE WINDINGS
AND FIELDS

In an a.c. machine the armature (or main) winding may be either on
the stator (i.e. the stationary part of the machine) or on the rotor,
the same form of winding being used in each case. The simplest
form of 3-phase winding has concentrated coils each spanning one
pole pitch, and with the starts of each spaced 120° (electrical) apart
on the stator or rotor. These coils may be connected in star or delta
as required.

In most machines the coils are not concentrated but are distri-
buted in slots over the surface of the stator or rotor, and it is this
type of winding which will now be considered. The same type of
winding is common to both synchronous and asynchronous (induc-
tion) machines.

11.1 Flux Density Distributions

In all a.c. machines an attempt 1s made to secure a sinusoidal flux
density distribution in the air-gap. This may be achieved approxi-
mately by the distribution of the winding in slots round the air-gap
or by using salient poles with shaped pole shoes. : ‘
In Fig. 11.1(a) a section of a multipolar machine is shown. I
the flux density in the air-gap iIs to be sinusoidally distributed,
the flux density must be zero on the inter-polar axes such as OA,
OC and OE, and maximum on the polar axes OB and OD. Since
367
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. j successive poles are of alternate north and south polariti
:Il 'mmp flux densities a!nng O_B and OD are Opposite] arities, th Ma;
_: a complete cycle of variation of the flux density ¥ai'fected. Th’::-
' ®S place i, .
In q

dmgyﬂ any point in the gir. ' for angular measurements, the flux
wh B=Bnsing,
g S R IO 1 T 11.

s ﬁ'w degrees. Since ?:e‘?"ﬁﬂ measured in electrical raii" v
occurs n & double pole pigh, > ° 219101 of the flux density

4

i | | degrees
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If the machine has 2p poles or p double pole pitches

fe = pOm (11.2)
where Om 1 the angular measure in mechanical radians or degrees

11.2 Three-phase Single-layer Concentric Windings

The two sides of an armature coil must be placed in slots which a
approximalely a pole pitch (180 electrical degrees) apart so that ur}e
e.m.f.s In the coil sides are cumulative. In addition. in 3-ph .
machines the starts of each phase winding must be ]'10 elﬁiriﬂ;
degrees apart.

[n single-layer windings one coil side occupies the whole of a slot
As a result, difficulty is experienced in arranging the end connecturs‘
or overhangs. In concentric and split-concentric windings differently
shaped coils having different spans are necessary. To preserve
e.m.f. balance in each of the phases, each phase must contain the
<ame number of each shape of coil.

Fig. 11.2(a) represents a developed stator with 24 stator slots, and it
s desired to place a 4-pole 3-phase concentric winding in them:

1 4
Number of slots per pole = % = 6

R
Number of slots per pole and phase = 4—2;{ =2

Fig. 11.2(a) shows the coil arrangement for the red phase as a thin
full line. The start and finish (marked S and F respectively) of the
phase winding are brought out, all the coils in the one phase being
connected in series. For a phase sequence RYB, the yellow phase

(shown dotted) must start 120 electrical degrees after the red phase.
lots and is equivalent to 180 glectrical
to 30 electrical

One pole pitch contains six s
degrees. Hence a slot pitch is equivalent, in this case,

degrees.
The red phase starts in slot 1 and therefore the

must start in slot 5. In the same way the blue phase 18
degrees out of space phase with the red p
must therefore start in slot 9.

In Fig. 11.2 the finishes of the three p
making a star-connected winding.
correct to common the three starts.
been mesh-connected, in which case t
would have been connected to
finish of the yellow to the start 0

yellow phase
240 electrical
hase. The blue phase

hases have been commoned,
It would have been equally
The winding might also have
he finish of the red phase

the start of the yellow phase, the
f the blue, the finish of the blue to
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full-pitch coils.
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the start of the red, three connectors (o the three
brought out to terminals.

JUnctiong bej
It will be observed that each phase has coils of “

different sizes used, thus maintaming balance between the hﬁ}ur
Pole Pole Pole . asey
g G 5 Fole
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| I
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' fuwic |
(a) 7
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& Blus S,
Fig. 11.2 itglf
g FD‘UI*PDLE],.
WINDING PHASE SINGLE-LAYER CONCENTRIC
It will also be seen that .
X that a coil |
coils per doub] ‘ Eroup of any one ph :
by 4::11’_::15 slot pit:hp : l‘:lpltch,_ﬁn,_. coil being grea?crats; S e
same amount. [f the g::;ﬁ other being less thap 5 P‘-:: ﬂ't!:ﬁleb pitch
over . .- “hdconnexions of A gty y the
o shown in Fig. 11,2(b) two. ull?;ltthc;se tWo coils were crgssed

of exact : oils (i :
oy DO B o b L (1 b
R I€ equivalent, electrically f e Crelore each such
m series. A | i D i o T i
All single-layer windings’ are. oie Jril:;ﬁ:m:oﬁm joined
; posed of
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(1.3 Three-phase Single-layer Mush Winding

Fig. 11.3 shows a 4-pole 3'_Fh3$‘3 _?inglﬂ"ﬂ)’ﬂ mush winding. The b=k
distinctive feature of the mush winding is ttu_: utilization of constant- L=
span coils. The qvcrhangs are ﬂrrangcd_ In a similar manner to .
those of 8 conventional double-layer winding. 'I 3
Bole Pale F‘t:ie Pole
& G b

G
I I P
Hiig S = %D
S IS S A IS SE A

I —
. L0 ‘] ¢ | | =1
A | | - [}
| I [ | L ok
PP P LY
L~ : Ll L~ ,J/l/ Pt
.-""“ ~I "'#H ol l
#""" I | --ll"'r‘
LTy
| 3 *
| el 94 Lyl |
| |
|
'Y il L L] L
S B 5 P -

Fig. 11.3 FOUR-POLE 3-PHASE SINGLE-LAYER MUSH WINDING

11.4 Three-phase Double-layer Windings

The double-layer windings used in 3-phase machines are essentially
similar to those used in d.c. machines except that no connexions
to a commutator are required.

Since each phase must be balanced, all must contain equal num-
bers of coils and the starts of each phase must be displaced by
120 electrical degrees. If a number of groups of coils are to be con-
nected in parallel, then similar parts in the winding at equal potentials
must be available, a condition obtainable only in machines having
a number of poles divisible by three when a wave winding is used.

On the other hand, tooth ripple, which arisgs where there are an
integral number of slots per pole, resulting in the same relative
positions of equivalent slots under each lpola,_ma)- be avmdcfd in
double-layer windings by the use of winding pitehes duterent rolm
the pole pitch, thus giving a fractional number of slots QZFI_PU e-r
A further advantage of the double-layer winding is the possibility ©
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ing constant-span coils. Only single-layer windin .
i:g_, i it £s are CONSiderey

. 115 EMLF. Induced in & Full-pitch Coi

_':‘* Consider a full-pitch coil C with coil sides lying in slots 3 a
| shown in Fig. 11.1. Let the coil side in slot 3 lie at 0, so thag gy 2
side in slot 3’ lies at fi, + = clectrical radians, where 6, js e € coj
from the interpolar axis OA. Let the stator diameter be p :asured
effective stator length L. Assume that the flux density distriy nd the
sinusoidal, ie. that ution js

j - B= Bysinb, (111,
D 46,

#-BLEJ'B.=B.5inG.L———
2 2 p

VRN el i

The total flux linked with coil C is
BalD [**

"’——-'ﬁ

2

. Bul D
2p b (11.3)

sin 6, d0,

B R

¥ If & coil lies with its sides on the mterpolar axes, as, for example

the coil lying i '
w_ﬁu:‘y'pgrsl;:l:?:l R ESl )51, Mhen the 26 ik the

-; b= %fﬁn 0, dh,

BulD

F yaey :ﬂﬁ coil C s therefore, by substitution negn. (11.3),
: “Sipnoss 1he pole-s (11.5)
ﬂm wiﬂn Fotates in the direction shown at a
l 0y oil such as C ot any instant, in elgtyiogt or o, 1P POSition

e M= ot 4 G S e R

e R o R R Wt
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where Op is the position of the coil at r = 0, and
w = pwy = 2mnop electrical radians/second (11.7)

Substjtutin_g for 0. 1n eqn. (11.5), the flux hnking any coil such as C 2
any time [ 1S 1 l

¢ = @ cos (w1 + 0o) (11.8)

The e.m.f. induced in any coil of N; turns is

de
:?=Nc‘3}'

d
N, EI’ {D cos (wt + Op))

— -—HJ‘I'N.‘: sin (wt + On]
The r.m.s. coil e.m.f. i1s therefore

E 5 ﬂ)r-DNc
" J e 1};2

Thus a sinusoidal flux density distribution in space may give nse to
an e.m.f. induced in a coil which varies sinusoidally with time. This
is achieved by giving the coil and the flux density distribution a
constant relative angular velocity.

The frequency of the induced e.m.f. is

(11.9)

i 2 ()]
AL (11.10)

ng is called the synchronous speed. In this equation it 1s measured in
revolutions per second.

11.6 Distribution (or Breadth) Factor and E.M.F. Equation

Suppose that under each pole pair each phase of the winding has
g coils connected in series, each coil side being in a separate slot.
The e.m.f. per phase and pole pair is the complexor sum of the coil
voltages, These will not be in time phase with one another since
successive coils are displaced round the armature, and hence will
not be linked by the same value of flux at the same instant. Ey, Eg,
Es . . . E, (as shown in Fig. 11.4(a)) represent the r.m.s, values of
the e.m.f.$ in successive coils, The phase displacement between
successive e.m.f.s is y, which depends on the electrical angular

displacement between successive slots on the armature.



37 Dreephase Windings and Fields
Suppose the machine has a total of § slots and 2

Poles. Th
| S en
Number of slots per pOIe = 5
The slot pitch (electrical angle between slot centre Jin es) is
e g—g—; (since I pole pitch = 180°,) i
| i

Th:cm.f Complexors E, E, E,
B et:efim} {l;(t?])eezi' fesultaut Complexor E;, represents the
Sinice the complexors . 8 Of the g cojjs connected in gerjag.
LR o i 1’__33’33- - - Eg are ) of the same length
b - angle, they must be
O in Fig. 11.4(3).
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Therefore
AY =2AOsin g ¥

In the triangle AOB,

AB = AOsin AOB = AQ sip 3"5

AC = 2AB = 2A0 sin-g

Therefore
Y
AY Egr T 2
E E1 = i rp
Sin 5

Thus the distribution Jactor is

P Complexor sum of coil e.m.fs
 ~ "Arithmetic sum of coil e.m.fs

y
ER Slﬂgi
F (
551 gsin%’

The product &Y represents the electrical angle over which the
conductors of one phase are spread under any one pole and is
referred to as the phase spread. Tna 3-phase single-layer winding each
phase has two phase spreads under each pole pair. Therefore. for a
single-layer 3-phase winding,

360
293

Clearly the highest value which the distribution factor K can
have is unity, corresponding to a situation where there is one coil
Per pole pair and phase. A lower limit for the value of K; also exists.
Thus, if the number of separate slots g in the phase spread gy is
considered to increase without limit, then

e
p—0 and smz 5

= 60:; or

=

/3 electrical radians

A 3-phase winding with a phase spread of 60°, is said to be narrow
spread.
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Eﬂr'-‘ mwmd 3'th windi"ﬂ By = n/3),

sin :
lim Ky w2 = 03

A winding having this limiting condition s calleq 4

winding, and in such winding the phase s read

current sheets i}fl'l.h the cal'fecgt of tEe slmt?ng engﬁ thoug
| The .low himit of Ky for a d-phase nu:*rnw-spj:e d wi
Bjr = 0:955), c_omponding [0 a very large number :;f Wlllding
rulg nnd phase, shows that the distribution of the Wi ' |'
ave little effect on the magnitude of the fundament oo will

phase,

[deally the flux density distribution linking the

sinusoidal, In practice this ideal is not usuall E"i?ding should b
lux density distribution is then of the form © - C0 (€ air.gap
B = Buy sin 6, + Bys sin (30, + €3)

oo '&HHSin(ﬂa,-f-g

L i

) (1114

right-hand side s called the

— space Ti;ﬁfrﬂuﬂm The other terms are referred 1o
variation for one ¢ Mh space harmonic goes (hy ough 1 cyeles of
| ©yele of variation of the funda g

mental. Only odd
ensity distributiop
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pnlc pitch. As has been pointed out, the coils in duuhlt-layer wind

ings are often made either slightly more or slightly less than a pole
pitch- Fig. 11.5 illustrates coils with various pitches, ’

I the coil has a pitch of exactly one pole pitch, it will at some
instant link the entire flux of a rotor pole, If the coil pitch is less

than one pole pitch, it will never link the entire flux of a rotor pole
and the maximum coil e.m.f. will be reduced. If the coil pitch is

greater than one pole piteh, the coil must always be linking flux

o= 0" B=180"
!--—--Pulu piteh ==

L]
& E 3 y F LR | 1! (a)
L) \'II WE Ll b .y l‘ ."-.'
* g

b (T

|
GILILERYILEL o
L i kel

e
FLILNARG, «

Flg. 11.5 COIL SPANS

ta) Full plich
() Short plich
() Cver-full pltch

from at least two adjacent rotor poles so that the net flux linked will
be less than the flux of one pole and the maximum coil e.m.f, will
again be reduced,

The factor by which the e.m.f. per coil is reduced is called the coil
span factor, Ky:
E.M.F. in the short or long coil
E.M.F. in a full-pitched coil

The magnitude of the coil span factor may most readily be
obtained by considering the e.m.f. induced in each coil side, namely

K, =

(11.16)

¢ = Blv volts

where B = air-gap flux density, /= active conductor length and
v = conductor velocity at right angles to the direction of £
This e.m.f. will have the same waveform as the flux density in
the air-gap, since / and ¢ are constant, and hence if the flux density is
sinusoidally distributed the e.m.f. in each conductor will be sinu-
soidal so that the resultant coil e.m.f. will also be sinusoidal. If the
pitch is short or long by an electrical angle o, then, assuming a
sinusoidal flux density distribution, the e.m.fs in each side of the

i
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coil will differ in phase by o but will have

in each coil side, as shown in Fig. 11.6,

A

Fe 116 peivarion OF COIL SPAN FACTOR

Resultant e.m f, = o0 _ 2ABcos
EMF. fora full-pitch ¢oj] =

2AB
Therefore

The resultant coil e.m.f. will be the complexor sum of th‘:‘

the same rm

Valye
‘e’m.f‘s
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short-chorded coils.  The nth harmonic coj em.f. is reduced to
sero if the chording angle, o, is such that

no
cos — =0
2

or

08 =902

: (11.19)
This enables windings to be designed whic
harmonics to be generated (e.g. if ¢ = 6
harmonic generation).

h will not permit specified
0% there can be ng third-

11.8 E.MLF. Induced per Phase of a Three-phase Winding

Following eqn. (11.9) the r.m.s. e.m.f induced in a

: full-pitch coil
of N, turns due to its angular velocity

relative to the pole system is

CU(I)Nc
B =— (11.9)
For a coil-span factor, K., due to chording,
DN
Ec 3, Kﬂ £} : c
V2

Further, if there are g coils in a

phase group under a pole pair
the resultant complexor sum is

under successive pole pairs are in phase and connected in series,
the e.m.f. per phase is

fU‘I)Nc
£y = pEg = pKq4Kg V2
or
B KoK ”’3’? 4 (11.20)

where the number of turns per phase, Ny, is pgNe.
This equation is sometimes written in the form

EP = 4"4‘4 &Kaf¢Np
since w = 2nf and 2n/4/2 = 4-44,

(11.21)

Y

| &
'I'.l
A

?‘

L
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diagram of the stator slotting. The start of the
is shown with a current emerging from the
This is taken as a conventionally positiv

red Pha.Sc !
start end of the v':ll'l(!mg

i Ben:nd;ug
ll:]r

;111_':

Resultant mmjy.

Full-pitch coil
mm.f.s shawn
separately

action. Convention

start end of the wind

ally positive current for motor action enters the

Three-phase W:’ndings and Fields IR3

when the aoffect of discrete FDHS 1S 1gnored. The rectangular blocks
represent the phase :.prea.d?., and f.hm Aare considered to extend
 both the regions previously occupied by slots and by

s as =ad containing the start of th : 4 .leﬂh'
The phase spreat £ ol the phase winding is identj-
fied by the unpnmrt-d letter R. The ruh_::-r phase spread of the same
phase is marked R’. The phase current is considered to be uniformis
Sistributed in the block representing the phase spread. Such a
winding is 3 uniformly distributed winding as described in Section
1.6, and the m.m.f. per phase for such a winding is of the trapezoidal
shape 5hcm_’n.

The maximum value of the _m,m.f, wave al any instant is the mm
per pole for the phase conmdf_:re_d. For N total turns per pha:g.é
the m.m.f. per phase and pmle 1S ipNp/2p.

[f a sinusoidal alternating current i = Ipm sin wt flows in the

hase winding, the maximum value of the m.m.f. wave will van

sinusoidally:
fﬂh‘rp Imf\rp Sin af
2 2p

In subsequent work the m.m.f. due to uniform windings only
will be considered.

11.11 M.DMLF. due to a Three-phase Winding (graphical treatment)

Fig. 11.9 shows the m.m.f.s for each phase of a 3-phase winding
carrying balanced 3-phase currents for two different instants in the
current cycle. The resultant m.m.[., due to the combined action of
the separate phases, is also shown in each diagram.

Fig. 11.9(a) 1s drawn for the instant when the instantaneous cur-
rents in the three phases are

Iy = !pm

iy = —4Ipm

'-b = =- %fpm
The current in the red phase is positive, so according 1o the conven-
tion for positive current explained in Section 11.10, phase spread R
has the current direction indicated by a dot and phase spread R has
the current direction indicated by a cross. The red phase m.m.f.,
F.. therefore has the trapezoidal distribution shown having a maxi-
mum value of

Wl

2p

where Fp is the maximum m.m.f. per phase and pole.
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b4 so that the
spmds y”and B have dots, tos
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2, r these phases, Fy and F, are also trapezoidal and at the
. mﬂ:m diagram have a maximum value of

. ml-l:l;:f-, Fa, is obtained by finding the sum
o Bty F,, Fy and F,. This resultant m.m.f.

F,, has fallen to (1/3/
blue phase
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i L amaneos e cuensa |
ifs%"fﬂm Ifr . =
iy =0 V
B
;

The red and blue phase m.m.f.s occupy the same positions as

in Fig. 11.9(a), but the maximum value of the red phase mmf,

Q]Fpm,_whereas the maximum value of the
m.m.f., F». has risen to this value. Since the yellow
is zero, the yellow phase m.m.f., Fy, is zero. J

hase current
stator m.m.f. is the sum of Fr and Fj, and has a

The resultant

maximum value of v/3Fpm.
Comparing the resultant m.m.f.s of Figs. 11.9(a) and (b) it will

be seen that the centre-line of the resultant m.m.f. has moved 0°,
in the +6 direction, and that the shape of the distribufion has
become trapezoidal. The maximum value of the resultant m.m.l.
has fallen slightly from 2Fpm to v/ 3pm.

After the next vzth cycle the waveshape will be found to be the
<ame as in Fig. 11.9(a), but displaced a further 30° round the arma-

ture. Hence the following points may be noted.

changing shape between the

{. The m.m.f. wave is continually
g. 11.9(a) and the flat-topped

limits of the peaked wave of Fi
wave of Fig. 11.9(b).

2. The wave may be appr
constant maximum value.

. 18
this value is — Fpm.
i1l

oximated to by 2 sinusoidal wave of
It is shown in Section 11.12 that

yes past the coils as the alternating

t their cycle.
by th of one pole pair in Yeth cycle,
: cycle.

es through one pole pair in one

3 The m.m.f. wave mo
currents vary throughou
4. The m.m.f. wave moves

i e. the m.m.f. wave mov
If the frequency of the 3-phase currents is fand the speed of rota-

tion of the field 15 7 revolutions per second,

T
Time to move through 1 pole pair =z = mp
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Therefore

n=-=—=HMn

- I

i e. the field rotates at synchronous speed as defined by eqn. (11 1n
Summarizing these points it may be said that a 3-phase 10),
in 4 3-phase winding produces 2 rotating magnetic field ;
air-gap of the machine. the speed of rotation being the SP'nchrn the
speed for the frequency of the currents and the number of po Onous
in the machine. € pairg
The production of the rotating field 1s the significant diffe
between a 3-phase and a single-phase machine. Due to its rc,tnm'3
field a 3-phase machine gives a constant, non-pulsating tgatm
in a direction independent of any subsidiary gear or auxiliary wl'ifl]]lée

Ings.

E‘JLAMPLE 11.1 Compare the e.m.f.s at SOHz of the following 20-pol
nator windings wound in identical stators having 180 slots: Pole alter.

(a) a single-phase winding with 5 adjacents slots per pole wound, the remainj
] Ing

slots being unwound,
(6) a single-phase winding with all slots wound,
{c) a 3-phase star-connected winding with all slots wound.

All the coils in each phase are connected in series, and
& conductors. The total flux per pole is 0:025 Wb.’ nd each slot accommodates

Assuming a single-layer winding with full-pitch coi '
mﬂ and the coil span factor will !i' unity. B s
There are 9 slots per pole, and thus the slot pitch, y, is given by

===y = 207

(@) Number of coils per pole pair and phase, g = 5

@

5InS X —
Distribution factor = -—-i% = '-}-35—6 = (0-883
Ss_in—;i—- il
E.M."‘F. per phase = 444K:K.fON,, (11.21)
g _ =444 X 0-883 x 1 x 50 x 0 |
e e iy 025 X 5 X 6 x 10
———

Yy mﬂm@m‘mm pair.and phase, g = 9

sin 9 x"z'-i?
gn:,'j'. 2=—-l_.. 0-64
s

e —————— e
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- ON
r hase = 444de!.( p
EMUE. per PO — 064 % | % 50 % 0:025 x 9 x 6 x 10

= 1920V
e
of coils per pole pair and phase, g = 3
{I‘:} Numbﬁ'f Pc ‘ 20
: s — _— = = = LF §
Distribution factor = —20° 0-521 T
3sin —
2
. r hase = 4*44!(.;:3[.}"11:"-’;:
E.M.F. pe P — 444 x 096 x 1 X 50 % 0025 x 3 x 6 x 10
= 960V
(Line yoltage for star connexion = 1,600V)
Compﬂfin (a) and (b) it will be seen that the e.m.f. in case (b) is only 30 pe
cent ter than that :n case (a), while the amount of winding material is 80 per
t grealer. .
m}l—h%rwinding losses for the same current would also be 80 per cent grealer for
case (b). Thus it is common praclice to omit some coils in each pole pair in 2
= {e-phase winding. ;
= sgupppusing that with the above e.m.f.s there is a current of I amperes 1n the
coils.
= |,4701 walls

In case (@), armaturc power
In case (b), armature power = 1,
In case (¢), armature power = V3 x 1,660 = 2,800 watts
Camparing (b) and (¢) above it will be realized that for the same i'ramt_: size
with the same winding and core losses the output from a 3-phase machine is
about 15 times greater than that from a single-phase machine.

920/ watls

11.12 M.M.F. due to & Three-phase winding (analytical freatment)

[n Fig. 11.10 the m.m.f. due to one phase 2
shown as a trapezoidal wave. This trapezoidal wave cafl be
represented by using an appropriate Fourier series consisting of
2 fundamental and a series of space harmonics. In the analysis
below all space harmonics are neglected, and the nr.m.L. due to
each phase acting separately 15 assumed to be of sinusoidal form
having a maximum value equal to the maximum value of the

fundamental in the Fourier series. 5 :

In Fig. 11.10 the axis 8 = 0 is the centre-line of the posiuve half-
wave of the m.m.f., Fy, due to the red phase only when the red phase
carries conventionally positive current (1.e. eqerg_ing from the s.'tarli_t
end of the winding). The Fourier series of a trapezoidal Wave

having this origin is

cting separately E

_cosnficosnf (n is odd) (11.24)

84 1
RO = = 2p ¥

where A and f are as indicated on Fig. 11.10.
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4 is the maximum value of the trapezoid, and since th
is excited by alternating current, this maximum value :a“‘i
I

soidally with time sO that

d phﬂSE
€8 Sl!]u_

A =Fpm cos wl (Fpm =Mp)
2p

i-n—é*- |

L | I !

1 ' '

e / \
R B’ :‘l" R’ iB Y’

I |
|
| 2n/3a |
F

Fig. 1110 MM.F. DUE TO A 3-PHASE WINDING
(ANALYTICAL TREATMENT)

The angle f corresponds to a |
> angle / phase spread, so th -
Substituting in eqn. (11.24), the red phase m.m.f. at Bl pad,
and at any position 8 is : any tme
F = 8Fpmcoswl
’ ﬂ.(ﬂ. o 2#{3) 0053 COS 7)
_ 12Fpm

= — cos wi cos f
o (11.25)

In Fig. 11. TR %
Wave--u‘i'gt;eléomtg-e 3’“5 a = 0 is the centre-line of the positive half-
fisent dags e ;:htin the yellow phase. Since the yellow phase
e i n_d the red phase current by 27/3 radians
B e yeow phase
- The yellow phase m.m.f. is phase m.m.f. by the same amount.

o BFmcos (wt —2n3)
a(m — 2n[3) C0S 3 COS

L
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Similarly the blue phase m.m.f. 18
2 2‘?'-" \

F" IZFpI" cOs (iu[ + _;:) cOS ({j : ) ! 12?}
e =3 ) 4

e resultant m.m.f. of the 3.phase winding o

Th
4+ Fiil 4+ F!i

F{;::Frj'

12Fpm Lcog wt cos fl + cos (i —2n[3) cos (B—=2m[3)

i ,.;T-E- + cos (w! + 21'7;'3] cos (0 + ?-TT"?'ii
gives

On simplifying this

Fi= ngm cos (B — @!)

(11.28)

tal in the space distribution of m.m.f. It has a

This is the fundamen 1 .
maximum value at 6 — @t = 0, i.e. when 6 = wl. That is, the
osition of the maximum value travels in the 40 direction with an

« radians per second.
F — Fn cos (0 — wit) represents an

m.m.f. wave cosinusoidally distributed in space and travelling 1In
the 40 direction at @ radians per second. The above equation 1s
therefore the equation of a travelling wave and is referred to as a

retarded function.

angular velocity
Thus an m.m.f. of the form

¢-phase Rotating Field Torques

Consider a rotating field, derived from the rotor, 545, linking
a 3-phase winding in which a 3-phase current is flowing; 1.e. the
rotating field is due to the m.m.f. of rotating poles, not to the 3-
phase current. Suppose the speed of the rotating field is such that the
frequency of the e m.f. induced in the 3-phase winding is the same as
that of the currents in the 3-phase winding. Unless this is the case
there will be no mean torque since the direction of the torque will

be alternating.

Let E;n = R.M.S. value of e.m.f. induced in each

phase winding
¢ = Phase angle between duced em.f. and winding

current
I,» = R.M.S. phase current

11.13 Thre

phase of 3-

The machine may be acting as either 2 generator or a motor:

Mean phase power = Epnlpn €05 ¢ watts

L =a=l il
4

| ﬂr?rtr" N
A lo i
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{ a group of such coils, connected in series, may be

' s the law of conservati
This, tl:e} {h ‘ _m;ser\:ftmn of energy and neglect /0
must be the mechanical power required to drive Ing ]'C’Sscs how the vollag
_nmchmc I§ acting as a generator, or the mechanical € rotor if ¢ - shoﬂd 4 Gpcn..:;irl.:uil line and phase voltages of a 4-pole 3-phasr.:
if the machine is acting as a motor, <! Power dﬂ"flopef “’Eﬁumrt'hﬂ sp::f-d alternator with 36 slots anddjﬂ conductors per slot. The
( sonnecte . aidally distributed.
: far-<C vh. sinusoidally €
Total mechanical power developed = 3 SOHZ > is 0-0496 YYD, .
' 3Enl, sr pole : ; 1.910V.
Aly: ! p of m full-pitch coils each

where 7 is the total torqu ~ :
que developed (newton-metres ression for the voltage in a grou

the speed of the rotor (f/p revolutions per second nd p, ; |7 Derive the eXprestes  ment of ¥.
) Therefy : e olectrical displace has 9 slots per pole and 12

3Elps €OS & re having 80 1.phase star-connected alternator has 9 slots per p
i An B-pole - F; { Calculate the necessary flux per pole to generate 1,500V at

2mng (11 90, conductors PC]:'”E::I.;H. The coil span is one pole pitch.
3 25/ Npp®n KaK: -29) 50Hz on Gpigms flux per pole and speed, what would be gh:: e.m.f. when the
= 7 - Ip cOS With the * B e nhase alternator using two-thirds of the slots?
2 Ph < wound as a single-p :
o, I 1 grmature (H.N.C.)
= qns. 0-0283WD; 1,480V,
ip e

= L NaD. KK, _nole machine has an armature of 90 slots and 8 conductors per slot
V2 A PmKaRelpn cos ¢ newton-metres ”djre?uﬁ-'fs at 1,000 rev/min, the flux per pole being 3 X 10-2Wb. Calculate
(“‘30J E; o.m.[. generated (a) as a d.¢. machine if the winding is lap-connected: () as
e ted machine if the winding factor is 0-96 and all the con-

When the machine i ’
me 3 i
S A : IS motoring, the torque will act o a 3-phase star-connec _ . : :
On ol rotation and react on the stator in t“ the rotor ductors in each phase are In Seres. Deduce the expression used in each c?ie.L
: UL

direction. These directi 11 h
- irections will interc € Opposit
hange when POsite | Ans. 600V, 2,200V.

geﬂﬁ'mtmg [hﬂ‘ machl'ne js
11.4 Derive an expressinn for the e.m.f, induced in each phase of a single-layer

distributed polyphase winding assuming the flux density distribution to be

11.14 Nﬂﬂ-pu]saﬁn '
: Nature .
¥ g of the Torque in a Three-phase Mach: sinusoidal.
as been shown that the 3-phase : achine A 4-pole 3-phase 50 Hz star-connected alternator has a single-layer armature
phase machine BrOHGEE = o e ar currents in the stator of winding in 36 slots with 30 conductor per slot. The flux per pole is 0-05 Wb.
amplitude rofatine fonnd the ;}DEHC field of eﬂ*ecth-e[}r Cﬂnsfl 3- Determine the speed of rotation. Draw, to scale, the complexor diagram of the
t 2 r-gap a ' dant hase e.m.f.s,
Oflquc developed is due to the f‘ P at synchronous Speed. The i S .
poles and the rotatine field gnetc forces between th 1. when the phase windings are symmetrically star-connected,
4t synchronous 5 5 §0 that so ]gng as the roto € Irotor ' 2. when the phase windings are asymmetrical star-connected, the yellow phase
between stator andpi:: ﬂlt‘l‘; will be 3 SO mar pol'es move winding being reversed with respect to the red and blue phase windings.
' Or. He netic f; St ; _ <
& constant torque which fite the 3-phase machine < i o Give the numerical values of all the line voltages in each case. The phase sequence
at this differs f iIch does not pulsate | - Wi I develo for the symmetrical star connection is RYB.
St rom the case of the g 1 magnitude. (Note | Ans. 1,500rev/min; ¥V, ,- ‘ :
4Dove conclusion may a]c Ingle-phase machine,) ¥ LA = vrD = Bap == L0V, Ve 120V
otal power delivereg to a g 0 be derived by Considesy ’ Vep = 1,920V; Var = 3,320V.
S0 ' ; alan 7 mgt |
thﬂt,lfthe load is a Ced 3“'Ph&5& load & at.the 11.5 An 8-pole rotor, excited to give - ’ :
machine w S non-pul : give a steady flux per pole of 0:01 Wb ted
torque de € Which is : puisating at 1,200rev/min i = - iy e
% ‘*’Elﬂped funning at ’ ’ /min 1 a stator containing 72 slots. Two 100- ils
the must afso £ ata constant s acco dated ; ning 0 turn coils A and B are
supnl: E'e-phase machine h be Non-pulsating. Op th; p Eedﬁ, mmodated in the stator slotting as follows:
PPlied pulsates ar pine 1 2 PUlSating torgue s IS basis | Coil A. Coil sides lie i
twice the supply f, que since the pow e o e mans Land 11,
Py Irequency power | oil B. Coil sides lie in slots 2 and 10.
F Caleulate the resultant f ;
% PRO | series aidin sultant e.m.f. of the two coils when they are joined (a) in
114 | Ihﬂlt_-_m ! BLEMS e idhs {%;ﬂd (b) in series opposing. Assume the flux density distribution
T Mg asuming ¢ o et Mduced in gy p; | Ars. T00V; OV.
distribution of iy g o0 i &0

116 A : :
A inmal*:tfa:l::’l;lg a d.c. excited field winding is rotated at  revolutions per
aving uniformly distributed slots. If the air-gap flux density
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1§ sinusoidally distribut :
N turns the sides of wh?j!.} ?Fl‘l‘ve &N expression 1,
In such an mgtminlieﬂ:n any two slots Oor the cm.f ind
I Lﬁltlrcncﬂ and r.m.s. value of the in ﬂu;‘:dd € T0tor has 4 e rop, il oy
M;‘;c;';;i?n;nd the coil has 100 turgs ™" I8 the cojf [ Cajegeed ter | 1€
ic A . .ar coil is now NEES @ cail L Hate R s
g first coil. Determine the res u]tanli'l:ced With its coi sjqes Oll Side li:“-“ ' Chap I;
i dnr GOHy: 253V M.ES When the oni . 1 Slots in 2
i + 263V 518V or 913y © Coils are conﬂad-'afent to ¥
'3 ; ted in Ihi *
1 iy
THE THREE-PHASE
ik syNCHRONOUS MACHINE
i 1t
48 i
i i3 ‘
1;" i;
Lo f|
nd JE S
e 393 '
it 4@" ;
il et
TR
'h'f e A synchronous machine is an a.c. machine in which the rotor
-,'} i moves at a speed which bears a constant relationship to the fre-
'[; | Ig quency of the current in the armature winding. As a motor, the
:' b shaft speed must remain constant irrespective of the load, provided
17 that the supply frequency remains constant. As a generator, the
1) B speed must remain constant if the frequency of the output s not to 1
s i s vary. The field of a synchronous machine is a steady one. In very |
1A ' <mall machines this field may be produced by permanent magnets,
'F .- but in most cases the field is excited by a direct current obtained
* from an auxiliary generator which is mechanically coupled to the ‘;
i f shaft of the main machine. ;
111‘[ s
| fll | 12.1 Types of Synchronous Machine g
I’]j The armature or main winding of a synchrqnous _machine may “_l
: be on either the stator or the rotor. The difficulties of passing :

t high voltages across moving contacts
4 armature the common choice for large

machines. When the armature winding is on the rotor, the stator
carries a salient-pole field winding excited by direct current and Very
Ej g | similar to the stator of a d.c. machine (Fig. 12.1(a))- Stator-wound
57 i | | ' armature machines fall into two classes: (a) salient-pole rotor

machines, and (b) non-salient-pole, or cylindrical-rotor, machines
393

J. L
i relatively large currents a
i i‘.. . have made the stator-woun :
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be the speed of a synchronous motor w
from & SO0Hz supply.

105

tth p pole-

Pairy Operating

12.2 MLMLE. Wave Diagrams of the Synchronous

The operation of a synchronous machine m
consideration of its m.m.f. waves, There are three mom.f waves (o be
considered: that due to the field winding, Fp, which is qepuru'tciy

excited with direct current; that due to the 3-phase armature windina
Fy: and their resultant, Fy. .

[n the first stages of the explanation the tollowing
be made. '

Generator

ay be understao by a

assumptions will

!

|. Magnetic saturation is absent so that the machine is
2. The field and armature m.m.fs are sinusoidally distributed.

3. The air-gap is uniform, i.e. the machine does not exhibit
saliency on either side of the air-gap.

4. The reluctance of the magnet
neghgible,

5. The armature-winding leakage
negligible.

The last assumption will be removed at a convenient stage in the
development. The machine considered will be a cylindrical-rotor
machine with the 3-phase winding on the stator and the d.c.-
excited field winding on the rotor. The generating mode of action
will first be considered. -
|' The method of drawing the m.m.f. waves will be that used in i
| Chapter 11, which should be read in conjunction with this chapter.
' The same conventions for positive m.m.f, and positive current are

adopted. Positive current is assumed to emerge from the start ends

of the phase windings, so that the unprimed phase spreads R,Y,B
. are dotted when the current is positive, and the primed phase

spreads R'Y‘B’ are crossed when the current is positive. Positive
Ll My e.m.f. may now be defined in the same v.'wa;y{.i Pn;itive n;m.f. h:s
dine to ok & Togine. The cvlindri - oy assumed to be directed from rotor to stator and is shown above the
e m M‘&nﬂismcggt :.;-I:]b;?:rrh[};shas;:;? | 6 axis in the m.m.f. wave diagrams. These are shown superimposed
g ?ﬁaw 21015 are generyly high-.-speed'machines- Iﬁ on a representation of a double pole-pitch of the stator winding and
P M ey the ¢ »m[.m- ﬂﬂﬂﬂtmcﬁou. e ; of the rotor.

linear,

T e, :r.i-‘m....gn,ﬂp T ‘

Ic paths in the stator and rotor is

N

inductance and resistance are

': = '."'- ekl
¥

anernstear $ .. 20
) e t‘r..JILI- n
f

GENERATING-MODE OPERATION ON OPEN-CIRCUIT

Fig. 12.2(a) shows the relevant m.m.f. wave fqr the synchronous
| generator on open-circuit. The instant chosen in the e.m.f. cycle,
: indicated by the complexor diagram, is such that
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The phase spreads of the red phase, R and R’, have beer
and crossed in accordance with the convention for positive
The rotor rotates in the direction shown: the direction of the e.m.f.
conductors relative to the rotor is in the Oppaosite direction anfjt;ith.;;:

Jatter direction must be used in applying the right-hand I
the direction of the field flux and m.m This is as Shﬂr:"l: :E ?—'flzd

12.2(a), the maximum rotor m.m.f.s occurring o si .
of the red phase spreads, since this phase hhasp p;;:{;ﬂ;cinﬁs
induced in it. The field m.m.f., Fe, shown in Fig. 12.3(a) is gleq 1
resultant m.m.f., Fg, since on open-circuit there is no armature cur-
rent and consequently Fy is zero at all times and at all points in the
air-gap.

The field mm.f. is stationary with respect to the rotor windine
which 1s excited with direct current but moves, with the rotor, gt
synchronous speed past the stator winding.

GENERATING-MODE OPERATION AT UNITY POWER FACTOR

Fig. 12.2(b) represents the m.m.f. waves when the armature winding
is supplying current at unity power factor.

To obtain comparability between Figs. 12.2(a) and (), both dia-
grams have been drawn for the same instant in the e.m.f. cycle, and
the magnitudes of the e.m.fs are the same in each case as indicated
by the e.m.f. complexor diagram. Since the e.m.f, is caused by the
resultant m.m.f., Fg, this will have the same magnitude and position
in Fig. 12.2() as it has in Fig. 12.2(a).

However, since in this case armature current flows, there will be an
armature m.m.f.,, F4. The resultant m.m.f., Fg, is the sum of Fy
and Fp, 50 in this case Fr and Fg are different.

The instant in the current cycle is such that

R=Im iv=—Yhm iz=—tm

This is the instant in the 3-phase cycle for which Fig. 11.9(a)
was drawn. The armature m.m.f. in Fig. 12.2(b), therefore, is in the
same position as the armature m.m.f. in Fig. 11.9(a) and lags
behind the resultant m.m.f. wave by #/2 radians, but the space
harmonics which give the armature m.m.f. wave its distinctive peaked
shape are ignored, and this m.m.f. is shown as a sine distributed wn\;c.

The armature m.m.f. moves at synchronous speed, so that the m.n:l. &
F4 and Fp and their resultant Fr all move at the same speed and in
the same direction under steady Fondluqns.

At any time and at any point in the air-gap,

Fr = Fy4 + Fr S
Therefore F4 = Fr — Fp.
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I The field m.m.f., Fr, in Fig, 12.2(5) is therefore Obtaineq b, . . Eq Fr=Fe Y
N by-point subtraction of the resultant and armatyure M.m, f-)’ ﬁmnp | -..
1} ing the field m.m.f. at Fig. 12.2(6) with that for g, Yaves ; . o 8 > ,'
: Comparing , '8. 12,2, A B G o !
i 0 two changes may be observed . J === 7 = s

1. To maintain the e.m.f constant, the S€parate EXCitatiop, e
had to be increased in value as shown by the higher may:. 145 7 E
1 & value of Fp. The effect of armature m.m.f is
il same as that of an internal voltage drop,
2. The axis of the field m.m.f. has been displaced by an angle
¢ in the direction of rotation, and as g result a torgue jg eXerteq Ex

! on the rotor in the direction Opposite to that of rotation, The

Fig. 12.2(c) shows the m.m.f. waves for the Same instant in the e.m.f | (b)

; position of the drmature m.m f wave gives it a co

; _ mponent which
o aids the field m.m.f, which muyst then be
|‘ - ' e.m.f,

reduced for a constant

MOTORING-MODE OPERATION 1
i Gt Y s e g . v
mnﬁzg t:j S ?ﬂs L ﬂm_“"nfjmgs N the direction Opposite to that
nw €em.l acts. [n Fig. 12.3 the Phase of the current with

-
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; ﬁ respect o the induced e.m.f. is kept the ‘ The Three-phase Synchronous Machine 454
;::' 0 CIN.I. 18 m“f b _ .
By but the opposite convention for positive mrm:ﬂfﬁ?ﬁ“” Actigy, yown in Fig. 124, which is travelling in the 46 direction 2t o
| 8 the mm.f. wive; ie when th:phasct:_urrm i Positive it:: dtaw,,.m‘ Fectrical radizns pet second i
i§ D s ot whes he samens 0 1 the gt = Facos(wi =0 122y
=, |t| Pb _ e mmlﬂ_pmr!n-g' and uknm"%d _ S ey E 3
L. ph: spreads are when the current is positive. The Primed Considering genecralos action 3t 2 lagging power factor, the resal.
b mforgm.tiutbemathat used for generator aes: “Ofiven, sapt m.m.f. (Fig. 12.2(c)) s
b & construction of Fig. 12.2. Ation in g, S o N
p i Fig &fmﬁ m.mLf. waves for the synchrongy, Stor Fy' = Fam © ) (12.3)
d MMM t aﬂ}md that the no-load current negl on The ficld mm.f. 18
3 | are then identica) ﬂﬁm TFIK tognd resultany ‘fﬂ-g.?‘k Fy' = Frmoos (ot = 0 + o) (12.4)
| . ig 123{6) mﬂpm;d; . .
o Fig. 12.2(a). Exactly snd the armature m.m.f is
m IZ.][b! m ‘hc m.m.f. WwWave dlagram m;re‘pondl 7. = cos (wt — ) ) ..;i_,") (12.§
m.ommgtwtypomfm. Thcarmaturcmmngf@ | 4 =Fum , 12.5)
revered &t all points compared with the corresponding s F
Mé:mm Fig. 12.25) The field m.m.f. is found by ca e e =
s noted _Mwmpmmmththcno-bad conditign:g;fc' |
oxston, thus g e s % i the direction opposie 4y | =
direction of rotation. The matee - O 1€ rotor acting in g, .
h'i_lg absorbed electrical power from the supply. power,
: ﬁﬂr ’ tlj(:)aud(d'}lh?w_lhc m.m.f. for operation a1 lagzing and |
fll’lliww i SMJ nchronous motors are ; , Fig. 124 TRAVELLING-WAVE MMV,
tion cannot affect the machine variation in the field excitz. |
facior of the armatyre current me.m,ﬂ[. g fﬁl.-lws that the power When the generator works at 2 leading power factor, egns. (12.3)
excitation (this effect also occars alter with variation of fielg and (12.4) still apply for the resultant and separate field m.m.Ls.
‘I generators It will be seen, by examination of Fig. 12.2(d), that the equation
: 1 for the armature m.m.f. becomes
] e Fi = Famcos (ot — 6 — 72 + ) (12.6)
’ Considering now the motoring mode at a lagging power factor,
R | to which Fig. 12.3(c) refers, the resultant m.m.f is the same as
E 11__ _. r’;f- | 12.3 m.ww‘- . for generator action, Le.
1 Figs. 122 and 123 = Fi = Fpm cos (wt — b) {50)
-5 D e machie for tors - 27% 56 0.001, wave digrams ,
- e R VATIOus Dowes thie _ ting and . of a synchronous The separate field m.m.f, is
A | [STOus power factors. Each of the Ew’u'"ﬂm‘{dﬁofomtionm | Al g — o) (12.8)
N - g, avels in the + 6 direction F¢' = Fpmcos (wf —

_ wave enr Of these mm g may and the armature m.m.f. is 2.9)
(12.

’ Py = Fumcos(ot — 8 4 n[2 =)
"hpﬁmt’)hmdmtmdinuhmmmvﬂuﬂdm.mf_
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When the power factor is leading, the armature

Fy = Fymcos (of — 0 + /2 + ?5') M.m.f. bt‘:t:ﬁ;mis
. ‘ ! (12,
Bt o 4 olloms: Ty, 210
Fr' = Fgm cos (wt — 6)
The separate field m.m.f. is (12,3
Fp" = Fpp cos (w1 — § + o) !
: : . 28
:12:: +a 15 used for the generating mode and — o for the motnringj
The armature m.m.f. is
Fi' = Fymcos (wt — 0 — 7/2 + &)
for the generating mode and (12.11)
Fy = F_,gm cos (mf - 0 - ?r'!2 -+ qf,’] (]2 12)

for the motoring mode. For both cases +¢’ refers to operati

leading power factor and —¢’ to operation at a lagging powerc;;lc?; 3
r,

124 M.M.F. Complexor Diagrams

The sum (or difference) of two sinusoidally space-distriby ed mm.f
ALl 0.8

means of mmplexor"diagrams since, under
of comple : 5 Stead
lhf:m rela_u:ve Positions of the waves do not alter.
rroﬁ;‘ih 1_;1.;1..#'. ;:_:omple:qr diagrams may be deduced either direct]
S AL wave diagrams of Figs. 12.2 and 12.3 or from thy
Aﬂ Mg-wave equations derived in Section 12.3 :
dopting the latter method fo o

- | 2 I generator mode operat;
iagg_mg power the travelling-wave equations are peration at a

y-state conditions,

FR" = Fam cos (wt — f)

Fy' = -Fm COS (wt — b + o) (]2-2)

FA" = Fam cos 1 — 0 — pjy _ 4 (( Ilj;t))

e " ParHUIA pointin heai-gap dengyeg by8 = o the m.m s
Fr = Fam cos (wr — )

Fp'-?-— Fem cos (wt — B + o) (12.13)

= Fameos 1 = by — npy _ 4 (12.14)

(12.15)

O ———— —— T T ——————
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gince o is @ Ipartir.:ular value of 6 and therefore not a variable, the
ahove gquatln‘ns FEPFFSEﬂ.i., not travellmg waves, but quantities
varying sinusmdal!y with time. .

The cmrcgpnndmg" cm?plcxor diagram is shown in Fig. 12.5(a)
where the m.m.fs. Fr', F¢' and Fy4' are represented by the mmplmrg

Fr
o F
1/4_ 6=0
Fr

(b) (d)

ng. 12.5 M.M.F. COMPLEXOR DIAGRAMS FOR THE SYNCHRONOUS
MACHINE

(g) Generalor operation ot a lagging power [actor
() Generalor operation al a leading power [aclor
(c¢) Motor operation at a lagging power factor
(d) Motor operation at a leading power lactor

Fr, Fp and F4. For simplicity the diagram has been drawn for the
air-gap position g = 0. The chain-dotted line indicates the unity-
power-factor position of the m.m.f. F4. Figs.12.5(b), (¢) and (d) are
similar diagrams for different power factors and different operating
modes.

12.5 E.M.F. Complexor Diagram

Assuming that the reluctance of the magnetic paths in the stator and
rotor is negligible and that the air-gap is uniform, the gnusm?ally
distributed travelling-wave m.m.f.s Fp and Fy and their resu tan{;
Fr may be assumed to give rise to separate slpusqldally _mstnt{ute

flux densities, Each of these flux density distributions will trawll at
synchronous speed, its maximum value occurring at the same place
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as that of the corresponding m.m.f. and travell;

chronous speed. The relative motion between
distributions and the phase windings will induce e

ings.

For a particular phase winding let

Er = EM.F. due to field m.m.f., Fp
E4 = EM.F. due to armature m.m.f,, F,
Ex = Resultant e.m.f. due to the resultant m.m.f., Fp

Since only the air-gap reluctance is taken into accoy
circuit is linear and the principle of superposition

Ng WIth. it ap e
these flyy de;syi:l‘
‘M5 in the wiud{'

nt, the magn eti
may be applieg,

Fig. 126 MMF. AND EMF. COMPLEXOR DIAGRAMS FOR THE

SYNCHRONOUS GENERATOR

_ The relative phase an

those of F, F, andfn.glﬁ of Ep, E4 and Ex will be the same as

The mmf com

‘s . : - . e~
g,;wn -:f?r? ;pal;umuar Position round t

plexor diagram, as explained in Section 12.4,
4 he air—gap 90 = (),

flect of the armature

100 1o the available e.m.f. but

= ey ] el e i B . ~——
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45 an internal voltage drop, and the phase opposite of E, is sub-
u.ac‘[ed ffﬂm EF; ;

gxamination of Fig. 12.6(b) shows that E, will always lag I by 90°
.rrespective of the power-factor angle. The phase opposite of Eg,
namely —E4, leads I4 by 90° for all conditions.

The peak value of the e.m.f. due to the armature m.m.f. is Eyp:
Eim & Fam oC lam

Therefore

Es
= — = constant
I4

Since the quotient of E4 and /4 is a constant, and since the phase
opposite of E4 leads I by 90°, this voltage may be represented as an
inductive voltage drop, and the quotient as an inductive reactance,
LE.

—Eq4 = I4X4

(12.17)

Substituting for E4 in eqn. (12.16) and rearranging,
Ep = Eg + 14X, (12.18)

This complexor summation is shown in Fig. 12.6(5). _
In Section 12.7 an expression for X4 is found in terms of the physi-
cal dimensions of the machine.

12.6 Equivalent Circuit of the Synchronous Machine

The preceding section has shown that the equivalent circuit of a
synchronous machine must contain a voltage source Ep which 1s
constant for a constant excitation current /p and a series-connected
reactance X4 In addition, an actual machine winding will have
resistance R and (in the same way as a transformer) leakage reactance
XT,

Fig. 12.7(a) shows the full equivalent circuit of the synchronous
machine in which the current flows in the conventionally positive
direction for generator-mode operation (a source), i.e. emerging
from the positive terminal. Applying Kirchhoff's law to this circuit,

Ep =V + IR + jIXL + JIX4 (12.19)

. N
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12.7{8) is the corresponding complexor diagram : . | _ _ _,
f’eﬁ?{ai shows for the ;hn;fptm;w;m b::‘f Pesyl. f:mgumﬂy in synchronous machines X, > R, in which case egn. .
omitted in subsequent disgrams. il be (12.26) becomes
Z, = Xo[50° = jXs (12.27)

Fig 12.7(c) shows the full equivalent circuit of fhe synchronous
| motor, in which the current flows in the conventionally positive
j direction for motor-mode operation (2 load), 1. entering the posi-
1 don terminal. Applying Kirchhoff's law to this circuit gives
y = Ep + jIXa + jiX, + IR (12.2%,

(e) (c) Fig. 12.7(d) is the corresponding complexor diagram.

EXAMPLE 121 A 3-phase 11'8kV T5MVA, 50Hz 2-pole starcommecied

[ syachronous generator requires 2 separate ficld mm § having 2 mavews valipe
of 3-0 x 10*At/poie to give normal rated voliage on open-crcoit. The Sox per

poie on open-circuit IS apprommately 3 WD, i

r Determne (g) the maxmom armature mm § per pole correspoadms o r2ted

fali-load curreat, and (b) the synchronous reactance i the leakase reactance of

the armature Winding IS 10} Find also the p-a. valse of the syachronons

rEaCiancs. T =
Nesiect the offect of space harmonics In the &d and armatare mm s

Assurme the flux per pole to be proportionzal to the mm{ and the armatiee

) winding i0 be uniform and narrow spread.
Fg 127 :f::mcmmgnaummm The e f. per phase, fromega. (11.20), =
S Gy G Mo ‘ : =m5’
: ! vz
., _ _ |
h‘fﬂ-ﬂl-yhemﬁ and the distribetion factor for 2 oniform samow-spread windmz 5
zr=F. : 3
- ﬁzh;‘& - (12.20) =::_={_'|-955 {1513
e = _ 118 x 108 -
o or 3 ke (1221) kl =
Ry - o A=R+jX, (1222) | Taking K, = 1, the number of tarms per phase =
= w8 X, 5 the symohronous reactance - | i e e DRENR. U
R; TP T EEa® 0955 x 22590 X 53

- A= Tut Xa (12.23)

= polar form the svrchrosoes i o Simce the mumber of tarns per phase most be n mesmr, 2 N, = €
Ll e i | : > Empedance s The magEsus mpg.mi,&mm(lmj,i‘i

—— . —
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I. 1 » : .-.I i
e. This fixed value ,
e n;crln 'f;mp:llie}:oelﬂ'ect as the air-gap i;} 1:l‘-:f;rm};lm”E: Mm.f, hag On open-circuit the terminal voltage depends on the field excitation
@ progressivery Ethened, and the magnetic characteristics of the machine. Fig. 12.9 includes 2 &
AMPLE 122 A 3-phase 138kV 100MVA S0H:z 2.p0)e t R As R X
| c%ndﬁw'rﬂmf synchronous gencrator has an internal Pstatu: adfiﬁnnmttd AW TR — Ay
. 1:08m and an effective core length of 46m. The machine has a syuuhﬁlcr of ¥
§ reactance of 2p.u. and a leakage reactance of 0*16p:u- The average fiyy ;“““US 1Ef Vv @) TE,
over the pole area is approximately 0-6 Wb/m®. Estimate the gap length Casity
e | Assume that the radial air-gap is constant and the armatyre wWinding ynir )
i 1 Neglect the reluctance of the iron core and the space harmonics i the ann;n“'
m.m.f. "ature (a) (b)
With the above assumptions the reactance X, is Fig. 12.5 DETERMINATION OF SYCHRONOUS IMPEDANGE
(a) Open-circuil test (b) Shon-circuit test
o () oo ()
Xa=w ﬁ ST zp (]2'31) . . . = = . ..
v qprcal open-circuit characteristic showmg the usual initial linear
| 13:8 x 103 : d subsequent saturation portion of a ma etizati :
== =7960V ortion an _ eq : gn On curve,
i : Base voltage, Fa = ¥y V3 ; On short-circuit the current in an alternator winding will normally
£ VA/phase _ 100 x 105 lag behind the induced voltage by approximately 90° since the leakage 4
i Base current, /s = = = 4,180A
j VH 3 X 7,960 ' 1-..1
| f V; 7.960 4 f! Cpenrcircuit r:
) Base impedance, Zs = — = "~ = 1910 = voitage <>
b f.] Is 4,180 —r Short-circuit 2
N Xipe = Xipw — Xipu =200 — 016 = 1-84p.u. £ SurTent
B Xo = XupnZs = 184 x 191 = 3520 58 K
' .J' a9 g U Pl -
i ? ; P
4] Fiux per pole, Bse x Pole area = ,, Z2L _ 06 X m x 108 x 4.6 S > Synchronous 3
JIFT ! 2 2 impedarice (Z_) I
{ r s 14
yt ' i - 463% =8 Y
] l,- r
:.' . Ep = KK, w_f ZN’ (11.20) Field excitation (amperes)
7 ) L Fig. 129 VARIATION OF SYNCHRONOUS IMPEDANCE WITH EXCITATION =
|| Fnrlumfnrmmdm&x‘=3,ra-andx,=1_mmt t "
*Ji P | No=-Y25 _  v2x7960 reactance of the winding is normally much greater than the winding 3
Il 7 Y koD 3r X 2= x S0 x dgg — 502 resistance. The complexor diagram for short-circuit conditions 1S L;"
: - : in Fig. 12.10. It is found that the armature and fisld m.m.fs as
O e S S . T | OO i
. Ptr]:;: :nda\m'ageva.lue of flux density. From eqn. (12.31), Fr  Fa 2
- gk AT : 11 . F e
%
Fig. 12.10 COMPLEXOR DIAGRAM FOR SHORT-CIRCUTT
| CONDITIONS
.’ 128 Determinatiog of Syachronoys

are directly in opposition, so that a sgrpﬁsing]y}arge excitation
is required to give full-load short-circuit current in the windings.
The resultant m.m.f. and fiux are small since the induced voltage is
only required to overcome resistance and leakage reactance voltage
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in the windings. Suwe thg flux is smal), saturatig,
be negligible and the short-circuit characteristic jq a;mmlﬁﬂ'tcu wil
The synchronous impedance Z, may be foung by di:iu-au
ircuit 'b'ﬂ"ﬂ# by' the short-circuit current uy any dll’{g the
valee of field excitation (Fig. 12.9). Over (he range g?"“?uln;
where the open-circuit characteristic is linear the gyneg. . ey
impedance s constant, but when the open-circuit oy,
from linearity the value of the SYNChronous impe
It is often difficult to estimate the most appropriate valu:z? :
use for a particular calculation. 2, 15

129 Voltage Regulation

is the induced voltage on open-circuit and ¥ is the tcn';]inal vaimﬁ'p

at a given load, the voltage regulation is given by Bt
: : Ep -~V

Per-unit regulation = — (1232

' There are 2 number of methods of predicting the voltage regula.
tion of an alternator. None are completely accurate. Only (he
synchronous impedance method s considered here,

1210 Synchronous Impedance Method
Using a suitable value for Z,,

EXAMPLE 123 A J-ﬁmeﬁuwaﬂmwr '

has a resistz f 0502
:dimlﬂﬂmgm It is excited lo give 6%% (HI{G)
mmﬁﬂﬁ.; D'Mltmint':’f A voltage and per-upit voltage ion
008 Current the load power factor is (a) ﬂ'm

mwwmmmw complexo

heis o e, Wpl’_ulhcrdmu r since
:-.’h"_ .?a mkmmlhuvdw.ﬁhmagnimdeoﬂf

g Rmp—

— i — e e s
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(a) The phase current I lags behind ¥ by 4 phase angle corr ;
pawer [actor of 08 lagging. i, e Epondin
| = 130]~con' 08 = lBﬂf_—*}E‘_’{"A
The synchronous impedance per phase s
Zy = (05 4 [5)(1 = 502/843° ()

£ s

In eqn. (12.20),
3,810[0" = VIO + (130/=369" x 5412/843)

e

= VIIF + 653/474°

Expressing all the terms in reclangular form.

3E10cos o 4 JIBI0 sin o = V 4 J0 4 447 4 1452
Equating quadrate parts,

3810 sin o = 452
whenee sino s 0127 and cos g = 0997
Equating reference parts,

38510 cos o0 = V 4 442

V= (3,810 x 0992) — 442 = 3,240V
———

and

. ) 3810 — 3340
Per-unit regulation = —= — = ()14}
é 3‘3.41‘) e

(b) Phase current = J30A at 0-6 leading with respect (o ¥

= 130/ +531°

Following the same rrm:durc as in part (a) it will be found that thers is zn

on-load phase terminal voltage of 4,260 V. Hence the per-upil regulation, since
A e inizh

there is a voltage rise, is given by
3810 — 4260
= —0106p.u.
4,260 Bt o

12.11 Synchronous Machines connected 1o Large Supply Systems

In Britain, electrical energy is supplied to consumers from approxi-
mately 200 generating stations. These stations vary considerably in
size, the installed capacity of the largest exceeding 2,000 MW. About
onc-quarter of the stations have a rating of less than 50 MW and
supply less than 2} per cent of the electrical energy demanded from
the public supply.

The generating stations do not operate as isolated units but are
Interconnected by the national grid, which consists of almost 10,000
miles of main transmission line, for the most part overhead lines
Operating at 132, 275 and 400kV. The total generating capacity
interconnected by the grid system is over 40,000 MW, The output
of any single machine is therefore small compared with the total
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interconnected capacity. The biggest single Eeneratoy |,
of 500 MW, For this reason the performance of A Single

unlikely to affect appreciably the voltage and fl‘l:qut'.llc',r of
system, A machine connected to such a system, Where the
of any one machine 18 small compared with the total fnt&,m "‘“Pﬂcity
capacity, is often said to be connected to infinite bush Olifipogeq
outstanding electrical characteristics of such busbirs yre T;‘ls The
are constant-voltage constant-frequency busbar, AL they
When the machine is connected to the infinite busbarg

minal voltage and frequency becomes fixed at the values myj '€ ter.
by the rest of the system. Unless the machine is grossly ﬂvﬂf}lnlned
or under-excited, no change in the mechanical power baup | Oade
or excitation will alter the terminal voltage or ﬁ"‘luﬂnc; J’irlnnd
machine is acting as a generator and the mechan Mty
I8 Increased the power output from the mac
Must increase, assuming that the efficiency does not Breatly chy

(o the same way, a decrease of mechanical driving power *“r"ﬁf'
application of a mechanical load (motoring) will produce q Joca ¢
I OUTput power or the absorption of power from the busbars ase

1212 Synchronizing

The method of connecting an incomin ‘
. . | & alternator to the liv ‘
bars will now be considered. This is ca : King. o
nected to live busbars, o,

o : dﬂ[till. a short-circuit wij|
The ueed e.m.f. will prevent dan erous|
gh switching currents only if the following conditions urf almm'a)tr

exactly complied with -
L. The frequency of the induced y “ !
oltages in the incoming machine
must equal the uency of the voltages of the live li;usbnrs.

e must equal the

Synchronized auto-
lustrated by the three-lamp
»May be used for synchronizing

= ¢h it will be noted
bereresponding phases while
other two phases.

i nduced Voltages are

Y€ supply voltages are
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epresented by Vr, Fy, and Va, The lamp symbols haye been
' ided to the complexor diagram to indicate the Instantaneous lamp
. ;m}.ﬁ_ It will be realized that the speed of rotation of the com-
\;‘I::il‘;?‘ will correspond to the frequencies of Ihclp.!-.:ppl)- and the
muchine—if these are the same then the lamp brilliancies will be
Constant. ‘The HpCUFI ol the machine should be adjusted until the
machine frequency is nearly that of the supply, but exact equality
(¢ inconvenient Iqr\lhcrc would then be, in ulllpmhﬂbihty, a4 per-
manent phase diflerence between Lcnrruﬁpmullng vnltﬂgm, The
muachine excitation should now be varied until the two sets of voltages

(f) ==

.__@__.

A
. Parallelin 1 VR
&4 awlitch ’ @1

»
—/0-——-—-1r—=—=---—-—- g
ER
/u____.____...___-. Incaming

machine
— —-/cr

-
_@___

(a)

Fig, 12,011  SYNCHRONIZING BY CROSS-CONNECTED LAMP METHOD

are equal in magnitude. The correct mnditim_m will be obtained at an
instant when the straight-connected lamp is dark and the cross-
connected lamps are equally bright. If the phase sequence is incor-
rect no such instant will occur as the cross-connected lamps will,
n eflect, be straight-connected and all the lamps will be dark
simultaneously. In this event the direction of rotation of the
incoming machine should be reversed or two lines of the machu;e‘
should be interchanged. Since the dark range of a lamp extenla
over a considerable voltage range it is advisable to connect a volt-
meter across the straight-connected lamp and to close the paralleling
switch when the voltmeter reading is zero. It should be noted that
the lamps and the voltmeter must be able to withstand twice the

normal phase voltage,
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+ of Variation of Excitation of Synchronous
12.13 W"‘"I +o Infinite Busbars Machip,

. alternator connected to infinite busbars. Fig |3
i?o &s;d:rm;uplexor diﬂgram of such a mach_mf: when ﬂp_eraliz:ulgz Zi
unity power factor. The voltage dmf Iﬂ_ﬂ ‘5‘ in phase with gz, and
the voltage drop LsX; leads Lo by 90°. The complexor sum of fp
and L Xe is laZs and the e.m.f. (Er) of the machine is obtained |,
adding LZ to ¥V, the constant busbar volte:ge. R, X; and Z, refer
to the winding resistance, reactance and impedance respectively
luz# makes an ang[g {7 = ta:ti_l (11 ;jR) with V. i -

Suppose that the excitation of the alternator is 'reduced while
its power input is not altered. The power output will thus remajp
unchanged. As 2 result the active component of current, and the
voltage drop LZ, due (O Fhls current, will remain unchanged.

L.Z, is shown separately in Fig. 12.12(b). :

However, when the excitation of the alternator 1s redgced the
em.f. (Eg) of the machine must fall, so there must be a difference
hetween this new, lower value of Er and the complexor sum of ¥ and
LZ.. both of which remain unchanged. This difference is made up
by a leading reactive current (which contributes nothing to the power
output of the alternator) which sets up the‘voltage_ drop_ LZ, w_hich
leads I,Z, by 90°. The complexor diagram illustrating this condition
is shown in Fig. 12.12(b). If it 1s said that the alternator 1s normally
excited when it is working at unity power factor, then when the
alternator is under-excited it will work at a leading power factor.

In a similar way, if the excitation of the alternator IS increased
from the normally excited unity-power-factor condition, the e.m.f.
(EF) of the machine will increase, so that there must be a difference
between this new, higher value of Ep and the complexor sum of V
and LZ,, both of which remain unchanged. This difference is made
up by a lagging reactive current (which contributes nothing to the
power output of the alternator) which sets up the voltage drop I.Z;
lagging behind LZ, by 90°. The complexor diagram illustrating this
Cﬂﬂdltlﬂl_lt;; ?lh‘};‘lm i“rfig;ﬂizﬂ(t:). Thus when the alternator is
over-excited 1t will work with a lagging power factor.

Fig. 12.12(d), (¢) and (), give i]:ic corresponding diagrams for the
Z&Mﬁmﬁtﬂrmnum to infinite busbars. These are essen-
e e e A 5 1

S RS g Works with a lagging power facter,
whereas the aliernator under similar conditions of egxgt,ation works

with a leading power factor; and that |
is over-excited it works with a Leh;itnwmn S Ahnans motor

alternator works with a lagging P’Wer%‘?agfo?r factor, whereas the
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- tant power output as a generator the yg]
wﬂf ﬂ;:::;:mnt. P;Jf the exgitation 1S now varied, ta%:ﬂ?;?{]:s Lz,
changed but , and hence the I.Z, drop, will change jp size, .-
voltage dropis always directed at right angleg to the 1, Z, voltage g
however, so that the locus of Ep as the excitation varies at mﬁﬁtn :
power is the straight line perpendicular to LZ,, as shown i Fﬂlgt

c).
lziflz(tﬁl same way the locus of Ep for constant load in 4 Mmooy
the straight line perpendicular to /,Z, as shown in Fig, 12.12()
In each case illustrated in Fig. 12.12, the line joining the eng Pl:;i

of the complexor ¥ to the end point of the complexor Ep fePresenI:t
the overall internal voltage drop in the machine, i.e. IZ, [y should bs
noted that the angle between complexors I,Z, and IZ, is in every cas:
the phase angle, ¢, of the resultant load current.

1§

i§

12.14 General Load Diagram

Fig. 12.13 shows the general load diagram of a synchronouys machine

connected to infinite busbars. In the diagram OV, represents the

constant busbar voltage; VC, displaced from OV by the angle v

= tan—* (Xy/R), the phase angle of the synchronous impedance of the

machine, represents a voltage drop, IZ;, caused by the full (109

per cent) load active component of current when the machine acts
as a gencrator. If the machine is working at unity power factor

the em.f. Ep, is represented by OC. If the machine works at othe;:

than unity power factor, the voltage drop caused by the reactive
oomponent of current (1.Z,) must be at right angles to VC, since I,
is at right angles to I,. Hence the locus of Er for constant full (100

per cent) load is AD, drawn at ri ght angles to VC, passing through C,

The line ZZ is VC produced in both directions.

. At 30 per cent load the active component of current will be half
s value at 100 per cent load. The LZ; drop at 50 per cent load is
s tore half the value corresponding to 100 per cent load. Thus
| lﬂm 1o ar onstant 30 per cent load is the straight line
| -point of VC. A

e ta worlii_'l_i_g'.at_ unity power factor there is no
ther 00 I Z, voltage drop. The line Z7
Vs T locus for power factor 0-866 leading, and

866 lagging,
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itation is evidently a semicircle with
¢ constant excitation 18 evi y
Efg}:‘.ogo per cent, 100 per cent, 150 per cent and 200
tre 0. 1O excitation are shown. .
per cent I Fig. 12:13, suppose the machine has 100 per cent
Refernng Eiois on no-load; Ep is then coincident with V. Suppose
excitation a0 nput to the machine is increased; it must

. ower 1 :
hamcalgel:mmwr delivering electrical power to the busbars.

Constant
kVA locus

Fig. 12,13 GENERAL LOAD DIAGRAM FOR A SYNCHRONOUS
MACHINE CONNECTED TO INFINITE BUSBARS

Physically the #otor is displaced slightly forward in the dlrccn?nﬂ?:
rotation with respect to the instantaneous pole-centres o b

stator field, In other words, Ep advances in phase on ¥ along Eli
circular locus marked *“100 per cent excitation™. As the mec.ha;'uca-
power input is increased, there is an increasing phase displace

ment between Ep and V¥ until a stage is reached where Ep has

the position along the line Y'Y, which is parallel to ZZ thr?ﬂudgftl CL
If the mechanical power input were further mgrcased Ep wuuld tlexl:n
to swing beyond YY. However, the extremity of Er wo further
approach the 50 per cent load line instead of moving fu #
away from it and the electrical power fed to the busbars wou
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of the complexors of Fig. 12.15(a) on the steady-

New current, /s = 3300 _ a12a rnjgctiﬂﬂ ; :
1 I'Zy _ 3200 _ state

| ! Power factor, €os ¢ = fiz: - 0-97 lagging AT Epcos (¥ — g) — Vcosy (12.34)
| B4 L e ey ; i i " - t 1 .
:' E ; :;L .i}t the hs::c}y;mcg%u; 0;5;33'{;[?1{1?; ;hlﬁ excitation (point ), lh’*"furn:m subsﬂt“““g the cxpressmn for In obtained from eqn. (12.34) in eqn. T
' ' W Ly = ) . ; 3
B ol 33) Bives |
9,900 (12 ,
B 5 ;‘,5_*___..-_-1.235.6. . .

{ T L 3V (Epcos(yp — 0) = V05 ¥} (12.35)

' 'I ' LoaZs = CO' = 7,600V
! . 't i
1N - [aaZs == 1,600 = 0:768 Ieadlng Following the same Pro

Power factor, cos ¢ = <
!42[ g-.gm —— e, x
I ]215 (b) the pnwer trans

' f ; 'i Maximum power output = /3 VI cos ¢
(12.36)

cedure for motor action and using Fig,
fer is found to be

l ¢
,. /3 x 11,000 x 1,235 x 0768 3V _ Eecos(y + o))
: s 1,000 -_-m P_.zzs{Vcosw F y
@ ik . L
D | s _ | : 1ontly eqn. (12.36) will cover both generator action and motor 3
£ s U acgzindi? tieqpower transfer P and the load _angle g are _Lal:en_. i
_r & Fig. 12.15(a) is part of the general load diagram for a synchrongy conventionally, to be positive for generator action and negative for ‘.
v 2 machine and shows the complexor diagram corresponding to gener; motor action. | .
" i‘: tion into infinite busbars at lagging power factor. Fig, 12.15(5) 9y gince, for steady-state operation, the stpaed of a synchronous
bz 3 machine is constant, the torque developed 1s
¥ 3 D
28 i r
2+ r i P 3 V :
" - —— = — = {EFCO — g) — V cos 12.37
§-44 A B} S RCORLY ) v} (12.37)
| _T [n many synchronous machines X:> R, in which case ng"_u::::
3 ! X,/90°. When this approximation 1s permissible eqn. (12.35)
£ becomes
¥
E i 3 V o ]
P=— {Epcos (90° — ag) — V cos 90°}
_.J ! Zl
"- | 3VEr .
. {a) (b) =— ~sina (12.33)
) Fig, 1215 POWER TRANSFER FOR A SYNCHRONOUS MACHINE | ;

@ Genera
tor  (b) Motor | Similarly eqn. (12.37) becomes

the corresponding complexor diagram for motor operation als |
€ C oata | 3 KE
lagging power factor. The power transfer is = | b 2mng X, ; fin G L5
P =3Vicos¢ = 3V, 12.33
S (1223) The power/load-angle (or torque/load-angle) characteristic 1

- where V is the phase voltage and / is the phase current, | shown in Fig. 12.16. The dotted parts of this characteristic refer to
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operation beyond the steady-state limit of stabiljt

operation cannot be obtained beyond this Jimie - USual|
angle exceeds 4-90° the opcration};s dy ls-hm{l. SO that jf l{] taby,

Power * X
or torque \\
\

i | \
& \
f- ! \
i
}
i

l\ Load E;'I-g-i.ﬂ {q)
\
\ + Powenr

or torque

Fig. 12.16 POWER/LOAD-ANGLE AND TORQUE/LOAD-ANGLE

|
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s CHARACTERISTICS OF A SYNCHRON

- OUS MACHINE
ﬂ CONNECTED TO INFINTTE BUSBARS
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€I a generator or g motor

| ‘ | | 1 y W
1y synchronized. busbars has an inherent tendency hen

t0 remain
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. . and the load on the machine incrcasc_s to Py + 8P, Since the
hncd ower input remains unchanged, this additional load retards
swﬂmym[:jhinc and brings it back to synchronism,
Lh“similarly. if owing to a transient disturbance, the rotor decelerates
so that the load angle dcc'reases. lh‘l: luad on the machine s thereby
educed to Fo — op. T]:IIS feduct]on In load causes the rotor to
;ccelerﬂtc and the _machmf: s again brought bac'k to synchronism.
Clearly the effectiveness of this inherent correcting action depends
on the extent of the change in power transfer for a given change in
load angle. A measure ol_‘ thlg effectiveness is given by the synchroniz-
ing power coefficient, which 1s defined as

dP
/5 oy (12.40)

From eqn. (12.35),
3V

P = 7 {Ep cos (p — a) — V cos p} (12.35)
.
so that
P 3VEp .
Ky o= o S === (p — o) (12.41)
Similarly the synchronizing torque coefficient is defined as
dT 1 dP .
S I m— 12.42
Te do  2mno do ( }
From eqn. (12.42), therefore,
3wVl .

Ly

pres . 12.43)
e Zo sin (y — o) (

[n many synchronous machines X, > R, in which case eqns. (12.42)
and (12.43) become

L IVEp

P, Y, Ccos o 44
T 3 VEp (12.45)
P = 277“0 ﬁ'. COS o

Eqns, (12.44) and (12.45) show that the restoring action is greatest
when o = 0, i.e. on no-load. The restoring action is zero when
g = 490°. At these values of load angle the machine would be at
the steady-state limit of stability and in a condition of unstable
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equiibciom. It is impossible, therefore, to nun 3 _
steadv-state lmit of stabiity since its ability to -%n

& zero emiess the machine i provided With a o ! Shange,
axatatios svsiem 5, wf&!{%

EXAMPLE 125 A 2 MVA 3phsse Spole altermator & oo
mw&w:mgmﬁmwﬁtﬂ;;ﬂiwhmv
ssnchropisee power i synchromnng WOrgue per mechamical %&t&
ﬁtﬁdum {Asseme norme! excRation. ) ‘hsfﬂcqgm
The sencirommng power SoefhcRest S
IVEr
Pl=
T s @
Oz ooved e sl aasie = = 0
Since there &5v & pofe-pairs,
2 4 siecncal deyress: therefore

The Three-phase Synchronous Machine o3

12,18 shows the torque/load-angle charactensuc of a syn-
g'wu; senerator. The steady input torque s T's, corresponding to
- logd angle @ Suppose 3 transient disturbance

o make the rotor depart from the steady state by

gs t
be sufficiently small to assume that the synchronizine

Fe=. 12 J& OSCILLATREON OF A SYNCHECONCUS MATESNE CONNETTED
TO DNFINITE BUSEARS

torgue s constant; i.e. the torque/load-angle charactenstic s assumed
to be linear over the range of ¢’ considersd.
Let T, = Synchronizing torque coefficient (Nom/mech. rad)
¢ = Load angle deviation from steady-state position (mech.
rad)

J = Moment of inertia of rotating system (kg-m)
Assuming that there is no damping,

dc
The solution of this differential equation is

= oxsn([Fe+) @

From egn. (12.47), the frequency of undamped oscillation s

S
~2e N J
Synchronous machines intended for operation on infinite busbars
are provided with damping windings i order to preveat the sus-
l . mar.:hm:s‘ ot {llﬁgﬁmetak the form of a
-pole ines the damping winding ks o ‘
st D bars of relatively large
cross-section embedded in the rotor pale-face. In c}jhndnml-
rotor machines the solid rotor provides mm&mm& but a
winding may also be provided. This consists of copper IRgeTs
:g'tedmthcmimﬂmhdmmwwedgﬁmdpnﬂmguha

{12.48)
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4t sach eod Of the rotor. The currents induced iy th

e & damping tongque which preven ‘ ,
:I'nh % prevents cantinuous Oselllation g

m 136 A ."w kY 2 wile *l‘t‘l“'@'\ﬂ“h\ 9

motor has an effivioncy of 098p 0, snd delivers fu T MK\

-“hh(\q“

_ 1o
adjusted so that the fnput power factor is unity TIH: u;::ﬁ:l“;ﬁh iy Mﬂllli::

M iilm

Mo A ity foad is 30kgm, and s syochronous inpedaics 1 lﬂ +“1 Of (hy
ALRITHY
e

mum the poriod ol undamped asotllation on Al doad ¢

loput current, [ =

W sinall ‘r'hl[
M X e ‘
VA X B X0 x 09 - [TIA
Taking the phase voltage as reforence,
E = ¥~ IX,
_Nuwf | e

The syacheonizing torque coofficient i
n-i:; %m-
3

23X 100 200
— X .

Tt undamped frequency of oscillation is

1218 Synchronous Motory

A synchronous motor will not develop

s s eop & driving torque unless i
w _mhmmy hnctm;: ::::2: ﬂl‘l any other speed the field

onl mliw N and 2ol
starting either (q) ‘hﬂyin‘d m:ﬁﬂs torque will be prm!l :::;:il.nr lg:
m motor must be w‘n E.l f‘;::’: Pﬁﬂdple or (b) a separate
machine must be run up to § latter method s used the

urgz;lm Speed and synchronized
i % synchronous motors are
'S and have

3
B
B
:

0 'i!ﬂl'l\p,i“g bﬂh
Lt &

(12.4%)
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Th(‘ !I:HHHP. tl““l‘lll“i"ﬂl of i I'l'.‘lu‘lllu[h““ motoy KVerely “IHH {ta
aseluiness it may only be used where the load may be redyced
o stavting and where starting i infrequent, Once started, the moter
has the advantage of runniog ab o constant speed with any desired
PO taetor, I'\'i‘li““l apphications of synchronous Motor are the
deiving ol ventilation or pumping machinery where (he maehines
pun alimost continuoualy,  Synchronous motoms are often run with
ao load to utilize their leading power factar charaeterintio for Powe
faetor vl ection or voltage conteol, Tn these applications the machine
(¢ called & synehronous phase modities

K LGUR of K,
- ™ e tonslonl
pavwar

-~
Lodus of B for

unity power faator
]
Lagging

Leading

L) S00 1 O
L I l

Seale (volls)

Fg. 12,19

EXAMPLE 127 A 2000V Liphase 4pole stapconpected synchionons tachine
s resiatance and synchionous reavtance per phase of 026 amd 1YL renped
tively,

Calculate the et and the rotor displaceiment when the maching ncta as a
Motor with an fnput of ROOKW at power factoms of 008 Ing,%l.ng and lending,

I & fold cutrent of 40A (s reguiied o produce an emd, por phass equal (o
rated phaso voltage, determine also the flald current for each eondition

Synchronous finpedance, £ = (b3 o f19 = 191/EA" U/ phase

‘ —LLL
Constant phase terminal voltage, ¥ s Soe s 1130V
\

praton KT s w8 AENA
V1K 2000 x OK

Active component of current fn both cases, fy = 288 & 08 = 230A
Roactive component of eurrent n both cases, £ = 28 x 06 = TTIA
ladly = 200 X 19] = 440V

iy = 173 X 191 = 330V

Total phase current n both cases =

Fig. 12,19 (s now drawn (o seale for the matoring condition,
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'“"Iﬁ am factor the excitation

Fidld current required, 1y, = 40 » '-i'-:;p' W54

Fidd current reguiired, [py = 529 A
Rotor anghe = 17, = 29",
e d-pole star-connected vynchy.
ation ia constant and g m"'::’?;:'ﬁﬁn
W‘H"ﬁﬁ mﬂ?ﬁl’m

bﬁ;mmmuﬁqw Geveloped (o7 an seme
mw -3 - 390 (1 phiase
lh-ﬂa’,'?-%?i- 1150V
EMF tybam, £y = 1,19y

& Ery = B30V /phase. W"Mﬂmﬁn
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PROBLEMS

121 A Bphase 11EV s conneried siternater has o fetw u‘v_aﬂ.g-g
covistance of 101 and § synchronous raactance of 2001 per phiese (s G
poreersage o jom for & load of 1 990W = pia of gy 0% Lgpog, W
unity, (o) 0-'2%
Ans, 72 per onet, 425 per vonl, ~ 134 pi e
122 Dewrity the tests carried ol o order thad e proci Ohous nqnﬁ-m-r of
a0 witornalor can be obrieined By meaos of & s ghow b (he sy D
| x uag be weod 1o detenning the f s of 80 siternaior & & ghar-

Uesiler lond sud power (aetor ' |
M;mwf;uumwm it 8 vyuhweomaus Mugadsues

(04 ‘ “, mﬂum ,.mdﬂﬁm-fim

:rp:ﬁ’?!’mddlwﬂaww prwoiﬂm-ﬂﬁw-

f’:ﬂwh&;,mww:mmnnim. ML)
Ans. Y7 per cosd, | B4 pov cont, ~&U) per 1




