CHAPTER]|I

MAGNETICALLY COUPLED CIRCUITS

People want success but keep running away from problems, and yet it is
only in tackling problems that successis achieved.
— Josiah J. Bonire

Enhancing Your Career

Career in Electromagnetics Electromagnetics is the

branch of electrical engineering (or physics) that deals with
the analysis and application of electric and magnetic fields
In electromagnetics, electric circuit analysisis applied at low |
frequencies. T 3

The principles of electromagnetics (EM) are applied \
in various allied disciplines, such as electric machines,
electromechanical energy conversion, radar meteorology
remote sensing, satellite communications, bioelectromag
netics, electromagnetic interference and compatibility, plas
mas, and fiber optics. EM devices include electric motor:
and generators, transformers, electromagnets, magnetic leg
itation, antennas, radars, microwave ovens, microwave
dishes, superconductors, and electrocardiograms. The d
sign of these devices requires a thorough knowledge of thg
laws and principles of EM.

EM is regarded as one of the more difficult disci-
plines in electrical engineering. One reason is that EM
phenomena are rather abstract. But if one enjoys working
with mathematics and can visualize the invisible, one should
consider being a specialist in EM, since few electrical
engineers specialize in this area. Electrical engineers whg

laboratories, and several communications industries. Prentice Hall, 1996, p. 718.

specialize in EM are needed in microwave indUStrieS'TeIemetryreceiving statiofor space satellites. Source: T. J. Mal-
radio/TV broadcasting stations, electromagnetic researclyney, Modern Industrial Electronics, 3rd ed. Englewood Cliffs, NJ:
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Figure 13.1 Magnetic flux produced
by a single coil with N turns.

PART 2 AC Circuits

13.1 INTRODUCTION

The circuits we have considered so far may be regardedrasictively
coupled, because one loop affects the neighboring loop through current
conduction. When two loops with or without contacts between them
affect each other through the magnetic field generated by one of them,
they are said to beagnetically coupled.

The transformer is an electrical device designed on the basis of
the concept of magnetic coupling. It uses magnetically coupled coils to
transfer energy from one circuit to another. Transformers are key circuit
elements. They are used in power systems for stepping up or stepping
down ac voltages or currents. They are used in electronic circuits such as
radio and television receivers for such purposes as impedance matching,
isolating one part of a circuit from another, and again for stepping up or
down ac voltages and currents.

We will begin with the concept of mutual inductance and introduce
the dot convention used for determining the voltage polarities of induc-
tively coupled components. Based on the notion of mutual inductance,
we then introduce the circuit element known asttiaesformer. We will
consider the linear transformer, the ideal transformer, the ideal autotrans-
former, and the three-phase transformer. Finally, among their important
applications, we look at transformers as isolating and matching devices
and their use in power distribution.

13.2 MUTUAL INDUCTANCE

When two inductors (or coils) are in a close proximity to each other,
the magnetic flux caused by current in one coil links with the other caoill,
thereby inducing voltage in the latter. This phenomenon is known as
mutual inductance.

Let usfirst consider a single inductor, a coil with N turns. When
current ¢ flows through the coil, a magnetic flux ¢ is produced around it
(Fig. 13.1). According to Faraday’s law, the voltage v induced in the coil
is proportional to the number of turns N and the time rate of change of
the magnetic flux ¢; that is,

d¢

=N— 131
v ar (131

But the flux ¢ is produced by current i so that any changein ¢ is caused
by a change in the current. Hence, Eq. (13.1) can be written as

do di
_yed (132)
di dt
or
Ldl 13.3
v=L— :
= (133)

which is the voltage-current relationship for the inductor. From Egs.
(13.2) and (13.3), theinductance L of the inductor is thus given by
d¢

L=N— 13.4
di (134)
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CHAPTER 13 Magnetically Coupled Circuits 529

This inductance is commonly called self-inductance, because it relates
the voltage induced in a coil by atime-varying current in the same coil.
Now consider two coilswith self-inductances L1 and L, that arein

close proximity with each other (Fig. 13.2). Coil 1 has N; turns, while L, L,

coil 2 has N, turns. For the sake of simplicity, assume that the second N b1 +°

inductor carries no current. The magnetic flux ¢, emanating from coil 1 ‘1?}%\ s

has two components: one component ¢11 links only coil 1, and another  i,(t) vy I g E Vo

component ¢1» links both coils. Hence, R
¢1=¢u + d12 (135) °©

N, turns N, turns

Although the two coils are physically separated, they are said to be mag-

netically coupled. Sincetheentireflux ¢, linkscoil 1, thevoltageinduced Figure 3.2 Mutual inductance My, of
coil 2 with respect to coil 1.

incoil 1is
d¢1
=N1— 13.6
V1 1 (13.6)
Only flux ¢12 links coil 2, so the voltage induced in coil 2is
do12
= No—= 13.
v2 2= (13.7)

Again, as the fluxes are caused by the current i1 flowing in cail 1, Eq.
(13.6) can be written as

v =N1——=L1— (13.8)

where L1 = Ny d¢1/di; isthe self-inductance of coil 1. Similarly, Eq.
(13.7) can be written as

déiz diy diy
— A Y 139
v2 2 di; dt 2 dt (139
where
d
My = N, 2022 (13.10)
dll

M1 is known as the mutual inductance of coil 2 with respect to coil 1.
Subscript 21 indicatesthat theinductance M, relatesthe voltageinduced
in coil 2 to the current in coil 1. Thus, the open-circuit mutual voltage
(or induced voltage) across cail 2is

My i (13.11)
V2 = —_— .
2 21 dt
Ll I-2

Suppose we now let current iz flow in cail 2, whilecoil 1 carriesno . R
current (Fig. 13.3). Themagneticflux ¢, emanating from coil 2comprises - ,?%2
flux ¢, that links only coil 2 and flux ¢»; that links both coils. Hence, v é % y Vo Q io(t)

$2 = d21 + P2 (1312 _ = _
e,
The entire flux ¢, links coil 2, so the voltage induced in coil 2is Ny turns N, turns
vy = NZ@ - Nz@dﬁ = LZ@ (1313)  Figure 3.3 Mutual inductance My, of
dt diy dt dt coil 1 with respect to coil 2.
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where L, = N, d¢,/dis isthe self-inductance of coil 2. Since only flux
¢21 links cail 1, the voltage induced in coil 1is

dox doo1 dip diy
=N —= =N 22— Mp—= 13.14
=My Vi, dr T %y (13149
where
d
My = N1—¢.21 (13.15)
dlz

which isthe mutual inductance of coil 1 with respect to coil 2. Thus, the
open-circuit mutual voltage across coil 1is

vy = Mp— 13.16
1 2 ( )

We will seein the next section that M1, and M»; are equd, that is,
Mp =My =M (13.17)

and we refer to M as the mutual inductance between the two coils. Like
self-inductance L, mutual inductance M ismeasured in henrys (H). Keep
in mind that mutual coupling only exists when the inductors or coils are
in close proximity, and the circuits are driven by time-varying sources.
We recall that inductors act like short circuitsto dc.

From thetwo casesin Figs. 13.2 and 13.3, we conclude that mutual
inductance results if a voltage is induced by a time-varying current in
another circuit. It isthe property of an inductor to produce a voltage in
reaction to atime-varying current in another inductor near it. Thus,

Mutual inductance is the ability of one inductor to induce a voltage
across a neighboring inductor, measured in henrys (H).

Although mutual inductance M is always a positive quantity, the
mutual voltage M di/dt may be negative or positive, just like the self-
induced voltage L di/dt. However, unlike the self-induced L di/dt,
whose polarity isdetermined by the reference direction of the current and
the reference polarity of the voltage (according to the passive sign con-
vention), the polarity of mutual voltage M di /dt isnot easy to determine,
becausefour terminalsareinvolved. Thechoice of the correct polarity for
M di /dt ismade by examining the orientation or particular way in which
both coils are physically wound and applying Lenz's law in conjunction
with theright-hand rule. Sinceit isinconvenient to show the construction
details of coilson acircuit schematic, we apply the dot conventionin cir-
cuit analysis. By this convention, adot is placed in the circuit at one end
of each of the two magnetically coupled coils to indicate the direction of
the magnetic flux if current entersthat dotted terminal of the coil. Thisis
illustrated in Fig. 13.4. Given acircuit, the dotsare already placed beside
the coils so that we need not bother about how to place them. The dots
are used along with the dot convention to determine the polarity of the
mutual voltage. The dot convention is stated as follows:
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b12
b, { ( d21 W 1 . <2
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Coil 1 Coil 2

Figure [34  niustration of the dot convention.

=

If a current enters the dotted terminal of one coil, the reference
polarity of the mutual voltage in the second coil is positive
at the dotted terminal of the second coil.

Alternatively,

=

If a current leaves the dotted terminal of one coil, the reference
polarity of the mutual voltage in the second coil is negative
at the dotted terminal of the second coil.

Thus, the reference polarity of the mutual voltage depends on the refer-
ence direction of the inducing current and the dots on the coupled coils.
Application of the dot convention is illustrated in the four pairs of mu-
tually coupled coilsin Fig. 13.5. For the coupled coils in Fig. 13.5(a),
the sign of the mutual voltage v, is determined by the reference polarity
for v, and the direction of i;. Sincei; enters the dotted terminal of coil
1 and v, is positive at the dotted terminal of coil 2, the mutua voltageis
+M diy/dt. For the coilsin Fig. 13.5(b), the current i; enters the dot-
ted terminal of coil 1 and v, is negative at the dotted terminal of coil 2.
Hence, the mutual voltageis —M di;/dt. The same reasoning appliesto
the coilsin Fig. 13.5(c) and 13.5(d). Figure 13.6 shows the dot conven-
tion for coupled coils in series. For the coils in Fig. 13.6(a), the total
inductanceis

L=L{+L,+2M (Series-aiding connection) (13.18)

For the cail in Fig. 13.6(b),

L=Li+L,—2M (Series-opposing connection) | (13.19)

Now that we know how to determine the polarity of the mutual
voltage, we are prepared to analyze circuitsinvolving mutual inductance.
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M M
o—° mn—=° o o— e —= 2 o
Ll (+) L2 Ll () L2
@ (b)

Figure 3.6 Dot convention for coils in series; the sign indicates the polarity of the mutual
voltage: (a) series-aiding connection, (b) series-opposing connection.

Asthefirst example, consider the circuit in Fig. 13.7. Applying KVL to

coil 1 gives
vi =i1R1 + Llﬂ + M@ (13.209)
dt dt
For coail 2, KVL gives
vo = ioRy + LZ@ + Mﬂ (13.20b)
dt dt
We can write Eq. (13.20) in the frequency domain as
Vi=(R1+ joL)l1+ joMl, (13.21a9)
Vo= joMli+ (R2+ jwLo)l, (13.21b)

As a second example, consider the circuit in Fig. 13.8. We analyze this
in the frequency domain. Applying KVL to coil 1, we get

V=(Z1+ joL)l1— joMl, (13.223)
For cail 2, KVL yields
O=—joMl1+ (ZL+ joLy)ls (13.22b)
Equations(13.21) and (13.22) are solved in the usual manner to determine
the currents.
M . joM
R R 1
AMAA { ) z [ )
L] [ ] ° L]
v () ud Eu () @w v@® () wnd i (1) [
Figure [3.7  Time-domain analysisof acircuit containing Figure 13.8 Frequency-domain analysis of acircuit
coupled cails. containing coupled coils.

At thisintroductory level we are not concerned with the determi-
nation of the mutual inductances of the coils and their dot placements.
Like R, L, and C, calculation of M would involve applying the theory
of electromagnetics to the actual physical properties of the coils. In this
text, we assumethat the mutual inductance and the dots placement arethe
“givens’ of the circuit problem, like the circuit components R, L, and C.
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MH.I

Calculate the phasor currents |1 and |, in the circuit of Fig. 13.9. @

) j3Q
-j4Q

||
I
[ ]
12/0°V @ i5Q i6Q @ 120

Figure 13.9  For Example 13.1.

Solution:
For cail 1, KVL gives

—12+ (—j4+ j5I1—j32,=0
or

jli—j3l, =12 (13.1.1)
For coil 2, KVL gives
—j3li+ 12+ j6)l, =0
or
12+ j6)I;
Jj3

Substituting thisin Eq. (13.1.1), we get

(j2+4— 3= (4~ jly=12

I, =2—-jdl, (13.1.2)

or
12

From Egs. (13.1.2) and (13.1.3),
l1=2— jdl = (4472/ - 63.43°)(2.91 /14.04°)

=13.01/ —49.39° A

PRACTICE PROBLEMMBEE

I2 =291/14.04° A (13.1.3)

Determine the voltage V,, in the circuit of Fig. 13.10.

il1Q

40
R A
J +
6,/90° V @ i8Q i5Q @ 10Q V,

Figure [3.10  For Practice Prob. 13.1.

Answer: 0.6/ —90° V.
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(b) Vo =-2j1;
Figure 13.12 For Example 13.2;

redrawing the relevant portion of the
circuit in Fig. 13.11 to find mutual
voltages by the dot convention.

Calculate the mesh currents in the circuit of Fig. 13.11.

-isQ 80
I .

100202 v @) @ jen§ @ 50

4Q

Figure [3.11 For Example 13.2.

Solution:

The key to analyzing a magnetically coupled circuit is knowing the po-
larity of the mutual voltage. We need to apply the dot rule. InFig. 13.11,
suppose cail 1 is the one whose reactance is 6 €2, and cail 2 is the one
whose reactance is 8 Q2. To figure out the polarity of the mutual voltage
incoil 1 dueto current | 5, we observethat | » |eaves the dotted terminal of
coil 2. Sincewe are applying KVL in the clockwise direction, it implies
that the mutual voltage is negative, that is, —j2I,.

Alternatively, it might be best to figure out the mutual voltage by
redrawing the relevant portion of the circuit, as shown in Fig. 13.12(a),
where it becomes clear that the mutual voltageisVi = —2jl,.

Thus, for mesh 1in Fig. 13.11, KVL gives

—100+ 11(4— j3+ j6) — jBlo — j2l, =0
or
100 = (4+ j3)l1 — j8l2 (13.2.1)

Similarly, to figure out the mutual voltage in coil 2 due to current |4,
consider the relevant portion of the circuit, as shown in Fig. 13.12(b).
Applying the dot convention gives the mutual voltage asV, = —2jl;.
Also, current 1, seesthe two coupled coilsin seriesin Fig. 13.11; sinceit
leaves the dotted terminalsin both coils, Eqg. (13.18) applies. Therefore,
for mesh 2, KVL gives

0=-2jl1—jbl1+ (j6+ j8+ j2Xx 2453
or
0=—,8l1+(5+j18)l; (13.2.2)

Putting Egs. (13.2.1) and (13.2.2) in matrix form, we get

100]  [4+j3 —j8 ][l
0|7 | —j8 5+j18||l,
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The determinants are

_ |4+ )3 —-j8 | _ .
A_' _i8 5+j18’_30+]87
100 —j8 | .
A= ’ 0 5+j18’ = 100(5+ j18)
|4+ 3 100 .

Ay = _i8 0 = j800

Thus, we obtain the mesh currents as
Ay 1005+ ,18) 1868.2,/74.5°

= 2t J0 —=203/35° A
A 30+ ;87 92.03/71°
: 800 /90°
= B2 80 /%0 — 8.693/19° A

A 30+j87 g203 /710

PRACTICE PROBLEMMNEIN

Determine the phasor currents |1 and I, in the circuit of Fig. 13.13.

50 j20Q
——AM— T
[ ]
j3Q

12@v<‘_‘> @ gjeg @ — -j40

Figure 13.13  For Practice Prob. 13.2.

Answer: 2.15/86.56°, 3.23 /86.56° A.

13.3 ENERGY IN A COUPLED CIRCUIT

In Chapter 6, we saw that the energy stored in an inductor is given by

w= }Liz (13.23)
2
We now want to determine the energy stored in magnetically coupled
coils. M
Consider the circuit in Fig. 13.14. We assume that currents i; and i» v/\v 43
ip are zero initially, so that the energy stored in the coilsis zero. If welet ‘j 2
i1 increase from zero to I; while maintaining i, = O, the power in coil 1 . .
IS . vy Ly s Lo Vo
pi(t) = viiy = i1L1ﬂ (13.24) _ -
dt ° o

and the energy stored in the circuit is
Figure 1314 The circuit

h 1 - .
w1 = /Pl dt = L1/ i1dip = —L1112 (13.25) for deriving energy stored in
0 2 a coupled circuit.
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If we now maintain i; = /; and increase i, from zero to I, the mutual
voltageinduced in coil 1is M1, di,/dt, whilethe mutual voltage induced
in coil 2 iszero, since i; does not change. The power in the coilsis now

p2(t) = i1M12@ +i2v2 = 11M12@ + iszﬂ (13.26)
dt dt dt
and the energy stored in the circuit is
I I
Wy = /pzdt = Mlzll/ dip + L2/ iodio
0 0 (13.27)

1 5
= Mpli I, + §L212

The total energy stored in the coils when both i; and i, have reached
constant valuesis

1 1
w=wi+ wy = ELlIlz + §L2122 + MqoI115 (213.28)

If we reverse the order by which the currents reach their final values, that
is, if wefirstincrease i, from zero to I, and later increase i1 from zero to
I, thetotal energy stored in the coilsis

1 2 1 2
w = ELlIl + §L212 + Mo 111, (13.29)

Since the total energy stored should be the same regardless of how we
reach the final conditions, comparing Egs. (13.28) and (13.29) leads us
to conclude that

Mip=M»y=M (13.303)
and
1 2 1 2
w = ELl]l + ELQIZ + M1, (13.30b)

This equation was derived based on the assumption that the coil currents
both entered thedotted terminals. If onecurrent entersonedotted terminal
whiletheother current |leavesthe other dotted terminal, themutual voltage
isnegative, so that the mutual energy M 111, isalso negative. Inthat case,

1 2 1 2
w = ELlIl =+ ELZIZ —MIL I (13.32)
Also, since I; and I, are arbitrary values, they may be replaced by i; and
i2, which gives the instantaneous energy stored in the circuit the general
expression

1,1 5 -
w = ELlll + ELglz + Miqir (13.32)

The positive sign is selected for the mutual term if both currents enter
or leave the dotted terminals of the coails; the negative sign is selected
otherwise.

We will now establish an upper limit for the mutual inductance M.
The energy stored in the circuit cannot be negative because the circuit is
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CHAPTER 13 Magnetically Coupled Circuits 537

passive. This means that the quantity 1/2L1i% + 1/2L5i5 — Mi1ip must
be greater than or equal to zero,

1 1
ELlif + Ein§ — Miyi; >0 (13.39)
To complete the square, we both add and subtract theterm iqio«/L1 L, On

the right-hand side of Eq. (13.33) and obtain

1
E(il\/ Ly — izy/L2)? + izia(v/L1iLy — M) > 0 (13.34)

The squared term is never negative; at itsleast it is zero. Therefore, the
second term on the right-hand side of Eq. (13.34) must be greater than

zero; that is,
VLiL,— M >0
or

M < /LiL, (13.35)

Thus, the mutual inductance cannot be greater than the geometric mean
of the self-inductances of the coils. The extent to which the mutual
inductance M approaches the upper limit is specified by the coefficient
of coupling &, given by
M
k= (13.36)

v/ LiL;

or

M =k\/LiL, (13.37)

where 0 < k < 1lorequivdently 0 < M < /LiL,. The coupling Air or ferrite core
coefficient is the fraction of the total flux emanating from one coil that
links the other coil. For example, in Fig. 13.2,

_ 2 ¢

k = = (13.38)
$1  Pu+ o
andin Fig. 13.3,
PO (13.39)
¢2 P+ o2

If the entire flux produced by one coil links another coil, then £ = 1
and we have 100 percent coupling, or the coils are said to be perfectly
coupled. Thus, @ (b)

‘ _ ' _ | Figure [3.15  windings: () loosely coupled,
% The coupling coefficient k is a measure of the magnetic (b) tightly coupled, cutaway view demonstrates

coupling between two coils; 0 <k < I. both windings.

For k < 0.5, coils are said to be loosely coupled; and for k& > 0.5, they
are said to be tightly coupled.

We expect k to depend on the closeness of the two cails, their core,
their orientation, and their windings. Figure 13.15 showsloosely coupled
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windings and tightly coupled windings. The air-core transformers used
in radio frequency circuits are loosely coupled, whereas iron-core trans-
formersused in power systemsaretightly coupled. Thelinear transform-
ers discussed in Section 3.4 are mostly air-core; the ideal transformers
discussed in Sections 13.5 and 13.6 are principally iron-core.

Figure 13.16

For Example 13.3.

Sl

Consider the circuit in Fig. 13.16. Determine the coupling coefficient.
Calculate the energy stored in the coupled inductors at time ¢t = 1 sif
v = 60cos(4t + 30°) V.

Solution:
The coupling coefficient is
M 25
=——=——=056
~LiLy /20

indicating that theinductorsaretightly coupled. Tofindtheenergy stored,
we need to obtain the frequency-domain equivalent of the circuit.

60 cos(4z + 30°) — 60,/30°, w =4radls
5H — joLy = j20Q
25H =  joM=,;10Q
4H — joLz = j16 Q
e o Lo e
16 joC

The frequency-domain equivalent is shown in Fig. 13.17. We now apply
mesh analysis. For mesh 1,

(10 + j20)l1 + j101, = 60,/30° (13.3.2)

For mesh 2,
j10I1 + (j16 — j4l2 =0
or
I, =-12», (13.3.2)
Substituting thisinto Eq. (13.3.1) yields
[2(—=12 — j14) = 60 /30° - I, =3.254/ — 160.6° A

and

Il =-1.21,=3905/—194° A

In the time-domain,
i1 = 3.905cos(4t — 19.4°), i = 3.254 cos(4t — 199.4°)
Attimetr = 1s 4t = 4rad = 229.2°, and
i1 = 3.905c0s(229.2° — 19.4°) = —3.389 A
iz = 3.254¢0s(229.2° + 160.6°) = 2.824 A
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CHAPTER 13 Magnetically Coupled Circuits 539

Thetotal energy stored in the coupled inductorsis

1, 1 5 .
w = ELlll + ELzlz + Miqis

= %(5)(—3.389)2 + %(4)(2.824)2 + 2.5(—3.389)(2.824) = 20.73J

j10

100 R
j16Q
[ ]

AW
[ ]
60,/30°V @ j200 @ == -j40Q

Figure 13.17 Frequency-domain equivalent of the circuit in Fig. 13.16.

PRACTICE PROBLEMMEEE

For the circuit in Fig. 13.18, determine the coupling coefficient and the
energy stored in the coupled inductorsatr = 1.5s.

20 cos 2tV 2H 1H 2Q

Figure [3.18  For Practice Prob. 13.3.

Answer: 0.7071, 9.85 J.

13.4 LINEAR TRANSFORMERS

Hereweintroducethetransformer asanew circuit element. A transformer
is a magnetic device that takes advantage of the phenomenon of mutual
inductance.

A transformer is generally a four-terminal device comprising
two (or more) magnetically coupled coils.

Asshown in Fig. 13.19, the cail that is directly connected to the voltage
source is called the primary winding. The coil connected to the load is
called the secondary winding. The resistances R; and R, are included
to account for the losses (power dissipation) in the coils. The trans-
former issaid to be linear if the coils are wound on amagnetically linear
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540 PART 2 AC Circuits

Alinear transformer may also be regarded s one material—a material for which the magnetic permeability is constant.
whose flux is Proportion;ﬂ to the currents in its Such materialsinclude ai r, pl asti C, Bakel ite, andwood. In fa:t, most ma-
windings.

terials are magnetically linear. Linear transformers are sometimes called
air-core transformers, although not all of them are necessarily air-core.

They areusedinradio and TV sets. Figure 13.20 portrays different types
of transformers.

M
R, R,
AW V/_\V VWA
[ ] ]
\ ﬁ]) Ly L, @ Z
Primary coil Secondary coil

Figure 13.19 A linear transformer.

AT

i
-G T

S FTRTAET]

el
== ]

@

Figure [320 Different types of transformers: (a) copper wound dry power transformer, (b) audio transformers.
(Courtesy of: (a) Electric Service Co., (b) Jensen Transformers.)

We would like to obtain the input impedance Zj,, as seen from the
source, because Z;,, governsthebehavior of theprimary circuit. Applying
KVL to the two meshesin Fig. 13.19 gives

V= (Ry+ joLyli — joMl; (13.409)
O=—joMl1+ (R2+ joLa +Zp)l> (13.400)
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In Eqg. (13.40b), we express |, in terms of |, and substitute it into Eq.
(13.40a). We get the input impedance as
Z v Ri+ joLi+ "M (13.41)
in=— = w e ——— X
" L ek R+ jol,+ 27,
Notice that the input impedance comprises two terms. The first term,
(R1 + jwL3), isthe primary impedance. The second term is due to the
coupling between the primary and secondary windings. Itisasthoughthis

impedance is reflected to the primary. Thus, it is known as the reflected Some authors call this the coupled impedance.
impedance Z, and

w?M?

Ip=————— 13.42
K Ro+ jol,+2Zp ( )

It should be noted that the result in Eq. (13.41) or (13.42) is not affected
by the location of the dots on the transformer, because the same result is
produced when M isreplaced by — M.

The little bit of experience gained in Sections 13.2 and 13.3 in | M |
analyzing magnetically coupled circuitsisenough to convinceanyonethat o — m - o
analyzing thesecircuitsisnot aseasy ascircuitsin previous chapters. For + o o +
thisreason, it is sometimes convenient to replace amagnetically coupled v, L, L v,
circuit by an equivalent circuit with no magnetic coupling. We want to
replacethelinear transformerin Fig. 13.19 by anequivalent T or IT circuit, o o
acircuit that would have no mutual inductance. Ignore the resistances of
the coils and assume that the coils have a common ground as shown in Figre 3.2 Determining

the equivalent circuit of a

Fig. 13.21. The assumption of a common ground for the two coilsis a linear transformer.

maj or restriction of the equivalent circuits. A common ground isimposed
on the linear transformer in Fig. 13.21 in view of the necessity of having
a common ground in the equivalent T or IT circuit; see Figs. 13.22 and I L, Ly I,
13.23. — T—— 0

The voltage-current relationships for the primary and secondary
coils give the matrix equation

Vl _ ]a)Ll JCL)M |1 O o)
[vj_[jwM joLy| |12 (1343

Figure 1322 An equivalent T circuit.

+ O

<
=
-
o
<
N

By matrix inversion, this can be written as

Lo -M
I1 jo(LiLy — M?)  jo(LiLz — M?) | [v,
| = B v (13.44) Iq Lc P
2 M Ly 2 o 21 o
jo(LiLy — M?)  jo(LiLy — M?) * *
\A La Lp \A

Our goal is to match Egs. (13.43) and (13.44) with the corresponding
equations for the T and IT networks. o o

For the T (or Y) network of Fig. 13.22, mesh analysis providesthe
terminal equations as

V4 _ ja)(La—l—Lc) JjoL, 11
[Vz] ‘[ joL, jw(Lb+Lc)} [|2] (1349

If the circuitsin Figs. 13.21 and 13.22 are equivalents, Egs. (13.43) and
(13.45) must be identical. Equating terms in the impedance matrices of

Figure 1323 An equivalent T circuiit.
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Egs. (13.43) and (13.45) leads to

L,=Li—M, Ly=L,—M, L.=M | (1346

For the IT (or A) network in Fig. 13.23, nodal analysis gives the
terminal equations as

1 n 1 1
[Il} JoLs  joLc JoLc [Vl}
= (13.47)
I2 1 1 N 1 Vo
jwL¢ joLg  jwLc

Equating terms in admittance matrices of Egs. (13.44) and (13.47), we
obtain

Ly1Ly, — M? LiLy — M?
La=—""—"u B= " —Mm
2 1 (13.48)
Li1Ly — M?
Le=—""= "
M

Note that in Figs. 13.23 and 13.24, the inductors are not magnetically
coupled. Also note that changing the locations of the dotsin Fig. 13.21
can cause M to become —M. As Example 13.6 illustrates, a negative
value of M is physically unrealizable but the equivalent model is still
mathematically valid.

i5Q
ZZ

Zl
|| V/\V ||
1 1
[ ] [ ]
50,/60° V @ j20Q j40 Q @ Z

Figure 1324 For Example 13.4.

In the circuit of Fig. 13.24, calculate the input impedance and current 1 ;.
TakeZ; = 60— ;100 2, Z, =30+ j40 2, and Z;, = 80+ ;60 €.

Solution:
From Eq. (13.41),
(5)?
jA0+2Z,+ 7,
25
110+ ;140

=60—- ;804 0.14/ — 51.84°

= 60.09 — j80.11 = 100.14 / — 53.1° Q

Zin=21+ j20+

= 60— j100 + j20+
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Thus,
v 50,/60°
Zin  100.14/ —53.1°

PRACTICE PROBLEMNERK

=0.5/113.1° A

I1

Find theinput impedance of the circuit of Fig. 13.25 and the current from
the voltage source.

10/0° V (’:) isQ j100

Figure [3.25  For Practice Prob. 13.4.

Answer: 8.58,58.05° @2, 1.165/ — 58.05° A.

MH.S

Determinethe T-equivalent circuit of thelinear transformer in Fig. 13.26(a).

2H
VAR 8H 2H
a Cc a Cc
[ ] [ ]
10H 4H 2H
b d b d
@ (b)

Figure [326  For Example 13.5: (@) alinear transformer,
(b) its T-equivalent circuit.

Solution:
Giventhat Ly = 10, L, = 4, and M = 2, the T equivalent network has
the following parameters:
L,=L1—M=10-2=8H
Ly=L,—M=4—2=2H, L.=M=2H
The T-equivalent circuit isshownin Fig. 13.26(b). We have assumed that
reference directionsfor currents and voltage polaritiesin the primary and

secondary windings conform to those in Fig. 13.21. Otherwise, we may
need to replace M with —M, as Example 13.6 illustrates.
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PRACTICE PROBLEMNKEE

For thelinear transformer in Fig. 13.26 (a), find the IT equival ent network.
Answer: L, =18H,Ly =45H, L, = 18H.

MI3.6

Solveforly, l,,andV, inFig. 13.27 (the samecircuit asfor Practice Prob.
13.1) using the T-equivalent circuit for the linear transformer.

j10

4Q
e R
L +
60,/90° V @ i8Q i5Q @ V, 210Q

Figure 13.27  For Example 13.6.

Solution:

Noticethat thecircuitin Fig. 13.27 isthe sameasthat in Fig. 13.10 except
that the reference direction for current |, has been reversed, just to make
thereference directionsfor the currentsfor the magnetically coupled coils
conform with thosein Fig. 13.21.

We need to replace the magnetically coupled coils with the T-
equivalent circuit. The relevant portion of the circuit in Fig. 13.27 is

ji1Q shownin Fig. 13.28(a). Comparing Fig. 13.28(a) with Fig. 13.21 shows

L VAR L2 that there are two differences. First, due to the current reference direc-

f 2 tions and voltage polarities, we need to replace M by —M to make Fig.
* _ 13.28(a) conform with Fig. 13.21. Second, the circuitin Fig. 13.21isin

v, J8Q 50 v, the time-domain, whereas the circuit in Fig. 13.28(a) isin the frequency-

- - domain. Thedifferenceisthefactor jw; thatis, L in Fig. 13.21 has been

replaced with jowL and M with joM. Since w is not specified, we can

@ assume w = 1 or any other value; it really does not matter. With these
two differencesin mind,

joq j6Q
ome_o L,=L;—(—M)=8+1=9H
-ji10 L,=L,—(—M)=5+1=6H, L.=—-M=-1H
o T ° Thus, the T-equivalent circuit for the coupled coils is as shown in Fig.

13.28(b).
Inserting the T-equivalent circuit in Fig. 13.28(b) to replacethetwo
coilsinFig. 13.27 givesthe equivalent circuit in Fig. 13.29, which can be

(b)

Figure 1328 For Example 13.6:

(8) circit for coupled coils of Fig. solved using nodal or mesh analysis. Applying mesh analysis, we obtain
13.27, (b) T-equivalent circuit. J6=11(4+ j9— j1) +la(—j1) (136.1)
and
0=11(—j1) +1,(10+ j6 — j1) (136.2)
From Eq. (13.6.2),
I, = (10+—,]5)|2= (5— j10)l, (13.6.3)
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Substituting Eg. (13.6.3) into Eq. (13.6.1) gives
j6= 4+ j8(5— jl0)l, — jl, = (100 — j)l, =~ 100l ,

Since 100 is very large compared to 1, the imaginary part of (100 — j)
can beignored so that 100 — j ~ 100. Hence,
_J% _ 006 .
I, = 100 = j0.06 = 0.06,/90° A
From Eg. (13.6.3),

I, = (5— j10)j0.06 = 0.6+ jO.3 A
and
V,=-10l, = —-j0.6=06/—90"V

This agrees with the answer to Practice Prob. 13.1. Of course, the direc-
tion of 1, in Fig. 13.10 is opposite to that in Fig. 13.27. This will not
affect V,,, but the value of 1, in this example is the negative of that of 1,
in Practice Prob. 13.1. The advantage of using the T-equivalent model
for the magnetically coupled coilsisthat in Fig. 13.29 we do not need to
bother with the dot on the coupled coails.

[ - , |
140 j9Q jea

6V

Figure 1329 For Example 13.6.

PRACTICE PROBLEMMEI

Solvethe problem in Example 13.1 (see Fig. 13.9) using the T-equivalent
model for the magnetically coupled coils.

Answer: 13/ —49.4° A,2.91 /14.04° A.

13.5 [IDEAL TRANSFORMERS

An ideal transformer is one with perfect coupling (k = 1). It consists of
two (or more) coils with a large number of turns wound on a common
core of high permeability. Because of this high permeability of the core,
the flux links al the turns of both coails, thereby resulting in a perfect
coupling.

To see how an ideal transformer is the limiting case of two cou-
pled inductors where the inductances approach infinity and the coupling
is perfect, let us reexamine the circuit in Fig. 13.14. In the frequency
domain,

V1= joLili+ joMl; (13.493)
Vo= joMli1+ joLal; (13.49b)
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From Eq. (13.49a), |; = (V1 — joMI,)/jwL1. Substituting thisin Eq.
(13.49b) gives

MVi  joM?l,
Ly Ly
But M = /L1L, for perfect coupling (k = 1). Hence,
V' L1LV jawL1 Lol [ L
Vo = joLals+ 121_]60122: L—2V1=nV1
1

Ly Ly

Vo= joLzlz +

wheren = \/Ly/L, andiscalledtheturnsratio. ASLi, Lo, M — o0
such that n remains the same, the coupled coils become an idea trans-

© ° q © former. A transformer issaid to beideal if it hasthefollowing properties:
Ny 4l —rN 1. Coils have very large reactances (L1, Lz, M — o0).
o o 2. Coupling coefficient is equal to unity (k = 1).

3. Primary and secondary coilsarelossdess (R = 0 = Ry).

@
An ideal transformer s a unity-coupled, lossless transformer in which the
. . primary and secondary coils have infinite self-inductances.
Ny H N,
(b)

Iron-core transformers are close approximations to ideal transformers.
These are used in power systems and electronics.
' Figure 13.30(a) shows atypical ideal transformer; the circuit sym-
fk')g)ugierlgi-fo (@ Ideal renformer, bol isin Fig. 13.30(b). The vertical lines between the coils indicate an
symbol for ideal transformers. iron core as distinct from the air core used in linear transformers. The
primary winding has N; turns; the secondary winding has N, turns.
When a sinusoidal voltage is applied to the primary winding as
shown in Fig. 13.31, the same magnetic flux ¢ goes through both wind-
ings. According to Faraday’slaw, the voltage acrossthe primary winding

is
N d¢ 13.50:
V] = — .
1 1 (13.50a)
while that across the secondary winding is
d¢
= N,— 13.50b
v2 2 ( )
Dividing Eqg. (13.50b) by Eqg. (13.50a), we get
N
_2_, (13.52)
Iy i 2 11 M
* ' . wheren is, again, theturnsratio or transformation ratio. We can usethe

v V.2 E Vv, z,  Phasor voltagesV, and V; rather than theinstantaneous values vy and vy.
- - Thus, Eq. (13.51) may be written as

Vz N2
Figure 1331 Relating primary and Vi M
secondary quantities in an ideal transformer.

(1352)
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For the reason of power conservation, the energy supplied to the primary
must equal the energy absorbed by the secondary, sincethereare nolosses
in an ideal transformer. Thisimplies that

v1i1 = V2ip (13.53)
In phasor form, Eq. (13.53) in conjunction with Eq. (13.52) becomes
I Y
1_Tz_, (1354)
I, Vi

showing that the primary and secondary currents are related to the turns
ratio in the inverse manner as the voltages. Thus,

l, N1
I. Ny n

(13.55)

Whenn = 1, we generally call the transformer an isolation transformer.
The reason will become obvious in Section 13.9.1. If n > 1, we have
a step-up transformer, as the voltage is increased from primary to sec-
ondary (V2 > Vj). On the other hand, if n < 1, the transformer is a
step-down transformer, since the voltage is decreased from primary to
secondary (Vo < V).

A step-down transformer is one whose secondary voltage
is less than its primary voltage.
A step-up transformer is one whose secondary voltage
is greater than its primary voltage.

Theratingsof transformersare usually specified as V1 / V». A transformer
with rating 2400/120 V should have 2400V onthe primary and 120 inthe
secondary (i.e., a step-down transformer). Keep in mind that the voltage
ratingsarein rms.

Power companies often generate at some convenient voltage and
use astep-up transformer to increase the voltage so that the power can be
transmitted at very high voltage and low current over transmission lines,
resulting in significant cost savings. Near residential consumer premises,
step-down transformers are used to bring the voltage down to 120 V.
Section 13.9.3 will elaborate on this.

It isimportant that we know how to get the proper polarity of the
voltagesand the direction of the currentsfor thetransformer inFig. 13.31.
If the polarity of V1 or V; or thedirection of | or |, ischanged, n in Egs.
(13.51) to (13.55) may need to be replaced by —n. Thetwo simplerules
tofollow are:

1. If V; and V, are both positive or both negative at the dotted
terminals, use +n in Eq. (13.52). Otherwise, use —n.

2. If I and |, both enter into or both |eave the dotted terminals,
use —n in EQ. (13.55). Otherwise, use +n.

The rules are demonstrated with the four circuitsin Fig. 13.32.
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@

I Ny:N I
1 Ny 2
o )
2 °
Vi 2 E Vs
o )
Vo N I, _ N;
VioN; b N

[ )
+ %
Vi S E Ve
[ ]
o o
Vo N 2 _ N
VioN N

: —
o o
[ ]

E- +

Vi 2| EV,

[ ]
o o
Vo o N o N;
ViTN TN,

(d)

Figure 1332 Typical
circuits illustrating proper
voltage polarities and
current directions in an
ided transformer.
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Notice that an ideal transformer reflects an im-
pedance as the square of the turns ratio.

PART 2 AC Circuits

Using Egs. (13.52) and (13.55), we can always express V; interms
of Vo and | intermsof |5, or vice versa:

Vv
Vi=-2 o Vy=nV; (1356)

n

I
I, =nl, or lo = — (13.57)
n

The complex power in the primary winding is

* V2 * *
S]_=V1|1= 7(I’l|2) =V2|2:SZ (23.58)

showing that thecomplex power supplied totheprimary isdeliveredtothe
secondary without loss. The transformer absorbs no power. Of course,
we should expect this, since the ideal transformer islossless. The input
impedance as seen by the sourcein Fig. 13.31 isfound from Egs. (13.56)
and (13.57) as

Vi 1V,

Zin=1T"=—5— (13.59)
|1 n |2
Itisevident from Fig. 13.31 that V,/l, = Z;, so that
Z
Zin="— (1360)
n

The input impedance is aso called the reflected impedance, since it ap-
pearsasif theload impedanceisreflected to the primary side. Thisability
of thetransformer to transform agiven impedanceinto another impedance
provides us a means of impedance matching to ensure maximum power
transfer. The idea of impedance matching is very useful in practice and
will be discussed more in Section 13.9.2.

Inanalyzing acircuit containing an ideal transformer, it iscommon
practiceto eliminatethetransformer by refl ecting impedancesand sources
from one side of the transformer to the other. In the circuit of Fig. 13.33,
suppose we want to reflect the secondary side of the circuit to the primary
side. We find the Thevenin equivalent of the circuit to the right of the
terminalsa-b. Weobtain V1, asthe open-circuit voltage at terminalsa-b,
asshown in Fig. 13.34(a). Sinceterminalsa-b areopen, |y =0 =1, s0
that V, = V,,. Hence, from Eq. (13.56),

Vih=Vi=—= (13.61)
n n
z | | z
- — 1n 2 C 2
[ ] [ ]
+ +
) (;: AT .
b d

Figure [3.33  Ideal transformer circuit whose equivalent circuits are
to be found.
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a Iy Iy Z, a I1 I,

i In — m _— In —
o I
+ 2 % L %
V1n Vi E V2 Vo OOV Vi 3| E V. Z;
o
b b

@ (b)

Figure 13.34 (a) Obtaining V1, for the circuit in Fig. 13.33, (b) obtaining Z1, for the circuit in Fig. 13.33.

To get Z1,, we remove the voltage source in the secondary winding and

insert aunit sourceat terminalsa-b, asinFig. 13.34(b). From Egs. (13.56)

and (13.57), I, =nl, and V= Vz/n, S0 that
Vi Vo/n 2

Ith=—=—=—, Vo = Zoly (13.62)
| 1 nl 2 n2

which iswhat we should have expected from Eq. (13.60). Once we have

V1, and Z,, we add the Thevenin equivalent to the part of the circuit in

Fig. 13.33 to the left of terminals a-b. Figure 13.35 shows the result.

The general rule for eliminating the transformer and reflecting the secondary circuit
to the primary side is: divide the secondary impedance by n?, divide the secondary
voltage by n, and multiply the secondary current by n.

We can also reflect the primary side of the circuit in Fig. 13.33t0 _ o _
the secondary side. Figure 13.36 shows the equivalent circuit. Figure 1335 Equivalent circuit for Fig. 13.33
obtained by reflecting the secondary circuit to
the primary side.

The rule for eliminating the transformer and reflecting the primary circuit to the
secondary side is: multiply the primary impedance by n, multiply the primary Nz,

Z;
voltage by n, and divide the primary current by n. F—o—]
nVgy Vs, Ve
Accordingto Eq. (13.58), the power remainsthe same, whether cal cul ated

on the primary or the secondary side. But realize that this reflection
approach only applies if there are no external connections between the
primary and secondary windings. When we have external connections Figure 1336 Equivalent circuit for Fig, 13.33
between the primary and secondary windings, we simply use regular  qpained by reflecting the primary circuit to the
mesh and nodal analysis. Examples of circuits where there are external  secondary side.

connections between the primary and secondary windings are in Figs.

13.39 and 13.40. Also note that if the locations of the dotsin Fig. 13.33

are changed, we might have to replace n by —n in order to obey the dot

rule, illustrated in Fig. 13.32.

MI3.7

An ideal transformer is rated at 2400/120 V, 9.6 kVA, and has 50 turns
on the secondary side. Calculate: (a) the turnsratio, (b) the number of

rd
d
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turns on the primary side, and (c) the current ratings for the primary and
secondary windings.

Solution:
(a) Thisisastep-down transformer, since V3 = 2400V > V, = 120 V.
Vs 120
=—<-=_"=005
"=V, T 2400
(b)
No 50
= — 0.05=—
n N — N
or
50
N1 = 008 = 1000 turns
(C) S =WVl =V,I[, =96 kVA. Hence,
L 9600= 9600=4A
%1 2400
9600 9600 I 4
L = =——=80A L=—=——=80A
2= 7y, T 120 o =00,

PRACTICE PROBLEMMEEN

The primary current to an ideal transformer rated at 3300/110 V is3 A.
Calculate: (a) theturnsratio, (b) thekVA rating, (c) the secondary current.

Answer: (@) 1/30, (b) 9.9 kVA, (c) 90 A.

mu.s

For theideal transformer circuit of Fig. 13.37, find: (a) the source current
I1, (b) the output voltage V,,, and (c) the complex power supplied by the
source.

I, 4q ~i6Q I

120/0° V rms Vi S[[Ev, 20Q 2y,

Figure [3.37  For Example 13.8.

Solution:

(a) The 20-2 impedance can be reflected to the primary side and we get
20 20

Thus,

Zin=4—-j6+Zr=9—-j6=1082/—33.69° Q

o/ 120,/0°

- —11.09,/33.69° A
Zin 10.82 / — 33.69°

1
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(b) Since both 1, and |, leave the dotted terminals,

1
I, = ——11=-5545,/33.69° A
n

V, = 20l, = 110.9 /213.69° V
(c) The complex power suppliedis
S=V,l; = (120&)(11.09{ — 33.69°) = 1330.8/ — 33.69° VA

PRACTICE PROBLEMMBEER

In the ideal transformer circuit of Fig. 13.38, find V,, and the complex
power supplied by the source.

20 i 12160
M— 14 AN
+ + +
100/0° V rms v, 2| E v, Vo == -j240Q

Figure 13.38  For Practice Prob. 13.:8.

Answer: 178.9/116.56° V, 2981.5 / — 26.56° VA.

MI3.9

Calculate the power supplied to the 10-2 resistor in theideal transformer
circuit of Fig. 13.39.

AN, 2:1
+ +
Vl_ | _V2
120&Vrms<i> @ . @ §1OQ
300Q

Figure [3.39  For Example 13.9.

Solution:

Reflection to the secondary or primary side cannot be done with this
circuit: there is direct connection between the primary and secondary
sides due to the 30-2 resistor. We apply mesh analysis. For mesh 1,

~120+ (20+30)I; — 301, +V; = 0
or

501; — 301, +V; =120 (139.1)
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For mesh 2,
—V2+ (104 30)l, —301; =0
or
—30I; +40l, —V,=0 (13.9.2)

At the transformer terminals,

1
Vo, = —Evl (13.9.3)

lo =2l (13.9.4)

(Note that n = 1/2.) We now have four eguations and four unknowns,
but our goal isto get 1,. So we substitute for V1 and |1 in terms of V,
and I, in Egs. (13.9.1) and (13.9.2). Equation (13.9.1) becomes

—-551, — 2V, =120 (13.9.5)
and Eq. (13.9.2) becomes
151, +40l, —V, =0 o V, = 55I, (13.9.6)
Substituting Eq. (13.9.6) in Eq. (13.9.5),

120
—165l, = 120 == I, = T —0.7272 A

The power absorbed by the 10-Q2 resistor is
P = (=0.7272)%(10) = 5.3W

9

FindV, inthecircuit in Fig. 13.40.

80
AMA
+V0 -
4Q 2Q
1.2
°
60/0° V I 8Q

Figure 1340 For Practice Prob. 13.9.

Answer: 24 V.

13.6 IDEAL AUTOTRANSFORMERS

Unlike the conventional two-winding transformer we have considered so
far, an autotransformer hasasinglecontinuouswindingwith aconnection
point called a tap between the primary and secondary sides. Thetap is
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often adjustable so as to provide the desired turns ratio for stepping up

or stepping down the voltage. Thisway, avariable voltageis provided to
the load connected to the autotransformer.

An autotransformer is a transformer in which both the primary
and the secondary are in a single winding.

Figure 13.41 shows a typical autotransformer. As shown in Fig.
13.42, the autotransformer can operate in the step-down or step-up mode.
The autotransformer is atype of power transformer. Its major advantage
over the two-winding transformer isits ability to transfer larger apparent

power. Example 13.10 will demonstrate this. Another advantage is that
an autotransformer is smaller and lighter than an equivalent two-winding
transformer. However, since both the primary and secondary windings
are one winding, electrical isolation (no direct electrical connection) is
lost. (We will see how the property of electrical isolation in the conven-
tional transformer is practically employed in Section 13.9.1.) The lack
of electrical isolation between the primary and secondary windingsis a
major disadvantage of the autotransformer.

Some of the formulas we derived for idea transformers apply to
ideal autotransformersaswell. For the step-down autotransformer circuit
of Fig. 13.42(a), Eq. (13.52) gives

Figure 1341 A typical atotransformer.
(Courtesy of Todd Systems, Inc.)

\Y N1+ N N
Vi_ 1+ 2:1+_1
V2 N> N>

(13.63)

As an ideal autotransformer, there are no losses, so the complex power
remains the same in the primary and secondary windings: lh

S =Vili =S =V} (13.64)
Equation (13.64) can aso be expressed with rms values as

Vil = Vol
or
Vo I
—_—= 13.65
Vi L (13.69) @
Thus, the current relationship is ta
I N; +
12 (13.66)
P N1+ N> |
o i 1 N
For the step-up autotransformer circuit of Fig. 13.42(b), — 5 % Nl V, D Z
+ 2
Vi - V2 v v,
Ny N1+ N> _ _
or
(b)
Vi = M
Vo  Ni+ N (1367) Figure 1342 (a) Step-down autotransformer,
(b) step-up autotransformer.
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The complex power given by Eq. (13.64) also appliesto the step-up auto-
transformer so that Eq. (13.65) again applies. Hence, the current rel ation-
shipis

11 N1+ N> N7

LN 1+ N (13.68)

A magjor difference between conventional transformers and auto-

transformers is that the primary and secondary sides of the autotrans-
former are not only coupled magnetically but also coupled conductively.
The autotransformer can be used in place of a conventional transformer
when electrical isolation is not required.

PRACTICE PROBLEMMENKR

Compare the power ratings of the two-winding transformer in Fig.
13.43(a) and the autotransformer in Fig. 13.43(b).

02A 4A
— —
O O
+ +
+ +

20V Vo 2| EVs 12V

o o
@

Figure [3.43  For Example 13.10.

Solution:

Although the primary and secondary windings of the autotransformer
are together as a continuous winding, they are separated in Fig. 13.43(b)
for clarity. We note that the current and voltage of each winding of the
autotransformer in Fig. 13.43(b) arethe same asthosefor thetwo-winding
transformer in Fig. 13.43(a). Thisisthe basis of comparing their power
ratings.
For the two-winding transformer, the power rating is
S1=0.2(240) =48VA  or S, =4(12) = 48VA
For the autotransformer, the power rating is
S1 = 4.2(240) = 1008 VA or S, = 4(252) = 1008 VA

which is 21 times the power rating of the two-winding transformer.

| 0

Refer to Fig. 13.43. If the two-winding transformer is a 60-VA,
120V/10V transformer, what isthe power rating of the autotransformer?

Answer: 780 VA.
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MI3.II

Refer to the autotransformer circuit in Fig. 13.44. Calculate: (a) |1, |2,
andl, if Z; = 8+ j6 R, and (b) the complex power supplied to theload.

80 turns

Vs Z
120 turns
f

Figure 1344 For Example 13.11.

120,/30° V rms

Solution:

(a) Thisis a step-up autotransformer with N; = 80, N, = 120, V1 =
120 /30°, so Eq. (13.67) can be used to find V, by

Vi N 80

V_Z_Nl—i-Nz:ﬁo

or

200 200
Vo = —V; = —(120/30°) = 300 /30° V
2= 3y V1= 5o ( )
\P) 300 /30° 300 ,/30°
ly= -2 = — — =30/—687°A
Z,  8+j6  10/36.87
But
li  Ni+N; 200
l, N 80
or
200 200
li=—I1>=—(@0/-6.87°)=75/—6.87° A
1= 352 80( )
At thetap, KCL gives
Ii+1,=1,

or

l,=1,—11=30/—-687"-75/—6.87° =45 /173.13° A

(b) The complex power supplied to theload is
S, = VI3 = |1,]2Z, = (30)2(10/36.87°) = 9,/36.87° kVA
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O—
;

[ ]
v,

16 KVA load

_ WA
(e
Figure 1345 For Practice Prob. 13.11.

In the autotransformer circuit in Fig. 13.45, find currents I3, I, and I,,.
Take Vi, = 1250V, V, = 800 V.

Answer: 128A,20A,7.2A.

13,7 THREE-PHASE TRANSFORMERS

To meet the demand for three-phase power transmission, transformer
connections compatible with three-phase operations are needed. We can
achieve the transformer connections in two ways. by connecting three
single-phasetransformers, thereby forming aso-called transformer bank,
or by using a special three-phase transformer. For the same kVA rat-
ing, a three-phase transformer is always smaller and cheaper than three
single-phasetransformers. When single-phasetransformersareused, one
must ensure that they have the same turns ratio » to achieve a balanced
three-phase system. There are four standard ways of connecting three
single-phase transformers or a three-phase transformer for three-phase
operations: Y-Y, A-A, Y-A, and A-Y.

For any of the four connections, the total apparent power S7, rea
power Pr, and reactive power Qr are obtained as

St = “/§VL1L (13.69a)
Pr = Sy cosf = ~/3V, I, cosb (13.69b)
Or = Srsin® = +/3V, I, Sné (13.69¢)

where V;, and I are, respectively, equal to the line voltage V;, and the
line current 1, for the primary side, or the line voltage V., and the line
current I, for thesecondary side. Noticefrom Eq. (13.69) that for each of
the four connections, VI = Vi,1,, Since power must be conserved
in anideal transformer.

For the Y-Y connection (Fig. 13.46), the line voltage V;,, at the
primary side, the line voltage V., on the secondary side, the line current
I1, on the primary side, and the line current 1, on the secondary side
are related to the transformer per phase turns ratio n according to Egs.
(13.52) and (13.55) as

Vis = I’ZVLI, (13.70a)
I
I, = % (13.70b)
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For the A-A connection (Fig. 13.47), Eq. (13.70) also applies for
the line voltages and line currents. This connection isuniquein the sense
that if one of the transformersis removed for repair or maintenance, the
other two form an open delta, which can provide three-phase voltages at
areduced level of the original three-phase transformer.

Figure 1347  aA-a three-phase transformer connection.

Figure [346  v-v three-phase transformer connection.

For the Y-A connection (Fig. 13.48), thereis afactor of +/3 arising
from the line-phase values in addition to the transformer per phase turns

ration. Thus,
I’lVLP
Vis = (13.718)
L \/:—%
31
I, = V3L, (13.71b)
n
Similarly, for the A-Y connection (Fig. 13.49),
Vi = nv/3Vy, (13.723)
1
I, = (13.72b)
n+/3

Figure 1349  A-y three-phase transformer connection.

Figure 348  v-a three-phase transformer connection.
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The 42-kVA balanced load depicted in Fig. 13.50 is supplied by athree-
phase transformer. (a) Determine the type of transformer connections.
(b) Find the line voltage and current on the primary side. (c) Determine
the kVVA rating of each transformer used in the transformer bank. Assume
that the transformers are ideal .

240V 42 kVA

1:5
T 3le
B | Three-phase

,EHE load
TEIE

Figure 13.50  For Example 13.12.

Solution:
(a) A careful observation of Fig. 13.50 shows that the primary side is
Y-connected, while the secondary side is A-connected. Thus, the three-
phase transformer is Y-A, similar to the one shown in Fig. 13.48.
(b) Given aload with total apparent power S; = 42 kVA, the turns ra-
tion = 5, and the secondary line voltage V;, = 240 V, we can find the
secondary line current using Eq. (13.69a), by

;o S 42,000

BT VBV, V340

From Eg. (13.71),

n _5x101

Iy =l = > = 292
3 3 x 240
Vi = ‘/T_Vm - ‘/_% — 8314V

(c) Because the load is balanced, each transformer equally shares the
total load and since there are no losses (assuming ideal transformers), the
kVA rating of each transformer is § = S7r/3 = 14 kVA. Alternatively,
the transformer rating can be determined by the product of the phase
current and phase voltage of the primary or secondary side. For the
primary side, for example, we have a delta connection, so that the phase
voltage is the same as the line voltage of 240 V, while the phase current
iS1;,/~/3=58.34A. Hence, S = 240 x 58.34 = 14 kVA.

PRACTICE PROBLEMEEEN

A three-phase A-A transformer is used to step down a line voltage of
625 kV, to supply aplant operating at aline voltage of 12.5kV. The plant
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draws 40 MW with alagging power factor of 85 percent. Find: (a) the
current drawnby theplant, (b) theturnsratio, (c) thecurrent ontheprimary
side of the transformer, and (d) the load carried by each transformer.

Answer: (a) 2.1736 kA, (b) 0.02, (c) 43.47 A, (d) 15.69 MVA.

13.8  PSPICE ANALYSIS OF MAGNETICALLY COUPLED
CIRCUITS

PSpice analyzes magnetically coupled circuits just like inductor circuits
except that the dot convention must befollowed. 1n PSpice Schematic, the
dot (not shown) isaways next to pin 1, which istheleft-hand terminal of
the inductor when the inductor with part name L is placed (horizontally)
without rotation on a schematic. Thus, the dot or pin 1 will be at the
bottom after one 90° counterclockwise rotation, since rotation is aways
about pin 1. Once the magnetically coupled inductors are arranged with
the dot conventionin mind and their value attributes are set in henries, we
use the coupling symbol K_LINEAR to define the coupling. For each
pair of coupled inductors, take the following steps:

X2
1. Select Draw/Get New Part and type K_LINEAR.
2. Hit (enter) or click OK and place the K_LINEAR symbol on
the schematic, as shown in Fig. 13.51. (Notice that

K_LINEAR is not a component and therefore has no pins.)
3. DCLICKL on COUPLING and set the value of the coupling

coefficient k. E%C;:_Bg;gnz
4. DCLICKL on the boxed K (the coupling symbol) and enter L2_VALUE=25nH
the reference designator names for the coupled inductors as
valuesof Li,i=1,2,...,6. For example, if inductors L20 Figure 351 Linear trans-

and L23 are coupled, we set L1 = L20 and L2 = L23. L1 and former XFRM-LINEAR.

at least one other Li must be assigned values; other Li’'s may be
left blank.

Instep 4, up to six coupled inductorswith equal coupling can be specified.
For the air-core transformer, the partname is XFRM _LINEAR. It
can beinserted in a circuit by selecting Draw/Get Part Name and then H

typing in the part name or by selecting the part name from the analog.slb
library. Asshowntypically in Fig. 13.51, the main attributes of the linear

transformer are the coupling coefficient k& and the inductance values L1 oou:;E ,r ,?g:o_ 5
and L2in henries. If the mutual inductance M is specified, its value must L1_TURNS=500
be used along with L1 and L2 to calculate k. Keep in mind that the value L2_TURNS=1000
of k should lie between 0 and 1. .
For the ideal transformer, the part name is XFRM_NONLINEAR Figure 13.52 1deal trans-

and islocated in the breakout.slb library. Select it by clicking Draw/Get former XFRM-NONLINEAR

Part Name and then typing in the part name. Its attributes are the cou-
pling coefficient and the numbers of turns associated with L1 and L2, as
illustrated typically in Fig. 13.52. The value of the coefficient of mutual
coupling must lie between 0 and 1.
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PSpice has some additional transformer configurations that we will
not discuss here.

Use PSpiceto find i1, i, and i3 in the circuit displayed in Fig. 13.53.

i 70Q 2H
AN AN

1H
100Q  3H, o 3H

h

60 cos (12nt - 10°) V (&) 4H @ w0cos12atv
270 uF
T
Figure 13.53  For Example 13.13.
Solution:
The coupling coefficients of the three coupled inductors are determined
asfollows.
Mz 1
ko = = =0.3333
YT JLil, J3x3
M3 15
ki3 = = = 0.433
13 A/ L1L3 A/ 3x4

M3

2
8= ULl J3xa
The operating frequency f is obtained from Fig. 1353 asw = 127 =
2nf — f =6Hz
The schematic of the circuit is portrayed in Fig. 13.54. Notice how
the dot convention is adhered to. For L2, the dot (not shown) is on pin
1 (the left-hand terminal) and is therefore placed without rotation. For
L1, in order for the dot to be on the right-hand side of the inductor, the
inductor must be rotated through 180°. For L3, the inductor must be
rotated through 90° so that the dot will be at the bottom. Note that the
2-H inductor (L4) is not coupled. To handle the three coupled inductors,
we use three K_LINEAR parts provided in the anal og library and set the
following attributes (by double-clicking on the symbol K in the box):

K1 - K_LINEAR

The right-hand values are the reference designa- L1 L1
tors of the inductors on the schematic. L2 L2
COUPLI NG = 0. 3333

= 0.5774

K2 - K_LI NEAR
L1 = L2

L2 = L3

COUPLI NG = 0. 433

4 | P | e-Text Main Menu | Textbook Table of Contents | Problem Solving Workbook Contents



CHAPTER 13 Magnetically Coupled Circuits

K3 - K_LI NEAR

L1 L1

L2 L3

COUPLI NG = 0.5774

Threel PRINT pseudocomponentsareinserted intheappropriate branches
to obtain the required currents iy, ip, and i3. Asan AC single-frequency
analysis, we select Analysis/Setup/AC Sweep and enter Total Pts = 1,
Sart Freq = 6, and Final Freq= 6. After saving the schematic, we select
AnalysigSimulate to simulate it. The output file includes:

FREQ I MV_PRINT2) | P(V_PRINT2)
6. 000E+00 2. 114E-01 -7.575E+01
FREQ I MV_PRINT1) | P(V_PRINT1)
6. 000E+00 4. 654E- 01 -7.025E+01
FREQ I MV_PRINT3) | P(V_PRI NT3)
6. 000E+00 1. 095E-01 1. 715E+01

From this we obtain
I, = 0.4654 / — 70.25°

I, =02114/ - 75.75°, I3 =0.1095/17.15°
Thus,
i1 = 0.4654 cos(127t — 70.25°) A

i = 0.2114cos(127t — 75.75°) A
i3 = 0.1095cos(127¢ + 17.15°) A

MAG=0k | PRI NT K1

AC=0k L'E{, K_Li near
PHASE=ok [—] RL L4 COUPLI NG=0. 3333
AAM A L1=L1

27) L1 L2
— AMWM— 211 K2
100 3H 3H K_Li near

COUPLI NG=0. 433

_ | ! - L1=L2
ACMAG=60V L3 E aH ACMAG=40V

ACPHASE=- 10 (&) V1 V2 Q) AcPHASE=0  L2=L3

I K3
270u == C1 Em | PRINT K _Linear
o\ COUPLI NG=0. 5774
L1=L1
<0 L2=L3

Figure 13.54  Schematic of the circuit of Fig. 13.53.

PRACTICE PROBLEMNEKIEE

Find i, in the circuit of Fig. 13.55.
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k=04

200 (\' 120

ANV AW
L]
8cos (4t +50°) V (£ 5H 4H 6H

100 o 25mF
||
AWV 1]
8o _lo

Figure 13.55  For Practice Prob. 13.13.

Answer: 0.1006 cos(4+ + 68.52°) A.

Reminder: For an ideal transformer, the induc-
tances of both the primary and secondary wind-
ings are infinitely large.

FindV1andV;intheideal transformer circuit of Fig. 13.56 using PSpice.

oo WY
el
+ +
v, 2| E Vv, 6Q
120,/30° V (’:} .
100
200 !

Figure 13.56  For Example 13.14.

Solution:

Asusual, we assume w = 1 and find the corresponding values of capac-
itance and inductance of the elements:

j10=joL. =  L=10H

—j40=.i = C =25mF
joC

Figure 13.57 shows the schematic. For the ideal transformer, we set
the coupling factor to 0.999 and the numbers of turns to 400,000 and
100,000. The two VPRINT2 pseudocomponents are connected across
the transformer terminals to obtain V; and V,. As a single-frequency
analysis, we select AnalysigSetup/AC Sweep and enter Total Pts =
1, Sart Freg = 0.1592, and Final Freq = 0.1592. After saving the
schematic, we select AnalysigSimulate to simulate it. The output file
includes:

FREQ WM C, A) VP(C, A)
1.592E-01 1.212E+02  -1.435E+02
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FREQ VM B, ) VP(B, C)
1.592E-01 2. 775E+02 2. 789E+01
From thiswe obtain

Vi=-V(C A) =121.1/365"V

Vo =V(B, C) = 27.75/27.89° V
L1_TURNS=400000

L2_TURNS=100000
COUPLI NG=0. 999

c1
R1
N | AL T, B
80  25m
AC=0k AC=0k
MAG=0ok MAG=0k
PHASE=0k PHASE=0k R3 §6
ACMAG=120V (& I
AcPHASE=30 &) V1 EIIII
kbr eak W
L1 E 10H
R2 <20
R
Figure [3.57  The schematic for the circuit in Fig. 13.56.
PRACTICE PROBLEMBEEREEK
Obtain V; and V, in the circuit of Fig. 13.58 using PSpice.
200 j15Q
AMA N
10Q _ 300
AV 23 w
[ ]
+ +
o + L _;
100/20° V (_) v 3 E v, —= -j16Q
[

Figure 13.58  For Practice Prob. 13.14.

Answer: 63.1,/28.65°V,94.64,/ —151.4° V.

13,9 APPLICATIONS

Transformersarethelargest, the heaviest, and often the costliest of circuit
components. Nevertheless, they are indispensable passive devices in
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electric circuits. They are among the most efficient machines, 95 percent
efficiency being common and 99 percent being achievable. They have
numerous applications. For example, transformers are used:

e To step up or step down voltage and current, making them
useful for power transmission and distribution.

e Toisolate one portion of acircuit from another (i.e., to transfer
power without any electrical connection).

e Asanimpedance-matching device for maximum power transfer.

e Infrequency-selective circuits whose operation depends on the
response of inductances.

Because of these diverse uses, there are many special designs for
transformers (only some of which are discussed in this chapter): voltage
transformers, current transformers, power transformers, distributiontrans-
formers, impedance-matching transformers, audio transformers, single-
phase transformers, three-phase transformers, rectifier transformers,

For more information on the many kinds of trans- inverter transformers, and more. In this section, we consider three im-
formers, a good text is W. M. Flanagan, Hand- portant applications: transformer as an isolation device, transformer asa
book of Transformer Design and Applications, 2nd matching device, and power distribution system.

ed. (New York: McGraw-Hill, 1993).

13.9.1 Transformer as an Isolation Device

Electrical isolation is said to exist between two devices when thereis no
physical connection betweenthem. Inatransformer, energy istransferred
by magnetic coupling, without el ectrical connection between the primary
circuit and secondary circuit. We now consider three simple practical
examples of how we take advantage of this property.

First, consider the circuit in Fig. 13.59. A rectifier is an electronic
circuit that converts an ac supply to adc supply. A transformer is often
used to couple the ac supply to the rectifier. The transformer serves two
Rectifier | purposes. Firgt, it steps up or steps down the voltage. Second, it provides
electrical isolation between the ac power supply and the rectifier, thereby
reducing the risk of shock hazard in handling the electronic device.

\ |solation transformer As a second example, a transformer is often used to couple two
stagesof anamplifier, to prevent any dc voltagein onestagefrom affecting
Figure 13.59 A transformer used to isolate an ~ the dc bias of the next stage. Biasing is the application of adc voltage to
ac supply from arectifier. atransistor amplifier or any other electronic device in order to produce
a desired mode of operation. Each amplifier stage is biased separately
to operate in a particular mode; the desired mode of operation will be
compromised without a transformer providing dc isolation. Asshownin
Fig. 13.60, only theac signal is coupled through the transformer from one
stage to the next. We recall that magnetic coupling does not exist with
adc voltage source. Transformers are used in radio and TV receiversto
couple stages of high-frequency amplifiers. When the sole purpose of a
transformer is to provide isolation, itsturnsratio n is made unity. Thus,
anisolation transformer hasn = 1.

Asathird example, consider measuring the voltage across 13.2-kV
lines. It is obvioudly not safe to connect a voltmeter directly to such
high-voltage lines. A transformer can be used both to electrically isolate
the line power from the voltmeter and to step down the voltage to a safe
level, as shown in Fig. 13.61. Once the voltmeter is used to measure the
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secondary voltage, theturnsratio is used to determine the line voltage on
the primary side.

Amplifier
stage 1

Figure 1360 A transformer providing dc isolation between
two amplifier stages.

MH.IS

Amplifi Power lines
mplifier
stage 2 \
Isolation transformer

Figure 13.61

20V (V) Voltmeter

A transformer providing isolation between
the power lines and the voltmeter.

565

Determine the voltage across the load in Fig. 13.62.

Solution:

We can apply the superposition principle to find the load voltage. Let
vL = vr1 + vr2, Where vy is due to the dc source and v, 5 is due to the
ac source. We consider the dc and ac sources separately, as shown in
Fig. 13.63. Theload voltage dueto the dc source is zero, because atime-
varying voltage is necessary in the primary circuit to induce avoltagein
the secondary circuit. Thus, v;; = 0. For the ac source,

Vo Vo
V., 120 3

12
v2=?0:40v

Hence, V2, = 40V ac or v, = 40coswt; that is, only the ac voltage
is passed to the load by the transformer. This example shows how the
transformer provides dc isolation.

31

6V _|_
dc

@

31

+ +
12£V (:) V]; ‘ ‘ YZ

(b)

Figure [3.63  For Example 13.15: (a) dc source, (b) ac source.

PRACTICE PROBLEMBEEEE

Refer to Fig. 13.61. Calculate the turns ratio required to step down the
13.2-kV line voltage to a safe level of 120 V.

Answer: 1/110.

R

31

120V
* |

12V
dc T

Figure 13.62  For Example 13.15.

R =5kQ
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13.9.2 Transformer as a Matching Device
Werecall that for maximum power transfer, theload resistance R, must be
matched with the sourceresistance R,. In most cases, the two resistances
are not matched; both are fixed and cannot be altered. However, an iron-
core transformer can be used to match the load resistance to the source
resistance. Thisiscalled impedance matching. For example, to connect a
loudspeaker to an audio power amplifier requires a transformer, because
the speaker’s resistance is only afew ohms while the internal resistance
of the amplifier is several thousand ohms.

Consider thecircuit showninFig. 13.64. Werecall from Eq. (13.60)
that the ideal transformer reflects its load back to the primary with a
scaling factor of n?. To match this reflected load R, /n? with the source
resistance R, we set them equal,

‘ : R,
Matching transformer R; = ? (23.73)

Figure [3.64  Transformer used as amatching  Equation (13.73) can be satisfied by proper selection of the turns ratio
device. n. From Eqg. (13.73), we notice that a step-down transformer (n < 1) is
needed as the matching devicewhen R; > Ry, and astep-up (n > 1) is

required when R, < R;.

MH.M

1n Theidea transformer in Fig. 13.65 is used to match the amplifier circuit
B to theloudspeaker to achieve maximum power transfer. The Thevenin (or
A_mp!'tf'er I output) impedance of the amplifier is 192 Q, and the internal impedance
ared of the speaker is 12 Q. Determine the required turns ratio.
Speaker Solution:

We replace the amplifier circuit with the Thevenin equivalent and reflect
Figure [3.65  Using an ideal transformer to the impedance Z; = 12 Q of the speaker to the primary side of the

match the specker to the amplifier; for ideal transformer. Figure 13.66 shows the result. For maximum power
Example 13.16.
transfer,
Z. , Z, 12 1
™=z " T Zm T 192 16
Z1

Thus, theturnsratioisn = 1/4 = 0.25.
. Using P = I%R, we can show that indeed the power delivered to
Vi —ZL the speaker is much larger than without the ideal transformer. Without
the ideal transformer, the amplifier is directly connected to the speaker.
The power delivered to the speaker is

Figure 13.66  Equivalent circuit Vi 2
of the circuit in Fig. 13.65, for _ T — 2
Example 13.16. Pr = (zTh I zL> Z1 =288V pW

With the transformer in place, the primary and secondary currents are

V1h I,

=™ =
P Zm+ 2 /n? T on
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Hence,

Vh/n 2
P=17Z =|—Y " )| Z
L s &L (ZTh + ZL/I’l2> L

nVth 2 2
= —————) Z; = 1302V W
(nZZTh+ZL) - mH

confirming what was said earlier.

PRACTICE PROBLEMEENE

567

Calculatetheturnsratio of anideal transformer required to match a100-<2
load to a source with internal impedance of 2.5 k2. Find theload voltage
when the source voltageis 30 V.

Answer: 0.2,3V.

13.9.3 Power Distribution

A power system basically consists of three components. generation, trans-
mission, and distribution. The local electric company operates a plant
that generates several hundreds of megavolt-amperes (MVA), typically at
about 18 kV. As Fig. 13.67 illustrates, three-phase step-up transformers
are used to feed the generated power to the transmission line. Why do
we need the transformer? Suppose we need to transmit 100,000 VA over
a distance of 50 km. Since S = VI, using a line voltage of 1000 V
implies that the transmission line must carry 100 A and this requires a
transmission line of a large diameter. If, on the other hand, we use a
line voltage of 10,000 V, the current is only 10 A. The smaller current
reduces the required conductor size, producing considerable savings as
well as minimizing transmission line 72R losses. To minimize losses
requires a step-up transformer. Without the transformer, the majority of
the power generated would be lost on the transmission line. The ability

Neutral S

3¢
345,000V

Insulators

3d) 60 Hz ac Neutral +—— 34)
18,000 V 3¢p 60 Hz ac | Step-down
Generator 208V <« transformer

Figure 13.67 A typical power distribution system.
(Source: A. Marcus and C. M. Thomson, Electricity for Technicians,
2nd ed. [Englewood Cliffs, NJ: Prentice Hall, 1975], p. 337.)

One may ask, How would increasing the voltage
not increase the current, thereby increasing 'R
losses? Keep in mind that | = V,/R, where V;
is the potential difference between the sending
and receiving ends of the line. The voltage that
is stepped up is the sending end voltage V, not
Vy. If the receiving end is V¢, then V, = V —
V. Since V and V are close to each other, V; is
small even when V'is stepped up.
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of the transformer to step up or step down voltage and distribute power
economically isone of the major reasonsfor generating ac rather than dc.
Thus, for a given power, the larger the voltage, the better. Today, 1 MV
isthelargest voltagein use; the level may increase asaresult of research
and experiments.

Beyond the generation plant, the power istransmitted for hundreds
of miles through an electric network called the power grid. The three-
phase power in the power grid is conveyed by transmission lines hung
overhead from steel towers which come in avariety of sizes and shapes.
The (aluminum-conductor, steel-reinforced) lines typically have overall
diameters up to about 40 mm and can carry current of up to 1380 A.

At the substations, distribution transformers are used to step down
thevoltage. Thestep-down processisusually carried out in stages. Power
may be distributed throughout alocality by means of either overhead or
underground cables. The substations distribute the power to residential,
commercial, and industrial customers. At the receiving end, a residen-
tia customer is eventually supplied with 120/240 V, while industrial or
commercial customers are fed with higher voltages such as 460/208 V.
Residential customers are usually supplied by distribution transformers
often mounted on the poles of the electric utility company. When direct
current isneeded, the alternating current is converted to dc el ectronically.

A distribution transformer is used to supply ahousehold asin Fig. 13.68.
Theload consistsof eight 100-W bulbs, a350-W TV, and a15-kW kitchen
range. If the secondary side of the transformer has 72 turns, calculate:
(@) the number of turns of the primary winding, and (b) the current 7, in
the primary winding.

é 120V Kitchen

= T
E 120V = range

+ e e e |

.
24oov§H

8 bulbs

Figure 13.68  For Example 13.17.

Solution:

(a) The dot locations on the winding are not important, since we are only
interested in the magnitudes of the variablesinvolved. Since
NP _ VP

N, TV
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we get
Vy 2400
N, = NSVS = 72% = 720 turns

(b) The total power absorbed by theload is
S = 8 x 100 + 350 + 15,000 = 16.15 kW
But S = V,I, = V,I, sothat
5 _ 16150

I,=— =6.729A
P v, 2400

PRACTICE PROBLEMNKIN

In Example 13.17, if the eight 100-W bulbs are replaced by twelve 60-W
bulbs and the kitchen rangeis replaced by a4.5-kW air-conditioner, find:
(@) the total power supplied, (b) the current 7, in the primary winding.

Answer: (@) 5.57 kW, (b) 2.321 A.

13.10 SUMMARY

1. Two coils are said to be mutually coupled if the magnetic flux ¢
emanating from one passes through the other. The mutual induc-
tance between the two coilsis given by

M =k Li1L,
where k isthe coupling coefficient, 0 < k < 1.

2. If vy and i; arethe voltage and current in coil 1, while v, and i, are
the voltage and current in coil 2, then
di dis dis diy
=L1—+M— and =Lr—+M—
vt Yar + dt vz T + dt
Thus, the voltage induced in a coupled coil consists of self-induced
voltage and mutual voltage.

3. The polarity of the mutually induced voltage is expressed in the
schematic by the dot convention.

4. The energy stored in two coupled coilsis

1 5, 1 5 -

ELlll + §L212 + Mlj_lz

5. A transformer is afour-terminal device containing two or more
magnetically coupled coails. It isused in changing the current, volt-

age, or impedance level in acircuit.

6. A linear (or loosely coupled) transformer hasits coils wound on a
magnetically linear material. It can be replaced by an equivalent T
or IT network for the purposes of analysis.

7. Anidea (or iron-core) transformer isalossless (R; = R, = 0)
transformer with unity coupling coefficient (k = 1) and infinite
inductances (L1, L, M — 00).
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8. For an ideal transformer,

|1 ZL
sznvlv |2=_1 812827 ZR=_2
n n

wheren = N»/N istheturnsratio. N; isthe number of turns of
the primary winding and N, is the number of turns of the secondary
winding. The transformer steps up the primary voltage when

n > 1, stepsit downwhenn < 1, or serves as a matching device
whenn = 1.

9. An autotransformer is a transformer with a single winding common
to both the primary and the secondary circuits.

10. PSpiceisauseful tool for analyzing magnetically coupled circuits.

11. Transformers are necessary in all stages of power distribution
systems. Three-phase voltages may be stepped up or down by
three-phase transformers.

12. Important uses of transformers in electronics applications are as
electrical isolation devices and impedance-matching devices.

REVIEW QUESTIONS

13.1  Refer to the two magnetically coupled coils of Fig.

| . | | . |
13.69(a). The polarity of the mutual voltageis: C—l> Ni:N, <io C—1> N1 <io
(a) Positive (b) Negative + . .
Vi S E Ve |
M M - - °

. @ (b)
. . . Figure 13.70  For Review Questions 13.5 and 13.6.
(b) @

13.6  For theideal transformer in Fig. 13.70(b),
N,/N; = 10. Theratio I/ 1; is:

Figure 13.69  For Review Questions 13.1 and 13.2. (@ 10 (b) 0.1 () -01 (d —10
. . i 13.7 A three-winding transformer is connected as
132 Forthetwo magne:tlcally coupled coils of F[g. portrayed in Fig. 13.71(a). The value of the output
13.69(b), the polarity of the mutual voltageis: voltage V, is:

13.3  The coefficient of coupling for two coils having

Li=2H,L,=8H,M=3His °2V ggo
(a) 0.1875 (b) 0.75 . . * . hd
(c) 1.333 (d) 5.333 50V % v, 50V %
0 ) s
8V - é 8V
° [ ]
@

< +

13.4 A transformer is used in stepping down or stepping
up:
(a) dcvoltages (b) ac voltages
(c) both dc and ac voltages

a

(b)

Figure 13.7]  For Review Questions 13.7 and 13.8.

135 Theideal transformer in Fig. 13.70(a) has 13.8  If the three-winding transformer is connected asin
Ny/N1 = 10. Theratio V,/ Vi is: Fig. 13.71(b), the value of the output voltage V, is:
(® 10 (b) 0.1 (o -0.1 (d) —10 (® 10 (b) 6 (c) —6 (d) —10
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13.9  Inorder to match a source with internal impedance 13.10 Which of these transformers can be used as an

of 500 2 to a 15-Q2 load, what is needed is: isolation device?

(a) step-up linear transformer (@) linear transformer  (b) ideal transformer

(b) step-down linear transformer (c) autotransformer (d) al of the above

(c) step-up ideal transformer

(d) step-down ideal transformer Answers: 13.1b, 13.2a, 13.3b, 13.4b, 13.5d, 13.6b, 13.7c, 13.8a,

(e) autotransformer 13.9d, 13.10b.
PROBLEMS
Section 13.2 Mutual Inductance L,
131  For thethree coupled coilsin Fig. 13.72, calculate O T —— o v

the total inductance. K}

° [ ] m L]
M g L, L g g L,
2H
O—
4H 5H r I_‘;
L L
eq @ o (b)
o LATTR Ne A o)
6H 8H 10H Figure 13.74  For Prob. 13.4.

Figure 13.72 For Prob. 13.1.
135 DetermineViand Vs intermsof [ and |, inthe
circuitin Fig. 13.75.

13.2  Determine the inductance of the three series-
connected inductors of Fig. 13.73.

joM

o—2TTM SA11) TNe—o
10H 12H 8H

Figure 13.75  For Prob. 13.5.
Figure 13.73  For Prob. 13.2.
136 FindV, inthecircuit of Fig. 13.76.

13.3  Two coils connected in series-aiding fashion have a
total inductance of 250 mH. When connected in a

X . : ; X -j6Q j8sQ
series-opposing configuration, the coils have a total | JrN o
inductance of 150 mH. If the inductance of one coil \ o +
(L) isthreetimesthe other, find Ly, L,, and M. ) L:

What is the coupling coefficient? j4Q i120
o + J
13.4  (a) For the coupled coilsin Fig. 13.74(a), show that 030V <‘> Vo
Leg=L1+L2+2M 100
(b) For the coupled coilsin Fig. 13.74(b), show that 5
L Lalo—M?
T [ L,—2M?2 Figure 13.76  For Prob. 13.6.
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13.7  Obtain V, inthecircuit of Fig. 13.77. 13.11 Obtain the Thevenin equivalent circuit for the circuit
in Fig. 13.81 at terminals a-b.
i2Q
10 4Q
MW MWW
° + j2Q
10/0° V j6Q j4Q  -j3Q =V v/‘\' .
° - 5Q . . JH
j6eQ i8Q
Figure 13.77  For Prob. 13.7. a
10,/90° V ZQ§ ‘4&%
b
13.8  FindV, inthe network shownin Fig. 13.78. T
2Q 2Q Figure 138 For Prob. 13.11.
+ v, ~
8,/30° V j40 40 -j1Q = ‘2&%
. . 13.12 Find the Norton equivalent for the circuit in Fig.
13.82 at terminals a-b.

Figure [3.78  For Prob. 13.8.

. . L . 200 j20Q
139 Findl, inthecircuit of Fig. 13.79. A R a
[ ]
k=1 jj5Q
60,/30° V . j100 g
TSR .
. ° *io ob
I, COS wt C R

Figure 13.82  For Prob. 13.12.

Figure 13.79 For Prob. 13.9. . . o
Section 13.3 Energy in a Coupled Circuit

13.10 Obtain the mesh equations for the circuit in Fig. 13.13 Determine currentsly, |2, and I3 in the circuit of
13.80. Fig. 13.83. Find the energy stored in the coupled
@ coilsat t = 2ms. Take w = 1000 rad/s.
R, Va
wh © =05
o s
. . Iy

1 oM j100Q ¢|3 j100Q l
Vv, . @ TG T @ gjm_z 3/90° A . § 40 = -j50 20/0°V
Figure 13.80  For Prob. 13.10. Figure 13.83  For Prob. 13.13.
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13.14 Find |, and |, inthecircuit of Fig. 13.84. Calculate
the power absorbed by the 4-C2 resistor.

e 4a
o () -
|
[ ] [ ]
60 30
s6/300v @) @ @ §4Q
20

Figure 13.84  For Prob. 13.14.

*13.15 Find current |, in the circuit of Fig. 13.85.

D

-j50Q
]

j20Q

L, j40Q j60Q,
T T

JlOQ‘\, JSOQ

s0,0°v @) j80Q §

glOOQ

Figure 13.85  For Prob. 13.15.

13.16 If M =0.2H and vy = 12c0s10¢ V in the circuit of
Fig. 13.86, find i; and i,. Calculate the energy

stored in the coupled coilsat t = 15 ms.

Vs (t) — 25mF 50

Figure 13.86  For Prob. 13.16.

13.17 Inthecircuit of Fig. 13.87,

(8 find the coupling coefficient,

*An asterisk indicates a challenging problem.

Magnetically Coupled Circuits 573

(b) calculate v,

(c) determine the energy stored in the coupled
inductorsatr = 2 s.

1H
2Q

12 cos 4tV 4H 2H

NS
m
||
Il
[N
0
ES

Figure 13.87  For Prob. 13.17.

13.18 For the network in Fig. 13.88, find Z,,, and | ,.

) k=05
b 40 g

Jo_ 1Q 30
05F
° [ ]
1H 1H 2H
20
b

For Prob. 13.18.

12sin2tVv

Figure 13.88

13.19 Findl, inthecircuit of Fig. 13.89. Switch the dot
on the winding on theright and calculate |, again.

g K=0601

4,/60° A 50 Q j20Q j40Q 10Q

Figure 13.89  For Prob. 13.19.

13.20 Rework Example 13.1 using the concept of reflected
impedance.

Section 13.4 Linear Transformers

13.21 Inthecircuit of Fig. 13.90, find the value of the
coupling coefficient k that will make the 10-Q
resistor dissipate 320 W. For this value of k, find the

energy stored in the coupled coilsatt = 1.5s.
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K j15Q
100 100 200
(-\V o AV
[ ] [ ] °
165 cos 10% V 30mH 50 mH 20 Q Zin, g 1400 L 50
[ ]
O
Figure 1390 For Prob. 1321 Figure 13.94  For Prob. 13.25.

13.22 (a) Find theinput impedance of the circuitin Fig.
13.91 using the concept of reflected impedance.
(b) Obtain the input impedance by replacing the Section 13.5

linear transformer by its T equivalent. |deal Transiormers

13.26 Asdonein Fig. 13.32, obtain the relationships

) i10Q between terminal voltages and currents for each of
j40Q 250 N 80 theideal transformersin Fig. 13.95.
O——TT—AWW
[ ] L]
i30Q j20 Q - -j6Q l1 2 I1 2
! : : o——> ln_“— o —> ln__—*
|_C> + ° + + ° +
i V_1 | . V_z V_1 . | V_z
) o o] o o}
Figure 13.91  For Prob. 13.22.
o ) @ (b)
13.23 For thecircuit in Fig. 13.92, find:
the T-equivalent circuit, Iy I I I
@ .y e o—— In_—T*, o—— In =7 ,
(b) the IT-equivalent circuit.
+ + + +
5H
\Z! | Vs \Z! | Va
- o [ ] — — ° [ -
O O
o . o o o o
15H 20H (© (d)
o o Figure 13.95  For Prob. 13.26.
Figure 13.92 For Prob. 1323 13.27 A 4-kVA, 2300/230-V rms transformer has an
*13.24 Two linear transformers are cascaded as shown in equivalent impedance of 2,/10° © on the primary
Fig. 13.93. Show that side. If the transformer is connected to aload with
0.6 power factor leading, calculate the input
®?R(L?+ L,L, — M? impedance.
j@w3(L2L, + L,L? — L M? — L,M? .
Zin= 2+] @ (L 2” + —— b~ LoM) 13.28 A 1200/240-V rms transformer has impedance
0*(LaLp + Lj = M) — joR(Ly + L) 60,/ — 30° 2 on the high-voltage side. If the
transformer is connected to a 0.8 /10°-2 load on
Ma My the low-voltage side, determine the primary and
o secondary currents.
. . . . 13.29 Determinel, and I, inthe circuit of Fig. 13.96.
L, L. Ly L, R
|—0> 1 100 a1 . 20
Zin ®
14/0°V I
Figure 13.93  For Prob. 13.24. .
13.25 Determine the input impedance of the air-core }
transformer circuit of Fig. 13.94. Figure 13.96  For Prob. 13.29.
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13.30 Obtain V4 and V5 intheidea transformer circuit of
Fig. 13.97.

1:4
+ +
100 Vi Z||E Ve 120

2/0° A /00 A

Figure 13.97  For Prob. 13.30.

13.31 Intheideal transformer circuit of Fig. 13.98, find

i1(t) and i (7).

R 10 i)

= 1n

1
‘r\/\/\/\ .
° |

Magnetically Coupled Circuits

575

13.32 (&) Find 1, and |, inthecircuit of Fig. 13.99 below.

(b) Switch the dot on one of the windings. Find |,
and I, again.

13.33 For thecircuit in Fig. 13.100, find V,,. Switch the
dot on the secondary side and find V,, again.

20 mF
[l
Il
10Q
31
[ ] o +
10cos5tV H 2(2%\/o

Figure 13.100  For Prob. 13.33.

de Vin COS 0t 13.34 Calculate the input impedance for the network in
T . Fig. 13.101 below.
13.35 Usethe concept of reflected impedance to find the
Figure 13.98  For Prob. 13.31. input impedance and current | ; in Fig. 13.102 below.
11 jQ 10 12 8@ 1

16@v($ %% (}) )/30°

Figure 13.99  For Prob. 13.32.

8Q j12Q

TR

in

Figure 13.101  For Prob. 13.34.
L s5q -2Q
— 1:2
AN—]
[ ]
24/0°V |

8Q 36 Q

1:3

I j18Q

Figure 13.102  For Prob. 13.35.
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13.36 For thecircuit in Fig. 13.103, determine the turns (b) Determine the primary and secondary currents.
ratio n that will cause maximum average power (c) Calculate the primary and secondary voltages.
transfer to the load. Calculate that maximum
average power.

a0 Amplifier | I * 60
circuit
[ ] L]
120/0°V rms | 100

Figure 13.105  For Prob. 13.38.

Figure 13.103  For Prob. 13.36. 13.39 InFig. 13.106 below, determine the average power
- deliveredto Z;.
13.37 Refer to the network in Fig. 13.104.
(8) Find n for maximum power supplied to the 13.40 Find the power absorbed by the 10-Q2 resistor in the
200-© load. ideal transformer circuit of Fig. 13.107.
(b) Determine the power in the 200-2 load if 20
n = 10. 12
3Q
1n
. . 46,0V @ 100
4/0°Arms 5Q | 200Q 0
Figure 13.104  For Prob. 13.37. Figure 13.107  For Prob. 13.40.
13.38 ggé;n%;gfm;is used 'I:Q mi‘gcg 631&_:‘ ?rl'upliltiher withan 1341 For theideal transformer circuit of Fig. 13.108
-$2 load as shown in Fig. 13.105. The Thevenin below, find:
gciil\flleggc;fz.the amplifieris; Vy, =10V, @ @ lyandl,,

(b) V1, Vz,and V,,

Find th ired t atio f i
(&) Find the required turns ratio for meximum (c) the complex power supplied by the source.

energy power transfer.

Z,=3+j40Q

1:10
[ ]
120/0°V rms I Z,=500—j200Q
[ ]

Figure 13.106  For Prob. 13.39.

Iy 20 I
> 1:2 > T
2 e -i6Q +
60,90° v rms (&) vi 3| E V, o 1323Y%

Figure 13.108  For Prob. 13.41.
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13.42 Determine the average power absorbed by each 20
resistor in the circuit of Fig. 13.109. AN
8Q 21
200 hbdds
AN
20/0° V
20Q & | % 40
15 . °
[ ]
4tV .
80 cos 4t | 1000 Figure 13.110 For Prob. 13.43.
[ ]

Figure [3.109  For Prob. 13.42. 13.44 Refer to thecircuit in Fig. 13.111 below.

(a) Findcurrentsly, I,, and I 3.
13.43  Find the average power delivered to each resistor in (b) Find the power dissipated in the 40-£2 resistor.

the circuit of Fig. 13.110. *13.45 For thecircuit in Fig. 13.112 below, find I 1, I, and

V,.
13.46 For the network in Fig. 13.113 below, find
(a) the complex power supplied by the source,
(b) the average power delivered to the 18- resistor.
i 40 50 I3

1:4

—

1:2 —

—_—
M ' '
L] L] L] L]
120/0° V I 100 I 400Q

Figure I3.111" For Prob. 13.44.
| [
1 2Q 34 2
L] L]
24/0°V | 160 Q
L]
Figure 3.112 For Prob. 13.45.
- -j20Q
40 60 oo 8o UM g
I
. . 18Q
40/0°V | IE
° ° j45Q

Figure 13.113  For Prob. 13.46.
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13.47 Find the mesh currentsin the circuit of Fig. 13.114

@ below.

Section 13.6 Ideal Autotransformers

13.48 Anideal autotransformer with a 1:4 step-up turns
ratio has its secondary connected to a 120-<2 load
and the primary to a420-V source. Determine the
primary current.

Intheideal autotransformer of Fig. 13.115, calculate
I1, 15, and1,. Find the average power delivered to
the load.

13.49

200 turns
2-j6Q 1,
—

[0+ 1:0

[ ]
80 turns
20,/30° V rms

Figure 13.115  For Prob. 13.49.

*13.50 Inthecircuit of Fig. 13.116, Z, is adjusted until
maximum average power is deliveredto Z, . Find
Z; and the maximum average power transferred to
it. Take N1 = 600 turns and N, = 200 turns.

|\Il
75Q j1250

120/0° V rms

For Prob. 13.50.

Figure 13.116

13.51 Intheideal transformer circuit showninFig. 13.117,

determine the average power delivered to the load.

AC Circuits

30+j12Q

1000 turns

120/0° V rms <:>

200 turns 20-j40Q

Figure [3.117  For Prob. 13.51.

13.52 Inthe autotransformer circuit in Fig. 13.118, show

that
N1 \?
Zn=(1+-) 2
in <+N2> L

Figure 13.118

Section 13.7
13.53

For Prob. 13.52.

Three-Phase Transformers

In order to meet an emergency, three single-phase
transformers with 12,470/7200 V rms are connected
in A-Y to form athree-phase transformer which is
fed by a12,470-V transmission line. If the
transformer supplies 60 MVA to aload, find:

(a) theturnsratio for each transformer,

(b) the currentsin the primary and secondary
windings of the transformer,

(¢) theincoming and outgoing transmission line
currents.

-16Q 7q 90

12&’V<% () %g (12) % . ()

j180Q

Figure [3.114 " For Prob. 13.47.
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13.54 Figure 13.119 below shows a three-phase
transformer that supplies a Y-connected |load.
(@) Identify the transformer connection.
(b) Calculate currents|, and ..
(c) Find the average power absorbed by the load.

13.55 Consider the three-phase transformer shown in Fig.
13.120. The primary is fed by athree-phase source
with line voltage of 2.4 kV rms, while the secondary
supplies a three-phase 120-kW balanced load at pf

of 0.8. Determine;

(a) thetype of transformer connections,

(b) thevaluesof I s and Ips,

(c) thevaluesof I;p and Ipp,

(d) the kVA rating of each phase of the transformer.

13.56 A balanced three-phase transformer bank with the
A-Y connection depicted in Fig. 13.121 below is
used to step down line voltages from 4500 V rmsto
900V rms. If the transformer feeds a 120-kVA load,
find:

(a) theturnsratio for the transformer,

(b) the line currents at the primary and secondary
sides.

Magnetically Coupled Circuits

24kv

ILP*

\

.
[e]

[e]

\

lps
—_—

e
=

e

Iep

\

\

579

|
l jhs

Load

120 kW pf = 0.8

Figure 13.120  For Prob. 13.55.

Il
450/0° V o——

|2
450,/-120° V o————

=

|3
450/120° V o—

IE

| 3lE ]

-i6Q

e

IH——w———
Qo

Figure I3.119 For Prob. 13.54.
1:n
4500V 900V | | 42KVA
Three-phase
load
O
Figure 13.12] For Prob. 13.56.

8Q

-i6Q
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13.57 A Y-A three-phase transformer is connected to a Section 13.8 PSpice Analysis of Magnetically
60-kVA load with 0.85 power factor (leading) Coupled Circuits
through a feeder whose impedanceis 0.05 + j0.1 Q ] ]
per phase, as shown in Fig. 13.122 below. Find the 13.59  Rework Prob. 13.14 using PSpice.

magnitude of: 13.60 UsePSpicetofind I, I, and I3 in the circuit of Fig.
(a) thelinecurrent at the load, 13.124.
(b) theline voltage at the secondary side of the @ _

transformer, j100 Q 80Q
(c) thelinecurrent at the primary side of the rydll MWy

transformer. T j15Q j10Q

|
13.58 The three-phase system of atown distributes power 2 ) —j20Q

with aline voltage of 13.2 kV. A pole transformer i50Q 40 Q
connected to single wire and ground steps down the T s 0 ey T
high-voltage wire to 120 V rms and serves a house 1 0 g:\» E
as shown in Fig. 13.123. . 60,/0° V CD J g 800 @) 20,/90° V
(a) Calculate theturnsratio of the pole transformer

toget 120 V.

(b) Determine how much current a 100-W lamp
connected to the 120-V hot line draws from the

high-voltage line. Figure 13.124 " For Prob. 13.60.

13.61 Rework Prob. 13.15 using PSpice.
13.62 UsePSpicetofind Iy, I, and |3 in the circuit of Fig.

13.125.
Faza il 3] Efmv [D
700 50 uF

2H
Y ) 12 1000
_/\/\/\/\,_{
L]
3H
120/0°V @
% , 7 f=100 D 8H
60 uF

Figure 13.123  For Prob. 13.58.

1H

Figure 13.125  For Prob. 13.62.

0.05Q j0.1Q

In AMN—TTD
Balanced
) 240V load

005Q j01Q

2640V E AL 60 KVA

0.85 pf

005Q j01Q leading
AW 1R

Figure 13.122  For Prob. 1357.
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13.63 UsePSpicetofindVy, V5, and |, inthe circuit of
Fig. 13.126.

16 Q isQ

A11A

o

20Q

b0 -14Q 120

AAAA 1:2 }_
T JEI

Figure 13.126

30,0° V

For Prob. 13.63.

13.64 Findl, and V, inthecircuit of Fig. 13.127 below

using PSpice.

13.65 Determinely, |,, and |3 intheidea transformer

circuit of Fig. 13.128 using PSpice.

i | |
50Q j80Q 1 2

— A W— 12 =
L]
H 40 Q
. -j30Q
o ar
w0y @ e
I * I3 60 Q
. js0Q
Figure 13.128  For Prob. 13.65.
Section 13.9 Applications

13.66 A stereo amplifier circuit with an output impedance
of 7.2 k2 isto be matched to a speaker with an input
impedance of 8 2 by atransformer whose primary

13.67

13.68

13.69

13.70

13.71

13.72

13.73

Magnetically Coupled Circuits 581

side has 3000 turns. Calculate the number of turns
required on the secondary side.

A transformer having 2400 turns on the primary and
48 turns on the secondary is used as an
impedance-matching device. What is the reflected
value of a 3-2 load connected to the secondary?

A radio receiver has an input resistance of 300 €.
When it is connected directly to an antenna system
with a characteristic impedance of 75 2, an
impedance mismatch occurs. By inserting an
impedance-matching transformer ahead of the
receiver, maximum power can berealized. Calculate
the required turnsratio.

A step-down power transformer with aturns ratio of
n = 0.1supplies12.6 V rmsto aresistive load. If
the primary current is 2.5 A rms, how much power is
delivered to the load?

A 240/120-V rms power transformer is rated at
10 kVA. Determine the turns ratio, the primary
current, and the secondary current.

A 4-kVA, 2400/240-V rmstransformer has 250
turns on the primary side. Calculate:

(a) theturnsratio,
(b) the number of turns on the secondary side,
(c) the primary and secondary currents.

A 25,000/240-V rms distribution transformer has a
primary current rating of 75 A.

(a) Find the transformer kVA rating.
(b) Calculate the secondary current.

A 4800-V rms transmission line feeds a distribution
transformer with 1200 turns on the primary and 28
turns on the secondary. When a 10-2 load is
connected across the secondary, find:

(a) the secondary voltage,
(b) the primary and secondary currents,
(c) the power supplied to the load.

2V,

4Q

i20

| -j10Q
1Q 1 X r 6Q
I
L] [ ] +
6/0°V IE 802V,
Figure 13.127  For Prob. 13.64.
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582 PART 2 AC Circuits

COMPREHENSIVE PROBLEMS

13.74 A four-winding transformer (Fig. 13.129) is often are four possible connections, two of which are
used in equipment (e.g., PCs, VCRs) that may be wrong. Find the output voltage of:
operated from either 110 V or 220 V. This makesthe (8 awrong connection,

equipment suitable for both domestic and foreign

; . b) the right connection.
use. Show which connections are necessary to (b) g

provide: 13.76 Tenbulbsin paralel are supplied by a 7200/120-V
(8 an output of 12 V with an input of 110V, transformer as shown in Fig. 13.13Q, where.the
(b) an output of 50 VV with an input of 220 V. bulbs are modeled by the 144-Q resistors. Find:
(a) theturnsratio n,
(b) the current through the primary winding.
110v1ac '%3 E' oeIszv
bo o f
o 1in
co 0 g
110V I § Eg * I 18V
do e o h 7200V || € 120V £144Q o oo 2144Q
Figure 13.129  For Prob. 13.74. o
*13.75 A 440/110-V ideal transformer can be connected to Figure 13.130 For Prob. 13.76.

become a 550/440-V ideal autotransformer. There
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