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Example 3.5
A three-phase step down transformer is connected to 6600 volt mains and takes a current of 24
amperes. Calculate the secondary line voltage, line current and output for the following connections
(i) Delta-delta (ii) Star-star (iii) Delta-star (iv) Star-delta. The ratio of turns of per phase is 12.
Neglect losses.
Solution:
Ratio of turns per phase = 12
Transformation ratio, K = %
(i) Delta-Delta connections:
In Delta connections, line voltage = phase voltage.
Primary line voltage = 6600
Primary phase voltage = 6600 V

Secondary phase voltage = 9600 = 550 v

]
Secondary line voltage = 550 V (Ans)
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EXAMPLE3.13 A transformer has its maximum efficiency of 0.98 at 15 kVA at upf: Compare its all-day
efficiencies for the following load cycles:

(a) Full load of 20 kVA 12 hours/day and no-load rest of the day.

(b) Full load 4 hours/day and 0.4 full-load rest of the day.
Assume the load to operate on upf all day.
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SOLUTION

Now

(@) P

(®) P

Ll 0.98 = L
T = BoR o RANEET
P,=0.153kW
2
0.153
e-f or 15y _ 018
P 20 F
P.=0272kW
Time, h Wy Pu=Py+ P+ P,
12 240 20+0.153+0272=20425
12 0 0+0.153=0.153
240 kWh
W 240
= v 7.2%
Melley = Ty " 269
Time, h Wy Pu=Py+ P+ P,
4 80 20+0.153+0272=20425
2
240 kWh

240
2456

Ty = =97.7%

Win
245.1

18
246.9kWh

Win
817

163.9
245.6kWh
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EXAMPLE3.14 Consider the transformer with data given in Example 3.7.
(a) With full-load on the LV side at rated voltage, calculate the excitation voltage on the HV side. The
load power factor is (i) 0.8 lagging, (ii) 0.8 leading. What s the voltage regulation of the transformer
in each case?
(b) The transformer supplies full-load current at 0.8 lagging power factor with 2000 V on the HY side.
Find the voltage at the load terminals and the operating efficiency.
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SOLUTION

(a) The HV side equivalent circuit of Fig. 3.26(a) will be used.

_ 2001000 _ o0
200

Vi=2000V,  I;=10A
Now Vig = Vi + I, Ry cos 6+ Xpysin 6);

V=200V, I

[0) cos ¢ = 0.8 lagging, sin 9= 0.6
Vi =2000+ 103 0.8 + 5.2 0.6) = 20552 V

2055222000
Volt lation = ——————— x 100 = 2.76%
tage regulation 00

(i) cos ¢ = 0.8 leading, sin 6= 0.6
Vi =2000+ 10 (3% 0.8 - 5.2% 0.6) = 19928V

L 1992.8-2000
Voltage regulation = ——— =2 x 100 = -0.36%
e e 2000

(b) Iy(full-load)= 100 A, 0.8 lagging pf
VL= Vi~ 11 (Rycos ¢ + Xy sin ¢)
=2000 - 10(3x 0.8+ 5.2 0.6) = 10448V
or ¥, = 19448V
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Efficiency

Output, Py = V1 cos §
19448 % 100 X 0.8 = 15558.4 W
Pross =Pi+Pe

P=120W (Ex.3.7)

P, =(107x3=300W
Pross =420 W
P p— YA
155584420

Example 3.14 is solved by writing the following MATLAB code.
cle

clear

0+1000;

v1=200;
v2=2000;
I11=5/V1;
12=5/V2;
Ri=3;
Xii=5.2;
Cosine-ph
Sin-phi=0.6;
VH=V2+12* (RH*cos ine-phi+XH*sin-phi)
Vreg= (VH-V2) *100/v2
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4% case?
VH=V2+12* (RH*cos ine-phi-Xii*sin-phi)
Vreg= (VH-V2) *100/v2

11-100;

V11=V2-12* (RH*cosine-phi+XH*sin-phi) ;
V1=v11/10

Ploss=120+10%10%3;
Pop=V1*Il*cosine-phi;

eff=(1-(Ploss/ (Ploss+Pop) )) ¥100

Answer:
VH = 2.0552¢+003

eff = 973715
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EXAMPLE 3.5 For the 150 kVA, 2400/240 V transformer whose circuit parameters are given in
Example 3.8, draw the circuit model as seen fiom the HY side. Determine therefiom the voltage regulation
and efficiency when the transformer is supplying full load at 0.8 lagging pfon the secondary side at rated
voltage. Under these conditions calculate also the HV side current and its pf.

SOLUTION
R(HV) =02+2x 107 x (10 =0.4Q
X(HV) =045 +45x 107 x (107 =09Q
‘The circuit model is drawn in Fig. 3.32.
Dy~ 220 55 05 pi g
am = a9 625408 pflagging
V=240V
L= % =62.5A, 0.8 pf lagging
3 =2400V
Voltage drop = 62.5(0.4 0.8 + 0.9 0.6)
Voltage regulation
¥y = 2400+ 53.75 = 2453.75 = 2454V
Pl = 150X 0.8 = 120 kW
Pfeoppertoss) = (62.5 % 0.4 = 1.56 kW
(a5
Pieore loss) = 1= 200 = 0.60 kW

Py =P+ P~ 060+ 156 =2.16 kW
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120
1" Goxzie B

_AS4L0°  245420°
0~ T0x1000 ' T6x 1000

.245—j 153 A

13 =625 (0.8 -/ 0.6)
T = To+Th =5025-/39.03
=63.63 £-378°A

1= 63.63 A, pf=0.79 lagging
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EXAMPLE3.16  The 2000/200-V, 20-kVA transformer of Ex. 3.7 is connected as astep-up autotransformer
as in Fig. 3.38 in which AB is 200 V winding and BC is 2000-V winding. The 200-V winding has enough
insulation to withstand 2200-V to ground. Calculate (a) the LV and HV side voltage ratings of the
autotransformer; (b) its kVA rating; (c) kVA transferred inductively and conductively; (d) its efficiency at

full-load 0.8 pf:

SOLUTION
. .
@ ¥, =2000V; 3
¥, =2000 + 200 =2200 V Iy B(a
0] b= 2";:““ ~100A * f . é V2
)

5-hL=10A;1=110A

It is therefore seen that a 20-kVA two-winding
transformer has a rating of 220 kVA as autotransformer, an
11 times increase.
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(©) kVA transferred inductively = Yi(Ai=T2) _ 2000 X100
1000 1000

kVA transferred coductively = 220 — 20 = 200
(d) With data given in Ex. 3.7;

Core-loss (excitation voltage 2000 V)

Full-load copper loss.

(L=100A, 1)~ ,= 10 A)

220W (Total loss)
Full-load output = 2200 x 100 x 0.8 = 176 kW
420
176000

It was shown in Ex. 3.11 that this transformer as a two-winding transformer has a full-load efficiency of
97.44%. The reason for such high efficiency (99.76%) for the autotransformer is s higher output for the same
excitation voltage and winding currents i.c., for the same losses.

n= =99.76%
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Line current = 3 x phase current

24
Primary phase current =
v N

Secondary phase current = ? x 12

Secondary line current = 3 x 2% x 12 =288 A (Ans)

[

N /3 x 550 x 288

Output = 1000

kVA=274.36 kVA (Ans)
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EXAMPLE 3.37 A 240/120V, 12 KVA transformer has full-load unity pf efficiency of 96.2%. It is
connected as an auto-transformer to feed a load at 360 V. What is its rating and full-load efficiency at

0.85 pf lagging?
SOLUTION 240 V/120 V, 12 kVA has rated currents of 50 A/100 A. It’s connection as an autotransformer as shown

inFig. 330
Auto-transformer rating = 360 x 100 x 10 =36 kVA

Itis 3-times 2-winding connection. - 100n .
‘As 2-winding connection, .
Output, P = 12x 1= 12kW gmv
i
= = 0.962 -
T Ren Lk . 1504
[ B asov
from which find full-load loss »
ooz a0 (1] e | G
R A
or i’w:f"_:l2xwo.‘l"‘ik\‘l [ n
B 0.962 0.962 - -
In auto connection full-load loss remains the same. At 0.85 pf Fig-339
Py =36x0.85 =30.6 kW
n= 1 =0.985 or 98.5%

0474
40474
306
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EXAMPLE 318 A 3-phase transformer bank consisting of three I-phase transformers is used 10 step-
down the voliage of a 3-phase, 6600 V transmission line. If the primary line current is 10 4, calculate the

secondary line voliage, line current and output kVA for the following connections: (a) Y/A and (b) A/¥. The
turns ratio is 12. Neglect losses.

SOLUTION

Iy =10A=py

[
(a) The /A connection is drawn in Fig. 3.56(a).

Vi Ves
Iy =10x12 P
Ia=120f3 f
6600 ol
Output kVA = /3 x — 1203 x— v;
tput VA = (Fx 20 T
=663 =1143 l
(b) The A/Y connection is drawn in Fig. 3.56(b).
10
I TgA )
J Fig.3.56
12x10
=" =6928A
N
Vor

Output KVA

120
ERNETT
114.3 (same as in part (a))
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EXAMPLE 3.19 A A/Y connected 3-phase transformer as shown in Fig. 3.57 has a voliage ratio of
22 KV (A)/345 KV(Y) (line-to-1ine). The transform is feeding 500 MW and 100 MVAR to the grid (345 k¥).
Determine the MVA and voltage rating of each unit (single-phase). Compute all currents and voltages of

both magnitude and phase angle in all the windings (primaries and secondaries). Assume each single-phase
transformer to be ideal.

Load
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SOLUTION
Load MVA, § =500+ 100

§=510
MVA rating of each (single phase) transformer =510/3 = 170
. 34513
Voltage rating of each transformer = =9.054
Let us choose voltage of star phase A as reference then
Star side 7y =Vay = \/ 2 £0°=1992 20°kV

7y =199.2 Z-120°KV, 7 =199.2 £-240° kV
Note: Phase sequence is ABC

Vg = Vy—Vp =345 230°kV

Ve =345 £-90° kV

Veq =345 £210°kV

7y = 200 3067 kA as S = 1e
T S
or T, =0.837-/0.167=0.853 Z-11.3°kA

0.853 Z-131.3° kA
Te =0.853 £-251.3° kA
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Delta side
Va 19.2

T =4 = goag L0 240KV

Fhe =22 £-120°KV

Vg =222-240°KV

T,p =9.054x 0.853 £-11.3°=7.723 £-11.3° kA

Tpe =7.723 Z-131.3°KA

T, =7723 £-2513°kA

T = Tp=The = V3 X 7723 Z(-11.3°-309) = 13.376 £-41.3°
T, = 13376 £(-120° - 113°)= 13376 £-1313°kA

=13.376 £(-240° - 11.3°)=13.376 £-251.3° kA

Note
It is casily observed from above that line voltages and currents on the star side lead those on the delta side
by 30°.
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EXAMPLE 3.20 Three I-phase 20-kVA, 2000/200-V transformers identical with that of Ex. 3.3 are
connected in Y/A in a 3-phase, 60 kVA bank to step-down the voltage at the load end of a feeder having
impedance of 0.13 + j 0.95 Qphase. The line voltage at the sending-end of the feeder is 3464 V. The
transformers supply a balanced 3-phase load through a feeder whose impedance is 0.0004 + j 0.0015 &/
phase. Find the load voltage (line-to-line) when it draws rated current from transformers at 0.8 lagging
power factor:
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SOLUTION  Figure 3.58 gives the circuit diagram of the system. The computations will be carried out on per phase-Y
basis by referring all quantities to the HV (Y-connected) side of the transformer bank.
LV feeder impedance referred to the HV side is

2
2000,/3
S00 | (0:0004:+/0.0015) =012+ 045 Qphase
0.13+0.95 Qlphase 0.0004 +/0.0015 Q/phase
3464 V = 20003 e T

Fig.3.58

The total series impedance of the HV and LV feeders referred to the HV side is
Zp=(0.13+/0.95) + (0.12 +/ 0.45)

25+ 1.4 Q/phase

From Ex. 3.5, the equivalent impedance of the transformer bank is referred to the HV side
Zr=0.82+j 1.02 Qphase Y

3464
Sending-end feeder voltage = N 2000 V/phase Y

Load current on the HV side = rated current of transformer
0 A/phase Y
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It is now seen that the equivalent circuit for one phase referred to the Y-connected HV side is exactly the same as in
Ex. 3.6, Fig. 3.20. Thus the load voltage referred to the HV side is 197.692 V to neutral. The actual load voltage is
197.688 V., line-to-line (since the secondaries are A-connected).

PUmethod In such problems it is convenient to use the pu method. We shall choose the following base values:

3x20
(MVA) = Tog0- =006
Voltage base on HV side =23 kV (line-to-line)

2KV (line-to-line)

Voltage base on LV side =

Note

The voltage base values are in the ratio of line-to-line voltages (same as phase voltages on equivalent star basis).
0.06

(0.2)%

=(0.06+0.225) x 10’2

Z (LV line) (pu) = (0.0004 +j 0.0015) x

Z» (HV line) (pu) = (0.13 +5 0.95) x —=5

(ZJ )

=(0.065 +0.475) x 102
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d 082+ 1.02
Zp (star side) (pu) = (0.82+ 1.02) x — =5 z\f)

=(0.41+/0.51)x 102

Note: Suppose the transformer impedance was given on the delta side

_ . 200 \*
Zr (deltaside) = | 350-| x (082+71.02)
=(0.82+/ 1.02) x 102 © (delta phase)

Equivalent star impedance = l(o.z;z +j1L02)x 102 Q

(pu) = 0.06 ><1(032+'102)><10’z
Zr 0273 O J L

= (0.41+5051)x 10~ (same as calculated above)
Z (total) (pu) = 0.06 +5 0.225
0.065 +0.475
0.41+/051

(0.535+j1.21)x 1072

¥, (sending-end voltage) = 2.3 KV (line) or 1 pu
1 (= rated current) = 1 pu; pf=0.8 lag
V3 (load voltage) = 1 — 1 (0.535x 0.8+ 1.2x 0.6) x 102
=0.98846 pu
=0.98846 x 200 = 197.692 V (linc)
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EXAMPLE 3.21  Three transformers, each rated 20 kVA, 2 kV/200 V, are connected A/A and are fed
through a 2000 V (line-to-line) 3-phase feeder having a reactance of 0.7 phase. The reactance of each
transformer is 0.0051 pu. Al resistances are to be ignored. At its sending-end the feeder receives power
through the secondary terminals of a 3-phase Y/A connected transformer whose 3-phase rating is 200 kVA,
2072 KV (line-to-line). The reactance of the sending-end transformer is 0.06 pu on its own rating. The
voltage applied to the primary terminals is 20 kV (line-to-line).

A 3-phase fault takes place at the 200 V terminals of the receiving-end transformers. Calculate the fault
current in the 2 KV feeder lines, in the primary and secondary windings of the receiving-end transformers
and at the load terminals (200 V terminals).

SOLUTION  Choose a common 3-phase base of 60 kVA. Line-to-line voltage bases are in ratio of transformation
20kV :2kV:200 V. It is observed that

60
i = 0
X (sending-end®) = 0.06 x 5 = 0.018 pu

For the 2 kV feeder

2000
Va=~Jz = 11547V (ine-to-neutral)
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(ii) Star-Star Connections:
In star connections, line voltage = /3 x phase voltage

Also, line current = phase current.

. 6600
Primary phase voltage = —=
ry pl ag ]
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60 x 1000

————— = 1732 A, phase Y
3 %2000

I=

Zy=

= 66.6 Qphase Y

17.32

Kister = 2 ~0.0105
fcder = g g = 0-0105 pu
Xy (receiving-end*) = 0.0051 pu

Total reactance from the sending-end to the fault point (on the secondary side of the rec
0.018+0.0105 +0.0051 = 0.0336 pu

20
Sending-end voltage = 5 = 1.0 pu

0.0336
The current in any part of the system can be casily computed as below:
Current in 2 kV feeder =29.76 x 1732 = 5154 A
Current in 2 kV winding of A/A transformer = 51533 =297.56 A
Current in 200 V winding of A/A transformer = 297.56 x 10 =2975.6 A
Current at load terminals = 2075.6,f3 =5154A

Fault current = =29.76 pu
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EXAMPLE 3.22 A 3-phase bank of three single-phase transformer are fed from 3-phase 33 kV (line-
line). It supplies a load of 6000 kVA at 11 KV (line-to-line). Both supply and load are 3-wire. Calculate i
voltage and kVA rating of the single-phase transformer for all possible 3-phase transformer connection.

SOLUTION

1. Star-Star connection

Primary-side phase voltage, Vp; = % =19.05kV

11
Secondary-side phase voltage, Vps = 7= =635 KV

Transformer voltage rating = 19.05/6.35 kV
6000
KVA rating = —— =2000
2. Star-Delta connection
Vo =19.05 KV, Vpp = 11 kV.

Transformer rating = 19.05/11 kV, 2000 kVA
3. Delta-Star connection

Transformer rating = 33/6.35 kV, 2000 kVA
4. Delta-Delta connection

‘Transformer rating = 33/11 kV, 2000 kVA
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EXAMPLE 3.23 4 6.6 kV//400 ¥, 75 kVA single-phase transformer has a series reactance of 12%
(0.12 pu).
(a) Calculate the reactance in ohms referred to LV and HV sides.
(b) Three such transformers are connected in Star-Star, calculate (i) the line voltage and kVA rating,
(ii) pu reactance of the bank, (iii) series reactance in ohms referred to HV and LV sides
(c) Repeat part (b) if the bank is connected star on HV side and delta on LV side.

SOLUTION
@ ou - X@MVA
a u) = ————
P )
HV side
X(Q)x75x1072
012= —5—
(6.6)
0.12x(6.6)°
X@)= L,? = 69.696 Q
75%10
LV side
X(Q)x75x1072
012=— 55—

(0.4)%
X(Q) =0256Q
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(b) Star-Star connection
(i) Line voltage
HY 663 ~1143kV
LV 4003 - 6928V
Rating =3 x 75~ 225 kVA
X(QMVAG-phase)  69.696x225x 10~

- Xew= (kv (line))? (6.643) cor
(iii) HV side
X(Q) = 69.696 Qphase
LV side

X(Q) - 0256 Qphase
(©) Star-Delta
(i) Line voltages
Starside 6.6.f3 = 11.43kV,
Delta side 400V
Rating =3 x 75~ 225 kVA

(i) X(pu) = 0.12

(iii) Starside X = 69.69 Q/phase
Delta side X = 0256 Q/phase
X(pu), calculated from delta side

_ (0256/3)x225%107

How 0.4
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EXAMPLE 3.2 A 600-kVA, single-phase transformer with 0.012 pu resistance and 0.06 pu reactance is
connected in parallel with a 300-kVA transformer with 0.014 pu resistance and 0.043 pu reactance to share
aload of 800 kVA at 0.8 pf lagging. Find how they share the load () when both the secondary voltages are
440 V and (b) when the open-circuit secondary voltages are respectively 445 V and 455 V.
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SOLUTION
(a) The pu impedances expressed on a common base of 600 kVA are

7, —0.012+/0.06 - 0.061 £79°
7y ~2(0.014+0.045) - 0.094 £73°
Zi+7, —0.04+/015-0.155 £75°
The load is
5. —800(0.8—0.6) ~ 800 £-37° kVA
From Eqs (3.86) and (3.87)
5 —8002 370x LOBL 45/ 390377 3052
0.155275°
5 =300 £370x QOLED _ 315/ 3302264 1716

0.155275°

It may be noted that the transformers are not loaded in proportion to their ratings. At a total load of 800 kVA,
the 300 KVA transformer operates with 5% overload because of its pu impedance (on common kVA base) being
less than twice that of the 600 kVA transformer.

‘The maximum VA load the two transformers can feed in parallel without any one of them getting overloaded
can now be determined. From above it is observed that the 300 kVA transformer will be the first to reach its full-
load as the total load s increased. In terms of magnitudes

0061
0.155

Sy(max) = Syrated) = 300 kVA
300x0.155
0.061

while the sum of the ratings of the two transformers is 900 kVA. This is consequence of the fact that the transformer
impedances (on common base) are not in the inverse ratio of their ratings.

§y(max) 7623KVA
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(b) In this case it is more convenient to work with actual ohmic impedances. Calculating the impedances referred to
secondary

440

7 (actual) = (0.012+7 0.06) x o =0.0039 +70.0194
=0.0198 £79°

7, (actual) ~ (0028 +70.09) x — 2% _0.009-+70.029

2 (actual) = (0. J0.09) % <o Toop 0009 +J 0.
=0.0304 £73°

Zi+7y =0.0129 +/0.0484 = 0.05 £75°

“The load impedance 7, must also be estimated. Assuming an output voltage on load of 440 V,
VT x 107 = (721Z;) x 107 =800 £-37°
_ (440)°
L 800x10°2-37°
1936+ 0.1452

0242 £37°
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From Eqs (3.98) and (3.99)
_ 44500304 £73° =10 % 0.242.£37°
L G019 2797 x 0.0304 27375 0242 37X 0.05 2757
~940 L34° A
_ 445 00198 £79° =10 % 0.242.£37°

2 0198 2797% 00304 273 + 0242 37X 003 757
~883 L44°A
‘The corresponding kV As are

5 —440x 940 x 107 £-34° ~ 413.6 £-34°
5y — 440 883 x 10 £-4444° 388 £ 44°
‘The total output power will be
413.6 cos 34° + 388 cos 44° — G215 kW
‘This is about 3% less than 800 x 0.8 — 640 kW required by the load because of the assumption of the value of the
output voltage in order to calculate the load impedance.
‘The secondary circulating current on no-load is
BB _-lo
1Zi+Z) 005
which corresponds to about 88 kVA and a considerable waste as copper-loss.

~200A
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EXAMPLE 3.25 The primary, secondary and tertiary windings of a S0-Hz, single-phase, 3-winding
transformer are rated as 6.35 kY, 5 MVA; 1.91 k¥, 2.5 MVA; 400 ¥, 2.5 MVA respectively. Three SC tests on
this transformer yielded the following results:
(i) Secondary shorted, primary excited: 500 V; 393.7 A
(ii) Tertiary shorted, primary excited: 900 V; 393.7 A
(iii) Tertiary shorted, secondary excited: 231 V, 21 312.1 4
Resistances are to be ignored.

(a) Find the pu values of the equivalent circuit impedances of the transformer on a 5 MVA, rated voltage
base.
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(b) Three of these transformers are used in a 15 MVA, Y-Y-A, 3-phase bank to supply 3.3 kV and 400 V
auxiliary power circuits in a generating plant. Calculate the pu values of steady-state short-circuit
currents and of the voltage at the terminals of the secondary windings for a 3-phase balanced short-
circuit at the tertiary terminals. Use 15 MVA, 3-phase rated voltage base.

SOLUTION
(@) Letus first convert the SC data to pu on 5 MVA base/phase.
For primary, Vp = 635KV
5000

Iy= == ~T814A
35

For secondary, Vp=191kV

5000
In= gy ~26178A
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6600

Secondary phase voltage =
e = Bxn
’ 6600
Secondary line voltage = /3 x =550 V (Ans)
Y N JEx12 @

Primary line current = 24 A

Secondary line current = 24 x12 = 288 A (Ans)

/3 x 550 x 288

Output in kVA = R

=274.36 kVA (Ans)
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Converting the given test data to pu yields:

Test No. Windings involved v 1
1 Pands 00787 05
2 Pand T 01417 05
3 Sand T 01212 05
From tests 1.2 and 3, respectively. 0.0787
00787
Xip= =5 ~015T4pu
01417
Xig = =5 —02834
0.1212

Xy - = -02424
= =05 pu
From (3.103) - (3.105)

X; = 0.5(0.1574 +0.2834 - 0.2424) — 0.0992 pu
X = 0.5(0.2424 + 0.1574 - 0.2834) — 0.05825 pu
X3 = 0.5(0.2834 +0.2424 - 0.1574) ~ 0.1842 pu
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(b) The base line-to-line voltage for the Y-connected primaries is /3 x 6.35 = 11 kV, i.. the bus voltage is 1 pu.
From Fig. 3.62, for a short-circuit at the terminals of the tertiary, ¥; = 0. Then
o 10
XXy Xy 02834

~353pu

SC current primary side — 3.53 x 787.4 = 2779.5 A
SC current tertiary side - 3.53x 201900 _ 76104 A qi 1t
ety side =3.53 o 7 (line current)

Neglecting the voltage drops due to the secondary load current, the secondary terminal voltage is the voltage at
the junction point A (Fig. 3.63), i.e

s Xy =3.53 % 0.1842 = 0.6502 pu
0.6502% 1.91,3 =2.15KkV (line-to-line)
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EXAMPLE3.26  Two single-phase firnaces A and B are supplied at 100 V by means of a Scott-connected
transformer combination from a 3-phase 6600 V system. The voltage of furnace A is leading. Calculate the
line currents on the 3-phase side, when the fiurnace A takes 400 kW at 0.707 pf lagging and B takes 800 kW

at unity pf.
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SOLUTION  With reference to Fig. 3.64(a)

Fumnace currents are





image132.png
Fumnace Voltages and currents are drawn in the phasor diagram of kig. 3.69(a).

v, |
|
s, |
495 |
. —lgc=1212 ! lgc=1212
v, y = i
bV, $/ |
Ic |
|
@ ®)
Fig. 3.69
On the 3-phase side
368
4S8
8000

Ihe = ~eg ~1212A

From the phasor diagram of Fig. 3.69(b)
Ty —1212-49.500.707 +0.707)

~862-j35
or Ty =93A
To = 121.2+49.5(0.7070.707)
~1562-j35

or Ie=160A
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EXAMPLE3.27 A 250 A/5 A, 50 Hz current transformer has the following parameters as seen on 250 A
side

X, =505 1, X5 = 551 42, X, =256 mQ
R, = 1092, Ry = 10219
(a) The primary is fed a current of 250 A with secondary shorted. Calculate the magnitude and phase of
the secondary current.

(b) Repeat part (a) when the secondary is shorted through a resistance of 200 u2.
SOLUTION

(a) The equivalent circuit with secondary shorted is drawn in Fig. 3.75.

I R, X A X

I
- T ——s A
3
2%,
2
3
. -
N 250
N
Fig.3.75

By current division
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<A

z j256%10°
__Jxexle
109+ j(551+256 10°)

256

B 20 250A
2= 25651280975 | ¢

Bt sn- (R he Loasesa
2 2seszsoors T M) 5

1,=4989 A phase = 0.025° (negligible)
5-4.989
Ertor = ——— x 100=0.22%

2

=200 € in series with R4, X3 Ry = (%] X200 =0.08 4@

- j256%10°

Be— I, os50a
(109 +0.08) + (551 +256 x10°)

Bo o8O0 s 4080 L0025t
2~ Bsessizsors O .

No change as R} = 0.08 uQ is negligible
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EXAMPLE3.28 4 6000 /100, 50 Hz potential transformer has the following parameters as seen fiom
HV side.

R=780Q X, =975Q  X,=443kQ
R =907Q X5 =1075Q
(a) The primary is excited at 6500 V and the secondary is left open. Calculate the secondary voltage,
magnitude and phase.

(b) The secondary is loaded with 1 k 2 resistance, repeat part (a)
(c) The secondary is loaded with 1 k 2 reactance, repeat part ()

SOLUTION  The potentiometer equivalent circuit as seen from HV side is drawn on Fig. 3.76.

L atio, ML _ 6000
e N, T oo
(a) Secondary open; Zy=e
71 =6500V
(X
Vi wex )
j443x10°
vy = ————— %6500

27 780+ 443107
V3= 120.1°% 6500 = 6500 £0.1°V
Ny

72=6500x [7] =108V, Z0.1°
M
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+e

Fig.3.76
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(iii) Delta-Star Connections:

Primary phase voltage = 6600 volts

Secondary phase voltage = % =550V

Secondary line voltage = v/3 x 550 = 952:63 V' (Ans)

. 24
Primary phase current = ==
e &

Secondary phase current = % x12 =11627 A

Secondary line current = 116.27 A (Ans)

V3 %952 63 % 166 - 27

Output in kVA = T

=274:36 kVA (Ans)




image137.png
(b) Zy =Ry =1 kW, R} = (60)° x 1 =3600 kQ

As R is far larger than R and X}, we can ignore RS, X’
Then

2

Jj443x3600 . R
Zy = 36(10+j4473 =439.7 £83°=53.6 +j436.4 kQ
(Ry+j X))+ Z,, =(0.78+/0.975) +(53.6 +/ 436.4)
=54.38 +j473.4 = 440.77 £82.9°kQ
I ],
R+ jX)*Z, |
439.7483°
———————| x 6500 = 6484 £0.1°
440.77£829°

=7, =6484 £0.1°V

6484
V3= === =108.07V ; phase 0.1°
60
Exact value should be % =10833
10833-108.07
Error = —————— =026%

10833
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© Zy =jXp: Xy = 1KQ

Z}, =/ 3600 kQ

Ignoring R, X in comparison

443 % 3600

443 +3600

(Ry+jX)+ Z, =(0.78+0.975) + 394.45 = 078 + 395.425
=395.426 £89.89°

7, =j 443113600 =j39445kQ
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o AL oo
V2T = 39542628989 om0

6484
Va= =gy~ = 10807, phase 0.01°

¥ is same as in resistive load (part (b) except for change in phase. In any case phase is almost zero.
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EXAMPLE3.29 A transformer has turn ratio of a = 10. The results of two open-circuit tests conducted
on the transformer are given below:

(a) The primary on application of 200 V draws 4 A with secondary open circuited which is found to have
avoltage of 1950 V.
(b) The secondary on application of 2000 V draws 0.41 A with the primary open circuited.

Calculate L; and L and coupling coefficient. What is the voltage of primary in part (b).

SOLUTION

2:—“ =50Q, X, =2xfL

(@) X,

Li= Srrsp ~O159H

1950 = 2 7 Nofnar = /2 TWinax

1950

Vinan = =878 Wb-T
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Wimax 8.7
- -155H
i(max)  V2x4
® 1= 2 7 Nabax = 2 7 Wi
Y gy = (2 X042 155
ip(max)
Ey= J2ax50% |2 x041x 155=199.6 A
L, 200 1
27 J2rxs0 J2x041
1.55

Coupling coefficient, =0986

~ Jo159x1553
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EXAMPLE3.30 A 150 kVA transformer 2400/240 V rating has the following parameters:

R =2x10°
L5 x 107
.6k (referred to HY)

Calculate the leakage inductances, magnetizing inductance, mutual inductance and self-inductances.
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SOLUTION

Ny _ 2400
N, 240
X =220 = 22 107 2001433 mH
314
-
Xy =21 fh, b= A3X107
314

Magnetizing inductance
20 f Lyt =Xy =1.6% 10°
Ly =5.006 H
Selfinductances
=L~ Ly

Ly =5.096+0.01433x 107

Lyt =aM, M =2 ~05006 H
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ber,- M
A

0.509%
10

Ly=h+ M orazzxi07+
o

=0.05098 H

0.509

M
L, 509 x005098

.09998 = 1

Coupling factor
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EXAMPLE3.31  Solve Problem 3.8 using Matlab*. Also calculate % voltage regulation and 1 at full load
and 0.8 pf lagging.

SOLUTION  Steps for computing circuit model parameters, voltage regulation and Efficiency at full load for a
Transformer using MATLAB.

Open-CircuitTest  The equivalent circuit as seen on open-circuit test is given in Fig. 3.23(b).

Applied voltage = ¥/ (rated) Current drawn = 10
Power input = Iy
Power input = Py = P, (core loss)

Short-Circuit Test  The equivalent circuit as seen during short-circuit test is drawn in Fig. 3.23(b).

Applied voltage = ¥,. (a fraction of rated value)
Current drawn = I, (nearly full load valuc)
Power input = P,. = P, (copper loss)





image146.png
Voltage Regulation

voltage drop
Tated secondary voltage at full load and specified pf

% voltage regulation = 100
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(@) Star-Delta connections:
i 6600
Primary phase voltage = ——
B N V3

Secondary phase voltage = 9600 5 L _317.54 v (Ans)

B 12

Secondary line voltage = 317-54 V' (Ans)
Primary line current = primary phase current = 24 A (Ans)
Secondary phase current = 24 x 12 =288 A

Secondary line current = /3 x 288 = 498-83 A (Ans)

V331754 % 498 - 83

Output in kVA = T30

=274.36 KVA (Ans)
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_ I(Rcos ¢ X sin 9)

or, VR
€]

 100; + for lagging pf:

— for leading pf
where = secondary current

R = equivalent resistance referred to secondary

X = equivalent reactance referred to secondary

= power factor angle

Eficiency at full load

Full load output x 100

Efficiency at full load = bt + Core loss + Copper loss at full load

P
Perer <10
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MATLAB PROGRAM

2=50000;
V1=2200;
v2=110;
v0=110;

10=10;

20=400;

¥0=10. /0
Gi=P0./(V0"2)
Bm=sqrt (Y0°2-C
Vse=90;

~2)

z=Vsc./Isc
R=Psc./Isc"2)
X=sqrt (2°2-R"2)
TR=2200/110;
Gi_HV=Gi./(TR*2)
Bm_Hu=En. / (TR°2)
R_LV-R./ (TR°2)

X _LV=X./(TR°2)
12=pP./V2

pE=0.8;
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Th=acos (p£)

dV=12.* (R_LV. *cos (Th) +X_LV.*sin(Th))
VR=(aV./V2) *100

0

Pe=psc
EFF_Full_load=(2*100) ./ (P+Pi+Pc)
yo =

0.0909
Gi

0.0331
Bm =

0.0847
z=

4.3902

1.9227

3.9468

Gt =
8.2645e-005

Bm_HV =
2.1171e-004
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RV =
0.0048

X W=
0.0099

12

1454.5455
Th =

0.6435
av =

1.4389
VR =

14.0354

400
Bc =
808
EFF_Full_load =
97.6410
‘Note: For manual solution, refer solved Problem 3.3 of the Authors’ book [76].
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Example 3.1

Relevant dimensions (in mm) of a 31.5 MVA, 132/33 kV, 50 Hz, Ydl
transformer are indicated in Figure 3.10. The value of volts/turn is 76.21. The
transformer is having 0% to +10% taps on the HV winding. It is having a linear-
type on-load tap changer; 10% tapping turns are placed symmetrically in the
middle of the HV winding for giving the total voltage variation of 10%. It is
required to calculate the leakage reactance of the transformer at the nominal tap
position (corresponding to the HV voltage of 132 kV) by the classical method
and the FEM analysis.
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Solution:

‘We will calculate the leakage reactance by the method given in Section 3.1.3 as
well as by the FEM analysis.

1. Classical method

At the nominal tap position, TAP winding has zero ampere-turns since all its
turns are cut out of the circuit. This results into an unequal AT/m distribution
between the LV and HV windings along their heights.

s
Y current = — X1 13796 4.
BBx132x10
3
By tums = B290Y 000 anq 1y ms = 3300 g3

76.21 76.21
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The HV winding is replaced by a winding (HV1) with uniformly distributed
ampere-turns (1000 turns are distributed uniformly along the height of 1260
'mm) and a second winding (HV2) having the distribution of ampere-turns such
that the superimposition of the ampere-turns of both the windings gives that of
the original HV winding.

We will first calculate the reactance between the LV and HV1 windings
by using the procedure given in Section 3.1.

T,=70cm, Ty=50cm, 7;=10.0cm, H,=1260cm.
Equations 3.18 and 3.1 give
Ky =0944 and H,, =H, /K, =126/0.944=1334 cm .

The term ZATD is calculated as per Equation 3.17,

ZATD:%x7,0x67,6+5,0x79,6+%xl0,0X‘M,G:X?l,l cm?.
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Impedance Characteristics

23 70 50100} ol [o] .} $
5600, Hvl§ 1260 w| v 4 ¥ fums{| \0.05
D Loyl e B s | P
I ) T ™
1 ums|  fums| F [S0 Nigo
HY| 567* ;‘S turns
1010 Hv2

Figure 3.10 Details of the transformer in Example 3.1.

The leakage reactance can be calculated from Equation 3.16 as

(137.78x1000)
133.4x76.21

Xiy vt =248x1075 x50 X871.1=14.64% .

The winding HV2 is made up of two sections. The AT diagram for the top
section is shown in Figure 3.10. The section has two windings, each having
ampere-turns of 0.05 per-unit [=(50x137.78)/(1000x137.78) ]. For this section,

1,=56.7 cm, Tg =0.0cm, 7, =63 cm, H, =10.0cm.
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It is to be noted here that the winding height for the calculation is the dimension
in the radial direction, which is equal to 10.0 cm. Equations 3.18 and 3.1 give

Kp=0213 and H,, =H, /K, =10/0213=47.0cm .

The term ATD is calculated for each part using Equation 3.12, the
corresponding values of @ and b, and the mean diameter of the HV winding,

ZATD —ﬂxo 05° ><94.6+0.0><0.051><94.6+%xo.os2 x94.6=5.0..

The leakage reactance of the section can be calculated from Equation 3.16 as

(137.78x1000)
47.0x7621

Xg=248x1075x50x x5.0=024% .

The HV2 winding comprises of two such sections connected in series. Hence,
the total reactance contributed by the HV2 winding is two times the reactance of
a single section as explained in Section 3.1.2.

- Xy =2X024=0.48% .
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Therefore, the fotal reactance is
X=Xy g1 + Xy =14.64+0.48=15.12% .

2. FEM analysis

The analysis is done as per the steps outlined in Section 3.4. The winding to
yoke distance is 130 mm for this transformer. The stored energies in the

different parts of the geometry as given by the FEM analysis are:

LV winding: 4387
HV winding 7737
HV winding - center gap: 877
‘Remaining portion: 12057

The energy stored in the core is negligible; the total energy obtained is 2503 J.
Using Equation 3.24, the leakage inductance is calculated as

S BB e
137.78)
The value of the base impedance is
=——=553.1Q
100 = ZEX50X0264 156 _15.0%.
5531

‘Thus, the values of the leakage reactance given by the classical method and the
FEM analysis are in close agreement.
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Example 3.6
Athree-phase, 50 Hz, core type transformer is required to be built for a 10000/500 V ratio, connected in

star/mesh. The cores are to have a square section and the coils are to be circular. Taking an induced emf
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Example 3.2

Calculate the leakage reactance of a transformer having 10800 ampere-turns in
each of the LV and HV windings. The rated voltage and current of the LV
winding are 415 V and 300 A, respectively. The two windings are sandwiched
into 4 sections as shown in Figure 3.11. Relevant dimensions (in mm) are given
in the figure. The value of volts/turn is 11.527. The mean diameter of the

windings is 470 mm.
Solution:

The leakage reactance will be calculated by the method given in Section 3.1.2
and the FEM analysis.
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Figure 3.11 Details of the transformer in Example 3.2

1. Classical method

‘The whole configuration consists of four sections, each having 1/4 part of both
the LV and HV windings. For each section.

L=22em T,=20cm T,=

‘Equations 3.18 and 3.1 give
Ky =0767 and H,,=H,[Kz=9/0767=117 cm_

Scm, H, =90 cm

‘The term ZA]D is (Equation 3.17)

>4 ;xzzxﬂ 0+2.0%47. 0+%x15x47 0=167.6

The leakage reactance befween the LV and HV windings can be calculated from
‘Equation 3.22 with 4 sections,

% =248x10 x50x—12800__ 1y1676-416%

117x11527 4
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2. FEM analysis

The geometry as given in Figure 3.1 is modeled and an analysis is carried ou
according to the steps outlined in Section 3.4. The stored energy in the differen
parts of the geometry is:

LV (all 4 parts): 1447
HV (all 4 parts): 1.66 7
Remaining portion: ~ 5.26 T
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The total energy is 8.36 J. Using Equation 3.24, the leakage inductance is
calculated as

_2x836
(300)*
‘The base impedance value is

=0.000186 H.

7, - Ratedvoltage _ 415 _ o

" Rated current 300

_ Z”XSOXLXIOOZ Zﬂ><50><0.000186><100:413%_

z, 138
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Example 3.3

Find the voltage drop between the terminals of a three-winding transformer,
when the load on the IV winding is 70 MVA at 0.8 lagging power factor, and the
load on the LV winding is 30 MVA at 0.6 lagging power factor. The transformer
data is:
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HV (1) — W IV (2)
(220KV), 0.1375% -0.25% (66kV)

22—
0.1625% 15.25%

WLV ()
0.1875% 10.75% (11KV)

1

Figure 3.14 Star equivalent circuit and regulation (Example 3.3).

Rating: 100/100/30 MVA, 220/66/11 kV/
Results of short circuit tests referred to 100 MVA base:

HV-IV : R_,=030%, X,,=15.0%
HV-LV : R 3=035%. X;;=260%
IV-LV : R, ;=0325%, X, ;=10.5%
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Solution:

The star equivalent circuit derived using Equations 3.47 to 3.52 is shown in
Figure 3.14. It is to be noted that although the HV. IV and LV windings are
rated for different MVA values, for finding the equivalent circuit, we have to
work on a common MVA base (in this case it is 100 MVA).

‘The IV winding is loaded to 70 MVA; let the constant K, denote the ratio

of the actual load to the base MVA,
K, =70/100=0.7.

Similarly, for the LV winding which is loaded to 30 MVA,
K;=30/100=0.3.

‘The voltage drops for circuits 2 and 3 are calculated using Equation 1.65,

£, =K, (R, 036, + X, sin8,) =0.7(0.1375x 0.8 +(~0.25)x0.6) = —0.03%
€5 = K3(Rs cos6; +X; sin 6) = 0.3(0.1875% 0.6 +10.75%0.8) = 2.61%.
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The effective power factor (cos6;) and the effective load taken as a fraction
(K,) of the base MVA for the primary (220 kV) circuit are determined by

solving the following two equations:

K, c0s6, =K, c0s6, + K c0s6; =0.7x0.8+0.3X0.6=0.74 (3.53)

K,siné =K, sin6, + K, sin6; =0.7x0.6+0.3%0.8=0.66 (3.54)
Solving these two equations we obtain

K, =099, cosf =0.75, sin6, =0.67.
Therefore, the primary circuit voltage drop (regulation) is

& =K (R, cos, + X, sin6) =0.99(0.1625%0.75+15.25x0.67)=10.23% .
Now, the voltage drops between the terminals can be calculated as

£ =6 +6,=10.23+(-0.03)=10.2%

£ 3 =6+ =1023+2.61=12.84%

£ 3=—6+6=0.03+2.61=2.64%.
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While calculating &,_;, a minus sign is used for &, as the drop in the voltage is
in the direction opposite to the direction of the corresponding current flow.

When there are more than three windings, transformers cannot be in
general represented by a pure star or mesh equivalent circuit. The equivalent
circuit should have n(n—1)/2 independent impedance links, where n is the
number of windings. A four-winding transformer has six independent links with
four terminal points. The procedure for determining the values of impedances in
the equivalent circuit of a transformer having four or more windings is given in
[1.12,13].

N a b c

Figure 3.15 A zigzag connection.




image166.png
Figure 3.16 Vector diagram of a delta-zigzag transformer.
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of about 15 V per turn and maximum core density of about 1.1 tesla find the cross-sectional dimensions
of the core and the number of turns per phase.
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Example 3.4

Find the leakage reactance of a 31.5 MVA, 132/11 kV, 50 Hz, star/zigzag
transformer whose various relevant dimensions (in mm) are indicated in Figure
3.19. The value of volts/turn is 76.39.
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Figure 3.19 Dimensions of the star/zigzag transformer in Example 3.4.
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Solution:

Let us first calculate the leakage reactances between the pairs of the windings,
7ig and zag, zig and HV, and zag and HV by the procedure given in Section
3.1.1 for concentric windings.

Reactance between the zig and zag windings:
T,=40cm, T,=18cm, T, =40 cm, H,=1250cm

Equations 3.18 and 3.1 give K =0.975 and H,, =125/0.975=128.2 cm.
Equation 3.17 gives

41D :§X4.0><63.6+1.8><69.4+§><4.0x75.2:310 em?.

The reactance needs to be calculated using a common MVA base. The base volt-
amperes are taken as 31.5 MVA. The corresponding current and tumns of the HV
winding should be used in the reactance formula.

6
HV current = ﬂ:liﬁﬂs A

J3x132%10°

132103 _ o

HV turns =
76.39
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The leakage reactance is calculated using Equation 3.16 as

(137.78x998)
1282%76.39

X, 5:2.48><1075><50>< %x310=5.4%.

2ig oo
Similarly, the other two reactances can be calculated as follows.
Reactance between the zig and HV windings:

T,=4cm, T, =108 em, Ty =10 cm.

K =0937.H,, =133.4cm, ) ATD=12622 and X gy =21.1%.
Reactance between the zag and HV windings:

T=4cm T,=5cm, Ty;=10cm.

5 Kp =095 H,=1314cm, ) ATD=8519 and X,,, yy =14.5%.
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Figure 3.24 Dimensions of 2 MVA transformer.

1_ 770 0/(3.0+1.5+4.0)
Kg=l-——-00955.
760.0/(3.0+15+4.0)
The equivalent winding height according to Equation 3.1 is
H, =H,/Kz=60/0.955=628.

2 ATD is calculated using Equation 3.17,

ZATD:§x3.0x33.0+l.5><37.5+§x4.0><43.0:146.6.

For calculating the reactance, cither the LV or HV ampere-turns are used (their

valugs are eaual since the magnetizing ampere-turns are neelected).
ATD is calculated using Equation 3.17,

ZATD:§x3.0x33.0+l.5><37.5+§x4.0><43.0:146.6.
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For calculating the reactance, cither the LV or HV ampere-turns are used (their
values are equal since the magnetizing ampere-turns are neglected).

6
210 =2666.67 A and LV turns = 433/J§

V3x433 15.625

LV current = =16.

The positive-sequence leakage reactance is given by Equation 3.16,

(2666.67x16)
62.8x15.625

%XP =2.48X107> x50 %146.6=7.9%.

Since the delta-connected HV winding is the outer winding, the zero-sequence
reactance of the star-connected winding is approximately equal to the positive-
sequence leakage reactance as explained in Section 3.7.2. However, during the
actual test, one usually gets the value of zero-sequence reactance higher than the
positive-sequence leakage reactance by an amount corresponding to the voltage
drop in the neutral bar. The reactance of a neutral bar having rectangular
dimensions (axb) is given by the expression [19, 20]:
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By using Equation 3.63, we obtain the reactance of the star/zigzag transformer
as

1

X5 _zig *Xﬂv,us]’ s Keieze

1
Xm,“ﬂ = 2

1 1
:Ex[21.1+14.5]7 §X54=169%.
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Example 3.5

Calculate the positive-sequence and zero-sequence reactances of a 2 MVA,
11/0.433 kV, 50 Hz, Dynl1 transformer whose various relevant dimensions in
‘mm are indicated in Figure 3.24. The value of volts/tun is 15.625.

Solution:

The short-circuit positive-sequence (leakage) reactance is calculated by the
‘procedure given in Section 3.1.1 for concentric windings.
‘The Rogowski factor is calculated by Equation 3.18 as
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Figure 3.24 Dimensions of 2 MVA transformer.

L m00/G0+15+40)
Kp=l-—————— 20955
7600/G0+15+40)
‘The equivalent winding height according to Equation 3.1 is
H,y=H,/Kg=60/0955=62.8.

ZATD is calculated using Equation 3.17,

ZAID:§x3.0x33.0+l.5x37.5+%x:ﬂ.ox:ﬂ_o:u&s,
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For calculating the reactance, either the LV or HV ampere-turns are used (their
values are equal since the magnetizing ampere-turns are neglected).

6
200" _ 266667 A and LV tums = #33/45

LV current =
3x433 15.625

=16.

‘The positive-sequence leakage reactance is given by Equation 3.16,

(2666.67x16)
62.8x15.625

Since the delta-connected HV winding is the outer winding, the zero-sequence
reactance of the star-connected winding is approximately equal to the positive-
sequence leakage reactance as explained in Section 3.7.2. However, during the
actual test, one usually gets the value of zero-sequence reactance higher than the
positive-sequence leakage reactance by an amount corresponding to the voltage
drop in the neutral bar. The reactance of a neutral bar having rectangular
dimensions (axb) is given by the expression [19, 20]:

%X, =2.48X107 X 50X X146.6=7.9%.
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Solution:
Emf per turn = 15

The primary phase voltage, ,, = *© 2

Primary s, N, = 1280 7 =384 (ans)
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X, =27 /xo,oozz,,{log, ZDL" 71+%}x104 (3.80)

where
L, is the length of the bus-bar in cm, and
D, is the geometric mean distance from itself = 0.2235x (a+5) cm.

For the bus-bar dimensions, a =5 cm, b= 0.6 cm, length = 50 cm,

D, =02235%(5+0.6)=12516..

. X, = 27%50X0.002X 50X 2X30 _, 1216] 10
12516 50

=107x107Q.
‘The base impedance on the LV side is

_ (0.433)2

z, =0.0937.
Since the zero-sequence current flowing in the neutral bar is three times that
flowing in each of the phases, the bar contributes three times the value of X,, in

the zero-sequence reactance.

"
2% 2, = 2X07XI07 102034 04

0.0937

Hence, the measured zero-sequence reactance would be close to
(X0)acnal =7.9+034=824% .
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Figure 3.25 Dimensions of the transformer in Example 3.6.

Example 3.6

The relevant dimensions (in mm) of a 31.5 MVA, 132/33 kV, 50 Hz, YNyn
transformer are given in Figure 3.25. The volts/turn is 83.93. Calculate the zero-
sequence reactance of the LV and HV windings, and the parameters of the zero-
sequence network.
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Solution:

‘The value of the positive-sequence leakage reactance can be calculated like in
the previous examples as 12.16%. Let the inner 33 kV winding and the outer
132 kV winding be denoted by numbers 1 and 2 respectively.

X, =X =(X,)y =12.16%
The open-circuit zero-sequence reactance of the LV and HV windings can be
calculated by using the procedure given in Section 3.7.1 (and Equation 3.66)
‘with the average LV-to-tank and HV-to-tank distances of 400 mm and 250 mm

(for this transformer) respectively. Let us first calculate the open-circuit
reactance as seen from the LV winding.

Li=7em, T, =40 em, T =0, H,, =125 em, K = 0.88, Hyg =142 cm,
HV current = 137.78 A,

_B2ad/\E o
8393

HV tums 8

248x10~° xsox(137,7sx9os)x

L47.0x676+40x1146
142x83.93

=61.73%.
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Similarly,

248107 x50 (137.78x908)

X))y o=
137.2x83.93

=4789% .

xexloxm,ﬂ 7.5)(129,6)

‘The zero-sequence reactance as seen from the inner LV winding with the outer
HV winding short-circuited is the same as the positive-sequence leakage
reactance (if the reactance contributed by the neutral bar is neglected),

Xy =X, =1216% .

‘The zero-sequence reactance as seen from the HV winding with the LV winding
short-circuited is calculated using Equation 3.79,

X,
X o zxpxﬂ:u,lﬁxﬂ
- A 173

9.44%.

The zero-sequence network [18] of this two winding transformer is shown in
Figure 3.26 which satisfies all the calculated zero-sequence reactance values,

(X1 oc, (X2 oc> (X212 _se and (X2)p_ec-

For example, the zero-sequence reactance as seen from the (excited) HV
‘winding with the short-circuited LV winding is
13.0x4873 _

(X, =-0835+(13.0//48.73)=—0.835+
@1 _se @ ) FEYIoTER

9.43%
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which matches closely with the value calculated previously.

In a similar way, the zero-sequence reactance of a three-winding three-
‘phase three-limb transformer can be estimated as demonstrated by the following
example.

13% -0.835%

— e

v 4873%  HV

Figure 3.26 The zero-sequence network of the two-winding transformer in
Example 3.6.
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Figure 3.27 Dimensions of the three-winding transformer in Example 3.7.

Example 3.7

The relevant dimensions (in mm) of a 100 MVA, 220/66/11 kV, 50 Hz, YNynd1
transformer are given in Figure 3.27. The volts/ftum is 160. Calculate the zero-
sequence reactance of the transformer as seen from the HV winding with the LV

‘winding short-circuited (and in the presence the delta-connected tertiary winding).
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Example 3.7

The relevant dimensions (in mm) of a 100 MVA, 220/66/11 kV, 50 Hz, YNynd1
transformer are given in Figure 3.27. The volts/ftum is 160. Calculate the zero-
sequence reactance of the transformer as seen from the HV winding with the LV

‘winding short-circuited (and in the presence the delta-connected tertiary winding).
Solution:

Let the tertiary (11 kV), LV (66 kV) and HV (220 kV) windings be denoted by
‘numbers 1, 2, and 3 respectively. The short-circuit positive-sequence reactances
for the three pairs of the windings are calculated as

(X =60%, (X,)5=146%, and (X,);3=2264%.

‘The open circuit zero-sequence reactances of the tertiary, LV and HV windings
with an average distance of 250 mm between the HV winding and the tank are
calculated as

(X)1_oe =6481%, (X.); o0 =57.71% , and (X,);_oc =40.93%.

‘The various zero-sequence reactances between the pairs of the windings are now
obtained using Equation 3.79:

1. Zero-sequence voltage s applied to the HV winding, the LV winding is
open-circuited, and the tertiary-delta is closed,
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(X2)3 o 40.93

X (X, = X2264=143% .
(X1_oe P =gm

[CONIPE

2. Zero-sequence voltage is applied to the LV winding, the HV winding is
open-circuited, and the tertiary-delta is closed,
(XD o 5771

T

3. Zero-sequence voltage is applied to the HV winding, the LV winding is
short-circuited, and the tertiary-delta is open,

X3 oc 4093

IS (X =

(X2 o O =7

The zero-sequence reactances of the three windings can now be calculated by
using equations given in Section 3.5,

X6.0=534%.

[C OB %14.6=10.36% .

=X+ e~ (s 54%
=2kl e _i]=07%

@25 =X e+ (D= o c]=9.66% .
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The zero-sequence star equivalent network of the three-winding transformer is
shown in Figure 3.28. Using the network, the zero-sequence reactance of the
transformer if measured from the HV side with the LV winding short-circuited
and tertiary-delta closed can be determined as

(X.); 21 =9.66+(0.7//4.64)=1027%.

0.7% )
o
. 4.64% W)
——
(tertiary) 9.66% R
L

Figure 3.28 Zero-sequence star equivalent circuit.
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Here, the system of four windings (i.e., the tertiary, LV and HV windings plus
an imaginary winding representing the currents flowing in the tank) is converted
into the equivalent three-winding system which takes mto account the effect of
the tank while calculating the short-circuit zero-sequence reactance between any
two of the tertiary, LV and HV windings. Hence, the calculation of (X ); by
the star equivalent circuit of Figure 3.28 is an approximate way. Actually, the
problem needs to be solved with an additional delta-connected winding

‘Tepresenting the tank.
Let us now calculate the reactance by treating the tank as the fourth wind-

ing. The zero-sequence reactance can be calculated by the procedure given in Sec-
tion 3.2 (ie., the reactive kVA approach). Let J;, I, and I, be the currents flow-
ing through the tertiary, LV and equivalent delta (tank) windings respectively. The
current flowing through the HV winding (Z3) is 1 per-unit and we know that

L=1=L+L+1,.
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Also from the fundamental equation E,, = 4441. 4, Ny, =444fB, AN, volt

Ep
P 152444 %50 % L1 X A
N, i

- 15 _ 42— 2
A= TR =612 % 107 m? = 612 em? (Ans)

Gross-cross-sectional area of the core,

A:
A‘c = ?’

_sn_ 2 (assumi
A‘c =0.9° 680 cm” (assuming K; to be 0.9)
Side of square = A“ = /680 =26 cm (Ans.)




image187.png
‘The expression for Qis

l[Z(Xp)u(’ll)(’12)+2(Xp)u(’11)Iz +2(Xp).,,(*11)(*14)J
+2(%, ) (- B)1s +2(x ), (1) 1)+ 208, L1 10) |

‘The reactance between the tank and any other winding has already been calculated
(@8, (Xp)1s =(X.)1_oc =64.81%). By putting the values of all the reactances

and using I, =1~ I, — I, the above expression becomes

Q2

2|

0=(264-14.041, - 46521, +13.1 1, 1, + 613 + 6481 12).

In order to have a minimum energy state, we differentiate the above expression
with respect to I, and y , and equate the derivatives to zero and obtain two si-
‘multaneous equations. These two equations are solved to give

I,=08747 and I, =
Putting these values in the expression for O, we have (Xx)ljl =10.21%, which
is close to that calculated by using the star equivalent circuit (i.e., 10.27%).

‘The methods described for the calculation of zero-sequence reactances can
give reasonably accurate results and should be refined by empirical correction
factors, if required, based on the results of tests conducted on a umber of
transformers. For more accurate calculations, numerical methods like FEM can
be used [21, 22], in which the effect of the tank saturation on the zero-sequence

reactance can be exactly simulated. The tank material should be modeled by
defining ifs conductivity and nonlinear B-H characteristics. In power

.2705 .
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transformers, tank shunts of a CRGO material are commonly put on the inner
tank wall to reduce stray losses due to the leakage field. As explained earlier, the
tank acts as an equivalent delta winding and reduces the zero-sequence
reactance. The shunts provide an alternative low reluctance path to the zero-
sequence flux and mitigate the effect of the tank. The magnetic shunts on the
tank wall, therefore, have the effect of increasing the zero-sequence reactance.
In such cases, an FEM analysis is essential for comrect estimation of the
reactance.
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Example 3.1

A certain large transformer core has a square cross section 24 in. on each side
and is assumed to have a uniform flux density. At the normal operating voltage,
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the flux produces 90 V per turn (RMS). Each core lamination has an oxide
film on one surface that is 1 X 10~ in. thick and the total thickness of cach
lamination is 0.012 in. Determine the voltage difference between adjacent lam-
inations along the perimeter of the core. Calculate the resistivity p of the oxide
film required to limit the maximum circulating current losses to less than 1
mW/in. of surface along the perimeter of the core.

There are 2000 laminations in the core:

Since steel is a good electrical conductor, the voltage through the steel itself
can be assumed to be nearly zero, so that nearly all of the voltage induced
around the perimeter is developed across the layers of oxide film between the
laminations. The voltage across cach side of the lamination stack is 50% of
the volts per turn induced around the perimeter of the core. Therefore, the
voltage difference between cach pair of laminations is calculated below. Refer
to Figure 3.5.

Volts per lamination = 50% X 90 V per turn/2000 laminations
= 0.0225 V/lamination

‘We want to limit the losses W to 1 mW/in.2:

_E_ (00225 V)?
R R

w <1 X% 107 W/in?
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FIGURE 3.5 Core with 24 in.?

ross section used in Example 3.1.
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Solving for R,

2
R > ©00225V)
10 W/in?

= 0.506 Q-in?

R =p  oxide thickness = p X 10~ in.
p > 0.506 Q-in/10* in. = 5060 Q-in.

For comparison, the resistivity of graphite is around 3500 Q-in.; therefore, an
oxide film with the minimum resistivity allowed would actually be a fairly
good electrical conductor. Itis a good idea to design the core with some electri-
cal conductivity between the laminations to prevent static charges from build-
ing up between the laminations. Static charges in the core are allowed to bleed
off to ground through an clectrical connection at a single point, called the core
ground.
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Example 3.2

There are five spare three-phase Y-Y low tension network (LTN) transformers
and three-phase pad mount transformers that may be cither three-legged core
form or 5-legged core form designs. It is desired that the types of core con-
struction of these transformers be determined prior to putting them into ser-
vice. Using a single-phase 120 VAC 60 Hz source and an ammeter, devise a
fest to determine which types of core construction these transformers have.

The three high-voltage bushings (H1, H2, and H3) are jumpered together
and connected to the **hot’” leg of the 120 VAC 60 Hz source in series with
the ammeter. The neutral bushing (H0) was connected to the grounded neutral
leg of the 120 VAC source. The low-voltage bushings were open-circuited.
The following current measurements were recorded for the five transfor-
mers.

Transformer 1
1500 KVA 12470Y-480Y

Kuhlman S/N 2-37930 Live-Front Pad
5.75% Impedance

I=383mA
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FIGURE 3.12  Zero phase sequence equivalent circuits for four common three-phase
transformer connections.
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Transformer 2
300 KVA 12470Y-208Y

Whse S/N 85]G73093 Dead-Front Pad
1.92% Impedance

I=18mA

Transformer 3
500 KVA 13000Y-216Y
G.E. S/N H323543P71AA LTN

4.83% Impedance
I=21mA

Transformer 4
300 KVA 12470Y-208Y

Allis Chalmers S/N 1729698 LTN
4.7% Impedance

I=143A

Transformer 5
G.E. S/N F645103-67P LTN

4.94% Impedance
I=25mA
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Example 37
A three-phase transformer, rated at 1000 KVA, 11/3.3 KV has its primary star-connected and

secondary delta connected. The actual resistances per phase of these windings are, primary 0.375
ohm, secondary 0.095 and the leakage reactances per phase are primary 9.5 ohm, secondary 2
ohm. Calculate the voltage at normal frequency which must be applied o the primary when the
secondary terminals are short circuited. Calculate also the power under these conditions.

Solution:
Primary phase voltage, E,,, = 190 — 6352 v
B
. . Epn _ 3300
Transformation ratio, K = =0-5195

E,

6352
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Transformer 1 was verified to have a five-legged core design through a
physical inspection of the core and coil assembly. Based on the measured
currents, all the transformers have zero-sequence open-circuit currents less
than 100 mA with the exception of transformer 4, which had a zero-sequence
open-circuit current of 143 A. Based on the fact that its current is so much
higher than the other transformers, it is concluded that transformer 4 s a three-
legged core form transformer while the other transformers have the five-legged
core form design.
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Example 3.3

Calculate the zero-sequence open-circuit impedance Z,. of the three-legged
core form transformer 4 and the five-legged core form transformer 1 in Exam-
ple 3.2, expressing Z,. as a per-unit impedance value of the transformer base
impedance.

Transformer 4
Full-load current = 1.732 X 100,000 VA per phase/12,470 V = 13.89 A per
phase
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The measured open-circuit current is 1.43/3 A per phase = 0.477 A per phase.
Zi = (1732 X 120 V/12470 V ) X (13.80 A/0.49 A) = 0.472 per unit

Transformer 1
Full-load current = 1.732 X 500,000 VA per phase/12,470 V = 69.45 A per
phase

The measured open-circuit current is 0.088/3 A per phase = 0.0293 A per
phasc.

Zi = (1732 X 120 V/12470 V ) X (69.45 A/0.0293 A) = 39.5 per unit

Referring to the zero-sequence equivalent circuit shown in Figure 3.9,
Z,. is equal 10 Zy + Zauy. It is casily seen in this example how the zero-
sequence equivalent circuits are affected by the core design.
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Example 3.4

A three-phase 1500 KVA 12470Y-208Y transformer has a 4.7% impedance.
Calculate the three-phase fault current at the secondary output with the primary
connected to a 12,470 V infinite bus. Calculate the regulation for a power
factor of 90% at full load.

The three-phase fault is a balanced fault, so the positive-sequence equiv-
alent circuit applies. The full-load secondary current is calculated as follows:

1= 1.732 X 500,000 VA per phase/208 V = 4167 A per phase

The per-unit fault current is the primary voltage divided by the series imped-
ance:

1 .
—— = 21.27 per unit
0.047

The secondary fault current is equal to the per-unit fault current times the full-

load current:

1;= 2127 per unit X 4167 A per phase = 88,632 A per phase
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3.3.1 Example
Let us now use this equivalent circuit to solve a problem. Assume that the transformer has a
turns ratio of 4000/120, with Ri wag = 1.6, Ra.wdg = 1.44m€, Liy = 21mH, Lz = 19uH,
R. = 160k, L,, = 450H. assume that the voltage at the low voltage side is 60Hz, V5 = 120V,
and the power there is Py = 20kW, at pf = 0.85 lagging. Calculate the voltage at the high voltage
side and the efficiency of the transformer.

Xn = Lum = 2760 = 169.7kQ
X, =7.920
X, =7.16mQ
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Fig. 3.9 Equivalent circuit for a real transformer
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From the power the load:

Ta = P /(Vipf) =" = 106.1336° 15" 4
By = Vo + Iy (Ruggz + jX12) = 120.98 + j1.045V

B = (N‘) E, = 4032.7 + j34.83V
Na

T = (N’) I, = 5.001 — j3.1017A

Ni
Lo =Es (% + p%) =0.0254 — j0.0236A

T =1y + 1) = 5.0255 — j3.1254
Vi = By + Iy (Rudg +jX11) = 4065.5 + j69.2V = 4066°9"V
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The power losses are concentrated in the windings and core:

Pudg = I3Rudg2 = 196.13% - 1.44 - 107 = 55.30W
Pudgy = I3 Ryig = 5.918% - 1.6 = 65.3TW
Peore = B} /Re = 4032.87 /(160 - 10°) = 101.64W
Pioss = Pudg1 + Pudg + Peore = 213.08W

N 20kW
1= Pur ~ ot + Prons) 20K 1 213081

= 0.9895
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3.4.1 Example
Let us now use these new equivalent circuits to solve the previous problem 3.3.1. We’ll use the circuit
in 3.10D. Firs let’s calculate the combined impedances:

N,
Rudg = Rudg1 + (Nl) Ruygg2 =320

Ny

=X
11+(N2

) X;2 = 15.8759Q

then, we solve the circuit:
I = Po)(Vy - pf) 4= = 106.13364 15" 4
Ey=V,

=1- (x}) =5+3.1024

B =E- (&) = 4000V

Lo =By (% + ]XL) = 0.0258 — j0.02354

1, =TI, +1) = 5.0250 - j3.1254
Vi = By + 1 (Ryay + jX1) = 4065 + j69.45V = 406541"V
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Fig. 3.10 Simplified equivalent circuits of a transformer
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Primary full load current. I,,, 1000 x1000 _ 5. 49 o

3 x 11000
Total resistance referred to primary per phase,
Ry =R +22 20375+ 095 __0.727
» ¥ ©-5195
Total reactance referred to primary per phase,
X=X+ 20502 _16.9 ot
4 I3 (0-51957

Total impedance referred to primary, Z,, = /Ry, + X5,
Z,,= (0-727)* +(16-9)° = 1695 ohm per phase
Phase voltage applied to primary when the secondary in short circuited,
Visen = Zep
=5249x1695=889 V
Voltage applied at the terminals, E,, = /3 E,, = \/3 x 889 = 1540V (Ans)
Power input when secondary is short circuited.,
P, =313 R,, =3 % (52497 x 0727
=5964 W =5.964 kW (Ans.)
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The power losses are concentrated in the windings and core:

Pogg = I{ Ryay = 110.79W
Peore = V/R. = 103.32W
Pioss = Pudg + Peore = 214.11W
Pout Pout 20kW.
1= B T (Pt o)~ 200 ¢ 2zttt — 08
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3.5.1 Example
A load has impedance 10 + j59 and is fed by a voltage of 100V.. Calculate the current and power

at the load.
Solution 1 the current will be
Vi _ 100 Y
Lo = 8.044-265T 4
Zr  10+5
and the power will be

Py =V, -pf =100-8.94 . cos(26.57) = SOOW
Solution 2 Let’s use the per unit system.

1. define a consistent system of values for base. Let us choose Vi, = 50V, I = 10A. This means
that Z, = Vy/I = 5, and P, = Vi, - I, = 500W, Q, = 500V Ar, S, = 500V A.

2. Convert everything to pu. Vi pu = V1./By = 2pu, Zr, pu = (10 +55) /5 = 2 + j1 pu.
3. solve in the pu system.

Vipa __2
Zipu  2+]1

Propu = Viyulppu - pf =2-0.804 - cos(26.57°) = 1.6 pu
4. Comvert back to the SI system

Tppu = = 0.8044-257 py
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352 Example

A transformer is rated 30KV A, 4000V/120V, with Rydgy = 1.62, Rudgs = 144me, Liy =
20mH, Liy = 19uH, Re = 160k, Ly = 450H. The voltage at the low voltage side is 60H =,
Vi = 120V, and the power there is P, = 20kW, at pf = 0.85 lagging. Calculate the voltage at the
high voltage side and the efficiency of the transformer.

1. First calculate the impedances of the equivalent circuit:

Vi
S

Ty

1000V
30KV A

30.10°

A 754
Vi,

Vi _ 5330
Sy

120v

Sy = 30V A
Sap

72— 2504
Yo _ 30

Toy
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2. Convert everything to per unit: First the parameters:

Rudg1pu
Rudg2.pu

Xitpu
Xizpu

Repu

Then the load:

Papu

Rudg,1/Z1 = 0.003 pu
Rudg2/Zop = 0.003 pu

2060Ln _ 017,
Zu,

2m60Li _ 0.01149 pu
Zay
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3. Solve in the pu system. We’ll drop the pu symbol from the parameters and variables:

Larccos(nh)
L — ( P ) — 0.666 — j0.413pu

Va-pf
Vi = Vot T[Rudgr+ Rudga +3(Xu + Xip)] = 1.0172 + j0.0188pu
Vi, Vs ;
In = g+ g =0.0034 = j0.0031pu

L = L,+L=0.06701 — j0.416 pu
Pudg = I3 (Rudgs + Rewg.2) = 0.0037 pu

V2
Pue = Y 00034

R o

Py
- - 00804
T Pyt Pt Py

4. Convert back to SI. The efficiency, 1), is dimensionless, hence it stays the same. The voltage,
Viis
Vi = ViguVi = 406941V
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3.6.1 Example
A60H > transformer is rated 30kV A, 4000V/120V.. The open circuit test, performed with the high
voltage side open, gives P,. = 100W, I, = 1.1455A. The short circuit test, performed with the
low voltage side shorted, gives Puc = 180W, V.. = 120.79V . Calculate the equivalent circuit of
the transformer in per unit.
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First define bases:

Vi = 4000V

Su = 30kVA
30-10°

Iy = 4=

1 o =754
V3

Zi = S 5330

b Sip

Vo, = 120V

Su = Sy —30kVA
S

Iy = 2% 2504

* TV
v

Zy = 2 =0480
i

Convert now everything to per unit:

Pame = 22000
e = 3108 = 0-006ppu
120.79

Viepa =~ =0,
- g0 = -0324pu
100
Progs = -
e o107 = 0003333
11455
Locgu = —5z5— = 0.0046pu

250
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Let's calculate now, dropping the pu subscript:

Puc = IRyiy= Ruay = Puc/I2. =1 P.c = 0.006pu
Vel = [acl - [Ruag +3Xi| =1+ \/R2 4+ X = X = [V2 - R, = 0.0318pu

vz 12
Pu = = Re=pm=300pu
Voe . Vo 1 1 1
[Toc| = ‘ + X, @ 5 = X = = 318pu

Amore typical problem is of the type:
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3.62 Example
AG60H = transformer is rated 30kV A, 4000V/120V.. Its short circuit impedance is 0.0324pu and the
open circuit current is 0.0046pu. The rated iron losses are 100W and the rated winding losses are

180W. Calculate the eficiency and the necessary primary voliage when the load at the secondary
is at rated voltage, 20kW at 0.8pf lagging.
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Working in pu:
Zu =
P =

=X =

Foe = T F. 1030100

1
e = / mreEe / /135 o

Having finished with the transformer data, let us work with the load and circuit. The load power

is 20kW, hence:
20108

275010

.6667pu
but the power at the load is:
Py =Valpf = 0.6667=1-1,-0.8 = I, = 0.8333pu
Then to solve the circuit, we work with phasors. e use the voltage Vs as reference:
Va2 = Va=1pu
T, = 083334905705 — 06667 — j0.5pu

Vi = Vot Iy (Rugy+iXp) = 10199 + j0.00183pu = V, = 1.02pu
Pty = 13+ Rudg = 0.0062pu
P. = Vi/R.=0034pu
P
K e

Finally, we comvert the voltage fo ST
Vi = Vigu - Via = 1.021 - 4000 = 4080V
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Example 3.8

A 33/66 KV, S MVA, three-phase star-connected transformer with short circuited secondary passes
full-load current with 7% primary potential difference and losses are 30 kW. With full potential
difference on the primary and the secondary open circuited, the losses are 15 kW. What will be the
efficiency of the transformer at full-load and 0.8 power factor?

Solutior

At short-circuit full-load copper losses, P,= 30 kW
At open-circuit, iron losses, P, = 15 kW
Total losses = P, + P,_= 15+ 30 =45 kW = 0.04SMW

At08 pi., rated output = 5 0.8 =4 MW
rated output
Tated output + losses.

4 __
T 450065

Full-load efficiency. 7= x 100

% 100 =98.88% (Ans.)
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2.4.1 Example
In the magnetic circuit of figure 2.10 the length of the magnet is L, = lem, the length of the air gap
is g = lmm and the length of the iron is l; = 20cm. For the magnet B, = 1.1T, H. = T50kA/m.

What is the flux density in the air gap if the iron has infinite permeability and the cross section is
uniform?
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Fig. 2.8 Minor loops on a hysteresis curve.
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Since the cross section is uniform, B is the same everywhere, and there is no current:
H;-02+H,-g+Hpn ;=0
for infinite iron permeability H; = 0, hence,

= B-795.77+ (B—1.1)-6818 =0
B=0.98T

BmiH(B -11) (H) ;=0
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251 Example
For the magnetic circuit shown below fiyon = ft, - 10°, the air gap is lmm and the length of the iron
core at the average path is 1m. The cross section of the iron core is 0.04m?. The winding labelled
‘primary” has 500 turns. A sinusoidal voltage of 60Hz is applied to it. What should be the rms
value of it if the flux density in the iron (rms) is 0.8 > What is the current in the coil? The voltage
induced in the coil will be

Butif  B(t) = Bsin(2nft) = &(t) = ABsin(2r ft)
= (t) = 0.04(v2- 0.8) sin(377t) Wb

dd

alt) =g

= e1(t) =500 [0.04V3 - 0.8 - 377 sin(377¢ + g)] v

=500-0.04-0.8-377 = 6032V
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primary

Fig. 2.12

a

secondary

Magnetic circuit for Example 2.5.1
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To calculate the current we integrate around the loop of the average path:

Hivonl + Hairg = Ni
V208

V2 'S)‘f sin(377t)A/m

biron = Bair = V2-08sin(377t) = Heip = sin(377t)A/m

= Hion=

Finally

500 -7

_ V2 08sin(37T) (1 1107
- o 10° 1

=i=1819sin(377)A= 1 = 1.286A
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EXAMPLE 3.1

‘The dimensions of the actuator system of Fig. 3.2 are shown in Fig. E3.1. The magnetic core is
‘made of cast steel whose B—H characteristic is shown in Fig. 1.7. The coil has 250 turns, and
the coil resistance is 5 ohms. For a fixed air gap length g =5mm, a dc source is connected
to the coil to produce a flux density of 1.0 tesla in the air gap.

(a) Find the voltage of the dc source.
(b) Find the stored field energy.
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Solution
(a) From Fig. 1.7, magnetic field intensity in the core material (cast steel) for a flux density of
10Tis

H.=670At/m

Length of flux path in the core is

I = 2(10+5) +2(10+5) cm
60cm

The magnetic intensity in the air gap is

_B_ 10
B A
Ho 4m1077 a
= 795.8 X 10° At/m

The mmf required is
Ni = 670X 0.6 +795.8X 10° X2 X 5X 1073 At
402+ 7958
8360 At
. _ 8360
i=SrA

=33.44A
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Voltage of the de source is

Vae=3344X5=1672V
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Exampl
A2MVA three-phase, 33/6.6 KV, delta/star transformer has a primary resistance of § ohm per phase

and a secondary resistance of 0.08 ohm per phase. The percentage impedance is 7%. Calculate the
secondary terminal voltage, regulation and efficiency at full load 0.75 power factor lagging when
the iron losses are 15 kW.

Solution:
Here, transformer rating = 2 MVA =2 x 10° VA
E,
Transformation ratio, K = 22 = 6-6 /3 _ g yy55
Epm 33
Referring to secondary side,
2x10°
Secondary phase current, 1, = I, = ——2210___ 1754
P T R 6 6x10°
Percent impedance drop = 7% of £,

T, 6:-6x1000 _5ec gy

= 100 NE)
or, 17, = 2667
Impedancelphase, Z, = 2667 ~ 1524 0

175
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(b) Energy density in the core is
10
we= ] HAB
o

This is the energy density given by the arca enclosed between the B axis and the B—H
characteristic for cast steel in Fig. 1.7. This area is

w,:%xlxsm

= 335]/m®
The volume of steel is

Ve

2(0.05 % 0.10 X 0.20) +2(0.05 X 0.10 X 0.10)
0.003m*

The stored energy in the core is

W =335X0.003]
=1.005]
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The energy density in the air gap is

Ry
wig o= I/’

= 2xanx1
=397.9%10°J/m?
The volume of the air gap is

Vg = 2(0.05 X 0.10 X 0.005) m*

0.05% 10 *m?

The stored energy in the air gap is

W =397.9x10°X0.05x 107*
=19.895 joules

The total field energy is

We =1.005+19.895 ]
=209J

Note that most of the field energy is stored in the air gap. B
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38 EXAMPLES
Example 3-1 (Section 3-4)

The core of Fig. E-3-1 is made of cast steel. The dimensions are given in centi-
meters. The depth into the page is 8 cm. The coil has 300 tums. Find the
current that produces a flux of 0.0064 webers.

The core is seen to be uniform except for the right leg, which is thinner. Thus,
the core is considered as a magnetic series circuit consisting of two parts whose
mean lengths Iy and I; are indicated in the figure.

The pertinent dimensions are J; = (0.05 +0.22 + 0.05) + 2(0.05+ 0.3 + 0.04) =
032+ 078 = 1.1 m, I, = (0.05 + 022 +0.05) = 0.32 m, 4, = 0.1 X 0.08 =
0.008 m?,and 4, =0.08 X 0.08 =0.0064 m”.

The following tabulation is useful. Fill in all the given data (flux, areas, and
lengths), and proceed from left to right until all quantities are known.

Part  g(webers) A(m?)  Blwebers/m?) H(At/m) Im) HI(At)

1 0.0064 0.008 08 620 1.1 682
2 0.0064 0.0064 10 900 032 288
970

By way of explanation, here are the computations used for line 1 of the
tabulation:

By =¢1/A, =0.0064/0.008 = 0.8 webers/m?,
H, is then found from the graph (Fig. 3-5) for cast steel,
Hyl, =620 X 1.1 =682 At.
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Fig. E-31. Core of Example 3-1.
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The same procedure is used in line 2. The result is /=NI/N = S(HI)IN =
970/300 = 3.233 amp.

Familiarity with this procedure will permit computing and entering results in
the tabulation without writing out all details. This will result in some saving of
writing, as well as conveniently summarizing all quantities that pertain to a mag-
netic circuit problem.
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Example 3-2 (Section 3-4)

For the core of the previous example, find the flux produced by an mmf of
2000 At.

This is a typical problem to be solved by trial and error. The question is how
to make the first guess. It should be assumed that the previous problem has not
been solved before; otherwise, it would already be known that the result must
be substantially higher than 0.0064 webers.

Tgnoring the solution of Example 3-1, however, leaves even the order of mag-
nitude of the result completely unknown. Instead of making a “wild” first
guess of g, it is preferable to guess at a value of (H1), or (H1),, since it is known
that each of them must be less than 2000 At.

‘The following procedure is based on a first guess of (H7), = 1000 At. Use the
tabulation introduced for the previous example, and enter the known dimen-
sions and the first guess in their proper places. Then follow line 1 from right
to left.

Part ¢ A B H 1 HI
1 0.008 0.008 1.0 909 11 1000
2 0.008 0.0064 125 1600 032 512

1512

Thus, H, = (HI),/l; =1000/1.1 =909 At. Find B, from the curve for cast
steel, and get ¢ =By 4, = 1.0 X 0.008 = 0.008 webers. Enter this result in line 2,
and Tollow it from left to right, leading to (1), = 512 At. Since the total mmf
came out lower than the given value of 2000 At, the first guess must have been
too low.
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Repeat the procedure with, say, (1), = 1500 At.

Part 6 4 B H 1 HI
1 000944 0008 118 1364 11 1500
2 000944 00064 1475 3200 032 1024

2524

This time, the guess was too high. Try one in between, perhaps (1), = 1250 At.
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Clearly, this can be repeated to any extent of accuracy desired. In most cases,
a result like that obtained from the third guess in this example would be con-
sidered close enough.

Tt is of some interest to plot the results of all guesses (plus that of Example 3-1)
to obtain the composite curve of ¢ versus ¥. (See Section 3-7.) This is done in
Fig. E-3-2. Note the pronounced saturation for high values of §.
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Example 33 (Section 3-5)

The three-leg magnetic circuit shown in Fig. 3-8 is made of cast steel and has
effective dimensions as shown in the following table:

Pat  A(m®) I(m)

1left 0.0090 056
2center 00032 026
3right 00045 051

The coil has 300 turns. Find the value of current that will make the flux in leg 3
be 0.005 weber.
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Part ¢ A B H 1 Hl

1 0.00935 0.009 1.04 980 0.56 548
2 0.00435 0.0032 136 2200 026 571
3 0.005 0.0045 111 1120 051 571

Since ¢ s given, start there; complete line 3 from left to right, leading to the
result (H1); =571 At. Since legs 2 and 3 are in parallel, this s also the value of
(H1),. Starting with this value, complete line 2 from right to left. Next, com-
pute g, = ¢, + 65 = 0.00435 + 0.005 = 0.00935 weber. Beginning with this
value, complete line 1 from left to right. Then, obtain  from Ampére’s law Ni =
(HI), + (HI), =548+ 571 = 1119 At and i = 1119/300 = 3.73 amp.
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Resistance per phase referred to secondary side,
R, =R,+R +K>=008+8x (011557
=0.1867 Q2
Reactance/phase, X,, = yJZ2 — R% = \/(1-524)° - (0-1867)°
=1510
Power factor, cos ¢, = 0.75; sin ¢, = sin cos™! 0.75 = 0.6613

_ 661000 _
Eyp= S50 <3810V

Secondary phase voltage after drop in resistance and reactance.
Vit = By~ Iy Rey €05 o= 1y X, sin ¢,
= 3810 175 x 0.1867 x 075 — 175 x 1.51 x 0.6613
= 3810-24.5- 174.5=3611 V

Secondary terminal voltage, V,., = 3 x V,,,, = v3 x 3611 = 6254 V (Ans))
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Example 3-4 (Section 3-6)

Return to the core of Fig. E-3-1, but alter it by cutting an air gap 0.1 cm long
into the right-side leg. Find the current needed to produce a flux of 0.0064
weber. Neglect leakage and fringing.

Part ¢ A B H 1 Hl
1 0.0064 0.008 08 620 1.1 682
2 0.0064 0.0064 1 900 032 288

Gap 0.0064 0.0064 1 796,000 0.001 796

1766

Since fringing is to be neglected, the cross-sectional area for the air gap s the
same as for Part 2 of the magnetic circuit. The length of Part 2 could be cor-
rected to 0.319 m without making any appreciable difference. The whole pro-
cedure is the same s in Example 3-1, except only that the value of H for the
air gap is not found from a curve, but rather by dividing the value of B by o =
47 X 107. The result of the problem is 1766 At.
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Transformer Ratings

The nameplate of a transformer provides information on the apparent power and
the voltage-handling capacity of each winding. From the nameplate data of a
5-kVA, 500/250-V, step-down transformer, we conclude the following:
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The full-load or nominal power rating of the transformer is 5 kVA. In other
words, the transformer can deliver 5 kVA on a continuous basis.

Since it is a step-down transformer, the (nominal) primary voltage is V, =
500 V and the (nominal) secondary voltage is V, = 250 V.

The nominal magnitudes of the primary and the secondary currents at full
load are

5000
= =104
5000
and I= S = 20A

Since the information on the number of turns is customarily not given by the

manufacturer, we determine the a-ratio from the (nominal) terminal voltages
as
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L In uniform field of I Whb/m?, a direct current of 70 A is passed through a straight

re of 1.5 m placed perpendicular to the field. Calculate:

(a) The magnitude of the mechanical force produced in the wire.

(b) The prime mover power (i.e. the mechanical power) in watts to displace the con-
ductor against the force at a uniform velocity of Sm/sec.

(¢) The emf generated in the current carrying wire,

How do you show that the electrical power produced is same as the mechanical

power in creating the motion?

Solution

(a) Force = Bll sin 6
= 1.0 x 70 x1.5 sin 90° [here 6 = 90°]

=105N

(b) Prime-mover, i.e. mechanical power
=Fxv
=105x5=525W

(c) Emf generated = Blv
=1x15x5=75V.
The electrical power = el = 7.5 x 70 = 525 W. (= mechanical power)
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32 Calculate the force developed per meter length between two current-carrying con-
ductors 10 cm apart and carrying 1000 A and 1500 A currents respectively.

Solution
Given I; = 1000 A, I, = 1500 A, d = 10 cm = 0.10 m
2x107 L1,

Force per meter length = 2

2x107 x1000x 1500

0.10
=3N
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3.3 Two long straight conductors each carrying an electric current of 5.0 A, are kept
pamllel 1o each other at a separation of 2.5 cm. Calculate the magnitude of magnetic force
experienced by 10 cm of a conductor.

Solution
The field at the side of one conductor due to the other is
Byl _2x107 x5

= =40x10°T
2rd  25x107
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The force experienced by 10 cm of the conductor due to the other is
F=I1B

010 x 107 x 4.0 x 10

2x 10N,
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3.4 Two long straight parallel wires situated in air at a distance of 2.5 cm having a

current of 100 A in each wire in the same direction. Determine the magnetic force on each
wire. Justify whether the force is of the repulsion or attraction type.

Solution

Given, d
1=

em=25x%10%m
=100 A.

.. Force on each wire per meter length

Ax107 x4 -1, 2x107 x100x 100
F= LI =008 N
2d 25x107

Force is attraction type since currents in both the wires are flowing in same direction.
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3.5 Two infinite paraliel conductors carrying parallel currents of 50 A each. Find the
magnitude and direction of the force between the conductors per meter length if the gap
between them is 25 cm.
Solution
11,d
2nd
2x107 x50%50% 1
25x10°?
=107 10°x 107 x 2
=210 N,
The direction of force will depend on whether the two currents are flowing in the same

direction or not. For same direction. it will be force of attraction and for opposite direc-
tion it will be force of repulsion.

-
I

We know =y
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3.6 A wire of | m length long is bend to form a square. The plfme of the square is right
.m;lcd 1o a uniform field having a flux density of 2 m Wb/mm®. Determine the work done
if the wire carries a current of 20 Amps through it, is changed to a circular shape.

Solution

Side of the square = % m=025m

A, = area of square = (0.25)° = 0.0625 m*
Circumference of a circle is 1 m = 27ar

r=— =0,15909 m

Zx

area of the circle = -

% (0.15909)
10795 m*
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Eyy -V,

e 00
Epn

_ 38103611

ST

Full-load coper losses, P, = 3%, R,y =3x (1757 x 0.1867

Voltage regulation, % Reg =

%100 =5.22% (Ans.)

17153 W = 17.153 kW

MVA x 1000 X cos ¢
MVAX 1000 % cos 6 + P, + P,

_ 2 %1000 x 0.75
T 2x1000x0-75+15+17-153

=97.9% (Ans.)

Efficiency at full-load, X100

x 100
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Work done = difference between the torques = BIA, - BIA,

=2% 107 x 20 (0.0795 - 0.0625)
=0.00068 J
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38 Acumentof 10 A is flowing in a flexible conductor of length 1.5 m. A force of 15 N
acts on it when it is placed in a uniform field of 2 7. Calculate the angle between the
magnetic field and the direction of the current.

Solution

We know F = Bll sin 6
15=2x10(1.5)sin 6
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3.9 A straight conductor is carrying 2000 A and a point P is situated in such that ¢, =
60° and @, = 30°. Calculate the field strength at P if its perpendicular distance from the
conductor is 0.2 meter.

Solution
oI
‘:"" (sin ¢, + sin ¢,)

Given ¢, = 60° ¢, = 30°, r = 0.2 meter
I'=2000 Amps and 1, = 1 [in air]

= 2000
4xmx0.2

= 1087.05 A/m. wesenas

H=

[sin 60° + sin 30°)
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3,10 A solenoid of 400 turns is wound on a continuous ring of iron, the mean diameter
of the ring being 10 cm. The relative permeability is 1250. What current is required in
order that the flux density (B) in the iron shall be 12,000 maxwells/cm?.
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Solution

given I = mean circumference of ring = 10 X 7cm
.10 & meter
and B = 12,000 maxwells/cm?
= 12,000 x 10 x 10* = 1.2 wb/m?
We know B=y, - M,,#
Bl 1.2x0.107

T Mt N 125%10° x4x X107 x 400
0.2 012 _12

= — == =06A
2000x10*  2x107 2
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3.11  Prove that the magnetic field due to a current-carrying coil on the axis at a large

distance x from the centre of the coil varies approximately as x

Solution

We know

For

u, -NIr?
Buis = 2 L2y
2(r +x7)"°
x=»r
NI
Buis = e

and hence proved.
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3.12 A magnetic flux of 400 & Wb passing through a coil of 1500 turns is reversed in

0.1 s. Determine the average value of the emf induced in the coil.
Solution

The magnetic flux has to decrease from 400 2 Wb to zero and then increase to 400 4 Wb
in the reverse direction, hence the increase of flux in the original direction is 800 4 Wb.
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‘We know, average emf induced in the coil is
No

e= —

1

1500 % (800 x107)
0.1

"

12V,
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3.13 A coil has a self-inductance of 40 milli-henry. Determine the emf in the coil when
the current in the coil

(a) increase at the rate of 300 A

(b) raises from O to 10 A in 0.05 sec.

Solution
Given (a) Self-inductance L =40 x 10° H
E=L- % (only magnitude)
=40x 107 x300=12V
(b) L=40x 107 H
dI=10-0=10 A
dr = 0.05 sec
di

E=LE

40x107 x10 v
=T oos 8
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3.14  Determine the emf induced in a coil of 4.19 x 10~ Henry when a current of 5 A is
reversed in 60 milliseconds.

Solution
Given L=419x10*H
Also given di=5-(-5)=10A
dr = 60 milliseconds = 60 x 107 sec.
emf induced = L ::: (only magnitude)
41910
=TT k0
60107
_ 419
To60

= 0.0698 V.
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Example 3.10
The percentage impedance of a three-phase, 11000/400 V. 500 VA, 50 Hz transformer is 4.5%. Iis

efficiency at 80% of full-load, unity power factor is 98.8%. Load power factor is now varied while
the load current and the supply voltage are held constant at their rated values. Determine the load
power factor at which the secondary terminal voltage is minimum.

Solution:
Output at 80% of full load and unity of = 500 x 0.8 x 1.0 = 400 kW

Input at 80% of full load and unity pf = % - 0“‘% = 4048583 kW

Total losses at 80% of full load = Input - output
= 404.8583 - 400
= 48583 kW

Copper losses at 80% full load = '*;553 = 2429 kW

Full load copper losses. P, = (20' 432)‘3 =3.796 kW
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3,15, Two identical coils X and ¥ each having 1000 turns lic in parallel planes such that
60% of the flux produced by one coil links with the other. A current of 10 A in coil X
produces in it a flux of 10 wb. If the current in the coil X changes from +15 A 10 =15 A
in 0.03 seconds, what would be the magnitude of the emf induced in the coil ¥?
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Solution

Given Ny =N, = 1000 turns
I=10A
¢, =107 Wb,
The amount of flux linking with second coil = 0.6 x 10~ Wb.
dl, (15-15)] _ 30
@ T 003 ooy <1000 ASee
We have
dly . . )
Gy =M @ volts (ignoring -ve sign)
here s o N2 (Amountof ¢ linking with the coil )
ll
1000 x (0.6 x10™)
10
=06x 102 H

ey, = 0.6 % 107 x 1000
= 6 volts.
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3,16 A square coil of 10 cm side and with 120 turas in rotated at a uniform speed of
1000 rpm about and axis at right angles to a uniform magnetic field having a flux density
of 0.5 Wb/m’. Determine the instantaneous value of the electromotive force have the
plane of the coil

(a) at right angles to the field

(b) at 30° to the field

(¢) in the plane of the field.

Solution
We know
¢=B.A=05x (10 x 10%)? = 5 milli-Wb
w=90-N=5x107x120=0.6
2XAXI0
g = 104719 radianisec
¥=y, cos ex = 0.6 cos 104.719
dy .
e= = =+40.6x 104.719 sin 104.719¢

dr

= 62.83 sin 104.719 volt.
(@) When 6 =0°
e=6283sin0°=0V
(b) When 6= 90° - 30° = 60°

e

€ =62.83 sin 60° = 62.83 x =54412 V.

() When  6=90°
e=6283 V.
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3.17  Two coils are connected in parallel as shown in Fig. 3.17. Calculate the net induc-
tance of the connection.

Solution f=Sampe
The net inductance in the given circuit
L -M?
SLrn M

02x03-(0.1¢
02+03+2x0.1 Fig. 3.17

01

07
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The combined inductance of the two coils connected in series is 0.60 H and 0.40 H,
penaing on the relative directions of currents in the coils. If one of the coils, when

isolated, has a self-inductance of 0.15 H, then find: (a) the mutual inductance, and (b) the

co-cfficient of coupling K.
Solution
Lugiiive =Ly + L + 2M
0.60 = 0.15 + L, + 20
Lopwescive = Ly + Ly = 2M
040=0.15+L,-2M
adding cquations (i) and (ii), we have
10=0.3+2L,

1.0-0.3)
( ) =035H

Substituting this value of L, in equation (i),
0.60 = 0.15 + 0.35 + 2M
or M=005H

@

(i)
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(b) Co-cfficient of coupling. K =

M
JiL,
0.05

= —— =0218=022.

,fO 15% 035
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3.19  Pure inductors each of inductance 3 H are connected as shown in Fig. 3.18. Find
the equivalent inductance of the circuit.

P Q
O~/ TOTVTTTT -~ TEOEETT 1~ BB ™

Fig. 3.18 The equivalent inductance of the circuit

Solution
Since all three are in parallel. Hence the equivalent inductance is /3 =3/3 = | H.
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3.20 A current of 10 A when flowing through a coil of 2000 tumns establishes a flux of

_ 0.6 milliwebers. Calculate the inductance L of the coil.

iolution
Given I=10A
2000 turns
0.6 107 wb
L = to be calculated.
N 2000x0.6x107
‘We have e —
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3.21 Determine the inductance L of a coil of 500 turns wound on an air cored torroidal
ring having a mean diameter of 300 mm. The ring has a circular cross section of diameter
50 mm.

Solution

Given N =500 turns
Mean diameter, D =300 mm =300 x 10° m
I=xD=mx300x 107 m

=0942 m
Cross-sectional diameter d = 50 mm
=50% 10" m
p o md2_EX(G0X107)
4 4

=1.963 % 107 m’.
For air cored torroidal ring, &, = 1 and L = is to be calculated.

N?

We have, inductance L = ————
Reluctance
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AN?
Lo Hot
!
N? N?
a —I/Tl,,/,l—,z " Reluctance
where Reluctance = 7»J~._ ]
Ho fie - A
(The concept of reluctance is explained in article 3.18 and 3.24)
7 x300%107
Here Reluctance =

4rx107 x1x1.963x107*
=3.818 x 10° AT/Wb

Lo NP S00x50
Reluctance 3818 10°
=0.000654 H

=6.54x 10 H.
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Percentage resistance = Percentage copper loss of full load output

_3.7955 _
= 37953 %100 =07591%

Percentage impedance = 4.5% (given)

Percentage reactance = /(4 - 5)° 591)° =4.4355%

For terminal voltage to be minimum, the drop or percentage regulation will be maximum i.c.,
v cos ¢+ v, sin ¢ will be maximum
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322 Two coils having 80 and 350 turns respectively are wound side by side on a closed

iron circuit of mean length 2.5 m with a cross-sectional area of 200 cm®. Calculate the
mutual inductance between the coils. Consider relative permeability of iron as 2700.

Solution

Given Ny = 80 tums
N, = 350 tumns
1=25m
A =200 em® = 200 x 107 m?
2, = 2700

ttg = 47 x 10”7 H/m
M = (o0 be calculated.

N, -N, ;
We have =12 [for two coils of turns N, and N;]
Reluctance
where reluctance = — 1 (Ref. article 3.18)
Ho ft, - A
_ 25
47 x 107 x 2700 x 200x 10~
= 36860 AT/Wb
80x 350

. Mutual indy =
Mutual inductance (M) 36860

=0.760 H. wenanen
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223 A solenoid 60 cm long and 24 cm in radius is wound with 1500 turns. Calculate:
(a) the inductance
(b) the energy stored in the magnetic field when a current of 5 A flows in the solenoid.
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Solution
Given: 1=60 cm = 0.6 m, N = 1500 turns, A = 7 (0.24)* m?
p=pp,=4xx 107 x 1, 1=5A.
(@) Inductance:
_HNTA
]

We know L

4 x107 x (1500)% x 7 (0.24)*
06

08534 H

"

(b) Energy stored:

Wehave W= —LP

N—-

(0.8534) (5)* = 10.67 J.

~—-
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3.24  Two coils of inductance 8 H and 10 H are connected in parallel. If their mutual
inductance is 4 H, determine the equivalent inductance of the combination if (a) mutual
inductance assists the self-inductance, (b) mutual inductance opposes the self-inductance.
Solution
It is given that

L =8HL,=10H,M=4H

Li-M? _ 8x10-4  80-16

L= = =
@ L= L M 8+10-2x4 18-8

Li-M® _ 8x10-4'  80-16

b) L= - =
O L= L v2M 8+1052x4" 26

=246 H.
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325 Three coils are connected in series. Their self-inductances are L;, L, and Ly. Each
coil has a mutual inductance M with respect to the other coil. Determine the equivalent
inductance of the connection. If L, = L, = Ly = 0.3 H and M = 0.1 H, calculate the
equivalent inductance. Consider that the fluxes of the coil are additive in nature.
Solution
Let the current i and vy, v,, v5 be the voltage across the three coils.
di di di

=L + M= +M—

Y T dt

|-=r|*rz#vl=lL,+L2+L3+6M):—;f
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- Equivalent inductance = L, + L, + Ly + 6M.
Now putting the values of L, L,, Ly and M, we have
Equivalent inductance = 0.3 + 0.3 + 0.3 + 6 x 0.1
=09+ 06
=15H
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3.26, In a telephone receiver, the cross-section of the two poles is 10 cm x 0.2 cm. The
flux between the poles and the diaphragm is 6 x 10"® wb. With what force is the dia-
phragm attracted to the poles? Assume g = 47 x 107,

Solution
Here 6=6x10° wb
A=10cmx02cm=02cm’=2x10° m*
6x10°¢
B= 221 03 woim?
A 2x107*
.. Force acting on the diaphragm
2
F=BAy
2u,

(03)? x2x10°%

i TOTN.
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3.27 Determine the force in kg necessary to separate two surfaces with 200 cm® of
Contact area, when the flux density perpendicular to the surfaces is 1.2 wh/m?.

Solution
Given A=200cm?=2x 102 m?
and B = 1.2 wb/m?

BA (1.2 x2x1072
- g=

2u, x9.81 2x4xxx107 x9.81
= 1167.64 kg.

-
[l
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3.28 A coil of 600 turns and of resistance of 20 Q is wonnd uniformly over a steel ring
of mean circumference 30 cm and cross-sectional area 9 cm?, It is connected to a supply
of 20 V (DC). If the relative permeability of the ring is 1,600 find (a) the reluctance,
(b) the magnetic field intensity, (c) the mmf, and (d) the flux.
Solution
Here N = 600 turns, resistance of the coil is 20 Q, /=30 cm =03 m, A =9 cm*=9 x
107 m?, relative permeability g1, = 1600 and p, = 4 x 107

(a) Reluctance § = ! = 0.3

Mool -a 4rx107 x1600x9x107

= 1.657 x 10° AUwb
(b) The magnetic field intensity

6001
H=[ﬂ]= XL _ 2000 AT
] 03

where Je——Y =20 _janp
resistance of the coil 20

(c) MMF = (NI) = 600 X 1 = 600 AT
mmf NI __600x1 600

reluctance S 1657x10°  1.65x10°
=3.62x 107 wb = 3.62 m Wb,

(d) Flux(¢) =
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}.2_9_ What is the value of the net mmf acting in the magnetic circuit shown in Fig. 3.20.
Solution

Net mmf acting in the magnetic circuit = mmf of all the three coils = NyJ; + Naly + Naly
=(10x 2+ 50 x 1 + 300 x 1)AT = 370 AT.
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d .
or g (reos 9+ vesing) =0
or —v,sin g+, cos $=0

e Ve a1 4:4355 _ g0 50
or g ! 2= an G =803

Thus load power factor for minimum voltage, cos ¢= cos 80.3° = 0.1687 (lag) (Ans.)
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L eotBan

2A

AL

300 turns

10turns 50 turns

Fig. 3.20

1A

(It may be observed here that since the flux in all the coils are additive within the core,

hence AT's are additive.)
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A mild-steel ring having a cross-sectional area of 400 mm? and a mean circumfer-
¢ of 400 mm has a coil of 200 turns wound uniformly around it. [given g, = 300).
Determine:

(a) the reluctance S of the ring,

(b) the current required to produce a flux of 800 g4 Wb in the ring.

Solution
o .. 80010 N
(a) Flux density B in the ring is —————— =2 Wb/m’,
400x10°
. The reluctance S of the ring is ——————0% =265 x 10° A/Wb
300 % 47 x107 x 0.4 %10
. mf
A e ki _ _mmf
gain we know ? em—
mmf
800 x 10 =
Reluctance
mmf = 800 x 108 x 2.65 x 10°
=2.122x 10* AT
and magnetizing current is —22 — - 212x10°
gnetizing " No.of wms ~ 200

10.6 A. sranane
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331, A magnetic circuit having 150 tums coils and the cross-sectional area and length of
the magnetic circuit are 5 x 10~ m? and 25 x 102 m respectively. Determine H and the
relative permeability g, of the core when the current is 2 A and the total flux is 0.3 x
107 Wh.

Solution
When I=2A
mmf = N/ = 150 x 2 = 300 A/T
NI _ 300

H="7 355102 =1200 A/m

B flux (¢) _03x10°

= =06T
area(a) 5x107




image280.png
u= L2296 _ 50000 x 10 Wim
H 1200

500.00x10°¢
= a2 30788 x 107 = 397,88,

H, 4rx107
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3.32 An air cored coil has 500 turns. The mean length of magnetic flux path is 50 cm
and the area of cross-section is 5 x 10~ ™. If the exciting current is 5 A, determine (a) H
(b) the flux density and (c) the flux (¢).

Solution
mmf = NI =500 x 5 = 2500 A
Given,
@ o H= M 250

=— =5000.00 A/m.
05

(b) B=fluxdensity=p-H=p, o H
= H [ =11
=4 x 107 x 5000.00
=6.283x 107 T.
() Flux (9)=Bxa=6283x10°x5x10*
=3.1415 x 10° Wb,
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3.33  Two identical co-axial circular loops carry a current [ each circulating in the same

direction. If the loops approach each other, the current in cach decreases. Justify the
statement.

Solution

When the loops approach cach other, the ficld becomes strong, which should not be
allowed in accordance with Lenz's law. So, the current in both should be in such a way
that the field decreases and hence / decreases.
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3.34  Aniron ring 10 cm mean circumference is made from a round iron of cross-section
lﬂ‘fmz. It’s relative permeability is 500. If it is wound with 250 turns, what current will
be required to produce a flux of 2 x 10~ Wb?

Solution

‘The lines of magnetic flux follow the circular path of the iron so that
1=100cm=1m
afarea) = 107 m?

Reluctance § = 1 a— 1
B Ho@  (500x 4107 x107)
=1.59 x 10° A/Wb.
Given Flux (¢) =2 x 10° Wb
H=06-5=2x107x 1.59 x 10°

=3.1847 x 10* AT.
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As we know H=NI
_ H_31847x10°

N 250
=12738 A.




image285.png
335 An air gap 1.1 mm long and 40 sq. cm in cross-section exists in a magnetic circuit,

Determine (a) Reluctance S of the air-gap, and (b) mmf required to create a flux of 10 x
10~ Wb in the air gap.

Solution

(@) Reluctance (§) =

_ 1.1x107°
" 4xx107 x40x 10
(b) Since ¢ =10 x 10~ Wb (given)
mmf = flux X reluctance

=10x 10 x 2.1885 x 10°
=218.85 AT.

=2.1885 x 10° A/m
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336, An iron ring of mean length 110 cm with an air gap of 1.5 mm has a winding of
600 turns. The relative permeability of iron is 600. When a current of 4 A flows in the
winding, calculate the flux density B. Do not consider fringing.

Solution

Given that f;=110 cm - 0.15 cm
=109.85 cm
1.0985 m
ly=15mm=15x 10" m,
N =600 turns, 1, = 600 (given)
I=4A

M, Nl-p,  m NI-1
oty

= Flux density B =

Hr
'"”’[T*r]

g (3
600, 1
1.0985  15x10°

=3.0159 x 107 x (5.46 x 107 + 6.666 x 10%)
57 Wh/m?,

=4xxm-’x6m><4x[ ]Whlm2
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Example
Two three-phase transformers each of 100 KVA are connected in parallel. One transformer has (per-

phase) resistance and reactance of 1% and 4% respectively and the other has (per-phase) resistance
and reactance of 1.5% and 6% respectively. Calculate the load shared by each transformer and
their pf when the total load to be shared is 120 KVA, 0.8 p . lagging.

Solution:

Here, Load = 120 kVA at p.f. 0.8 lagging
§ =120 Los 0.8 =120 £ — 36 - 87°
Percentage impedance of transformer-I,
Zi =+ =4-12276°
Percentage impedance of transformer-II,
7y =(15+j6) = 618 276
Zi+7: =(1+ )+ (15+j6) = (2.5 +j10)= 10-3.£76°

Load shared by transformer], 5 = =Z2—x§
Zi+2
6-18276°

:mxlzoz—ss-w
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An iron ring has a mean circumference of 80 cm and having cross-sectional area of
and having coil of 150 turns. Using the following data, calculate the existing
current for a flux of 6.4 X 10~ Wb. Also calculate the relative permeability (4,).

B(Wbm?) : 09 11 12 13
H (A/m) : 260 450 600 820

Solution
It is given that ¢ = 6.4 x 10~ Wb

64x10™
- flux density B= —0— = 84X10°

area  5x10°¢
Assuming B-H curve to be linear in the range from 1.2 to 1.3 Wb/m?,
820 - 600
H=600+ —— x(128-12)
13-12

=776 A/m.

= 1.28 Wb/m®

80
mmf =776 x 2 = 6208 A
* 100
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1=5208 _ 41384
1500

Ve know B=p-H=p, -y - H
B 128

= =—— = 1312.089
M- H o 47 x107 x776

H
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338 Inthe ngnem. cnmuu shown in Fig. 3.24, the cross-sectional area of limbs Q and
are 0.01 m* and 0.02 m? respec-
tively and the lengths of air-gap are P Q R
1.1 mm and 2.1 mm respectively, are
cut in the limbs Q and R. If the mag- E ¥ 11 Y ootmm
netic medium can be assumed to have  o———] T

infinite permeability and the flux in the
limb is 1.5 Wb, calculate the flux in

the limb P. Fig. 3.24 Magnetic circuit of Ex. 3.38
Solution

It is given that
Area of cross-section of limb Q = 0.01 m?
Area of cross-section of limb R = 0.02 m?
Length of air-gap = 1.1 mm for limb Q and 2.1 mm for limb R
Flux in limb Q = 1.5 Wb
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As because the permeability of the magnetic

medium is infinity, reluctance of the given iron 92
path s zero. The clectrical equivalent is shown in (™) s
Fig. 3.25.

Now if we assume S, is the reluctance of air-
gap of limb Q and §, is the reluctance of the air- Fig. 3.25 Electrical equivalent
gap of limb R respectively. Let ¢, is the flux across
the air-gap of limb Q and ¢, is the flux across the air-gap of limb R.

SiX¢=8%x¢,
[/ I
X9 = x4
Ho, Xy M, Xay
a b
=X x
L3 PR [
2002, L1 ys
001 21
= 1.5714 Wb.

2 Flux in the limb

=0+0;
1.5 + 1.5714 = 3.0714 Wb.
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339 A ring, made of stecl has a rectangular cross-sectional area. The outer diameter of
the ring is 25 cm while the inner diameter is 20 cm, the thickness being 2 cm. The ring
has a winding of 500 turns and when carrying a current of 3A, produces a flux density of
1.2 T in the air gap produced when the ring is cut to have an air gap of 1 mm length
(Fig. 3.26). Find (a) the magnetic field intensity of the steel ring and in the air gap,
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(b) relative permeability of the magnetic
material, (c) total reluctance of the
magnetic circuit, (d) inductance of the
coil and (e) emf induced in the coil when
the coil carries a current of i, = 5 sin
3141

Solution
NI =500 x 3 = 1500 AT
Buea=Byp=12T

Fig. 3.26
12
(@) -~ Hyp = ——— =9.55x 10° AT/m
4 x107
Since NI'= Hopy X 1 + Hegee X Liogen
where /., (mean length of gap) = 1 mm = 1 x 107 m,

Jowe = 27 % (m+ 2—25) =@rx 11.25) cm

=2rx 1125 % 102 m.
We can write,

1500 = 9.55 x 10° x 107 + H_,,, X 27 x 11.25 x 107
Hepre = 771.20 AT/m.
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= 12
"7 4xx107 x 771.20

B
(b) Also, Hopge =

1x107*

) §=8+85 = —————
P T X107 x2x2.5x 10

27 x11.25 X107

471077 x12382x2x2.5%10°*
=25 x 10° AT/Wb

2 -4
@ L= N¢ _ 500x(Bxa) _500x(12x25x2x10™)

+

1 3 3
di d : d .
E=L— =01x —(5sin3140)=05— 314 1
(e) @ x ‘”( sin 7 & sin(. )
=157 cos 314 .

=12382

=01H
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340, An iron ring of circular cross-section of 5 x 10~ m has a mean circumference of 2
m. It has a saw-cut of 2 x 10~ m length and is wound wl(h 800 turns of wire. Determine
the exciting current when the flux in the air gap is 0.5 x 10 Wb. [given: u, of iron = 600
and leakage factor is 1.2] Assume areas of air gap and iron are same.

Solution
The flux linking with the iron ring is
Biron = Puir.gap % Leakage factor

05%x 107 x 1.2 [As the leakage factor is given as 1.2]
=0.6x 107 Wb.
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Again we know,
Ampere turns required = N/

=|: Bon Xlion . Puir-gap X laic :I

H, % i, of ironxarea 4, of airxarea

0.6x107 x2 05x107 x2x107

1

g0 XExO
sm[Axnxlo—’mexleo-‘ 4z x107 x5x10*
.95 A.

3

[ , for air = 1]
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An iron ring of 100 cm mean circumference is made from round iron of cross-
on 10 cm?. It's relative permeability is 500. Now a saw-cut of 2 mm wide has been
made on it. It is wound with 200 turns. Determine the new current required to produce a
flux of 0.12 x 107 Wb in the air-gap, given that the leakage factor x is 1.24, and that the
relative permeability of the iron under the new condition is 350.

Solution
Given:
Guirgap = 12X 10 Wb
lipgap = 02X 10222 % 10 m

i gp = 107 m?
Haip = 1.
. Reluctance in the air-gap is
2x107
——————————— =1.325 x 10° AT/Wb
rx107 x1x1.2x107%)
Bronpan = 125 X 1.2 107 Wb .
=15x 107 Wb
hron pach = 0.998 m
=107 m*

Firon-path
Hiron-pan (nEW) = 350,
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724 -36-87° kVA

57.6 KW at 0.8 p.f. lagging (Ans)
Zi_ 5412216
Zi+7, 0 T 103 216

482 — 36 - 87°kVA

Load shared by transformer-1I, 5> = %1204 -36-87°

= 38.4 kW at 0.8 p.f. lagging (Ans)
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998x 107

(350 x 47 X107 x1.2x10°)

= 1890912.3 AT/Wb = 1.89 x 10° AT/Whb.
As we cannot add up the values of air-gap reluctance and iron-path reluctance to get
the total reluctance, we therefore calculate in this way.

. Reluctance in the iron-path =

H = Hypgap + Hironputh
= (Reluctance of air-gap x Flux in this path)
+ (Reluctance of iron-path x Flux in this path)
1.325 % 10° x 1.2 x 107) + (1.89 x 10° 1.5 x 107%)
=4.425 x 10° = 4425

4,4
Current (=1) = 2425 =22.125 A.
X 200
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3.42 A magnetic circuit shown in Fig. 3.27 is constructed of wrought iron:
1mm

r—\

6cm? 1 f- 4 cm?
500tms  15em

———-25Cm-——~

7
—

Fig. 3.27 Magnetic circuit of Ex. 3.42

The cross-section of the central limb is 6 cm?, and each outer limb is 4 cm”. If the coil is
wound with 500 turns, determine the exciting current required to set up a flux of
1.0 m Wb in the central limb.
B-H curve of wrought iron are:
B (Wb/m?) 1.25 1.67
H (AT/m) 600 2,100

Solution

Given that Flux (¢,) in the central limb = 1.0 x 107 Wb
Area (a,) of the central limb = 6 x 10 m*
L=15cm=015m
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B = —=———— =1.667 Wh/m?
a  60x10™
AT required = H,/, = 2100 x 0.15
=315 AT

For outer limb flux (¢,) = % x 1.0 x 10 Wb

Area (ay) =4 x 107 m?,
Length J, = 25 cm = 0.25 cm

_ 112x10x10?

= = 1.25 Wb/m*
4x107
From B-H curve, H, = 600 AT/m
AT required = H,l,

Air-gap A, =B,

l=
. By-l,  125x1x107
AT required = —— = ——————— =99445 AT

Ho anx107

.. Total AT required
=315 + 150 + 994.45
459.45 AT.





image300.png
.. The exciting current /
NI _ 145945

N 500

=292A




image301.png
3, An iron ring made up of three parts, Iy = 12 cm, a; = 6 cm® L, = 10 om, ay = 5 em”,
;=8 cm and ay = 4 cm?. It is surrounded by a coil of 200 turns. Determine the exciting
current required to create a flux of 0.5 m wb in the iron ring. [Given p; = 2670, py =
1055, s = 680.]

Solution

Total reluctance § =5, + 5, + 5,

i
=2 Hopra

premier12 it

Hobtear  MoHoay MM d

o1 o2 . o1 . o8
4xx107 | 2670x6x10*  1055x5x10* 680 4x107

— L (0.074906 + 189573 + 0.294117)

4ax107
=4.445 x 10° AT/Wb.
mmf NI

Flux (@)= —20 M __
= S uctance ~ 3435 x10°

flux x 4.45x10*
N

05107 x4.45x10°
200

= L1125 A
11125 x 107 Amps = 1111.25 mA.
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344, The hysteresis loop of a specimen of 5 x 10 m?® of iron is 12 cm?. The scale is
'cm = 0.4 Wb/m? and | cm = 400 AT/m. Find out the hysteresis loss, when subjected to
an alternating flux density of 50 c/sec.
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Solution
Hysteresis loss = 12 cm? X (400 AT/m) cm™ (0.4 Wb/m?) cm™!
=1.92 x 10° Wb/m®
=1.92 x 10° x 50 J/mY/sec
=9.6% 10* Jim*/sec.
It given that volume of the specimen is 5 x 10 m*.
Hysteresis loss = 9.6 X 10*x 5 x 10 Jsec.
=485 =48 W.
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345 The flux in a magnetic core is varying sinusoidally at a frequency of 600 c/s. The
maximum flux density By is 0.6 Wo/m’. The eddy current loss then is 16 W. Find the
eddy current loss in this core, when the frequency is 800 c/sec, and the flux density is

0.5 Wb/m? (Tes!
Solution

We know, eddy current loss = B3,, X f
at 600 cisec: B, o< (0.6)" x 600 @

a1 800 cisec: P, (say) = (0.5)° x 800 (i)
Dividing equation (i) by equation () gives:
Py _ 057 xs0 1 B is16W)
16 (06)° x600 '
=9259 x 107!
B, =16x9.259 % 10" W

= 148148 W.
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346 A coil having a resistance of 10 Q and inductance of 15 H is connected across a
4. voltage of 150 V. Calculate: (i) The value of current at 0.4 sec after switching on the
supply. (ii) With the current having reached the final value the time it would take for the
current to reach a value of 9 A after switching off the supply.

Solution

Itis given that

V(d.c) = 150 V
R=10Q
L=15H

(i) . The value of the current

5 w0
e Yot | 2 190, it
R 10





image306.png
(i) Let us assume that at r=1,,i=9 A

(for decaying)
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Example 3.12
Two 1000 kVA and 500 KVA. three-phase transformers are operating in parallel. The transformation

ratio is same for both i.e., 6600/400, delta-star. The equivalent secondary impedances of the
transformers are (0.001 + j0.003) ohm and (0.0028 + j0.005) ohm per phase respectively. Determine
the load shared and pf of each transformer if the total load supplied by them is 1200 kVA at 0.866

pflagging.
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@

(®)

(©

For the network shown in Fi
Find the mathematical expression for
the variation of the current in the in-
ductor following the closure of the
switch at £ = 0 on 1o position ‘
‘The switch is closed on to position ‘6"
when 1 = 100 m/sec, calculate the new
expression for the inductor current and
also for the voltage across R;

Plot the current waveforms for ¢ = 0 to
1= 200 mfsec.

1V

Fig. 336 Network of Ex. 3.47
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Solution
(a) For the switch in position ‘a’, the time constant is

(b) For the switch in position ‘6’ the time constant
L 0.1

T, = = =4
R+r 15+10
v -
=g T (for decaying)
PR
10 e e,
10

The current continues to flow in the same direction as before, therefore the voltage drop

across R, is negative to the direction of the arrow shown in Fig. 3.36. vy = iy, - R = -15 x
R0y
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1
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08 | s0 ]
1
W, 1
u| 20 40 60 80 100 120 140 160
—> Time (ms)

Fig. 337 Current profile

It will be noted that in the first switched period, five times the time constant is
50 m/sec. The transient has virtually finished at the end of this time and it would not have
mattered whether the second switching took place then or later. During the second period
the transient took only 25 m/sec.

() The profile current waveform has been plotted in Fig. 3.37.
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3.48 For the network shown in Fig. 3.36 (Ex. No. 3.47) the switch is closed on the

position ‘a’. Next, it is closed on to position ‘5" when 7 = 10 ms. Again, find the
expression of current and hence draw the current wave forms.
Solution

For the switch in position ‘a’, the time constant Y is 10 m/sec as in Ex. No. 3.47, and the
current expression as is before. However, the switch is moved o position ‘" while the
transient is proceeding. When 1 = 10 m/sec.

. i A
1.0

. . x10-} <10~
i=|l-e 10X o f) 0 10X0

0632 4= =====

1-¢")=0632A.

i.e., the second transient commences
with an initial current in R of 0.632 A.
= The current decay is, i, = 0.632 x
'

4x107

t(ms)

A. which is shown in Fig. 3.38. Fig. 3.38
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349 A d.c. voltage of 150 V is applied to a coil whose resistance is 10 £ and induc-
Tance is 15 H. Find: (i) the value of the current 0.3 sec after switching on the supply; (ii)
with the current having reached the final value, how much time it would take for the
current to reach a value of 6 A after switching off the supply.
Solution
(@) Itis given that
V=150 V,R=10Q,L=15H
2 The value of the current 0.3 sec after switching on is

o,
i= '50[ 0 ] =272A.

10
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(b) After switching off the supply, the current will be decaying and is given by

v 150 -12xt
=¥ s 6= el
i= e e

r=1.375 sec.
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3:50, A coil of resistance 24 Q and having inductor 36 H is suddenly connected to a d.c.
of 60 V supply. Determine

(@ the initial rate of change of current (%]

(b) the time-constant

(c) the current after 3 sec.

(d) the enrgy stored in the magnetic field at r = 3 sec.
(c) the energy lost as heat energy at t = 3 sec.

Solution

Itis given that: V=60 V, R =24 Q, L=36 H
() Initial rate of change of current:

lI.
x[<
—_—
|
-
.
=t
-

L d _z.(_ﬁ).,-%'
dr R L

W
RIS

When t

di V0 V80 _ 67 Alsec:
d L L
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@

«©

Time constant (Y ):
L _36

Encrgy stored:

3 sec. the encrgy stored in the magnetic field is 4 L0

= 4 x36x @6 =84

Energy lost as heat energ:
ats =3 sce. the encray lost as heat cncrgy is
PR R =(2.16) % 24 = 112 J.
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351, If the vertical component of the earth’s magnetic field be 4.0 X 10 Wb m™, then
what will be the induced potential difference produced between the rails of a meter-gauge
running north-south when a train is running on them with a speed of 36 km h~'?

Solution

When a train is on the rails, it cuts the magnetic flux lines of the vertical component of
the carth’s magnetic field. Hence, a potential dfifference is induced between the ends of
its axle.

Distance between the rails = | m; speed of train (v) = 36 km/hr = 10 m/sec. Magnetic
field By = 4.0 x 107 Wb/m. . The induced potential difference in ¢ = Byl = (4.0 x 10)
X10X1=40x 107 V.
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3.52  The current in the coil of a large electromagnet falls from 6 A 10 2 A in 10 ms. The
induced emf across the coil is 100 V. Find the self-inductance of the coil.

Solution

Here

0?7 _
7!00)(7 =025H.
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Solution:
Impedance of 1000 kVA transformer, Zi = (0.001 +0.003) = 0.003162 £71.57° ohm
Impedance of 500 kVA transformer, Z3 = (0.0028 + j0.005) = 0.00573 £60.75° ohm
71 +7Z> = (0.001 +j0.003) +(0.0028 +j0.005) = (0.0038 + j0.008)
= 0.00886 264.59° ohm
Load supplied, § = 1200 £cos~ 0.866 = 1200 £30° kVA

Load shared by 1000 kVA transformer,

S - SxZ2__ _ 3oy 0-00573260-75
St= Sxgy T 1200430 X G oRse Z6d 50
= 776 £33.84° KVA
= 645 KW at pf 0.83 lagging (Ans.)
S=Sxol - _ 300 x Q003162271 57°
Load shared by 500 kVA transformer, 5 = ¥ x 21— = 1200 £ - 30° x g7

=428 £23°kVA
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The current (in ampere) in an inductor is given by i = 5 + 16¢, where 7 is in
nds. The self-induced emf in it is 10 mV. Find (a) the self-inductance, and (b) the
energy stored in the inductor and the power supplied to it at £ = 1.

Solution
‘The induced emf in the inductor due to current change is
di
=19
b= L
lel
L=—
dildt
Hence i =5+ 161, from this, we have
% =0+16=16Asec”, ande=10mV =10x 107V
10x10-3V
L= ——— =0.666 x 10° H = 0.666 mH
15 Asec™!

(b)  The current at £ = | sec is
i=5+160=5+16x1
=21A
~. Energy stored in the inductor is

%Liz =1 x@es6x 10 x @12

=137.8x 107 = 137.8 mJ
Power supplied to the inductor at 1 = 1 sec is
P=1li=(10x107 V) x 21 =021 W. PEPPrT
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3.54  Calculate the wll inductance of an air-cored solenoid, 40 cm long, having an area
of cross-section 20 cm? and 800 tums.

Hy-N* A
1
[here we assume gt = 47 x 107 Hm™).
4mx 107 x800° x 20x 10+
40x107

Hints: L=

=4022x 107 H
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A solenoid of inductance L and resistance R is connected to a battery. Prove that
ime taken for the magnetic energy to reach 1/4 of its maximum value is L/R log (2).

Solution
‘The growth of current in an LR circuit is given by

l=l,.[1_;L ] [0)

where I is the maximum current. The energy stored at time 7 is

w=1pp
2
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‘We are required to find the time at which the energy stored is 1/4 the maximum value,

iic., when u = 2 where u, = 1112
o o= 13
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356, An acroplane with a 20 m wingspread is flying at 250 mys parallel to the earth’s
surface at a plane where the horizontal component of the earth’s magnetic field is 2 x
10" Tesla and angle of dip 60°. Calculate the magnitude of the induced emf between the
tips of the wings.

Solution

As the aeroplane s flying horizontally parallel to the earth’s surface the flux linked with it
will be due to the vertical component By on the earth's field.

By =By tan =2 x 10~ x tan 60°
23 x 10 Wh/m?.
». Induced emf is lel = By Iv sin 6

= 2J3 % 1075 x 20 250 x sin 90°

V3
To V=073V,

or
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_3;57‘ A rectangular loop of sides 25 cm x 10 cm car-
ries a current of 15 A. It is placed with its longer side
parallel to a long straight conductor 2.0 cm apart and
camying a current at 25 A. Find the net force on the

loop. What will be the difference in force if the current
in the loop be reversed?

Solution

Let ABCD be the loop (length 1, width b and current iy).
with its longer side AB placed parallel and at a distance

d from a long conductor XY, carrying current i, as shown
in Fig. 3.39.

iy !
B c l
N aad e

Fig.3.39 Rectangular loop
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The attractive force on the side AB of the loop, due to current i, is

!
Fi=Sp g towards XY
Similarly, the (repulsive) force in the side CD of the loop is
By iyl
Fy= —- fr Xy
2Tk Wy MM

2. The forces on the sides AD and BC of the loop; being equal, opposite and collinear,
cancel each other.
2. Net force on the loop is

A |
Fimh=gphch '[d (d+b)]

M dchlh
T2 dd+b)
Substituting the values:
iy =15Ab=25A
1=025,b=010m
d=002m,d+b

towards XY,

.12 m
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Ha 7 NA,
d == =2x 107 NA?, t
an 35 =2X10° we gel

4 15%25%025%0.10
Fi=F=@X107) X e —
002x0.12

=78x 10%N.
The net force is directed towards the long conductor. If the current in the loop, or in the
long conductor, be reversed, the net force will remain same in magnitude but will then be
directed away from the long conductor. .

358, Show that the time for attaining half the value of the final steady current in an L-R
Sérics circuit is 0.6931L/R.

Solution
The instantaneous current during its growth in an L-R series circuit is given by i =
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log.2 = 0.6931

L
L6931 x =
x R
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9, The resistors of 100 © and 200 Q and an ideal 104
uctance of 10 H are connected 10 a 3-V. battery

through a key K, as shown in the Fig. 3.40.
If K is closed at ¢ = 0, calculate oo 2000
(a)  the initial current drawn from the battery
(b) the initial potential drop across the inductance K
(¢) the final current drawn from the battery v
(d)  the final current through 100  resistance. Fig.340 Circuit of Ex. 3.59
Solution
(a) ‘Immediately’ after closing K, thes almost no current in the inductance due to
self-induction, the current is only in resistance. Thus, the initial current is
3v
—_ =001A
(100 +200) Q
(b) The p.d. across the inductor is same as across the 100 € resistance, that is 0.01 x

100=1V.
(c) When the current has become steady the opposing emf in the inductance is zero
and it short circuits the 100 £ resistance. The resistance of the circuit is now only
200 Q and so the current drawn from the cell is 3V/200 Q = 0.015 A.
‘This is the final current in the 200  resistance.
(d) The final current through the 100 € is zero.
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Example 3.13
Two 400KVA and 800 KVA transformers are connected in parallel. One of them (400 KVA transformer)
has 1.5% resistive and 5% reactive drops whereas the other (800 KVA transformer) has 1% resistive
and 4% reactive drops. The secondary voltage of each transformer is 400 V on load. Determine
how they will share a load of 600 VA at a pf of 0.8 lagging.
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3.60, A horizontal power-line carries a current of 90 A from east to west. Compute the
magnetic field generation at a point 1.5 meter below the line.

Solution

The magnitude of the magnetic field B due to a long cumrent carrying conductor at a
distance R is given by

where

Putting,

Applying Right Hand Rule, we find B is directed towards the south.

B=

8=

L
R

B 2107 Tm A"

2
i=90 A, R =1.5m, we have

B=02x107)x -;]—g- =12x10°T.
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3,61 Two coils with terminals 7,, T, and Ty, T respectively are placed side by side.
Measured scparately, the inductance of the first is 1200 pH and that of the second coil is
800 pH. With T; joined with Ty (Fig. 3.41), the total inductance between the two coils is
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2500 pH. What is the mutual inductance? If T is joined with T instead of T3, what would
be the value of equivalent inductance of the two coils?
Solution
Given L, = 1200 jH, L, = 800 uH. T, = 2500 pH.
Let the mutual inductance between the two coils be M, then total inductance L, + L, +
2M. In the first case (refer (Fig. 3.41)
Tu=Li+L+2M
2500 = 1200 + 800 + 2M

M=%=25(IMH.

Ly

nl S 13

T
L
Ts

ST, T Ty

Fig. 341 Connection of two coils, st Fig. 3.42 Connection of two coils, 2nd
case case

If Ty is the total inductance in the second case, then
Tyy=Ly+L-2M (See Fig. 3.42)
= 1200 + 800 - 2 x 250

= 1500 pH.
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Solution
di_E Yy
@ g7 =%

di
atr=0, E:ZAlscc.

co E s
(b)r-R(l )

=04(1-€)
time £, when i = 0.2 A is

02=04(1-€4)

or 1y =0.1386 sec:
di _ o soime
i 2e

=1 Alsec

A coil has a resistance of 5 €2 and an inductance of 1 H. At £ =0 it is connected to
V battery. Find (a) the rate of rise of current at
when i = 0.2 Amps and (c) the stored energy wheni=0and i =

= 0; (b) the rate of rise of current
.3 A,
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(c) Ati=0, stored energy = 0
when i = 0.3 A, stored energy
Li* = — x 1 x(0.3)* = 0.045 J.

L
2

i
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3 A small flat coil of area 2.0 x 10~ m” with 25 closely wound turns is placed with
lane perpendicular to a magnetic field. When the coil is suddenly withdrawn from the
field, a charge of 7.5 mc flows through the coil. The resistance of the coil is 0.50 Q.
Estimate the strength of the magnetic ficld.

Solution

The magnetic flux passing through each tum of coil of area A, perpendicular to a mag-
netic field B is given by

0y = BA
when the coil is withdrawn from the field. the flux through it vanishes. Therefore, the
change in flux is d¢y = 0 — BA = -BA.
By Faraday's law, the emf induced in the coil is

A9y _ NBA

e=-N. — =104

dr dr

where d is the time taken in withdrawal. The induced current in the coil of resistance (say
R)is

e
i= <.
R
This current persists only during the time interval dr. Hence the charge flowed through the
coilisg=ixdi= < .= NEA
R R
qR
B= i

Substituting the given values, we have

(7.5%107) x0.50
B=—————— =0.75 Wb/m’.
25%(20x107)
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364 A copper rod of length 1.0/ m is revolving with a frequency of 50 revisec. around
one of its ends, perpendicular to a uniform magnetic field of 1.0 Wh/m®. Find the emf
developed between the two ends of the revolving rod.
Solution
The magnetic flux linked with an area of perpendicular to a
uniform magnetic field of magnitude B is given by ¢, = BA.

‘Suppose the copper rod of length / (say) revolving about its
one end O is completing  revolutions per unit time is shown
in Fig. 3.43, then, the rate of change of magnetic flux linked
with the revolving rod is given by

dgy @

T

= B  (area swept by the rod
per unit time)  Fig- 343 Revolving
Bx(af)-n copper rod
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By Faraday’s law of electromagnetic induction, the emf induced across the rod is given by

lel

Substituting the given values, we have
lel = 1.0 x 3.14 x (1.0)* x 50
= 157 Whisec = 157 V
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A rectangular iron-core is shown below in Fig. 344, It has a mean length of
tic path of 100 cm, cross-section of (2 cm X 2 cm), relative permeability of 1400
and an air-gap of 5 mm s cut in the core. The three coils carried by the core have number
of turns N, = 335, N, = 600 and Ny = 600, and the respective currents are 1, = 1.6 A, L, =
4.0 Aand I = 3.0 A. The directions of the currents are as shown. Calculate the flux in the
air-gap.

> Mean length = 100 cm

W | h

ot t—<o

o] ! [
1

Fig. 3.44 A rectangular iron-cone (Ex. 3.65)
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Solution

The mmf acting in the magnetic circuit (current considering in the clockwise direction)

where

=ENI=-335% 1.6+ 600 X 4 - 600 x 3 = 64 AT
9

My A

I, = mean length, 4, = relative permeability and

64 AT =

I, = air-gap cut length.

[P —
arx107 x(2x2)x10
=1136x 107 ¢
Flux, 0= — 2 256310 Wb
1136107

=563 4 Wb
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Solution:
Let the base KVA be 800 kVA
Percentage impedance of 400 kVA transformer at base KVA

Zi= %x(l-5+j5) =3+j10=1044 L733°
Percentage impedance of 800 kVA transformer at base KVA

Zo= 804 jay = 1442413 276

Zi+7 = G4 jI0)+(1+ A =4+ j14 = 1456 214
Load to be shared, § = 600 cos™ 0.8 = 600 £36.87° kVA

Load shared by 400 KVA transformer, 3; = § x =22
Zi+2s

600 £ —36-87°x

4-123/76°
1456 274°

139.4 KW at pf 0.82 lagging (Ans.)

=169.9 ~34.87°

Load shared by 800 kVA transformer, 5> = § x =21
Zi+2

o, 10-44/73-3° _
600 £ —36-87°x v =430.2 £3757°

= 340.6 KW at pf 0.792 lagging (Ans)
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Example 3.14

The short circuit tests gave the following pu values of a 3-winding transformer.
Zia = (0.012 +j0.064); Zas = (0.025 +j0.064); Zs1 = (0.016 +j0.12)
The open circuit test on the primary gives the following values pu
Yo =(0.02-0.05)
The secondary is supplying full rated power at 0.8 pf lagging and tertiary is kept open.
Find the impedance pu of each winding.
Solution:
Here, Zix = (0,012 +0.064)
7 = (0.025 + 0.064)

Z1 = (0016+/0.12)




image33.png
120+ 70 - )

%[0.012 +0.064 +0.016 + 0.12 - 0.025 - j 0.064 ]
% (0.003 +0.12) = (0.0015 + j0.06) (Ans.)

2o +Z0-Z0)

%[0.025 +j0.064 +0.012 +0.064 - 0.016 - j 0.12]
% (0.021 + 0.116) = (0.0105 + j0.058) (Ans.)

L T4 7o -7

% [0.016 +j 0.12 + 0.025 + j 0.064 - 0.012 - j 0.064]

% (0.029 +j0.12) = (0.0145 + j0.06) (Ans.)
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Example 3.15
An 11 RVA00 V. three-phase, deltalstar transformer supplies a load of 100 kW at unity pf between

line R and neutral. It is also supplying a balanced load of 500 kW at 0.8 pf lagging. Determine the
current magnitude in each primary winding and each input line. State assumptions if any and draw
the relevant diagram.

Solution:

Secondary phase voltage, V)., = % =231V

Primary phase voltage, V,,, = V,, = 11000 V

|
jon ratio, K = 1112 = 231
Transformation ratio, K = me = 11000
N R R
R
100 kW
2
2
3
A Yy vy
Y B| B
Be- B

Fig. 3.20 Circuit diagram
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Current in red phase of secondary due to single phase load of 100 kW at unity pf:

_ 100x 1000 _
= 231 =433 A

Current in all phases due to balanced load of 500 kW at 0.8 pf lagging

(in phase with respective phase voltage)

_ S00x1000 _
= 3x21x0.5° 2A

(lagging behind their respective phase voltages by ¢ = cos™ 0.8 = 36.87%)
Assuming phase voltage V., on primary as reference phasor,
Var = 11000.£0°V : Vg = 11000 £ — 120°V : Vo = 11000.£120°V
Current in primary phase RY due to single phase load of 100 kW unity pf

231
Ty = 433% 7105

Trvy = 9.120° A

=9-1A in phase with voltage V,,

Current in primary phase RY due to three-phase balance load of 500 kW at 0.8 pf lagging.

231
Ly = 902 % g1

Trve) = 1895 £3687°A

= 18-95A lagging V, by 36.87°
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Current in phase RY, Try = 9.1 20°+ 1895 £36.87°
= 9.1+ (1516 - 11.37) = 2426 - j11.37)
=268 £-25.1° A (Ans)
Current in phase YB, Ty = 18.95.4120°~ 36.87° = 18.95 £156.87° = (1743 - /144) A
= 18.95 22311 A (Ans)
Current in phase BR, Tse = 18.95.2120°~ 36.87° = 18.95 £83.13° = (2.67 +j18.81) A
= 1981.92° (Ans)
Line current, Tx = Try —Tpn = (2426 — jl1-37) = (267 + j18-81)
= (21.59- j30.18) = 37.1 £54.42°A (Ans)
Line current, Ty = Trg — Try = (1743 - j7.44) - (2426 - j11.37)

(-41.69 — j18.81) = 45.74 224.28" A (Ans)

Line current, T = Tox — Trs = (2.67 +/18.81) - (-1743 - j144)

(20.1 +j26.25)

33.1.£52.56° (Ans.)
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Find the turn-ratio (primary o secondary) of a 11000/400 volt, delta/star connected, three phase
transformer.

Solution:

Primary phase voltage, Ep, = E;, = 11000 V (delta-connected primary)

400

Secondary phase voltage, E,,, T ==V arcomected secondary)

]

_Em 711000
Nz -7 47.62 (Ans)

Turn-ratio (primary to secondary) 21
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Example 3.16
A 3300400/110 V star-star-delta transformer takes a magnetising current of 6A and a balanced

load of 500 KVA at 0.8 pf lagging and 200 KVA at 0.6 pf leading on the tertiary. Determine the
primary current and its p.f.
Solution: ~
Here, 1, =6 A; Tnag =0 j6=6 2-90°

KVAX1000 _ 500 x 1000
1, = KVAX1000 _ 500x 1000 _ 750 5
2By, V3 x 400

v,
Transformation ratio, ko V2 _ 400743 _ 4

Vi 3300743 33

4 !
= Kipy = 5720 = 87-5A at 08 pf, lagging

Secondary current,

Primary phase current,

Pp= Uyl —cos™ 082875236 87°

= (10-j52.5) A
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iary windi _;  200x1000
Tertiary winding current (phase value) = 1, = 200X

1 __1
3300743 103

Primary phase current due to tertiary. Iy, = Ky X I, = —L=x 606 = 35A at 0.6 pf leading

1043

Zeos™ 0.6 =35 £53.13° = (21 +j28) A

=606 A at 0.6 pf leading

‘Transformation ratio for tertiary, K-

Total primary current, 1= Toag + Ty + Ty

=0-j6+70-)52.5+21 +;28=91-;30.5

= O17 +(30- 572 - 3023 =962~ 1653

=96 A at pf 0.948 lagging (Ans.)
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Example 3.17

A starfstar/delta connected transformer has secondary load of 40A at 0.8 pf lagging and tertiary
has load of 30A at 0.71 pf lagging. The ratio of turns is 10:2: 1 for primary, secondary and tertiary
respectively. Calculate the primary current and pf.

Solution:
jonratio, K= N2 = 2 -1
Transformation atio, K = 32 = = §
N1

‘Transformation ratio for tertiary, K. N 0
|
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Primary current due to secondary, /', = K1, = %x 40 = 8A
T\ = I'NZcos 08 =82 -36.87°
= 8 (cos 36.87° - j 5in 36.87°)
—64-j48) A

Primary current due to tertary, ', = Kyl = 7% % =3

Ty =I'y Zcos1 071
= 1732 £45°
= 1732 (cos 45° - jsin 45)

= (1L23-j123) A
(Magnetising current is not given, hence neglected)

Total primary current, Ti = yT', + T'yy = (6- 4 — j4-8) +(1-23 = j1.23)
=(163-j6.03) A= \[7T-63— j6-03) A
_ T 6 03 L — tan 6203
= V7637 +6- 0372 - an § 1
=973 38.32°

=973 A at pf 0.7846 lagging (Ans.)
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Example 3.18
A balanced three-phase load of 1000 kW and 0.8 p.f. lagging is supplied by Vee-connected

transformers. Calculate the line and phase currents and the power factor at which each transformer
is working. The working voltage is 3.3 kV.

Solution:

Line current, 7, = % =2188 A

Phase current of the transformer is equal to the line current for Vee connections
I=1,=1,=2188 A
Load pf. cos § = 08; §=cos™ 0.8 = 36.87°

The current /, will make an angle of ¢, = 30 + ¢ = 30 + 36°.87° = 66°.87° with phase voltage of
respective transformer

cos ¢, = cos 66.87° = 0.393 lagging (Ans)
Current Z, will make anangle of g = 30° - ¢ = 30° — 36.87°
= - 6.87° with phase voltage of respective transformer.
cos ¢, = cos (- 6.87%) = 0.993 (Ans)
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Example 3.19
Two identical single phase transformers are connected in V-V-connection across three-phase mains
and deliver a balanced load of 3048 kW at 11 KV, 0.8 p.f. lagging. Calculate the line and phase
currents and the pf at which each transformer is working.

The V-V-connection is converted to mesh/mesh by the addition of an identical unit. Calculate
the additional load of same p . that can now be supplied for the same temp. rise. Also calculate
the phase and line currents.

Solution:

Line current, [, = AW x 1000 _ _ 30481000 _ _ 590 o
BE cos 9~ 3 x11000x 08

In Vee-Vee connection, phase current is the same as line current and is equal to 200 A in this case.

Load p.f. cos ¢=08
$=cos! 0.8=3687°
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P of transformer-] = cos (30° - §) = cos (30° - 36.87°)
= cos 6.87° = 0.993 lagging (Ans.)
p.L. of transformer-IT = cos (30° + 36.87%)
= cos 66.87° = 0.393 lagging (Ans.)
Power supplied by the delta for same temperature rise i.e., for same current is
=3Ey by cos ¢

_ 3x11x1000 x 200 x
1000

Note: In delta connection line voltage is the same as phase voltage.

Extra power supplied by delta = 5280 - 3048 = 2232 kW (Ans.)
1, =200 A (Ans)

line current = 200 x 3 =346 A (Ans.)
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Example 3.20

Two-transformers are connected in open delta and supply a balanced three-phase load of 300 kW
at400 volt and a p . of 0.866, determine:

(@ the secondary line current.

(b) the kVA load on each transformer

(c) the power delivered by the individual transformers.

If a third transformer having the same rating i.c., 200 kVA is added 1o form a delta bank, what

will be the total load that can be supplied.
Solution:

Load supplied = 300 kW: Secondary line voltage, V,,= 400 V
Load pf. cos § = 0.866
kW x1000 300 x 1000
XV, xcos g 3 x 400 x 0.866

Vip x1py _ 400 x 500
1000 1000
(©) Fora pover factor cos ¢= 0.866: ¢= cos! 0.866 = 30°
Powr delivered by one transformer, P, = kVA cos (30° - ) = 200 cos 0° = 200 kW (Ans)

Power delivered by the other transformer,
P, =KVA cos 30° + ¢)
=200cos 60°= 100 kW (Ans)
“The output of three transformers, cach of 200 kVA rating. when connected in A bank
%200 = 600 kVA (Ans)

(@ Secondary line current I, =

500 A (Ans)

(b) KVA load on each transformer = =200 (Ans)
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Example 3.21

A three-phase 150 kW balanced load at 1000V, 0.866 p.f.lagging s supplied from 2000 volt, three-
phase main through (i) three single-phase transformers connected in (i) delta-delta and then (ii) in
Vee-Vee. Find the current in the windings of each transformer and the p.f. at which they operate in
each case.
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Solution:
Delta-Delta Connection

KW 1000 ___150x1000 000
V3V, cosg /3 %1000 x 0.866

Secondary phase current, I,,, = % =577 A (Ans)

Secondary line current, I, =

. _ M _En_100_1

Turns ratio, LR R et Rk
Primary phase current, I, = 575 %} =28.85 A (Ans)

pf at which each transformer is operating is 0.866 lagging (Ans)

Vee-Vee Connection

Let 1, be the secondary line current which is also the phase current in open delta. Then

1~ kw1000 1501000 _ g0 A
L7 JBV cosp V3 x 1000 x 0.866

Secondary phase current, I, = 100 A
Primary phase current = 100 x % =504

Load pif. cos ¢ = 0.866; ¢ = cos™! 0.866 = 30°

P of Transformer I = cos (30 — ¢) = cos (30— 30°) = cos 0 = 1 (unity)
p.£. of Transformer II = cos (30 + ¢) = cos (30° + 30°) = cos 60° = 0.5 lagging
Hence when the load pf. is 0.866 the pf of transformer-] is Unity and I is 0.5 as already explained.




image2.png
Example 3.2
A three-phase 50 H transformer core has a cross-section of 400 cm? (gross). If the flux density be
limited to 1.2 Wh/nr?, find the number of turns per phase on high and LV side winding. The voltage
ratio is 2200/220 V, the HY side being connected in star and LV side in delta. Consider stacking
factor as 0.9.

Solution:
Net iron cross-section, 4, = 400 x 0.9 = 360 cm? or 0.036 m?
HV side phase voltagTe, E,;, = % =1270-17 V
- Epnt 127017
No.of rn per phase on HV winding. Ny = s = e p 30 e
= 132 (Ans)

LV side phase voltage, E,,,, = 220 V




image47.png
Example 3.22

Three 1100/110 V transformers are connected AA and supply a lighting load of 120 KW. If one of
these transformers is damaged and hence removed for repairs, what currents will be flowing in each
transformer when (i) the three transformers were in service (ii) the two transformers are in service.

Solution:
(i) When three transformers were in service
Load P = 120 kW
Power factor, cos ¢ = 10 (for lighting load)
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Primary line voltage, V;, = 1100 volt
Secondary line voliage, V., = 110 volt

. KW %1000 120 %1000
Secondary line current, [, = X100 __ _ 120x1000__ 630 o
i 27 BV, xcosp  Bx110x1
N 120 x 1000
Primary I nt, I,y = —L20X1000__ g5 o
e et = 100 x 1
For delta connections,
_ 630
Secondary phase curtent. [, = 22 = 3637 4 (4ns)
Primary phase current, [,,,= % =36.37 A (Ans)
(i) When only two transformers are in service
W x 1000 120X 1000 _ 6305

Secondary line current, I, = ———0 > 1000 _ 1201000
o 12T B XV, xcosg Bx110x1

Secondary phase current, I, = Secondary line current = 630 A (Ans)

Primary phase current, 7, = Secondary phase current x transformation ratio

- 110 _
=630x 1100 =63 A (Ans)
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Example 3.23
Three 1100/110 volt transformers are, connected in delta/delia. This bank of transformers s supplying.
alighting load of 100 kW. One of these transformers is damaged and removed for repairs.
(i) What currents were flowing in each transformer when the three transformers were in service.
(i) What current flows in each of the two transformers afer third has been removed.
(iii) What is the KVA output of each transformer if the two transformers, connected in open-delia,
carry full load with normal heating.

Solution:
(i) Al the three transformers in service with Delta/Delta Connection
Power factor for lighting load is always unity

. KW X 1000 _ 100 1000
Secondary line current, I, = 43V x 1000 _ 1001000 _ 55 5
2 BVacoss  Bx110x1

Secondary phase current., I, = 1L _ 525 _303 A (Ans)

BB
,
Ve 110 _ 1
Tumns o = 7% = i = (/8 comnected)

2 T = 303 1 =30.3 A (Ans)

Primary phase current, [, =
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(i) When one transformer is removed the connections are changed to Vee-Vee-Connections.
Secondary line current, [, = 525 A = Iy, (Ans)
Primary phase current, 1y, = 525 ﬁ =52.5A (Ans)
(iii) Power output of Delta/Delta connection is 100 kW

Power output of open-delta = 0.577 x 100 = 57.7 kW (Ans)

When the load pf. is unity. the both the transformers in Vee-Vee connection operate at the
same p.f. 0.866.

P, of transformer-I = cos (30— 0) = 0.866 (- g=cos =09

p.f. of transformer-11 = cos (30 + 0) = 0.866
511

kW load taken by each transformer =

KVA rating of each transformer = %m: 33.33KVA (Ans)




image51.png
Example 3.24
The primary and secondary windings of two transformers each rated 220 KVA, 1172 KV and 50 Hz.

are connected in open dela. Find (i) the KVA load that can be supplied from this connection; (ii)
currents on HV side if a delta connected three phase load of 250 KVA, 0.8 pf (lag) 2 KV is connected
10 the LV side of the connections.

Solution:
(i) The kVA load that can be supplied by two transformers, each having rating of 220 kVA
= 2 x kVA rating of each transformer x 0.866
% 220 x 0.866 = 381 kVA (Ans.)
kVA x 1000
R Rl
Secondary phase current, I, = Secondary line current = 63.5 A
Primary phase current (current on HV side)
= Secondary phase current x transformation ratio

= 635x Z ~ 11544 (4ns)

Secondary line current, I,
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Example 325
Two single phase furnaces A and B are supplied at 100V by means of Scott-connected transformers
from a three-phase, 6 kV system. Furnace A is supplied from the teaser transformer. Calculate the
line currents on the three phase side when (i) each furnace takes 600 kW at p.f. 0.8 (lag). (i) furnace
A takes 500 kW at unity power factor and furnace B 600 kW at 0.8 pf (lag).
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Solution:
Secondary voltage, V, = 100 V.

Primary main voltage, V, = 6 kV = 6000 V
ek Y100 1
Teansformation rati, K = 37 = ¢if6; = ¢
(i) Secondary currents, Iy= Iy = % 7500 A
Teaser primary current, Ip= 115 Kl =115 x L

Considering Fig. 3.20.
Currentin line C. I, = 144 A

Current in primary of main transformer,

Koy :éx 7500 =125 A

7500 = 144 A
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Eeor]

4 o
3 [
B Prase
H o
&

86.6% Tap

Teaser transformer

Fig.3.28 Circuit diagram

‘The current in lines A and B of the primary of main transformer will be the phasor sum of
current K1y, and one half of the teaser primary current /.. As the power factor is the same on
both secondaries, the line currents are in quadrature. [See Fig. 3.30(@)]

Line currents, I,

i +(%lc)z \\‘[uzsf +(T“)Z

= 14425 A (Ans)

Phase angle between phasor [eand £, = 90° + tan”' (2% = 120°
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Similarly, phase difference exists between phasors /. and I, and phasors 7, and I,

Ve

4,

Seisa izsh
A
184|
[
T TR A
Veo Vao Vao
250
Zh 1,=1585A
(6) Wihen both umaces ars taking same oad (51 When two fumaces aretaing cierentload

Fig.3.30 Phasor diagram
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i) When the two furnaces are operating at different loads. [see Fig. 3.30(b)]

Sccondary current, Ly = 30X 1000 _ 5000 4

Teaser primary current, LISK L= Llsxsloxsooo —96A

Hence current in line C.

Current in main secondary., 1,
Curtentin main primary. Ty = Klyy = 75 7500 = 125A
and $=cos 0.8=3687°
Line current, 1, = /(7,5 cos §)° + (I, sin ¢ +0.51,;.)"
= J(125% 0.8)° +(125x 0.6 + 0.5 x 96)°

=158.5 A (Ans)
Line current, I = (I, c0s $)* + (I, sin ¢ — 0.5 I;)*

(125 0.8)? +(125 X 0.6 - 0.5 x 96)*

=103.6 A (Ans)
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220
1270-17

Ephl
E, ‘phl

No. of turn per phase LV winding, N, = XN, = X132 =22.86 (Ans)




image57.png
LExample 3.26
Two one-phase furnaces A and B are supplied at 80 V by means of a Scott-connected transformer
combination from a three-phase 6600 V system. Calculate the line currents on the three-phase




image58.png
side when the furnace A takes 500 kW at unity p.f. and B takes 800 kW at 0.7 p.f. lagging. Draw the
corresponding vector diagrams.
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Solution:

Secondary voltage, V, = 80 V
Primary main voltage, V, = 6600 V.

v,
Transformation ratio, K = 2 = —30_

V, ~ 6600
Let furnace A be supplied by the teaser

kW x 1000 _ 500 1000 _ gr50 o

Teaser secondary current, Ly = X 0 = 200500
3

Teaser primary current, Iy = 15 x K x L= 15 x 50 x 6250 =876 A

Current in the secondary of main transformer,

1. _ 8001000
M7 T80 % 0.7

Current in the primary main transformer,

=14286 A

Iy = Ly x K= 14286 x
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From the phasor diagram shown in Fig. 331, I, is given as,

=036

Veo

1,=158.5A

Fig.3.31 Phasor diagram

I, = (I, cos §) + (I, sin ¢ +0.5 ;)
V73 % 0.7)> + (173 x 0.714 + 43.8)*

= 207 A (Ans)
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Line current, I, = /(I cos 9)° + (I sin ¢ — 0.51,7)*
= (173 x0.7)> + (173 x 0.714 — 43.8)*

= 145 A (Ans)
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Example 3.27
Two single-phase electric furnaces are supplied power at 80 volt from a three-phase, 11 KV system

by means of two single-phase Scott-connected transformers, with similar secondary windings. When
the load on one transformer is 500 kW and on the other is 800 kW, what current will flow in each
of the three-phase lines at unity pf.?

Solution:
Let load of 500 kW be connected across the teaser secondary winding and 800 kW across main
secondary winding.
Secondary voltage, V, = 80 V; Primary main voltage, V, = 11000 V
Y_ 80 _ 8
V, 11000 ~ 1100

Load in kW x 1000 500 x 1000
W’T’ﬂ”“

03“ xz XLy = 115 Kl

Transformation ratio K =
Teaser secondary current, I, =

Teaser primary current, I, =

=1 lSXWXSZSO 52.5A.

Current in the line C, I = I,;=52.5 A

Main secondary current, Iy, = 500 >B<0‘°°° = 10000 A

Main primary curtent, = KLy, = 155 x 10000 =728 A
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The current I, is supplied by the line C which divides the centre tap and its components 0.5 I,
flow in opposite directions in the main primary winding. The current /,,, flows in the primary of
the main transformer. In cach half of the main primary winding the current /,,, is 90° out of phase
with 0.5 1, (see phasor diagram shown in Fig. 3.32).

1,7 (26.25)
I
Fig.3.32 Phasor diagram
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Now current in the line A and B

Iy =1p= ) + 051
= (7287 + (05 x 5257 =773 A.(Ans)
tan 6= 2625 _ 0360 or 6= tan"' 0.360 = 19.8° (Ans.)

72.8
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Example 3.28
It is desired to transform 2000 V, 400 kVA three phase power to two-phase power at 500 V by Scott-

connected transformers. Determine the voltage and current ratings of both primary and secondary
of each transformer. Neglect the transformer no-load currents.

Solution:

Primary voltage, V, = 2000 V.

Secondary voltage, V, = 500 V

e V500 _1
Transformation atio K = % = S =
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For Teaser Transformer
Voltage rating of secondary, V,; = V, = 500 V.
Voltage rating of primary, V,; = V, = 0.866 V, = 0.866 x 2000 = 1732 V (Ans.)

Crrent rating of secondary = I, = Load on teaser ansformer in KVA x 1000
2

_ 400 x 1000

T5500" =400 A (Ans)

(- Load on teaser = % x total load)

Current rating of primary =

= 1LI5KL,=115x %x 400 = 115 A (Ans)
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Example 3.3
A 50 Hz, three-phase core type transformer is o be built for an 11 kV /440 V ratio, connected in delta-

star. The cores are to have a square section and the coils are of circular. Taking an induced emf of 15V
per turn and maximum core flux density of about 1.1 T. Find the primary and secondary number of turns
and cores cross-sectional area neglecting insulation thickness.

Solution:
Here, E, )= 11KV = 11000 V; E, ;=440 V: B, = 11 T
EMF/turn = 15 V; connections-Delta/Star
Primary phase voltage, E, , = E, ¢, = 11000 V
Primary turns/phase, N, = % = 733-3 (Ans)
Secondary phase voltage, Ey ) = Ef;’ N =254V
Secondary turns/phase, N, = @ =17 (Ans)
Now, E, = 4441B, AN,

11000 =444 x50 x 1.1 x A x 7333

Core-sectional area, A = 0.06143 m? = 614.3 cm? (Ans.)
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For Main Transformer
Voltage rating of secondary = V, = 500 V (Ans.)

Voltage rating of primary = V, = 2000 V (4ns.)
Current rating of secondary = I,,, = I,,= 400 A

* load is same on both transformers

Main primary curtent, 1,y = K I,y = 1% 400 = 1004

Current rating of primary, I, or I, = /1%, + (0.51,;)°

pfis same on both secondaries = {/(100)° + (0.5 x 115)° = 115.4 A (Ans)
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Example 3.29
A balanced three-phase, 100 kW load at 400 V and 0.8 pf lagging is o be obtained from a balanced
two phase 1100 V lines. Determine the kVA rating of each unit of the Scott-connected transformer.
Solution:

Secondary line voltage, V,=400V

Primary voltage, V, = 1100 V

Voltage rating of the secondary of main transformer = Supply line voltage = 400 V

Voltage rating of the secondary of teaser transformer = 0.866 V, = 0.866 x 400 = 346.4 V

Voltage rating of primary of cach transformer = V, = 1100 V.
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Current rating of primary of each transformers,

_ Load in KW x 1000
2%V x pf

_ _100x1000
= 2x1100x 08

Current rating of secondary of each transformer,

1,

=56.82 A

Load in kW x 1000
3V, x cos ¢

_ 100 x 1000
3% 400 x 0.8

12

=18042 A

Volt-ampere rating of primary and secondary of teaser transformer is the same

ic, 1100 x 56.82 x 10 = 62.5 KVA (Ans)
Volt-ampere rating of secondary main transformer = W =72.17 KVA (Ans)
Volt-ampere rating of primary of main transformer = % = 62.5KVA (Ans)

Since, two identical transformers are used to provide inter-changeability, both must have the same
rating i.c., 72.17 kVA (Ans.)
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Example 3.30
Two single phase Scott-connected transformers supply a three-phase four-wire 50 Hz distribution

system with 400 V between lines. The hv windings are connected to a two-phase 6600 V (per phase)
system. The core area is 200 cm?, while the maximum allowable flux density is 1.2 T. Determine the
number of turns on each winding and the point to be tapped for the neutral wire on the three-phase side.

Solution:
12T

Maximum allowable flux, ,, = B,, x core area
= 12x002=0024 Wb

Maximum flux density. B,
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Voltage on primary (HV) side. V, = 6600 V
Number of turns on HV side of both the transformers,

R /R, 6600 _
= T 5, - TAxS0x00% - 1230 @ns)

Number of turns of v side of main transformer,

No— 400
2T THAfg, T TAEX 50X 0024

Number of turns on LV side of teaser transformer = 0.866 N, = 0.866 x 75 = 65 (Ans.)

=75 (Ans)

Number of turns between CN = % X 65 =43 (Ans)
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EXAMPLE 3. 4 transformer on no-load has a core-loss of 50 W, draws a current of 2 A (rms) and has
an induced emf of 230 V (rms). Determine the no-load power fuctor, core-loss current and magnetizing
current. Also calculate the no-load circuit parameters of the transformer: Neglect winding resistance and.
leakage fhx.

SOLUTION
P factor, = =0.108 lagging;
ower factor, cos by = lagging:
6, =83.76°
Magnetizing current, I, = Iy sin 6, = 2 sin (cos ' 0.108) = 1.988 A

Since 8) = 90°, there is hardly any difference between the magnitudes of the exciting current and its magnetizing
component.

Core-loss current, 7, = Iy cos 8y
x0.108 =0216 A

In the no-load circuit model of Fig. 3.7 core loss is given by

Gyi=p
or =0945x 1070
Also In=Bu¥i
or By =m
W
LS saxi0s
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EXAMPLE3.2 The BHcurvedataforthe core of the transformershownin Fig. 3.8 is given in Problem 2.10.
Calculate the no-load current with the primary excited at 200 V, 50 Hz. Assume the iron loss in the core to be
3 W/kg. What is the pf of the no-load current and the magnitude of the no-load power drawn from the mains?
Density of core material = 7.9 glcc.
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Fig.3.8
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SOLUTION

Substituting values in Eq. (3.5)
200 = 444X 50X 150 X G

or G = 6.06 mWh
_ 606x107
10X 5% 10

From the data of BH curve of Problem 2.10, we get
Hipgy =250 AT/m
ATy =250 1 =250 X2 (30 + 35) x 1
=325
325

Inewan) = T35 =

217
o) = e =153A
2

2174

Core volume =2(20 x 10 x 5) +2(45 x 10 x 5)
= 6500 cm®

Weight of core = 6500 % 7.9 1

Coreloss =51.35x 3= 1547 W

17

000

135k

TTA

Referring to the phasor diagram of Fig. 3.7

.334 lagging
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EXAMPLE3.3 Assume the transformer of Fig. 3.8 to be the ideal transformer: The secondary is connected
10 aload of 5 Z30°. Calculate the primary and secondary side impedances, current and their pf; and the
real powers. What is the secondary terminal voltage?
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Example 3.4

A three-phase, 50 Hz transformer of shell type has cross-sectional area of core as 400 cni. If the
flux density is limited to 1.2 Tesla, find the number of turns per phase on high voltage and low
voltage side. The voltage ratio is 11000400 V. the higher voliage side being connected in star and
low voltage side in delta. Also determine the transformation ratio.

Solution:
Here, f= 50 Hz: A = 400 cm? =400 x 10~ m% B, =

2T

E,;, = 11000 V: E,;, = 400 V: Connections - Star/Delta

E
Primary phase voltage, Ep= % - % = 6351V
Now, E,, = 4+44fB, AN,

B

Primary twrnsiphase, Ny = 7 fp—r
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SOLUTION  The circuit model of the ideal transformer is drawn in Fig. 3.11.
7, =5430°Q

= h
a= NN, = 150175 =2 b
Zi = 75 = (205 £30°=20 £30°Q 200V
¥, =20012=100V;
(secondary terminal voltage) -
2 100 £0°/5 £30° =20 £-30° A
or 866 lagging
0 £-30° A
or 866 lagging
Py (secondary power output) = (20)° x Re 5 £30°
=400 %433 = 1.732kW
Py (primary power input) = P (as the transformer is lossless)
T32kW
or otherwise. Py = VI cos 6, =200 x 10 X 0.866

= L732kW

5230°Q
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EXAMPLE 3.4 Consider the transformer of Example 3.2 (Fig. 3.8) with load impedance as speci
Example 3.3. Neglecting voltage drops (resistive and leakage reactive drops), calculate the primary current
and its pf: Compare with the current as calculated in Example 3.3.

SOLUTION  As per Egs (3.28) and (3.29)

As calculated in Example 3.3

B =10£30°A
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Further as calculated in Example 3.2
T =1.62£-71.5°
Hence T =1.62£-71.5° + 10 £-30°
= (0514 1.54) + (8.6 5)
=0.17-j6.54= 1126 £ 35°A
1 = 11.26 A, pf = cos 35° = 0.814 lagging
Compared to the primary current computed in Example 3.3 (ignoring the exciting current) the magnitude of the
current increases slightly but its pf reduces slightly when the exciting current is taken into account.
In large size transformers the magnitude of the magnetizing current is 5% or less than the full-load current and so
effect on primary current under loaded conditions may even be altogether ignored without any significant loss in accuracy.
“This is a usual approximation made in power system computations involving transformers.
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EXAMPLE 3.5 A 20-kVA, 50-Hz, 2000/200-V distribution transformer has a leakage impedance of 0.42
+0.52 Qin the high-voltage (HV) winding and 0.004 + j 0.05  in the low-voltage (LV) winding. When
seen from the LV side, the shunt branch admittance Y, is (0.002—j 0.015) © (at rated voltage and frequency).
Draw the equivalent circuit referred to (a) HV side and (b) LV side, indicating all impedances on the circuit.

SOLUTION  The HV side will be referred as 1 and LV side as 2.

N

Transformation ratio, 17‘ 2 = 10 (ratio of rated 042+j0520 04+josa 101

voltages; see Eq. (3.27)) 2 200 2
I
(a) Equivalent circuit referred to HV side (side 1) £
Z5 = (102 (0.004 +0.005) = 0.4 +/0.5Q <

L >

- 1
% = — (0.002 - j 0.015) (Notice that in
10y 101 00042+4/0.00220 0004 +j0.005Q

transforming admittance is divided by a%) B

‘The equivalent cireuit is drawn in Fig. 3.17(a).
; o e ©0002-j0015)0
(b) Equivalent circuit referred to LV side (side 2).

o
7 = —— (042+/0.52)=0.0042+0.0052 1
a0 ©

‘The equivalent circuit is drawn in Fig. 3.17(b). Fig. 3.7
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EXAMPLE 3.6 The distribution transformer described in Example 3.5 is employed to step down the
voltage at the load-end of a feeder having an impedance of 0.25 + j 1.4 . The sending-end voltage of
the feeder is 2 KV Find the voltage at the load-end of the transformer when the load is drawing rated
transformer current at 0.8 pf lagging. The voltage drops due to exciting current may be ignored.
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SOLUTION  The approximate equivalent circuit referred
to the HV side, with the value of transformer impedance from
Fig. 3.17(a), is drawn in Fig. 3.20. The feeder being the HV
side of the transformer, its impedance is not modified.

20
Rated load curtent (HV side) = 5= =104

025+ 1.4)+ (0.82+/1.02)
=107+j242=R+jX

121008 pflag

0824102

025414
o AN AN —T

N T Fooder Translomar
- Loss [

Fig.3.20

—
‘l.
It

One way is to compue ¥ from the phasor Eq. (3.32). However, the voliage drops being small, a quick, approximate
but quite accurate solution can be obtained from the phasor diagram of Fig. 3.19(a) without the necessity of carrying out

complex number calculations.
From Fig. 3.19(a)

0F = \[(047 — (4B}
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From the geometry of the phasor diagram
AE = AF - FE
=IXcos ¢ IRsing
=10(242% 0.8 1.

Now O = {{(2000)* - (12.94)

Itis therefore seen that

O = 04 = ¥, (to a high degree of accuracy; error is 2 in 10°)
73 can then be calculated as
¥, = OE - BE
~V,~BE
Now BE =BD +DE
= I(R cos ¢+ X sin ¢)
=10(1.07x 0.8+ 242 % 0.6) =23.08V
Thus V3 =2000 - 23.08 = 1976.92 V.
1976.92

Load voltage referred to LV side = =197.692V

Remark 1t is noticed tht to a high degree of accuracy, the voliage drop in transformer impedance can be approximated
as

Vi~ V3 = I(R cos ¢ + X sin ¢): lagging pf (3.353)
It will soon be shown that
¥y~ ¥3 = KR cos ¢ — X sin ¢); leading pf (3.35b)
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EXAMPLE3.7 The/ollowing datawere obtained ona 20 kVA, 50 Hz, 2000/200V distribution transformer:
Draw the approximate equivalent circuit of the transformer referred to the HV and LV sides respectively.

Table 3.1
Toltage Current Power
) “ w)
OC test with HV open-circuited 200 4 120
SC test with LV short-circuited 60 10 300
SOLUTION
OC test (LV side)
120
yn:izleozu;a,: = =03x1020
200 (200
By= 1 -G} =198x1020
SC test (HV side)

Transformation ratio,
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Equivalent circuit referred to the HV side:

G;(HV) =03x 10 2% L _o3x10%0

10

B, (HV) = 198X 10 198x 1040

‘The equivalent circuit is drawn in Fig. 3.26(a).
Equivalent circuit referred to the LV side:

ROV) =3x
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-
(2) Referred to HV (b) Referred to LV
Fig.3.26 Equivalent circuit

XAV) =52% ——
(10y

00520

The equivalent circuit is drawn in Fig. 3.26(b).
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4-44%50%x1-2x400x 107

Eyor _ 400

Transformation, ratio, K= - 200 NOXER 006298 (Ans)
Eign 11000 /43

Secondary turns/phase, N, = KN, =0-06298 x 596 = 37-54 (Ans.)
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EXAMPLE 3.8 The parameters of the equivalent circuit of a 150-kVA, 2400/240-V transformer are:
Ry=2x107°Q

X,=45x10°Q

X, = 1.6 kQ (as seen from 2400- side)

Calculate:
(a) Open-circuit current, power and pf when LV is excited at rated voltage
(b) The voltage at which the HV should be excited to conduct a short-circuit test (LV shorted) with full-

load current flowing. What is the input power and its pf?

SOLUTION  Note:

Ratio of transformation, a = 220 — 10
240

(a) Referring the shunt parameters to LV side

R = 10900 4000
0y

X, )= L0 50
(10y

Ty qyy - 2040 20020

16
72A47, 15=1524-80.9°A
Iy =15.2 A, pf = cos 80.9° = 0.158 lagging

or
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(b) LV shorted, HV excited, full-load current flowing: Shunt parameters can be ignored under this condition.
Equivalent series parameters referred to HV side:
R=02+2x10"x (10’ =04Q
X=045+45x10°%(107=09Q
Z =0.4+/0.9=0985 £66°Q
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150 1000
(V) = S —625A
Vsc (HV) = 62.5x 0.958 =59.9 V or 60 V (say)
Psc = (625 x 0.4 = 1.56 kW
pfsc = cos 66° = 0.406 lagging
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EXAMPLE 3.9 Tiwo transformers of 20 kVA each with turn-ratios respectively of 250 : 1000 and 250 :
1025 are connected in back-to-back test; the two primaries being fed from a 250 V supply and secondaries
being connected in phase opposition. A booster transformer connected on primary side to the same 250 V.
supply is used to inject voltage in the circuit of secondaries such as to circulate a current of 20 A. The
core losses of each transformer are 350 W and each transformer has a reactance 2.5 times its resistance.
Calculate the possible readings of the wattmeter connected to measure the input to the primaries.
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SOLUTION  Using the principle of superposition the currents on the primary side are first found, caused by the
circulating current in the secondaries with the primary voltage source shorted: the voltage injected on the secondary side
being intact. The primary currents necessary to balance the secondary circulating current are shown in Fig. 3.28; these
being in phase with each other. The difference of these currents is 2 A which flows in the lines connecting the primaries
to the main (refer to figure). This current has a power factor of

costan! 2.5=0.371

Therefore, the power exchanged with the mains by this current is
250x2x0.371 = 1855 W

“This power will be drawn from o fed into the mains depending on the polarity of the injected voltage.

204

Fig.3.28 Circuit for Example 3.9
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Consider now the currents owing to the voltage source connected to the primaries with the secondary injected voltage
source shorted. The primaries now draw the magnetizing currents from the mains with associated core-loss of both
the transformers equal to 2 % 350 = 700 W. The currents in the secondaries because of the small voltage unbalance
(transformers have a slightly different turn ratio) would be small with very litle associated loss.*

Hence power drawn from the mains is

700 £ 185.5 = 885.5 W or 514.5 W
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EXAMPLE 3.10 The exciting current was found to be 3 A when measured on the LV side of a 20-kVA,
2000/200- V transformer: Its equivalent Impedance (referred to the HV side) is 8.2 +j 10.2 . Choose the
transformer rating as the base.

(a) Find the exciting current in pu on the LV as well as HV side.
(b) Express the equivalent impedance in pu on the LV as well as HV side.

SOLUTION
V(HV) =2000 V Va(LV) =200V
IfHV) = 10A IH(LV) = 100 A

ZyV) = % —200

Z(LV) = % 20

3
(a) Iy(LV) = i 0.03 pu
The exciting current referred to the HV side is 0.3 A
I(HV) = 93 003 pu
10
_ 824102
200
82+ 102
a0?

(®) V) =0.041+/0.051

2w = =0.082+/0.102
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EXAMPLE 331 For the transformer of Example 3.7 calculate the efficiency if the LV side is loaded fully
at 0.8 power fuctor: What is the maximum efficiency of the transformer at this power factor and at what pu
load would it be achieved?

SOLUTION
Power output = V31, cos 6,
=200 100 x 0.8 = 16000 W (independent of lag/lead)
Total loss Py, = P; + k*P,
=120+ 1% 300 =420 W

For maximum efficiency

N 2x120
16000 0,632 +2x120
=97.68%
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EXAMPLE 3.12 4 500 kVA transformer has an efficiency of 95% at full load and also at 60% of full
load; both at upf .

(a) Separate out the losses of the transformer:
(b) Determine the efficiency of the transformer at 3/4th full load.

SOLUTION

(@) @
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500% 0.6

Also —————— 095
500% 0.6+ B +(0.6)°P.
Solving Eqs (i) and (ii) we get
P, =98TkW
P, =1645kW

(b) At3/ath full load upf
500x0.75

5.14%

500 0.75+9.87 +(0.75)* x 16.45

(ii)




