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If the voltage drop across R; and X; (Fig. 5.15) is small compared to the terminal voltage V|—
that is, V| ~ Ei—then

V
f

o, o — (5.73)
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Let phase currents in the three-phase induction machine be as follows:

[q = Zl;z{max} cos hwt (5.96)

i, = Zf,ﬂmax} cos h(wt — 120°) (5.97)

i = ZI;I[mM] cos h(wt + 120°) (5.98)
1=1

where /4 is the order of harmonics

I (max) 1s the amplitude of the /Ath-order harmonic current
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Assume that turns of a phase winding are sinusoidally distributed. From Fig. 5.6a, the mmf
a’'()
“ ]
® of
b s ;

along f due to current in phase a is

F,=Ni,cos0 (5.99)

7]
Axis of

phase a

where N is the turns per phase. From Egs. 5.96 and 5.99,

F.(0,t) = ;th{max} cos hwt cos 6 (5.100)
= ZFh(maX} cos hwt cos 6 (5.101)
=1
where
Fh(max) = th(max) (5102)

Similarly, contributions from phases b and ¢ are, respectively,

F,(0,1) = Z;Fh(max) cos h(wt — 120°) cos(f — 120°) (5.103)

o0

F.(0,1) = ; Fiy(max) €0s h1(wt + 120°) cos(f + 120°) (5.104)
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The resultant mmf along @ is

F(6,1)=F.(6,1) + Fy(6, 1) + F.(0, 1) (5.105)

= Fj,(max)[cos(hwt) cos § + cos h(wt — 120°) cos(f — 120°)
= (5.106)

+ cos h(wt + 120°) cos k(6 — 120°)]

Fundamental mmf
From Eq. 5.106,

Fi(0, t) = F1(max)[cos wt cos 0 + cos (wt — 120°) cos (0 — 120°)
+ cos( wt + 120°) cos(6 — 120°)]

= %Fl (max) cos (6 — wt) (5.107)

The fundamental mmf is therefore a rotating mmf that rotates in the forward direction (i.e.,
in the direction of #) at an angular speed of w radians per second.
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Third Harmonic mmf
From Eq. 5.106,

F3(0, ) = F3(max) {cos3wt[cos 0 + cos(0 — 120°) + cos (6 + 1207)]}

= F3{max} X0
~ 0 (5.108)

Note that in a three-phase, three-wire system, third harmonic current is absent. Therefore,
F3(max) is also zero.

Fifth Harmonic mmf
From Eq. 5.106, it can be shown that

F5(0, 1) = 3F5 1nax) cos(6 + Swr) (5.109)

The fifth harmonic mmf wave is also a rotating wave that rotates in the opposite direction
(with respect to the rotation of the fundamental wave) and at five times the speed of the fun-
damental wave.

Seventh Harmonic mmf
From Eq. 5.106, it can be shown that

F7(0, 1) = 3F7 (max) cOs(0 — Twt) (5.110)
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TABLE 5.1 Synchronous Speeds for
Different Time Harmonic mmf Waves in a

3¢, Four-Pole, 60 Hz Induction Machine

Current Harmonic  Synchronous Speed (rpm)

1800
0
—5 X 1800 = —-9000
7x1800=12,600

=] U I

The seventh harmonic mmf wave therefore rotates in the same direction as the fundamental
wave, but at seven times the speed of the fundamental wave.

Other Harmonic mmf Waves
In general, all odd harmonic mmf waves of order /i = ém * 1, where m is an integer, are
present. These are represented by

Fi(6, 1) =3 F s cOS (6 + hot) (5.111)

The hth-order mmf wave rotates at a speed /w radians per second. It rotates in the same
direction as the fundamental wave if 7 = 6m + 1, and in the opposite direction if & = 6m — 1.



Effects on T —n Characteristic
For a four-pole, three-phase, 60 Hz induction machine the speeds of the rotating mmf waves
corresponding to various time harmonic currents are shown in Table 5.1. The torque-speed
characteristics corresponding to fundamental, fifth, and seventh harmonic currents are shown
in Fig. 5.42. In the normal region of operation of the induction motor, the magnitudes of the
parasitic torques are very small. Therefore, time harmonics produce no significant effects on
the operation of the induction motor. This is further illustrated in Example 5.10.
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The mmf distribution contains a fundamental and a family of space harmonics of order
h = 6m = 1, where m is a positive number. The fundamental and the fifth harmonic component
of mmf are also shown in Fig. 5.43.

In a three-phase machine, when sinusoidally varying currents flow through the windings, the
space harmonic waves rotate at (1//) times the speed of the fundamental wave. The space
harmonic waves rotate in the same direction as the fundamental wave if 7 = 61 + 1 and in the
opposite direction if & = 6m — 1.

A space harmonic wave of order & is equivalent to a machine with zp number of poles.
Therefore, the synchronous speed of the /ith space harmonic wave is

ng 120
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TABLE 5.2 Synchronous Speeds for Space Harmonics of a
3¢, Four-Pole, 60 Hz Induction Machine

Space Harmonic Synchronous Speed (rpm)
1 1800
5 _ 1800 _ —360
5
7 1800 _ 257.1
7
11 _ 1800 _ —163.6
11
13 @ =138.5

13
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