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CHAPTER 1
Direct-Current Motors Drives

1.1 Introduction to DC machines

DC machines are characterized by their versoatility. By means of various combinations of
shunt-, series-, and separately-excited field windings they can be designed to display a wide
variety of volt-ampere or speed-torque characteristics for both dynamic and steady-state
operation. The outstanding advantages of DC machines arise from the wide variety of operating
characteristics which can be obtained by selection of the method of excitation of the field
windings. The method of excitation profoundly influences both the steady-state characteristics
and the dynamic behavior of the machine in control systems.

Consider first DC generators. The connection diagram of a separately-excited generator is
given in Fig. 1.1(a). The required of field current is a very small fraction of the rated armature
current; on the order of 1 to 3 percent in the average generator. A small amount of power in the
field circuit may control a relatively large amount of power in the armature circuit; i.e., the
generator is a power amplifier. Separately-excited generators are often used in feedback control
systems when control of the armature over a wide range is required. The field windings of
self-excited generators may be supplied in three different ways. The field may be connected in
series with the armature (Fig. 1.1(b)), resulting in a series generators. The field may be connected
in shunt with the armature (Fig. 1.1(c)), resulting in a shunt generators, or the field may be in two
sections (Fig. 1.1(d)), one of which is connected in series and the other in shunt with the
armature, resulting in a compound generator. With self-excited generators, residual magnetism

must be present in the machine iron to get the self-excitation process started.
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(a) separate excitation (b) series (c) shunt (d) compound

Fig. 1.1 Field-circuit connections of DC machines

Any of the methods of excitation used for generators can also be used for motors.
Direct-current motors transform electrical energy into mechanical energy. They drive devices
such as hoists, fans, pumps, calendars, punch-presses, and cars. These devices may have a
definite torque-speed characteristic (such as a pump or fan) or a highly variable one (such as a
hoist or automobile). The torque speed characteristic of the motor must be adapted to the type of
the load it has to drive, and this requirement has given rise to three basic types of motors: Shunt
motors, Series motors, Compound motors.

A series motor is identical on construction with a shunt motor except for the field. The field
is connected in series with armature current (Fig.1.2). This series field is composed of a few
turns of wire having a cross section sufficiently large to carry the current.

I
—_—\N\N\ ( )
Fig. 1.2 Schematic diagram of a series motor

Although the construction is similar, the properties of a series motor are completely
different from those of a shunt motor. In a shunt motor, the flux F per pole is constant at all loads
because the shunt field is connected to the line. But in a series motor the flux per pole depends
upon the armature current and, hence, upon the load. When the current is large, the flux is large
and vice versa. Despite these differences, the same basic principles and equations apply to both
machines.

A compound DC motor carries both a series field and a shunt field. In a cumulative
compound motor, the mmf of the two fields add. The shunt field is always stronger than the
series field. Fig.1.3 shows the connection schematic diagrams of a compound motor. When the



motor runs at no-load, the armature current I in the series winding is low and the mmf of the
series field is negligible. However, the shunt field is fully excited by current I, and so the motor
behaves like a shunt machine: it does not tend to run away at no-load.

series

VA VAVAY
° >

I\»¢ Shunt field

(o

Fig. 1.3 Schematic diagram of the motor

As the load increases, the mmf of the series field increases but the mmf of the shunt field
remains constant. The total mmf (and resulting flux per pole) is therefore greater under load than
at no-load. The motor speed falls with increasing load and the speed drop from no-load to
full-load is generally between 10 percent and 30 percent.

Example 1.1
A shunt motor rotating at 1500r/min is fed by a 120V source. The line current is 51A and
the shunt-field resistance is 120Q. If the armature resistance is 0.1€, calculate the following:
a. The current in the armature
b. The counter-emf

c¢. The mechanical power developed by the motor

S1A
<«

O

R=0.1Q

120V
1200
\4

O

Fig. 1.4 See Example 1.1

Solution
a. The field current is

1, =120V/120Q= 1A

The armature current is
I,=51-1=50A

b. The voltage across the armature is



U=120V
Voltage due to armature resistance is
I,R,=50x0.1=5V
The cemf generated by the armature is
E,=120-5=115V
c. The total power supplied to the motor is

P;=UI=120x51=6120W
Power absorbed in the armature is

P,=UI,=120x50 = 6000W
Power dissipated in the armature is

Pr=1,R;=50x0.1 = 250W
Mechanical power developed by the armature is

P, =6000-250 = 5750W
(equivalent to 5750/746 = 7.7hp)

The actual mechanical output is slightly less than 5750W because some of the mechanical

power is dissipated in bearing friction losses, in windage losses, and in armature iron losses.

1.2 Torque-Speed characteristic

The relationship between speed and torque corresponds to the relationship between voltage
and current for a generator, i.e. it is the motor external characteristic. Typical torque-speed
characteristic are shown in Fig. 1.5, in which it is assumed that the motor terminals are supplied
from a constant-voltage source. In a motor the relation between the emf E, generated in the

armature and the armature terminal voltage V, is
V,=E,+I,R, (1-1)

or

I, =2 "3 (1-2)

where [, is now the armature-current input to the machine. The generated emf E_ is now
smaller than the terminal voltage V,, the armature current is in the opposite direction to that in a

generator, and the electromagnetic torque is in the direction to sustain rotation of the armature.
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Fig. 1.5 Speed-torque characteristics of DC motor

The speed at which a motor will run depends on the balancing point of the
electromagnetically developed torque and the torque arising mechanically. Both torques are
functions of speed though they may be approximately constant, as in the case of the shunt motor
and the couiomb-friction load; or they may vary considerably with speed, as for the series motor
and for the fan-type load. There is some analogy here with the generator external. Characteristic
and its load electrical characteristic, which are both functions of current. As an example, the
output voltage of a self-excited generator is decided by the intersection of the field-circuit
resistance and the armature-circuit terminal characteristics, which are both functions of field
current.

The present discussion is concerned primarily with the speed/torque characteristic of the
machine itself. The mechanical speed/torque characteristic can then be superimposed on the
same graph to obtain the balancing speed. The speed/current and speed/torque equations have

already been used and are reproduced in the most convenient forms below,

ooV R,V R, 05
ke kg kg kT

R could include external resistance but if this is zero, there is only the machine
armature-circuit resistance R,, which in the descriptive matter following will be taken to include
armature, interpole and comp ensating windings and the brush drop for simplicity. The series
winding of present will be considered separately as Ry, which symbol will also be used for the
shunt-excited or separately excited field resistance.

The final term in eqn. (1-3), the influence of the load, is normally only a second order effect
if R = R, which is small. The first term V / k, immediately shows the general effects of voltage
and flux on speed as already discussed. To draw the speed/torque or speed/current curves merely
requires the substitution of various values of torque (or current) and a knowledge of all the other
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parameters on the right-hand side of the equation will permit the corresponding speed values to
be worked out. If field current is being varied, then the values of k, must first be obtained form
the k4/I; relationship. K, is related independently to both the magnetization curve and to the
rest of the system, but nevertheless it must satisfy both of these relationships simultaneously for
steady-state conditions. Similar considerations apply to the torque 7,= T,,, which is related to
both the electromagnetic and the mechanical systems.

In shunt- and separately-excited motors are characterized by having control of K, which is
approximately independent of supply voltage or the machine load. For any constant value of K,
eqn. (1-3) show that the speed/torque curse is a straight line starting from V/K, at zero torque
and falling by an amount proportional to the resistance drop and hence to the torque.
Consequently, increased torque must be accompanied by a very nearly proportional increase in
armature current and hence by a small decrease in counter emf to allow this increased current
through the small armature resistance. Since counter emf is determined by flux and speed, the
speed must drop slightly. Like the squirrel-cage induction motor, the shunt motor is substantially
a constant-speed motor having about 6 percent drop in speed from no load to full load. If the
field current and K. are reduced, the no-load speed is increased in inverse proportion and the
slop of the characteristic becomes steeper.

An outstanding advantage of the shunt motor is ease of speed control. With a rheostat in the
shunt-field circuit, the field current and flux per pole can be varied at will, and variation of flux
causes the inverse variation of speed to maintain counter emf approximately equal to the
impressed terminal voltage. A maximum speed range of about 4 or 6 to 1 can be obtained by this
method, the limitation again being commutating conditions. By variation of the impressed
armature voltage, very wide speed ranges can be obtained.

In the series motor, increase in load is accompanied by increases in the armature current and
mmf and the stator field flux. Because flux increases with load, speed must drop in order to
maintain the balance between impressed voltage and counter emf; moreover, the increase in
armature current caused by increased torque is smaller than in the shunt motor because of the
increased flux. The series motor is therefore a varying-speed motor with a markedly drooping
speed-torque characteristic of the type shown in Fig. 1.5. For applications requiring heavy torque
overloads, this characteristic particularly advantageous because the corresponding power
overloads are hold to more reasonable values by the associated speed drops. Very favorable
starting characteristics also result from the increase in flux with increased armature current.

In the compound motor, the series field may be connected either cumulatively, so that its
mmf adds to that of the shunt field, or differentially, so that it opposes, The differential
connection is rarely used. As shown by the broken-dash curve in Fig. 1.5, a
cumulatively-compounded motor has speed-load characteristics intermediate between those of a
shunt and a series motor, with the drop of speed with load depending on the relative number of
ampere-turns in the shunt and series fields. It does not have the disadvantage of very high
light-load speed associated with a series motor, but it retains to a considerable degree the
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advantages of series excitation.

The application advantages of DC machines lie in the variety of performance characteristics
offered by the possibilities of shunt, series, and compound excitation. Some of these
characteristics have been touched upon briefly in this section. Still greater possibilities exist if
additional sets of brushes are added so that other voltages can be obtained from the commutator.
Thus the versatility of DC-machine systems and their adaptability to control, both manual and

automatic, are their outstanding features.

Example 1.2

A 25-hp, 500-rev/min, DC shunt-wound motor operates from a constant supply voltage of
500V. The full-load armature current is 42A. The field resistance is 500Q2, the armature
resistance is 0.6Q2 and the brush drop may be neglected.

Calculate

(a) the field current required to operate at full-load torque when running at 500 rev/min.
What would be the no-load speed with this field current?

(b) Calculate the speed, with this field current, at which the machine must be driven in order
to regenerate with full-load armature current.

(c) Calculate the extra field-circuit resistance required to run at 600 rev/min; (i) on no load,
(i1) at full-load torque.

(d) Calculate the external armature circuit resistance required to operate at 300 rev/min with
full-load torque.

The magnetic characteristic was taken at 400 rev/min.

The problem will be solved in mechanical engineers’ units so that E = kyN and 7,=7.04 ky
I,. N is the speed in rev/min and ky is the generated e.m.f. per rev/min. From the data given
below, ky is calculated immediately.

Field current 0.4 0.6 0.8 1.0 1.2 A
Generated e.m.f. 236 300 356 400 432 A%
ky=em.f./400 0.59 0.75 0.89 1.0 1.08 V per rev/min

(a) E at full load = V-I,R, = 500—-42x0.6 = 474.8V

<« kyrequired = 474-8 / 500 = 0.9496

From the ky / I, curve this requires 0.9A and the field circuit resistance must be
500/0.9=5550, i.e. an external 55Q.

On no load, E = 500V neglecting the small voltage drop.

~« N=E/kN = 500/0.9496 =527 rev/min.

(b) when regenerating E=V+I,R,=5252V

~o N=1525.2/0.9496=554 rev/min

(¢) (i) Onno load, E= 500V .. kyrequired = 500/600 = 0.833

From ky/ I, curve this requires 0.7 A as the field current.

The extra field circuit resistance is 500/0.7-555 = 159Q



(ii) Full-load electromagnetic torque 7, = 7.04x0.9496x42 = 280 Ibf ft.
Useful torque at full load, form the rating particulars given:

T —25x 330080:262.5 1bf ft

coupling o

i.e. there is a mechanical loss torque of 17.5 Ibf ft due to the iron and mechanical losses.
Assuming this varies as speed, the total torque developed at 600 rev/min must be
262.5+17.5x600/500=283.5 1bf ft.

(This is only a nominal allowance for the change of loss torque and no great error would
follow form assuming it to be constant).

Hence, T,= 7.04 kyl,= 283.5, from which ky=40.2 /1,

Further, E = 500-0.61,= kyN = (40.21,)x600, from which a quadratic equation in I, can be
obtained.

The lower and only practicable value of 1, is found to be 51.5 A and this gives

ky=40.2/51.5=0.78, and E = 500—0.6x51.5 = 468.8V.

Ir form the curve is 0.625 A, and the extra field circuit resistance is 500/0.625-555=245Q

Note that ky is very nearly 0.9496x500/600 = 0.79. This neglects the small change in E due
to the additional I,R, drop necessary to maintain the torque at full load with reduced flux.

(d) The developed torque must be  262.5 + 17.5%300/500 = 273 1bf ft.

With the flux maintained as is usual for speed reductions, the current becomes
42x273/280=41A

The generated e.m.f. will be kyN = 0.9496x300 = 284 V.

The total resistance drop in the armature circuit must be 216V.

‘. the external resistance must be 216/41-0.6 = 4.66Q2

1.3 Starting of DC motors

To bring a motor rest up to speed from a constant supply voltage is a special case of speed
control in which the armature-circuit resistance is varied. At standstill the e.m.f. is zero so the
armature resistance alone limits the stating current and torque. With a value of say 0.05 p.u., the
starting current at full voltage would be 1/0.05=20 p.u. Extra resistance is therefore required, and
is connected in series with the armature.

Referring first to the shunt motor, eqn. (1.3) shows that the downwards slope of the
speed/torque curve directly proportional to the armature resistance with constant flux and voltage.
By increasing the resistance, the characteristic will cut the zero-speed axis to give a lower,
though adequate starting torque and a reasonable starting current. Usually a figure of 50%~
100% more than the full-load value torque of the motor and load, the speed will rise along the
curve Ry, Fig. 1.6(a). At some point, the resistance is changed over quickly to give the curve R,



such that the current again rises to the starting value, and the speed continues to build up along
this new characteristic. The process is continued through perhaps 2 to 10 steps until the
balancing speed on the natural characteristic is reached.

For a series motor, the effects of the additional circuit resistance can easily be calculated
using the tabular method and a typical set of curves is shown on Fig. 1.6b. Father fewer steps of
starting resistance are necessary due to the shape of the characteristics. As already explained, a
given overload torque on a series motor is obtained with less overload current than on a shunt
motor. This is a useful feature for loads where a high stiction torque is present, e.g. traction
applications.

>3

(a) shunt motor (b) series motor
Fig. 1.6. Starting and resistance control

In the case of both the series and the shunt motor, it can be seen that series resistance could
be used for speed control, as illustrated by the intersections of the typical 7,, curves with the
machine characteristics. Limited speed control by this means is sometimes employed but it is
wasteful in power. Further, as resistance is increased, the greater sensitivity of speed to load
changes is a drawback and eventually it becomes impossible to hold the speed steady at all.

1.4 Speed control of DC motors

Four methods of controlling the speed of a de motor will be discussed in the early part of
this chapter. The four methods are:
1. Changing the field flux, @, by means of a variable series or shunt rheostat. This method is
known as “field control”.
2. Changing the voltage V, across the armature by using a variable resistance in series with
the armature. This method is called “armature resistance control”.
3. Changing the voltage V, across the armature, and the current /, in the in series with the
armature. This method is called “series and shunt armature resistance control”.



4. Using a controlled source of variable DC voltage to change the voltage V, across the

armature of a separately excited motor. This method is known as “armature voltage control”.

Field control

When the rated or line voltage is applied to the armature of a DC motor and the field flux is
manually or automatically varied by means of a field rheostat in series or in parallel with the
field excitation winding, the method of speed control is called “field control”, when the motor is
started and the variable armature resistance is shorted out so that V, equals supply voltage,
control of the speed may be achieved by varying the field rheostat form no added field resistance
or full field current to maximum field resistance or minimum field current.

The speed achieved with the full armature voltage and full field current (no added field
resistance) is called the basic speed of the motor. Increasing the field resistance, therefore, will
decrease the field current and field flux in the fundamental speed equation, causing the speed to
rise. It may be said, therefore, that field control can produce only speed above the basic speed.

Field control as a method of speed control to obtain speed above basic speed has the
following advantages over other speed-control methods: (1) field control is relatively
inexpensive and simple to accomplish, both manually and automatically; (2) it is relatively
efficient in terms of motor performance, since the field circuit loss is only 3 to 5 per cent of the
total power drawn by the motor; (3)within limits, field control does not affect speed regulation in
the cases of shunt, compound, and series motors; and (4) it provides relatively smooth, stepless
control of speed .

The third advantage, however, carries with it a warning that this method of speed control is
achieved by weakening the field flux within limits. If the field is weakened considerably,
dangerously high speeds are produced. Since an increase in speed (created by flux reduction)
results in an increase in the load and armature current, the increase in torque (T = k@I,) is
produced by a considerable increase in the armature current.

With a weak field and a high armature current, the DC shunt motor is particularly
susceptible to the effects of armature reaction instability and may run away in the same manner
as a differential compound motor it is precisely for this reason, moreover, that DC motors are
started with full field current, With a high speed and high armature current, moreover,
commutation difficulties are increased, as the high armature currents are reversed more rapidly
and serious damage to the commutator may be produced in arcing.

Armature resistance control

When the field rheostat is set so that normal field excitation (in the saturation)is produced,
and the voltage across the armature is reduced, by means of a variable resistance in series with
the armature, the method of speed control is called “armature resistance control”, the field
rheostat is adjusted to provide normal excitation, and the series armature resistance is adjusted so
that the armature voltage, V,, is varied below the line voltage, V, Control of the speed is
obtained by varying the resistance in series with the armature. Increasing the series armature
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resistance reduces the voltage across the armature (at any given load) in the fundamental speed
equation, S = k (V,= I,R,)/ @, causing the speed to drop. It may be said, therefore, that armature
resistance control can produce only speed below the basic speed.

The armature current in the fundamental speed equation is a function of the load. At any
given setting of the series armature resistance, an increase in load will produce an increased
voltage drop across the series-connected. Armature resistor, which produces a drop in speed. For
any no-load speed setting below the basic speed, armature resistance control will produce a sharp
drop in speed with the application of load, resulting in poor speed regulation. The greater the
value of the series armature resistance, the poorer the speed regulation of the motor. Furthermore
the armature current flowing through the series-connected armature resistance will produce an
appreciable power loss (/ 3 R,) which reduces the overall motor efficiency. While this power loss,

fortunately, does not produce heat within the motor, it does require a larger continuously rated
externally connected, variable resistor may be used both for motor starting as well as for speed

control by armature resistance control.
The advantages of armature resistance control are: (1) the ability to achieve speeds below

the basic-speed, (2) simplicity and ease of connection, and (3) the possibility of combining the
functions of motor starting with speed control.

The disadvantages of armature resistance control the (1) the relatively high cost of large,
continuously rated, variable resistors capable of dissipating large amounts of power (particularly
in higher horsepower ratings), (2) poor speed regulation for any given no-load speed setting, (3)
low efficiency resulting in high operating costs, and (4) difficulty in obtaining stepless control of
speed in higher power ratings.

Armature voltage control

The relative efficiency of the smaller motors is not a serious consideration, whereas relative
torque, speed regulation, and stepless control are of some importance in small motor applications.
In the case of motors of higher horsepower, however, efficiency, torque, good speed regulation,
and smooth, stepless speed control are all extremely important considerations. Heavy loads with
high inertia require smooth acceleration over a wide speed range. All these criteria may be
achieved by using a variable DC voltage from a source of sufficient capacity to supply the
required armature voltage and current to a DC motor. The field is always separately excited from
a constant-current or constant-voltage source. This method of speed control also eliminates the
need for series armature starting resistance.

If the armature voltage supplied from the variable DC source is zero, the motor develops
zero torque (7=k@®l,) and is at a standstill. If the armature voltage is increased slightly, in
accordance with the fundamental speed equation S = k (V,—I,R,)/ @, the motor starts and turns at
a slow speed with a minimum of acceleration. The armature current is limited because of the low
voltage across the armature. Reducing the armature voltage to zero, and reversing the polarity of
the variable voltage source, will stop and reverse the motor in accordance with the left-hand
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