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i MAGNETIC FIELD: THEORY REVIEW

4
308 Magnetic field:

Magnetic field is the space around a magnet within which the magnet
308 has afTect on the magnetic materials.
309 e
F= I mm,

310 NE: dnpop,  d°
316 ._ -‘__“.:'."-_ or, U= . He
339 where, st
352 my = magnetic pole strength of the first pole (Wb)

m, = magnetic pole strength of the second pole (Wb)
d = Distance between two poles (m)

Ko = permeability of frec space

Hr = Relative permeability of the medium on which the two poles
are lying,

Magnetic field intensity (H):

Magnetic ficld intensity at any point of a magnetic field is defined as
the force experienced by a unit north pole at that point.

S N -'- ér——f
S
m
Hr=7nd?

Magnetic flux density (B):
Itis defined as the magnetic flux per unit area.
B = ¢/A (Wb/m?) or Tesla

Work done and its Applications

The unit N-pole in moving around any closed path in a magnetic field
is equal to the "Amp-tumns" (N1) linked with the closed path.
Mathematically, '

$H.dr=NI
\-_'Y__J

Work done ina

closed path/per unit pole
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Magnetic Clrcults & Induction /3
Then emf induced in the coil, according to Faraday's law of

For path-d, linking N-conductor, the, electromagnetic induction,
the work done in moving a unit N-pole - Ndd _ N d(BA.Y _ NA %g
around the circular path is path ¢ ang ‘ dt dt ]'Q'I‘
isgivenby. & also magnetizing force is, H = 7
§H-df - MAGNETIC FIELD DUE TO A BOLENOID (ELECTROMAGNET)
or, Hﬁdr = NIl = H.2rr=NI e e
M DO TE B P,
= H - =T ‘N Malnin il i '”,
- s {1ttt

HON
l"il' cl.llVlIl-H GURVIJ'”AQNETIZING CURVE I 1 l e W'j)
HYST g st
lied by a § R e et o
ider an clectromagnet SUPPIIS S N N
»C:::;::rnc supply. The magnetizing force i 2

= 'H' t '£' of the solenoid & is
inside the core is given by, H=" when 1 Assume that 'H' remains constant though

negligible outside the solenoid- If a url:lil Nh-polc ::dmove;i nr:oundb;
: ; : be varied & / closed path in a direction opposite to H, the work done is given
varying I, H in the materisl can ‘ work law as,
sccordingly B will also vary. Variable DC NI .
supply Hx¢=Nl .. He==" magnetizing force inside the solenoid.
B P ‘C/ Sattirktbon zane : (Work done against the magnetizing force.)
i ’m':_,.,..., .---';p':----- - ot ey P e s aESSesESEEaSasas L "
...[_’)'/ / | m(weber) «pm(Am) i
retaintivity Linear zone (B = pop H) : 4 4 '
(residual magnetic %71 dB : !
flux density) - | engineering phy_slcu _______ i
7H /‘*/ Initial non-linear zone Hende, "7 "= "mmmTmmmmmmmommmsssesess
- - —H Fm iy H = F/m = =2 (A/m)
Lfert = - m - m
/CDCTCI\'IIY : OG/H H _}&Cau’c ﬂ“d 4“”:{ ”
- i - 2 - - - ?
e S— e B — Effect B = ¢/A (Wb/m®) B=uH K amnd? " andt (Wb/m®)
; /4
Flg.: Hysteresis loop Thus, P = c.1 = N.A. %l:.\; : -HN— =>P=ALH %

There is a loss in the process of magnetization & demagnetization in

the form of heat end is called hysteresis loss, due to the property of

magnetic material known as retaintivity.

The magnetic flux at any instant is given by, W
&1) = B(1). A v $H.dB $ H.dB = complete area of the loop.

Energy spent in small time interval, (dw) = P.dt,
Energy spent in one cycle of magnetization (i.e. the complete
Hysteresis loop) = §GH.dB = if H.dB = shaded area

Energy loss per unit volume = Area of the loop.
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g voltage source. the core

magnetized &

with the varyin

i 1S
the coil g€ )
each cycle causing

inside :
demagnetized 10
hysteresis 10sS.

i(1)

A.L. Source

The power loss duc to hysteresis.

Ph =n= stcinmclz constant addition of silicon

=502 J/m’ (sheet steel
= 101 J/m’ (silicon steel) hysteresis loss.

reduces 'n’', hence reduces

B —» max. flux density in the core/v — volume of iron core.
i i

MAGNETIC CIRCUIT
PR S
E —+— Magnetic flux (¢)
I ' ‘
=By . _
os— P --+— Cross sectional arca
: * +— meanlength
d:' """" R T : ¢}— magnetic permeability "1’

= Magnetic flux (¢) is analogous to electrical current (1),

= In an electric circuit, the current flows due to an emf source.
Similarly, in a magnetic circuit the magnetic flux is produced by
a quantity known as mmf (magneto-motive force)

N = number of tumns in the winding

mmf = NI{I = current flow through the winding

Magnetic Circuits & Induction /5

= The current flowing through any electric circuit is opposed by
the resistance of the path. Similarly, the magnetic reluctance (})
nature of the path.

/ f
B ;K T HolA

pt = permeability of the core, A = cross-sectional area of core.

= R f = mean length of the magnetic path

u, = relative permeability of the core

OHM'S LAW OF MAGNETIC CIRCUIT

vO SR

b
()
N/

-

Ohm's law: 6 =BxA
V/iI=R Flh=R = ¢=pH=xA
.|
f
—_ __NI
V=IR F =N ::»q;———(”pA)

Fig: Analogy between electric and magnetic circuits.
Hence, Ohm's law in magnetic circuit is,
mmf (/) =R

Then, the analogy is as:

Electrical Magnetic circuit
1) current (I) (1) Magnetic flux (¢)
2) emf(E) (2) mmf (7))
3) Resistance (R) ' (3) Reluctance (R)
(4) 1=ER 4 ¢=mmf’R
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6/ Electrical Machine - - Magnetle Clrcults & Inductlon /7
ﬁ”ﬂ“m — Then, total reluctance In series |s given by:
- aTIC CIRCUIT No= 0+ Ryt Ry + N, W W W
SERIES MAO Ag Hs . e mmf I B I R
Av by Section - 2 h X ok
— . . » o= NI
Ed -L R+ X, +_ R+ Ry Figt Electrical energy
l . —— Alr gap has very high reluctance with compare to iron core. It reduces
"’"&:; N Ig (alr gap) the magnetic flux In the circuit, It is quite similar to addition of very
derp e T high resistance in series with low resistance in case of series electric
=" ' creuit,
e iy PARALLEL MAGNETIC CIRCUIT
If the magnetic Mlux produced by mmdf-divides Into two or more
) Section -3 parallel paths In some sections of the magnetic circult In a core, then
Ay My those kectlon are sald to be In parallel as shown In Ngure.
| 4 \

Serics magnetlc clreult I8 such magnetic circult where same magnetle
flux passes threugh all sectlon of magnetic clreult as shown In Fig.1,

Here, mmf = NI & the same magnetic flux '¢' flow through each
sectlon of the core. Now, reluctance of each part/section can be

2 Ry Ra %Rm

calculated as:
Section It
t,=ba+hl+lh ' Flg1 Eleetrical arology
Area = A and permeabllity = y ' Thus, In this ease
: . L (T
" *I HIAl Rih—“Athéd@“ HA
Section 21 Row,, = L5
L=be+ed+ef+ Mg ALY ;
Area = A; and permeability = Thluﬁ‘l“ Ln electrical eireuit, the magnetie equivalent reluetance can be
. , caleulated as;
1t Lﬁ; = HZA! .ig ‘| 3 ‘
Seetlon 31
f3=hg; Area = A; and permeability = p;
o et B LT DN IS (P DS [
Air-gap: FY ; Tr
length ? tyi Area = A, & permeability = - : — -
R * Ry a
L R= . _ it Cbeta R=R, +R A
T LA, N Ryt * Mo .

— . e = - e —————————
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d}m‘ - ¢ = Fm '

mmf
¢= Ry + Riua*Rixa
Rh-d.l -+ Rhcu

= S REATIONSHIP (MAGNETIZATION CHARACTERISTICS) ™

B=puH; H=NI{ = Hel
B=¢/A >Bx¢

Fig: Coil without core
In the free space, the magnetic flux density (B) is directly proportion

to the magnetizing force (H)

or, BxH

or, B=pigH, where i, = permeability of free space
= 47 x107 H/m

Here, the relationship between B & H is linear one
q (magnetic flux density)

B =pH

H (magnetizing force)
Fig: B-H characteristic curve
without core, in free space.
The relationship between B and H in the case where magnetic
materials are used as a core is strictly non-linear. For example, in the
case of electric motors and transformers. A typical B-H curve for a
magnelic material is shown below:

Magnetic Circuits & Induction /9

Fig: B-H characteristic curve with
iron core (ferromagnetic material)

A 5 C
B saturation zone

Linear zone (B = pH)

A

=— Initial non-linear zone
0 —H

Fig. Typical BH curve of magnetic material

EDDY CURRENT LOSS

According to Faraday's law of electromagnetic induction the time
varying flux in the core induces emf in the coils. Since the core itself
is a conductor emf will also be induced in the core resulting
circulating currents in the core. These currents are known as eddy
currents and have a power loss (I°’R) associated with it. This loss is
known as eddy currents loss.

— Resistivity of the material

This loss depends upon the
Mean length of the path of the

— circulating current for a given
cross-sectional area.

The eddy current loss in the core is given by:

P, = kB V| (watt)
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Where,
B, = maxi 5
f = frequency of exciting current

mum value of flux density in the core.

v = volume of iron core.

t = thickness of each lamination.

k = constant depending upon the nature of the core.

tical applications, o : E o
I(I';pra.:dding silicon to steel which will give a high resistivity of he
Y :

the eddy current loss can be reduced by:

material. 5 _ ‘
i) By dividing up the solid core into laminations while making syre
‘ {hat each lamination is insulated form each other.

lime
varying currenl

Fig. Solid core Fig. Laminated core

FARADAY'S LAW OF ELECTROMAGNETIC INDUCTION, STATICALLY &
DYNAMICALLY INDUCED EMF.

A Gentlemen named Michael Faraday invenled the relationship
between Electricity & magnetism. He observed that the emf induce in
a circuit when magnetic flux linking with the circuit changes
momentary with respect to time. After his detail study of this
phenomenon, he formulated some laws, which are well known as
Faraday's laws of electromagnetic induction.

i) First Law

Whenever the magnetic flux linked with a conductor changes
with respect to time, an emf will be induced in it.

(Magnetic flux linkage changes = cuts magnetic flux)
ii) Second law

The magnitude of emf induced is equal to the time rate of change
of magnetic flux linkages.

Magnetic Circuits & Induction /11

The magnetic flux-linkage could be changed into two different
ways:
(a) Statically induced emf } )

£ ©7 B

_NABA) L dA dB
(b) Dynamically induced em dt “Ng ~B

N *NATG

a) Statically induced emf: (Coil stationary field changing)
In this method, there is no physical movement of conductor or |

coil, only the magnitude of magnetic flux is changed. Hence
changing the flux-linkage.

Flux ¢ -
.-""..

I

Galvanometer
Fig: Illustration of statically induced emf.

—  When 1 is kept constant; no change in flux-linkage occur in

coil-B & then no induced emf in coil-B.

—  When 1 is increased, change in flux-linkage i.e. increase in it

occurs, and the galvanomerter shows a deflection in one
direction indicating induced emf causing current flow. When | is
decreased, the observation is just opposite.

—  If the magnetic flux in the coil-B changes from ¢, to ¢, in a small

time interval from t; to t,, then according to second statement
given by Faraday's law of electromagnetic induction, emf
induced in a single tum of coil-B is given by-

$2-0-_do

e(per tum) = t: f, dt = Rate of change 61‘ flux

For 'N' number of turns in the coil-B. Total emf induced across
the coil is given by

_nde
e=N a volts
According to Lenz's law: Direction of induced current/emf in the
conductor will be such that the magnetic field set up by the induced
current opposes the cause by which the current/emf was induced.
Mathematically,

_ N30
_'th
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fis induced 10 0ppoSe the cause i.e. to decrease the flux from cojj
emi1s1

"o Coil-B |®

Fig: Lenz's law
b) Dynamically Induced Emf

induced current

Fig: Dynamically induced emf
In this method, field is stationary & conductor cuts across it which is
responsible for the change in flux linkage.

Fig: Area swept by the conductor in time.

Magnetic Circuits & Induction /13

As shown in the first figure, the conductor is moving upward in the
magnetic field with velocity v. In small time 'dt’ the conductor swept a
distance dx with velocity 'v' Let, L be the length of conductor inside
the electric ficld.

When the conductor moves in the magnetic field, there is a change in
flux-linkage.

Now, the change in flux-linkage will be equal to the change in flux
when conductor moves a distance dx, which is given by,

d$ = BxA; where A = arca swept by conductor.
or, dg=Bxdx xL

or, dg=BrLxvxdt (- v=0)

dt
or, %? =BLv ...(i)

We know that, induced emf is given by,
_d .
e=q - ()

Thus,

¢ = BLv, Here, ¢, B & v are vector quantity. The direction of
induced emf (or current) can be found out by using Fleming's right
hand rule.

Ivﬂ'humbl

e{middle finger)

Fig: Fleming's right hand rule.
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'y ‘ Magnetic Circuits & Induction /15

2 - ] T. lFumch}.Thumh

"3 Current flow inward ©-> Current flow outwarg
o the paper —='B", Fore finger
If the direction of motion is inclined to the magnetic flux density a
shown below;
vsin @
T v
N ....gnﬁs
eveaaness
B T Middle finger
Then only the component of velocity perpendicular to field 'p is Fig. Flemming's left hand rule
1aken. Since the component parallel to B has no change in flux F
. i eral, the induced emf for dynamic case is
linkage. Thus, in gen _ N @™ S N JMS
_= BLvsinf ) » et
- _ F B
3 B S N
FORCE ON CURRENT CARRYING CONDUCTOR: E ¥ s
PR . T
i Fl
B /f/_ Fig. Application of Flemming's left hand rule
—H— Self-Inductance:
nature to oppose the change in current through it L
N B represented by coefTicient of inductance (L).
e
. di d Nd
current (i) Lg =N f = dt

Fig: Force developed on current carrying conductor in a magnetic field. ¢ « rms, avg, peak

.do .
When a current carrying conductor is placed in a magnetic field, then Sl A T < rms, avg, peak

a force will develop on the conductor, whose magnitude is given by, No
F = B.L L (Newton) d
" Where, If ¢ = i is not valid, L may vary
B = magnetic flux density (Wb/m?’ . N6 N mmf N NI NypA
['= current passing through the conductor (A) ) L= =7 Teluctance ~ 1 * fluA T
L = length of conductor lying within the magnetic field (m). N A
and the direction of force is given by the Fleming's left hand rule. . = (L= ¢
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= Tutorial

o ircuit shown below calculate the vajy, of

¢ .
{ For the magnetic d to produce a magnetic flux density of

" UK requi.l'e :
current Given that cross-sectional area of the core is 16 sq, mm,

1.2 Tesla. d length of core (£;) = 40 cm, :
air gap length U s : |;J:::
1™ =6000- '——_______________._
P
S T R lg=0.06 cm
o—e—T=P tums
Solution: 4 %
Total flux required (¢) = BxA = 1.2 x 16 x 107 = 19.2x107 Weber
‘. 40 x 107
Reluctance of core = R¢ = 'HX = 47x107 x 6000 x 16 x 10™
=33157.28

' L 060x10
Reluclanccofalrgap=$g=pA=4n x 107 x 16 x 107

. =208415.52
Total reluctance of the circuit (&) = R + R, =331572.8
Now,
NI
=%
% 19.2x10 72.8
or, |=§;T= D 6;03315 =106 A

2. For the given magnetic circuit cast steel core with dimensions as
shown:
Mean length from A to B through either outer limb = 0.5m

Mean length from A to B through central outer limn = 0.2m [2074)
Solution:

In the magnetic circuit shown, it is required to establish a flux of 0.75
me in the air gap of the central limb. Determine the mmf of the
exciting coil for the core material (a) Hg= % 1, = 5000

1
0.02 cm
Ry

©)

Magnetic Circuits & Induction /17

4, 4,
\ \
Ve (. -
A
C' H
= = “1-1%1 cm
— 0 3
. ?‘02 cm T0.[]25 cm
i gt
1x] e¢m @

a) =, i.e. there are no mmf drops in the magnetic core. In this
figure, two outer limbs are parallel magnetic circuit.

Now, air gap reluctances are:
0.025 x 10

5 = — x &
‘Rgl"45cx10‘7x 1 x10° = 1.99 x 10° AT/Wb

0.

02 x 10

Rg, =

4xx 107 %x2x 10"

0.02 x 10

Re,

4x % 107 x 1 x 107

=0.796 x 10°

=1.592 x 10

the electrical analog of the magnetic ckt is:

]
=
A

0.75 mwt

'[N[

(a)

$=0.75m Wb

(®)

Re,/IRg,

AR

mmf = ¢R = 0.75*107 (Rg,||Rg, + Rg,) = 1230 AT
b) u =5000, mmf= 1466 AT

3. The magnetic circuit as shown in fig: 1 has dimensions:
Ac=4*4 cm’. L;=0.06 cm, I,= 40 cm, N = 600 turns. Assume the
value of p, = 6000 for iron core. Find the exciting current for

B.= 1.2 T, the corresponding flux and flux linkage.

[2073,2071)
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18/ Electrical Machine

tion: _ 3 . )“' 5
- chre Area of coré (Ac) = 4x4=16cm |:_', 0% m
. =006x% 10" m
Length of air gap (fg) = 0.06 cm = 0.0
ron core (fc) = 40cm=04m

Length of i
Number of ums (N) = 600 turns
Relative permeability (1) = 6000 i
=1.2T

Flux density (Bc)
Now,

¢ = BC x A

ks - ]_2 X 16 X 10‘4

©=1.92% 107 Wb

b

e, _lc
p’U"’fAC “UAg

0.4 & 0.06 x 1072
=5000 x4 x 107 x 16 % 107 " dn x 107 x 16 x 0=

Equivalent reluctance (R =R+ R =

R =331572.79
NI $Re

So, ¢=§;="I= N

3
1= 1,92 x 10 6;03315?2.79= 1.06 A.
Flux = ¢ =1.92 x 10° Wb
Flux linkage = NBA = N¢ = 600 x 1.92 x 10~ = 1.152 Wb-tumn
4. A wrought iron bar of 30 cm long and 2 cm diameter is bent into a
circular shape as shown in fig:2. It is then wound with 600 turns
of wire. Calculate the current required to produce a flux of 0.4
mWb in the magnetic circuit for the following cases:
i) With no air gap
i)  With air gap of 1 mm, p1,=4000 [2075]

Solution:

) . 2
Here, Area of core (Ac) =Ef—=§ x0022=3.14% 10" m’
Length of iron core (fc) =0.3 m
No. of turns (N) = 600 turns

Flux ($)=0.4 x 10° Wb

Magnetic Circuits & Induction /19

Case I:
With No air gap:
¢
B 0.3 :
4000 x4 x 107" x 3,14 % 107
R = 190073.57
Now,
a3 e~ 10~ x 190073.57
N 600
1=0.126 A
Case Il:

Air gap of | mm.
Here, R, = Re + R,

=_fC_+_f.r.__
HokAc  HoAc
_ ' [0-3 i
“4nx 107 x3.14x 10~ 4000 T 10

I

2724387.959

OReg 0.4 x 107 x 2724387959
- 600

1= =1.816 A.

Z

5. The magnetic circuit of a cast steel core as shown in fig:3 has a the

following dimension:

Mean length from A to B through either outer limb=0.5m

Mean length from A to B through central limb=0.2 m

In the magnetic circuit, determine the mmf required to establish a

flux of 0.75 mWb in the air gap of the central limb of the core.

Take p,= 5000 [2070)
Solution: )

Here, fc,=0.5m = fc,

fc,=02m
$=0.75x 10° Wb
py = 5000
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1
6 cm
E, 6 cm dem T
e 0.5
Here, ®c, = R0 ™ Ac, 5000 x 47 107 x 24 x 10~ 3151
[ 002x102
agi = $g|= 'J‘DASL= 4 5 IO_ % 24 x tﬂ = 66314.56
.. . = — = 8841.94
mc’=PﬂPfAc,_5000:<4n><lU"x36xIO -
£ 0.02 x 107
=—B-= =44209.706
Ry rAs A x 107 % 36X 107 L
Now,

(R, + Rp)

_[(33157.27 + 663 14:@]
'[(3315?.27 T6631a.56) H (BBA194+ 4209.706)

_33157.27 + 66314.56
B 20

=102787.561

+53051.646

Now,
mmf= NI = $Req=0.75 x 107 x 102787.561
mmf =77.09 Amp-tum

s _4,_____._#*-"(‘\4;“ )

Magnetic Circuits & Induction /21

6. An iron ring of mean length 1.2 m and cross sectional area of

0.005 m’ is wound with a coil of 900 turns. If a current of 2 A in
the coil produces a flux density of 1.2 T in the iron ring, calculate:
i) Themmf

ii) Total flux in the ring

iii) The magnetic field strength

iv) The relative permeability of iron at this flux density  [2069]

Solution:
Here, fc=12m, Ac= 0.005m?
N=900,1=2A,B=12T
(i) mmf=NIl=900x 2= 1800 Amp-turn
(i) ¢$=BAc=12x0.005=6x10" Wb,
NI 1800 ©

i) H=—=—5_=1500 A/
(i) e 12 m
o _NL_NIpAc
v) ¢=—"=
@) #="5 = 4,
l-lA .
_ 9
K= NIAC
b 6x10° %12 _
Of, W= NIACT 4mx 107 x 1800 x 0.005 0P
7. . Aniron ring has a mean length of 1.5 m and cross sectional area of

0.01 m®. It has radial air gap of 4 mm. The ring is uniformly wound
~ with 250 turns. What direct current would be needed in the coil to
produce flux of 0.8 mWb in the air gap? Assume relative
permeability of iron as 400 and leakage factor as 1.25. . [2068]

Solution:
fe=15m,Ac=001 m’
£, =0.004 m, N =250
6y =0.08 x 107 Wb, 1, =400
Here, leakage factor = 1.25

So, magnetic flux in iron care, = 1.25 x ¢ =125 % 08 107
=107 Wb

e 7 T 1Ly
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91 / Electrical Machine

Now,
Total mmf = & Xc * (R
=I01‘mm_ﬂrlﬁ"xﬁ”%
= 553.063
or, NI=553.063
, ,ﬁ-%%QL 221 Amp.

A magnetic circuit has 2 uniform cross sectional area of § ¢! "
length of 25 cm. a coil of 120 turns is wound uniformly gy, the
magnetic circuit. When the current in the coil is 1.5 A totg) Mox
0.3 mWb and when the current is 5 A, the total Nux is 0.6 mWp,
For each value of the current, calculate:

i) Themmf
i) Relative permeability of the core 1206

Solution:

Ac=5x10"m’, £c=25x107=025m,N =120
Now, ‘

When current through the coil, 1= 1.5 A, $ =03 x 107
So,

() mmf=NI=120x 1.5=180 Amp-turn

Also,

L NIpA . b

(i) ¢ e ~HTNIA
_ bt _ 0.3 x 10~ x 0.25
B NIA T 4 x 107 x 120% 1S x5 x 10
i = 663.1455

When current in the coil is | = 5A, ¢ = 0.6 x 10~ Wb.
SO‘ :

(i) mmf=NI=120x 5=600 Amp-turn

olc 0.6 x 107 x 0.25
HNIA  4m x 107 x 600 x § x 10~

M= 397.88 Ans.

(i) p =

Magnetic Circuits & Induction /23

A 30 cm long circular iron rod is bent into circular ring and 600
turns of windings are wound on it. The diameter of the rod Is
20mm and relative permeability of the iron is 4000. A time
varying current i = 5 sin 314.16t is passed through the winding.
Calculate the Inductance of the coil and average value of emfl
induced in the coil. [1.B9H, 1890V |2066]

Solution:

10.

£=03m N =600, A =5 (002 =314 10 m?, p, = 4000,
1=5smn314.16t
Now,

N'A 4000 = 47 % 107 # o 600°
Indummorml”u__p’,\: ¥) 7 4z % 10 033.|4r1r1 600°

L =189

di

Instantancous emf (¢) = l.{‘ﬁ =189 =5~ 314,16 cos 315.161

¢ =2968.8cos 314.161t
Peak emf (¢g) = 2.968.812

Hence, average induced emf = ¢, = x 2068.812

=

A2
s

€. = 1889.99V Ans,

A magnetic circuit consists of a circular iron core having mean
length of 10cm and cross sectional area of 100 mm’. The air gap is
2mm and the core has 600 turns of winding. Calculate the
magnitude of current to be passed through the winding to produce
air gap flux of 1T(permeability of iron - 4000). |2065)

Solution:

b 2x10?
Ho X A g% 100 x 10°

= 1591549431 AUWD

. 0.1
Reluctance of core (R,) = o te X A o x 4000 x 100 x 10

= 198943.6789 AT/Wb

Air-gap Reluctance (R,) =

“m‘l'nuj: ms+ mc
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24 / Electrical Machine

We hﬂ\’el
_NL
¢_le
600 x 1
or, (1% 100 % 10" =Te 5708
[ = 2.685 Amp.

shown below, calculate the amp-turn (NI)

For the magnetic circuit
r:quired togestahlish a flux of 0.75 Wb in the limb. Given that
[2064)

pe = 400 for iron core.

Flux need to be developed ()]
=0.75 Wb; p,=4000, NI="7
Equivalent electric circuit, i

Yy
guuuy

L sl

Now,

$| =:LEA_|
__(20+20+20)x 1072
"o % ) % (4 x 4% 107
=7.46 x 10* AT/Wb

Similarly,
R, =R, (~ By Virtue of Symmetricity)

And,

[ 0.2

= = 4
m]‘pﬂp'xAJ—mﬂ#40{)0x(6x4x10—4) l66x]0 AT!%

Ruw = 544 Ry = 639 % 10° ATAWb [ Ry /Ry + Ry = R

Now,

NI
=R

Rroul
0.75 s
o, %I9%539x10

NI=4.04 x 10* AT

An iron ring of mean length of 1.2m and cross-sectional area of
0.05 m? is wound with a coil of 900 turns. If a current of 2A in the
coil produces a flux density of 2Wb/m? in the iron ring. Calculate.

(i) the min, (ij)  total flux in the core
(iii) magnetic field strength

(iv) Relative permeability of the core [2063]

Magnetic Circuits & Induction /25

Solution:

(i) mmf=NI=1800 AT
(ii) Total flux (4) = BA = 0.1 Wb

(iii) Magnetic field strength (H) = % = 9_'_0?., 2 1500 A T/meter
(iv) Relative permeability (p,) = L - - =1061.032
HoH (o) x 1500 '

13. A time varying current (from 2A to 20A) in 50 ms is applied
through 2000 number of turns over a core of given dimension.
Calculate the emf produced across the coil. |2062]

Solution:

Change in current (di) = (20 - 2).= 18A Change in time (dt) = 50 ms =
50 x 107, N = 2000, pr = 4000
We have,
o=LI
or, NBA=LI
or, 2000x9x10*xB=Lx]
N x|
or, I.SxAxRI=LxI
L 1.8 . N
¥ 9% 107" (lepfpplo % A)
_ 18 X pgx9x 10™* x 2000
9x 107 2010+ 15) x 107
L=36.1911H
di_ 18
E= Ldt436.l9ll XS0 x 107
E=13.028x 10’V

14.  An iron ring of mean diameter 100 cm and cross-section area 10
em’® is wound with 1000 turns and has pr = 2000. Compute (i)
Reluctance (ii) Flux produced when current through the coil is 1A
(iii) Flux in ring if a saw cut of 1 mm length is made, the current
through the coil remaining the same.

Solution:

; ' . . it
(i) Reluctance (%)= Hol,A Mg x 2000 x 4x (10 X 107)

=1.25x10° AT/Wb

(i) ¢= Eﬁl =0.0008 Wb
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=)
I ,__1.;.0.'{’-|—{-]-;=795774.?1 AT/Wh
lﬂ s

b Ry gp = 20458 10° AT/Wb
R = ?ﬂ;.—n ¥ H.]_ ~ I()Oﬂ x| - 0.4888 _—
Air gap flux (9) = gt = 20.458 % 10
t consists of 2 circular iron core having p,
¢ curcr:‘"and cross-section area ol‘_ 10!] mm’ and ajy e:
The core has twoO turns of winding. Calculate 5
of In]rll:lﬂ; of electric current to be passed through the “'indiug n
'r)nr:;gdute air gap flux of IT. Given B = 4000.
lution: ) )
o Mean diameter of core (d) = 10 cm 40. lzm
Cross sectional Area (A)= I00; 10°m
Length of air gap (lgp=2x10"m
No. of urns (N) = 600 -
Mean Length () = 7d = 0.3141139 m
Magnetic flux density (B) = 1 . .
Magnetic flux (¢) = BA = ] x 100 x 10°=100 % 107 Wb

Relative permeability (1) = 4000

26/E
““] .W;arﬂf‘ N llﬂ <A |}

ti
]5' (\ ITIIg“e
diameter of 10

Now, Reluctance of iron core (Reeee) =717 'y

constant (33)

[ o= m = 625000 AT/Wb.

I“ I
Reluctance of air gap (R) = -:!»10‘: =15915494.31 AT/Wb

The total reluctance of the magnetic flux path is
R, = Rewe + R = 1654 x 10° AT/Wb
NI . ’
and, ¢ ='§Tl(l.e. ¢ =mm{/R,)
600 x 1
x - =
or, 100x10 1654 % 10°
= I(dc)=2.7567 Amp
16.  For magnetic circuit shown in figure below, find out the currentto
be passed through the coil B so that magnetic flux in CD section is
2MWb, Given p, = 1000.
Given,
- L=3A,A,=6cm’, A;=3 em?
AB=CD=EF=20cm
BC=AD=BE=AF=20cm

Magnetic Circuits & Induction /27

Solution:
7 B
i T b
[ =B N;=300 | ;
i ! 9—+
: O i
o—tf—et, |
i Iy §—2—5 N2=400
s T
3 A D

Equivalent electrical circuit
lo _(EF~EB+BC+CD+DA+AF)

R = linA; Moty % 3 % 107
S T 5
S 3 e 10S - 3714 % 10°AT/WD
20 % 107 E
R; o= = 26-53 % 10 AT/Wb

2 Tpoxpx6
Req = R,/R; = 24.76 x 10° AT/Wb
mrnﬂ = N|’| =300 I|. mmfz - N:I: = 1200 AT

I, - N.l,
o) =E“—‘T"." = (B,A;R) = 3001, - 1200

=2x 107 x3x 10" x24.76 x 10 =3001, - 1200
I, =4 Amp
17.  Magnetic circuit shown in figure below, find out the current to be
passed through the coil B so that magnetic flux in CD section is
2mWhb, Given p, = 1000.
Given,[;=3A,A,=6 cm’, A;=3cm
AB=CD=EF=20cm

BC=AD=BE=AF=20cm - [2070]
Solution:
R, | WA
3 ‘
[ &= N;=300
| d % 5
o5 >

Q0
"nnjnn
z
]
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28 / Electrical Machine |
due to coil B (Up ward/clock wise)

*x 71
mo % 1000 x 300 % 6 % 10
_M;J_Z(AD‘FAF*-E)-*AB

¢s = I
dp=1.6157 x 1y ¥ 107 ...(1)
Flux due to coil A[anli«clockwise)

il
L 1000*40(‘}4"6* 10" *3 _ 64627 x 10
A= 7

- N]I] =3001,, mml} =1200 AT

Flux

mmf;

NI - NI
R

or, BA;R=Nil =Nzl

1.
= 1=3000 2% 107 x3x 107X LS 3500

18. Calculate the magnetic flux in the core of the following magnetic
circuit and show the direction of magnetic flux in the core. Given
that cross-sectional area at the core is 25 sq. cm and p., = 4000.

Solution:
—3J0cm————>
[}
Sfm
I,=10A I,
o— - =] ;_ =9 Y
4—F L 20cm
de. : - o
nannnn
JuU U
[+]
I,=10A
B =y,
NI
¢/A = ol
G = NlpgppA 200 x 10 x 4n-x 1077 x 4000 x 25 x 10~
’ ¢ 80 x 107
= 0.031415928 Wb

Magnetic Circuits & Induction /29

Similarly,
NLaitgiA 30015 x dr x 1077
b =T =0T — = 0.07068 Wh(~))
and ¢, = DA 100X 10 x dr x 107 x 4000 x 25 x 10
i ¢ 80 x 1077

= 0.015708 Wh(\_.)
Taking clockwise on positive.
Magnetic flux in the core of the given magnetic circuit
=—d1+ b2 - ¢y =-0.031416 + 0.07068 - 0.015708
= 0.023556 Wh(~_))

19. In figure given below, calculate value of I, required to establish a

magnetic flux density of 1.2 Wb/m’ in the core given, p, = 600, the
mean length of core 40 em, area of core is 16 sq. cm.

Solution:

1 =2A ,=?

e > = S e ~—
$—F Ni=500 =P N,=200

o—e7b q— -\—__0

Given,
Magnetic flux density (B) = 1.2 Wb/m?
Area of core = 16 cm® = 16 x 10™* m?
1, =600
Mean length of core (1} =40 cm = 0.4 m
Reluctance of core = s L —=7=331.57x10° AT/Wb
Mo A Mg x 600 % 0,16 x 10 )
mmf; = NI, =500 x 2=1000 AT
mmf; = N,I; = 200[; AT
Then, we have,

Ny, - N,l,
6= _um_.._. [along the direction shown in figure (i.e. clockwise)]

or, BAR = 1000 - 2001,

or, 1.2x16x 10" x331.57 x 10’ = 1000 - 2001,
L=182A
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30/ below, calculate the value of Iy required to establisy, A
il ng:lri: flux density of 1.2 Wb/m’ in the cnre:. Given p, =600, the
ﬁ:f: length of core 40 cm, area of core 16 cm’,
Solution:
____—-—__'_—_-_-] -
1,=2A Iy=? )
- ES TR
N' - C..—.—-E
L e
2
Magnetic flux density (B) = 1.2 Wb/m

Area of core = 16 cm’ = 16 % 107*m’

p, =600
Mean length of core (1) = 40cm=04

| n
Reluctance of core (R) = m =13.1567X" AT/Wb

mmf; =N,;1, =500 % 2= 1000 AT
mmfz = N;lz =200x1;

We know,
Nyl = Nab;
¢= R
1000 - 2001
or, BA=33 57x10°
I, = 1.8169 Amp

21.  An iron ring has a mean length of 2 m and cross-sectional area of
- 0.01 m™. It has a radial air gap of 4 mm. The ring is ground with
250 turns. What dc current would be needed in the coil to produce

a flux of 0.8 Wb in the gap? Assume that p, = 400. ‘

Solution:

e 2
HollA o X 400 x 0.01 -

=139.79 x 10* AT/Wb

L, 4x107
Hox A mgx0.01
Total Relucrtance (Rt7) = R, + Ry =71.62 x 10° AUWb

Reluctance of core (R¢)

Reluctance of Air gap (R,) = =31.83x10" AT/Wb

Magnetic Circuits & Induction /31
We have,
NI
= Ry
0.8 =70
o AT
7162 x 10* x 0.8
or, 1= 250

Idc = 2291.84 AS

22. A 30 cm long circular iron rod in bend into circular ring and 600
turns of winding are round on it. The diameter of the rod is 20
mm and relative permeability of the iron is 40.00. A time varying
current (i = 5 sin 314.16 t) is passes through the winding.
Calculate the inductance of the coil and value of emf induced in
the coil.

Solution:
Length of iron rod (1) = 30 x 107 m
Number of turms (N) = 600 1, p, = 4000
Diameter of the rod (d) = 20 = 10'm

Time varying current (i) = Ssin 314,16 t

6003 < g X 4000 = (% x ‘20 ” Io—)}l)

Npou, x A o
- 30 < 10

Inductance (1) = ]

L =1.8949
Now,
1=5sin31416t

Lis =5

-

L ="2=3.183

e

4.
[wi=314.16 L wt=2xft=314.16 f=3l.,116=50Hz]

-

Induction reactance (X) =2rfL =2n x 50 x 1.89 =593.761
Average value of emf induced,
= lag X XL =3.183 x 593.761 = 1889.94 V
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23.  For the magnetic circuit shown below, “lﬂlhte
current 'I' required to produce a magaetic flux dengjg, of ::l"‘ of
T,

Solution: |
Given, I | 2
A= 16 cmz, lg = 0.06 cm, E
> = 6000 L
le=40cm, =6 r . Trar
B=IT,$=BA=16x10" Wb | astaticacp
Now, | Trar
1 40 x 1072 L=10 | Thag
Reoe =100 % A~ 6000 % 1o % 16 x 107 . dﬂ:’:gf
=3316 x 10° AT/Wb .~ has,
: l 0.06 x 10-2 = p I e
= e x 16 107~ 29841 % 10* ATAW - Eonstay
Applying KVL in the equivalent magnetic circuit |
or, Nzlg = ¢RE—N|11 = ¢Rm =0
or, 1000-(16x10™) x (298415.518) — 60001, — (16 x 107 (33157299
[,=0.078 A
: e
aag ?
Fig:
—_)
_)
WORKING
——
Ope

Y s S — A’
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52 / Electrical Machine
SPECIAL TYPE OF TRANSFORMER:

INSTRUMENT TRANSFORMERS:

transformer with highly ac
measure

Specially designed curate transformation
ratio. These transformers arc used for ment purpose and in

protection scheme.
This is of two types
- i) Current transformer (CT)
ii) Potential transformer (PT)

iy Current transformer (CT) |

It senses high current through primary winding & steps down to
a low current in secondary winding CT can be used to measure
high current by using a low range ammeter.

n

1,(high current)

Load

| ' pW of CT is connected in series with load, whose current is to be

i # measured. -

5 CT will step down high current I
A low range ammeter (A) is conn

of CT.

From the reading of
Amp-tum balance.

' NI =N2 2

'. I|=Ef'|3

to low current I,
ected across secondary winding

(A), we can estimate the value of 1, from

% 1, =kl;

Here, |, = Ammeler reading
- i1 CT-ating plate,
_ 1000 A/5A e k=1/I

=200

i

i)

T
If Ammeter reads 2.Amp ransformer /53

Then, I, = k1, = 200%2 = 400 Amp

The S.W. of I '
did so [1‘ :lll:l] kf: shouldn't be left open without Ammeter, If we
zero ll'u:;cl“ . e .and oprfosing flux in the iron core will be
. ore '.ml_lncuc flux in the core, due to 1, will b
igh hence, high voltage will induce in P W: s g
secondary winding because of this high Vollagcb Ih; i:S |“$“ as
P.W. & secondary winding will get damage lhc;‘cfom :il’l “""0“ "
tc? rcrnuvc the ammeter, the secondary :vindin i be s
circuited by a thick wire. b then I

\ =

main wire

. E T -

Potential transformer (PT)
P.T. is used to measure H.V. using a low range voltmeter.

Load

low range

& = NN, = vaivy will be given in the rating plate of PT. if vz is i

reading of (v)
In case of CT the p.w. is made of thick wire with few tums '
my full load high current. The secondary

winding of CT is made of thin wire with many no. of wms
because. S.W. carries low current. But in case of a P.T., P.W.
o. of turns & sccondary winding will have few

because it has to ca

will have many n

turns.
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L.J INI -
| or. “W. 1 Nili + Nol; NI,

:
o | type of transformer with only one

Was —'I—M

to transformer is a specia .
common to both primary and or,
[

An au

winding. A part of the winding is N
secondary side. . N, 1,/1
4 i tums i
The figure shows a single phasc auto transformer hnvlng‘ |I in Wee ok "
the primary and N, turns tapped for lower secondary vo l:.lgc. The oL W. b ~Tvek = -5 =1k
winding section BC with Ny tums is common to both primary & —
secondary side. . = W I -k= {Weeo=(1 -k) W.,.}
Case I: If v; = 220v & v, = 200v then
200
k=339 = 0.909 = |
‘v'au‘.u - Oml “",‘
= So, the weight of cu required in auto transformer is 9.1% of the
normal two winging transformer.
Case II: I 1 = 220v & v, = 6v then k = 6/220 = 0.0272
»w N _. (very less than 1)
e 5 W =09728 W,,
If 1,=current drawn by the load )
2 = The weight of the co ired i p
[, = current drawn from supply i pper required is 97.2% of the normal two
. . vinding transformer. Hence, the saving in co .
Current in section BC=1>- 1, : transformer is only signifi h PPeT In an auto
] gnificant when k a :
Cu saving_ Weight of Cu ec NI. pproaches unity.
Weight of copper in section AB o (N; - N2) Iy THREE PHASE TRANSFORMER
Weight of copper in section BC o Na(l.- 1)) %
o— ]
Total weight of copper used in auto transformer l —R,
: Yit———
(Wageoy @ (N = N2) Ij + No(lz2 - 1) ! ‘ 3-9 ———o Y,
(S —
& Wy o Nil; + NaI; (normal transformer) B, Tr L en.
: Now, ) Nlo—_‘_. N_
Wik ZEIII‘N2[I+N} I, - Njly )
W NI} + Nsl; Step up or step down
REIM T 3 Nos of 1-
U FLENUAE Voo _ - 2N,I) ¢ transformer can be used to step up or step down the 3-¢
2 ' W NI, +N;l; a.c. voltage.
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56 / Electrical Machine ..
isadvantage of using the scheme shown 2

Advantage & d

Advantage
i)  Usually a single unit of 3-¢ transformer is quite larg:

10 a single phase unit. The transportation becomes €asicr:
mes unavailable

e compared

i) During maintenance only one of the units beco
so the system becomes more reliable.

Disadvantages:

i)  Using 3 separate single phase transformer is more expensive that
using a single 3 phase unit.

i1)  This kind of scheme is less efficient

-~ iliy 1t sccupies more space.

Transformer /57
Evolution of 3-phase Tr,
Let ¢r = &m = sinmt
Then, ¢, = dmsinl(wt - 120°)
dn = Om sin(wt - 240°) = ¢, sin(wt 120°)

As current is also,

iR = i SiNO

i, = im sin(wt - 120°)

ig = i, sin(wt — 240°) _

bai

Fig: Three units of single phase Transformer

The total flux to the common limb is,
& = b + ¢, + dp (- flux vector are in same direction)
or, &= oy,sinwt+ ¢, sin(ot - 120°) + ¢, sin(wt + 120°)
or, ¢ = 0nsinut+ dysinot cosl20 - ¢, coswt sin 120° + §,, sinwt
c0s120° + ¢ cosmt sin120°

or, & =dy,sinot - ¢, sinut

or, [¢=0]
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Hence, no flux fl

can be removed and modified d

RE—

1. A 50 kKVA. 50 HZ single phase
g & 100 returns 0 the

primary windin

primary winding is sup
resistive load connected on the s
(i) The emf induced in the secon
(ii) Primary & the secon
(iii) The maximum flux in the co

ows through the central ¢

('#/A”
& D

esign of core

& duz

Tutorial

transfor

3000v, S0Hz ac vo
ccondary size calculate.
dary winding

dary winding current
re. Assume that it is in ideal

plied by

|

I,=7

Full resistive
2 B % load

AVAVARAVRY
&
2z
L

I

i

=3 Flg: Ideal transformer

transformer.
Solution:
Ii=?
v, E*, E
() BE
d :\.;;jz) i P N

ore therefore central core
can be made as follow:

mer had 500 turns in the
secondary winding. the
Itage with a full

[2075]

Transformer /59

Gi\‘cn.N,=500
Ny =100 :K=H.’ =_|___ ]_
N, 7500 75
V, = 3000v, f=20 Hz
Rating, S = 50 kVA
(i)  Weknow,
E_ VN
E, VI N
s N 100
= l::—-NliEI:%me:mV
(iiy S=Vil
- _S _50x1000
VA 3000 16.67 A
Again
I
. S
e
I, 16.67
> heg=Ty =8BA
5
(i)  E,=4.44 (¢ N,

__E___ 3000
= O 444 N, 4.44 x 50 x 500 =

A 200 KVA, 2000/440, S0Hz single phase t _
following test results. gle phase transformer gives the

0.027 Weber,

[No-load test_440v___ [ 1500 W BA
[Short circuit test_30v_[2000W 300A

a) Calculate the cquivalent circuit parameter referred to
primary side. 12074]

Solution:

From No-load testopen circuit test

Given, voltage (V) 440V
Current (lg') = 8A
Power (Wp) = 1500 watt

V, = 440V
HV LV
(PW)  (SW)
2000/440

= § ed an WL
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So, Wo = Vlg cosdo
1500 _ 1 4261

W -
5 cm%,]—;}—\-‘;z = cosdo = §x 440

- singo = | - cosidy = 0.9047
1, (w) = I cosdo = 04261
= 7.24A
l.;,(|u1=l;,sjn¢.u=an09mv 7.
= R{=¥.3=£% - 129.10802 | referred 10
L. 3

Vv, 440 - 60779 sec.side

Xo=17 =724

I

= 3.403"\

Thus,
Ry 129108 _ 55675230
Ro=TT = [3002000F
Xo 6071 _ 1ocs 640
Xo =1 = {02000 2
From short circuit test:
Given, Vi = 30V, 1 = J00A
W, = 200w (copper 10ss) .
b 1!

v, 440V

—l}

Fig. Equivalent circuit for S.C.T. referred to P. side
From Short circuit test
Given, Vsc =30V, I =300 A

Wse = 2000 W (copper loss)

S/IC

< - - H.V. L.V.

U@x ] T : » (PW)  (S.W)

Transformer /61
IS(‘ =300 A

l‘\”l
I, Rf,ﬂh\
VS-(' =30V

Fig: Equation circuit for S.C.T. referred to P. Side.

Then,
W =1 Ry = W,,

W 2000
= Roy =I—:? =3007 - 0.022Q

30
& Zo =Vl = 300 = 0-1Q

= Xor=VZo -Ro =J0.17-0.0-27 = 009750

3. A 25 kVa, single phase 2200/220v transformer has a primary
winding resistance of 1€ secondary winding resistance of 0.01
primary leakage reactance of 1.50L The iron loss of the transfer is
206 watt. Calculate the efficiency of the transformer & th

: ¢ voltage
regulation at the flowing condition. .

[2073]
a) half load b) full load c) at 50% overload.
Solution:
Given that,

R, =1Q, R:=0.01Q &k =220/2200

X, =1.5Q, X;=0.0150

Let us consider eq. circuit referred to the secondary side,
Rez=R:+R; =001 < k** 1 =0.020

Xox =%+ x;=0.015+K** 1.5=0.03Q

I, 0.02Q 0.030
& - ;Ma. SATYYIT
r 1(11
T Z,, =4(0.02) + (0.03)°F
Vll R [ ZU'_‘ = 00369 \’9
0 X i
far unity P.f.
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. ded half)
" g:::):::.k\m =g=(25/2)= 12.5kVA = Vul(:;lﬂa
w. 206 watt = constant with change In loa

12500Y 4 602
u'~=liRc:=(220 '

w = cu = 64.566 watt = copper loss

loac. 12500
.:0“‘ L pwoet 100% = “2500 4206+ 64566)
T st L be calculated from full loag
Alternatively, We
copper loss as: .
we (N = (140)" Ra2 ; o
actual load _ L2 _ i = =xl:
if,Xx="filload  12(DV2 1

decrease with decrease in

* 100 = 97.881%,

at any load

thm'w (x)=1’RO2 = C(1:(0)*RO; = X Wal§)
WalX) = x. cu(D

suri = 2= o0

athalf load, = 1122 Wau = ]

and volage regulation
1;Rg 56.818%0.02 _ 40,
Ve =Ty, = 220

(b) Fullload:

Full load output = 25kvA
i o V|l2=25.]03
= I; =%60_3 =113.636

Copper loss at full load can be calculated as,

we, = I Raz
= wq =(113.636) *0.02 = 258.264w
W, = 206W — constant doesn't depend on load current

P,
n:_mm‘ 100%

Pmﬁit
25000
1500 + 258.264+206 ~100%

n="98.17%

LRy 113.636*0.02 -

and, Vg (full load) = v, - 220 =1.033%

Transformer /63
c) 50% over load:
N
Now, cu = (I + 5) W (1) = (1.5)" * 258 264W = S581.094W

w, = 206w

o 25000
M. overload = 33560°15 + 581,093 + 206 = 97.944%

and, V4(50% overload) = I_Iiﬁ—}%m = 1.549%

4. A 200 kVA single phase transformer is in circuit continuous for 8
hrs in a day the load is 160 kw at 0.8 Pf, for 6 hrs, the load is kw at

unity power factor & for the remaining period of the day in runs
on no load.

Given that the full load copper loss = 3.02 kw and iron loss = 1.6
find the all day efficiency of the transformer. [2070]
Solution:

Given:

Full load O/P = 200 kVA

Full load copper los s= 3.02 kW

Full load iron los s= 1.6 kw
Then, -

Output energy = (160 # 8) kwh + (80<b) kwh = (0« 10) kwh

= 1760 kwh

iron loss in kwh = 1.6 kw » 24 = 38 4 kwh (unit)
Copper loss for load of 160 kw at 0.8 Pfin 8 hrs
Full load us los s= 3.02 kw @ 200 kvA
Here, actual load = kvA =5 =45 =200 kVA
Hence, cu = los s= 3.02 kW
Culossin8 hrs =3.02 x 8 = 24.16 kwh = E_,;5 = 24.16 kwh
Copper loss for load of 80 kw at 1Pf in 6hrs

kw 80

actual load = kvA p_[ =Y 80 kVA

W = GEUO_O) * WD =;—5 x 3.02
= W =0.4832 kw

Copper loss in 6 hrs =0.4832 * 6

Eiscs) = 2.8992 kwh
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Now, '
= +E+East Ecue h
Input energy ,E:;?o b+ 3gh + 384 kWRE 24.16kw
+2.8992 kwh ‘
— 1825.4592 kwh
Thus, 1760__ . 100% = 96.4%

B, 100% =-|-8-2-§__45-§

Al day efficiency, 1= 76,

5. A 3 phase, S0H
balanced star connce
the secondary logging

e current as

primary lin
one.

In delta connection
Vy—Va

Iy= ‘\ﬁ lp
P . 3 vsl;cos¢
P = 3vplpcosd
Load = 90- kW (output pwoer)
P= ‘5’*0)‘_!03 ='\5 vzl acosd
=90x10° =/3 *400*],*0.8
I;=162.38A = Ip,

Delta/star (4-

7, 11kv/400v c90 KW at 0.8 logging p-I- calculate

nected load © $
current, pri

suming tha

Y) transformer has ,

mary phase current & the
t the transformer is an idea
1207y

Star connected load of
90 KW @ 0.8 PT

400V

In star connection

IL=1Ip
Vo= \ﬁ vp
P =43 valcos$
P =43 valgcosd
Ideal transformer = if P power =
O/P power

= v, *IP, = Vpr*lp

|= 11¥10%1P, = 400A[3 *162.138

or, IP,=3.409A
]LI "—*'\f‘i IP| ':\!3 *4.09
=5.905Amp

Transformer /65

6. A single phase 40 kVA transformer has primary voflnge of 6600

V, a secondary voltage of 230 V and has 30 turns on the secondary

winding. Calculate the number of primary turns. Also calculate
the primary and secondary currents. |2068)

Solution:
Capacity of transformer = 40 kVA
V,=6600V,V,=230V,N,=30

Now,

V; N VN,

ol L B g L

v, N, = N=Ty,

6600 x 30

or, Ni="55—

N, = 860.86
Hchce, no. of primary turns = 860.
Now,

Primary current (I,) =£)'6%g—0'9= 6.06 A

40 x 1000

Secondary current (1) = —730—'— =17391 A

7. A single-phase 50 Hz transformer has 100 turns on primary and
400 turns on secondary winding. The net cross-section area of the

core is 250 cm’. If the primary winding is connected to a 230 V, 50 -

Hz supply, determine (a) the emf induced in the secondary

winding and (b) the maximum and rms value of the flux density in
the core.

Solution:
f=50Hz, N, =100,N,=400,A, =250 x 107 m", V, =230 V
(a) Now,

N 400
= v;=ﬁlx Vi=100 230=920v_

. For an ideal transformer, E, =V, = 920V.
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(b) We know, B\. =444 er Bm A(
E» 920

of, Ba= AN Ac 447 50 % 400% 25010

B, =0.414 Tesla

By 0414
Also, By = \ﬁ o= —\ﬁ;— - 0.293 Tesla.
f a transformer is 15 A atap.f. of 02

when connected to 2 460 V, 50 Hz power sup!Jl}'(.a)lr ::e
rimary winding has 550 turns, calculate: .
I|:1agnertyi:aing and working nt of no-load hcurrem.
n the core,

(b) iron loss (c) maximum 2n

8. The no-load current 0

compone
4 rms value of fluxi

Solution: i
lb=15A,cos¢= 0.2, V, =460V, o= 50 Hz, N, = 550.
Now, | | .
(a) Magnetizing component, I, = Iosin ¢ =15 sin[cos™ (0.2)]

]P=|4.69A

Working component, I =
I cos ¢ = 460 * 3=1380W

=460V

I, cos 6o = 15%02=3A

r (b) Ironloss =V
(c) Forideal transformer, E; = Vi
We know, .
E; =444 N ¢m

460 _
bo =737 505350~ 167 ™ Wb

_3767 _ » 66 m Wh.

_ %
Also, Prms —‘\/-2- = \ﬁ
9. A 2000V/400V, 50 Hz, single phase transformer draws 2 A ata p.f.
of 0.2 lagging when it has no-load. Calculate the primary current
and p.f. When secondary current is 200 A at a p.f. of 0.8 lagging.
Assume the voltage drop in the winding to be neglected.

Solution:
N =2000N,V,=400V, f=50Hz
Io=2A, cos ¢, = 0.2 (lag) = ¢, = 78.46°
I; =200 A, cos ¢, = 0.8 (lag) = ¢, = 36.87°
Ii=%cos ¢, =7

Transformer /67
We know,

K =-\::r:ﬂ=
v, “2000 - 02

I = Kl2 = 0.2 % (200 <~ 36.87°) = 40 < - 36.87° A.
Now,
I =1 +15 =40 <~ 36.87° +2 <~ 78.46°
=41.51 <-38.702° A

Hence, primary current (I,) = 41.51 A,
P.f. = cos 38.702° = 0.78 (lag)

'10. A 100 kVA, 1100/230V, 50 Hz transformer has an HV winding

resistance of 0.1 and a leakage reactance of 0.4 (). The low
voltage winding has a resistance of 0.006Q and a leakage
reactance of 0.01 0. Find the equivalent winding resistance,
reactance and impedance referred to HV and LV sides. [2067)

Solution:
Capacity = 100 kVA
V,=1100V,V,=230V,f=50Hz
HV:R; =0.1Q, X, =040
LV.:R;=0.0060, X,=001Q

I, Ry Xi
— AP

=
by

:};ﬁ

Iy

L

] [y
i

m
40
<

hed
o
e VT T T TSV Vo

e TTTVYNANNN N e

Referred to HV side:
3 R, 0.006
Roi =R +E?—0.1 +mz=0.2379_

B X 0.01
Xo =X, +E!_0'4 +W-0.6289Q

Zor = (0.237 + j0.6289)Q
Referred to LV side:

Ry = Ry + K’R, = 0.006 + 0.209° = 0.1 =0.0103Q

Xoa = X3 + K2X, =0.01 + 0.209° x 0.4 = 0.02747Q

Zos = (0.0103 +j0.02747)Q
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1 er when »
1. A 50 kVA, 2200/110¥ transform
results: 1oV
10A i
OC test: 400 W v
SC test: 808 W 2o 8 givalent circuit referred tg
C .ute all the parameters of the q r. Draw the equivaleng
omp

HV and LV sides of the tran
circuits also.
Solution:

Capacity = SO kVA

10
—_— 05
_ 2200V, V2= 110V =K =2200 ’
OC Test:
W, = 400W. Io =108,V =110V

W,_400_3636A
.=—-rl=]|[] 3.

Iw

| \"”=m-9slsa
AlS-O, =

Va ] lo _ Sn
Hence, Ro = ']: =4 =302

SC Test:

Also, Ry, = W"_Z%ﬁ%— 1.922Q

Xor =\/Zy = Ry =\[4397- 1.922" =3.946 Q
Referred to HV side:

30. :
Ro'= % 25 =12100Q

X, 11.80

—? = 0052 = 47200 ;
Ro: = 1.9220
Xo1 = 3.3460)

Transformer /69

1, Xg = 35462
Ry, = 1.922Q th
' ok .
: Ry —rzloon.ijx“-=mm Vs
T =

Referred to 1V side:
Ry = 30.25Q
Xo=11.800
Ro2 = K?Rg = 0.05% » 1.922 = 4.805 » 107°Q
Xor = K?Xo = 0.05% » 3.946 = 9.865 ~ 1077 Q)

Xp=9865~103Q
—AW— T
Ry, = 4.805 100 ,

[}

- = )
Ro=30250 2 3x = 1:.3OQE| v,

L7

-0

O

12.  Obtain equivalent circuit parameters and circuit of 2 2007400V, 50
Hz, 1- phase transformer from the following test data:
OC test: 200V 0.7A 70 W
SC test: 15V 10 A 85 W
Calculate (i) the primary current and p.f, (ii) the secondary
voltage, when delivering 5 kW at 0.8 p.f. lagging. (iii) Voltage
Regulation for 0.8 p.I. leading.

Solution:
OC Test:
70 )
lw=§w=0.35 A = cos ¢y = 0.5 = ¢, = 60°

L= -1, =077 0352 = 0.606 A
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NoW'Pcw'-'er delivered (Po) = SKW = 5000 W
cos =08 (lag)=> 2= 36.86°

Now, Pg = Vala c0s &

or, 5000=400% [,x08
,=15625 A

So, 1 '=K11=52%% % 15.625 = 31.25A <—36.86°

Now,

A B °+0.7 <—60°
i) Primary current, I =lf +1o=3125<~ 36.86° +0

I, =31.17<-35.58° _
ii) Voltage drop in secondary winding = Iz Roz 08 42+ 12 Xoz sin ¢
= 15.625 (0.85 x 0.8+ 1235 x sin (cos™ 0.8))
=22203V '
Hence, secondary voltage, V; =400 - 22.203
V,=377.79V
iii) For P.f. 0.8 leading,

I(Rgy cos ¢z — Xgp 8in b2) % 100

Voltage regulation = oV

15.625 (0.85 x 08— 1235 xsin cos” (08))
B 400

)y Y . T =-0.238%

13. A 10 kVA, 450M20v, 5
following results;
OC test: 80w
SC test: 120w

Compute (i) the equivalent ¢f g
wnd {icletio v o Slise reuit constants (i) voltage regulation

o lagging p.f, (jij) s
an 80% lagging p.f. (iv) th > P-L. (1il) Secondary Voltage for
lagging p.f. ¢ efMiciency at half fu)) load and 80%,

Solution:
Capacity of transformer (S) = |9 kVA

120
K =%50=0.267,f=50 Hz

i)  Inhv side,

9.65

120
Rg = 35 51=02434

Yo =VZo =Ry = 0.359
Referring to 1V side,
Ror = K* Ro; = 0.267° x 0.2434 = 0.01735Q
Xoa = K*Xo; =0.267" x 0,359 = 0,025500)
ii)- cosd, =08 (lag)
i X 1000
=" 50 =8333A
Voltage drop in secondary winding
=83.33 (0.01735 x 0.8 + 0.02559 x
=243V

= 13(Rg; cos &2 + X0y sin é2)
sin (cos™ 0.8))

9

Hence, voltage regulation = :izig' * 100% = 2.025%
Also, Iron loss (from OC test), W, = 80w
Terminal voltage in secondary, V,=120-243 = 11757V,
Copper loss = I* Ry; = 83.33% x 001735 = 120.476W
Hence,
n= V. I; COS ¢}
Valy cos ¢; + W, + 1'Roy
_ 117.57 x 83.33 x 0.8
T117.57 %8333 x 0.8 + 80+ 120,476 * 100

n =97.5%
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=V
iii) Secondary volage = V2 ok
iv)  Athalf full-load & 80% lagg

120-243 = 117574

p= %’- =5kVA
W, (Iron loss) = 80 W -
W, (Copper loss) =n’ *120 2 7
000 % 0.8 % 100
n= 50005"03 rg0+30
= % followi
o g?j\zr’ 50 Hz, 1-phae transformer gave the ?
00/400Y,
14. ASkVA2
: 60 W
tdlla- % A
::C fest: 200V 02 A 120 W
sCtest: 22V 1

the regulatiop
former operates on full load, determine
If the transform

at 0.9 p.f. lapging.

Solution:
Capacity = SkVA "
Transformation ratio (K) =300 = 2
SC Test:
Zn = ,22 = 1.375Q

Rox =127 6 =0.46875Q = Xp =VZoy - R’ = 1.292Q

Now, full load current in secondary winding,

5 x 1000
L=""Z00 =125A

+ Xgs sin §,)
Voltage Regulation = L Ry cos ?VI 2 x100

_12.500. 468?5 x 0.9+ 1.292 x sin (cos™' 0.9))

400

-~ ., =3.078%

15.

- T

Transformer /73
A 1000/500V 1-phase transfor

load with a p.f. of 035 |
circuited by a thick wire,
voltage of 80 V, the (ra

mer draws g curr
gging. With seconda
the primary winding |
nsformer draws a cu

TY terminals short
% supplied by an ac
rrent of 25 A ang

lo =2.4A, cos ¢y = 0.35 (lag) = 4, = 69.5
Vi=1000V, Vv, = 500 v

Now,
Vi s0p
Re' = Tocos o~ 24 035 = 595.2380)
V, 5
x{; 00

_-_‘_-_-___—‘—— =
losin &, ~ 2.4 5in 69,515 = 222.4Q
Also, when secondary terminals are shon circuited,

Zo]-_-'_32n

250
Ro) = 557 =040

Xor =\327202 = 317490
Referring to secondary side,
Ro'=595.2380, X, = 222,40
R =K’ R, =0.5 x 0.4 =0.1Q
X0 =K? Xy, = 0.5% x 3,1749 = 0.793 O
I X =0.7930)

ROI = 595.23 Q xﬂt == 222.4Q
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il
16. With the secomdany sbort gﬂ'ﬂ"‘:‘“”ﬂ_ the curreat throg
power was 1656 y

L‘“‘ t
AV AL [-phase. Josd val=e ..d the i::; regulation when py,

pmﬂ wa Ihe .
F e L e o o

secondary lead i PVt -

primary vedisge.
Solotion: V]
e (51 = 0 EVA [3I004CCT ] - £ NX)
Came 200 = 1K o 60.606 A

= a9~ 13:N)
g through prsar :

Fol load cmmve= =

>0 .1
y =33
dav o 0.8

*]

AT 0447 - 3.2690
WD o seny 5 X =BT 08T =L

e 'e,?g."o" .

3 = fr SO6S 10 2

200 -‘nu.‘.

) . 3260 = n 0S8 0

No= - i
foo SO A pf=cose: 070 (lag)
n |
.I'fp\<s“e' t s é‘ =
'i-i‘i':.:!.-.-sr va et - (048 ¢ sm{cos 0 T
_"-_t.r-t'..
TR A"
' LAY
Secomdary P4 = 4001158 - 38841
I!“‘ s 1 QUL
—_— 1) = LBV
* Regeiston ™~ 359 " !

hase transformer haw
A SO0 kVA. S0 Hz. 6600V 300V, 1-P re 0.4 () an

o rﬂlsmm 2
primar and sccondary -m:foi: e is 3.0 kW, calcalate the

0.001 O respectively. If the
efficiency at (a) full Joad (b) half full load.

Solution:

17.

K22 oo
Capacity (S) = S00 kVA
R =040, R; = 0.0010
[ron Ioss (“' j= kW = ':C"‘JG'»V

,[a, -Ri® r- 06723 a

300 V hnpphedtnnzw

e

~ Transformer 173
Full load primary cETent (1) = —‘—.]-:..L“_,"_) T
6600 < 737574

Full load Cu loeg f“"_‘} = R.
We=38% 709 W

=ISIST x 0672

Now,
(1) Fell load
300 * 1000
7 500 + 1000 + 3000 + 3555535 * 100 = 9% 640,
(1) Half fell load

Cu loss = 3 =« 3856749 = 964 187w

Capacity = 5« S00kVA =240 kVA

-

" 230 = 1000 1
M =250~ 1000 + 3000 - 963 157 * 100 = 98.43%

18, A 200 KV A rransformer has an efTiciency of 982, at full Joad. Ir
the maximum efTiciency occurs at three quarters of full load,
calculate the efMiciency at half load. Assume p-I. of 0.8 at all loads,

Solutien:

con=0K8
Capacaty (S) = 200 kVA

= §§%,

Mt
Let. W, be iron loss and W, be copper loss
Sa, ‘
5 f
S- W W, '
2000Wx) « () 8

er, D93 = 0 200000 « W - W,

.

or. W = W_=32682306 (1)

Maximeem cfliCien
W = f: W "
¥ =
or, w —T?k‘_ i) \
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From (i) and (i)
W, = 1175.51W
]' Wa= 2089.79 w

Transfor'mer 177
(b) cos ¢ =0.8 (lag)
Half-full-load:
75 > 1000 = 0.8

n= 1 % 100 = 97.087%
0.8 x 75000 + 1400 + 7 < 1600

Full-load:

d‘
Now, for half loa - ) 750 * 1000 = 0.8 N
| g w,%wwsﬂl” =750 x 1000 < 0.8 + 1400 + 1600 * 100 =97.56%
% .
200 1000 * 0.8 « 100 > 20. A 600 kVA, 1- phas_t: transformer has an efficiency of 92% both at
g+ 117551+ 521.9475 * full load and half load at unity p.f. Determine its efficiency at 60%
n=700x 100 * o of full load at 0.8 p.[. lagging.
= o/ ormer has a ¢q ’
N *97'92: 150 KVA, 50 HE l-phnlsc(,l:\‘:tfr[)ctcrn'linc (a) ll:: Bolitioee
% & 110(1)(.1‘!2:‘!1' wnd full load Cu 1058 odfth'c maximum efficiency (y) o
ss of 1. . ciency an ing. ;
::]\'A load for m““lﬂrl;“l‘tig:d and full load at 0.8 p.f. lagging Nen = Nhar = 92% = 0.92
F . gt hall 1u
the efficiency 2 Now,
Solution: . Hz B 600 x 1000 = 1
1100/230V, 150 KVA, 50 Ml =600 < 1000 * 1+ W, + w,, - 092
0
K=%ﬁ=0’309 or, Wi+ W =52173.51 (i)

—14kW= [400\V
(We) = 1600 W

150 %1000 _ 15636 A
Full load primary current="--1100

Core loss (W)
Full load Cu loss

~ Full load Cu loss = 136.36" * R
or, 1600=136.36"* Ra
Rg; = 0.08604
(a) For maximum efficiency,
I;*Ro = W,
or, 1,2x0.08604 = 1400
1, =127.556 A

Hence, required kVA load = V)1, = 1100 * 127.556 = 1403
kVA.
Also,
140.31 x 1000
Mlmax = 140,31 x 1000 + 1400 + 1400

Tmax = 98.04%

Also,
300 = 1000 = |

300 < 1000 = 1 + W.*%Ww

Nhatt = (]")2 =

or, 4W,+ W, =104347.826 ..(ii)
From (i) and (i1),
W, =17391.305W
W, = 3478.604W
Now,
cos $=0.8
Efficiency at 60% (0.6) of full load:

_ 0.6 x 600 x 1000 x 0.8
0.6 x 600 x 1000 x 0.8 + 17391.305 - 0.6" » 34782603 * 100

n =90.59%
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Machine rme
78/ Electrical p auto-transformer arg Load per phase = 11000 V

fn
and secondary 00 7 ¢ the currepg
21, The primary v rcspccn"cl)'- Calculat - \ L.oad per phase = 100
230V and 75 inding when the load current |
indifferent parts of lt:: ‘;\rlng in the usc of copper: - Phase current indelta (I},) "%)%q ~110A
Iculate thes
200 A. Also ca »
Solution: Now, =K =1l =KxJ! =K =110
v, =230V, V2= 15V o
[, = 200A. I‘I:“ = 63.5A
i ,.YJ - 0326 For star-connection (Primary side):
i P_ P
Line current = I, = 1., = 63.5A.
I' h:K:?h"‘Kll"’o'Hﬁxzm . - '
1 3. A three phase delta/star, 11 KV/400V, 50 Hz, distribution
I, =652A transformer has a star connected balanced load of (4+j6) 1
| Current in part AC = 65.2A per phase. Calculate the primary line current.
. =134.8A
Current in part CB =200 - 6s2=13 Solution: _
r— AY = 1IKV/400KV
400

‘ = _AL:EVJW) x 100%
Saving of Cu= jwo

3
Here, K = '”r% 002099

_(,_%::)x 100%

In secondary (Y) side:

A1 x 0 :
=[1 —(‘ _L}l IUU/o \rl\ ) ‘"—)‘]V
=k x 100% i |

v,
- =0.326 % 100 e Va0 |
| —12.6% S R N 230.94V
I 0 Hz, transformer R
22.  If a three phase star/delta, 33 KV/11KV, § o 5V 23094 N

is loaded with a delta-connected load of 100 Q per phase, e My v

|
!
j calculate the primary line current. Now
} Solution: lppn
=< = K=0.02095
] Y/A = 33KV/11KV Ien
|
- o %= 0.577 o 15 =0.02099 x 32.0256 = 0.6722 A
‘ Pt
\3 For primary (A) side,
In secondary (A)part: Line current = l:: = '\ﬁ Ilfn = \[3 x0.6722=1.16 A.

Vi=Va=1IKV=1100V
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' 24. A 300 kVA, 11 KV/400V, A/Y, three P'“sf tr::cr ;::r e
star connected balanced load of 60 ".w ar l:inve currenotr =
0.8 lagging in each phase. Calculate primary .
_ Solution: VA
:’, ' A/Y = 11K V/400KV 300k

Here. for each load, W =60 kW
or, V3 I3, cos$=60> 1000

60000 _ 354759 A

Z=x08
\3

400
N3 0.02099

5
or, I,

gﬁ: K = IF. =0.02099 x 324.759 = 6.816
I, P
Pﬁnwylinccmnt=lf=ﬁ1§n=\ﬁ*6.816= 11.806 A.
25.  An 11KV/400V delta/star 3-phase rransfn:mer ha's b"“h"c‘-‘dhﬂar
conpected load of 60 kW at p.f. of 80% lagging: pe; p _ase,
Calculate the primary line current. If the n‘ansforfner | as irop
loss of 1.0 kW, calculate the approximate efficiency of the
transformer. Given that primary winding resistance and leszage
reactance are 250 per phase and 300 per phase respectively,
Secondary winding resistance and leakage reactance are 0.010
per phase and 0.020 per phase respectively.
f Solution:
| 11 KV/400V AY = K =0.02099

f Here, primary line current, I, = 11.81 A
Also,
Iron loss (W) = 1 kW = 1000 W
R, = 25CVphase, X, = 30§¥phase
R, = 0.01Vphase, X, = 0.02{¥phase

Transforme, /81

- = P
Primary line curreng = s _ 1L =181
Pn ﬁ '\ﬁ =6818 A
R\
Roi =Ry + =25 4001
K " 0.020997 = 47.697CPhase.
Now, |

26 A 500 kVA, 33/11 KV, 3.phage,

50
resistances of 35 () per phase at Hz delta/star transformer has

high voltage side ang 876 Q per
ciency at ful) load and |

Solution: |
AY, 500 kVA, 33/11 Kv

Transformation ratio = __11ogo

V3% 33000 343, e

2

I -
Ro: per phase = 0.876 + ["—-—j -
3\/3 x35=2.172Q

500 x 1000 500

—_

Secondary phase current =\{§ % 11600 = ] l\ﬁ A
Full load condition:

500
Full load total Cu loss =3 x (——) 2177 = .
u 35 “‘\ﬁ x 2172 = 4490W

Iron loss = 3050W
Total full load losses = 4490 + 3050 = 7540 W |

500 x 1000 ——
nfl.l"_' 500 x ]00{)_._-!540 x IOO - 98.54/’0

= Output at 0.8 pf =400 kW :

400 x 1000
M= 300 x 1000 + 7540 * 100=98.2%

Half load condition:

= OQOutput at unity of = 250 kW

Cu loss = @ x 4490 = 1222W
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82 / Electrical Machine

| Total loss Q = 3050 + -
} 250 x IUO'O X ]00598
| : ‘]:':50_; 1000 + 4172
. ‘W
ut at 0.8 p.f. = 200 k »

T I003[?2“0059 former gave g,
i nsfo
N7200 x moo*, 50 Hz single P*;?’;?d‘ef; 250v, 1.4A 108y,
27. A 20 VA, 25025000 By ost (on WS Gw. Caleulate g,

| following tst resiiC HV side) [20‘-“’ primary side and drq,
short circuit le!:: o:rameiﬂ‘s eferred
iv jrcuit p
equivalent ¢

1222 =4172 w

= Outp

the equivalent ckt v
fos e Ll = 10
Solution: i 250V, V2 = 2500V, k=
§$=2 :
n ckt:
F-‘f:u'c'Pl?:= 105w(on Lv)
Ih= 14A
p, 105 __ bo = 72.54
cosdhﬁﬁ ~1.4x250
We have, 250 4Q
v —— = 595.2
R‘7=Ec;;_¢; =14 x cos (72.54)
and v, 20 ___ _g720

Xo=15ingy ~ 14 7 cos (12.54) ;
For the s.c. test on HV side (i.e. secondary s e)
P, =320w, 1, =8A, V.= 120v

S
A -
Rg; =%§" =%: = (.52Q) (referred to primary)
And,
Zoz=IXZ =l§—0 =150
X02='\/Zo§-Ra§=m= 14.14Q
(Referred to primary)

X =%(—5”.-3 =0/14140

(11

Transformer /83
bg ik single phase 50-Hz transformer hag 100 ty
turns on secondary winding. The I
is 250 cm®. If the primary windi
supply, determine (a) emf ind

uced in second
(b) the maximum and rms value

ary winding and

of flux density in the core,
Sol“"ﬂn:

Ny =100, N; =400, A =250 x 10 v, = 30y_ ¢~ 50 Hz

N- 400
v =ﬁ-l- xV, =700 > 230=92-0v

L 920
V2= 44N = e = T 50 5 305 = 001036
dm =0.01036
or, BnXax=0.01306
0.01036 2

B,= EK—”‘):; =0.414 Wblm?

And,
Bm 0.4145

Bims = N 2—\75_ =0.293 Wb/m?

29. The no. load current of a transformer js
connected to 460v, S0Hz power supply.
550 turns, calculate:

(a) The magnetizing and working com
(b) Iron loss

(¢) Maximum and rms values of flux in the core.
Solution:

Ip=15A

cosp=0.2 .

v, = 460v

f=50HZ

N, =550

I, = magnetizing component =
u = mag g cor

15A at a Pfof 0.2 when
If the primary winding has

ponent of no-load current

los singo =15 Spn (cos™ (0.2))
l. = working component = |, cosdy = 15%0.2 = 3A
[ron loss =V, I, cosdy

= 460 x 15 x 0.2 = 1380W

. v 460
(0} “maximuma fx (o) = lemma e 505505 72=3.7M Wb

¢m=—3‘% =2.66 MWb

T TTTTEEN
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' 0/240v transfy
84 / Electrical Machine e phase C 0 oads: 1-0 K Fg,
ec pas # sing the fougwmg 8 k;f/\ .;|w=1
30. A small s;llbed:'::fe" wll.id’ ;::: t ity pf. and at 0,6 N
supplying four 0 7 pf lsgs
50A at 0-

er factor which |

0.89Pf lag. nd po“
a : :
lead. e primﬂr-" t.;:,,-rm:lt v syster- Neglect losses[ 21:; t
Determine from 0
es
transformer
transformer-

gKVAat

! W at
po 3 5KV & 06pflead
OKW  oflag  UmYP
ar0.8pf(122) atl
Solution: tcash »
P= co _ 2-0
3 or. 10x10° _ 240X 1, x0.89= It 8; oo’
- Ii= 52,033£-cns" (0.8)=52.0 ;
- = 57°
®) L= s02£-cos” (0.7)= 50 £-45.5
p=VIcosé
W or. 5000=240 % 131
- 1;=2083A= f; =20.83 £0
(d s= Vi :
8000 =240 o
" . L=13A = ~33.33 Leos” (0.6)=33.33£53.13
Now,f,’:f’vl‘;+‘|‘3+n .
= 5r2 08 £-36.87+50 £ 45.57°+20.83 £0° +33.33 £ 53.1%
= 124203 £-18.94
o L= 124204A
Also,
Vi_L
Vi &
240
In = gg00 * 124-203 = 4.516A
And,
From phasor representing of Is
¢ =-18.94°

Pf=cos$ = 0.945 (log)

D

Transformer / 85

The primary and sccondary winding of a 30kVA, 6000/230v
nsformer have resistance of 10 and 0.016Q respectively. The
total reactance of the transformer referred to th primary is 28200
Calculate the % regulation of the transformer when supplying the
full load current at a Pf of 0.8 (lagging).

3l
tra

Solution:
v, = 6000v

V, =230v

S= 30000vA

R, = 1002

R, = 0.01692, cosd = 0.8 (lag)
30000

I = ;S-I =500 =5A

Xo1 = X1 + X5 = 23Q (Question)

: R? 0.016
Ry =Ri+Ry= 10+7T = 10+ e

We have,
Vv, 230
k= v, =000 0.0383
0.016

Ro = 10+m'373): =20.9Q

We have,
i IIRHCQS¢ + I1Xn] sind
reg v,
| 5x20.9 x 0.8+ 5 x 23 x 315
B 6000

x 100% .

x 100%

=2.543%
A 25 kVA, 6600V/250v. Single phase transformer has the
following parameters: R, = 8, X; = 152, R, = 0.02Q2, X, = 0.05Q0
Calculate the full voltage regulation of power factor.

(a) 0.8 log (b) unity (c) 0.8 load

32.

Solution:
S =25kVA =25 x 1-0°VA, v, = 6600v, v, =250v, R, = 8Q
R.g =0.02Q2
_S 25000 _ oS _ 25000
L=y, ="6600 = 3T8Ai =3, = 50 =100A
V, 250 |
K="= =0.0378
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Transformer /87

( 86 / Electrical Machine 78y s 0031402 Ry=R k%) -
| Re =Ry« Ry=002%3° o gy = 003140 [ Ry =R 1) () =locosh= 904261 = 340318 ¢
o 8 (0057 I (1) = Tg sindy, = §x0.0074 = 7 24
X, _\+\ =002 ,[.‘\l-—.\ﬁu} A
o 5+ ]Q\lul“?\' = )" W 440
Xe =Xe+ X =00 Ro =1, “¥a0s 1291090
=0.071402 .V
: Q&m g , No= = ;ﬂ < 60.77Q
;. (@ Al Mum« ,
" 12 < Ro 129108 |
Ve = A(315) x100% = 2.72‘2.6 Thus, Ry =F =W = 2667.5230
\‘ll = X{',-‘k“ = 6077:'(440’2000)3 = IESSMQ l
iy Pt ° —_—
(b) Atunity Pt 100 x 0.0314 - g00 = 1.256% J
SN T - : J |
L] V2
§ Pflead: ) V! -
() ALQ»IL—L L x X Xsind2 o000 ! 440V #
Vi = Vi x (3/5 '
100300314208 100‘0“?“ < 100%
25 o '
=0.71% o vhase (RRHOTIEEN Gl From short circuit test -
A 200KVA, 2000/440V, 50Hz single p I Vi =30v, Isc = 300A, W, = 2000w (COPPLI‘Ioss)
following test resuls. | ’
No-load test 44-0v 1800 8A
Short circuit test 3-0v  32000W 3004 ] :.
Short circuit test 30y 2000w 3004 Vsc = | :
Ca?culate the equivalent circuit parameter referred to seconday X s/c
side
Solution: H.V. L.V.
From no-Idad test/open circuit test (PW).  (S.w) l
vz - 440v, I = 89A, Wo = 1500w —300A g
: lsc =Ry, Xo1 '
WSl : Vo= 30V E
l (Reffered to primary side.) |
HV 3 T
. 200044 So, Wi, = I* |
I V440V 0, sc = sc‘ I
Wo = V:l(; cosy =w; = I‘%.rb Ro = W:u; Wsczooo :.
W 1500 = )
cosgy =—1-lﬁ =740 x g = 0426 =RG _?E 3007 = 0.0222 ‘
Sy _ e 30
_.'LE Lo R )
= Zot =Y5c =300 = 01 Xor =VZo"- Ra’” =0.0975

fn% ‘Vl -cos¢a =09l47
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jrcuit continuoy
former js in € 5l
34, A 200kvA single P . g Pf, for 6hrs, the load is gg (
" hrsinaday th¢ bt 2 1lniﬂ period o ‘he:',':lazyl:t r;nf ON the \
rem | =3. W irons |
t uni 4 copper 0
load givne thl; "‘:IL"’Y?‘;MN:Y of the transformer: 1y
. Find the ®

88 / Electrical Machin¢ "
te Pho ;axw at 0.

Solution:
_200kVA
Full load 0P o =3.02 kw

Full load cOPP<" i
Full load iron 10557~ Lok

then h + (80 x 6) kwh+ (0%10) kwh

=(|50x B}I(W
— 1760 kwh

(ron has in kwh = 161> 24
_ 384 unit (kwh)

f rload of 160kw at 08 pfin9 hrs
3.02kw @ 200 kVA

'Oulpllt Energy

Copper 10550
Full load cu l0ss =

Where,
kw 160
Actual load =p ¢ =08 i

Hence,
cu-loss = 3.02 kW

8 hrs = 3.02 x8=‘24.|6kwh

~cu loss in
Ecu(8) = 24.16 kwh

Copper los sfor load of 80 kw at 1.Pfin 6 hrs.

k
Actual load =ﬁ =80kVa

80\’ 4
W= (566) chu(l')='2'§*3.02

- W, =0.4832 kw
Hence, copper loss in 6 hrs = 0.4832 x 6 =2.8992
E., (6) = 2.8992 kWh
Now,
Input energy = Eoupu + Ei + Ecugy + E..(6)
= 1825.46 kwh

Thus,
All i - Eon
day efficiency, n = E/p x 100%

g . _ 1760
= 1825.46

x 100% =96.41%

3s.

Transformer /89

000
oAl'fl 2 ::g::;":h?"z single phase transformer drains 2A

; n it has no-load. Calculate the pri at a Pf
and Pf when secondary current is 200A at a P l.li' mary current
Assume the voltage drop in the winding to be negle::e?jm e

Solution:

36.

vV, = 2000V

Vv, =400V

f =50Hz

I, =2A,cosgo=0.2(-1) = ¢o = 78.46°

I, =72, I, =200A, cos§, = ?2, cosd; = 0.8(-) = ¢ = 36.86°

1,

, 400
I, = KI; = 3500 * 200 =40A 4
b1 = b - 62 = 78.46° - 36.86° = 41.593°
Iy =fle" + (13 + 2.1l cos41.593

- 41.517A
Now, Pf, = COS¢| =cos41.593° 9, =41.595°
= 0.7478 ' fo

A 500 kvA transformer has
5 on efficiency
also at 80% of full load; both at unity ;? 7 95% at full load and
(a) Separate out the losses of the transformer
by D ¢ i
(b) Determine thé efficiency of the transformer at 3/4"™ full load

Solution:
x
@ n=30 i0|0+ p,] Fpe ~095..0)
Also,
500 x 0.6
S00 % 0.6+ P+ (0.67 P, ~ 095 ..(ii)
From (i) and (ii),m we get
P,=9.,87 kw
p: = 16.45 kw
(b) AT 3/4™ full load, we get
o 500 x 0.
N7500 x 0.75 + 9.87 + (70?35)E x 16.56
n=95.14%

g
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. 52 SE RV tiale ghasd 22007220V trans.formtr_ mnc: P[nmar!
i I AR aricl, secuniary winQE TRt StRce:af iy
q winding resistance 0 zQ) secondary leakage reactang,

the trans

i of
0.015Q. The iron loss rmer & th

efficiency of the transfo

following condition.

(3) half-load
Solution:

R;=1Q

R: = 0.01Q

(b) full load

v
-

Xi=150
:c::f:nsnc‘.ﬁ q. cireult referred to the secondary side.
R.=R.-R; =001 <K x1=002Q
X =Na- X, = 02015~ K a1.5=003Q
) 0.02Q 0.03Q
W —— T4
vl

l L

—

£

o
— N

AR AAARS

.

(a) Half load:
Output kVA =5 =252=125 kVA =v.l; {loaded half}

W, = 206w (constant with change in load)

\ 500\
Wo =B Rig= C ;.m) «0.02
W = 64.566 w

{copper loss decrease with decrease in load)
{ _ Output power
= P/ppower
12500 -
= {12500 - 206 - 63.566) ~ 100%
=AM =7 8%1%

x 100%

primary leskage reactance s former is 206W. Calculage W
¢ voltage regulation at tl!:

(¢) at30% over loag

‘

3. A transformer is rated at 100y Transformer /g,

(a)  the efficiency at fu]) load, :n;:: :‘:Llom its copper Joss ks

(b)  the efTiciency at half load, ; er factor,
(¢)  theefTiciency at 759,
(d) theload kV
(¢) the maximum efMiciency at 0,85

Solution:

S=100kVA =100 x 10° va

Pep = 1200 W, P, =960 W

B mScosd.
1~ mScoséd; + P, + m P,

_ given load
where m =g 1 oad

(2 Atfullloadm=1, cos¢. = |

N 1 X100 x 10° « |
1X100 % 10°x 1+960 - (1) 1200
=0.977.88 pu or 97.88°;

n

(b)  Athalfload m=:|_; .€0s0=0.8

1
3210010 < 08

s |
I

x 100 x 10-‘,\0_3,\:;.(,0_‘:1]_m 1200

I | o=

= 0.9694 pu = 96.94;
() AU75%full load m = 755 =0.75, cosés = 0.7

- 0.75x 100~ 107 x 0.7
0.75 x 100 x 10° x 0.7 ~ 960 - (0.75) = 1300

e iope | 960
(d) Su=S4 By =100 m =804 kVA

(¢)  Maximum efficiency

__Sucosdy 8944~ 10' x 085
M= S cosds = 2P, 8944 x 107 » 0.85 < 2 ~ 960

=0.9753 pu or 97.53%

Qaa
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D.C. Generator D

al machine which converts mechanicy

erator is an electric nver
i e . o+, This energy conversion is based on he
energy into direct current electricity.

inciple of production of dynamically induced emf. This anig|,
princi : .
outlines basic construction and working of a DC generator

CONSTRUCTION OF A DC MACHINE: |

Note: A DC gencrator can be used as 8 DC molor[;xci'tl'tout any
constructional changes and vice versa is also possible. Thufs. a . gene;at?r
or aDC motorcan be broadly tc:meq as aDC ma.achm? Dcéc asic
constructional details are also valid for the conslruclson. 0 .a g mfofar_
Hence, let's call this point as construction of a DC machine instead of jus

'construction of a dc generator’.

e

2-poleDC mk

The above figure shows constructional details of a simple 4-pole DC
niawhine, A LG nacking consists of two basic parts; stator and rotor. Basi¢
constrictioral panis o2 D machine are described below.

D.C. Generator /93
yoke: The outer frame of a de machine is called as
cast iron of steel. It not only provides mechanical
assembly but also carries the magneti

yoke. It is made up of

strength to the whole
¢ flux produced by the ficld winding.

Poles and pole shoes: Poles are joined to the yoke with th
welding. They carry field winding and pole shoes are faste
shoes serve two purposes; (i) they support field coils
flux in air gap uniformly,

e help of bolts or
ned to them. Pole
and (ii) spread out the

Field winding: They are usually made of copper. Field coils are former
wound and placed on each pole and are connected in series.
in such a way that, when energized, they form alternate

poles. :

Armature core: Armature core is the rotor of a dc machine. It is cylindrical
in shape with slots to carry armature winding. The armature is built up of thin
Jaminated circular steel disks for reducing eddy current losses. It may be

pwvidCd With sirducts for theaxial aty flow for cooling purposes. Armature
is keyed to the shaft.

They are wound
North and South

Armature winding: It is usually a former wound copper coil which rests in
armature slots. The armature conductors are insulated from each other and
also from the armature core. Armature winding can be wound by one of the
two methods; lap winding or wave winding. Double layer lap or wave
windings are generally used. A double layer winding means that each
armature slot will carry two different coils.

Commutator and brushes: Physical connection to the armature winding is
made through a commutator-brush arrangement. The function of a
commutator, in a dc generator, is to collect the current generated in armature
conductors. Whereas, in case of a dec motor, commutator helps in providing
current to the armature conductors. A commutator consists of a set of copper
segments which are insulated from each other. The number of segments is
equal to the number of armature coils. Each segment is connected to an
armature coil and the commutator is keyed to the shaft. Brushes are usually
made from carbon or graphite. They rest on commutator segments and slide

on the segments when the commutator rotates keeping the physical contact to
collect or supply the current.

Load (R,)

DC Machine
| +1=V ot -
I Oo/p
e pc | electric
-' O/P Generator| Power
+ mechanical x
rotation __ Prime
Piapus = €lectric power (i) Turbine p  mechanical

(i1) Diesel engine input ~ " power
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Machine
n be used as motor a

94 / Electrical

5 well as generator:

Armature
Yoke
Slot
Teeth

Air gap

| O
2-poleDC mk
l : Fig: Construction details of DC m/c
carbon brush
armature winding
ARMATURE WINDING

i) Conductor:
AB & CD are called conductor.
BC is not treat of as conductor.

—
»
1nn
|

armature coil

—

D.C. Generat
o ator /95
peripheral distance between two poles.
finishing end of 1" coil (F))|— Finishing end of 1" coil (F))
. 1

C(:‘:mcf:]lcd 1o :lamng end of connected to starting end of 2™
2" coil (s2) under same pole coil (s;) under. One pole away

(1) A—2, no. of carbon brush = 2
e.g.

JO———
WORKING PRINCIPLE AND COMMUTATOR ACTION

According to Faraday’s laws of electromagnetic induction, wh

a condu.ctor is placed in a varying magnetic ficld (OR a c;mduel:cv?r
moved in a magnetic field), an emf (electromotive force) gets i Zor g
in the conductor. The magnitude of induced emf can bge caln I“C':d
from the emf equation of dc generator. If the conductor is . 'med
with a closed path, the induced current will circulate within ::wlded
In a DC generator, field coils produce an electromagnetic field . zat:‘
armature conductors are rotated ~ into the field Tht?n -
electromagnetically induced emf is generated in I.he a i
conductors. The direction of induced current is giv "m_m"r‘e
o hand il given by Fleming’s

Need of a Split ring commutator:

Commutator

Nl S]] IN

Case | Case 2
se2
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96 / Electrical Machine

no's right hand rule, the direction of inducy
current changes wher:e\'er the direction of motion of the‘ conducty,
changes. Le:‘s consider an armature rotating clockwise and ,
conductor at the left is moving upward. When the armature complety
a half rotation, the direction of motion of that particular conduf;tm- Wil
be reversed to downward. Hence. the direction of current In every
armature conductor will be alternating. 1 you look at the -'.zbove figure
you will know how the direction of the induced.cun.'em is a“emating
in an armature conductor. But with a split ring commutatgy
connections of the armature conductors also gets .reve:rsed when the
current reversal occurs. And therefore, we get unidirectional current y

the terminals. l/ ‘
i) a-a = singletm of armature coil . ~\n
Preference position, 8 = 0° . { 1! la‘

According to Flemi

We have,

induced emf la
e'z BN Sin 0 ‘\-‘-‘T—f‘-ﬂ
e =0 §
a

ii) After 30° rotation
e. =BV sinf

aa

= C' =Em1\(lf2)
aa

iii) After 90 rotation

e =2BfVsin90° g

= Ema

Hence, e;a asin® —@

Thus, the induced emf will bea K/\/
sinusoidal in the armature,
as shown below

_ﬂ

v D.C. Generator / 97

EI‘I’\I.\

(2 Blv

Final o/p due o

Commutator segment and carbon brysh

Final o/p due to

Commutator segment R carbon brush?

Commutator
segment

Cummutator segment rotates with armature where as carbon

brush is stationary. The commutator segment & carbon brush
helps.

i) no convert ac armature emf into
Determinal voltage (Commutator action)
i) rotating armature coil.
— During +ve cycle, as shown above

a‘—-—y-—b—c] —-—A

Load 4 current flow.

a ——X—0 ——B

— During - ve cycle

a -—.—x-—-—cl —— A

current
( flow v Load
Load .

2 ——y—c,—B

Direction of current through load is unidirectional
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2-pole m'c 4-pole m'c

Let. ¢ = magnetic flux per pole (Wb)
Z = Total no. of armature conductors.
N = Speed of armature (RPM)
A = No. of parallel path in armature winging.
Average value of emf induced per conductor = d¢/dt
When 2 conductor completes one rotation, magnetic flux
e =29 =¢.P.

D.C. Generator /99

Also.
Time taken for N revolution = 60 sec.

Time taken for | revolution = 60/N sec.

average emf generated ducior = d&’ :_._.Pé _PNe¢
Thus, averag g per conducior = dé/dt 2N~ £0
We have.

number of conductor in series = Z/A
Thus.

Total emf across the brushes E = E o cnscuar *Z/A

PN®

e &= 6'0 . ZA!A
= E = 60 * PrA
Thus. {EaNé]

Note A =P, for lap winding, & A 2 for wave winding

Armature Reaction In DC Machines

In aDC machine, two kinds of magnetic fluxes are present; Srnatie Tiod
and 'main field flux’ The effect of armature flux on the main field flux is
called as armature reaction.

EMF is induced in the armature conductors when they cut the magnetic field
lines. There is an axis (or, you may say, a plane) along which armature
conductors move parallel to the flux lines and, hence, they do not cut the flux
lines while on that plane. MNA (Magnetic Neutral Axis) may be defined as
the axis along which no emf is generated in the armature conductors as they
move parallel to the flux lines. Brushes are always placed along the MNA
because reversal of current in the armature conductors takes place along this

axis.
GNA (Geometrical Neutral Axis) may be defined as the axis which is

perpendicular to the stator field axis.

METHODS OF EXCITATION: SEPARATELY & SELF EXCITED TYPES OF 114
GENERATOR:

=  For any DC generator to operate, the ficld winding needs to be excited
by a DC source so that it can produce the magnetic flux. Depending
upon this method of excitation DC generator are classified as follows;
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Self excited
DpC gcncm!or

DC shunt
generator

DC long

shunt gcncrutor

i) Separately excited DC generator:
In separately eX
by different SOUIrC!
field & armature circuit.

. Ficld winding
resistance

g KVL in the armature circuit.

E=I\R, *+ I R
[a—
> Te

Usin

EzlAR."'V
V =E- LR, & Ir=Va/Rr

The terminal voltage (V) is always less th
of the drop in the armature resistance som
ce in the contact resistance between cOm

pla
brushes.

cited DC generator, the
es. i.e. there is no elect

. Armature winding

[an

. [E_1R,- Votage drop in brushes = V]

Separately excited
DC generator

DC short
shunt generator

field winding is supplied
rical connection between

— Load current

armature circuil.

Terminal voltage

resistance

minal yoltage across the load

an the emf induced because
e voltage drop also take
mutator segment &

e =
. . Le=a

—
3 SHUNT GENERATORS

Self excited DC generators: i Generator 7101
In self excited generator, the field winding is produced b -

arma-turc of the machine itself. i.e. no extenal DC su 5“."
rt:flllll:t:d for such generators. This means that there will bzps:n:
cljccniwal connection between the field winding & armature
winding. Depending upon the type of connection the self excited
DC generators are classified as follows:

2.1 DC shunt Generators

2.2 DC series Generators

2.3 DC compound Generators

emf induced across

R>>R, )
1= V/R¢

- V=E-LR, R,

1= VR

&
— I, = Ir = IL
Initially, the field current & armature current both are zero and

let the armature be rotated by some external means. The

induction of emf in the armature require magnetic flux. Even in

the absence of the field current, the field poles will have some

residual flux which helps in inducing the emf in the armature

conductors.
The DC shunt generator are always started without any load

because if started with load the voliage build-up cannot take

place.

Since, no-load is connected at star
flows to the field winding, further increasing the flux and
ed in the armature also increases. Until

ing, all the armature current

consequently emf induc

the generator achieves the rated voltage (field satu rates.)
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102/ Electrical Machine
=R (b) Short shunt DC C D.C. Generator / -
— — — T ompound Generator

f &5 L=lL=L
| & V=E-LR-IRe

E-IR

If= RSI‘I ; ; ¥ E B liRl‘_ IaR‘st

E-I4R
———A _
=R+ V=E-LR,- LR,

oe build up process is same that of a DC shyy
b rator should always be star

— The vola
erator but the DC series gene

gen . ,
with load connected otherwise no current flows. CHARACTERISTICS OF GENERATORS
I g | NO-LOAD  CHARACTERISTICS |/ OPEN  CIRCU
| pC COMPOUND GENERATORS: = — CHARACTERISTICS IT
— e ‘winding. The two set . ]
DC compound generators have two sets of ﬁeld?’- ; ; d Th No-load characteristics means analyzing the values of emf induced at
. be connected in series with armature winding or load. various value of field current ie. it is a plot between the induced emf
may > - : & field current when there is no load connected to the generator.
divided into (w0 [ypes: We will use the following circuit arrangement to trace the no-load
(a) Long shunt- DC compound generator characteristic curve.
s (A
R,‘ - Sefifs ﬁeld “'lﬂdlng varmibwnc‘r__ A
: supply t
Re- parallel field winding change I
T Open
v (No-load connector)
|
Armature 15 rotated at a
constant rated speed
We know, E4 "
_Z¢N P 1
60 A Samration (magnetic)
Also, ¢ o [ Linear
u 1 A
e L= V=E-LR- LR - ExNo o ——1
% Ao h = ExNI; emf induced due |q“ o
S BlUa D s - V/Rsh; V=E-LR,- [4Ree . E o Iuntil saturation point 'B’ residual flux even ifl, =

e U
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0 .
(No-load characteristics at different sped)
LOAD GHARACTERISTICS )
ge

—  For DC shunt generator v (terminal volta

Initially: for no-load I = 0
L= h(which is very s
v=E-LRs
So, minimum volta
— OV, =E[OVL
When generator
= ﬂl =L+1) T
Now, load terminal voltage

v=E-LR ‘
. At full load, I is maximum, SO, LRIT - vid

For DC series generator

Vi Ohmic drop
~—Eag

Over loaded
;_:onditjcn

&
. arof )
cw’ﬁ‘”' TR
{1
0 I
IR drop (R, & R)
! - er,¢T,ET,Enc¢
-~ v=E=LRs- IR

JENE RIS IR

mall current)
=
- V=E

ge drop in Rs. -
geat no-load]

= Terminal volta
is loaded, 1T

= Lt=Lt=LT

D.C. Generator /1

0
When the Load current I increase, T 5
consequently LR, drop also increases 5o terminal s increases and
tend to decrease. ge

V' will also

On the other hand, I current also increase 50 the emf included e’ wil
also increase (.. E = I) so terminal voltage V' will now l:n:frll]I
increase upto the saturation of flux and then decreases as shown in lh0
figure above. :
For DC compound generator

—» We have noticed from the above analysis that a DC shunt
generator  (shunt field winging) has dropping voltage
characteristic & a DC series (series field winding) has rising

" voltage characteristic. In either case, the voltage regulation from
no-load to full load is quite poor.

_» A shunt generator is usually modified with an additional field
winding (Rs.) in series with the armature or load which is called
DC compound generator. This generator has very good voltage
regulation. As load current increases, the flux produced by
R, will also increase and thus 'V does not decrease.

E Qver compound

Flat ‘compound
< Preferable voltage

- characteristic with
Under compound  excejent voltage

regulation.

I

@ 1, (rated)
By adjusting the number of tums in the series field winding of
"DC compound generator, the terminal voltage 'v' can be
controlled in various ways.

i) Flat- compound — same terminal voltage at no-load R full load.

i) Over-compounded — terminal voltage at full load > no-load

terminal voltage.

iii) Under compound — terminal voltage at full load < no-load

terminal voltage.

£ I L 7 -___‘

D — T
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106 / Electrica pOUND GENERATOR
CHARACTERIST!

B
Over compound

e Flat compound

A
< Under compound
%
2
s No load
E voltage
;
=
0 Load Current (1)
tor
External characteristic of pC compound g-enera
The above figure shows the external characteqsllcs of DC compouy
. tors. If series winding amp-turns are adjusted so that, increay
Lo rease in terminal voltage then the generatg

in load current causes inc he .
s ed to be over compounded. The external characteristic for ove

compounded generator is shown by the curve AB in above _ﬁgure.

If series winding amp-turns are adjusted so that, the terminal voltag
remains constant even the load current is increased, thcn‘lh‘e generaty
is called to be flat compounded. The external characteristic for a fl
compounded genemtdr is shown by the curve AC.

[f the series winding has lesser number of turns than that would b
required to be flat compounded, then the generator is called to'b
under compounded. The external characteristics for an und:
compounded generator are shown by the curve AD.

is call

' LOSSES IN DC GENERATORS:

There are mainly three types of losses in DC generator.
i)  Copper losses:

- Armature copper loss (Ii RJ)
- Field copper loss = I,-Ra & Is,Rec

if)  Magnetic losses: (Iron loss or core loss)
— hysteresis loss

=5 eddy current loss

D.C. Generator /107

i) Mechanical losses:

Tota i/P

—» Friction loss at bearings & commutator
_y air-friction (windage) loss of rotating armature.

; Armature Cu loss
—= Copper loses Shunt Cu loss ] Variable loss

Series Cu loss

I:: Useful o/p hysteresis
Total loses——= Iron loses —|

power Stage

Prime mover

input (T,) — electrical power = power o/p

eddy current Constant loss
(For constant speed)

) friction
: L Mechanical losses -|
Stray loss windage

iron & friction Armature & field
losses Cu loss

Mechanical
power converted Useful

(E.g. I, watt) (V1 wan)

Efficiency & voltage regulation

]

i)

iii)

Total electric power genrated in armature
mechanical power supplied

Mechanical efficiency =

_ Ed,
Nm = O/P of driving engine

=

Watts availabel in load circuit
total watts generated

Electrical efficiency =

i,
= M= El,

Watts available in load ckt
mechanical power /P

Overall efficiency =

- _OP _ O/P (V1;) _ /P - losses
NM=UP ~O/P (V) +losses /P
Mechanical power i/P = BHP of prime mover x 735.5
{

Brake horse power

Vn_ltage regulation

0V -§V,

% voltage regulation =—
FV2
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Tutorial

1. A short shunt cumulative €

field,
.5 kW at 230V. The shunt e
:es:.:tance are 100, 0.3 and 0.4 ohms respectively. Calculate

induced emf and the Il_md resistance.

Solution:

!

ompound dc generator suppy;
series field and armag,,

12095, golution:

value of tj

the the output is 60kW, if the termjna voltage ," generated emf when

henls 520V, (2074

R, = 200Q
o

When Py = 100kW, V=500 V & E =525 v

Py 100 = 1000
(a) Here, I :Tl?= _‘—Sm']—-= 200 A

= =0.40Q %
Ren™ 1000, Rs, DAk By=d ' Feh, Also, I, = R% 5 % =25A
= = R == {]40 L5 AT
Ra =100 By =0a 0, T Tont T L=l +1;=2025 A
Here, So, .
P, 7.5x1000 )
—"'Q = = 3 OSGA = =
L=y 750~ 326 E-L,R,=V
525500
v 230 or, 22=28_p
Load Resistance (Ry) L= 32.6086 7.05Q 202.5
iy R,=0.1234Q
Using current division rule,
R‘ (b) When P{] =60 kW, V=520 V,
= el
L= 7R.+R b Py 60 %1000
Rep + Ree + Ko lL=vy=""s3p =115384A
32.6086 —10__, I
or, o = a
100 +0.3 +7.05 If:m=2.6z\
200
[,=35.005A
. ’ L=1 +1;=117.984
Using KVL, i VL
sing .
' E-LLR,- I R.-V=0
; E=V+I[,R,=520+117.984 = 0.1234
| or, E=V+IR,+IRs=30+ 35005 x 0.4 +32.6086 x 0.3
| ’ E=534.56 V.

| . s E=25378 V.

[ - - e e o B S
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3.

Solution:

4. A separately ex

A 6 pole wave wound shunt generator has 1200 conduycy,
useful flux per pole is 0.02Wb, the armature resistance () ‘:1‘5
the speed 400rpm. If the shunt resistance is 2.20{], Calcu.ht i
maximum current which the generator can deliver to ap e“e t
load if the terminal voltage is not to fall belowluw. |§l;:"
{ lL JI

P=6A=22= 1200, 6= 0.02 Wb
Ra =040, N =400 rpm Rg,
Ry =220Q, V=440V
We know,
1200 x 002 x 400 6

_ZON P _1200xDB TR, -
E=0 *A " 60 X

[oror

Lo ]

Also, E-LR,=V

E-V _480-440
or, L="g7" 04

[ =1,-1=100-2=98 A.

cited generator when running at 1200 r,
supplies 200A at 125V to a circuit of constant resistance. Wiy
will be the current when the speed is dropped to 1000 rpm, if t,
field current is unaltered? Armature resistance =0.04€), total d"“i

=100 A

at brushes =2V. I; [20n
Solution:
N, = 1200, I, =200 A V=125V
R, =0.04Q, Vi, =2V i
v 125 *
Ry ='I:=556= 0.625Q
E,-I.R. V=V

or, E;=126+200x0.04+2= 135V
Now, when N, = 1000rpm

E, N; N;
E12=NI 3E3=ﬁ‘l")( E'I f"' I,&¢areﬁ18d.]

1000 o
2=1200 % 135= 1125V
SO. Eg = IL R.. — Vb, = ]LRL
or. 112.5-2=(0.04+0.625)I,

- o~ I.=166.165A.

E

s, The armature supply “Olfage .
current is 124, the armatyy, vt
100 rad/sec. Calculate: (a) the ine;mme :

torque(c) the electrical power “tedemr(b. th 9

mechanic power developed by i:plll to

copper-losses. fhe armay
Solution: . [2070)
For generator,
Ig= 20
7100
I,=80A
=1L+ 1=82.5A
Hence,
E,- LR, =V
or, Eg=V+ILR, =250+
] m:mr 1=250+825x0.12=2599y
I;=2.5A, I, =80A
=1 -1=775A
Em=V-LR,=250-825x0.12=240 v
Now,
N, E 2599

N, E, 2401 1082

6. A 1500kW, 500V, 16 pole, dc shunt
‘What must be the useful flux per pule%::‘:::o;r:‘:;;;: lSdO rpm.
in the armature; the winding is lap l:unnecm; andm:' [I:mrs
_armatur_e copper loss is 25kW? Calculate the area of the LI| e
if the air gap flux density has a uniform value of ol;l;‘;;h%e
Neglect change in speed. Take R, = 5500 ’ m-

25A

Solution:
N =150 rpm, Z =2500,P=A
IR, =25kW, B=09 T, R;=550Q
lf IL

Here,
s %1 ) 15005;01 000 L
= 3000 A R, Ep:slosoo‘q KW
Ir= % =909 A

I, =1 +[r=3009.09A
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LR, ~ o000~ 200V
So. E=V+ LR, = 500+ 8308
[ = sas 308 V
Now,
. ...Z.ﬂ - -’-‘-
o0 A
_ 2500 = ¢ = 150
or,  SO8.308 - o
&~ 008] Wb
Alsa,

nnxl 0 2
‘&m-n" ne m

A shunt generator delivers &) KW af 250 V and 400 rpm. Th,
ce Is 0020 and ficld resistance Is 500

armature resistan
Calculate the speed of the machine when running as a shup
motor and taking S0 kW input at 250 V. (2068,
Solution:

Generator:
Pe = SOAW, V = 250 V, N, = 400 rpm I I

!
R, = 002, R, = $0() - e

r;

_f_‘_.. 0 » 1000

- - - . - -
So, =7 350 200 A

250 R g 002 Rs) Eg F
k=50 " 5A ; L D,
] | |

L=k +1,=205A
Ey- LR =V E = V< LR, =250+ 205 - 002

E, =241V
Moter:
P, = SORKW, V =250 V I ;.
01000 _ J i, |
L==5g ~200A ¢ r ‘
o A Rt QLM
[ : - 1!
L=l-1y= 195 A 1 i

En=V-LR, =250-195«002=246|

D .
.C, (.eneratnr AR

2461
8 Nl':_q_‘ ] 400

N, = I87.4 mpm.

A dc shunt generator has an Output of 10 kW

&
at 200 Vs
being 1000 rpm. The armature cireuit reslstance | the speed
field resistance I8 25000 Caleulate speed whe $ 0.50 and the
motor taking 50 kKW at 500 v, 1 running av a shunt
Solution:
R, = 0562, Re= 250 Q2
Generator:
10 = 1K)
]| - 500 =20 A
500
le= 350 2A

- ..—..20“21221\
Now. E, =V + LR, =500 +22 < 0.5 = §1 v
N, = 1000 rpm

Motor:
50 = 1000
500)

Il-:ﬁ = JA -

I, =1 - 1= 98A
Then, E,=V - LR, = 500 -98 « 0.5 = 45|V

We know,
Ex_Na
El Nl
. 451
Na = 517 1000 = 882.58 rpm
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rator has i nd g,
9. A 20kw, 240w dc shunt gene g
resis?a:; of 0.05Q and 8002 rcspccmcl_‘. Calculate the toy
armature power developed whcn‘ \:‘rur::“s.;
(i) as a generator deli\-eringll{)k\ outp N
(i) asa motor taking 20kw input o
Solution: . szg .
Shunt field, current. I =R, — 80
SRR Output in Ko (1,000 _20<.000 _ .
Load current, I.= v 240" 3
Armature current, L=l +Ils 83.33+3=80.33A
=V+[,R, =240+ 86.33x0.05 = 24432V

Generated emf, Ex
Total armature power dev

Exl _ 24432 x83.33 _ 2036 kw
Pe=To00 = 1,00

(ii) Asmotor

eloped,

nput in kw x 1,000 20 % 1000 _
=T P

Inputin XKW = —.——
Line current, I, = v

10. In along-shunt compound generator, the terminal voltage is 23p
when it delivers 150A. Determine (i) induced emf (ii) total powg
generated by nrmaluﬁ:. The shunt field, series field, diverter, an
armature resistance are 92, 0.015, 0.03 and 0.032 ohy
respectively.

Solution:
Terminal voltage, v=230v

vV 230

Shunt current, I,FE; = 2.5A

Armature current, |, = load current, I+ Ly
<150+2.5=1525A
Combined resistance of series field and its diverter,
Ry % 0.015 % 0.03 _
R =R T Ry = 0015 +0.03 ~ 0012
(i) Induced emf E;= V+ LR, + la R eg.
= 230+ 152.5%0.032 + 152.5 2 0.01 = 2464
E, xI, 236.4x152.5 — 36,051k

(i) Total power generated, Ps‘fﬁﬁﬁl =700

D.
In a 220v compound gencrator, the C. GEnentor 115

11.
windings have resistances of 0 30, U-Z;:::mre' Series and shyp
load consists of 80 lamps, each ra(eq at 60 respectively, The
total, emf and armature currepy when th W and 220y, Find 1y
for long shunt and shunt, ¢ Machine js connecle;
Golution:

Total lamp load, i = Number of lamps x vo|1,
= 80 X 60 = 4800W
Terminal voltage, v =220v

P, 4800
Load current, I =:l =720 =21.824

Long shunt connection
_y 220
Shupt field current, I = Re =20 =367

e of each lamp

Armature current, [, = I +1,=21.82+367= 25494
Generator emf, E; =v+ 1, Ry, + 1. R,
= 22042549 x03+2549x 02
= 232.745v
Shunt field current, Ly, = Vio/Ry, =224.364/60 = 3.74A
Armature current, [, =Iy + Iy = 21.82 + 3.74A = 25.56A :
Generated emf, E; =V + 1, R, + R, :
=220+21.82x02+2556 %03

=232v.

12, Ad-pole dc generator has 51 slots and each contains 20
conductors. Flux per pole si 7 mWb and runs at 1500 rpm. Find
the produced emf of the machine if its armatare is wave “‘uu;-:d

Solution:

Flux per pole $ = 7m Wb = 0.007 Wb

Number of poles, p =4

speed, N =1500 rpm

Number of armature conductors,

z = number of slots x number of conductors
= 51x20=1020

Number of parallel paths, A =2

Generated emf, E; = 50 E volts.

_0.007 x 1020 x 1500 4
- 60 "2 =3657v.

- armature is wave wound

L
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whth 90 sloty nnd 8 CONAy
1)

flux per pole Iy Il,llru“_"

n praniure

1 Abtpole machine hos e
: M) rpnh )
per slot and runs ol [ ‘ &
Determine the fnduced el AT winding by (1) lap connected (1 i\.u:
connected. “'”"i
Solutlon:
Flu per pole. @ = 0.08 Wh
Number ol poles.p =
| Speed, N = 1000 pm
@ Number of armature conductors,
| 7 = Number of slots = number of conductors per slot
‘3 - 90 x 8 =720
| (i) When machine is lap = connected
Number of parallel paths, A = pP=6
: JN P 005 x 720 = 1000 6
Induced emf, By g&i— Y = 6 600y
(i) When maching 15 weave-connected
Number of parallel paths. A=l
: AxZxN P 0.05 x 720 « 1000 6
Induced emf. Eg= o~ “A =5
= 1800v
14. A 4-pole lap-connected armature of a dc shunt generator

required to supply the loads connected in parallel:

(i) S kw geyser at250v and

(i) 2.5 kw lighting load also at 250v
resistance of 0.2€ and a fie}
has 230 conductor in the slots ax

for contact drops find (

The generator has an armature
resistance of 2506, The armature
runs at 1000 rpm. Allowing 1vg per brush
flux per pole, (ii) armature current per parallel path.

At load of 250 kw
Load current 1L; = 2—50—;{}%@ = 500A
Generated emf, Eg, = 500 + 500+ 0.015 = 507.5¥

_Eg 5075
SPCCd.Nz—Egj NI_SIS XN;—O.QES‘;N]

E,xN with constant excitation

£ ot N;-N; -1
Reaucticn 1n spccd=—’m—" #100= N 0:?54N # 100 = 1.46%

-

golutlon:

A 2-pole de shunt gene T
" |z-rlnul rrslslnm-‘Ll;“'"h" Chirgey 4 | enerator g
[ty cthe nrmagyg, of o My I'“"l'ry ”
" muchy, negliging
e |y ke

1,000 conducton, crch of 24

' il re

are found (0 be TOA and 204 r.,:"‘f“""‘*- The che

pm respectively, Find the ""!llut-;:.::::“r sped of
reslstanee

he generator, Ne
pole of ¢ . Negleet ar
. milure and fly
: X per

reuctlon effecty,
Number of armature conductory,
7 1000
Number of poles, 1"=2
Number of parallel paths, A - 2

ature resistance per p;
Armalure tance per path -~ Number of conduey
: Clory p"l rt
o r path »
sistance of cach conduct
1000 '

2 '12,]“\ Iﬂ
Armalure resistance,
R, A:J""“;rf resistance per path |
umber of parallel paths 3 0.5

Let the generated emfs speeds Ny of
; | ( ;
E and 5 volts respectively. 1 o 1055 rpm and Ny of 1105 —
|
dzd, # X 7 60
i Sy 1105

Tht:n‘ﬁ :
Ei N, ~ 1085 ()

aZN, # IKMU
Terminal voltage, V = 100
Let the shunt field current be of Iy, amperes.

Load current at sped of 1055 rpm,

Ty = 10A
Armature current at speed of 1055 rmp

L1 =1+ Ly =10 + 1)

Similarly, armature current at sped of 1105 rpm '
2= (20 + 1) '
Now induced emf,

E;=v4l, R,=100+(10+ 1) «05=105+051,
and. E;=v+la;Rg=100+ 20+ 1) #05=110+ {),S‘Ilu1
and E: _1](] +0.5 1y .

E, 105 +0.51, =W
Comparing Eqn (i) and (ii) we have

1105 110 +0.51y

1055 105 + 0.5 1,
or, Shunt field current [ ;= [A
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' v 1000
Field circuit resistance, Ra =7, = 1

_— =105+05x 1= ;
Substituting, E, A =2inemf equation

N, = 1055 rpm, P =2,
\ p 19__5_5_,‘.2-
105.5=¢ x x 1000* 75 "2

105.5V1 2 1000 conductors,
we have

105560 _ . ~wb
o 6=To00x 1055 "
oad which takes a power of Skw forp,

6. Find the resistance of the characteristic is given by lh:

dc shunt generator whose external
equation: ¢V = 250-051L

Solution: .
v=250=051 ..(0

and power output, P = Vi .
P:/IL = § x 1000 = 5000 w (1)

or,
300 from Eq" (i1) in Eqn (i) we have
v

Substituting I =

5000
v=250-0.5 "“';'

VvV =250+2500=0

18.

Armature current, [, =, 4 Ta =30+ - eneragr | -
Generated emf, E; =V 4 LR, + bins cam[:
= 250+3] x 0243, ICI:dZmp
(i [Fluxper polc.¢=%:—-g-9x A 258, 5508‘2"
120 x 1000 xz

(i) Current per armature path, | 1

A
A 4-pole de shunt generator with Ia
and armature has field and arpgq,
respectively. It supplies power t
lamps. Calculate the armature

= —

g4 =T1754

P connecteq 5
ure resistance

TMmature hag field
of 500 and 0,1,
rs of mu‘,' 40w

or,
o, < D020 =SB 530.56v or 1044 —
I T icable Total lamp load, P. = Number of lamps x volta
i Rejecting lower value 10.44v of v, as 1t18 not practica = 50 % 4= 28005 ge of each lamp
| Vel Terminal voltage v = 100v
v =239.56v s P, 2400
I = 5000 —2087A Load current, I ==* =770 = 244
L™ 239.56 ’ 100

VvV  239.56
} Load resistance, R =’f; =5087 11,4802

17. Find the flux per pole and armature current if the total load is T‘.I
kW and load voltage is 250 V in DC shunt generator. The fief

winding resistance and armature resistance are 250Q2 and 0.4

Shunt field current, [, :_RY; =5 =2

Total armature current, [,= I, + I =24 +2 = 26A

Generated emf, E, = v + LR, + brush drops
=100+26x0.1+2x] +2x05+2x%025
=106.1v

Solu“oll‘lu‘.:speclwely. 19, Esl?ma.le the reduction is sped of a generator with constant
2 excitation on bus bars to decrease its load from 500 kw to 250 kw.
Total load to be supplied, P =5 + 2.5 =7.5kW The resistance between terminals is 0.015Q. The bus bar voltage is
Load current, 1 =L o222 1000 =304 0
\ Ly 250 Solution:

(=1

Shurt field current [ =-R—Vh =§5i{} =IA

Bus bar voltage, v = 500v
Resistance between terminals, R - 0.015Q
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At load of 500 kw
load in kw x 1000 ___500 x 1000

=1
Load current, IL, =~ 0 olage ® "y

Generated emf, Eg, =v + IL,R =500 + 1000 x 0.015 = 515v

Sped =N, rpm (say)

20.  An 8-pole d.c. shunt gene
conductors and running at
12.5Q resistance at nominal
resistance is 24Q and the
armature current, the induc

Solution: ” ;

p =38, Z =178, A =2 (wave conneclc )

N = 500 rpm, Re = 12.5 .V =250V
Ra = 0.24Q, R(= 250
la®?2,E=2.4="

- Now,

b v _250_

I=R,"250
250

=R, - 20A

rator with 778 wa\'e-cnm!cctcd arm
500 rpm supplies a loa
voltage of 250 V. he ar

od emf and the flux per pole.

1A

Now,
E=laRa+250= 255.04 V

Again,

E="60 “A )
Ex60xA _255.04x60x
0=7xNxP 778 x 500 x 8

$=0.8344 x 107 Wb

' A 440 V dc compound genera
| shunt field resistance of ﬂ.?, y
B generated voltage white delivering 49 ‘
; (i) long shunt (ii) short shunt connections.
L Solution:
| Given,
V=440V
Ra=0.5
- Rse=1
- Rsh =200 Q

el
c o -

aty
qa

9
May
ficld resistance is 250Q. Fing l:;:

tor has an armature series field y

1 and 900% respectively. Caleuly
40A to external load in cag,

(i) Long Shunt Connec

i
IL=40A o

D
C Generayy, Iy

440

200=22A
1|= ][_ + If= 42‘2 A

ae E: ].RI + l " _

. Sh Sh lR1( V = 422 x 0.5 i 4

(1) Short Shunt Connectjo, 22x 1 4449 %

=303

Hc-re‘ voltage across shunt figlq 2V
Winding (V) = N

I z-—\’—-__
™ Rsh™

<+ Vsh=4g0vy 40"l+440
Now.
~Ysh 480
Rsh =200 =24 A
’l =I[+]L=24+4
" 0=
And, 424 A
E =laRa+| R

wetV=43
. E=5012V AX0.5+40x 1 4 44

22. A 50 kw short shunt com
a terminal voltage of 23p \Y

winding resistance:
[!-icliongnud iron 1:::;: r:fcll;ig;:uiss ?I:: dcl s
(i) emfgenerated at full 1oaqg e
(i) Full load copper loss
(iii) BHP of driving engine
(iv) Fullload efficiency
Solution:
Power delivered (P) = 50 kw
Terminal voltage (V)=230 v
Rse=0.05Q
Rsh=1150
Ra=0.01Q

Friction loss + Iron loss of machine = 2 kw
Now,

P

lL=y=235=021739kA=21739 A

Voltage across shunt field winding = I, Rse + v

=217.39x0.05+ 230
=240.869 V
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122 / Electrical Machine
Also,
240.
1= 232 _ 5 00454

L=I_+1;=219485 A
(i) Emf generated at full load (E)= Ry + [L Ree + v
=219.485 x 0.01 +217.39 x 0.05 + 23
=243.0643 V
(ii) Full load copper loss (Pc) = 1¢ Ry + I Re
=2.0945% x 115 + 217.39% x g 5
=2867.418 w
=2.867 kw
(iii) BHP of driving engine =7
Total input power of the machine (Py)
=243.06 x 219.48 +2867.418 + 200

=58.214 kw
Since,
746 W = 1BHP
1
lw= 746 BHP

58.214 kw = 78.035 BHP

. . P 50000
Full load effi ; =5 =
(iv) Full load efficiency (M 10ad) PTX 100 % 5821445'!
aaa
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* Z/gRKING PRINCIPLE OF TORQUE EQUATION

.a:»--"a;;“"ng principle: A current ¢y

TYing conductor placed in 4

etic field experiences a foree in the diraet . .
magnetic field exp S a force in the directjop given by Fleming's

left hand rule.

[= -

E 1
> atoa

-1

Fig (a) Fig (b): After 180° rotation.

In Fig (a), the conductor a & a' are supplied with some current and is
inside the magnetic field B developed by field winding. Therefore the
force is developed on conductors a & a' & the armature starts to rotate
in anticlockwise direction.

If there were no carbon brush & commutator, we can't get the
continuous rotation because the direction of force won't reverse on the
conductor.

The carbon brush & commutator segment reverse the current -
direction, after half cycle & the force reverse an conductor a & a' as
shown in the Fig (b).

Armature rotates continuously.
Torque Equation (Equation of torque produced by DC Motor)
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124 / Electrical Machine

Let. N = speed of the armature in RPM

¢ = radius of armature coil.
If T, is the torque produce by the armature,

T,=1*r(N-M

Then,
Work done by this force in one complete rofation
= F*2nr = T,*2n F " The £,
& (
e time fi svolution = 60secs N
The time for N revolutic S Secili i

The time for N revolution =™y
power-developed by the armature

= Rate of doing work

Work done _I*2r
= = ' 60N

Time

1
_ p.=-'£6%1:‘ watts ...(1)

¢ armature conductors are cutting the magnetic ()

Now, the rotatin
armature coils (according |

so emf will be induced across the
faraday's law). This emf is known as back emf g

NP
Ev="0 “A

This flux approves the applied voltage and th
electrical power to the mechanical power. Then, the power develop

by armature also can be written as,

iven by

is opposition converts

Pa‘:Eh-lJ
L 2NT, ZeN P,
© TE, 60 A"

1
or, |T,= §Z¢[‘ *%

oNEME
..-—""'t"—__

D.C. Motor / 125

Some emf is induced in
the rotating armature
conductor due o
generator action in DC
molor.
According to  Lenz's
law, the direcuon of
eml induced across the
armature  winding s
opposite to the applied
voltage, S0 this back emf
opposing. induced emf i
is known as Back emf . Fig. DC shunt motor
V pushes the current 'l through the armaruy .

¢ against the action

of back emf 'Ly
V-E .
= R . where, E, = ZoON i B
o 60 A

or, LR.=V-E,
Multiplying both sides of this equation by |
a

I;Ra s Vrl] = Ehll

=
or, VI-1,Ry=El,
{ Input POWT to - copper loss = power developed
amature in armature by armature }

[];_u:k emt plays an essential role in operation of a DC mot

g ] Tl G > Dr
without any back _;.mf the motor would not have been able 1(;
convert llju: ci::gtn-;:ll Input power to mechanical output. The
back emf provides an inherent feedback mechanism in DC
motors. Due to the action of back emf the motor is able to draw
as much current as it it required to develop the required load
torque (torque to drive the load)
Following are some important aspects of back emf
(1) Back gmfprotccts the armature from short circuit during normal

operating condition,
=  We know, the armature current (l,) = _“I; E
a

If there is won no back emfi.e. E,=0
w I,=V/Ra
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126 / Electrical Machine

R, (armature resistance) is very low in DC motor so ﬁ'_om

equation we can see that current 1, will be very large just Iﬁ;
short circuit. -

(2) Back emf acts as 3 feedback mechanism 1n a DC motor ke ‘

to produce the required amount of torque according to in%‘

or decrease in mechanical load.
—  If the load on the <haft increases, the speed of the shalt teny

decreass.

ZeNd P
Thus. Ehl - —%ﬁ- * A
<o, according 10 above equation when speed decrease the N

emf also decrease.

Similarly.

. V = Epv
L= —__—R,

The decrease 1

seen from above equation.

Then,

TT- a ¢ICT

Hence, the increase in armature current (1

n emf causcs the armature current 1y’ 10 InCreg

,) increases the 1y

of the motor.

—  In the same manner, if the
of the shaft increases.
NT— Esf — & lav

load on the shaft decreases, the

— Tal

Thus. increase in induced emf will cause the armature cumg

to decrease and hence the torque also decrease.

It scts as an opposing agent required for eneTEy conversion

mechanical energy 0 electrical energy.

L

METHOD OF EXCITATION. TYPES OF BC MOTOR:

|—- DC shunt motor

-——~l ! DC series motor|
‘ I [ Cumulative compe

_-.l DC compound

| moor

S
| Differennal compy

/-""'———_ D.C, Motor / 127
llUE-l.l““ CURRENT CHARAGTR I e———

".--'-_-_ )
T,- 1, charactenistic s a curve show — -
\ —
change in armature current. anation of torque with
|
L Il
R:g ' TV
59 )
T.*
T, al.l, | T
For DC shunt motor, AT, (Shoft Torgue
4 /for consta _/ )_
I, = & constant - 7
Re o v / U Lost torque
So, we now write, . ,-/ due o fnction
T. L4 | I, | 1;
Ty« T,

1_11us, tncrease inarmature current (1) the torque (T,) increas
lincarly as shown in the figure Hah -
However, 1t 1s important to know that the net shaft torque (T) i
= less > > : >
always less than ammature torque (T,) due o fnction loss. so m; T
cunve lies below T, as shown figure. T
However, 1t 15 important to know that the net shait torgque (T,) is
always smaller than armature torque (T,) due to fnction loss. ":a L‘:
o i { sss0, W
T, cunve lies below T, in shown figure. Speed depends on torgue (not
vice-versa) e

SPEED-TORQUE
CHARACTERISTICS)

CHARACTERISTICS (MECHANICAL

We know,
The back emf developed by the armature is given by,

_ZeN P

U0 A

L E. s0rA B
= N=g¥giponN=y

But we know the flux is almost constant in a DC shunt motor.
S0, We can write,
N xEy .
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v-Ey
Also' Il - R‘
_ We can now cxplain the N-T, chock of a DC shunt moter b
using the above eq".
_ When the speed of the DC motor (N) decreases the back emf %
also decrease (- N Ev)- ) .
_ The decrease = .EP- will cause an increase 1n armature cun-em.l;
V=B
7 R
Am*r.:ﬁ. = 6= constant )
So. the torque increase with decrease in moler speed o
illustrated below:

T:l (Speed)

T, (Torque)

_  Itis clear from the above curve that there 1s not much change iy
the speed of a DC motor even if there is a large variation in th
load torque (from To = T,n speed changes only from Ng—Ny)
So, DC shunt motor usually find application where constay

are required even when the motor is carrying differen
amount of load.

DC SERIES MOTOR:

(a) T.-L chamcteﬁstics’Electﬁcal characteristics:
fn DC  seres
motors, the current
in the field winding
& the armature E
winding are the
same,

We know,

Tl x b ll
Buté = Irand Ii=1,
So'

Toall = [Tat]

(b)

So, the motor speed is low at high torque { Nia E'i}

0. D'C- ‘\1
If 1, is increased T, will increasc in parabolic p, otor /129
ature,

“ield poles saturates
1.6.4 15 covalent even
if l. Increases

| - -1

Aﬁcf lhc‘satum;iﬂn of ﬁ{!ld p{)]cs at po"“s [S) 111 .
does not increase even if armature current '[! i;crc magnetic flux
a INCreases.

S0,

N-T, characteristics/mechanical characteristics:
At heavy torque )

L\

(T, (high)) °

The armature current High
(tends to be) very high (= speed
Ty al,’)

Therefore,, the back emf [ ow._
will be less to allow high speed
armature current)

(55 vLEh =V - 1(R+Ry) 'I'r

] Taluaw) T. (high) T:

At the same time the flux per pole () will increase 1o very high
value (= o= (lf = 1,)). But the increase in flux very high
compared to decrease is back emf. ' )

!
ON

Sirniiarly'at low torque (T, o)

—»  The armature current is low, therefore the back emf will be high

to allow low armature current. Then, the flux per pole will be
very low.

Hence, the motor speed is high at low torque \
Ta (light load) ‘
(= NTa—F‘L} Loy, W, forthis BT | T Enl
L Lol e

From above characteristic curve we can see that the DC series
motor have very high starting torque. So, they ease suitable for
use in electric vehicles, trains and etc.
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130 / Electrical Machine
t be started without any load? n

ecomes very low & o -
ery high which ma,,:f
\

id no
d-torque (T) P
ries motor 15 v

Q. Why DC series motors shou

Ans: Because at no-load, the loa
point the speed of the DC se
cause mechanical dam2ge-

DC compound motors:

und motor have two sets of field winding; the o

— DC comp@ 010
and shunt field windings.  uxinth

i indi oduce the flux in the same di
—» If the senes field winding pr the . e
the shunt field winding, then such a mgqy,
o Pmduced i pound motor- 1

DC cumulative com

ue
¢

5 ——
P Series field _,
wingding
. Shunt field _,
wingding
+ ¢ih & ¢un.al: ¢lh‘|

¢i"‘ ¢l¢ ¢IDL=1= e
Fig. pifferential Compound

Fig. Commulative Compound
On the other hand, if the series field winding produces the flux i
opposite direction 2 produced by the shunt field winding, then sy
und motor.

motor is known as DC differential compo
Ny

Taf

Diﬁmm

Cumulative  Shunt

Differential

 Series

w Cumulative

o Serics
e el I "
M-T, Characteristics

T.= I, Characteristics s

— Commulative compound
motor, the flux from both windings sup
flux per pole will be higher with increase in armature cures

T, - 1, curve above that of DC shunt motor shows. Similarl)
particular value of torque, the flux per pole will be more cont

to that of DC shunt motor . Nu":‘;) . Hence, the N

but less than DC series mote

motors: In cumulative comp
port each other, henct

characteristics is more sloping,

D.C.}

- E;g:’;‘::gﬂl compound motors; [n p C. Motor /131
so, T e 1S

that of DC Shi]: :::1 lncl_ease. inl,= lh:?rs"fi the ﬂux‘ opposes
Toruge, will be les or. Similarly, the ¢ a +h curve lies below
charactenistics lj > compare to DC sh a particular value of
s lies above that of DC b I:I'il motor. Hence, N-T
nt motor, TR

STARTING OF DC MOTORS: 3 POINTS
- - AND 4 POINTS ST
ARTERS.

Before understandin
g the operati "
starts we have to understand why “?:rl?egllgil;nccfnhﬁzsm of various DC motor
- Wc have already seen that the va I starters to begin with
given by the equation .

(V-E)

I, R,
— Initi :
nitially, when the motor is at rest, there is no back
. ack emf
developed in the armature (Eb=mx " of (Ey)
armature current ', will be very Iargfo == 0) > The
b ’

V-
], =
( R, = Thus I, become large value)

A_ Very small

e of the armature current is

200V 3

] =\;’—En_ZUO-O

=R, - 01 =2000 A.

—  Such a high armature current can
bru§hes. Hence, comes the need ?'2?:%(‘311?112::2:1::;?5?“ o
basic DC motor starter a resistance is introduced in serieg t\P tl:n &s l
armature winding for a short duration in the starting pen'o:i onle
(5-10 sec) the starting resistance is then gradually cut-out as thy
motor starts to gain speed and develops the back emf. -

‘ v
+
AY
Vac Shunt E R,
field =
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connected across the line through the arc connecting wip
starting arm and at the same time the full starting resistance j;
connected in series to the armature winding. The starting currey
drawn by the armature is thus reduced to,
V . ;
Ee—— the full starting resistance
LR R

/

armature winding resistance.

—  As the motor starts to gain speed, the starting arm is further cut
out by gradually moving it to the right as indicated by the dotted
arrow as shown in the figure. When the arm reaches the running
position (ON-position) all of the starting resistance is cut-ou
(Thus normal current flows).

—  Note that the arm moves towards the right against a strong spring
force which tends to pull the standing arm back to the off
position.

There is a soft iron piece [ s] anac
which in the fy

(2] sommsrosens
sy, ON position is attached & he|
Swmrmg M 5% e L eld by an ¢ OMagner
T Ve £ pos s CCLry
g A7 3/" '7/ pﬁ% - energized by the field winding curen, Now:
i . % - 4 = v s shown in the figure. “ing through I a
— / ol SN =,\\ \\ )
sm—-"}\‘: ﬁ 'iud,,., | Holdmg ' _Q —» The DC motor stzrter also acts as » protective d
|crunﬁ:‘hnd-'¢l ~ Coil .// ) '] Magoat o motor: evice for the DC
¥ 23 c LA T ) .
a2 E R Ci (1) During normal operation of the motor the HOLD-ON co
Overioad —— U™ | \ ; Outer by, on the starting arm in the ON position. By ; i g
1 ” . 4 in H
magnet ﬂ—/lmr_____b_____ of stzry disconnecting of the field. But in cage of fai[u,fa?r failure or
..__._ri———‘ ' of the field current the HOLD-ON coil .gg'[ de:-za ls‘x"nnecung
— sl fclia releasing the starting arm to the OFF positi g‘mlkd thus
LAl o S =Qk- "'-_'-;-'—'—"—'—_—I_ﬂ motor. This is important be posttion, tuming OFF the ‘
......... E_E)me!r Q" (1) Mowr . his porant because the field current is cut-off when
L/Eﬁdi:—} the motor is running, the motor may over speed ( N u[l)
Point A, B & Care the terminals of 3 3 points starter (2) In addilit?n tclu above mentioned protection, the 3 points starter
— To start the motor the DC supply is first turned ON. Then y, can also provide over current protection. If the DC motor draws a (
starting arm is slowly moved to the right. When the starting am, very large Cf'm’m from the DC supply the coil M’ would get
makes contact with Re. No. 1 the field winding is direc, highly energized thus putting the iron piece 'D'", This causes the i |

triangular section to short circuit the HOLD-ON coil through

" point 1&2, thus demagnetizive the HOLD-ON coil. This will ‘

cause the starting arm to get released to the OFF position. Thus
providing over current protection.

In the above arrangement, a series resistance 'Ry is placed with
the field windin:g. By hanging Ry, we can increase the speed of
the DC motor by decreasing the field current (Nufl'). But this
may cause Iy to become so low that the hold-ON coil 'E' may get
demagnetized, this releasing the starting arm back to off position.

To prevent this situation on 4 point starter should be used.

Four point starts

=y

When compared to a 3 point starter, the most important change
has been made in the configuration of the HOLD-ON coil. The
HOLD-ON coil has been taken out of the field winding circuit &
connected directly across the line through a protective resistance
'R
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The back emf developed by the armaryre is given i
_ZN P
T 60 A
o Er, 60 A
or. é Zp
E
Na=>

¢

Hence the factors controlling the speed of pC motors are

]

[

]

r Ey
I

]

|

]

— Hold gy

Coil .

V-1R,
¢

(1)  Applicd voltage (V)

(2)  Armature Resistance (R,)

(3)  Fluxper pole (¢)

TLUX CONTROL METHOD (FIELD CONTROL METHOD)

—

Na

We can see from the equation N

-aR,
a I the speed of a DC shuny motor
~is inversely proportional to the flux
Motor variable resistance (R,) is connected in series with the field windi
so, that lhg field current (1)) can be varied. Varying Irmeans‘::::cthgﬁfkd;
pole (¢) will also vary thus changing the speed of the motor, a

per pole. In flux control method, a

g DC supply

winding

"Point A. B, C, D are the terminals of the D point starter”, R,
s Dy Ny . : —_ Variable -
—» Now. the current through the protective resistance R* & fie resistance TV

: . en if w to ch R
winding is independent of each o(hcr: Even if “e. reduce, t the field. "
field current to a low value, the starting arm wont be throw current

e ' is st ized by unchang

back 1o off position as 'E' is still magnetize ; : T . E
cureent flowing through 'R’ as was the problem in the 3-poi The vanable resistance (R,) can thus reduce the field current below its

rated value, thus decrees the flux. So, if we go increasing 'R,’, I

starter. The rest of the operation is basically same as that 3-pox decreases and hence the flux per pole decreases. This will cause the

! starter. speed of the motor 1o increase above its rated speed. Hence this
I method is suitable for speed control above the sated sped value.
. SPEED CONTROL OF D.C. MOTORS Case I: When R, not connected Iﬂ, =VR Iy =1- I

Ey =V-1,R,

(1) Speed control of DC shunt motor:

Before understanding the speed control techniques of a DC motor. L¢ o
us understand which factors the speed of a DC motor depends on. Ip, = R+Ry b= V-1

Case II: When 'Ry’ is connected

R,

— the following equations will give us a better understanding of & i Iy
™ aspects of speed control in every DC motor. Ny=Nyx EE v In
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ARMATURE CONTROL METHOD . e
; iod by t DC volta
Here. the field winding 'R¢ 1s sypphcd by a constan B¢ 50|
y and flux per pole (¢) also remains constant.

% connEthd to the shaft is constan B,

If we assume, that the fosd '1,' should also remain constant,

current drawn from the armature
According to the equation
La ¢ l._

Constant g‘onstant = I, should also remain constant,
ons

V=

Fig. Arrangement for armature control method

If'I,R,' voltage drop increases, the speed will decrease
g o b0
E=V-GRINT= NvaTy7 )
i 'y i i sistance 'R!
/ sistance 'R, 1n Senes with _annaturf: re .
:E“ﬂnamr: figure above the drop now increases to (Ra + R,
the speed further decreases.
Armature control method —
motor below Rated speed. -
If N, = Speed of the motor when R,=
Nl« = Speed of the motor when R, = full value, .
Since. the flux per pole is constant & the load torque is also constz

thé armature current will also remain constant in both cases.
la. = IJ: ["‘ T3| = T:l‘: & ¢1 = ¢2] )
Then, back emf in each case is given by
Eijy= V'~ IllR-a
Eh: = v = IIZ (R3+ R\')
We know,

Reduces the speed of the DC shy

—_—

il -y >

Constant

Constant

N; V-l (R,+R)

N~ V-R,R,

SR CONTROLOFOC smmw
\

In this method, by hanging (he value o

'R," the current (I)) flowing in the field

thus increasing the speed,

When this variable resistance g connected

current will get diverted and pass through R Some of the fielg
= Ve

) Field Diverter Method
(8

f the diverter Tesistance
Winding can pe Teduced

s

S E—
Fig. 3: Field diverter method

—  Any desired amount of current can be passed through the field
winding by adjusting the value of Ry.

—  Hence, flux can be decreased and speed can be increased

(b) Armature diverter method:

— In this method, a variable resistance is connected across the
armature winding as shown in Fig. 4.

—  When this variable resistance is connected, source of the
armature current will get diverted and pass through Ry.

—  For a constant load torque, if the armature current I, is reduced
due to diverter Ry, then the flux per pole must increase to

produce constant torque (- T,x¢l,).

—  This results are an increase in main line current taken from the
: ] -
supply and a fall in speed (~ N« E)
~ _ The variation in speed can be controlled by varying the value of

diverter resistance 'Ry".

s EE—— - —
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-

This method is only suita
normal rated speed.

Tapped field control method:

method, the scries_ﬁcld
as shown in Fig 3.
|d tums in

ble for controlling the speed belay i
1]

c) ‘ |
( In this winding is provided with Nump,
of tappings
The number of series fie
the tap changer.

With full field win
_ The speed can be raised in st
tums. o

R, tapped field winding

the circuit can be changeq,

ding. the motor runs at its minimum speed,

eps by cutting out some of the sery,

Fig. 5: Tapped field control method.
Eh =V- l.lRI'" IlRa =V- [l(Rf+ Rl)
IfR¢4.Es TN T

Z6N P
Ev="60 “A

Tutorial

L A 230 V dc shunt motor takes 5 A at no load and runs at 10§
d when loaded and taking a current of ¥

rpm. Calculate the spee
field winding resistance are 0.2 ohm ani

A. The armature and
230 ohm respectively. Iy L sa (2071
Solution:
230
Here, I’r=230 =]A 2300 F 230V

L=5-1=4A

D.C. h‘oto’. ! |39

Go,Ep, =V - LRa=230-4x0.1=2295 v

Now, when the motor takes 30 A,
]. =130- 1=29A

So, Ep, =230-29x02=2242V

since, E» < N¢ and ¢ = I¢ (Constant)

Eyx N

Lo
Hence.E, ~ N,

242
N2=2292

2. A200V series motor rakes a current of 100 A and
m. The total resistance of the motor is 0.1 ohm runs at 1000
ynsaturated. Calculate: and the field is

(a) Percentage change in torque and speed
changed that motor current is 50 A. peed if the load Is so

(b) Motor currentand speed if the torque is halved. ~ [2073]

x 1000 =978.18 rpm. *

Solution: =1, = 100A R,
Here, Ra + R;=0.1Q2
N, = 1000 rpm
When 1= I, = 100A, 200V Ra

Ey, =200 - 100 x 0.1 = 190V

Now,
(a) When,I,=1;=50A N
Ep, =200~ 50 x 0.1 =195V
We know,
TX o1,
or, T, XL [-¢exl]
T.e A3 2 o /
so. 72-(i2) - (75p) =o2s b7

. Tu ~ Tu‘
Hence, % change in torque =—7— x 100%
by

=(1-0.25) x 100%
=75% ,//"—
" g
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Machine¢
140/ Electrical when. 1= S0A.
Also, L,—.‘SO—-|=49A
E_ N« ;
N:,:é:p: 1, . Eh:=250—40*0.2=240,2\f
N, Enly 195X10_505 Armature reaction weakens the field by 3% so
N B Y & |
! , NN 100% = (2052 1) 5 100
¢, change in speed =7 N, "y
- 105.2% o
N
(b) Iftorqueis halved. let 1, be motor current and N be speed. Ex N
el Ep,_Nodz
1! S{]. Eb‘ NI ¢1
a) )
. _.) L 249.2 100
Ll "2 N:=249.2 * 1000 % g7 = 993.69 pm.
1 =
= "\('E % 100 = 70.7A , A0V de shunt motor draws a current of 30A and drives a load
Then, By = 200 - 707 x 0.1 = 19293V at 1500 rpm. Given that armature-winding resistance is 0.08 ohm
£ and field resistance IS 110 ohm. If a resistance of 0.05 ohm is
Also. connected in series with the armature circuit keeping the load
" 1% torque constant, calculate the speed of the motor, [2074]
Solution: | '
N E. Iﬂ- :
N =, — N, = 1500 rpm
S0, N, "1, Ep, ' 220 ¥ 30A
192.03 100 Iy=fgp =27 >
or, N=1000~"307""190 - [2sov
,=30-2=28A
- N=1436.2 rpm
3. A 125 kW, 250 V dc shunt motor on no load runs at 1000 rpy E,, =220-28 % 0.08=21776 ¥
The armature and field circuit resistance are 0.2 ohm and 3 Case II:

ohm respectively. Calculate the speed of motor when it is loads .
‘ For constant T, & d, 1, is also constant,

and draw current of 50 A. Assume armaturc reaction weakensty
field by 3 %. [2m So, I, =28 A 1100

Solution: Ey, =220 - 28 * (0.05 +0.08) =216.36 V

20V

N| = ".KI'I]Jm A )
125 % 10° 125K Since, Ey = N¢ and ¢ is constant = Ey N
Hm.l - 250 ‘SA . I'_\I_:_Eb—-_
250 2500 250V Ny Ey
Ir‘:_._sor‘ 1A° I
) B 216.36
L,=5-1=4A = N;—IS{J(lrzl?Jﬁ—l490.36rpm

= E, =250-4%02=2492V

= e = Aty _— ———— —‘ L . "_"‘:
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5.

" Solution:

A 220V dc shunt motor drives 3 centrifugal pump wher, to

proportional to the square of the speed. The moto, dr:!' .

current of S0A when running at 1000 rpm. Whgq¢ \.“:‘.

t
resistance must be inserted in the armature circuit iy ot |

reduce the speed to 800 rpm. Given that armature resisuncee \
ohm and field resistance is100 ohm.

N, = 1000 rpm, N, = 800 rpm

220
If = 1_06 =22A

Casel:
I, =50-22= 47.8A
Ep, =220-47.8%0.1= 21522V
We have, T, o N?
Also, T, < ¢, => T ],
[ ¢ o I¢is constant] 100Q

=)
Dr, Ial =, I

or, I, =47.8x038"=30.592 Ans.

CaseIl:
Eh2 =220- l:lz (R +Ra)
or, Eb; =220-30.592(R + 0.1) ...(1)

Also, Ey, =§f x B, =0.8%21522=172.176 V

Hence, from (i),

220 172.176
R=""35502 0!
R =1.46 Q Ans.

A 250V de shunt motor drgys - D.C. Moto, 143
runs with a speed of 15090 m Mature Current

; : ; of 20
inserted . Series. with ielg_yingpp {<451nce of 259 214
constant, tl- 'e new .Spl:ed and afmalurpmg th load torque
armature winding resistance is 0.25 € Currept Given g}
resistance is 250 ohm, Y ohm apq leld wingj .

- ng
Solution: 12070
N, = 1500 rpm,
250
Iy =250~ ' A
2500 = 250'V
Eb| =250-20%0.25=245Vy
Case IL:
250
I=250+250 = 0-5A
Tox¢L=L <L, ¢ I
Here, T, is constant. So, 25000 <250V
II'; [:I| = ]f; l:l
1 x 20
or, I:l:= 0.5 =4DA

Hence, E}, =250 -40 x 025 =240V
Now, Ey X N = E, x NI¢

5, Ny
% B Mk

240 I
or, Na=335x 1500 x 55=2938.77 rpm.

7. A 240 V dc shunt motor having armature and field resistance

equal to 0.4 ohm and 160 ohm respectively runs on no load at 800
rpm, the armature current being 2 A. Calculate the resistance
required in series with shunt winding so that the motor may run
at 950 rpm when taking the current of 30 A. Assume that the flux

is proportional to field current. [2069]
Solution:
N, = 800 rpm, N1 =950 pm
Case I: ' 240V
240
I = 160~ 1.5A

Ep, =240-2x 04=2392V
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Case II:
. IfT, @ N? 2
7160+ R G S :M'ﬂ: S hon D.C. Motor /45
EBXN¢=>EXN[!- or, Ia:‘;lalx(‘g-?) :.-2{]10‘51:5}\
E
So, Frepiph o Hence, By, =230~ 5x R +5)
;I i - o, 110=230- 5(R + 0.5)
o T35 80 15 TR0 +R i RS
’ ' 250 V dc shunt .
__as48 g i e i N e o 1oce
Ey = 160+ R Calculate the resistance ¢ be conne ™m at gy load
2 armature to reduce the Speed with the g, T'E 0 Serjeg with lh.
Also, Ey, =240-1I, * 0.4 the full load armature curpepg being 5“01 loa;fﬂrque 10300 e
45448 240 ] then halved, at what speegd wij thE ok the loag torque
o, T60+R_ 240 - [30 “T60+R x 0.4 winding resistance to be 0.3 ohm, Thr::t:r run? Take “mﬂlur:
45448 96 to be neglected. Mature reactio ¢ reey is
of, TeorR-240-12+T0+R i _ ; 12067
or, 45448=228(160+R)+96 N; = 1000 rpm, N, = 800 rpm ik
- R=3891Q Ey, =250-50 % 03=235y
8. A 230 V dc shunt motor takes an armature current of 20 A on, Ey, Ny
particular load. The armature circuit resistance is 0.5 ohm, Fiag E;":ﬁ]‘ .
the resistance required in series with the armature to reduce ' !
speed by 50 % if (a) the load torque is constant and (b) the loag = E,=235x08=188V
torque is proportional to the square of the speed. [2068) If torque remains at full load, -
Solution: I L =1, =50A '
- ax a
Here, E, =230-20x05=220V So. E, =250~ S0(R +0.3)
] b, = -
N, =1 ]
N, =05 e R, = 230V 5 R=0940
Ep ot N = Ey « 6N Now, if torque is halved,
[é = constant] T, < ¢, = T, I, [+ ¢ = Constant)
|
E,, N I : a_l -
b _N; _ So, TR=>=>1 =25A
So, E, N, = En=110V L, 27w
(@) IfT, = Constant T30V So, Ey = 250-25(0.94+0.3)=219V
Ty, =1, =20A Ry Also,
Ey, = 23020 (R +0.5) By, 219
b, ' N2=N|"E_'=|UODXE§
or, 110=230-20(R+0.5) N
R =554 N, =931.91 rpm.
‘e,
H o — o - -:-‘
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A 440 V dc motor taking
winding resistances are
Calculate the efficiency
Also calculate the percentage

load.

10.

Solution:
On no-load,

440
=330~ 2

,=5- =3A

So, Armature Cu loss = I:R. =9x0.5=45 w

440 x §=2200 W

Input power =
=2200-45=2195.5W

Hence, constant loss, Wc
By, = 440 -3x0.5= 4385V

On full-load,
[,=50-2=48A
E,, =440~ 48 x05=416V
Cu loss in ormature = 487 x 0.5 =1.152 W
Hence, total loss = 1152+ We= 1152 + 2195.5=3347.5
power on full load = 440 x 50 = 22,000

Input
Output power = Input— loss = 22,000 — 3347.5 = 18652.5W
Hence,
., Output | _ 18652.5

Efficiency nput 100% ="37000 * 100%

n=284.7%
Also, for constant ¢,

N B 4l6

N, E, 4385

Hence, change in speed Nt % 100% = (i —Ez‘) % 100%
]

416
=(1 ')xwo%

N

" 385
=5.13%

§A at no load has armatyy,
0.5 ohm and 200 ohm rg,‘m
when the motor takes 50 A g 1;('
change in speed from ng 1{';:1‘1

1.

12.

A dc series motor with serles field, ang D.C. Motor / 147
3 a

0.06Q and armature resistance of ( mature resjs
: ; .04 tance
across 220v mains. The armature ¢ ak“‘: respectively tnnnm::
m. Determine Its sped when the 5 0A and ity speed is

excitation is increased by only 75% dye I:T:::ur‘ takes 75A apg
uration.

golution:

Given

Resistance of Field winding (R() = 0.05Q
Resistance of Armature winding (R,) = 0.050)
Supply voltage (Vi) = 220v

N, = 900 rpm

I, = 40A =1,

6=

N, =17forly = 15A =1Ig, &, = 1.15¢

Eb =4 -1a (Rat Ry)=220-40x 0.1 =216V
Eby=v2— 10 (Re+ R)=220-75x0.1 =212.5V
Now,

A dc shunt motor is supplied by a

current of 20A and runsprl' speedyol :ggl;:;r:.r%l?gr;;‘taiﬂws a
field winding resistance are 0.08Q2 and 110Q respecti‘-r;" and
resistance of 0.02Q is added in series with armature an:l 5’1 'l:
torque is increased by 30%, Calculate new speed.  [2073 '“’:;l

Solution:

v=200V

I, =20A

N, = 1500n'm

R, = 0.08Q

Rf': 110Q

Ra'= 0.08 + 0.02=10.10Q

T = 1.37 (30% increment in torque)

Eb, = V —Ia,R, =200 20 0.08 =198.4V

e eem " T
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13,

Now,

v o
_~-1.1818 A (Same)
Eb, = V - Ia;Ra. If = R, LIRS

Eb, =200 - la; * 0.1 ..(1)
Since we have,
T_Ih

T.=|f| 1o,
13T, o =26A
or, —T-—=] Imﬂl:"1
From (i) Eby = 1974 V
Also,
Eb; _N; 10
Eb[_ | If
1914 N
of, 1084 1500

Ny =1492.439 rpm
A 250 V dc shunt motor draws an armature current of 29 4 |

runs with speed at 1500 rpm. If a resistance of 250 Q is insery g
series with field winding keeping the wad torque constany,

out new speed and armature current where Ra = 0,05 q w 14

Rf=250Q. 2oy

Solution:

V=250V
Ihn=20A

N, = 1500 rpm
R,=0.05Q
R[ =250Q
Now,

Ep, =V -1, Ry=250-20x0.05=249 V
In the next case,

Here we have inserted a resistance of 250 Q2 resistance
Here, Rr =R+ 250=250+250=500Q

Since we have,

Tl L
T —Irl 131

As we are given the loag torque g

D.c Moy
. | ur ..(
o Nstant thep T » ¥ 149

New armature curren (lay) = 40A

Now,

Ih::v_h?! R=250—40"0.05=248V
;‘\Iso.

By N I

Eh. - N, II’<

;}ig_ N1 05

249 71500 * 7

~ 248 x 1500
N, = W =2987.95 pm

A 440 V dc shunt motor drains 5 cur
1500 rpm. Given that the armature
field winding resistance of 22
be connected in series with

speed of 1300 rpm at constan

rent of 30
Winding r
0 Q. Calculate the
the armature to o
tload torque,

esistance s 0.050 anq
values of resistance g
Perate the motor a¢ 4

Solution: (am

V=40V

1=30A

N; = 1500 rpm

R,=0.05Q

Re=220Q

Now, let, 'R' be the resistance to be conne:

cted in series with arma
10 operate the motor at a speed. e

N, = 1300 rpm
Ty =T, (for constant load torque)
Here,
If, =y_:4ﬁ=2r\=[ (constant .
TR 220 A (o)

ly, =T-1;=30-2=28 rpm
Since we have,
For constant load torque,

L =1,=28 A
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i )= 44028 X 0,05 =4386 V.

l =440 - 23 L% =438.6 -
V-1, (R, +R) =440 2%
< i 1300 R

E 4386
Eh:ﬁ:ﬁ?ﬂS&ﬁdSR 1500

Ep, MNi

15. A 200V dc serie
resistance of armature
in series with the currée

0 rpm taking 20 A

s motor runs at 100 s
and field is 0.4 €L A resistance jg co:lhl”q
nt and the speed was found to be "‘flq

Now, D.C. Motor 151
By ¥ <P (RAHREE R 45 0
By N, ot R g o
Ebl NI I|-|
1936-16R 800 |6
192 1000 * 20
R=4.420Q

ll .‘.
800 rpm. Assuming that torque varies at square of the Speeq, ;‘h 6. A 250V d.c. shut motor having ap gy t
the value of resistance inserted. m"l carries an armature current of 50 A 4y Ature resistance of 0.25Q
I flux is reduced by 10 %. Find the speeq > 2t 750 r.pm. if g
Solution: S torque remains the same, Peed. Assume tha the |oa§
V=
= Solution: 12072|
:‘41 *ll wo,LT‘ Initial conditions
i = r=.. - it
N =250V, i; =50 A, R,=0. <
(Ry+R)=04 Q . ; v = 0250, Ny=1750 r.p.m
Let R be the resistance t0 be connected in series. Ei=V -1l Ra=250-50 x 025 =237.5v
N, = 800 rpm Condition after reducing the flux
TU.NE M, =0.9 D,
R="? Load torque T o DI,
' ZN P Since the load torque remains th
Back emf (E9) = ot x & S i
~ 60 u=7g
Before insertion of the 'R' D1, = DI,
Eb,=v-1a.(R.+Rr)=200—20xo.4=192v 'rv ! 4
. __1 S Se—-=
SmCC. 3 IaZ - (D: Ial =, 0.9 = 5556 A
T.=KN1I ) Ey=v-Ias Ry =250 - 55.6 x 0.25 = 236.| V
Tz = K.N: .............. (I)
y N, _E®
Since, Tx ¢1la N, ~ E,d,
Hcre,¢ocl;:lr—l. s B g 236.1x750
TI l‘ 2 2 Elml F 237.5 x 0’9 _8235 r.p.m.
T . Kla|z 17. A 120V d.c. shunt motor having an armature circuit resistance of
Tym Klf! 0.2 Q, and fields circuit resistance of 60 £, draws a line of 40 A at
I _lay (i) full load. The brush voltage drop is 3 V and rated full-load speed
T, Ta = is 1800 r.p.m. Calculate :'(a) the speed at half load; (b) the speed
From (l) and (ii) at 125 percent full load. [2073]
Ias N»° Solution:
Tl " N7 V=120V, Ry=02Q, Ry=60Q
2 N o (800) z _Y 120 _
I =02 * v = (o * (200 l=ps =gy ~2AL=40A
ly=16A=Iy

Scanned by CamScanner



152 / Electrical Machine
L=l -1a=40-2=38A
E=V-LR,-40-2=38A=120-38x02-3=1094V

At rated speed of 1800 r.p.m.,
E,=1094 Vandl, =38 A (full load)

(a) At half load
Line current I, =40 = 1.25=50A

Armature current 1, =1 - Rq- brush drop
-120-48%x02-03= 1074V

If N is the speed at 125 percent load

E _lo74 - 1767
N;=E}I' 'N‘“109.4 x 1800 pm

istance of 0.1 (1 |
nd motor has an armature resis ¢
* ;\nzzzle::?:ross 220 V supply. The armature current takep y.
the motor is 20 A and the motor runs at Q:OO r.p.m. Calculate the
additional resistance to be inserted in series with the armature ,
20 r..m. Assume that there is no change j,

reduce the speed to 5
armature current. I2l:nul
Solution:
E,=V-1,R, = 220-20=218V
_ Ny,
Ny Ey

Since I, = % the shunt field current 1y remains constant, apd

therefore
l‘D;=¢. g
N 520
2 p =2 =141.7V
E, N, E, 800 "2'8 141

If R, is the additional resistance inserted in the armature circuit
E;=V-1, (R, *+ Ra)
141.7 =220-20 (0.1 +'R,)
R, =3.8150Q
19. A 240 V dc series motor takes 40 A when giving its rated outpn
1500 r.p.m. Its resistance is 0.3 . Calculate the value of resistans
that must be added obtain the rated torque (a) at starting. (b)x
1000 r.p.m. (2074
Solution:
Rated voltage V=240 V
Rated current [ =1, =40 A
N, =1500r.p.m,R,=03Q
E=V-I,R,=240-40x03=228V

D.C. Motor /153

.5 back emf is zero. In order o obtain rajed
t ng. i . . ol S
4 ::t‘ current. 1 additional resistance R, is connected in series
with the armaturc.
Ei™ v -1 (R, *+Ry)
0 = 240 ~40(03 +R))
240-12 _
Ri® 40 =570
Let R: D¢ the resistance connected in series with the armature
() obtain the rated torque at a speed of 1000 pm,

E: = V e II{R. L8 R;) 5 240 - 40 [0'3 * R}} = 228 — 40R1
N"I . E1 )

NG B e D2

RN E SN E

No E
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There are two types of 3-P
rotor used:
Squirrel cage induction motor.

hase induction motor based on the typ, o

Slip ring induction motor.
Slip-ring induction motor over squirre

| cage Induction motor

Advantages:

ble to speed control by regulating rotor resistance.
g torque of 200 to 250% of full load voltage.
current of the order of 250 to 300% of the full load

It is possi
High startin
Low starting
current.
Hence slip ring induction molors are used where one or more of th,
above requirements are to be met.

CONSTRUCTIONAL DETAILS

Conversion of electrical power into mechanical power takes place 3
the rotating part of an electric motor. In A.C. motors, rotor receivg
electric power by induction in exactly the same way as the st:{:o.nd;"}
of a two-winding transformer receives its power from the primary,
Hence such motors are known as a rotating transformer i.e. one iy
which primary winding is stationary but the secondary is free to rotate

An induction motor essentially consists of two main parts:

STATOR AND ROTOR

Statnr:

The stator of an induction motor is in principle, the same as that of:
synchronous motor (or) generator.

It is made up of a number of stampings, which are slotted to recent
the windings.

The stator carries a 3-phase winding and is fed from a 3-phase supply

It is wound for a definite number of poles, the exact number of pok
being determined by the requirements of speed.

The number of poles are higher, lesser the speed and vice-versa.

Rutﬂr:

U]

(i)

Three Phage Inductiop Mac
The stator winding, when supplied with 5 %
magnclif- flux, which is of constant magnit
synchronous speed (Ns = 120 x f/ p),

hine /15
phase currep

ts'
ude byt whic Produce 5

h revolyes at

This revolving magnetic flux induces emf in rorg
r

: b
induction. Y mutyal
squirrel cage Rotor:

Motors employing this type of rotor are known as squ; |
' . i
induction motor. quirre| cage

Phase wound (or) Sﬁp-l’ing Rotor:

Motors employing this type of rotor are widel
wound" motors or wound motor or “slip-ring"
SQUIRREL CAGE ROTOR:

Almost 90 percentage of induction motors are 5

pecause this type of rotor has the simplest
construction imaginable and is almost indestructib|

Y known ag “phase.-
otors.

quirrel-cage type,
and most rugged
e.

The Rotor consists of cylindrical laminated core with parallel slots for
carrying the rotor conductors which, it should be noted clearly, are not
wires but consists of heavy bars of copper, aluminium or ailoy;.

. One bar is placed in each slot; rather the bars are inserted from
the end when semi-enclosed slots are used.

B The rotor bars are brazed or electrically welded or bolted 10
two heavy and stout short circuiting end-rings, thus giving us
what is called a squirrel cage construction.

. The Rotor bars are permanently short-circuited on themselves;
hence it is not possible to add any external Resistance in series
with the Rotor circuit for starting purposes.

. The rotor slots are not quite parallel to the shaft but are
purposely given a slight skew. This is useful in two ways.
. It helps to make the motor run quictly by reducing the

magnetic hum and

. It helps in reducing the locking tendency of the rotor. i.e. the
tendency of the rotor teeth to remain under the stator teeth due
to direct magnetic attraction between the two.

PHASE-WOUND ROTOR:

This type of rotor is provided with 3-phase, double-layer, distributed
winding consisting of coils are used in alternators.
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or is wound for as many poles as the number of Statg,
-phase even when the stator is woupg for ly
ty
[N

The Rot
and is always wound 3

phase. .
The three phases arc shorted internally.

.

with brushes resting on them.

These three brushes are further externally connected 1o g 3‘Phasc

connected Rheostat. S

«  This makes possible the introduction of additional resistance
rotor circuit during therstarting period for increasing the sang
torque of the motor. J

- When running under normal conditions, slip-rings are automg
short circuited by means of a metal collar, which is pushed a|,
shaft and connects all the rings together. :

I . The other three winding terminals are slip-rings mounted op the "
i

gy

"l

Frame:
Made of close-grained alloy cast iron.

¢tator and Rotor core:

Built from high quality low loss silicon steel laminations ang flag
enameled on both sides.

Stator and Rotor windings:
. Have moisture proof tropical insulation and embodying mica and hig
quality vamishes.

e . Are carefully spaced for most effective air circulation and are rigjg
braced to withstand centrifugal forces and any short circuit stresses.

Air gap:
The stator rabbets and bore are machined carefully to ensy
uniformity of air gap.

Shaft and Bearings:

. Ball and roller bearings are used to suit heavy duty, trouble fm
running and for enhanced service life.

Fans:

. Light aluminium fans are used for adequate circulation of cooling &
and are securely keyed onto the Rotor shaft.

Slip-Rings and Slip-Ring Enclosures:

e Slip rings are made of high quality phosphor bronze and are of mold
= SODSLUCLION.

"

Three Phase Induction Machine / 157

@faﬁn —

s

RO
Electrical
inlJlﬂ YO [y
roltage) —]
G- g AC VO & 88 Mechanical
output
onclusion:
¢ R

Outer frame (cast iron)-Yoke

<10):3

Stator core
Stator winding

Rotor

Teeth- Slots (with 3¢ windings)

Fig.: 3-phase Induction Motor

Suator:- If is the static (non-moving) part of the IM.

It has 3-¢ winding placed in the slots.

B O—=
ip
Fig.: Equivalent ckt of stator
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Rotor .
—y ltisthe actual rotating part of the IM

It is of 2 types:

(i) Squirrcl cage rotor

(ii) phas¢ wound rotor. e,

—

Fig. Squirrel cage rotor

Phase wound rotor:

Such a rotor is woun
number of slots

d with an isolated winding similar to Stator

less & fewer number of turns/phase of a hea».,-;

conductors).

brugy

Insulating  Slip
Material ~ rings

Fig. Phase wound rotor

Equivalent circuit of IM:

R R O——
ey Rotor
Y Y =
B® ER———Ae
REDY 27 Slip

=3 < ) rings

5 Three Phase Induction Machine /159
pglllcll'l.l. ROTATING MAGNETIC FIELD, SYNCHRONOUS
.rwf','{fr. [NDUCED EMF, ROTOR CURRENT AND ITS FREQUENCY
o] gQUATION.
= Operating Principle:
(l) Ro—

o'
¢'R+
()
L P bt

The flux produced by their 3-¢ currents will also can be written
as,
g = 6m sinot
by = ém sin(mt - 120°)
bp = Om sin (ot + 120°) current

The net flux in the air gap will be the sum of ¢g,by & ¢;

A

time varying flux produced
by time varing 3-¢

g by bn

/

o

0

60 120°

Fig: Waveform of ¢, 0y & bn
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cal angle)
dg = bm 5in0°=0° _
i = Om 'n{0°-120°)=_ﬁ &
(l'\r(.‘ﬂﬂuﬂgou'-) dy=9 s.| " ﬂ
(ia going in) dn = b sin(0° - 240°) =+~ &,
t)
1200
6079
(4y)
"3_ \‘..\ # gn]
N
bl 24
b

Total flux: ¢r = (’&k) ) (’P‘“‘)' " ("3&) (m
T atwt=0° =';' Om .

‘D'r:%%
At ot = 60°
: (ix +) Or = Om Sin60°=+% d’m
(iv-) by = b SIN(60° - 120‘>)=3'2E Om
(ip 0) & = & sin (60° + 120°) = 0

Three Phase Induction Machine /161

60 5L p-gy =2 _(B)]
gg’lf(P’Z)N. "I' Nl (:)f

N' ve can sc¢ that, the resultant flux ¢ has constant magnitude
Il“-'"f:e'{;irccliﬂf‘ is changing. in clockwise dlrtclt{?n for this particular
put |‘$f winding as shown above. Such a magnetic field is known as
casc © magnetic ficld.

cotating § of rotation of ¢r depends on the supply frequency as well as
The sopc:r poles as shown below,

the %

Supply frequency

No. of magnetic pole for which the stator
winding is wound.
pecd of the rotating magnetic field is called synchronous Spc1:d

The §

(Ns)
Rotating
magnetic
field

How does rotor rotates?

When stator winding is supplied

by 3-¢ voltage sources, 3-¢

currents ir1s i\' & In will flow.

This will produce a rolating

magnetic flux in the air-gap.

—» This rotating magnetic flux cuts
the rotor conductor. Thus,
according to the Faradays' law of
electromagnetic induction, emf
will be induced on rotor conductor.

e

- Since, rotor conductors are short circuited (by end rings), current

will flow in it.
— Now, current carrying rotor conductor are lying in the magnetic

field. .. Force will be produced in these rotor conductors. Hence,
rotor rotates.

— Here, main cause of induced current in rotor.
At starting, if N is sped of rotor, N =0
“. Relative speed =N, =N=N,=0=N,,
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cctrical Machine

e Therefore, according  to Lenz's law the
direction of force will ‘hc a_:uch that 1o reduce N
the relative sped (i.c. it trics to decrease (he B
flu cut process). ; — \\-.
Therefore, Rotor rotates in the same direction o A\
as that of N;. ‘ "
_ As rotor approaches synchronous  speed, “s
N= Ns‘

The relative speed =0 & flux dfmsn'l cut rotor

conductor. Hence, induced emf =0 & rotor currep, <

0. Hence, rotor slows i.c. N decreases. Once whep Nen ang,
again cuts the conductor & emf # 0 rotor current  ( & F‘, 3!
Thus. IM cannot rotate at the synchronous speed by, %

a speed N which is little less than Ns continuously, Th:uc‘s"
they are also called asynchronous motor, Iy )
The difference between the speed of the stator field,
synchronous speed (N;) and the actual speed of (he rOtmnutl
known as the slip & is denoted by 'S". Normally, it jg it
as a fraction of synchronism speed i.c. Prey,

5= ()| 1PN,

1500 rpm & N = 1450 rpmy

1500 - 1450

Slip of LM. =3.3%
Analysis of starting condition & Running condition of [ﬂdunj,

Motor.
The operation of 3-¢ induction motor is very much Simily,
transformer.
3 Transformer
Stator winding —> P.W,
Rotor winding —> S.W.

The only difference between them is that the rotor rotates |
S.W. of Tr. does not rotates.

Equivalent circuit of 3-¢ IM can be drawn from the idea of e
circuit of transformer.
Perphase Eqvt circuit of 3-¢ IM at starting (at standstill):
Let, V, = the applied voltage to stator winding.
E, = the emf induced in stator winding
‘ (E opposes v,)
E; =the emfinduced in rotor ckf at starting.

Three Phase Induction Machine / 163

1, cqvt circuit is as follows:
c L]

Th

Shon by
end ring on

slip rings

Then _

£ = v, -E2 (Ry +1X))

_
ithlj =1

, ima[ely we can wi | 2

ApproX ol e s me )
(+ = I+ 1o & Ip<<1,)

Again.

I _,_IEZJT (from ohm's law)

1 3 + X3

We know that
i; lags Ez by an angle ¢z.
Wherc‘
JJ—R
¢, = cOs 2 2
A ‘Rz + X,

phasor diagram is,

1

Here, the 90° component of current doesn't produce any torque, but is
only useful for magnetic flux production. Only active component of
current is responsible for production of torque. .
Using the knowledge that the torque is proportional to the value of
flux & the current, the starting torque produced by rotor can be written
as,

Tsa ¢ * l,cold,

[ N

S —

=
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| , ’ ; '
. - that, in term of magnitude,
/ Wealso know that, Thee Phase Inductjo, M
- ¢aV,eE aE; Then the impedance diagram i Machipe /165
Hence, we can write [y lags sk, by dx where, ¢, iy
T' a E; !} CO(@ "
R‘
-
o, TokEs bt e by e ]
» 5 ]
E- R, = L
or, T,=kE: 3 i {Rz_' XZ + equivalent circuit at run;
2772 Thus. the €4 fng condition iy folloy
’ ‘5.

#  Analysis of Running condition: During running, Cong;
many changes occur in eqvt circuit due to rotor mmm S
I* Change : When rotor rotates, rate of cutting of f],,, of iy,

conductor decreases.
emf induced in rotor circuit decreases & is given b}g@ Fig: Perphase equivalent circuit for runing ﬂ";dilion
Ns-N
where, § == ; Torque developed by rotor at running condition js,

2° change: At starting, frequency of E; = T @ ¢.Ir COrdr

But, when rotor rotate frequency of E; decrease and s i
_(N-N)P NP_(Ns-0)P Blven} = Tra ks lucorde © ¢aV,aE «E (;Snm:d still toror
f=""120 “I=120"" 120 - Rt :
y 2 R,
& At standstill, at starting or, Tr=kEz _\/Pz e F—g ’
o NP 278% VR 1S,
T 120 - '
" K SES R,
L _(Ns-NI(P/120) Ns-N i iz ; 5
f = NuP/I20) - Ns =% or, [T (Rf .|. SEXE) At running condition (Torque Equation)

frequency induced emf in running cond” : :
At starting condition, N=0, = S=1.

3™ change: The value of rotor leakage reactance on the ryy
trequency X, = 2afL KE" Rl‘

sE, (Rz +X2 )

4" cinmpe: Now, [, = | = -
nj=p AR = \VR: + (sX,)*

At standstill.
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1/,
ovstes A o,
condition / range Pk‘mting
Starting
torque_ | %
— Slip or speeg

0:2 Ns 0.4Ns Ry
N=0 of 06 S X, S
S=1

At Normal operating range:
N=Ng but N(N‘
s will be very small at Normal operating range.

3 2 2
Lo§TX x: << R2
2
if we neglect S°X5, then,

KSE:R; KSE;

* I
R, R
= {Tg a Es;}
If R, is kept constant then,

TR Vy s curve is a straight line (in this range) when load on shy
increase™ then N4 which motor can develop mar torque.
We can find out the max torque limit as follow:

KsEjR;

Ft‘lf‘his'
s
2 2
R, ', 2
._..-—-2—— + . R, sz

e, Y= 2 2
WehaVe T KsESR,  KsEjR, KsE; KF;P,

‘]']‘[US\ 2
X5
dy . *"'E"f =y ==
ds KS:EZ KE;R;
2 2
___B.L- = --:‘(—.,2— or, §*= ~R—§
of, Ks?Eg KE3R: X
- S = %‘1 A

This implies that max. torque occurs at

i loaded beyond s =12
If the shaft is over loaded beyond s =< speed decrease by large

nt and 's' will be large.

amou
& - § xi will not be negligible, infact, practically, in this o
Rf will be negligible.
2 KE;R,
s’ Xs TR=—"">3
" : sX5
R;] _ .
Tra~5 TR ¢ s inverse relation in this range.

4  Effect of R; on T-S chac:
In normal operating range's

S

Thago (1)
& for overload condition:
R,
TR a—"

]
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from e () it o1 then Tk in normal operating rang.
T
Tan2 Tonaxs
Wit R
1
(Tr."T“
Ml | | With
g
R : |
N_‘! Nl Ng shp
4  The starting torque is greater than previous case as s,
i

Ts( !'ICW) z T.’\" 1

4  But remember, the max. torque doesn't change by Ch“"mnu

T oaet = Trax2 instead the Tras2 0ccurs at different point d'-'l'mi

curve,
We have,
KsEz R
Tr =-—--'-' for max torque, Sm =y,
Ry.8 x?_
R g2r
R-x, - Ey R: K EQR2/X
Tamx = 2
2 Ry 2 2R
Rz + ;_-T x:

KE,
= \Tm=-2—xj independent of Ra-

#0-L0AB AND BLOCXED ROTOR TEST ON

Three Phase Induction Motor
Aim of the Experiment:

I.  Toobtain the variation of no load power and current and blocked e
power and current with changes in the applied voltage to the stator.

1o detrmime i Co—
the equivalent circuit parameters of an induction moiw

Three Phase Induction Machine /169

11&"'”12 (est i gimilar to the open circuit test on a transformer, |t is
e a0 obtain the magnetizing branch parameters (shunt parameters) in
P‘ﬂmﬂdioﬂ chine equivalent circuit. In this test, the motor is allowed 1o
ge ! o-load at the rated voltage of rated frequency across its terminals.
ﬂmunh n g otate al almost synchronous speed, which makes slip nearly
}Wc This causes the equivalent rotor impedance to be very large
o 10 5 -nfinite neglecting the frictional and rotational losses).
| " he rotor equivalent | impedance can be considered to be an open
M‘fnh:ch reduces the equivalent circuit diagram of the induction machine
;'33‘ o the circuit as shown in Fig. 2. Hence, the data obtained from this
information on the stator and the magnetizing branch. The
it diagram of no load test is shown in Fig. 3. The no load
can be found from the voltmeter, ammeter, and wattmeter

F,;;giﬂfs * ained when the machine is run at no load as shown below:

g obumcd
ine voltage at stator terminals : volts n/V’

Lineto D
Stator Phase Current : amps nll
"
= wer drawn by the stator : watts nlP
g Perphase po

C’hhﬂons:
(VA3
1

1Jl give !
-on circut

ohms

Za=

ffi-_- r, + r ohms

=2
]nl

2 2 h
Xu= ZI_‘R l-x1+Xm0 ms

((1-sysk: 3

j Xm I

Fig. 1; Per phase equivalent circuit of 3-phase induction motor
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or the blocked rotor 125t 15 unity since the roter i stationary

slip s
™" ing speed-dependent equivalent resistance r2°{(1s)-1} gous
1He rﬁu;nd the resistance of the rotor branch of the equivalent circuit
10 267° ety small Thus, the rotor curmrent is much larger thag
e bcccm‘fn he excitation branch of the circuit such that the exeiiaie
!
g,u‘r!f: can be peglected. Voltage and power are measyred at the
prant
gy mo(gr iﬂpu:
Fig, 2: Approximate Equivalent Circuit for No-Loag 7, sings Obtained:
&= Wanmeter Res fine voltage at stator terminals © ¥br volis
- 1o =
Lﬂ“; ot Current : [br amps
Seat |55 power drawn by the stator : Pbr wans
perp
jons:
Calculati®
V) g
z’ = I.‘J
TV:EF:TI +f‘: ohms
Fig. 3: Connection diagram for performing No-load and Bloq lor
Rotor tests on 3 phase induction machine _ m =X, + x; ohms
Blocked rotor test: Xor ) . %
Theory: Blocked rotor test is similar to the short circuit teg o — assumed that X, = X, then X, =X, = -:,hnhms

transformer. It is performed in the to calculate the series parameters
the induction machine ie., its leakage impedances. The roty, -

blocked to prevent rotation and balanced voltages are appiied 1o &: TIREE pHASE INDUCTION GENERATOR
stator terminals at a frequency of 25 percent of the rated freguencyy, =
voltage where the rated current is achieved. Under the reduned volu  WORKI NG PRI
condition and rated current, core loss and magnetizing cormponen GEHERATOR‘
the current are quite small percent of the total current, equivaley ”

circuit reduces to the form shown in Fig. 4, m:' I |

@) [ 8]

n 1"_ i i 1 /;_;\ \
—— T o [}m:b—gp; q) )
| - wm,  \peo2)
Vi pm—+1p \_/

br (Mechanical B
poeet)

NCIPLE, VOLTAGE BUILD UP IN INDUCTION

r AC Vohage

B

1

L o (cl:cmgrpm'cr)

B
of

C = excitation
capacior

G

=lle
P

i
I~

:

Ay

O REDM\ ~~ -Fig4: Equivalent Circuit for Blocked Rotor Test
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; chine

Torque

Motoring m°d°_

i\ (Speed/slip)

N "\/—thcral:mg mode

An induction motor also can be used as generator by diving ;,
i

the synchronous speed. provided there is magnetic flux ip lhe
sy

to generale an emf of frequency of standard value. )
Let, required frequency = 50 Hz

p=4

1201
Synchronous speed N, =~ p -~ 1300 rpm.

When the rotor rotates (driven by turbine) the rotor conductor cusy,
air gap flux.
emf will be induced is the rotor conductor. Accordingly e, 43

also induce in stator winding by transformer action.

In order to produce air gap flux, reactive power is required. By te
mechanical turbine cannot support lo generale reactive poy,
However, there will be residual air gap flux in the machine if it y,,
used as motor in the previous operation. Because of this residual ,;
gap flux, small amount of emf will. Induce in the rotor circuit and
accordingly small amount of emf will induce in the stator circuit b
transformer action. If excitation capacitors are connected across
each phase of stator winding, these capacitor will draw leading curen
lc (90°) & generates some reactive power. Hence, air gap flux wil
increase. Then emf in rotor circuit and stator will increase. Because of
this increased emf the capacitor current will be increased and air gz

flux will increase. In this way the voltage in stator winding builds i
continuously & finally produces a

rated steady voltage in the stator
viediig - |

_____'____————__._._0
uilding process shall be allowed withoy electrical load
Th

Three Phase Induction Machine [ Al

R, X

3 E

yolt2ge b
ccted across the stator, Since, copper loss is negligible at no-load

uon R, & R, can be neglected to explain voltage build up
since, I, 7 I, we can also neglect Ry 1o explain the voltage

: ild up process: Hence, the equivalent circuit during voliage build up
w s can be simplified as follows:
roces
P xﬁl
R i =
fu ] Wg\
No-load (€) g X,
emf p
Approximate
Excitation capacitor pp
Xo
i L, [ 1,
e &1 X
(!‘r M

The residual magnetism in the magnetic circuit of the machine is
sufficient to induce a small ac voltage in the stator. Such a voltage
across the capacitor causes the current to flow in the capacitor.
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Excitation
due to current (1)
residual
flux

If the appropriate value of capacitor is chosen the p,

-’ . -
current can be sufficient to increasc the existing air gap g:ﬂc‘\
_, With an increased air-gap flux, the induced voltage

- furs
increases resulting in more magnetizing current, B

_ This cyclic process continuous 1o build up more and
voltage.

—  The maximum voltage built up is limited by the capacito, Valy
For example, if capacitance is C; voltage build up is E,|
If capacitance is C: voltage build up is E;.

- If capacitance is C;, the line is tangent to the curve hence Volig
will just build up. Thus. C, is also known as critical CaPacita.-,;;

—  If capacitance is further reduced to Cy, the line of capaciy,,
does not interact the curve the curve, the voltage build up proey,
cannot take place.

For voltage build process to take place, only if this condition ,

satisfied, the reactive power consumed by combination of (X, - x.

can be produced by X,
POWER STAGES
' Stator Rotor Rotor
—| Cu&lron|=| Power |—|Culoss
Losses (W) input (w) (w)

Three Phase Induction Machine 175

friction
loss

¢ Induction Motor Power stage.
m; lron loss (consisting of eddy & hysteres
AFR - ;
Sumc supply frequency & the flux density in
o;hﬂ.-gu\- constant stator cu loss = 3] 3R,
techni==t R
pe iron loss of the rotor is. however, negligible bocayse
:3 requen<y of rotor currents under normal saving gy
always small. Total rotor Culoss =3 I3R;
Wet power oulput fromk shaft
4
n= Active power Input to states

Fi

15 losses) depends
the iron case. [y i

< 100%

—_— M Ne

AsTvE | .-——___l Y ?
I ?m:: i"*—' | |Frctional ;___;_:
| conmgllt-odnd {homss 22 gty
[l ,

— L 2
V V
T\ ——n N/
Stwor 3 — Rowr .__..‘_."
— | Rotor
N shafy
a0
WY
S
Magnenc
field mside
stator core

Fig. Power stage of an Induction Motor

= N\ A2 otor | \—
o= = g St i:“::. [l Frcoonal] \_‘\\
X powes PR tossss \
= losses losses || =
~7 - L -4 | Mechanacal !
AY \/ \/ Powe loma i
/ To skafi
Swior D - | 1
e ~
Con — No nctive componet
N B -—.--“-BF;.H.S
2 —+  Mechems) power oy
LN compnises of actne
component.

N
\\\\-.___./"_.\ Reacuve power
o~ bemgsupphedbyan

ext=rmnal spemoe to mamram
the 2w gap fhou

Fig. Power stage of an Induction Generator
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ol TION: IN IND | i
MATHEMATICAL RELATIOR: TR NDUCTION 3y Tutorial
SOME 1, = Torque developed by rotor at speed of '\ P, OR
TL; PL“'“ developed by rotor. +pole. 50Hz. 3 phase, 10 HP, Star connected induction
J _’::NT;} A 400V ull slip of 4%. Given that efTiciency and power factor
P= 60 a5 4 s
[Po glip] [Rmu;] [Power dovedo I gotof p_— at full load are of 92% and 0.8 lag respectively.
W = | e &
[ “leul by Rotor 1 of 1
to rotor cu : o od Jate
u
je If there were O S!'fi‘;f_c;" dsf:?;pgimzll g{? Power k calc s’.nchronous Speed
rotor ﬁom‘szalor > r & Roty P s) ced at Full load
rotated at No. Yy Sp t at Full load
b) ncy of rotor curren
22NT; ) g P
Then = tor .
ol 1]. NeTe 2aNTp _ 2xT d) el e 5:::)1' current [2065]
Culoss _=2Ds’% "‘60 =20 MN.-N] ; Full load st210
in Rotor e
2.‘:T v an: = 7 =
or, Rowrculoss="gp" No-N] _:au”"r‘ ¢ 50z, Pou = 10HP. 1= FEw =05 ()
zTp.60) [Ns-N] N,-N o
Rotor Cu loss _ZTw)“ . e,
e T N,
imputpowertoroier - 2ETR - * o a0f 120250 q0 pm
N=Tp 4
— [Rotor Culoss = s  Input Power to rotor| . 4§ =4%=004
_ Power devleoepd by Rotor _ 2aNT, /60 \ (b At full loac.
rotor efficiency () =" power input to rotor ~ 2aNs Tp/g “y 1500-N
. . 004771500
(+ve) s :
- ot g age . N=1440 1P
of motor - = x 50 = 3 Hz
© fi=sf=0
Now,
Motor ! " T x2aN
Ts[ Mode [s=-1 (d P==" 60
o N e LS L PN
i - 2:[ X
P 10
Generato () Pa= n 0.92
Mode
. Now,Pa =3 Vi co56
Normal operating or, 10.86* 746 = -\ﬁ x 400 x I, x 0.8
range of induction generator L I =1461A

T-S. characteristics of induction machine
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178/ Electrical Machine o r Thvee Phase nduction g4
00V. 4-pole. SOHZ, 3 phase. slip ring induction My, sbtained from the test of 5 ; Tachine 19y
2. Ad . &p tar winding and a star Conne il A data = Vtar
s "Clag o motor are a1 fallom; tAnmesteq 0y

nnected ) .
::::;in;o At standstill the "0';'§°+ ";‘;‘:;:‘n ",’r‘h two g ':l ' ¥ adoct
e = ce is U.D JE- - Ernm "rh “.r-mv"n_ml*w i
. The stator impedan . , Test: Wi = S000W 30a u;
e tance at standstill are 0.06 ohm and “-J‘Ohm ,“:'h ,‘*"‘"‘Md and
and reac imum torque of 150 N-m. Calculay, 7, rotor teat: Vie = SOV, o N

and it develops 2 S -elops the maxi {
Slip at which the motor deveioP IS gy w, = 75OV

T,
W

2) ¢ full load, Given thag 1, ™
T ue, pﬂ“'el" OlilfPllt a fun I, the cqﬂhlfeﬂ‘l cirenit
% .Is':;g-l. T’b} Calenlat® PaTametery 1,4, o sater
Solution: ¢ gide- 2%
p-4,f=50Hz. goo:
= o
Stator: Ry = 0.561. X 5 2;;; Sal olosd et
Rotor: Ry = 0.06€%. X2 = 0- y, = 400V, 1o = 20A, W/, = 5000 W, v, - 3200 w
T, = 150N-m
™ R 9._0__6_02 W, = 5000 - 3200 = 1800 W
sm = = = 1.
(a) X, 03 - -\ﬁ V Teoond
Now, I, = Torque at full load.
W, 1800
K! S g{ R; L e =
() =g 7o 57X, n locos® =Ry TR L g - 2598A
K,E’ _R B
Tem =73, [P"’S“XJ oo lw= 25984
=1’ 07 - 2.5982=19.8
So, I, —Ti&’?'_! # 2Xs I, =2 JA
' T RS v, 400
: Yy S
At full load, S = 0.04 ﬁ oo
T, 0.04 “ 0.06 1 i Rd = I = 2,598 i
T =067+ 004703 2703 w
L_5 3X£3L &
fo B - - =—\L]983=Il.6459
5 [ :
T, = B~ 150=57.69 N-m
’ Blocked Rotor Test:
Now, .
l Ne—=N Vsc =350V, [sc =60 A, W, =2300 W and W, =750 W
S='JN_S':N=_(O.O4XNS)+NS ’ Y
Lo Ly = = =04811
. 120f 120 x50 Isc 60
Ns=—p ="2=1500pm
_ W, +W; 23004750
N =1500-(0.04 x 1500) = 1440 rpm Ror =737 &~ 3x60° =0.2820Q
_2pNI; 2 x 1440 x 57.63
= o 60 1166k Xo1 =\Zor" — R =+J0.48117 - 0.2822 = 0.3897Q
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4.

Solution:

e -

6 pole star-connected jpq i
W, 3000V, 50HZ, ctj
A 150 lk Y, o nected slip Ting rotor ‘_vilh  transformy, iop ‘
has a sta The rotor resistance is 0.1 op on

. fy
3.6 ( stator (0 rotor) 1 mH per phase. Neglect m/py,, Y |

Ay, ¥
rotor ‘inductance 1S ng lhg‘:'\'
|

te:
impedance, calcula ted

d torque on rated voltage -
g) Starting current 4t q € With Mip,, |

circuited.
short | resistance to reduce the rat i

0ssa externa .

% sNt:f'ﬁ:g?:lrrent to 30A and corresponding sty rﬁng tor‘m%
Yug

lluq

power input (P:) = 50 kW
Stator loss (Ws) = 2kW
Hence, Power input t0 rotor (P2) =

(a) Now,
, Rotor Power l0ss
Slip = power input to Rotor

|
|
{
50-2=48kW I[

W,
or, 003= :4-81

W, = 1.4 kW
Hence, Total Mechanical power by rotor =P, — W,
Pooy = 48 — 1.44 = 46.56 kW
P= 46.56 * 1000
mech 746
(b) Output power of motor (Pog) = Prcch — Pricion = 46.56 — 1 =45 564
P = 45.56 kW =61.07 HP

‘ P 45.56
(¢) Efficiency (n)="px 100% =55~ * 100% = 91.12%

=62.41 HP

The power input to a 3-phase induction motor is S0KW apq

corresponding stator losses are 2kW. Calculate (a) T&
mechanical power developed by rotor and rotor copper loss ‘nt!
the slip is 3%. (b) Output horse power of the motor if the fr h
and windage losses are 1 kW and (c) efficiency of the motor. |2c$

Solution:

V=3000V,f=50Hz,P=6

1 1
K=E:E=3.6

R;=0.10Q

- - X2=21x50x3.61 x 10 = 1.3Q

(b)

Three Phase Inductin M
a

ry = RiK =01 x3.6'=130Q chine / 1g,
x,-g%5=|.|3~3.6’=ld.649
NOW!

VA3 __300A[3
Iq’m VIT+ 12650 17844

1201 _120x50
Ns=p = 6 1000mpm= 1667
Hence, .
K E;'R,'

Starting torque -3, R/

= T AT =,
R+ X"~ 22NS W[K-"LJ

2nN
30002
3 \\3 ) *13
2mx 1667 137+ 1464

=517.1 N-m.

Let, required external resistance = R.
R'=RK* =R x3.6"=1296R

Now. for [, =30 A

VA[3

Jo= =
VR, + R+ X,

- 30001\[%
V(113 + 12.96A)” (14.64)’

R=422Q=R'=12.96 x 422 = 54,69 Q)

_ Then,

3 (%)- (Ry'+R")

* 7 2nNs Ry’ + RT)T+ X7
3000

3 (‘4—3) (1.3 +54.69)

T 2nx 16,67 (1.3 + 54.69) + 14,647

T

4

Ty = 1436.46 N-m Ans.
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6. A 4 pole, 3-phase, S0Hz slip-ring type i“d'-'ttion " .
4 . 5 ot , on M
. 1440 rpm.with the slip-ring terminals short cire Or Yoy, | Uhrnc_phﬂse, 4 pole, induction MOtor hg s achipe /18
;l phase rotor resistance and reactance are 0, uiu.d‘ lhiu . / per phase. :l‘hc maximum torque or r, nee of g
: i . ohm ang , 'h ° Jate the starting torque as 5 perce CCury g 1200 y
respectively at standstill. If an extra external Fesisty 0g J Calet Dtage of S : Pm, .
per phase.is added to the rotor circuit, wha, il h:ee ofD.I:N 0;;:;:.
t i 1
load speed? he v, | gution |
[ iy p=4Pole
Solution: 2°‘| R,:ﬂ.ﬂm
| 2

-

120f
P=4,f=50Hz N5=T= 1500

N|=|440

_No-N,_1500- 1440
SETNs T 1se 004

Now,

__KSE’R, Kx004xE?x0,
=R s~ 0.7+ 0042 < 0.67

_OOMKE? 250
o, Ti="0010576 ~ 661 KE:

‘Now, when R = 0.1€0 is added,

KS,E-*(R, + R) KS;E;* (0.1 +0.1)

L =R, + Ry + %7~ (01 + 0.1 )Y +S7x 0.6
0.2 KS,E,’
T2=004+5,026

Since, torque isn't changed, T, = T,.
250 , . _0.2KS,E,}

S0, 661 KE2' =504+ 5.2 0.36

| o, 10+90S,’=132.28,

or, 90S,*-132.28,+10=0
S;=1.380r 0,08

—— W

Since, 138> | = §,=0,08

Ns-N
__Hc:lce, 0.08 = —5-@-1 = N;= 1380 rpm.

|

120 x 50

Assuming f= 50 Hz, Ns = 4' — =1500 Pm.

Max. torque occurs at N = 1200 pm when,
Ng—N 1500- 1200

Slip. 5= N 1500 =02

R; _0.04
g\|so‘S-—-x2.——‘>x3— 02 —020

Now,
KEX R, .
Te=R+ X2 5=
KE,'
Toax =X,

Hence,
T. R;
i _ RISR:

0.04x2x0.2

X2 = 00T+ 02 = 03846

Tinax

i.I‘L = 38.46% Ans.

g, The power input to a 500V, S0Hz, 6-pole, 3-phase induction motor
running at 975 rpm is 40 kW. The stator losses are | kW and
friction loss is 2 kW. Calculate: (a) slip (b) Rotor copper loss

" (c) Output HP (d) Efficiency. [2072)

Solution: ‘
V=500V,f=50Hz,P=6
Pin=40 kW, N =975 rpm.

120f
) g MmN P P j000-97s
(O Slip.s==N"="T2or =" 1000
P

§=0,025
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(i) Hese, stator boss = | kW
Fricoon loss = 2 kW
Power mput to rotors = 40 - | = 39 kw
We know,
Slip - Rotor Power lotfs
Rotor [nput Power
Rotor power loss = 0.025 * 33 = 0975w - 975
(1) Ouzprat power = Power tortor - Friction Josg _
Pog = 39 - 2 - 0.975 = 36.025 kW = 48 29 pp

|&|

_ P 36.025
i =5t 1009 - 22 10034 = 90 05,

9.  An 8pole. S0Hz 3-phase induction motor develops ,

torgue of 150 N-m 2t 650 rpm. The rotor resistance is 05 iy,
7

.

hd‘kl_

2

phase. Find the torque 2t 4 % slip. Neglect the stator jp,

Solatien:
P=8.f=50Hz
Ten = 150N -mat N, = 650 rpm
R.=050
Here,

, 120x50 _
Ng = T =750 rpm

_Ne-N, 750-650

s ~ =50 0.133
R, R, 05
X =3 = X:= "= =37
Also, s X X. s ~0133 " 50
. KES
bam = oy

e nne ~ KE© 2004 05
R T =275

T 0.04 « 005
T ————— v -
T 05 70082375 ~2%375

— -

2

¥

-”.\rn_- hml
crwi!naﬁ"ﬂ]\'_m""a-

!
T r:;g,laz at 975 ™Mk 49 |y _ns.hbv lﬂw g
’ g "4"1&

;.;‘ Joss b 2 I:.u. Caleulat (g, iy ‘
m(}'ﬂ"" HP (d) Efficiency

k) Pats, p i X
Lamy

]
S
- —f_

G
Volisge (V) = 500 V.3 - ¢ Iy
Spet ™)~ 575 rpm

ot PEET (Pry) = 40 k%

S-J:;_:_' Joss = i W
f‘-\__{_‘__‘.'_‘,‘. i’:’.‘. o 2 kW
120 5
) MT7p 104%)
V- N
o i 0125
(») PRox Culors = 5 7 porer 1Up 1) ropre
=g 7 (P 5 - Ror J’f_‘.‘.;
=0025040 - 1) - 1t
=975 W
(c) Osput power = Pig — $1207 loms - oty g oy friction 1,
= (40-1-0.975 - 2)kw .
-36025kW [ 1w .50,
745 iPJI
= 4529 Hp
12 86.025
(&) ng_._’ 100 % = ;40 < 100%
1= 90.06%

. A6 pole 50Hz 3 ¢ slip ring induction motor has star connected
stator & rotor windings. The rotor windings have impedance of
0.8 + | 4CL, phase stand still. The induced emf between slip rings at
stand still is 400 V. The stator to rotor turn ratio is 4. The motor
runs at 960 rpm at no load. Calculate the current drawn by the
motor at stand still and no load. (2073

Selation:

Number of pole (P) = 6
E:(line o ling) = 400 V
_am

\ﬁ\f.’

rotor winding 15 star connected]
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Now
' 120 f
Synchronous speed(Ns)="p ~ 1000 rpm

e Ne—N 1000960 _
The emf induced in the rotor winding at

slip= 0.04 1s

0.04

400
au_ v
Ex=SE:= 0.04 x wﬁ 9.238

ﬂow. the rotor current can be calculated as,
SE, 9.38

h=JRTs (e *2) V0§ +0.04x4
I, = 11.323 A/phase ' _
Similarly,

I _Ng
ln Ns

]s = 2.83 A/phase _
Also the rotor current at stand still (8= 1) ’

SE, (0D oo
Lo = RER (2 NOSTH(ITx4) T b
Similarly,
5 _Ns
I Na

Is=14.153 A/phase
Hence, currents drawn at stand still = 14.153 A/phase.

12. A 3 ph Induction motor having a 6-pole, Y connected sy,
winding rund on 240 V, 50 Hz supply the rotor resistane,
standstill reactance are 0.12 Q & 0.85 Q per phase. The ratio
stator to rotor turns is 1.8. Full load slip is 4%. Calculate 1y
developed torque at full load, maximum torque & speed ¢
maximum torque. (207

Solution:

rotor turns/phase |

~ stator turns/phase ~ 1.8

1 240
F1=KE, =Ex$='ﬂv

L S=00d

b g g N-mat 1365 rpm. The resistance of

2
SE>* R, _ 3 0,

LT 7R e~
"i;ﬂ:xﬂz +(8X3) ) 50 xU.lZ 0 0.12
"3 0.4 x 0857 = 24Ny

0-1:'}?1!

E2 3 E 3

Tas = K02, ™ 20N 20 7o X
211' I(—j—)

2
2085 =999 Nom

4 corresponding to maximum torque,
SP"'*'dN ~ 1000 (1 - 0.14) = 860 rpm
4 - poley 50 Hz, 3 ¢ induction motor develops
Orque of

1 the star
is 0.2 (Yphase. Calculate the value of the mimnz";‘:ed rotor
must be

s with each rotor phase to produce a stary;
:ienll' the maximum torque. - e mllm‘I P
2075
mn:
suIIIfIU 120 f 120 50_
e e 1500 rpm
Slip corresponding to maximum torque is
1500 - 1365 _
Sa=" 1500 009
R
.Sm k XZ
_02
X2 =0.09

Now,

=2220

KE,’ _KE X

Tmat =_2)_(.2- = 2x222 =0.335 KE;'
Let ' be the external resistance introduce per phase in the rotor
circuit, then
Starting torque,

_ KEA(R+n) __KE(02+1)
SR+ XY (0240 +(Q2227

By the question,

To=2T,.

2
KEZ(02+r) 0225 xKE)
o ©2+ri+(@22y 2

=040
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Q.14. Calculate the torque exerted by an §-pej, 50y
motor operating with a 4% slip which d“"elops Iz, 5 b
150 kgm at a speed of 660 rpm. The resistang, Mgy T.,d"‘lin‘
rotor is 0.5Q. Per phagﬁrq“iq
Solution: ot
50
Ns=120 x?=750 rpm
Speed at maximum torque = 660 rpm
Corresponding slip,
750 - 660 -
m =" 759 = 0.12
For maximum torque

R,
S = X,
0.5
X;= 012 =4167Q
KE; : 3
Trax = 2X, —— R 2Ne Ns at rps

When slip = 4%
KE’x0.04x 0.5 0.02 KE,? :
Dividing (ii) by (i)

T:.

0.02KE," 2X, -
_ Q02 KEy
Tras 2702778 KE, '
T=90kg-m o

15. A 3 - ph, slip ring, induction motor with star connected Fotor
an induced emf of 120 v between slip ring at stand Still wiy |
normal voltage applied to the stator. The rotor winding by |
resistance per phase of 0.3 Q & stand will leakage reacto, p,,‘
phase of 1.5 Q. Calculate the current per phase when runnj
short circuited at 4% slip. IZEmli

Solution: ’
According to the
stand still with no
line}.

Now, the per phase voltage is given by

question the emf induced between the slip rings z
rmal voltage applied to stator (E2) = 120 V {liney

20
E ===
B
The actual emf induce
of 4% is given by
g =SE;=0.04 x 69.282
Fa=2771v

69.282 V {rotor is star connected)

d when the induction motor is operating at sl

Three Phase Ind

Uctigp
1w, 10 calculate the current per phase voliage Aching 189
Now

we haver -

SE
| Sy
e “JRI+(SKo)  O5TA

Jculate the torque excrted by op g
4 Comf operating with a 4%, slip w

Pole 5p gy, !
p .
hich devel, 5 " h'lduclmn

-

el of 150 kg - m at speed of 66¢ M. The e Maximum
( the rotor is 0.5 (2. 1€ per phage
0 [2073)

ot
golut10 0
e 1ED* g TaNpa

Spﬁd at maximum torque = 660 pm

CaneSPO"di"g slip,
' 750 - 660

=" 750 "R

Formaximum torque

W hCIC‘

K= E[BWS’ N, = Synchronous speed at Tps

when slip is 4%

KsEY' Ry _KE}x0.04x0.5
T=RI+5 X~ 0.5+ (0.04 < 2.167)

C0.02KE® (i
TH—"‘IO.Z.”.S T § 1)

Dividing equation (ii) by (i)
T 002KEy 2X,

T 02718 KB
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17.

A 400 V, 4 - pole, 50 Hz, 3 ph, slip ri, /

delta connected stator winding ¢ a star ‘-:gon':,d"“ "

At standstill the voltage between the tyq sli Ceteq r tu“'*‘rh
stator impedance Is 0.51 J 2.5 Q. The rotors :J rin a! N |r “ln*
at standstill are 0.06 Q and 0.3 O regpecy,’ a‘nﬁ;‘
maximum torque of 150 N-m. Calculate: °|y '!;q‘ |

(a) Slip at which the motor develops the maxim {
um
(b) Torque, power output at full load, given thg, full 1o, o.-,ht‘ IJ,‘.

Solution:

18.

Given. %'
400V,P=4,f=50Hz,3- ¢, &Y
Ri+jX,=05+J25Q

Ry +jX; =006 +10.3
Ty = 150 N-m
R, 0.06

(8 Sa=y;=73 =02
K S’ R,
(b) TF"-_R “+8 x X,
KE,’
Tree =72X,
SR, 0.04 x 006:(2

(R31+S!Xf) 2X,= (0.06"+0.02 x:}g})

TFL =57.69 N-m

iF

Xl:rl

Also,
120f
N5=—P—'=Ns= 1500 rpm
N=Ns(1-5)=1440 rm
_2aNT _2r % 1440 x 57.69
TR 50 =11.66 HP
A 8 - pole, 50 Hz, 3 - ph induction motor devel
torque of 50 N-m. The rotor winding has an
(0.8 + j4) Q per phase. At what speed the moto
maximum torque a calculate the maximum torque,

Ops a sty
Impedap, ,
r will devey

Solution: -

Given,

No. of poles (P) = 8

Frequency (f) = 50 Hz

Starting Torque (Ts) = 50 N-m '
Rotor winding impedance = Ry+jX;=(0.8 +ja)0

2
We have, the general torque equation TR = ﬁ&s_Ez_[%
el Ry* + 5,X,

ol BO0’

. ucyj,
arstanting 5= | "M
“_AISK E/,"g/ﬂg
‘0’ fj}“"“

- 1040

o mll develop maximur iy,
fl % Que hen

RS,
SX 7 =02

e synchronous speed (Ns) - Izm T‘fffp":
" at which the mowr Wil dee

ted 25 follaws;
""”h Ne-B_ oy
S = -"'_'_ =N= IJ(J rpm
K.s&i |
Tﬁ‘ 4 R‘" T 5; X‘,‘
A v, 4 - pole, 50 Hz, 3 ph, 10 yp Mar ¢
motor has  full sip 0f 4%. Given that efficienes "< Inductiog
of the motor at full Joad are of 2% & rg 0d power factyr
Caleulate lag ey ©3pectively,
(2) Synchronous speed (b) Speedary, ;
(¢) Frequency of rotor current at fy]] Inad ull lnaqg

(d’ FuII lﬂad lorque

W

(e) Full lnag statgr current(274)
G[E = 400 V (line voltag g£e)

P 4,
f=50Hz, 3-¢ Y CONNECTED
120 _ 120« 50

(2) Ns=7p e

(b)

{c)
4 P =" 60
P« 60 _ (10 < 746) < 60
T 2N 2« 1440
. T=49.47] N-m
vs ‘JEV IL(,05¢
Bl _ g5y,

(2)

=—%=10.86 HP

Pr=8I101.56 W
mlnn]
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3-Phase Synchronous Machip,

ed alternators because they gene
[

AC generators aré usually call
currents and voltages.
rotate at a speed fixed by the supply g

Rotating machines that -

and the number of poles Umh

= -l-g-Qf ; runs at synchronous speed

Machine for converting meg, .

¢ electric power at a specifie V::]
lae

are called synchronous machines,

N,
A synchronous
power from 2 prime mover to a

and frequency.
Unit of synchronous generators in kVA or

¢ Generation voltage : & 33kV

f a synchronous generator are

generator is 3

MVA. (UniVspecificagiy,

¥ The main parts 0
(i) Stator or armature:

(ii) Rotor
(iii) Exciter

It is the stationary part of the machine
It is just like a cylinder having hollow space at the center.
It is made up of number of circulator stamping.

The inner circumference of the stator core has alternate number of

slots and the and which stator windings are placed.
Generally, three phase windings are provided in these slots which z
uniformly distributed and each phase windings are spaced 12

electrically apart.
The windings are insulated from the slats with the help of insulating

papers.

Stator core is protected by the outer covering called as yoke made of
I

cast iron, _

3-p
hase Synchronguys Machine /
92

Stator winding

- Ig(Field current)
e

DC source (1]
0
from the exiter, o200V

s windings are spaced 120° electrically apart.
Eﬂdconneﬂi()n
s F S F 5, g 5 F
(8) urns (b) coils (c) windings
Armature slot
BOTOR
nachine with numbers of magnetic pole

It is the rotating part of th
excited by the dc source (11

 There are two types of rotor namely.
i) salient pole rotor.
i) cylindrical type rotor.

0 to 400v) form exciter.
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Salient pole rotor:
] This type of rotor has got projected pole as shown i Fi
g 1,

- Construction of this type of rotor is easier ang ch

cylindrical rotor. €aper thy
- 1 n l
Salient pole rotors have concentrated windings on the pol .
Oles,

Salient-pole generators
_ha\'c a large number of po|e
and operate at lower specdss‘

Fig. (i) Alternator with salient pole rotor,
“ -This type of rotors are generally used in"the generators driver
and medium speed prime movers such as i::;rr:)urbine _
engine. ; e Sy
Cylindrical type rotor.
- This type of rotor has got smooth magnetic poles in the form of
i

closed cylinder as shown in Fig. 2.

Fig. 2: Alternator with cylindrical type rotor

salient pole rotor.
This type of rotors are generally used in the generat
speed prime movers like steam turbine, gas turbine.

The winding is of distributed type.

ors driven by hig

EXCITER:
= -~ Fxciter ie 2 self excited dc generator mounted on the shaft of &

' alternators.

Construction of rotor is more compact and robust with comparedy | -

3-Phase §

_ e . Synchrono," M

is will prov! Frent required to magne, Achine / 19
lze

(or. T
of the @ Betic pojes
de currcnlhgenc:]alfl:ld by the exciter s fed 1 "
through slippi ef A
" gliemator gh slipping and carbgy brash, Ield Winding o

¢at|[ #

NCIPLE OF SYNCKRONO
e US GENERATOR;
Likc DC gcncmlﬂr, S}(ﬂChronousm

. |gcu0m38“ﬂi° induction. ted in the principle of
¢

gut there is one important difference between the b
wo,

2 nC generalor, the field poles are Statio

fn s :
© conductors (windings) are rotating. Y and amatyre

gutin synchronous generator, the field poles are rq
conductor (stator conductors) are stationary,

in DC generator, the field poles are sy
tors (windings) are rotating,

lating and armatyre

ary and g

i dUC mature
gut in synchronous generator, the field poles are rotajp
conductor (stator conductors) are stationary.

The shaft of the machine is driven by the prime mover at a
5 ed equal 10 the synchronous speed. —

spe
For example.

B and armatyre

_yn o120
ifthe number of pole, P=2;N,= P = 3000 rpm for 50 Hz.

The exciter (dc generator) builds up its voltage by self excitation and
supplies dc current 10 the field winding of the main generator.
The magnetic flux produced by the rotor poles will cut the stationary
three phase stator winding.
Hence, according to F: araday’s law of electromagnetic induction, three
phase emf will induce in the stator winding.
[n an actual power generating station, speed governor is used to keep
the speed of the machine constant automatically at any load condition

so that the frequency of generated emf is constant.
EMF equation:
Let, Z = total no. of con

or, Z=2T
Where, T = total no. of coils or tums per phase.

ductors o coil sides in series per phase.
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. E]mri“l - of magnetic poles in the rotor.
' =frequcncy of the induced emf. ’
f p—
(] magnetic flux po ‘
- gpeed of the rotor in rpm. !
N= F:' N rc\'olullon of the rotor is equal to (=) 605 |
ime for |
Time . bl = _QQ |
1 » . . N s. |
< cut by a flux of 9P webers. |
ductor 15 cut
Each stator con Ii
we know, | d . | |
i r conductor ="g; =g Volt.
Averag¢ emf induced p¢ @
Again, W€ know that,
PN
=120
N ™

Average emf induced per conductor =% * N

. %El- ‘i"f =26 volt;
- 2[4 (2TG)
— 4f$T volts.

We know that,
rms value

Form factor for sine wave = averge value, =1.11

- rms value of emf induced per phase = 1.11 * 4f¢T
* En/Phase = 4.44¢T volts ...(1)

- Besides the factors indicted by the equation (1), there are so

other factors which affects the magnitude of emf induced ip g
stator windings.

- These factors are pitch factor and distribution factor of the sty
windings. .

Concentrated winding

»

we know

3-Phase Synchronoys Machine

120
v Ns= l\ winding

/197

FZ’.

f=|

(]
o

or,
= 4.44°k.* '¢'T
Eqms PN
E « N@
per pole ¢ can be controlled by changing the
field winding.

daly
atic voltage regulator (AVR) is used to controlled this fielq
at the alternator generate constant voltage at

N
120

ﬁcld current

The fIU¥
mm“gh rotor

,\umm h
excitation sot

condition-

any load

Advantage of Rotating field alternators:

@iy Itis easier to insulate stationary armature winding for high
voltage, usually 11 kV or higher rather than rotating armature.

(i) The output current can be fed to the load directly from the fixed
terminals on the stator without slip ring and brushes.

(i) The field winding deals with low current at low voltage.
Therefore, the rotating field winding can be easily insulated.
Also, slip ring and brushes do not have to handle large current so
that the sparking problem at slip rings minimum.

Now considering the pitch and dislnbuted factors, emf inducedpp CONGENTRATED WINDINGS

phase

_Eirgphae = 5.5+ kpkg foT votls per phase

If one slot per pole or slots equal to number of poles are employed,
then concentrated winding is obtained.
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_Alternators wi

" earthed as shown in Fig.

S

Fig. (a): Skelton wavet
In this winding the number of conductors or coil sides is equal
ly e

number of poles.

th load: (or Alternator on load)

vinding (Concentrated winding),

The stator of the synchronous generator has three sets of wipg;
Ing u

“hlch Clllfs are Ir |duced.
!tldll‘l s are Sl:!.l" conr lccted
g and th: l’leu]nq '

Usually these three w

Fig. Alternator with load.
aded current will flow through the st

When the generator is lo
drop will take place in the stator winding

winding and some voltage
uced per phase in the stator winding.

Let, E =emf ind
the terminal voltage V will be e

At no-load cperation,
induced (E).

qual to theer

3-Phase Synchrongy, y

operation, the termi
put 3 ok followi ol ¥y
guced (B¢ to following three reasons;
|

yolage dr0

hfh]nt ',1”

0 p due 1o armature winding (R )
| W)
Voltﬂgc dl‘()p dllc o |L'akagc rcacuncc Uranm
; ture wind:
(il Armature reaction. e winding (X))
i

i the €fTec! of armature Feaction is neglected, the yory
nal volgpe §
e 1§

Fig. Phase diagram.

Armsmrg Reaclion:
The effect of armature (stator) flux on the fluxed produced by the
rotor field poles is called armature reaction.

When the synchronous generator is loaded with external load,
current will flow through the armature windings:

The current carrying armature winding produces its own
magnetic field which is also rotating in nature.

The effect of this armature field on the freld produced by the
rotor is known as armature reaction.

The nature of armature reaction depends on the power factor of

the load.
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m:wﬂ,\uﬁ‘-’ |
When the load I resistive: (Unity power factor):

1f the load 1 purely resistive 1€ power fm“%l
s mo phase difference between the terminal “"“Et(\' .\‘

L
*Phase q‘“!ch-.

o When the MAEPCL TS 0° ey

current the R-co1l will be POSHtive mayym Position, voltage 4oy

current 0 the Y-coil and B-coil wy) be neg "M and voltage i
arrmture curtent \1 .+ et magnete
nc 1T llux st )
. Sice the mature of the armature flax wall be g ~ Then ity up by e g, -
nere current. the magnitude flux produced by t—"‘b. “! yector sum ©

windmgy will have sirmlar wave form as tha of the L\

voltage as shown in Fig lia) & 1(b) \"'i‘
Vy
| N
[
1200
\‘,_—-—-————-{—"’ ) 1207 &y
1200 \
i L]
\ !
Vi
Fig. 1(a) Phaser diagram of 1(b) Phaseer rre—
pemersted voltage srmatery Mgy
B
Y/ ‘/’_“\'“ \n /‘\\ . “‘;-"J N Vi
eetr—4 ¢ 1 - 1 [\\4‘4_,_\__’ ,‘__
v\ tsl /) lm‘ 1200 %
.I N\ ' i J I
N S— o/ \..// \‘-—/ \\_/l \
NN | .
%

Fig. lick: Pesltion sfter 90° rotation
Al ot = 907,

&y = o sinet = @, SINH0° = ¢ o

1
&y = &, uin{eat - 120°) = -3 Qa

1
bu = Qq 510 (Wt - 2407°) = 3 (.

Fig 1(d): Wave form armatery figy

by
n-it
— drection of mam roter
Mux (d,)

hln‘wfum Wmatre g

Fig. 1 (e): Resultant Ufﬂmmﬂlﬂ.

According 10 Fig. 1(e), the resultant flyy, 8,
direction lags by an angel of 90°
b produced by the rotor.

=15 & whose
with the direction of man flux

Both of these flux rotates with the same speed in the same
direction.

Therefore, at every instant, the armature reaction flux (3 try 1o
distort the main flux ¢y This type of flux is called cross.

magneuzing flux.
@ When the load is inductive (Lagging power factor)

The load current logs the voltage 'V by an angel of '’ in the case

of the inductive load

Hence, the resultant armature flux (§,) lags the main fux (dy)

by an angle of (90° + a ) as showing In Fig. 2.

—
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¢y (Direction of main roto, fluy)

P4 ¢, sina
Fig. 2. Phasor diagram of main flux and armature ﬂ:{:c fo I'Hducti;,, I
- The armature flux ¢4 has two components. %aq
(i) ¢a sina - component along with the direction Opposite (g
- This component is known as demagnetizing componen, ™
- It opposes ¢y '
(1) 4 cosa - component along the direction perpendicular y,,
- This component is known as cross-magnetizing componen.
- It distorts ¢y,. .
40y

3 ¢, sin 60°

5’ b,, cos 60°

¥m |
| 5 0 sin 60°

y e
2 9m
for resistive load

]
6n == 0m -3 dm c0s60° -21 $mcos60° J

| 1 1
==ba-3 bn-3 -7 ba=- 154, |

b o .
dv=3 bn sin 60° - 1/2 d, sin60° = 0 | ,

LM S =154 |

il )

J-Plll“ Sy“l‘hrono

us M
nen the Joad Is capactive; (Leading p,, achin, 1203

Wer r‘“ﬁl‘)
@ The load current leads the voltage

B4
an
the capacitive load. by angle of v in

Cﬂsg Of U'Ie
Then the waveforms of amature fluy lead by a5

ange|
ve load,

Hence, the resultant armature flux (6) lags the
an angel of (90° - @) as shown in Fig. 36,

of '@’ with respect to that in the cage of resist

Main flux (6) by

¢, sina

¢, cos a

fig. 3 Phasor diagram of main flux and annature flux for capaciting foaq
. Here, the armature flux ($») has two components,
(i) ¢ sina- component along the direction of ¢y
- This component is known as magnetizing copmponent

- It supports ¢yy.

(i) ¢acosa -0 component along the direction perpendicular to bu-
- This component is known as cross - magnetizing component
- It distorts ¢y.

Thus, the armature flux distorts the main flux and tries to change
the magnitude depending on the power factor of the load.

This causes change in the vbltagc obtained at the terminate of the

generator. |
The [,X, represents the voltage drop due to armature reaction.
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Fig. 4 L‘quimlmf
. phase no-load voltage.

Where, E = PeT
R = armature resistance.
reactance of ammature.

X, = leakage
rresponding to armature reaction.

X, = reactance €0
X, and X, can be combined and represented by

Xs = X~ Xa
Where, X, 1s known as
Then. total impedance ©

Z,=R,-jXL= V)

synchromous reaclance.
f the circuit is given by

Z.=Ra-iX,
Wheze. Z, 15 2lso called synchromous impedance.

Here, ,
E=V2 ll'RI "'jlnxl. ‘.'jll-xl
E=%= II‘RI_J-X‘I)

=

rcuit of the synchronous generator (stago, G )
idy)

—
-
’

/

3-Phase Synchronous Machine /295

¢ drop due 10 armature winding resistarice

~¥0 - (0 lcakage re '

o uage droP 9 ge reactance of armature winding
0 due 10 armature reaction, '

X otage 4r0P
Ko , ‘ol‘ :‘_ pature of armature reaction.

S0 e anmile reaction flux is constant in magnitude and rotas

b oats nchronnus speed. )

: re reaction is Cross-magnetizing when the generat
or

¢ am
ii) lies 3 load at unity power factor.
. when the generator supplics 3 load at logging power factor, the
il jature reaction 15 partly demagnetizing and partly c:ross
magﬂ*’“**“g‘ .
hen the generator ;u;;phcs a load at leading power factor. th
W) VT yre reaction 1S parlly magnetizing and panly ms:
mﬂnctim’ﬂs-

all cases. if the armature reaction flux is assumed to act

v) ::I ¢ ndently of the main flux, it induces voltage in cach phase
which lags the respective phase currents by 90°, P

Rtﬁuh(ion:-

. 1138€ ,
yolts# When the load on the generator change: from no-load to full

" |oad, assuming that the generator running constant speed and
constant excitation, the lcrn'!lnzlll voltage across the load will
change du¢ loI\.njlagc drops in internal resistance and reactance
of the stator winding.
The magnitude and the nature of these voltage depends on th
wer factor of the load. ¢
As the effect of armature reaction could be cross magnetizin
demagnetizing  of magnetizing according to the fESisti\'i‘
inductive or captive loads respectively, the terminal voltage may
increase or decrease with increase in load. y

() Unity power factor:
The generated emf 'E' is the phasor sum of terminal volta
IR, drop and IX, drop. ge V.
Here, the terminal voltage 'V' is less than the no-load emf'E".
E

X

a’ s

5 -~
1 v LR

Fig: 1(a): Phasor diagram for unity power factor.

D 4
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tor:
ing Po\\‘fr s e H—
(b) :-‘::s R % I lags V by an angle of '¢' anin F g |(b)
}:erc also the terminal voltage 'V'is less than load emf g

IR,
Fig. 1(%) Phasor diagram for lagging factor,
wer factor:

(c) Leading po .
the terminal voltage could be greater thap ¢
l'lﬂf"l?Q

Iﬂ [hjs case,
* shown in Fig.. 1 (¢)-
| E

X
IR,

A

Fig: 1. (c) Phasor diagram for leading power
E - magnitude of generated voltage per phase.
V - magnitude of rated terminal voltage per phase.
The voltage regulation of a synchronous generator is definéd s &

percentage rise in voltage at the terminals when the load is
field Cume

from full-load rated value to zero, the speed and ;
(excitatioy, *

remaining constant.
Vol ol
oltage regulation% = vV 100

Where, E = magnitude of no-load voltage per phase.
V = magnitude of full load voltage per phase.
The vo'ltage regulation depends on the power factor of the load
é-'ror unity and _Iagging power factors, there is always a voluz
- op with the increase of load, but for a certain leading pm-
fac1or the full-load voltage regulation is zero.

”ﬂ\u‘n - ic power system are interconnected for economy and

. at various stat

3-Phase Synchronous Machine /207

shows vollage rcgulmipn curves for laggin
Fig: "::nil)’ power factor and leading power factor. g power
fg{:lﬂro

PF = 0.8 Head

Fig. 1(d): Voltage regulation curve

110N OF ALTERNATORS:

<liable operation-

[n an actual power system, there are two or more than two
alternators running in parallel.

So that requircd number of alternators can be commected 1o the
system according to consumers demand. "

The process of connecting two alternators in parallel is known as

's)nchmﬂiza“""”'
[n an interconnected power system. many number of alternators

ions will be connected in parallel through bus bars

at station and transmission lines.
stemn an alternator will be synchronized to an infinite

In such a sy
h any number of alternators had been already

bus bar on whic

connected.
An infinite bus bar is the bus bar whose voltage and frequency is

" independent and constant with the load.

They are connected in parallel by means of transformers and

transmission lines.
infinite bus

L d c-B éy;n

Y
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4

M Machi®€ -
reasons O ’ operated in paral! for the following reasopg, i

) Alternstors & can supply 3 DIEEST load than a single a]krﬂala,
ors ;
0 Geveral alternat e s one or more alternators may
; sod of 1l LE,{
- 1 or near full load, ang
2 remaining operate 2 thyg
and those .
dowi.
cfficiently- s taken out of service for .its sch

: oh e maChiﬂe i 5
| G) Wben on .on. the remaining machines Maingy,

aintenance and inspect!
continuity of SUPP o
| . enerator, there is o Interrupy;
| @ ifterisabrakdovnof®s N oty
wer supply- .
POM 1o meet the increasing future demand of load more "’-‘Chaq
o be added without disturbing the original installation.
m 1
y The operating cast and cost of energy generated are reduceg i
(L 2 ‘
several generators operate 1n parallel.

% Lecessary CONDITIONS FOR PARALLELING ALTERNAToRy |

5 For proper synchronization of -
4l 1o the infinite bus bar, the following condmnns.shcmjdh |

satisfied. |

(i) The terminal voltage of both alternators should be equal. J!
|

|

two alternators or SY“ChJ‘ﬂnizing !:’ .

(i) The frequency of both alternators must be equal.
(iii)  The waveforms of emf generated by both alternate should be in phase

(iv)  The percentage impedance of both alternators should be same. '

(V) The phase sequence of both alternators must be same.
|

When two alternators are operating so that all the above requiremers |
are fulfilled, they are said to be in synchnorism. '

€ process of connecting them in synchnosim is called &
synchronization, |

) OBy

P

od by two alternators running in parallel should e

nt $ i
e ‘“ﬁcal (o their MYA RHIES
ion . . by these alternators are inversely proportional 1o
4 nt cam
1he v ol jmpedance:
. i statements it can be said that impedance of

lh‘i bov
e d rallel are inversely proportional to this MVA

F‘om s runﬂing in pa ;
Jer? other words percentage impedance should be identical for
[n

stors R D parallel.

jtemator is synchmnized with other generators for the first
a ;
gefor 1se sequEnCe must be checked to determine that it has same
e, 18 ce as that of the other alternators.

en

nce can be checked by a phase sequence indicator as

induction motor that rotates in one direction

and in opposite direction for the other phase

sequence: ) )
otor rotates is the same direction with both voltage of the
m

If the
unnif :
ly, then itis ¢

g alternator (G1) and incoring generator (G;) when connected

lear that the both alternators have same phase

sequcnce-

Fig. 1 shows the connection diagram for synchronizing two
ig.

alternators.

G, is the a]tema-tor which already running and supplying current to the
I

load.

G, is the second alternator which is to be connected in parallel with

G-

Voltammeter V, measures the main bus bar voltage and voltmeter V;

measures the output voltage of generator G.
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G,

Phase sequence
indicator

Fig. 1: Connection diagram for synchronization of two alternators
v Ly, L; and L, are three lamps placed physically in triangular form.

- These lamps are known as synchronizing lamps.

Running Alternator ] | Inconcing Alterans

Pt [T

T ely vp 10 55 SYPChIOn0s speed kemping e g g o,

::F"; _ sion of Gz is 2dfusted 50 that the voltage gameryes y
. o i By the
T © g generaion, 25 ST by Vi i 0 masch e i o
fca:"zs D.ﬂ,-m'ad by Vi
1!..‘:'-"2;“‘: .-gwﬂ?mmrﬂ":n—:uﬂ.“.
" by Gy is in phase with bus bar vohage and the frouer <
Z ﬂagmmrsmeuﬁﬂofdzhswfmm, B
i : ;
g (phasor dizgram) of %0 machines 272 o,
“';r;g;ﬁ)“don ezch other in Fig.l 2(a). '
e frEqUe jes of the both voliage stars are equal, both vectory
. 3
If 4 with the same speed and the difference between R, and R.. v
(o Byl T, o
Hd-,ct at this condition_ L, remain dark and L: and L3 will glow with
) brightess. then in such situation the CB-2 of the incoming
so that both generators operatss in parallel. )

7=

wn

senerator can be closed
]-nhc frequency of the increasing generator G, is greater than that of
e unning generator G, then Rs - Y: - B, vectors rotates faster than
ihe Ri- Vi - B, vectors as shown in Fig. 2(b).

In such 2 situation, voltage across the L, goes on increasing, voltage
scross the L, goes on decreasing and the voltage across the L, goes in
nereasing-

After some time, the vectors B, and Y, will get coincide resulting in
L, dark.

Hence the light g€
Insucha situation, the speed of the increasing generator G has to be
reduced until the situation is as shown in Fig. 2(a), then the CB-2 of
ed so that both generators operates

ts dark one after another in anti-clockwise direction.

the increasing generator can be clos

in parallel.
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Fig. 2(3) Fig28)
ig

Ry, Ry
#
z’:

rsl

Fig. 2(c)

If the frequency of the incoming generator G is less than thay of iy
running generator Gy, then Ry - Y1 - By vectors rotates slower than g,
Ri- Y, - B, vectors as shear in Fig. 2(c).

In such a situation, voltage across the L, goes on increasing, Voltag
across the L goes on decreasing and voltage across the L, goes gy
Increasing.

After some time, the vectors B, and Y, will get coincide resulting
L; darIL

Hence the light gets dark one after another in clockwise direction.
In such a situation, the speed of the incoming generator G, has tobe

Increased until the situation is as showing in Fig. 1(a), then the CB.

of the incoming generator cap be closed so that both generators
operates in paralle]. .

P s e 2 1k gnctor g s
sy d infinite rotational inertia
1‘[1: . dance an .
| imp®

A0 alt

P ——

3-Phase Synchrunsm Machin, 1213

int rem of constant voltage and constan freq
)

. UeNCy regardless
guch 3 {is called infinite busbar system or simpl
loa

¥ infinite by
O infinite bus IS @ POWCT SYSIEM 50 large thy jy

an ! emain constant regardless of how much reaf
f from or supplied to it.

oltage anq
and reactive
o is drAWD o

cteristics of an infinite bus are as follows-
The c:-::’ jerminal voltage remains constant, because (he s

Coming
a) nine are two small to increase or decrease .
mac

The frequency remains constant, because the rotational inertjy

b) iwo large to enable the increasing machine (o alter the speeg
are
of!hc system, and
he synchronous impedance is very small sine he System has a
1 .
¢) |arge number of alternators in parallel.
a
- connected to an infinites bus has the following operating
ernalo .
ch,mclffis“ﬁ:

. The terminal voltage and frequency of the generator controljeq
y by the system (o which it is connected.

The governor set paints of the alterator control the real power
supplied by the alternatar to the infinite bus.

ii)

The field current (excitation) in the alternator controlled the
reactive power supplied by the altermator to the infinite bus,
Increasing the field current in the alternator operation in parallel

iii)

with an infinite bus increases the reactive power output of the

alternator.

Infinite bus

TR

Fig. Infinite bus system.

. 4

- — e
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o~ zu!W"‘” Blacieint
bus:
| an Infinite :
| Mh(::mdcr n generators Gi. G- Go connected 1 an i,

. fi
shown in Fig. I+

Mg
Infinite bus

bdd &

L conslant

Proof of voltage remainin

Let,
V = terminal voltage of the bus

E = induced emf of cach generator
Z, = synchronous impedance of each generator
n = number of generators in parallel.

v=E-IZeg
Z

where. Z =

(3)

When n is very large, Zug—0-
». V=E (constant)
(b)  Proof of frequency remaining constant
Let,
J = moment of inertia of each gemator
Total moment of inertia of all n alternators
=J]+]+)+ + ]+ (times) = nJ.

accelerating torque
momnet of inertia

Acceleration of alternator =

7
I nJ
Ifnis very large, nJ is very large.

and speed is constant,
- Consequently, frequency is constant,

Therefore, in order 1o obtain a constant-voltage, consuz
frequency of a practical busbar system, the number of nltcmm‘!

N

3-Phase Synchronous Machine 1215
. — OF A SYNCHROMOUS GENERATOR.
v R . x‘ |

i . :
/M\w—’"f"‘—’""'\' L ] T
X |

\!

,

-

®

//:;;hrmous impedance diagram -

Fi
jlXy + X,
Jv+ LRIl

E:‘Pa ].(R ,jx]l
Ef.\"" LZ
\': E- !.-Z-p

AT HOTO"

5 “hronous motor is a machine that convents ac electric

~ A S}:gnicn | power at a constant speed called synchronous spcfz“ e
iicmchn‘mous momr‘is a "dnu.l‘!l}'—cxcited machine”
i:s ;otor poles are excited by direct current (de) and its stat
iy connected to the ac supply.

The air £3p flux is, therefore, the resultant of the fluxes due to both

rotor current and stator current.

o fact. 3 given synchronous generator can also be used as a

synchronous motors.

Some characteristic features of a synchronous motor are as follows:

i) It runs f.-ither_ aI_S}nchronous speed or not all that is while
running it maintains a constant speed equal to the synchronous

speed.

It is not self-starting. It has to be run upto synchronous speed by

some means before it can be synchronized to the supply.

iii)y It can be operated under wide range of power factors both
lagging and leading.

_—

or w il'hdings

ii)

OPERATING PRINCIPLE:

- Synchronous motor is not self starting.
- When the stator windings are supplied by three phase voltage,

ii¢rneted in parallel should be as large as possible.

l\u b .- i _ A MR

the rotating magnetic field is produced in the air gap.
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The stator field rotates at synchronous Speed,

At the same time if the rotor ficld “'indings a

current. the rotor poles will get magnetizey ¢ e"btq
But the inlmcljoﬂ between stator magney; : :
magnetic field will no!.bﬂ able 1o produce 4 COnun::ld g |
This facts c20 be explained as follow. %,%5\
sarting the position of rotor poles coulg .|

l -
Stﬁ'ﬂaﬁ\'e posiliﬂﬂs relative to the stator poles R Ve t
If the relative posilif{ﬂ bgmveen rotor Po]es and s oWy, < \
I as shown in Fig. 1. the ke poles " o
the tendency of the rotor will be 1o rotae in a;ft? '%:"‘
direclion, . ) -cloctb
This facts can be explained as follow. \

At surting the posiliﬂf] of rotor poles coulq
Jltemative positions relative to the stator poles 5 Shoyy
Mipy.:
. |
If the relative position between rotor poles and statq, i

starting is s shown in Fig. 1(a), the like poles wi)y gc]:"]:s %
the tendency of the rotor will be to rotate in an, Ty
direction. oy, |
But after some time, the N-poles of the stator and §.
rotor comes face to face.

Then these opposite poles will try to get attract with - ]l
then the tendency of the rotor will be to rotate iy o |
direction. Ocky;,
But the heavy mass of the rotor cannot response tg Suﬁh .
reversal of direction of rotation. Iy
Hence the rotor remains at rest.

N N

N

Pole o[&!

S

Fig. I(a) Fig. 1(b)
If the relative position blow
e rel 0 blow rotor poles and stator poles 3
stamng is as shown in Fig. 1(b), the unlike poles will et am-tl

and the tendenc i
nd th y of the rotor will be to rotate j %
direction along with the stators poles. rorse I clocsy

AT METHODS:

3-Phase Synchronous Machine 21

mass of the rotor cannot pickup the synchronous
c .
put 1 ediately-
spe€ . after some ume, N-pole of the stator and N-pole of
like p0|cs ;cpc|s.(:ach other and the tenden f
Now wifl be to rotatc in anti-clockwise direction, v of the

rot0 e heavy mass of the rotor cannot response to such a ok
put o]-di,-cclion of rotation.
e

rsﬂ:hc rotor remains at rest.
el relative position between rotor
nd stator poles at the starting is as

i 3il’! Flg I(c), the like pohﬁ will get
shf’“;nand the tendency of the rotors will

1o rotate in anti-clockwise direction.
o
be me time, the N-pole of the

fier sO
Bu:; and s-pole of the rotor comes face
sta
o face. ‘ ‘ '
'trhcn these opposite poles will try to get Fig. 1(c)
uract with each other, then the tendency of the rotor will be to
:otalc in clockwise direction.

the heavy mass of the rotor cannot response to such a quick
reversal of direction of rotation.

Hence the rotor remains at rest. ‘

Hence, at any position, the motor is not self-starting.

If the rotor is rotated upto or near to the synchronous speed,
before supplying voltage 1o the stator, by some auxiliary means
without exacting the rotor ﬁg]d winding and then stator and field
are excited by their respective supply.. the rotor poles will get
magnetically locked up into synchronous with the stator poles,
then the rotor rotates continuously even the auxiliary means is

But

removed.

————

A synchronous motor is not self-starting.

It can be started by the following methods.

i) A dcmotor coupled to the shaft of synchronous motor.

ii) Using field exciter of synchronous motor as dc motor.

iii) A small induction motor of at least one part of poles less
than the synchronous motor. (pony motor).

iv) Using damper winding as a squirrel cage induction motor.
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218 / Electrical Machine

winding of the synchronous motor is exciteg
the dc motor is switched off.

the first method.

- Most of the modern synchronous motors are started
the damper windings.

winding.

End connection
to short circuiy
damper hars.

de = find winding

Fig. 2: Rotor pole with damper w inding,

- It should be noted that the shorting strip, which short circuit
rotor bars, contains holes for bolting to the most set of dampe

winding on the next pole.

. In the first method, the unexcited rotor is rotateq 5 m
motor coupled to the shaft of the synchronous m ol Cang ot

- The speed of the dc motor is adjusted by jig fi
- As the speed reaches near to synchrongy,

* th,
Y the g rcl.n-;-e r"‘[t

- Then the motor continuously rota tes with synch, 5
The second method is similar to the first methog
exciter of the synchronous motor (i.e. a dc shup, gcr::e
as dc motor for the time being and as the speed req
synchronous speed. the dc machine is again useq as e
The third method, using an auxiliary induction motor
pair of pole less involves the same synchronizing Process asl%

Fig. 2 shows the constructional detail of a rotor pole

CId e
8uly
S 5 lu,-

Noy 5 spccd
CXe =

th
Tator) ;s " 1 4
Chcs Close
Xciter, t“'&

With at Ja

with the hcl'pbf

having dampe,

= Inthis way, a complete squirrel cage winding is formed. ||

= Although the bars are not of the capacity to carry the ratf |

S50 o Syndinorous motor load, they are sufficient.

Stator

- 3 Sym chronous motor starting with phase 1,
F‘S'm start the motor as induction motor,
Start-Delta or auto transformer me
starting current drawn by the motor,
It is particularly impossible to start
excited.
Even with unexcited condition, th
field of the stator will induce ex(r
turns of the field winding.
Therefore, it is better to short circuit dc ideni :
starring period, whatever voltage and E:t:ilmli::l?r?di:n:l‘g lh_e
may then aid in producing induction motor action, o
All the above method shall be used with the synchromesh
without load.
- In order to start the synchronous motor with load, phase wound
damper winding shall be used that external resistance can be
inserted to produce high starting torque.
- Fig. 3 shows the schematic diagram of phase would damper
winding for starting synchronous motor,
- Such motor will have rotor with five slip rings,

Ound dg

mper wr'ndr’ng
thods are used to regyee the
a synchrongys motor its fielq

¢ rapidly rotayj

J N2 magnet;
emely high collage 1 <

age in many

. Two for the dc field excitation and three for a star connected

wound damper winding.
- the motor is started with full external resistance per phase and dc
field circuit open.

- As the motor approaches synchronous speed, the starting

resistance is reduced and, when the field voltage is applied, the
motor pulls into synchronism.

- Today the most widely used method of starting a synchronous

motor is to use damper windings.

Fo N\ W N

” A0
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. A damper winding consists of heavy conr
slots ot‘thclpollc faces of lhg rotor as shown i, ;.h“ i
are short, circuited by end rings at both engj Oftl}?'l 3. T]:e"‘d .
. Thaus, these short-circuited bars form a Squitre] c: Fotgy. b"hé |
- When a 3-¢ supply is connected to the ¢ Rotor
motor with damper winding will start a5
- the motor approaches syn .
?:plied to the E'E]epl'd \\'inding:\s:.Chm"ouS *Peed, the de e:mr.n“‘ﬂz :
- The rotor will then pull into ste hl"h

p with the &
and then the synchronous motor runs a5 synchlflor Magne,
Onous Specdc ﬁt‘{

NO-LOAD AND LOADED OPERATION x
- A synchronous motor is not sel f-stming'\ E
- Ithas to be speeded up to synchronizes g h

Stator i
Pole !

Wing.
Stator, th, g d"ig Pole

a4 i"ductjgmh’

‘):\rl

4

pOrd b ’ .| . %

means. Y S0me A, Fig. 1(6) (No-l03d. No-0s8) — Fig. 1(b) No-doag) | With-loag
& Th; supply to the de winding of the rotor has tq ) ! _ Inthecase of dc motor, the speed of the amapyre decreases y;

then the rotor poles will get magnetically lockeq Zs“‘uchﬂd& increase in load, due mtwhl'lcb the back emf v dtma.s:;:g

poles. P wity 55,1; hen the armature current will increase to overcome the increased
- However, the engagement between the stator and lmdf -

not absolutely rigid one. Otor Pols; . Bu “1‘ ﬂ:; case Ol Synclironous motor, the speed does change

. .ith load. 5

= As the load on the motor increases, the . will

to fall back in phase (but not in sPeed}r(:(?f Progressiye), _ When the load on a synchronous motor increase, the rotor poles

I | . Y sOme angle lags the stator poles by larger angle ‘o’ ang th

motor still continuous to run with the synchronoys sped y “ween V and Ey will increase < not that ¢ phase ange
5 ; ; _ ; , betwee al magnitude of E, il

At no-load, lfther.r: s no power loss in the motor, 1, Stag remain constant) 0 that the net voliage Ey wil incre;:e Eh;\l:]l

and rotor poles will be along the same axis ang phase d{?rr Iy armature current will increase. and the

between the applied voltage 'V' and the back emf'E, (dm%@ '

. = - 2 ¥ _—_-__————_

in the armature winding) will be exactly 180° sec Fig. I(a)elol’ed Hﬁﬂ“ EXCITATION:

But this is not possible in i
practice, because some % E—— ly inding i
0 e ¢ current su to the rotor field wind
takes place due to iron loss and friction loss. POYEr oy The e o o

H excitation in synchronous motor.
ence, the rotor pole lags by some angel 'a’ with the gia,
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) 5 % Or pols As the speed of synchronous motor is constant, the magnitude of
and the phasor diagram will be as shown in Fig. 1(b). o back emf remains constant provided the flux per pole produced
by the rotor does not change,

So the magnitude of back emf can be changed by field excitation,

By changing the excitation, the motor can be operated at both
lagging and leading power factor.

This fact can be explained by following analysis:

The angular displacement between the rotor and

2 stator plags 'y
with the statgr pole and the phasor diagram will b ol

“Fig. 1(b). © 8 showingy
- The Eurrenl drawn by armature at no-load is given by
I,= !.'_& y Eg
Z, "z,
Where, E; = Net

voltage across the armature.
Z, = synchronous impedance per phase.

The value of excitation for which the magnitude of back emf o,

is equal to applied voltage V is known as 100% excitation.
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T i
 motor is sdid to be under excited. A 10gy,

If the excitation is more than 100%, then tho me

over excited and if the excitation is Jegg i . -
o, lhh:uk
Consider a synchronous motor operating wig, , 5 N

Fig. 1(a) shows the phasor diagram of e nsh“ll%i
excitation that is when Ey=V (in magnity de) Cage

of
1
ture current I, lags behind V b ["’s
The arma gs Y 2 sma|) 2
9" is the phase angle between I

* givenby, 0= tan”' (%‘:) 3

Since X, and R, are constant, angle 0 also Temaing ¢,
if the motor is under excited, the magnitude of E F"‘ﬂL
than V. WAL I
Therefore, the resultant of E, and V(ie. Eg) wiyy ik
some angle, then the direction of I, will alsg shift by upwa:db,
50 lhal.angle '0' again remain constant as shown j, Fi:‘l’ne g,
Here the magnitude of I, has increased and I, jag, :o)‘
angle so that power factor is decreased, but the active Y Bra
I, cos remains same so that output power also remaing mpc'“bm
Fig.1(c) represents the condition for overexcited motor (i ¢
E>V). Wy
Therefore, the resultant voltage vector Eg is puljeq i

clockwise and I, is also shifted in anti-clockwise an
shifted in anti-clockwise direction.

n u’lt ang.
d1, s g,
It is seen that now motor is drawing a leading curren;.

It may also happen for same value of excitation, that |

ma .
phase with V i.e. power factor is unity as shown in Fig‘, l(dl';'ﬁe )
At this instant the current drawn by motor is minimum,

Fig. 1(a) 100% excitation Fig. 1(b) under excitation

Fig. 1(c) over excitation Fig, 1(d) Un;

The following two important poins g},
form the above discussion;

Yy Power factor
all be Unders

tand Clcar]y
The magnitude of armature current Varies with excirs:
current has larger values at both |oy, i he_!wnauon. The
excitation. 'Eh values of
In between, it ha§ minimum valye corespondin
excitation for which power factor s unity. The ?a:) Howen
with excitation are shown in Fig. 2 which are known 1::?'".; of 1,
urve,

VC Full Iﬂad
urve l
/ {a fload

Armature ] No-load
Current
Power ] - .
factor Iﬁ}jggmg Leading
Field Current (1p

Fig. 2: V and inverted V-curves.

i) For the same input, armature current varies between a wide range
and power factor also vary accordingly with excitation.
When over excited, motor runs with leading power factor and the
motor runs with lagging power factor when under excited.
The variation of power factor with excitation is also shown in
Fig. 2 and known as inverted V curves. it would be noted that
minimum armature current corresponds to unity power factor.

N

Scanned by CamScanner



%l
i

E 5
B 3
. B = =
déE 2 =
3 o
i  Locus ol = -
gg e Unity p-L5 Leading p f. Tegion
[ | = -K j (Q supplieq)
E
% \
5
:
Field Current (I,)

Fig. V-curves of a synchronous motor.

lagging p.f.

leading p.f,

Field Currem}l,;

tig. Pf versus field current at different loads (Inverted V-curpes),

Comparlson of Various Excitations

..hw of L_:\cltlilun Comparison of E and V Nature of P.F. ]ﬁm
[} A 2 i __-_____-_‘-‘
Nonnal exciation E=V lagging Increased |
Under E<v
Over >V leading -

Critical ,, i i !
K8 =V Unity Minimum |

3-Phase Synchronous Moachine / 225

i hronous { o
~_ate operation of a sync ' MOLor 18 a condition
s,,gd?-slﬂin which the electromagnetic torque is equal a:c:-

A
1

sate, the rotor runs at synchronous speed, thereby
n the ing constant value of the torque.
mgjrllﬂl“is 5 sudden change in Lhc_load torque. the equilibrium i
|f ther® and there 1s 2 resulting torque which changes the
gistweb - ror. It is given by

speed of the mot

v

dow -
—= .0
. [ (1)
€
wher®: moment of inertia
1= angular velocity of the rotor in mechanieal units.
W~ there is 2 sudden increase in the load torque, the motor
when own temporarily and the torque angle 5 is sufficiently

?;aws dd 1o restore the torque equilibrium and the synchronous

t,_[e,;u-cn-:nagnl:tic: torque is given by

The
Vs

L

5 is increased, the electromagnetic torque increases.

Sir;::quenll)’- the motor is accelerated.

::hen the rotor mthcs synch_mnous sped, the torque angle 5 is
Jarger than the required value &, for the new state of equilibrium,
Hence. the rotor sped continuous increase beyond the
eynchronous speed.

A.s 2 result of rotor acceleration above synchronous speed, the
torque angle & decreases.

At the point where motor torque becomes equal to the load
wrque, the equilibrium is not restored, because now the speed of
the rotor is greater than the synchronous speed.

Therefore, the rotor continues to swing backwards. The torque
zngle goes on decreasing.

When the load angle & becomes less than the required values 5,
the meckanical load becomes grater than the developed power.
TherefSare, the motor starts to slow down.

The load zngle is increased again. Thus, the rotor swings or
oscillates around synchronous sped and the required value §, of
the tomque zmgel before reaching the new steady state.
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226 / Electrical Machin® o .
. Similerly- ¥° motor TEP7 7 4 thered e l%dlurqu .
wrmporary 97 1 5 @ redugi Tutorial
angle & i
1orquc it or oscill2les around synchronoy & le alternator has an arm
.. The s f the torque an; X ature with
pew rcq-ulrad value 5- o stc:d\?rsctlam) gle before Tea,;hi-u'cm I ;,,dllﬂ"r’ per slot and rotates at 1500 o 25 slogs ol 8
e opEEs L { ’llalic.m of '1h hg'\'t 0.05 WP #0d flux per pole js
_ The phznomcngy of nsnedh ) € TOLOT abgy, jalste the emf generated if windj
equilibrium ifion is called hunting. L Cs  are in series. ing factor is 0.9
oscillations. the phase of the . % condncto 96 and g
P

i during rotor ; =
Since 1o phasor V.. hunting 1s also Knowy 2y E “pﬁ"’:
as o Pg]’pOIC =0.05 Wb.

changes Telaive

to signify that after suddey, : 5 'fz_lfb'_ _4x1500

pts 10 search for or hup '_E‘F-‘Flliin‘.ﬂr4 qucnc) 120 120
onducted in series,

or
p Numbfforc o clofs®
= number of slots numbe
r of conductor per slot

tinsziSused
unting =50 Hz.

equill

Causes of buning

) sudden changes Of l‘h"ad' - ki 2002

5 urring in the system whic € generator ; _Lp _

:i?} zzﬁzchangcs 1 the field currents SUpplis Number of turns: =727 = 100

iv) cyelic variations of the load torque. winding factor: kw = kak, =0.9r

Effect of hunting ' Generated emf, E = 4.44 kw ¢fT votls.
=444*096*0.05%50*100
= 1065.6v

jy Itcan Jead to l0sS of sy"'nr:hronism.
ions of the supply voltage pq

iy,

e

Jt can cause variat
58 A 3-¢, 50Hz, 20 pole salient pole alternator with sta
star

) .
connected stator winding has 180 slots on the stator. Each sl
. slot

. undesirable lamp flicker.
i) It increases the posSlbl]]ty of resonance. If the ﬁ'equenc}- o
torque component becomes equal to that of the lrm.: consists of 8 conductors. The flux per pole is 25 mWb and sinusoi
oscillations of the synchronous machine, resonance m y ally distributed. The coils are full-pitched. Calculate usoid
place. j The speed of the alternator
jv) Large mechanical stresses may develop in the rotor shaft i) Winding factor
v) The machine losses Increase and the temperature of the maty iif) Generated emf per phase and
rises. iy) Line voltage.
Reduction of hunting Solution:
Flux per pole, ¢= 25 mWb = 0.025 Wb.

The following are some of the techniques used to reduce by
Frequency = 50 Hz.

(a) damper winding.
(b) Use of flywheels. Number of armature conductors,
7 = No. of slots * no. of conductors per slot.

The prime moVer is provided wit
This increases the inertia of the pnme m

_ maintaining the rotor sped constant.
REBMLINGIREOR ) designing synchronous machines with suit
nower coefficients.

h a large and heavy fiystz
over and hflpﬁl' & 180 * 8 - I 440

1,440
=2 =480,

No. of armature conductors per phase, =
480

No. of turns per phase, T =73~ = 240

able synchroiz

L
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228/ _n
N, of poies - ges0
. ng = l:._;a-—- = 300 rpm.

. N=TP
N sped (no.ofslots}

180

r p()]c. n="20 (no. of POICS]

i 1
i) N

: \ r kd —————
Distribution factor, m sin B/2

sinTy _sin30 096
=320 3sinl’

pitch factor, Kp

ij) Winding factor, ke = keKp = 0.96 x 1 =0.96 Ans.

Generated emf per phaews = 4.44 ky kpofT volts.

02] x 50 x 240

=1 for coils are full pitched.

i)
= 4.44%0.96x10.
= 1.280 V ans.

iy) Liné voltage. VL= |3 *1.280=2215 V. Ans.

3. What type of rotor of a synchron

to find in (i) a 2-pole machine (ii). a 23 -pole machine?

Solution:
.
We know, Ns = l_'i:"f
) 120x50
) Ns=—>5 = 2000 rpm: = cylindrical rotor (high sped)

- LLR :
- s 2 - 500 rpm; salient rotor. (1000 speed)

ous generator would you epe

/ 3-Phase Synchronous Machine /229
1of; O '~ phas¢ angel/chording angel.
ooh (A T
In Plt;:ﬂ_pi'[Chcd “.-"‘ldlng)
V\
ﬂﬂﬂ 7] @
nﬁ
| w2 a
2 |
Aopese 1%
mﬁﬁ
Coil P* « = 180° — 150° =30°

Firstly, dra¥ full-pitched winding & then short-pitched winding.
| 34 sl,,,-_‘:gnmzfcted a alternator is rated at 1600 kVA, 13500V.
'The grmature effective resistance and synchronous reactance are
130 and 3082 respectively per phase.
calculate the percentage regulation for a load of 1280 kW at
power factor of (a) 0.8 leading (b) unity (c) 0.8 logging.

Soh]tiﬂﬂ:
= \ﬁ V. 1y cosd

1280 x 10° _\[3 % 13501, *0.8 = I, =68.43A =1,

V
L
— = 0 0
\.‘Ph—\[g ﬂl350 ,\j—j) = 7794.5v.

cosd = 0.8; sinp = 0.6
For reading power factor,
E2 = (Vpn cosd + LRy + (V sing - LX,)°
= (7794%0.8 + 68.43%1.5)* + (7794*0.6-68.43*30)’

Ep = 6859.6 V
Voltage regulation = Ep—Vu _6859.6- 7794.5
- Ver 1o 77975 - 100

=-11.99%
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230/ Electrical Machine —
(b) Unity power factor : cosd= 1,
py=IVil cosd
|;:30 ¥ a3 #135000 X 1 = 0= 5474 <,

1 1
E,J. = (Vycosd + LR (Vlr"‘““d’ +1X,)!
- (Ve LR (W X)

= 04(]V'
5 B Ep- Vi 8044 - 7794.5
Voliage regulation ==y, 71545 =322,
8 lagging

r factor 0.
(c) Powe will be the same as calculated iy g

Magnitude of I, ! I
Eg = (Vpcosd + LR+ (Vp s":¢ F1X)
- (7794.5°08 + 6843X1.5)"+ (17194.5%0.6465 43,
_ 63381+ 6729.6°

EP = 92444

IS ag,

Ep- Ve o 9244.4 -7794 -
Voltage regulation = Voo x 100 77945  ~ 18.6%

le——One cycle——s

\ 360° | ;

LRV

le——Two cycle—

Fig. 4-pole machine

Al

gt

\/d

3-Phase Synchrongys Machine /1231

synchronous motor running a¢ 1500

Y . Pm hag |
A 1 kept constant corresponding to ng'logq ¢, s
c,:ltll "V' petermine the power input, power hﬂ;:'i“:(: Voltage

of 3 od for an armalture current of 25
JeveloP o Is 51 per phase and armature resj
peacta" n =250, R, =0, X, = 50

ast Given o 3000 .
qupply voluaEe PET PSS T T2V,

hase, Ey =200 _ o
pduced emf PErPIASEE43 2v.,

Chmnuus Zfl i Ra +jx1 =0 +J5 =5« I)(]:Q
Symn

A il the Synchrongyg
stance iy neglecteq

' nce

Impc‘i:’c know, Er= V-I.z

irv is taken 43 reference phasor. then for lagging power factor,
[=1<-9
£=V-([<-9(5<90)

B f=V-5*250<90°-¢

o, = V - 1250 [cos(907 - §) + Jsin(90° - ¢))

.= (V - 1250 sing) - j1250 cosd
Er=(v- 1250 sinf)’ + (1250 cosé

o'!

£} = v? - 2v*1250sind + (1250sind)’ + (1250cose)?

17328 = 1732 - 221732 + 1250 siné + (1250)°

291732 *1250 sind = (1250)?

o 1250

o, $ind = 751732
cosd = 09326 (logging)

Input power, P= \ﬁV| l,cosd

of,

of,
or,
=0.3608

2 3 , .
For logging P.I. = Ef = (veos¢ - LR,)* + (vsin - 1,Xs)’
EIl' = vicosd + Visin'g - 2vsing X, + Iixi
2 : 2 3
+ Ep = V2. 2sing*InXg+1,*S?
NS
Alsol l.II - 21! 60 T

P, x 60 1211453 x 60
N, 2rx1500

Torque, T = = 7712.5 NM
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232 / Electrical Machine
6.

Solution: S§= \ﬁ Vil

' 4

A 20MVA, 3-phase, star-connected, 11nV, 12-pole, 5
pole synchronous motor has reactance of X, = 50 e Wy,

Xq = 300 At full-load, unity power factor anq "

determine “nh‘

(a) The excitation voltage

(b) The active power

() Maximum value of the power angel and th, .
puwcr' . pUM\

(]
or, 20x10° =43 *(11X10" *[h = l.=\ﬁi"l":2 ~
= 1049.72A
We know (from the phasor diagram a + unity p.f.)
Vsind 1%
[g=lqcosd :la= 1,sind
Vsind = (1,c088) Xq

L ]
RN —

or; RSy ‘(nxm‘)
\3

5=264°
[ = licos = 1049. 72 cos 26.4° = 940.3A
1= l,sind = 1049.72 sin26.4° = 466.7A
(a) Excitation voltage per phase.
E = Vcosd+ 14X4
_1ixi0?

\3

cos26.4 + 466.7*5 = 5688+2333.5

= 8021.5V
(b) Active power for 3-phase ’

eVE . . IV (Xg-X) .
P:FTd sm6+T (_)%‘anl sin2d

3 %
or. P»_Jxllx\}% :Sgozl.s e 4°+% (n\ﬁm’) (55‘ 33) ol
or, P;=13590728 + 6425341
or, P3,=20016069W
Py = 2001.61 kW.

3-Phase Synchronous Machine | 23

3v? (&-Dn) .
3;‘5 22 =sind+ XaXq sin28

G _

ar maximum power angle, maximum power willoccyr, -

i aPd e

WE 3= cosd + ), (xa Xq) c0s28=0

‘!!
75 4+ 1.895¢cos8-1=0
or, 2% .ol
-1.895 £ 3“ 1.895E +8

Thus, cosd = 4

cosh = 0.3775 (neglecting - ve value),
ofy

5= cos™ (0.3775) =67.82
:l:hls is the maximum value of power (torgue) angles.
_, Power corresponding to maximum power angle.

..--—-3";‘?;.'.“6 v (x—‘—x“) sin25

3x11x10°x8021.5

\ies

11x]

.J'

* 5in67.82° + 3 (
(5?3) sin (2*67.82)
= 39.95 MW.

For lagging power factor [Synchronous motor).
E2 = (Veosd - LR + (Vsing - 1.Xy)’

For Unity power factor

Er = (V - LRJ™ (L Xs)°

For leading power factor

Ef = (Veosd - LR #(Vsing + LX)

. &
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V"illﬂ = X
) VL‘(W'S " \
Flg. Phasor diagram for For Unity powey ik dt,.l
Ir,

7 A 3-phase 5011z, 8-pole alternator has g MAr-conpe
© with 120 slots and 8 conductors per slot. The g, y,

0.05 Wb, sinusoidally distributed. Determine (e nh.{‘:r M‘:
voltages. ang
Solution: i

Let us take the full-pitch coil.

For full-pitch, pitch factor K, = |

Slots

Slots per pole per phase, m = Tolbe % phaset

m= Sli%‘ =5
Angular displacement between adjacent slots in electrical eoges

180° 180° * poles - 180° + 8

“slots/pole ~ slots 120 1%
. m . 5x12°
sin __2ﬂ sin 2' 2
Distribution factor, kg = = T35 = 0.9567

m sin 5 5 sin 3

Total number of conductors = Conductor per slot x Number of sl
8 x5 120 = 960,

60
Conductors per phase, Z, = QT. =320

Generated voltage per phase, L1 - gevad) -1
Ep = 2.22 KKfOZ, = 1699 V e

Generated voltage per line AN 4
E =3 Ep=2942.8V

3-Phase Bynchrongy, Machine /235
16-pole synchronous generator g , re

hates - qulrement:
i H;Iu: of 0.06 Wh per pole. The Mlux s divtribhygeq lluu::i.l.h'
PPl The stator hus 2 slots per pofe dally
a‘,lr “l(v P per Pllan sisd 4

clors per slot are accommodated In gy, layers, The cof
N ¢ o)

du )
corllrl s 150° electricnl. Calculate the phase ang e
'p:giﬂﬂ when the machine runy at 375 rpm, poy
vol
fon PNs 167375 -
erequeney. 1120~ 1207 I7

o= 1807 - 1507 = 30°
S L 0,965¢

pitch factor, K¢ = €0 = €087 9659,

m = Slots per pole per phase = Ta!%_
poles # phases

glots = m # poles # phases =2 7 16 x 3 = 96
Total number of conductors = slots # conductors per slot = 96 « 4 =
384

., 384
Number of conductors per phase Zp = & T 128.

Angular displacement between adjacent slots
180° % poles  180° = 16 _ 300

—
=

slots 96

Distribution factor,
30°
sin %ﬂ sin 21"
Kq= = ~36° = ().9659.
m sin 2 2sin™

Since the flux is sinusodially distributed, form factor, Ke= L11.
The generated voltage per phase is given by
E, =2KKcKof$Zyor222 KcKofoZ,.
=2.22 % 0,9659 * 0.9659 = 50'¥ 0.06 x 128
=7953V
P —— s S
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i
!
\

:._tlfmcrﬂl i 74 (lr\.-“:
0l | - - &
AN RS,
-{?r -
340V .
B = EoVy o SMO- T4
e~y 0TI
Vioksge I°F 800

§ laguing '
. or factor 2 _ .
(© Power of | will be l.ht' saf'ﬂf‘as ca.la:l:-nefj in firg
oy v.cosd+ LR+ (Ve sin® + LX)
. :-:n_ (8 +OSIIXLI (TS x 064

N
; Xy
E =4
-V Q2
o= 2B oo = 2 M =77y
Voltsge regulshion = Vp TN
= |8.0%

Ity

A

ccraight line law coRCEs terminal voltage and loaq of,
A

1  alternator delivering current at 0§ .
star co8 Josd. the terminal voltage when deli\-r;:: iy

t oo i

lagging. A star connected load having a resistance of
1
to }-Md 60 per phase. ASSUMC CORStant speeg llld‘:;
cxcitation Loy
Selutiea:
Power, Py = 3Vple 008 ¢
3300

M1y x O-S

2010 =3x Tl

e i
.\'ak\ﬁi;hnc\olu.gt=7-"—=_0-0.:\

3300 .
Fullloud phase voltage =~ 77 = 12053 V

Voltage drop per phase for a current of 498.6 A
=2020.7-19053=1154V
y 115.4
Voltage drop per phase for 1 A current = KT Vv
Let, | be the current supplied by the alternator,
Therefore, the voltage drop per phase for supplying a current [ at0i

: 1154
power factor lagging = 1986 | = 023151 Volts.

|
|

3-Phase Synchrongys Machine ; 239

soltage Pef phase for supplying a curren v

08
20207 - 023151 power

! Lging ™
" mpedance- & R+ XU =\§+6 = 10q

n o -
‘ " m 'll‘l.'ll \t‘IUSC e IZl = l = ‘0\,
wnc“’ 5020.7 - 0.23151

101 ==

20207 . 197.5 A

. 17102315
| ecminal voltage per phase =12 = 197.5 x 10= 1975 v
3 Jue of rerminal voltage = \F‘ R ——
e

pase, 10 KVA. 400 V, S0 Hz star connected alternator,
A }"Pw the rated load at 0.8 p(vl\\tr factor h&'ﬂ'\ug. If the
Sﬂppmre resistance is 0.5Q and synchronous reactance is 100,

:hd he tOTQUE angle and voltage regulation. 12069]

g0l =
..#‘” wwcr. S.n = \ﬁ Vi Iy

.Fm:nt
N N i cxim 10~ 10"
10 10° =3 %4001 = L= 00 144A

Zo=R,+jX,=0.5+j10=10012<§7°Q

phase current, le = I = 1444

,
Rated phase voltage. Vr = EJ-; = % = 2309V
Let. Vr be taken as reference phasor,
Vp=Ve<0°= 2303 <0°V=(2309+j0)V
lagging power factor of 0.8
lo =l <-cos” 0.8°= 144 <-3687°A
E. = Vi+ LeZ,=2309 40+ (144 <-3687) (10021 <879
=2309 + 1442 < 50.13°
=2309 - 924 + j110.6
=323.3+)110.6 =341.7<I189°V

Ala

E,=34L7V.8=<189°
=V 341.7-2309

Voltage regulation = Vo, 100%="3309 700%

=47.98%
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240 / Electrical Machin¢ =
55 kVA, sisgle-phase alternator
5"" field current of 10A prod“cer

14 A ap
0201 A
resistsnce 010 A on siari-circuit 40 a0 em of 450"\»":2"
circuit. d " »
gs resctance an "'olhge
Calcatate tbe T2NT0 | 1y ping. "“Rulag,,
load with paer factor iy
Solutios: T y
power, Si
55 x ]0“-5501-
£ ,.5_-'.'3.;-61-= 10A
= 08' sin ‘ =0.6
e <Open—Cireuit phase vojgg,
Synchronous impedance Zs = Short — circuit armature age
B 2250
T200 <

S]'ﬂCﬁW's rﬁl‘m
Xs = .Jz?_'g? = \[(Z.ZSJ! —(0.2)’=2.240
Generated armature voltage per phase for lagging p f.
E, =\[Vcos ¢+ LR)? +(V sin ¢ + I,X;)?
=[50 < 08 +100 X 02)" + (550 x 0.6 + 100 x 7333
= ,/ﬁ' +554° :

=720V
_ E,-V _720-550
Voltage regulation ==y X 100% = 550 * 100%= 3091y,

In s 50 kVA, star-connected, 440 V 3-phase. 50 Hz alternaty, the
e‘rxﬁ‘fe armature reslstll:lce is 0-25“ per phase. The ’ndﬂ'ﬂnou
resistance is 3.20) per phase and leakage reactance is 0 50 powy
factor.

(a) Internal emf, (b) no-load emf, (c) percentage voltage regulstio
at full load (d) value of the synchronous reactance which replacy

armature reaction (2065
Solution:
Apparent power, S, =\ﬁ ‘"N
50 x 10° =+/3 x 4401,

50 x 10°
= IL"ijm=65.6_A=I.

15,

3-Phase sﬁlthmno“

vy be taken as reference phasor
Leb

440
Vp= V<0 =3 0" =24<eoy
At unity P"\""'-‘_r factor, L =1, <07 =656 <0° 65.6 + jo.
) Lcﬂkagc lmPedancc
(@ 7, =R +jXL=0.25+j0.5=0.559 < 63.4°0
=0.559<63.4°Q
nternal emf,
Epm ™ vetla

=254 <0°+(65.6 <0°) (0.559 < 63.4°)

=254 +j0 +36.67 <63.4°

=254+ 1642 +j32.79

=2724<691°V

Line value of internal emf

EL =3 ¥ 2724=4728U

Synchronous impedance

Z =R +jXs=025+j3.2=321<8553°
No-load emf, E, '

E,p = Ve +1LZs
=254<0°+(65.6<0°)(3.21< 85.53°)
=254 +j0° +210.6 <85.53°
=254+164+j210
=342.37<37.83°V

®

Line value of no-load emf
E, =3 Eyp =43 % 34237 =593 V

E.-V
(c) Voltage regulation = —“ﬁ"‘ x 100%

_432.37-254
- 254

=34.79%

100%

(d) Synchronous reactance, Xs = X, + Xar
X*R=XS—XL=3.2-—0.5=2.?Q
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Machise
242 1 Electrical _— apected, 2300 V, 3.0 .
16 A 1500 erator has reactance Xa - 1.95 0 s b‘\
‘ynchmuol‘! 8‘:&& may be neglected. Find the “Cit;.l ;0‘ I'ﬂp
per phnsc- Autrlfed kVA and power factor of 0.85 lape: By, N
for operation & Relag, I
Solution: 2300 _ |
2= 1328V
Voliage per Pbase: Ve =43
3Vehy
(kVA) = 1000
- ;_:%éﬂ_b -, =376.3A
1500=""1
Let Vy be the reference PRasOr
V= Vp<0°= 1328 <0°
cosh=085,¢=31.8
I ,l_¢,¢=3?6.5<-3l.8° A=320-j1984 A

From the pbasor diagram.

€ X

E'=0C=0A+AB+BC
=Vp+0+jX,1, = (1328 +j0°) + j(1.40) (320 - 1954
=328 +277.8 + j448 = 1605.8 + j448
= 1667 < 15.6°V

/ 3-Phase Sy Bchrongy, Macy

-\

lnefm

gpase differcnce Dt een E" and I, is angle \,
P L 41567 +318 mange
lv’ 1 sin ¢ = 376.5 Sin 4?.40 - 27?'4 .,\
'\-4,,\;\14 - (1.95 - 1.40) x 277,14
‘ - I 4' - f' )[ al"cm
S“#,&.E am'ijl\a' \i g ph‘m“”dd'h‘“hsmtudu
EﬁE*’(M"\q)I" = 1667 + 1524 = 1819.4\’

378 mVA 10 kV, 3-phase, 50 Hz, 10 pole alternative
o - mnlliﬂ‘“g a two-layer diamond Winding wity
coll side in each slot. The toil.span is 12 slot pitc

pole is 0.116 Wb.

hay 144
5 Wﬂdnt‘lor‘
hes, The Muy

[2061)

Slots per pole. 0 =No of poles 10 144

_ (Slots per pole) 14.4
glots per pole Per Phase, M = R, p o ces = 3 =48

, _180° 180°
Angular displacement between slots == =Tag=12%

C{]i]span'__ |2 x 12-5 =150

Chording angle, a = 180° - 150° = 30°

a 30
pitch factor, Ky = cos 5’ = €0s 5~ = 0.3659

mB . 48x125°
T

sin 5 si
' Distribution factor, Ky= & %E= i s-m-%'s: =0.9568
Number of turns per phase,
T=——-———"f";§" 2240

Phase voltage, Ep = 4.44 KiKp ¢ fT.
=4.44 x 09568 x 0.9659 x 0.116 x 50 x 240

=5712V
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chl" hmno'l.ls gcncl'ator su

Ek‘“’k'] e ected syme 0° lagging at 400 V, P['IPI}' ty
s of agrmaturé current | " ah‘
mpoucn Assume armature r“i“lu:: \
ly

g
eactance per phase Xq=1002

S

s reactance per phase X, =650

hfonﬂll

V=
\ﬁ 10 x 6.5 x cos 20°

._____..---—'-__'_.'_'-"
_L’il(ﬂ-gg% =730.94 + 10 % 6.5 x sin 20°

wn 8=y +1 X Si0
61.08 _ 024126
=253.17

LOﬂd mle. §=1an

Angl39=5+¢=

Direct axis cOMPO 2
y=1sin6=10 sin 33.564° = 5.53 A

ture axis component of armature current
=10 cos 33.564°=8.33 A
r duces an open-cir
hase synchronous generator pro pen-clreul;
| 19. :olﬁ:e of 63;8 v when the de excitation current Is 50A, Thi:
| terminals are then short circuited, and the three line current
i found to be 800 A.

a. Calculate the synchronous rea
erminal voltage If three 12W resistug

nent O

L,=-Icosﬂ'

ctance per phase.

' b. Calculate the t

connected in Wye across the terminals. (2063
/.l Solution:
C ' E, 6928
b The induced voltage per phase Ep = ﬁ = _'\ﬁ— =4000V

(a) When the terminals are ;hon-circuited. the any impedenz
limiting the current flow is that due to the synchronox
reactance. Consequently.

e T

®

3-Phase Synchronous Machine /245

4000

Ep 3050
Xs = '-]L = 800
chronous reactance per phase is SQ.
e f the circuit is

e jpipedonee S

The ™ f\ﬁi’m“m! +51=13Q

‘” _Er_2000_5055

The current 1 1=z~ 13 '
jtage across the load resistor is

The VO 08 x 12 = 3696 V

line voltage under load is

e w5 B —+[3 % 3696 = 6402 V
L=
kv, 60 HZ 3-pahse alternator has a synchronous

15 )
0 MVA u and a resistance of 0.02 pu. Calculate

Al f1.2p
10 nce © '
il he base voltage, base power and base impedance of the
- genernlﬂl’-
The actual value of the synchronous reactance.
> The actual winding resistance per phase.
:_ The total full-load copper losses. 2072)
Solutio® . _E__15000_
@ The base voltage is Es \@- '\ﬁ 8660 V
30 MVA
ngbasepoww:rissa= B =10 MVA = 10" VA
: E’y 8660

The base impedance 1S Zg= -§f =S =150

(b) The synchronous reactance is
- Xs = Xs(PU) * Zs = 12x7.5

o Xs=90

(c) The resistance per phase is
R = R(PU) * Zy = 0.02Zy
R=002x175=0.15Q

(d) The per unit copper losses at full load are

Pipy) = I(Pu) R (Pu) = 17 ¥ 0.02 = 0.02
Note that at full-load the per unit value of I is equal to 1.
The copper losses for all 3 phases are

P =0.02Sy = 0.02 x 30 =0.6 MW

P =600 kW.
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Machine
zﬁfﬂgctrlﬂl 21 KVo 1800 rpm, 3-phase a"emﬂlor
A 36 MVA, 4 synchronous reactance of 9¢)

* Co
- 21. id has tral Per t
| ) wer gri 12KV (line to neutral), ang the p y

173 kY ( Live power which l.he machine qgy;, \
a. s le 5 is 30° (electrical). B wh
) torque 478 'I\
| esk power that the generator cap deliy
i
Jution: . unltage per phase, Eo = 12KV.
3e @ Exciting voltage pe o 173KV
gystem voltage Pt phase, yi o Wky
Torque angle, 8 =3 0°

The active poWer deliver to the power grid is

10
p=—l-:§§'sin6= 12 %7 *0.5=6.67 MW

The total power delivered by all three phases is 3 x —

maximum power per phase is attained when § < 0 Ay

10

Therefore, the peak power output of the alternator
=3 x |3.3=40 MW-

72. A 3-phase 10 kVA, 100 V, 4-pole, 50 Hz star
synchronous machine has synchronous reactance of |y g
negligible resistance. The .mac!une is operating ag Beneray,
4900 V bus bars (assumed infinite). N

2. Determine the excitation emf (phase) and torque ange
the machine is delivering rated KVA at 0.8 pf lagging

(b) The

b. While supplying the same real power as in pan Wh4
machine excitation is raised by 20%. Find the o,
current, power factor and torque angle.

¢. With the field current held constant as in part (a), the
(real) load is increased till the steady state power lini)
reacted. Calculate the maximum power and KWy
delivered and also the stator current and power factor,

Solution:
S 10x10°

Armature Current; I, = \ﬁv .= \ﬁ x 400

f
3} o 1,=1443 A

3-Phase Synchrg
Nous Machipe /
47

-1 g Q [}
b ; angle. ¢ = COS (03) 36.9 log I

& - 1443 <-36.9°
)
inal voltage per phase

. ﬂ% =231V
pronous reactance, Xgs = 16 Q)
) we know,
Gcncﬁ“ed emf per phase, _E’f = V, + j-l-'.)(‘3
=231<0°j14.43<-319°x |6
=231 +231 <53.1°=369.7 +j184.7
Ec=4133<26.5°
. Torque angle, 8 = 26.5° E(leads V.(gerierating action
power supplied, P. =10 x 0.85 =8 kW (3 phase)
E((20% more) =413.3 x 1.2 =496V

- _.L.-lE' =sin
P.= Xs sing
0]
E:j.l__ = '—'_496 1);23 : sin & '

Torque angle, 8 =21.9°
Again, we know

)
(b)

—  496<21.9°-231 B829+jI85 X
].= j]6 = j]6 —l|.6—]143

T,=18.4<-509
s 1,=18.4 A, Pf=cos 50.9° = 0.63 lagging.
(¢) E¢=413; field current same as in pan (a)_. \

! | it

BXL Lt v
Paman) =3 s [+ 4= 90°). T |

_ 4.13;;231 x 107 =5.96 kaphuseé; 5.96.* ]
) P J 37 '_ pe

=17.38 kW 3 phase
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3-Phase Synchronous Machine /249

Machine
248 Electrics! (
Again star connected, round roter synchron
= J‘-’Lﬁﬁyg‘;& =258+j14.43 =29 A -"Ph:“ KV 100,V Bk AT Sciatire resistance of b, 502 per
¥ il 6 <2 1h rl“d [} svncllrmmus reactance of 1.2Q per -SQ2 per
L= 2956 A 3 o nn:n: voltage regulation at full Ioad'm :::::,“' Caleulate
A 29.2°=0.873 leading. the P;::gzi“l!' () 0.8 Icmlln.;'z (c) Determine the pch:llr'ag';:"r of
L VAR delivered (negative) (Y ? {he YOIBES regulation I+ zero on full oad. |1";I:’cl|i
(h#
%s tan (-292) UNIW“: ent POWEr Sie = \E‘vl-ll-
0.8 x0.559 =~ 447 KVAR gacaptead B0
n.
22 kV, 3 phase salient pole __!_Q_’ﬁ..[..-- =25.1A=1,
Ay gﬂ]lntur is L= 3 x 230 P
VvV, 230

chronized

250
power output, Pe = 300~ 0.833 PU

P.= Vi l,cos ¢
0833=1x5L x 0.85
[,=098
$=31.8°log

T =098<-318°

I,
E'f =?|+j_.l-’.x|
=]1+j0.98 <-31.8°x 1.16
=1+1.1368<582°

Ef =191,56=282°
y=¢+5=31.8°+28.4°=602°
I, =1, sin ¢ = 0.98 sin 60.2° = 0.85

I, (Xe—-X;)=0.85(1.93— 1.16)=0.654
Er=E/ +14Xq— Xg) = 1.9] +0.654 =2.564 Pu

. E/=564kV
And find current,

338
L==x 2.564 = 866.6 A

2. ut at 2 laggin o
MW power outp g pow
250 P o 22 kV bus. The genesiity, :::u?"“‘t

- = 1.16 pu. The generator gives
current of 338 A. Calculate rt;‘:d ey tip::
Powgy

0 ]
cta.Q: Iy

.-
gtod voItaEe per phas¢, V=13 = 37" 132.8V

n as reference phasor
132.8<0°=132.8+j0

re resistance, R,=058Q
S achronous actance, Xs = 1.2 Q
Y = ‘X5=0.5+jl.2=l_3<6-;_38an

s i} -
) power factor 0.8 lagging
Io=lpa <~ cos-' 0.8 =25.1<-3687°A

Ep= Vet IP"!Zq
_ (1328 +j0) + (25.1 <~ 3.87%) (1.3 <67.38)

~132.8 + 32.63<3051°
_132.8+28.1 +j16.56
1609 +16.56=161.75 <5.87°V

R

ot Vi be 13k
V,=Vr<0®=

v

Voltage regulalion
=V 161.75 1328
____.J-'—\-,—P-—-EXIOU= 132.8 x 100% = 21.8%

power factor 0.8 lending

®) ,
0.8 =25.1<36.87°< 36.87° A

k= I;pdcos'
Er = Ve +lyp Zs
~132.8 +(25.1 <36.87°) (1.3 <67.38°)
- 132.8 + 32.63 <104.25°
- 132.8-8+j31.62=1248 +j31.62

E, =128.74<142°V
Ep—V 128.74-1328
x 100

. _E=Vp _
Voltage regulation == ™% 100%="13238

=-3.06%

|
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250 / Electrical Machine
(c) Letobethe required power-factor ang}e
lo=le<o=251<64A
E; =\'r‘l;-zn
= 1328 - (251 <9 (13 <67387)
=132.8 = 32.63 cos (¢ + 67.38%) - j35

- - £ ‘\. ~67 2 . Sin
B =[1328+326300s(9+6738) + 35 (" g,
. Es=Vs Stn (g,
Voltage [vgulaDOﬂ = Ve pu 7 Ay

F(YZCTU volaage regulation Ep =V, = 1328 v
1328 = [132.8 = 3263 cos (§ + 67 352
= [32.63 sin (¢ - 67.38)7]

o, 1328 =(1328) = 2 X 1328 x 32,63 ¢ )

- 3263« “(6+6738%) + 5 67
32637 cos”(0+ 6738 (32-63J‘sin’( il

=132.87+ 2% 132.8 X 32.63 cos (6 + g7 %) 67y,

or, mé_6?5§)=ﬁ%=-0-122185 ::cos j‘ﬁlf
 8=9T-6738=+29.62and cos g~ g “Qd'f
25 A 1000 kVA, 11000 \ 3-phase star-connecteg S¥nchrg ing
has an srmarture resistance and reactance Per phag, 01:0;: -

00 tively. Determine the induced e.m.f,

retardation of the rotor when fully loaded at (a) unity angd g
(b) 0.8 power factor lagging, (c) 0.8 power factor Iead'ing‘ Wer fagy,

Solution:

V= I:?;O=6351\’

R, =3.50 X5=400

ﬂ.‘: Vil

(kVA)s, = 1000
3x 110001
1000 = 1000 L ,=5249 A .

(2) Unity power factor: cos & = 1.0, 6 = 0°, I, =52.49 »¢° A
Er =V-1Zs=V-1L (R, +jXs)
= 6351 - (52.49 £0°) (3.5 + j40)
=6351 - (183.7 + j2099.6)
E:£6=6167.3-]2099.6 = 6515 /- 18.8°V
E¢=6515 V per phase
5=-1838°
Induced line voltage =+/3 x 6515 V = 11284 v

N

1

08 power factor lagging: cos ¢ = 0.8, sin 806
@ I. L4-¢
.,.\r_[l.z-¢)(R.+sz]=V-{|.ms°_jl in
= (V- R cos - 1X,sin &) - (1, x. cm'd)tk. *iXy
= (6351 - 5249 x 3.5 x 0.8 - 52 49 , 40x06 *Rusing)
(5249 < 40X 08-5249 135 o )
E‘£5=494-l—j 1569.5=5187 » _ 17.6° v
OEe 5187 volts per phase, § = _ 17.6°
induced line voltage =3 x 5187 = gog,
,=h Z+9
=V-LZs=V-(l, £+¢) (R.+jxs}
=(V-1LRscos 9+ X sin ¢) —;
- 55351 ~5249x3.5x038 f)szjilg)fgi%;;“' sin §)
~j(5249 < 40 % 0.8+ 5249 x 35 x 0 )
£ £6=14638-j1790=7615 £~ 13 45y
E =675V per phase
5=-13.48°
pduced line voltage =-\(§ x 7675 = 13293 v
g A 2000 k\"A:. 3-phase, star-connected synchronoys motor has ap
(flective resistance and synchronous reactance of 0.20) and 2.20

e respectively. :[‘he input is 800 kW at normal voltage angd the
induced line e.m.f. is 2500 V. Calculate the line current and power

factor. : [2074)

WI.

2500
Induced e.m.f. per phase E= 7—3-= 144234V

Since the induced e.m.f. is greater than the supply voltage, the motor
is operating with a leading power factor cos ¢
IfV is taken as reference phasor.
V=V Z0°andl,=1, £+ ¢=1,cos §+jl,sin¢
For a star-connected system line current = phase current

I]_'_—I.
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r!; ; Machine y 3-Phase Synchronous Machine /253
1 251! ’
| wer inputs\ﬁ Vihcos® NA vEL‘: n and have unity Pfthen .
i 00 10° "\(j x 2000 1, cos ¢ &=l 0o orl:m'lPO nx100 according to question,
x 100~ 10 0 plish Ls
8 3':..[]3(”)J =231 Let RVA=(%_[_‘.k“’) +( P.f. )
¢.-"'---——_- 150 i 1
|, cos .\ﬁxz(}OO _299_".1_9-4.““'00
. >y = =
R.:o.zn.l(s=3—m psox 197 08 :
Bt =V-1Zs " 1250 nos- )
_v-[(1,cos o +jlysin $) (Ry +jX,)) = - st,r.cunnected. Isr“uu 1k;\)A' 13 kv alternator has
- : : 3P <o ding resistance of 0. per phase, |
A inding ) n each
_v-[(LR.cos o+ L Xs ‘sm 4) '*-J(I.Xscos¢+ IR, o mature :,scs if the alternator is supplying rated fulloﬁ;::
- {V"‘ I.RS coS q’ + l.XS sin ¢) o ](I.Xs Cos ¢ + I.R‘sl:l h] [o“::nln ot rated tel’miﬂal \'ollage. Calculalc emf generated and
r jon.
50 kVA, 400V. 50H;, 3-phase alternator deljyqy ! ‘-:Itsge f‘g"ln"u:n factor 12074}
7. AT induction motor at a power factor o oy v o Uni power I
. 3 b’::te the number of 100w lamps which may be-a&d N Ca _nospf Iag{;mg
el tor so that the alternator does not overje,y be;d gy €+ 1108 p.f leading
alterna g ted with unity p.f.
capacity- Y case I Fully @
Solution: 1500 kvA =3 x VI
u .
1500 X 1000 oo 666192 £0° (- pe= 1)
I-",\ﬁ x 13 x 1000
13000 -
e \’ollﬂge pcl' Phas’e = .\[i =7505.7736 = 7506 volt.
1 2 Foss B 100wy, R, e S
e 3
Here,
p=3Vlcosd Ep=? L
500 x 1000 e
I=\r
3x 400 x 0.8
=302.136 Amp.
i IM .
Volt-amp consumed by 9T (R X
=\3xVI 1= ! ,
‘ - 7056 £0° +66.62 £0° (0.1 +j2.4)
= 3 % 400 % 902.136 10
i 675’;“ : = 7512.662 +j159.88
S—— : = 7514.11 £1.22°
9 Extra Volt-Amp supplied by synchronous generator N <
i = (750 - 625) x 100 = [25.KVA Voltage regulation (V.R.) = _J\Tﬂ‘ |
| Volt-Amp consumed by 100w electric bulb = 100 VA (- Pf=|) 7514.11 - 7506
o e 2 100%
{ So, no. of lamp that can be added =~ 22—t 220 _ 1350 Nos, 7506 ’
; 100 - o
=0.11%
l -
e

Scanned by CamScanner



254/ Bletrical Machiae

p=cos (08)=3687°
[=66£2 £-368T

v=E-T(R1X)
- 606 - 6662 L363T * (0.1+2.4)
= 7506 £0° — 160.02 £50.74°
- 7608.05 £0.95°

Va
Veimge mgzimton OR) =y — - 7 100%

08.06-706

YR = = :::‘..-_. == - [00%
= LB
BN ;Hmmmmux&su%
srmamre windine cesistmes of 140 per piae png b
rescames of & per phase. Tie zterpane tﬂt‘iﬁ::‘ﬁnh
=rminai weitage for te same ecmtiea 20d joad curre, %
3.2 ewdine .
e bry
l. :{-‘: |
LA _/'I'I'I:I'l'\_._,__r’.:
i Y
=Sl ==
=3 .
by =" = = MIel
.
= 3

J-Phase Synchronous Machine /255

f[l .ijx‘} . 0
o-F 10.62* (10497 £ -3087°) * (6011 286 1367
. 38"

“R.rjxl}
. L 8.01°) + (104.97 £ 36.87°) * (6.013 £ 86.1867)

= [-399 " ,j4‘;'8.4°7) + 03118 Z123.056
a(377

, 3055.06 +j50.56

_ 3055.48 £0.948

has€: star-connected 1000 kvA, 11KV synchronous motor has

: e iR resistance of 0.35Q per phse and synchronous
of 402 per phase. Determine the back emf induced and
e angular retardation of the rotor when the motor is fully
:uadzd ot following three cases. by
ase -1 Unity power factor
gse - 1108 p.f. lagging
_q110.8 p.f. leading

rf’ﬂlu

C
Case

1000 KVA (Motor)

Pcrphﬂsc npphed vul!agc

_1000 _ 55y 04 20°

RRE
reference phasor
Z,=R,+jX,= 035+ j4=4.015 £84.99°
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3L

F;.lllx toaded wilh unity £
10071000 3 0o o
=35~ 11~ 1000
(as pl'is unity)

E =V-T{D
- 6351.04 07 - (248 < 0°) (4.015 £ 859,
= 6351.04 - (184 +)200.9)
= 6332.64 - 2099
= £3361.1 £-1.89° (angular retardation)

Case-l .
Fully loaded with 0.8 Pflagging

T=5248 £ - 36.87

E=V-T(Z)

= 6351.04 - (5248 £-36.87) * (4.0115) £81 99+
6351.04 - 1383 - j158.956
6212.74 - j158.958
6214.77 2(-1.46°) (angular retardation)
Case-1l11

Fully loaded with 0.8 pf leading
T=5248 £36.86°
Er=6351.04 £0° - (52.48 £36.86°) x (4.015 ~ 84.9)
= 6351.04 £0° - 210.7 £121.86°

= 6464.72 £-1.580°
(angular retardation)

A 3-phase, SkVA, 208V, 4-pole, 60Hz star conpect

ed sy
generator had negligible armature winding r;’n“""e

synchronous reactance of 82 per phase. The ge

connected to an infinite bus of 208V, 60Hz

i)  Determine the excitation voltage and the power
the generator is delivering rated kVA at 0.8 pl lagpi

ii) If the field excitation is now Increased by 20%,
turbine power constant), find the
factor and active and reactive power constant,

De 1y
nerator j fex

angle vy,

stator current, pews

iii) With the ficld current as in case (i) the turbine pove §
slowly increased. What is the steady state stability =i
(Maximum power that can be transfer). What are e

corresponding values of stator
reactive power at this condition.

current power factor 1y

o

J-Phase Syuchvonous Machine /247

Intinite g
E
] . AR LR] I.
l @»——1—/_" X¢ = 82
sKYA V vy
208 V [~ o601z
50 Hz cong NN
o= JOHTY

. cs“;l, 1000 _ 13,88 £-36.877 (Wt (V)

Ioﬁﬂg

208 _ 120.1 V per PhsS

]

whea the

field excitation is increasad by 20%

&[ﬂﬂj = I.z & :06'78

= 248.136 volL
gut active POWer remain same
(- turbine input is kept same)

P=|

M x sm & new

X4
4000 < 8

sin 80€W =357120.1 x 248.136 098

L.
Then,

=11°

E new -V 24821 £21°-120.1 £0°

1=

X, 3.,90° =17.86 £-515°

Pg=cos (-51.5) lagging = 0.62 lag

Reactive

Power =2V.lsing= 5.03 kiVAR
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258 / Electrical Machine
Case-111

When power input from turbine tncregee, 1
and more active pow ] ™
power will be defivereq 19 16,

@A power transfer occurs at & - o)

z‘-’?!" 2
L] -X ‘.

N
P JE Vsin (s - 90)
= X,
3°2069*120] » |
- X
= 9.32 kw limn
E.-V 2069 cope. 120 1
-— =1L
]. (max) ]ka % £G°
= 29.9 £30.1° Amp
P.f = cos30.17 = 0 K6S (lcading)
Reactive power = 3V] sin30 ¢
= 3x1201 299 » sin30 )=
= S4kVAR
32. The synchronous machine in Q.N.5 js operated 5,
3-phase, 208V, 60Hz power supply. The field ncita?‘i:m "uy
so that the power factor is unity and the Mmotor dn: hMJ‘*q
3kw form the supply. Rl
i)  Find the ecxcitation voltage and Power apg),
phasor diagram for this condition. " Dray Y
i) If the excitation is held constant and the yhap load j, .
increased, determinc the maximum torque (Pull gg o
that the motor on delivered., 5
Solution:
Case-1
k,
I i 12 g2t l_‘ E‘
fl, l () [ Xg=30 — R
V=208
(=& H;

V,=120.1V
p.f. = unity
"OP=3kW

3000 .
I,= 371201 - 8.36 £Z0° wra V

3-Phase Synchronous Machine ; 159

.1(”-0‘,

Al s shaft load is increased, maximum power occurs at
=kt
fle

5= % 3 x120.1 * 13735 x sin%0°

lient pole synchronous
hase, 480v, delta connected sa pole sy

He J-:” X¢ = 0.1Q and X{ = 0.0750 Armature winding
F_uﬂwf is 0.01 0 per phase the generator supplies a 1200A ar
resistance 18 T

g A%

o g Calculate the excitation eml. 12070]
03 pl agz
et I, = 1200 A @ 0.8 pf lagging
—0
M‘
A Ef
e 0
o
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260 / Electrical Machine
Xd =0.10
X,=0.075Q
RA=0.01Q
v, = 480V
12000
lL,=—F=— =692.82°A
\ﬁ 82

cos$p =0.8 = =36.86°

T,=692.82 £-36.86°
sing = 0.6
o) i q

d IR
veoosg q
vsEng a 1x
Aoed and Acab are identical
ac _bc
oc de

ac=—"-xoe
de

(IpX)*1,
[q

= I:,Xq

or, oe=

0

. tang

= y=41011°
8=41.011°-36.87°=4.14119°

lg = Lsiny = 692.84 x sin 41.011°

454.543 £ - 90°

‘ I, =1,.cosy
A = 692.84 * cos41.011°
X = 522.96 £0°
Er=V+T+aR,+ T4 (X)) + 1, * (X,)
or, E=Vcosd+IR,+ 1y X,

I

529.429v

_Vsing + Ir, 480 x 0.6 +692.84 x 0,075
veesd + IR, 480 x 0.8 +692.84 x 0,01 = 0.869

= 480%cos(4.14119°) + 522.86 x 0.0 + (454.643 2-90°

g 3-Phasc Synchronous Machine /261

ce is neglected

;" =1, cosV¥
q
veosd + la Ba * 1%

* jternator delivers 100A at 0.8 pf lagging to an infinite
A H’"”e:, s0Hz The alternator has negligible stator resistance
has of ”:ro'nous reactance of 402 per phase. [2073]
and s3-ncd the openi circuit emf and load angle.

) I-‘i'n input of the prime mover is increased the power angle
i “!.e:reas by 10°. Find the new stator current and power
~is In€t
factor. .
The excitation is changed now till the power factor becomes
iii) 0.8 lagging- Find the new value of stator current.
Solution:
d
Ona Xs =40
11 KV
11000
Phase voltage Vp = 37 = e
[=100A
cosp = 0.8 lagging
= ¢=36.87°

T =100 Z-36.87°
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Now,
i) EmfE=9+T( ; Fe 7 in + 1X)?
= 6350.85 + (100 £- 3687") . i fa =4 % 534 + 656" 0.25)" + (65.6 * 3.2)
= 6598.8 £2.7 Ly - g 34‘6 volts
" |E| = 6598.8V = 33 12.346 - 254033 1000 = 34.76%
§=27° VR= 254 .034
i) &=10+27=]27 , . 0.6
B E'= 6598,8 1 2.70 g}i&r g C05¢ =0.8, 51n¢ .'_ 5 — ;
. 4037 — IR): + (Vsingt 1X)
* 0X,) 6 " Wzsf +(254.034 % 0.6 + 65.6 * 3.2)1
" a. :
(1'598‘8 Z12.7° = 6350.85 + ].04) = (25705 sl
I(4£90°) = 1453.29 /86 sgo - AP
. _E_Q..:--- x 100%
T1'=367.76 £-3.41539 . VRZ 034
Il = 367.76A ) 423.7205-"4'0235;4‘ * 100%
P.f. cosd = cos(8./412539) 1og = 0.9860 | 66.79%
35. A 3-phase stfnr connected 50kVA, 40V e ag, | =
armature resistance of (.25 prhase and synchm““" hay 1 Q?E'—'LG 8 prlcad‘
3.2Q)/phase and leakage reactance of Tonoys ALY

_\[(Veos ¢ IR)” + (Vsing + IXY

S0 t
rated current, oo phas g
rrent, voltage regulation in each % Detery,: Eo 086567 0.25) +(254.034 * 06 - 656 % 3.2)°

i)  Unity pf Of the cages, iy (254.034

ii) 0.8 pflag | 121029 votls. v 227.029 - 254 -.034

iii) 0.8 pflead. YR BT 100% =T sy < 100% = ~10.63%
Solution: b

perator has synchronous reactance of 1.7241 pu and is

" A Peclﬂ’ to a very large system. The terminal voltage of

Full load line voltage = 440V J
conft

440 ; o d the generator is supplyin
Per phase volta e tor is 1£0° pu an B Pplying a current of
¥ my \3 004V g’l';g;: at 0.9 pf lagging, neglecting the resistance calculate.
R, =0.25 Q/ph ) Intemal voltage induced
Xs=3.2 Q/ph i) Active and reactive power O/P of generator
Now, current at full load i) The power angel and rcactivc‘ power output if the excitation of
3 : generator is increased by 28% il active power output is constant,
y 50 x 10° =43 x v x|, 1.7241 pu
N s 50 x 10’ 65,608 Infinite bus
= —_— =]
% ‘\ﬁ x 440 BB Amp. 0.8 pu at 1Z0
Case - | 0.9 pflagging

Atunity p.f. cos¢p = 1 sing =0

Seprenfm -

¢4 V.R.=E(,memze. _ L

r_____
-
(
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Internal voltage induced,
E = 1<0° + 0.8 <-cos™ (0.9) * j1.724]
= [<0°+ 0.8 <-25.84 * j1.7241
= 2.026 £-37.786
Complex power, S, =VxI*
=1£0° x 0.8 £25.84¢
= (0.72 +j0.35) pu
P.=0.72 pu
Q;=0.35pu

OR
_IELIV] .
P. IX] sind

2.026x1
1.7241
= 0.72 pu
El|V V?
Q=lhg 0%

2.026 x 1

= T[7241 ©os 37.786 -

= 035 )

As the excitation is increased, back emf is als j,
As the electrical power O/P of the bus is constant. me'Ji'hcq
E'=128xE
= .28 x 2.026

= 24312 pu

. p=IElM
" T X

sin 37.786

I
1.7241]

.sind

sind = 0.50979
& =sin"' (0.50979)
6 =30.65°
Reactive power output

_ [E[V v
= % cosd - X,

 24312x1 ]
= Tl.7241  ©0s30.65 157

= 0.635 pu

From this we can conclude that as excitation is increased the reaz
power O/P to the bus is increased.

d
( 3-Phase Synchronous Machine s 265

has a direct axis synchronous resistance of 0
axis synchronous reactance of 0.4 pu, Dra
£ 0.4 pu. Draw th vector diagram

glternato’ 7 pu
raturé

ram O
od oht‘iﬂ-

w the

d
' ol qu? of full load 0.8

tof disg

5":""": Terminal voltage (V) =i pu
current (1) = 1pu

Armatur®
X4= 0.7 pu
=0.4pu
::rf resistance (R)=0
Ama
cosé = 08
sind - 0.6
‘, = 36-870
Lxqeos¢ _ 1*04408
) ladangle B0 S =T X sing 1+ 1x0.4x0/6 = 0= 1447°
i) Lo =lsin(®+ )= I % sin (36.87° + 14.47°) = 0.781 pu
u

L= ], cos($ + 8§)=1 x cos(36.87° + 14.47) = 0.625 pu
i Eo= vcosd + [4.Xa = 1*cos (1447)+0.781 * 0.7 = 1.515 pu
1

Vi -V * %4
jv}vks—hb—;'ﬂ' 100 (1]

& ————"SIIS‘ L 100%

= 51.5%
E,=1.515

I.X

14X4
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38.

A 3-¢ star connected, S0Hz synchrongy,
synchronous reactance of 0.6 pu and quag
reactance of 0.45 pu. Draw the phasor di
lagging and hence calculate.

i) load angle

ii) I circuit voltage.

ra

iil) open circuit voltage.
iv) voltage regulation.

Resistance drop; at full load is 0.015 pu.
Solution:

IR,
Vsing + L.X; 1x0.6+1x0.45

Fig. tany = Vcosét IR,

= y=52.18
* Armature resistance is not neglected)

T 1x08 + 1x0.015

i) 8=y - ¢ (generating mode)

& = ¢ - y (motoring mode)
s B=y-4=1531° [~ d=cos" (0.8)]
ii) Eo=Vcosd+ I R, +14xd

Here,

Iq=1, cos(¢ + )

"= 1 xc0s52.18°=0.614 pu

la=I,isn($+d)

= 1 Osin 52.18°=10.7899 pu

. Eo=1.448
1448 - |
Vg=——l—x 100%
= 44.8%

agram

12

3-Phase Synchronous Machine /267

sped, 3¢ synchronous generated at 6.6 kV has

i Mw\. ;sili‘:':-‘:‘ gnd quadrature axis synchronous reactance as
A $

» test are 9.602 and 6() respectively. Neglecting
3 POI?ed by .ll'lf 5c'le’ determine the regulation and excitation emf
mcl":urg r lsﬂa‘:" 3_6 KV at the terminals when supplying a load
’ﬂ“’ed to int 0.89 pf lagging. Yhat maximum power can
ne“‘z’_s MW ;ly “at the rated terminal voltage, if the field
;:l" wzpil:lpcircll“ed?
o8 10" _ 3810.5v
solv 6.6 =
v ""/:f;.—-s _ ¢ 3
57 30 [~ (same as calculated earlier)
_215.94A
ls ;2;;48\’ } (same on QN.49)
0~ 50.85%
yr =508

NO“"Th 1otal power generated by sync hronous generator is
e

Pygiin)™ % sind + -B?V-' {XLq - XLd} sin 251
mg'ﬁeld get open circuited then power developed is
M {-'- ; ;IZ} sin25
Poawad ~ 2 IXq X .
maximum power developed when sin 26 = |
e Plaximum power’dcveloped
P 4t1otal. max) =3_;_{;1;";?1'} =%(381.ﬂ$)2 %_51_6') = 1.361

OR X4= 9.6Q
X,=69 .
power =2.5 MW at 0.8 Pf lagging
6 =cos” (0.8) =36.87°

6.6 x 10°°

per-phase voltage, V = —-\1—3— =3810.5 voli.
2.5 % 10° _
Amnature current I'-:\ﬁ 6.6~ 10° <08 = 273.37 Amp .
We know, l
E=Vcosd+ 14y xd |
5= IX;cosd i

a0 =y + 11X, sind

= §=15.3°
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p=¢+0= 36.87° + 15.3° = 52.17° (or )
;.;sin §=1Xqand = ltlJOS 6= l:us (8 +¢)
1, =Isin g=27331"%sin 52.17
= 215.94 Amp.

E=VCDS§+15X¢| ‘
= 3801.5* cos15.3°+215.94* 9.6

268/ E

= 5748 Volts
E(line to linc) =/3 x 5748 =9956 Volts.
: 9956 -
M x 100% = -—-_6.@_{!,

chulation = vl
ii) Total power output of machine

wllLl ‘lﬂ i og+ L=V
p=2[xq—x sin 25 + = = sind

When field is open E = 0 then,

Ve 1. .
o L
Pio =73 [Xq_ XJ sin 26
2
= L——-—HS‘;'S [':3 -91—6] x sin90°
= 045375 MW,
P34 =3X PH
.= 1.361 MW.
40. A 3000V, 3 - ¢ synchronous motor running at

excitation kept constant corresponding terminal
Determine the power input, power factor ang

for an armature current of 250A if X, = 5

66 * 100% <
00 ) SOES!_;‘

1500

Voltage ui3u A
torque d“"hpgl

h
neglected. and lz“
Solution: g
=‘3'0£Q'=1732V ;
\3
3000
E= '\ﬁ =1732V

Z,=0+j5="5 £90°
E=V-1Z,and T,=1,2- ¢
E;=V-(I,<-9).(5£90°
= V-250 x5 £(90 - )
= V-1250 (cos (90 - §) +j sin (90 - § )]
= (V- 1250 sind) - j (1250) cos

gluﬂuﬂ‘

3-Phase Synchronous Machine /269

osinh )+ 01250058
1738 \J —:2 yx1250siné ¥ 1250° . sin'¢ + 1250%cos’¢
gt . + 1562500
inr :’732’ 2500 sin + 17321
77 562500
1 525]020 % 1732
i ] 9,360'3
0 9326 lag
053
wer,
lrl'PUf P°3 Vil oSt
Pln‘ 3 . 300 X 250 o 0.9326
129951 kW
Ns
b 5% ,
<60 =1g_l_1-_§_i_"_llg‘(l)616—°-= 77127 Nem
T’ﬁ 2n %

v. S0HZ, 3-phase circuit takes 20A at a lagging power factor

g4 synchronous motor is used to raise the power factor unity.
of 0 .

he KVA input to the motor, and its power factor when

t
C:i“i::t: mechanical load of 7.5 kW. The motor has an efficiency
driv

of 85 %.

(VAR drawn by the 3-phase circuit,

Q= A3 Vil sing 10
= |3 % 500 x 20 0.6x10” = 10.392 kVAR
power supplied by the motor,

p-ouputinkW _ L2 _ g 235 kw
n. :

power factor will be raised to unity when kVAR (leading) drawn by a
3 phase synchronous motor will become equal to the kVAR drawn by
3-§ ac circuit.
ie. kVAR drawn by synchronous motor, Q = 10.3923 (lagging)

kW drawn synchronous motor, P = 8.8235

kVA input to the motor,

5=1P"+Q" =1/8.92357+ 103923’ = 13.63 kvA

P 8.823
Power factor, cos¢ = Y 635 =0.6472 (leading)
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42.  The excitation of a 415v, 3-phase m
motor is such that the induced El'n‘r i:Sh‘mn"ect
phase is (0.5+j4)Q. If the S0y Cteg

fl'icli()n an e ‘y]‘t
1000W, calculate the power outpug, “: ir losse, l"‘lleq.h’%\
efficiency for maximum power ontpyy € oy l‘:e Ney

Solution: .y

Supply voltage/phase, V = 415y
* motor is mesh connected

Inducted emf/phase, E = 520y

Synchronous impedancefphase,

Z,= (057 + 4* = 4.030

Internal angle, 8 = tan’' AS

Re

=tan" == ~ g5 9o
0.5 ‘
For a constant value of su
effective resistance Re and s
power will be developed when |
8=0=929°

Now from phasor diagram AOAR w
Fr=\v2 + F2- 2vE coss
= y415°+ 52072
= 625 v/phase

Ixatiop ;
ynchronoyg o

¢ have,

—
X415 x 520 cos 82.90

E 625
. Load current, | ="Z-: =%2.02 = 155A/phase

Line current, I =3 1=4/3 x 155 = 268 24
Maximum power developed per phase,
_E, - E’cosf
(Pmcsh)max = Z!
620 x 415 - 520° x cos 82.90°
= 303 =45255 W
Maximum power for 3-phase,
= 3x45255 = 135765W ,
Output power = power developed - from and friction losses
=135765 - 1000
= 134.765 kW
Total copper losses = 31%Re = 3x(155)? x 0.5 = 36000W
Input to motor = power developed + copper loses
= 135765 + 36000 = 171765W

T e ———

I=
PPly voltage, %

oad ang|e, feactance y

utl

3-Phase Synchronous Machine /271

n

Input = ===
[ cos® = \ﬁ LV
Pl 1765 _,
fﬂ"’ = \!3*4151268'2
134765
=222 5100
Outptt 100 = 171765 *
a=Spgm OV .
'fr,i‘"c)r' = 78.46%
i B
g s¢')2 =~[454" - (40 x 2)" = 446.9v
7, €0 it
4542'(1A;4469—400 46.9v i
;C,AC'O = @0 % 2 +(@69)' =92.73v
500 =
Eéﬂ_ﬁz-_gél ~ 46.366A
|g""— -
ot 2 3 (lead)
Lg)-s'ﬂ =2---——'—' = (.86 (E
ﬁ]s¢'$ ]‘

otor has X, = 0.85 pu, and X, =055

Jient pole S)’“ch‘;-n?:u;;l.hars of 1.0 pu vohage. while its

Asil : conne'ctc d to 1.2pu. Calculate the maximum power

Pv. tion Is adjuste can supply without loss of synchronism.

exclt e molﬂif um pu excitation that is necessary for the

Ccompute lhest:;!“i:"synchronism while supplying the full-load
'“e to

(2073)
cque (ie- 1L.OPY pover)
to

ont mum power 10 be delivered by a salient pole synchronous
max ; n.
anuﬂrlor according to Ed™

s
1 Exq
-Ex ~\j:+[ % _ ]
cosﬁsm TN 27 LAy (Xe- X))

12 0.5 L, M i
- 71085-059 T\ 2" [#10085-055)
® i .

- = o
r Load angle Smax = cos.‘. (0.346) = 69.8
:Q;u' maximum power is given by:

e 1] s
b O .5
i.6. Prgy 5108 + 5 [xd - Xd] sin2d

iy ol M, vl [P
= 102;5] sin 69-8° +—2- [ﬁ- OSSJ sin {2 698 )

= 1.533 pu -
The power delivered due to excitation is given as

=Efv‘ sind
d
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Since excitation remains constan;
voltage is also constant j.e, V = 3810 Le. 5413\,

Since power input =.\[j Vi, - per Phagy * Per

Phag

So, . %
I cosd _ Power input =l§[l‘l’i.l9_gg
.\jix()é{)ﬂ 213]_24

L}

3V,
BE=5413 Vv

V= 3 A
Impedance drop per phase, Slov

Eg=IX=20r
In AABC of phasor diagram shown in fig.
AB*+BC? + AC?
or, AC=vAB"-BC =/E’- (ER cos¢)’
=4/(5413)"- (20 x 131.2)* =4734.3y
OC =AC-A0=47343-3910=9243V
Eg=\BC +0C*=4/(20 x 131.2)7 - 924 3¢

. ,_ER 2782
Line current, | =__Z. =720 = 139.1A
. ,_Jcosd' 131.2
Power factor, cos¢' = I =139 - 0.9423 (leading)

=2782y

A 3-phase, Y-connected synchronous motor ¢
(line), the pf being 0.8 lag. The induced emf
30%, the power input being the same. Find t
Pf. Z, equal to (0 + j2) ohm/phase,

akes 48kW at gy,
is now increaseg,
he new current

Solution: [

Supply voltage per phase, V r% = 400v

Synchronous impedance per phase, Zg= X, = 70) ..
Internal angel § = 90°

At normal excitation

Power factor, cosé = 0.8 (lag)

47.

Solution: 400

3-Phase Synchronous Machine /275

.= cos” 0.8 =-36.87°

Po\\'c fnﬂou“en u‘ph"’sc
Amlalurcw - ___4_8_:‘——10m]— =50A
1= \j’i VL¢05¢ ‘\ﬁ x 693 x 0.8
drop per Phase,

cc
ln1P"d2‘$ 50 x 2 =100V

E L]
duce
. ; ,vz + B, - 2VErcos(® +0)
E= 4—-“100 e 106 -2 x 400 x 100 cos ]('368?°) ¥ 90‘-_,]

V "

i excitation is increased by 30% the induced emf for puiseE
n e O« 349.3 = 454V.

wer input and supply voltage is constant, active component of

Sﬂ:rc:ﬂl drawn remains unchanged i.e.
cu

reosd! 50 x 0.8 = 40A.
I ::::r diagram is shown below, assuming that the current from
The P

supply mains is leading one now.

['=46.366 A

BE‘=454V

(— A
¢ V =400V
In AABCD of the phasor diagram shown above,

AC=\JAB-BC' = \JEZ- (FR cosd)’

L] p h’s
a

ity power factor
t of 15A at unity power
b rpiteey 1d ent. If the torque load is

ed to 60A, the field

increased unti e el
current remaining th

and the new power factor.

e same

== = 23 l Vv
Supply voltage Pef phase, V=173

=0.50
Effective resistance/phase Re

——eeessss——" L R T O W
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Bp. 231y . _ 3-Phase Synchronous Machine /277

JOAB of phasor diagram we have
aa. i NoW " _yi+ gR* - 2VER cos £AOB

; ’; 1+ 240" - 2x231%240 cos ZAOB
o 23{:03 —cos 0.5195=58.7°

ofs 1.0= 82.82°
0 | ang®h . o
I=15A g :Mr actor, cosd) = €0s24.12° = 09127 (lag)
wa A - I !
Synchronous reactance/Phase = X, = [z V=a13y W MOIOT input = \3 VAL cosd -
Synchronous impedan Mladas o ‘ = 43 XA00. 60 0312
_ 96
I e aisZman R - 38KW
ntemnal angel, § = cog'Re _ 105 _ Additional load in kw
When i 4 =828 ut 1o synchronous motor, FM ="\ or efficienty
Inpul CunenL 1= lsA [np 1103.25
and. cos¢ = unity : = =2 = 1379.0625 kW
08 ‘
Impedance grq
P FR=1Z,=15x4 = = = 4000 + 1379.0625 = 5379.0625 kW
]nduCed emﬂphaSe‘ Z'i 4 60V Towl |3nd- P=P.+ Pu i

power factor of combined load,
— y] 2 )
E=\Vvie FR - 3vEg cosd ' cosy =095 (lagging)

T "
B e o e—— phase angle, ¢ = cos” 095 =18.195
= 23213\]; 2B oz Combined KUAR, Q =P tang = 5379.0625 tan 18.195°
= 1768 (leading
Now when the Joag on the (leading)

¥ motarikid
8 increases. The Or is increased, the an

i / hronous motor,
- X ] kVAR supplied by the sync ¥ _
I'=60A phasor diagram is shown fig bel oi el I:’pfu:elardaﬁ Qu=Qu-Q= 3000 - 1768 = 1232 (leading)
Voltage per ~ : Curren | kvA capacity of the motor, .
Induced emfp EL;_ 2; 1V, as before - gM=EME QM =1 379.0625) +(1232)° = 184923 kVA
. e, L=
Since excitation iy 231V, as before Power factor of synchronous motor,
mpedan ' Py _1379.0623 _ 246 (leading)
Pedance drop/phase, FR = I Bl costu= g = 10993 0.746 (leading
B

er the power factor of a load of

500KW from 0.707 lag to 0.95 Ise- Simultaneously motor carries 3

' Find (i ading kVA supplied by the motor.
foad ST e m(eii:]: power factor at which the motor

n——
E=231v 4. A synchronous motor imp

(ii) KVA rating of moter mob
operates.

Solution: -
Load supplicd. P.= 500kW

=Py tangy
= men{cus" 0.707)
~ 500 tand45° = 300 kVAR
= W
]md. P\I l{}m‘
e 00 + 100 =600 kW

Load power fctofs cosgL

gynchronous M2

otal load, P = Pt Pu”
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Combined Py, cos$ = 0.95 (lagging) '

Phase angle, ¢ = cos (0.95) =18.950
318.9KVA

r QM =3028 KVAR

>
S
&
[='1]
£
3
P=S00kW  p_
3 J 0= I8.125° 0kw

- 4
s
Eﬂ 1972 "VAR
&
. Q. =500
07KvA ©  KVAR
Combined kVAR = Ptan¢y
=600 tan 18,95°

= 600 x 0.328684 =
(i) Leading kVAR supplied by motor,
Qu=QL-Q=500-1972 =302.8

(i) kVA rating of motor, S,, = VP oM
=VI007+3028? = 3,4,

Power factor of =-l:ﬂ=-—]-g.ﬂ__
r factor of motor, COShyy Sm 3189 =0.3136 (leading}

19721 kvag

An industrial load of 4,000 k -
0.8 lagging. A synchronous motor is requi be{q

additional lead of 1500 hp (1103.25 kW) ang
raise the resultant power fac

kVA capacity of the motor and th it my
operate. Take the efficiency of the motor as 80%. "

Industrial Load, P, = 400 kW
Power factor of load, cas 6L = 0.8 lagging
Load kVAR, Q, =P, tan cosdy,

= 4000 tan (cos™ 0.8) = 3000 (lagging) (

Phase Synchronous Machine /279
3-

_connected synchronous motor Is

i . It has armature
93V 5l]l|1«“:’;l'¢normnl e:citatinnstdmm i vl
Ppltq 6 o lod " 0 and l'li!i’.”ﬂlble re hronous position,
\:o ted ot © hase © l {cal from its synchro (i) armature
d ;P'r’ ce PE* ;I;s“ pecha? nt in clectrical degrees wer drawn
ﬂ'”‘;d b" * dig Iutcmf cﬂ‘ per phlie {i\"] Po 2070]
“mpu|f ¢ (ﬁl] d Elﬂped h} t
a7 P or (PO
¢ mo
the = 693V
b} e \’ =
: er preT .cal degrees,
whd‘,ui ply volt2E® Taccmenl is electgical degr
¥ qup otof disp _Z_Q < 0.5= 50 (e'lec)
@i Psmech)=7 * % ‘ o
Biae) 2 : hasor diagram shown in fig. we have
fp
, from aA08 0~ sd
Now hE‘-zVECD - 0456V
BV <5372 % 693 x cos5° =60.
= 4[693°
= hase,
- Armature Curmet PR
@ g, 60456 _ 604564
1= 7 . 10 o
. .0 _ 4y = 693sinS
- AAOB in fig 03 =60456 o, sin(0=9) Ecri_d_iz_
B oF; s s g0 )
AB = Q'rz_’OAB sin(0 - ¢) sin3 =059
- Z:A(-)B sin
si
2 ER=400V
Eg
A

! 0999=8T4" ., 560 (lageing)
or, 0-¢=57 ﬂf!'u.-t"=90°"8""44 ’

gle,¢-Y-°" tor, o = 7249w
ph’;sepii;erdrﬂ“'“ by the n:})io 693  6.0456 % c0s2.56
(iv =3

p. =A3 Vil cos® . the motor,
" ¢ developed bY < negligible
) pa\\ﬂd oy .- R.isneg

P ‘
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3-Phase Synchronous Machine /281

5. A S50Hz, 4- pole, 3-phase, star-connected synch -
rong
synchronous reactance. The excitation Is such ay t:‘ Motg, hy, ] 5 A 3-ph star-connected synchronous generator
circuit voltage of 13.2 kV. The motor is connected o o g 104 having phase angle of 20° lagging at 400V supply current of
supply. What maximum load can the motor supp} bll-Sk\»‘ S?}? . and the components of armature current I, 2 ':flﬂd the load angle
synchronism? What is the corresponding motgr efore I:‘ 1 X, = 6.5(1 Assume armature resistance to ;e: ;era 1002 and
current and power factor? trque, ' golution: egligible.
Solution: - Im-;,l Direct axis synchronous reactance per phase X, = 100}
Supply voltage/phase, v = 115 x 1000 = 6640V Quadrature axis synchronous reactance per phase, X, = 6.50Q
\6 Armature current, | = [0A
13.2 > 1000 Power factor angle, ¢ = 20° (laggi
ced emf/iphase, E=—"" = = ; ’ 2ging)
Induced emfTp -\ﬁ 7621V Terminal voltage per phase,
= 4
Internal angle, 0 = 90° V= 400 _ 230,94V
= armature resistance is negligible \ﬁ
Synchronous impedance/phase, Tange—itiost__ __10x5S5xco0° .
Z,=X.= 120 V+IXsind 23094+ 10 x6.5x5in20° “°
Power developed will be maximum when Load angle, 6 = tan™' 0.24128 = 13.564°
Load angle, 5 =0 =90° Angle, B = = 13.564° + 20° = 33.564°
Impedance drop per phase, Direct axis component of armature current,
Eq = v+ E* - 2VE cos =+[(6640)' = (7621)' -2 . I =Ising = 10 5in33.564° = 5.53A
- 10108 J -2% 66407621 x cos9(° Quadrature axis component of armature current,
_ ¥ 1, = Icosd = 10c0s33.564° = 8.33A
Line current,
53, A 44MVA, 10.5 kV, 501z, star-connected three-phase salient ole
p

E 10108
IL=Phasccurrent,l=—Z‘R -0 =842 =3A

The maximum load that motor can deliver,

Power supplied to motor, )
P, = Pmess + armature copper loss = imech = 12.65 (MW
- armature resistance is negligible

So,y/3 VI, cosd =23.65 x 10°
12.65 x 10°

synchronous generator has X¢= 1.83Q2 and X, = 1.216L It delivers
total load at 0.8 Pf lagging. The armature resistance is negligible.

Determine the powr developed by the generator and the % age
voltage regulators.

) E E
(Pacst)ous =3 ‘:Z, "% COSB] Solution:
' 0x 7621 (7621) Terminal voltage per phase,
=3 B 2'—( ) cos 90 | = 12.65MW 5% 1000
12 12 10.5 X 1000 _ .
V= T =6062.17v

Armature current,

Rated MVA x 10 ax10®
=T v 531051000 BRI

Load phase angle, ¢ = cos” 0.8=36.87°
sing = sin36.87° = 0.6

or, Power factor, cos$ = =(.7545
\r S1300 % &42.3 Direct-axis synchronous reactance per phase X, = 1.8302
Synchronous speed, Ns = L mf_sq = 1500 rpm Quadrature - axis synchronous reactance per phase Xq = 12192
P
We know,
Torque developed corresponding to maximum power developed, [X.cos 241937x 12108 __ _ (9095
Poga)ey _ 1265 10° _ 000 tan8 = 1 [x <ing _ 606217 + 241937 1.21%06

Maa)w=520g/60 ~ 27 * 1500/60

_.'_ __‘ | ‘
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' Losd angle, 6 =tan" 02995 16.67°
Angle, ¢ + 5= 3687+ 16.67° = 51.545°
Direct-axis component of current,
1d = Isirid = 2419.37 sin 53.545 = 1945.95A
Excitation voltage per phase

Eq = veosd ¢ [dXd
= 6062.]71:05}6.67 + 1945.95  1.83 =9368 .49,

) Ey-V 936849 -6062.17
% regulation = "Lv » 100 = 6062.17 * 100 = 54 Sav,
: (1

Power developed by gcn;r:ru(or
l;—?d! sind + A [x—lq' - FCL sin26

= 2
_ LO3RAT X CONTT 70 4 2 LOGRITY

"
[ ) sin2x 16 gy

1]

35.19 x 10°W
35.19MW

54, A 3.5MVA, slow speed, 3-phase synchronous penerago, -

td 5

!ynchm,mu:
respe

Neglecting 'armature resistance, determine the rt_gm:llllmuci:ivcrl

ang

supplying a load of 2.5MW at 0.8 Pf lagging. Whay m.';l:‘hutn
m

power can generator supply at the rated terminal voltage, inp,
=l ] [

6.6 kv has 32 poles. Its direct and quadrature axis
reactance as measured by the slip test are 9.5 and 60

excitation emf needed to maintain 6.6 kV at the termipg

field becomes open circulated?
Solution:
Terminal voltage per phase,

v =8021000 _ 5155y

RYE
2.5 x 10°

Armalure current, =1T_____
3 x 6600 x (.8

Load phase angle, ¢ = cos” 0.8 =36.87°
sing = sin36.87° = 0-6
Direct-axis synchronous reactance per phase, X, = 9.6Q

Quadrature axis synchronous reactance per phase, Xy = 6Q
We have,

=273.37A

[X cosd 273.37 * 620.8

tand = = 02737

TV +IX,sing 3810.5+273.73 % 6 x 0.6
or, 8=tan” 0.2737=15.3°

55.

3-Phase Synchronous Machine /283

Angle 0=+ 5=3687 153 =5217°
Direct-axis component of current,
I, = Isinf) = 273.31 5in 52.17° = 215.94A
Excitation voltage per phase,
Ly = veosd + 13Xy = 38105 « cosl5.3 + 21594 < 9.6 = 5748V
Excitation voltage (line-to-line) = 53-5748 = 9956y
Percentage regulation = W_ﬂé_@%’@ = 100 = 50.85%

When the field get open circuited, the power developed
virL 1)

g [Xq- X sin20
The power developed will be maximum for sin20 = | and so the
maximum power, that the generator can supply at the rated terminal
voltage, with field open-circuited.

VIT L 1] (660001 1

4 [xq ][5  1361 My
A 10kVA, 380.5011Z, 3-phase, star<connected salient pole
alternntor has direct-axis and quadrature - axis reactance of 120
and 8.2 respectively. The armature has a resistance of 100 per
phase. The generator delivers rated load at 0.8 Pl lagging with the
terminal voltage being maintained at rated value. If the load angle
is 16.15% determine (i) the diet axis and quadrature axis
components of armature current, (b) excitation voltage of the
generator.

-

Solution:

Armature resistance, Re =100
Direct-axis synchronous reactance, Xg=12Q
Quadrature-axis synchronous reactance, X, = 802

Power factor, cos¢ = 0.8
¢=cos” 0.8=36.87°
Load angle, 6= 16.15°
0=¢+5=3687"+ 16.15° = 53.02°
380

Terminal voltage per phase, ¥ :-'\ﬁ =2194v

I_KVAXH)DO_IO*H)DO —152A
Armature current, 1= \ﬁVL \{3*380 v 4

Angle 0 can also be determined as follows

iang = 2E DAL AC _vsingt1X, _ 2194 x 0.6+ \4:’2!8 378
OD~ OF+FD vcosgtIRe  219.4x0.8+ 152X

N
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LR,

5

Vocos d

6 =tan" 1.3278 = 53.02° the same as determined above,

Direct - axis component of armature current,

1d = 1sin® = 152 s1n §3.027 12.14A

Quadrature - axis component of armature current,

I, = lcos® = 15.2 cos33.02- 9.14A

Excitation voltage, Eq = veosd + IRe + 1dNd
= 219.4cosl6.15+ 914 X 1+ 12.15x12
=210.74 + 9.14 + 145.68 =365.56v

Excitation voltage (line-to-line) = \}3 x365.56 = 633V

A 3-phase, 415V, 6-pole, S0Hz star-connected synchronous moy

has emf of 520v (L - L). The stator winding has a *."“Chrono::
reactance of 20 per phazse, and the motor develops a torque of
220Nm. The motor is operating at 415v, SOHZ has (a) calculate
the current drawn, form the supply and its power factor draw the
phasor diagram shown all the relevant qualitics. 207y

Solution:

: 15 _,
Supply voltage per phase, V= —\E =239.6v

520
Induced emf per phase, E = '_J—; =300v

Synchronous speed of motor.

7 2 x
,_120f 12050 _ o0 o

N, =
$ p 6
Torque developed, T =220Nm
Total power developed.
Tx2zNs  220x2zx1000 .
Jimech = 50 50 =23038w

R 23038
Fower developed per pahse == 3~ = 7679w

3-Phase Synchronous Machine / 285
gynchronous impedance/phase,
2.=24%0°Q
Power developed per ph;ua:.: is given as

oo e 5
o g cso(0 - §) 7. cosl) = 7s sind (0 - 90°)

_ To79~Z, 7679~ 2
or, SN TTETT T 300n206 7 021
or. d=sin! (0.2138) = 12.33°
1=4212A
«

g

B_E=300V

o

s

u«oo‘//

r}\ & =408 "

S0

Ey = $4.24V TR
From phasor diagram,
Eg =\ V' + E*- 2VE cosd
= (23007 + (300)7- 22306 ~ 300  cosI23¥°
= S4.24v
Current drawn per phase

L 844
1 '-'-'%‘ - =42.12A
Again from phasor diagram

sin(d+0) = E S

00 | .
nd= Y] sin12.33° = 0.76
or. &+0=sin" (0.76)= 130.5°
6=130.5-90"= 40.5° .
Power factor = cos ¢ = c0s40.57 = 0.76 (leading)

B - =10b‘-1\'
E, = 35787V By = 2005

0= §0.537"

1=39.222A
Fig. Phasor diagram
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Mechanical power developed = power input = 372Re
=21749 -3 x (39.222)} x 015 <

204
also, ER - —EP__ T
*sind _ sin (B -¢)
35.787 206.54
Of “ind  sin (80 - 5377° - 36.87°)
.. 35.787sin43.6677° _

Torque angle, & = sin” 0.11964 = 6.87°
A 20MVA, 11kv, 3-phase, delta-connected synchronoyg
a synchronous impedance of 15()/phase. Windage, frim
lron losses amount to 1200 kw. _ Ction
() Find the value of unity power factor current draw
motor a shaft load of 1SMW. What is the e“ita:‘- by the
under this condition? 'on emp
(ii) If the excitation emf is adjusted to 15.5kv
load is adjusted so that the motor draws
current. Find the net motor output.
Solution:
(1) Shaft load = 15MW = 15000 kW
Mechanical power developed
Proect = shaft load + windage friction and iron losses
= 15000 + 1200 = 16200 kW
Power input to motor,
P = Ppecy = 16200 kw neglecting armature resistance
_Ppwatts 16200 x 1000

=3 Vicoss  \3x 11000 - 55028A

Phase current, IPTL 85\(!}_28 =490.9A

tor hl;

(line) ang p, Sh
unit po“er 'lﬂ

Line current, I, =

Impedance drop per phase, Er = 1pXs =490.9 x 145 = 73637y
Internal angle, 8 = 90° Assuming negligible armature resistance,
From phasor diagram shown below

E=13237.2V
1

Ep = 7363.7V

A
[=4909A V=11000V

Excitation emf,
E=\VW+Eg = \[(1T000) + (7363.7) = 13237.2v

. B

58.

3-Phase Synchronous Machine /287
(i) Impedance drop per phase,
Eq= .JET.? « Phase angle ¢= 0° and 0 = 99°
* =4[(15500)" - (11000)’
= 10920V

Load current per phase,
Ex 10920

Line current, I, =1/3 [, =4/3 x 728 = 1261A
Power input to motor P = '\ﬁ Vil cosdp

3 x 11000 % 1261 x 1.0
= 24006.22kw
Net motor output = 24006.22 — 1200 = 22.80622 MW

A 20Kkw, 400v, 3-phase, star-connected synchronous motor has per
phase impedance of (0.15+j0.9)Q). Determine the induced emf,
torque, angle and mechanical power developed for full load at 0.8
Pf lagging. Assume 92% efficiency of the motor. Draw phasor
diagram. [2073]

Solution:

Motor output 20

Motor input = == =21.739kW
P n 0.92
Motor input 21739
t, 1= 22A
Armature curren \[- 3V, cosh \f_ % 400 < 0.8 39
Supply voltage per phase,

400
v= ﬁ =230.94V

Resultant voltage, Eg = [xZ, =29.22 X4/0.15° + 0.9° =35.787V

X , 0.9
Internal angel, 8 = tan” Ej =tan” 015 80.5277°

Induced emf per phase, E, =4[V + Eg* - 2VEg cos (8- ¢ )
=4/(230.94)+(35.787)"-2x230.94x 35.787xcos(80.5377°-36.87°)
=4/53333.3 + 1280.7 - 11456.6 =206.54v

E =3 E, =3 % 206.54 = 357.73v

aaa
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SINGLE PRASE INDOCTION MOTOR

A single phase induction motor is similar o 4 T
motor in construction except that its stator g prov
winding instead of a 3 - ¢ winding.

= § ingy.
ided Wilh“:‘lon

PRINCIPLE

. When a' 1-¢ ac voltage is supplied to the T .w. |
will not produce a rotating magnetic field like i, the ¢ in
induction motors rather it will produce an 3"(‘-maling ot‘].¢

field (pulsating magnetic field) as shown in Fig, 2. Magnetj,

1 - ¢ supply
sing to phase
stator winding
Fig. 1: 1-¢ induction motor
¢
1
210" 240° 270" 300 330° 160°
I T I
0 T3 1 —>t
Jo* 60* 9S0° 120* 150° I

Fig. 2 Pulsating magnetic field in the air gap.
- By pulsating field we mean that the field builds up in one

direction, falls to zero, and then builds up in the opposite
direction.

= Under these conditions, the rotor does not rotate due to inertia.

jous

Fractional Kilowatt Motors /289
Therefore, 3 single phase induction motor is inherently not self-
tarting, and requires some special starting means.

However, if the single-phase stator winding is excited and the
cotor if the motor is started by an auxiliary means, and the
starting device is then removed the motor continuous to rotate in
the direction in which it is started. '

LE FIELD REVOLVING THEORY

1t states that a stationary pulsating magnetic field can be resolved
into two rotating magnetic fields, each of equal magnitude but

rotating in opposite directions.

1o

N,
4g=0S O %m0,

Fig Pulsating Magnetic field. Fig.: Two rotating ﬁeld'f.

Ro8664,
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OB = magnetic field of magnitude of 0.5¢,, in b
OF = magnetic field of magnitude of 0.5¢,, i forw
ar

B

R=-0866¢, R

Ackwarg ireey
1on,

Hence, it is clear from above graphic

! al analye: rcch()n
double revolving field theory, the Sts

_ f pulsatipg - 85 s
produced by the single phase winding s C(];llllil\l;lﬁ Sne:?:“d by |
sum of two oppositely rotating magnetjc nzlz‘:l 10 the phicld |
|
magnitude of 0.5, wi A
gn c ¢ \thnsynchrunous speed “fN,z.].ZQIMK ‘
The rotating magnetic field "OF" whic}, e

rotn tes |

direction i ' i
rection is known as forward rotating magnetje ﬁcIdn C|°Ckv.-,'&:

T!w rt_)lnting magnetic field "OB' which
direction is known as backward rotating

Based on the double revolving
characteristics of a single

rotates i npy:

) nnlhc B
magnetic fig]g |0ckw|;¢
_ ﬁcld. theory, (he t
phasc induction motor - Orque.g

shown in Fig. 2. N be drawp
Torque
| r'""" — Forward T - S curve
o N\
) __Resultang
o . T =S curve
'S=0 Speed
Pl
" Backward T - § curve

Net Starting Torque zero,

n F_'fg. 2. Torque - speed curve of 1-¢ M.

D

. 48

ouble Revolving field Theory of single phase 1M,

Fractlonal Kilowatt Motors /291

The doublc-rcvn!ving-ﬁcid theory of single-phase 1.M.s basically
states that a stationary pulsating magnetic field can be resolved
into two rotating magnetic ficlds, cach of equal magnitude but
rotating in opposite dircctions. The induction motor responds to
cach magnetic ficld scparately. and the net torque in the motor is
cqual to the sum of the torques duc to each of the two magnclii:
ficlds.

When the rotor is stationary (that is, at stand still), the induced
voltages are cqual and opposite. Consequently, the two torques

are also cqual and opposite. hence, at stand still the net torque is
zero.

However, if the rotor is given an initial rotation by auxiliary
means in cither directions the torque due to the rotating field
acting in the direction of initial rotation will be more than the
torque due to the other rotating field.

Hence, the motor will develop a net positive torque in the same
direction as the initial rotation.

The motor will, therefore, keep running in the direction of initial
rotation.

Starting of Single phase induction motors

A single phase induction motor with one stator winding
inherently docs not produce any starting lorque.

In order to make the motor start rotating, some arrangement is

required so that the motor produces the rotating torque.

In running condition, the motor produces the torque with only
one winding.

The method of starting a single phase induction motor is to

provide an auxiliary winding on the stator in addition to the main

winding and start the motor as a two phase machine.

The two windings are placed in the stator with their axes

displaced "30' electrical degrees. .

This phase difference is enough to produce a rotating magnetic field.

Since the currents in the two windings are the phase shifted from

cach other, producing a rotating stator field capable of producing

the starting torque.

However, once the motor is running, it is capable of producing
the torque with only main winding.

So as the motor speeds up the auxiliary winding can be
disconnected.

Based on the various methods used to produce the phase
difference between the currents in main and auxiliary windings,
the 1-¢ Induction motors are classified as follows: :
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1)  Split phase Induction motors
Centrifugal
switch

~ .y

Fig. 1: Split-phase Induction motor -
Fig. 1 Split-phase Induction Motor Fig. 2 Pjas '8 2: Phasgy 4. . ‘
or d'“!"ﬂ;,,_ Jﬂmm ‘

- Itis also called a resistances-start motor.
- It has a single-cage rotor and its stato ‘

S rl i
winding and a starting (auxiliary) windjngs two Windingg 2

The main field winding and the starting wing; Maiy

ngs are 4

fﬁplaccd (2
Ol

- Thus, the current l,, in the main winding Ia
voltage V by nearly 90° as shown in Fig. 2,
The auxiliary winding has a resistor connected jn o
- It has a high resistance and low inductive rea Seres wigh j,
current I, in the auxiliary winding is nearly in p;[:::fv?;i that gy,
1 the fip,

voltage.
Thus, there is time phase difference between the ¢y
ITents in h

two windings.
The time phase difference ¢ is not 90°

30°.
This phase difference is enough to produce a rotating m
agnetic

field.
Since the currents in the two windings are not equal, the ro
» 1€ rotatip

field is not uniform, and the starting torque is small of the | 5
C 1oty

2 times the rated running torque.
the main and auxiliary windings are connected in paralle] dusi
ng

but usually of the order of

f

starting.

- The starting winding is di

, g is disconnected from the

! automatically when the motor reaches speed about 70 fo ;gpp!y

,  cent of synchronous speed. "
- And then the motor runs only on the main windings.

- The torque-speed characteristics i i
: of this motor is shown in Fig. )
whlch a!so_shows the speed 'ny' at which the centrifugal upemis.’

L

1=
1]

Capacitor start motor

Fractional Kilowatt Motors /293

Main + auxiliary winding

Torque

“—— Main

/ . winding "
witch | dlone
" opens
n, n,
Speedn —

Fig. 3: Torque Speed Characteristics
I

ing

90° in space like the windings in a two-phase jndyes:
- The main winging has very low resistance Uction p, e
reactance. and higp indygy -
ql:\'g
gs behind th T'/_%—’R:_J : b
e Suppjy + " i ..
y : T \
; C
£ o |

¢ Vv
ly J

xﬂ

main wind

AT
R, X

Fig. 2: Phasor diagram

Fig. 1: Split-phase Induction motor
ows the connection of a capacitor-start motor.

Fig. 1 sh

It has a cage rotor and its stator has two windings namely, the

main winding and the auxiliary winding (starting winding).

The two windings are displaced 90° in space.
or C. is connected in series with the starting winding.

A capacil

A centrifugal switch Sc is also connected as shown in Fig. 1.

By choosing a capacitor of the proper rating the current 1, in the
main winding may be made to lag the current I, in the auxiliary
winding by 90° as shown in Fig. 2.

Thus. a 1 - ¢ supply current in split into two phases 10 be applied
to the stator windings.

Thus the windings are displaced 90° electrical and their mmf's
are equal in magnitude but 90° apart in time phase.
Therefore the motor acts like a balanced two-phase motor.

As the motor approaches its rated speed, the auxiliary winding
and the starting capacitor Co are disconnected automatically by
the centrifugal switch S mounted on the shaft.
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- The motor is so named because Fractional Kilowatt Motors /295

urpose if startin tuses the Capac; Pt i in so4
P ] g Pacitg, 5 The two windings are displaced 90° in space.
§ Yoy b . The motor uses two capacitors C, and Cy.
E Main + auxiliary winding ~ The two capacilors are connected in parallel at starting,

The capacitor Cy is called the staring capacitor.

(n order to obtain a high starting torque, a large current is
required. For this purpose, the capacitive reactance's X in the
starting winding should be low.

Since Xa = 1/2nfC,, the value of C, should be large.

. capacitive reactance in the auxiliary winding.
.’,-“'l—-—- Maln p

winding ", During !"l{}l'mﬂl operation, the rated line current is smaller than
~Switch alone : the starting current.
" opens Hence, the capacitive reactance should be large.
) f \' Since Xg = 1/2nfCy, the value of Cg should be small.
| o Speed n N, . As the motor approachgs synchrpnous speed, the capacitor Cs is
Fig. 3. Torque - speed ckamcterfsn? disconn;cllcd by a'cenm fugal switch Sc., . .
- The capacitor - start motor develo S a :nuch ke - The ca::ar;m[}lr Cris m@ancntly connected in the circuit.
torque (3 to 4.5 times t k i . Itis called the run-capacitor.
mactled S(I’“l phase i"ducgznﬁ::ilullgid 1orue) than doﬂ’:} STTB . Since are capacitor Cs is used only at starting and the other Cq
3 TI.]C \:a]uc Ofthc starting capacitor must be lar ol for cqnlinucs. running, this motor is also called capacitor-start
winding resistance to obtain a high starting torque d the stan capacitor-run motor.
- The torque-speed characteristic of the mot OF is sho 3 L L

which also shows that the starting torque is high WN in Fig 5
Capacitor start motors are more cost] ; ‘ -

2 thay it ° = -
because of the additional cost of the cagacito[:. *Plit-phae Motary 6230 Y 3 !
Capacitor-start capacitor-run motor (Two valu .
- Fig. 1 shows the schematic diagram of a cap.

€ Capacitor Motoy)

i acitor- i d
run motor, It is also known as two-value capacito: nsll::r.t)rcapmmr .
- It has a cage rotor and its stator has two wind: g ]
ST e 4 0 windings na 1, B
main winding and the auxiliary winding (starting yird: mely (he 5
g windin . (a) . .
.I I, 8) ] Fig. 2. Phasor diagram of capacitor-start r:apa.r:tar run n;aror. .
s ] ! - Figures 2 (3) and (b) show the phasor diagrams of a capa
E ] start capacitor-run motor. L i
1Y E - . At staring both the capacitor are in the circuit and ¢$>90° as
. .: C, |C shown in Fig. 2(a). i -
E s - When the capacitor C; is disconnected ¢ becomes 90° (electrica )
i Ce as shown in Fig. 2(b). | |
- The torque-speed characteristics of a 2-value capacitor motor Is
R, X, orgue e
REE shown in Fig. 3.

=D Starting (auxiliary) winding
A\ DU Fig. 7t Camucilor-start capacitor-run motor

A
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200%
.~ Switch
opens

-

g Main + auxiliary winding
= (both capacitors)

ain 4
Quyip:
(run c“?ﬂha,} W

Ny

Speed n —-{l-{.._,_

Fig. 3. Torque speed characteristjcg

Shaded-pole motor

. A shaded - pole motor is
induction motor.

a similar ty,

- The stator is made up of salient poles

- Each pole is slotted on side and a co
smaller part a' as shown in Fig. 1.

- This part is called shaded pole.

- The ring is usually a single
coil.

-turn coil and jg

supply

o

pe of Self'na.ﬂi
- Itconsists of a stator and a cage-type rotor ¥

PPEr ]‘ing iS ﬁucd

apac Wi
Pacitory N
)

n
Y

known 5
Stagag

Main winding

Ft'g. _Shad’ed—polc motor with two starter poles

Fractional Kilowatt Motors /297

When ;.nernalipg current _ flows in the field winding, an
glternating flux is produced in the field core.
rtion of this flux links with the shading coil, which behaves

asd shon—circuited secondary of transformer.

A voltage i indu;cq in the shading coil, and this voltage
circulates 2 current in 1t

The induced current produces a flux called the induced flux
which opposes the main core flux.

Thus, the shading coil causes the flux in the shaded portion 2’ to
log behind the flux in the unshaded portion 'b' of the pole.

At the same time, the main flux and the shaded pole flux are
displaced in space.

This space displacement is less than 90°.

since there is time and space displacement between the two
fluxes, the conditions for setting up a rotating magnetic field are
produccd.

Under the action of the rotating flux a starting torque is

developed on the cage rotor.

The direction of this rotating field (flux) is from the unshaded to
the shaded portion of the pole.

In Fig. | the direction of rotation is clockwise.

[n a shaded-pole motor the reversal of direction of rotation is not
possible.

Equivalent circuit of a single phase LM.
Ryu = resistance of the main stator winding.
X u = leakage reactance of the main stator winding.
X = magnelizing reactance
* R; = stands-still rotor resistance referred to the main stator winding.

, = standstill rotor leakage reactance referred to the main starts

winding.

V = applied voltage.
I, = main winding current.

Fig. 1: Equivalent circuit of a single-phase L M. with only its main winding at

standstill.

Scanned by CamScanner



R e R e B
298 / Electrical Machine
o MW—
X
o ix_ 2 ]
2 ' Z
Forward B_{ '
rotor 28
v, Seicn.
X
e 3 X, 2
2 '
Backward ~—R-2___._ 4
rotor 2(2-3)

o
Fig. 1: At standstill with the effects of forward and backy
separated. “

rd ruta!ins e
The resultant induced voltage in the main s )
where E;, = Enr + Em .

At standstill, E,=E

- The e_lTective rotor resistance of an induction
the slip of the rotor while running.

- Sisthe slip.

Or Windipg
Bis E,

- Thus, the effective rotor resistance in the portion of
[ of the Cimull[

associated with the forward rotating flux is';Ez
A s

- The slip of the rotor with
e respect to the backward rq
- Thel_-cforc, the effec_live rotor resistance (referred to stator) ;
portion of the circuit associated with the backward rota(:? mﬂtht
ng llux

is R7
2(2-Sy
- When the forward and backward slips are taken into account the

result is the equivalent circui in Fi presen
; rcuit shown in Fig, 2. Whi
the motor running on the main winding alone. o epresns

S ?=mwr impedance offered to the forward field.
S = ra_uTr impedance offered to the forward field.

tating flyx Is

Fractional Kilowatt Motors /299

“; _x; X
% =Rr+ij=(z_S_+J_2_ "(‘l—zm)

] xl
G Xa2) [;é’r?’)
(%2 35" 2)

TR % 0%
st 72 72

(%)

. W
and Zy=Re ti%o =52 -5) 7172 I

| X
(Xw/2) L(z ~5) +JT1]

&% x
-5t 2

circuit of a single-phase induction

The simplified equivalent
ding energized is shown in Fig. 3.

motor with only its main win

) I . | <=
_ The current in the stator winding is I Zimt Zi+ Ly

o,_
Application of split-phase I.M.
- Split-phase motors are cheap and they are most suitable for

casily started loads where frequency of starting is limited. The
applications are washing machines, air-conditioning fans, food
mixers, grinders, floor polishers, blowers, centrifugal pumps,
small drills, lathes, office machinery, dairy machinery, etc.
Because of low starting torques, they are seldom used for drives
requiring more than 1kW.

Application of capacitor-start motor:

- Capacitor-start motors are used.
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Reluctance Motors

The 3-4{ synchronous motors are usually |

onder of seveml hundred Kilowatts or mep o Machip
AWntte
Bawayg, 0y of

1 - ¢ synchrono  are

 S) NOUS MOLOTS Are CONSIant - spae e
At Speed Machiy,

™. . . " QS “r
Two types of small synchronous moto Slnq"

namely, reluctance motors and hysteresis S are

Wi
Motory e

Iv

m sy
hey dg —

nt I‘Ilngnelsl qu"l.dc

< . S '
T:ht"\(‘ motars ane :\unph: In construction
field excitation nar do they use permane '

A single phase synchronous reluctance
! notor
S b

same as the single phase cage type induction mo ASicq)|

The stator has the main winding and . ’

winding, M Ailiary
(Sarig)

T " a reluctane i
he rotor of a reluctance otor is basically q
some rotor leel MoV e
th removed at the approprig(e el cqp

provide the desire AT places ¢
desired number of salient rotor fioles ¢S sug)y

\\‘ilh
g W

Fig. 1 Show the 4-pole reluctance type

-

synchronoyg motq,
r.

Fig. 1 Reluctance motor rotor,

When the stator is connected to a single-phase

staris as a 1-¢ induction motor. N
At a sped, o 9

switchpdis;,‘mfr:‘cl::?: llh? ‘5:' 0Ir o 5)"“{:!‘”1"0“5 e g
it g € auxi u.iry winding and the motor cnnlimgL1
" .. motor with the main winding in operatj =

e rolor pulls into synchronism, o

For this to ha :
_ ppen effectivel o
limits, ys the load inertia must be w

the motg

ithin

After pulling i

i 2 :

& thg m::)gr into slync].xrunlsm. the induction torque disappears
but the JTemans in synchronism due to the synchronous

- rluctance torque alone.

—_

Fractional Kilowatt Motors 1301

:
& Main + auxiliary
winding .
y 4 .
Grarting |
lnl'lI‘:: = -~
depents ;
.1[1wr mﬁllmn] 3 il
torque

Hysteresis motors:-

t2

Operating
range

n
(

Switching speed s
B Speed n—"
we=speed characteristic of reluctance motor.

Fig. 2. Torq
-speed characteristic of the 1-¢

Fig. 2 shows the typical torque
reluctance motor.
The starting torque
the salient pale rotor.

The value of the starting torque is
full-load torque.

At about 75% of the synchronous speed, a centrifugal switch
disconnects the auxiliary winding and the motor continues 10 run
with the main winding only.

When the speed is close to synchronous speed. the reluctance
a synchronous motor pulls the rotor into
rotor continues Lo rotate at synclm‘nmus

is dependent on the rotor position because of

between 300 to 400% of its

torque developed as
synchronism and the
speed.

The main advantages of
construction (no slip rings,
cost and casy maintenance.
The reluctance motor is widely used for many constant sped
applications such as elettric clocks timers, signallying devices,
recoding instruments and photographs ete.

a reluctance motor are s simple
no bushes, no de ficld winding), low

A hysteresis motor is basically a synchronous maotor with
uniform air gap and without de excitation.

This motor may operate from single phase or 3-¢ supply.

In a hysteresis motor torque is produced due to hysteresis and
eddy current induced in the rotor by the action of the rotating

flux of the stator windings.
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Stator construction

The stalo.r of a hysteresis motor is simil
motor with the basic requirement lhaar N

- ; 0
magnetic field. - H1 prog, . Mg,
Thus th oA ql%
¢ stator of the motor can be ¢q r%“
a 36 supply. nnccteq ¢, Cith, k
er
For a 1 - ¢ hysteresis motor, ) L%'

the stator Winding ;

s!:lnt-capacitor type or of the shaded 8 is of
pole_l}'pe Pe

. :IZCS. for . "hancm
: the case of the permanent split-capacit, ¥ St

s ?uld be used with an auxiliary windip o Wb, e
uniform field as possible. B In order 4, “Pacy,
Rotor Construction pfbduce a:

Fig. | shows the rotor of
a hysteresis motor.

It consists of core of
aluminum or some other

nonmagnetic  material Non Magne;
which carries a layer of Materjy)>
SPCCIaI mﬂgnetlc Shoﬂ
material.

The outer layer has a number
of thin rings to form the
laminated rotor,

In smaller motors a solid ring

may be used.
Thus, the rotor of a hysteresis

B
2
3
windings. ) //

motor is a smooth cylinder
and it does not carry any
The ring is made of special
Arnagnelic material such as
magnetically hard chrome or
cobalt steel having very large

hysteresis loop as shown in
Fig. 2.

Fractional Kilowatt Motors /303

ration
Fig. 3 shows the

basic SEFTLRe of Axis of rotor
 hysteresis motor. field
Z |
When a 1-¢ Suppty _—
is applied to the
stator, @ rotating
magnetic field is
Rotor

produced.
This rotating
magnetic field

Axis of stator

magnetizes the : T field

rotor ring and

induces poles within it.

ross-section rotor inherently will match the number

- A uniform ¢

of stator poles.

. The induced rotor flux lags behind the rotating stator flux
because of the hysteresis l0ss in the rotor.

The angle 8 between the stator magnetic field B, and the rotor

magnetic field Bg is responsible for the production of torque.

The angle & depends only on the shape of the hysteresis loop.

It does not depend on the frequency.

. For this reason, 2 magnetic material having a wide hysteresis

loop should be used.

. Thus, the coercive force Hc and
the magnetic material should be large.

- Ordinary steels are not suitable for a hysteresis motor since their

hysteresis loop resemble loop 3 in Fig. 2.

. Cobalt - vanadium type materials are used in hysteresis motors.

They have the hysteresis loops according to loop 2 in Fig. 2.

Such a loop approximates the ideal loop 1.

the residual flux density B of j
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e

Torque - sped
characteristic

The torque-speed
characteristic of a practical
hysteresis motor is shown
by curve 2 in Fig. 9.6, The '
departure from the ideal
characteristic 1 is due to
presence of harmonics in the
rotating field and other 9
irregularities. The torque-speed characteristjc of a hys;
is constant at all speeds including synchron peed Cresis

Tind

Torque —

g

ous s

Oty -
from the characteristic that locked rotor, starting 1L g 3;2
are all equal. This is a valuable Property in that sycp, . Wloy tOrque,
into synchronism at high inertia loads. otor an Puj|

= Anideal torque - sped curve for the h
curve 1 in Fig. 4.

- The torque-sped characteristic of a
shown by curve 2 in Fig. 4.

YSteresis motq, ;
or is sho
Wn b
v

practical hysteresis Mo
i

- The universal motor is a specifically dm
arg

motor that operates at approximately the same sped ang g
on either de or ac of approximately same voltage, OUtput
Construction: '

- Construction of universal motor is ve

; - Ty Similar to the
construction of a DC machine.

It consists of a stator on which field poles are mounteq,

- Field coils are wound on the field poles.

However, the whole magnetic path (stator field circy

it and alsg
- armature) is laminated.

lamination is necessary to minimize the edd

Y currents which
induce while operating on AC,

the rotary armature is of wound type having straight or skewed
slots and commutation with brusher resting on it.

The commutation on AC is power than that for DC because of
the current induced in the armature coils,

For that reason brushes used are having high resistance.

Fractional Kilowatt Motors /305

es motor is a commutator-type motor. If ll;e
line termianls of a dc series motor 15 rc_vcrstl.,nt_bt,:
lant ?f e inue to run in the same direction. Thus, it mig nc.t
Eo or will €07 dc series motor would operate on alternating m::;cis
ex ed that ilm)n of the torque devclopc.d in a dc series 1T|?mu :
oo d:ecbolh field polarity and the direction of t:urre::j : :;a
dcwmmc{i y ®i,). Letade series motor be connected acro
e ce the same current flows through lhe field
it follows that ac reversals from p;sn}:v& E
epative to positive, will s.imullaneously affec e
it d the current direction through 1he‘arma ure.
e Pﬂla:‘::)' :il:eclion of the developed torque wjl‘lt:criz::;r;
inue i ire;ction.
ey mmm::dmfrizzz:;e\iﬁﬁc twice the line
Thus, a series molor can run both i:;
Motors that can be used with a single-phasle acnlsil.:::; =
de ;nd 3: .dc :ource of supply voltages are F{:—i"e‘(;l uzf:;;ed g
i i ich is specifically gne
Howe:ir:; siﬁ?ge;o$0$: f\(\;lll‘:ﬂing drzf:backs when it is used on
gf:gtze-phase ac suppl.y:
% Its efficiency 1s

. 1e-phase seri
s\c P
The S

ase ac supply. Sin

winding &
cgaﬁ\’e.

ch field
This means that
itive, and rot:a ‘

f the torque will bc pu}sat1n|g6

?‘mquency as shown in Fig. 8.16.

i ses.
low due to hysteresis and eddy-current los

=
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2.

The power factor i
actor is low due to the : Fractional Kilowatt Motors /307

an ;
d the armature windings. i f€actance £ Main fi Id-
3. The spaki Of y, ain fie :
sparking at the brushes is excecc:.. ¢ g winding Compc:l];ahng
In orde; i i
. ‘r to overcome these di
modifications are made in adc o lfﬁcullies‘ : l-phall'»;.
i e e su
satisfactory on altemating current - S Motor thg, i ﬁ)nﬂwi PP Armature
(a) The field : - = Ope, by
core i constructed of Taty : - -
hysteresis loss. It is lami of a matery, Series motor with conductively compensated winding.
b inated to reduce ¢qg haVIng The compensating winding may be short circuited on itself, in
)  The field winding i : Y-Curre loy, . . -
& 1s provided with smay) Nt losg which case the motor is said to be inductively compensated.
field-pol o num $
pole area is increased so that ber o ty, Main field c ;
Thi ) the flux den. mg, [ 2 ompensating
is reduces the iron loss and the reac; = Tehsity i Te wiikling winding
(c) Thenu : V€ volta Heeg
rr.lber of armature conductors is incre e o
the required torque with the low f] ased in g de 1-phase
(d) In order to red - 10 gy | supply Armature
0 reduce the effect of
: ) armature ;
improving commutation and reduci reactiop, s o—
¢ ; €ing amaty "eby ig.: Seri ith inductively d windi
ompensating winding is used . re Feacta, Fig.: Series motor with inductivel) compensated winding.
e e ‘ - This winding s .°°. a The armature of universal motors is of the same construction as
own in figure. put in the ; ordinary series motor. In order to minimize commutation
brushes with increased brush area are

problems, high resistance

Compensating
g . Com:
winding mr];tf;:’r type : used. The stator core and yoke are Jaminated to reduce eddy-
current loss produced by alternating flux. The machine is
) generally operated at a lower flux density using very short air
| : gaps

The universal motor is simple, and cheap. It is used usually for

l rating not greater than 750 W.
The characteristics of universal motors are very much similar
to those of d.c. series motors, but the series motor develops less
torque when operating from an a.c. supply than when working
from an equivalent d.c. supply. The direction of rotation can be
changed by interg:hanging connections to the field with respect
to the armature as in d.c. series motor.
Speed control of universal motors is best obtained by solid-
state devices. Science the speed of these motors is not limited
' by the supply frequency and may be as high as 20,000 r.p.m

Seri i i
nes motor with conductively compensated windin
o

The axis of the [ indi
compensating winding is 90 a compensating I

winding is used. This winding is put in the stator slots
ots a5

shown in Fig. In
- such a case the motor i g )
compensated. r s conductively \ (greater than the maximum synchronous speed of 3000 r.p.m.
% s Gl ] at 50 Hz), they are most suitable for applications requiring high
' speeds.
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There are n ; |
used, such nl;memus applications ygh

e e pOlis}fmnable drills, hair gy, UMivers,

) ers, ki : 4y

for many other ebitchen appliances o, Srinderg m%'s

] purposes where ¢ Clc. The,, . * fabl, W
0 .spced are necessary, Univers, lpecd €0 Y e :ﬂ:\rahs
ralmg‘arc signiﬁcamly s Al motgyg of gi:nd igﬁ u*"‘ci
Operating at the same frequ ; |

SPECIAL PURPOSE MACHINES

AC or D [ .
| C machines are ysed Primari
conversion, i =
- ntj
nuolls e

ller th
an of ¢
ency, her kip

However, the
ener, e m many special applicay 4
BY conversion is not required Plicationg Whe, .
- For example, ) Contip,,
i) robo iT ii
is rfar:lulre position control for the s,
) one pasition to another. MOvemen of th
it) the pri : o
. printer of a computer requires thay g ™ oy
ponse Lo signals received from a " € paper Moye
= such application requires sgeci i e
fes special motors of | "
STEPPER MOTORS " POV rating
- A stepper mﬁl
or rotates by a speci
: cifi
response to an input electrical pulslz ¢ number op degr,
= Typical step si : =
: p s1Zes are 20‘ 2 o] o & In
pulse. 35575 and 15 for each
4 4 I i
[ - It basica igi ey
! : lly converts digital pulse in puts i
1 motion, Nt analog oy
1.. - Put shagy

Typical applicati

| : pplication of ste

| motion are printers, PPer motors re
robotics etc,

: Quiring §
tape drivers, machine toolg & Incremepy)

+ XY tecorgen

Command pulse

Fig.1: ivi
18 1: Paper driving using stepper motor,
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es of stepper motors are used:

Two tyP
yariable reluctance type.

E. pcrmancm magnet type:
¢ type stepper motor

able reluctance (UR) stepper motor can be of single-stack
or the multi-stack type.

1
L’ariﬂblc reluctanc

A vari

sm-omotnrs: )
1so called control motors.

gervomotors are
d in feedback control systems as output

These motors are use

actuators.
The basic principle of operation of these motors is the same as

that of other electromagnetic motors.

However, their design, construction and mode of operation and

different.

Their power rations v

walts.

They have low rotor inertia and, therefore, they have a high

speed of response. ’

Servo motors are widely used in radars, computers, robots,

machine tools, tracking and guidance systems, process

controllers

_ Both dc and ac (2 - phase and 3-phase) servomotors are being
used presently.

ary from a fraction of a watt to few hundred

pC SERVOMOTORS:

.. DC servomotors dre separately excited by dc motors of
permanent magnet dc motors.

- Fig. 1 (a) shows a schematic diagram of a separately excited dc
Servomotor.

. The speed of dc servomotors is normally controlled by varying
the armature voltage.

- The armature of a dc servomotor has a large resistance so that
torque-speed characteristics are linear and have a large
resistances that the torque -sped characteristics are linear and
have a large negative slope (torque reducing with increasing
speed) as shown in Fig. 1.(c).

. The negative slope provides viscous damping for the servo-drive
system.

- Fig. I(b) shows that the armature mmf and the excitation field
mmf are in quadrature in a dc machine.
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Fig. 1 DC servos
nator (a) schematic di
tagram: (b) Armn
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I
An‘natum -
f
RI'
0
. Figlq
Fig. 1(a)
o F
: '8 1(b)
&
Va| > Vaz > Va]
0
Speed N —

Fig. 1(c)
mmyf; (c) Torque-
The provides a fa’:u: pead chawiacteristiog Sy and fiely
= :
become decoupled. rque response becay

There
fore, a step change in the armaty
re v

produces a quick i
change in th iti Bl
. ! € position or BE Or cup
The power rating of de servomotors can v sp“':d of the rotml'I p
A ary fro :

several hundred watts
In gener ‘
al, most hi
st high-power servomotors are d
C servom
otor

m
a few waps to

AC SERVOMOTORS

Most of the
inductions (ya: fsen'omolors are of the two-ph
squirrel.cagep inc: low-power app|iz:aticms,.RI:::‘:aSe squirre] cag
spelliation b highu;:,ﬁn motors have beme"lr[:,d 3
"power servo systems odified o
. T

Two-phase AC servomotor

Fig. 1 (a) sh
ows the schematic di
servomotor matic diagram of
' a two-phase
ac

The stator h
as two distri .
servomotor. o distributed windings of a two-ph
phase ac

The stator has two distri
o distributed windings which are displ
isplaced from

tuch odier by 90 electrical degrees

se {Orqu
€ and ﬂ y
0y
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winding called the reference of fixed phase, i supplied
o pstant voltage source Ve ’ -
ed the control phase, 15 supplied with a

ame frequency as the reference phase,

e of the S
voltzg | degrees-

. 1 1 »
Va"abpe-,ase displaccd by 90 electrica

put is pl
contro! phas
High-resistance
v <£90 cage rotor

Reference

phase

v, <0°
(a) Schematic diagram.
Fig. 1 Two-phase ac servomotor
The control phase is usually supplied froma servo amplifier.

ntrolled by the phase

rque of the rotor are €0

The speed and 10
n the control voltage an

difference betwee
voltage.

The direction of 10
reversing the phase di
versa), between the co

tation of the rotor can b

fference, from leadin
ntrol phase voltage and the re

voltage.
ative slope for the torque-
erating range and thereby

A high rotor resistance ensures a neg
‘tics over its entire op

speed character!
itive damping

furnishes the motor with posi for good stability-

Torque

Fig. 1(b) Torque-speed characteristics

d the reference phase

e reversed by

g the lagging (or vice-
ference phase
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- Consequently, the field runs at slip speed with
1th reg;

including sli :

The ml{i aizg ﬁeqh uency current in it. This Pmduw_-peq 10 the s
cond as a a dc winding in th torque,
LICICII'S. € Same SlOlS as !h

i Pl"imm.y

']Il'l?e dc winding is also known as tertia
pa::s connected to a commentator on whic i
wind'm' placed for a 3-9 emf injectio
ing in order to control the sped and
lf!hls emf adds to secondary emf th
'Irf hﬂ oplposes, the speed decreases
¢ placement o '
::lhﬁ_es the eﬁectro?‘rslf::;d:;;
- an inverted induction motor
ince, the rotatin .
lzm_shcs, the fre
equeacy

or regulating ;i
2 Windj
h three sets of mu\'eab}cmgl

n into the s
econda
power factor of the I'Irl}{()lg: o

e sped increases,

the same commutator

winding and the machj Segment

ne “‘Urts

g field moves at a sli
o p speed with re
cy of the brush emfs is a]wa;};c:i;cstl?e
p

L2 =

tages .
u motor has the following

Schrage motor
- Schrage motor i i
! is basicall i
primary windi Y an inverted 1.4
prima ing on the rotor ang 44 Nducy;
The sch Secondary, , *" mo
. he schematic dia " ding v
s gram of a 2-pole Schayg, g o "1
. n‘lOlnr is sh
Oy,
X i
Secondary windi :
(umr)"dms Jimary Wing
(rotr) M8
e
qumf
N e
RN Ea\
Brushes
(movable)
<Y
- The resultant air
gap flux runs
respect to iy
direction wtitl.llslll;o tor and the rotor runs ::anUS ; i
e rotor windings short circu?te? Mo nipo\:"lh
: ite
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advantages over an induction

Schrag®
motor:
) gince the exte

control, the Ov€
Schrage motor P
range and the pow
i) Speed is easily incre
0.4n, to 1405
iv) Speed is independent of load.

mal residences arc not required for speed

all efficiency is improved.
rovides a constant torque over a wide speed
er developed is proportional to speed.

ased or decreased overd wide range of

Di_-,advanlsges .
is costlier than induction motor of some rating.

A Schrage motor
. The maintenance cost is also higher.
Two reaction theory:
Two reaction theory was
The theory proposes t0 resolv
mutually perpendicular compone
axis of the rotof salient pole. :
" tis know as the direc\-a;r.is (or d-axis) component.
The other component is located perpendicular to th
rotor salient pole.
It is known as the quadraturc-axis (or g-axis)
and the g-axis component by Fq
The component Fg s either magnetizing or demagnetizing.
. The component Fq results in a cross-magnetizing effect.
If y is the angle between the armature current 1, and the
excitation voltage Es and F, is the amplitude of the armature
mmf, then .
Fy=F, siny and
Fo= F. cosd
What is meant by air gap in synchronous machines?
Every rotating machine has a stationary stator and a rotating

proposed by Andre Blondel.
¢ the given armature mms into tWo
nts, with one located along the

e axis of the

component by F4

rotor.

. There is a gap of 0.5mm
field with air hence called air gap.

- In 1c]lﬁs air gap rotating magnetic field rotates-at a synchronous
sped.

‘. Air gap is more in salient poles machine 1-3 mm, whereas it is
0.3-0.8 mm in round rotor synchronous machine.

between stator and rotor. This gap is
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induction machine?

torque.

| @ -

rotor.

Why Is the alr gap In a synchronous machjy
¢ lar

(n - !n induction machine the emf indy
is mutually is induced emf, «
| - lndurlloln molor can be treated as a
| the emf induced in the rotor is by ";u:'ﬂl
5 | - Iftheai i '
mu[:a?l;]gap is more the leakage flux wijj|
ux ki
gets reduced, reducing rotor chcr e any
m {
1 * Clrep, the

- In synchronous machine the magnei;
separately h:, ﬁ!:ld winding. The cn%re'hc f
armature wingding is not by mutual i11d'tr:|;jllfcc

on

The main sources of low power factor
motor operates is the air pap between i:lhwhic
¢ sta

| ;I:s air gap Fn.crcascs the reluctance betw
mdrnt{_)r, which enhances the magncfce‘n fhes
pmc r:;:(::oj;:): t{::. given mutual flux bct\\-:i-l:
e given supply voltage.
KVA rating. The R o sl
made sma].I 50 tl:;tgap " ind e miy s
the induction motor gfi‘sh .
s btltcr

Rer
""in In
L1}
dir
1 the fotor y,;
|l'lg'
i
ating "
iy o0
nductioy, o ag

Im
and

:x. is se|
in the -"latl:,p
t

' 2 ;
| - It is a dynami i
| ically induced ¢
[ | . m
B between the ficld and conductors ' i "elative
! - Hence air gap | I o
. p is not the considerati "
; salie i i -y b
| ]an{ pole machines, in the region bcmn' Particylgy)
gap will be much more. tWeen poles g’ b
" | c 2
ar

h ing
Uctjg
tor and lh:

tator

. an
B Curreny
the stator nn'j

a give
ould by

N
| performan i
1 problems :?adc?:c % Ty ot
: ition to th i ‘ mechanj
B e noise and losses af the Slé‘lﬂnlcal
Llooth

Compariso /
n between 3-¢ synchronous and induction mot
otors

Synchronous motor

Induction motor

, i) A synchronous motor is a
; ad;)r:bly excited machine. Its
¢ : ature winding is energized
r'(.:uml:m ac source, and its field
winding from a dc source.

] a = __-__'_'—\—u-._-
(1) An induction motor is a sjpg|
; : : in
xecuted machine, [is sug /
g ! to
inding is energized from :
sources. ’ =

:Le::il“;:s runs at synchronous
. The speed is independent

(ii) Its sped falls with the increase j
: e
load and is always less than u;:

AN
‘2, s
E
|

R
1

synchronous s
ped. _1

starting WM
effectively it
The motor 15 requir

he case of inducti ;
ed 1o be started undet considcr:lb[c loads.
with phase wound dampers ¢ used.

de sufficient

of squirrel cage can be ma
¢ and the motor and be started

synchronous molors

Therefore, the resistance
high to give high starting torqy
under considerable load.

The damper bars are phas¢ connected and brought
resistors through slip rings instead of being connec
rnngs-
Thus such motors have five slip 0
to dc field winding and other t
terminals of the 3-¢ rotor winging.
The resistors are put in the circuit at s
motor attains the pearly synchronous $

slip-ring induction motors.

When the three slip-rings are short circuite

damper winding.

out to the
ted 0 en

r conducting current

ngs, tWo fo
ed to the

hree to be connect

tart and are taken out as the
ped, must as done with

d. the wining acts as 3
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316/ Electrical Machine
Tutorial

4A lagging the supply voltage by 15° elec. apg its py “Urre

Starting winding current,
) Is=4<-15°A ={3.8637-Jl.0353)A
Running winding current,
In =6 <-40°A = *4.5963 - j3.8567)
1) Total current .
IL=(8.46-j4.892) A =9.77 < 300
Total current in magnitude, I, = 9.77A
Power factor, cos¢ = cos(-30°) = 0.866 ( lag)
i) The component of starting windi :
voltage. § WInGng curment in phage v, Supply
= Active component of starting current = 3.8637A

iii)- The phase angle between the starting
currents,

0= 4u $,=40°- 15° = 25° Ans,
1v) The component of runnin windi 3
supply voltage by 90° & i CUtent thae Jags behing the
Reactive or J-component of runing wind:
s g wind
current = 3.8567 —
2. A 250W, 230V, 50HZ i
: A A capacitor
Impedances at standstill, ’ PR NG e folloning
Main winding, Z,, =)7+j5Q
Auxiliary ,,, Z, = (11.5 +j5)Q
=  Find the value of capaci
d ; pacitor to be connected in series wj
auxiliary winding to vive a phase displacement of 90 hem"‘e::

& running Winding

REDMI't hic currents in two windings,

BN = l;!rfvf’lhre rircuit and phasor diagram for motor.,

1 | llon
| plu
| Al HP, split-phase motor d S e
g g r i i
4 0 Faws its Starting “'i"ding , paint

current is 6A lagging by 40° electrical calculage "'“ng- ' nt o
i) T?xe_rotnl current and power factor (at s - "nd'n
ii)  The component of starting winding ‘-‘Un-emy.slaw)
voltage. 1N phase ith v
iii) The phase angle between the starring S Supyy
currents, and fUnnin, -
iv)  The component of running windin Ving;,
voltage by 90°, € Curment hy, lagy the . *
Solution: Supply

Fig (a): Cir

/317
Fractional Kilowatt Motors

54° Obviously

— 260 < 35. 5
8.0 iy 35.54°.

=(71+j9)
(=2 lied voltage

Zn
hind the app

Fig. (b): Phasor diagram
5+j5)Q

cuit diagram o
Auxiliary winding imrll:c::f:;c?auii“ary wim.ding curr:‘t:ll I}::g
Since, time phiie;:% F % o0e, awslary w.,;?;gb current Iy
r:::jnlt\::r:s’;id voltage bY { il 3: li: c):a(:acit:m C connected in
, }'{C " tp; CT:: Ci;:(:iiri:r‘;m:?i::;ng, then impedance of the
:E?ﬁa: ‘\lvinding will be given a8
z,=(113 +j5-jX0) =113 +%{5 - X;) or

— 11.5-jXc-3)

For auxiliary winding

tands =15

or, Xc=3- 11.5 tand,

or, Xc=35-1 1.5 tan(-34.46°)

or, Xc=3% 16.1=21.1Q -.

. Capacitance of the capacitor,

l — L = 15087 pF

C=3aiX. _ 2r*50x2L.1

Or
For auxiliary winding
Xi=5
tang, =713
Xc=5+11.5tand,
Xe = 5+11.5 tan(54.46)

Xe=21.1Q

or,
or,

or,
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318/ Electrical Machine

Capacitance of the capacitor
1 :
_ |
; =—
afXe 2nx50x2) 1 150.87F

1.5

3. A four.
-pole single
: pha

flowing standstil] Impeds:;tel:::‘
e en t
\ am.\nindmg Z,=(1.5 + j4) ohms e

uxiliary winding 7, = (3 +j6)
Determine the value -

inserted i
In series with the auxiliary w;j
'Indin

T X i

constant.
sﬂ]uﬁnn:
o=l 120 40
e ) 1.5+i4 ~28.08<-69 45
120 20° J 44

j, 120 <0°
" B1j6) = 1788 £-63.430

S0Hz in duegy

of externa] Capacitor

But from the above circuit,

" ________,_.\L—-—-"-_—'

I= Ryt N+ j(x, -Xo)
Y

788 £20.56=T7 4 +)(6- Xo) .

. 1,=17.88 £20.56°

By cross multiplication
3+n+i6- X,) = (120 £0°) *(17.88 £20.56)

Equating real and imaginary part separately we get
r=22197Q
C=372pF

1
2 Xe= nfe

of,

1

= Cjan.Xc
tion motor have the

120v, 50Hz induc
ed frequency.

le phase,
hen tested at rat

A four pole, sing
edances W

following stand still imp

Main winding : Zn =15+ 4 Q

=(3+j6) Q2
1000 pF is inserted in series with the
rting torque. Calculate the

[2075]

Auxiliary winding: Z,
| capacitor of
ding to obtain higher sta
tarting torque.

If an ‘externa
auxiliary win
percentage increase in s

Solution:

v =120V
Zm={l.5+j4](1
Z,=(3+i6)Q
C = 1000 pf

£
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320/ Edectrical Machine

- A
w I5+J4

p, 720V, s0Hz,

. 120<0° ys WP meters:
I.-Wfl?.ﬂﬂ(.ﬁ_}.“o ! ?IW" g "l- 20‘,“.105.60
' 0 2 I- . n
ﬂl-J RI-62m xl 21:
ﬂl-m 1

21
Fractional Kllowatt Motors /3

has
le single phase {nduction motor
6~ pole

[2071]

tor § ctor
» n:noput current and power 9

) AirgappOve!
After adding capacitor of 1000pF fi) Qutput power

uc. y
e 120<ge ¢ shafttord < Ly

R+jXa-X) ™ 7 Tv==d20<0
! ) 3+j( ol ) J(ﬁ\;;ls
2nfe 3)
‘="29.|9<-43.|2

@ = (69.44-43.12) = 26.32
We know,

Torque Tix ]a. sina ,-
Ty Iy, sin .. (i) !

Ty la, sina, ...(ii)

T; _ Ta;sina, ~29.19 sin (26. 32) 1294

e lay sina, 17.88sin (6.01) = 1.87 =6.912)

% increase in torque = (I:‘-—IL

3 )xmu%
=Gf-|)x|oo%

= (6.9121 - 1) x 100%

= 591.21%
v Hcm, I or, N=Ngu- S::OS « 1000
} | @ = Phase angle betwcen main wmdmg current and auxiliary i :33250
| winding current. ;
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322/ Electrical Machine

To calculate inpu

; U current
impedance Z,, bety e

Veen A & B should Caley

'B.(c lDla

Fractioml Kilowatt Mo

2.04 +j4.2) )
E= (3.3469 £20089°)* , £-30.1) *(3.04 + j42)

7.63)- (83469

Zyp= (Ry+ X =
D+ Zp+7 By~ (10519 £
4r=626+j16 - qui"ir,_.ﬂ ~220£0° {122 138°
= 62.62 £1 4¢° | =5603 £ ;330' 5603 £-22138°_ 2476 £ -67.138
Z=16+jl.6= 2262 £450 56.03 452-22- == (16+i1.6) .
|056 lzb P ([ )1 . (E_Z_) = (2.263)2 b (626)
S Id =) \2s
Zyf= b = 9—5- . 2 rrmward fie
2 25 &1 205.6 = 23.569 4 i Air goP po =322 walts.
ik TS0y d field
. ard fi
Zy=> Panallel equivalent ofZrand z ¢ Air gap POVE! ofb"clkw 0,89 walls.
Zo= B2 (2356 +145) 162 - ,,(Efz. - (24761 * 1.6= 980 t
. Zyr t+ Zr (23.56 +jl4.5 I 62 + l|.6 = [l!h) (Z'S] ave the I'o“owll‘lg tes
Similarly, B+ile)= 1935, <) ingle phase induction motor &
2.49 A 110V sin . 6.72
Zw%ﬁ= (22?.66 £31.61) * () Eiid 6. results: g Amp, 60 watts Block rotor tcz:;lse?:.
766 £ 31.61)+ () g 5= . 110v, 2.8 AmP: t circuit paramelers:
. 1.6+ ; d test: uivalent ¢
=2.08498 » 42.99 L *12.6) ::,::’23.26 watts calculate the eq [207(]]
ZAE = (R'| +jx|} + Z"+ be
= (3.04+j42) + (19.76)
; 161 £22 49y 4 i lution:
= 26.357 £30,089 )+ 209405 <4399 | N Block rotor test R X
1
Input current, | =-Zy_.:i_6_§z:?_(_}_é_g_‘_=___ , ‘ .
AB 26357 £ 30,089 = 9.3469 ’ b
}rnput P.f. = cos (30.089) = 0.865 . 30,0855 >
0 calculate [,rand I, use current divide ryle. \ Xlz
T=T0f+rzr-..(i) 2
Tﬂf‘zoftl?r‘zr I V ;
Tor-_.h.f_:f;[ of |l E_:
Z“r Zof 2 2
f '
27.66 £ 31,61 2
= Iyr*2.26 £-30.15°
from equation.
8.3469 £ - 30.089° = I *2.26 £-20.15 + - Block rotor test
or, I[(2.26 » -30.15) + 11=9.3469 £ - 30.1 N=0,5=1

I=2.638 £.9 090

_Ezr_= l;_,r ¥ 3f= (2.638£9.09) * 62.69 £1.46

= 165.19 £ 763

i €.
then, equivalent circuit during block rotor test becom
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Fractional Kilowatt Motors /325

Vsc"‘SO\r

R":R'+‘-T=+E?.
“ 2
R“=R|+Ri
and,
X G
x;:'-'-X.{--—;"l +_§_2_ _
- » =X +X,
\V‘(:_-]] .R =
R, =g _ 2326
Lo~ 6721 =5.15Q
Again,

= (@ 3
(7.4404)" - (5.15) = x 2

Assuming, R, = R & X, = X,
1= As

=
No load equivalent impedance

‘Eﬂ_

o ]"?(. & ].

Pu=60\\’

Vo= 110V
‘0 = 28:\

60
costo=T0:28

go=cos’ (0.1948)= 78.76°

¥ U0
2= 58 -13928Q

We know that

X5 X
X=X g * 7
R; R
and Re=Ri+g3 5
ding and starting winding of a 50Hz capacitor start

The main win
duction motor have impedances as follows:

single-phase in
Main winding 3 + ina

Starting winding: (1.5+i3)
Calculate the value of capacitor to be connected in series with the
starting winding to produce 2 phase differences of 9(0° between

main winding current and starting winding current at starting.
[2070]
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2 =VRIX2
= (7.4404):'(545)2:}( ,
. . s

X =5.3690)
Assuming, R, =Rg & X, = X,
2

R|=R2=B.x=_:]_5_

2 3 =2.5750
X, = Xi:z.& _ 5.369

¥ =2 ST =2684Q

Fraclionni Kilowatt Motors /325

R, X,

R,
4
X,
2
Pozﬁﬂ\\-‘
Vo= 110V
lu=2.8A
60 _
cosbo=T10%2.8 =0.1948
> &= cos” (0.1948) = 78.76°
No load equivalent impedance
v 110
= —— = 3. 80
Zo=7 28 "7
We know that
X; X
Xo=Xrt7 * =
R; Ry
and Ro=Ri+7g +3
start

nding of 2 5QHz capacitor

arting Wi
nces as follows:

The main winding and st
tor have impeda

single-phase induction mo
Main winding @3+ Q

gtarting winding: (7.5+J3) Q
be connected in series with the

ICaIculste the value of capacitor to !
starting winding t0 produce 8 phase differences of 90° between

main winding current and starting winding current at starting.
[2070]
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Sk cal Mlcmne

att Motors 1329

9
+  Asingle
phase 120V, '
ro“ . L] MHZ, 4_
owing impedances, Pole spjj¢ pha Fractional Kilow
| - Se in ) . ; -
| Z,. =5+j6.2s - d“tun ot to be in q}l?dratu_re ie. for rrilfiugmum starting tord
| Z,=8+j6 . ""Jl.,' for the :ofl:““cm in auxiliary winding should b€
1 J b, get0, g09) =386
i Determine th -5134 g -X
€ value of ( X6
i ' auxiliary winding to ob capacitor to pe ,,n{38-65°)$ 8 R,
’ obtai ; ad
, ' Com Ain maximum ded (g+6=Xe
pare the startj torque N 019
‘ with ng torqu . S w ~1249
1 out the added capacj Que and g, th " ﬁXc] |
| | by 20 acitor in . Tin s "
| Soluti Vs 60 Hz supply. auxiliary Urrg, Co e 2+ 60 % 124
olution: Nding Wity
. Whep ¥, 221399 g
Ta=Kil, i ery,, 1,= K sino. = Klsln sin?
th m Sina . IZQ;Q' 1, after adding capaciton
7e €t be the ang! | i P10 2 q1.71 £3666° .
gle between I, and |_ LTI 120 =11
NOW'T sl sina =k * N x15x sin 14.47° =43.89 kN-m
| g' m
| ar connected synchronous motor has
400V, 6-poles 39 star con! k
: |10 :aistance d synchronous jmpedance of . = 0.5CUphy
1 = 4CUph. It takes the current of 15A at unity pf. whep
¥ cating with a certain feld current. if the load torque I3
b ?ncre:sed until the line current becomes 60A, keeping field
1' }: current constant. Calculate gross torque developed and new p.f.
| Solution:
R.= 0.5C/ph
Im =.2.".'_ __120 7,=4Qph
m : - : _ .
. 5+_|6,25_ 15 <-5].34° . v=5—0-g=213v
In z-!. =___g[_)-
2a “8+jg = 12 £-36.869° Atunity P£ 4=0°
Synchronous reactance Xs ='\’ Zi -R, = m =3.97Q
(03134) We have, |
B, =V-1R+X)

0 =(-36.869 + 51.34)
=931 £0°- 15 £0°(05 3.97)

= 1447°

starting torqu = 231.10 £-149°
Tque t,, =KI, I, sinct ' . B = (VI + [Exl” - 2IVIE cos(0 - 9)
) where, - *

Eq = 60x4 = 240V (. 1.Zy)
2 x 231 x 240 % cos(8 - 9)

i
!f
|§ |
() REDMINGES kxl2x15xsin 14.47° |
. : 44.97 X k N-m ‘ (231,102 - (231) +(240)* -
. ; = cos(9-¢)=0.5!9

0-¢=>5878°
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330/ Electrical Machine
Al

S’On
0 =tan" (’E“) =82.82

b =24.04° |12l
EE1 \r{]]ls-
Power input (Pin) = \fj * VLI, cosg ! ,@g - 38105
= 37.96 kW .
i - 962.14 VO g594.7 volls-
-Electrical power converted to mechanica) POwer " = tion moto loss
Prn =Pm loss = 32.50 kw cd lin¢ \rollag p ase induc n ﬂnd wiﬂdagc
Pr=T xWsyn Jnduc wpole 0H,, sinG _ 74Q Frictio ;
Po__ _32.56x 10’ VT =32 0 X 4 voltage &7
= el R e, R ! d
2T[N5 2 x 120 x 50 310.88 N-m ( | 13 Vs IQ‘V' 1 ~98 t. 142 rp i que an
60 %60 ' “3*3&] it core! ced 0f L " power factor 0741
' 0 is running ¢ corresh
1. A 6600V, 3-¢ star connected synchronoys motor g, If mnw; . compute
current of 80 A,, at 0.8 pf leading, The ber o fu, rrc‘I',“'nc;'
resistance in 2,20 and synchronous reactance jg 22(‘;& nr"‘atu‘d cfficien
losses are 3.2 kW. Calculate induced emf, gyy I the “rr' jution:
efficiency. PUE Doy, a:? so 120f _ 1500 rpm
Solution: llﬂmt: ns= P ) .
6600 om0 o00
Phase voltage, V,=—= =33 5 volts, slips™ ng it
2 \ﬁ . pivalent circu "
From eq L X2 S
T=80 £ 36.86° (_;+j2 I
R,=2.20 2f=Ret JXr=\2s ) %
. A0 e
X,=220 (5 2) 1157
Input power, P,, =4/3 x V, x | cos 2% ‘7 +120760
" =3Vplcos¢ = (176 R, ..’_{Enjﬁ’““‘ C
= 3%3810.51*80%0.8 ! P ok, )12
= 731.62kW adudonie 3_2) .
Pout = P'm‘ Plnss I - (—-;-%”Ei"ﬁ's';_*—-] -72— HJ :
= 731.62-3.2-3 x 80%x2.2 2 1560 -
, (3I'R) = {HT) v — 6.96 £ -50.6° AmP
_ vV ___-s
P 68281681;?! - Input current, T=Rpr X+ 2t Iy
==t _ 0U.10 = - m .
Po 73162 = 9379% stator current =696 ATP 0 oging
factor = cos 506 ans)
= 3810.5 £0° -80 £36.86° * (2.2 +j22) 7 ' Torque =~ W,
= 4961.988 ~£-17.76°

Induced line voltage = /3 x 4961.988 = 8594.4 volts

. L 3
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332/ Electrical M achine

Soluﬁom

Z“ -(”4]+J|43)+(636

Input power, Py =
Pm 6 96“ L ] {l?
Actual output =

Vicosp= 1016
67-099)+ () .

me!m“/a_,ﬁqw/
Azzov SOH,, 6 -
ol
= 1140, "z" P 8?),”6 Hp sm gle Phase

.dollb]ﬂ m\ﬂl\?ing field theo'; ‘l'oxr : 14-39 e .
2) Input current and pit

b) Turq“e dl.l.e t
o fi
8rOss torque, orward ang backwarg g hu"l
<o

; ) m
) eNﬂ' clmncy When the motor in Nhehh
€glect R, constant logses are: 30 2W V.2 at & N

Slip (s) = 0.06
zi“”4l+J]43_
18.3451.44
% =Re+ iX¢
132
143\ 2
2006) "1 )”(L.Zé)
-8573444-_,_04
Z =RytjX,
(138
N 2
22-006) *i Z)J,G_?_i)
= (3356 +7.15) || G1317.5)
=321 4j6.875
_?587464960

Total impedance Zy=Z+2¢+ 2,

9+j37.45 .
B 1||0.96445 118
Input current (1, ) = ¥ =—220<0
11096 <45.118 = 1.98 <45 113
3 Input current (I,) = 1984

& P.f. (cos$) = cos45.118 = ing
B Tree Cos45.118 =9.705 lagging
Em(f)=1,Z; = (1.98 < 45, 19) x (85.735<

42.04
=169.75 <-3.078y )

Fractiona

96°
)sl\ 984.4 ”3‘,) (753{649 )
= (1 :
01-:‘208
g
i TN 138 )
5
(1 473 £ -663OA
1502208 02 <20.84
and ,,_Em@)f.’ 138 1(143))
=7 5 .2 (2 06
» (E'('zz'-ﬂﬁﬂﬂi) 0. )
_ 1g8<-42TIA

er for forward field

; ”
- X 2 (138) = 24952
Py (1 )2 "— = (1. 413y 2(0.06)

(= \i2f :

1d

b ckward fie

Air gap POWer for ba N N
L= 10 1320 =12

po=() *3@9 88)" * 2(2-0.06)

b- 7
Torque developed for the forward field,

20!’ uoxS(} =1000 rpm
Here, Ns="p =%

9____-————-55 x 24952 _ 53g3N-m
Te="" 1000

¢ developed for the backw

and torqu
gss o _ 9551231 _gpaN-m
T="Ns whpr 000

ard field.

b) Gross torque (net torque)
=T-Ty=2383- 912=2263N-m

¢) Output power,
Mechanical o/p
field Py = (1-5) Pgr= (1-

and mechanical o/p power for t

d
power for the forwar
—0.06) x 249.52 = 234.5488 W

he backward
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334/ Electrical Machine
field Poy = {1 .2 -2)} P

= (1-2-006)) * 12 55
= -11.8158 w
Mechanical power olp,
= P =234.5488
Neto/p power=p,_p,
= 2227331 -39,
= 192.5331 way
d)  Input power = Vi,cosd
=220*1.96* eos 45,11
=307.38 watt

_9% _ 192533
O X 00 = R < 1009 - 62,6379,

P"‘ = Pml‘"" pmh

14 The constants of a /4 HP, 239y, 4-pole, 60H,
induction motor are as follows, Ngle Phag,
Ri=10Q X, = 128 Q. R, = 11.650Q 20,
X;=12.8Q, Xu= 2580
The total load is such that the machine runs at 30, Sli
applied voltage is at 210V. The iron losses gre 355 Watty & z\ﬂlen
Calculate, oy,
i) Input current, power factor and input power
ii) Power developed
iii) Shaft power if mechanical losses are of 7 watts,

iv) Efficiency
V)  torque due to forward, backward and gross torque,
Selution:

slip (s) =3% =0.03
Core los s = 25 5w at 210v

Motors /335

'B.
j12.8) Q=1 42.6)
B0 s (9102
Zr":( 5

10094 <5209€Q

_ 16243 £52°Q

and (1242.6)

.= (2957 i6.4) || (G129l
b = 6.7 £.66.169°

. =7 +Z{+ Iy .
Total impedance : ‘l“z 3712 £ 53.65

”
i) Input current (1) = T e
B0<0°__ _g59<-53
= 137125365
=1859A
= ¢0s53.65 .
=(.5927 lagging

« . Input current ()
) power factor (cosd)

; er = V1 cosd
and input power - 2;0 859 % 0.5927

= 253.42 watl
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336 / Electrical Machine

W) Ewe=lize=(1.859 <. $3.65)

= 87647 2-056V

Emb =[,zb = (1.859 < -53.6) * (6.7<66 I()g}
=12455< 12,519y

Tor——2236
194.166 + j6 4

(190.94.< 53.03,

i

| = 0.966 < -2.448A
| and
' 2.955 <
T el
= 1.757 <52 682° A
Air gap power forforwardfield
Per= (130 x 194.166
= (0.966)* * 194.166
= 181.187 wart, :
and Air gap power for backward field
P = (Ip)* x 2.957
t’ = (1.767)* x 2.957
= 9.233 watt.
Mechanical o/p power for forward field
Par = (1 -5)P,
=(1-0.03) * 181.187
= 175.751 watt.
and mechanical o/p poew for backward field.
Pas = (1 - (2-5)) P,y
= {1-(2-0.03)} * 9.23
| = -8.956 wart
' Power dcvelopcd (Pn)=P

mr + Prop

175.751 - 8.956

166.795 watt,

mech) = Prr= Plogees
=166.795 - 7
= 159.795 watt,

n

n

iii) Mechanical shaft power (P

/ —gzp 100% = 63.05%

I'I a _iV_)_q-:gpi—’f‘m 159.795
[ _

v)

att Mnlﬂ“

Fractional Kilo¥

field
orward
TorV®" cloped due 0 ’

oraue 4V
N. :
9.53 18118
= 7800 .
N-
& 096: 60 _ 500 ™
1208 _
= d
}lﬁch—.T bac kw:lfd fiel

due 10 N-m
orge 8V 955 49233 =00%

= N

Gross wtqu"'U 9 1 .0.049
_ o9uNm

ve the
otor £2
ction M
¢ indu

G sing‘e Ph’!

Solution:

F v ed rotor test
1. () Equi alent ekt dlagram for block
i

400,
W =40
. ResRit n,+u;a"’5‘ 1oy
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338/ Electrical Machine

Assuming R, = R,

Ri=R,=2q
Vg 110
z“_-l_;: = 10 =110
Xt X =@ -RA" < 1P<gyin _ 10243,
Assuming X, = X3
0.2
Xi=x;=10247 24?~5‘123sn
Again,

For no load test

olo

No load p.f, Cosdy = v“y_{i_ . ) ]

: I
= e 22002“‘4 =0.1136 \

tion ©
¢ insula 16
. , u : ited whi
= ¢ .83.47 . o high value Ofwhich will a.gamwm be Shon circut
( sz _ ( X, d“ime ating Of core <ondary winding build
V.:,~vu<0-{lo~<-¢o) Ri+—2)+jlx, 3 W.nde hence, the :zecth ‘or. Explain voltage
w disco rator.
5 enc
= Vab=220<0.(4 <g3 47°) Gz +24j (5 1235 421235 '235)}) the ammeter { equation of 8 Dcf.r
¢ an cm t genera
= 188. 43 <1.96° 2 D“;ucess of a DC shunt & e
up I po
Z’tﬂ = —ab = -1—8-_8&_ =47. 10 ) . " ¢ magnetlc ﬂllx- pe Qnducmrs
2 Io 4 > L 1 no. of armature ¢
i = fotal
R; Z
b) [ron, friction and winding losses = Wo- Iy (Rl + "4"] = 60w

=No. of magnetic ‘poles.
- p;ed of armature in rpm-
| N=s§

- aaa

Scanned by CamScanner



340 / Electrical Machine

Average emf generated per conducto, - 49
r=

conductor in one revolution d¢ = o dt magncue 0
Time for one revoluti 60 "
ution, dt = N sec. y%h
Average emf generated per conductor ~ 99
r==2_4pN
parallel paths i Tm
;:I s in the armature “’inding Th 60V Loy
series = % M no, op Ny
Co "
nau% r
T "
OL'I.I emf across the brushes, E = ¢PN 7 |
. x A
poZON P 60 "4 Volss,
= x = Volts.

60 A

Before loading a dc
. shunt generator, j
its or, it sh
Pmd:olt:gc. Usually, there is always so::”d be'a
i ce byllhe field pole even in the o
. r::cfc;]rc. at initinl, when the armature mm“bﬁ‘nce
s
cun'enl‘a‘nc :;n?;mm due to this resfdual flux :c:e
ks ,-:.,,,:Ld current which will increase (he fl
i i um.”n:c emf will Increase whicl, ﬂlr::: PEF pole, Wha
o the generator generatey steady Cr Increagey |y,
o up to which the voltage buf rited volage, 1
eld winding resltance ullds up depens m; hc
] i lhe

Emf gen =
gencrated, E = AC ohmle voltage In R, = A '

pe=p 4
LG

lloweq ¢, builg
ua

| Magney;. nu
; of fielq currem‘
Small emf i indy .
emfcl’rcu!ntcs a nm:u

Effec

Ny

Appendix /341

g of 2 3-phase fnduced motor

ic
¢haraclcrisi
f,_plsl h‘.'rqt':;"":ﬂ,::':l of rotor resistance 01 T-S characteristics.
e t
ril"""‘ il
J' ’“d “‘_mto[ torquc cqtjﬂilon i
[
2 The¥ _l%s,,ﬁ:;—&-.n,.(i)
- =1+ X2 .
L When s eed
1 i Te=0 corresponds to point A. ] en Sp
(sia s=0 ancwasm) the S>> 52 X;’ so, equation (1) for such
lip 11 4
€ scS (s
dc:“dl ons \\‘i“ be,
O N
T E‘S'f?’t& =Te®
r ) : - -
vill be lincarly proponional to slip shown by line AB
;, 10rque 1 o
He¥’ 2 chgnd this value of slip, R2 << §? X;z. So, equation (1)
upt@ 57Xz . ‘
T 1 g, torque decreases with increase In slip as shown
s R X o s ‘
bccomc S K E‘-' R"
Torqueé

C

g

«Sl

" Hence, €x

{ of rotor resist

0

o5 06 04 02

ance:

S
At normal working: TR X R,

R

At starting Ts * 3
ed when high starting torque is

al operating speed
prove the running

ternal rotor resistance are us
tor has picked up its norm

required. Once, the mo
esistance 18 removed to im

(N), the external, rotor T

torque.
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¢lp of ph
inal Phasor gja
. phase synchronoys m:::lms, Xplaig

dfmml r. tl‘[‘t,t
: supply to tor
'n synchronous motor the rotor fig)q Windin, ey,
constant, the magnityg. As the § O iS kngy, oy
flux per pole ¢ of back emf O.f s)'ﬂchm alelc'

: produced b femaing Noyg '@
magnitude of back i Y the rotor g cong 7, nmq:'ﬂn
excitation | can n Toy; i

Citation s Chﬁngcd at be thangcd byx 0 a“gc\ldedl.\:
current and p oy a conslany load e leld c"cilal-. 8o, N
) an Z . ;
be operated at both | _gc. by Chmg.‘ng "‘f’gnuude u';’"- If e
by the following w agging and leading pf T;xcnlauun a;-ma:%

.a)’. . is rm c mot
or
Qﬂ

Unity pr

Appendix /343

t 1500 rpm has its
chronous motor running p
v, H Q}C

corresponding 10 no-load terminal

ent cm‘l.!ﬂlll
power factor and

L n
. "d““o v. Determin€ the power input,
Joltak€ o cloped for an armature per phase and armature
dev
torq¥e
reslstan€e is neglected:
R 0, ) 50
~250A
’ v 5}_0__(_]_(1 =112V -
upply vOUAE° P phase: 7 3
3000 1
|nduccdcmfpcr phasc. E= \,-3 =172V
S)’“Chronous jmpedance, Z,=Re+X,=5=3 £.90° for lagging p-f
g=(Veosd-h R+ (V sin &=Ly XV
of (732} = (1732 X c08 g-0) +(1732sin ¢~ 250 x 5)' ’
' -
o, sin 6= 03608
go, C€OS o= 0.9326 Uﬂg)

=[3Vilacosd

{nput pOWET: Py
=3 %1732 % 1250 x 0,9326

=349 mW

R—

P x 60
and 101QUE = 9 x Ny

N, = 1500 rpm
p,= 349 MW
W xX
M_ﬁl =22.26 K-Nm !

So, 10rque =" 5 x 1500
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4 With th Appendix /343
¢ h
Pl elp of phasor dhgr..m‘ o (08 v
43¢ synchronous motqr Plain iy, . hronous mMotor running at uy

= . Z sy¢

:l"hcdctuntn: supply to th of txc 3000“ L il corresponding 10 no-load terminal

I synchron, € rotor fielq Wwindi h“k\ A kept con® er factor and

OUS motor. Ag Ing is L juation ine the power input, powe
constant, the . € Speeq Nay, 1 o V. Determ -
magnitude of byc) °F syney,, %t’lci e © armature per phase and arma
flux Per pole produced emf rcmains o °“ﬂus ll[.th y0 \-an“‘ for an
magnitude of back emf by the folor ¢ n:nmam m\?‘“br 1 torq¥ dc‘ neﬂucled.
c t s
excitation is changeq an be changeq by fiel Change_ dog the m{gunce
current and p. 'f] Al a constang load, 1, 4 exgi S % e
-l Will change. by ; Bnit ¢ $
be operated at bog, laggiﬁ ; )dChmgnng the cxcimioude of g Be  gowti® -
by the following e 8 and leading py. This ¢ M, the Mg g, 0. %s
E.UC of c“llﬂllon for “‘hiCh ma anlth 1N v :3000 =1732 \Y

0 applied voltage v i known ag |()(}gmmdc Of back E, ply vollage per phase. \3

more thap | i s R % excitag i Sup :

& 3f.thc €Xcitation is less thap 100° hon. If e eXcj : Qg 3000 gaay

under excited. %, then th iop ; vase. E= 5 ¢ 1732
¢ m(}‘{)r iS ‘ald : lnd\lccd Cm[ pCl' P ! \Ii
= ° ing p.[.
s pedance, Zs= Rat Xe=9=5 LN for laggiog P
\ gynchronous P )
- J+ sin ¢ — 14 Xs)

E::{\Fcns¢“"-R

2 in § - 250 % S’ \
- <'cos §~0) +(1732sin §
1732} = (1732 % €08 |
of,
or Si.l'l Q = 0'3608
so, cos §=09320 (lag)
rP'l :\ﬁVLlaCGS¢ 1 |
=
5

' mn’. E"Cil'alion
Input powe
=43 % 1732 % 1250 % 09326

p, = 60

and 10rQUE = 9 x Ny
N,= 1500 rpm
P,=349 MW

349 x 10" * 60 _ 25 96 K-Nm
So, torque = 9. x {500
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Fig. g

Plasor dingram Jor lng,
[l 1 "'

The Magnitudy of |1 can |
« LU be found from (g, 1

-r-(il)la(("; ' ,,-”}J HGe
= (veosp + 4 4p -
Unlty pr

j oD’ = o

or, [

W+ (Vsing + 1.X,)°

[ ’.‘
| 1o right-nng|e AOCD

on’ -~
D (O '}J | ((_‘”)J

]
I =
b {v ! I"R‘) i [llxI)J

Le
ndling Power fuegop

“I

O

hl" /| 7
| e T sh T
/ 015 ’ '-H'I/lL
I
I

———

vV -.,_.'t:\ I.R.

From righl-unglc

| Opte s, NangloOac
= 0@G* !
or, |’ T AD= oF + gy 4 (Gae !
' B0 (Voosh+ LR 4 yying. g x g i
0 - :
" l)

'f".\' Pon 'frﬁ“-’

or m,*

ghi-nng!ctl AOqp

FChy?

4 (CG : Cl),] 1
(1% vVsind)

. ing
gram of @ Jopded alternator for the following

estlon® . "
& praw the phasor dir
| : :
conditions: .
(n) [agging ower fhctor
(b) [eoding power factor
Unity power factor. | ‘ .
W iy armature reaction” gxplain the effect of armature recation
g nrv e e o
P e inal vollEe of an altemator at (1) unity power factor load, (ii)
n } | . r .
fhe 'c]"uﬁ,'n}'. pr load and (iif) zero Jeading pf load. Draw the S
sero I
phasor dingrams. | .
T — ,
Name and explain the factor® responsible for marking terminal voltage
3 of nn glternator [egs than the induced voltage.
= 0 *aC oltage rc u‘“liﬂn l]r
a4, Define (he terms gynchronous T ctance and voltage rCg
gliernator.
e L . "
5. Whtis he necetsity of parallcl operator Jom—
6, Howho conditions necessary for parallcling alternators?
bus? state the characteristics of an infinite bus.

7, What i an infinite
What are the operating character
infinite bus?

B. Show that in order to obtain a cons
a practical bus bar system, the number of
parallel ghould be ns large o8 possible.

istics of an alternator connecled to an

alternntors connected in

tant-voltage, constant-frequency of
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S Electrica) Machine Appendix /347
: What cong i
ition; o eali smooth
connected to gp ?nr:nm be fulfilleq bef; namely (i) salient pole type ()
0. Whyjs rotating ﬁte:l:j1 - ik a ‘:r non-salient pole type:
. Derive emf equatj YSlem used in Preferep " b
5 alion for ce to .
(a) distribut: an alterngy, o Astgy
Istribution facto, and (b lor. Explaip, o 1Ongry fia Ecitation
them, ) coil- arly ely
Aut AN factor, Giyg Meay, . system
o A .
Matic Generatign Contro| ¢ expressig::'sg of '\' p1 Controller
O
Exitatio
V129
age -
re :on machiné i . 1ii) Yoke
Generator fieg sy ‘“duc;l::i!in parts: i) stater i) Rotor: iii) YO
int
: O =t S0 3
= Si.ﬁ[m‘ -120 ) i o
: »= ::sin(mt - 240) = dn sin(@t + 120°)
: slip, 5= N,
Valve contro] g
mbcha_niSm GOVe‘[‘ner '

Load Frequenc '
" ol {1785 |-—| Pt |
18. Schematic g4; .
- The genera‘;:: P FFC and AUR of q synchronoys |
et S supplying power to the Joag which i gmem,t“" i _R2 for maximum torque-
) Power and reactive power. S the mixpy, of || ST % i 2
Speed govermor (P _ flOCIp) | k|SE’1 Rz or. T U:EE TR':(.E'
- — y
AUR (Q- V loqp) L ks 1

gped control of Induction Motor:
Testing of Induction Motors:

N(f) 4
’ No - load test
a) " jron loss

Concentrated winding

The €xactin ; )
and bwshef current is supplied to the rotor through two slip ring " |f are slot per pole

or slots equal to number of poles are
trated winding is obtained.

d. then concen ‘

ot e ) i i d emfs for a given number

. e | h windings give maximum mduf.e em 4 :
e e e P o ) iﬁ:onﬂuciom but the view form of induced emf is not exactly 0

sinusoidal form.
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Appen
348/ Electrical Machine

In Skelton way
1S equal to (he n

¢ winding, the n

o1 machines:

=
o=

== -
==

Mber ic
umber of poles, Of conduygyy, ect?

- 0000 e pischin®
g (‘Pdr‘. !

Fig.: Skelton ,

vave winding (Concentrqy, . lm OUS
Distributeq winding; “ wm‘""gs} =
y : M
i = If the cong i =
! - conductors are placeqd In several gloqe unde
| winding is known as distributeq winding, o Pole th W
' g

de of back emf is given by

2\

12

)

2
s AN

Thé magnity
{ 'S . N
' Fig. Single layer lap winding, ¥ 59
Assignments v-E ing.
l.  Descri lng wrine] L=TR, th side by ly & rearranging -
. scribe a working principle of a CUTTENt transformer Wh £y, multiplylng bo !
secondary winding of a CT shall not be kept open Withpy or, lRi# VB
ammeter? : ' A= By wre) = Power
2. Derive an emf equation of a DC generator. Explain voltage byilg Ule= Ll . (copper loss In arma
up process of a DC generator, npul pOwer o nrmature
3. Explain torque-slip characteristics of 3-phase indyc motor anq dm:vulupcd by arnature. .
i- explain the effect of rotor resistance on T-S characteristics, . ¢ N: :
I 4. With the help of phasor diagrams explain the effect of excitatigp B .
in a 3-phase synchronous motor,

Pyet &
Explain the operating and characteristics of capacitor start ang N |
run motor with peat sketches,
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Appendix /351

v - oad
'f‘f{; if R, is not connected.
et "
Re+ R, T 'R.is connected,
o,

Armature control method
I

1=lo (v T, e ol,)
Eu=V- la R, --.(i)
E=V-1, (R, + R,) ...(Gi)
&Emel&vicevma.

!3
(1) Power electronics/Electric drives. ' :
(2) Power system - Renewable energy/smart grid.
;- Control system
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