
CHAPTER 

4 
AC MACHINERY 
FUNDAMENTALS 

AC machines are generators that convert mechanical energy to ac electrical 
energy and motors that conve rt ac e lectrical energy to mechanical en­

ergy. The fundamental principles of ac machines are very simple, but unfortu­
nately, they are somewhat obscured by the complicated construction of real ma­
chines. This chapter will first explain the principles of ac machine operation using 
simple examples, and then consider some of the complicati ons that occur in real 
ac machines. 

TIlcre are two major classes of ac rnachines-synchronous machines and in­
duction machines. Synchronous machines are motors and generators whose mag­
netic field current is supplied by a separate de power source, while induction ma­
chines are motors and generators whose fie ld current is supplied by magnetic 
induction (transformer action) into their fi e ld windings. The field circuits of most 
synchronou s and induction machi nes are located on their rotors. nlis chapter cov­
ers some of the fundamentals common to both types of three-phase ac machines . 
Synchronous machines will be covered in detai l in Chapters 5 and 6, and induc­
tion machines wil l be covered in Chapter 7. 

4.1 A SIMPLE LOOP IN A UNIFORM 
MAGNETIC FIELD 

We wil l start our study of ac machines with a simple loop of wire rotating within 
a uniform magnetic fie ld. A loop of wire in a uniform magnetic fie ld is the sim­
plest possible machine that produces a sinusoidal ac voltage. nlis case is not rep­
resentati ve of real ac machines, since the flux in real ac machines is not constant 
in either magnitude or direction. However, the factors that control the voltage and 
torque on the loop wi ll be the same as the factors that control the voltage and 
torque in real ac machines. 
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A simple rotating loop in a uniform magnetic field. (a) Front view; (b) view of coil. 

Figure 4- 1 shows a simple machi ne consisting of a large stationary magnet 
producing an essentially constant and uniform magnetic fi e ld and a rotating loop 
of wire within that field. The rotating part of the machine is called the rotor, and 
the stationary part of the machine is called the stator. We will now deterrnine the 
voltages present in the rotor as it rotates within the magnetic fi e ld. 

The Voltage Induced in a Simple Rotating Loop 

I f the rotor of this machine is rotated, a voltage will be induced in the wire loop. 
To detennine the magnitude and shape of the voltage, examine Figure 4- 2. 1lle 
loop of wire shown is rectangular, with sides ab and cd perpendicular to the plane 
of the page and with sides be and da parallel to the plane of the page. The mag­
netic fie ld is constant and unifonn, pointing from left to right across the page. 

To determine the total voltage e,OI on the loop, we will examine each seg­
ment of the loop separate ly and sum all the resulting voltages. The voltage on 
each segment is given by Equation (1-45): 

eind = (v x H) -' ( 1-45) 

I . Segment abo In this segment, the velocity of the wire is tangential to the path 
of rotation, while the magnetic field B points to the right, as shown in Figure 
4- 2b. The quantity v x B points into the page, which is the same direction as 
segment abo Therefore, the induced voltage on this segment of the wire is 

eoo = (v x H) ·' 

= vBI sin (Jab into the page (4-1) 

2. Segment be. In the first half of this segment, the quantity v x B points into the 
page, and in the second half of this segment , the quantity v x B points out of 
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""GURE 4-2 
(a) Velocities and oriemations of the sides of the loop with respect to the magnetic field. (b) The 

direction of motion with respect to the magnetic field for side abo (c) The direction of motion with 
respect to the magnetic field for side cd. 

the page. Since the length I is in the plane of the page, v x B is perpendicular 
to I for both portions of the segment. lllerefore the voltage in segment be will 
be zero: 

(4-2) 

), Segment ed, In this segment, the velocity of the wire is tangential to the path 
of rotation, while the magnetic fie ld B points to the right, as shown in Figure 
4- 2c. The quantity v x B points int o the page, which is the same direction as 
segment ed. TIlerefore, the induced voltage on this segment of the wire is 

edc = (v x B) ·1 

= vBI sin (Jed out of the page (4-3) 

4. Segment da. Just as in segment be, v x B is perpendicular to I. TIlerefore the 
voltage in this segment will be zero too : 

ead = 0 (4-4) 

1lle total induced voltage on the loop ei!>d is the sum of the voltages on each of its 
sides: 

= vBI sin (Jab + vBI sin (Jed (4-5) 

Note that (Jab = 1800 
- (Jed, and recall the trigonometric identity sin (J = sin 

(1800 
- (J ) . Therefore, the induced voltage becomes 

eind = 2vBL sin (J (4-6) 

1lle resulting voltage eind is shown as a function of time in Figure 4- 3. 
TIlere is an alternative way to express Equation (4-6), which clearly relates 

the behavior of the single loop to the behavior of larger, real ac machines. To de­
ri ve this alternative expression, examine Figure 4- 2 again. If the loop is rotating 
at a constant angular velocity w, then angle (J of the loop will increase linearly 
with time. In other words, 
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Also, the tangential velocity v of the edges of the loop can be expressed as 

v = rw (4-7) 

where r is the radius from axis of rotation out to the edge of the loop and w is the an­
gular velocity of the loop. Substituting these expressions into Equation (4-6) gives 

e;nd = 2rwBI sin wi ( 4-!l) 

Notice also from Figure 4-1 b that the area A of the loop is just eq ual to 2rl. 
Therefore, 

e;nd = ABw sin wt (4-9) 

Finally, note that the max imum flu x through the loop occurs when the loop is per­
pendicular to the magnetic flux density lines. This flux isj ust the product of the 
loop's surface area and the flu x density through the loop . 

q,max = AB 

Therefore, the final fonn of the voltage eq uation is 

I e;nd q,rmu.w sin wt I 

(4-1 0) 

(4-11 ) 

Thus, the voltage generated in the loop is a sinusoid whose magnitude is 
equal to the product oftheJ1ux inside the machine and the speed of rotation of the 
machine. This is also true of real ac machines. In general , the voltage in any real 
machine will depend on three factors: 

I. TIle flu x in the machine 

2. TIle speed of rotation 

3. A constant representing the construction of the machine (the number of loops, 
etc.) 
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A current-carrying loop in a unifonn magnetic field. (a) Front view; (b) view of coil. 
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(a) Derivation of force and torque on segment ab. (b) Derivation of force and torque on segment bc. 
(c) Derivation of force and torque on segment cd. (d) Derivation of force and torque on segment da. 

The Torque Induced in a Current-Carrying Loop 

Now assume that the rotor loop is at some arbitrary angle () with respect to the 
magnetic fie ld, and that a current i is fl owing in the loop, as shown in Figure 4--4. 
If a current flows in the loop, then a torque wi ll be induced on the wire loop. To 
detennine the magnitude and direction of the torque, examine Figure 4- 5. The 
force on each segment of the loop will be given by Equation (1--43), 

F = i(l x B) ( 1-43) 
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i = magnitude of current in the segment 

I = length of the segment , with direction of I defined to be in the 
direction of current flow 

B = magnetic flux density vector 

The torque on that segment will then be given by 

7" = (force applied)(perpendicular distance) 

= (F) (r sin (j) 

= rF sin (j (1-6) 

where (J is the angle between the vector r and the vector F. The direction of the 
torque is clockwise if it would tend to cause a clockwise rotation and counter­
clockwise if it wou Id tend to cause a counterclockwise rotation. 

I. Segment abo In this segment, the direction of the current is into the page, while 
the magnetic field B points to the right, as shown in Figure 4- 5a. The quantity 
I x B points down. Therefore, the induced force on this segment of the wire is 

TIle resulting torque is 

F =i(lxB) 

= ilB down 

7"ab = (F) (r sin (jab) 

= rilB s in (jab clockwise (4-1 2) 

2. Segment be. In this segment, the direction of the current is in the plane of the 
page, whi le the magnetic field B points to the right, as shown in Figure 4- 5b. 
TIle quantity I x B points int o the page. Therefore, the induced force on this 
segment of the wire is 

F =i(lxB) 

= ilB into the page 

For this segment , the resulting torque is 0, since vectors r and I are parallel 
(both point into the page), and the angle (jbc is O. 

7"bc = (F) (r sin (jab) 

~O (4-1 3) 

3. Segment ed. In this segment, the direction of the current is out of the page, 
while the magnetic fi e ld B points to the right, as shown in Figure 4- 5c. The 
quantity I x B points up. Therefore, the induced force on this segment of the 
wire is 

F =i(lxB) 

= ilB up 
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The resulting torque is 

Ted = (F) (r sin Oed) 

= rilB sin Oed clockwise (4-1 4) 

4. Segmentda. In this segment. the direction of the current is in the plane of the 
page, while the magnetic fie ld B points to the right, as shown in Figure 4- 5d. 
The quantity I x B points out of the page. 1llerefore, the induced force on 
this segment of the wire is 

F = i(l x B) 

= ilB out of the page 

For this segment, the resulting torque is 0, since vectors r and I are parallel 
(both point out of the page), and the angle 000 is O. 

Too = (F) (r sin O"J 
~O (4- 15) 

1lle total induced torque on the loop Tind is the sum of the torq ues on each of 
its sides : 

= rilB sin Oab + rilB sin Oed 

Note that Oab = Oc.t, so the induced torque becomes 

TiDd = 2rilB sin 0 

(4-1 6) 

(4-1 7) 

TIle resulting torque TiDd is shown as a function of angle in Figure 4-6. Note that 
the torque is maximum when the plane of the loop is parallel to the magnetic field , 
and the torque is zero when the plane of the loop is perpendicular to the mag­
netic field. 

TIlere is an alternative way to express Equation (4-17), which clearly re­
lates the behavior of the single loop to the behavior of larger, real ac machines . To 
derive this alternative expression, examine Figure 4-7. I f the current in the loop is 
as shown in the fi gure, that current will generate a magnetic flux density Bloop with 
the direction shown. The magnitude of Bloop will be 

_ 1!i.. 
Bloop - G 

where G is a factor that depends on the geometry of the loop.* Also, note that the 
area of the loop A is just equal to 2rl. Substituting these two equations into Equa­
tion (4-17) yields the result 

(4- 18) 

*If the loop were a cirde. then G", 2r. where r is the radius of the circle. so B""" '" lJ.inr. For a rec­
tangular loop. the value of G will vary depending on the exact length-to-width ratio of the loop. 
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e. radians 

Jo'IGURE4-7 
Derivation of the induced torque equation. 
(a) The current in the loop produces a 
magnetic flul( density "loop perpendicular to 
the plane of the loop; (b) geometric 
relationship between Dioop and Os. 

(4-1 9) 

where k = AGIJ1 is a factor depending on the construction of the machine, Bs is 
used for the stator magnetic fi e ld to distinguish it from the magnetic field gener­
ated by the rotor, and () is the angle between B loop and Bs. The angle between B loop 

and Bs can be seen by trigonometric identities to be the same as the angle () in 
Equation (4-1 7). 

Both the magnitude and the direction of the induced torque can be deter­
mined by expressing Equation (4--19) as a cross product: 

(4- 20) 

Applying this equation to the loop in Fig ure 4- 7 produces a torque vector into the 
page, indicating that the torq ue is clockwise, with the magnitude given by Equa­
tion (4-1 9) . 

Thus, the torque induced in the loop is proportional to the strength of the 
loop's magnetic field, the strength of the external magnetic field, and the sine of 
the angle between them. This is also true of real ac machines. In general, the 
torque in any real machine wi ll depend on four factors: 
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I. The strength of the rotor magnetic field 

2. The strength of the external magnetic fi e ld 

3. The sine of the angle between them 

4. A constant representing the construction of the machine (geometry. etc .) 

4.2 THE ROTATING MAGNETIC FIELD 

In Section 4.1, we showed that if two magnetic fi e lds are present in a machine, 
the n a torque will be created which will te nd to line up the two magnetic fields. If 
one magnetic fi e ld is produced by the stator of an ac machine and the other one is 
produced by the rotor of the machine, the n a torque will be induced in the rotor 
which will cause the rotor to turn and align itself with the stator magnetic field. 

I f there were some way to make the stator magnetic field rotate, then the in­
duced torque in the rotor would cause it to constantly "chase" the stator magnetic 
fie ld around in a circle . lllis, in a nutshe ll, is the basic principle of all ac motor 
operation. 

How can the stator magnetic fi e ld be made to rotate? llle fundamental prin­
ciple of ac machine operation is that if a three-phase set of currents, each of equal 
mngnitude and differing in phase by 120°,flows in a three-phase winding, then it 
will produce a rotating mngnetic field of constant mngnitude. The three-phase 
winding consists of three separate wi ndi ngs spaced 120 e lectrical degrees apart 
around the surface of the machine. 

llle rotating magnetic fie ld concept is illustrated in the simplest case by an 
empty stator contai ning just three cai Is, each 1200 apart (see Figure 4-8a). Since 
such a winding produces only one north and one south magnetic pole, it is a two­
pole winding. 

To understand the concept of the rotating magnetic fie ld, we will apply a set 
of currents to the stator of Figure 4--8 and see what happens at specific instants of 
time. Assume that the currents in the three coils are given by the equations 

iaa' (1) = 1M sin wt A 

ibb' (1) = 1M sin (wt - 120°) 

icc' (1) = 1M sin (wt - 240°) 

A 

A 

(4- 2 I a) 

(4- 21 b) 

(4- 2 Ic) 

llle current in coil aa' flows int o the a end of the coil and out the a' end of 
the coil. It produces the magnetic field inte nsity 

A ·turns/ m (4- 22a) 

where 0° is the spatial angle of the magnetic fi e ld inte nsity vector, as shown in 
Figure 4-8b. llle direction of the magnetic fie ld intensity vector Had(t) is given 
by the right-hand rule: If the fingers of the right hand c url in the direction of the 
current fl ow in the coil, then the resulting magnetic fi e ld is in the direction that the 
thumb points. Notice that the magnitude of the magnetic fi e ld inte nsity vector 
H"..,(l) varies sinusoidally in time, but the direction of Had(l) is always constant. 
Similarly, the magnetic field intensity vectors Hb/;o,(l) and H«(l) are 
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(a) A simple three-phase stator. Currents in this stator are assumed positive if they flow into the 
unprimed end and out the primed end of the coils. The magnetizing intensities produced by each coil 
are also shown. (b) The magnetizing intensity vector H .... (/) produced by a current flowing in coil 00'. 

A · turns/ m (4-22b) 

A·turns/ m (4- 22c) 

The flu x densities resulting from these magnetic field intensities are give n 
by Equation ( 1-2 1): 

They are 

Baa' (1) = BM sin wl L 0 ° T 

Bbb' (1) = BM sin (wl- 120°) L 120° 

BC<", (1) = BM sin (wl- 240°) L 240° 

T 

T 

( 1-21) 

(4- 23a) 

(4-23b) 

(4- 23c) 

w here BM = J1HM. 1lle currents and their corresponding flux densities can be ex­
amined at specific times to detennine the resulting net magnetic field in the stator. 

For example, at time wt = 0°, the magnetic fie ld from coil ad will be 

B"",,= 0 

The magnetic field from coil bb' will be 

BbI> ' = BM sin (_1 20°) L 1200 

and the magnetic fie ld from coil ee' wi] I be 

BC<", = BM sin (_ 240°) L 240° 

(4- 24a) 

(4-24b) 

(4- 24c) 
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(a) The vector magnetic field in a stator at time WI = 0°. (b) The vector magnetic field in a sta.tor a.t 
time WI = 90°. 

TIle total magnetic fie ld from all three coils added together wi ll be 

Bne! = Baa' + Bw + B ee' 

= 0 + (-f BM) L 120° + (f BM) L240° 

= 1.5BML-9Q0 

TIle resulting net magnetic fi eld is shown in Figure 4- 9a. 

b 

As another example, look at the magnetic field at time wt = 90° . At that 
time, the currents are 

i",,' = 1M sin 90° A 

i"",= IM sin (- 300) A 

iec,= IM sin (-1 500) A 

and the magnetic fie lds are 

B"",= BM LO° 

B"", = -0.5 BM L 1200 

Bec' = -0.5 BM L 2400 

The resulting net magnetic field is 

Bn .. = Baa' + B"". + B ..... 
= BM L 0° + (-O .5BM) L 120° + (-O .5BM) L 240° 

= 1.5 BM LO° 
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The resulting magnetic fie ld is shown in Figure 4- 9b. Notice that although the di­
rection of the magnetic field has changed, the magnitude is constant. TIle mag­
netic fi e ld is maintaining a constant magnitude whi le rotating in a counterclock­
wise direction. 

Proof of the Rotating Magnetic Field Concept 

At any time t, the magnetic fi eld wi ll have the same magnitude I .5BM, and it wi ll 
continue to rotate at angu lar velocity w. A proof of this statement for all time t is 
now given. 

Refer again to the stator shown in Figure 4-8 . In the coordinate system 
shown in the fi gure, the x direction is to the right and the y direction is upward. 
TIle vector:l1 is the unit vector in the horizontal direction, and the vector S' is the 
unit vector in the vertical direction. To find the total magnetic flux density in the 
stator, simply add vectorially the three component magnetic fields and detennine 
their sum. 

The net magnetic nux density in the stator is given by 

B •• (I) ~ B_, (I) + B~, (I) + B~, (I) 

= BM sin wt LO° + BMsin (wt - 120°) L 120° + BM sin (wi_ 240°) L 2400T 

Each of the three component magnetic fi e lds can now be broken down into its x 
and y components. 

Bnet(t) = BM sin wt x 

- [O.5BM sin (wt - 1200)]x + ['] BM sin (wt - 1200)]y 
- [O.5BM sin (wt - 2400)]x - ['] BM sin (wt - 2400)]y 

Combining x and y components yields 

Dnet(t) = [BM sin wi - O.SBM sin (wt - 120°) - O.5BM sin (wt - 240°)] x 

+ ['7 BMsin(wt - 120°) - '7 BMsin (wt - 2400)]y 
By the angle-addition trigonometric ide ntities, 

BnetCt) = [BM sin wi + iBM sin wt + 1 BM cos wi + i BM sin wt -1BM cos wt]x 

+ [-1BMsinwt - ~BMCOSWt + ~BM sinwt - ~BMCOSWt] S' 
I Bneln = ( 1.5BM sin wt):I1 - (1.5BM cos wI)y I (4- 25) 

Equation (4- 25) is the final expression for the net magnetic flux density. Notice 
that the magnitude of the field is a constant I. SBM and that the angle changes con­
tinually in a counterclockwise direction at angu lar velocity w. Notice also that at 
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""GURE 4-10 
The rotating magnetic field in a stator 
represented as moving north and south stator 
poles. 

wi = 0°, BDeI = I .SBM L _90° and that at wt = 90°, Bne, = 1.58M L 0°. 1l1ese re­
sults agree with the specifi c examples examined previously. 

The Relationship between Electrical Frequency 
and the Speed of Magnetic Field Rotation 

Figure 4-1 0 shows that the rotating magnetic field in this stator can be represented 
as a north pole (where the flux leaves the stator) and a south pole (where the flux 
enters the stator). These magnetic poles complete one mechanical rotation around 
the stator surface for each e lectrical cycle of the applied current. 1l1erefore, the 
mechanical speed of rotation of the magnetic fie ld in revoluti ons per second is 
equal to the electric frequency in hertz: 

two poles 

two poles 

(4- 26) 

(4- 27) 

Here 1m and w,., are the mechanical speed in revol utions per second and radians per 
second, while!. and W e are the electrical speed in hertz and radians per second. 

Notice that the windings on the two-pole stator in Figure 4- 10 occur in the 
order (taken counterc lockwise) 

a-c'-b-a '-c-b' 

What would happen in a stator if this pattern were repeated twice within it ? Fig­
ure 4-ll a shows such a stator. There, the pattern of windings (taken counter­
clockwise) is 

a-c '-b-a' -c-b '-a-c '-b-a '-c-b' 

which is just the pattern of the previous stator repeated twice. When a three-phase 
set of currents is applied to this stator, two north poles and two south poles are pro­
duced in the stator winding, as shown in Figure 4-11 b. In this winding, a pole 
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FIGURE 4- 11 
(a) A simple four-pole stator winding. (b) The resulting stator magnetic poles. Notice that there are 
moving poles of alternating polarity every 90° around the stator surface. (c) A winding diagram of 
the stator as seen from its inner surface, showing how the stator currents produce north and south 
magnetic poles. 

moves only halfway around the stator surface in one electrical cycle. Since one 
electrical cycle is 360 electrical degrees, and since the mechanical motion is 180 
mechanical degrees, the relationship between the e lectri cal angle Oe and the me­
chanical angle 0", in this stator is 

(4- 28) 

Thus for the four-pole winding, the electrical frequency of the current is twice the 
mechanical frequency of rotation: 
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fe = 2fm four poles 

W e = 2wm four poles 

(4- 29) 

(4- 30) 

I n general, if the number of magnetic poles on an ac machine stator is P, then 
there are PI2 repetitions of the winding sequence a-c '-b-a '-e-b' around its inner 
surface, and the electrical and mechanical quantities on the stator are related by 

le, ~ iem l (4- 3 1) 

(4- 32) 

(4- 33) 

Also, noting that fm = n,,/60, it is possible to relate the electrical frequency in 
hertz to the resulting mechanical speed of the magnetic fie lds in revol utions per 
minute. nlis relationship is 

Reversing the Direction of Magnetic 
Field Rotation 

(4- 34) 

Another interesting fact can be observed about the resulting magnetic fi e ld.lfthe 
current in any two of the three coils is swapped, the direction of the mngnetie 
field's rotation will be reversed. This means that it is possible to reverse the direc­
tion of rotation of an ac motor just by switching the connections on any two of the 
three coils. lllis result is verified below. 

To prove that the direction of rotation is reversed, phases bb' and ee' in Fig­
ure 4-8 are switched and the resulting flux density Bn .. is calculated. 

llle net magnetic flu x density in the stator is given by 

B ... ,(t) = B"".(t) + Bw(t) + BeAt) 

= BM sin wi L 0° + BM sin (wi- 240°) L 120° + BM sin (wI- 120°) L 240° T 

Each of the three component magnetic fi e lds can now be broken down into it s x 
and y components: 

BDeI(t) = BM sin wt5i. 

- [0.5BM sin (wt - 2400)] 5i. + [1" BM sin (wt - 2400 )]y 
- [0.5BM sin (wt - I 200)] 5i. - [1" BM sin (wt - 1200 )]y 

Combining x and y components yields 
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Hnem = [BM sin wt - O.5BM sin (wt - 240°) - 0.5BM s in(WI' - 1200jx 

+ ['7 BM sin (WI' - 240°) - '7 BM sin (wt - l200)]y 

By the angle-addition trigonometric identities, 

S nelt) = [BM sin WI' + iBM sin wt -1 BM cos WI' + iBM sin wt + IBM cos wt]x 

+ [-1BMsinwt + ~BM COS Wt + ~BM sinwt + ~BMCOSWt]S 

I S nell) = (1.5BM sin wt) J1 + (1.5BM cos WI')Y I (4- 35) 

This time the magnetic fi e ld has the same magnitude but rotates in a clock­
wise direction. 1l1erefore, switching the currents in two stator phases reverses the 
direction of magnetic field rotation in an ac machine. 

EXllmple 4-1. Create a MATLAB program that models the behavior of a rotating 
magnetic field in the three-phase stator shown in Figure 4-9. 

Solutioll 
The geometry of the loops in this stator is fIXed as shown in Figure 4-9. The currents in the 
loops are 

i"",(t) = 1M sin wt A 

iw(t) = 1M sin (wt - 120°) 

iec,(t) = 1M sin (wt - 240°) 

and the resulting magnetic flux densities are 

B"",(t)= BM sinwt LO° T 

A 

A 

B"",(t) = BM sin (wt - 120°) L 120° 

Bec,(t) = BM sin (wt - 240°) L 240° 

<jl = 2rlB = dlB 

T 

T 

(4-2Ia) 

(4-21b) 

(4-21c) 

(4-23a) 

(4-23b) 

(4-23c) 

A simple MATLAB program that plots Boo" BI+" Bee'. and B"", as a ftmction of time is 
shown below: 

% M-file, mag_ fi e l d.m 

% M-file t o ca l c ulate the net magnetic fi e l d produ ced 
% by a three-pha se s tat or. 

% Set up the bas i c con d itio n s 
bmax = 1; % Normalize bmax t o 1 
fr eq = 60, % 60 Hz 
w = 2*p i * fr eq, % a n gular ve l oc ity ( rad/ s ) 

% Fir s t , generate the three component magnetic fi e l ds 
t = 0,1 / 6000, 1 / 60, 

Baa = s in (w* t ) .* (cos ( O) + j* s in (O)) , 
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Ebb = s in (w*t - 2*pi /3) * (cos (2*pi /3) + j* s in (2*pi /3)) ; 
Ecc = s in (w*t +2*pi /3) * (cos ( - 2*pi /3) + j* s in ( - 2*pi /3)) ; 

!l; Ca l c ulate Enet 

Enet = Baa + Ebb + Ecc; 

!l; Ca l c ulate a c irc l e representing the expected maximum 
!l; va lue o f Enet 
c irc l e = 1.5 * (cos (w*t ) + j *s in (w*t ) ) ; 

!l; Plo t the magnitude and d irection of the r esulting magne ti c 
!l; fi e l ds. No te that Baa i s b l ack, Bbb i s b lue, Bcc i s 
!l; magenta , and Enet i s red. 
f o r ii = l,length (t ) 

!l; Plo t the reference c irc l e 
p l o t (c irc l e, 'k' ) ; 

h o l d o n; 

!l; Plo t the f o ur magneti c fi e l ds 
p l o t ( [ 0 real (Baa (il )) ] , [ 0 i mag (Baa (il )) ] , 'k', ' LineWi dth' ,2); 
p l o t ( [ 0 real (Ebb (il ) ) ] , [ 0 i mag (Bbb (il ) ) ] , 'b' , ' LineWi dth ' ,2) ; 
p l o t ( [ 0 real (Bec (il ) ) ] , [ 0 i mag ( Bec (il ) ) ] , 'm' , ' LineWi dth ' ,2) ; 
p l o t ( [ O real (Enet (il )) ] , [ 0 i mag ( Bne t (il )) ] ,' r' ,'LineWi dth ',3 ) ; 

axi s square; 
axi s( [- 2 2 - 2 2 ] ) ; 
drawnow; 
h o l d o ff ; 

ond 

When this program is executed, it draws lines corresponding to the three component mag­
netic fields as well as a line corresponding to the net magnetic field. Execute this program 
and observe the behavior of B ..... 

4.3 MAGNETOMOTIVE FORCE AND FLUX 
DISTRIBUTION ON AC MACHINES 

In Section 4.2, the flux produced inside an ac machine was treated as if it were in 
free space. TIle direction of the flux density produced by a coil of wire was as­
sumed to be perpendicu lar to the plane of the coil, with the direction of the flux 
given by the right-hand rule. 

TIle flux in a real mnchine does not behave in the simple manner assumed 
above, since there is a ferromagnetic rotor in the center of the machine, with a 
small air gap between the rotor and the stator. TIle rotor can be cylindrical, like the 
one shown in Figure 4-1 2a, or it can have pole faces projecting out from its 
surface, as shown in Figure 4-12b. If the rotor is cylindrical, the machine is said 
to have nonsalient poles; if the rotor has pole faces projecting out from it, the 
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FIGURE 4- 12 
(a) An ac machine with a cylindrica l or nonsalient-pole rotor. (b) An ac machine with a salient-pole 
rotor. 

machine is said to have salient poles. Cy lindrical rotor or nonsalient-pole ma­
chines are easier to understand and analyze than salient-pole machines, and this 
discussion will be restri cted to machines with cy lindrical rotors. Machines with 
salient poles are discussed briefly in Appendix C and more extensively in Refer­
ences I and 2. 

Refer to the cy lindrical-rotor machine in Figure 4-1 2a. The reluctance of 
the air gap in this machine is much higher than the reluctances of either the rotor 
or the stator, so the flux density vector B takes the shortest possible path across 
the air gap and jumps perpendicularly between the rotor and the stator. 

To produce a sinusoidal voltage in a machine like this, the magnitude of the 
flux density vector B must vary in a sinusoidal manner along the surface of the air 
gap. TIle flux density will vary sinusoidally only if the magnetizing intensity H 
(and magnetomotive force ?f) varies in a sinusoidal manner along the surface of 
the air gap (see Figure 4-1 3) . 

The most straightforward way to achieve a sinusoidal variation of magneto­
motive force along the surface of the air gap is to distribute the turns of the wind­
ing that prod uces the magnetomoti ve force in closely spaced slots around the 
surface of the machine and to vary the number of conductors in each slot in a 
sinusoidal manner. Figure 4-14a shows such a winding, and Figure 4-1 4b shows 
the magnetomoti ve force resulting from the winding. TIle number of conductors 
in each slot is given by the equation 

nc = Necos a (4- 36) 

where Ne is the number of conductors at an angle of 0°. As Figure 4-1 4b shows, 
this distribution of conductors produces a close approximation to a sinusoidal dis­
tribution of magnetomotive force. Furthermore, the more slots there are around 
the surface of the machine and the more closely spaced the slots are, the better this 
approximation becomes. 
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""GURE 4- 1J 
(a) A cylindrical rotor with sinusoidally varying air-gap flux density. (b) The magnetomotive force or 
magnetizing imensity as a function of angle a in the air gap. (c) The flux density as a function of 
angle a in the air gap. 
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FIGURE 4- 14 
(a) An ac machine with a distributed stator winding designed to produce a sinusoidally varying air­
gap flux density. The number of conductors in each slot is indicated on the diagram. (b) The 
magnetomotive force distribution resulting from the winding. compared to an ideal distribution. 

In practice, it is not possible to distribute windings exactly in accordance 
with Equation (4- 36), since there are only a finite number of slots in a real ma­
chine and since only integral numbers of conductors can be included in each slot. 
The resulting magnetomotive force distribution is only approximately sinu soidal , 
and higher-order harmonic components will be present. Fractional-pitch windings 
are used to suppress these unwanted harmonic components, as explained in Ap­
pendix S.l. 
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Furthennore, it is often convenient for the machine designer to include 
equal numbers of conductors in each slot instead of varying the number in accor­
dance with Equation (4--36). Windings of this type are described in Appendix B.2; 
they have stronger high-order harmonic components than windings designed in 
accordance with Equation (4- 36). The harmonic-suppression techniques of Ap­
pendix B.I are especially important for such windings. 

4.4 INDUCED VOLTAGE IN AC MACHINES 

Just as a three-phase set of currents in a stator can produce a rotating magnetic 
fi e ld, a rotating magnetic field can produce a three-phase set of voltages in the 
coils of a stator. 1lle equations governing the induced voltage in a three-phase sta­
tor will be developed in this section. To make the development easier, we will be­
gin by looking at just one single-turn coil and then expand the results to a more 
general three-phase stator. 

The Induced Voltage in a Coil 
on a Two-Pole Stator 

Figure 4-1 5 shows a rotating rotor with a sinusoidally distributed magnetic field in 
the center of a stationary coil. Notice that t his is the reverse of the situation studied 
in Section 4.1, which involved a stationary magnetic fie ld and a rotating loop. 

We will assume that the magnitude of the flux density vector B in the air 
gap between the rotor and the stator varies sinusoidally with mechanical angle, 
whi le the direction of B is always radially outward. 1llis sort of flux distribution 
is the ideal to which machine designers aspire. (What happens when they don't 
achieve it is described in Appendix B.2. ) If (l is the angle measured from the 
direction of the peak rotor flux density, then the magnitude of the nux density 
vector B at a point around the rotor is given by 

B = BM cos (l (4- 37a) 

Note that at some locations around the air gap, the nux density vector will really 
point in toward the rotor; in those locations, the sign of Equation (4- 37a) is nega­
tive. Since the rotor is itself rotating within the stator at an angular velocity W m , the 
magnitude of the nux density vector B at any angle a around the stator is given by 

I B - BM cos(wt - a ) I 

1lle equation for the induced voltage in a wire is 

e= (v x B) ·1 

where v = velocity of the wire relative to the magneticfield 

B = magnetic flux density vector 

I = length of conductor in the magnetic field 

(4- 37b) 

( 1-45) 
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(a) A rotating rotor magnetic field inside a stationary stator coil. Detail of coil. (b) The vector 
magnetic flux densities and velocities on the sides of the coil. The velocities shown are from a frame 
of reference in which the magnetic field is stationary. (c) The flux density distribution in the air gap. 
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However, this eq uation was derived for the case of a moving wire in a stationnry 
mngnetie field. In this case, the wire is stationary and the magnetic fi e ld is mov­
ing, so the equation does not directly apply. To use it, we must be in a frame of 
reference where the magnetic field appears to be stationary. Ifwe "sit on the mag­
netic field" so that the field appears to be stationary, the sides of the coil will ap­
pear to go by at an apparent velocity vre[, and the equation can be applied. Figure 
4- 15b shows the vector magnetic fi e ld and velocities from the point of view of a 
stationary magnetic field and a moving wire. 

TIle total voltage induced in the coil will be the sum of the voltages induced 
in each of its four sides. These voltages are detennined below: 

I . Segment abo For segment ab, a = 180°. Assuming that B is directed radially 
outward from the rotor, the angle between v and B in segment ab is 90°, 
while the quantity v x B is in the direction of I, so 

e"", = (v x B) · 1 

= vBI directed out of the page 

= - V[BM cos (w",t - 180°)]1 

= - vBtJ cos (w",t - 180°) (4- 38) 

where the minus sign comes from the fact that the voltage is built up with a 
polarity opposite to the assumed polarity. 

2. Segment be. The voltage on segment be is zero, since the vector quantity 
v x B is perpendicular to I, so 

ecb = (v x B ) -I = 0 (4- 39) 

3. Segment ed. For segment ed, the angle a = 0°. Assuming that B is directed 
radially outward from the rotor, the angle between v and B in segment ed is 
90°, while the quantity v x B is in the direction ofl , so 

eJc = (v x B) - I 

= vBI directed out of the page 

= v(BM cos wn,l)l 

= vBtJ cos w.,/ (4-40) 

4. Segment da. The voltage on segment da is zero, since the vector quantity 
v x B is perpendicular to I, so 

ead = (v x B) - I = 0 

Therefore, the total voltage on the coil wi ll be 

eind = e"" + edc 

= - vBtJ cos(w",t - 180°) + vBtJ cos w",t 

Since cos () = - cos «() - 180°), 

(4-41) 

(4-42) 
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ei!>d = vB&I cos wmt + vB&I cos wmt 

= 2vB&I cos wmt (4--43) 

Since the velocity of the end conductors is given by v = rwm , Equati on 
(4--43) can be rewritten as 

ei!>d = 2(rwm )B&I cos wmt 

= 2rlB~m cos wmt 

Finally, the flux passing through the coil can be expressed as <p = 2rlBm (see 
Problem 4- 7), whi le W m = W e = W for a two-pole stator, so the induced voltage 
can be expressed as 

I e ind - ¢w cos wi I (4-44) 

Equation (4--44) describes the voltage induced in a single-turn coil. If the coil 
in the stator has Nc turns of wire, then the total induced voltage of the coil wil l be 

I eind - Nc¢w cos wt I (4-45) 

Notice that the voltage produced in stator of thi s simple ac machine wind­
ing is sinusoidal with an amplitude which depends on the flu x <p in the machine, 
the angular velocity w of the rotor, and a constant depending on the construction 
of the machine (Nc in this simple case) . This is the same as the result that we ob­
tained for the simple rotating loop in Section 4.1. 

Note that Equation (4--45) contains the term cos wt instead of the sin wt 
found in some of the other equations in this chapter. 1lle cosine tenn has no spe­
cial signifi cance compared to the sine- it resulted from our choice of reference 
direction for 0: in this derivation. If the reference direction for 0: had been rotated 
by 90° we would have had a sin wt tenn. 

The Induced Voltage in a Three-Phase Set of Coils 

If three coils , each of Nc turns, are placed around the rotor magnetic fi e ld as 
shown in Figure 4-1 6, then the voltages induced in each of them will be the same 
in magnitude but wi II differ in phase by 120°. 1lle resulting voltages in each of the 
three coil s are 

e .... .(t) = Nc <Pw sin wt V 

ew(r) = Nc <Pw sin (wt - 120°) 

ee,,,(t) = Nc <pw sin (wt- 2400) 

v 
V 

(4--46a) 

(4-46b) 

(4--46c) 

Therefore, a three-phase sct of currents can generate a unifonn rotating 
magnetic field in a machine stator, and a uniform rotating magnetic fie ld can gen­
erate a three-phase sct of voltages in such a stator. 
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FIGURE 4- 16 
The production of three-phase voltages from 
three coils spaced 120° apan. 

The RMS Voltage in a Three-Phase Stator 

TIle peak voltage in any phase of a three-phase stator of this sort is 

Since w = 2nf, this equation can also be written as 

Enuu = 27rNc <pf 

TIlerefore, the nns voltage of any phase of this three-phase stator is 

2,,-
EA = \lfNc<pf 

IE, - \!2,,-Nc<l>f I 

(4-47) 

(4-48) 

(4-49) 

(4- 50) 

TIle nns voltage at the terminnls of the machine will depend on whether the stator 
is Y- or .1.-connected. I fthe machine is V-connected, then the tenninal voltage will 
be V3 times EA ; if the machine is .1.-connected, then the tenninal voltage will just 
be equal to EA. 

Example 4-2. The following information is known about the simple two-pole 
generator in Figure 4--16. The peak flux density of the rotor mag netic field is 0.2 T, and the 
mechanical rate of rotation of the shaft is 3600 r/min. The stator diameter of the machine is 
0.5 m, its coil length is 0.3 m, and there are 151lU1ls per coil. The machine is V-connected. 

(a) What are the three phase voltages of the generator as a ftmction of time? 
(b) What is the nns phase voltage of this generator? 
(c) What is the nns tenninal voltage of this generator? 

Solutioll 
The flux in this machine is given by 

<P = 2rlB = dlB 
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where d is the diameter and I is the length of the coil. Therefore, the flux in the machine is 
given by 

<p = (0.5 mXO.3 m)(0.2 T) = 0.03 \Vb 

The speed of the rotor is given by 

w = (3600 r/minX27T radXI minl60 s) = 377 radls 

(a) The magnitudes of the peak. phase voltages are thus 

Emu = Nc<Pw 

= (15 turnsXO.03 Wb)(377 radls) = 169.7 V 

and the three phase voltages are 

e"".(t) = 169.7 sin 377t V 

ebb.(t) = 169.7 sin (377t -1200) V 

e,At) = 169.7 sin (377t - 240°) V 

(b) The nns phase voltage of this generator is 

Ell = E~x = 16~V = 120V 

(c) Since the generator is V-connected, 

VT = v'5EIl = 0(120 V) = 208 V 

4.5 INDUCED TORQUE IN AN AC MACHINE 

In ac machines under nonnaI operating conditions, there are two magnetic fields 
present--.:1. magnetic field from the rotor circuit and another magnetic fi e ld from 
the stator circuit. The interaction of these two magnetic fields produces the torque 
in the machine, just as two pennanent magnets near each other will experience a 
torque which causes them to line up. 

Figure 4-1 7 shows a simplified ac machine with a sinusoidal stator flux dis­
tribution that peaks in the upward direction and a single coil of wire mounted on 
the rotor. TIle stator flu x distribution in this machine is 

Bs<,.a ) = Bs sin a (4- 51) 

where Bs is the magnitude of the peak flu x density; B:!..a ) is positive when the flux 
density vector points radially outward from the rotor surface to the stator surface. 
How much torque is produced in the rotor of this simplified ac machine? To find 
out, we will analyze the force and torque on each of the two conductors separately. 

The induced force on conductor I is 

F = i(l x B) 

= ilBs sin a 

The torque on the conductor is 

"TiDd.] = (r x F) 

= rilBs sin a 

with direction as shown 

counterc lockwi se 

( 1-43) 
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IUia)1 '" Bs sin a 

""GURE4- 17 
A simplified ac machine with a sinusoidal sta.tor flux distribution a.nd a single coil of wire mounted 
in the rotor. 

TIle induced force on conductor 2 is 

F = i(lxB) 

= ilBs sin a 

TIle torque on the conductor is 

1";oo.t = (r x F) 

= rilBs sin a 

with direction as shown 

counterclockwise 

TIlerefore, the torque on the rotor loop is 

l1"ind = 2rilBs sin a counterclockwise I 

( 1-43) 

(4- 52) 

Equation (4- 52) can be expressed in a more convenient fonn by examining 
Figure 4-1 8 and noting two facts: 

I. The current i flowing in the rotor coil produces a magnetic field of it s own. 
The directi on of the peak of this magnetic fie ld is given by the right-hand 
rule, and the magnitude of its magnetizing intensity HR is directly propor­
tional to the current flowing in the rotor: 
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FIGURE 4- 18 
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The components magnetic flux density inside Ihe machine of Figure 4--17. 

HR = Ci 

where C is a constant of proportionality. 

(4- 53) 

2. 1lle angle between the peak of the stator flux density Bs and the peak of the 
rotor magnetizing intensity HR is y. Furthennore, 

y=180o-a 

sin y= sin ( 180° _a) = sin 0: 

(4- 54) 

(4- 55) 

By combining these two observations, the torque on the loop can be expressed as 

"Tioo = KH I13s sin a counterc lockwise (4- 56) 

where K is a constant dependent on the construction of the machine. Note that both 
the magnitude and the direction of the torque can be expressed by the equation 

I "Tind - KHR X Bs I (4- 57) 

Finally, since B R = /LHR, this eq uation can be reexpressed as 

(4- 58) 

where k = KIp. Note that in general k will not be constant , since the magnetic per­
meability p varies with the amount of magnetic saturation in the machine. 

Equation (4--58) is just the same as Equation (4--20), which we derived for the 
case of a single loop in a unifonn magnetic field. It can apply to any ac machine, not 
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just to the simple one-loop rotor just described. Only the constant k will differ from 
machine to machine. This equation will be used only for a qualitative study of 
torque in ac machines, so the actual val ue of k is unimportant for our purposes. 

TIle net magnetic fie ld in this machine is the vector sum of the rotor and sta­
tor fie lds (assuming no saturation): 

B ... , = BR + Bs (4- 59) 

TIlis fact can be used to produce an equivalent (and sometimes more useful) ex­
pression for the induced torque in the machine. From Equation (4- 58) 

"TiDd = kB R X Bs 

But from Equation (4- 59), Bs = BDe, - BR, so 

"Tind = kBR X (BDe, - BR) 

= k(BR x B"",) - k(BR x BR) 

Since the cross prOOuct of any vector with itself is zero, this reduces to 

(4- 58) 

(4-60) 

so the induced torque can also be expressed as a cross product of BR and BDe, with 
the same constant k as before. The magnitude of this expression is 

(4-6 1) 

where /j is the angle between BR and B ... ,. 
Equations (4-58) to (4-6 1) will be used to he lp develop a qualitative un­

derstanding of the torque in ac machines . For example, look at the simple syn­
chronou s machine in Figure 4-1 9. Its magnetic fields are rotating in a counter­
clockwise direction. What is the direction of the torque on the shaft of the 
machine's rotor? By applying the right-hand rule to Equation (4- 58) or (4-60), 
the induced torque is found to be clockwise, or opposite the direction of rotation 
of the rotor. Therefore , this machine mu st be acting as a generator. 

4.6 WINDING INSULATION IN AN 
ACMACHINE 

One of the most critical parts of an ac machine design is the insulation of its wind­
ings. If the insulation of a motor or generator breaks down, the machine shorts 
out. The repair ofa machine with shorted insulation is quite expensive, ifit is even 
possible. To prevent the winding insulation from breaking down as a result of 
overheating, it is necessary to limit the temperature of the windings. TIli s can be 
partially done by providing a cooling air c irculation over them, but ultimate ly the 
maximum winding temperature limits the maximum power that can be supplied 
continuously by the machine. 
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FlGURE 4- 19 
A simplified synchronous machine showing 
its rotor and stator magnetic fields. 

Insulation rarely fails from immediate breakdown at some critical tempera­
ture. Instead, the increase in temperature produces a gradual degradation of the in­
sulation, making it subject to failure from another cause such as shock, vibration, 
or e lectrical stress. 1l1ere was an old rule of thumb that said that the life ex­
pectancy of a motor with a given type of insulation is hal ved for each 10 percent 
rise in temperature above the rated temperature of the winding. This rule still ap­
plies to some extent today. 

To standardize the temperature limits of machine insulation, the National 
Electrical Manufacturers Association (NEMA) in the United States has defined a 
series of insulation system classes. Each insulation system class specifies the 
maximum temperature rise pennissible for that c lass of insulation. 1l1ere are three 
common NEMA insulation classes for integral-horsepower ac motors : 8, F, and 
H. Each class represents a higher penni ssible winding temperature than the one 
before it. For example, the annature winding temperature rise above ambient tem­
perature in one type of continuously operating ac induction motor must be limited 
to 80°C for class 8, 105°C for class F, and 125 °C for class H insulation. 

The effect of operating temperatu re on insulati on life for a typical machine 
can be quite dramatic. A typical curve is shown in Figure 4-20. This curve shows 
the mean life of a machine in thousands of hours versus the temperature of the 
windings, for several different insulation classes. 

The speci fi c temperature specifications for each type of ac motor and gen­
erator are set out in great detail in NEMA Standard MG 1-1993, Motors and Gen­
erators. Similar standards have been defined by the International Electrotechnical 
Commission (IEC) and by vari ous national standards organizations in other 
countries. 
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4.7 AC MACHINE POWER FLOWS 
AND LOSSES 

AC generators take in mechanical power and produce electric power, while ac 
motors take in electric power and produce mechanical power. In either case, not 
all the power input to the machine appears in useful form at the other end- there 
is always some loss associated with the process. 

The efficiency of an ac machine is defined by the equation 

?"UI 
" ~ - X 100% 

P in 
(4-62) 

The difference between the input power and the output power of a machine is the 
losses that occur inside it. lllerefore, 

(4-63) 

The Losses in AC Machines 

The losses that occur in ac machines can be divided into four basic categories: 

I. Electrical or copper losses (/ 2R losses) 

2. Core losses 

3. Mechanical losses 

4. Stray load losses 

ELECTRICAL OR COPPER LOSSES. Copper losses are the resistive heating losses 
that occur in the stator (annature) and rotor (field) windings of the machine. TIle sta­
tor copper losses (SCL) in a three-phase ac machine are given by the equation 

(4-64) 

where IA is the current flowing in each annat ure phase and Rio. is the resistance of 
each armature phase . 

The rotor copper losses (RCL) of a synchronous ac machine (inducti on ma­
chines wi ll be considered separate ly in Chapter 7) are given by 

(4-65) 

where IF is the current flowing in the field winding on the rotor and RF is the re­
sistance of the field winding. The resistance used in these calculations is usually 
the winding resistance at nonnal operating temperature. 

CORE LOSSES. The core losses are the hysteresis losses and eddy current losses 
occurring in the metal of the motor. These losses were described in Chapter I. 
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TIlese losses vary as the square of the flux density (8 2) and, for the stator, as the 
l.5th power of the speed of rotation of the magnetic fields (n I. 5) . 

MECHANICAL LOSSES. The mechanica l losses in an ac machine are the losses 
associated with mechanical effects . There are two basic types of mechanical 
losses: friction and windage. Friction losses are losses caused by the friction of the 
bearings in the machine, while windage losses are caused by the fri ction between 
the moving parts of the machine and the air inside the motor 's casing. TIlese 
losses vary as the cube of the speed of rotation of the machine. 

TIle mechanical and core losses ofa machine are often lumped together and 
called the no-load rotationnlloss of the machine. At no load, all the input power 
must be used to overcome these losses. Therefore, measuring the input power to 
the stat or of an ac machine acting as a motor at no load will give an approximate 
value for these losses. 

STRAY LOSSES (OR MISCELLANEOUS LOSSES). Stray losses are losses that 
cannot be placed in one of the previous categories. No matter how carefully losses 
are accounted for, some always escape inclusion in one of the above categories . 
All such losses are lumped into stray losses. For most machines, stray losses are 
taken by convention to be I percent of full load. 

The Power-Flow Diagram 

One of the most convenient techniques for accounting for power losses in a ma­
chine is the power-flow diagram. A power-flow diagram for an ac generator is 
shown in Figure 4-21 a. In this figure, mechanical power is input into the machine, 
and then the stray losses, mechanical losses, and core loses are subtracted. After 
they have been subtracted, the remaining power is ideally converted from me­
chanical to e lectrical fonn at the point labeled P <X>f!¥' TIle mechanical power that is 
converted is given by 

(4-66) 

and the same amount of e lectrical power is produced. However, this is not the 
power that appears at the machine's terminals. Before the tenninals are reached, 
the electrical12R losses must be subtracted. 

In the case of ac motors, this power-flow diagram is simply reversed. The 
power-flow diagram for a motor is shown in Figure 4- 21 b. 

Example problems involving the calc ulation of ac motor and generator effi­
ciencies will be given in the next three chapters. 

4.8 VOLTAGE REGULATION AND SPEED 
REGULATION 

Generators are often compared to each other using a fi gure of merit called voltage 
regulation. Voltage regulation (VR) is a measure of the ability of a generator to 
keep a constant voltage at its terminals as load varies. It is defmed by the equation 
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PR losses 
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..fjVdL cos 6 

losses losses 

,b, 

(a) The power-flow diagram of a three-phase ac generator. (b) The power-flow diagram of a three­
phase ac motor. 

I VR = v..l Vfl Vfl X 1 00% I (4-67) 

where V. t is the no-load tenninal voltage of the generator and Vfl is the full-load 
tenninal voltage of the generator. It is a rough measure of the shape of the gener­
ator's voltage-c urrent characteri stic-a positive voltage regulation means a 
drooping characteristic, and a negative voltage regulation means a rising charac­
teristic. A small VR is "better" in the sense that the voltage at the tenninals of the 
generator is more constant with variations in load. 

Similarly, motors are often compared to each other by using a figure of 
merit called speed regulation. Speed regulation (SR) is a measure of the ability of 
a motor to keep a constant shaft speed as load varies. It is defined by the equation 

100% 1 (4-68) 

x (4-69) 
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It is a rough measure of the shape of a motor 's torque-speed characte ristic- , 
positive speed regulation means that a motor 's speed drops with increasing load, 
and a negative speed regulation means a motor 's speed increases with increasing 
load . TIle magnitude of the speed regulation te ll s approximately how steep the 
slope of the torque-speed curve is. 

4.9 SUMMARY 

There are two maj or types of ac machines: synchronous machines and induction 
machines. The principal difference between the two types is that synchronous ma­
chines require a dc field current to be supplied to their rotors, while induction ma­
chines have the fie ld current induced in their rotors by transfonner action. TIley 
will be explored in detail in the next three chapters. 

A three-phase system of currents supplied to a system of three coi Is spaced 
120 e lectrical degrees apart on a stator wi ll produce a unifonn rotating magnetic 
fie ld within the stator. The direction of rotation of the magnetic fi e ld can be re­
versed by simply swapping the connections to any two of the three phases. Con­
versely, a rotating magnetic field wi II produce a three-phase set of voltages within 
such a set of coils. 

In stators of more than two poles, one complete mechanical rotation of the 
magnetic fi e lds produces more than one complete e lectri cal cycle. For such a sta­
tor, one mechanical rotation produces PI2 electrical cycles . Therefore , the e lectri­
cal angle of the voltages and currents in such a machine is related to the mechan­
ical angle of the magnetic fi e lds by 

P 
(J~ = "2(Jm 

TIle relationship between the e lectrical frequency of the stator and the mechanical 
rate of rotation of the magnetic fields is 

". p 
f~ = 120 

TIle types of losses that occur in ac machines are e lectrical or copper losses 
(PR losses), core losses, mechanical losses, and stray losses. E.1.ch of these losses 
was described in this chapter, along with the definition of overall machine effi­
ciency. Finally, voltage regulation was defined for generat ors as 

1 VR = Vol V
Il 

VIl x 100%1 

and speed regulation was defined for motors as 

ISR = nal
nn 

nil x 100%1 
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QUESTIONS 

4-1. What is the principal difference between a synchronous machine and an induction 
machine? 

4-2. Why does switching the current flows in any two phases reverse the direction of ro­
tation of a stator 's magnetic field? 

4-3, What is the relationship between electrical frequency and magnetic field speed for 
an ac machine? 

4-4. What is the equation for the induced torque in an ac machine? 

PROBLEMS 

4-1. The simple loop rotating in a lUlifonn magnetic field shown in Figure 4--1 has the 
following characteristics: 

B =0.5Ttotheright r = O.lm 
l = 0.5 m w = 103 radls 

(a) Calculate the voltage elOl(f) induced in this rotating loop. 
(b) Suppose that a 5-0 resistor is COIlllected as a load across the terminals of the 

loop. Calculate the current that would flow through the resistor. 
(c) Calculate the magnitude and direction of the induced torque on the loop for 

the conditions in b. 
(d) Calculate the electric power being generated by the loop for the conditions in b. 
(e) Calculate the mechanical power being consumed by the loop for the conditions 

in b. How does this nwnber compare to the amount of electric power being gen­
erated by the loop? 

4-2. Develop a table showing the speed of magnetic field rotation in ac machines of 2, 4, 
6, 8, 10, 12, and 14 poles operating at frequencies of 50, 60, and 400 Hz. 

4-3. A three-phase, four-pole winding is installed in 12 slots on a stator. There are 40 
turns of wire in each slot of the windings. All coils in each phase are cOIlllected in 
series, and the three phases are connected in.6.. The flux per pole in the machine is 
0.060 Wh, and the speed of rotation of the magnetic field is 1800 rhnin. 
(a) What is the frequency of the voltage produced in this winding? 
(b) What are the resulting phase and tenninal voltages of this stator? 

4-4. A three-phase, Y-COIlllected, 50-Hz, two-pole synchronous machine has a stator with 
2()(x) turns of wire per phase. What rotor flux would be required to produce a tenni­
nal (line-to-line) voltage of 6 kV? 

4-5. Modify the MATLAB problem in Example 4--1 by swapping the currents fl owing in 
any two phases. What happens to the resulting net magnetic field? 

4-6. If an ac machine has the rotor and stator magnetic fields shown in Figure P4--1, what 
is the direction of the induced torque in the machine? Is the machine acting as a mo­
tor or generator? 

4-7. The flux density distribution over the surface of a two-pole stator of radius rand 
length l is given by 

B = BMCOs(W.,f-a) 

Prove that the total flux lUlder each pole face is 

(4--37b) 
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The ac machine of Problem 4--6. 

4--8. In the early days of ac motor developme nt. machine designers had great difficulty 
cont rolling the core losses (hysteresis and eddy currents) in machines. They had not 
yet developed steels with low hysteresis. and were not making laminations as thin 
as the ones used today. To help control these losses. early ac motors in the United 
States were run from a 25-Hz ac power supply. while lighting systems were run 
from a separale 60-Hz ac power supply. 
(a) Develop a table showing the speed of magnetic field rotation in ac machines of 

2.4.6.8. 10. 12. and 14 poles operating at 25 Hz. What was the fastest rota­
tional speed available to these early motors? 

(b) For a given motor operating at a constant flux density B, how would the core 
losses of the motor flmning at 25 H z compare to the core losses of the motor 
nmning at 60 Hz? 

(c) Why did the early engineers provide a separate 60-Hz power system for lighting? 
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