Three-Phase Circuits

EEE 101: "Basic Electrical Technology"
Civil Engineering Department

Spring 2021




Introduction

Three-phase systems are important for at least three reasons. First,
nearly all electric power is generated and distributed in three-phase, at
the operating frequency of 600 Hz (or w = 377 rad/s) in the United

124] a A T States or 50 Hz (or @ = 314 rad/s) in some other parts of the world.
~ ' When one-phase or two-phase inputs are required, they are taken from

Yo 1200 B I the three-phase system rather than generated independently. Even when
o o more than three phases are needed—such as in the aluminum industry,

V, /4120° - where 48 phases are required for melting purposes—they can be provided
> : - I:I‘LJ by manipulating the three phases supplied. Second, the instantaneous

) . power in a three-phase system can be constant (not pulsating), as we

- o o will see in Section 12.7. This results in uniform power transmission
Figure 12.3 and less vibration of three-phase machines. Third, for the same amount

Three-phase four-wire system. . . .
P ! of power, the three-phase system is more economical than the single-

phase. The amount of wire required for a three-phase system is less
than that required for an equivalent single-phase system.



Balanced Three-Phase Voltages
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The generated voltages are 120 apart
from each other.
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Figure 12.4

A three-phase generator.

A typical three-phase system consists of three voltage sources con-
nected to loads by three or four wires (or transmission lines). (Three-
phase current sources are very scarce.) A three-phase system is
equivalent to three single-phase circuits. The voltage sources can be
either wye-connected as shown in Fig. 12.6(a) or delta-connected as in

Fig. 12.6(b).
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Three-phase voltage sources: (a) Y-connected source, (b) A-connected
source.



Balanced Three-Phase Voltages
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Figure 12.7
Phase sequences: (a) abc or positive

sequence, (b} ach or negative sequence.

Balanced phase voltages are equal in magnitude and are cut of phase
with each other by 120°,

1\"r.-:m = LJ}:E

Vin = Vp —120°

Ven = L’}J{ —240° = "":r}.n_“ +120°
Van = Vpﬁ

Von = i’{r}{ —120°

vfm = "‘fpg —240° = Vpg +120°

abc sequence or positive sequence.

ach sequence or negative sequence



Balanced Three-Phase Voltages

Like the generator connections, a three-phase load can be either
wye-connected or delta-connected. depending on the end application.

A balanced load is one in which the phase impedances are equal in
magnitude and in phase.

For a balanced wye-connected load,
|:|Z3 ZJZZEZZ_?:Z]K

‘ where Zy is the load impedance per phase. For a balanced delta-
(@) connected load,
ao Z”=Z;J=Z:.=Z__-,
where Z 4 is the load impedance per phase in this case. We recall from
Eq. (9.69) that
b o
1
Z.."L — BZ-]r or Z]f = _Z._"L
[ e 3
(b) so we know that a wye-connected load can be transformed into a delta-
Figure 12.8 connected load, or vice versa,

Two possible three-phase load configura-
tions: (a) a Y-connected load. (b) a
A-connected load.



Balanced Three-Phase Voltages

Since both the three-phase source and the three-phase load can be
either wye- or delta-connected, we have four possible connections:

* Y-Y connection (i.e., Y-connected source with a Y-connected
load).

* Y-A connection.

* A-A connection.

* A-Y connection.

[t is appropriate to mention here that a balanced delta-connected
load is more common than a balanced wye-connected load. This is due
to the ease with which loads may be added or removed from each phase
of a delta-connected load. This is very difficult with a wye-connected
load because the neutral may not be accessible. On the other hand,
delta-connected sources are not common in practice because of the cir-
culating current that will result in the delta-mesh if the three-phase volt-
ages are slightly unbalanced.



Balanced Three-Phase Voltages

Example 12.1

Determine the phase sequence of the set of voltages

Uy = 200 cos(wt + 107)
Upn = 200 cos(wt — 230°), Uep = 200 cos(wt — 110°%)

Solution:
The voltages can be expressed in phasor form as

Van = 200/10° V, Vi = 200/ =230V, Ve =200/—-110°V

We notice that V,, leads V_, by 120° and V_,, in turn leads V;, by 120°,
Hence, we have an acb sequence.



Balanced Y-Y Connection

A balanced Y-Y system is a three-phase system with a balanced
Y-connected source and a balanced Y-connected load.

Figure 12.10
Balanced Y=Y connection.

Assuming the positive sequence, the phase voltages (or line-to-
neutral voltages) are

\.-”” — V;:_.f 0°

v‘r}“ - V."’.-“'i —120°, \_.-(I” - V;,__f—l— 120°

The line-to-line voltages or simply line voltages V. V., and V., are
related to the phase voltages. For example.

1\:-.-_.l.nl:l = \:—”” + \:—J;JI] = \:—dh‘ - 1\F,I'],r,l - Lflpﬁ - 1‘; :-.'"IE_IZO:

7 1 . ‘\ﬁ s Sane
= L.-" 1 + E +jT = “-.-"3%;_;’30

Similarly, we can obtain

i

\:—hf' = 1ﬂ';."ur - 1\'Fn'.r = \--‘EVP,H—QUQ
V.,,=V, -V

il

wm = V3V, /=210°

CH



Balanced Y-Y Connection

Thus, the magnitude of the line voltages V; is \/3 times the magnitude
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Balanced Y=Y connection.

of the phase voltages V,, or

Vo= V3 Vo

(12.12)

Also the line voltages lead their corresponding phase voltages by 30°.

(a)

Figure 12.11

Phasor diagrams illustrating the relation-
ship between line voltages and phase

voltages.




Balanced Y-Y Connection

Calculate the line currents in the three-wire Y-Y system of Fig. 12.13.
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Figure 12.13

Three-wire Y-Y system; for Example 12.2.

Solution:

The three-phase circuit in Fig. 12.13 iz balanced; we may replace it
with its single-phase equivalent circuit such as in Fig. 12.12. We obtain
I, from the single-phase analysis as

where Zy = (5 — j2) + (10 + j8) = 15 + j6 = 16.155/21.8°. Hence,

110/0°

I,=——=—=681/-218A
16.155/21.8°

Since the source voltages in Fig. 12.13 are in positive sequence, the
line currents are also in positive sequence:

I, = I,/—120° = 6.81 /—141.8° A
I, =1,/-240° = 6.81/-261.8° A = 6.81 /98.2° A




Balanced Y-A Connection

A balanced Y-A system consists of a balanced Y-connected source
feeding a balanced A-connected load.

1'q"r--.u.r = V,P_.f';_OI:I
a — - Vi = V,/—120°, Ve =V, /+120°

= "\‘jir{,u:-.-'"fg{}: = "FFAH‘ \Fb;- = \?L{,;J"’a_go: = \-rﬂf

Vea = V3V,/—150° = V¢,

L. = Vag L. = Vac L. = Vea
AB = BC = ) ca =
Figure 12.14 Zy Z, Zy

Balanced Y-A connection.

I, = Lig — lca. I, = Igc — Lyg, I, = 1gq — Ipc



Balanced Y-A Connection

I} = 'R-"r.g{,;,

Also, the line currents lag the corresponding phase currents by 30°,
assuming the positive sequence. Figure 12.15 is a phasor diagram illus-
trating the relationship between the phase and line currents.

A1

An alternative way of analyzing the Y-A circuit is to transform
the A-connected load to an equivalent Y-connected load. Using the A-Y
transformation formula in Eq. (12.8),

Za

Z, =2
F— 3

Figure 12.15
Phasor diagram illustrating the relationship
between phase and line currents.



Balanced Y-A Connection

A balanced abc-sequence Y-connected source with V,, = 100/10° V Exa mple 12.3
is connected to a A-connected balanced load (8 + j4) () per phase. Cal-
culate the phase and line currents.

Solution:
This can be solved in two ways.
B METHOD 1 The load impedance is
Lo=8+ 4= 8.9445-'“26.5?’” Q
If the phase voltage V,, = ID{}EE, then the line voltage is
Vab = Van V3/30° = 10003/10° + 30° = Vg
or
Vig = ITF.EL-’E V
The phase currents are

Lig = Vas _ 1?3.2{5@(} = 10.36/13.43° A
Zy  8.944/2657
Ipgc = Lig/—120° = 10.36 /—106.57° A
Ica = Lig/+120° = 10.36/133.43° A

The line currents are
I,= L ‘»—"'?ﬁ—}{}“ = +/3(19.36) i-"13.43° — 3¢

= 33.53/-1657° A
I, =1,/ —120° = 33.53/—136.57° A
I. = [ﬂ£+12{}° = 33.53&1{}3.43" A

B METHOD 2 Alternatively, using single-phase analysis,

Ve __100/10° ,
b= 7.3 " 2081 265 10T A

as above. Other line currents are obtained using the abe phase sequence.



