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P-= (SAP(50 £)) = 1250 W
The brush losses at full load are given by
Boosh = Vepls = @ V(170 A) = 340 W

The rotational losses at full load are essentially equivalent to the rotational losses at no
load, since the no-load and full-load speeds of the motor do not differ too greatly. These
losses may be ascertained by determining the input power to the armature circuit at no load
and assuming that the armature copper and brush drop losses are negligible, meaning that
the no-load armature input power is equal to the rotational losses:

Pt = Pegre T Pech = (240 VY(13.2 A) = 3168 W
(a) The input power of this motor at the rated load is given by
Py, =Vl = (250 VY175 A) = 43,750 W
Its output power is given by
Poi = Pig = Porty = Py = Peoe = Praect = Panay
= 43,750 W — 340W — 1734 W — 1250 W — 3168 W — (0.01)(43,750 W)
= 36,820 W

where the stray losses are taken to be 1 percent of the input power.
(b) The efficiency of this motor at full load is

P
1.=PL“‘><100%

out

36,820 W

= 13750 W X 100% = 84.2%

9.11 INTRODUCTION TO DC GENERATORS

DC generators are dc machines used as generators. As previously pointed out,
there is no real difference between a generator and a motor except for the direc-
tion of power flow. There are five major types of dc generators, classified accord-
ing to the manner in which their field flux is produced:

1. Separately excited generator. In a separately excited generator, the field flux
is derived from a separate power source independent of the generator itself.

2. Shunt generator. In a shunt generalor, the field flux is derived by connecting
the field circuit directly across the terminals of the generator.

L7

Series generator. In a series generator, the field flux is produced by connect-

ing the field circuit in series with the armature of the generator.

4. Cumulatively compounded generator: In a cumulatively compounded gener-
ator, both a shunt and a series field are present, and their effects are additive.

5. Differentially compounded generator. In a differentially compounded genera-

tor, both a shunt and a series field are present, but their effects are subtractive.

These various types of dc generators differ in their terminal (voltage—current)
characteristics, and therefore in the applications to which they are suited.
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FIGURE 941

The first practical dc generator. This
is an exact duplicate of the “long-
legged Mary Ann,” Thomas Edison’s
first commercial dc generator, which
was built in 1879. It was rated at 5
kW, 100 V, and 1200 r/min. (Courtesy
of General Electric Company.)

DC generators are compared by their voltages, power ratings, efficiencies,
and voltage regulations. Voltage regulation (VR) is defined by the equation

Vu— Y
VR = —*——* x 100% (9-39)
Vﬂ

where V,, is the no-load terminal voltage of the generator and Vy is the full-load ter-
minal voltage of the generator. It is a rough measure of the shape of the generator’s
voltage—current characteristic—a positive voltage regulation means a drooping
characteristic, and a negative voltage regulation means a rising characteristic.

All generators are driven by a source of mechanical power, which is usually
called the prime mover of the generator. A prime mover for a dc generator may be
a steam turbine, a diesel engine, or even an electric motor. Since the speed of the
prime mover affects the output voltage of a generator, and since prime movers can
vary widely in their speed characteristics, it is customary to compare the voltage
regulation and output characteristics of different generators, assuming constant-
speed prime movers. Throughout this chapter, a generator’s speed will be assumed
to be constant unless a specific statement is made to the contrary.

DC generators are quite rare in modern power systems. Even dc power sys-
tems such as those in automobiles now use ac generators plus rectifiers to produce
dc power.

The equivalent circuit of a dc generator is shown in Figure 9-42, and a sim-
plified version of the equivalent circuit is shown in Figure 9-43. They look simi-
lar to the equivalent circuits of a dc motor, except that the direction of current flow
and the brush loss are reversed.
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The equivalent circuit of a de generator.
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A simplified equivalent circuit of a dc generator, with R combining the resistances of the field coils
and the variable control resistor.

9.12 THE SEPARATELY
EXCITED GENERATOR

A separately excited dc generator is a generator whose field current is supplied by
a separate external dc voltage source. The equivalent circuit of such a machine is
shown in Figure 9-44. In this circuit, the voltage Vi represents the actual voltage
measured at the terminals of the generator, and the current I represents the cur-
rent flowing in the lines connected to the terminals. The internal generated volt-
age is E4, and the armature current is I,. It is clear that the armature current is
equal to the line current in a separately excited generator:

L=1 (9-40)

The Terminal Characteristic of a Separately
Excited DC Generator

The terminal characteristic of a device is a plot of the output quantities of the de-
vice versus each other. For a dc generator, the output quantities are its terminal volt-
age and line current. The terminal characteristic of a separately excited generator is
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FIGURE 9-44
A separately excited dc generator.

thus a plot of Vr versus I for a constant speed w. By Kirchhoft’s voltage law, the
terminal voltage is

Vr=E, - 4R, (9-41)

Since the internal generated voltage is independent of 14, the terminal characteris-
tic of the separately excited generator is a straight line, as shown in Figure 9-45a.

What happens in a generator of this sort when the load is increased? When
the load supplied by the generator is increased, I; (and therefore I,) increases. As
the armature current increases, the I,R, drop increases, so the terminal voltage of
the generator falls.

This terminal characteristic is not always entirely accurate. In generators
without compensating windings, an increase in I, causes an increase in armature
reaction, and armature reaction causes flux weakening. This flux weakening
causes a decrease in E, = K¢ lw which further decreases the terminal voltage of
the generator. The resulting terminal characteristic is shown in Figure 9-45b. In
all future plots, the generators will be assumed to have compensating windings
unless stated otherwise. However, it is important to realize that armature reaction
can modify the characteristics if compensating windings are not present.

Control of Terminal Voltage

The terminal voltage of a separately excited dc generator can be controlled by
changing the internal generated voltage E4 of the machine. By Kirchhoff’s volt-
age law V. = E, — ILR,, so if E, increases, Vy will increase, and if E, decreases,
Vr will decrease. Since the internal generated voltage E, is given by the equation
E, = K¢w, there are two possible ways to control the voltage of this generator:

1. Change the speed of rotation. If w increases, then E; = K¢wT increases, so
Vr = E,T — LR, increases (00.
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FIGURE 9-45
The terminal characteristic of a
separately excited dc generator (a) with
I and (b) without compensating
(b) windings.

2. Change the field current. If R is decreased, then the field current increases
(Ir = Ve /Rgl). Therefore, the flux ¢ in the machine increases. As the flux
rises, E, = K¢pTw must rise oo, so Vy = E,T - I,R, increases.

In many applications, the speed range of the prime mover is quite limited,
so the terminal voltage is most commonly controlled by changing the field cur-
rent. A separately excited generator driving a resistive load is shown in Figure
9—46a. Figure 9-46b shows the effect of a decrease in field resistance on the ter-
minal voltage of the generator when it is operating under a load.

Nonlinear Analysis of a Separately Excited
DC Generator

Because the internal generated voltage of a generator is a nonlinear function of its
magnetomotive force, 1t is not possible to calculate simply the value of E, to be
expected from a given field current. The magnetization curve of the generator
must be used to accurately calculate its output voltage for a given input voltage.

In addition, if a machine has armature reaction, its flux will be reduced with
each increase in load, causing E, to decrease. The only way to accurately deter-
mine the output voltage in a machine with armature reaction is to use graphical
analysis.

The total magnetomotive force in a separately excited generator is the field
circuit magnetomotive force less the magnetomotive force due to armature reac-
tion (AR):
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FIGURE 9-46
(a) A separately excited dc generator with a resistive load. (b) The effect of a decrease in field
resistance on the output voltage of the generator.

Foer = Nelp — Fpp (9-42)

As with dc motors, it is customary to define an equivalent field current that would
produce the same output voltage as the combination of all the magnetomolive
forces in the machine. The resulting voltage E 4, can then be determined by locat-
ing that equivalent field current on the magnetization curve. The equivalent field
current of a separately excited dc generator is given by

F
IF=Ip - N—A: (9-43)

Also, the difference between the speed of the magnetization curve and the
real speed of the generator must be taken into account using Equation (9-13):
Ey _=n ,
Ep ng (O-13)
The following example illustrates the analysis of a separately excited dc
generator.
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The separately excited dc generator in Example 9-9.

Example 9-9. A separately excited dc generator is rated at 172 kW, 430V, 400 A,
and 1800 r/min. It is shown in Figure 947, and its magnetization curve is shown in Fig-
ure 9-48. This machine has the following characteristics:

R, =005 Q Ve =430V
Rr=20() Ng = 1000 turns per pole
Ry = 010300 Q)

(a) If the variable resistor Radj in this generator’s field circuit is adjusted to 63 € and
the generator’s prime mover is driving it at 1600 r/min, what is this generator’s
no-load terminal voltage?

(b} What would its voltage be if a 360-A load were connected to its terminals? As-
sume that the generator has compensating windings.

(c) What would its voltage be if a 360-A load were connected to its terminals but
the generator does not have compensating windings? Assume that its armature
reaction at this load is 450 A « turns.

{d) What adjustment could be made to the generator to restore its terminal voltage
to the value found in part a?

(e) How much field current would be needed to restore the terminal voltage to its
no-load value? (Assume that the machine has compensating windings.) What is
the required value for the resistor R4 to accomplish this?

Solution
(a) If the generator’s total field circuit resistance is

then the field current in the machine is

From the machine’s magnetization curve, this much current would produce a
voltage E,; = 430V at a speed of 1800 r/min. Since this generator is actually
turning at n,, = 1600 r/min, its internal generated voltage F; will be

Ei_n

=— 9-13
Eyg m ( )
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FIGURE 9-48
The magnetization curve for the generator in Example 9-9.
_ 1600 r/min _

Since V; = E, at no-load conditions, the output voltage of the generator is V; =
382 V.

(b) If a 360-A load were connected to this generator’s terminals, the terminal volt-
age of the generator would be

Vi = E4 — LRy = 382V — (360 AX0.05 Q) =364 V

(c) If a 360-A load were connected to this generator’s terminals and the generator
had 450 A « turns of armature reaction, the effective field current would be

7 .
I;=IF_;AR=5-2A_450A turns

N, 1000 wrns 470 A
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From the magnetization curve, E, = 410 V, so the internal generated voltage at

1600 r/min would be
E, n
ZA _ 9-13
Ey ny ( )
_ 1600 /min _
Ex = 1800 t/min #10Y = 364V

Therefore, the terminal voltage of the generator would be
Vr = E, — LRy, = 364V — (360A)0.05Q)) =346V

It is lower than before due to the armature reaction.

(d} The voltage at the terminals of the generator has fallen, so to restore it to its
original value, the voltage of the generator must be increased. This requires an
increase in E4, which implies that R,y must be decreased to increase the field
current of the generator.

(e) For the terminal voltage to go back up to 382 V, the required value of Ej is

E, = Vy + LR, = 382V + (360 A)0.05 ) =400 V
To get a voltage E, of 400 V at n, = 1600 r/min, the equivalent voltage at

1800 r/min would be
E, n
= = 9-13
Eyn ny ( )
_ 1800 1/min _
Ero = 1600 /min 40V = 450V

From the magnetization curve, this voltage would require a field current of Ip =
6.15 A. The field circuit resistance would have to be

v
Re+ Ry =I—:
00 + Ry = 4ok = 6990

Ry =49.90 ~ 500

Notice that, for the same field current and load current, the generator with
armature reaction had a lower output voltage than the generator without armature
reaction. The armature reaction in this generator is exaggerated to illustrate its ef-
fects—it is a good deal smaller in well-designed modern machines.

9.13 THE SHUNT DC GENERATOR

A shunt dc generator is a dc generator that supplies its own field current by hav-
ing its field connected directly across the terminals of the machine. The equiva-
lent circuit of a shunt dc generator is shown in Figure 9-49. In this circuit, the ar-
mature current of the machine supplies both the field circuit and the load attached
to the machine:

IA=IF+IL (9_44)
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The Kirchhoff’s voltage law equation for the armature circuit of this machine is

Vr=E, - LR, (945)

This type of generator has a distinct advantage over the separately exciled
dc generator in that no external power supply is required for the field circuit. But
that leaves an important question unanswered: If the generator supplies its own
field current, how does it get the initial field flux to start when it is first turned on?

Voltage Buildup in a Shunt Generator

Assume that the generator in Figure 9—49 has no load connected to it and that the
prime mover starts to turn the shaft of the generator. How does an initial voltage
appear at the terminals of the machine?

The voltage buildup in a dc generator depends on the presence of a residual
Jlux in the poles of the generator. When a generator first starts to turn, an internal
voltage will be generated which is given by

EA = K¢resw

This voltage appears at the terminals of the generator (it may only be a volt or
two). But when that voltage appears at the terminals, it causes a current to flow in
the generator’s field coil (Iz = V3 T/Rg). This field current produces a magneto-
motive force in the poles, which increases the flux in them. The increase in flux
causes an increase in E, = K¢ Tw, which increases the terminal voltage V. When
Vyrises, I increases further, increasing the flux ¢ more, which increases E,, etc.

This voltage buildup behavior is shown in Figure 9-50. Notice that it is the
effect of magnetic saturation in the pole faces which eventually limits the termi-
nal voltage of the generator.
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FIGURE 9-50
Voltage buildup on starting in a shunt dc generator.

Figure 9-50 shows the voltage buildup as though it occurred in discrete
steps. These steps are drawn in to make obvious the positive feedback between the
generator’s internal voltage and its field current. In a real generator, the voltage
does not build up in discrete steps: Instead both E4 and I increase simultaneously
until steady-state conditions are reached.

What if a shunt generator is started and no voltage builds up? What could be
wrong? There are several possible causes for the voltage to fail to build up during
starting. Among them are

1. There may be no residual magnetic flux in the generator to start the process
going. If the residual flux ¢, = O, then E, = 0, and the voltage never builds
up. If this problem occurs, disconnect the field from the armature circuit and
connect it directly to an external dc source such as a battery. The current flow
from this external dc source will leave a residual flux in the poles, which will
then allow normal starting. This procedure s known as “flashing the field.”

2. The direction of rotation of the generator may have been reversed, or the con-
nections of the field may have been reversed. In either case, the residual flux
produces an internal generated voltage E4. The voltage E4 produces a field
current which produces a flux opposing the residual flux, instead of adding to
it. Under these circumstances, the flux actually decreases below ¢, and no
voltage can ever build up.

If this problem occurs, it can be fixed by reversing the direction of rota-
tion, by reversing the field connections, or by flashing the field with the op-
posite magnetic polarity.
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FIGURE 9-51
The effect of shunt field resistance on no-load terminal voltage in a dc generator. If R > R, (the
critical resistance), then the generator’s voltage will never build up.

3. The field resistance may be adjusted to a value greater than the critical re-
sistance. To understand this problem, refer to Figure 9-51. Normally, the
shunt generator will build up to the point where the magnetization curve in-
tersects the field resistance line. If the field resistance has the value shown at
R, in the figure, its line is nearly parallel to the magnetization curve. At that
point, the voltage of the generator can fluctuate very widely with only tiny
changes in Rg or I,. This value of the resistance is called the critical resis-
tance. If Ry exceeds the critical resistance (as at R, in the figure), then the
steady-state operating voltage is essentially at the residual level, and it never
builds up. The solution to this problem is to reduce Rg.

Since the voltage of the magnetization curve varies as a function of shaft
speed, the critical resistance also varies with speed. In general, the lower the shaft
speed, the lower the critical resistance.

The Terminal Characteristic of a
Shunt DC Generator

The terminal characteristic of a shunt de generator differs from that of a separately
excited dc generator, because the amount of field current in the machine depends
on its terminal voltage. To understand the terminal characteristic of a shunt gen-
erator, start with the machine unloaded and add loads, observing what happens.
As the load on the generator is increased, /; increases and so I, = Ip + I} T
also increases. An increase in I, increases the armature resistance voltage drop
IRy, causing V; = E, — I, T R, to decrease. This is precisely the same behavior
observed in a separately excited generator. However, when Vi decreases, the field
current in the machine decreases with it. This causes the flux in the machine to
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FIGURE 9-52
The terminal characteristic of a shunt dc generator.

decrease, decreasing E,. Decreasing E, causes a further decrease in the terminal
voltage Vr = E 1 — I,R,. The resulting terminal characteristic is shown in Figure
9-52. Notice that the voltage drop-off is steeper than just the I,R, drop in a sepa-
rately excited generator. In other words, the voltage regulation of this generator is
worse than the voltage regulation of the same piece of equipment connected sep-
arately excited.

Voltage Control for a Shunt DC Generator

As with the separately excited generator, there are two ways to control the voltage
of a shunt generator:

1. Change the shaft speed w,, of the generator.
2. Change the field resistor of the generator, thus changing the field current.

Changing the field resistor is the principal method used to control terminal
voltage in real shunt generators. If the field resistor R is decreased, then the field
current Ir = Vi /Rpl increases. When I increases, the machine’s flux ¢ increases,
causing the internal generated voltage E, to increase. The increase in E, causes
the terminal voltage of the generator to increase as well.

The Analysis of Shunt DC Generators

The analysis of a shunt dc generator is somewhat more complicated than the
analysis of a separately excited generator, because the field current in the machine
depends directly on the machine’s own output voltage. First the analysis of shunt
generators is studied for machines with no armature reaction, and afterward the
effects are armature reaction are included.
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FIGURE 9-53
Graphical analysis of a shunt dc generator with compensating windings.

Figure 9-53 shows a magnetization curve for a shunt dc generator drawn at
the actual operating speed of the machine. The field resistance Ry, which is just
equal to Vy/1p, is shown by a straight line laid over the magnetization curve. Af no
load, V;y = E, and the generator operates at the voltage where the magnetization
curve intersects the field resistance line.

The key to understanding the graphical analysis of shunt generators is to re-
member Kirchhoff’s voltage law (KVL):

Vi=E, — LR, (9-45)

or EA - VT = IARA (9—46)

The difference between the internal generated voltage and the terminal voltage is
just the I,R, drop in the machine. The line of all possible values of E, is the mag-
netization curve, and the line of all possible terminal voltages is the resistor line
(Ir = V;/Rp). Therefore, to find the terminal voltage for a given load, just deter-
mine the I,R, drop and locate the place on the graph where that drop fits exactly
between the E4 line and the V7 line. There are at most two places on the curve
where the I,R, drop will fit exactly. If there are (wo possible positions, the one
nearer the no-load voltage will represent a normal operating point.

A detailed plot showing several different points on a shunt generator’s char-
acteristic is shown in Figure 9-54. Note the dashed line in Figure 9-54b. This line
is the terminal characteristic when the load is being reduced. The reason that it
does not coincide with the line of increasing load is the hysteresis in the stator
poles of the generator.
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FIGURE 9-54
Graphical derivation of the terminal characteristic of a shunt dc generator.

If armature reaction is present in a shunt generator, this process becomes a
little more complicated. The armature reaction produces a demagnetizing magne-
tomotive force in the generator at the same time that the I,R, drop occurs in the
machine.

To analyze a generator with armature reaction present, assume that its ar-
mature current is known. Then the resistive voltage drop IR, is known, and the
demagnetizing magnetomotive force of the armature current is known. The termi-
nal voltage of this generator must be large enough to supply the generator’s flux
after the demagnetizing effects of armature reaction have been subtracted. To
meet this requirement both the armature reaction magnetomotive force and the
I,R, drop must fit between the E, line and the Vi line. To determine the output
voltage for a given magnetomotive force, simply locate the place under the mag-
netization curve where the triangle formed by the armature reaction and /,R, ef-
fects exactly fits between the line of possible Vi values and the line of possible E,
values (see Figure 9-55).

9.14 THE SERIES DC GENERATOR

A series dc generator is a generator whose field is connected in series with its ar-
mature. Since the armature has a much higher current than a shunt field, the series
field in a generator of this sort will have only a very few turns of wire, and the
wire used will be much thicker than the wire in a shunt field. Because magneto-
motive force is given by the equation & = NI, exactly the same magnetomotive
force can be produced from a few turns with high current as can be produced from
many turns with low current. Since the full-load current flows through it. a series
field is designed to have the lowest possible resistance. The equivalent circuit of
a series dc generator is shown in Figure 9-56. Here, the armature current, field
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current, and line current all have the same value. The Kirchhoff’s voltage law
equation for this machine is

V,=E, — LR, + R (9-47)

The Terminal Characteristic of a Series Generator

The magnetization curve of a series dc generator looks very much like the magne-
tization curve of any other generator. At no load, however, there is no field current,
so Vris reduced to a small level given by the residual flux in the machine. As the
load increases, the field current rises, so E, rises rapidly. The I,(R, + Ry) drop goes
up too, but at first the increase in E4 goes up more rapidly than the I,(R, + Rg) drop
rises, so Vr increases. After a while, the machine approaches saturation, and E,
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FIGURE 9-58
A series generator terminal characteristic with large armature reaction effects, suitable for electric
welders.

becomes almost constant. At that point, the resistive drop is the predominant effect,
and Vi starts to fall.

This type of characteristic 1s shown in Figure 9-57. It is obvious that this
machine would make a bad constant-voltage source. In fact, its voltage regulation
is a large negative number.

Series generators are used only in a few specialized applications, where the
steep voltage characteristic of the device can be exploited. One such application
is arc welding. Series generators used in arc welding are deliberately designed to
have a large armature reaction, which gives them a terminal characteristic like the
one shown in Figure 9-58. Notice that when the welding electrodes make contact
with each other before welding commences, a very large current flows. As the op-
erator separates the welding electrodes, there is a very steep rise in the generator’s
voltage, while the current remains high. This voltage ensures that a welding arc is
maintained through the air between the electrodes.



