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EXAMPLE 4.3

A 23-KVA,2300/230-V, 60-Hz, step-down transformer has the following resistance
and leakage-reactance values: Ry= 4, R, = 0.04 0, X; = 120, and X,= 0.12Q.
The transformer is operating at 75% of its rated load. If the power factor of the
load is 0.866 leading, determine the efficiency of the transformer.
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® SOLUTION

Since the transformer is operating at 75% of its rated load, the effective value of
the secondary winding current is

Izz%x0.75=75A

Assuming the load voltage as a reference, the load current at a leading power
factor of 0.866, in phasor form, is

I, = 75/30° A
The secondary winding impedance is
Z, = Ry + jX, = 004 + j0.12Q
The induced emf in the secondary winding is
E, = V, + h,Z, = 230 + (75/30°)(0.04 + j0.12)

= 228287/233°V
Since the transformation ratio is
a= 200 _ 10

230
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we can determine the induced emf and the current on the primary side as
E, = aE, = 2282.87/233°V

I =£—2=75@A

The primary winding impedance is
Z =R +jX, =4+j120Q

Hence, the source voltage must be

V, = E, + 1,2, = 228287/23% + (7.5/30°)(4 + j12)

= 2269.578/4.7° V

The power supplied to the load is

P, = Re[V,13] = Re[230 x 75/-30°] = 1493894 W
The power input is

P, = Re[V,]3] = Rel(2269.578/4.7°)(7.5/ - 30°))
= 15389.14 W
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The efficiency of the transformer is

4,938.94

—_ = 0 1%
5,389.14 0971, or 97.1%
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EXAMPLE 4.4

The equivalent core-loss resistance and the magnetizing reactance on the primary
side of the transformer discussed in Example 4.3 are 20 k(2 and 15 k{2, respectively.
If the transformer delivers the same load, what is its efficiency?

® SOLUTION

From Example 4.3, we have

v, =

p, =

230V
10
1493894 W

I, = 75/30° A
E, = 228287/233°V,

E

»

228.287/2.38° V
75/30° A
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The core-loss, magnetizing, and excitation currents are

i B _mmejasy

B, _ 2®287/233°
= = 0.152/~87.67° A
X j15000 152 870

I+ I, = 0.114/233° + 0152/ -87.67° = 0.19/-50.8° A

Thus,

75/30° + 0.19/—508° = 7.53/28.57° A
2282.87/2.3%° + (7.53/2857°)4 + f12)
= 22719/4.71° V
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The power input is

P,

in

= Re[V,I]] = 15,645.35 W
The efficiency of the transformer is

P, _ 1493894 _ N
N5 Trema T 0955 o 955%
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EXAMPLE 4.5
Analyze the transformer discussed in Examples 4.3 and 4.4 using the approximate
equivalent circuit as viewed from the primary side. Also sketch its phasor
diagram.

® SOLUTION

I

aV, = 10 x 230/0° = 2300/0° V
7.5/30° A

Ry = R, + @R, = 4 + (102)(0.04) = 80
Xo = X, + @X, = 12 + (103(0.12) = 24 ©

Zy =Ry +jX,=8+j240

I

Vi
IP

Thus, Vy = Vj + [,Z,, = 2300/0° + (7.5/30°)@® + j24) = 2269.59/4.7° V

The core-loss and magnetizing currents are

_ 26959/47° _ .
=SS - onafar A
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[, = BOSLT o101 gszea

" 715,000
Thus, I, =1, + I, + I,, = 7.5/30° + 0.113/4.7° + 0.151/~853"
= 7.54/286° A

Hence, the power output, the power input, and the efficiency are

P, = Rel(2300/0°)(7.5/=30°)] = 1493894 W
P,, = Rel(2269.59/4.7°)(7.54/ ~28.6°)] = 1564536 W

_ 1493894

= 22 %
1564536 0955 or  95.5%

mn

The corresponding phasor diagram is shown in Figure 4.18.

The reader is encouraged to compare the above results with those obtained
in Example 4.4 in order to have some awareness of the errors introduced as a
result of the approximations we have made.
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X =180V
4.7°

aVy=2300V  LRy=60V

Figure 4.18 The phasor diagram of a transformer discussed in Example 4.5.
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EXAMPLE 4.6

A 2.2KVA, 440/220-V, 50-Hz, step-down transformer has the following parame-
ters as referred to the primary side: R,, = 3 Q, X,, = 4@, R,y = 25k, and X,
= 2 k). The transformer is operating at full load with a power factor of 0.707
lagging. Determine the efficiency and the voltage regulation of the transformer.

® SOLUTION
From the given data,

40 . 2200
=2 Va=20V S=200VA I =7T.5=10A

a=

For a lagging power factor of 0707, 8 = —45°

Using load voltage as a reference, I, = 10/ ~45° A.
Referring to the equivalent circuit, Figure 4.16, we have

=2 5/-45° A
V3 = aV, = 440/0°V
Thus,  Vy = Vj 4+ [Ra + jXa) = 40 + (5/=45°)(3 + j4)

= 464.762/0.44° V
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The core-loss and magnetizing currents are

_ AT o 1o age a

2500
I,= % = 0.232/ -89.56° A

The current supplied by the source is

5/—45° + 0.186/0.44° + 0.232/ —89.56°

5296/ -45.33° A

The power output, the power input, and the efficiency are

L=L+0+1,

P, = Rel(440)(5/45°)] = 1555.63 W
P, = Re[(464.762/0.44°)(5.296/45.33°)) = 171691 W

155563 _ .
= Teer = 006 or  906%
The voltage regulation is
VRY = HA7E2 = 40 4o s,

440
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EXAMPLE 4.7

A 120-KVA, 2400/240-V, step-down transformer has the following parameters: R,
=0750Q,X, = 080Q,R 0.01 Q, X, = 0.02 . The transformer is designed to
operate at maximum efficiency at 70% of its rated load with 0.8 pf lagging. De-
termine (a) the kVA rating of the transformer at maximum efficiency, (b) the
maximum efficiency, (c) the efficiency at full load and 0.8 pf lagging, and (d) the
equivalent core-loss resistance.

® SOLUTION

Let us use the approximate equivalent circuit of the transformer as shown in
Figure 4.16. The rated voltage across the load as viewed from the primary side is
2400 V. Thus, the rated load current is

The load current at maximum efficiency is

I, =071, = 07 X 50 = 35 A
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(a) The kVA rating of the transformer at maximum efficiency is

3
VA = 2220 — gy va

Thus, the copper loss at maximum efficiency is

P = (R, + aRy) = 35%075 + 102 x 0.01)
= 214375 W

and the core loss is

P, =P, = 21375 W
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(b) The power output, the power input, and the efficiency when the trans-
former delivers the load at maximum efficiency are

P, = 2400 X 35 X 08 = 67,200 W
Pp =P, + P, + Py
= 67,200 + 2,14375 + 2,143.75 = 714875 W

_ 720
"= 714875

= 094 or 94%

() The power output, the copper loss, and the efficiency at full load are

P, = 2400 X 50 X 0.8 = 96,000 W
=507 X (0.75 + 10> X 0.01) = 4375 W

o
"

96,000

" = 56000 + 4375 + 214375~ 0% or 6%

(d) The equivalent core-loss resistance at no load is

24007

R, = = 26868802
214375
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EXAMPLE 4.8

The following data were obtained from testing a 48-kVA, 4800/240-V, step-down
transformer:
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Voltage (V) Current (A) Power (W)

Open-circuit test: 240 2 120
Short-circuit test: 150 10 600

Determine the equivalent circuit of the transformer as viewed from (a) the high-
voltage side and (b) the low-voltage side.

® SOLUTION

Since the open-circuit test must be conducted at the rated terminal voltage, the
above data indicate that it is performed on the low-voltage side. Thus, the equiv-
alent core-loss resistance as referred to the low-voltage side is

0

Ry =0 = 4800

The apparent power under no load: S, = VI, = 240 X 2 = 480 VA
Thus, the reactive power is

Q. = V4807 — 1207 = 464.76 VAR
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Hence, the magnetization reactance as referred to the low-voltage side is

2402

X =
" 464.76

= 12394 Q

The core-loss resistance and the magnetization reactance as referred to the high-
voltage side are obtained as follows:

a = 4800/240 = 20
Ry = @Ry = (20%)(480) = 192 kO
Xy = @K,y = (20°)(123.94) = 49.58 k2

Since the short-circuit current is 10 A, the short-circuit test is performed on the
high-voltage side. Thus,

Ray =

Zay =

Xy = VIF - 6 = 13750

1
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6Q A375Q

Figure 426 The approximate equivalent circuit as viewed from the high-voltage side for
Example 48.

The winding parameters as referred to the low-voltage side are

Ry=-%=:-2=0050 o 15mQ

-5 = 00340 or 34 mQ
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The approximate equivalent circuits as viewed from the high-voltage and the low-
voltage sides are given in Figures 4.26 and 4.27, respectively. In order to draw an
exact equivalent circuit, we can segregate the winding resistances and leakage
reactances using Eqs. (4.33) and (4.34). That is,

Ry = 05Ryy =30
Xy = 05X = 688Q

R, = Qéa'zi" 000750, o 75ma
X =% _ o070, o 17ma
=

Figure 4.27 The approximate equivalent circuit as viewed from the low-voltage side for
Example 48.
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Figure 4.28 The exact equivalent circuit of a transformer for Example 4.8.

The exact equivalent circuit incorporating an ideal transformer is shown in

Figure 4.28.
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EXAMPLE 4.9

A single-phase generator with an internal impedance of 23 + j92 m is connected
to a load via a 46-kVA, 230/2300-V, step-up transformer, a short transmission line,
and a 46-kVA, 2300/115-V, step-down transformer. The impedance of the trans-
mission line is 207 + j4.14 Q. The parameters of step-up and step-down trans-
formers are:




image28.png
Ry Xu R X, Rey Xouts

Step-up: 230 690 23 m 69 m0 138 k0 69 k0
Step-down: 230 690 575mfl  1725mQ  115kQ 92k

Determine (a) the generator voltage, (b) the generator current, and (c) the overall
efficiency of the system at full load and 0.866 pf lagging.
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® SOLUTION

The exact equivalent circuit of the system incorporating ideal transformers is given
in Figure 4.29. The entire system is divided into three regions—A, B, and C, as
shown.

Region A: V4 = 230 V, and 5, = 46,000 VA

Thus, I, = 46,000/230 = 200 A, and Z,, = 230/200 = 1.15Q

The per-unit impedance of the generator is

By = B0 1250'092— - 002 + j0.08

The per-unit parameters on the low-voltage winding of the step-up transformer
are

0.023
Rip = 715 = 002
0.069
Xip = 15 = 006
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Figure 4.29 A power distribution system of Example 49.

2300 V: 115V
Step-down
transformer
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Region B: V,; = 2300 V, and S,y = 46,000 VA
Thus, Iy = 46,000/2300 = 20 A, and Z,, = 2300/20 = 115Q
The per-unit parameters on the high-voltage side of the step-up transformer are

23

Rip = 135 = 002
Xy = 1%% = 006
Retspu = 13“25‘09 =120
Xunpe = 735 = &

The per-unit impedance of the transmission line is

207+ j4ld

- e = 0018 + j003%6
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The per-unit parameters on the high-voltage side of the step-down transformer
are

Ry = % =002
Kot = % = 006
Rt = % =100
X = T 0

Region C: V,, = 115V, and Sc = 46,000 VA

Thus, lyc = 46,000/115 = 400 A, and Z,c = 115/400 = 0.2875 Q)

Finally, the per-unit parameters on the low-voltage side of the step-down trans-
former are

000575

R = 02575 = 00
001725

Xim = Dag75 ~ 006
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At full load and 0.866 pf lagging, we have
Vi =1/ and I, =1/-30°
Referring to the per-unit equivalent circuit of the system as given in Figure 4.30,

we can write the following set of equations to determine the generator voltage
and overall efficiency of the system.

Eqp = 1/0° + (002 + j0.06)(1/=30°) = 1.048/2.29°
Top, = 1/=30° + 1.048/229° [— + —1-} = 1.016/-3031°

100 j80
Eg . = 1.048/229°
+ (1.016/ =30.01°)(0.02 + j0.06 + 0.018 + j0.036 + 0.02 + j0.06)

= 1.188/7.21°
1.016/~3031° + 1.188/7.21° [ﬁ + —] = 1.036/-30.84

I!.pu
Viopu = 1188/7.21° + (1.036/~30.84°)(0.02 + j0.08 + 0.02 + j0.06)

= 1313/11.08°
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(a) Hence the generator voltage is

= ViaVy, = 230 X 1313/11.08° = 301.99/11.08° V

[ ] i
jOO8 | j0.06  j0.06 e j0.06 0.06 I

I
|
I
|
1
i
|
— T
|
Generator Step-up. Heansmission Step-down
transtormer " hine wransformer

Figure 4.30 Representation of a power distribution system of Figure 429 in terms of the
per-unit parameters.
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(b) The current supplied by the generator is

Lalyp, = 200 X 1.036/=3084° = 207.2/ ~3084° A

() On a per-unit basis, the rated power output at a 0.866 pf lagging is

P,

o.pu

= 0.866
The per-unit power supplied by the generator is

Py e = Rel(1.313/11.08°)(1.036/30.84°)] = 1.012
Hence, the efficiency is

0.866
= 208~ 0 6%
n= o - 0856 or 856
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EXAMPLE 4.10

A 24-kVA, 2400/240-V distribution transformer is to be connected as an autotrans-
former. For each possible combination, determine (a) the primary winding volt-
age, (b) the secondary winding voltage, (¢) the ratio of transformation, and (d)
the nominal rating of the autotransformer.

® SOLUTION
From the given information for the two-winding transformer, we conclude

V, =240V, V,=240V, 5, =24kVA [, =10A, and I, = 100 A
(a) For the autotransformer operation shown in Figure 4.31a,

Vi = 2400 + 240 = 2640 V

Vo =240V
2640
a =S =11

Sea = Vaaloy = Viaha = Vihy
= 2640 X 10 = 26400 VA or 264 kVA

Thus, the nominal rating of the autotransformer is 26.4 kVA, 2640/240 V.
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(b) For the autotransformer connection shown in Figure 431b,

Vie= 240V

Vy, = 2400 + 240 = 2640 V
240

ar = e = 0091

Soa = Vauloy = Vauly
= 2640 X 10 = 26400 VA or 264 kVA

The nominal rating of the autotransformer is 26.4 kVA, 240/2640 V.
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(c) If an autotransformer connection is as shown in Figure 4.31¢,

Vi = 240 + 2400 = 2640 V
V,, = 2400 V

= 2640 X 100 = 264,000 VA or 264 kVA

The nominal rating of the autotransformer is 264 kVA, 2640/2400 V.
(d) Finally, if the autofransformer connection is as shown in Figure 4.31d,

Vi, = 2400V
Vo, = 2400 + 240 = 2640 V
2400
=—— =091
= 2680

Swe = Vashoy = Viuly
= 2640 x 100 = 264000 VA or 264 kVA

The nominal rating of the autotransformer is 264 kVA, 2400/2640 V.
Note that the power rating of a two-winding transformer, when connected as an
autotransformer (Figure 4.31c or d), has an 11-fold increase.

[ ]
= 2640 x 100 = 264,000 VA or 264 kVA

The nominal rating of the autotransformer is 264 kVA, 2400/2640 V.
Note that the power rating of a two-winding transformer, when connected as an
autotransformer (Figure 4.31c or d), has an 11-fold increase.
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EXAMPLE 4.11

A 720-VA, 360/120-V, two-winding transformer has the following constants:
Ry =189 0, X, = 216 O, R, = 21 0, X, = 24 Q, Ry, = 864 k@, and
Xy = 6.84 k(2. The transformer is connected as a 120/480-V, step-up autotrans-
former. If the autotransformer delivers the full load at 0.707 pf leading, determine
its efficiency and voltage regulation.

® SOLUTION

The equivalent circuit of a 120/480-V, step-up transformer is shown in Figure 4.34.
Its ratio of transformation is

120
ar = 4o = 025

The ratio of transformation of a two-winding transformer is

360

ﬁZS

a=
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Thus, the equivalent core-loss resistance and the magnetizing reactance on the
low-voltage side are

8640
Ry =" =900
Xy = %20 = 760 Q
3
At full load, the load current is
720
Ly =ly=355=2A
Hence, I =2/45° A
TN

ar 025
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4

(@) (V; + VI Vy step-down (b) VAV, + V) step-up
‘connection. connection.
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(©) (V) + V)l V; stcp-down @ Vy/ (¥, + Vy)step-up
connection. connection

Figure 432 A two-winding transformer connected as an autotransformer.
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Vie

(a) The equivalent circuit of a (V; + V3)/V, step-down
aurotransformer as viewed from the primaty side.

afRy jatX,
. AN ——ATTT
-1, & — ik
) s g
L Ing

(b) The cquivalen circuit of a V5/(V; + V;) step-up
autotransformer as viewed from the primary side
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afRey jatXo
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a2 |ars,

(d) The equivalent circuit of a V/(V; + V5) step-up
aucotransformer as viewed from the primary side.

Figure 4.33 The equivalent circuits of an autotransformer.




image45.png
Vo= 480 20V

Figure 4.3¢ An exact equivalent circuit of a step-up autotransformer of Example 4.11.
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EXAMPLE 4.1

The core of a two-winding transformer, as shown in Figure 4.5a, is subjected to a
magnetic flux variation as indicated in Figure 4.5b. What is the induced emf in
each winding?

® SOLUTION

Since the polarities are already marked on the windings, terminals b and ¢ are
like-polarity terminals.
For the time interval from 0 to 0.06 s, the magnetic flux increases linearly as

P =015t Wb

Thus, the induced emf between terminals 2 and b is

o
ey = ~€y = —Ny— = —200 X 015 = —30 V

ab E
and the induced emf between terminals ¢ and d is

dad

E=500><0.15=75V

eq = Neg
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The current through the common winding is

Tom=la=1, =6 6/45°A
In addition, EH = aE-_,_ = 3!3,_.
We can now obtain E; by applying KVL to the output loop. That is,
4B, = BuRyy + jXu) + Vo, = Lom(Re + jX0)
= 2/45°(189 + j21.6) + 480 — 6@(2.1 + j2.4)

or E, = 119.745/4.57° V
Thus, Vie = Ep + Tom(Re + jX0)

= 119.745/4.57° + 6/45°(2.1 + j24)
= 121.513/136%° V
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The core-loss, magnetizing, and excitation currents are

_ 121513/1363° _ 0.127/13.63° A

960

LSBT e pear A

7760
0.127/13.63° + 0.160/ ~7637°
0.204/-38° A
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Ty = Do + I = 8/45° + 0204/ ~38° = 8.027/43.56° A

= Re[Vy,i3,] = Re[480 x 2/ -45°] = 67882 W

p{v
P, = Re|V,,I%,] = Rel(121.513/13.63°)(8.027/ - 43.56)]
= 8453 W
_ 67882 _ o
n =gy - 0803 or  803%

If we now remove the load, the no-load voltage at the secondary of the autotrans-

former is

Gy = i L PS/BET ey

VZAnL - 025

We can now compute the voltage regulation as

486.056 - 480 o
100 = 280 X 100 = 1.26%

Voanr, = V-
VR% = ~2enL 2
R v,
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EXAMPLE 4.12

A three-phase transformer is assembled by connecting three 720-VA, 360/120-V,
single-phase transformers. The constants for each transformer are R,y = 189 Q,
Xy =216 Q, Ry = 210, X, = 24 0, Ry = 864 k{2, and X,y = 684 kQ2. For
each of the four configurations, determine the nominal voltage and power ratings
of the three-phase transformer. Draw the winding arrangements and the per-
phase equivalent circuit for each configuration.

® SOLUTION

The power rating of a three-phase transformer for each connection is
S3p = 3 X 720 = 2160 VA or 216 kVA

(2) Fora Y/Y connection, the nominal values of the line voltages on the
primary and the secondary sides are

Vy, = V3 x 360
Vo, = V3 X 120

62354 V
207.85 V

[

Thus, the nominal ratings of a three-phase transformer are
2.16-kVA 624/208-V Y/Y connection

The winding arrangement and the per-phase equivalent circuit are
shown in Figures 4.412 and b, respectively.
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(s) Winding arrangement, phase and line voltages.

T, 1890 2160 4 , 40 210

360V/120V

a=3

(b) Per-phase equivalent circuit.

Figure 4.41 Winding arrangement and per-phase equivalent circuit of a three-phase
Y/Y-connected transformer.




image51.png
(b) The nominal values of the line voltages, for A/A connection, are

Vi = 360 V
Vy =120V

Hence, the nominal ratings of a three-phase transformer are
216-kVA  360/120-V  A/A connection

The winding connections, the Y/ Y equivalent representation, and the
per-phase equivalent circuit are illustrated in Figures 442a, b, and ¢,

respectively.
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©

When the primary and the secondary windings of three single-phase
transformers are connected to form a three-phase Y/A connection, the
nominal ratings of the three-phase transformer are

2.16-kVA 624/120-V Y/A connection

The actual winding connections are shown in Figure 4.43a. Since the
magnetic coupling exists between the two coupled windings of each sin-
gle-phase transformer, the phase voltages on the primary side (Y con-
nection) are in-phase with the line voltages on the secondary side (A con-
nection) and the a-ratio is 3 (360/120). By the same token, the phase
currents in the A-connected winding on the secondary side are in phase
with the phase (or line) currents in the Y-connected primary side.

We can also represent a A-connected secondary winding by its equiv-
alent Y connection as shown in Figure 4.43b and analyze the three-phase
transformer on a per-phase basis. Such a per-phase equivalent circuit is
given in Figure 4.43c. In addition, we can also use the simulated Y/Y
connection to perform the voltage and current transformations from one
side of the transformer to the other by redefining the a-ratio simply as
the ratio of per-phase voltages of the simulated Y/Y connection. In this
case, the a-ratio is 5.196. It is also clear from Figure 4.43b that the phase
voltage of the Y-connected primary winding leads the simulated Y-con-
nected phase voltage of the A-connected winding by 30°for the assumed
positive phase sequence. With this understanding, we can express E,,
in terms of E,,, in general, as
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@

E,, = aE,,[30° .44

where, in this example, a = 5.196.

As mentioned earlier, the phase current in the A-connected secondary
winding is in-phase with the phase (or line) current of the Y-connected
primary winding. However, for the positive phase sequence, the phase
current of a A-connected winding leads the phase (or line) current of its
equivalent Y-connected winding by 30°. Such a phase shift enables us
to define the relationship between the currents [, and I, of the equiv-
alent Y/Y connection as

ILy=L1, 00 .45

When the primary and the secondary windings of the three single-phase
transformers are connected to form a three-phase A/Y connection, the
nominal ratings of the three-phase transformer are
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216-kVA  360/208-V  A/Y connection

The actual winding connections are shown in Figure 4.44a. Once again,
as the magnetic coupling exists between the two coupled windings of
each single-phase transformer, the phase voltages on the secondary side
(Y connection) are in-phase with the line voltages on the primary side
(A connection) and the a-ratio is 3 (360/120). Likewise, the phase (or line)
currents in the Y-connected secondary side are in phase with the phase
currents in the A-connected primary side.

We can also represent a A-connected primary winding by its equiva-
lent Y connection as shown in Figure 4.44b and analyze the three-phase
transformer on a per-phase basis. Such a per-phase equivalent circuit is
given in Figure 4.44c. In addition, we can also use the simulated Y/Y
connection to perform the voltage and current transformations from one
side of the transformer to the other by defining the a-ratio as the ratio
of the per-phase voltages of the simulated Y/Y connection. In this case,
the a-ratio is 1.732. It is also clear from Figure 4.44b that the phase volt-
age of the actual Y-connected secondary winding leads the phase volt-
age of the simulated Y-connected primary winding by 30° for the
assumed positive phase sequence. Thus, for a A/Y connection of a three-
phase transformer, the primary winding voltage of its equivalent Y/Y
connection lags the secondary winding voltage by 30°. Thus, we can
express E, in terms of £, as
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E,, = aE,, (=30° (4.46)

where, in this example, 4 = 1.732.

The phase current of an actual A-connected winding on the primary
side is in-phase with the phase (or line) current of an actual Y-connected
winding on the secondary side. However, for a positive phase sequence,
the phase current of a A-connected winding leads the phase (or line) cur-
rent of its equivalent Y-connected winding by 30°. Thus, the phase (or
line) current of an equivalent Y-connected winding on the primary side
lags the phase current of the actual Y-connected winding on the sec-
ondary side by 30°. Such a phase shift enables us to define the relation-
ship between currents T, and I, as

Ta=L, 00 @47

The following example illustrates the analysis of a three-phase trans-
former.
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{b) Flux variations in the core of the transformer shown in part (a).
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Figure 4.42 The winding connections, equivalent Y/ representation, and per-phase
equivalent circuit of a A/A connected three-phase transformer.
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(b) Equivalent /Y representation
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Figure 4.43 The winding connections, equivalent Y/Y representation, and per-phase
equivalent circuit of a Y/A three-phase transformer.
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(b) Equivalent Y/Y representation.
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Figure 444 The winding connections, equivalent Y/Y representation, and per-phase
equivalent circuit of a A/Y three-phase transformer.
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EXAMPLE 4.13

Three single-phase transformers, each rated at 12 kVA, 120/240 V, 60 Hz, are con-
nected to form a three-phase, step-up, Y/A connection. The parameters of each
transformer are R, = 1335 mQ, X;, = 201 mQ, R, =39.5mQ, X, = 615mQ, R, =
240 Q, and X,,; =290 Q. What are the nominal voltage, current, and power rat-
ings of the three-phase transformer. When it delivers the rated load at the rated
voltage and 0.8 pf lagging, determine the line voltages, the line currents, and the
efficiency of the transformer.

# SOLUTION

For each single-phase transformer with a power rating of 12 KVA, the primary
(120-V side) and the secondary (240-V side) currents are 100 A and 50 A, respec-
tively. Nominal power rating when the three transformers are connected to form
a three-phase transformer is 36 kVA. The other nominal ratings of the three-phase
transformer are tabulated below.

For the actual Y/A connection:
Primary  Secondary

Phase voltage 120 V 240V
Line voltage 208 V 240V
Phase current 100 A 50 A

Line current 100 A 86.6 A
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Figure 4.45 Per-phase equivalent circuit of a three-phase transformer for Example 4.13
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For the equivalent Y/Y connection:
Primary  Secondary

Phase voltage 120V 138.564 V
Line voltage 208V 240V
Phase current 100 A 86.6 A
Line current 100 A 86.6 A

The per-phase equivalent circuit for the Y/Y connection is given in Figure
445.

Assuming the rated load voltage on a per-phase basis for the equivalent Y/Y
connection as the reference, then

V,, = 138.564/0° V
For a 0.8 lagging power factor, the load current is

= 86.6/-36.87° A

The a-ratio of the equivalent Y/Y transformer is

= 0.866
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Thus, from Eq. (4.45), the per-phase current in the primary winding is

= B66L3687° 300 _ 100/-6.87° A

" 0.866

The per-phase voltage induced in the equivalent Y-connected secondary winding
is

Ey, =V, + T, (0.0445 + 0.067)
= 138.564 + (86.6/=36.87°) (0.0445 + j0.067)

= 145.147/0.92° V
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The induced emf in the actual A-connected secondary winding is
Ey = V3 E,,/30° = 251.4/3092° V

The induced emf in the Y-connected primary winding, from Eq. (4.44), is
E,, = aE,,(30° = 1257/3092° V

We can now compute the per-phase current and voltage on the primary side of
the Y-connected transformer as

To=T,+E|-L + 1]
Mo 250 2%

1 1
= 100/-687° + (125.7/30.92°) | -1
+ [240 * rzeo]

=100.68/-6.88° A
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Figure 4.5 An ideal-transformer and related waveforms for Example 4.1.
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V,, = E,, + (0.0395 + j0.0615) I,
=125.7/30.92° + (0.0395 + j0.0615) (100.68/-6.88°)
=132.66/31.98° V
Hence, the line voltage on the primary side is
V= V3V,,130°
=229.77/6198° V
Total power supplied by the three-phase transformer is

P, =3 Re [138.564 x 86.6/36.87°]

~28800W or 288kW
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Total power supplied by the three-phase source to the transformer is

P,, = 3 Re [(132.66/31.98°) (100.68/6.88°)]

~31200W or 312kW

Hence, the efficiency of the three-phase transformer is

=288 003 o 923%
312
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EXAMPLE 4.14

A typical application employing a 100:1 potential transformer and an 80:5 current
transformer is shown in Figure 4.49. If the ammeter, voltmeter, and wattmeter
register 4 A, 110 V, and 352 W, respectively, determine (a) the line current, (b) the
line voltage, and (c) the power on the transmission line.
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Figure 449 Voltage, current, and power measurements using current and poten-
tial transformers.

® SOLUTION

(a) A designation of 80:5 indicates that the current transformation ratio is
16:1. A current of 4 A on the ammeter translates into a current of 64 A
(16 X 4) in the transmission line.

(b) The voltage transformation ratio is 100:1. Therefore, a voltmeter reading
of 110 V signifies that the line voltage is 110 x 100 = 11,000 V.

() The power transformation is 100 X 16 = 1600. Thus, the power supplied
by the transmission line is 563.2 kW (1600 x 352 W).
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46 EXAMPLES
Example 4-1 (Section 4-3)

The cast steel core in Fig. E-4-1 is assumed to have constant permeability of
11X 107 henrys per meter. The coil has 1200 tums. Effective dimensions
are: A, =0.003 m?, I, =0.5 m, A, =0.0034 m?,; =0.0004 m. The flux in the
air gap is 0.003 weber. (a) Find the current in the coil. (b) Find the cnergy
stored in the air gap. (c) Find the energy stored in the steel. (d) Find the self-
inductance.

Solution
() Solve the magnetic circuit problem using a table.
Pat  g(weber) A(m?) B(weber/m?) H(Atm) Im) HI(AD)

steelcore  0.003  0.003 10 910 05 455
air gap 0003  0.0034 0.884 704,000 0.0004 281

——

Fig. E-41.
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The mmf required in the coil is N7 = £ HI =736 At. The current in the coil
is7=736/1200 = 0.613 amp.

(b) Use Eq. 4-14 with By, =0, and restrict it to just one portion of the mag-
netic circuit. For the air gap

We = yg) } (HBp)
=0.0004 X 0.0034 X 4 X 704,000 X 0.884
=0.422 joules
(c) For the steel portion, the stored energy is
W, = (0,40 & (H,B,)
=05X0.003X X 910X 1
=0.683 joules
(d) The self-inductance is given by
L =\i=Ng/i = (1200 X 0.003)/0.613 = 5.87 henrys
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Example 4-2 (Section 4-4)

A sample of iron having a volume of 33 cm? is subjected to a magnetizing force
varying sinusoidally at a frequency of 400 Hz. The hysteresis loop is plotted
using the following scales: 1 cm represents 300 At/m, and 1 cm represents 0.2
weber/m?. The area of the hysteresis loop is 57.5 cm?. Find the hysteresis loss
in watts,

Solution

Let P, denote the energy loss represented by Eq. 4-17. This is the energy loss
per unit volume for one cycle.

2 2 )
fHdB= 7.5 m ) (300 Al/m) (0,2web=r/m) 3450 ]:mles
cycle/ \" Tem Tem m® cycle

Py,

The hysteresis loss of Eq. 4-18 is Pj, multiplied by the volume and the frequency.
Py =P0f

joules cycles NATRY
- 400
(3450 w? cycle) ( sec ) (33 ey lOOcm)

=455 watts
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Example 4-3 (Section 4-4)

The flux in a magnetic core is alternating sinusoidally with a frequency of
400 Hz. The maximum flux density is 0.6 weber/m?. The eddy-current loss is
28 w. Find the eddy-current loss in this core when the frequency is 300 Hz and
the maximum flux density is 0.7 weber/m?.

Solution
Let k, = k,Or?
Use Eq. 4-19 to find k..
J_ Py 28 watts m*

= = =4. 10
ke= 7157~ oo x 067 20X 107 e

For the new frequency and new maximum flux density, we can find

P,, =k, f3B3 = (486 X 107%) (300)? (0.7)* =214 w
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Example 4-4 (Section 4-4)

The total core losses (hysteresis plus eddy current) for a sheet steel core are
found to be 500 w at 25 Hz. When the frequency is increased to 50 Hz and the
maximum flux density is kept constant, the total core loss becomes 1400 w.
Find the hysteresis and eddy-current losses for both frequencies.

Solution
Since B is constant, Eq. 4-20 can have the following form:
P.=Af+Bf* whete A = kjy(Bmax)" and B = ki(Brax)*
For a frequency of 25 Hz, the core loss is
P,y =500=A(25) + B(25)
For a frequency of 50 Hz, the core loss is
P, = 1400 = A(50) + B(S0)*

Solve the two equations to find 4 =12 and B =0.32. Now, we can find the in-
dividual losses.

Py =Af; =300w. P, 00 w

Pia =Af =600w Py, =Bf} =800 w

2
1
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Example 4-5 (Section 4-5)

A magnetic core is made of sheet steel laminations. Effective dimensions are:
length of 0.6 m and crosssection area of 00022 m?. The density of steel is
7700 kg/m®. The coil of 125 tums is energized with a 60-Hz voltage that makes
the flux be ¢(r) = 0.003 sin 377 £ weber. Find (a) the applied voltage, (b) the
peak current, (¢) the rms current, (d) the core loss, (¢) the core loss current, and
(F) the magnetizing current.

Solution
() Use Eq. 425 to find the rms voltage.
V'=4.44 Ny, = 444 X 125 X 60 X 0003 = 100 v
(b) The maximum flux density is found from
Binax = Omax/A =0.003/0.0022 = 1.36 weber/m?

From Fig. 35 find Hyeyy =400 At/m. (The subscript max is reserved to
sinusoidal functions.) The peak current then is

Ipea = Hpeat IIN = (400X 0.6)/125 = 1.92 amp
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From 0.06 to 0.1 s, the induced emfs are zero, as there is no variation in the
flux. In the time interval from 0.1 to 0.12 s, the rate of change of the flux is —0.45
Whb/s. Hence, the induced emfs are

€y = —200 X (—045) = 90V
and €q = 500 X (—~045) = -225V

The waveforms for the induced emfs are depicted in Figures 4.5¢ and d for the
primary and the secondary windings, respectively.
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(<) The apparent power, P, is obtained from empirical data in Fig. E-4-5. For
Brnax = 1.36 weber/m?, we find P =11.7 volt-amps/kg. The weight of the
core is

Weight = (0.0022 m?) (0.6 m) (7700 kg/m?) = 10.1 kg
The exciting apparent power is
P, = (11.7 volt-amps/kg) (10.1 kg) = 118 volt-amps = VI

‘The rms current is [ = P,/ V'=118/100 = 1.18 amps. Notice that Ipeg > v/2 1
because of the nonlinear relation between B and .

(d) The coré losses are obtained from empirical data in Fig. E-4-5. For Bpay =
1.36 weber/m?, we find P* = 2.2 w/kg. The core loss power is

P.=(22w/kg) (10.1 kg) =22 w

() We can represent an iron cored reactor with an equivalent circuit as shown in
Fig. 49. This neglects the resistance of the wire in the coil. The core losses
are accounted for by a current I, that is in phase with the voltage function.
See Fig. 4-10.

I, =P,[V=22/100 =022 amp
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Fig. E-4-5. Curves of core loss and exciting volt-amps for shest steel.
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(f) The exciting current I has been found from the apparent power. Use the
voltage function as the reference.

I.=Icost
6= cos™ (I/I) = cos™ (0.22/1.18)=79.3°
1=1.18/-79.3°=022-j1.16
The magnetizing current, I,,, can be found from
1=1,+1,
I, =(022-/1.16) - (0:22+/0)=0-j 1.16 = 1.16 [-90°

The iron cored reactor differs from an ideal linear inductance in that core
losses are present and the currents I, Iy, and I are nonsinusoidal when the
flux function is a sinusoid.
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Example 4-6 (Section 4-5)

The core of Example 4-5 has an air gap cut in it. The effective dimensions of
the air gap are an area of 0.0025 m? and a length of 0.002 m. The effective
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dimensions of the core are the same as given in Example 4-5. For the same flux,
(1) = 0.003 sin 377 ¢ weber, find the rms current.
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Solution

The voltage in the coil and all conditions in the steel core are the same as in Ex-
ample 45. The reluctance of the magnetic circuit will be increased by the
presence of the air gap, and the magnetizing component of the current will have
to supply more ampere-turns. The core-loss component of the current will be
the same. For this magnetic circuit, we can write

Nigy =Nime +img) = 9Re + Rg)

where %, is the reluctance of the steel core and R is the reluctance of the
air gap.

. Pmax &, - 0.003 X 0.002
mema TN 125X 47X 1077 X 0.0025
‘This current is sinusoidal. Therefore, its rms value is

Ing =15.3/5/2Z =108 amp
Now we can find Iy, From Example 4-5, I, = 1.16 amp.

Iy = Ime + I;ng =116+ 108 = 12 amp

=153 amp

The exciting current I is
I=1+1, =022+ 0)+(0-/ 12)=022 - j 12= 12/-89° amp

Comparing the answers from Examples 4-5 and 4-6, the presence of the air gap
results in a closer approximation to an ideal linear inductance, but at the price of
reduced value of inductance (and reactance).
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EXAMPLE 4.2

Anideal transformer has a 150-turn primary and 750-turn secondary. The primary
s connected to a 240-V, 50-Hz source. The secondary winding supplies a load of
4 A ata lagging power factor (pf) of 0.8. Determine (a) the a-ratio, (b) the current
in the primary, (c) the power supplied to the load, and (d) the flux in the core.

® SOLUTION

(a) The a-ratio: a = 150/750 = 0.
(b) Sincel; = 4 A, the current in the primary is

L=2 =20A
a
() The voltage on the secondary side is
0
Vo= t= g = 120V

Thus, the power supplied to the load is
Py = Vihcos® = 1200 X 4 X 08 = 3840 W
(d) The maximum flux in the core is

E vy 240

444fN, ~ 444fN, 444 X 50 X 150
= 7.21 mWb





