5

Three-phase alternating
current circuits

5.1 Introduction

In chapters 3 and 4, circuits were considered in which the
alternating energy sources possess the same frequency but, in general,
different voltages and internal impedances, and arbitrary phase relation-
ships. Each voltage source in such circuits may be thought of as being
generated by the interaction between a stationary coil of wire and a
properly shaped rotating magnetic field, as shown schematically in fig.
5.1(a).* Now, suppose that instead of a single coil (generally referred to as a
winding) there are n windings symmetrically disposed on the stator of the
machine. If the windings are identical, their impedances are equal and the
amplitudes of their induced voltages are equal. The voltages will all be of the
same frequency, determined by the angular speed of the rotating magnet,
and the phase relations among them will be fixed. The phase difference
between the voltages of two successive windings will be 2n/n radians or
360/n degrees. A machine constructed in this fashion is an n-phase
generator.

The majority of power systems throughout the world utilize the three-
phase generator, shown schematically in fig. 5.1(b). In fig. 5.2 are shown (a)
aphasor diagram for the three-phase generator, and (b) graphs of voltage v.
time for the three phases. The three voltages differ in phase by 360/3 =120°.

The generators in a power system are connected to a series of step-up and
step-down transformers that provide voltage levels appropriate for the
efficient transmission, distribution and consumption of the power gene-
rated. The three-phase transformers used possess primary and secondary
circuits each consisting of three identical windings electrically (although

* A discussion of rotating a.c. machines is beyond the scope of this text; see

reference 12 for a general introduction to the theory and practice of electrical
machines and associated equipment.
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232 Three-phase alternating current circuits

not mechanically) similar to those in the three-phase generator. Generator
and transformer windings are connected phase-to-phase, the voltages
impressed across the phase windings of any transformer in the system being
of similar form to those shown in fig. 5.2.

An important feature of any polyphase generator is the fact that at any
instant the sum of the individual phase voltages is zero. An examination of
fig. 5.2 shows the validity of this statement for three phases. In fig. 5.2(a) the
resultant of the three phasors is obviously zero. In fig. 5.2(b), at any instant,
the sum of the three voltages is exactly zero.

Fig. 5.1. Schematic representation of an a.c. generator or alternator.

Winding
Stator
Rotor
a
(@) Single-phase (b) Three-phase

Fig. 5.2. The phase voltages of a three-phase generator.

Phase 4
V. voltage | U, vy, v,
v, t
Yp
(a) Phasor diagram (b) Instantaneous values
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5.2 Advantages of three-phase systems
Among important advantages of three-phase systems for power
distribution may be numbered the following.

(1) Economy in energy conversion equipment.
The generation and utilization of electrical energy in a large-scale
power system depends on the efficient operation of large numbers
of rotating a.c. machines. Polyphase windings make better use of
the space available in a machine of a given physical size and
therefore capital costs are lower. The load capacity of a two-phase
machine is some 409%; greater than that of a single-phase machine
while that of three-phase machines is 509 greater. Polyphase
machines with four or more phases offer a negligible increase in
load capacity over the three-phase case which, therefore, rep-
resents the optimum arrangement.

(2) Economy in transmission equipment.
The transmission of power in a single-phase system requires two
conductors, two- and three-phase systems both require three
conductors, and a four-phase system four conductors. The three-
phase system has only two-thirds of the transmission loss of the
single-phase system for the same power delivered to a load,
consequently it offers the greatest economy among the possible
polyphase systems.

(3) Provision of constant power and torque.
Polyphase systems provide constant instantaneous power to a
load, which implies that both generators and motors exhibit a
constant torque characteristic. By contrast, in a single-phase
system power goes to zero twice every cycle so that the torque of a
single-phase machine is pulsating,

This characteristic of polyphase systems, shared of course by the
three-phase system, is essential for large-scale power generation
since it allows the use of constant-torque prime movers such as the
steam and water turbine. The provision of constant torque is also
essential in many industrial applications of electric motors.

5.3 Three-phase circuits

5.3.1  Phase and line voltages

To begin our study of three-phase circuits consider the arrange-
ment shown in fig. 5.3 in which a three-phase generator or transformer is
represented by three identical, ideal voltage sources. Each source is joined

https://doi.org/10.1017/CBO9781139170093.007 Published online by Cambridge University Press


https://doi.org/10.1017/CBO9781139170093.007
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to a load impedance through two wires each of impedance Z,. It will be
apparent that nothing is lost if we form a common point by connecting
together the three ends X, y and z, of the individual sources. We may also
join points x’,y’ and z'. Then we have reduced our circuit from a 6-wire to a
4-wire system (fig. 5.4), with the common points n and »’ joined by a neutral
wire of impedance Z,.

Fig. 5.3. Source-to-load connection using 6 conductors.

a — a’
L |
Z,

Va* Z

Vot z,

[
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With the interconnections shown in fig. 54, the phasor diagram
representing the three source voltages is as shown in fig. 5.5(a). The three
phasors each have magnitude V,; thus, a voltmeter connected between the
neutral point n and any of the points a, b or ¢, will read V, volts. The voltages
V., W, and V. are called the phase voltages. If ¥, is taken as the reference
phasor, we may write the phase voltages as

V,=V,[0
V,=V,=120 (5.1)
V,=V,[+120

Other voltages of significance in fig. 5.4 are the line-to-line (or simply line)
voltages V,, , V,. and V,. The relationships among line and phase voltages
are readily determined with the aid of fig. 5.5(b). With V, as the reference
phasor we have

Vo=V.—=V=V.+(- W)

Fig. 5.5. Phasor diagrams for the source shown in fig. 54.

Vca= Vl fr150° —-Vb

Vo=V iz

V=V, aw

(a ) Phase voltages (b ) Line voltages

Vbc‘ A
b

(c) Line and phase voltage relationships
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or
L /3
Va=V,[0+V,/60=V,1 EASER =/3V,[30
Similarly it may be shown that V,,=,/3V,/=90and V,,=./3V,/150. Let V,

be the magnitude of the line voltage, then we may write (with V,=V,/0 as
phase reference)

Vr = Vt@
Vie=V,[=90 (5.2)
Voa=Vi/+150
where
V= \/ 3V,

A compact (and easily remembered) form of phasor diagram, showing the
relationships among the complete sets of line and phase voltages, is shown
in fig. 5.5(c).

532  Balanced load
We now assume that the three load impedances in fig. 5.4 are
identical so that

Z,-2,-2.-2

Such an arrangement is referred to as a balanced load.* In fig. 5.4, the line
currents are designated I, I, and I.. By applying Kirchhoff’s voltage law
around the appropriate loops we obtain

‘/a=IaZl+IaZ+(Ia+Ib+IC)Zn
V,=1,Z,+1,Z+I,+1,+1)Z, (5.3)
Vc=Ich+IcZ+ (Ia+Ib+Ic)Zn

We have already shown that V,+ ¥, + V.=0. It follows then that the sum of
the terms on the right-hand side of equations (5.3) is zero. The result of this
summation is

I, +1,+1XZ,+Z+3Z,)=0
Therefore,
IL+1,+1.=0 (54)
* Much of the electrical equipment used in industry (three-phase motors for
example) constitutes a balanced load, and it is possible in a large power

distribution system to maintain conditions where loads on generators and
transformers are essentially balanced.
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So, for the balanced load, there is no current in the neutral wire and,
consequently, no voltage drop across the impedance Z,.

From (5.3) and (5.4) the line currents under balanced conditions are
given by

I = V[0 I_Vp[—l20. I_szil20 5.5)
“"Z+Z Y zZ+zZ Y Z+Z '

In practice it is not possible to maintain perfect balance amongloadsina
power distribution system, particularly so at the local distribution level
where loads drawn by small commercial and domestic consumers, dis-
tributed between the three separate phases of the system, are continually
varying. A neutral wire is always provided in this case to carry the small
out-of-balance currents that arise. This neutral wire is connected to earth at
some point (usually at the sub-station transformer) and provides a
common reference for the whole of the local distribution network.

The provision of a neutral wire has the further advantage of providing
consumers with two alternative voltages: line voltage and phase voltage
differing, as shown above, by a factor of /3. In the UK these voltages are
415V and 240V respectively. The higher of these is more suitable for
commercial and industrial consumers operating, for example, machine
tools powered by three-phase induction motors. For a given installed load
the higher voltage results in a lower current, which reduces the capital costs
associated with wiring and switchgear. These considerations are of less
importance for the domestic consumer where a single-phase supply (one
phase of the three-phase supply) is adequate for low-power lighting and
heating purposes. The lower voltage is also safer in situations where
portable electrical apparatus is used extensively.

As mentioned previously, the average load on a large-scale power system
is always arranged to be as nearly as possible in balance. The generatorsina
power station operate under essentially balanced conditions, as do the main
distribution transformers and overhead lines. In the case of long-distance
lines the neutral wire is dispensed with, although an additional wire is
necessary to connect the transmission towers together and to earth. (This
normally carries no current except in the event of a lightning strike.)

533 Worked example

For the three-phase system shown in fig. 5.4 the line voltage of the
source is 415V, and the load consists of three equal impedances
Z=20+j10(=22.4/26.5)Q. The line impedance Z,=2+j4
(=4.47/53.4)Q. (Note that in this example the line impedance Z,
is chosen to be unrealistically high compared with Z so that its effect will
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not be negligible in the calculations.) Find the line current, the voltage
across the load, the power delivered to the load, and the power lost in the
transmission line.
Solution. Because this is a balanced system, we may make calculations for
one phase alone and find all the required information from the results of
these computations.

The magnitude of the phase voltage is, from (5.2), V,=415/,/3=240V.
We may choose any phasor to be our reference, i.e. to have phase angle zero,
so letting ¥, =240/0°:

v, 240/0 240/0

1,= = = =92/ =325
T Z+Z 22+j14 26.1/325

The load voltage is
V,=1,Z=(9.2/ =32.5)(22.4/26.5)=206/ =6

Because the system is balanced, the three line currents all have magnitude
9.2 A and the three load voltages have magnitudes 206 V. Furthermore, the
angle between adjacent voltages and between adjacent currents is 120°, We
may therefore write

I,=92/[—152.5 V, =206/ —126
1.=9.2/81.5 V. =206/114

The relationships among currents and voltages are shown in the phasor
diagram of fig. 5.6.

Fig. 5.6. Phasor diagram for worked example (section 5.4).

AI(‘
V(‘ Vp'
i,= 240[0°
V= 206(-6°
1,=9.2/-32.5°
L v,
Vb
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The power factor for one element of the load is the cosine of the angle
between I, and V,.. This is cos(—6° —(—32.5°)) =c0s26.5° =0.895. So, the
average power supplied to one element of the load is

P,=V,1,0826.5°=206 x 9.2 x 0.895 =1696 W

The total power to the load is P=3P,=5088 W.
The power loss in one line is I,2Ryjn. =922 x2=169 W,
Then the total line loss is 3 x 169=507W.

As a check, let us calculate the power delivered by the source. For one
phase of the source, the phase of the angle is (—32.5°); so the power
delivered by phase a is

P,=V,I,cos(~—32.5°)
=240x9.2x0.843=1861W

The total power supplied by the source is 3P,=3x 1861 =5583 W. The
total power absorbed is the sum of the line loss and the power delivered to
the load, that is, 5088 + 507 =5595 W. Within the limits of error of our
calculations, this equals the power supplied by the source.

534  Star and delta connections

In general, for an n-phase system the configuration in which one
end of each element (either source or load) is tied to a common point is
called a star connection. For a three-phase system this configuration is also
called a Y connection (sometimes spelled out as wye). In fig. 5.4 both the
source and the load are Y connected.

An alternative way of connecting the elements of the source or load is one
in which they are joined to form a closed path. In the case of the voltage
sources this connection is possible because, as we have seen, the sum of the
phase voltages is zero, consequently, such an interconnection will not result
in a circulating current through the sources. For a three-phase system this
interconnection is called a delta, often written A. It is represented in fig. 5.7.

It is usual for the alternators in a large power station to be connected in
Y, but transformers are connected in Y or A depending on their particular
function in the system. When sources are connected in A there is, of course,
no neutral point.

A three-phase load may be connected in either Y or A regardless of how
the source is connected. Indeed, in connecting a three-phase load one may
have no information concerning the source. The usual situation is that one
has three lines (plus, perhaps, a neutral wire) and information about the
phase sequence, that is information concerning the order in which the line
voltages (or phase voltages, if there is a neutral) reach their maximum
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Fig. 5.7. Delta connection of three-phase voltage sources.

a
, —_—

&

Fig. 5.8. Relationship among line and phase currents for a balanced
delta-connected load.
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(b) Phase Currrents (c¢) Line Currents
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values. One also knows, or can measure the magnitude of the line voltage
(or of the phase voltage, if appropriate). The consumer who connects a load
to the three-phase line usually is not concerned about losses in the
transmission line or voltages and currents at the source; it is rather the
authority responsible for supplying the power that is interested in these
quantities.

Fig. 5.8(a) shows a A-connected balanced load in which the load
impedances carry currents I,, I, and I,. Because the load is balanced these
phase currents are of equal magnitude and mutually spaced on the phasor
diagram at 120°, as shown in fig. 5.8(b). Let the magnitudes of the phase and
line currents be I, and I, respectively, and let I, be the phase reference. Then
at node a’

3
L=1I+ (—Iy)=1,,&+1,,ﬂ=1,,<1 +%—j1/2—>=\/3IpL:3Q
The three line currents must also be at mutual phase angles of 120°, hence,
we may write

I,=1/-30° I,=I/—150°; I,=1I/90° (5.6)

where

Il=\/31p

The relationship among line and phase currents for the balanced A-
connected load is shown in fig. 5.8(c). This relationship is similar to that
which exists between line and phase voltages in a balanced Y-connected
system (see fig. 5.5).*

535 Worked example

For the balanced three-phase system shown in fig. 5.9 the line
voltage at the source is 415V, the line impedance Z,=(2+j4)Q, and the
load impedance Z =(20+j10)Q. (These parameters are identical to those
in the previous worked example.) Find the line currents, the voltage across
the load, the power delivered to the load and the power lost in the
transmission line.
Solution. In fig. 5.9 we have defined three mesh currents I, I, and I5. The
currents that we wish to find; namely, the line currents I, I, and I, and the
three load currents, I, I, and I, are readily expressed in terms of these mesh
currents. Before substituting numerical values, expressions for I, I, and I,
are found.

* The Y- and A-connected systems are duals.
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Using mesh analysis we obtain:

1,2Z,+2) -1,Z, -1,Z =V,-V,
1,2, +1,0Z+2) -LZ =V—V,
-1,z ~1,Z +1,(32)=0

Simultaneous solution of these equations yields

2(.-h)+(V.—- W)

I =
1 Zo
(Va—W)+2(V=V)
Iz=
Zy

’3=(11+12)/3=(Va— KB+ (V.— V)

ZO
where
Z,=3Z,+Z
But
(Va— W)=Va and (V.- V)=V,
hence

L=Q2Ve+ V) 2o
L=V +2V,)/ Z, (5.7)
Li=(Vp+ V) Z,

If ¥, is chosen to have zero phase angle then, by (5.1),

Fig. 5.9. Wye-connected generator with balanced delta-connected load
(worked example, section 5.3.5).

LT
z, L),
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V,,=415/30=415(0.866 +j0.5)
V,,=415/150 =415(—0.866 +j0.5)
Also,
Zo=3(2+j4)+20+j10=26+j22=34.1/403Q
Substituting these numerical values in (5.7) gives

1=211/19.7A; I,=21.1/79.7A; 1,=122/497A

From fig. 5.9:
Ia=Il_12 Ia=ll—l3
Ib=~'11 Iﬁ=—I3
Ic=12 Iy=lz—l3

Substituting values of I, I, and I, in these equations gives

1,=21.1/=403A 1,=122/=103A
I,=211/=1603A  I,=122/=1303A
IL.=21.1/797A 1,=12.2/109.7A

A considerable saving in the amount of calculation required to find the
line and phase currents may be achieved by utilizing (5.6) and the
relationship shown in fig. 5.8(c). Specifically, a knowledge of either I, or I,
makes it possible to write down line and load (phase) currents directly.
Thus, having solved (5.7) for current I, then

L=—1,=-21.1/197=21.1/—=160.3

and we may write

1,=21.1/-160.3+120=21.1/ ~40.3
1.=21.1/=1603—-120=21.1/79.7

Furthermore, the phase current I, is given by
1,=(L/\/3)[£30=(21.1//3)/ =4034+30=122/ =103

from which it follows that

I,=122/=103-120=122/ —130.3
1,=122/ =10.3+120-122/109.7

Now that the load currents have been found, the load voltages are readily
obtained

Vo =1,Z=(12.2/ —10.3)(22.4/26.5)=273/16.2V
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Similarly,
Ve =273/ —=1038V, and V., =273/1362V

Because the load is balanced, the total power delivered to the load is three
times the power in one load impedance. For example, the power delivered
by current I, is I,°R;p,q, Where Ry.q is the resistive part of the load
impedance, in this case 20 ohms. The total power delivered to the load is
then

Proaa=3x12.22 x20=8930 W
The power loss is three times the loss in one line. Therefore
Piine=3%x21.12x2=2671W

Finally, we calculate the power supplied by the source. Again the fact that
we have a balanced load makes it possible to calculate for one phase and
multiply the result by three. Thus the total power supplied by the source is

3x V,I,c08(—40.3)=3x 240 x 21.2 x 0.763 =11 591 W

This checks with the sum of the load power and line loss:
8930+2671=11601W (within the limits of error of the calculations).

536 Use of Y—A transformation

An alternative approach to the solution of the above example is to
use a Y-A transformation (section 2.9.2) of the load impedance. The result
of this transformation is shown in fig. 5.10. Because the system is balanced,
points n and n’ are at the same potential and may, for purposes of
calculation, be connected by a conductor of zero impedance. Then from fig.
5.9,

Fig. 5.10. Load of fig. 5.9 after delta to wye transformation.

IC‘ Zl
¢ 07_"» 11—
R g~y N
| Z,
a
1, z,
b —»
o LI

https://doi.org/10.1017/CBO9781139170093.007 Published online by Cambridge University Press


https://doi.org/10.1017/CBO9781139170093.007

Three-phase circuits 245

o Yo _ 240/0 _ 3x240/0
“TZ+Z/3 2+j4)+(0+j10)/3 6+j12+20+j10
=21.1/-403

The remaining line currents and the three load currents are found, as
before, by invoking (5.6) and the relationship shown in fig. 5.8(c).

The Y-A transformation is especially useful when there are mixed Y- or
A-connected loads that must be combined to find the total line current. It is
convenient then to use the transformation so that the loads will be all A-
connected or all Y-connected. After line currents and line voltages at the
load have been calculated, the transformation may be used in the opposite
direction to permit calculation of individual load currents.

5.3.7  Unbalanced load

If the individual load impedances are not identical (that is, if the
load is unbalanced) then in general neither the line currents nor the line
voltages at the load will have equal magnitudes. Moreover, the phase
sequence will affect both the magnitudes and phase angles of currents and
voltages in the circuit.

The worked example that follows outlines a procedure for analyzing an
unbalanced Y-connected load. A similar procedure may be used for a A-
connected load if the load is first converted to a Y-configuration by means
of the Y-A transformation.

538  Worked example

Fig. 5.11 shows a Y-connected source, supplying a Y-connected
unbalanced load. The source has a phase voltage of 240 V, and the load and
line impedances have the following values:

Fig. 5.11. An unbalanced wye-connected load (worked example,
section 5.3.8).
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Z,=20+j10=224/265  Z,=2+j4=447/634
Z;=8+j2=825/14.1 Z,=0+j1=1/90
Z,=15-j5=158/=18.5

Calculate the line currents (a) if the source has phase sequence abc; (b) if
the source has phase sequence ach.
Solution. Since the load is unbalanced there will be a current in the neutral
line and, consequently, the impedance Z, now appears in the calculations.
We may find the line currents directly using the method of mesh analysis,
but this involves the solution of three simultaneous equations with complex
coefficients. The use of nodal analysis to find the voltage at the node n’
provides a somewhat easier approach.

Let ¥, be the voltage of node n’ with respect to the neutral point n, then
the nodal equation at »n’ is

Vi—Va Vo—Vy Vo—Ve Vo

=0
Z+Z, Z,+2, Z,+Z, Z,
or
v S B 1 L
"\z,+2, 2,42, Z2,+2, Z,

Va Vb Vc
= + +
Z,+2, Z,+Z, Z,+Z,

Inserting numerical values for the impedances:

1 1 i 1
v, : :
" [22+j14+ 10436 1171 +0+]1:|
V. v Ve
S S N—— >
22+j14 10+j6  17—j1

(5.8)

(a) With phase sequence abc* the source phase voltages are

¥, =240/0=240+j0 (reference)
¥, =240/ =120 = — 120—j208
V,=240/120 = — 120 +j208

* Note that the phase sequence specified refers to the cyclic order in which the
voltage phasors must appear in the stationary phasor diagram when moving
round the diagram in a clockwise direction. The rotating phasor diagram (see
section 3.5) will then cause phasors to sweep past a given reference direction in
the correct order.
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Inserting these values in (5.8) gives
V, =17/ =888~0—j17
The line currents are then given by

V=V (2404j0)=(0—jl7)

= = 2/ =284

L Z,+Z, 22+j14 9 A
V,— V. (—120—j208)—(0—j17) /153

I == = =1 R -—1

b Z,+2, 10+36 93 A
V.=V, (—1204+j108)—(0—j17)

I = = .

¢ ZY+Z,+ 7+l 149/121 A

The current in the neutral wire is simply

V’ 17
= L_B_&&_l —1
I, 3 /% 7[=179

(b) With phase sequence ach the source phase voltages are

¥, =240/0=240+j0 (reference)
¥, =240/120 = — 120 +j208
V, =240/ =120 = — 120—j208

Inserting these values in (5.8) gives
V, =3.29/140.6 = —2.54+j2.09

The line currents and the neutral current are found as in part (a):

L=93/—329A;  I,=203/88.7A;
L=14.1/—116A;  I,=3.32/50.35A

We note that the different phase sequences produce different magnitudes
and phase angles for the line currents. Phasor diagrams for the two phase
sequences are shown in fig. 5.12. Fig. 5.12(b) and (d) demonstrate that in
each case the sum of the line currents is equal to the current in the neutral
wire. Such diagrams provide an approximate graphical check on the
calculations.

It may be remarked, finally, that calculations for three-phase circuits,
whether balanced or unbalanced, are considerably simplified if line
impedances, or the impedance in the neutral wire, can be assumed to be
zero. For instance, in the above example involving an unbalanced load, if
Z,in fig. 5.11 is zero, then the source phase voltages appear directly across
the series combinations of line and load impedances and expressions for the
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line currents can be written down directly, without recourse to nodal
analysis (see problem 5.2).

Similarly, in fig. 5.9, if the line impedances Z, are zero, then the source
line voltages are applied directly to the loads and, again, expressions for the
load currents can be written down directly without recourse to mesh
analysis. In this case, since the load is balanced, only one current need be
evaluated; all other currents can be deduced from the known relationships
between line and phase currents (see problem 5.1).

54 Power, reactive power and apparent power in

balanced loads

It has been shown in section 5.3 that for a balancedY-connected
load the voltage across one phase is equal to ¥,/,/3, where V, is the line
voltage. The apparent power in one phase is therefore (V,/\/3)I;, where I, is
the line current (equal to the phase current in a Y connection). If ¢ is the
phase angle between the phase voltage and current, the average power in
one phase will be (V//3)[,cos¢, and the reactive power will be
(V/y/3)];sing. Multiplying by a factor of 3 gives totals for all three phases,
hence using the notation of section (4.3) we may write:

Power P=./3V I cos¢
Reactive power Q =./3V,Ising (5.9)
Apparent power S=./3V ],

Fig. 5.12. Phasor diagrams for the circuit of fig. 5.11.
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These expressions apply also to a balanced A-connected load. In this case
the full line voltage is applied to one phase of the load, but the phase current
is I)/\/3 consequently the product of voltage and current in one phase is the
same as for the Y-connected load.

It will be observed that the expressions (5.9) are, except for the factor of
/3, the same as the expressions (4.3), (4.4) and (4.5) appertaining to the
single-phase case. The power diagram of fig. 4.4 is equally applicable to
balanced 3-phase systems provided the factor of \/3 is taken into account.
Problems involving power factor correction may be solved using the
expressions (5.9) together with the power diagram.

5.6 Worked example: power factor correction
Anindustrial plant draws a balanced electrical load of 9.8 MW at a
lagging power factor of 0.8. The plant is supplied over a 3-phase, 50 Hz line
having a maximum rating (load carrying capacity) of 660 A at 11kV (line
voltage).
(a) Calculate the apparent power and reactive power drawn by the load.
(b) Additional equipment drawing a load of 1.5MW and 0.7MVAr
lagging is to be installed in the plant. Find the minimum rating in MVAr of
the power-factor correction capacitor that must be installed if the rating of
the line is not to be exceeded. What then is the system power factor?
(c) If the capacitor is to consist of three sections connected in delta across
the line, calculate the capacitance required in each section.

Solution
(a) The power diagram for the original load condition is shown in Fig.
5.13(a). The phase angle ¢, is cos™ ' 0.8 =36.87°, therefore from (5.9)

Fig. 5.13. Power diagrams for worked example (section 5.5).

= 0 SMW I1.5MW
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(a) Original load conditions (b) Load including additional equipment
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power 9.8
=—=1225MVA
cos¢, 08

Reactive power =(power) x (tan¢{)=9.8 x0.75=7.35 MVAr

Apparent power =

(b) With the additional load installed

Total power=9.8+ 1.5=11.3MW
Total reactive power=7.35+0.7=8.05 MVAr
Total apparent power =,/(11.3% +8.05%)=13.874 MVA

The maximum load that the line can carry is
VIVi=/3x11x10°x660=12.575MVA

The power diagram for the plant plus additional load is shown in Fig.
5.13(b). To bring the total apparent power within the load carrying capacity
of the line a capacitor must be installed drawing leading vars equivalent to
length BC on the diagram.

Now

BC=AC—AB=8.05—./(12.575>—11.3%)
hence, rating of capacitor=2.53 MVAr.

113

System power factor =cos¢, = 575 0.9.

(c) Since the capacitor is in three sections, each section will account for
2.53/3=0.843 MVAr. The capacitor sections are connected in delta and so
will carry the full line voltage of 11 kV. If X_ is the reactance of each section,
then we have, using (4.7),

V2 (11x10%)?

= 6
X X =0.843 x 10

[4 c

which gives X.=143.5Q
The capacitance C is given by

Xe=gixsoxc 1433

whence

C=222uF
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5.6 Three-phase power measurement

5.6.1  Alternating current meters

A moving-coil instrument that is used frequently at standard
power frequencies (50-60 hertz) is the electrodynamometer. In this
instrument the magnetic field is supplied by the current that flows in a fixed
coil of a few turns of wire of large cross-sectional area. There is no magnetic
material. The moving coil, which carries a pointer and is held in the zero
position by a spring, is supported in the field of the fixed coil by jewelled
bearings so that it is free to rotate in response to any torque that it
experiences. Fig. 5.14 is a schematic representation of an electrodynamo-
meter type movement.

A meter movement of this type may be used as a voltmeter. The two coils
are connected in series and an external resistor is provided to limit the
current. Since the same current is in both coils the instantaneous torque will
be proportional to the square of the applied voltage. The mechanical
constants of the moving coil are such that it cannot follow variations of
torque for power frequencies. Instead, the coil assumes a deflection
proportional to the average torque and thus proportional to the average of
the square of the voltage. If therefore a square root scale is used, the pointer
will read effective voltage.

The electrodynamometer cannot be used directly as a high current
ammeter because the moving coil can carry only a small current. It is
possible by using shunts to accommodate large currents. Care must be
exercised to make sure that no phase shift is introduced by the use of shunts.

Fig. 5.14. Schematic diagram of electrodynamometer meter movement.
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When the electrodynamometer movement is adapted to power measure-
ment, the resulting instrument is called a wattmeter. The wattmeter has two
pairs of terminals, one for each coil. Fig. 5.15 shows the wattmeter
connected to measure power supplied to a single-phase load, Z . The fixed
(current) coil (terminals labelled I, I') carries the load current, i, while the
moving (potential) coil (terminals V, V') carries a current proportional to
the potential difference, v, across the load. Thus the torque on the moving
coil is proportional at any instant to the product vi, which is equal to the
instantaneous power.

If v and i are exactly in phase, the torque is never negative. If there is a
phase difference between v and i, the torque will be negative for part of each
cycle. Because the coil cannot follow variations of torque at power
frequencies, the coil assumes a deflection proportional to the average
torque and so proportional to the average power in the load. It is possible,
therefore, to calibrate the meter directly in watts.

One terminal of each terminal pair is marked with the symbol +. These
two terminals must be connected to the same side of the power line as
shown in fig. 5.15 so that the two coils will be at essentially the same
potential. If, in fig. 5.15, the connection of the potential coil is reversed then
the full line potential difference exists between the coils. Electrostatic forces
may then introduce errors in the meter reading. In addition, the high
potential difference may damage the coil insulation.

Ideally, the current coil has zero resistance and the potential coil has
infinite resistance. Then it makes no difference whether the voltage coil is
connected to the line or the load side of the current coil. In practice the
voltage coil is usually connected to the load side as shown in fig. 5.15. Then,
even with no load, the meter will indicate the power drawn by the potential
coil. This power is small and can usually be neglected. For the highest

Fig. 5.15. Wattmeter connected to single-phase load.
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accuracy it is possible to obtain a compensated meter so constructed that its
reading is corrected for meter loss.

562  Methods of power measurement
In a three-phase system where the load is Y-connected and there is

a neutral wire, three wattmeters are required to measure the load power. In
the special case of a balanced load the three load currents deliver identical
amounts of power and so it is necessary to measure power in only one phase
and multiply by 3 to get the total power delivered.

In the case of a three-phase system with no neutral, only two wattmeters
are required to measure the load power, regardless of whether or not the
load is balanced. We now justify this statement.

Wye-connected load

Fig. 5.16 shows a wye-connected three-phase load. Two wattmeters are
shown: wattmeter 1 carries line current i, in its current coil and has voltage
Vo across its potential terminals; wattmeter 2 has line current i, in its
current coil and has potential difference v, across its potential terminals.
The total instantaneous power to the load is

p= va'n’ia + Ub’n’ib + vc’n'ic
At node n', by Kirchhoff’s current law,
ia + ib + ic =0

Fig. 5.16. Two-wattmeter method for measurement of power in a wye-
connected load.
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SO

= — (lb + lc)
then

p=-—v a’n’ib - va’n’ic + vb’n’ib + vc’n’ic

= ic(vc’n' - va’n') + ib(vb’n’ - va’n’)

Now,

Vprn — Vg = Upry + Uy = Upg
and

Vo — Vg = Vgt + Upg =UVpy
therefore

P="Ucql, + Upra'lp

But wattmeter 1 responds to v.,/i. and wattmeter 2 responds to v, hence
the sum of the responses is equal to the instantaneous power.

If voltages and currents are sinusoidal then, by (4.3), the average power
measured by each wattmeter will be:

W=V, Icos0,

(5.10)
Wz = Vb'a'IbCOSHZ

where #, and 6, are the phase angles between voltages and currents. The
average power supplied to the load (balanced or unbalanced) is

P=W +W,

We now explain the reason for the + sign in the above equation.

In our study of the Y-connected source (section 5.3.1, figs. 5.4 and 5.5) it
was found that line and phase voltages differ in phase by 30°. It follows from
this that if the load is purely resistive, line currents will be out of phase with
line voltages at the load by 30°. This is shown in the phasor diagram of fig.
5.17. It is seen that current I, lags V.., by 30° and current I, leads V., by

30°. Equations (5.10) are then

W=V ,1.cos(—30°)
Wz = bea'IbCOS( + 300)

Suppose now that the loads are complex and balanced. Then equations
(5.10) become
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W=V .Icos(—30+6)
Wz = Vb'a'IbCOS(30 + 0)

where 6 is the angle of the load impedance. No matter whether the load is
capacitive or inductive, if the magnitude of 8 exceeds 60° (corresponding to
a power factor of 0.5) one wattmeter will read negative. Then, if both
wattmeters are connected to read up-scale, the net power to the load will be
the arithmetic difference of the two wattmeter readings.

Delta-connected load

Fig. 5.18 shows a delta-connected load with two wattmeters connected in a
similar fashion to those shown in fig. 5.16. The total instantaneous power in
the load is

P=idap +ighpe + 1000
By Kirchhoff’s voltage law

Vap + Vprer + Ve =0
or

Uper = — (va’b’ + Uc’a')

Fig. 5.17. Phasor diagram for a balanced wye-connected resistive load.
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Then

P=0vca (i, — i)+ Vap(ia—ip)
But

i,—ig=i. and ig—i, =i,
S0

p =Vpgidc +Vpralp =Wy +W;
The average power supplied to the load is, therefore
P=W, W,

The choice of sign is made just as in the case of the Y-connected load.

The construction of a wattmeter is such that it deflects up-scale or down-
scale depending upon the direction of power flow. Since the meter reads in
only one direction, it is necessary to determine which direction of power
flow causes up-scale deflection. Such a determination may be made by
connecting the meter to a resistive load and recording the connections that
give an up-scale deflection. Now, if the two wattmeters are connected so
that they indicate, by up-scale deflections, power flow to the load and if
either the current connection or the voltage connection must be reversed for
one of them in order to get an up-scale reading, the wattmeter readings have
opposite signs.

Fig. 5.18. Two-wattmeter method for measurement of power in a
delta-connected load.
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With regard to power measurement, two points should be emphasized.
First, in a three-phase, three-wire system two wattmeters will measure the
power to the load whether or not the load is balanced; however, as has
already been stated, care must be exercised to determine whether the
individual meter readings indicate power supplied to or drawn from the
load. The second significant fact is that in any polyphase system using n
conductors, the load power may be measured by the use of (n—1)
wattmeters so arranged that all the potential coils are connected together to
the one conductor into which no wattmeter coil is introduced.

56.3 Worked example

In the circuit of fig. 5.9 two wattmeters are used to measure the
power delivered to the load. The wattmeter current coils are arranged to
carry the currents I, and I, while the potential coils share a common
connection at the node a’. Determine the readings of the two wattmeters,
and verify that the sum of these readings equals the total power in the load.
The voltages of the source and the load impedances are as given in the
worked example of section 5.3.5.

Solution
From (5.10) the wattmeters will read
in phase b

Wy =V Icosf,
and in phase ¢
Wz = Vc’a’ICCOSOZ

where 0, and 6, are in each case the phase angles between voltage and
current.

From the results of the previous worked example we have
I,=21.1/=160.3 and I,=21.1/79.7
and for the line voltages at the load

V,, =273/16.2 and V.., =273 /136.2 and
therefore

Vyy=— Vyp=—273/16.2=273/ —163.8

and the angles 6§, between ;.- and I, is (163.8 — 160.3) =3.5°. The angle 0,
between V., and I is (136.2—79.7)=156.5°. (Note that it is the absolute
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difference between phase angles that is required for evaluation of the power
factor in (5.10).)
The readings of the wattmeters are then

W, =273 x21.1 xcos3.5=5750;
W,=273x21.1 xc0s56.5=3179

and
(W, + W,)=8929W.

The current in each load is, from previous results, 12.2 A and the resistive
component of each load impedance is 20Q. The total power in all three
phases of the load is, therefore (3 x 12.2% x 20) =8930 W, which agrees with
the power measured by the two wattmeters.

5.7 Transformers for three-phase systems

5.7.1  Applications

Transformers are important components of all electric power
distribution systems. They make it possible to raise or lower the voltages at
various points in a system efficiently, thereby permitting economical
transmission over long distances and safe distribution to industrial and
residential users. The fact that transformers allow such control of
transmission and distribution voltages was responsible for the decision,
near the turn of the century, to use alternating rather than direct voltage for
power systems,

When electric power is to be transmitted over great distances it is
advantageous to use high voltage and low current. Heating loss in the line is
proportional to the square of the current. Thus, the conductor size that is
required to keep this loss to a desired fraction of total power transmitted
decreases with the square of the current. Small conductors require less
material. In addition, because they are lighter in weight, the cost of the
supporting structures for overhead lines is correspondingly reduced.

The output voltage of a generator in a large power system is typically
22 kV; transformers then raise this voltage to several hundreds of kilovolts
(fig. 5.19). In the U.K., power is transmitted over long distances using
overhead lines operating at 400kV; in North America, where greater
transmission distances are encountered, overhead lines operate at up to
735kV. Such high voltages are not practicable for the distribution of power
in an urban area. Transformers are, therefore, again used to reduce the
voltage to values suitable for power distribution to various categories of
consumer. The voltage reduction is accomplished in several stages. Feeder
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circuits operate at tens of kilovolts, the final step being a reduction, in the
UK., t0 415/240 V. In most parts of North America the final distribution
voltage is 208/120 V. Industrial consumers are usually supplied at 33 or
22kV, further stages of reduction being accomplished by transformers
situated within the industrial complex itself.

In a three-phase system one may use either three single-phase power
transformers (as described in chapter 4) or a single transformer having three
separate sets of primary and secondary windings. A single three-phase unit
has some advantages in size and initial cost. In addition, the windings of the
three phases may be connected internally, thus reducing the number of high
voltage leads that must be brought out. A disadvantage of the single unit is
that if one phase fails (and this is the way in which three-phase transformers
often do fail) then service is interrupted while the whole unit is replaced. If
single-phase units are used, then failure of one unit does not necessarily shut
down the service completely. Replacement of one single-phase transformer
is cheaper than replacement of a three-phase unit. Also, especially in small
systems, less capital is invested in the inventory of spares if single-phase
transformers are employed. The three single-phase units should be
identical, otherwise, the transformers may introduce unbalance even in a
system with balanced loads.

Regardless of the choice of transformers, there are four possible
interconnections of the three pairs of phase windings leading to various
combinations of primary and secondary voltages as shown in table 5.1.

Fig. 5.19. Schematic showing arrangement of transformers in a power
supply system.
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Table 5.1

Connection Primary voltage Secondary voltage
Primary  Secondary Line Phase Line Phase
A A 1 N,/N,
A Y 1 (N2/N W3 No/N,
Y Y 1 1//3 N,/N, (N2/N )3
Y A 1 1/(/3 (N2/NA/3

(N,/N)=secondary/primary turns ratio.

Three phase transformers may be of the shell type, with the windings
surrounded by the iron, or of the core type, where the windings surround
the magnetic material. These two designs correspond to the two single-
phase designs illustrated in fig. 4.11. The shell design has the slight
advantage of providing more nearly identical flux paths for the three
phases. Furthermore, in the shell configuration the magnetic paths of the
three phases are more nearly independent than is the case with the core
design.

On occasion, one phase of a three-phase transformer connection may
develop a short circuit or an open circuit. If the connection consists of three
separate units, or if it is a single unit of the shell type, it is possible to operate
with only two phases and still supply 589 of the rated load. This
arrangement is called an open-delta or V-connection. (A core-type three-
phase unit may operate in open-delta if the fault is an open circuit.
However, if the fault is a short circuit the other two phases cannot operate
because the return paths for their fluxes are through the core of the
damaged winding. The short-circuit currents in the damaged winding
effectively block the fluxes of the other two phases.) Occasionally in the
United States when the initial demand for power from a new installation is
small, service will be provided by use of only two single-phase transformers
connected in open-delta. When demand increases, a third transformer is
installed.

When a Y-Y connection is used, certain constraints exist that do not
arise in single-phase operation. One constraint is that with the Y-Y
connection it is not possible, unless the primary neutral is connected to the
system ground, to obtain any significant amount of power if only one phase
of the secondary is loaded. With the Y-Y connection current for one phase
of the secondary is supplied by currents in all three phases of the primary. A
load on only one secondary phase leaves the other two phases with open
secondaries and therefore with high primary impedances. Since only the
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magnetizing current flows in the primary of these phases, no appreciable
primary current is available for the single phase from which it is desired to
draw power.

A second constraint upon operation with the Y-Y connection is related
to the requirement for third harmonic current to maintain a sinusoidal flux
in the core; this is discussed later in section 5.7.4.

572  Equivalent circuit parameters

Calculations on three-phase transformers are usually concerned
with balanced loads, and circuits are analyzed on a per-phase basis using a
transformer equivalent circuit essentially the same as that derived for the
single-phase case in section 4.9. The parameters of this equivalent circuit are
found similarly by open- and short-circuit tests. Values of series resistance
and leakage reactance per phase are derived from the short-circuit test, and
values of shunt resistance (or conductance) and reactance (or susceptance)
per phase, accounting for core losses and magnetizing current, are derived
from the open-circuit test. For the short-circuit test it is usual to short
circuit the low-voltage heavy-current windings of the transformer, measur-
ements being made on the high-voltage side of the transformer. Conversely,
for the open-circuit test it is usual to open circuit the high-voltage windings
and make measurements on the low-voltage side. These procedures
minimize the required current and voltage ratings of the test supplies and
measuring instruments used.

Parameters derived from these tests are referred to either side of the
transformer, as convenient, by multiplying by the square of the turns ratio.
Care must be exercised, however, when interpreting test data, particularly
where phases are connected differently on the two sides of the transformer
(for example A-Y) and where the open- and short-circuit tests are
performed on different sides. In such cases the /3 conversion factor
between line and phase values operates differently on the two sides of the
transformer.

57.3 Worked example

A 6600/22 000 V * three-phase transformer, rated at 2500 k VA, has
its low-voltage windings connected in delta and its high-voltage windings
connected in wye. Open- and short-circuited tests conducted on the
transformer produced the following data.

* Unless stated otherwise, voltages specified for three-phase systems are always
line voltages.
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Short-circuit test Open-circuit test

(LV side short circuit) (HV side open circuit)
Line voltage=712V Line voltage =6600 V
Line current=64 A Line current=6.52A
Total power =38.34 kW Total power =35.1kW

(a) Deduce the per-phase values of equivalent series resistance and
reactance referred to the HV and LV sides.

(b) Deduce the per-phase values of the equivalent shunt conductance
and susceptance referred to the LV and HYV sides.

(c) If the transformer supplies a load of 1500 kW at 22000V and
0.8 p.f. lagging, calculate the line voltage and line current on the LV
side.

(d) Calculate the efficiency and regulation at the above load.

(e) Estimate the unity power factor load for which the transformer
efficiency will be a maximum; compare the efficiency at this load
with the efficiency at full rated output.

Solution

(a) In the short-circuit test, the LV side is short circuited and measure-
ments are made on the HV side. Let subscripts 1 and 2 denote the LV side
and HYV sides respectively. Since the HV side is connected in wye the phase
current I ,, and line current I,, are the same, but the phase voltage V,, will

be V,z/\/g. Therefore, from the short-circuit test data, we have

=411.1V

V, 712
[y=lp=64A; V,,=2="1
p2s 12s p2s \/3 \/3
38.34

Power per phase P, =3 = 12.78 kW.

Using (4.23), with appropriate subscripts, the equivalent series resistance
and reactance referred to the HV side are given by

P, 1278x10°

Riywn = = =3.12
(HVY) (Ip25)2 642 Q
and
V 411.1
VRauw? + X(Hw2)=—pzs =——=642Q
I 64
whence

X(Hv)=5.61 Q
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Values of resistance and reactance referred to the LV side are found by
multiplying the above values by the square of the phase-to-phase (LV/HV)
turns ratio which is given by

N V 6.6 x 10°

e =(.519

Np2 Viz (22x10%)/3
Therefore R y,=3.12x0.5196°=0.84Q; X;y,=5.61x0.5196=1.51Q.
(b) Values for the equivalent conductance and susceptance are found from
the open circuit test. In this test the HV side is open circuit and
measurements are made on the A-connected LV side, for which the phase

and line voltages are the same but phase and line currents differ by a factor
of \/3. The test data give

I, 652

SNCIG]

35.1
Power per phase P, == 11.7kW.

Vite=Viie=6600V; I =3.764 A

Using (4.22), with the appropriate subscripts, the equivalent conductance
and susceptance referred to the LV side are given by

Py, 11.7x10°

= = =0.269 mS
=W, (66x10°) m
and
It 3.764
\/(Q(LV)2 +b(Lw2)=ﬁ=m=O.5704 mS
whence

b(LV) =0.503mS

Values of conductance and susceptance referred to the HV side are found by
dividing by the square of the (HV/LV) phase-to-phase turns ratio, which is
the same as multiplying by the square of the ratio (N,,/N ) found above
(see section 4.9, fig. 4.17). Performing this operation gives

Juvy=0.0726 mS and by, =0.136 mS

(c) The equivalent circuit for one phase of the system is shown in fig. 5.20(a)
(subscripts referring to phase values, and HV and LV sides are unnecessary
here and have been omitted for simplicity). The load is supplied at a line
voltage of 22kV, hence, V,=(22 x 10%)/,/3=12.7kV. For one phase the
load power is 1500/3=500kW at 0.8 p.f. lagging, therefore,
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V,ol,cos¢ =127 x 103 x I, x 0.8 = 500 kW
from which
I,=492A

The phasor diagram appropriate to the HV side is shown in fig. 5.20(b). It
is convenient in this type of problem to select I, as the reference phasor.
Then the voltage E, is given by

E2 = V2C05¢ +J VzSiIl(p + RIZ +jXIz

where ¢ is the angle between V; and I,.

Fig. 5.20. Diagrams for worked example (section 5.7.3).
1 1 1 ,l I 2

Load
(500kW at
IV' § %E'I ” }Ez Vall |ospt.
g b

lagging)

(0.269 mS) {0.503 mS)

LV HV

(a) Equivalent circuit for one phase; series
resistance and reactance referred to the HV side.

Cos ¢=0.8 1,=1,£0
(b) HV side (¢) LV side
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Inserting numerical values obtained from part (a) for the equivalent
resistance and reactance referred to the HV side, the above expression
becomes

E,=(12.7x10% x 0.8) +j(12.7 x 10> x 0.6) +49.2(3.12 +j5.61)
=(10.16 x 10%)+j(7.62 x 10%)+ 153.5+j276
E, =(10.313+}7.896) x 10> =12.99/37.44kV

Now, the calculated LV/HYV turns ratio is 0.5196, therefore, the line voltage
on the LV side is

=E, =12.99 x 0.5196/37.44 =6.75/ 31.44kV

The magnitude of the line voltage is therefore 6.75 kV since the LV side is A-
connected and line and phase voltages are identical.

The phasor diagram for the LV side is shown in fig. 5.20(c). The current
I,  is simply I, divided by the (LV/HV) turns ratio: (see section 4.7 for
properties of the ideal transformer)

49.2/0

33106 =94.69/0

I,'=

and the main phase current is
I,=1;'+I,=I,+E,(g—jb)

Inserting numerical values for conductance and susceptance referred to the
LV side, obtained from part (b), this expression becomes

1,=94.69+(6.75 x 103LM)(0.269 —-j0.503) x 10~3
whence
I1,=98.2-j1.59=98.2/—0.9

The magnitude of the line current is 98.2,/3=170A.

In the above calculation we have used values of g and b derived in an
earlier part of the problem, however, it is possible to obtain the current I,
and consequently I, directly from the test data without finding g and b
specifically.

From the test data we have:

Magnitude of line (phase) voltage =6600V

Magnitude of phase current = % =3.764 A
1
Power per phase —% =11.7kW
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If 6 is the angle between line voltage and phase current, then
6.6 x 10° x 3.764 x cosf =117 x 10°

and
0=619°

The current will lag the voltage by 61.9° since the system is inductive.

Now, the open-circuit test was carried out at an applied voltage of 6600 V
whereas our calculations have shown that, under the given load conditions,
the actual voltage on the LV side is 6750 V. The magnitude of the current I,
will, therefore, be 3.764 x (6750/6600)=3.849 A. Its angle with respect to
the line voltage (i.e. with respect to E,)is —61.9°so, with E, as the reference
phasor, we may write I, = 3.849/—61.9. Also the currentI,’, which lags E,
by angle 37.44°, may be expressed as I, =94.69/—37.44. Hence,

I,=1,+1,=94.69/ —37.44 + 3.849/ —61.9
or
1,=982/ =383

which agrees with our previous calculation.

(Note that the phase angle of the current given here is with respect to E; not
I, as before.)

(d) From the open-circuit test data the core loss is 35.1 kW at an applied
line voltage of 6600 V. The actual line voltage at the given load condition is,
from section (c), 6750 V. Since the power is proportional to the square of the
applied voltage we have

6750

Total core loss=35.1 x (6600

2
) =36.7kW

Likewise, the copper loss, which is proportional to the square of the load
current, is

49.2\\2
Total copper loss=38.34 x < = 22.66 kW

Therefore,

output _ 1500
output +losses 15004 36.7 +22.66

Efficiency = =96.2%

Note that the small change in the core loss between the no-load (test)
condition and the loaded condition has an insignificant effect on the
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calculation of efficiency; for most practical calculations the core loss can be
assumed constant.
From (4.25) the regulation is expressed by

(Rcos¢ + Xsing)

Regulation=1, %
20

where (in this problem) R and X are the per-phase values of the equivalent
series resistance and reactance of the transformer referred to the HV side. At
the specified load condition, I, =49.2 A and, (with 6.75kV on the LV side)
V10=12.99kV. The values of R and X have been calculated in part (a)
above. Hence,

49.2(3.12x 0.8 +5.61 x0.6)
12.99 x 10°

Regulation= =2.22%

(e) Thetransformer efficiency will be a maximum (according to (4.29)) when
the core losses and copper losses are equal. Assuming that the core losses
are constant at the value given by the open circuit test, namely, 35.1 kW, the
load current I, for which the efficiency will be maximum is given by

31,°R=31,2x3.12=35.1 x 10°
whence,
I,=6124A.
If the load voltage is 22kV, then the power delivered is

J3%22%10° x 61.24 =2333kW

2333

Ll 233
Efficiency 2333+ (2% 35.1) o

At the full rated output of 2500 k VA at unity power factor, the load current
is given by

3 x22%10% x I, =2500 x 10°

whence
I,=656A
The total copper loss is then 3 x 65.6% x 3.12=40.29kW and
2500
i = =97.1¢
Efficiency = 00120291351 L7
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It is evident from these results that although the maximum efficiency occurs
at a load rather less than full rated load, the difference in efficiency is
insignificant. The efficiency of a transformer remains very nearly constant
over a wide range of load conditions.

The principle of conservation of watts and vars (see section 4.3) may be
used with advantage in this type of calculation. The method is particularly
rapid if it can be assumed that the core loss current and magnetizing
currents are constant under change of load conditions. In the following
calculations this assumption introduces a negligible error in the value for
the line current at the input terminals of the transformer.

The real power in the load is 1500 kW at 0.8 p.f. lagging, from which it
may be deduced that the reactive power is 1125 kVAr. The load is supplied
at 22kV, therefore the line current I}, is, by (5.9)

\/3 x22x 103 x I, x 0.8 =1500 x 10°
whence
112=49.2A

The real and reactive powers in the referred series resistance and reactance
per phase are I,,2R and I,,2X respectively. The total real power P, and the
total reactive power Q, are, therefore,

P,=1500+3(49.2% x 3.12)/10® = 1523 kW
and
0,=1125+3(49.22 x 5.61)/10°=1166 kW

By (4.6), the apparent power is /(P> + Q%)+ 1918 kVA and since there is
no loss in the ideal transformer, this must be the apparent power on the LV
side of the transformer. But the line current on the LV side is
49.2 x (22/6.6) =164 A, therefore the line voltage on the LV side is given (by
(5.9)) as

\/3 XV, x 164=1918 +10°
whence
V11=6.75 kV

Also, from the open-circuit test data, the real and reactive powers
associated with the transformer core are 35.1 kW and 65.75kVAr respect-
ively; adding these components to the values of P, and Q, obtained above
we obtain

Total apparent power=./[(1523+35.1)>+ (1166+65.75)*]=1986 kVA.
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Therefore, \/3 x 6.75 x 10° x I;; = 1986 x 10* from which I,; =170 A. Tt will
be noted that this method avoids the necessity of converting between line
and phase valves during the calculations.

15,74 Harmonic currents

We recall from section 4.9, that when a sinusoidal voltage is
applied to an iron-cored transformer the resulting magnetic flux will be
sinusoidal, but, because of the non-linear character of the magnetic core
material, the magnetizing current is non-sinusoidal. It includes odd
harmonics of which the third has much the greatest amplitude (see fig.
4.13(c)).

Now consider the separate phase voltages of a three-phase generator. It is
quite likely that these output voltages will contain odd harmonics of the
fundamental frequency, but because of the symmetrical construction of the
alternator, even harmonics are not likely to appear. The three voltages of
fundamental frequency are mutually 120° apart in phase, as explained in
section 5.1. Except for the third harmonic and multiples thereof, all the odd
harmonics will likewise be 120° out of phase with one another, although the
phase sequence of some will be opposite to that of the fundamentals. It will
be readily appreciated that, because of the 120° phase differences among the
fundamentals, the third harmonic voltages (and the 9th, 15th and so on) will
be in phase.

Let the three lines from the generator be joined to Y-connected
transformer windings with no neutral connection, as shown in fig. 5.21.
Now suppose third harmonic currents exist in the three lines as shown in
the figure. These currents must add to zero at point N. This, however, is
impossible for three currents that are in phase. It follows, therefore, that
third harmonic currents cannot exist in the transformer windings.

Fig. 5.21. Third harmonic currents.

Q
~—
w

Y

(y);
@)
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Because no third harmonic current can exist in the connection of fig. 5.21,
the magnetizing currents in the three windings will be sinusoidal (if we
ignore the higher harmonics that are of very small amplitude). Then
because of non-linearity in the iron core, the flux will contain appreciable
third harmonic. This non-sinusoidal flux induces third harmonic voltages
in the transformer windings that are significantly greater in magnitude than
the fundamental voltages and these may damage the transformer
insulation.

It can be shown that if the transformer is a three-phase core-type then the
flux will be essentially sinusoidal even in the absence of third harmonic
currents. For other transformer configurations there are several ways to
provide the required third harmonic currents. One way is to supply the Y-
connected primary with a connection to the system neutral. Then there will
be return paths for the third harmonic currents in fig. 5.21. However, even if
the system neutral were available at the transformer, the third harmonic
currents that result from a neutral connection could be great enough to
interfere with nearby telephone circuits.

A second possibility is to connect the three secondary windings in delta,
thus providing a closed path for circulation of the third harmonic current.
As far as theironis concerned, it isimmaterial what path the third harmonic
current takes; it simply is necessary that a path for it exist. Of course, this
solution to the problem is not available if the transformer is arranged in a
Y-Y connection.

A common method of supplying a path for the third harmonic current is
that of including a third, delta-connected set of transformer windings. The
third harmonic currents induced in these windings will be in phase, and
there will be a short-circuit path for them in the delta connection. If each
component of the ‘tertiary’ winding has a number of turns equal to that of
its primary then the third harmonic currents in these windings will be just
equal to the current that would exist in the primary were it not suppressed
by the Y connection of the primary winding.

15.8 Phase transformation

Transformers may be used to convert a set of polyphase voltages to
another set with a different number of phases. A practical application of this
property of transformers is in producing six-phase voltages for large
mercury or semiconductor rectifiers. Successive voltages of the six-phase set
differ in phase by 60°. Rectifiers supplied from such voltages show
significantly less ripple than exists when three-phase power is used. The
required connection is shown in fig. 5.22(a). The primaries of the three
transformers are connected in delta. Each secondary winding is centre
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tapped to provide a common node as shown. The output voltage phasors
are shown in fig. 5.22(b). By using transformers with more windings one
may get 12 output voltages equal in magnitude and having 30° phase
difference between successive voltages.

A second example of phase conversion is the Scott connection between
three-phase and two-phase systems. (Two-phase voltages are equal in
magnitude and differ in phase by 90°. Unlike other polyphase voltages, they
do not form a symmetrical pattern when represented as phasors. Sometimes
the designation ‘quarter phase’ is used for these voltages.) Two trans-
formers are required for the Scott connection, as shown in fig. 5.23.
Transformer A has primary and secondary windings AA’ and aa’

Fig. 5.22. Transformer connection for three-phase to six-phase

conversion.
[ So——
3-phase A
input
o M
a a b b’ c

L
Lo v 7

6-phase supply to rectifiers
(a) Transformer connection

-

c -

b) Pha;orwdiagram
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272 Three-phase alternating current circuits

respectively. Transformer B has primary winding BB’, which is centre
tapped at C, and secondary winding bb’. The tap C is connected to A’, and
the ends of the two secondary windings a’ and b are also connected
together. The turns ratios of the two transformers are different and
provided these are correctly arranged a balanced three-phase set of voltages
applied to AB’B will result in a balanced two-phase voltage set at abb’ or
vice versa. We now determine the two transformer ratios required. For the
purposes of the following argument it will be convenient to consider the
secondary side energized with balanced two-phase voltages, the phasor
diagram for which is shown in fig. 5.24(a). Phasors V.- and V,,- have equal
magnitudes.

On the primary side the three voltages appearing at terminals AB’B are

Vap = Vac+ Vez = Vac+ Vac
Vep= Voct+ Vep =2Vcp (5.11)
Vea= Vac + Vcu

These are shown in the phasor diagram of fig. 5.24(b); if they are to form a
balanced three-phase set, their magnitudes must be equal and angles ¢
must be 30°. It follows that

Vac - Vac -
Vi Ves

os30=\—/23 (5.12)

We see from this expression that the voltages across the two primary
windings, V 4c and V5 must be in the ratio of \/3/2=0.866. This implies
that if transformer B has a primary-to-secondary turns ratio of N;/N,,
transformer A must have a turns ratio of 0.866N /N, in order to produce

Fig. 5.23. Scott connection for three-phase to two-phase conversion.

a

+ .

<«+—Transformer A —»

Transformer B

B . B’ b . b’

Primary Secondary
3-phase 2-phase
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balanced voltages on the three-phase side. It may be shown that for such an
arrangement, if the load is balanced on one side of the system, then it will be
balanced on the other.

A point properly chosen on the primary of transformer A provides a
neutral point N for the three-phase side. To locate N we observe that the
magnitude of the voltage V,y must be equal to the phase voltage of the
three-phase balanced set, that is V = V,,B,/\/ 3. Therefore, from (5.12),

Van =% ¢ % VAC=%VAC
So, the tap N must be located two-thirds of the way from A to A'.
The Scott connected transformer arrangement has found application in

the foundry industry where it is used in connection with certain types of
induction channel furnace.

156.9 Instantaneous power to balanced load
In section 5.2 it was stated that an advantage of a three-phase
system is that power to a load is constant and therefore the torque produced
by, for example, a three-phase motor is uniform. It is for this reason, as well
as ones of efficiency, that almost all industrial machine tools are powered by
three-phase motors.
To show that the power in a balanced three-phase system is constant we

Fig. 5.24. Phasor diagrams relating to the Scott connection shown in

fig. 5.23.
Vag’| Wac
|
V R I
aa , !
1 -~
| ]
|
I Vep
I e — >
:VBC = VCB' : 2VCB = —ZVBC
90° | |
- f ‘?N
o |
Vi | :
1 I
1 /V
A
' -----*VCA-‘AC
(a) Secondary Phasors (b) Primary phasors

https://doi.org/10.1017/CBO9781139170093.007 Published online by Cambridge University Press


https://doi.org/10.1017/CBO9781139170093.007

274 Three-phase alternating current circuits

form the products of the instantaneous voltages and currents in the three
separate phases of the system.

Let the amplitudes of the phase voltages and currents be V,, and I,
respectively. Then the r.m.s. magnitudes will be V,=V,/\/2 and
I, ="Vu/+/2. Let the phase voltage in phase a be the phase reference. Then
the instantaneous power in phase a is given by:

Pa=Vasinwt x I sin{wt + ¢)

where ¢ is the phase angle.
Similarly in phases b and ¢
Do = Vsin(wt — 120) x I sin(wt + ¢ — 120)
p.= Vasin(wt + 120) x I sin(wt + ¢ + 120)

Now, using the identity sinAsinB=1[cos(4 — B)—cos(4 + B)], we may
obtain:

Pa= V';I'" [cos(wt —wt — P)—cos(wt + wt + )]

=V I [cos(—¢)—coswt + ¢)]
Similarly,

py= VI [cos(—¢)—cos(2wt + ¢ —240)]
p.= VI ,[cos(—@)—cos(2wt + ¢ +240)]

Let 0=(Qwt+¢) then, using the identity cos(4— B)=cosAcosB+
sinAsinB, we have

3
cos(2wt + ¢ —240)= — cosh +\/7 sinf;

and

3
cos(2wt + ¢ +240) = —4cosf— \/T sinf

The total power p, may then be expressed as

Pc=pa+pp+p.=V,I,| 3cos(—¢)—cosd

- (— 1cosf+ % sin0> - ( —3cosf— ﬁ sin(-)):l

2
Therefore, p, =3V, cos¢ =constant (5.13)
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510 Summary

Three-phase systems possess important economic and technical
advantages over single-phase and other polyphase systems, and they are
employed universally for the generation, transmission and distribution of
electrical energy. The generators in a three-phase system produce a three-
component set of voltages, equal in magnitude and differing in phase by
120°. Two basic circuit configurations are encountered in three-phase
systems:
(a) the wye (or Y) connection in which generators (or loads) are connected
together at a common or neutral point;
(b) the delta (or A) connection in which generators (or loads) are
connected to form a closed path.

Generators, or transformer secondaries, connected in the wye configur-
ation provide a four-wire system (three lines plus neutral) which is widely
used for local power distribution because it offers the choice to consumers
of two voltages: line-to-line or line-to-neutral. These voltages differ by a
factor of /3.

If the loads on the three phases of a system are equal, then the system is
said to be balanced. Under balanced conditions no current flows in the
neutral wire of a Y-connected system. Large-scale power distribution
systems are operated as closely as possible to balanced conditions, and
long-distance power transmission lines utilize only three-wires, a neutral
wire being unnecessary. The analysis of three-phase circuits is often
considerably simplified if loads are balanced since then it is necessary to
analyze only one phase of the complete circuit.

The power in a balanced three-phase system is governed by the relations:

Power P=./3V,Icos¢
Reactive power Q=./3V I sing (5.9)
Apparent power S=./3V,,

where V; and I, are the magnitudes of the line voltages and line currents
respectively, and cos¢ is the power factor. The relations (5.9) are
particularly useful for calculations concerning power factor correction.
The accurate measurement of power in a three-phase system is of
considerable importance. Wattmeters of the electrodynamometer type,
which read the time average of the product of the instantaneous voltage and
current applied to their terminals, are commonly employed for this
purpose. For a balanced Y-connected system a single wattmeter in one
phase of the system will suffice to measure total power, it being necessary
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only to multiply the wattmeter reading by a factor of 3. For an unbalanced
system with a neutral wire, three wattmeters, one in each phase, are
necessary to measure total power. In a system with no neutral, two
wattmeters only are required, regardless of whether the load is balanced or
unbalanced.

Transformers constitute essential elements in a three-phase power
system. A variety of technical and economic factors govern the choice of a
transformer for a given application in the system. An important consider-
ation concerns the requirement for a third-harmonic circulating current in
the windings of transformers used in the system. This is necessary in order
to maintain purity of the sinusoidal voltage waveforms throughout the
system.

Transformers are also employed in a variety of configurations to provide
three-phase to polyphase conversions, a technique used in power control
and in a.c.-to-d.c. converter systems.

5.11 Problems

1. In the circuit of fig. 5.9 the line impedance Z, is zero, and the
load impedance Z is (20+j10)Q. The phase voltages are V,=240/0;
¥, =240/ =120; ¥,=240/120

Determine:
(a) the load currents I, Iy and I,;
(b) the line currents I, I, and I ;
(c) the load power factor;
(d) the power in the load;
(e) the impedance per phase of an equivalent Y-connected load that draws
the same power at the same power factor.
2. Inthecircuit of fig. 5.11 the impedance Z,,is zero. Find the magnitude of
the current in the neutral wire. The phase voltage of the source is 240 V and
the phase sequence is abc. The line and load impedances are as given in the
example of section 5.3.8.
3. Three identical impedances form a Y-connected balanced load on a
415V, 3-phase power line. By ammeter and wattmeter measurements it is
determined that the line current is 8 A and the total power taken by the load
is 3kW. Find the resistive and reactive components of the phase
impedances.
4. Three equalimpedances, (2—j1)Q, are connected in delta acrossa240V,
3-phase circuit. At the same point, three other equal impedances,
(1.5+j1)Q, are connected in Y across the circuit.

Calculate:
(a) the line current;
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(b) the power factor of the two loads together;

(c) the total power supplied.

5. Three impedances are connected in delta to lines ABC of a 415V, 3-
phase system. From A to B the impedance ( Z 45)is 24 Q with p.f. 0.5 lagging;
from B to C the impedance (Zpc) is represented by (8,/3+j8)Q; and
between C and A there is a capacitor of 24 Q reactance (Zc4). The phase
sequence is A BC. Wattmeters are connected with their current coils in lines
A and B, their potential coils being connected from A to C and from Bto C
respectively. Find the readings of the wattmeters.

(Liverpool University)

6. In the system shown in fig. 5.25 the line voltage is 440V at 50 Hz.

(a) Determine the line and phase currents.

(b) Sketch a complete phasor diagram of currents and voltages.

(c) Determine the voltage across the inductor and its phase relationship to
Vs

7. A wattmeter measuring power into a load containing some reactance is
connected as shown in fig. 5.26. It indicates power equal to W. The meter is
a type that can be switched also to be an ammeter or a voltmeter to measure

Fig. 5.25. Circuit for problem 6.

—> “
I, 250 uF
0.5H 200
’/Il 1,
Ib e
> B AW |
I, 10Q  1004F
>

Fig. 5.26. Circuit for problem 7.

14 Load
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the current and voltage respectively as I and V. How can the true power
taken by the load be determined if the internal resistance and reactance of
the wattmeter between the voltage measuring terminals is known?
(Cambridge University)

8. A 3-phase transmission line has impedance (3 +)12) Q. It supplies a load
of 80 MVA at 0.8 p.f. lagging at 132kV. Calculate:

(a) the power loss in the line;

(b) the power input;

(c) the voltage required at the sending end.

(Liverpool University: Second year)

9. (a) Show that the total power flow from 3 power lines to a 3-phase load
may always be measured by using only two wattmeters.

(b) Explain why low power factors are objectionable in the operation of
high power plants.

A factory is supplied with 3-phase 50 Hz power at 11kV. The factory
loading can be represented by the following balanced loads:

(i) 3.0 MW at 0.9 lagging p.f.
(i) 0.7 MW at unity p.f
(iii) 40 MVA at 0.9 lagging p.f.
(iv) 1.0MVA at 0.8 leading p.f.

A star-connected capacitor bank is required to correct the overall p.f. to
0.98 lagging at full load. Find the capacitance per phase of the bank.
(Cambridge University: Second year)

10. Explain, briefly, the nature of the losses in a power transformer and
describe the steps taken in the design of transformers to minimize these
losses.

A 2 MVA 3-phase transformer, ratio 33/6.6 kV, delta/star, has a primary

resistance of 8.3 Q per phase and a secondary resistance of 0.08 Q per phase.
The regulation at full-load current, unity power factor, is 1.2%,. If the
primary is supplied at 33kV, estimate the secondary voltage at full-load
current, 0.75 power factor lagging. If the iron losses at rated voltage amount
to 18 kW, estimate the efficiency at full load, 0.75 power factor lagging.
(Cambridge University: Second year)
11. A transformer supplies a variable current to a load at constant voltage
and power factor. If the iron losses in the transformer remain substantially
constant show that the transformer is most efficient when the copper loss is
equal to the iron losses.

A 3-phase, 11000/415V, 50 Hz, star/delta connected transformer gave
the following results for tests carried out on the high voltage winding,
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Problems

Line Line

voltage current
Open circuit test 11000V 1.5A
Short circuit test 650V 26.3A

279

3-phase
power

5000 W
8000 W

At what value of line current on the low voltage side will the efficiency be a
maximum? Calculate the secondary terminal voltage when supplying this
current at 0.8 p.f. lagging, the primary voltage being maintained at 11000 V.

(Cambridge University: Second year)
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