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Electric Machines 1

CHAPTER 2: MAGNETIC CIRCUITS AND INDUCTION

Note Unless otherwise specified, leakage and fringing are neglected.

2.1 A square loop of side 2 d is placed with two of its sides parallel to an infinitely long conductor
carrying current |. The centre line of the square is at distance b from the conductor. Determine the
expression for the total flux passing through the loop. What would be the loop flux if the loop is
placed such that the conductor is normal to the plane of the loop? Does the loop flux in this case
depend upon the relative location of the loop with respect to the conductor?

Solution
At distance r from conductor le—od—»]

-
H= T Alm /T{b_d}
r ;—dr
Bz H= ot 1T i
~Ho T oy
Flux passing through elemental strip
Uol b——>
dq):BdA:ﬁdedr b+ d—>
Fig. |P2.1
e 2]
RUEAE
|d peb+d
Hence = HO—J dr
v/ b-d T
_ ‘Ll0|d b+d
= In (b—d) Wb
If conductor is normal to the plane of the loop, flux through loop is zero, independent of its relative
location.

2.2 For the magnetic circuit of Fig. P2.2, find the flux density and flux in each of the outer limbs and the
central limbs. Assume u, for iron of the core to be (a) « (b) 4500.

Solution
Mean flux path
0, & A o )
-« -9 > ~——Core thickness = 5 cm
o> T
i 05A 1000 g i
1 mm *T turns g fz mm
o |
—>» |5 cme——30cm— 10 cm |[«+—30 cm 5 cmr<—
| é |
B

rig.[P22 ]
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(8 u, = ==. The corresponding electrical analog of magnetic

circuit is shown in Fig. P2.2(a). 2 A
Ni = 1000 x 0.5 = 500 AT o
2 X% 1073 o R . R
Ry = = 0.6366 x 106 AT/Wb Re2 Ni @
¢ 47 x10-7 x25x 104
R 1x107 0.3183 x 10° AT/Wb
= =0. X
2 7 4rx10-7 x 25x 104 .
500 i
=20 =078 mWb Fig.[P2.2@) |
% 0.6366 x 106 226 ]
0.785x 10-3
Bj= ———  =03147T
25x 104
0= —290 __ — 1571 mwb
0.3183x 106
o o 187x108
27 25x104
6= ¢ + ¢, = 2.356 mWb
_236x10°
T 50x104

(b) 1 = 4,500. The corresponding analogous electrical circuit is given in Fig. P2.2(b). Effect of air-gaps
on iron path length is negligible.

02 A 0

< -
>

f
R Ni R

R
R g2 } 3 Rg1

B

ly=l,=(40+5)+2 x (30 + 5 + 25) = 120 cm
120x 102

2~ 27 % 107 x 4,500 x 25 10 %

le=40+5=45cm

Ry=R =0.085 x 10° AT/Wb
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p - 45x10-2
S A7 x10-7 x 4,500 x 50 x 104
Req: [(Rc1+ Rgl) ” (Rc2+ Rgz)] + Rc3
R+ Ry = 06366 + 0.084 = 0.7206 x 10°
R+ Ry = 03183 + 0.085 = 0.4033 x 10°

= 0.016 x 10° AT/Wb

[ 0.7206x 0.4033 . 3
Re= { (07208 + 04053 +0.016} % 10° = 0.2746 x 10° AT/Wb
500
=90 1803 mwb
9= 0.2742 x 106 m
o L88x102
T B0x10-4
0.4033
= 1.823 x 9:4033 _ 4654 mwb
91 X 11239 m
o L 0688x10°
17 25x104
0.7206
- 1823 = 1.17 mWb
02 X 11239 m
o L L7x102
27 25%x10-4

2.3 For the magnetic circuit shown in Fig. P2.3, calculate the exciting current required to establish a
flux of 2 mWhb in the air-gap. Take fringing into account empirically. Use the B-H curve of
Fig. 2.15.

Iy 20 cm <—— A, =5cm x4 cm
— | | ‘
I 200 turns - = 0.1 cm
R D ¢ =2 mWb
>l |«
15 cm \k— 20cm—mm—

rig (P23
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2.0 I
Crgos*
1.8
1.6
e
m
14
1.2
1.0
0.05 0.1 0.2 0.3 05 1 2 3 5
H(KAT/m)
*Cold rolled grain oriented steel
Fig. P2.3(a)

Solution  Taking fringing into account empirically
Ay=(5+0.1) (4+01) =2091 x 10* m?

2x10-38
y= o = 0957 T
20.91x 104
0.957 5
= —=— =7616 x 10° AT
97 4z x107 8
ATy =7616 x 10° x 0.1 x 107 = 761.6
B - 2x10-% 1T
© 20x104

Corresponding H, is obtained from B-H curve of Fig. 2.15
H. = 0.06 KAT/m = 60 AT/m
AT, =60 x 55 x 102 = 33

o1
200
2.4 A steel ring has a mean diameter of 20 cm, a cross-section of 25 cn? and a radial air-gap of 0.8
mm cut across it. When excited by a current of 1A through a coil of 1000 turns wound on the ring
core, it produces an air-gap flux of 1 mWh. Neglecting leakage and fringing, calculate (a) relative
permeability of steel, and (b) total reluctance of the magnetic circuit.
Solution

i (33 + 761.6) = 3.973 A

| 1t x 20 — 0.08 = 62.75 cm; Ig = 0.08 cm; Ag = 25 cm?

R. = 0.8x10° = 0255 x 10°
97 4rx107 x25x104 %

F =1000 x 1 = 1000 AT
¢=1mWb

C
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@ R corey = (1 — 0.255) x 10° = 0.745 x 10° ()
(b) R o) = &100 x 10% =1 x 10° (if)
From (i)
0745  10F = 62.75% 102
A x 1077 X e X 25x 104
L. = 268

2.5 The core made of cold-rolled silicon steel (B—H curve of Fig. 2.15) is shown in Fig. P2.5. It has a
uniform cross-section (not iron) of 5.9 cn? and a mean length of 30 cm. Coils A, B and C carry 0.4,
0.8 and 1 A respectively in the directions shown. Coils A and B have 250 and 500 turns respectively.
How many turns must coil C have to establish a flux of 1 mWh in the core?

Fig.[P2.5
Solution Nyis = 250 x 0.4 = 100 AT
Naig = 500 x 0.8 = 400 AT
Bz X107 eesT
T 59x104

Corresponding H from B-H curve of Fig. 2.15 is
H = 0.5 KAT/m = 500 AT/m
(AT),q = 500 x 30 x 102 = 150
= (AT), + (AT)g — (AT)c
or (AT)c = 100 + 400 — 150 = 350
Ngic =350 .. Ng =350
2.6 In the magnetic circuit shown in Fig. P2.6, the coil F; is supplying 4000 AT in the direction indicated.

Find the AT of coil F, and current direction to produce air-gap flux of 4 mWb from top to bottom.
The relative permeability of iron may be taken as 2500.
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o F ZT
{ JANA)
50 cm L \ \ \ 50 cm
‘:k \ ] ‘ ~«—— A, = 40 cm?
3 UUU
O—>d 1 | 20 cm
q - ‘
Rd TP ~«— 2 mm
. T | A
,,,,,,,,,,,,,,,,,,,,,,,, Yoo o]
Fig,[72 |
Solution  The equivalent electric circuitisshownin Fig. e A %2
2.6(a). 2 ” .
|Cl = |C3 = 0.5 m é—’; (D ;;(NI)Z
0.5 o R
R.=R .= o c2
LTS 4rx10-7 x2,500x 40x104 2
=398 x 10 AT/Wb Rer . Res
[¢]
20x10-2
RCZ = ®
A x10-7 x 2,500 x 40 x 104 B
=159 x 10* AT/Wb Fig.[P2.6a |
R 2x107 39.79 x 10* AT/Wb
= = . X
9 4rx10-7 x40x 104
¢ =4 mWb

ATae=¢ (Rt Ry
=4 x 10 (159 + 39.79) x 10 = 1,655
4,000 - 1,655
0,= ¢~ ¢ =589 — 4 = 549 mWb

= 58.9 mWb

1,655+ (Ni) >
3.98x104
1,655 + (Ni), = 2,185 or (Ni), = 530 AT
2.7 For the magnetic circuit shown in Fig. P2.7, the air-gap flux is 0.24 mWh and the number of turns
of the coil wound on the central limb is 1000.
Calculate (a) the flux in the central limb and (b) the current required. The magnetization curve of
the core is as follows:

H (AT/m) 200 400
B (T) 0.4 0.8 1.0 1.1

=549 x 10°

500 600 800 1060 1400
12 13 14
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Solution

B(T)

Electric Machines
<«——10cm——>f«——10 cm—> ¢+2 cm
K¢ Air gap, 1 mm
“
e ]
D —
D @
15 cm [\_4—*3 {2 cml~
S le ——
2 cm o—1
i ¥ > 4cm | ¥
2 em *B 2 em ~«— Core thickness = 3 cm
14 [
1.2 —
1.0 —
0.8
0.6 —
04 —
0.2 —
0 \ \ \ \ \ \ |
200 400 600 800 1000 1200 1400

H(AT/m)
(a)

rig. P27}

L. 02x10°

97 (2x3)x104

Hy= —24 - 3183 x 10° AT/m
47 x 107

B, = By = 0.4 T (no fringing)

From the B—H data given, H; = 200 AT/m

(AT)AB = Hlll + Hglg

=200 x (2 x 10 + 15) x 102 + 31.83 x 10* x 1 x 107 = 388.3
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For the left limbs

- (ADas _ 3883  _ 109 AT/m
I 35x10-2

H,

From the B—H curve given
B,=131T
¢, =131 x (2 x 3 x 10% = 0.786 mWb
@ (central limb) = 0.24 + 0.786 = 1.026 mWb

1026 x10-3

B, (central limb) = Ax3x104 =0855T

H. (central limb) = 430 AT/m
AT (central limb) = 430 x 15 x 1072 = 64.5
(ATt = (AT)ap + 64.5
388.3 + 64.5 = 452.8

_ 452.8 _
=100 _ 0453 A

2.8 The magnetic circuit shown in Fig. P2.8 has a coil of 500 turns wound on the central limb which has
an air-gap of 1 mm. The magnetic path from A to B via each outer limb is 100 cm and via the central
limb 25 cm (air-gap length excluded). The cross-sectional area of the central limb is5 cm x 3 cm
and each outer limb is 2.5 cm x 3 cm. A current of 0.5 A in the coil produces an air-gap flux of

0.35 mWh. Find the relative permeability of the medium.
~1mm, ¢ = 0.35 mWb

AT <A =75 cm?

<A A =15 cm?

0.5A
fer ol

1 b 500 Turns

100 cm

.

Fig. 725 ]
Solution  Figure P2.8(a) gives the electric equivalent of the magnetic circuit of Fig. P2.8.

ao A g

1

Fig.|P2.8(a) | Equivalent Electric Circuit of Fig. P2.18
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p o p - 100 x 10-2 _1061x109
AT TS 4rx1077 xp, x7.5x104 ;
25x 102 0.133 9
Re= 4rx107 xu, x15x104 ~ p, ~ 10 ATWD
R 1x10°7 05305 x 10° AT/Wb
= =0. X
9 4Arx10-7 x15%x10-4
Ni=¢(Ryll Rg+ Rg+ Rep)
(¢] (¢]
500 x 0.5 = 0.35 x 102 (O'Sslix 10, 0.13:;>< 107 | 05305 106]
r r

U, = 3,612
2.9 A cast stedl ring has an external diameter of 32 cm and a sguare cross-section of 4 cm side. Inside
and across thering, a cast steel bar 24 x4 x 2 cmisfitted, the butt-joints being equivalent to a total
air-gap of 1 mm. Calculate the ampere-turns required on half of the ring to produce a flux density
of 1 T in the other half. Given:
H (AT/m) 0 200 400 600 800 1000 1200 1400 1600
B (T 0 011 032 0.6 0.8 10 118 127 132
Solution  Figure P2.9(a) shows the sketch of the cast steel ring.
B, = 1T; H; = 1,000 AT/m (From graph of Fig. P2.9(b))

32 cm dia.
[ Cross-section = 4 cm x 4 cm

AT

24cm x4 cm x 2 cm
Air gap equivalent of 1 mm

(a)
Fig (2290

(AT)xp = AT, = 1,000 x 7 x 14 x 102 = 439.82
¢, =1 x 16 x 104 = 1.6 mWb
ATc = (AT)p = 439.82

439.82 = x 1 x 102+ H_ x 0.28

B¢
4 x10-7
439.82 = 795.77 B, + 2.28 H.
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1.4
1.2
1.0—
E 08—
m —
0.6 —
0.4—
02—
0 \ | \ \ \ \ \ \ |
200 400 600 800 1000 1200 1400 1600 1800
H(AT/m)
(b)
Fig.[ P2.9(b)

Intersection of the above straight line with B-H curve gives
B.=039T; ¢ =039 x8 x 10 = 0.312 mWb

¢ = ¢, + ¢, = (1.6 + 0.312) mWb = 1.912 mWb
1912x10-3
B=——— —  =1195T
16 x 104

From graph, H, = 1230 AT/m
AT, = 1230 x  x 14 x 1072 = 540.98
Total AT = 439.82 + 540.98 = 980.8
2.10 In Prob. 2.2 the B-H curve of the core material is characterized by the data given below. Find the
flux and flux densities in the three limbs of the core.
H (AT/m) 50 100 150 200 250 300 350
B (T 0.14 0.36 0.66 1.00 1.22 1.32 1.39
Hint This problem can be solved by the graphical-cum-iterative technique.
Solution The B—H curve as per the data is drawn in Fig. P2.10.
Using the solution of 2.1(a) as a starting point:

B, =034 — H; = 90; H,l, =90 x 1.2 = 108
B, = 0628 — H, = 145; H,l, =145 x 1.2 = 174
B=0471 - H = 120; Hl = 120 x 0.45 = 54
440 x 4 x 107
ATy = 500 — 108 — 54 = 338 B, (new) = —————— =0.212
2x10-3
272 x 4 x10-7
AT, = 500 — 174 — 54 = 272 B, (new) = —————— = 0.342
g 1x10-3
_0.212x0.342

B(new) = ————5—— = 0.277



Electric Machines

11

14—

12—

10—

B(T)

0.8

0.4

0.2

50

B, = 0.212
B, = 0.342
B, = 0.277

H, = 70
H,= 95
H =83

ATg =500 — 84 — 38 = 378

ATy =500 — 114 — 38 = 348

B, = 0.237 H, = 70
B, = 0.437 H, = 120
B, = 0.337 H=95

ATy =500 — 84 — 43 = 373

ATg =500 — 144 — 43 = 313

100 150 200 250 300 350 400
AT/m

rig, [ 2210 |

Hyl, =70 x 1.2 = 84
Hyl, =95 x 1.2 = 114
HI = 83 x 0.45 = 38
_ 378x 4m x 107

= 5% 103 = 0.237

348x 4 x 107
B=(0.237 + 0437)/2=0337 T
Hy; =70 x 1.2 = 84
H,l, = 120 x 1.2 = 144
HI = 95 x 0.43 = 40.85
373x 47 x10-7
B, =313 x 47 x 10 = 04

82&234 - 0317 T

= 0437

=0234

(Almost converged)

2.11 Aring of magnetic material has a rectangular cross-section. The inner diameter of the ring is 20 cm
and the outer diameter is 25 cm, its thickness being 2 cm. An air-gap of 1 mm length is cut across
the ring. The ring is wound with 500 turns and when carrying a current of 3 A produces a flux
density of 1.2 T in the air-gap. Find (a) magnetic field intensity in the magnetic material and in the
air-gap (b) relative permeability of the magnetic material, and (c) total reluctance of the magnetic

circuit and component values.
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Solution  Figure P2.11 gives the sketch of the magne-
tic ring.

Ni =500 x 3 = 1,500 AT
B. =By =12 T (no fringing)
_ 12
@ He= 107

500 x 3=9549 x 10° x 1 x 102 + H, x 21
x 11.25 x 107

H, = 77116 AT/m

() M= ¢

ot

_ 12
M= Ar <107 x 77116

(C) RtotaI:Rg+Rc

Thickness = 2 cm

= 9549 x 10° AT/m

=1,238.3

_ 1x10-3 N 2n x11.25x 102
A x107 x2x2.5x104  4rx10-7 x1,238.3x 2x 2.5x 104

= 1592 x 10° + 0.909 x 10° = 25 x 10° AT/Wb
2.12 For the magnetic ring of Prob. 2.11, the exciting current is again 3 A. Find the following:
(8 Inductance of the coil
(b) energy stored in the magnetic material and in the air-gap
() rms emf induced in the coil when it carries alternating current of 3 sin 314 t.
Solution Refer to Fig. P2.11.
¢=BA=12x25x2x10%=06 mWwb

(a) A=N¢ =500 x 06 x 10° = 0.3 WbT
A _03 _
|__—i——3 = 0.1H
% Al % 1( Al
b W.=Al |H.dg =—-¢ dB == c |g2
() fc Acc‘([ C Bc .UO.ur'(';BC Bc Z(Uo.urj c

U, (as determined in Prob. 2.9) = 1,238.3
_1 " 5x 104 x22.5x 7 x10-2
2 4 x10-7 x1,238.3

0.1635 J
B, = B, = 1.2 T (no fringing)
1 5x10-4 x10-3
97 2% 4rx107
= 0.2865 J

x (1.2)?

(1.2)?
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di _d .
(© e= el 0.3sin 314 t
=942 cos314 tV
2.13 Assume that the core of the magnetic circuit of Fig. P2.3 has y, = 2500.
(a) Calculate the energy stored in the core and in the air-gap for an excitation current of 5 A.
What will be these values if u, = o?
(b) What will be the excitation current to produce a sinusoidally varying flux of 0.5 sin 314 t mWh
in the air-gap?
(c) Calculate the inductance of the coil. What will be the inductance if y, = oo?
Solution

o 70x10-2
@ ¢~ 47 x 107 x 2,500 x 20 x 104

= 0.111 x 10° AT/Wb

_ 0.1x10-2
Ro= 47 %107 x 20.91x 10
R = 0492 x 10° AT/Wb
200 X 5= ¢ Ry
_ 200x5
"~ 0.492x106
W = (12) ¢ R
W, (core) = (1/2) x (2033 x 10°)? x 0.111 x 10° = 0.23 J
W, (air-gap) = (1/2) x (2.033 x 10°)? x 0.381 x 10° = 0.787 J
Let U= = R.=0
Ria = Ry = 0381 x 10° AT/Wb
200 x 5
9= 0.381x 106
W, (air-gap) = (1/2) x (2625 x 107°) x 0.38 x 10° = 1.312 J
W; (core) =0 (as R. = 0)
N
R tota

=0.381 x 10° AT/Whb

or = 2.033 mWb

= 2.625 mWb

=05 x 102 sn 314 t

(b)

. [0492x 10° x 0.5x 1073
- 200

] sin 314 t
=123sn314tA
C L—NZP—ﬂ—OOSBH
© - T 0.492x106
If ‘ur: [}
Ria = Ry = 0381 x 10° AT/Wb
(200) 2

= ———— =0105H
0.381x106

A

POWEREN.IR
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2.14 The magnetic circuit of Fig. P2.14 has a magnetic core of relative permeability 1600 and is wound
with a coil of 1500 turns excited with sinusoidal ac voltage, as shown. Calculate the maximum flux
density of the core and the peak value of the exciting current. What is the peak value of the energy
stored in the magnetic system and what percentage of it resides in the air-gap?

9
»¥
L
+ .
P |
200 V — |
E v %}&0.15 mm
f=50 Hz IR }
D
‘ i Cross-sectional
b 20 em | [ area=5cm?
Fig,P21d |
Solution
E=V=200 =444 x 50 x 1500 X ¢
_ 200 _
o Oma = 2 245 50% 1500 06 MWD
0.6 6
B=77"——""7=2-=12T
max - 1000x 5x104 5
20x10-2 5
RC = =0.2 x 10

47 x10-7 x 1600 x 5x 104

p - 0.15x10-3
9 47 %107 x5x104
R (tota) = 0439 x 10°
Frax = imax X 1500 = 0.439 x 10° x 0.6 x 1073
ima = 0.176 A

=0.239 x 10°

W(peak) = (%) 020 R (o) = % (06 x 1092 x 0.439 x 10°

0.079 J

% of energy in air-gap = 8 42123 x 100 = 54.4

2.15 The material of the core of Fig. P2.15 wound with two coils as shown, is sheet steel (B-H curve of
Fig. 2.15. Coil 2 carriesa current of 2 A in the direction shown. What current (with direction) should
coil 1 carry to establish a flux density of 1.4 T in the core in the indicated direction?
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o
/ Thickness 5 cm
> 10 cm +!{f ~
7 v \V
O D g O
| 20 cm -
400 turns D q 800 turns
2
o I'D T ——o0
< 25ecm ———>
10
B D <
- 10 cm -
Fig.| P2.15

Solution
B, = 14T, H, (from Fig. 2.15) = 450 AT/m.

=2 x (20 + 10) + 2 (25 + 10) = 130 cm
AT« =450 x 1.3 = 585
AT, =800 x 2 = 1600
AT,y = AT, (opposition to AT,) — AT,
585 = AT, — 1600

AT, = 2185
_ 2185 _
= 555 = 5.463 A

2.16 The flux in a magnetic core is alternating sinusoidal at a frequency of 600 Hz. The maximum flux
density is 2 T and the eddy-current loss is 15 W. Find the eddy-current loss in the core if the
frequency is raised to 800 Hz and the maximum flux density is reduced to 1.5 T.

P = kof* B2

Pe _ (800Y'(15)°
15 600 2
. P.,=15W
2.17 The core-loss (hysteresis + eddy-current loss) for a given specimen of magnetic material is found to
be 2000 W at 50 Hz. Keeping the flux density constant, the frequency of the supply is raised to 75
Hz resulting in a core loss of 3200 W. Compute separately hysteresis and eddy current losses at both

the frequencies.
Hint: (see page 46-47)
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Solution
PL=P,+ P, =k f?B2 V+kfBV

kef 2+ ki f (since B,, constant)
P
f

For P_ = 2,000, f =50 Hz

ko £+ ki,

2000 by
or ﬁ =50 ke + kh
50 ke + ki = 40 (1)
P, =3200, f=75Hz
320 =75 ks + kb
75 K. + ki) = % @)

Solving Egs (1) and (2)

— = 34.67

>~
1

,_ 8 _

ke = oz 01067, Kk

At f = 50 Hz

P, = kef? = 266.7 W; P,= knf=1733 W
At f=75Hz

P, = kef 2= 600 W; P, = ki f=2600W
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CHAPTER 3: TRANSFORMERS

3.1 The emf per turn of a single-phase 2200/220 V, 50 Hz transformer is approximately 12 V. Calculate (a) the
number of primary and secondary turns, and (b) the net cross-sectional area of core for a maximum
flux density of 1.5 T.
Solution
(8 emf per turn =12 V

Vi Ve

— = =12V i
or N, N, (i)
Also V;=2200V; V,=220V
Therefore, from (i) we have
Y,
N; = V12200 _ 183.33 = 183 (turns cannot be fractional)
12 12
- VU220 oo
Similarly, N, = - 1 - 18.33 =18
_ \ _ 12 _
o Omac= 4 aatN, - adaxso | 0004 WD
_ Pmax _ 0.054 _ 2
A= B~ 15 0.036 m

3.7 A 100 kVA, 1100/230 V, 50 Hz transformer has an HV winding resistance of 0.1 Q and a leakage
reactance of 0.4 Q. The LV winding has a resistance of 0.006 2 and a leakage reactance of 0.01 Q.
Find the equivalent winding resistance, reactance and impedance referred to the HV and LV sides.
Convert these to pu values.
Solution HV suffix 1, LV suffix 2

Zo=r,+ | X, = (0.006 + ] 001) Q

o o o« _ (1100Y : _ :
Zy=a(r,+j X)) = 530 (0.006 + j 0.01) = (0.237 + j 0.229) Q

Z(HV) = z;+75, = (0237 + j 0.629) Q

230
1100

= (0.0104 + j 0.0275) Q
Since pu value is the same whether referred to HV or LV side, referring it only to HV winding, we

2
Similally ~ Z(LV) = Z{ + 75 ( ) (0.1 + j 0.4) + (0.006 + j 0.01)

get:
Zg (base impedance referred to HV winding)
(k)3 (11)2
Zg(HV) = = =121 Q
s(HV) (MVA)g ~ 100x10-3
- 0.237 + j 0.629 .
Zpy (HV)= ———— =(0.019 + j 0.052) pu

121
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Similarly

%= (V) = Toox103

(0.23)2
= 0529 Q

0.0104 + j 0.0275

Zp (LV) =

0.529

= (0.0196 + j 0.052) pu

= Z,(HV) (notice)
3.8 A 50 kVA, 2200/110 V transformer when tested gave the following results:
OC test, measurements on the LV side: 400 W, 10 A, 110 V
SC test, measurements on the HV side: 808 W, 20.5 A, 90 V

Compute all the parameters of the equivalent circuit referred to the HV and LV sides of the trans-

former.

I 1.93Q 3.940 9.865 x 1073 Q

” ; 3
T Yion 1" T T J,, 4808 x 102 Q Iy
v, AN
Ho08 x 0828 x 104 5 v/ 0.0848 Vi

1046 0.0331
o

(a) Equivalent Circuit Referred to HV Side

(b) Equivalent Circuit Referred to LV Side

Fig. Equivalent Circuit Referred to HV Side, Equivalent Circuit Referred to LV Side

Solution OC Test (LV side)

_ 10 _
Yo = 110 - 0.091 ©
400
G = (110)2 =0.0331 ©
B = (Y8 —GF)°® = 0.0848 O
SC Test (HV side)
7=20 -4390
20.5
808
R=— =1923 Q
(20.5)2
X=(Z2- R)% =396 Q
N
Transformation ratio, H 2200 _ 20
N 110

Equivalent circuit referred to HV side

G,(HV) = 0.091 x (

B,(HV) = 0.0331 x (

1\
- 4
20) 228 x 10 ©

1

2
= | = —4
20) 0828 x 10 O
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R(HV) and X(HV) have aready been calculated above.
For equivalent circuit referred to LV side
1

2
R(LV) = 1.923 x (20) = 4808 x 103 Q

2
X(LV) = 3.946 x (210) = 0865 x 102 Q
3.10 A 20 kVA, 2000/200 V, 50 Hz transformer is operated at no-load on rated voltage, the input being
150 W at 0.12 power factor. When it is operating at rated load, the voltage drops in the total leakage
reactance and the total resistance are, respectively, 2 and 1% of the rated voltage. Determine the
input power and power factor when the transformer delivers 10 kw at 200 V at 0.8 pf lagging to
a load on the LV side.

Solution 7, = (0.01 + j 0.02) I/ 6.25 £36.9°A
(kV)3 22 @+j4 Q
s(HY) (MVA)g 20x10-8 v, V[ =2000 V| |z

S~Z(HV)=(001+j002) x200=(2+ |4 Q
Load on transformer = 10 kW at 200 V and 0.8

Fig.| P3.10(a)
pf, lagging current drawn by load. '8
_10x10% 625 A
L~ 200x0.8 7
62.5
[[(HV)= =—= =625A
L(HV) = 25

P, = 10 kW; Q, = 10 tan cos® 0.8 = 75 kVAR
V,; = 2000 + 6.25 (2 x 0.8 + 4 x 0.6) = 2025 V
Parameters of the magnetizing branch (Fig. P3.10(b))

150 le (HV)
G=-—-——=375x10%0
(2000)* R 310 x 10° ©
o 375 x 107° X
cos 6, = 0.12; 6, = 83.1 5
By, = G, tan 6, = 375 x 10° x 8.273
=310 x 10°% &
Active power loss in series resistance Fig.

= (6.25)% x 2 = 0.078 kW
Reactive power loss in series reactance
= (6.25)% x 4 = 0.156 kVAR
Active power loss in shunt conductance = (2025)% x 37.5 x 107°
= 0.154 kw
Reactive power loss in shunt susceptance = (2025)% x 310 x 107°
= 1.271 kVAR
Input power = (10 + 0.078 + 0.154) + | (7.5 + 0.156 + 1.271)
= 1023 + j 8.926
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Real power input = 10.23 kW

pf = cos tan™t % = 0.753 lagging.

3.11 A single-phase load is fed through a 66 kV feeder whose impedance is 120 + j 400 Q and a 66/6.6 kV
transformer of equivalent impedance (referred to LV) 0.4 + j 1.5 Q. The load is 250 kW at 0.8
leading power factor and 6 kV.

(a) Compute the voltage at the sending end of the feeder.
(b) Compute the voltage at the primary terminals of the transformer.
(c) Compute the complex power input at the sending end of the feeder.

Solution Impedance of 66 kV feeder = (120 + j 400) Q

Equivalent impedance of transformer
referred to LV side= (04 + j 15) Q

referred to HV side= (04 + j 1.5) x 10 Q

= (40 + j 150) Q
(120 + j 400) Q (40 + j 150) Q I, = 5.21A, 0.8 pf
leading
1% v, 60 kv Load
‘4— Feedergﬁ-(i Transformer 4»1
Fig. [ 2311 ]
Load of 250 kW at 0.8 pf leading at 6 kV
=220 _-5008A
6x0.8
|{ (HV side) = %3 =521 A

(8 Sending end voltage,
V =60 x 10% + 5.21 (160 x 0.8 — 550 x 0.6) = 58.95 kV
(b) Primary voltage of transformer
V; =60 x 10% + 521 (40 x 0.8 — 150 x 0.6) = 59.7 kV
Active power loss = (5.21)2 x 160 x 107 = 4.34 kW
Reactive power loss = (5.21)? x 550 x 1073 = 14.92 kVAR
Power received = (250 — j 250 tan cos™ 0.8) = 250 — j 187.5
Complex power input (sending end) = (250 + 4.34) + j(-187.5 + 14.92)
= (254.34 — | 172.6) kVA
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pf = cos tan™ 172.6
254.34

3.12 An audio-frequency ideal transformer is employed to couple a 60 Q resistance load to an electric
source which is represented by a constant voltage of 6 V in series with an internal resistance of

2400 Q.
(a2) Determine the turn-ratio required to ensure maximum power transfer by matching the load and
source impedances (i.e., by increasing the 60 2 secondary impedance to 2400 2 when referred

to the primary).
(b) Find the load current, voltage and power under the conditions of maximum power transfer.

= 0.827 leading

Solution
2400 Q N1: N2 a
60 Q@ v
Fig. | P3.12(a) |
(8 60 Q load

When referred to primary, for maximum power transfer, the secondary impedance should be
equal to the internal resistance of source, i.e., 2400 Q

2400 Q
N, )
2400= | L] 60 T
2 v v 2400 Q
N1 (Resistive load)
— = /20 = 6325 l i
N2
(b) For maximum power transfer, voltage drop N
across load Fig.
! 6x2400 ) _
VL= 635" (2400 T 2400) = 0474V
|, = 6325 x —=— =7.91 mA
LT 2400 ~

Load power = 0.474 x 7.91 = 3.75 mW
3.14 Anideal transformer has a primary winding of 200 turns. On the secondary side the number of turns
between A and B is 600 and between B and C is 400 turns, that between A and C being 1000. The
transformer supplies a resistor connected between A and C which draws 10 kW. Further, a load of
200 £45° Q is connected between A and B. The primary voltage is 2 kV. Find the primary current.
Solution

Vye = 12088 x 2= 10 kV

=10 ,0=-1_0A
10
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_ 600

VAB—ﬁX2:6kV
;o 6x1000
L2 7 2000 £45°

lga =l + 1, =1+3 £/45°=312— ] 212 A

A lLl
> 1 2000 «£45°
L 600 | | T
> 1
f s
2kv ( 200 R I» 10 kW
r — 1
400 d
B
c
Fig. [ 734 ]
Secondary AT = 60(3.12 — j 212) + 400 x 1 = 2272 — j 1272
. 2272 - j1272 .
Primary current, |, = ————— =11.36 - | 6.36
200
[, =13.02 A

3.15 A5 kVA, 400/80V transformer Ry, (HV) = 0.25 £ and X, (HV) = 5 €2 and a lagging load is being
supplied by it resulting in the following meter readings (meters are placed on the HV side).

I,=16 A, V, =400V, P,=5kwW

For this condition calculate what a voltmeter would read if connected across the load terminals.
Assume the exciting current to be zero.

Solution
lL,=16 A 5Q
_ 2100 =0.78 .. ¢, = 38.6° lagyi 025 Q
cos ¢, = 200x16 - > - ¢ = 38.6° lagging )
I, =16 £-38.6° 400 v vi []
V' =400 £0° — 16 ~/-38.6° (0.25 + j 5) l
=347 — | 89.9 arar——
, 352 x 80 .
V=352 . V= ——— =704V Fig.[_P3.15 |

400
3.16 A 25 kVA, 230/115 V, 50 Hz transformer has the following data
r,=012 Q r,=004 Q X;=02 Q, X,=005Q
Find the transformer loading which will make the primary induced emf equal in magnitude to the

primary terminal voltage when the transformer is carrying the full-load current. Neglect the mag-
netizing current.
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Solution Transformation ratio = % = 012 02 0016 0.2
Referring to the 230 V side
r,=4x004=016 Q x5=4x005=02Q 230V 230 £0° V2 E]
25x1000 l
[,(fl) = —>3 - 108.7 Z¢; A !
230 — 108.7 (0.12 cos ¢, + 0.2 sin ¢;) = 230 Fig.[_P3.16 ]
or tan ¢, = -0.12/0.2 = - 0.6
pf = cos ¢, = 0.858 leading
¢, = 30.9°

3.17

V, = 230 — 108.7 £30.9° x (0.66 + | 0.2) = 227.9 /—6.9°
¢, = 30.9° + 6.9° = 37.8° cos ¢, = 0.79 leading

Lo 227:9X1087X0.79
oad = 1000 -

The resistances and leakage reactances of a 10 k VA, 50 Hz, 2200/220 V distribution transformer
are as follows:
ri,=4Q r, =004 Q, X, =5 Q and X, = 0.05 Q

Each quantity is referred to its own side of the transformer. (Suffix ‘1’ stands for HV and ‘2’ for LV.)

(a) Find the total leakage impedance referred to: (i) the HV side and (ii) the LV side.

(b) Consider the transformer to give its rated kVA at a pf of 0.8 lagging to a load at rated voltage.
Find the HV terminal voltage and % voltage regulation.

() Repeat (b) for a pf of 0.8 leading.

(d) Consider the core loss to be 80 W. Find the efficiency under the conditions of part (b). Will it
be different for the conditions under part (c)?

(e) If theload in part (b) gets short-circuited, find the steady-state current in the HV lines, assuming
that the voltage applied to the transformer remains unchanged.

Solution

_ 2200 _
T 220 T 10

(8 Z,=(4+004 x 100) + j(5+ 0.05 x 100) = 8 + j 10

- (4 i[> = i
Z,= ( + 0.04)+ J(lOO + 0.05) =008+ )01

100
10,000 _
(0) 1{ == s = 4545 A
Vy, = 2,200 + 4545 (8 x 0.8 + 10 x 0.6)
= 2256.4 V; % Regulation = 52%’5 x 100 = 2.56
() Vi, = 2200 + 4545 (8 x 0.8 — 10 x 0.6)
182

= 22018 V; % Regulation = x 100 = 0.08%

2200
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(d P, =80 W
P.= (4.545)? x 8 = 165.25 W
3 10x0.8x10 _ 97%

n= toxog, 0716525

' 1000
n will be same for the condition of part (c)

2200

lsc(HV) = - = 17179 A

3.18 For Problem 3.10, assume that the load power factor is varied while the load current and secondary
terminal voltage are held fixed. With the help of a phasor diagram, find the load power factor for
which the regulation is zero.

Solution The phasor diagram is drawn in Fig. P3.18

ZAOD = sint £
2V

£0AD = & _gpt 12

2 2V
_ T N V4 )
=n—|5-Sin""-=+06
o= gy rig, | 7515 ]
= T — 0+ Sin_1£
2 2V
where 6= tan* X/R

0=tar! 5 =634 Z=(2+ 40 =447 Q
1=625A V=200V

¢ = 90° — 63.4° + sin* 825 4.47 = 90° — 63.4° — 0.4° = 28.2° lead
2x 2000
pf = 0.9 leading
3.19 A 20 kVA, 2000/200 V, single-phase transformer has the following parameters:
HV winding ri=3Q X; =53 Q

LV winding r, =005 Q X, = 0.05 Q
(a) Find the voltage regulation at (i) 0.8 pf lagging (ii) upf, (iii) 0.707 pf leading
(b) Calculate the secondary terminal voltage at: (i) 0.8 pf lagging, (ii) upf, and (iii) 0.707 pf leading
when delivering full-load current with the primary
voltage held fixed at 2 kV.
Solution We will refer transformer impedance to the LV side.
R = 0.05 + 3/100 = 0.08 Q
X y = 0.05 + 5.3/200 = 0.103 Q Vi V2
The circuit model is drawn in Fig. 3.19(a).

(0.08 + j0.103) Q

| _ 20x1000

2= 55— = 100 A Fig.[P3.19() |
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(& (i) Voltage drop = 100 (0.08 x 0.8 + 0.103 x 0.6)
= 12.58

12.58 oo
ooy < 100 = 6.29%

(if) Voltage drop = 100 (0.08 x 1 + 0103 x 0) =8 V

Voltage regulation =

Voltage regulation = 2%20 x 100 = 4%
(iii) Voltage drop = 100 (0.08 x 0.707 — 0.103 x 0.707) = -1.63 V
-1.63
200 <100 (0.08 + j0.103) @ 100 A (0.8 log/0.707 lead)
= —-0.815%
(b) The circuit model is drawn in Fig. 3.19(b).
(i) Voltage drop = 12.58 V

200 V v, D
V, =200 — 1258 = 1874 V l l

(if) Voltage drop = 8 V
s V,=200-8=192V
(iii) Voltagezdrop =163V Fig.[P3.19(b) |
: V, = 200 — (-1.63) = 201.6 V
3.20 The approximate equivalent circuit of a 4 kVA, 200/400 V single-phase transformer, referred to the
LV side is shown in Fig. P3.20.
(a8 An open-circuit test is conducted by applying 200 V to the LV side, keeping the HV side open.
Calculate the power input, power factor and current drawn by the transformer.
(b) A short-circuit test is conducted by passing full-load current from the HV side keeping the LV
side shorted. Calculate the voltage to be applied to the transformer and the power input and
power factor.

Voltage regulation =

0.15 Q 04 Q
+ M {W o + lsc =10 A 06 Q 16 Q

T AT
Vl

800 Q 400 Q vy V.,

rig 150 rig 13200
Solution
_ ) _ (200)2 _
(@ V, =200V n Py= "= =50 W
200 200
|l ==— =025A l.==—=—= =05A
'~ 800 ™~ 200

[o=025+ 05 l,=056 A  cos ¢, = 0.447 lag.
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(b) Referring to HV side and neglecting the magnetizing branch (see Fig. P3.20(a)).

4 %1000
|f|(HV) = W =10 A

Z=06+j16=171 £694° Q

Vee =10 x 1.71 = 171 V

pfec = cos 69.4° = 0.352 lag; Pg- = 17.1 x 10 x 0.352 = 60.2 W
3.21 A 20 kVA, 2000/200 V transformer has name plate leakage impedance of 8%. What voltage must be

applied on the HV side to circulate full-load current with the LV shorted?
Solution
Zny (Q) lny (rated)
Vv (rated)

Zyy (Q) 1y (rated) = 0.08 V,, (rated) = 0.08 x 2000 = 160 V = Vg
3.22 Derive the condition for zero voltage regulation. Also show that the magnitude of maximum voltage
regulation equals the pu value of eguivalent leakage impedance.
Solution Approximate condition for zero voltage regulation
IRcosgp—1Xdn ¢=0

= 0.08

R
or tan = —
0 X
oos ¢ = costan * R
X
. . X
For maximum regulation tan ¢ = ¢

Maximum value of voltage regulation

IRcos¢ + IXsin I(R2 + X2
V2 V2 Z V2
3.23 The following test results were obtained for a 20 k VA, 50 Hz, 2400/240 V distribution transformer.
OC test (LV) = 240 V, 1.066 A, 126.6 W, SC test (HV): 57.5V, 8.34 A, 284 W.
(8 When the transformer is operated as a step-down transformer with the output voltage equal to
240 V, supplying a load at upf, determine the maximum efficiency and the upf load at which it
ocCurs.
(b) Determine the pf of the rated load, supplied at 240 V, such that the terminal voltage observed
on reducing the load to zero is still 240 V.
Solution OC test (LV)

_ 1066

= 0.0044
Yo = a0 O
126.6

G = = 00022

' (240)2
B,,, = [(0.0044)? — (0.0022)%°° = 0.0038 U

SC test (HV)
7=3"5 _gg9 0, R=-222_ _smQ

8.34 " (8.34)2
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X =555 Q
P, = 1266 W l4(HV —20X1OOO—833A
(@ P = 126. 1AV) = —100 =8
Pesi = (8.33)? x 4.08 = 2833 W
. _ 126.6 _
Load at max efficiency = 20 x 1833 13.37 kVA
13.37x1
n max (upf) = = 98.14%
13.37x1x 2x 0.1266

(b) Voltage regulation = 0%
cos ¢ = cos tan™t 4.08 _ 4805 leading
5.55

3.24 In a 25 kVA, 2000/200 V transformer, the iron and copper losses are 350 and 400 W respectively.
(a) Calculate the efficiency on upf at (i) full load (ii) half load.
(b) Determine the load for maximum efficiency and the iron and the copper loss in this case.
Solution P, = 350 W; P,y = 400 W

25x1000x 1

= - 0,
@ nfl, uph) = S T000x 1+ 350+ 400 ~ /08”0

. 1| f = 25x1000x1x1/2 _ 96.5%
(1) nU2A, upl) = oo 10001 x U2+ 350+ Udx 400 ~ 0%

b) k= |30 = 0935
400
Load for max n =25 x 0.935 = 23.385 kVA
P,=350 W P, = (0.935)? x 400 = 350 W
3.25 The efficiency of a 1000 kVA, 110/220 V, 50 Hz, single-phase transformer is 98.5% at half full-load
at 0.8 pf leading and 98.8% at full-load upf.
Determine: (a) iron loss, (b) full-load copper loss and (c) maximum efficiency at upf.

500 x 1000 x 0.8

Solution 0.985 = 500 x 1000 x 0.8 + P; + 1/4P¢ v

0085 1000 x 1000 }
Y98 1000 1000 + P; + Peg (i)

Solving Egs (i) and (ii), we get
[4071
(@ P, =4071 W (b) P, = 8079 W (© k= 3070 - 0.71

1000 x 1000 x 0.71

= - 0,
Thmax 1000 x 1000 x 0.71+ 2 x 4071 98.9%

3.27 A transformer has its maximum efficiency of 0.98 at 20 kVA at upf. During the day it is loaded as
follows:
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12 hours : 2 kW at pf 0.6
6 hours : 10 kW at pf 0.8
6 hours : 20 kW at pf 0.9
Find the ‘all day efficiency of the transformer.
) 20x1000x 1
Solution lmax = 50 x 1000 x 1+ 2P,
P, =200 W = P20 kVA)
2 kw, 0.6 pf, 3.33 kVA, 12 h, 2 x 12 = 24 kWh (output),

200 1+(

=0.98

-
3é—%3) x 12 = 2.47 KWh (loss)

10 kW, 0.8 pf, 12.5 kVA, 6 h, 10 x 6 = 60 kWh (output),

-
200 1+(1§65) x 6 = 1.67 kWh (loss)

20 kW, 0.9 pf, 22.22 kVA, 6 h, 20 x 6 = 1.20 kWh (output),

200 |1+ (22.22

20

2
) } x 6 = 2.68 kWh (loss)

204 kWh (output) 6.82 kWh (loss)

Nenergy (@l diy) = % = 96.77%

3.28 A 20 kVA, 200/500 V, 50 Hz, single-phase transformer is connected as an auto transformer, as shown
in Fig. P3.28. Determine its voltage-ratio and the kVA rating. Mark on the diagram, the magnitudes
and relative directions of the currents in the winding as well as in the input and output lines when
delivering the rated kVA to load.

Solution Refer to Fig. P3.28(a)

l, =40 A
500 Vv
500 V
v, =700 V
Load
Load I, =56 A
Input 200 V
Input V, = 200 V h—-h
=16 A
o7
Fig.| P3.28 Fig. P3.28(a)

V, 500+2oo_35
v, ~ 200
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20 x 1000

I(rated) = ——— =40 A
2(rated) 500
—lo+1q _200_2 or —4O+I1_g
l2 500 5 40 5
[, =56 A
— 40 _
(KVA) 710 = 700 x 1000 ~ 28

3.29 A 400/100 V, 10 kVA, 2-winding transformer is to be employed as an auto transformer to supply a
400 V circuit from a 500 V source. When tested as a 2-winding transformer at rated load, 0.85 pf
lagging, its efficiency is 0.97.

(a) Determine its KVA rating as an auto transformer. <« h
(b) Find its efficiency as an auto transformer.
Solution Refer to Fig. P3.29. 100
l
_ 1000 _ 2
@ 1, =10 x 100 =100 A V, = 500 V
500 x 100 V, = 400 V Y
kVA =——— =580
( )Auto 1000 /2 _ 2
—|1+|2 _V]_—Vz _@
L Vo400 Fig.[ 0329 |
5
I, = 2 [, =125 A

(b) Astwo-winding transformer
10 x 1000 x 0.85

w = 10%1000x0.85+ P, >’
P, =2629 W
Full load output as auto (0.85 pf) = 50 x 0.85 = 42.4 kW
42.5

= = 0,

Mo = 2251 0.263 = 2007

3.30 A 20 kVA, 2000/200 V, two-winding transformer isto be used as an auto transformer, with a constant
source voltage of 2000 V. At full-load of unity power factor, calculate the power output, power
transformed and power conducted. If the efficiency of the two-winding transformer at 0.7 pf is 97%,

find the efficiency of the auto transformer. b
Solution Refer to Fig. P3.30. <
L= 20x 1000 — 100 A ,
27720 T ¢
Power output = 2200 x 100 x 1 = 220 kW V, = 2200 V
Power transformed = 200 x 100 x 1 = 20 kW V, = 2000 V v
Power conducted = 200 kW h— 1

20x1000x 0.7

20x1000x 0.7+ P_ Fig.

Nrw = 0.97 =
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P, = 433 W
| 220x100
Mawo = 22070433 ~ 7

3.31 A 200/400 V, 20 kVA, and 50 Hz transformer is connected as an auto transformer to transform
600 V to 200 V.
(a) Determine the auto transformer ratio a.
(b) Determine the kKVA rating of the auto transformer.
(c) With a load of 20 kVA, 0.8 pf lagging connected to 200 V terminals, determine the currents in

the load and the two transformer windings. |
1

Solution Refer to Fig. P3.31. >
" N, 200
b |2 20x1000 M
S 400 V, = 600 V
600 x 50 T
(KVA)auo = —g00 = 30 N,
20 x 1000 v
© 1= "Fg = 100A
Fig.| P3.30
=50 A ig

l,—1; =100 — 50 = 50 A

333 A 20 kVA 4400/220 V transformer with an equivalent impedance of 0.01 Q is to operate in parallel
with a 15 kVA, 4400/220 V transformer with an equivalent impedance of 0.015 Q. The two trans-
formers are connected in parallel and made to carry a load of 25 kVA. Assume both the impedances
to have the same angle.
(a8 Find the individual load currents.
(b) What per cent of the rated capacity is used in each transformer?

Solution Z; = 0.01 Q, Z,=0015 Q
Since the impedances have the same angle

Z,+Z, = 0.01 + 0.015 = 0.025 Q

Z; 0.015
= = = 25 = 15 kVA
Zo+ 72| & 0.025
Z, 0.01
- = 25 = 10 kVA
> \Z1 + Zo| 0.025 ~
|- 15x1000 682 A | = 10 x 1000 - 456 A
@ 1= =55 =02A 1=y =%
b) % rated capacity used in transformer 1 = L. 75%
20
% rated capacity used in transformer 2 = 10 _ 66.7%

15
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3.34 Two single-phase transformers, rated 1000 kVA and 500 kVA respectively, are connected in parallel
on both HV and LV sides. They have equal voltage ratings
of 11 kVv/400 V and their per unit impedances are (0.02 +
j 0.07) and (0.025 + j 0.0875) respectively. What is the L >
largest value of the unity power factor load that can be
delivered by the parallel combination at the rated voltage? z I,
Solution Refer to Fig. P3.34 >

S, (rated) = 1000 kVA; S, (rated) = 500 kVA
Choose a kVA base of 1000. 4
Z1 =002 + j 0.07 = 0.0728 £74°
Z, = (0.025 + j 0.0875) x 2 = 0.05 + Fig.|_P3.34 ]
j 0175 = 0.182 £74°
Zy+2Z, =007+ j 0245 = 0.255 £74°

— V>

S==-"—=--9% (i)
From (i),
= 1400 kVA

From (ii),

0.255
= 500 = 3500 kVA
! % 0.0728

As total load is increased the 1000 kVA transformer will be the first to reach its full load.
S (max) = 1400 kVA

3.35 Two single-phase transformers rated 600 kVA and 500 kVA respectively, are connected in parallel
to supply a load of 1000 kVA at 0.8 lagging power factor. The resistance and reactance of the first
transformer are 3% and 6.5% respectively, and of the second transformers 1.5% and 8% respective-
ly. Calculate the kVA loading and the power factor at which each transformer operates.

Solution Refer to Fig. P3.35.

S, = 600 kVA S, = 500 kVA Vi I

S = 1000 kVA; 0.8 pf lagging ]

Choose kVA base of 1000 kVA !

2 (pu)—(003+10065)x%)—005+10108 — % k|

Z, (pu) = (0.015 + j 0.08) x 15088 =003 + j 0.16 Y

e B |

5 - Z, 5 - 0.03+j 0.16 % 1000 (08 — | 06) S, = 600 kVA S, = 500 kVA

71+ 7, 0.08+ ] 0.268 Fig.| P3.35 |

584.2 /- 30.9° kVA
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= 584.2 kVA at 0.858 pf lagging

s - Z, - 0.05+j0.108
" Z,+7Z, - 0.08+]0.268

= 4265 £— 45.15° kVA
= 426.5 kVA at 0.705 lagging pf

3.36 Anideal 3-phase step-down transformer, connected delta/star delivers power to a balanced 3-phase
load of 120 kVA at 0.8 power factor. The input line voltage is 11 kV and the turns ratio of the
transformer, phase-to-phase is 10. Determine the line voltage, line currents, phase voltages and
phase currents on both the primary and the secondary sides.

Solution Refer to Fig. P3.36.

Output kVA = 120 at 0.8 pf

_ Vea _ 11000
YT o10 T o10v

Viy =11 x +/3 =19 kV

x 1000 (0.8 — j 0.6)

= 11kV

Y r[;\

Vi, = 11 kV

Fig [ 336 |
Output KVA =120 = /3 x 1.9 x Iy
120
Iy = =364 A = |
LY \/§ %19 PY

lpa = 57 = 364 A; I, = 3 x364=63A

3.37 A A/Y connected bank of three identical 60 kVA 2000/100 V, 50 Hz transformers is fed with power
through a feeder whose impedance is 0.75 + j 0.25 Q per phase. The voltage at the sending end of
the feeder is held fixed at 2 kV line-to-line. The short circuit test when conducted on one of the
transformers with its LV terminals short-circuited gave the following results:

Vpy =40V  f=50Hz I, =35A P=80W

(a) Find the secondary line-to-line voltage when the bank delivers rated current to a balanced 3-
phase upf load.

(b) Calculate the currents in the transformer primary and secondary windings and in the feeder
wires on the occurrence of a solid 3-phase short-circuit at the secondary line terminals.
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Solution Refer Fig. P3.37.

Each transformer 0.75 + j0.25 2000 %OEO—JELH y
40 2000V (line) { L
Zyy = 3¢ =113 Q AIY
Ry = 29 - 0653 0 Fig.|_P337 |
AENCSE
Xqy = [(1.143)2 — (0.653)%°5 = 0.938 Q

Transformer impedance on HV side on equivaent star basis
Zt = (0.653 + j 0.938)
Zioa = (075 + j 0.25) + (0.653 + j 0.938) = 1.403 + j 1.188

= 1838 £40.25° .. ¢ = 40.25°
@ 1L(V) 601000 _
a = =
- 2000/+/3
I (Rcos ¢+ X sin ¢) = 57.425 V
V, (linetoding) = v3| 2% _57.495 |- 19004V _ 5159y
J3 2000/100y/3
(b) 3-phase short-circuit on secondary terminals
2000/+/3
16 = ——"" = 62756 A

184
| (transformer primary) = 627.56./3 = 1087 A (line current)

2000
003

= 125512 A

| ¢ (transformer secondary) = 1087 X

3.42 A single-phase, 50 Hz, three-winding transformer is rated at 2200 V on the HV side with a total of

250 turns. Of the two secondary windings, each can handle 200 kVA, one is rated at 550 V and the
other at 220 V. Compute the primary current when the rated current in the 220 VV winding at upf
and the rated current in the 550 V winding is 0.6 pf lagging. Neglect all leakage impedance drops
and magnetizing current.

Solution Refer Fig. P3.42.

HV

Y=

550 V 200 kVA at 0.6 pf lagging

|

2 kv

YY

o~

220 V, 200 kVA upf
909.1

53.1°
363.6

¢

rig [ 2342 )
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_ 200 _ £ qe
I, = 055 - 3636 £-53.1° A
_ 200 _ 5
I, = om 909.1 £0° A
. _ 363.6£—-53.1°x 0.55
Current in HV sidedueto I, = 5% =909 £-531° A
. : 909.1x 0.220
Current in HV side due to I, = oy T 909 £0° A

HV current = 90.9 £/-53.1° + 90.9 £0° = 162.6 £—26.6° A

3.43 A small industrial unit draws an average load of 100 A at 0.8 lagging pf from the secondaries of

its 2000/200 V, 60 kVA Y/A transformer bank. Find:

(a) the power consumed by the unit in kW

(b) the total kVA used

(c) the rated line currents available from the transformer bank

(d) the rated transformer phase currents of the A-secondaries

(e) per cent of rated load on transformers

() primary line and phase currents

(9) the kVA rating of each individual transformer
Solution Refer Fig. P3.43.

100 A

2000/4/3 V

200 vV

rig [ 255

(8 Power consumed by unit = V3 x 100 x 200 x 0.8 W = 27.7 KW
(b) Total kVA used = +/3 x 100 x 200 = 34.6 kVA
60 x 1000

c) Rated line current = ——
© V3% 200

=1732 A

(d) Rated phase current of A secondaries = % =100 A

3
34.6

(&) % of rated load = 60 x 100 = 57.7%

100 x /3

(f) Primary phase current = 10

=1732 A
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Primary line current = 17.32 A

(g) kVA rating of each individual transformer = 6—3? = 20 kVA

3.44 The HV terminals of a 3-phase bank of three single-phase transformers are connected to a 3-wire, 3-
phase 11 kV (line-to-line) system. The LV terminals are connected to a 3-wise, 3-phase load rated

of 1000 kVA and 2200 V line-to-line. Specify the voltage, current and kVA ratings of each transform-
er (both HV and LV windings) for the following connections:

(& HV-Y, LV-A (b) HV-A, LV-Y (c) HV-Y, LV-Y (d) HV-A, LV-A
Solution
(& 11 kV, Y/A 2.2 kV, 1000 kVA load
Rating of each transformer = 10,3? 0 - 333.3 kVA (in each case)
Transf. ratio = 11 = 2.88
12.2
3 Vpy Ipy = 1000 kVA
_ 1000 _ _
lpp = 3x22 - 1515 A Vpy=22KkV
_ 1515 _ _ 11
lpy = 288 - 52.6 A Vpy = 73 = 6.35 kV
(b) 11 kV A/Y 2.2 kV
1000 2.2
lpy = ———— = 2624 A Vo, = — = 127 kV
T Bx2.2 NE!
. 11
Turns ratio = = 8.66
2143
262.4
(c) 11 kV Y/Y 22 kV
Turns ratio = 11/2.2 =5
1000
loy(LV) = ——— = 2624 A Vey (LV) = 1.27 kV
" J3x2.2 P
262.4 11
lov(HV) = =——=— =526 A Voy(HV) = —= = 6.35 kV
PY( ) 5 PY( ) \/§
(d) 11kV A/A 2.2 kV Turnsratio = 11/22 =5
1000
oA (LV) = = 1515 A Vo, = 2.2 kV
PA( ) 3% 2.2 PA

|py(HV) = ié“r’ = 303 A Vpy(HV) = 11 KV
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3.45 A 3-phase bank consisting of three single-phase 3-winding transformers (Y/A/Y) is employed to step
down the voltage of a 3-phase, 220 kV transmission line. The data pertaining to one of the trans-
formers is given below:

Ratings
Primary 1: 20 MVA, 220 kV; Secondary 2: 10 MVA, 33 kV
Tertiary 3: 10 MVA, 11 kV.

Short-circuit reactances on 10 MVA base : X;, = 0.15 pu, X,3 = 0.1 pu, X;53 = 0.2 pu.
Resistances are to be ignored. The A-connected secondaries supply their rated current to a balanced
load at 0.85 pf lagging, whereas the tertiaries provide the rated current to a balanced load at upf
(constant resistance).

(8) Compute the primary line-to-line voltage to maintain the rated voltage at the secondary termi-
nals.

(b) For conditions of part (a) find the line-to-line voltage at the tertiary terminals.

(c) If the primary voltage is held fixed asin part (a), to what value will the tertiary voltage increase
when the secondary load is removed?

Solution Refer Fig. P3.45.

1 X I A X2 1,-318° 2
Vi Va X, 1£0° 3 V, =1 £0° pu
|
Fig.| P3.45 |
X, = % (0.15 + 0.2 — 0.1) = 0.125 pu

R
1

% (0.1 + 0.15 — 0.2) = 0.025 pu

X = % (02 + 0.1 — 0.15) = 0.075 pu

All computations are carried out in pu.
Assumption To simplify calculation, we shall assume that the phase angle of V; with respect to the
reference voltage V; is 0°. It actually has asmall angle which must otherwise be determined. The error
caused is negligible.
(@ Va=1+1 /-3L8 xj0.025=1013 + j 0.0212

l; =1 ~£-31.8°+1=185-j 0527

Vi = (1013 + j 0.0212) + j 0.125 (1.85 — j 0.527) = 1.08 + j 0.252
V, = 1109 x 220 = 243.98 kV

(b) V3 = (1013 + j 0.0212) — j 0.075 x 1 £0° = 1.013 — j 0.0538
V; = 1014 x 11 = 11.16 kV

(c) Secondary load removed
V3 =(1.08 + j 0.252) — j 02 x 1 £0° = 1.08 + j 0.052
V; = 1081 x 11 = 11.89 kV
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3.46 A 500 kVA, 11/0.43 kV, 3-phase delta/star-connected transformer has on rated load an HV copper-
loss of 2.5 kw and an LV loss of 2 kW. The total leakage reactance is 0.06 pu. Find the ohmic values
of the equivalent resistance and leakage reactance on the delta side.

Solution Refer Fig. P3.46.

HV Lv
500 kVA
11
11 kv «— 043,/3 T, 0.43 kV
=443 l
rig | 2346 |
500
|y (rated) = —>—— = 6714 A
PY J3x0.43
_ 500 _
Ipy(rated) = == =152 A
— 2000 _ 3 . _ 2500 _
=————— =148 x 107 Q; = ———— =36 Q
Rv = 3% (6714)2 Rav = 5% (15.2)2
Req HV = 3.6 + 148 x 107 x (44.3° = 65 Q (per phase A)
X (pu) = 0.06
_ 11000 _
XeaelHV) = S50 = 7237 Q

Xeqg HV =0.06 x 723.7 = 434 Q (per phase A)
3.47 Two transformers, each rated 250 kVA, 11/2 kV and 50 Hz, are connected in open delta on both the
primary and secondary.
(a) Find the load kVA that can be supplied from this transformer connection.
(b) A delta-connected three-phase load of 250 kVA, 0.8 pf, 2 kV is connected to the LV terminals
of this open-delta transformer. Determine the transformer currents on the 11 kV side of this

connection.
Solution Refer Fig. P3.47.

250
(a) I ph(secondary) — T

S)pen delta = «/§leh
= J3 x 2 x 125 = 433 kVA

(b) \/E Vi ph(secondary) = 250

=125 A
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11,
(7' )\ T
11 kv 2 kv
Fig.|_P3.47 ]
_ 250 _
line(11 KV side) = 222 5 2= 13.12 A

|oneso(11 KV side) = 13.12 A

3.48 Two 110 V, single-phase furnaces take loads of 500 kW and 800 kW respectively at a power factor
of 0.71 lagging and are supplied from 6600 V, 3-phase mains through a Scott-connected transformer
combination. Calculate the currents in the 3-phase line, neglecting transformer losses. Draw the
phasor diagram.

Solution Refer Figs P3.48(a) and P3.48(b).

Reference

B 1
va =110 V

Fig.[P3.48(a) | Fig.[P3.48(b)|
Furnace A: 500 kW at 0.71 pf lag; Furnace B: 800 kW at 0.71 pf lag
N1 _ 6600 _
N, - 110 O
N
BN g

2 Ny
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Ia = % = 6402A ¢a = COSfl (071) = 45°
. WithV, asreference
 800x1000 o o
b= T10% 071 - L0243A  ¢p=cos (0.71) =45
po- 2 N 6402
=——=— 5= = . o
= =N, 2T 50e - 1232 445
I Ny - 10243
I = _2 I =— = o
Bc = lb=Tgp 1707 £45
Eo_ - |
s = Toc ——- = 1707 (071 - | 072) - 2222 (@71 + j 0.71)
= 7746 — j 164.93
g = 1822 A

- 1,
e = —(IBC+7A] - _170.7 (0.71 — j 0.71) — %”2 071+ j 0.71)
=-164.93 + j 77.46
lc=1822 A
3.49 Figure P3.49 shows a Scott-connected transformer, supplied from 11 kV, 3-phase, 50 Hz mains.
Secondaries, series-connected as shown, supply 1000 A at a voltage of 100+/2 to a resistive load.
The phase sequence of the 3-phase supply is ABC.
(a) Calculate the turns-ratio of the teaser transformer.

(b) Calculatetheline current Iz and its phase angle with respect to the voltage of phase A to neutral
on the 3-phase side.

Teaser
1000 A
Ao X
(3/2)Nys | le v,
11 kV, 3-phase
supply Iy N,
Resistive
load
. 100 V2 v
B o——Ti0u00100—e—— 1030 10—
N, /2 M N,/2
C
Main
® N2
Y%

Fig, [ 759
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Solution Refer Fig. P3.49(a).

@ V,=V,= 1002 _ 100 V
J2
N; _ Vec 11000 _
N, ~ Vp, 100 =110
N
Turn ratios = V3N 438 % 100 = 95.26
2 N, 2
_ 2 Na _ 1000 _
() 1, = N, X 1000 A = o=or = 105A
N, 1000 _
lpc = 7y, x 1000= 7% =9.1A

Note V and | are in phase because of a resistive load.

Va
A
100v2
>V, c
0) 0
Fig.[P3.49(a)
o Toe 1A
B = IBC 2
—91- %‘5 —01-525=385A

(lagging Vy by 45°)

Y%



3.50 A 15 kVA, 2200/220 V, 50 Hz transformer gave the following test results:

OC(LVside) V=220V 1I=272A

P=185W

SC (HV side) V=112V 1=63A
P=197W

Compute the following:

(a) Core loss

(b) Full-load copper loss

(c) Efficiency at full-load 0.85 lagging pf

(d) Voltage regulation at full-load 0.8 lagging / leading pf
Solution:
Turns ratio = 10
a) Core loss P; = 185W

b) I(FL)=15000/2200 = 6.82A
Full — load copper loss = (6.82/ 6.3)* X 197 =231 W

¢) P(out)=15X0.85=12.75 kW
PL =P, +P(FL) = 185 + 231 =416 W
n=12.75/(12.75 + 0.416) = 96.8 %

d) ZHV)=112/63=17.78Q
R (HV) =197/ (1.3)2 = 4.96 Q

X(HV) = V((17.78)* - (4.96)* ) = 17.07 Q

Voltage drop = 6.82 (4.96 X 0.8 £ 17.07 X 0.6)
=6.82 (3.97 +£10.24) =96.92V- 42.76

% Voltage regulation = + (96.92 /2200) X 100 = + 4.41 % (0.8 lag pf)
=-(42.76/2200) X 100 =-1.94 % (0.8 lag pf)

3.51 A transformer of rating 20kVA, 2000/200V has the following parameters:

Req (HV side) = 2.65 Q
Z.q (HV side) =4.23 Q
Core loss at rated voltage = 95 W

(a) Calculate transformer efficiency when delivering 20 k VA at 200 V at 0.8 pf lagging.
(b) What voltage must be applied on the HV side for load as in part (a).
(c) Find the percentage voltage regulation.



(a) P,=95W
L = (20 X 1000) / 2000 = 10 A
P. (FL) = (10)* X 2.65 =265 w
P ouy =20 X 0.8 = 16 kW
PL =95 +265=360 w
n = (16/16.36) X 100 = 97.8%

(b) Xeq =V((4.23)* - (2.65)*=33Q
Voltage drop = 10 X (2.65 X 0.8 + 3.3 X 0.6)
=41V
HV side applied voltage = 2000 + 41 =2041 V
(c) % voltage regulation = (41/2041) X 100 =2.05 %

3.52 A 100kVA, 11 kV/231 V transformer has HV and LV winding resistances of
8.51 Q and 0.0038 ( respectively. It gave the following test results:

OC (LV side) 231V 152 A 1.25 kW
SC (HV side) 440 V 9A Not measured
Calculate

(a) Equivalent leakage reactance of the transformer
(b) Full load copper loss
(c) Efficiency at full — load and half full-load at 0.85 lagging power factor.

Turns ratioa= 11000/ 231 =47.6

(@ 1 =851Q r; = 0.0038 Q
1, =(47.6)* X 0.0038 = 8.61 Q

R, =851+8.61=17.12Q
Z,1=440/9=489Q
X; =V((48.9)° — (17.12)* ) =45.81 Q

(b)  TL(FL)=100/11=9.09 A
P.(FL) = (9.09)> X 17.12 = 1.41 kW

(c)  Pi=125kW
P.(FL) = 1.41
PL(FL) = 1025 +10141 = 2.66kW



P(ous( FL) = 100 X 0.85 = 85kW
N(FL) = 85/(85 + 2.66) = 96.7 %

P.(1/2 FL) = % X 1.41 = 0.705kW
P (1/2FL) = 1.25 + 0.705 = 1.955kW
Pious(1/2FL) = 50 X 0.85 = 42.5kW

n=42.5/(42.5 + 1.955)=95.6 %
3.53 A 100 kVA, 2200 V/220 V transformer has the following circuit parameters.

R1=0.23Q R, =0.0023 Q
X;=183Q X, =0.0183 Q
R; (HV side) =5.6 k Q
Xm (HV side ) =1.12k Q

The transformer is subjected to the following daily load cycle = 4 hrs on no load, 8 hrs on
1/4"™ tull-load at 0.8 pf, 8 h on V: full-load at upf, and 4 hrs on full-load at 0.9 pf.
Determine the all-day energy efficiency of the transformer.

P; = (2200)*/(5.6 X 1000) = 846.3 w
Ri=r+1rn=0.23+(10)2 X 0.0023 =0.46 Q

L(FL) = (100 X 1000)/2200 = 45.5A
P.(FL) = (45.5)> X 0.46 =952.3 w

P, Time(i) wo  P;=P,+ P+ K’P. wi
0 4 0 0.846 3.38
(100/4) X 0.8 8 160  20+0.846+1/16X0.952 167.24
=20 = 20.906
50 8 400  50+0.846+1/4 X 0.952 408.67
=51.084
90 4 360 90 + 0.846 + 0.952 367.19
=91.798
920 946.48

Ne=920/946.5=97.2 %



3.54 A 400/200 V, 50 Hz transformer has a primary impedance of 1.2 + j 3.2 () and
secondary impedance of 0.4 + j 1.0 Q. A short — circuit occurs on the secondary side with
400 V applied to the primary. Calculate the primary current and its power factor.

Z1= (1.2 +j 3.2) + (400/200)* (0.4+ j1.0)
=(1.2+]3.2) + (1.6 +j 4.0)
=2.8+i7.2=7.725/68.7°

Lisey =400/7.725 =51.78 A
Pf = cos 68.7° = 0.363 lagging

3.55 A 50 Hz, 3-winding transformer can be considered as an ideal transformer. The
primary is rated 2400 V and has 300 turns. The secondary winding is rated 240 V, 400 kVA
and supplies full-load at UPF. The tertiary is rate 600 V, 200 kVA and supplies full-load at
0.6 pf lagging. Determine the primary current.

Primary  : 2400V, 300turns
Secondary : 240 V, 400k VA, upf
Tertiary : 600V, 200 kVA 0.6 pf lagging

1> =(400 X 1000) / 240 = 1667 A, upf
L =1667 LO°

I3 =(200 X 1000) / 600 = 333 A, 0.6 pf lag
;=333 L -53.1°

Vi I :_V212+V3 Iz

24 L0°1; =400 L 0°+200 L-53.1°
=400 + 120 —j 160
=520 -] 160

E= 216.7 -j66.7 =226.7 =226.7 L_ -17.11°

3.56 An ideal transformer has 200 primary turns and 360 secondary turns, the primary
being excited at 600 V. The full secondary has a resistive load of 8 kW. The secondary is
also tapped at 240 turns which supplies a pure inductive load of 10 kVA. Find the primary
current and its pf.

Ve =600 X (360/200) = 1080 V

I =(8X1000)/1080=7.41 LO" A
Via = 600 X (240/200) = 720 V

I, = (10 X 1000) / 720 = 13.89 L (- 90°)

[ X200=7.41 X 0" L 360 + 13.89 X 240 L (- 90°)



[, =13.34 X —j 16.67 =21.35 L (-51.3°)
I, =21.35 A, bf=cos 51.3° = 0.625 lagging

3.57 A 50 kVA, 2300 V/230 V transformer draws power of 750 W at 0.5 A at no load when
2300 V is applied to the HV side. The HV winding resistance and leakage reactance are 1.8
Q and 4 Q respectively. Calculate:

(a) the no load pf

(b) the primary induced emf

(c) the magnetizing current and

(d) the core loss component of current.

(a) No load pf = (750/(2300 X 0.5)) = 0.652 lagging
Ih=0.5 L (-49.3°)

(b)E; = Vi =1y (11 +jx1)
=2300-0.5 L (-49.3°) (1.8 +ju)
=2300-0.5X4.39 L (65.8-49.3°)
=2300-2.195 L (16.5%)
=2300-2.105-j X 0.623
=2300V L 0°

(c) L;=750/2300 = 0.033 A

Im = V((0.5)%(0.033)%)
=0.499 A

(d)I,=0.033 A

3.58 Two single-phase transformers operate in parallel to supply a load of 44 + j 18.6 Q.
The transformer A has a secondary emf of 600V on open circuit with an internal
impedance on 1.8 + j 5.6 Q referred to the secondary. The corresponding figures for
transformer B are 610 V and 1.8 + j 7.4 Q. Calculate the terminal voltage, current and
power factor of each transformer.

T = (Ex Zs + (Ba— En) ZONZAZs + Z(Za+Zs)

Ig = (EZa + (Ep — EA)ZL / ZAZg + Z1.(ZA+ ZB)

7, =44 +i18.6Q
=47.77 L (22.9%)

Za=18+j5.6Q
=5.88 L (72.2°)

Z5=18+i7.4Q



=7.62 L (76.3%)

ZaZp =44.8 L (148.5%)
=-382+j23.4

Za+7Z5=36+j13
=13.49 L (74.5°)

Z1(Za+Z5) = 6444.4 L (97.40)
=-83+j 639

ZaZp + 71 (Za +Z5) = 382+ 23.4
83+ 639

-121.24j 662.4 = 673.4 L (100.4°)

Ea =600 L 0°
Eg=610 L O°
= 1080 + j 4440

EpgZA =610 (1.8 +j 5.6)
=1098 +j 3416

(Ea—Ep) Zt = -10(44 +j 18.6) = - 440 — j 186
EaZs + (Ba — Eg)Zy. = 1080 + j 4440
440 -j 186

640 +3 4254 =4302 L (81.40)

EpZa + (Bp — Ex) Z = 1098 + 3416
440 +j 186

In =4302 (81.40) / 673.4 (100.400°) = 6.39(-190°) = 6.04 —j 2.08

Iz =3917 (66.90°) / 673.4(100.40%) = 5.82(-33.50° = 4.85- j3.21

I+ Ig = 10.8 = j5.29 = 12.03 (-26.1°)
Ve=(Ia + I5)Z = 12.03 (-26.1° X 44.77 (22.9°)
=538.6 (-3.2°)V



Vi, [a=-19"+3.2°=15.8° Pfs =0.962 lag
Vi, Ig =-33.5"+3.2° =-30.3° Pfg = 0.863 lag
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CHAPTER 4: PRINCIPLES OF ELECTROMECHANICAL ENERGY CONVERSION

4.1 In the electromagnetic relay of Fig. 4.11, the exciting coil has 1000 turns. The cross-sectional
area of the coreis A= 5 cm x 5 cm. The reluctance of the magnetic circuit may be assumed to be
negligible. Also neglect fringing effects.

(a) Find the coil inductance for an air-gap of x = 1 cm. What is the field energy when the cail

carries a current of 2 A? What is the force on the armature under these conditions?

(b) Find the mechanical energy output when the armature moves from x, = 1 cmto x, = 0.5 cm

assuming that the coil current is maintaind constant at 2.0 A.

(c) With constant coil current of 2.0 A, derive an expression for the force on armature as a function

of x. Find the work done by the magnetic field when x changes from x, = 1 cmto x, = 0.5 cm
%

from J F; dx - Verify the result of part (b).
Xa

(d) Find the mechanical energy output in part (b) if the flux linkages are maintained constant

corresponding to a coil current of 2.0 A.

Solution
2X
a R=
@ HoA
o N2A 47 x10-7 x(1,000)2 x (0.05)2
2x 2x
Ligy = x10-3
(X) - 2X
x=0.01m
_mx1073
=5%00l - 0.157 H
Field energy for coil current of 2.0 A
= % x 0157 x (2)% = 0.314
, -1 :
W =5 L(x)i?
oW/ -3 -3 _ -3
F = f :liZi 7 x10 :_nxlo _ 7w x10 - 314N
oX 2 ox 2X X2 (0.02)?

(b) Electrical energy input, AW, = (4, — 4,)i

= (L (x = 0.005) — L(x = 0.01))i

_mx10°( 1 1 "
2 0.005 0.01

=02 nJd
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Mechanica output,

AW, = 2 AW, = 07 = 0314 ]

) Mechanical work d R =—x109 [ Ly
(C ecnani wor one = J r OX = — (T X J - X
0.01 001 X

7 x 107 Efj"

0314 J
(This agrees with the value obtained in part (b))

1 o
(d) AW, = 2 Ao (ip—12)
ii1=2A, Xx,=0.01cm

Ae=Lx=00n) x2= X207 501
0= L(x=001) x2= 2><0.le =01r
Ao = L(x=0.005) x i,
. 2% 0.005
or |2:O.17r><X7:1A
7 x10-3
AW, = % x 017 (2 — 1) = 0.057

0.157 J

4.2 InFig. P4.7(b) if thei-A curve ab is assumed to be a straight line, find an expression for the mechanical
energy output. If thisfigure pertainsto the electromagnetic relay of Fig. 4.11, find the value of the mechanical
energy output, giventhati, = 2.0A,i,=15A,x, = 1 cmand x, = 0.5 cm.

AA ‘
Mech

—4 X
2 ; System

e . =
1 L:
e f

A i

Solution Electrical energy input
AW, = Area cabd

= (A= 2iz+ 3 (o= 21) (1 i)

Y
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Increase in field energy
AW; = Area obd — Area oca

1, .
= E /,LZIZ_
Mechanical output

AW, = AW, — AW,

1 .
2 Aqiy

. 1 L. 1 . 1 .
= (A= Apiy+ 2 (Ao = 4y (ip =p) — 2 Agiy + 2 Aqiq

1 . .
=5 (Ao iy — 441y

From Prob 4.1,
L) = 7 x1073
(X) - 2X
L(x = 0.01) = 0.157 H, L(x = 0.005) = 0.314 H
A = L(x = 0.00)i, A, = L(x = 0.005) i,

0.314 WbT = 0.314 x 1.5 = 0.471 WbT

Mechanical output %(0.471 x 2 — 0314 x 15)

0.2355 J
4.4 For the cylindrical iron-clad solenoid magnet of Fig. 4.9.
MMF = 120 AT

Flux = 0.00175 Wb

Solenoid
fa i /

'

00
AN

7

1.2 cm

(o]
3 %&«

Plunger

0.02
—> 5 Ccm j<«—

dia

rig [Pt |

assume that the magnetic path reluctance remains constant at a value corresponding to the linear part

of the magnetization curve.

(a) Derive an expression for the force in terms of g for a constant coil current of 2.25 A. Calculate
the value of the force for g = 1 and 0.2 cm.
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(b) What is the electrical energy input to the system when g changes from 1 to 0.2 cm, while the
coil current is maintained constant at 2.25 A.

(c) Calculate the work done on the plunger during the movement specified in part (b).

(d) With the cail current maintained constant at 2.25 A what is the direction and magnitude of the
electrical energy flow if the plunger is made to move from g = 0.2 to 1 cm?

Solution
120

@ Rien = .00175

Reluctance of annular air-gap = 84.4 x 103

= 68,570 = 68.57 x 10°

: ; g
Reluctances of circular air-gap (g) = 47 x 102 x (7/4) x (0.05)2
= 4,053 g x 10°
Total reluctance R = 153 x 10° + 4,053 g x 10° = 153 (1 + 26.5 x 10% g) x 103
N2 (1,200)2 9.41
L@ = "R ~153(1+ 26.5x102 g)x 10° _ (1+ 26.5x 102 g)
_ 1. 4.71i2
W (b9 =3 14= 13726 5% 107 g)
e _OW _ 1248x102j2
" 099  (1+26.5%x102 )2
g=0.2cm, i=225A
124.8x 102 (2.25)2
F=-— = -1592 N
(1+26.5x0.2)2
g=1cm, i=225A
124.8x102 x (2.25)2
=T @x2esxnz - oooN

(b) AW, = (A, = 49) i,
= (L(92) — L(9y) &

) 9.41
L9 = (1+26.5%102 g)

_ 1 _ 1 2
AW, = 941 (1+ 265x02 1+ 265x 1) x (229)
=581 J
(c) As per Eq. (4.8)
1
AW, = 3 AW, = 291 F

* For derivation of this relation, the reader may refer to Nagrath, 1.J. and D.P.Kothari, Electric Machines, 2™ edn. Tata McGraw-Hill,
New Delhi, 1997, Ch. 4, p.156.
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(d) AW,=-5811J
The electrical energy flows out of the solenoid coil.

4.6 For the electromagnetic relay of Fig. 4.11, calculate the maximum force on the armature if
saturation flux density in the iron part is 1.8 T. Given: cross-sectional area of core=5cm x5 cm,

( )
f
A“O

Solution
In Fig. 4.2(a), field energy in the two air-gaps is

1( B? Ax
W, (B, X) =2 x =
f( ) 2( ,UO ]
MW B2 A
Ff: - =
IX Ho
5 .
F(max) = — B< (saturation) A

Ho

(18)2 x (0.05% 0. 05)
41 x 107

4.7 For the electromagnetic device shown in Fig. P4.7, assume the reluctance of the iron part of the
magnetic circuit to be negligible. Determine the time average force on the movable member at any
fixed position of the moving member, if
(@ i=1cos ot
(b) v =V cos wt

—6.446 x 10° N

Movable member

N

¥

Cross-sectional N Air gap
area A negligible

i

i

Fi 17
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Solution
X
R =
UoA
2=ng= N[ N2 oA,
7R X
N2 A
L= —Hen_a
X X
, _ 1 2
@ Wi (i, =73 LK
_ IWs _1i oL

Fr X 2 ox

__liZ(i)
=31z
1
Fr=-3 IZ(;) cos? wt
_ 1,,(a . . .
F¢ (av) = ~2 I (xz) (in a direction to reduce X)
(b) v=ri+L %
V(o) =(r+jol) (o)
- V(je)
or |(]CO) = m

1 V?
i = [ ) (2)

Subsgtituting L(X) = a/x, we get
__avr

(r’x?2+a?w?)
4.8 Two coils have self and mutual-inductances of

2

Ly,= ———

27 (1+2x)

Lp=(1-24

The coil resistances may be neglected.

Fe(av) =

Ly =
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(@ If the current I, is maintained constant at 5 A and I, at —2 A, find the mechanical work done
when x increases from 0 to 0.5 m. What is the direction of the force developed?
(b) During the movement in part (a), what is the energy supplied by sources supplying currents I,

and 1,?
Solution
L, 1 . - 1 .
Wi(iy, 15 %) = > Lygif + Laggip + 5 Ly
i i}
T @29 Iyl (1-2) + (1+2x)
. IW{ -2i? . -2i2
=

= — 2 + —_—
ax (@+2x?z 12T ([1iax2
@ 1,=5A l,=—2A
58

Fr=— ———— +20
(1+2x)2

05

0.5 0.5
Mechanical work done = '[ F dx=— JS—S dx+ 20 '[ dx
0 0

. (L+ 2x)?

05

_ 58 _

= e j+ 20 x 05 = —45 J
0

Force becomes zero for

2_ 58 _
1+ 209°= >0 - 2.9
1+2x=17 or x=035m
If F; is negative 0 < x < 0.35, i.e, tends to decrease x.
If F; is positive x > 0.35, i.e. tends to increase x.

(b) A;=Lyig+ L,

=2 Lo
= Trox (- 200
_ 10 . _
“1rax 2=
- _ - |10 _
M(x=05) - 4x=0)= [7— 2(1—1)} -[10-2] =-3
Energy input to coil 1 = % x5x(-3)=-751J

Ay = Lyl + Loy

= (1-2i, + = 5(1- 2x) —
(1-29i 1+ 2x (129 1+ 2x
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ALx=05-ALx=0=0-2)-(5-4)=-3
Energy input to coil 2 = % X (-2 -3=31J
4.9 Two coils have self- and mutual-inductances of

2
L., =L,= —&
T2 (142x)
1
L., =
127 (1+2x)
Calculate the time-average force and coil currents at x = 0.5 mif:
(a) both the coils are connected in parallel across a voltage source 100 cos 314t
(b) cail 2 is shorted while coil 1 is connected across a voltage source of 100 cos 314t

(c) the two coils are connected in series across a voltage source of 100 cos 314t.
Solution

1, . o1
Wi (iy, i X) = 5 Lyg i7 + Lypiqip + > Lo iz

— 1 .5 1 .. 1 .5
P24 igio+ i
1+2x 1 "1+2x Y2 1y2x 2

- (—1+12Xj(i12 + iy +i3)

WY 2

Fi= =— iZ + iy +i2
1= Tox (1+2x)2(1 il2 2)
Xx=05m
Ly=Llp=1
L, =05

1o .. .
F = —E(I12+I1I2+I22)

@ V(o) = (o) (o) + 05 (o) 12(o)
V(jw) =05 (jo) I1{o) + (o) T2(0)

Solving we get
. = V(jo)
Therefore
o =100 oy 100
i =10, = R cos (314t — 90°) 15x 314 3N 314t
2
_ 1 100 . 5
F = 2(—1.5x314j X 3 sin® 314t
3( 100 Y
Ff(a\/) = —Z (15){314) = —0034 N
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B) V(o) = (o) 11(w) + 05 (o) 12(w)
0=05 (jo) l1(o) + (o) 12()

Solving we get
Lo V(jo)
1109 = 5 7507w)
0 V(jo)
I =_
209) = 7570
Therefore
. _ 1400 .
= 3314 sin 314t
i, =290 gn 314t
3x 314
Substituting in F;
2
1 200 _ )
F = 2X(3><314j (4-2+1) sin” 314t
3_( 200 Y
- _° a2
= 2X(3><314j sin” 314t
3 ( 200 Y
Ff(a\/):—z1 (3><314) =-0.034 N
(© V(jo) = (jo) T(jo) + 05 (jo) 1 (jo)
or I (jo) = Vije)
15(jw)
Therefore,
.. _._ 100 :
1=i,=1= 15x 314 sin 314t

2
F = %x(&j (1+1+1) sin? 314t

15x314
3_( 100 Y
Ff(a\/):— ZX(mj = -0.034 N

4.10 The doubly-excited magnetic field system of Fig. 4.15 has coil self- and mutual-inductances of
Ly =Ly, =2+ cos 20
Ly, =cos 6
where 6 isthe angle between the axes of the coils. The coils are connected in seriesand carry a current

of i = V21 sn wt. Derive an expression for the time average torque as a function of angle 6.
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Solution

,_ 1 . . 1 .

Wi = > Lyif + Lagisip + > Ly i}
or Ty 1y 0) = % (2 + cos 20)i 2 + (cos O)izi, + % (2 + cos 26)i 2
i =i, =1, (given)
%(i, ) = [(2 + cos 26) + cos 6i2

WY _ L

T, = o - (2 sin 260 —sn 6)i?

= {2 sin 20 + sin ) x 212 sin® wt
T;(av) = -2 (2 sin 20 + sin 6)
4.11 Inthe rotary device of Fig. 4.15, when the rotor isin the region of 6 = 45°, the coil inductances can
be approximated as

where 6 isin degrees.
Calculate the torque of field origin if the rotor is held in position 6 = 45° with

(@ i;=5A i,=0

(b) i,=0 i,=5A
(© i;,=5A i,=5A
(d i;=5A 2= B5A

(e) Find the time-average torque if coil 1 carries a current of 5 sin 314t while coil 2 short-circuited.
Solution

L 1 . . 1 .
tiy, 15 6) = 5 Lygi £ + Lyggip + 5 Lyi }
14719 2.7 (19 )i x(,_01|:2
_[1+4(1 45)}|1+2(1 90)|1|2+[1+4(1 45)}2
T M ((me m w5, 180
f~ 99 ~\ 180 1807%2 180 ° T

= —(i2 +iyi, +i2) (independent of 6)

(@ T,=-(25+0+0)=-25N
(b) T, =—0+0+25=-25N
(€ T,=—25+ 25+ 25) =75 N

(d T;=—(25-25+25)=-25N
(e) For the shorted coil
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At 6 = 45°,
n 45 n
Lp=Ly= E(l—%)zz
0= 7 () 11(a) 1,Ge) + 2 (o) T2(e)
l2(e) =~ T1(a)
Now i =5sin 314t
i, = —% x 5 sin 314t
Hence
2
_ Vi1 mex25) .,
T = —(25—5>< 8><5+ 7 ] sin® 314t
= -19.04 sin® 314t
Ti(av) = 952 N

4.12 Figure P4.12 shows the cross-sectional view of a cylindrical plunger magnet. The position of the
plunger when the coil is unexcited is indicated by the linear dimension D. Write the differential
equations describing the dynamics of the electromagnetic system. Determine the equilibrium position
of the plunger and linearize the describing equation for incremental changes about the equilibrium
point. Assume the iron to be infinitely permeable.

Plunger of Mass M

Spring Constant K

+ . W ﬁ X ‘f H*Tit \
" JJJ] T e
N F—TD% AN Coefficient of Friction B

> h |
/

Cylindrical Core

rig [ P12 )

Non-magnetic Sleeve

Solution Reluctance of circular air gap,

_ (D-x _4D-x)
R, = N = >
d mued

Ho| 7T =4~
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Reluctance of annular air gap,

R :;
27 Uom(d+t)h

. _ N2
Cail inductance L= m
_ N 2 N2
L= 4(D_X)+ t ~a-bx
muod2  muo(d+t)h
where
a= t + 4D b= 4
7T[l0(d+t)h 7Z"U()d2 7Z"U()d2

Electrical circuit equation

v=ir+ (%A:%(L(x))i)

d  .dL dx
=Ir+ L el == .=z
T
or v=ir+ N2 _di; bN2 dx
a-bxdt (a-bx)2 dt
W (i, X) = % i2 (%)
oW1, 0
ox 2 dx
=12 bN
2 (a-bx)?

Mechanical circuit equation

(0/2)N?2 ., g d2x g O

— 2= B— +K
(a—bx)2 ' dz S
Under equilibrium conditions
- di dx
V=1, =l E:O E:O, X=X
We get from Egs (i) and (ii)
Vo = lor
(b/2)NZ2
—~ = |12=
(@a_bXg)z 0~ 1Ko

Let the incremental values be expressed as
vy, g, Xg

(i)

(i)

(iii)
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Substituting in (i) and (ii)

_ . N 2 dll . bN 2 dX]_ .
Vot v (o M o o ot (07 b —bx)z )
(b/2)N2(lg +i1)? d2x, dxy
=M B—L
(a— bXo — bxy)2 dtz TP g Kot x) (v)
Cancelling out equilibrium termsin (iv) and (v) and neglecting the product of incremental values, we
get
_ N2 ) di b2Nlg | dx _
Vi = 1y + (a_bx()) dt +|:(a_bxo)2 ot (V|)
(b/2)N2 1oiy d2x, dx,
=M +B—=+ KX i
(a—bXo)? dt 2 dt ! (vii)

4.13 For the electromagnet of Fig. P4.13 write the dynamical equation. Assume the cross-sectional area
of each limb of the magnet to be A and the coupling between the two coils to be tight. Iron is to be
taken as infinitely permeable.

D
¢ X Ie Rest Position of

Armature

Armature, Mass M

K
A
N2
A B
e
TTITIITTI T
rig, | P13 |
Solution
R D—x+ D-x 3 (D ) ® ) 3
= = —x) = aD - X); a=
oA uo(2A) 2ugA 2uoA
L= N L= NZ _ NiN»
U7 aDb-x)' 2 ab-x)' ¥ ab-x)
Vi =4l + —dll
1 1'1 dt

. d . .
=04y + — [Lqyqdq + Lyol
1'1 dt[lll 122]
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. . dLyp dx di. . dLyp dx di,
_|1r1+|1WE+L11(X)W+IZ dx a+L12(x)T

NZis dx N7 di_1+N1N2i2 dx NNz dip ()
a(D-x)dt a(b-x) d a(D-x)dt a(D-x) dt

or v, =gy +

Similarly,

V, =i, + 22 dx, 2 Oz NiWNola dx  ~ NiWN2 diy (i)
a(D-x) dt  a(D-x) dt a(D-x)dt a(D-x) dt

L 1 . 1 .
tig 19 X) = > L3 (X)i 2 + Lyp(X)iqip + 5 Lop(X)i 3

IW{ N2 Ny N N2
e T Ll Y PR RN§ (iii)
ox 2a(D-x)2 a(D-x)2 2a(D-x)2
N/ N1N> NZ d2x dx
i2+ iqi +7i2=M7+87+KX i
2a(D-x)2 1 TaD-x2 M2 2ap-x2 '2 7 Va2 T dt ()

Equations (i) and (iv) describe the system dynamics.
4.14 For the electromechanical system shown in Fig. P4.14, the air-gap flux density under steady operating
conditions is

¢ Rest Position
<—F¢ of Armature

— Armature, Mass M

K
v — N
Coil Resistance
Negligible

/B

rig, [ P11 |

B(t) = Bm sn wt
Find
(a) the cail voltage
(b) the force of field origin as a function of time
(c) the motion of armature as a function of time.

Solution
_ 2(D-x)
UoA
_ N2 _uoNZ2A
LX) = R~ =3
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2= NAB,, sin ot

(@ e= % NA B,, @ cos wt

112 1 N2A2BZ sin2 ot

(B) WX =57 =% (1yNZ A)/2(D=x)
= ugABZ (D - x) sin® wt
dW; _ .
Fi=-— - = LABZ sin® ot
:% K ABZ, (1 — cos 2wt)
dZX]_ dX]_
© 3 uolABZ > /,LolABz C0S20t = M —=+ B3 + KXo+ x)
y71A82
2K
X can be obtained from
1 d2x; dxy
-3 L AB2 cos 20t =M qz B q T
. 1 1
H (o) = - . =
Ue) M(j20)? + B(j 20) + K [(K - 4Mw)2 + 4B2 2
ol k-4Mo
M B0 TV
H71A82
Xy (t) = cos (2wt — v)

2J(K-4Mw)2? +4B2@?2
Net movement is

X(t) = %o + X()
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CHAPTER 5: BASIC CONCEPTS IN ROTATING MACHINES

5.1 Determine the breadth and pitch factors for a 3-phase winding with two slots per pole per phase.
The coil span is five slot pitches.
If the flux density wave in the air-gap consists of the fundamental and a 24% third harmonic,
calculate the percentage increase in the rms value of phase voltage due to the harmonic.

Solution

m=2
60°
= = 30°
=7
2x 30°
K ——2—0966
b~ sin30° ~
2 2

Full pitch=2 x 3 = 6 dlot pitches
Cail pitch = 5 dlot pitches
s, = 1 slot pitch or 30°

O
Kp = cos — = cos 15° = 0.966

2
For the third harmonic
Kps = Sn90° _ 0.707
837 28in45° T
Kps = cos 45° = 0.707
Let
¢4 (fundamental flux/pole) = 1 unit
@, (third harmonic flux) = 0—324 = 0.08 unit
Now

E;=Kx1x0966 x 0.966 = 0933 K
E; = 3K x 008 x 0.707 x 0.707 = 0.12 K

rms value of phase voltage = \/EZ + EZ = K /(0.933)2 + (0.12)2 =094 K

. . 0.94 - 0.933
% increase in rms value = — 093 x 100 = 0.75%

5.2 A 50 Hz, 6-pole synchronous generator has 36 slots. It has a two-layer winding with full-pich coils
of eight turns each. The flux per pole is 0.015 Wb (sinusoidally distributed). Determine the induced
emf (line-to-line) if the coils are connected to form (a) 2-phase winding (b) star-connected 3-phase
winding.
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Solution
(8) 2-phase winding

36 _

m=2%6 -3

_ 180°x6 20°

36

K - sin (2 x 30°)/2 _ 0011
®~ 3sin(30°2) ~

_ 36x8 _

= —5— =144

E, = 4.44K,, f® N,
= 444 x 0911 x 50 x 0015 x 144
= 436.84

E =43684 J2 =617.78 V
(b) 3-phase winding

_ 36 _
m=336 "2
y=30°
o Sn@xayz
b= 28n(30°2)
 36x8 _
;= g = 96
E, = 444 x 0.966 x 50 x 0.015 x 96
= 30881 V

E, = /3 x 308.81 = 534.86 V
5.3 The air-gap flux density distribution of a 6-pole, 50 Hz synchronous generator is
B(6) = B, (sn 6 + 0.3 sin 26 + 0.15 sin 56)
The total flux/pole is 0.015 Wh. Find the fundamental, third and fifth harmonic flux/ pole.
Solution  From Eg. (5.9)

D, = Pil B,Ir = % B,Ir

Dy = Pig, x 0.3 Bylr = 0.2 Bylr
_ 4 _02

D = P x 01 Bylr = 15 Bylr
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D =@+ Dyt D= (§+0—5+%) B,r = 0.015

0.015x15

Br = == = 002
It now follows

®; = % x 002 = 00133 Wb

@y = %2 x 002 = 0.0013 Wb

@5 = %2 x 0,02 = 0.0002 Wb

5.4 Show that the limiting value of the breadth factor for the fundamental is

_ sinl2c
b7 120

where o = my = phase spread
and m, the dlots per pole per phase tends to be large.

Solution  For a given phase spread o (usually 60°) as m tends to be
large, y tends to be small.

The phasor diagram of coil voltage nhow becomes the arc of a cl2 cl2
circle whose chord AB is the resultant voltage, as shown in :

Fig. P5.4.

(0]

_ chord AB _ 20Asin(0/2) _sin(o/2)
K= "acAB = (OAo ~ oR2 Fig.[P54 ]

Note: o must be expressed in radians.

5.5 A 50 Hz synchronous salient pole generator is driven by a hydroelectric turbine at a speed of
125 rpm. There are 576 stator slots with two conductors per dot. The air-gap diameter is 6.1 mand the
stator length is 1.2 m. The sinusoidally distributed flux density has a peak value of 1.1 T. (a)
Calculate the maximum rms single-phase voltage that can be produced by suitably connecting all the
conductors. (b) Find the per phase emf if the conductors are connected in a balanced 3-phase
winding.

Solution

o 120f 120x50 _
TN 125

S
I

BJr; Eq. (5.9)

4
P
4 6.1 _
25 < 1 x12 x == = 0336 Wb
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_ 576 _

(8 Slots/pole m = 8 - 12
_180°x48
= 7B~

In a single-phase connection emfs of all the coils under a pole pair are added, therefore

. (12><15°)
sn 2
K,= ———~ =0.638

. (15°
12sn ( 5 )
. 576 x 2
Total series turns, N = 5 = 576

E =444 K, f®dN
= 444 x 0638 x 50 x 0.336 x 576 = 27,412 V

(b) Slots/pole/phase, m= 1—32 =4
4x15°
"5
Kb = W = 0.958
4sin 5
576 _
Ngn = 3 = 192
E, =444 x 0.958 x 50 x 0.336 x 192
= 13720 V

5.6 Find the number of series turns required for each phase of a 3-phase, 50 Hz, 10-pole alternator with
90 slots. The winding is to be star-connected to give a line voltage of 11 kV. The flux/pole is 0.16

Wh.
Solution
90
Slots/pole/phase, m=310 - 3
_180°x10
= I
. 3x20°
sin 5
K, = o - 0.96
3sin 5

Winding is assumed to be full-pitched.
E, = 444 K, fON,,
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11,000
V3

=444 x 096 x 30 x 0.16 x Ny,

o 11,000
™ /3% 4.44% 0.96 x50 x 0.16

or = 186 = 180

180x 3x 2 _

Conductors/slot = — 90 - 12

5.7 A dc armature is built up of laminations having an external diameter of 80 cm and internal diameter
of 42 cm. The length of the armature is 32 cm. The flux density in the armature core is 0.85 T. The
armature is wave-connected with 72 dlots, with 3 conductorsg/siot. If the number of poles is 6, find
the emf induced when the armature is rotated at a speed of 600 rpm.

Hint: (see page 267)
Solution Cross-sectional area of armature case

=32 x (80542) x 107 = 0.0608 m?

Flux through armature core = 0.85 x 0.0608 = 0.0517
Flux/pole = 2 x 0.0517 = 0.1034 Wb
For wave winding, A = 2

Z=72x8=576
_®NZ(P
= 50 (A)

0.1034x 600576 (6) _
60 X (E) =1,787 V

5.8 A 6-pole, wave-connected dc armature has 250 conductors and runs at 1200 rpm. The emf generated
is 600 V. Find the useful flux/pole.

Solution
A=2
_®ONZ(P
= 50 (A)
_ ®x1,200% 250 (6
600 = &0 (2)
or &= 0.04 Wb

Note: Useful flux links armature coils and induces emf. Some of the pole flux does not link armature
coil and is called leakage flux. The total flux in the pole body is the sum of these two fluxes and is
therefore more than the useful flux/pole.

5.9 A 4-pole, dc machine has a lap-connected armature having 60 slots and eight conductors per slot.
The flux per pole is 30 m\Wh. If the armature is rotated at 1000 rpm, find the emf available across
its armature terminals. Also calculate the frequency of emf in the armature cails.
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Solution
_ ®NZ (P
Ba= 50 (A)
Z=60 x 8 =480
E - 30x10°3 x1,000x480 (4
ar 60 4
=240V
_ NP _1000x4 _ 1
120" 120 ~%3"
5.10 Trace out the variations in mmf due to a belt of "
current-carrying conductors representing one Av/2
phase of a 2-pole, 3-phase winding. The belt may = P E—T -

be assumed to be a current sheet with uniform
current density. What is the peak amplitude of
the mmf wave if the total current in the belt is A
amperes?
(Hint: The mmf wave is trapezoidal)

Solution  (see Fig. 5.10)

rig [ 2510 )

5.11 Each phase belt of a 2-pole, 3-phase winding carrying balanced 3-phase currents can be assumed
to be a current sheet with uniform density. Sketch the resultant mmf wave at wt; = 0, wt, = n/3 and

oty = 2r/3.
Resultant mmf
Phase a
”””””””” AN N /
| MENEAN | LN Ly
a ¢ b~_ a c. /b
_ 7(,/ N NS
Phase ¢ Phase b
Fig.|P5.11(a)
Solution
ot; =0
ip= I, cos wt I
ipb = I, cos (wt — 120°) /2
ic = I, cos (wt — 240°) /2

Phase ¢
| A | N
a ¢ /b a c b
Phase b Phase a

Fig (P11 |

ot, = /3 oty = 2r/3
[ /2 /2
I I

-, /2

current corresponding to 1, in a phase belt = 1 unit (AC) say. The resultant mmf waves at wt; =0
and wt, = 7/3 are drawn in Figs P5.11(a) and P5.11(b).

The third case can be similarly drawn.
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5.12 Phase a of a 3-phase stator at the instant of carrying maximum current has 60 A/ conductors in the
phase belt. Sketch the mmf wave of the phase when the slots/pole/phase are 1, 2, 3, 4 and 5 respectively.
Comment upon the change in the shape of the mmf wave with the number of dots/pole/phase.

Solution  The mmf waves for the five cases are drawn in Fig. P5.12. As SPP increases, the mmf wave has
more stip and its shape becomes progressively closer to a sine wave.

60 ac/slot
(ac = amp.cond) SPP =1
7,
I~

NS
/AN
[y

30 AT

J S5
60/2 = 30 ac/slot SPP = 2

5.13 A 2-pole, 3-phase ac winding is housed in 18 slots, each slot having 12 conductors. Consider the
time instant at which the current in phase a has its maximum value 10.0 A.
(a) Sketch all the 18 dlots on a horizontal axis. Mark the direction of currents in the conductors
occupying the dlots relevant to phase a. Make a proportional sketch of the mmf wave of phase
a only.
(b) Mark the maximum value of mmf wave on the sketch.
(c) Calculate the peak value of the fundamental of the mmf of phase a.

Solution

(8 Ampere-conductorg/slot = 12 x 10 = 120
MMF wave of phase a is sketched in Fig. P5.13.
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Fig,[_P5.13 |
(b) Peak value of mmf wave = 180 AT
_ _2x180° sin(3x20%2) _
(C) m—3, Y= 18 —20, KD—W = 0.96

F,(peck) = % % 0.96 x (%) % 10 = 220 AT

5.14 A 4-pole, 50 Hz induction motor has 24 stator slots with 2-layer winding. It has a 16-turn cail
chorded (short-pitched) by one slot. The machine is delta-connected and has a 440 V, 3-phase
supply. If the stator resistance and leakage reactance are assumed negligible, find the flux/pole of
the rotating flux density wave.

Solution
S= 24 C (coils)
__24 _
SPP = %3 - 2
_180°x 4 20°
S Toa T
6y, = one slot pitch = 30°
_ sinmy/2 _sin(2x30°)
Ko = msiny2~ 2snao72 - 096
e O o _
K, = cos — = cos 15° = 0.966
. 16x 24
Npn(series) = 3 - 128
Phase voltage E, =440V

E, = 444 KK, f@ N (series)
440 = 4.44 x 0.966 x 0.966 x 50 x @ x 128
or @ = 0.0166 Whb/pole

5.15 The induction machine of Prob. 5.14 has a stator length of 28 cm and a mean air-gap diameter of
18 cm. The machine air-gap is 1 mm. What line current will it draw when running at no-load?
(Hint At no-load the machine draws only the magnetizing current to establish flux/pole, as calculated
in Prob. 5.14).
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Solution  As calculated in Prob. 5.14, @ = 0.0166 Wb/pole

T x18 4 5

Pole area= 28 x x 107 = 0.0396 m
_ 0.0166 _ 2
B, = 0.0396 0.419 Wb/m

T
Booak = 5 X 0.419 = 0.658 Wh/m?

Neglecting reluctance of air-gap,

_ 3.”0 Fm
e g

29 Bpeek
3uo

2x1x10-3 x 0.658

= 3% A7 X 107 = 349 AT/pole

or Fr =

Now

4 N, (series)
Fn=— Kw (pT Im
K,= 0.966 x 0.966 = 0.933 (from Prob. 5.14)
TFnP
4K N ph (series)

Im=

T X349 x 4

~4x0033x128 - 18 A

9.18
J2

I = 6543 = 11.26 A

5.16 In Problem 5.6 what will be the peak value of resultant mmf/pole if the winding is chorded by one
slot?

Solution

=65A

(rms)

y=12°
Osp =12°
0
Kp = C0S —— = cos 6° = 0.994
2
Fpeak = 10,425 x 0.994 = 10,368 AT/pole
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5.17 A 3-phase induction motor runs at a speed of 1485 rpm at no-load and at 1,350 rpm at full-load

when supplied from a 50 Hz, 3-phase line.

(8) How many poles does the motor have?

(b) What is the % dlip at no-load and at full-load?

(c) What is the frequency of rotor voltages at no-load and at full-load?

(d) What is the speed at both no-load and full-load of: (i) the rotor field with respect to rotor
conductors (ii) the rotor field with respect to the stator and (iii) the rotor field with respect to
the stator field.

Solution

(8 At 50 Hz, the nearest synchronous speed to no-load speed (1,490) is 1,500 rpm. Therefore the
number of motor poles = 4.

b | _ Ns—N; 1,500 -1,485 100 = 1%
(b) s(no-load) = Ne 1500 X =1%
full-load) = =200—1350 150 = 10%
s(full-load) = 1500 X = ()
(c) f,=¢f

=0.01 x 50 = 0.5 Hz (no-load)
= 0.1 x 50 = 5 Hz (full-load)
(d) (i) N (rotor field wrt rotor conductors)
120x 0.5
- g
120x 5
4
(if) N (rotor field wrt stator) = 1,500 rpm (no-load and full-load)
(iii) N (rotor field wrt stator) = O (no-load and full-load)

5.18 A 4-pole, 3-phase synchronous motor fed from 50 Hz mains is mechanically coupled to a 24-pole,
3-phase synchronous generator. At what speed will the set rotate? What is the frequency of the emf
induced in the generator?

Solution

= 15 rpm (no-load)

= 150 rpm (full-load)

120f 120x 50
= =——-+— = 1,500 rpm (set speed)

s P 4
_ NP _1,500x 24 300 H ;
=120- 120 = z (gen. frequency)

5.19 A 20-pole synchronous generator running at 300 rpm feeds a 6-pole induction motor which is loaded
to run at a dlip of 5%. Find the speed at which the induction motor runs and the frequency of the
currents induced in its rotor.

Solution

¢ NP _300x200

T10- 120 XM
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For induction motor
120f 120x50
P T 6
s=0.05
N=(1-0.05) x 1,000 = 950 rpm
f,=sf =005 x 50 = 25 Hz

5.20 A dlip ring induction motor runs at 285 rpm on full-load when connected to 50 Hz supply. Calculate:
(a) the number of poles (b) the slip and (c) the slip for full-load torque if total resistance of the rotor
circuit is doubled. Assume the rotor leakage reactance to be negligible in the range of dlips being
considered.

Solution

= 1000 rpm

(8 Nearest synchronous speed = 300 rpm

b _120f _120x50 _

N 300 20

b) dip= “0—285 100 = 5%
( ) Ip - 300 X - 0

(c) Since the torque remains constant at full-load value when rotor resistance is doubled, the rotor
current must remain constant. It means that the rotor voltage (sv,) must double. Hence

s=2 x5=10%



5.27 The outside diameter of the rotor of an alternation is 0.74 and the axial length is
1.52 m. The machine has four poles and the flux density at the rotor surface is given by
1.12 cos 0. where 0. = elect.angle.

(a) Find the flux/pole

(b) If the peak value of Fr, is 18000 AT, calculate the permeance/pole

Rotor area of each pole = (1 X 0.74) / 4) X 1.52 = 3.534m’
Brotaor = 1.12 Cos 6e

Bav=1/n X[ _,1.12 Cos 0.d 0,
=1/ X 1.12 [sin 0] * _p
=1/aX 112X (1+1)=2/nX1.12=0713T

(a) Flux pole =0.713 X 3.534 =2.52 wb
(b) Fr=18000 T
®=PFr
P = ®/Fr=(2.52 X 1000)/18000 = 0.14 wb/AT

5.28 A synchronous generator of 50 Hz with 6 poles has a flux / pole of 0.15 Wb. Each
stator coil has two turns and a coil pitch of 150° elect. Calculate the coil voltage (rms).

®=0.15wb

E.=4.44K,f® Nc

K, = cos 0, = cos (180° - 150%)/2 = cos 30°/2 = 0.966

Therefore = Ec =4.44 X 0.966 X 50 X 2 =64.34 V

5.29 Calculate the short-pitching angle to eliminate the fifth harmonic in the induced
emf of a synchronous generator. What is the corresponding reduction in the
fundamental and the thirteenth harmonic?

Ky(n)=Cosn 6, =0
n0,/2=90" ,n=5
Ospr2 = 90°/5
=18°
0sp = 36°

Kp(1) = Cos 18° = 0.95
Reduction in fundamental = 5%
Kp(13)=Cos 13 X 18° =-0.588
Reduction in 13" harmonic = 1- 0.588 = 41.2 %

5.30 A 50 Hz, 8-pole, pole 3-phase synchronous generator has 48 slots. Calculate the %
reduction in the fundamental, third and fifth harmonic strengths on account of
distributed windings.

S =48



SPP =48/(3X8)=2, v=(18"X8)/48 =30°
Kp(1) = (sin m 1/2)/(m sin 1/2) = sin (3 X 30/2)/(3sin 15°) = 0.707/0.7765 = 0.91

% reduction in fundamental = 100 X (1 -0.91)=9

Kp(3) = (sin m (31r/2))/(msinr/2) = sin3 X (3/2 X 30°) / 3 sin ((3 X 30°)/2) = 0.707/2.121
=0.333
% reduction in 3" harmonic = 66.7%

Kp(5)=(sin3 X 5X 15°) /3 sin5 X 15°=-0.707 / 2.898 = -0.245
% reduction in 5™ harmonic = 75.5%

5.31 A synchronous generator has 12 poles and 3-phase winding placed in 144 slots; the
coil span is 10 slots. Determine the distribution factor, pitch factor and winding factor.

S =144, SDP =144/3 X 12) =4 y=(180"X 12)/ 144 =15°
K, =sin(4 X 15/2) / (4 sin 15/2) = 0.5/ 0.522 = 0.958

Coil span =10 X 15 = 150° elect
0p = 30°

K, =cos 30" = 0.866

K= KK, =0.958 X 0.866 = 0.83

5.32 The phase voltage of a 50 Hz synchronous generator is 3.3 kV at a field current of
10 A. Determine the open-circuit voltage at 50 Hz with a field current of 8 A. Neglect
saturation.

V=444KwF®N
Or VofXIf : ® o If(field current)

330 60X38

Dividing (ii) by (i)
V/3.3 = (60X 8)/(50 X 10) = 3.168 Kv

5.33 A 50 Hz, 3-phase hydroelectric generator has a rated speed of 100 rpm. There are
540 stator slots with two conductors per slot. The air-gap dimensions are: D = 6.25 m, LL
= 1.16 m. The maximum flux density B, = 1.2 T. Calculate the generated voltage/phase.

n =100 rpm P =120f/n = (120 X 50)/100 = 60
S =540 Nc=2
vy =60 X 180° /540 =20°

m=540/(3 X 60) =3



K, = sin (3 X 20°/2)/3 sin (20°/2)
=0.5/0.521 =0.96

Pole area = (1 X 6.25) /60 X 1.16 =0.38

Flux pole =2/t X 1.2 X 0.38 = 0.29w

Npn(series) = (540 X 2)/(2 X 3) = 180

V =4.44 Kw f ® Nyp(series)
=4.44X0.96 X 50X 0.29 X 180
=11.125kV

5.34 Calculate the voltage induced in the armature of a 4-pole lap-wound dc machine
having 728 conductors and running at 1600 rpm. The flux/pole is 32 m Whb.

If this armature carries a current of 100 A, what is the electromagnetic power and
torque developed?

E,=®nZ/ 60 (P/A)
E, =[(32 X 107 X 1600 X 728) / 60] X 1

=621.2V
Power developed = 621.2 X 100/ 1000 = 62.12 kw
Torque developed = E,l, /
=(621.2 X 1000) / [(2 © X 1600)/60]
=370.75 Nm

5.35 A 240 V dc motor takes 25 A when running at 945 rpm. The armature resistance is
0.24Q. Determine the no-load speed assuming negligible losses. Flux/pole is constant.

E.=240-25X0.24 =234
Atno-load Ia=0

Therefore E, =V =240
no/n=240/234 X 945 =969 rpm

5.36 A 4-pole dc motor has a lap-connected armature with 60 slots and

8 conductors/slot. The armature has an applied voltage of 240 V. It draws a current of
50 A when running at 960 rpm. The resistance of the armature is 0.1 Q. Find the
flux/pole that would be necessary for this operation.

E.=240-50X0.1=235V
E,=(®nZ/60)P/A)

240 =(D X960 X 60X 8)/60X 1
or ® =31.25 mwb



5.37 In a given machine F2 (rotor mmf) 850 AT and F1(stator mmf) 400 AT, o
(included angle) = 123.6° and P (permeance/pole) 1.408 X 10" Wb/AT. Find the value of
the resultant air-gap flux/pole.

Fr =V (400)* + (850)*— 2 X 400 X 850 Cos 56.40
=711.5 AT

®=PFr
=1.408 X 10* X 711.5
=0.1 wb

5.38 A P-pole machine has a sinusoidal field distribution as shown in Fig. P5.38. The
armature carries a uniform current sheet of value JA /m causing a triangular mmf
distribution as shown in the figure.

The machine as an axial length of 1 and a mean air-gap diameter of D.

(a) Find the peak value of the armature mmf.
(b) Derive an expression for the electromagnetic torque developed.

(a) F(peak) =J X D/2 X (2/P X n/2) =nJD / 2P

Current in elemental strip d
di=+J (D/P)d 6
dT =D/2 (Bf sin 0) 1 J(D/P)d 6
= [(JB,D1)/ 2P] sin6 d6

T =JB,DX/2P [ [5 ™ sin0d 0 - [ ™ 5,5 sin 0 d 6]
T=K][-cos 0] ™5 + cos0] ® 5]

= K[ -cos(m/2+d) + cos & + cos (m+d) — cos (1/2+0)]
= K] sin 6 + cos 6 — cos 6 + sin 9]
=2K sin & ; K = JBpD?1/2P

5.39 A 3-phase, 50 Hz, 4-pole, 400 V wound rotor induction motor has a stator winding
A-connected and a rotor winding Y-connected. Assume effective turn ratio speed of
1440 rpm, calculate:

(a) the slip

(b) the standstill rotor induced emf/phase

(c) the rotor induced emf/phase at this speed

(d) the rotor frequency in (b) and (c)

(a) ng=1500rpm
slip = (1500 — 1440) / 1500 X 100 = 4%

(b) Per phase rotor voltage = 400 / \V3=231V



(standstill)

(c) Per phase rotor induced voltage (remaining) = 115.5 X 0.04
=4.62V

(d) Stanstill rotor frequency = =50 Hz
Rotor frequency running = 50 X 0.04 =2 Hz

5.40 A 50 Hz induction motor runs at 576 rpm at full load. Determine:
(a) the synchronous speed and the number of poles.

(b) the frequency of rotor currents

(c) the rotor speed relative to the revolving field

(@ng=600rpm , P=(120X50)/600=10
(b) s = (600 — 576) / 600 X 100 = 4
F2=0.04 X 50 =2 Hz

(c) Rotor speed relative to the revolving field = 6000 — 576 = 24 rpm

5.41 A 3-phase induction motor runs at a speed of 940 rpm at full-load when supplied

with power at 50 Hz, 3-phase.

(a) How many poles does the motor have?
(b) What is its slip at full-load?
(c) What is the corresponding speed of :

@) the rotor field wrt the rotor surface
(ii) the rotor field wrt the stator
(iii) what is the rotor speed at twice full-load slip?

(a) ng=1000 rpm, P =(120 X 50) /1000 =6
(b) s = (1000 —940)/1000 X 100 = 6%
(c) (1) 1000 — 940 = 60 rpm
(11) 960 + 40 = 1000 rpm
(1) 2s=12% n=1000 - (12 X 1000)/100 = 880 rpm
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CHAPTER 6: ARMATURE WINDINGS

6.1 Draw a single-layer unbifurcated winding for a 3-phase, 4-pole machine having 24 armature slots.
Assume one coil-side. Clearly show the end connection if a continuous chain arrangement is used.

Solution
pole pitch = 24/4 = 6 dots

———Pole pitch +——
\ \

6.2 For the same number of slots and poles asin P6.1 draw a bifurcated winding. If the number of slots
is changed from 24 to 36, is it possible to have bifurcated winding? If not, why; if yes how?

Solution

M [
A A Y Y A A Y Y
< pole pitch >
) j ]
O O
Fig. o2 ]
m= 24 - 2
3x4
m = % = 3, odd number does not permit bifurcation as can be seen from Fig. 6.3.

6.5 The armature of a 3-phase machine with 16 poles and 180 dots is wound with fractional slot
winding. Construct the winding table for one basic unit of poles. Indicate the start of each phase.
For the basic unit determine the distribution of coil groups and phase sequence.

Solution spp= 180 _33

3x6 4
16x180°
T 180 =16
S_180_45_5
P 16 4 p’
P"=4poles S =45
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. Pole-pitch 1
Slot No. 1 2 3 4 5 6 7 8 9 10 11 12
Angle 0 16 32 48 64 80 9% 112 128 144 160 176
Phase [a] a a a c’ c c’ c b b b b
P Pole-pitch 2
Slot No. 13 14 15 16 17 18 19 20 21 22 23
Angle 12 28 44 60 76 92 108 124 140 156 172
Phase a a a [c] c c c b’ b’ b’ b’
P Pole-pitch 3
Slot No. 24 25 26 27 28 29 30 31 32 33 34
Angle 8 24 40 56 72 88 104 120 136 152 168
Phase a a a a c’ c c’ [b] b b b
P Pole-pitch 4
Siot No. 35 36 37 38 39 40 41 42 43 44 45
Angle 4 20 36 52 68 84 100 116 132 148 164
Phase a a a a c c c c b’ b’ b’
Phase grouping a4, 3, 4, 4 = 15 coils
c(4, 4, 3, 4) = 15 coils
b(4, 4, 4, 3) = 15 coils
Phase segquence ABC

Winding layout for the basic unit is shown in Fig. 6.5.

4@ 3() 4(b) 3(@) 4() 4() 4@ 3() 4(b) 4@) 4() 3(®)

rig [Po5 |

6.6 A 3-phase, 50 Hz, 10-pole machine has 72 dots. Construct the winding table for fractional slot
winding. Draw the winding diagram with a coil span of seven dots.

Solution
72 2 .
m= 3770 =125= 23 (fractional)
s_72_3_8
P10 5 p

P’ = 5 (basic unit) S =36
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_10x180 .
i 7
Coail span = 7 dlots
_ pole pitch 1 _
Slot No. 1 2 3 4 5 6 7 '8
Angle 0 25 50 75 100 125 150 175
Phase a a a c c b b b
[a]
P pole pitch 2 _
Slot No. ) 10 11 12 13 14 15"
Angle 20 45 70 95 120 145 170
Phase a a c c b’ b’ b’
[b]
P pole pitch 3 _
Slot No. 16 17 18 19 20 21 22"
Angle 15 40 65 90 115 140 165
a a c c c b b
_ pole pitch 4 _
Slot No - 23 24 25 26 27 28 29
Angle 10 35 60 85 110 135 160
a a c c c b’ b’
[c]
P pole pitch 5 _
Slot No. ~ 30 31 32 33 34 35 36
Angle 5 30 55 80 105 130 155
Phase a a a c c b b
phase a (3,222 3 =12
phase b (2,2, 3,3 2 =12
phase b (33,222 =12
phase sequence abc coils 36
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CHAPTER 7: DC MACHINES

7.1 A compensated dc machine has 20,000 AT/pole. The ratio of pole arc to pole pitch is 0.8. The
interpolar air-gap length and flux density are respectively 1.2 cm and 0.3 T. For rated |, = 1,000
A, calculate the compensating winding AT per pole and number of turns on each interpole.
Solution

AT, /pole = AT (pesk) x ( polearc j

pole pitch
= 20,000 x 0.8 = 16,000
B.
AT, = AT (peak) + u_:) lg
AT (PeaK)interpolar region = 20,000 — 16,000 = 4,000

0.3

WXlZXlO_Z
T X -

= 4,000 +

6,865
6,865 _
Ni - 1000 - (Say)
7.2 The no-load saturation curve for a generator operating at 1,800 rpm is given by the following data:

E, 8 40 74 113 152 213 234 248 266 278
I¢ 0 0.5 1.0 15 2.0 3.0 35 4.0 5.0 6.0
(a) Plot the no-load saturation curve for 1,500 rpm.

(b)
(©)
(d)

Calculate the generated voltage, when the generator is operating on no-load with a field current
of 4.6 A and at a speed of 1,000 rpm.

What is the field current required to generate 120 V on no-load, when the generator is operating
at 900 rpm?

This machine is operated as a shunt generator at 1,800 rpm with a field current of 4.6 A. What
is the no-load voltage, when the generator is operating at 1,500 rpm?

Solution
(8 OCC isdrawn in Fig. P7.2.
(b) From OCC
n, = 1,800 rpm; l; = 4.6 A; E, = V, = 260 V (no-load)
260x 1,000
Ea(l,OOO rpm) W =1444V
(©) Voe(900 rpm) = 120 V
Voc(1,800 rpm) = 240 V
From OCC(1,800 rpm), I =3.7 A
(d) V(1,800 rpm) =260 V at Iy = 4.6 A
260
R = 16 - 565 Q

56.5 Q line is drawn in Fig. 7.2 and OCC is translated to 1,500 rpm.
From the intersection of these

Ve (1,500 rpm, R = 565 Q) = 195 V
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R¢(line)
300 [~ occC
1,800 rpm
250 — occC
1,500 rpm
_. 200 —
2
o
i)
150 —
100 —
50 -

\ \ \ \ \ \ \
1.0 20 30 40 50 60 7.0
I (A)

rig. P72 ]

7.3 The accompanying data are given for the saturation curve of an 80 kW, 220 V, 1,200 rpm shunt

generator, the data being for 1,200 rpm:

(A 0O 04 08 12 16 20 25 32 40 45 50 55

E;(V) 10 38 66 96 128 157 188 222 248 259 267 275

(a) The shunt field resistance is adjusted to 50 € and the terminal voltage is found to be 250 V,
at a certain load at 1,200 rpm. Find the load supplied by the generator and the induced ent.
Assume that the flux is reduced by 4% due to armature reaction. Armature resistance is 0.1 Q.

(b) For the same field resistance and an armature current of 250 A obtain the values of Ey, V; and

If.

Solution

25T
lf==—-=5A
@ I 50
Corresponding E, = 267 V (read from OCC)
Accounting for the effect of armature reaction

E, = 0.96 x 267 = 256.3 V
Eq-V 256.3-250

l,= R, 01 =63 A
[=1,—-1;=63-5=58A
250 x 58
Load = 1000 - 14.5 kW
(b) 1, =250 A, s IR =25V

OCC characteristic with 4% reduction caused by armature reaction is drawn dotted in Fig. 7.2.
Drawing aline parallel to the R; -line and 25 V above it, we read the values of terminal voltage
as (Points P, Q")
V=224V, 50 V
Ey=249V, BV
l; =448 A, 1 A (read corresponding to points P/, Q”or I; = V,/50)
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7.4 Find the resistance of the load which takes a power of 5 KW from a shunt generator whose external
characteristic is given by the equation V = (250 — 0.51).
Solution

VI, = 5,000 W
(250 — 0.51,) I, = 5,000
0.51 2 — 2501, + 5,000 = 0
Solving the quadratic

I, =20.87 A
. Vv 250
Load Resistance= —=——~- = 1198 Q
I, 20.87
300 R; =50 Q — line
P OCC 1200 rpm
250 — /7" ¥ 0CC with 4% reduction in flux
P
e P
. 200 — // LR, =25V
S p
LLIC')
150 |~
100 [~ Z
£
50 / Q’
| | | | |
1

.0 2.0 3.0 4.0 5.0 6.0
I{(A)

rig (P74 ]

7.6 In a 110 V compound generator, the armature, shunt and series windings are 0.06 €, 25 Q and
0.04 Q respectively. The load consists of 200 lamps each rated at 55 W, 110 V. Find the total emf
and armature current, when the machine is connected for (a) long shunt (b) short shunt. How will
the ampere-turns of the series windings be changed, if in (a), a diverter of resistance 0.1 Q is
connected across the series field. Ignore the armature reaction and brush voltage drop.

Solution

| = 200 x 55
LT 110
(8 Long shunt: l; = % =44 A
[+ 1; =100 + 44 = 1044 A
V+ (Rt Ry
110 + 104.4 (0.06 + 0.04)
1204 V

=100 A

Ia
Ea
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(b) Short shunt:
V,=110 + I|R, = 110 + 100 x 0.04 = 114 V

VvV 114

I, = ~ =227 =456 A

"R~ 25

I+ I, = 100 + 4.56 = 104. 56 A

L
V, + IR, = 114 + 10456 x 0.06 = 120.3 V

l,=
E,=
(c) Now with diverter

14 =104 x 0L = 7457 A
0.14

| = (origina) = I, = 104.4 A
Series field AT reduces to

_ 714.57 _ o
= 1044 x 100 = 71.4%
7.7 A dc shunt generator has the following open-circuit characteristic when separately excited:
Field current, A 0.2 0.4 0.6 0.8 1.0 14 2.0
EMF, V 80 135 178 198 210 228 246

The shunt winding has 1,000 turns per pole and a total resistance of 240 Q.. Find the turns per
pole of a series winding that will be needed to make the terminal voltage the same at 50 A output
as on no-load. The resistance of the armature winding, including the series compounding winding,

can be assumed to be 0.36 Q2 and constant. Ignore armature reaction.
Solution

Assume long-shunt compound connections. The OCC is drawn in Fig. P7.7 and its intersection with

R = 240 Q line, gives a no-load voltage of 200 V. I; = 0.85 A.

o f/
200 |- T80 1?'3 v
150 — kse = 0.3 A
S
[S))
W
100 [—
50 —
\
0 1 2
KA)
Fig.

[,=50+ 0.85=50.85A

Armature circuit voltage drop = 50.85 x 0.36 = 18.3 V.
From the figure:

12 =03A
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0.3 x 1,000 = 50.85 x Ng
or Ne =59 or 6 turns

7.8 A dc compound generator has a shunt field winding of 3,600 turns per pole and a series field
winding of 20 turns per pole. Its open-circuit magnetization characteristic when it is separately
excited by its shunt field winding and driven at its no-load rated speed is given below:

AT/pole 3,120 4,680 6,240 7,800 9,360
EMF,V 289 361 410 446 475

The full-load armature current is 100 A and the ohmic drop in the armature circuit for this
current is 20 V including brush drop. At no-load the ohmic drop may be ignored, and the terminal
voltage is 415 V. The fall in speed from no-load to full-load is 8%; the shunt field circuit is connected
across the output terminals of the machine, and its resistance is kept constant.

Determine the terminal voltage and power output for the full-load armature current of 100 A.
Neglect the effects of armature reaction.

Solution

The OCC at rated speed is drawn in Fig. P7.8. The generator is connected long shunt. The OCC at
0.92 rated speed is aso drawn. The R;-line is drawn to give 415 V at no-load.

R=_ 415
6,400/3,600
=100 x 20 = 2,000

=2334 Q

AT

series
V. %3600+ 2000 = (V+20)
f
The terminal voltage is read corresponding to point Q in the R;-line

V = 403 V
=298 -173A
233.4

[, =100 - 1.73 = 98.27 A
Power output = 403 x 98.27 = 39.6 kW
7.9 A 250 kW, 6 pole, dc compound generator is required to give 500 V on no-load and 550 V on full-

load.
The armature is lap-connected and has 1,080 conductors; the total resistance of the armature circuit
is 0.037 Q.
The open-circuit characteristic for the machine at rated speed is given by:
Armature voltage (V) 500 535 560 580
Field ampere-turns/pole 6,000 7,000 8,000 9,000

The field ampere-turns per pole to compensate for armature reaction are 10% of the armature
ampere-turns per pole.
The shunt field winding is connected across the output terminals and has a resistance of 85 €.
Determine the required number of series turns per pole.
Solution
At no-load (500 V): AT; (no-load) = 6,000

I, (no-load) = % =588 A

6,000 _
N = oo = 1020
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R{(line OCC (rated speed
500 — {(line) p ( peed)
416 V ~—=<— OCC (0.92 rated speed)
<20V
400 [~ V,
(e (Hf % 3,600 + 2, OOOJ
f
< 300 AT, = 3000
W
200
100—
\ \ \ \ \ \

2000 8000 6000 4000 10000 12000

AT,
ris 7236
At full-load (550 V):
1) = 220 = 647 A
85
AT, (fl) = 647 x 1,020 = 6,600
250 % 1,000
| = 2222 - 4sas A
550

l,=1_+ 1 =4545 + 6.5 = 461 A
Armature circuit voltage drop = 461 x 0.037 = 17 V
Induced emf (fl) = 550 + 17 = 567 V
From Fig. 7.9(b)

6001 Rf-line
> 567 V
500 By 4
AT, (net)
400—
S
[S))
W 300
200
100
AT;(no load) AT; (load)
\ o \
2000 4000 6000 8000 10000
AT;

Fig, [ 2790
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Corresponding to this induced emf, AT, (net) = 1,660
- 445 1,080

/A\Ta 6 m = 6,8175
Armature demagnetizing ampere-terms, AT, = 6,817.5 x 0.1 = 682
Hence
AT, = 1,660 + 682 = 2,342
2,342
Nse— m =508 or 5

7.10 A 10 kKW, 250 V shunt motor has an armature resistance of 0.5 2 and a field resistance of 200 .
At no-load, and rated voltage, the speed is 1,200 rpm and the armature current is 3 A. At full-load
and rated voltage, the line current is 47 A and because of armature reaction, the flux is 4% less than
its no-load value.

(8 What is the full-load speed?
(b) What is the developed torque at full-load?

Solution
At no-load
_ 250 _
l; = 200 125 A
lo=3A
Ep=250-3 x05=2485V
- 248.5x 3 — 593 Nm
07 (2 x1,200)/60
At full-load

@, =096 By |, =47 -125=4575
E.q = 250 — 45.75 x 0.5 = 227.1 V

(@ ng = 1,200 x (%)X(TJ%) = 1,142 rpm

(b) T, =593 x (%) x (@) = 86.8 Nm

7.12 A 200-V shunt motor has R, = 0.1 ©, R = 240 Q and rotational loss = 236 W. On full load the
line current is 9.8 A with the motor running at 1450 rpm. Determine
(a) the mechanical power developed
(b) the power output
(c) the load torque
(d) the full-load efficiency.

Solution

_ 200 _
I = 245 = 0833 A
l,= 9.8-0.833 =897 A

E,=200-897 x 0.1 = 199.1 V
(8) Py, developed = 199.1 x 8.97 = 1.786 kW
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(b) P,, = 1786 — 0.236 = 1.55 kW 9.8 A I
27 x 1450
(© n=1450rpm 0= ——— = 9667 radls 200 V 2400
1.55 w
= === = 0.1Q
Load torque %.67 16.03 Nm
(d) Input =200 x 9.8 = 1.96 kW Fig.| P7.12 |

n (fl) = 1.55/1.96 = 79.1%

7.13 A 220 V unsaturated shunt motor has an armature resistance (including brushes and interpoles) of
0.04 Q and a field resistance of 100 Q. (a) Find the value of resistance to be added to the field
circuit to increase the speed from 1,200 to 1,600 rpm, when the supply current is 200 A; (b) with
the field resistance as in (a), find the speed when the supply current is 120 A. If the machine is run
as a generator to give 200 A at 220 V, find (c) the field current at 1,300 rpm, and (d) the speed when
the field current is 2 A.

Solution

220
E; =220 - (200 - 2.2) x 0.04 = 212.1

E, = 220 — (200 — I;,) x 0.04 = 212 + 0.04l,

Ey o< Mgy
Ep o ylgy
2121 o 1,200 x 2.2 (i)
212 + 0.04l;, o 1600 x I, (ii)
Dividing Eq. (ii) by (i)
212+ 0.041 ¢, 1,600
212.1 "~ 1,200% 2.2 2
l;, = 1.65 A
R, = 1333 Q

Ry(ext) = 133.3 — 100 = 33.3 Q
Note No difference will be made by assuming I, = I
() E5 =220 - (120 — 1.65) x 0.04 = 2153 V
2153 o< ny x 1.65 (i)
Dividing Eq. (iii) by (i)
2153 _ N3 165
2121 1,200 2.2

or ng = 1,624 rpm
(c) Generator
I, =200 + Ig
Eqy = 220 + (200 + Itg) x 0.04 o< 1,300 X lgq (iv)

Dividing Eg. (iv) by (i)

220+ (200+ 114)x 0.04 1300 It
2121 = 1200 2.2
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1.037 + 0.038 + 1.89 x 107, = 0.492l 4

or lyg = 2185 A
(d I,=2A
l,=200 + 2 = 202
E, =220 + 202 x 0.04 = 228.08 o ny X 2 (v)
Dividing Eg. (v) by (i)

228.08 _ Mg 2
2121 1,200 2.2
Ny = 1,419.3 rpm
7.14 A 4-pole series motor has 944 wave-connected armature conductors. At a certain load the flux per
poleis 34.6 m\Wb and the total mechanical power developed is 4 kW. Calculate the line current taken
by the motor and the speed at which it will run with an applied voltage of 500 V. Total motor
resistance is 3 2.

Solution
_ @onz( P )
Ea - 60 (A) (I)
EJ,=4 x 10° (ii)
V—-E,
.= R (iii)
The unknowns are n, E, and |,. Substituting values in (iii)

500 - E .

la= Ta (iv)

Substituting in (ii)
500 - E
E,= (Ta) =4 x 10°

E2 - 500E, + 12 x 103 = 0

500+ ,/25x 104 — 4.8x 104

E, 5
= 474.7 V, 25.3 (rejected, 1 will be too low)
500 — 474.4
.= — 3 - 843 A
Substituting values in (i)
_ 346x103xnx944 (4
474.7 = ) X (5)
n = 436 rpm
7.15 The following data pertain to a 250 V dc series motor;
- P _
Z = 180, e 1

Flux/pole = 3.75 m\Wh/field amp
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Total armature circuit resistance = 1 Q
The motor is coupled to a centrifugal pump whose load torque is

T, = 10 n®Nm
where n = speed in rpm.

Calculate the current drawn by the motor and the speed at which it will run.
Solution

E = 3.75x10-3 | ; x nx 180

X 5 x 1=1125 x 107 nl, (i)
T= % X 375 x 1071, x 180 x |, = 107.4 x 107 | 2 (ii)
250 - E
Ta =1, (iii)
Under steady conditions
T=T,
1074 x 102 12 = 10 n?
n .
or = 77 (iv)
Substituting (iii) and (iv) in (i)
_.n _ 3 _n?
250 - o502 = 1125 x 107 o5 -
, 103 250 x 32.77 x 1,000
n°“+ -5 N-— =
1125 1125

n? + 889n —728 x 10°= 0

-89+ ,/0.79%x 104 +291.2 x 104
2

810 rpm

| = 810
& 32.77
7.16 A dc shunt motor is being operated from 300 V mains. Its no-load speed is 1,200 rpm. When fully
loaded, it delivers a torque of 400 Nm and its speed drops to 1,100 rpm. Find its speed and power
output when delivering the same torque if operated with an armature voltage of 600 V. Excitation
is assumed unchanged, i.e., the motor field is still excited at 300 V. Sate any assumption you are
required to make.
Solution
At no-load the I,R, drop can be neglected

=247 A

300 = dx1200x%x Z (P

&0 K) x Ky x 1200 0)

400 = % = @, (%) = Ky x @ (ii)
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Dividing Eq. (ii) by (i)

300 21,200 ?
or l,= 1676 A
Since speed drops to 1,100 rpm, on-load
E, = 300 1100 _ 275V
a= 2 X700 ©
_300-275 015 O
© 1676

Under new operating conditions (600 V):
For same torque with no change in ¢,
l,= 1676 A
E, =600 — 167.6 x 0.15 = 5749 V
Power output = E,l, = 574.9 x 167.6 x 103 = 96.35 kW
From Eq. (i)
Ky = 0.25 (@ remaining fixed)
574.9=0.25 x n

n= % = 2,300 rpm
Another method for speed
96.35x103 - 400
(27 x n)/60
or n = 2,300 rpm

7.17 A 50 kw, 230 V dc shunt motor has an armature resistance of 0.1 €2 and a field resistance of 200
Q. It runs on no-load at a speed of 1,400 rpm, drawing a current of 10 A from the mains.
When delivering a certain load, the motor draws a current of 200 A from the mains. Find the speed
at which it will run at this load and the torque devel oped. Assume that the armature reaction causes
a reduction in flux/pole of 4% of its no-load value.

Solution
Field resistance is not changed, so that the field current remains constant. But there is a change of
flux/pole due to armature reaction:

_ 230

(230 — (10 — 1.15) x 0.1) o< 1,400 @, l; = 200 - 115 A
(230 — (200 — 1.15) x 0.1) o< n,d,
Dividing,
2101 _ N2
220.1 - 1,400 < *%
or n = 1.337 rpm
210.1x (200 —1.15)
Torque developed = = 2984 Nm

(27 x 1,337)/60
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7.18 A 250 V dc series motor has the following OCC at 1,200 rpm:

I: (A) 5 10 15 20 25 30
Voe (V) 100 175 220 240 260 275
R, = 0.3 Q2 and series field resistance is 0.3 €.

Find the speed of the machine when (a) I, = 25 A (b) the developed torque is 40 Nm.

Solution
@ lk=1,=25A
E, (1,200 rpm) = 260 V
E (actual) =50 -25 x 0.6 = 235 V

1,200
= 260 x 235 = 1,085 rpm
CRER=
m
1,200 % 21
On="6y " 407 rad/s = 125.66371 rad/s
=1, 5 10 15 20 25 30
E, = Voc 100 175 220 240 260 275
T 3.98 13.92 26.26 38.20 51.73 65.65
From Fig. 7.6, at T = 40 Nm,
l,=20.7 A

2rn
EJl, = (_60 j T

2rn
(250 — 0.6 x 20.7) x 20.7 = 50 x 40

or n= 1,174 rpm

7.19 A 15 kw, 250 V, 1,200 rpm shunt motor has 4 poles, 4 parallel armature paths, and 900 armature
conductors; R, = 0.2 Q. At rated speed and rated output the armature current is 75 A and I; = 1.5

A. Calculate: (a) the flux/pole, (b) the torque developed, (c) rotational losses, (d) n(e) the shaft load

and (f) if the shaft load remains fixed, but the field flux is reduced to 70% of its value by field control,
determine the new operating speed.

70
Solution
60
_dnZ (P
(a) Ea - 60 (K) 50 —
_ ®x1,200900 4 —~ 40
250_75XO'2_TX(Z) g
F 30
or @ = 0.013 Wb
_ 1 P 20 -
(b) T= o 274N (A)
10
1 _ 20.7 A
—Exo.013><900><75><1—139.7Nm 0 ‘ ‘ | e |
0 5 10 15 20 25 30
(©), (d) and (e) Input = 250 x (75 + 1.5) = 19.125 kW 1, (A)
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) 2m x 1,200
Mechanical power developed = 139.7 x 0 - 17.56 kw

Net mechanical output = 15 kW
Rotational loss = 17.56 — 15 = 2.56 kW

_ 15 o
M= o105 - 84%
(f) @ =07 x 001 = 0.007 Wb

The torque load remains the same

« 0.01
0.007

E,= 250 — 107.14 x 0.2 = 22857 V

I,=75 =107.14 A

a

_0007xnx900 (4
228,57 = 50 X (4)
or n= 2177 rpm

7.20 A 115 kW, 600 V dc series-wound railway track motor has a combined field and armature resistance
(including brushes) of 0.155 Q. The full-load current at rated voltage and speed is 216 A. The
magnetization curve at 500 rpm is as follows:
emf(V) 375 400 425 450 475
I: (A) 188 216 250 290 333
(a) Neglecting armature reaction, calculate the speed in rpm at the rated current and voltage.
(b) Calculate the full-load internal (developed) torque.

(c) If the starting current is to be restricted to 290 A, calculate the external resistance to be added
and the starting torque.

Solution

I,= 216 A = |
E, = 600 — 216 x 0.155 = 566.5 V/
(8) E,(500 rpm) = 400 V at |, = 216 A

_ 500

n= 200 x 566.5 = 708.1 rpm
_ Eala  566.6x216
) T= = Grx7oa1e0 _ 020 Nm
_ 600 _
© Bt Roa= 590 =207 92 g =101 0
E, = k, ®ap,
_ Ea _ Ea
ka @ = ®m (27 x 500)/60
At l;=1,=290A, E,= 450 V at 500 rpm

450

I@idﬁzm:&SQaﬂf:ZQOA
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T=k, @I,
=859 x 290 = 2,492 Nm

7.21 A 100 kw, 600 V, 600 rpm dc series-wound railway motor has a combined field and armature
resistance (including brushes) of 0.155 €. The full-load current at rated voltage and speed is 206
A. The magnetization curve at 400 rpm is as follows:
[ (V) 188 206 216 250 290 333
emf (V) 375 390 400 425 450 475
(a) Determine the armature reaction in equivalent demagnetizing field current at 206 A.
(b) Calculate the internal (developed) torque at the full-load current.
(c) Assuming demagnetizing armature reaction mmf proportionate to I§, determine the internal
starting torque at the starting current of 350 A.

Solution

(8 E,=600-206 x 0.155 = 568.07 at 600 rpm
or = 378.71 at 400 rpm
From the magnetizing curve of Fig. 7.7, the corresponding I; = I, = 193 A

Actua I =1, =206 A
Demagnetizing effect of armature reaction = 206 — 193 = 13 A of field current

/

600

500 —

Voc(V)
8 &
3 3

[ [

100 —

\ \ \ \ \ \ |
50 100 150 200 250 300 350

li(A)

rig, [ 2721

. 7 Eala_56807x206 _
B 1= = (Zrx600)60 ~ = m

(c) I (start) = 350 A

350

2

Demagnetizing effect of armature reaction = 13 x (

Effective I; = 350 — 37.5= 3125 A
If 1I; = 3125 A, E,=46.2 V at 400 rpm

Ea = ka (Dwm
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462
o ka @ = o 400)/60
T, = k@I, (start) = 11.1 x 350 = 3,885 Nm
722 A 3kW series motor runs normally at 800 rpm on a 240 V supply, taking 16 A; the field coils are
all connected in series. Estimate the speed and the current taken by the motor, if the coils are
reconnected in two parallel groups of two in series. The load torque increases as the square of the
speed. Assume that the flux is directly proportional to the current and ignore losses.
Solution
(R, + Ry) voltage is assumed to be negligible. Hence

=11l1la I;=3125A

V= E,=Kal, (9= 1) (i)
T=K;12=Kkn? (i)
All cails in series:
240 = K, x 800 x 16 (iii)
K; X (16)? = K x (800). or 16 YKt =800 K. (iv)
Two parallel groups of two in series
. _la
Coil current = 5
I
240:Ke><n><7a (v)
I
Kol x 73 = K n?
or NLC = V2 KL n (vi)
From (iii) and (v) we get
nl, =32 x 800 (vii)
From (iv) and (vi) we get
la _ Jon (viii)
16 ~ 800
From (vii) and (viii) we get
n = 951 rpm
l,=269 A

7.23 A 20 kw, 500 V shunt motor has an efficiency of 90% at full-load. The armature copper loss is 40%
of the full-load loss. The field resistance is 250 2. Calculate the resistance values of a 4-section
starter suitable for this motor in the following two cases:

Case 1. Sarting current < 2l
Case 2: Sarting current (min) = 120% I,
Solution
Pout = 20 kW
20
P = 7o = 22.222 kW

0.9
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PL(fl) = 2222 W
P(fl) = 2222 x 0.4 = 888 W

20 x 1,000
=40 A

= 500
_ 500 _
= 555 = 2 A
I(f)=40—-2=38 A
888
= = 0615 Q
"= ()2
Case 1
= 21 (fl) = 76 A
R =Y =658 Q
l1
k=4+1=5
_(RY* (658 Y e
"={Rr,) “\oos) ~™
Now
R=L_658_50 g =204 0
27 T1e Y noe
R,
Ry= - =201 0 r,=163 Q
Rs
= =1 r,=0.
R= =) =1110 ,=090 Q
_ Ra _ _
R= To7 = 0615 Q r,=050 Q
Case 2
l,=12 x 38 = 45.6
el
|1:Rl l,= 456 A
1

500 ) _ R
456R ) 0615
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RS = (0.615) (@)4

456
4/5

_ vs ( 500 _

R, = (0.615) ( 45.6) = 6.16 Q

_(R)(eas ) g
"=\Rr) “loes) ~*

_ R _ 616 _ _
Ry=—l={on =346Q  1=2700
RS:%:L%Q r,= 152 Q
&:%:1.099 r,=085 Q
Ry = 200 = 0615 O ry= 048 Q

7.24 A starter is to be designed for a 10 kW, 250 V shunt motor. The armature resistance is 0.15 €.
This motor isto be started with a resistance in the armature circuit so that during the starting period
the armature current does not exceed 200% of the rated value or fall below the rated value. That
is, the machine is to start with 200% of armature current and, as soon as the current falls to rated
value, sufficient series resistance is to be cut out to restore current to 200% (or lessin the last step).
The process is to be repeated till all the resistance is cut out.

(a) Calculate the total resistance of the starter.
(b) Also calculate the resistance to be cut out in each step in the starting operation.

Solution

s o _10x103
ven LT om0
l~1,=40A
I, = 2l,, = 80 A
=1, =40 A
I
Y= RS =2
I2
_V _25 _
Now R, = ) =3125 Q
Ry (totdl) = 3.125 — 0.15
= 2975 Q
R
Also yi= oL o iz 31

Ra 0.15
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which gives
k=5 = 4 sections are required.
Resistances of various sections are computed below:

R, = 3125 Q

R=32-160 =150
R, = % =078Q r,=078 Q
R=2=030 r=0m0
RS:%:O&SQ r,=015 Q

7.25 A dc motor drives a 100 KW generator having an efficiency of 87%

() What should be the kW rating of the motor?

(b) If the overall efficiency of the motor generator set is 74%, what is the efficiency of the motor?
Solution

(& kW rating (motor) = % =115 kW

(b) 1= 1Nghw
0.74 = 0.87 1, or 1y = 0.85 or 85%
(©) Py (G) = 100 kW
P; (G) = 115 kW
PLos (G) = 15 kW
P, (M) = 135.3 kW
Ploss (M) = 1353 — 115 = 20.3 kW
7.26 A 600 V dc motor drives a 60 kW load at 900 rpm. The shunt field resistance is 100 2 and the
armature resistance is 0.16 Q. If the motor efficiency is 85%, determine;
(a) the speed at no-load and the speed regulation.
(b) the rotational loss.

Solution
_ 60 _
@ P, = 0.85 = 70.59 kW
70.59 x 1000
|| =——— = 11765 A
- 600
_ 600 _
l; = 100 - 6 A
l,=117.65 -6 = 111.65 A
E, =600 — 111.65 x 0.16 = 582.14 V
No load : E; = V = 600
_ 600 _
Ny = 900 x S8 14 927.6 rpm
927.6 — 900
speed regulation = ———— =31 %

900
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(b) Total loss = 70.59 — 60 = 10.59 kW
12 R, = (111.65)* x 0.16 = 1.99 kW
2 R = (6)? x 100 = 3.6 kW

Rotational loss = 10.59 — (1.99 + 3.6)
=5 kW

7.27 Calculate the efficiency of a self-excited dc shunt generator from the following data: Rating —10 kW,

250 V, 1000 rpm.

Armature resistance = 0.35 Q

Voltage drop at brushes= 2V

Windage and friction losses = 150 W
Iron loss at 250 V = 180 W

Open-circuit characteristic:

emf(V): 11 140 227
Field current (A): 0 1.0 15
Solution
10x 103
I, = 50 - 40 A
l,=1 =40 A

. E—250+40><035+2 266 V
From OCC of Fig. P7.27, the corresponding field current is
k=18A
| (corrected) =1, + I; = 41.8 A
PL= 12R, + Vjl; + Vil + Py + Py
= (41.8)2 x 035+ 250 x 1.8+ 2 x 418

2
%) = 15 kW

(Iron loss is assumed to be proportional to the square
of the flux density)

+150+180><(

10
N6 = 10+15 = 86.96%
Note Stray-load loss has been neglected.

285
20

350
300
250
L
= 200
1]
150
100

50

300 312
22 24

0

05 10 15 20 25
A)

rig | 2727 ]

7.28 A 60 kW, 250 V shunt motor takes 16 A when running light at 1,440 rpm. The resistance of the
armature and field are 0.2 Q and 125 Q respectively when hot. (a) Estimate the efficiency of the
motor when taking 152 A. (b) Also estimate the efficiency if working as a generator and delivering

a load current of 152 A at 250 V.
Solution

|:@:
F~ 125
16-2=14 A
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P = (Pig + Py + Pg)
= (250 x 14 — (14)? x 0.2) + 250 x 2
= 3,960.8 W
Assumption Stray-load loss will be ignored
(8 Motoring
152 -2=150 A
PL=17R+ Py
= (150)? x 0.2 + 3,9608 = 8.461 kW
P, = 250 x 152 = 38 kW

38-8.461
v = 38

=77.73%

(b) Generating
152 + 2 =154 A
PL= 12 Ryt Py
= (154)2 x 0.2 + 3,960.8 = 8.704 kW
Pt = 250 x 152 = 38 kW
_ 38
38+8.704

7.29 A 200 V shunt motor takes 10 A when running on no-load. At higher loads the brush drop is 2 V
and at light loads it is negligible. The stray-load loss at a line current of 100 A is 50% of the no-
load loss. Calculate the efficiency at a line current of 100 A if armature and field resistances are
0.2 and 100 Q respectively.

o = 81.36%

Solution
At no-load
No-load loss = 200 x 100 = 2,000 W
l; = % =2A
[,=10-2=8A
P+ Py =200 x 8 — (8)> x 0.2 = 1,587.2 W
At load

,=100-2=98 A
| 2R, = (98)? x 0.2 = 1,920.8 W
Stray-load loss = 0.5 x 2,000 = 1,000 W
PL= (I1ZR+ Vyla+ Pg) + (Pig + Pys + Pgy)
(1,920.8 + 2 x 98 + 1,000) + (1,587.2 + 200 x 2) = 5,104 W

_ Pn—P_ _ 200x100- 5,104
= =7 200x100

= 74.48%
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7.30 The Hopkinson's test on two machines gave the following results for full-load: Line voltage 250 V;
line current, excluding field current, 50A; motor armature current 38 A; field currents 5 A and 4.2
A. Calculate the efficiency of each machine. Armature resistance of each machine = 0.02 Q. Sate
the assumptions made.

Solution
log = lam— L = 380 — 50 = 330 A
Input to set = VI =250 x 50 = 12.5 kW
Armature copper loss = (13, +13) R,

= [(380)? + (330)7] 0.02
= 5.066 kW
Stray loss of each machine

W, = % (12.5 — 5.066) = 3.72 kW

Motor lim =42 A
Pinm = V(lan * lm)
= 250 (380 + 4.2) = 96.05 kW
PLm: Pst+ Iasza+ Vlfm
= 7.658 kW

_ (96.05-7.658
0= | ———

= 0
96.05 j % 100 = 92.03%

Generator
Ifg =5A
Pout’g =250 x 330 = 82.5 kW

PLg=Pg+ IazgRa+ Vg
= 7.148 kW

Mo = (82;3'75.1‘18) x 100 = 92.03%

7.31 Calculate the efficiency of a 500 V shunt motor, when taking 700 A, from the following data recorded
when the motor was hot: Motor stationary; voltage drop in the armature winding 15 V, armature
current 510 A, field current 9 A at normal voltage. Motor running at normal speed unloaded;
armature current 22.5 A, applied voltage 550 V. Allow 2 V for brush contact drop and 1% of the
rated output of 400 KW for stray-load losses.

Solution
15
= — =0029 Q
Ra 510
R = 500 = 5556 Q

9
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Using the data for unloaded motor:
Rotational loss = (V - I,R,— VI, = (550 — 22.5 x 0.029 — 2) x 22.5 = 12.315 kW

Pin —12Ra — Vi It —Vpla —stray - load loss — rotational loss

v = Pin
I,=1_—1,=700-9=691A
P. = VI, =500 x 700
= 350 kW
350,000 — (691)2 x 0.029— 500 x 9 — 2 x 691 — 0.01x 400 x 103 — 12,315
v = 350,000
= 89.7%

7.32 A 480V, 20 kW shunt motor took 2.5 A when running light. For an armature resistance to be 0.6
Q, field resistance of 800 2 and brush drop of 2 V, find the full-load efficiency.

Solution

480
I = 505 = 06 A
lp=25-06=19A
Po+ Py = (V= ILR,— V) I, = (480 — 1.9 x 0.6 — 2) x 1.9 = 906 W
Py, = 480 x 0.6 = 288 W

P, =906 + 288 = 1,194 W

At full-load,
Pout = 20 kW
VI, =20,000 + (12 R, + V) + P, (P4 ignored)
IL=1,+06
480 (I, + 0.6) = 20,000 + 0.612 + 2, + 1,194
0.612 —4.78I,+ 20,906 = 0
Solving,

l,=46.42 A (taking the smaller of the two values)
P,, = 480 (46.42 + 0.6) = 22,569 W

20,000

= = 0,
= 2 5gg ~ 88:6%




8.24 A 3-phase hydroelectric synchronous generator is read to be 110 MW, 0.8 pf
lagging, 6-kV, Y-connected, 50 Hz, 100-rpm.

Determine:

(a) the number of poles

(b) the kVA rating

(c) the prime mover rating if the full-load generator efficiency is 97.1% (leave out field
loss).

(d) the output torque of the prime-mover.

(a) f=nP/120, P = (120 X 50)/ 100 = 60
(b) kVA =110/0.8 =137.5kVA
(a) kw (turbine) = 110/0.971 = 113.3 kw
(d) Tpm(output) = (113.3 X 1000 X 60) / 2 = X 100 = 10.82 X 10° Nm

8.25 1000 kVA, 50 Hz, 2300 V, 3-phase synchronous generator gave the following test
data:

Field current (A) 40 80 100 120 140 170 240
Voc (Line)(V) 1000 1900 2200 2450 2600 2750 3000
Isc(A) 2000

(a) Find the field current required to deliver rated kVA at 0.8 lagging pf at rated
terminal voltage.

(b) The OC voltage at this field current.

(c) The maximum kVAR that the machine can deliver as a synchronous condenser at
rated voltage, if the rotor heating limits the field current to 240 A.

Refer fig 8.25
Xs(adjusted) = (2300/\3) /1800 = 0.738 Q

(a) Ta = (1000 X 1000) / (3 X 2300) = 251 A
¢ =cos'0.8 =36.9°
Ef = 2300/\3 £0° +j 0.738 X 251 £ (-36.9°)

=1328 + 185 £ (53.1°)
=1328+ 110+ 148 =1438 + 148

Ef = 1445V3 = 2503 V

From Fig P - 8.2
If=128 A



(b) Voc (If = 128A) =2503 V

(c) AtIf =240(A) (limit)
Ef = 3000 /3 = 1732

Ta = 404/0.737 = 5.48A
kVAR(out) = (V3 X 2300 X 548) / 1000 = 2183 lagging.

8.26 A 3-phase synchronous generator feeds into a 22kV grid. It has a synchronous
reactance of 8 () / phase and is delivering 12 MW and 6 MVAR to the system.
Determine:

(a) the phase angle of the current

(b) the power angle

(c) the generated emf.

(a) S=12+j6
=13.42 £26.56°
Phase angle of current = - 26.56°(reference grid voltage)

(b) Ta = (13.42 X 1000) / (N3 X 22) = 352.2 A
Ef = 22/73 X 1000 + j 8 X 352.2 £- 26.56°
=12702 + 2818 £ 63.4°
=127+1.26+j2.52
=13.96 +j2.52
Ef = 14.18 kv
§=10.2°

(c) Generated emf = 14.18V3 = 24.56 kv

8.27 A 6.6 kV, 3-phase synchronous machine has as open circuit characteristic given by:
Field current (A) 60 80 100 120 140 160 180

Armature emf 53 6.2 6.8 72 715 7.7 7.9

(kV) (line)

In short-circuit a field current of 80 A gave an armature current of 360 A. Determine
the saturated synchronous reactance.

When developing 400 kW of mechanical power as a motor calculate the field current
for pfs of 0.8 lagging, unity and 0.8 leading.

From Fig P-8.27



Xs(sat) = (6.6 X 1000)/ (3 X 410)=9.3 Q
Neglecting armature loss

Ta = (400 X 1000) / (V3 X 6600 X 0.8) =43.7 A
® =cos" 0.8 =36.90

0.8 lagging pf
Ef = 6.6/N3 +j (9.3 X 43.7) / 1000 £ (-36.9°)
=3.81+0.41 £53.1°
=3.81 + 0.246 +j 4328
=4.056 + 0.328
Or Ef = 4.069V3 = 7.05 kv

From Fig P — 8.27
If=115A

0.8 leading pf

Ef=3.81 +j0.41 £36.8°
=3.81+0.41 £126.8°
=3.81-0.246 +j 0.328
=3.564 +j 0.328

W Ef =3.58V3=6.2 kv

From fig P- 8.27
If=76 A

8.28 A 200 kV A, 3.3 kV, 50 Hz three-phase synchronous generator is star-connected.
The effective armature resistance is 5 (/phase and the synchronous reactance is
29.2 Q/phase. At full-load calculate the voltage regulation for the following power
factors:

(a) 0.707 leading (b) unity (c) 0.707 lagging
Ta(fl) = (200 X 1000) / (V3 X 3300) = 35 A

1) PF 0.707 leading
@ =cos-' 0.707 = + 45°
Ef = 1.905 + (5 +j 29.2) X 35 £45°
=1.905 + [(29.62 X 35) / 1000 ] £(45° +80.3°%)
=1.905 + 1.04 £ 125.3°
=1.905-0.6 +0.849
=1.305 +j 0849

Voc = \V3E; = 1.34V3 =2.32 kV
Reg = (2.32-3.3X 100)/3.3=-29.7 %



2) PF unity

Ef=1.905 + 1.04 £80.3"
=1.905+0.175+j 1.025
=2.08 +j 1.025

Voc = V3 Ef =2.32V3 =4.016 kV
Reg = (4.016 —3.3 X 100) /3.3 =+ 21.7%

3) PF 0.707 lagging

Ef=1.905 + 1.04 Z(-45° + 80.3%)
=1.905+1.04 £35.3°
=1.905+0.849 +j 0.6
=2.754+j0.6

Voc = V3Ef = 2.82V3 = 4.88 kv
Reg = (4.88 —3.3) /3.3 X 100 = + 47.93

8.29 A 3-phase, 4-pole star-connected synchronous motor has a resistance of 0.25
Q/phase and a synchronous reactance of j 2.5 ()/phase. The field is exited such that the
open-circuit voltage of the machine is 25 kV. The motor is synchronized to 22kV mains.
Calculate the maximum load on the motor (including rotational loss) before it could
lose synchronism. What is the corresponding current and power factor?

Zs=025+]2.5
=2.51 £84.3°

Pmech(max) = (25 X 22)/2.51 =219 MW
0=-90°
la=(22-252(-90%)/ (V3 X 2.51 £ 84.3°

=(22 +j25)/(4.347 £ 84.3°)
=(33.3 £48.7°)/ (4.347 £ 84.3°)
=7.66 £ (-35.6°)

Ia=7.66 kKA
Pf = cos 35.6° = 0.813 lagging

8.30 A 6-pole, 3-phase, 50 Hz synchronous motor is supplied from 6.6 kV busbars. Its
open-circuit voltage is 3.3kV/phase. The per phase resistance and synchronous
reactance are 0.6 ) and 4.8 () respectively. Calculate the current, power factor and
torque developed, when the excitation emf lags the busbar voltage by 15°, 25°, and 35°
(elect).



Zs=0.6+j4.8
=483 £829°Q
5= 15°

10=(3.81-332-15%)/(4.83 £829°)
=(3.81-3.19+j0.854)/(4.83 £82.9°)
=(0.62+j0.854)/(4.83£82.9°)
=(1.055£54"°)/(4.83 £829°)
=218 £-289°

[a=218 A

Pf = cos 28.9 ° = 0.875 lagging

Pmech =3 X 3.3 X218 cos (28.9°-15°)
=3X33X218X0971
=2.1 Mw

o= 25°

la=[3.81-332(25%]/4.834£829°
=(1.613 .£599°)/(4.83 £82.9°)
=0.334 £(-23°)
381-(334£-25°)=3.81-3+j1.395
=0.81+j1.395
=1.6132£599°
la=334 A

Pf = cos 23 * = 0.92 lagging
Pmech =3 X 3.3 X 334 cos2° =33 MW

o= 35°

381-332£(-35°)=3.81-2.7+j1.893
=1.11+;1.893
=2.19£59.6°

la=(2.19 £59.6°)/(4.83 £82.9°)=0.453 £ (-23.3°)
la=453 A, pf =cos 23.3 ° =0.918 lagging

Pmech =3 X 3.3 X453 cos (25-23.3°)
=4.48 MW



8.31 A 25 kVA, 400 V, 3-phase synchronous generator delivers rated KkVA at rated
voltage at 0.8 pf lagging. The per phase (star basis) armature resistance and
synchronous reactance respectively are 0.66 Q and 7.1 Q. The field winding is supplied
10.6 A at 110 V. The friction and winding loss is estimated to be 480 W and iron loss as
580 W. Calculate:

(a) the full-load efficiency.

(b) the terminal voltage when the load is thrown off.

a) Input =25 X 0.8 = 20kw
Rotational loss =480 + 580 = 1060 w 1.06 kw
Mechanical input = 2v + 1.06 = 21.06 kw
Field loss =110 X 10.6 = 1.166 kw
Total input =21.06 + 1.166 = 22.226 kw

N = 20/22.226 = 90%

b) Full-load
Ta(n) = (2s X 1000) / V3 X 400 = 36.1A
¢=-36.9°

Ef =231+ (0.66+j 7.1) X 36.1 £ (-36.9%)
=231+7.13 X36.1 £84.7°-36.9°)
=231 +257.4 £47.8°
=231+4+172.9+j190.7
=403.9 +j 190.7

Ef = 446.6v

Voc = 446.6\3 = 773.5v

8.32 A 15 kW. 400 V, 3-phase, star-connected synchronous motor has a synchronous
impedance of 0.4 + j4 Q. Find the voltage to which the motor should be excited to give a
full-load output at 0.866 leading pf. Assume an armature efficiency of 93%. Also
calculate the mechanical power developed.

Full load output = 15 kw

Armature efficiency = 93%

Armature input = 15/0.93 = 16.13 kw
Ta=(16.12 X 1000) / (3 X 400) =23.3 A
® =cos-10.806=-30"

Ef=231-(0.4+j4) X23.3430°;04+j4=4.02£(84.3°)
=231-937£1143°=231+38.6-j85.4
=269.6—j854=282.8 £(-17.6")



V3Ef =3 X 282.8 =490 V

Mechanical power developed
=3X282.8X233cos(30°-17.6°)
=19.31 kw

8.33 A 3-phase, star-connected synchronous generator is rated ar 1200 kVA, 11 kV. On
short-circuit a field current of 55 A gives full-load current. The OC voltage waith the
same excitation is 1580 V/phase. Calculate the voltage regulation at

(a) 0.8 lagging and

(b) 0.8 leading pf. Neglect armature resistance.

Ta(u) = 1200 / (V3 X 11) =63 A = Isc

Voc=1580/vV3=912V
Xs=912/63=145Q

0.8 lagging pf

Ef =6.35+j14.5 X 0.063 £ (-36.9 %)
=6.35+0914 £(53.1°)
=6.35+0.549 +;0.731
=7.05+j0.731=7.09 £59°

Voc = V3Ef = V3 X 7.09 = 12.28 kv
Voltage Reg = [(12.28 — 11) / 11] X 100
=11.64 %

0.8 leading pf

Ef=6.35+0.914 £90° +369°
=635+0914 £ 1269°
=6.35-0.549 + 0.731
=5.801 + 0.731
=5.847£72°

Voc = V3Ef=V3 X 5.817
=10.12kv

Voltage reg =[ (10.12-11)/11] X 100
=-7.94 %

8.34 A 1500 kW. 3-phase, star-connected 2300 V, 50 Hz synchronous motor has a
synchronous reactance of 2 ()/phase. The motor is supplied from a 3-phase, star —



connected, 2300 V, 1750 kVA turbo generator whose synchronous reactance is 2.8
Q/phase. When the motor is drawing full-load power, at upf, calculate:

(a) the induced emf o f the generator, and

(b) emf of the motor.

What maximum power can flow from the generator to the motor with machine
excitation held fixed?

Ta(p) = 1500/ (V3X23X 1) £0°=376520° A
Vt=(230£0°)/V3=1328 £0°V

(i) Efg=1328 +j2.8 X 376.5 £0°
= 1328 +j 1054
=1695 £ 38.4°V

V3 Efg = V3 X 1695
=2935V

(ii) Efm = 1328 — j 2 X 376.5£0°
= 1328 — 753
= 1527 £ (-29.6°)

V3 Efm = V3 X 1527
=2645V

Pmax = (2.935 X 2.645) / (2.8 +2)
=1617 kw

8.35 A 13.8 kV 1250 kVA 3-phase, star-connected synchronous generator has a
resistance of 2.1 ()/phase. Data for its OCC and ZPFC characteristics is given below:

Field current (A) 40 50 110

140 180
Open circuit 7.28 8.78 15.68
Volts (line) 17.25 18.82
Zero pf volts 0 1.88 10.66
(line) 13.17 15.68

Find the voltage regulation o f the generator for full-load 0.8 pf lagging.
Ifl = 1250/(V3 X 13.8) = 52.3 A
Vt(phase) = 13.8 / V3 =7.97 kv

From fig P- 8.35 (b)

If=116 A

From OCC of Fig P- 8.35 (a)

Voc(line) = 16kv

Voltage regulation = (16 — 13.8) / 13.8 =159 %



8.36 A 440 V, 50 Hz, Y-connected salient-pole synchronous generator has a direct-axis
reactance of 0.12 ) and a quadrature-axis reactance of 0.075 Q per phase, the armature
resistance being negligible. The generator is supplying 1000 A at 0.8 lagging pf.

(a) Find the excitation emf, neglecting saliency and assuming X = X4.

(b) Find the excitation emf accounting for saliency.
On equivalent star basis, per phase reactance are

Xd =0.12/3 =0.04Q
Xq=0.75/3 =0.025Q

(b) Ia = 1000A, ¢ = +36.9°(lagging)
Vit =440/N3 =254V

Tan V = (Vtsin ¢ + la Xq) / (Vt cos ¢ + Iara)
= (254 X 0.6 + 1000 X 0.025) / (254 X 0.8)
=177.4/203.2
=0.873
V=41.1"°

0=V-9=41.1"-369"=42"

Ef =Vt Cos 6 + Id xd ; Id=IasinV
=254 Cos 4.2 °+73.2X0.04 =1000 X sin4.2 °=73.2
=253.3 + 3 =256.3 or 440 v(line)

\V3Ef = V3 X 256.3 =444 V

(a) Saliency ignored, Xs = Xd
Ef =254 £ 0° +0.04 X 1000Z (-36.9 °)
=254 +40 £531°
=254 +24 +j 32
V3 Ef=V3X279.8=484.6 V

8.37 Figure P: 8.36 shows two generators supplying in parallel a load o f 2.8 MW at 0.8
pf lagging:
(a) At what frequency is the system operating and what is the load supplied by each
generator?

(b) If the load is now increased by 1 MW, what will be the new frequency and the load
sharing?

(c) In part (b) which should be the set point o f G2 for the system frequency to be 50
Hz? What would be the load sharing now?



G2: f2=51-G2 —oommm- @)

Gl: fl1=51.8-Gl ------- (i1)
(a Gl+G2=2.8 - (iii)
fl-f2=1

Adding (i) and (ii)

2f=102.8 — (al +a2)
2f=102.8-2.8=100
f=50Hz

(b) G1+G2=3.38
2f=102.8 -3.8 =99
f=49.5Hz

(c)G1+G2=3.38

2X50=(51.8+102)-3.8
f02 =103.8 -51.8
=52 Hz

8.38 A generating station comprises four 125 kWA, 22 kV, 0.84 pf lagging synchronous
generators with a frequency drop of 5 Hz from no-load to full-load, at a frequency of 50
Hz, three generators supply a steady load of 75 MW each while the balance is shared by
the fourth generator (called swing generator).

(a) For a total load o 260 MW at 50Hz, find the no-load frequency setting of the
generators.

(b) With no change in governor setting as in part(a), find the system frequency if the
system load rises to 310 MW.

(c) Find the no-load frequency of the swing generator for the system frequency to be
restored to 50 Hz for the load in part (b).

(d) Find the system frequency if the swing generator trips off with load as in part (b),
the governor setting remaining unchanged as in part (a).
(a) Generator rating = 125 X 0.84 = 105 MW

Frequency drop = 5/105 = 1/21 Hz/MW

G=G1+G2+G3=3X75
=225 MW



Combined drop = 5/(105 X 3)
= 1/63 Hz/ MW

G4 =260 - 225 =35 MW

f=f0— 1/43G ~-mmmmem- (i)
f4 = f04 — 1/21 G4 - (ii)

f=14=50
50 =10-1/63 X 225 or {0 =53.6 Hz
50 =104 -1/21 X 35 orf04 =51.7 Hz
(b) Load rise to 310MW = (3 X 75 + 85)
G4 =85
f4=f
Adding (i) and (ii)

2f=(53.6 +51.7) - 1/63 X 225 - 1/21 X 85
Or f=48.84 Hz

(c)f=f4=50
Adding (i) and (ii)

100 =53.6 + f04 — 1/63 X 225 - 1/21 X 81
Or {04 =53.83 Hz

(d) Load = 310 MW
f=53.6-1/63 X310=48.68 Hz

8.39 An 11 kW, 3-phase alternator has Xd and Xq of 0.6pu and 0.1pu respectively and
negligible armature resistance. It is delivering rated kVA at 0.8 pf lagging. Determine
its generated emf.

VL. =11kW X¢=0.6pu X;=0.lpu R,=0
Rated k VA at 0.8 pf Eg=7?

V=1pu

Cosp=08 Sineg=0.6 ¢=369°
I, =1pu d =26.56

Tan ¢ = (I, Xq Cos ¢)/(V+1, X4 Sin @)

=(1 X 0.1 X0.8)/(1+0.1 X 0.6)
=0.08/1.06



Ig=1, Sin (¢ + )
=1 X Sin (4.31 + 36.9)
=0.65A

Eg: VCOSS+IdXId
=1X0.997+0.65X0.6
=1.387

8.40 Compute the distribution factor and coil span factor for a 3 phase winding with 4
slots per pole per phase and with coil span of 10 slot pitch.

m =4 No of slots = 4X4X3=48
B=(180°"X4)/48 =15
Kd =Sin(4 X (15°72)) / 4 sin(15°/2)
=0.5/0.522
Kd =0.956
Kc = cos 0sp/2
Full pitch =4 X 3 = 12 slot pitches
Coil pitch = 5 slot pitch
Therefore, 0y, = 15°
Therefore, Kc = cos(15°/2) = 0.991
8.41 A 3.3kV, 3 phase star connected synchronous generator has full load current of
100A. Under short circuit condition, it takes 5 A field current to produce full load short
circuit current. The open circuit voltage is 900 V (line to line). Determine synchronous
reactance per phase and voltage regulation for 0.8 pf lagging. Assume armature
resistance os 0.9 ohms/phase.
Given Data:
33kV 30 Y - connected
I, =100A, I;=5A = short circuit current
E, =900 (L-L)

p.f=0.8 pflag
R, = 0.9 Q/phase



Zs = (0.C Voltage/ Phase) / ( S.C Current / Phase)
=(900/~ 3) /100
=5.196 Q

Xs = (\/ Zs2 - Raz)
=(\5.19°-0.9°
X, =5.12Q

At 0.8 pf lagging

E, = V(V cos ¢ + I, R)* + (V Sin ¢ + Ia Xg)*

V,/ Phase = 3300 / V3 = 1905.25 V

E, = 1905.25 X 0.8 + 100

I, = 1905.25 X 0.8 + 100 X 0.9)* + (1905.25 X 0.6 + 100 X 5.12)*
=(2605656.848 +2739521.523
=2311.96 volts

% Reg" = (2311.96 — 1905.25) / 1905.25
Reg"=21.34 %

8.42 Two similar 6.6 kV synchronous generators supply a total load of 1000 kW at 0.8
pf lagging so that power supplied by each machine is same. Determine the load
current of second synchronous generator and power factor of each machine, when
excitation of first synchronous generator is decreased so that load current reduces
to 100A.

Vi =6.6kV, V,=6.6kV PLi =200kW  Pp, =100 kW 0.8pf lag

VpL=3810V

Tota = 100k/ (V3 X 6.6k X 0.8) = 21.86

Assume PL = 1000 kW

Liotar = 109.3A

If Ty = 100 A
P, = V3 X 6.6k X cos § X 100 = 2000kW

I=100 (0.8 —0.6)
Tiotal = 80 __]60
Cos ¢ = 2000kW / (\/3 X 6.6k X 100) =0.87



12=54.65A
I1 =100-54.65 = 45.35

Cos 01 =500/ (V3 X 6.6k X45.35) = 0.96

Cos 62 =500/ (V3 X 6.6k X54.65) = 0.8

8.43 A 3-phase, 2.5 MVA, 6.6 kV synchronous generator gave the following test results,

ocCC

I{(A) 16 20 25 32 45
Vo (line)(V) 4400 5500 6600 7700 8800
SC test

I; = 18A for rated armature current

ZPF test

Ir=20 A for rated armature current at rated voltage.

Determine the field current and voltage regulation when the generator is supplying rated
current at 0.8 pf lagging and rated voltage, R, =0

Use the following methods and compare the results and draw conclusions:

(a) Unsaturated synchronous reactance.
(b) Saturated synchronous reactance.
(¢) mmf method

(d) ASA method

Rated I, =2.5M / 6.6k = 378.8A
Vr=6.6kV =>Vph=3811V
By mmf metthos:

From the Graph

In=25A
In=18 A

I = V(25% + 18% =2 X25 X 18 c0s(90 + 36.86) + 540)
=38.6 A
(4800 — 3811) /3811 =26 %
E = V((V cos (p+IRa)2+(V sin(p+IXL)2)
=V((3811 X0.8)* + (3811 X 0.6 + 300) %)
6690493.56
=3998 V

In=21A



In=18 A

;= (217 + 18 -2 X25 X 18 cos 126.86)
=\ 1218.6
=453.6

;=349 A +6
=409 A~41A

VR = (4890 -3811) /3811 =283 %



92  Solutions Manual

CHAPTER 8: SYNCHRONOUS MACHINES

8.1 The open and short circuit tests data on a 3-phase, 1 MVA, 3.6 kV, star connected synchronous
generator is given below.

[:(A): 60 70 80 90 100 110
Voc (ling) (V): 2560 3000 3360 3600 3800 3960
= (A): 180

Find:

(a8 The unsaturated synchronous reactance

(b) The adjusted synchronous reactance

(c) The short circuit ratio

(d) The excitation voltage needed to give rated voltage at full load, 0.8 lagging pf. Use adjusted
synchronous reactance.

(e) Voltage regulation for the load specified in part (d).

Solution
The OCC and SCC as per the data are drawn in Fig. P8.1(a)
(a) For rated voltage, and air-gap line, the short circuit current is 255A, for constant I;

5500 Modified air gap line
5000 —
4500— 0.CC.
4175
4000 — Air gap T
3600 line /
T 3500 /| <
Q
e <
£ 3000
- |
=
2500 500
2000 400
300
1500— <« 270
- ~— 255
1000—| 200
> - 160
500— 100
N N P60 I I s O
0 10 20 30 40 50\60 70 80 90 100110 120130140 150
5y A 129

Fig.
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() The new field current for 5173 V (line) is obtained from

3600/v/3
X (unsaturated) = TE:/_ =815 Q
3600/v/3
X, (adjusted) = Tc;/— =77 Q
(c) Refer to the circuit diagram of Fig. P8.1(b)
1x106
I, (rated) = ———— = 1604 A
J3x3.6x103
_Of" 90 _
SCR = o7 83 " 1.698

[, = 160.4 (0.8 — j 0.6)

E =2078 + | 7.7 x 160.4 (0.8 — j 0.6)
= 2078 + 741 + j 988
= 2819 + | 988
= 2987 or 5173 V (line)

modified air gap line. On linear basis we get, 779 Wla = 1604 A
_ 90 _ T
l; = 3600 X 5173 = 129 A . o
. : : f v, = 22225 = 2078 V
For this Yal ug of field current when the machine @ TR
is open circuited.
Vo (ling) = 4175 V.
4175 - 3600 .
Voltage regulation = ——---— Fig.
= 15.97%
8.2 A 3-phasg, 2.5 MVA, 6.6 kV synchronous generator gave the following data for OCC at synchronous
speed:
[:(A) 16 20 25 32 45
Voc(ling) (V) 4400 5500 6600 7700 8800

With the armature short-circuited and full-load current flowing, the field current is 18 A. When
the machine is applying full-load current at zero pf at rated voltage, the field current is 45 A.

Determine the leakage reactance in 2 per phase and the full-load armature reaction in terms of
equivalent field amperes. Find also the field current and voltage regulation when the machine is
supplying full-load at 0.8 pf lagging at rated voltage. Neglect armature resistance.
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Solution o occ
L (retec) 251000 o 8
r = ——— =218 S
a V3 x6.6 71 J3 L(rated) x, = 800 V
From Potier’s triangle of Fig. P8.2(a)
6L /R
V31 (rated) x, = 800 V Q P
5F [ =15 A
x=—=30_ __-o110 2 f
J3x 2187 T 40
£
Full-load armature reaction, 1¥ = 15 A e
X 3r
6,600
V,= —— =3811V l
J3
cos = 08lag ¢ =369° i
From the phasor diagram of Fig. P8.2(b)
E =4130V or 7,153 V (line) —€ 283 A 0 10P 20 30 40 50
A)
f Fig, P82

Ifar =15A
I; = 28.3A

=41A

E; = 4130 V
% X =800/3 =462V

36.9° Vi =3811V

/far =15A

Fig, [ P520) |

From OCC (Fig. P8.2 (8)) at I = 41 A,
E; = 8,600 V (line)
Vol lation = 8,600-6,600 _ 30.3%
otagereguatlon—w = 30.3%

8.3 In Prob. 8.1, the armature leakage reactance is estimated to be 0.15 pu, Solve part (d) by using the
mmf phasor diagram.
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Solution
MMF diagram in drawn in Fig. P8.3.
(d) Er = \7t +] I731)(I

3600 .
= 300 4 1604 ,-36.86°
7 j
2
% 015 x 3'?
= 2065.44 + j248.97 = 2278.72 /6.27° Fig.[P8:3 | MMF Phasor Diagram

E, = 2278.72 V (phase); 3946.87 V (line)
From Fig. P8.1(a)

{ =113 A and & =533 A.
From Fig. P8.3.
le=((17)?+ (1F)* =2 17 I ¥ cos (90 + 6))Y2
= (113? + 53.3%2 — 2 x 113 x 53.3 cos 96.27°)%°
=130.1 A
Again refer to Fig. P8.1(a)
E = 4175 V (line)
84 A1 MVA, 11 kV, 3-phase star-connected synchronous machine has the following OCC test data:

[:(A) 50 110 140 180
Voc(ling) (V) 7000 12500 13750 15000

The short-circuit test yielded full-load current at a field current of 40 A. The ZPF test yielded full-
load current at rated terminal voltage for a field current of 150 A. The armature resistance is
negligible.

Calculate the field current needed for the machine to draw full-load 0.8 pf leading current when
operated as a motor connected to an 11 kV supply.

Solution
1x106
| (rated) = ———— =525 A
V3 x11x103

From the Potier triangle of Fig. 8.4(a)
V31 (rated)x, = 2,060 V

X = _ 200 _ 650
J3x525
and | (rated)x; = 1,189 V

Full-load armature reaction, | ¥ = 27.5 A

_ 11,000

J3

v, = 6,351 V
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1A
15~
S
. 5 ! }\/5 Iy(rated) X
210l Q}-f/?&-{ p = 2060
m = 27.5A |
£ a
3
> gl
Vi
° 1, X,
\ | | | 36.9 \Q |
0 50 100 150 175 ®) >
KA) (@ '
Fig.| P8.4(a) Fig.| P8.4(b)

cos =08lead ¢ =369

From the phasor diagram of Fig. P8.4(b)
E =7100V or 123kV(line) —*<— | =105A
lp = 1225 A

8.7 The full-load torque angle of a synchronous motor at rated voltage and frequency is 30° elect. The
stator resistance is negligible. How would the torque angle be affected by the following changes?
(8 The load torque and terminal voltage remaining constant, the excitation and frequency are
raised by 10%.
(b) The load power and terminal voltage remaining constant, the excitation and frequency are
reduced by 10%.
(c) The load torque and excitation remaining constant, the terminal voltage and frequency are
raised by 10%.

(d) The load power and excitation remaining constant, the terminal voltage and frequency are
reduced by 10%.

Solution
VtEf
P, = sin 30°
Xd
ViEr .
T,= " sin30°
s Xqg
_ OVixL1E . ViE
@ Tn= Tips x1ixg M= Gexg SN
sn §=1.1sn 30° = 0.55
6= 33.36°
Vy x0.9E; ViEs .
(b) P, = T 090xg 9N o= Xq sin 30
sn 6 = sin 30°

6= 30°
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LIV E¢ . Vi E¢

© Tn= 110, x1ixg "7 wgxg SN
sn 6 = 1.1 sin 30°
or 6= 33.36°

0.9V E; | VLE
@ Pn= gox, SNO= 5 '
sind = sin 30°
or 6=30°
8.8 A 1000 kVA, 3-phase, 11 kV, star-connected synchronous motor has negligible resistance and a
synchronous reactance of 35 Q per phase.
(8 What is the excitation emf of the motor if the power angle is 10° and the motor takes rated
current at: (i) lagging power factor, and (ii) leading power factor.
(b) What is the mechanical power developed and the power factor in part (a)?
(c) At what power angle will this motor operate if it develops an output of 500 kW at the rated line
voltage and with an excitation emf of 10 kV (line)? What is the corresponding power factor?
(d) What is the minimum excitation at which the motor can deliver 500 kW at the rated line voltage
without losing synchronism?

sin 30°

Solution
X =35 Q
11
V,= == =6.35 kV
RN
1,000
| (rated) = =525 A
d(rated) V3x11

(@ Power angle 6 = 10°
| (rated)x, = 52.5 x 35 = 1.84 kV
V, is drawn in Fig. P8.8. The locus of jl X is a circle as the power factor of |, varies.

I, (leading) ™

I, (lagging)

rig. [P35 |
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Corresponding to a value of power angle 6, asis clear from the diagram, we have two points C and
B which give values of E; for leading and lagging currents correspondingly. From Fig. 8.8
V2 + E? — 2V{E cos 10° = (Ix)?
or E? —2 x 6.35 x cos 10° E; — (1.84)% + (6.35)> = 0
E? —1251 E; + 3693 =0
(i) Lagging pf: E; = 4.77 kV
(i) Leading pf: E; = 7.74 kV
(b) (i) 15lagging
Mechanical power developed

ViEs .
Pm(out):Sx;(—fsm o

S

6.35x 4.77 .
=3X ——— X 9

= 5 n 10°
= 451 kW
From triangle OAB
IaXs _ Ef
sind ~ siny
184 _ 477
sin10° siny
or Y= 26.80°
pf = cos 6, = cos (90° — 26.8°) = 0.451 lagging
(i) 1, leading
Mechanical power developed
\ ="
P(out) = 3 x =" §$n s
Xs
_ . 6.35x7.74 10°
= 5 sin
= 7315 kW
From triangle OAC
laXs _ Wi
sné  snp
184 6.35
= .. =368
sin10° sinf B

pf = cos 6; = cos (90° — 36.8° — 10°) = 0.73 leading
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(c) P (out) = V;(i sn o
S

10
= — =577kV
SINE
05=3 6.35x5.77 . s
5=3 x 5 x gn
sn 6 = 0.159
6=9.2°
Since E; < V, only lagging pf solution is possible
184 _ 577
sin9.2° siny
y=30.1°

cos 6, = cos (90 — 30.1°) = 0.5 lagging
(d) Without losing synchronism minimum excitation corresponds to power angle ¢ = 90°
ViEs .
P.(out) = =" gn 90°
Xs
05=3 6.35x% E¢
b5=3 x 5

E = 0.919 kV or 1.59 kV (line)
8.9 A 1000 kVA, 6.6 kV, 3-phase star-connected synchronous generator has a synchronous reactance of
25 Q per phase. It supplies full-load current at 0.8 lagging pf and a rated terminal voltage. Compute
the terminal voltage for the same excitation when the generator supplies full-load current at 0.8

leading pf.
Solution
| (rated) = =90 _g75 A
J3x6.6
V, = 6,600 _ 3,810.6 V
J3
Operation at 0.8 lagging pf rated terminal voltage
Er =V + jlX
= 3,810.6 + j 87.5(0.8 — j 0.6) 25
=5123+j 1,750 E; = 54137V

Operation at 0.8 leading pf excitation remaining unchanged. From the phasor diagram of Fig. P8.9
54137 _ 2,187.5
sin53.1° sino
or sn 6 = 0.323
6=18.8°
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I, = 875 x 25 = 21875 V

— -1 — o
=cos™ 0.8 = 36.9
Q 90° — 36.9° = 53.1°

180° — 18.8°-53.1° = 108.1°
Vi 21875
sin1081° ~ 0.323

or V,=6,437.3V or 11.15kV (line)

8.10 A 750 kW, 11 kV, 3-phase, star-connected synchronous motor has a synchronous reactance of 35 €/
phase and negligible resistance. Deter mine the excitation emf per phase when the motor is operating
on full-load at 0.8 pf leading. Its efficiency under this condition is 93%.

Solution
n=0.93
_ 750 _
Input = 093 " 806.45 kW
806.45 .
= ——————— =529 A, 0.8 pf leadin
* J3x11x0.8 g o
V, = 1,000 _ 6,351 V
V3
B =Vi— ]l
E =6.351 - 529(0.8 + j 0.6) x 35
=7462 - | 1,481
or E = 7,607.5V or 13.18 kV (line)

8.11 A synchronous generator having synchronous reactance of 1.0 pu is connected to infinite busbars
of 1.0 pu voltage through two parallel lines each of 0.5 pu reactance.

(a) Calculate the generator excitation, terminal voltage and power output when it delivers rated
current (1.0 pu) at unity power factor at its terminals. What active and reactive power are
delivered to the infinite busbars?

(b) Calculate the generator excitation and terminal voltage when the generator is delivering zero
active power and 0.5 pu lagging reactive power to the infinite busbars.

(c) With one line disconnected, can the generator deliver the same active power to the infinite
busbars at the same excitation as in part (a)? Explain.
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Solution
(8) The circuit model of the system isdrawn in Fig. P8.11(a) and its phasor diagram (upf) in Fig. P8.11(b)

V, = +1-(0.25)2 = 0.968 pu
E=V{VZ+(@2 =139 pu

8, = sint 0.25 = 14.48°

1 I, = 1 pu, upf

Ef@ v, @Ebzlpu

0.25

(@ (b)

rig,[ 7811

Generator power output = 0.968 x 1 = 0.968 pu
Active power delivered to busbars = 1 x 1 x cos 6, = 0.968 pu
Reactive power delivered to busbars = -1 x 1 x sin 9,
= — 0.25 pu (negative because current lags voltage)
(b) The phasor diagram is drawn in Fig. P8.11(c) from which it follows that

E =1625V, V,=1125pu

———E = 1.625 1 0.5
00000000
fe——V; = 1125 ———>

EbiTTT 4 +
05x1=05 £ =139 (V) VE =1

05 x 0.25 = 0.125

,=05

(© (d)

rig, |21

(c) The circuit model now modifies to that drawn in Fig. P8.11(d).

Maximum power that can be delivered = (1 x 1.39)/1.5 = 0.926 pu. The power (0.968) as in
part (a) cannot be delivered as this is more than the maximum power that can be delivered (0.926).
Therefore, the answer is no.
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8.12 Consider a synchronous generator-motor set whose data is given below.

Generator: 1200 kVA, 3-phase, 3.3 kV, 2-pole, 50 Hz star-connected, X, = 4.55 Q/ph.

Motor: 1000 KW, 3-phase, 3.3 kV, 24-pole, 50 Hz star-connected, X, = 3.24 Q/ph.

(a) That set is operating at rated terminal voltage and frequency with the motor drawing 800 kW
at upf. Compute the excitation emfs of both the machines. With the excitation emfs held fixed at
these values, what maximum torque can the motor supply? Also determine the armature current,
terminal voltage and power factor under this condition.

(b) The motor shaft load is now gradually increased while the field currents of both the generator
and motor are continuously adjusted so as to maintain the rated terminal voltage and upf
operation. What maximum torque can the motor now deliver without losing synchronism?

Solution
(8 The circuit model of the set is drawn in Fig. P8.12(a).
_ 3,300

V, = 1,905V
V3
800
|, = ————— =140 A upf
% J/3x33x1 P
or Efg = 1,905 + j 140 x 4.55 = 1,905 + j 637

E,=20087V or 3479V (line)
E,, = 1,905 — j 140 x 324 = 1,905 — | 453.6
E,=1983V o 3392V (line
2,008.7 x 1,958.3

Prmax) =3 x =2 = 15149 kW
_120x50 _
Ngn= ——2g— = rpm
_2mx20 _ o
W = —g5— = 2618 rad/s
. _ 151491000 oo o
m(max) 2618 X m
4.55 3.24 I Efg} 455 [, L
+ = 2008.7 V

n
"
<
©)
m

3

324 I,
>,
6, 6,
(@ (b) Eqm = 1958.3 V

rig, [ 2812
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From the phasor diagram of Fig. P8.10(b)
(455 + 324 1, = \/(2, 008.7)2 + (1,9583)2

I, =360 A
2,008.7
— —1 ’ — o
6, = tan Tosgm = 45.73
V, = [(1,958.3)% + (3.24 x 360)2 2 x 1,958.3 x (3.24 x 360) cos 45.73°]°°

=14165V
3.24 x 360 1,416.5

sn6,  sn45.73
sn 6, = 0.5896
6, = 36.13°
¢=90° —45.73° — 36.13 = 8.14°
cos ¢ = 0.99 leading
(b) Under these conditions the phasor diagram for maximum torque (power) is drawn in Fig. P8.12(c)

where
6, + 6, =90° E‘ 4581
3.341 4.55| K
-1 a -1 a _ gn° d
tan 1905 + tan 1905 90° (Find 1)
I, =500 (It gives 6, + 6, = 90.44°)
Pn(max) = 3 x 1,905 x 500 = 2857.5 kW I, sl
0. . a
2,857.5x1,000 2 -
T (max) = —— " =109.15 x 10° Nm Vi = 1905V
26.18 0
8.13 A 2500 V, 3-phase, star-connected motor has a synchronous reactance ' >
of 5 Q per phase. The motor input is 1000 kW at rated voltage and an Em
excitation emf of 3600 V (line). Calculate the line current and power Fio. [P
factor. lg'
Solution
2,500

V=5 =14434V

3,600
E = W = 20785V

1,000
Pe="J3 =333kw

Pexs _ 333.3x1,000x5

Ve 1,443.4
With reference to the geometry of the phasor diagram of Fig. 8.11

0Q = ,/(2,078.5)2 — (1,154.6)2 = 1,728.3

= 1154.6
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MQ = 1,728.3 — 1,443.4 = 284.9

PM = /(1,154.6)2 +(284.9)2 =1189.2 = | x, = 5l,

or |, = 237.8 A
1,154.6

— 1 5
O=tan” a9
¢=90° — 6 = 13.86°

cos ¢ = 0.97 leading

8.14 Repeat Prob. 8.13 considering a motor resistance per phase of 0.1 Q.
Solution

= 76.14°

V, = 1,4434 V

E = 2,0785 V
z=01+j5=500 /88.85°
o= 90° — 88.85 = 1.15°

| Pexs _
@ii_nsm

E, P
Fig.| P8.14
For motoring operation

VZr, V., E
P(in) = tz—26‘+tz—3f sin (8- )
S

1,000x1,000 (1,443.4)2 x0.1 1,443.4x2,078.5

3 = BE + 3 sin (0 -1.15°)

% = 0.00833 + 0.6 sin (5 ~1.15°)

6= 33.95°
V2Xs \,E

Qq(in) = = > > - cos (- )
ZS
(1,443.4)2 x5 (1,443.4x 2,078.5)
= cos 32.8°

®z 5
= —-87.68 kVAR
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_ , 87.68
COoS ¢ = cos tan 3333

S = /P2 +Q2 = 3446 kVA

3x 3446 =3 x25 x|,
or l,=238.7 A

Remark Notice that consideration of the resistance has hardly made any difference to the result.
Resistance can therefore be neglected except for calculation of efficiency.
8.15 A 20 MVA, 11 kV, 3-phase, delta-connected synchronous motor has a synchronous impedance of

15 Q/phase. Windage, friction and iron losses amount to 1200 KW.

(a) Find the value of the unity power factor current drawn by the motor at a shaft load of 15 MW.
What is the excitation emf under this condition?

(b) If the excitation emf is adjusted to 15.5 kV (line) and the shaft load is adjusted so that the motor
draws upf current, find the motor output (net).

= 0.967 leading

Solution
11
a V,=—= =635kV
( ) t \/:—%
xJeqv. star) = 1—;’ =5Q
Pn,=15+ 1.2 = 16.2 MW(3-phase)
P.(in) = P,(out) = 16.2 MW(3-phase)
16.2
= ———=— = 0.85 kA (upf
? J3x11x1 (P
The phasor diagram is drawn in Fig. P8.15. o la ) V, = 6.35 kV
Ef =635—-j5x0.85
=635-j425
E =764 kv or 1323 kV (line)
15.5

(b) E= 12 =895kV

Ix = ¥(8.95)2 —(6.35)2 =631 kv
| - 631
a” g

= 126 kA

Pe(in) = Pr(0Ut)] gross
= 3 x 11 x 126 = 24 MW (3-phase)
Pm(out)\ 4 =24-12 =228 MW.

8.16 A 600 V, 6-pole, 3-phase, 50 Hz, star-connected synchronous motor has a resistance and synchro-
nous reactance of 0.4 Q and 7 2 respectively. It takes a current of 15 A at upf when operating with
a certain field current. With the field current remaining constant, the load torque is increased until
the motor draws a current of 50 A. Find the torque (gross) developed and the new power factor.
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Solution
600
Vi= —= =3464V
N
z=04+)7=7011 £86.7°
l,=15 £0° A
Ef =3644-15(04+j 7)
= 3404 - j 105
E =356.2V or 617V (line)
Now

l,=50 A
I,z =50 x 7.011 = 350.6 V
The phasor diagram for these conditions is drawn in Fig. P8.16 from which it follows that:

(346.4)% + (350.6)% — 2 x 346.4 x 350.6 cos 3 = (356.2)

B = 61.46°
¢ = 90° — 61.46° — 3.3° = 25.24°
P4(in) = 4/3 x 600 x 50 cos 25.24° V= 3464

= 47 kW (3-phase) 90° — 86.7° = 3.3°

312r,=3 x (50)< 0.4 = 3 kW Iz = 350.6

Pm(0Ut)| gross = 47 — 3 = 44 KW
ng = 1,000 rpm
27 x 1,000 E = 356.2 2O
W=~y = 104.72 rad/s
Fig. 1816 |
44 x 1,000

pf = cos 25.24° = 0.9 lagging
8.17 A 500 V, 3-phase, mesh-connected motor has an excitation emf of 600 V. The motor synchronous
impedance is (0.4 + j 5) € while the windage, friction and iron losses are 1200 W. What is the
maximum power output that it can deliver? What is the corresponding line current, pf and motor

efficiency?
Solution
500
V, = — =288.7V
NE
600
=— =3464V
RN

z(eqv. star) = % (04 + j 5) = 0133 + j 1.67 = 1.675 /85.44°
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From Eg. (8.19)

Efra  EtVy
ZS s

P(out, gross)| = —

_ (346.4)2 x0.133  346.4x 288.7
B (1673)2 1.675

= 54 kW (per phase)

P(out, net)| o =54 x 3 -1.2
= 160.8 kW (3-phase)
For max power output
6= 0=8544°
| = Vi£Z0-E; £-6
a Zs £0

288.7—346.44 —85.44°
T 1675/85.44°
= 1724 /-85.44° — 206.8 /- 170.9°
=2179 - j 139.14
or l,= 2585 £-32.56°
l,= 2585 A
pf = cos 32.56° = 0.842 lagging

P.(in) = /3 x 500 x 2585 X 0.842
= 188.49 kW
n= 118%0;?9 = 85.3%

8.18 A 3-phase synchronous generator has a direct-axis synchronous reactance of 0.8 pu and a quadra-
ture-axis synchronous reactance of 0.5 pu. The generator is supplying full-load at 0.8 lagging pf at
1.0 pu terminal voltage. Calculate the power angle and the no-load voltage if the excitation remains
unchanged.
Solution
V;=10pu
l,= 1.0 pu, 0.8 pf lagging
¢=cos' 0.8 =369
X3 =0.8pu Xq = 0.5 pu
From Eg. (8.21)
Vi sing + 1axq
Vi cosd + 13X,
1x0.6+1x0.5

= T Ixo08+0 L35

tan y =
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or y = 54°
Power angle, 0= y— ¢ =54 —369°
=17.1°

No-load voltage (Eg. (8.23))
B =Vicos 6+ Igxy

=V, 00s &+ (I, Sn y)x,

=1cos 17.1° + (1 x sin 54°) x 0.8

=16 pu

8.19 A 3.5 MVA, slow-speed, 3-phase synchronous generator rated at 6.6 kV has 32 poles. Its direct-and

guadrature-axis synchronous reactances as measured by the dlip test are 9.6 and 6 2 respectively.
Neglecting armature resistance, determine the regulation and the excitation emf needed to maintain
6.6 kV at the terminals when supplying a load of 2.5 MW at 0.8 pf lagging. What maximum power
can the generator supply at the rated terminal voltage, if the field becomes open-circuited.

Solution
X3 =96 Q X =6 Q

6.6
V,= — = 3.81 kV
3
3.5x 106
| (rated) = ——————— = 306.17 A
V3% 6.6x103
[, a 25 MW at 0.8 pf is
3 2.5x106
J3x6.6x103 x0.8 - 2134 A
¢ =cos? (0.8) = 36.9° lag
From Eg. 8.21,
Vi sing + 13%q
ten y= Vi COS¢ + | ara
_ 3,810x 0.6+ 273.4x 6
- 3,810x 0.8
= 129
or v=522° 6= wy— ¢=522°—-369°=153°
From Eg. 8.23,

E = Vi os 5+ |gx,
= 3,810 cos 15.3° + (I, Sn ) X4
= 3,810 cos 15.3° + 2734 x sin 52.2 x 9.6
5,749 V or 9.96 kV (line)

5,749 - 3,810
3,810

Regulation = 50.9%
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From Eg. 8.24,
P, = Ei Vi sn 6+ V72 (Xd Xq] sin 28
Xd 2%y
Given E=0
X=X |
P.= V2 (ZXd ] sin 26
X%
s_—re
_ ) 96-6
= (381 x (2x9.6x6)
= 0.454 MW

8.20 A salient-pole synchronous motor has x; = 0.85 pu. It is connected to busbars of 1.0 pu voltage,
while its excitation is adjusted to 1.2 pu. Calculate the maximum power output the motor can supply
without loss of synchronism. Compute the minimum pu excitation that is necessary for the machine
to stay in synchronism while supplying the full-load torque, (i.e., 1.0 pu power).

Solution

E:V i Xd X
Pn=—— sn §+ V2 2
2X4Xq

Xd
12 . 0.3 .
Pn=0.85 " 9+t 1% 33 0.85%0.55 9N 20
141 sin 6 + 0.32 sin 26

sin 26

Pm

ddi(;":lAlcos 0+ 0.64cos26=0

By trial
6="70°
Pn(max) = 1.41 sin 70° + 0.32 sin 140°
= 1.53 pu
When excitation is variable
E . .
n= g5 SN O 2><0.§53>< 0.55
P, = 1176 E sn 6 + 0.32 sin 26
1.0=1176 E sn 6 + 0.32 sin 26 0]
For maximum power output

P sin 26

1.176 E; cos 6 + 0.64 cos 26 = 0 (i)
Solution of Egs (i) and (ii) gives
6= 63°
E; (min) = 0.705 pu
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8.21 From the phasor diagram of the salient-pole synchronous machine given in Fig. P8.73, prove that

laXq COSP —lara Sing

tn 6= Vi = laXq Sn¢—lary cosé
Solution
OG =V, = Ix,9n ¢ — I, cos ¢
GC=1x,C08 ¢ — I fa8n ¢
JXq
%
O = -
14 Iy
la Y -
b
Fig. [ r5.21 |
Hence
[aXq COSQO — 141y SING
tan(S—g— S 28 ; ¢ lagging

T OG Vi —laXq Sing—1lary cOSQ’
For the generating case
laXq COS¢—lalra Sing lng
Vi = laXq Sing—lary cos¢g’ ¢ lagging

tan 0 =

8.22 Two star-connected generators are connected in parallel and supply a balanced load of 1500 kVA
at 11 kV line voltage and 0.8 lagging power factor. The synchronous reactances of the two machines
respectively are 35 Q and 40 Q. The prime-mover governors of the two machines are adjusted so
as to equally share the power load. The phase current in one machine is 43 A, at a lagging power

factor. Calculate:
(a) the phase current in the second machine

(c) the power factor at which each machine operates.
Solution
The circuit model of the system is drawn in Fig. P8.22.

40

P = 1500 x 0.8 = 1,200 KW Ez@m
2

rig [ 7321

P, = P, = 600 kW

V=

! : 35 _43A
(b) the induced emf of each machine Elw

1

11/4/3 kv

1500 kVA, 0.8
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J3 x 11 x 43 cos ¢, = 600
cos ¢, = 0.73 lag; ¢, = 42.9°

I;=315-j29.3A

1= 230 574
V3x11
cos p=08lag, ¢ =369
| =63—j47.2
I+ 1T —11=(63-j472 —(381-5-j 29.3)
=315-j 179 = 36.2 £/-29.6°
l,=362A  cos ¢, =087 lag

E = 11,000
ENE
=4,351 + 1,025 + j 1,102 = 7,376 + j 1,102
E, = 7,458 V or 12.92 kV (line)
E,= L0 40 (315- 17.9
J3
6,351 + 716 + j 1,260 = 7,067 + j 1,260
E,=7178 V or 12.43 kV (line)

8.23 Calculate the synchronizing coefficient (in KW and Nm per mechanical degree) at full-load for a
1000 kVA, 0.8-pf(lag), 6.6 kV, 8-pole, star-connected cylindrical rotor generator of negligible resis-
tance and synchronous reactance of 0.8 pu.

Solution 1 /-36.9° pu
Refer to the circuit diagram drawn in Fig. P8.23.

+j 35(315 — j 29.3)

= . . 0.8pu
Er =1+ j0.8(08—j0.6) +
=148 + j 064 = 161 £234° 5() W= 1pu
E =161 pu l
&= 23.4° Y
ViEr Fig.[ P8.2
P, = tx " sns '8
S
J Pe Vt Ef
(55), 5 e
_IXL6L oo
= 0.8 cos .
= 1.847 pu per elect rad
1 pu = 1,000 kw

Stiffness = 1,847 x g’fo kW/elect deg. = 32.55 kW/elect deg.
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1 elect degree = g mech deg.

Stiffness = 32.25 x 4 kW/mech deg.
= 129 kW/mech deg.

_ 120x 50 y o

sT 8 60

129x 103
78.5

= 1.64 x 10® Nm/mech deg.

= 78.5 rad/s

Stiffness =
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CHAPTER 9: INDUCTION MACHINE

9.1 A 4-pole wound-rotor induction motor is used as a frequency changer. The starter is connected to
a 50 Hz, 3-phase supply. The load is connected to the rotor slip rings. What are the possible speeds
at which the rotor can supply power to this load at 25 Hz? What would be the ratio of voltages at
load terminals at these speeds? Assume the rotor impedance to be negligible.

Solution

sf=25
_ 25 _
S=g5 = 0.5
We can get 25 Hz voltage at dip = £0.5
Ns — N
or =x05
Ns
120x 50
where Ng=—4— = 1,500 rpm

n= 750 rpm for s = +0.5
= 2,250 rpm for s = -0.5
The rotor voltage at any dip sis
= s x rotor voltage at standstill
Therefore the rotor voltage is the same for both 0.5 and —0.5 dip. Therefore,
ratio of voltages = 1

9.2 A 6-pole, 50 Hz, 3-phase induction motor running on full-load develops a useful torque of 160 Nm
and the rotor emf is absorbed to make 120 cycles/min. Calculate the net mechanical power devel-
oped. If the torque loss in windage and friction is 12 Nm, find the copper loss in the rotor windings,
the input to the motor and efficiency. Given: starter losses = 200 W (inclusive of core 10ss).

Solution

ng = 1,000 rpm, s = 104.7 rad/s
f,=of

120 _ 120
) =sx50 or S_6O><5O

0=(1-9 o,=(1-004) x 104.7 = 100.5 rad/s
Mechanical power developed (net) = 160 x 100.5 = 16.08 kW
Mechanical power developed (gross) = (160 + 12) x 100.5
= 17.29 kW

.o, (1
31513 (5—1) =P,

=0.04

0.04
1-0.04

Rotor copper loss = 17,290 x ( j =720 W
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Motor input = 17.29 + 0.72 + 0.8 = 18.81 kW

_ 16.08

- 1881

9.3 A 12-pole, 3-phase, 50 Hz induction motor draws 2.80 A and 110 kW under the blocked-rotor test.

Find the starting torque when switched on direct to rated voltage and frequency supply. Assume the

starter and rotor copper losses to be equal under the blocked-rotor test. What would be the starting

torque if the motor is started by connecting the phase windingsin star. (Try this part after studying Sec. 9.8)
Solution 3 x (280)? (r, + r3) = 110 x 10°

ry+ r; = 0468 Q

r, = rz =0.234 Q (equivaent rotor)

= 85.5%

o, = sz—” = 52.36 rad/s
s 12 60
3 (2.0
Ts: CO_S (|22r2)
= 2 (280)2 x 0.234
52.36 '
= 1,051 Nm
Phase windings connected in star
::
273
r; =3 x 0.234
2
_ 3 280 _ 1,051 _
T, = 52.36X( 3 ) x 3 x 0234 = 3 - 350 Nm

9.4 A 3.3KkV, 20-pole, 50 Hz, 3-phase, star-connected induction motor has a dlip ring rotor of resistance
0.025 Q and standstill reactance of 0.28 Q2 per phase. The motor has a speed of 294 rpm when full-
load torque is applied. Compute: (a) slip at maximum torque, and (b) ratio of maximum to full-load
torque. Neglect stator impedance.

Solution
_ 0.025 _
(@ ST = 028 - 0.09
b T = 3 0.5V2 .
( ) max — ©s Xé (I)

3 V2(ry/sh) .
U rereaawry (ii)
s (r2/Sf|)2 + X5

120x 50
ng = >0 - 300 rpm; n = 294 rpm

300 — 294

§ = T =0.02
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Dividing Eq. (i) by (ii)
Trex 0.5[(r3/sn)2 +x521]
Tn x5 (r3/sq)

_0.5[(0.025/0.02)2 +(0.28)2]
- 0.28 % (0.025/0.02)

=234
9.5 An 8-pole, 3-phase, 50 Hz induction motor runs at a speed of 710 rpm with an input power of
35 kW. The starter copper loss at this operating condition is 1200 W while the rotational losses are
600 W. Find: (a) rotor copper loss, (b) gross torque developed, (c) gross mechanical power devel-
oped, and (d) net torque and mechanical power output.

Solution
_ 120x 50 _ 750 _27r><750_7854 ol
ng = T = mm W = T = . rad/s
n= 710 rpm
750 - 710
=75 - 0.053 o= (1-0053) x 7854 = 74.38 rad/s

Electrical power input = 35 kW

Stator copper loss = 12 kW

Power across air-gap, Pg = 35 — 1.2 = 33.8 kW
(a) Rotor copper loss = sPg = 0.053 x 33.8 = 1.79 kW
(b) Torque (gross) in synchronous watts = 33.8 x 10° W

33.8x 103

T(gross) = ~gE1 - 430.4 Nm

(c) Mechanical power developed (gross) = (1 — s)Pg
= (1 -0.053) x 33.8 = 32 kW
(d) Mechanical power output (net) = 32 — 0.6 = 31.4 kW

Torque (net) = 314x1,000 _ 422 Nm

e (el = —Z238 -

9.6 A7.5KkW, 440V, 3-phase, star-connected, 50 Hz, 4-pole squirrel-cage induction motor develops full-
load torque at a slip of 5% when operated at rated voltage and frequency. Rotational losses (core,

windage and friction) are to be neglected. Motor impedance data is as follows:

=132 Q
X, = X5 =146 Q
X, = 27 Q

Determine the maximum motor torque at rated voltage and the dlip at which it will occur. Also
calculate the starting torque.
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Solution
Taking the Thevenin equivaent in Fig. P9.6.

Vo o 254 % 22.7 _ o3y
7132+ (L46+22.7)|

7 - j 22.7(1.32 + j 1.46) 185 /51
™™ 2419,86.87°

=116+ j 144 = R + jX;

A 1.32 1.46 -« 1.46 A

+ /?j@\+
g’zlszzo r’,

440143 = 254 v 22.7E
-

rig, (294

Full-load output = 7.5 kW

1,500 x 27
0= ey = 157.1 rad/s o =157.1 (1 — 0.05) = 149.2 rad/s
7,500 _
T(full-load) = 149.2 - 50.27 Nm
Now,
V2, (r3ls
T= 3 Vi (129) (9.17)
s (Re+r3/8)2 + (X1 +x3)?2
Substituting the values corresponding to full-load
238.3)2 x20xr3
50,27 = 3 \2383)" X 20xT2
1571 (116+20r7)2 +8.41

(1.16 + 20r3)? + 8.41 = 431.4r;5

400r; + 46.4r; + 1.35 + 8.41 = 431.4r;

400r,2 — 38513+ 9.76 = 0
Solving

r; =0.026 Q or 0936 Q
r; =0.936 Q (larger value is selected)
Now,
3 0.5V2
e = L (9.18)

Os R, +\/R12 +(X1 +x5)2
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3 0.5x (238.3)2

157.1116+.,/(116)2 +(2.9)2

126.6 Nm
rz

\/Rlz + (X1 +%3)2

ST (9.19)

- 0.936 03 or 30%

J(116)2 +(2.9)2

3 Vi 2

®s (Ry +13)2 +(Xy +x2)2

3 (238.3)2 x 0.936

"~ 157.1 (116 + 0.936)2 + (1L 44 + 1.46)2

= 79.3 Nm
9.7 The motor of Prob 9.6 is fed through a feeder from 440 V, 50 Hz mains. The feeder has an impedance
of (1.8 + j 1.2) Q/phase. Find the maximum torque that the motor can deliver and corresponding
dip, stator current and terminal voltage.

Tetart (9.20)

Solution
The per phase circuit model of the motor and feeder is drawn in Fig. P9.7. Taking the Thevenin
equivalent,
Ve, = 254 x 22.7
™7 |(L8+132)+j (L2+146+22.7)]
= 22567 V
2 = j 22.7(3.12+ j 2.66)
™™ 28.55 /83°
=364 £474° =246 + | 267 = R + jX;
S o= rs _ 0.936 - 0195
\/Rf +(X1 +%x3)2  +/(2.46)2 +(2.67+1.46)2
_— 3 0.5V3, 3 0.5x (225.67)2
T 0s R+ [RZ4(Xg +x5)2 15712.46+ [(2.46)2 + (2.67+146)°
= 66.9 Nm
L 18 1.2 132 146 146 I,

0.936/s
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Notice the reduction in T,
For the remaining part it is convenient to proceed by finding Z.

r; _ 0.936
=99 -4
| 22.7(4.8+ j 146)
4= 48+ (L46+22.7)
= 463 /281° = 408 + | 2.18
Z(total) = (312 + 4.08) + | (2.66 + 2.18) = 8.68 /33.9°

. 25420
17 868,339

= 2926 £-33.9°A

Vi =254 £0° —29.26 £/—339° x (L8 + | 1.2)
=254 - 633 £-0.2
=254-633+j 022
or V, = 190.7 V or 330.3 V (line)

Notice that the voltage of the stator terminals is considerably reduced because of the voltage drop in
feeder impedance.

9.8 A 400 V, 3-phase, star-connected induction motor gave the following test results:
No-load 400 V 85A 1,100 W
Blocked-rotor 180 V 45 A 5,700 W
Deter mine the ohmic values of the components in the circuit model and calculate the line current and
power factor when the motor is operating at 5% dlip. The stator resistance per phase is 1.5 2 and
the standstill leakage reactance of the rotor winding referred to the stator is equal to that of the
stator winding.
Solution
No-load test
8.5
= =0.0368 U
% s00v3
_ [1100-3x(8.5)2 x0.5] _ 00062
%= (400)2 e
by, = {Y3—9? =00363 U
Hence
Xq = 27.55 Q
r,=161.3 Q

Note: r; here accounts for rotational losses.
Blocked-rotor test

Z= 18013 =231 Q
45
5,700/3
= =0.938 Q

(49?2
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X=.(231)2 -(0.94)2 =211 Q

Now
R=r,+r3
0.938=05+ r3
r; = 0.438
also,

x = x5 = 2% = 1055 0

Performance calculations

s= 0.05
0.438 _ 0.438
—=— =—==876 Q
S 0.05
In Fig. P9.8,
L - (0o0s2-j00363) + - L
Zr 8.76+ j 1055

= (0.0062 —j 0.0363) + (0.112 — j 0.0135)
= (0.118 — j 0.05) = 0.128 £/-23°
or Z,=78 £23* =718+ ) 3.05
Z (total) = (0.5 + j 1.055) + (7.18 + j 3.05)
(7.68 + j 4.105) = 8.71 £28.1°

231
l, = £2= =265 A
1787

pf = cos 28.1° = 0.882 lagging

I 0.5 1.055 1.055 A

+ — 00 > 00—
/ vh

27.55 161.6
V/Phase 4 §0.438/5

NS

Fig. Circuit Model

9.9 A 15 kw, 415 V, 4-pole, 50 Hz delta-connected motor gave the following results on test (voltages
and currents are in line values):
No-load test 415V 105 A 1510 W
Blocked-rotor test 105 V 28 A 2,040 W
Using the approximate circuit model, determine:
(a) the line current and power factor for rated output,
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(b) the maximum torque, and

(c) the starting torque and line current if the motor is started with the stator star-connected.
Assume that the stator and rotor copper losses are equal at standstill.

Hint Part (a) is best attempted by means of a circle diagram. For proceeding computationally from
the circuit model, we have to compute the complete output-slip curve and then read the slip for rated

output.
Solution
OP, = 10.5 A
s 0, = 1,510 _
V3 x 415x10.5
or ¢y = 785°
OPg. = 283415 _ 11074 (at 415 V)
105
s P = 2,040 _
V3 x105x% 28
Poe = 66.4°
Rated output = 15 KW = /3 V(I COS ¢),xeq
(I COS @) seq = % = 20.87 A

(8) Thecirclediagramisdrawn in Fig. P9.9. PP’ is drawn parallel to the output line PyPg. at a vertical
distance 20.87A above P,Pg.. The point P pertains to this point (P’ is the second but unaccept-
able solution—too large a current):

Then,
l[[=0P =305A
pf = cos ¢ = cos 30° = 0.866 lagging

(b) Torque line PyF is drawn by locating F as the midpoint of Pg-G (equal stator and rotor, losses).
The maximum torque point is located by drawing a tangent to the circle parallel to P,F. The
maximum torque is given as

RS=44 A
Tmax = 3 X %’ x 44 = 31,626 syn watts

1,500 rpm, s = 157.1 rad/s
T = 31,626
max 1571
(c) If the motor is started to delta (this is the connection for which test data are given)
| (delta) = OPg. = 110.7 A
PscF=22 A

(/3 x 415x% 22)
157.1

Ns

= 201.3 Nm

T(delta) = = 100.7 Nm
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V A

¢ = 30°_4
66.4° —
78.5° N
O el X
c
Fis
Star connection
I(star) = 0T = 369 A
Ty(star) = &27 = 33.57 Nm
9.10 A 400 V, 3-phase, 6-pole, 50 Hz induction motor gave the following test results:
No-load 400 V 8V  0.16 power factor
Blocked-rotor 200 V 39 A 0.36 power factor

Determine the mechanical output, torque and slip when the motor draws a current of 30 A from the
mains. Assume the stator and rotor copper losses to be equal.
Solution

cos ¢, = 0.16; ¢y = 80.8°
cos ¢g- = 0.36; Psc = 69°
The circle diagram is drawn in Fig. P9.10. From the circle diagram we get the following results.

P, = +/3 x 400 x PB(= 10.75 A)

= 7.45 KW
. _ BC_35A
Sips=pc=1354 - 02
3x400x PC (=135A
Torque T = V3 % ( )
Ds

d = 120X0 2 _ 047 ey
an W= 6 60 - .7 rad/s
_ /3x400x135 _ £0.33 Nim

104.7



122  Solutions Manual

Vi o
’\ PSC
B F
P, /
C
o D G .
E H
Fig.[ P9.10

9.11 A 4-pole, 3-phase, 400 V, 50 Hz induction motor has the following parameters for its circuit model
(referred to the stator side on equivalent-star basis)

r,=12 Q X = 116 Q
r; =04 Q X2 = 116 Q
Xn= 35 Q2

Rotational losses are 800 W.

(a) For a speed of 1,440 rpm, calculate the input current, power factor, net mechanical power and
torque and efficiency.
(b) Calculate the maximum torque and the dlip at which it occurs.

Solution
2n x 1,440
(@ ng = 1,500 rpm n = 1,440 rpm or = ET = 150.8 rad/s
- _60 _
s= 1500 - 0.04
r, _ 0.4 _
s 004 09

In this part it is convenient to proceed by finding Z; (Fig. P9.11), in order that the identity of
the input current is preserved.

I 1.2

1.16
40043 1231 v 4 35 go.m =10Q

&

b

Fig [ 2911

AT

POWEREN.IR
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- _ 135(10+116)
"~ 10+ (35+116)

352.45 £96.6° _
= 5 Er oo s =94 £221° =871+ ) 354

37.51/£74.5°
Total impedance,
Z, =991+ 470
= 1097 £25.4°
Stator current,
I = fos =211 A

pf = cos 25.4° = 0.9 lagging
Mechanical power output (gross) = 312 Ry (1—9)
=3 x (21.1)% x 9.91 (1 — 0.04) = 12.71 kW
Rotational losses = 0.8 kW

Mechanical power output (net) = 12.71 — 0.8 = 11.91 kW
n = 1,440 rpm or 150.8 rad/s

1191x 1,000
Torque (net) = 1508 - 78.98 Nm
Power input = V3 X 400 x 21.1 x 0.9 = 13.16 kW
1191
= = = 0,
N= 7316 - 20-5%

(b) It will be necessary here to use Thevenin theorem. Finding the Thevenin equivalent to the left
of abin Fig. P9.9, we get
_ 231x 35
T JL2+(35+116)]
an j35(L2+j116)
™™ 12+ (35+116)
113+ j 116 = R, + jX;
_ r3
JRZ + (X1 +x3)2
_ 0.4
J(113)2 + (116 +1.16)2
ng = 1,500 rpm
157.1 rad/s

=2235V

V1

=162 £45.9°

Sraxr T

= 0.155

S
I

According to Eg. 9.10,
_ 3 O.5V-|-2H
@s Ry +RZ +(Xq +x5)2
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_ 3 0.5% (223.5)2
1571 113+ ,/(113)2 + (116 +116)2
= 1285 Nm

9.12 A 3-phase, 3.3 kV, 50 Hz, 10-pole, star-connected induction motor has a no-load magnetizing
current of 45 A and a core loss of 3.5 kW. The stator and referred rotor standstill leakage imped-
ances are respectively (0.2 + j 1.8) Q/phase. The motor is supplied from 3.3 KV mains through a
line of reactance 0.5 Q/phase. Use the approximate circuit model:

(8 The motor is running at 0.03 dlip. Estimate the gross torque, stator current and power factor.
Assume voltage at motor terminals to be 3.3 kV.

(b) Calculate the starting torque and current when the motor is switched on direct to line with
voltage at the far end of the line being 3.3 kV.
Solution

(@ Z(s)=(0.2+ j18) + (0.45/0.03 + j 1.8)
=152+ | 3.6 =15.62 £133° Q
In=45A
35 _
3x3.3/3
6—j 45
_ (3.3W/3) x 1,000
T 1562 £13.3°
1187 — j 28
= (1187 - j 28) + (6 — j 45)
=1247 - 73
|, = 1444 A
pf = 0.863 lagging
_ 120x 50
=710

3 2
62.83 (129" %

= 10,660 Nm
(b) We shall neglect magnetizing current.

Z (total)|, = j 05 + (0.2 + j 1.8) + (0.45 + j 1.8)
=065+ j 41 =415 /81°

- (3.3/3) x 1,000
ST 4.15

6 A

-l
o
1

=122 £-13.3° A

i
|

_ 27x 600

= 600 rpm W= ) = 62.83 rad/s

0.45

Torque (gross) = 0.03

=459 A

- _3 2 —
To= o5 (459) x 045 = 4527 Nm
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9.13 A 6-pole, 440 V, 3-phase, 50 Hz induction motor has the following parameters of its circuit model
(referred to the stator or equivalent star basis):

r, =00 Q (stator copper loss negligible); x = 0.7 Q
r; =03 Q x5 =07 Q

Xn =35 Q

Rotational loss = 750 W

Calculate the net mechanical power output, stator current and power factor when the motor runs at
a speed of 950 rpm.

Solution
The circuit model of the motor is drawn in Fig. P9.13(a) and its thevenin equivalent is given in Fig.
P9.10(b).
1 07 0.7 A I, = 0.686 + 0.7 = 1.386
Iy T 00
0.3 0.3

() (b)
Fig.[ 0.3 |
_1,000-950 _ 0.05
ST 71000 Y
254 % 35
Vo, = — "= =249 V
™™ 35+0.7

35x0.7

Xy = m =0.686 Q

’_ 249

J(1386)2 + (6)2

l_ 2.7
(s 1)><3I2 ry

= (.1 > _
- (0.05 1) x 3 x (40.44)* x 0.3 = 27.96 kW

Pr(net) = 27.96 — 0.75 = 27.21 kW

= 4044 A

N
|

P (gross)

Input current

- j35(6+0.7)
T 6+)357

- j35(6+0.7)
T 6+)357
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=584 £16.2° =5.61 + j 163

Z (total) = 5.61 + j(0.7 + 1.63) = 561 + | 2.33
= 6.07 £22.6°

I, = % =418 A pf = cos 22.6° = 0.923 lagging
9.14 A 75 kW, 440 V, 3-phase, 6-pole, 50 Hz, wound-rotor induction motor has a full-load dlip of 0.04
and a dlip at maximum torque of 0.2 when operating at rated voltage and frequency with rotor
winding short-circuited at the slip-rings. Assume the stator resistance and rotational losses to be
negligible. Find:
(8) Maximum torque
(b) Sarting torque
(c) Full-load rotor copper loss.
The rotor resistance is now doubled by adding an external series resistance.
Determine:
(d) Hip at full-load
(e) Full-load torque
(f) Sip at maximum torque.

Solution
If the stator resistance and rotational losses are neglected, the circuit model on the Thevenin basisis
asin Fig. P9.14.
Xy X2 1%
ry .
=—= i
Smax, T Xl + Xé ()
T8 V(s (i Vi gr;/s
T os (r3lsn)2 + (X1 +x5)2
T 3 OV (iii)
@s (% +35) Fig.|_Po.14 |
Dividing Eg. (iii) by Eq. (ii)
r3/sn)2 (X1 + X3
Trmax :0.5><(2 ’ﬂ) ( 1 2) s,
Tﬂ ) (Xl + Xz)
sz T+s2
=05 x = ___1 iv
Smax T St (V)
s = 0.04
o= 27XL5000 1647 ragss
60
o= (1-0.04) x 104.7 = 100.5 rad/s

100.5 x Ty = 75,000 (losses negligible)
Ty = 746.2 Nm
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(@ Shacr = 02
Substituting in Eq. (iv)

T _ (0.2)2 +(0.04)2
T =05 x 0.2x0.04 =26
Tax = 2.6 x 746.2 = 1,940 Nm
3 V2 rs
(b) To= > v)
s ;% +(Xy +X3)
Dividing Eg. (v) by Eg. (ii)
Ts _ (r2fsn)? + (X1 +x2)2
Ts ry? (Xy+x3)2
_ S%wax,T +Sﬁ (ij
S%wax,T +1 \ S
_(0.2)2 +(0.04)2 o1 1
(022 +1 0.04 ~
T,=1 x 746.2 = 746.2 Nm
(© P, =75000=31.2r5 [-2 —1
m ' 2 0.04
or 31,2r3 (f) = 3.125 kW = full-load rotor copper loss
(d) SpeoT=2x02=04
: T = 1,940.1 Nm (remains unchanged)

Substituting in Eq. (iv)

1,940.1 0.4)2 +s;?
01_ 5 O (vi)
Tﬂ 0. 4Sf|
Also
104.7 (1 — sh) Tf = 75,000 (vii)

Multiplying Eqg. (vi) by Eq. (vii)
(0.4)2 + ;2

104.7 x 1,940.1 (1 — sfi) = 75,000 x 05 x ,
0.4sf

217 (1 - sh) sh =016 + s/2
3.17s4? — 2.17sf1 + 0.16 = 0
s{? — 0.685sfi + 0.05 =0

s = 0.083", 0.6
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(e) 104.7 (1 — 0.083) Tsf = 75,000
Td = 781.2 Nm

(f) Shax,T1 =2 x02=04

9.15 A 3-phase induction motor has a 4-pole, star-connected stator winding and runs on 50 Hz with
400 V between lines. The rotor resistance and standstill reactance per phase are 0.4 Q2 and 3.6 Q
respectively. The effective ratio of rotor to stator turnsis 0.67. Calculate: (a) the gross torque at 4%
dip, (b) the gross mechanical power at 4% dlip, (¢) maximum torque, (d) speed at maximum torque,
and (e) maximum mechanical power (gross). Neglect stator impedance.

Solution
Rotor impedance (standstill) referred to stator

-1 ;
= (0.67)2 (04 + j 3.6)
or r; +j x3 =0.89 + j 8.02
o _ooa F2_089 _
dip = 0.04; s=004 2225 Q
2 ’
(& T(gross) = L—V (r2/)
Os (r3/s)2 + x52
_ 1,500 x 27 — 1571 rad/
W = ) = A rad/s
_ .3 (400/+/3)2 x 22.25
~ 157.17 (22.25)2 +(8.02)2
= 40.51 Nm
(b) P(gross) = 40.51 x 157.1 (1 — 0.04)
= 6.11 kW
_ 3(05v?
(©) T = w( 2 ]
3 0.5x(400/+/3)2 0.02 089 | I

T 1571 8.02 * W
63.49 Nm
; 40013 = 231 é/o:ag (l—lj
(d) 2 _089 _4qg s

SmaxT =37 =802
Ot = 1,500 (1 — 0.11) = 1,335 rpm -

(e) Refer to Fig. P9.15 Fig.[ P9.15 |

For P,(max)

J(0.89)7 + (8.02)2 = 0.89 (%-1)

or S:)m(max) = 0.1
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15 = 231
271(0.89/0.1+ j 8.02)|

= 1928 A

P (max) = 3 x (19.28)? x 0.89 (Oil _ )

= 8.934 kW
9.16 A 30 kW, 440 V, 50 Hz, 3-phase, 10-pole, delta-connected squirrel-cage induction motor has the
following parameters referred to a stator phase:

r, =054 Q r; =081 Q
X, + X5 =648 Q
r=414 Q X, = 486 Q

Calculate the machine performance (input current, power, power factor, mechanical output (gross)
and torque developed (gross) for the following conditions:
(a) as a motor at a slip of 0.025.
(b) as a generator at a dip of —0.025.
(c) asabreak at a dlip of 2.0.
Solution
On equivalent-star basis

_ 440

v=30 - o5y
J3
r, =018 Q r5=027 Q
X, + X5 =216 Q
[ =138 Q X, =162 Q
120 % 50
wsz%xz—g = 62.83 rad/s
_ 254 . 254 .
lo= T3~ 105 = (184~ | 1567) A

The equivalent circuit is drawn in Fig. P9.16.
(8 Motoring

I 0.18 216 I

s= 0025
r; _ 027 _
s ~ 0025 ~ 108«
7 (total) = (10.8 + 0.18) + | 2.16
= 1098 + j 216 = 11.9 /11.1°
_ Fig.| P9.16 |
3= 1110 =227 ,-111° o6
11.19
= 2227 — | 437

I1=(22.27 — j 437) + (184 — | 15.67)
= 2411 - j 20.04 = 31.35 /-39.7°
I, =3L35A; pf = 0.77 lagging

Input power = V3 x 440 x 31.35 x 0.77 = 18.4 kW
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P (%-1) x 31423

_ 1 2
= (0.025 1) x 3 X (22.7)7 x 0.27

16.28 kW

_ 3 (22.7)2 x 0.27
"~ 62.83 0.025
265.7 Nm

(b) Generating
s=-0.025
s _ 027
s 0.025
Z(total) = (-10.8 + 1.8) + | 2.16
=-9+j 216 =926 £166.5°

- 24 o= o
= §.0g £71665° = 27.43 £-166.5

(-26.67 — j 6.4)
[1 = (-26.67 —j 6.4) + (184 — j 15.67)
= 2483 — | 22.07 = 3322 £-138.4°

I1 (out) = 33.22 £416 °
I, =33.22 pf = 0.747 lagging power output = 18.91 kW

=-10.8 Q

el
N~

_ 1 2
P = (_0_025 1) x 3 x (27.43)2 x 0.27

= 25 kW
P_(in) = 25 kW

__3 (27.43)2 x 0.27
"~ 62.88 —-0.025
= —338 Nm (in direction opposite to which the rotor is running)

(c) Braking
s=20
2 _027 4435 ¢
S S
Z(total) = (10.135 + 0.18) + j 2.16 = 0.315 + | 2.16
=218 £81.7°

- 24 o = o
= 51g £8L7° = 1165 /817

16.82 — j 115.28

el
N~
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I1 = (168 — j 115.28) + (184 — j 15.67)
= 1864 — j 130.95 = 132.27 £-81.9° A
I, = 13227 A; pf = 0.141 lagging; power input = 14.21 kW

p = (% _1) x 3 x (1165 x 0.27
= 55 kW
P, (in) = 5.5 kW
3 (1165)2x0.27
T= 628" 2

87.49 Nm (in the direction of field but opposite to the direction
in which the rotor is rotating)

Torque is developed in the same direction in which the rotor is running. The field rotates in an
opposite direction to the rotor (s = 2). The total electrical and mechanical power input (14.21 + 5.5
= 19.71 kW) is consumed in stator and rotor copper loss and in core loss. Braking, therefore, can only
be a short-time operation.

9.17 The following test results were obtained on a 7.5 kW, 400 V, 4-pole, 50 Hz, delta-connected induc-
tion motor with a stator resistance of 2.1 Q/phase:
No-load 400 V 55 A 410 W
Rotor-blocked 140 V 20 A 1,550 W
Obtain the approximate equivalent circuit modal.
Estimate the braking torque developed when the motor, running with a slip of 0.05 has two of its
supply terminals suddenly interchanged.

Solution

No-load test

2
400\ 410
N

g =256 x 10° O
r; =390 Q (includes windage and friction loss)

s

Yo = 00238 U
b, = 4/(0.0238)2 — (2.56 x 10-3)2

= 00237 U
X, = 422 Q

Rotor-blocked test

140/4/3
20

(202 = 1220 250

Z(total) = 40.04 Q
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R=129 Q
X=38Q h 0.7 383 1,
2.1
n=-3 = 0.7 Q (eqv. star)
, 0.59/s
r, =129 -07=0.59 231V 390 g
Circuit model (approximate) (Fig. P9.17) 400
Braking torque l
s=1.95 .
2-23-030 Fig.|_P9.17 |
Z(total) = (0.7 + 0.3) + | 3.83 =1+ j 3.83
=396 £754° Q
, 231 _
> = 306 - 58.3 A

3 0.59
;=157 radls  Tyeuing = 157 (58.3)2 Tor = 1965 Nm

9.18 A 3-phase wound-rotor induction motor has star-connected rotor winding with a rotor resistance
of 0.12 Q/phase. With the dlip rings shorted the motor develops rated torque at a dlip of 0.04 and
a line current of 100 A. What external resistance must be inserted in each rotor phase to limit the
starting current to 100 A? What pu torque will be developed with rotor resistance starting ?
Solution
We must assume here that the magnetizing current can be neglected.

Y = v = 100A
(0.2/0.04)2 + x5 (0.1+ Reqt) 2 + X5
Ry =24 Q
3 _(100)2 x0.1
=% X 004
3 _(100)2 x2.5
T, = . X 1
Ts _ 2.5x0.04 _
Tn 0.1 -
or T,=1pu

9.19 In Prob 9.18 what external resistance must be inserted per rotor phase to develop full load torque
at 3/4th synchronous speed with a line current of 100 A?

Solution
s=025
3 (100)2 x (0.1+ Req) 3 (100)2 x 0.1
ws 0.25 T~ ws 004
0.25x 0.1

01+ Reu= o1
Roq = 0525 Q
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9.20 A 4-pole, 50 Hz, 3-phase induction motor has a rotor resistance of 4.5 (/phase and a standstill
reactance of 8.5 Qfphase. With no external resistance in the rotor circuit, the starting torque of the
motor is 85 Nm.

@
(b)
(©
Solution

@

(b)

(©

What is the rotor voltage at standstill ?

What would be the starting torque if a 3 Q resistance were added in each rotor phase ?
Neglecting stator voltage drop, what would be the induced rotor voltage and the torque at a slip
of 0.03?

r,=45 Q X, =85 Q
_ 3 V23 o
Tgat = Py r2'2 " xéz [Eq. (9.16) with Rg = 0]
_ 3 V'rp
Os 17 + X3
But Z120X0 27 _ 1571 vy
u W= 7 60 - 1 rad/s
g5 = 3 V’'2 x45
~ 157.1 (4.5)2 +(8.5)2
Standstill rotor voltage,
V' = 3025V or 5239 V (line)
With external resistance Ry, = 3 Q
3 V’2(r2 + Req)
Tgat = —— 2 2
Os (rz + Rext)? + X5
3 (302.5)2 (4.5+73)
~ 157.1 (4.5+3)2 +(8.5)2
=102 Nm
Induced rotor voltage at dlip s = s x standstill voltage
= 0.03 x 3025
=91V or 15.7 V (line)
3 V2(ryls)
Os (rz/s)2 + x,2
or

3 V2 (ryls)
T 0s (rp/9)2 +X3
3 (302.5)2 (4.50.03)

~ 157.1 (4.50.03)2 + (8.5)2
11.6 Nm




134  Solutions Manual

9.21 Calculate the ratio of transformation of an auto transformer starter for a 25 kw, 400 V, 3-phase
induction motor if the starting torque is to be 75% of full-load torque. Assume the dlip at full-load
to be 3.5 % and the short-circuit current to be six times full-load current. Ignore the magnetizing
current of the transformer and of the motor.

Solution
| 2
Tyt = X (I_S:,:j S
or 0.75 = x¥(6)? 0.035
or x=0.77
9.22 With reference to the circuit model of Fig. P9.13 (as reduced by the Thevenin theorem) show that
T _ 1+K2 +1
Tmac 1422 /K2 +1(Smex.T + Smex.7/5)
where
X1 + X3
K= R
Solution
For the circuit model of Fig. 9.3 we have the following relationships
V2, (r3ls
T= -2 RCRLCL 0
Os (R +r12/8)2 +(X1 +X%2)2
_ 3 0.5V, "
Tnax = CO_ > > (i)
S Ry +\/R1 + (X1 + x32)2
ry
S, T = (ii)

B \/Rlz +(Xq +x35)2
Dividing (i) by (ii), we have

T _ RR+ (X% (13/9)

Tr IR+ 18182 + (X +50)7]

Ry [1+ JI+ (X1 + x5 )Ry )2 ] r3ls

R1/r2’/3+%[(r2'/s)2 +RZ +(Xg +x5)2]

B 1+ 1+ (X1 + x3)/Ry)2
1+ 12[(r5/9)2 + RZ + (X1 + x5)2/ Rirs/g

1+,1+K?2

) 1+ (1U2) YRy \/Rlz + (X1 +x2)2 [(rz/s) 1 (RZ + (X1 +X5)2) + (RE + (X1 +x2)2)/(r3/9)]
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_ 1+,1+K?2

1+ 22 1+ (X1 + X5)/R1) 2 [Smac, 7/S+ ISmax, 7]

1+J1+K?2
1+ 22 1+ K2 [Spax, 7/S+ ISmax, 7]

9.23 A 3-phase, 50 Hz, 75 kW induction motor develops its rated power at a rotor dlip of 2%. The
maximum torqgue is 250% of rated torque (that is, the torque developed at rated power). The motor
has a K-ratio (defined in Prob 9.22) of K = 4.33. Find:

(@ Syt & Maximum torque

(b) rotor current referred to the stator at maximum torque,

(c) starting torque, and

(d) starting current.

The answers to parts (b), (c), and (d) should be expressed in terms of current and torque at full-load
speed.

Solution

ke JatXe o = 0.02
=—®m -4 sy = 0.

(8 We use the result of Prob 9.22.
Ty 1 1+ K2 +1

Trac 25 1412 K2 +1[Sma.1/S1 + Sti /Smax. 7]

1 1+.,4.332 +1

or =
25 1+412,/4.332 +1[(S2,, 1 /S2)/ St Smax,7]
or St T +Sh =422 Sy Syt
or S2a 1 —0.09 Sy +4 x 10 =0
or Smax, 7 = 0.09, 279 x 107*

Here s, 1 = 2.79 x 107 means the machine has an unrealistically small resistance and therefore
the answer is

Snao 1 = 0.09
Vi

(b) 1,2= (Ri+ 13192 + (X1 + X3)2 ; follows from Thevenin equivalent of Fig. 9.3
1 2 1 2

7 2 ’ 7
('2 |max,T] _ (Ry+rafsh)? + (X +x32)2

15 Iy ©(Ry + 13 /Smact) 2 + (X1 +X5)2

(A4 7r2/Ry sa)2 +((X1 + x2)/Ry)? )
= Wt 131R, Smact)2 + (Ko + X3)RY)? @
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We know that
ra
Smax, T = = (9.9
\/Rlz + (X1 +%3)2
rz ;
Rzl = Smax, 7 1+ (X1 + X3 )/Ry)2
= Sy, 7 V1T K?
=0.09 41+(4.33)2 =04 (i)
Using (ii), (i) can be rewritten as
15 lnat | (1+0.4/0.02)2 +4.332 459,75
" "~ (1+0.4/0.09)2 + 4.332  48.38
or 15 max, T = 3.0812[f
The reader should note that the actual value of referred rotor current cannot be computed.
V2, (r3ls
© T= = i (12/9) 9.8)

®s (Ry +r3/9)2 +(Xy +X3)2

Ts _ | (R+1)s)% + (X +%5)?
T | R+p)2+(X+x)? |

_ [ @+040.02)% + 4.3% 002~ | &t rIRS)? + (X + X5/R)?
(1+0.4)? + 4.332 L+ 1R)? + (X, + X/ R)? |
459.75

=002 55 006
. T,= 0458 T
(d) Similar to part (b), we have

I5/s)  (Re+r3/sq)2 + (X1 + X3)2
C (Re+12)2 +(Xg +X5)2

|2
_ (+r2/Rysh )2 + (X1 + x2/Ry)2
T @+r3/Ry)2 + ((Xg + X2/ Ry)2
_ (1+0.4/0.02)2 +4.332
© (1+0.4)2 +4.332
o 12]s=1 = 229 I3
9.24 A 3-phase induction motor is wound for P poles. If the modulation poles are P,,, obtain the general

condition to suppress P, = (P + P,;) poles. Under this condition show that the angle between the
phase axes for P, = (P — P,,) polesisr(2rx/3), where r = integer non-multiple of 3. If P = 10, find
Py and P;.

Solution
To suppress P, = (P + Py,) poles,

(5] (5) -
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wherer = integer non-multiple of 3
n = integer
This gives

Pu _(3n_
P {r

The angle between the phase axes of P, = (P — P,) poles is

(B (3) =) (3)

= (%)—n(zm
(3
()
P, = 10 ($- )
n=2, r=>5

—10 (8_1) =
PM_10(5 ) 2

P, =10 -2 = 8 poles
9.25 The two cages of a 3-phase, 50 Hz, 4-pole, delta-connected induction motor have respective standstill
leakage impedances of (2 + | 8) and (9 + j2) Q/phase. Estimate the gross torque devel oped;
(i) at standstill, the effective rotor voltage being 230 V/phase.
(if) at 1450 rpm when the effective rotor voltage is 400 V/phase. The rotor quantities given are all
referred to the stator; the stator impedances are negligible.
What is the gross starting torque if a star-delta starter is used ?

Hence

Solution
1,500 x 27
W=~ = 157 rad/s
_ 3 (230)2 x 2
(I) Tl = Em = 29.7 Nm
3 (230)2 x9

2= ﬁi(g)Z +(2)2 = 107 Nm

T(total) = 29.8 + 107 = 136.8 Nm
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y 1,500-1,450 1
(II) S= WZ%

3 (400)2 x (2x 30)

17 157 (2% 30)2 + (8)2

3 (400)2 x (9x 30)

157 (9% 30)2 +(2)2

T(total) = 50.1 + 11.3 = 61.4 Nm

= 50.1 Nm

T,= = 11.32 Nm

Star-delta starting:

In star-delta starting, starting voltage/phase is
400
— =230V
J3

Hence,
Starting torque = 136.7 Nm



9.26 A 3-phase, 50 Hz, 4-pole, 400 V, wound rotor induction motor has a A-connected
stator winding and Y-connected rotor winding. There are 80% as many rotor
conductors as stator conductors. For speed of 1425 rpm, calculate

(a) the slip,

(b) the rotor induced emf between the two slip rings, and

( ¢) the rotor frequency

(a) ns = (120 X 50) / 4 = 1500 rpm
n = 1425
s =[(1500 —1425) /1500 ] X 100 = 5%

(b) Turn ratio rotor phase (V)/rotor phase A = 0.8
Rotor phase voltage =400 X 0.3 =320V
Voltage between two slip rings = V3 X 320=554V

(c)2=0.05X50=2.5Hz

9.27 A squirrel-cage induction motor is rated 25 kW, 440 V, 3-phase, 50 Hz. On full-
load it draws 28.7kW with line current S0 A and runs at 720 rpm. Calculate

(a) the slip,

(b) the power factor, and

(c) the efficiency.

f=nb/120
50=(720Xp)/ 120 0rp=38
ns =750 rpm

a) n=720 rpm
ship, s = (750 — 720) / 750 = 0.04

b) 28.7 = (V3 X 440 X 50 X cos®) / 1000

pf =cos ¢ =0.753 lagging

c)n=(25/28.7)X100=287.1 %

9.28 A 3-phase, 400V, 6-pole, S0 Hz induction motor develops mechanical power of 20
kW at 985 rpm. Calculate:

(a) the rotor copper loss.

(b) the total input power, and

(c) rotor frequency.

The stator losses are equal to 1800 W. Neglect mechanical loss.

() 3[(I* X 'y)/s — ' X 12] = Pm

S = (1000-985) / 1000 X 100 = 1.5 %



3((1/0.015) — 1) I'’1’, = 200w

Rotor copper loss = 31", = 20000 X 0.015/0.985
=304.6 w

(i1) Pc(pome asass air-gap) = 304.6/0.015 = 20307 w
Stator loss = 1300 w
Input power = 20307 + 1800 = 2.211 kw

(ii1) £, =0.015 X 50 =0.75 Hz

9.29 A 400 V, 5kW, 50 Hz induction motor runs at 1445 rpm at full-load. The rotational
losses are 285 W. If the maximum torque occurs at 900 rpm, Calculate its value.

Mechanical output = 5000w

Rotational loss = 285 w

Mechanical power developed = 5285 w

Slip = (1500 — 1445) / 1500 = 0.0367

Stator impedance will be ignored

2 = 4003 /(N(r"o/s)* + x5%)

Then in terms of mechanical power developed

3(1/s- 1) I'* ', = Pm = 5285

3(1/0.0367 — 1) [ (400)* (1/3) X 2 ] / [ (£2/0.0367)* + x’5%] = 5285
(0.9633 /0.0367) X [(400)*> X (0.0367)* r’5] / '5> + 0.00135 X x°,> = 5285
W= (% +0.00135 X x’,%) = 5285 / ((400)* X 0.0367 X 0.9633)
W o/ (2 +0.00135 X x’5%) = 0.934 —-eeemmmm )

At max torque
r',=x"; s = (1500 -900) / 1500 = 0.4

or I"z =04X X’z
Substituting (i) in (1)

0.4x’,/(0.16 x’," + 0.00135 X x’,7) = 0.934
Or (0.4/0.161135 X x’») =0.934

Orx’»=2.65Q

Thenr’,=0.4 X2.65=1.06 Q



Tmax = (3/0s) (0.5 V2)/X’ —--wmwmmemmeev (iii)
oy = (2T X 1500) / 60 = 50 1 rad/s

Therefore Tmax = (3 /50 IT) (0.5 X (400 / \3)* / 265)
=192.2 Nm

9.30 The rotor of a 6-pole, 50 Hz slip ring induction motor has a resistance of

0.25Q) / phase and runs at 960 rpm. Calculate the external resistance/phase to be
added to lower the speed to 800 rpm with load torque reducing to 3/4™ of the previous
value.
Assumption : Stator impedence is negligible. For the range of ships considered
R’5/s >> x5

Now T = (3/ws) X (sV*/1’5) = K X s/r

At960 rpm s =(1000-960) / 1000 = 0.04
At800rpm s =(1000—800)/1000=0.2

T =K (0.04/0.15) ~—---- ()
% T =K (0.2/(0.25 + Rext) - (ii)
Dividing (i) by (ii)

4/3 = (0.25 + Rext)/0.2 X (0.04/0.25)

0.25 + Rext =4/3 X 0.2 X 0.25/0.04 = 1.67
Rext=1.42 Q

9.32 A 5kW, 400 V, 50 Hz, 4-pole induction motor gave the following lest data:

No-load test:
Vo=400V, Py=350W, I[,=31A

Blocked rotor test:
Vse=52V, Py =440W, L.=7.6A,

24V, dc when applied between the two stator terminals causes a current of 7.6 A to
flow.
Calculate the motor efficiency at rated voltage at a slip of 4%.

No load test:
FO=3.1/400/v3=0.0134 Q



Gi =350/ (400)2 =0.0022 w
Ri =457 Q (accounts for rotational 1oss)

Bm = V(0.0134)> — (0.0022)*
=0.0132Q

Xm =75.65 Q

Blocked rotor test:
Z=(52/3)/7.6
=395Q

R = (440/3) / (7.6)
=254 Q

X =V((3.95)% — (2.54)%)
=3.025Q
=X +x’»

Ri=24/(2X7.6)=1.58Q
R, =2.54 -1.58 =0.96 Q

Atslipof 4 %
r’2/s =(0.96/ 0.04) =24 Q

I',=231/(12558 +33.025)=9 A

Pm (next) = 3 X ((1/0.04) — 1) X (9* X 0.96)
=5.6 kw

Pi =5.506 + 3 X (9> X(2.54 / 1000) )+ 0.35
=5.506 + 0.607 + 0.35
=6.463 kw

N =5.506/6.463 =85.2 %

9.33 A 3-phase, 20kW, 600 V, 50 Hz, 6-pole, Y-connected squirrel-cage induction motor
has the following parameters/phase referred to the stator:

R;1=0937W R, =0.7Q
X (equivalent) = 3.42 Q)
Xm =729 Q



The rotational and core losses equal 545 W.
For a slip of 3.5% find:
(a) the line current and the power factor
(b) the mechanical output and shaft torque
(c) the efficiency.

r'2/s=(0.7/0.035)=20Q
11 +172/s =20.937 Q
a) I, = (600 V3) / (20.937 +j 3.42)
=346.4/(21.21 £93°)
=16.33 £9.3°
=16.12-j2.64
10=346.4/j72.9=-j4.75
Il bar=-j4.75+16.12 -j2.64
=16.12-j7.39
=17.73 £ (-24.6")
N1=17.73 A
Pf = c0s24.6 °
=0.909 logging

b) Pm =3 X ((1/0.035) - 1) X (16.33)2 X 0.7
=15.44 kw

Mechanical output = 15.44 — 0.545 = 14.895 kw
N = (1 -0.035) X 1000 = 965 rpm, » = (2 IT X 965)/60 = 101.05 rad’s

Shaft torque = 14895/ 101.05
=147.4 Nm

¢) Pn =3 X 600 X 17.73 X 0.909
= 16.748kw
n=14.895/16.748 = 88.9 %

9.34 A 7.5 kW, 400 V, 4-pole induction motor gave the following test results:

No-load test
Vo=400V, Py=330W, I[,=352A

Blocked rotor test:



Vee=110V, P, =615W, I, =13A,
The effective ac resistance between the stator terminals is 2.2 () and the full-load slip is
4%.
Determine:
(a) the parameters of the per phase circuit model.
(b) The stator current and its pf when the motor is delivering full-load.
(c) The efficiency in part (b).

No load test
yo =(3.52/ (400/\/3)) =0.0152 mho

gn =330/ (400)2 = 0.0021 mho
1. =476.2 Q
bm = 0.01505 mho

Block rotor test:
Z=(110/3)/13=4.885Q
R=615/(3X(13)*=1213Q

1 =222=11Q

r,=1.113Q
X = x; + x5 = V((4.885)* - (1.213)%)
=4732Q
a) diagram
b) s = 0.04

r'2/s=1.113/0.04 =27.83 Q

R=1.1+27.83=28.93Q

I',=231/(28.93 +j4.732) =231/(29.31 £ 9.3°)
=7.88 £(-9.3%
=7.776-j1.273

Ip=(231/476.2) X - X (231 / 66.43)

=0.485X - X 3.477
Therefore I; =7.776 —j1.272

(0.485-j3.477)/ (8.261 —j4.749) = 9.53 £ (-29.9°)



[1=953A
Pf = Cos 29.9°
=0.867 lagging

¢) Pm(net output) =3 X ((1/0.04) - 1) X (7.88)2 X 1.113
=4.976 kw

Pi =3 X 400 X 9.53 X 0.867
=5.724 kw

n=4.976/5.724 =86.9 %
9.35 A 30 kW, 440 V squirrel-cage induction motor has a starting torque of 182 Nm and
a full-load torque of 135 Nm. The starting current of the motor is 207 A when rated
voltage is applied.
Determine:
(a) the staring torque when the line voltage is reduced to 254 V.
(b) the voltage that must be applied for the motor to develop a starting torque equal
to the full-load torque.
(c) The starting current in parts (a) and (b).
(d) The starting voltage to limit the starting current to 40 A, and the corresponding
starting torque.
Ts / Tfl = (Is/Ifl)* sfl
a) 182/ 135 = (207 / Ifl)* §fl  —---mmmmmmmmmmev (1)
Is(reduced voltage) = 207 X (254/440) = 119.5 A
Ts/ 135 =(119.5/Ifl)* Sfl = —--memmmmme (i1)
Dividing (ii) by (i)
Ts /135 X 135/ 182 = (119.5/207)2
Ts =135 X (119.5/207)2 =45 Nm
b) Ts = Tfl
I 7] 17) R {— (iii)
Dividing (iii) by (i)

135/182 = (Is/ 207)



Or Is = V(135/182) X 207
= 1783 A

Voltage to be applied = 440 X (178.3/207)
=379V

9.36 A 400V, 4-pole, 7.5 kW, 50 Hz, 3-phase induction motor develops its full-load

torque at a slip of 4%. The per phase circuit parameters of the machines are
R; =1.08 Q R’;=?
X;=141Q x’»=141Q

Mechanical, core and stray losses may be neglected.
(a) Find the rotor resistance (as referred to stator)
(b) Find the maximum torque, slip at maximum torque and the corresponding
rotor speed.

S =0.04

N =0.96 X 1500 = 1440 rpm

W = (2I1 X 1440) / 60
=150.8rad /s

Ws = (2I1 X 1500) / 60
=157.1rad/s

Pout (n) =7.5 kw
T(w =7500/150.8 =49.73 Nm

T=3/ws) X (2> r'y/s)

49.73 =3/157.1 X [((231)* X ') / (1.08 + 251"5)* + (2.82)* 1 X 1/ 0.04
(1.08 +2512)° + 625", +7.952 = 512.3 1,

1.166 + 541", + 6251, + 1023 =0

1’5" =0.733 1, + 0.0164 = 0

1’5 = [0.733 £ V(0.537 - 0.0656)] / 2
=0.71 Q, 0.0232 Q

Smaller value is rejected as it would regain to large current for development of the required
torque. Hence
=071 Q

b) For max torque

' =8X’»



or s=0.71/1.41=0.504
n=(1-0.504) X 1500 = 744 rpm
r’2/s =0.71/0.504 =4.41
2+ (1r'2/s)=0.17+ 1.41 =2.11Q
X=2X141=2.82Q

I',=231/(2.11 +j2.82)
=65.6 Q

Tmax =3/ 157.1 X (65.6)* X 1.41
=116 Nm

9.37 A 3 — phase, 440 V, 4-pole 50 Hz induction motor has a star-connected stator and
rotor. The rotor resistance and standstill reactance/phase are 0.22 Q and 1.2 Q
respectively; the stator to rotor turn ratio being 1.3. The full-load slip is 4%. Calculate
the full-load torque and power developed. Find also the maximum torque and the
corresponding speed.

r=022X(1.3%=0.372Q
x5 =12 X (1.3)* =2.03Q
Stator impedence is neglected
V = 440N\3 =254 V
S =0.04
' /s=0.372/0.04=93Q
I’y =254/ (9.3 +2.031)
=26.68 A
ws = (211 X 1500) / 60 = 157.1 rad/s

T(n) = (3/157.1) X (26.68)* X 9.3
=126.5 Nm

Smaxt= 0.372/2.05=0.18
'2/ Smaxt = 0.372/0.18 = 2.05
I, = (254/2.05V2) = 87.62A

Tmax =3/157.1 X (87.62) X 2.05
=300.5 Nm



9.38 A 3-phase, 3.3kV, 6-pole wound rotor induction motor has the following test data:

No-load test 3.3kvV 185A 151kW
Blocked-rotor test 730V 61 A 3.5kW

The resistance of the stator winding is 1.6  and the rotational loss is 6.2 KW. Calculate
the circuit model parameters (rotational loss not to be accounted in Ri core loss
resistance).
Assume X;/X’, = Ry/R’, Calculate

(a) the slip at maximum developed torque

(b) the maximum developed torque and the corresponding shaft torque

(c) the starting torque at half the rated voltage
Note: Do not approximate the circuit model.

No load test:

FO =18.5/(3300/3)=9.71 X 10 ~*
Core + rotational loss = 15.1 kw

Rotational loss = 6.2 kw
Therefore core loss = 15.1 - 6.2 =8.9 kw

G; = 8900 / (3300)* = 3.17 X 10 mho
r=1224 Q

Bm = V[(9.71 X 10°)* + (8.17 X 10™*?
=9.676 X 10” mho

xm = 103.35 Q

Blocked rotor tests:

Z=(730/3)/61 =6.91Q

R =(30.5 X 1000) / (3 X (61)*) =2.732 Q

I = 1.6 Q
r',=1.132Q

X =V[(6.91)* - (2.732)%]
=6.347Q

X1 =6.347 X (1.6/2.732) =3.717 Q



X2 =2.63Q
Series equivalent of the shunt branch

=103/(0.817 - 9.676)
=103/(9.71 £ (-85.20)
=103 £(+85.2°)
=8.62+] 102.6
1.6 +j106.32

Nth = [(1905 X 103 £(85.2°) / (10.22 +j 106.32) ]
= 1837V

Zth=[(1.6 +j3.72) X (8.62 +j 102.6)] / (10.22 + j 106.32)
=[4.05Z£(66.7°) X 103.£(85.2° )/ 106.8 (84.5)
=3.906 £ (67.4°)
=1.5+j3.61
a) Slip at maximum torque
s=12/x",=1.132/2.63=0.43
b) r'2/s=1.13/0.43=2.63 Q

Z(total) = 4.13 +j 6.24
=7.48 (56.5°)Q

I', = 1837 £(0°) / (7.48 £(56.5%)) =245.6 A
N =(1-0.43) X 1000 = 570 rpm

w = 59.7 rad/s
ws = 104.7 rad/s

Tmax (developed) = (3/104.7) X (245 .6)2 X 2.63
=4.546 X 10 3 Nm
Rotational loss = 6.2 kw

T(loss) = 6200/ 59.7 = 104
=0.104 X 10 3 Nm

T(Shift) = (4.546 - 0.104) X 10 3
=4.442X 103 Nm



¢) Starting torque at half rated voltage

Z (total) =2.73 +j 6.24
=6.81 (66.4°) Q

I'y=1837/(2X6.81)=135 A

T(start) = 3/104.7 X (135), X 1.13
=590 Nm

9.39 A 6-pole, 50 Hz induction motor has a rotor resistance of 0.25 () and a maximum
torque of 180 Nm while it runs at 860 rpm. Calculate:
(a) the torque at 4.5% slip
(b) the resistance to be added to the rotor circuit to obtain the maximum torque at
starting.

Smax.t = (1000 — 800) / 1000 = 0.14
r’, = 0.14x’, for max torque

Tmax = 3/cos (O.SV2 /X)) =kx’,

180 = kx"
0.25=0.14x"
X2=1.786 Q

Now k=(1.5/ws)V>=180/1.786 = 100.8
i)  s=0.045
T = (3lws) X (V2 / (Co/s)* + X725 X ('ofs)

= (100.8 X 2) / [ (0.25/0.045)* + (1.786)*] X (0.25/0.045)
=32.9 Nm

(i1) For max torque at starting

r'r+ Rext=x",=1.786
Rext =1.786 — 0.25 = 1.536Q2 (referred to stator)

9.40 At rated voltage the blocked rotor current of and induction motor is five times its
full-load current and full-load slip is 4% . Estimate its starting torque as a percentage of
full-load torque when it is started by means of



(a) a star-delta starter, and
(b) by an autotransformer with 50% tapping.

S¢=0.04, Isc/I=5

(a) Y-A => Tg / T
= (Isc/ It)* St
=1/3 (sc/I)* S¢
=1/3 (5> X 0.04
=0.33
=>33%

Auto T/X => Ts /T

=K* (Isc/It)* St
=0.5% (5)> X 0.04
=0.25

=25 %

9.41 squirrel-cage induction motor has a full-load slip of 4% and a blocked-rotor
current of six times the ful-load current. Find the percentage of tapping of the
autotransformer starter to give full-load torque on starting and the line current
as a percentage of full-load current.

I./Iy=6,
Sq = 0.04
Ty/Th = x> (I / In) Sp

1=x>X36X0.04
X =0.694 or 69.4%

I(line) = x°.In
= (0.694)2 I
=0.482 I or 4.82 of I

9.42 A 440 V, 22 kW, 50 Hz, 8-pole induction motor has its rotor and stator winding
star-connected. The effective stator to rotor turn ratio is 2.5/1. The parameters of its
circuit model are

R;=0.4Q, R, =0.07Q

X;=1.03Q X;=0.18Q

R;=127.4 Q Xm=259Q



Turn ratio, a = 2.4
(includes rotational loss)

Neglecting any changes in mechanical losses due to changes in speed, calculate the

added rotor resistance required for the motor to run up to the speed 675 rpm for a

constant load torque of 300 Nm. At what speed would the motor run if the added rotor

resistance is:

(a) left in the circuit

(b) subsequently shorted out. Also compare the motor efficiency under these two
conditions.

' = (2.5 X 0.07 = 0.4375Q

I = 04

r + 1, =0.8375Q

X; +X5=1.03+(2.5)7X0.18=2.155Q

Rext=?

V=440/V3=254V

ns = 750 rpm

ws = 78.54 rad/s

T =(3/0) X[V / (11 + 12+ R’ ] X [(2 + Rex)/1]

300 = 3/78.54 X (254)* / [(0.8375 + R’ o) + 4.644] X (0.4375 + R’ey)

(0.837s + R’ex)” + 4.644 = 8.214 (0.4375 + R’ex)

0.701 + 1.67s R’ext + R’ext + 4.644 = 3.594 + 8.214 R’ext

R’ext — 6.539 R’ext + 1.751 =0

R’ext =(6.539 +5.98) /2

=6.26, 0.28 Q
R’ext = 0.28 / (2.9)* = 0.045 Q

@) Resistance left in circuit
r', + R'ext =0.4375 + 0.28 = 0.7175Q
T(load) = 300 Nm

T(dev) = (3/ws) X [V (14172 +R’ext) / 8)* + (x1 + x’2)°] X (2 + R’ext)/s



300 = 3/78.54 X (254)* / (0.4 + (0.7175/s)* + 4.644 X (0.7175 / s)
300 = (3/78.54) X (254)* X s>/ (0.4 s + 0.7175)* + 4.644 s*) X 0.7175/s
(0.4s + 0.7179)* + 4.644s)* = 5.894s

0.16s + 0.544s + 0.512 + 4.644s” = 5.894s

4.804 s> —5.325 +0.512=0

S*—1.107s + 0.1066 = 0

S=(1.107 £0.893) /2 = 1.0315 . 0.107

S =0.107 , speed = (1-0.107) X 750 = 670 rpm

(i) External rotor resistance cut out

300 = (3/78.54) X (254)* / [(0.4 + 0.4375/s)* +4.644] X 0.4375 / 5
(0.4s + 0.4375)% + 4.644s” = 3.594s

0.168” + 0.35s + 0.1914 + 4.644s* = 3.594s

4304 s> —3.244s +0.1914 =0

s* —0.675s + 0.04 =0

s = (0.0675 + 0.5437) /2 =0.0609, 0.0656

s=0.0656 ,

speed = (1 —0.0656) X 750 = 701 rpm

Comparison of efficiencies

(1) r', + R’ext =0.4375 + 0.28
=0.7175Q

S =0.107
I'y=254/[(0.4+6.71) + 21.55 ]
=3421A

P, =3 X (34.21)* X 0.7175 X ((1/0.107) -1)



=21.02 kw
P, =3 X (254)/127.4 + 3 X (34.21)> X (0.4 + 6.71) = 26.48 kw

n=(21.02/26.48) X 100 =79.38 %

(i1) R’ext cut out
r', =0.4375Q
s =0.0656

', =254/[(0.4 + 6.67) +j 2.155]
= 34.37 A (Notice current is the same as in part (ii)

P, =3 X (34.37)* X 0.4375 X ((1/0.0656) — 1) = 22.08 kw

Pi=3 X (254)*/127.4 + 3 X (34.37)* X (0.4 + 6.67)
=25.565 kw

n=22.08/25.565 X 100 = 86.64 %

9.43 A 40 kW, 400 V, 3-phase, 6-pole, 50 Hz wound rotor induction motor develops a
maximum torque of 2.75 times full-load torque at a slip of 0.18 when operating at rated
voltage and frequency with slip rings short-circuited. Stator resistance and rotational
losses may be ignored.

Determine:

(a) the full-load slip.

(b) the full-load rotor copper loss.

(c) the starting torque at half the rated voltage. The rotor circuit resistance is now
doubled by adding an external resistance through the slip rings. Determine:

(d) the developed torque at full-load current.

(e) the slip in part (d).

Smax, T=r"5/(x1 +x’,) =0.18

Or (x1+x’,)/1r,=5.56
T = Blws) X (V21 [(Fo/s)* + (X1 + x°2)*] X r'ofs

= (3/08) X [(sV*12) / (2% + (X1 + X72)s7]
Tn= (3/ws) X (s1 V2 1'2) / 5% + (x1 )x’)? 8% --ememeeee Q)

Tmax = (3/ws) X (0.5V?/ (x1 +X") -—-- (i1)




Tmax / Tg=0.5 [r’22 + (X1 +X’2) Szﬂ] /(X1 +X’2) 'y 8] -------—-- (iii)
Tmax / Tg=0.5[ 1+ ((x1 + X" 2)/r2) %] / [(x1 + X"2) / T'2)s
Substituting the value
2.75 = 0.5(1+ (5.56)*s%n) / 5.56 sp.
30.58 sp =1 +30.91 sy
S =0.989 +(0.978 — 0.129) / 2
=0.989 +(0.978 — 0.129) / 2
=0.989 +0.921/2
=0.905, 0.034
S = 0.034

(b) Pm =3 X [(V>sa’2)]/ [("2° + (X1 + X"2) s3]
=3X (V2 sa) / [1+ (X1 + X" 2)/17) sa] X 1/175

40 X 1000 = 3 X [(400 /N3)* X 0.034] / [1+ (5.56)* X 0.034] X (1/1’3)
Or 40 X 1000 = [(400)> X 0.034 / 2.051] X (1/r"y)
Or r’;=0.0663Q
r'5/ sq=0.0663 / 0.034 = 1.95Q
X1 +x’2=0.0663/0.18 = 0.3684 Q
Rotor copper loss = 31, ', =3 X [V2/ [(T"2/ sp)” + (x1 + x2)*]]1 X 175
=3 X [ (400 /3)*/ [(1.95)* + (0.3684)*]] X 0.0663
=2.694 kw
(c) Ts (half voltage) = (3/ws) X 21,
ns = (120 X 50) / 8 = 750 rpm
ws = 78.54 rad/s

Ts(voltage) = (3 / 78.54) X [(200 / V3)* / (0.0663)* + 10.3684)] X 0.0663

=241 Nm



(© T2y = VA3 [V{@2/ s0)" + (x1 + x72)"}]
= (400 /V3) /N{(1.95)" + (0.3684))
=1164 A
Now R’2(total) = 21’ =2 X 0.0663 = 0.1326€2
For full — load current, total impedance must be same.
Thus
(1.95)° + (0.3684)> = ((0.1326/s)” + (0.3084)")
Or 0.1326/s =1.9s
Or s =0.068
T(dev) = 3/78.54 X (116.4)* X (0.1326 / 0.068)
=1.95
=1009 Nm
9.44 Determine the slip at maximum torque and ratio of maximum to full load torque
for a 3 phase star connected 6.6kV, 20pole, 50 Hz induction motor has rotor resistance
of 0.12 Q and stand still reactance of 1.12 (). The motor speed at full load is 292.5 rpm.

a) Smax=0.12/1.12=0.107

b) Timax = (3/as ) X (0.5 V2 / (x5)?)
Ta= Blas) X (V21 ((V2/Sq )2 +(x2)?
N, = 1200 X 50 / 20 = 300 rpm
N =292.5 rpm
Sn = (300 —292.5) / 300 = 0.025
Therefore Tomax / Tn= 0.5 [((1r2'/ Su ) 2 +(x2) )] / Xa2(r2/ Sp1 )

=0.5[(0.12/0.025)* + (1.12)*] / 1.12 X ( 0.12/ 0.025 )



Tmax / Tn=0.5[23.04 +1.2544 1/5.376
=12.1472/5.376

Therfore Tyax / Ta=2.2595
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CHAPTER 10: FRACTIONAL-KILOWATT MOTORS

10.1 A 220 V, 50 Hz, 6-pole, single-phase induction motor has the following circuit model parameters:
rMm=36 2, (X, + %) =156 Q
r,=68 £, x=9% Q2
The rotational losses of the motor are estimated to be 75 W. At a motor speed of 940 rpm, determine

the line current, the power factor, the shaft power, and the efficiency.
Solution

_ 1,000-940 _
- 1000

= 0.06

The circuit model is drawn in Fig. P10.1

3.4/s = 56.7

3.4/(2-s) = 1.75

Fig [ 2101 ]

Z; (total) =j 48 || (1.8 + 56.7 + | 7.8) = | 48 || (585 + j 7.8)

35/54° = 206 + | 28.3

Zy (total) = j 48 [|(1.8 + 175+ | 7.8) = j 48 || (355 + j 7.8)
= 7.36.69.1° = 2.63 + | 6.88

Z (total) = (20.6 + j 28.3) + (2.63 + j 6.88)
= 2323 + j 35.18 = 42.16./56.6°

- 220 o
Im = 1216,56.6° 5.22/-56.6

I, =1,=522A, pf=cosb56.6°=0.55Ilagging
1", = 5.22/-56.6° x 1—48

m 58.5+ j 55.8

= 3.1£-10°

|7, = 5.22/-56.6° X #"8

m 3.55+ j 55.8

= 4.48/-53°
ng = 1,000 rpm; s = 104.7 rad/sec
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- W}J [(3.1)2 x 56.7 — (4.48)% x 1.75]

= 4.87 Nm
P, = 104.7 (1-0.06) x 4.87 = 479.3 W
Poit = 479.3 — 75 = 4043 W
P, =220 x 522 x 055 = 631.6 W

T

404.3
=616 O
10.2 A /4 kKW, 230 V, 50 Hz, 4-pole split-phase motor has the following circuit model parameters:
rm= 101 Q Xim = 116 Q
ra= 4030 Q X1 = 9.65 Q
x= 236 Q a=092 Q
r,=946 Q X, = 6.86 Q

Friction, windage and core loss = 45 W
(a) Calculate the starting torque and current of the motor.
(b) Calculate the performance of the motor at a dslip of 0.035 (the auxiliary winding is open-

circuited).
Solution
@ s=1
Zi = Z, =] 236 (946 + | 6.86)
=1134 £381°=892+ ) 7.0
— = 403 + j 9.65
a2z~ (0022 ) 9.69
=476+ j 114

Zio = % (476 + j 114 — 10.1 — | 11.6)

18.75—-j 0.1 = 18.75/1°

2 0.

o
N

Vo = @(1—Lj = 160.8./-47.4°

v = 230 . 3
Vi = 55 (1+ o.gzj = 169.8./47.4

Zim + Zt + Z1p = Zyq + Zy+ Z;, = 101+ j 116
+892+ 7.0
+1875—-j 0.1
= 37.77 + j 185 = 42.06.26.1°
Substituting in Egs (10.10 ) and (10.11)
[ _ 169.8/-47.4°x42.06/26.1°+169.8£47.4x18.75/1°
e (42.06)2 £52.2° — (18.75)2 £2°
. 8771/
~ 1,567£62.2

= 564608 =273 -] 4.89
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_ 160.8£47.4° x 42.06.£26.1° + 169.8./ — 47.4°% 18.75./1°
(42.06)2 £52.2°— (18.75)2 £2°

= M = 3.96,/-15.1° = 3.82 — j 103
T 15676220 UL T oo

ng = 1,500 rpm, s = 157.1 rad/s
_ 2 2 _ 2

To= o X 892 x [(5.6) - (3967

1.78 Nm
Tm = Ty +Tmp =273— ] 489 +382—j103=655— )59

L (T = Tow) =ﬁ (273 j 489 — 3.82 + j 1.03)

a7 a

=420-j 118
IL=Im+1a=655-]592
+420-j 118

=10.75-j 7.10 = 12.88/-33.4°
[ (start) = 12.88 A
(b) With reference to Fig. P10.2

s . 946 .
Zi = — .
f =] 236 (0.035 + ] 686)
=] 236 ||(270.3 + j 6.86) = 175.7£49.6° = 1139 + j 133.8
5 9.46 | .
Zp = 27
b =] 236 | (1.965 + ] 6.86)

=j 236 | (481 + j 6.86) = 8.14/56.1° = 454 + | 6.76

— _ 1 — —
Z(total) = zlm+§(zf +Zy)

= (101 + j 116) + % [(1139 + j 133.8) + (454 + | 6.76)]
= 69.32 + j 81.88 = 107.3249.7°

P _Vm=Vi_ 230
LT ™7 Z(totd) ~ 107.3249.7°
= 2.14/-49.7°

L =214 A pf =0.647 lagging
From Eg. (10.4),
| 2
m

2 (R-R)

_ (21492 113.9 — 4.54) = 1.59 N
= 2x1571 (1139 -454) = 159 Nm

T=
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Phn=(1-9 oT
= (1-0035) x 157.1 x 1.59 = 241 W
P, =230 x 214 x 0.647 = 3185 W

_ 241 _ o
N=38E - 75.67%
10.3 A 400 W, 220 V, 50 Hz, 6-pole, permanent capacitor motor has the following circuit model para-
meters:
rm= 92 Q Xim = 8.7 Q
ra= 155 Q X1, = 135 Q
x= 1385 Q
Zc = - 257 Q (series capacitive reactance in auxiliary winding)
a=125
r,=143 Q
X = 6.84 Q

The windage friction and core loss is 45 W.
(a) Calculate starting torque and current
(b) Calculate motor performance at s = 0.1.
Solution
@ s=1 With reference to Figs 10.3(a), (b) and (c)
Zi = Z, =) 1385 (143 + | 6.84)
= 15.034£31.2°
=1286+ j 7.79 Q

Zim =92+ j 87
Z15 = 155+ j 135 — j 257
=155 - j 2435
a? = (1.25)% = 1.5625

22 - 990 _j 1559
aZ

- 1(Za - ) 1 _ .
Zi = E(a_l;_ zlm)+§ (9.92 - j 1559 - 9.2 — j 8.7)

=036 —j 823 = 82.3£-89.7°

1{- . V.
Vi = E(Vm_J ala\/j

vi 1(- , . a
Vmb: E(Vm-FJE)

Vi = V, = 22020° V

x 220 (1- j 0.8) = 140.9,-38.6°

<l
3
|
N[

<l
3
o
|
N[

x 220 (1 + j 0.8) = 140.9.38.6°
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POWEREN.IR

Zim + Zt +Z1p =92+ | 87

+1286 + j 7.79

+036— 823

2242 — j 65.81 = 69.52/-71.2°

Zim + Zy + Zp = 69.52/-71.2°

Vinb (zlm +Z + Z12) +Virr Ziy

Ny
(Zlm +Z + le) (Zlm +2Zp+ le) -z3 D

D = (69.52%)£-142.4° = 3829 — j 2949
Z2 = (82.3)2/-179.4° = 6773 — | 71

2

12

= 2944 — | 2878 = 4,117/-44.4°

= 140.9/38.6° x 69.52/-71.2°
= 9795/-32.6° = 8252 — j 5277

Vi Z12 = 140.9/-386° x 82.3/-89.7°

= 11596,/-128.3° = —7187 — j 9100
1065 — j 14,377 = 14,416 /-85.8°

- _ Ny 14,416£-858°
D  4177/-44.4°
3.45/-41.4° = 259 — | 2.28

Z
N
1

Q= Vot (7Jm +Zy+ Z12) +VinpZ12 Ny
mf — — = —=
D D

Voot (Zin + Zp+ Zyp) = 140.9£-386° x 69.52£-71.2°

= 9,795,-109.8° = 3,318 — j 9,216

Vi Z12 = 140.9/386° x 82.3/-89.7°

= 11,596/-51.1° = 7,282 — j 9025
N; = 3964 — j 18,241 = 18,667./—77.7°
Pl 18,667/-77.7
mt T 4.117./-44.4°
=379 —j 249
Im = Tmf +Imp =379— ] 249
+259 - 228
=638—j 477
b oy
E (l mf =+ Imb) = E
=0.168 + j 0.96

=453/-33.3° A

(379 — j 249 — 259 + | 2.28)

la
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I (line) = Iy +1, =655—j 3.81 = 7.58/-30.2°A
27 x 1,000
ng = 1,000 rpm, W= @6y = 104.7 rad/s

T (R - AR)

= W%? [(453)2 x 22.4 — (3.45)% x 22.4]

——2X22'4 8.62 = 3.69 N
= 1047 X o. = o m

(b) s=0.1

2 143 _ _ rp 143 _
s T o1 MY 5TgTe T

Z; =j 1385 (143 + j 6.84); Z, =] 1385 (7.53 + | 6.84)
138.5£90°% 143.2£2.7° 138.5290° x 10.17.£42.3°
203.84£45.4° ' (7.53+ j145.34) =145.5/87°
= 97.29/47.3°; = 9.68£45.3°
Z; =6598+ ) 715 7, =681 + | 6.88
Zin+Zi +2Z12 =92+ ] 87

+ 6598 + j 715
+036— 823
= 7554 j 2.1
= 75.57/-16°
Zin+Zp+2Z1p =92+ | 87
+68L+ | 6.88
+036— 823
= 16.37 — | 66.72
= 68.70/-76.2°

Vit = 140.94-38.6% Vpp = 140.9/38.6°

Z1p = 82.3£-89.7°

N, = 140.9/-38.6° x 68.70£-76.2° = 9680,-114.8° = —4,060 — j 8787

7,282 -} 9,025

140.9438.6° x 82.3£-89.7° = 11,596/-51.1 = 3207~ | 17812 = 18101/-79°

D = 7557/-16° x 68.70/-76.2° = 5192/-78° = 1,080 — j 5,079
Z2 = (82.3)2£-17.9°.4° = 6,773 — | 71
2
12

D-2Z2 =7853-j 5008 = 9314/-32.5°
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Pl 18,101/-79.8° Lo a7 3
m =9 314,/-32.5° :

132 —j 142
N, = 140.9/386° x 75.57./-1.6° = 10,648/37.0° = 8,504 + | 6,408
140.9/-38.6° x 82.3/-89.7° = 11,596./-128.3° = —7187 — j 9,100

=1,317 — j 2,692
= 2,998/-63.9°
~ 2,998./-63.9°
lmb = m = 0.322/-31.4°
= 0.275 — j 0.167
Im=1Tm+Imp =132—j 142
= 0.275 — j 0.167

16— 159 = 225/-44.8° A

Aoty - i
I, = z—i(|mf-|mb)_E (132 —j 142 -028 + j 0.17)

=1+j083
lL=Tm+1,=169-j159+1+j0.83
2.67 — 0.76 = 2.78£-15.9° A
I, =278 A pf =0.96 lagging
Power input = 220 x 2.79 x 0.96
=589 W

Torque in syn watts = 2 (I,%lf R - I,%bRb)

= 2[(1.94)? x 65.98 — (0.322)? x 6.81]
= 4952 W
Mech. power developed = 495.2 (1- 0.1) = 445.7 W
Mech. power output = 445.7 — 45 = 400.7 W

_ 4000

— = 0,
=89 68.0%
_ 400.7 _
Torque output = 1047 - 3.83 Nm

10.4 Show that if the stator voltages of a 2-phase induction motor are V,, and V, with a fixed phase
difference of 90°, the starting torque is the same as for a balanced voltage of /v, v, per phase.
Solution
Zi(total) = (ry + jx;) Z;
Zp(total) = (ry + jx;) Zp,
Ats=1
Zi=Zp=2Z + R+ X
Z¢(total) = Zp(total) = Z (total)
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2 2
— &£ | _m_"a
T = wS(ZZ(total)j R
T = i Vm_Va ’
b= w, | 2Z(total)

_ _ 2 R 2 2
Te=T,-Tp= = ———— [(V,+ V)2 = (V,— V.
s f b R 4ZZ(totaI) [( m a) (m a)]

-2 g

" 05 Z2(totd)
Hence, balanced voltage for the same starting torque is

= VVm Va

Hence

10.5 For a 2-phase servo motor (with high resistance rotor), find approximate expressions for forward
and backward torques in terms of phase voltages (differing 90° in phase) and motor speed. Assume

stator impedance and rotor reactance to be negligible.

Solution

Vm +Va i Vm _Va
m= 5 Vinb = T

ry r
4= 5T Ros
fo 2 (VetVa (1) 2 Vi +V, V
7w, | 2r/s s | wfy 2

Vi -V,
2-5s
To = (Zrz’/(Z s)]( j a)srz( 2 j( )
s=1-— 20 , = motor speed @, = synchronous speed
s
Hence
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10.6 Show that in a 2-phase tachometer with high resistance rotor, the voltage induced on the open-
circuited phase (a) is proportional to rotor speed and leads the other phase (m) voltage by 90°.

Neglect the stator impedance and rotor reactance.

Solution
Imt = I (Magnetizing current is left out)
Vi _  Tzls 2-s
Vo 13/(2-s) S
\7mf +\7mb =\7m40°
- 2-s
Vmb(1+Tj =V
— VmS
or Vimp = %
i 2-sV.,s S
Vo = S22 m> _ -2
mf — Vm(l 2)
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CHAPTER 12: MOTOR CONTROL BY STATIC POWER CONVERTERS

12.1 A separately excited dc motor is fed from a 230 V, 50 Hz source via a single-phase full-converter.
The motor armature resistance and inductance are respectively 2 Q2 and 0.05 mH. The motor’s
torque constant is 1 NnVA and the voltage constant is 1 V rad/s.

If the current through the armature flows for 160° after the commencement of current flow at
o = 60° (causing discontinuous current operation), calculate the average voltage across the load,
the average current through the load and the torque developed. Assume @ = 150 rad/s.

Solution
The voltage waveform at motor terminals fed from a single-phase full-converter isdrawn in Fig. P12.1.

E, =150 x 1.0 = 150 V (motor induced emf)

V,= %“:jo+60°230ﬁsjn ot d(at) +WM}
= 130.65 V (average motor terminal voltage)
la :&g.e = 65.325 A
T,=65325 x 1
= 65.325 Nm
VA
ooy 200 2

360°

> wt

>l 20° 180°

«60%4 160°———»

Fig

12.3 Figure 12.3 shows a three-phase full-converter feeding a separately excited dc motor. The thyristors
arefired at intervals of 60° (Thy, Thg, Th,, Th,, Ths, Ths). Draw the voltage and current waveforms
for the firing angle o = 60°.

Derive an expression for the average motor terminal voltage as function of o.

The converter is fed from a 400 V, 50 Hz, supply. The rated motor armature current,
l,=50Aand R, =01 Q,L,=65mH and K, @ = 0.3 V/rpm. Calculate the no-load speed for
o = 30° assuming the no-load current to be 5 A.

Also calculate the value of o to obtain a speed of 1,600 rpm at rated current.
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Thy

I
3-phase Vp 0—>—4

()]
}L

Vg ©
supply B
Ve o
Th,] Ths | Thg _
Fis
Solution
With reference to the waveform of Fig. P12.3(a), firing instants of thyristors and output voltage
waveform (V)

Q) (B) ©
1 2 3 1

VY YV YL

WAVIN

V, A
Ucs :VaB Vac {Usc Ua iVcai Ucs! Vas

(6]
(o]
N
ol
{o)]

ot ‘ >
;:56+ u Y\7r/6 + o+ 7/3 t
Fig.| P12.3(a)
3 nl6+oa+ml3
V(o) = — (Va— vg)d (oot)

Tdrl6+a
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3J/6V

B Cos o (V = rms value of phase voltage)
Given a= 30°
3Xx+/6 x (400/+/3
V, = V6 ( \/—) cos 30°
T
= 467.82 V

E,= 46782 -5 x 0.1 =467.32V

No-load speed = 467.32
0.3

For speed of 1,500 rpm,
E,= 1,600 x 0.3 =480 V

V,=480+50 x 0.1 =485V

= 1,558 rpm

Now

6 % 400/+/3

or a=261°

12.2 A chopper circuit as shown in Fig. P12.2 is inserted between a battery, V. = 100 V and a load of
resstance R = 10 Q. The turn-off time for the main thyristor Th; is 100 us and the maximum
permissible current through it is 25 A. Calculate the value of the commutating components L and C.

Hint: (see page 837)

Th,
NV
LA

Yo~

C ::_

+ Th,

+ Ny
A

L

i

D

Fig. 2122
Solution

With Th, in conducting state as Th, isfired, the capacitor discharges viaR_and battery source, while
Th; behaves as an open circuit to C as it is conducting in the forward direction. The voltage of C
which is also the voltage across Th, changes according to the following equation.

1-2¢™ :
Vi, = Ve = Ve (T] (i)

For turn off in 100 us Vq,; must reduce to zero at the end of this period, i.e.
Vin, = 0= Vg (1 —2€7100 X 1079100) (if)
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which gives C =144 uF

With Th, turned off the capacitor voltage keeps changing till it is reverse charged as —V.. As Th;
is fired once again, diode D is positively biased by the capacitor and begins conducting so that the
LC resonant circuit oscillates through Th;. The maximum value of the oscillatory current is given as

ic(max) = Vg Co = Vg C/IWJLC = Vg, /C/L (i)
Hence the maximum current through Th; is
it (MaX) = Io + Vge/C/L (iv)
_ Ve
or 25 = R + Vg 4/C/L
L

Substituting values, we get
L =640 uH
12.4 A 4 pole, 3-phase, 400 V, 50 Hz, star-connected induction motor is fed from an inverter such that
this phase voltage is a six-step waveform. The motor speed is controlled by maintaining V/f constant
at a value corresponding to the rated voltage and frequency.
(a) Determine the expression for the fundamental and harmonics of the inverter output voltage
waveform.
(b) Calculate the dc input voltage required to feed the inverter for operating the motor at 60 Hz,
50 Hz and 40 Hz
(c) Calculate the firing angles if the dc input voltage to the inverter is obtained from a 3-phase
semi-converter fed from a 500 V (line-to-line), 50 Hz source while the inverter output corre-
sponds to 60 Hz
Solution
The output voltage waveform is drawn in Fig. P12.4.

T
3 w3 3

B VAR _ cosnot ”/3+2 _cosna)t 2
T 3n nJ, n

/3 /2
@ o, = i“ v sinnotd(en) + [ 2\, sn not d(wt)}
0 3

73

VR N
"~ 3w (1+ 0573 ) 2V,J3
The fundamental is given by Vie/3
ANje T\g | | 2n
= — > ot
Vo 3 (1+ cos 3) sin ot S P o
N gn ot
T

J2
Vou = V. (rms phase)

Fig
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(b) For 60 Hz output,

60 .
Vp =400 x £~ = 480V (line)

50
480_4V2
\/§ T dc
or V4 = 6156 V
For 50 Hz output,
40 _ V2
\/:-—)) T dc
or Vg = 513 V

For 40 Hz output,

v=400 x 20 =320V
50
320 _32,,
‘\/§ T dc
or Vg = 4104 V
(c) For a 3-phase semi-converter
3J/6V
Vdc 27 (1 + COS 06)
6 x (500/v3
or 513 = w (1 + cos )

1+ cos o= 152
o =587°
12,5 A single-phase bridge inverter of Fig. P12.5(a) with the quasi-square wave of Fig. 11.5(b) as output
(with an on-period of 5 ms) feeds a load of R= 8 Q in series with L = 0.044 H from a 200 V dc
source. The output frequency of the inverter is 50 Hz. Determine:
(&) Theload current waveform for the first two half-cycles. Also find expressions for the steady-state
current.
(b) The expression for the fundamental component of the load current from the general expression
describing the harmonic content of the output voltage waveform.
Remark: This output waveform of Fig. P12.5(b) can be obtained from the bridge inverter circuit of Fig.
11.5(a) by the firing sequence
Thy Th,, Thy, Thy, Th, Th,, Th, Th,,
also,
Vo :ﬂsinn—ésin n ot
nrz 2
Solution
f, = 50 Hz or 314 rad/s
Period = 20 m
ton=5m
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A ipp A pg

@
A
< 5>
4—5—»‘4—5
ﬁ >t (Ms)
5 —>
<——10
(b)
Fis
_ L _0044 _
T=R~ g -~ 55m
Period 1
i(1) = 2%0 (1- e = 25 (1 - et
= 14.93 A at the end of period 1
Period 2
i(2) = 14.93e¢!7
= 6.01 A at the end of period 2
Period 3

V,

, = —200 V
i(3)

25 + (25 + 6.01)e V*
-12.47 A at the end of period 3

Steady State Current
The steady-state current waveform is drawn in Fig. P12.5(a). It follows from this figure that
[(25 = (25 + lo)e ), - 5rd € hegms = loy
[(25 — (25 + 1g;) x 0.403] x 0.403 = Iy,
25 — 10.08 — 0.403l, = 2.48I,
lp =518 A
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(b) §=314 x 5 x 102 = 1.57 rad

4xzoosinl><157sin
Ixrm 2
=180sn314 t

Z=JR2+w?2L2 =16

oL
R
i, = 11.25 sin (314 t — 60°)

¢ = tan™ = 60°

ﬂ

POWEREN.IR

(25-30.18¢79

518 "
)/ \£ + oy

_/I

— (o]

k- 5ms »{<- 5ms >

—

Fig




	Untitled
	Untitled
	3.17
	 Pi = 80 W




