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PREFACE.

THE design and construction of electrical apparatus are covered
fairly well by existing literature, the books on such subjects being
very numerous, and many of them are comprehensive and authori-
tative. On the other hand, the operation of electrical machinery

Jhas received comparatively little attention. This latter fact ap-
pears to be anomalous when we consider that there are undoubt-
edly several hundred users for every designer or constructor of
such apparatus, because each builder supplies a large number of
customers. Hence the authors have endeavored to supply infor-
mation that may be useful to those who operate or are interested
in the .operation of electric motors. Included among these are
electrical engineers who install or run electric power plants, man-
agers of manufacturing or other establishments in which electric
devices are employed, as well as students and others who desire to
acquaint themselves with the working of various kinds of electric
motors and their application to useful purposes.

The subject is necessarily technical because it involves not only
the mechanical factors speed and torque but also the electrical
quantities voltage, current and flux. Moreover, any or all of these
five quantities may, in fact usually do, vary and are affected by
other quantities or conditions. Hence the problems must be ana-
lyzed and solved with thoroughness to obtain results of real value
and cannot be properly treated in a popular manner. Nevertheless
care has been taken to introduce and explain each step or result as
clearly as possible, and to illustrate each case, when feasible, by a
specific numerical example based upon standard commercial motors.

The general method herein adopted is an outgrowth of the
course of lectures on electric motors and their applications given in
Columbia University. It .is based upon the consideration of
counter e.m.f. and its relation to impressed e.m.f. as the important
criterion of motor action. This point of view is, of course, not
original, but it is claimed that the conception is more explicitly and
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widely. applied than heretofore. Furthermore, this idea brings
together the motor and generator so that they may be regarded as
identical except for slight differences easily seen, and our knowledge
concerning one is applicable to the other. The plan of treatment
also links voltage with speed, and current with torque, since in
general they are respectively proportional. Thus we consider one
pair of quantities at a time instead of four. The synchronous a.c.
motor differs so radically from the d.c. type that the treatment
must be modified, but even in this case a similar standpoint is
adopted as closely as possible.

Throughout the book references are given to United States and
foreign patents as well as articles and books in which may be
found further descriptions of the various machines and methods
considered. Those portions of the A. I. E. E. Standardization
Rules relating to electric motors have been extracted verbatim and
put together as Appendix A.

The authors gratefully acknowledge their indebtedness to Messrs.
J. H. Morecroft, A. G. Popcke, L. W. Rosenthal, A. H. Timmer-
man, E. H. Waring and G. B. Werner for valuable information and
to F. L. Mason for assistance in proof reading. They also take
this opportunity to thank the Crocker-Wheeler, Electro-Dynamic,
General Electric, Wagner and Westinghouse Companies for illustra-
tions and data of apparatus manufactured by them and discussed
in this book.

January 5, 1910.









Electric Motors, their Action
and Control.

CHAPTER I

INTRODUCTION,

An electric motor is a machine which converts electrical power
into mechanical power. In function, therefore, it is the exact
converse of the dynamo-electric generator. On the other hand,
identically the same machine may be and often is employed to per-
form either function, which fact is known as the reversibility of the
dynamo-electric machine. In the earlier periods of their develop-
ment, however, the two machines were usually regarded as quite
different in character and were constructed on wholly different
lines.

Strange to say, the motor historically precedes either the magneto-
or dynamo-electric generator. Barlow’s wheel of 1823, the first
electric motor, was similar in construction to Faraday’s disc of 1831,
which was the original magneto-electric generator. The Jacobi
electric motor of 1838 was large enough to propel a boat carrying
fourteen passengers at three miles per hour, and Page in 1851
constructed a car driven by a 16-horsepower electric motor at
nineteen miles per hour. These as well as other electric motors of
those times were far more powerful and were regarded as more
practical or more promising than the contemporaneous magneto-
electric generators. The Pacinotti ring of 1861, the prototype of
modern armatures, was primarily intended to be used in a motor,
although the inventor suggested that it could also be employed to
generate electric currents.

All of these early electric motors depended upon primary bat-
teries for their supply of electrical energy, and it was found that the
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2 ELECTRIC MOTORS, THEIR ACTION AND CONTROL.

cost of operation was excessive for any considerable power, especially
with the low-efficiency motors and crude forms of batterv then
available. The result was that the motor had to wait while the
generator was being developed to commercial success, which cannot
be said to have really begun before 1880. . Even then the electrical
energy produced was used entirely for arc and incandescent light-
ing. In fact, it was not until about 1887 that central stations with
their systems of distribution had become sufficiently large and well
regulated so that the use of electric motors was encouraged or even
permitted except in a few isolated cases.

The electric light having been practically introduced and more
or less generally established, inventors, manufacturers, also those
who produced electrical energy, turned some attention to electric
power, which, from about 1888, has been a prominent part of electri-
cal engineering, including railway as well as stationary motors. The
former type, also the induction and synchronous alternating-current
motors, began to be commercially introduced about that time or soon
after. Since this comparatively recent epoch the progress of electric
power in all its branches has been at an extraordinarily rapid rate
and with most far-reaching results, unequaled by any other art or
industry in anything like the same period of time.

Relation between Generator and Motor. — Either a dynamo-
electric generator or a motor may be regarded as made up of a cer-
tain number of centimeters of wire located in a magnetic field of
given density in lines per square centimeter. The former machine
will generate e.m.f. when the wire moves; the latter machine exerts
torque if current flows in the wire, that being the essential distinction
between the two. We may have, for example, a generator (sepa-
rately excited) producing full e.m.f. with no current in its armature
and we may have a motor exerting full torque with its armature
prevented from turning, but we cannot have a generator without
motion or a motor without armature current. In practical opera-
tion, however, the generator has current flowing in the wire so that
torque, opposed to driving force, is also exerted; and in the motor
e.m.f., counter to energizing current, is set up by the motion of the
wire. Hence either machine while working develops both e.m.f. and
torque, the only difference between them under these conditions being
the fact that this e.m.f. is positive with respect to current in the
generator and negative in the motor, while torque is negative with



INTRODUCTION. 3

respect to motion in the generator and positive in the motor. It
follows therefore that electrical power is positive in the generator and
mechanical power is negative, whereas electrical power is negative
in the motor and mechanical power positive. In fact the exact func-
tion of these machines is expressed in the above statement, which
means that they convert mechanical power into electrical power and
vice versa. These distinctions in function or action do not, however,
involve any necessary difference in the construction of generators and
motors. As already stated, identically the same machine is equally
operative for either purpose because the dynamo-electric machine is
perfectly reversible. In practice, motors and generators are made
somewhat differently, but merely with respect to details of form or
connections, so that they will be more convenient for the special uses
to which they are applied. As a matter of fact motors differ among
themselves, railway and stationary types, for example, fully as much
as they differ from generators.

While these differences in construction are for the most part mere
matters of adaptability, the operation of generators is radically
unlike the operation of motors. The former are almost universally
driven at constant speed by steam engines, gas engines, turbines or
other sources of mechanical power. Of course in practice the speed
varies somewhat, but this is very undesirable and avoided as much
as possible by the most careful design as well as adjustment of
governors. The few cases in which the speed variation is large,
as, for example, the driving of a generator from the axle of a railway
car, involve serious mechanical as well as electrical difficulties, spe-
cial and often complicated auxiliary apparatus being employed.

On the other hand, the speed of*electric motors is very commonly
variable or adjustable, the range in many cases being from zero to
a maximum in either direction, as in railway or elevator service, and
ratios of three or four to one or higher are common in factories,
machine shops, etc. The means and methods used to accomplish
such speed variation constitute an important branch of engineering,
and it is the particular purpose of this book to discuss this subject
of motor control. In those applications for which constant speed
is desired, the motors may depart somewhat from this condition
owing to their own action, which matter will also be given special
attention, because it is often of practical importance to reduce or
allow for these undesired changes of speed.



CHAPTER IL

TYPES OF DIRECT-CURRENT MOTORS AND ADVANTAGES
OF ELECTRIC DRIVE.

Many kinds of electric motors are in use, each having its char-
acteristics of design and operation. In general electric motors are
divided into those of the direct-current and alternating-current
groups, which in turn may be subdivided into particular types.
Alternating-current motors will be discussed later. For the present
attention is confined to direct-current motors, the types of which are
as follows:

DIRECT-CURRENT MOTORS.

Type Operative Characteristics.

Shunt-wound motors. .. .. ... Starting torque obtainable in actual practice is 50
to 100 per cent greater than rated running torque,
and fairly constant speed over wide load ranges.

Series-wound motors.. . ..... Most powerful starting torque of any electric
motor, speed varying greatly (inversely) with
load changes. :

Compound-wound motors. .. Compromise between shunt and series types.

Differentially wound motors . Starting torque limited, for which reason these
motors are rarely if ever used practically. They
are nevertheless interesting scientifically because
their speed can be made almost absolutely con-
stant for load changes within rated capacity.

T

No attempt is made herein to describe the design or construction
of electric motors except special features relating to speed control.
The general subject of motor structure, mechanical and electrical,
is treated in a number of standard works as listed at the end of this
chapter, and a reasonable knowledge of such matters is assumed.
For example, the various parts of motors, their nan.es, forms and
relation, are supposed to be understood.

The sole function of electric motors is to drive some other machine
or device, but, as the number of such applications is practically
infinite, their field of utility becomes almost universal. Some of

the prominent uses include the driving of cars, pumps, fans, machine
4



TYPES OF DIRECT-CURRENT MOTORS. 5

tools, looms, printing presses, hoisting apparatus, grinding and
polishing machines, etc., etc. Before taking up the discussion of
motor action and control it will be well to consider the advantages
thereby secured.

ADVANTAGES OF ELECTRIC DRIVE.

1. Saving in Power. — This is generally the first point to be
considered, but it is by no means the most important, as the cost of
power in manufacturing is rarely more than 1 to 3 per cent of the
cost of the finished product, the expenditure for labor alone being
usually many times greater. It is a fact, however, that, due to the
absence of belting and shafting losses, which are usually 40 to 6o per
cent of the total power required to drive the various machines, the
saving is considerable. Furthermore, the complete cutting off of
electric current whenever an individually operated machine is
stopped, compared to the large practically constant loss with belt-
ing and shafting, is much in favor of the former method. In fac-
tories and similar industrial establishments the load factor or average
power is only 20 to 6o per cent of the maximum or total amount
required when all machines are working at full load. The losses
with electric drive correspond to the usual or average conditions,
while belting and shafting losses vary somewhat with load, but
nearly correspond to possible or total capacity of the plant. This
advantage is more or less offset by the losses involved in the double
conversion of energy from ‘mechanical to electrical and back to
mechanical form, but in most cases and in the long run the former
method does effect a real saving in power consumption. This is
practically the case when the machines to be driven are scattered;
on the other hand, if they are very compactly placed, with minimum
distances between them, the saving in power by electric drive might
be little or nothing, but some or all of the other advantages now to
be stated would be secured.

2. Larger Prime Movers. — There is a practical limit to the power
that can be transmitted by belting from a single unit. On the other
hand an engine or turbine may be directly connected to an electric
generator producing 10,000 horsepower or more, the whole of which
can be readily transmitted and subdivided, also combined with the
output of other generators. Thus the power of the individual
prime mover can be increased to almost any extent provided it is
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utilized electrically. Enormous pumps or air compressors are
almost the only machines except electric generators that are adapted
to be driven by engines of 5,000 horsepower or more. For thou-
sands of other power applications, the size of prime movers, including
steam and gas engines as well as steam and hydraulic turbines, is
practically limited to units of moderate size if dependent upon
mechanical transmission and distribution by belting or gearing.
Of course these statements do not apply to steam vessels, in which
many thousands horsepower are often applied to a single propeller,
this being a case of direct connection. They do apply, however, to
electric-railway service, for which one very large engine in a power
house may replace many steam locomotives. The advantages of
large units compared with small ones include saving in first cost,
floor space, fuel and attendance.

3. Cost of Buildings. — Heavy overhead shafting is not required
for the electric drive, hence the buildings may be made lighter and
cheaper in construction, as they do not have to carry the large extra
weight. Moreover it is not necessary, as with long lines of shafting,
to take special precautions in order to avoid any settling which would
throw them out of alignment and cause serious friction losses,
vibration, etc.

4. Cost of Equipment. — The relative expense of equipping a
factory with electric motors or with belting and shafting is not
usually much if any greater for the former, even if we do not consider
the lower cost of the lighter building construction.

5. Arrangement of Machinery. — The use of electric motors
enables the various machines to be placed in almost any desired
position. It is not necessary that they should be parallel or placed
in rows, or at any particular angle or distance with respect to each
other; whereas for belting and shafting the machinery must be
arranged in a very particular manner, and very often it has to be
located where the light is poor, or accessibility and other important
features must be sacrificed. A great advantage due to the flexibility
of the electrically driven machines is the use of portable equipments
which are easily made up and operated, so that the tool is frequently
brought to the work, as, for example, when a portable drill is brought
to a heavy casting or to a large number of castings, or when a verti-
cal slotter is applied to the outside of a large casting at the same
time that the interior is being bored.
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6. Clear Head Room.-—The elimination of overhead belting
and shafting by the use of motors gives a clear head room, which
enables overhead cranes to be used freely; a fact which results in
great saving of time and labor in the bringing of the work to the
tools or removing finished pieces. The clear head room also gives
better illumination and ventilation. In fact the saving in cost of
proper illumination may be very considerable because general
instead of local lighting may be obtained, whether natural or arti-
ficial. Comparing plate A, which shows the appearance of a
silk-weaving shed operated by belting and shafting, and plate B,
an illustration of the same mill in which the looms are operated
electrically, the great advantages regarding head room and illumi-
nation are apparent.

7. Cleanliness. — The dripping of oil from overhead bearings
and shafting is a constant source of annoyance, and the dirt
thrown out from belting is an even worse enemy to cleanliness.
The “agitation of dust by belting and shafting keeps it in con-
stant circulation, so that it penetrates everywhere and everything.
This is an especially important matter in printing and textile
work.

8. Health of Employees. — On account of the better ventilation
and illumination, and reduction of dust and dirt, it is shown by
actual experience that the general health of those who work with
electrically driven machinery is improved. In the Government
printing office at Washington, it was found that the sick list was
decreased as much as 4o per cent after the electric drive was
introduced.

9. Convenience for Detached Buildings. — The electrical method
enables power to be supplied easily and economically to detached
buildings or sections, which is not possible with belt or steam trans-
mission; therefore, the buildings, like the machinery within them,
can be located for general convenience, and not with special regard
to supplying them with power. This subdivision of an industrial
establishment into a series of detached buildings is an almost abso-
lute safeguard against total destruction by fire; and is thus a practi-
cal guarantee of continuous earning capacity. If electric power
were not employed, it would be necessary to have very extended
belting and shafting connections, involving great losses and extra
heavy wall construction, or a number of small power plants with
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a larger force of men and considerably less economlcal in oper-
ation than one central power house.

10. Freedom for Growth.—For similar reasons, with electric
drive it is a simple matter to extend a building, or add another in any
direction, whereas shafting must be installed originally large enough
to allow for extension; or else it must be replaced later; in which
case the operation of the existing line shafts would be interfered
with. '

11. Reliability. — Shut-downs or delays are less irequent and
less serious, because an accident in an electrically driven plant
usually has a local effect only, simply interrupting the service of
one or a few machines, while with belting and shafting the breaking
or slipping off of a belt, or the failure of a friction clutch, may require
the shutting-down of a whole plant or a large section thereof. Fur-
thermore the time required for repair is usually less with electric
power. In a large establishment a delay of even a few minutes
represents a considerable item in wages, and in addition the inter-
ruption of the work is demoralizing. It might be argued that the
central power plant may break down; this is, however, just as likely
to happen with one form of power transmission as with another. In
case of damage by fire or flood, the machinery can be moved,
rearranged, reconnected and started again much more promptly
with electric driving than with belting and shafting.

12. Speed Conirol. — The variation of speed that is possible with
the electric drive, and the convenience as well as the wide ranges of
control, are great advantages which in many cases are sufficient in
themselves to dictate the adoption of electric motors. The operator
can drive the machine to its limit of capacity, and can, on the other
hand, instantly relieve it of strain. With mechanical drive the
methods of speed control are more limited and require more time
to operate than with electric motors. The shifting of the belt on a
cone pulley, or the throwing in and out of different sets of gears,
takes more effort than the simple turning of a controller handle,
which can be placed in a much more convenient position than is
usually possible with the mechanical device. The result is that the
operator makes more frequent use of the former in order to gain even
slightly in the efficiency or rapidity of his work. For example, the
cutting speed in the case of the electric drive can be kept absolutely
constant or at maximum value, whereas mechanical drive cannot
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be adjusted as quickly or as closely, the steps of speed variation
being much greater. / The saving in time thus obtained is consider-
able and correspondingly reduces the shop cost of the article. It is
the particular purpose of this book to discuss the matter of electric-
motor speed control.

13. Increased Output. — Owing to its many advantages, but
especially on account of clear head room for crane service and con-
venient speed control, it is found that the output of manufacturing
establishments is in most cases materially increased or the running
expenses decreased by the introduction of electric drive. An added
output of 20 or/30 per cent is often obtained from the same plant,
which in itself is sufficient to make the difference between profit and
loss in carrying on a manufacturing business.

14. Overtime work, also work on holidays or during strikes, may
be carried on conveniently and economically with a portion of the
machinery or even with a single tool, because a small engine and
generator may be run to supply the electric power. On the other
hand, the main engine and the whole or a large part of the shafting
and belting would have to be operated in order to supply the power
by the ordinary mechanical transmission.

15. Noise. —Rumbling of line shafts and slapping of belts are
entirely done away with when electric drive is adopted.
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CHAPTER III.

ACTION OF DIRECT-CURRENT SHUNT MOTORS.

LET us now study the action of shunt-wound motors under various
conditions of load, temperature, speed, etc. It is well to consider
first what occurs due to the conditions existing or changing within
the machine itself, by its own action, after which the effect of
external or purposely introduced factorswill be explained. To make
the results as significant as possible, standard shunt-wound machines
have been selected as examples. Three typical sizes are considered
and compared, .., 1, 10 and 110 horsepower. The exact data
concerning these machines and calculations based thereon are given
in Table 1 of the present chapter. It is to be remembered that the
average size of motors is less than that of generators, several of the
former being usually fed by one of the latter. Hence these sizes
represent small, medium and fairly large machines. It is also a fact
that the 110-horsepower size is sufficiently large, so that still larger
motors will correspond closely. For example, the efficiencies of the
three sizes are about 81, 86 and 93 per cent, respectively, above
which last figure the efficiency would increase only 1 or 2 per cent.
Therefore the characteristic differences are found below 110 horse-
power, and these machines may be taken to represent commercial
practice with respect to shunt motors.

A few simple tests determine the fundamental facts from which
the action of these machines under almost any reasonable conditions
may be readily calculated. Most of the tests are well known, but
they are included here as a desirable part of the definition of these
fundamental quantities, to avoid any uncertainty in regard to them.

It is assumed that the comstruction of shunt motors is already
understood by the reader, the present book being confined to action
and control of this and other types. The literature of dynamo-elec-
tric generators and motors is extensive in regard to their theory,
design and construction, there being many works in which these
matters are fully covered but their operation has not been given

the attention that it deserves.
10



ACTION OF DIRECT-CURRENT SHUNT MOTORS. 11

1. The Voltage V, for which the motor is designed and at which
it normally operates, is assumed to remain constant, being applied
to the terminals of the armature and field circuits, which in the shunt
type are in parallel (Fig. 1). If V is not constant it should be main-
tained so (for experimental investigation) by inserting a rheostat

e Starti

Shunt Field

Armature

FIG. I.— SHUNT-MOTOR CONNECTIONS.

which can be adjusted to correct any variations. This voltage
should be that marked on the manufacturer’s name plate and is gen-
erally known as the rated voltage. It may be found later that some
other voltage is preferable in order to obtain a different speed or
other resulf, in which case a new series of tests should be made at the
modified voltage.

2. The Total Current I taken by the motor at rated load is also
marked on the name plate. This may be found later to differ from
the current at which the rated horsepower is developed, or it may
cause heating in excess of the limit specified in (4). In either case
another series of observations should be taken with the corrected
current. For the present, however, it will be assumed that the
rated voltage V and the rated current I are both correctly given
on the maker’s name plate. In the shunt-wound motor the total
current I is the sum of the armature current I, and shunt-field cur-
rent .

3. The Room Temperature ¢ is taken at 25 degrees C. in standard-
izing electrical apparatus.* If it differs from 25 degrees C. allowance
should be made.

4. The Temperature Rise 0° permissible in the armature or field

* Standardization Rules, Amer. Inst. Elec. Eng., 1907.
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is 50 degrees C. as measured by increase in resistance of these respec-
tive windings. This gives a working temperature of ¢ + 0 = 75
degrees C. = T, at which the machine is said to be “hot” in contra-
distinction to “cold” at the room temperature £. To determine
whether the temperature rise ¢ is within the limit of 5o degrees C.,
the motor is supplied with the rated voltage V and operated with suf-
ficient load to draw the rated armature current I, until a constant
temperature T is reached, requiring from 6 to 18 hours, depending
upon the size, speed and ventilation of the machine.* The resist-
ance of the field and armature circuits is measured before, during
and after the run, as explained in (5) and (6). This resistance at
25 degrees C. is R, + (.0042 R, X 25) = 1.105 R,, and at 75 degrees C.
it is R, + (.0o42 Ry X 75) = 1.315 R, in which R, is the value at
o degree C.

Hence the resistance at working temperature or “hot resistance”
is as I.3I5: I.105 : :1.I19: I, or 19 per cent greater than the “cold
resistance.” If the increase in resistance is found to be more
than 19 per cent, the standard safety limit has been passed,
but if found to be less than 19 per cent, so much the better, not
only for safety, but also for constancy of speed, as shown later (see
page 26).

The capability of a motor to carry current and develop power
depends upon temperature of the air and other variable conditions.
Hence the rating of motors and other electrical apparatus is some-
what arbitrary, but it is based upon the long experience and consen-
sus of opinion of those who make and use them. The A.I E. E.
Standardization Rules are followed herein and are given so far as
they relate to motors in Appendix A.

5. The Field Current I in the shunt motor is determined by con-
necting the field terminals directly to the supply circuit, the voltage
of whichis V. This should be measured when the machine is *“hot,”
that is, after the run specified in (4) to obtain working conditions.
The field current should also be determined with the machine
‘“cold,” before the run, because speed variations are caused by the
temperature changes, as explained later (Chap. III, p. 26).. Further-
more, with both values known, the increase in resistance and the
temperature rise may be easily calculated. The shunt-field resist-
ance “hot” Ry, = V =+ I and the corresponding values cold are

* Standardization Rules, Amer. Inst. Elec. Eng., 1907.
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Ry, =V + I, from which R, + Ry, =I';; + I;,. With tem-
peratures of 75 degrees and 25 degrees C., respectively, it was shown
in (4) that R,y + Rt = 1.19, hence I’y, = 1.19 I,;. In any case,
however, the temperature rise in degrees C. is:

0 = (238.1 + ¢,) (& - I), (1)
R, v
in which #, and R, are the initial temperature and resistance, while
R, is the final resistance.

6. The Armature Resistance R,, including resistance of brushes
and brush leads, but not brush contacts, is also measured ‘“hot.”
Potential difference or voltage “drop” due to the brush contacts,
which depends upon the current density, should be measured at the
rated current value and deducted from the total drop in the armature
circuit, to get the true resistance of that circuit, or that quantity
which, multiplied by the current, gives the IR drop. The nature and
value of drop due to brush contacts is discussed later in the present
chapter. The armature, before it has time to cool off after the run
specified in (4), is supplied with its rated current I,, but is not
allowed to rotate, under which condition suitable resistance must be
inserted in series to compensate for the absence of counter e.m.f.
The total drop V’ in volts across the armature terminals is then
measured, also the drop D, due to the brush contacts, and we have
R, = (V! — D) + 1,. The armature circuit resistance “cold,” if
entirely of copper, is then R/, = R, + 1.19 = 84 R,, assuming
“cold” and “hot” temperatures of 25 degrees and 75 degrees C.,
respectively. As a rule, however, the total resistance of the armature
circuit includes that of the carbon brushes, which latter has a nega-
tive temperature coefficient, so that the resultant increase between
25 degrees and 75 degrees C. is about 15 per cent, or R, = R, +
1.15 = .87 R,. This variation in armature resistance is not very
important, however, as it will be shown later that it has little effect
upon the efficiency, regulation, etc., of the machine. Not only does
this statement apply to shunt motors, but it is truc generally of the
various types of electric motors and generators, as affected by varia-
tions in armature resistance due to any reasonable temperature
changes. This statement should be understood exactly as made and
should not be taken to mean that armature resistance is insignificant
in its effect.
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COUNTER EM.F. OF SHUNT AND OTHER MOTORS.

Before proceeding with the various problems to be considered in
connection with electric motors, it is desirable first to study their
counter electromotive force, as it plays an exceedingly important
part in the action of such machines.

The counter e.m.f. of a motor armature is the e.m.f. that it would
develop as a generator when operated at the same speed with the
same field flux. Hence the following well-known expression for
the e.m.f. of a d. c. generator is equally applicable to both cases.

Let ® = flux entering or leaving the armature per pole,
n = total number of inductors on the armature,
N = revolutions per minute,

p = number of pairs of poles,
b = number of circuits in parallel in the armature winding,
dn N
then e = c.e.m.f. of motor armature = ol o) (2)
6o X 10° X b

By inspection of equation (2) it-can readily be seen that with @,
n, p and b maintained constant, the c.e.m.f. varies directly with IV
the number of r.p.m., and conversely we may state that the speed of
a motor varies as the c.e.m.f., other factors being constant. This
is a very important fact in studying the action and speed control of
electric motors, especially shunt motors, because the above-men-
* tioned quantities remain practically constant or do not change
greatly in this type, unless purposely varied. In seriesor compound-
wound motors the field flux usually varies considerably with the
current and torque. In fact in a lightly loaded series motor it
increases almost directly with the current. Even in the case of these
machines their counter e.m.f. is used in Chapter XI as the criterion
in determining their speed variation and control. This funda-
mental and general significance of the counter e.m.f. of electric
motors is the basis of the method of treatment set forth in the
present book. The counter e.m.f. of shunt and series motors or
other direct-current types can be determined in several ways which
will now be explained.

1. Experimental Method of Determining the C.E.M.F. —The
armature shaft may be fitted with a heavy flywheel, so that the
stored energy in the revolving parts is great. The motor is then
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operated without load, but at rated speed (i.e., that corresponding
to rated load) by introducing resistance in its armature circuit in
order to reduce slightly the voltage applied to it, while the field
is excited with the proper line voltage V. When the rated speed
is attained, the armature circuit is suddenly opened, and the fly-
wheel effect will cause the armature to maintain almost constant
speed for a short time, during which the c.e.m.f. can be measured
by a voltmeter connected to the armature terminals, since it then
becomes the e.m.f. of the machine acting as a generator.

2. Determination of E.M.F. from Torque of a Motor or Generator.
— The shunt field circuit is connected to the supply conductors to
allow rated field current I, to pass through it. The armature is
also connected to the supply, sufficient external resistance being
inserted so that only the rated load current I, flows through its
winding. This develops a torque, but the armature is not allowed
to rotate, a metallic or wooden bar being clamped to the pulley or
shaft of the machine. By means of known weights or a spring
balance we measure in pounds the pull plus the friction of bearings
and brushes, also the pull minus friction, add these together and
divide by two. The result multiplied by the length of brake arm in
feet may be called the ¢rue torque (T:) because it is the full amount
developed by the interaction of the magnetic field and armature
current. Of course the weight of the arm or lever should also be
eliminated. The pull plus friction is easily found by forcing the
armature to turn slightly against its tendency to rotate, the pull
minus friction being measured by yielding slightly to the motor’s
torque.

Then at any speed N in r.p.m., the gross power developed would
necessarily be 2 Ty N foot-pounds per minute, which divided by
33,000 is the total mechanical horsepower evolved in the armature
and corresponds to the indicated horsepower of a steam engine.
This must equal the electrical horsepower supplied to the armature;
hence

2z N EJL, oF T 2 zT N 746 e T.N
33,000 746’ 33001, 7031,

(3)

where E is the motor c.e.m.f. or generated voltage at any speed V.
The true torque or turning effort of a motor depends upon the
armature current, the number of armature inductors and the flux
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through the armature. It is independent of the speed, being equal
to T, = KI,®, where K is a constant, depending upon the number
of poles, effective conductors, etc. This gross or true torque includes
not only the effective torque developed by a motor at its pulley
when running, but also the torque required to overcome friction,
windage and core losses. In the case of a generator, the total torque
is that necessary to revolve the armature and overcome friction, etc.
Hence effective motor torque + (friction + windage + core loss
torque) = true torque = generator torque — (friction + windage
+ core loss torque). In the case of belt-driven machinery, the
effective torque is equal to the difference in tension on the two-sides
of the belt multiplied by the radius of the pulley in feet plus one-
third belt thickness.

It might be thought proper to multiply the electrical power in
equation (3) by the efficiency of the motor in order to equate it with
mechanical power. We should remember, however, that field cur-
rent is not considered, core loss and windage are absent when the
armature does not rotate and friction is eliminated by the described
method of measuring the true torque. Hence we are dealing here
with ideal conditions, the usual practical losses being eliminated.

3. Calculation of C.E.M.F.—The use of Equation (2) to cal-
culate c.e.m.f. has already been explained. The quantities involved
in that equation are determined by the designer of a motor or genera-
tor, but all of them are not usually known to, or readily ascertainable
by, the user of the machine. Hence the following method is given
because it employs data easily obtained by the simple tests already
indicated under the head of *“ The Armature Resistance” on page 13.
These tests can readily be made after the machine is in’ practical
service.

In the armature circuit of any direct-current motor the applied
voltage, V, overcomes three factors, namely, resistance drop, brush-
contact drop and the c.e.m.f.; hence, V = I R, + D, + c.e.m.., or,
rearranging, c.e.m.f. =V — (I R, + D). 4 4)

Brush-contact drop or fall of potential which occurs at the con-
tacts of brushes and commutator being small has often been wholly
ignored in tests and calculations concerning dynamo-electric ma-
chinery. Nevertheless, it is a measurable quantity producing an
appreciable effect upon the speed of a d. c. motor as well as upon
the external voltage of a d. c. generator. As its value does not
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ordinarily exceed 1 volt for each contact, it is common practice sim-
ply to assume 2 volts for both brush contacts of a d. c. machine.
This assumption is open to two criticisms: first, the fact that even the
maximum brush drop may not be and usually is not quite as much
as 2 volts, and second, in any case it varies somewhat with the current,
so that it is certainly less than this amount at light loads.

If brush drop increased directly with current it could be included
in the armature resistance, giving a total value which multiplied by
the current would be the total armature drop. This would be most
convenient for both tests and calculations, but unfortunately does
not accord with the physical facts. Brush drop appears to be the
combination of a fall of potential which is fairly constant and a true
resistance drop IR directly proportional to the current. Probably
the approximately constant fall of potential is in the nature of a
c.e.m.f., the phenomenon being analogous to that of the arc. In
fact, such a contact, especially in the case of a carbon brush, may
properly be regarded as an incipient arc. This is true even under
favorable conditions, and with a poor contact due to dirt, vibra-
tion, roughness of commutator, etc., the arc becomes actual and
apparent.

The curve in Fig. 2 is based upon the results of actual tests made
with a number of brushes similar to those employed in the three
sizes of motor specified above. The voltage is the fofal value, includ-
ing the potential difference or drop at both positive and negative
carbon brushes. It increases with the current density, being prac-
tically a rectilinear function, as Fig. 2 shows, but is not directly pro-
portional thereto, since the drop is 1 volt at 1 ampere per square
centimeter and 2 volts at 6 amperes per square centimeter, these
being the ordinary limits for small as well as large machines at rated
load. The current densities for larger motors, also generators, are
usually higher than for small machines, but are not adopted as desir-
able, being practically necessary because in large machines many
amperes must be carried, with a reasonable number and size of
brushes, upon a commutator of moderate dimensions. For ordi-
nary calculations not requiring very accurate results, the loss of
potential at brush contacts may be included with that due to arma-
ture resistance. This assumes that the former is a simple resistance
effect like the latter, which, as already stated, is not the physical fact,
but the percentage of error thus involved is usually small. Accord-



18 ELECTRIC MOTORS, THEIR ACTION AND CONTROL.

ing to this assumption the total lost voltage in the armature circuit is
I, (R, + R,), in which I, is armature current, R, armature resist-
ance and R, is a resistance equivalent to brush contacts. Taking
these quantities at their rated values for the typical 1o-horsepower
shunt motor in Table I on page 20, we have 37 (.28 + R,) =
10.4 + 1.4, from which R, = 1.4 + 37 = .038 ohm. If now this
resistance be multiplied by the current in the armature when it runs

20
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Total Volts Drop at Brush Contacts

1 g 3 4 5 6
Amperes per 8q. Cm.

FIG. 2, — TOTAL VOLTAGE DROP AT BOTH CONTACTS FOR CARBON BRUSHES.

free, the brush drop thus calculated is only 2.3 X .038 = .09 volt.
The actual brush drop found by test is .84 volt when the armature
runs free, hence the calculated result is .84 — .09 = .75 volt less
than the experimental. This difference, which would be about the

same for other normal motors, is only '7—5—, or }of 1 percentof therated
230

terminal voltage, and would introduce a corresponding error in cal-
culations of speed, etc. Ordinarily this error would be insignificant,
especially as it disappears as rated speed is approached. On the
other hand, the percentage of error is twice as great for 115-volt
motors, and in the case of speed control by armature rheostat or mul-
tiple voltage it would be too.large to be neglected except for rough
calculations. For example, the true speed of a motor running at

8 3l

230

one-eighth of rated speed would be about , or 2.6 per cent
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less than that calculated by using the assumed brush-contact resist-
ance of .038 ohm.

This error can be almost entirely eliminated, however, by assuming
that the voltage lost at brush contacts is made up of a constant
c.e.m.f. independent of current, combined with a true resistance
drop; that is,

Dy = b + IR, (5)

Referring to Fig. 2, it is seen that the experimentally determined
drop at brush contacts is represented by a straight line for all current
densities between 1 and 6 amperes per square centimeter. Below
1 ampere per square centimeter the line curves downward, but if the
straight position were prolonged backward it would intersect the
vertical axis at .8 volt. If the straight line thus completed be adopted
as the basis of calculations, we have the simple numerical relation-
ship that there is an initial loss of potential due to brush contacts of
.8 volt at zero current and there is an increase of .2 volt for each
ampere per square centimeter. For example, the drop at 3 amperes
per square centimeter is .8 4+ (3 X .2) = 1.4 volts and so on.
This assumption introduces no error whatever for currents above
I ampere per square centimeter, and below that value the error
is insignificant because the current never falls to zero, being a mini-
mum of .19 ampere per square centimeter at no load. At this
limit the distance between straight and curved lines represents only
.1 volt, which would be negligible in all practical cases.

Substituting the above explained values in (5) we have for the
typical 1o-horsepower motor,

1.4 = .8 + 37 R,,
from which I
Ry = (1.4 — .8) + 37 = .016.

The general equation of the motor thus becomes
V=e+b+1,(R,+ R). (6)

This form expresses the same facts as equation (4) but has the
great advantage that the empirical quantity D, is eliminated, a
rational quantity I R, being substituted. The value of R like that
of b is constant for a given motor and does not vary much for motors
of normal design, hence the drop in volts due to any value of ar-
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mature current is completely represented by b + I, (R, + R;), in
which I, is the only variable.

Shunt-Motor Problems. — The following data of three standard
sizes of shunt motors are given, so that the various features of these
machines may be studied and the efficiency, effect of temperature,
speed regulation, etc., may be calculated. These results are ob-
tained by actual tests of the completed motors. The precise signifi-
cance and in most cases the method of determining these data are
stated in the preceding chapter, but in general the table speaks for
itself and the figures given are found by simple measurements using
voltmeter, ammeter and speed counter. It is also possible to assume
or predetermine such data and use them as a basis for calculations

similar to those which follow.

TABLE I.—TEST DATA OF TYPICAL SHUNT MOTORS.

1-H.P. Machine. | 10-H.P. Machine. | 110-H.P. Machine.
Rated Voltage, V........ 230 volts 230 volts 230 volts
Rated Current, I......... 4 amps. 38 amps. 384 amps.
Arm. Current at Rated

Lo Sl ok o e T e 3.85amps. | 37 amps. 380.7 amps.
Shunt Field Current, Isk. . .15amp. 1 amp. 3.3 amps.
Arm. Resist “Hot,” Rq . . . 3.1 ohms. .28 ohm. .0104 ohm.
Arm. Resist. “Cold.”R’s. . 2 ohms .244 ohm .009 ohm.
Field Resistance Hot,’

= TSRS o . Bl A 1506 ohms. 230 ohms. 70.2 ohms.
No-load armature cur-

(O (e S B AL S G R .4 amp. 2.3 amps. 14.2 amps.
Speed at rated load....... 1250 r.p.m. 825 r.p.m. 585 r.p.m.
Speed at no load ......... 1310 r.p.m. 865 r.p.m. 595 r.p.m.
Brush Contact Area, Ap .. 3 sq. cm. 12 sq. em. 72 sq. cm.
Current Density of Brushes

atrated load, Sp ....... 1.28 3.08 5.3
Current Density of Brushes

atno load, Sp.......... .126 .19 .20
Drop due to brush con-

tacts at rated load, Ds . 1.05 volts 1.4 volts 1.86 volts
Drop due to brush con-

tacts at noload, D' . . .. .83 volt .84 volt .84 volt

In the above table the potential difference or voltage drop due to
the brush contacts has been taken from the curve in Fig. 2.

Calculation of Speed of Shunt Motor Running Free (1-Horsepower
Machine). — It was shown that the speed of a motor is directly pro-
portional to the c.e.m.f. at any instant, other quantities such as field
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current and flux being constant, hence the ratio between rated
load speed and no-load speed (i.e., free) is

TP LD e e e e st c i (7

From equation (4) ce.m.f. =V — (I[,R, + D;), in which we
substitute the values of V, IR, and D, as given in the data sheet
and obtain c.e.m.f. = 230 — (3.85 X 3.08 + 1.05) = 217.1 volts
at rated load, and cem.f. = V — (I';,R', + D) = 230 — [(.4 X
2.7) + .83] = 228.10 volts at no load. Substituting these values
of c.e.m.f. and the rated motor speed in equation (7), we have 1250 :
r.p.m ::217.1 : 228.1. Therefore r.p.m., = 1314 r.p.m., which
is within .3 per cent of the test value (Table I) given as 1310 r.p.m.
for the speed at no load.

Speed Running Free (10-Horsepower Motor).— Rated load c.e.m.f.
=V — ([,R, + Dy) = 230 — (37 X .28 + 1.4) = 218.2 volts.
No-load c.e.m.f. = V — (I’R'a+ D’3) = 230 — (2.3 X .244 + .84)
= 228.6 volts. The rated speed is 825 r.p.m., and by substituting in
equation (7) we have 825 :r.p.m.;::218.2 : 228.6; whence r.p.m,,
= 863, which is within .3 per cent of the test value of 865 r.p.m.,
for the no-load speed.

Speed Running Free (110-Horsepower Motor).— Rated load c.e.m.f.
=V — (IR, + D) = 230—(380.7 X .0103 + 1.86) = 224.2 volts.
No-load c.em.f. =V — (I',R', + D',) = 230— (14.20 X .09 + 84)
= 229 volts, and from equation (7), 585 :r.p.m.;: :224.2 : 229 or
r.p.m.; = 597 r.p.m., being within .3 per cent of the test value of
the no-load speed given in Table I as 595 r.p.m.

These calculations assume armature flux to be same at no load as
at rated load, which is not usually the case because of armature
reaction, as explained later in the present chapter. The close agree-
ment between calculated and experimentally determined speeds is
therefore partly accidental. The effect of armature reaction in
reducing flux and increasing speed depends upon the position of the
brushes but would usually be appreciable and in some cases actually
causes the no-load speed to be less than that at rated load. Never-
theless a rise in speed fends to occur, due to diminished drop in
armature resistance and brush contacts when the load torque and
armature current are reduced. This fendency is correctly repre-
sented by the values calculated in the three examples above. In
fact the speed will actually vary in accordance with the numerical



22 ELECTRIC MOTORS, THEIR ACTION AND CONTROL.

results obtained unless some other condition, for example that of
armature reaction or of temperature, is also changed. It is better,
however, to study and determine each influence separately and then
combine them to ascertain their resultant effect. Such is the method
of treatment adopted herein.

It is obvious that any change whatever of armature current,
whether from rated load to no load or otherwise, has a tendency to
cause speed variation, the amount of which may be calculated by a
similar use of equations (4) and (7), substituting the proper values
for speed, current, etc.

The above calculations of speed running free assume that arma-
ture is “cold” (25 degrees C.). If the load were suddenly thrown
off a motor which had been operating with full rated armature
current for several hours, the armature would not cool immediately
and its resistance would remain at practically rated value. In the
case of the ro-h.p. machine, for example, the c.e.m.f. would then be
230 — (2.3 X .28 + .84) = 228.5 instead of 228.6 volts, but the cor-
responding diminution of speed would be less than 5% of 1 per cent,
which is inappreciable. If, on the other hand, rated load be suddenly
applied to a “cold” motor, the speed will not diminish as much as
if the armature were “hot”” (75 degrees C.). In thiscase the c.e.m.f.
will be 230 — (37 X .244 + 1.4) = 219.6 instead of 218.2 volts.
Hence the speed will be .6 per cent higher, or 830 instead of 825
r.p.m., but this difference is practically insignificant. The effect of
temperature upon speed is discussed further on p. 26.

EFFICIENCY OF ELECTRIC MOTORS.

Determination of Efficiency of Motor at Rated Speed and Load. —
The Standardization Rules of the American Institute of Electrical
Engineers (paragraph 313) state: ‘“All electrical apparatus should
be provided with a name-plate giving the manufacturer’s name, the
voltage and the current in amperes for which it is designed. Where
practicable, the kw-capacity, character of current, speed, frequency,
type designation, and serial number should also be stated.” From
the data thus given the approximate or ‘‘name-plate efficiency” of
a motor can be determined as follows:

From Name-plate of 1-Horsepower Moftor.

Input at rated load = 230 X 4 = 920 watts., Output at rated

load = 1 h.p. = 746 watts.
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Hence efficiency being the ratio between input and output, the
name-plate efficiency of the 1-h.p. motor = 746 + 920 = 81 per cent.

Calculation of Efficiency, Using Test Values (Table I). —In de-
termining the efficiency of a motor we take the motor input at rated
load and then calculate the stray-power and other losses, using the
values found by actual test and given in Table I. The difference
between input and the total losses gives the output, hence the ratio
of input minus losses to input gives the motor efficiency.

The stray-power losses of the 1-h.p. motor running free (i.e., at
1310 r.p.m.) are equal to the armature input at no load minus
the armature no-load copper and brush losses; that is, the no-
load stray power losses = VI’, — (I'2R/, + I',)D") = 230X .4 —
(.4-X 2.68 + .4 X .83) = g1.2 watts.

The remaining losses at rated load are:

Loss in Field Copper I,V = .15 X 230 = 34.5 Watts
Loss in Armature Copper IR, = 3.85° X 3.08 = 45.64 Watts
Loss in Brush Contacts I,D, = 3.85 X 1.05 = 4.04 Watts

84.18 Watts.

If to this we add the no-load stray power of g1.2 watts, the total
loss is 84.18 + 91.2 or 175.4 watts. The motor output is equal to
the input minus losses. The input by test (Table I) is 230 volts
and 4 amperes, that is, 920 watts; hence the output is 920 — 175.4 =

744.6
920

744.6 watts, and the efficiency by definition equals or -81.0 per

cent; so that in this case the efficiency by calculation is exactly equal
to that by name-plate determination. Ordinarily (as shown by the
10 and 110 h.p. examplés which follow) there is a slight differ-
ence because the former is based upon purely electrical data while
the latter depends upon a brake or other test of actual mechanical
power developed.

The assumption that the stray power at no load is the same as at
rated load is not absolutely correct, since it will be lower at rated
speed, which is from 2 to 5 per cent less than with the motor running
free, but the error introduced by this assumption is practically
negligible, as will be proven in the following case of the 10-h.p.
motor. ;
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Determination of Efficiency of ro-Horsepower Motor.

Output from name-plate 10 X 746

Name-plate efficiency =
P v Input from name-plate 230 X 38

460
8740

~3

= 85.3 per cent.

The calculation of efficiency of the 10-h.p. motor is similar to the
foregoing example of the 1-horsepower machine, but the stray-power
losses will be corrected for speed.

The stray-power losses of 1o-h.p. motor running free (i.e., at
865 r.p.m.) equal the no-load armature input (230 volts and 2.3
amperes) minus the no-load armature copper and brush losses;
that is:

Stray power at no load = 230 X 2.3 — (2.3* X .244 + 2.3 X .84)
= 526 watts. At rated load the motor is running at a slightly lower
speed of 825 r.p.m., hence the stray power will be less because the
eddy current constituent varies as the square of the speed, and the
several losses due to hysteresis, windage and friction may be assumed
to vary directly as the speed. In ordinary machines of this size the
stray-power losses are usually divided as follows: so per cent due to
windage and friction, 25 per cent due to hysteresis and 25 per cent
due to eddy currents. Hence, 7 5 per cent of the stray-power losses
vary as the speed, and 25 per cent vary as the square of the speed.
The stray power corrected for change in speed from 865 to 825 r.p.m.
or 4} per cent will be (.955 X .75 X 526) + (.955% X .25 X 526) =
495 watts. If the stray power had been assumed to have the same
value at no-load speed as at rated-load speed, the error introduced
would therefore be 526 — 495 = 31 watts, or about .4 per cent of
8740 watts, the rated input. This difference is so small that it may
generally be neglected in practical problems. Furthermore there
is in most cases a rise in stray-power losses as the load increases.
These are called “load losses,” being partly due to larger mechani-
cal forces and therefore friction, also to augmented hysteresis and
eddy currents because of altered distribution of flux which is crowded
into certain portions of the armature. The assumption of the
higher figure for stray power would tend to cover load losses which
are difficult to determine.
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The losses at rated Joad in addition to stray power are as follows:

Loss in Field Copper I,V = 1 X 230 = 230. Watts
Loss in Armature Copper I’,R,= 37° X .28 = 383.3 Watts
Loss in Brush Contacts I, Dy= 37 X 1.4 = 51.8 Watts

665.1 Watts

This amount added to the corrected stray-power value gives a
total loss of 495 + 665 = 1160 watts. Hence the output is equal
to the input (230 X 38 = 8740 watts) minus this loss, that is,
8740 — 1160 = 7580 watts. ?

The efficiency is, therefore, 7580 + 8740 = 86.8 per cent. A
comparison of calculated output (7580 watts) and rated output
(10 X 746 = 7460) shows that the former is 136 watts greater; so
that the manufacturer is on the safe side when the motor is rated to
give 10 horsepower, and this is as it should be, overrating of ma-
chinery being bad practice. In other words 10.18 h.p. are actually
developed at rated input.

Effect of Armature Resistance upon Speed of Shunt Motors. —
The principal and instantaneous cause of shunt motor speed varia-
tion with changing loads is the varying armature current and conse-
quent varying armature drop (= I,R,); hence the reason for making
the resistance of the armature (R,) as low as possible. This cause
of speed change is shown by a consideration of the typical 1o-h.p.
motor. Assume its armature to be “hot” (75 degrees C.) and
let us determine the speed change due to variations of armature
current alone. From Table I we have the following test values:
R, = .28 ohm, brush drop at no-load .84 volts, at rated load 1.4
volts, and speed at rated load 825 r.p.m., with armature current 7,
of 37 amperes and terminal voltage 7 of 230.

According to equation (4) the c.e.m.f. at rated load with arma-
ture “hot ” but running free is 230 — (.28 X 2.3 + .84) = 228.5
volts. Hence from equation (7), taking the c.e.m.f. at rated load

8. .

from page 21, we have r.p.m. (free) = 2_2__8_5 X 825 = 864; that is,
218.2

the speed changes from 825 to 864, amounting to 39 r.p.m., or 4} per

cent. Thus there is a speed rise of 43 per cent solely on account of

diminished armature drop (including brush contacts) when the

rated load is removed from this 1o-h.p. motor. The effect is the

same as if the voltage supplied to the armature were raised
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about 4% per cent. In fact the available voltage is actually increased
to that extent. This calculation does not take into account the effect
of armature reaction which tends to counteract more or less the
speed variation determined above, as shown a little later.

Effect of Temperature Changes upon Speed of Shunt Motors. —
Heating of armature affects the speed only to a slight extent, and
may be practically meglected, as already shown on page 22. For
example, in the case of the 10-h.p. motor, the “cold” armature
resistance is .244 ohm; the ‘“hot” armature resistance with a
temperature change from 25 degrees to 75 degrees C. (i.e., 50 de-
grees C. rise being permissible) is 15 per cent greater (see p. 13) or
.28 ohm. The speed alteration at rated load due to this heating is
determined as follows:

C.e.m.f. with armature “cold” at rated load = 230 — (37 X
244 + 1.4) = 219.6 volts, the c.e.m.f. with armature “hot”’ and at
rated load being 218.2 volts. Hence the speed at rated load and
with armature “cold” is 219.6 + 218.2 X 825 = 830 r.p.m. instead
of 825 r.p.m. when the armature is “hot,” an increase of .6 per
cent, which is not material in most practical cases, as the change due
to varying load may be 4 or 5 per cent as shown above.

As already noted on page 22, the load may be and often is sud-
denly thrown off a motor when its armature is “hot,” and conversely
rated load is often applied to a “cold” armature. In each case it is
merely a question of fact how warm the armature may be. But the
variation in resistance is only 15 per cent and produces little prac-
tical effect upon speed, as shown above.

Change of Speed due to Heating of Field Circuit. — The allowable
temperature rise in the field winding is 5o degrees C., causing a
19 per cent increase in the resistance, as shown on page 12. Since
the rated resistance is the working or “hot”” value, being 230 ohms
for the shunt field of the typical 10-h.p. machine, it follows that this
resistance at ordinary temperature (assumed to be 25 degrees C.),
herein called ‘““cold” resistance, is

Sl 193.3 ohms.
171D 1l
R
Current in field (hot) Iy =-2= b e ampere.
W E20
Current in field (cold) I’,, If o A 1.19 amperes.
Ra 1933
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Hence the current in the coils cold is 19 per cent greater than when
the latter are hot; and from magnetization curves of standard types
of shunt motors a rise of 19 per cent in field m.m.f. causes an increase
of about 4 or 5 per cent in the flux,or the field is this amount stronger
‘““cold” than “hot.”” With the other conditions (e, b, #and p) constant,
the speed (V) will vary inversely with the flux (¢), as shown in the
following transposed form of equation (2):

duN 2p e X 16® X 60 X b
R s O PRI = .
1c® X 6o X b b 2p

With the flux 4 to 5 per cent stronger when the field winding is
cold than-with it hot, the speed is 4 to 5 per cent lower. This
variation of speed with heating of the field winding is an objection-
able characteristic of the ordinary shunt motor for work requiring
almost perfectly constant speed, such as weaving. It can be overcome
by employing a field-so highly saturated that a moderate change in
field current produces only slight flux variation; or a field winding
composed of wire having a zero temperature coefficient would secure
a like result. Both methods are costly, especially the latter, because
the only available materials are alloys whose resistivity would be
much higher than that of copper, demanding correspondingly greater
cross section of wire. On the other hand, it may happen that the
former plan employing a field approaching saturation is desirable for
other reasons, such as improved commutation, so that the total
advantage warrants the expenditure for additional ampere-turns in
the field coils.

It was explained under the preceding heading relating to heating
of armature that rated load may be put upon a “cold” or a “hot”
motor or may be thrown off either. In the field winding the full
current flows whether the machine is loaded or not, so that the tem-
perature of the former simply increases with the ¢ime of operation
until maximum is reached.

Hence the heating of shunt-field coils and the percentage of speed
rise occasioned by it are practically the same whether the motor is
running free or loaded. The same is approximately true of ar-
mature heating by eddy currents and hysteresis in its core. On the
other hand, heating due to armature resistance increases as the
square of the current (I?,R,) and is therefore very small at light
loads. At rated load it is about equal to the core heating in ordinary
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machines, in which case the temperature rise in the armature
would be about one-half as great running free as at rated torque.
It has already been shown (page 26) that speed change due to
armature heating is small, the r.p.m. being .6 per cent higher
when the armature is “cold” (25 degrees C.) than when “hot”
(75 degrees C.).  Hence the speed would be .3 per cent greater
when the armature begins to run free (i.e., cold) than when it has
been running unloaded for several hours.

Effect of Voltage Variation upon Speed of Shunt Motors. — The
speed changes of shunt motors due to their own action have been
discussed in all cases on the assumption that the voltage sup-
plied to them was constant. Such constancy is the desirable con-
dition to be maintained or approximated as closely as practicable.
Nevertheless, appreciable variations of voltage do occur even on the
best regulated circuits, and may often become very considerable, that
is, 5 per cent or more, whether from central station or isolated plant.
Fortunately the shunt motor is not very sensitive to these variations,
the percentage of speed change being usually less than that of the
voltage change. In actual practice the former is usually from .6
to .8 of the latter; that is, a 5 per cent rise or fall in voltage will cause
the speed to rise or fall 3 to 4 per cent. In this respect the shunt
motor is far less susceptible than the incandescent lamp, the ordinary
carbon filament type changing its candle-power about 6 per cent
when the voltage is altered only 1 per cent.

‘A shunt motor in which the magnetic circuit is considerably below
saturation runs at nearly constant speed even if the voltage varies
widely. This is because the flux ® varies directly with the voltage
V, which in turn is very closely proportional to e, the c.e.m.f. in the

: e X 60 X 16® X b . ’
expression r.p.m. = derived from equation (2),
P2 p

so that any change in the latter is cancelled by a corresponding
change in the former, r.p.m. remaining constant. On the other
hand, with a magnetic circuit completely saturated and therefore
constant, the speed would vary directly with e which is nearly pro-
portional to the supply voltage V in the normal shunt motor with an
armature circuit of very low resistance.

In almost all practical cases the magnetic circuit is partially sat-
urated, and in order to determine the percentage of speed changes
that will be produced by a certain percentage of voltage change V,
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it is necessary either to arrive at the result empirically. by actual test
or to calculate it from the magnetization curve of the machine, which
is more or less individual for each design.

It is convenient for this calculation to employ what is known
as the percentage of saturation. This quantity according to the
A. L E. E. Standardization Rules (F. IV, par. 58) “may be deter-
mined from the saturation curve of generated voltage as ordinates,
against excitation as abscissas, by drawing a tangent to the curve at
the ordinate corresponding to the assigned excitation, and extending
the tangent to intercept the axis of ordinates drawn through the
origin. The ratio of the intercept on this axis to the ordinate at the
assigned excitation, when expressed in percentage, is the percentage

. . I
of saturation.” It may also be found from the relation p =1 —=;

in which p is the percentage of saturation and f is the saturation
factor, which is defined by the same Rules (par. 57) as “the ratio of
a small percentage of increase in field excitation to the correspond-
ing percentage increase in voltage thereby produced.” It is not
necessary, therefore, to determine the complete saturation curve of
the machine. It is sufficient to ascertain the percentage rise or fall
in the voltage developed by the machine running as a generator on
open circuit at any constant speed when the shunt field is excited
first by normal voltage V and then by the voltage V' £ v, in which v
is the percentage of variation of V in any particular case. For
example, if the saturation curve or the test just mentioned shows
that the voltage generated by a machine rises 2 per cent when the
voltage V exciting the shunt field is increased 5 per cent, then its
saturation factor f = 5 + 2 = 2.5 and its percentage of saturation

p=1-— e ;Ié = 6o per cent. Ordinarily these quantities
arereferred to the rated or normal value of V,but may be based upon
any other selected value. This percentage of saturation represents
the extent to which the magnetization approaches saturation. If
the armature core were wholly saturated this percentage would be
100, while it is practically zero for moderate flux densities. This
same percentage of saturation represents the ratio between speed varia-
tion of a shunt motor and change of voltage V supplied to its terminals.
In the above example, therefore, the speed would rise .60 X 5 =
3 per cent when the voltage increased 5 per cent, the percentage of
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saturation being 6o. At 100 per cent or complete saturation the
speed rises or falls exactly the same percentage as the voltage. On
the other hand, at zero saturation or with low flux densities practi-
cally proportional to the excitation, the speed would be constant.

In this discussion it is assumed that the resistance of the shunt-
field circuit is constant, in which case the field current varies directly
with the voltage V. This would be approximately true for a change
of a few per cent in the value of V, which is all that usually occurs in
practice. Of course any increase in V' does tend to raise the tem-
perature and therefore the resistance of the field winding, so that the
shunt-field current would not increase or decrease quite as rapidly
as the voltage V. This fact makes the percentage of speed varia-
tion slighily greater than that stated above. This effect is similar
to that due to the gradual heating of the field which occurs even
when V is constant, as already explained on page 26.

The definitions of percentage of saturation and saturation factor
quoted above from the A.I. E.E. Standardization Rules refer
either to one point on the saturation curve at which a tangent is
drawn or to “a small percentage of increase in field excitation.”
This limitation is imposed because a point of tangency or a very
short distance on a curve may be regarded as a straight line. The
voltage variations occurring in practice may be so small that this
assumption is correct, but often they amount to 5 or 1o per cent or
even more, and cases might arise in which the voltage may be acci-
dentally or purposely varied 50 or 75 per cent. For the purposes
of our problem, which relates to the effect of such variations upon the
speed of shunt motors, it is sufficient to consider only the range of
variation, the form of the curve between the limiting points being of
no consequence. Hence the machine is driven as a generator at
any constant speed, and d the difference in voltage developed is
measured with field excited by voltages V' and V & v respectively.
It is not necessary in this case to limit v to the “small percentage”
stated in the definition. If d and v are expressed as percentages of
the initial values, then v + d = f, the saturation factor; which signi-
fies simply the fact that in order to raise the voltage generated by a
certain percentage it is necessary to augment the magnetizing current
a greater percentage. For example, a saturation factor of 3, which
is an ordinary value, means that a 4 per cent rise in generated voltage
demands a 3 X 4 = 12 per cent increase in magnetizing current or
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exciting voltage which are assumed to be proportional to each other
in a shunt machine, because temperature and resulting resistance
changes are gradual even when they occur. In making the test to
determine d for a given value of v, only a voltmeter is connected
to the armature; hence the driving power required is small, and the
speed may have any reasonable value, provided it is constant.

The above method of calculating the speed of a shunt motor at
various values of terminal voltage V was applied in the case of a
10-horsepower 115-volt General Electric shunt motor. The results
thus obtained are given in Table II and are compared in Table 111
with the measured speeds noted during a speed-load test, at the same
values of V' as employed in the calculations. A portion of the mag-
netization curve of the motor was carefully determined, and from
this the following relations required for the calculations were deter-
mined. V represents the voltage applied to the motor field winding;
I; the shunt-field current =V + R,;; e.m.f. represents the open-
circuit voltage obtained when the motor was operated as a genera-
tor at the specified speed, and is naturally proportional to the field
flux ® developed by the corresponding value of I;. The per
cent saturation at rated excitation with 115 volts was determined
directly from the magnetization curve.

TABLE I1.— TESTS TO DETERMINE PERCENTAGE OF SATURATION
OF A 10-H.P. SHUNT MOTOR.

Terminal S;{:‘;; E.m.f. at A, B, | 1-—;,
Voltage, C 970 r.p.m. Change in Change in
V. QeTEaty 0 & Ian. e.m.f. or ®. DS ce.nt
Ien. Saturation.
105 Volts. | 1.5 Amps. | 109 Volts. —8.5% — 3.6, 57.5
110 1.57 111.2 —4.3 - 1.7 60.0
5% 1.64 113.1 0 0 63.0
120 1.71 114.8 +4.3 + 1.5 65.0
125 %78 116.4 +8.5 + 2.9 66.0

* Rated voltage and field current.

The formula employed to calculate the various speeds of the motor
at different values of V is in its simplest form as follows:

r.p.m. at V=r.pm. at rated V {1 + (4 — B)}, (8)

wherein 4 and B must be given their proper signs.






CHAPTER 1V.
SHUNT-MOTOR STARTING BOXES.

IN starting shunt and compound-wound motors, no' trouble is
likely to occur in connecting the shunt-field coils to the circuit
because their resistance is high. The difficulty is with the armature,
its resistance being very low in order to obtain high efficiency and
good speed regulation, as already shown. If a low-resistance winding
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FIG. 3. — STARTING SPEED AND CURRENT CURVES.

be directly connected across the line terminals, the current would be

so excessive that it would tend to injure or destroy it. When stand-

ing still an armature generates no c.e.m.f., so that the entire voltage

of the supply circuit would have to be consumed by the fall of

potential in the armature resistance and brush contacts (I,R, + D,).
33
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Theoretically the armature current would rise in the typical 10-
horsepower motor to a value C, = (V — D) + R, = (230 — 1.4)
+ .28 = 816 amperes compared with rated current of only 37
amperes. This equation is obtained from equation (4) by making
c.e.m.f. equal to zero. Practically the current would not reach such
an extreme value, because the fuses or circuit-breaker would act to
prevent it; but a very excessive armature current would flow at least
momentarily with injurious electrical as well as mechanical effects.

To prevent injury and at the same time to obtain gradual accelera-
tion, an adjustable rheostat, commonly called a “starting box,” is
inserted in series with the armature, the resistance of which is gradu-
ally reduced as the speed increases. As a rule, starting boxes, unless
otherwise specified, are designed to allow the motor to draw an initial
current about 50 per cent greater than the normal value, so that the
machine may develop ample torque to start under load. The fol-
lowing example indicates the method of determining the various
values of the resistance required in the starting box. Assume that
the 10-horsepower motor, the data of which have been given, is to be
started from rest under load, that the current and ‘“speeding up”
curves desired are those shown in Fig. 3. The current curve gives
the current’ values desired at the various positions of the contact
arm of the starting box, seven in all, decreasing gradually from 5o per
cent above normal at start to rated current at rated speed. The
speeds at the corresponding points are obtained from the speed curve
in Fig. 3, and are tabulated as follows:

SPEEDS IN STARTING 10-H.P. MOTOR UNDER LOAD.

B Armature Current Per Cent | Armature | Speed in
ositionfoliContaciairmy of Rated Value. Amperes. R.p.m.
1 All resistance in............ 150 55.5 0
y el SN § B Ty st 133 49.3 450
Bl e = e AR LS 120 44.5 640
T TS e PN R 112 41.7 750
o B TR B R i = Py e, 106 39.5 800
BB L A T T 102 R0 820
7 All resistance out.......... 100 37.00 825

The motor speeds at the various contact points being assumed as
above, the c.e.m.f. corresponding to these speeds can be readily
determined by substituting them in equation (7), p. 21. Knowing
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the c.e.m.f. and taking the corresponding values of armature drop,
also the brush contact drop from the curve in Fig. 2, the voltage drop
(I,R.) in the external resistance R, can be calculated from the fol-
lowing equation giving the relation between action and reaction in
the armature circuit of a direct-current shunt motor:

V =cemf. + IR, + D, + I,R,. ©)

TABLE IV.—DERIVATION OF STARTING-BOX RESISTANCES.

] ASs

S : 5 i ]

& Cem.f., = g e o g @ g

2 r.p.m.g Armature Drop. i QT g N g & &

@ r.p.m.,c'e'm'f"' IaRa. % ‘:2: é "?;‘

A A & & A

Volts. Volts. Volts. | Volts. | Ohms

230 g% 218.2 = 0 55.5 x .28 = 15.6| 1.71 [212.7 | 3.83 | 1

230 %g—g 218.2 = 119.0 49.3 X .28 =13.8/ 1.60 | 95.6 | 1.94 2

230 g;—g 218.2 = 169.0 44.5 X .28 =12.2{ 1.50 | 47.3 | 1.06 3

230 -;—g—g 218.2 = 198.5 41.7 X .28 = 11.7| 1.45 | 18.35 .44 4
800

230 — 218.2 = 212.0 39.5 X .28 = 11.1| 1.43 5.50, .14 5
825

230 % 218.2 = 217.0 | 37.75X .28 =10.6/ 1.41 [ 1.00 [ .027] o

230 % 218.2 = 218.2 S L2 RIR=S1(0 4| 1840 .0 .0 7

Motor starting boxes are not designed with large radiating sur-
faces, because the box is supposed to be in use only for very short
periods (15 to 30 seconds at one time). The chief precaution is to
have the resistance units of such current-carrying capacity that they
do not become injured by a momentary overload current of 50 per
cent above the rated value. Practically the box should be designed
to act a certain number of times per hour (every 4 minutes) with-
out injury. If the contact arm of the starting box is moved too
rapidly over the contact points, the armature current would be
excessive and injury might result, hence the starting period of 15 to
30 seconds as stated.*

* Standardization Rules A. I. E. E., Division II, Section H, Rule 302.
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In case a motor is to be started without load, the starting resist-
ances calculated before would not bring up the speed gradually,
because the initial I’,R, drop would be only 3.83 X 2.3 or 8.8 volts,
so that the c.e.m.f. with total box resistance in circuit and no-load
current is 230 — 8.8 4+ 1.4 = 219.8 volts, and the corresponding
motor speed would be (219.8 + 218.2) 825 = 832 r.p.m. Hence
the motor would almost instantly run at a speed greater than at rated
load. For this reason, to start a motor without load it is sometimes
the practice, especially in Europe, to use a special box, the resistance
of which is much higher than in the preceding design. For instance,
if it were desired to have the “speeding up’’ curve at no load of the
same shape and corresponding values as that in Fig. 3, the required
external resistance would be far higher than those in Table IV. For
example, the armature current running free is only 2.3 amperes,
which with the armature “cold” (25 degrees C.) would produce an
armature drop of 2.3 X .24 = .55 volt. This added to the no-load
brush drop of .80 volt makes a total drop of only 1.35 volts, so that
the drop in the starting box would have to be 230 — 1.4 = 228.6
volts. Therefore the required starting resistance R, = 228.6 + 2.3
= 99.4 ohms in order that the armature should stand still and carry
only 2.3 amperes. If a starting box having any such high resistance
were employed to start a motor under load (for example at rated
torque), the armature current would be far less than the rated value
until next to the last contact point was passed, when the armature
would suddenly jump to rated speed, a change much too sudden and
likely to injure the motor or the machine driven by it. For this
reason, and to have the starting box adapted to all load conditions,
the American practice is to use a box designed to start the motor
under load. Thus, while the speed may rise rather suddenly with-
out load, no injury will result, because the initial (.e., total) resistance
is sufficient to limit the armature current to a reasonable value and
the speed does not rise more than about 3 per cent above rated value.
Rapid acceleration without load is not objectionable, provided
neither current nor speed is excessive. On the other hand, the motor
is fully protected when started under load, the armature current
having sufficient strength to bring the armature gradually up to
speed.

Starting-Box* Connections.— Care should be taken with regard
to the disconnection of shunt motors from the source of supply in
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order that the field circuit shall not be broken suddenly when the
motor is shut down. Failure to take this precaution not only causes
arcing at the switch blades, but might break down the insulation of
the field coils, owing to the high voltage induced by sudden cessation
of current in such an extremely inductive winding. The motor can
be disconnected sparklessly and without danger to the field insulation
by opening the supply switch at S, leaving the field connected. across
the armature, Fig. 1. The machine then slows down gradually and,
acting as a generator, sends a decreasing current, in the original
direction, through the field winding, so that a sudden inductive dis-
charge is avoided.

To avoid the possibility of closing the supply switch with the
starting resistance cut out, the National Board of Fire Underwriters
specify that ‘“Motor-starting rheostats must be so designed that
the contact arm cannot be left on intermediate segments, and must
be provided with an automatic device which will interrupt the supply
circuit before the motor speed falls to less than one-third of its
normal value.” *# This protective feature consists in replacing the
starting resistance in the armature circuit, upon opening of the
supply switch, and is automatically accomplished by an auxiliary
device in the starting box. This comprises a small electro-magnet B,
excited by the supply voltage, so placed as to hold the contact arm,
through a keeper K placed upon it, in the “on” position as long as
the circuit is closed. After the supply circuit is broken the contact
arm is returned to the “off” position by means of a spring at P, but
this does not occur until the speed of the motor has been consider-
ably reduced. The winding of the'electro-magnet B may be placed
in series with the shunt field or directly across the line, the latter
connection being preferable with adjustable-speed motors.

* Rule 60, section f, National Electric Code, 1907.

STARTERS AND REGULATORS. R. Krause. London, 1904.
RHEEOSTAT CONTROL. A. C. Button. Gen. Elect. Review, Schenectady, Vol. XII,

1909, Pp. 365, 423-



CHAPTER V.

SHUNT-MOTOR SPEED CONTROL BY VARIATION OF
ARMATURE RESISTANCE.

THE service conditions under which electric motors operate often
require adjustable speeds which are under the control of the oper-
ator. This adjustment may be accomplished in various ways, and
the particular method to employ depends upon the character of
work, range of speed required, cost of electrical energy as well
as cost of motor and equipment. There are two general condi-
tions of speed control; the first calling for adjustable speeds at con-
stant torque (if desired), the second being satisfied by adjustable
speed with variable torque. The first of these conditions is fulfilled
by wvariation of the applied armature voltage, and the second by
change of field flux.

1. Armature Rheostat Control. The first method which natu-
rally suggests itself is the variation of armature voltage by means of
resistance in series with it. The current-carrying capacity of this
regulating resistance must naturally be greater than that of the
ordinary starting box, since it may be in circuit for long periods.
The accepted design is such that it will not heat up to more than
100 degrees C. on continuous service with rated load current. The
large current capacity may be obtained by making up the resistance
units in plate form, or some other arrangement by which large
radiating surface is obtained. Consideration of equation o,

V=cemd + IR, + D, + I,R,, (9)

shows that with increase of voltage drop in the rheostat the c.e.m.f.
must decrease, and, as already shown, when c.e.m.f. is reduced the
speed diminishes in the same ratio, hence the control of a motor by
rheostat in its armature circuit is a method of speed regulation
which can only decrease the speed of the machine.

Speed-control Rheostat. —For the sake of simplicity in the fol-
lowing problems, the stray-power losses will be assumed to be the

38
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same at no load and full load —in fact, as already shown, the change
affects the efficiency by only a very small amount. Assume that it
is required to design a resistance box to be employed as a speed
controller for the 1o-h.p. motor, and this control is to give a
speed variation in four steps from one-quarter to rated speed, at
rated torque and for continuous service at any of the four speeds.
Since rated torque is to be developed, the motor armature should be
considered as operating ‘“hot,” hence its resistance R, is .28 ohm
and the speeds desired are 206, 412, 619, and 825 r.p.m., respectively,
the last being the rated speed. Tabulating the conditions of torque
and speed desired and recollecting that IR, =V — (c.e.m.f.
+I,R, + D,) we obtain the following results:

TABLE V.—DERIVATION OF CONTROLLER-BOX RESISTANCES.

A B N
Speed External Drop| Ixternal
Ders)le;'e 3 cem.f.= Armature Brush Drop = 230 — Resist.
iy ' rp.m Drop (A+B+N) Ry
Ly ——*218.2 I4Ra Dy Volts. = a Ohms.
Ly 37X .28 Volts. Volts.
Volts
1 = 206 54.55 10.4 1.4 163.6 4.4
3 = 412 109.10 10.4 1.4 109.1 2.95
3 = 619 163.60 10.4 1.4 55.6 1.48
rated = 825 218.20 10.4 1.4 0.0 0.

The same results are obtained very simply as follows: The c.e.m.f..
at rated speed and torque being 218.2 volts (= 230 — 11.8), the
armature would stand still if sufficient resistance were put in series
with it to produce a drop of this amount,that is, I,R, = 218.2 volts.
The rated current I, is 37 amperes, therefore the required resistance
R, = 218.2 + 37 = 5.9 ohms. Since this external resistance gives
zero speed with rated torque exerted, three-quarters of 5.9, or 4.4,
ohms give one-quarter speed, also 5.9 + 2 = 2.95 ohms give one-
half speed, 5.9 + 4 = 1.48 ohms give three-quarters speed and so
on. With armature current raised to 1.25 I,, corresponding to stand-
ard overload capacity, the necessary resistance in each case is only
.8 as great. In this way the resistance needed for any speed from
zero to rated value and for any armature current can readily be
determined.



40 ELECTRIC MOTORS, THEIR ACTION AND CONTROL.

Knowing the value in ohms of the various resistances required in
the controller, it is still necessary to determine the size of box that
will contain the needed radiating surface. The temperature rise
usually permitted in speed-regulating rheostats is 100 degrees C.,
and with temperature limit known, the surface of the resistance
units (4) can be calculated, because the heat energy emitted must
equal that produced; that is,

24 PR, = Ah, (10)

in which I, is the rated current, R, the total resistance of the
rheostat, 4 the emissivity of the resistance metal (i.e., gram-calories
emitted per square centimeter per degree C.), and ¢ the difference
between room and rheotsat temperatures in degrees C. The total
controller resistance R, as given in preceding table is 4.4 ohms, the
current [, is 37 amperes, the emissivity % of nickelin (the resistance
metal assumed) is .coo506 and the difference in temperature ¢ is 100
degrees C. Substituting these values in equation (10) we have

2
4 — 24X37'X 4.4

or 28,600 sq. cm.
-.000500 X 100

That is, the nickelin wire employed must have an emitting surface
of 28,600 sq. cm. in order that it will not increase in temperature
more than 1oo degrees C. at rated load. Knowing the resistance
required and the radiating surface, the length of the resistance
wire can readily be calculated if the cross section be decided upon.
Assuming a circular wire, the following formulas of resistance and
ol
;)
sq. cm., / the length in centimeters, » the radius in centimeters, R,
the total rheostat resistance (4.4 ohms) and p the specific resistance
of nickelin (i.e., .cooo5 ohm per centimeter cube). Substituting
these values in the above equations we have

length apply: Surface area =2 zlr and R, = where area =28,600

28,600 '4.4 m’z.

et
28,600 = 2 7wlr or I = ; and 4.4 = .00005 — or l=
: %

.00005
Equating these values of / and solving for 7, we obtain 7 = .253 cm.;
from which ! = 18,000 cm. That is, the nickelin wire required
would have a diameter of .506 cm. (No. 4 B. & S. gauge) and a
length of 180 meters. The total resistance is divided into three
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sections of 1.47 ohms each to give three-quarters, one-half and
one-quarter speed respectively when the sections are successively
introduced into the circuit. :

A simple method of constructing this box is to employ resistance
units in the form of helices. A helix 4 cm. diameter requires = 4 or .
12.5 cm. of wire per turn, or 1 meter of wire would make eight turns.
These turns should be about .5 cm. apart, which is equal to the
diameter of the wire, so that eight turns require 8 cm. height. The
total length of resistance wire being 180 meters, each section is 6o
meters long and is composed of 6o X 8 or 480 turns. Hence each
section if made up in one helix would be 480 cm. high. In order
that a section should not be too long, it may be divided into 12 units,
each 4o cm. high. For the complete box 36 units are required, each
40 cm. high and 4 cm. in diameter. These coils should be placed so
as to have 1 cm. space between them for ventilation and to avoid
short-circuiting; hence the box would be 6 X 5 or 30 cm. wide and of
the same thickness. The inside dimensions of the finished box
would accordingly be 40 X 30 X 30 cm., containing 180 meters of
nickelin resistance wire No. 4 gauge.

Discussion of Speed Controi by Armature Rheostat. — The effici-
ency of such a combination for obtaining motor speed control at
the various r.p.m. selected is determined as follows: The stray-
power losses affect the efficiency at the various speeds so slightly
that for this calculation we assume them as constant at their value
for rated torque and speed; correction can, however, be made, as
shown later.

A motor operating at a constant torque will have an output
directly proportional to its r.p.m.; hence, we have the following
tabulated results for the typical 1o-horsepower machlne the actual
output of which is 7550 waitts.

TABLE VI.—EFFICIENCY OF SPEED CONTROL BY ARMATURE
RHEOSTAT AT RATED TORQUE.

Total Watts Input. R,p.m.‘ Watts Output. I;gg&:;ccy }
220 X 37 + 230 X 1 = 8740 825 7550 86.5
220 X 37 4 230 x 1 = 8740 619 5662 1 64.8
220 X 37 + 230 x 1 = 8740 412 1887.5 43.2
220 X 37 + 230 X 1 = 8740 206 3775 21.6
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If we plot these efficiency values as ordinates and the speeds as
abscissas, we have a straight line, as in Fig. 4. Hence it is sufficient
to calculate one value and draw a line through this point and the
origin. A study of this method of speed control brings out the
following objections:
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FIG. 4.— EFFICIENCY CURVE OF IO-HORSEPOWER MOTOR WITH ARMATURE
RHEOSTAT CONTROL

Objections to Armature Rheostat Control.

(a) Bulk of Rheostat. —This may not be very objectionable if
only a few motors are so controlled, but for a number, the extra
space becomes a factor, and in many cases it is difficult to find
sufficient room near the motor.

(b) Inefficiency of the System. — The same amount of power is
supplied at all speeds, but at low speeds only a small part of it is
converted into useful work, the balance being wasted as heat. Thus,
with the 10-horsepower motor the useful work at one-quarter speed
is only 21.4 per cent of the total input, as shown in table above.

(c) Poor Speed Regulation with Varying Loads. — Since the
impressed voltage at the armature terminals is equal to the line
voltage minus the resistance drop in the regulator (V, = V — I,R,),
any change in the current drawn by the motor produces a change
in the terminal voltage, the c.e.m.f., and, therefore, the speed.
The changes in speed likely to occur with load changes may be
very great, and are best brought out by specific examples. Consider
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the 10-h.p. motor with the controller box just designed for it, and
assume that the motor is driving a lathe at rated torque (37 amperes)
and at one-half speed. That is, the motor is running at 412 r.p.m.
and a full cut is being made; suddenly, however, the machinist so
changes the depth of cut that the torque falls to one-quarter of the
rated value —that is, 7, = 9.25 amperes — and the simultaneous
increase in speed accompanying this will be very considerable. Its
value can be determined as follows:

The total resistance drop in the armature circuit is at this reduced
current equal to I, (R, + R,) + Dy = 9.25 (.28 + 2.9) + 1 =
30.4 volts, so that the c.e.m.f. = 230 — 30.4 = 199.6 volts. Hence
199.6
218.2
412 to 755 r.p.m. when the torque is decreased from rated value to
one-quarter thereof. In most practical cases it is desirable that no
material variation in speed should occur with change of torque, so

the speed = X 825 = 755 r.p.m., that is, it rises suddenly from

that this increase, amounting to 83 per cent <755 I.83>, would

usually be very objectionable.

The speed change for any torque variation at any rheostat setting
can be similarly calculated and the results of such calculation have
been embodied in the speed-regulation curves of Fig. 5. The speed
of the motor at any fraction of rated torque with any position of the
controller arm can be obtained from these curves and the speed
change due to any variation of torque thus readily determined.
For example, the typical 1o-horsepower motor, when operated at
rated torque with 3 ohms external resistance in its armature circuit,
would have a speed of about 412 r.p.m. or half the rated value,
according to Fig. 5. If its load be so changed that the required
torque falls to one-half of the previously assumed value, the regula-
tion curve indicates that the speed rises to 635 r.p.m., an increase
of 54 per cent. From the preceding examples it becomes obvious
that the speed regulation of a motor with armature rheostat is very
poor; in fact the changes in speed which occur with considerable
variations in torque are so excessive as to be very objectionable and
may actually endanger the tool and its work. This difficulty of
poor speed regulation with variation of torque may be avoided by
employing some of the field-weakening or multiple-voltage methods
to be considered iater. With these methods, even when the torque
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varies from zero to rated value, the speed change is small, being from
-2 to 8 per cent, depending upon the particular method employed.

In the foregoing calculations, the error introduced by assuming
the stray-power losses as constant at all speeds is small, as shown in
the following paragraph:

Consider, for example, the one-quarter speed condition for which
the error introduced by variation of stray-power losses due to
speed change would be a maximum. With speed at one-quarter of
rated value, and at rated torque, the motor output would be equal to
1887.0 watts. The various resistance losses would be the same as at
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FIG. 5.— SPEED CURVES OF IO-H.P. MOTOR, WITH DIFFERENT ARMATURE
RHEOSTAT RESISTANCES.

rated load, or 675.0 watts. The total stray-power loss is made up of
eddy current, hysteresis, friction and windage losses, the first of
which varies as the square of the speed, while the others vary directly
with speed. In motors of about 1o-h.p. capacity the various losses
are approximately in the following proportion:

.Eddy-current loss, one-quarter of total stray-power loss.

Hysteresis loss, one-quarter of total stray-power loss.

Friction and windage, one-half of total stray-power loss.

The sum of these losses, or the total stray power, has already
been found to be 526 watts (p. 24). Hence the eddy-current loss
at normal speed is131.5 watts, and at one-quarter speed is131.5+ 472
= 8.2 watts. The hysteresis loss at normal speed is 131.5, and at
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one-quarter speed is 131.5 + 4 = 32.8 watts. The friction and wind-
age loss at normal speed is 263 watts, and at one-quarter speed is
263 +4 = 65.6 watts.

Adding these values, the corrected stray-power losses for one-
quarter speed are 107 watts. The total motor losses at this speed
are, therefore, 675 + 107 = 782 watts. The motor input is 8740
watts; motor loss, 782 watts, and motor output is 1887 watts;
hence, the loss in the rheostat is 8740 — (1887 + 782) = 6071 watts;
thus R, = 6071+37® = 4.45 ohms, or only .05 more than that
obtained by calculation with stray-power losses assumed constant.
Hence the error introduced by this assumption is negligible.

2. Speed Control by Brush Shifting. — Speed variation by means
of brush shifting is not desirable, as it increases armature reaction
and tends to produce sparking.
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FIG. 6.—RELATION BETWEEN BRUSH POSITION AND SPEED OF SHUNT MOTOR.

Curves are given in Fig. 6 showing how the speed can be controlled
by brush shifting, but the range is small. It is interesting to note in
connection with this figure that armature reaction in a motor due to a
considerable negative iead of the brushes (that is, moved backwards,
opposite to direction of rotation) can be made to maintain a constant
or rising speed. This is not a feasible method, however, because
in the operation of direct-current motors it is practically necessary
to set the brushes in the position of minimum sparking, since spark-
ing is the most troublesome feature of these machines. In the case
of interpolar or commutating pole motors a lag of even g4 to 45 inch
in brush position causes a pronounced rise in speed as the load is
increased, with the probable production of visible sparking (p. 64).



CHAPTER VI.

SPEED CONTROL OF SHUNT MOTORS BY VARIATION
OF FIELD CURRENT.

IN the preceding chapter, the speed regulation of a motor by
means of an adjustable resistance in the armature circuit was con-
sidered, and the objections to its use pointed out. This chapter is
devoted to the discussion of a second method of speed adjustment
not open to the same objections.

dnuN 2 p

60 X 10® X b

is kept constant, and ® varied, the speed IV varies inversely as the
flux ® because the other quantities do not change unless purposely
made to do so by altered construction or arrangement of parts.
This relation, therefore, indicates a method of speed variation.
Shunt motors are usually designed to have such high flux density
in both field and armature that it is not practicable to increase it
materially. Hence this method is confined to and commonly called
field weakening.

In the case of ordinary shunt motors, the range of speed variation
by means of field weakening is small. For instance, take the 10-
horsepower motor previously considered and weaken its field by the
introduction of extra resistance into its field circuit to produce 30 per
cent increase in speed. Since the flux must be varied inversely as
the speed, it must be weakened in the proportion 130 : 100 OF
100 : 76.9, that is, 23.1 per cent, while to produce this change the field
ampere-turns must be reduced by about 50 per cent. To develop
rated torque with this diminished field strength the armature current
must be increased 30 per cent, and the ratio between back ampere-
turns and field armature-turns, instead of having its normal value of

The equation e = shows that if e, the counter e.m.f.,

a3 it 2
about .10, is raised to e T .26, because the former is 30 per cent

greater and the latter is reduced to one-half. This latter ratio is

excessive. The corresponding increase in cross ampere-turns, acting

collectively with the increased back ampere-turns, causes excessive
46
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sparking. Hence a 30 per cent increase of speed with an ordinary
standard shunt motor cannot be obtained without objectionable
sparking.

Another difficulty arises from the fact that the increase of armature
current necessary to maintain constant torque augments the I, R,
loss, which in the ro-horsepower motor armature rises from 37* X
.28 to 48% X .28, an increase of 262 watts or 68 per cent, producing
too much heat for the armature insulation to stand for any consider-
able time.

Adjustable speed motors of the flux-variation type are not con-
stant-torque machines, but constant-horsepower or output motors; i.e.,
the torque falls as the speed increases in inverse ratio, or 7' X r.p.m.
= a constant. In fact, unless the ratio of back ampere-turns to
field ampere-turns is less than 10 per cent at minimum speed, an
increase in speed of even 30 per cent with constant output is not
practicable with the ordinary shunt motor because it demands a
5o per cent reduction in field m.m.f., as shown above.

It is eyident that a shunt motor, to have any considerable range of
speed variation (i.e., increase of more than 20 or 3o per cent) by
field weakening, requires some modification in design, because the
field must be more powerful with respect to the armature than in the
case of standard single-speed motors. Some special motors of this
kind allow of speed variations of three or four to one, with constant-
horsepower output, but not at rated torque. These increased speed
ranges are obtained as follows:

(@) Magnetic Circuit of Very Soft Steel.—The magnetic properties
of the material are such that even with high flux densities the bend
of the curve is not reached, so that the change in field ampere-turns
to produce a large change in flux is not excessive; i.e., the rate of
change of flux and m.m.f. is almost in direct proportion. With
these machines the field frame is also large, the total flux being very
great, while the armature winding consists of fewer turns per section
and a larger number of sections, so that the self-induction per section
is low. Thus, under normal or even exceptional conditions the
ratio of field to back ampere-turns is kept within 1o per cent. How-
ever, a machine having a field of sufficient strength to prevent spark-
ing at high speeds must have a frame considerably larger than neces-
sary for a single-speed machine of equal power and the commutator
must have a greater number of bars, In general, when considering
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this simple type of variable-speed motor, it can be stated that the
percentage of speed increase of which a normally loaded motor is
capable by means of field weakening is a measure of its overload
capacity with full field strength. In other words, a given range of
speed variation demands a motor having a certain increased capac-
ity, or special features of design. The following practical examples
illustrate this point:

Relative Sizes of Frames with Speed Raiio of 1 : 2:

3-horsepower frame for a 2-horsepower motor.

15-horsepower frame for a 1o0-horsepower motor.

Relative Sizes of Frames with Speed Ratio of 1 :3:

3-horsepower frame for a 1}-horsepower motor.

10-horsepower frame for a 5-horsepower motor.

20-horsepower frame for a 10-horsepower motor.

(b) With the magnetic circuit specially designed so that the flux
density is always great at the pole tips, the field distortion due to
armature reaction is lessened and a sufficient flux is maintained in
the commutation zone, giving sparkless operation within reasonable
speed and load limits.

Greater ranges of speed adjustment than a three to one ratio are
frequently required, for example, five or even six to one; in such
cases the preceding types are not economically available. With the
(@) and (b) types it is difficult or costly to maintain the commutation
fringe when the main field excitation is reduced sufficiently to obtain
a speed range greater than four to one; thus some new feature in
design to maintain the commutation flux becomes necessary. This
feature, somewhat differently obtained, is present in two types of
motors.

(¢) Historically the first of these is the Thompson-Ryan design of
compensated motor, manufactured by the Ridgway Dynamo and
Engine Works. This compensated form employs what is equiva-
lent to a stationary armature built up in the polar faces, and traversed
by the armature current or a portion thereof, which develops a
m.m.f. opposed to the armature m.m.f., thus eliminating or even
reversing armature reaction. It has been found, however, by M. E.
Thompson that this compensating winding, by itself, is not sufficient
to prevent sparking at the brushes, so he introduced commutating
lugs,.excited by special turns immediately around them as well as by
the compensating winding, which establish a flux for reversal over
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the coils undergoing commutation.* This motor thus possesses the
two features of compensation and commutation, which are independent
of the strength of the main field, and sparkless operation over wide
speed changes is theoretically possible.

(d) The second of these special forms is one wherein armature
reaction and distortional effects are not overcome, but their presence
is depended upon to obtain good speed regulation. The sparkless
condition of operation is secured by the use of “interpoles” or
auxiliary field poles, placed directly over the zone of commutation,
the m.m.f. of these poles being opposed to that of the armature, and,
as they are energized by coils carrying the armature current, their
m.m.f. increases with and is designed to be superior to that of the
armature. Thus the flux for reversal is locally maintained inde-
pendently of the main field, and varies automatically, as required,
with the result that sparkless commutation may be obtained.tf The
difference between types ¢ and d is that the former embodies general
magnetic compensation as well as local commutation flux, whereas
the latter depends upon local flux for commutation alone, with no
attempt to neutralize armature reaction’as a whole.

Machines of Class (a) are built by many manufacturers, and while
a number are in use they are larger than standard constant-
speed motors, as already shown. An example of this class (a)
is found in a 5-h.p. Bullock shunt motor, the data of which are as
follows:

Rated capacity, 5-h.p.

Rated pressure, 220 volts.

Speed, 350 to 1050 I.p.m.

Armature current at rated load, 22.2 to 24.6 amperes (depending
upon the speed).

Field current, 1.3 to .23 amperes.

No-load armature current, 2.1 to 3.6 amperes (depending upon
field strength and speed).

Armature resistance, hot, 1.12 ohms.

Field resistance, hot, 195 ohms.

Weight of motor complete, 1100 lb.

Tests were conducted upon this motor with the results shown in
the following series of curves:

* U. S. Patent No. 591,024, October 5, 1897.
1 U. S. Patent No. 775,310, November 22, 1904.
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The magnetization curve (Fig. 7) of this motor shows no special
feature, other than that the flux density is kept below the bend of
the curve. A study of the speed-load curves (Fig. 8) shows that
the speed regulation under load changes is reasonably good at the
lower speeds. At the highest speed (curve A) the load was not
carried beyond 5 horsepower, the rated value, the reason being that
at this point the tendency to spark at the brushes becomes pro-
nounced and the speed regulation not as good as in the preceding
speed-load curves. The larger falling off in speed in this case was
due to the greater sparking and voltage drop at the brush and com-
mutator contacts. The currents, running free, rise with increase of
speed, owing to greater core and friction losses.
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FIG. 9. — FLUX DISTRIBUTION OF §-H.P. BULLOCK MOTOR.

An examination of the flux-distribution diagram (Fig. ¢) of this
motor shows firstly how much the field flux is reduced in value to
obtain the highest speed, and, secondly, how the armature distortional
effects have forced the field magnetism to the left, the crossing-point
or zero flux value being no longer under the brush, which naturally
causes the sparking noted above.

The efficiency curves (Fig. 10) of this 5-horsepower motor bring
out the fact that, at corresponding loads, the efficiency of the machine
is less the higher the speed. This is to be expected because frictional
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losses increase more rapidly than the iron losses fall off, the same
being true generally of all adjustable-speed motors unless provided
with ball or roller bearings.
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Machines of Class (b) were formerly manufactured by the Magneto
Electric Company, and called Storey Motors, after the designer.
These motors are of interest because they show how the concentra-
tion and holding of the flux at the pole tips can be obtained by simply
hollowing the field cores, as represented in Fig. 1.

FIG. I11.— FIELD FRAME CONSTRUCTION OF STOREY MOTOR.

The frame of the motor is of soft steel and the flux density high,
but not reaching the bend of the magnetization curve, as Fig. 12
shows; and the cores are relatively short.
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The data of a 3-h.p., 3 : 1 adjustable-speed Storey motor exam-
ined by the authors is as follows:

Rated pressure, 115 volts.

Armature current at rated load, 25 to 28 amperes, increasing with
the speed. )

Field current, .5 min., 1.7 max.
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FIG. I2. — MAGNETIZATION CURVE OF 3-H.P. STOREY 3 : I ADJUSTABLE-SPEED
SHUNT MOTOR.

No-load armature current, 1.1 to 4 amperes, increasing with the
speed.

Armature resistance, .31 ohm.

Field resistance, 67.5 ohms.

Speed, 430 to 1290 r.p.m.

Weight, 8co pounds.

The flux-distribution curves of this motor (Fig. 13) show a very
uniform flux under the pole pieces at minimum speeds, also that the
flux reversal line remains fixed independently of the load, thus main-
taining a flux for commutation, which, however, is notably decreased
in width as the main field is weakened, causing the ultimate develop-
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ment of sparking as well as poorer speed regulation. This latter
fact is also brought out by a study of the speed-load curves of this
motor in Fig, 14.
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For example, the drop in speed from no load to rated load with the
weakest field is 29 per cent, whereas the decrease in speed over the
corresponding load range at the strongest field is only 16 per cent;
thus the falling off in speed with weakest field excitation is 13 per
cent greater. Only a small part of this is.due to the greater I R,
drop (28 X .31 = 8.7 instead of 25 X .31 = 7.8); hence the extra
falling off in speed occurring at weakest field must be primarily due
to poorer contact and sparking at the brushes.
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The efficiency curves of this Storey motor (Fig. 15) show that the
second speed (86o r.p.m.) is probably the best for average service;
while the highest-speed curve indicates large stray-power losses.
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FIG. 15.— EFFICIENCY CURVES OF 3-H.P. STOREY SHUNT MOTOR.

It should be noted in the case of these preceding types of adjust-
able-speed shunt motors (¢ and b) that the speed in all cases falls
off considerably as the load comes on, the greatest percentage of
reduction occurring with the weakest field, and, in all cases, the drop
in speed is either equal to or greater than that caused by IsRe drop.
Moreover, as the brushes of these machines are set back from the
geometrical neutral zone, they cannot run equally well in both direc-
tions of rotation, without brush shifting.

The adjustable-speed motors (type S) of the Northern Electric
Manufacturing Company represent a construction similar in prin-
ciple to that of the above-described Storey motors and belong
therefore to the same class (b). Their pole pieces are split in the
direction of the flux, forming a field frame of clover-leaf form.
This frame, built up of laminations, is similar to the construction
shown in Fig. 17, but without the commutation lugs.

Class (¢). — The earlier form of Thompson-Ryan motor diagram-
matically illustrated in Fig. 16 was originally brought out for
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constant speed, but the demand for an adjustable-speed motor of
wide range led to its adoption for this latter service as well. A
machine of this type, however, is very expensive to build or to repair,

FIG. 16. — ORIGINAL FORM OF THOMPSON-RYAN MOTOR.

and therefore for the small sizes commonly employed to drive ma-
chine tools the modified design shown diagrammatically in Fig. 17
was developed in the spring of 19o4. This modified type retains the
compensating winding and commutation lugs of the earlier patented
~ design, but discards the inner polar ring with its inherent cost, con-
necting the commutation lugs directly to the field yoke and placing
the compensating winding in slots formed in the main polar faces.
The function of the compensation coils C, C (Fig. 16), in series
with the armature winding, is primarily to prevent the distortion of
the field flux and thus eliminate brush shifting under load; this, how-
ever, was not found effective to prevent sparking,* therefore the com-

* Transactions A. I. E. E., March 20, 1895, Vol. XII.
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mutation lug was introduced to provide the necessary flux for reversal
directly at the armature coils undergoing commutation; thus general
compensation and local commutation phenomena are combined.

FIG. I7.— MODIFIED FIELD FRAME OF THOMPSON-RYAN
ADJUSTABLE-SPEED MOTOR.

The data of a 3-h.p. Thompson-Ryan motor of the modified type tested
by the authors are as follows:

Line voltage, 250 volts.

Armature current at rated load, 11.4 to 12.2 amperes, rising with the speed.

Field current, .28 to 1.15 amperes, increasing as speed falls.

No-load armature current, 1.0 to 2.2 amperes, rising with the speed.

Armature resistance, 2.1 ohms. Compensating and commutating coils’ resist-
ance, 1.17 ohms.

Field resistance, 200 ohms.

Speed, 350 to 1400 r.p.m., depending upon field strength. Weight complete,
650 pounds.

The flux-distribution curves in Fig. 18 show that the armature
reaction is reversed as load comes on, the leading corner being weak-
ened and the trailing one strengthened, which is just the converse of
the action occurring in other motors. As a result of this action, the
leading corner is weakened more than the trailing corner is strength-
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ened, and the net effect is a diminution of the field strength under
load increase, with corresponding improvement in speed regulation.

The reversal of armature reaction can readily be carried so far as
to produce hunting and racing with large increase of load, especially

Minimum Speed Maximum Speed
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F16. 18. — FLUX-DISTRIBUTION CURVES OF THOMPSON-RYAN 3-H.P. MOTOR.

at the higher speeds. This scheme for obtaining very constant speed
regulation is not, however, economically developed, since the weight
of copper used in the compensating winding is approximately twice
that used in the armature winding, which naturally means greater
I,R, drop, I’ R, losses and heating.

Interesting features of this design are the extremely small air gap
and the very high average potential difference of over 20 volts exist-
ing between adjacent commutator bars. In fact this voltage is
undoubtedly much more than in some cases, because, when the
motor is operating at the higher speeds, the points of very high
flux density can be approximately located by the lines of scin-
tillation on the commutator, due to incipient sparking between
neighboring bars. j

The speed-load curves of this motor (Fig. 19) represent both
clock- and counter-clock-wise rotation and show just the reverse of
the characteristic regulation of the ordinary simple field-frame shunt
motors (types @ and b), in that the speed decrease under load is more
pronounced at the low than at the higher speeds. This improve-
ment in regulation is due to the field distortion and reduction caused
by the action of the balancing windings. For example, at minimum
speed the drop in speed from no load to rated load is 14.5 per cent,
which is substantially that which occurs through I, R, drop. At the
highest rate of rotation (field current = .28 amps.) the decrease in
speed from no load to rated load is only 7.1 per cent, whereas it.
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would be 15 per cent due to I,R, drop; so that speed regulation is
improved 8 per cent by the effect of the balancing winding.

The flux-distribution curves shown in Fig. 18 indicate not only
very markedly the reversal of armature reaction, but also the net
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decrease of main-field strength occurring at the highest speed. The
falling off of flux to zero and even reversal, under the middle of the
main poles, is caused by the fact that the laminated construction
employed has the main poles split from the pole face back through
the yoke. This construction is necessary so that the removal of the
various field coils for repair is feasible.

The efficiency curves of this motor in Fig. 20 indicate nothing
unexpected, because it is obvious from the construction that copper
losses are great, and the flux-distribution curves show that the core
losses are also large, on account of the crowding and numerous
reversals of flux.

This type of motor is extremely sensitive to change of brush posi-
tion, a barely perceptible movement forward or backward producing
quite different speed characteristics, so that the machine runs faster
in the clockwise direction of rotation or more slowly in the opposite
direction, acting in the one instance like a differential motor and in
the other like a heavily over-compounded motor. The ordinary
wear of the brushes during use or the formation of even invisible
sparks under the brushes, which is not unlikely to occur, alters the
speed regulation considerably and frequently leads to more pro-
nounced and objectionable sparking.

Class (d).— Inter pole* or commutation-pole motors (Fig. 21) con-
stitute’ what is herein designated as Class (d) of adjustable-speed
motors. In such machines auxiliary poles are introduced between
the main-field poles. These interpoles are excited by coils connected
in series with the armature, so that full or proportional part of the
armature current flows through them. This type differs from Class
(¢) in that the compensation winding is discarded and armature
reaction is therefore not eliminated or reversed, a local commutation
flux alone being depended upon for sparkless operation throughout
the range of speed. In fact, with this type armature reaction is
actually exaggerated because the flux from the interpole strengthens
the leading-pole corner and weakens the trailing-pole corner just as
the armature m.m.f. does. This exaggeration of field distortion
does no harm, but, on the contrary, it improves the speed regulation
of the machine. The interpolar flux for reversal is independent of
the main field; being, however, directly dependent upon the armature

* U. S. Patent No. 775,310, November 22, 1904.
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current, it increases therewith and thus maintains the necessary
commutating field.

The connections of this type of motor are diagrammatically indi-
cated in Fig. 22, N, S, N, S being the main poles, and #, s, n, s
the interpoles. Each interpole is of the same polarity as that of

FIG. 22. — CONNECTIONS OF INTERPOLAR MOTOR.

the main pole immediately back of it, depending upon the direction
of rotation; hence the illustration shows polarities for clockwise
rotation. As represented, the interpoles are small with respect to
the main-field poles, the arc of armature periphery subtended by
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the former being about one-sixth that embraced by the latter.
As already stated, the interpoles are provided with magnetizing
coils connected in series with the armature and are placed midway
between the main poles, directly over the armature coils under-
going commutation. The commutator brushes are consequently
s set that they short-circuit coils in the geometrical neutral posi-
tion. With this setting of brushes the motor will operate with
substantially the same speed characteristics in either direction of
rotation.

Data of a 5-h.p., 6 to 1 variable-speed interpolar motor manu-
factured by the Electro-Dynamic Company, and tested by the
authors, are as follows:

Rated voltage, 240.

Armature current at 5-h.p. output, 22.2 to 24 amperes, increas-
ing with speed.

Armature current running free, .7 to 1.7 amperes, increasing
with speed. Field current, adjusted between 1.27 and .16 amperes
to obtain speeds from 210 to 1260 r.p.m. at 5-h.p. output.

Resistance of armature winding, .9 ohm at 75 degrees C.

Resistance of interpole winding, .2 ohm at 75 degrees C.

Resistance of shunt-field winding, 176 ohms at 75 degrees C.

Speed 205 to 1260 r.p.m. at 5-h.p. output, increasing with weaker
field.

Weight, 1200 pounds.

The magnetization curve of this motor (Fig. 23) shows that, for
the minimum speed, the flux density is carried well up above the
bend; this is also quite apparent from the fact that a speed ratio
of 1 :6 is obtained with field currents at 8 : 1.

The speed-load curves of this motor (Fig. 24) indicate excellent
speed regulation, with an actual increase of speed under load at
the weakest field value. The regulating influence of armature and
interpole reaction upon the main magnetic field and speed is
brought out by the following examples:

The no-load speed with field current of 1.27 amperes is 222 r.p.m.
The speed diminution caused by /R drop is 22 r.p.m.; nevertheless,
at rated load with field current of 1.27 amperes, the speed is 205
r.p.m.; hence the effect of armature and interpole reaction is to
hold up the speed 5 r.p.m. compared with what it would otherwise
be. At a speed of 740 r.p.m. the armature reaction exactly com-
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pensates for IR drop and the motor speed remains constant up to
the rated output of 5 horsepower. With field current of .16 am-
pere the motor speed rises from 1209 to 1260 r.p.m. when output
increases from zero to § horsepower. Apparently it should fall
from 1209 to 1084 r.p.m., which is the ratio between the c.e.m.f’s
(i.e., 238.1 : 213.6), but the reaction on the main field by the inter-
poles and armature weakens the same sufficiently to raise the speed
176 r.p.m.

- Arm. Current .72 Amp.
-——e 4t o 222

Relative Flux Values

—6+

FIG. 25A. — FLUX DISTRIBUTION OF §5-H.P. ADJUSTABLE-SPEED INTERPOLAR
SHUNT MOTOR, FIELD CURRENT I.27 AMPS.; SPEED AT RATED LOAD 210 R.P.M.

It is thus evident that with this type of machine the speed regu-
lation is the reverse of that obtained with adjustable-speed motors
having the ordinary forms of field magnet (Classes a and b).

The interpolar type of motor can be readily reversed in direction
of rotation even while under load, on account of the great self-
induction of the interpole and armature circuit and the production
of the proper value of commutation flux.

The flux-distribution curves in Fig. 254 indicate that at strong
field excitation the interpoles do not produce a very great effect.
The same fact was also shown in the speed-load examples on page
62. With small field flux, however (Fig. 25B), the interpole m.m.f.
and armature reaction produce a marked weakening and distor-
tion of the main field, which phenomena are also apparent from
the speed-load curves (Fig. 24).

If the brushes be displaced from the geometrical neutral position,
the motor speed is considerably changed. For example, with the
brushes shifted backward (opposite to rotation direction), the speed
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will rise under load, because then the interpolar flux develops in
the armature an e.m.f. which decreases that produced by the main-
field poles. If the brushes are advanced in the direction of rota-
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FIG. 25B. — FLUX DISTRIBUTION OF §5-H.P. ADJUSTABLE-SPEED INTERPOLAR
MOTOR, FIELD CURRENT .16 AMP.; SPEED AT RATED LOAD 1260 R.P.M.

tion the speed will fall under load, as in the case of a cumulative
compound motor, because the interpolar flux generates an e.m.f.
in the same direction as that due to the main poles. In conse-
quence of this, the proper position for the brushes is obtained when
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FIG. 26.—EFFICIENCY CURVES OF A 6—1 ADJUSTABLE-SPEED ‘‘INTERPOLE’’ MOTOR.

the r.p.m. are the same in both directions for given load and field
strength, and motors of this type should not be removed from the
factory test table until such adjustment is secured. :
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The efficiency curves of this motor (Fig. 26) indicate high values
for light loads, which is due to the use of ball bearings. The rapid
falling off in efficiency after rated load is reached is to be expected,
on account of the additional IR losses caused by the interpole
windings. The best running speed of this motor is apparently at a
field strength of about .3 ampere, because at this value the general
efficiency of the motor is considerably greater than at lower or higher
speeds.

Dunn Method. — Another type of motor, the speed of which is ad-
justable by varying field flux, was invented by Mr. Gano S. Dunn.*
The armature is supplied with constant current and the field
winding separately excited from a constant-potential circuit through
a rheostat. The armature current being constant, the torque varies
directly with field flux. By means of the field rheostat this flux
may be regulated from a very low value up to full strength with
corresponding increase of torque. This large range of control is
obtained by regulating the field current, which is small, the heavy
armature current being kept constant by an automatically regu-
lated generator, as in constant-current arc lighting. The advan-
tage is similar to that secured by the field-weakening” method
already described, but gives any torque or speed from zero to full
value, while the latter is practically limited (unless special designs
are employed) to a certain ratio of speeds, usually 2 or 3 to I.
This method possesses an additional advantage over field-weak-
ening control in having maximum field strength with maximum
speed and torque. In these respects it would be adapted to
adjustable-speed work in machine shops. On the other hand,
the necessity for constant-current as well as constant-potential
supply, and the high voltage required to give any considerable
power, are serious objections to this system. It is hardly prac-
ticable to operate motors below 20 horsepower with more than
100 amperes, at which current it would require about 1000 volts
to supply 1o0o horsepower on one circuit — a dangerous voltage in
a shop. To multiply circuits is objectionable because each would
demand its separate constant-current generator. Furthermore, the
latter has not been developed commercially above 10 amperes.
For these reasons, the field-weakening and multiple-voltage methods
are preferred for machine shop or similar service.

* U. S. Patents No. 549,061, October 29, 1895, and No. 591,345, October 5, 1897.



CHAPTER VIL

SPEED CONTROL OF MOTORS BY VARIATION OF FIELD
RELUCTANCE.

TrE preceding chapter dealt with the problem of shunt-motor
speed adjustment by variation of the field-exciting current; this
chapter is descriptive of those motors whose speed regulation de-
pends upon the variation of the reluctance of the magnetic circuit.

This method of control is based upon the fundamental fact that

magnetomotive force

flux = Thus, if the m.m.f. be maintained

reluctance

FIGS. 27 AND 28. — METHODS OF VARYING RELUCTANCE OF THE MAGNETIC
CIRCUIT.

constant and the reluctance be varied, the field flux is changed in the
e 10%60 b
Pn2p
that the speed varies inversely as the field flux (®) or in the same
ratio as the change in the reluctance. Among the earlier methods
tried were those of T. A. Edison and the Diehl Company.

The Edison Variable Reluctance Methods of Control. — The re-

luctance of the magnetic circuit in the machine was varied, as
67

it is evident

inverse manner, and from the relation r.p.m. =
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shown in Fig. 27, by decreasing the amount of metal in the yoke
of the field magnet, the wedge-shaped piece, 4, being raised, thus
decreasing the total flux. The range of speed adjustment is limited,
however, as excessive sparking develops when the field is weakened
because there is no feature of design to prevent flux distortion. This
method was primarily intended for voltage regulation in connection
with generators, and is of historical rather than commercial impor-
tance.

The Diehl Method of Control. — In this type of machine flux re-
duction was obtained by a lengthening of the air-gap. The field
magnet was hinged so that the pole pieces could be moved away
from the armature as indicated in Fig. 28. This construction was
not very successful and was, like the preceding, originally intended
as a means for regulating the voltage of generators.

Two modern methods of speed control by variation of reluctance
are those of the Stow Electric Company and the Lincoln Manufactur-
ing Company.
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FIG. 29. — STOW ADJUSTABLE-SPEED MOTOR.

The Stow Adjustable-speed Motor. — The speed increase of this
machine also depends upon the removal of iron from its magnetic
circuit, the pole cores being made hollow and provided with iron
or steel plungers, the position of which is made adjustable through
worm gears and pinions operated by the large hand-wheel, at the top,
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as represented in Fig. 29.%¥ When the plungers are withdrawn,
the total flux decreases because of the lengthening and reduc-
tion of area of the effective air-gap, also the decrease of effective
metal in the field cores. The flux being now along the polar
edges (in varying degree according to the position of the plungers),
the field for commutation is maintained relatively strong, and spark-
ing thereby prevented. The concentration of flux at the polar edges
is well shown by the flux-distribution curves (Fig. 33) of this ma-
chine. On the other hand these curves also show that armature
reaction forces the commutation fringe back, at the higher speeds
and loads; consequently, to maintain sparkless commutation at the
3 to 1 range of speed, the brushes must be given a lag. This requires
the brushes to be shifted if the direction of rotation is reversed, or if
the speed range is greater than 3 to 1. It is a fact,however, that since
metal is removed the effect of armature reaction for a given current
is reduced because the reluctance of the path of the armature flux
is increased. The data of a 3 to 1 adjustable-speed 4-h.p. motor
of this Stow type are as follows:

Rated pressure, 220 volts.

Armature current at rated output of 4 h.p., 16.75 to 17.0 amperes,
increasing with speed.

Field current constant at .64 ampere.

No-load armature current, 1.3 to 2.2 amperes, increasing with
speed.

Field resistance, “hot,” 344 ohms.

Speed, 725 r.p.m. min. to 2175 r.p.m. max.

Weight, 8oo pounds.

The operation of this machine under various loads and speeds is
shown in the curves, Figs. 30, 31, 32, and 33, which represent, respec-
tively, magnetization, speed-load relations, efficiency, and flux dis-
tribution. A study of the speed-load curves indicates that the speed
regulation at the higher rates of rotation is not as good as that with
the stronger fields. This is due to the fact that invisible sparking at
the brushes and poorer brush contact increase the I,R, drop, just as
in the types (a) and () adjustable-speed motors whichare controlled
by variation of field current. The most efficient operating speed
of this motor is at the second plunger adjustment, which gives
10QO I.p.m. '

* U. S. Patents Nos. 666,315 and 672,419, January and April, 1go1.
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The Lincoln Adjustable-speed Motor. — The variation in reluc-
tance of the magnetic circuit of this type* is obtained both by
lengthening the air-gap and by decreasing its effective area. The
armature is formed as a truncated cone with corresponding polar
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FIG. 34. — LINCOLN ADJUSTABLE-SPEED MOTOR.
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FIG. 35. — SPEED-LOAD CURVES OF IO-H.P. LINCOLN MOTOR.
surfaces as represented in Fig. 34. The armature is movable in
the direction of its axis, so that movement one way increases the
length of the air-gap, thus decreasing the flux and raising the motor
speed. The fact that the effective length of the armature inductors

* U. S. Patent No. 829,974, September, 1906.
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within the magnetic field is decreased by this shifting of the arma-
ture also increases the motor speed.

The characteristic working curves of such a machine of 1o horse-
power and 5 to 1 speed range are given in Figs. 35 and 36, being
those of speed-load and efficiency at various loads, respectively.
The principal objections to this construction are the extra space
required for the armature and the large force required to move it.
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FIG. 36. — EFFICIENCY CURVES OF I0-H.P. LINCOLN MOTOR

The flux-distribution curves of the motors are similar to those of
ordinary single-speed machines, the flux distortion at high speeds
being limited on account of the increase of the air-gap lengths.
However, to ensure sparkless operation at the high speeds, interpoles
in series with the armature are employed in the more recent designs.
It is to benoted that in this machine, aswith types (¢) and (d) motors
having field-rheostat control, the speed regulation is better with weak
than with the stronger magnetic fields, the variation in r.p.m. being
2.3 and 6 per cent respectively.



. CHAPTER VIIL

MULTIPLE-VOLTAGE CONTROL OF MOTOR SPEED.

THE immediately preceding chapters were devoted to a consid-
eration of the ““ field-weakening’’ methods of motor-speed adjustment.
This chapter and the one that follows set forth the remaining
methods of adjusting the speed of direct-current shunt motors.
These differ from the foregoing in that they depend upon altera-
tion of impressed voltage, and are therefore called adjustable or
mulii-voliage systems in contradistinction to the constant- or single-
voltage systems already described. In other words, the speed
adjustment is due to changes external to instead of internal with
respect to the motor. These methods also differ from the preced-
ing in the fact that they can produce a constant forque over thc
entire speed range (with the single exception noted below)
place of a constant output in horsepower. The general classifica-
tion of these adjustable-voltage methods is as follows:

1. Armature rheostat — already described.
Multiple-voltage (multiple-wire) systems.
Motor-generator systems.

Boost and retard systems.

Teaser systems.

Double-armature motors.

. Variation of number of poles in motor.

In the last two of the above cases, Nos. 6 and 4, the motor as a
whole is supplied with constant voltage. Nevertheless the volt-
age available for each armature is varied in case 6, and the group-
ing of the armature conductors is altered in case 7 so as to change
vhe c.e.m.f. developed; hence these two rather peculiar cases may
be included in a general way under adjustable-voltage control.
They also resemble the other five cases in the fact that field cur-
rent and flux are usually maintained constant. The double-arma-
ture motors of case 6 do not exert constant torque, as in the other
six cases, but produce constant output in horsepower like the
field-weakening types already explained. It is also to be noted

74
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that cases 2, 6 and 7 in the above list apply to multi-s peed motors
as defined by the A. I. E. E. Standardization Rules (Section E,
paragraph 48, page 7) rather than to adjustable-speed machines,
which latter include all’those heretofore described.

In the discussion of the relation between speed and c.e.m.f. it
was shown that, if other conditions remain constant, the speed
varies directly as the c.em.f. If we now examine the equation
V =cemd. + ([,R, + D,) itis evident if I R, and D, are small
with respect to the c.e.m.f. (as must be the case with an efficient
motor) that increase in ¥ will produce, at constant torque, a nearly
proportional increase in c.e.m.f., that is, a variation of impressed
e.n.f. produces a corresponding change in speed. This is the
principle of the adjustable-voltage or multi-voltage systems of
control. :

Three-wire Multiple-voltage Systems. — The simplest multiple-
voltage system is the ordinary three-wire circuit, with say 115 volts
between either outer and the neutral conductor, and 230 volts
between the outer conductors as represented in Fig. 37. Thus a
230-volt shunt motor connected so that its field winding is supplied
with 230 volts and its armature with 115 volts develops a certain

+
IIJ V.

T 230

115 V.

l

FIG. 37.— SIMPLE THREE-WIRE MULTIPLE-VOLTAGE SYSTEM.

+I
=
Shant Field

speed. If the armature terminals are then connected to the 230-
volt supply, the specd will be approximately twice as great. The
two principal running points are nearly one-half and full speed,
while those intermediate may be obtained by the introduction of
armature rheostat or ‘“field-weakening” control. Let us consider
the 1o-h.p. motor, the data of which were given on page zo.
This machine has an armature resistance, hot, of .28 ohm; a brush

drop of 1.4 volts and an armature current of 37 amperes at rated
load.
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Then I,R, + Dy = .28 X 37 + 1.4 = 11.8 volts. With V = 115,
the c.em.f. is 115 — 11.8 = 103.2. With V = 230, the c.e.m.f.
is 230 — 11.8 = 218.2. Hence the speed ratio at these voltages
is as 103.2 : 218.2, or nearly a 1 to 2 speed change (1 : 2.11).

The objection to this method is that while three wires are neces-
sary, only two running speeds are obtained. An additional speed
can be secured from an unsymmetrical three-wire system, in which
one of the sides has a voltage of x and the other side a voltage of
2 x; but even then only three running speeds corresponding to
x :2x :3 « could be obtained with three wires. To gain a much
wider speed range with only one-third greater number of wires,
the four-wire systems were developed, and these will now be
explained.

Ward Leonard Multiple-voltage Control of Speed. — The first of
these four-wire methods, historically, is that of H. Ward Leonard *
who employed three generators of 62, 125 and 250 volts, respectively,
and grouped them in series in the order named, as represented in
Fig. 38. These voltages were supplied to the various motors by a
four-wire system of distribution, connected to the three generators -

in the manner shown.

4817| V.

S 875, V.

187 V.
20 V. f 125 V.
l il
D

1 2 3 4 b ]
Running Points

F16. 38. — WARD LEONARD MULTIPLE-VOLTAGE SYSTEM.

The shunt-field windings of all the motors were supplied with a
constant voltage, either the total amount obtained by connection
with the outside wires 4 and D, or a smaller value, as, for example,
that existing between the wires C and D. The armature terminals
may be connected as desired to any two of the conductors 4, B, C

* U. S. Patent No. 478,344, July, 1892.
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and D; thus if applied to 4 and B, 62 volts would be obtained;
across B and C, 125 volts; across 4 and C, 167 volts; across C and D,
250 volts; across B and D, 375 volts; and across 4 and D, 437 volts.
Taking the speed at the highest voltage as the full or rated value,
the various running points would give speeds of approximately 1,
%,%,4,4,and %, a sudden jump in the voltage increment occurring
at the fifth point. The & speed value, or that corresponding to 312
volts, could not be obtained, because to get this voltage AB would
have to be added directly to voltage CD, which would short-circuit
the voltage BC.

Crocker-Wheeler System. — The next four-wire multiple-voltage
system developed was that of the Crocker-Wheeler Company,
employing voltages of 40, 120and 8o in the order given. (Fig. 39.)
By connecting the field terminals across the 240-volt lines (4D)
and shifting the armature terminals from 4B to CD, to BC, to

A ”
40| v. /
160‘ W

240{V,

240, V.

80|V, .
8 4 3 6
D Running Points

FIG. 39.— CROCKER-WHEELER MULTIPLE-VOLTAGE SYSTEM.,

AC, to BD, and finally to AD, six voltages and speeds are
obtained as follows:

ABgives .............. 40 volts AC gives .............160 volts
GO0 L S e i 8 TS0 O e e 200 “
BC 38 v NN 120 “ DM e et e 240 “

These voltages correspond approximately to 1, %, 3, 4, & and § of
the rated speed. Thus, with this system, the speeds increase in a
straight line, or in an arithmetical progression, there being no jumps,
but a uniform rise throughout. The actual speeds are from 106 to
862 r.p.m., giving a range of a little more than 1 to 8, as shown in the
table of ““Speeds and Efficiencies’ on page 79.
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Bullock Multiple-voltage System.— A third multiple-voltage
method is that of the Bullock Company, Fig. 40, employing vol-
tages which increase in geometrical progression ; that is, the voltages
are in the following ratio: a : ar: ar’: ar®: ar*: ar’. As these
values must all be obtained in practice from a single system consist-
ing of only four conductors, it is necessary that ar®= a + ar, that
art = ar + ar* and that ar® = ar* + o’ =a + ar + ar.

’ I

60/ V. !

|

B 140i V.

8|V l 20V

190, V

C

110 V.

I 1 2 8 4 6

D \i Running Points

FIG. 40. — BULLOCK MULTIPLE-VOLTAGE SYSTEM.

The only factor 7 which satisfies these conditions is 1.3247; that
is, each voltage is 32} per cent, or about one-third, higher than the
preceding. The commercial system according to this plan employs
60, 80 and 110 volts in the order named. These are round numbers
that are practically convenient, but are only approximately in the
ratio stated, the theoretically correct values being 6o, 79.5 and 105.3
volts. The armature voltages and speeds obtained by connecting
the armature terminals of the typical 1o-horsepower motor to the
various conductors are given in the following table. The speed is
proportional to c.e.m.f.; that is, r.p.m. = (c.e.m.f. + 218.2) X 825,
the two latter being rated values.

TABLE VII.—SPEED CONTROL OF 10-H.P. MOTOR BY BULLOCK
MULTIPLE-VOLTAGE METHOD.

Terminal Volts. IR, +D,, C.E.M.F. Speed in R.P.M.
60 11.8 48.2 182
80 11.8 68.2 258
110 11.8 98.2 374
140 11.8 128.2 485
190 11.8 1782 i 673
250 11.8 238.2 900
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The Crocker-Wheeler method gives a speed range which is about
1 to 8, as stated above, while the Bullock arrangement gives a speed
range of exactly 1 to 5, the total number of controller steps being
the same for both. The range of voltage is 40 to 240 in the former
and 5o to 250 in the latter. Hence the former starts at a lower speed
of 106 r.p.m. instead of 182 r.p.m., and finally reaches about same
maximum of 862 compared with goo r.p.m.

Multiple-voltage systems may be worked at any reasonable maxi-
mum; they differ only in the ratio of voltages. 1t is desirable, how-
ever, to have standard values for at least the maximum voltage and
one of the sub-voliages, in order that standard motors, lamps, etc.,
ray be fed from the lines.

The efficiency of multiple-voltage speed comtrol is much higher
than that of the armature rheostat method for same torque and speed
range. Let us consider the typical 1o-h.p. motor, the data of
which were given in the table on p. 20, and determine its efficiency
at rated torque and the various speeds obtained by the Crocker-
Wheeler multiple-voltage system.

The various speeds at rated torque corresponding to impressed
voltages of 40, 8o, 120, 160, 200 and 240, respectively, are deter-
mined as in the case of the Bullock system above. The input in watts
in each case is found by multiplying the voltage input by the rated
armature current (I, = 37 amperes) and adding 230 watts, which is
the normal field input of this typical 10-h.p. motor.

TABLE VIII.— SPEEDS AND EFFICIENCIES OF 10-H. P. MOTOR WITH
CROCKER-WHEELER MULTIPLE-VOLTAGE CONTROL. ‘

Vol Output
ao:- Input. (IaRa+Ds) | C.e.m.f. = 7570Xr.p.m.¢ | Efficiency at
I 8 Watts. Volts. Volts. LD 825 Rated Torque.
nput.
Watts.
4) 1710 11.8 28.2 106. 971 56.6%
80 3190 11.8 68.2 258. 2370 74.2
120 4670 11.8 108.2 409. 3750 80.1
160 6150 11.8 148.2 560. 5150 83.5
200 7630 11.8 188.2 711. 6530 85.6
240 9110 11.8 228.2 862. 7920 86.7

Comparing the efficiency curve (Fig. 41) of the multiple-voltage
method of speed control with that of the armature rheostat method
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at rated torque, Fig. 4, the much higher average efficiency of the
former method is very marked. An even greater advantage of this
method over the rheostatic control is its far better speed regulation
under variable loads. The curves in Fig. 42 and values in the fol-
lowing table show this superiority very clearly. The r.p.m. at rated
torque are from table above, and r.p.m. at no load are 39 r.p.m.
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FIG. 4I.— COMPARATIVE EFFICIENCIES OF RHEOSTATIC AND MULTIPLE-VOLTAGE
SYSTEMS.

higher in each case for multiple voltage, because armature current
is reduced from 37 to 2.3 amperes, which decreases armature drop
34.7 X .28 = 9.7 volts, and brush drop is .84 instead of 1.4 volts.
The c.e.m.f. must rise therefore 9.7 + .6 = 10.3 volts, producing a
speed increase of 10.3 + 218.2 X 825 = 39 r.p.m. The r.p.m. at
no load for armature rheostat control are found as follows: The
terminal pressure to give 106 r.p.m. at rated torque is 40 volts;
hence 240 — 40 = 200 volts must be consumed in rheostat, the
resistance of which is 200 + 37 = 5.4 ohms. At no load c.e.m.f.
= 240 — 23 (.28 + 5.4) — .84 = 226.1 volts. This corresponds to
226.1 + 218.2 X 285 = 854 r.p.m. as given in Table IX.
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TABLE IX.—SPEED REGULATION, 10-H. P. MOTOR.

81

Multi-Voltage Control, V p,,= 240 volis. Rheostatic Control, V g..= 240 volts.

R.p.m. R.p.m. Iée;eg; R.p.m. R.p.m. Ié?%%t
Rated Torque. No Load. Chang Rated Torque. No Load.

ange. Change.

Curve A 106 145 13.7 Curve a 106 854 705

Curve B 258 296 11.5 Curve b 258 865 235

Curve C 409 447 9.2 Curve ¢ 409 875 114
Curve D 560 599 7.0 Curve d 560 883 48 .4
Curve E 711 750 5.2 Curve e 711 892 25.2
Curve F 862 900 4.6 Curve F 862 900 4.6

A direct and really fair comparison of efficiency between the field-
control methods and the multiple-voltage control is impossible, since
the motor with full rated field and armature currents runs at mani-
mum speed and at or near its maximum efficiency in the former case
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FiG. 42. — SPEED REGULATION OF RHEOSTATIC AND MULTIPLE-VOLTAGE

SYSTEMS.

contrasted with maximum speed and efficiency in the latter case.
The former attains the higher speeds by field weakening, while the
latter obtains the lower speeds by decreased voltage applied to the
armature. Furthermore, the first gives a constant ouiput in horse-
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power, the torque varying inversely with the speed; whereas the
second can give full torque at all speeds, so that the horsepower out-
put obtainable varies directly with the speed. Hence the two
methods call for different types of motors and cannot properly be
considered on the same basis.

A multiple-voltage system can be supplied by three generators
of 40, 80 and 120 volts respectively, each large enough to carry its
corresponding fraction of the maximum load. This does not, how-
ever, necessarily equal the combined watt capacity of the motors, as
it is improbable that all machines will be simultaneously operating at
full output. In fact the actual working load is not likely to exceed
30 to 5o per cent of the possible load. Instead of using the above
combination of three generators, one generator of total voltage and
load capacity and a three-unit balancing set (Fig. 43) of 40, 8o and

240|V.

FIG. 43. — MULTIPLE-VOLTAGE SYSTEM WITH BALANCERS.

120 volts can be and usually is employed. These balancers, it has
been found by experience, need have a total capacity of only 5 to 10
per cent of the total load in ordinary cases. If, however, there is
one extremely large motor, while the rest of the plant consists only
of small motors, the balancer set should have a capacity equal to
that of this large motor. The balancer arrangement is the one
usually adopted, as it is advantageous in the following respects:
(a) Lower cost of prime movers, only one instead of either three
engines or a system of line shafts, belts, etc.
(b) Lower cost of generator, a large one in place of three smaller
ones of same aggregate power.
(¢) Lower cost of foundations.
(@) Less steam piping.
(¢) Cheaper switchboard and electrical connections.
The motors controlled by multiple voltage are ordinary standard
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machines, which is an important practical advantage. They are so
connected that the field is permanently across the 24o0-volt lines
whenever the motor is in operation, and the six running speeds are
obtained by shifting the armature terminals from sub-voltage to sub-
voltage by means of the controller drum as shown in Fig. 44. In

i L 14o‘v.
ol [ (t | 120v]
g ( ( 80V. |

Field — Q0000099
FIG. 44. — CONTROLLER AND MOTOR CONNECTIONS, MULTIPLE-VOLTAGE SYSTEM.

some cases the changes from one running speed to another are made
gradually by shifting to the next higher voltage with some resistance
inserted in the armature circuit and then gradually reducing this
resistance until that voltage is applied to the armature terminals and
so on with the various sub-voltages until the maximum pressure is
attained. These gradual changes with intermediate speeds are also
obtainable by diminishing the field current until the next higher
speed is reached, then connecting the armature to the corresponding
voltage, at the same time reéstablishing full field current. Since the
speed steps differ by only 1o or 15 per cent, the ordinary shunt motor
is capable of this range of field weakening.

In some instances a combination of variable field current and
armature rheostat control is employed in passing from one sub-volt-
age to another, thus obtaining as many as 36 different speed points
from minimum to maximum.
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The Motor-Generator and “Boost and Retard * Systems, both
invented by H. Ward Leonard, are also multi-voltage or rather ad-
justable voltage methods of speed control, but the speed changes
being gradual, no intermediate steps are required. In the case of
the motor-generator system* in addition to the working motor, a
motor-dynamo is required for each machine so operated. The
motor end (3) of the motor-dynamo is connected to the line or
supply mains and controlled as any ordinary single-speed machine
(Fig. 45). The generator terminals (D) are connected to the work-

+

20

FIG. 45. — WARD LEONARD MOTOR-GENERATOR SYSTEM OF CONTROL.

ing motor’s armature (WM). Adjustable voltages and speeds
are obtained by changes in the field strength of the generator, the
field of which, as well as that of the working motor, being connected
to the supply circuit. Reversal of rotation in this case is by means
of a reversing switch (S) and rheostat (R) in the generator field cir-
cuit. By this method the reversal of voltage applied to the working
motor is gradually accomplished, being first reduced to zero and then
built up in the opposite direction. Furthermore the reversing switch
S controls only a small field current instead of the armature current
which would be 20 to 5o times greater, requiring large contact
surfaces.

While this system is extremely flexible, it is not extensively em-
ployed on account of its great cost. The motor end of the motor-
dynamo must be larger than the working motor by the amount of the
losses in both the dynamo and working motor. For example, the
10-horsepower motor previously considered is of 86.6 per cent effi-
ciency; hence to operate this machine at rated load, the input must
be 10 = .866, or 11.6 horsepower. The efficiency of the dynamo is
also about the same, so the motor end of the motor-dynamo must be

* U. S. Patent No. 463,802, November, 1891.
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of 11.6 + .866, or 13.5 horsepower capacity. Thus three machines
are required, each of a power equal to or somewhat greater than that
needed for the actual work, the total rated capacity belng 10 +
11.6 + 13.5 = 35.I horsepower.

The most extensive use of this method of speed control is for the
operation of turrets and gun platforms in modern war-ships, for
which very fine adjustment and yet wide range in speed are neces-
sary. It is now used also for driving large rolls in steel mills,
where in combination with a heavy flywheel it is known as the Ilgner
system.

Both of the Ward Leonard methods and the “teaser’ system, to
be given later, involve motor-generator equipments. Their essen-
tial advantage is forcibly shown by the following example: To obtain
55.5 amperes at 17 volts, sufficient to develop a torque to start the
standard 1o-horsepower motor from rest under load, assuming 5o
per cent increase in armature current above the rated value of 37
amperes, would require a motor-generator of 8o per cent efficiency
to draw 55.5 X 17 + .8 = 944 watts from the line, whereas to obtain
the same starting torque directly from a 230-volt line by means of
armature rheostat control would require 55.5 X 230 or 12.77 kilo-
watts, which is nearly 14 times as much power.

The “ Boost and Retard” System* of Ward Leonard is very similar
in principle to the preceding method but reduces somewhat its
high cost by the following scheme. A motor-generator is also em-

+

FIG. 46. — WARD LEONARD ‘‘BOOST AND RETARD’ SYSTEM OF CONTROL.

ployed, but the generator end is placed in series with the line, so that
its e.m.f. may be added fo or opposed to the line pressure. This e.m.f.
is controlled by variation of field resistance, and its direction by rever-
sal of field connections. The operation of this system may be under-
stood by referring to Fig. 46. To obtain the same speed range with

* U. S. Patent No. 572,903, December 8, 1896.
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a 240-volt motor as with an ordinary multiple-voltage system, the
line potential is only 120 volts, while the generator end D also
develops 120 volts. Thus if both line and generator pressures are
in series, the voltage V' at the motor terminals will be 120 + 120 or
240. Decrease in value of ¥ from 240 volts to 120 volts is obtained
by weakening the field of the generator to zero, while a reduction of
V below 120 volts is obtained by reversing the generator voltage and
thus subtracting it from the line pressure. This is accomplished by
arranging the field rheostat F to reverse the field connections, the
current in the same having been, however, first gradually reduced
practically to zero, in which manner the high voltage and spark
accompanying the opening of a field circuit are eliminated. Since
the voltage of the generator end is only one-half of that required by
the working motor WM at rated speed, the watt-capacity of the
“boost and retard” equipment need be only a little more than one-
half that of the working motor, and accordingly the parts of the
motor generator MD are 5o per cent smaller than in the preceding
system.

The voltage and current relations existing between the units com-
prising the “boost and retard” system are as shown in Table X|
and it should be noted that when the generator end of the MD
set is “crushing’ or “retarding” the line voltage, it has reversed
its function and is acting as a motor driving what was previously
the motor end as a generator, which then pumps back into the sup-
ply line, thus furnishing part of the current required by the work-
ing motor. For example, to run the working motor at one-quarter
speed or 206 r.p.m. requires 11.8 4+ (218.2 + 4) = 66.3 volts, that
is, armature and brush drop plus one-quarter of rated c.e.m.f.
Hence the machine D must generate — 48.7, which, combined with-
115, the line voltage, produces the required 66.3 volts for the working
motor. The machine D, thus developing a c.e.m.f. of — 48.7 volts, is
therefore running as a motor, consuming 48.7 X 37 = 1802 waltts.
Assuming the combined efficiency of the machines D and M as 8o
per cent, the latter will generate .80 X 1802 = 1442 watts at 115
volts, since it is connected to the supply lines. Hence it furnishes
1442 + 115 = 12.6 amperes and the supply circuit 24.4 amperes to
make up the 37 amperes consumed by the working motor. The
other values in Table X are calculated in a similar manner. For
small currents the efficiency of D and M might be less than 8o per
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cent, but the difference would be of little practical consequence. It
is to be noted that this “boost and retard” method as well as the
preceding ‘“‘motor-generator’ arrangement gives full rated torque
with usual overload capacity at all speeds of the working motor, so
that its horsepower output increases directly with its speed.

TABLE X.— BOOST AND RETARD EQUIPMENT — VOLTAGE AND
CURRENT RELATIONS.

Working Motor. Motor-Dynamo. Supply Line.
S Dynamo End. Motor End.
Rpee Volts. Amp. Volts. Amp.
RO Volts. Amp. f’olts. Amp.

0 11.8 37 —103.2 | +37 115 26.5 115 10.5
206 66.3 37 —48.7 37 115 12.6 115 24.4
412 120.8 37 5.8 37 115 - 2.3 115 39.3
618 175.3 37 60.3 37 115 —23 115 60.0
825 230.0 37 115.0 37 115 —46.8 115 83.8

Examination of the table shows that this system of control is
advantageous at speeds considerably below the rated value. For
example, to start the working armature by supplying it with 11.8
volts consumes only 115 volts and 10.5 amperes or 1208 watts from
the supply lines. To produce the same effect with a rheostat in the
armature circuit would demand 230 volts and 37 amperes or 8510
watts, which is seven times as large an input. On the other hand,
with this system at or near rated speed, the efficiency falls from 86.7

7640
115 X 83.8
the combination of the motor and motor-generator.

Bullock “ Teaser »? System.— This arrangement is designed espe-
cially for printing-press operation when the ‘“inching” or slight
forward movement of the press must be effected very accurately for
“making ready,” as it is galled. While this could be accomplished
by the two preceding multi-voltage methods, the cost of the equip-
ment would be rather high, hence the development of this special
method.

The apparatus and connections of the electrical units are as shown
‘in Fig. 47. The “teaser” or motor-generhtor MD is of compara-
tively small capacity and its generator end generates a low voltage.

per cent for the individual motor to = 71.6 per cent for

L
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The operation is as follows: The motor-generator acts as a current
transformer, to supply currents of considerable value at low voltage
to the main motor for starting large presses, inching them forward
or even running them for long periods at very low speeds. The
speed of the working motor WA/ is gradually augmented by increas-

Teaser Set
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;_JW
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R O s Ol s
0
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FIG. 4%7.— BULLOCK ‘‘TEASER” SYSTEM.
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FIG. 48. — LINE CURRENTS, RHEOSTATIC AND ‘‘TEASER’’ CONTROL.

ing the speed and voltage of D by decreasing the value of the series
resistance R or by field weakening of the motor end until the main
motor WM is rotating at such a rate that it can be operated with
comparative economy from the main line through the resistance R,,,
at which instant the ‘“teaser’’ is disconnected from the line and main
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motor. The great economy of the teaser system over armature
rheostat control is proved by the curves in Fig. 48, which represent
the currents drawn from the line by the two methods when perform-
ing the same duty with the working motor. The dotted line com-
pared with the solid line shows the reduction in line current with the
teaser, the saving being more than 50 per cent up to about 30 per
cent of rated speed. A little below half speed the teaser is cut out.

The conditions while starting the typical 10-horsepower motor are
represented in the upper diagram of Fig. 47. The armature current
of the working motor WM is assumed to be 55.5 amperes, which is
5o per cent above rated value, in order to overcome inertia and
initial friction. Of this current 48.8 amperes are generated by the
generator end D of the teaser, and 6.7 amperes are supplied through
the motor, as indicated. Merely to start the motor demands 17
volts and 48.8 amperes or 830 watts from the machine D. Assum-
ing 8o per cent efficiency for the motor-generator, the input of the
motor end M must be 830 + .8 = 1036 watts. Hence the voltage
consumed by it is 1036 + 6.7 = 150 volts and the drop in the series
resistance R is 230 — (150 + 17) = 63 volts, the amount of this
resistance being 63 + 6.7 = 9.4 ohms, which is gradually decreased
to raise the speed of the teaser and working motor. At starting only
230 volts and 6.7 amperes are drawn from the supply lines, instead
of 230 volts and 55 amperes, which is more than eight times the
power in watts.

When the teaser generator is of the simple shunt type, a sudden
overload or sticking of the press rollers stalls the entire equipment,
because the terminal volts of D fall too low to produce the current
required. To overcome this difficulty the modification known as
the Bullock Teaser Booster equipment has been developed. This is
essentially like the preceding, but the generator end of the teaser is
compound wound, so that any tendency to stall the working motor
WM increases the current; thus the voltage of D and the motor
torque are sufficiently augmented to carry it over the sticking point.
With these teaser arrangements, the working motor may exert full
torque at all speeds, so that its horsepower output increases with the
latter as in the multiple-voltage or “boost and retard” systems.

Holmes-Clatworthy System.— This is similar to the teaser sys-
tem in principle and is also applicable to the driving of printing
presses, but the low speed for starting and inching purposes is



90  ELECTRIC MOTORS, THEIR ACTION AND CONTROL.

supplied from a special motor. The equipment comprises a main
or working motor, a smaller auxiliary motor and a controller.
In addition there is an electrically operated self-releasing clutch,
situated between the two motors, by which the turning effort of
the auxiliary motor is transmitted through worm gears to the press.
The auxiliary motor is wound for such a speed that by means of
the gearing it will drive the press for all purposes of starting up,
inching, leading in, etc., and run it up to a sufficient speed so that
- the main motor may take the load advantageously. As soon as the
main motor overspeeds the auxiliary one, the self-releasing clutch is
automatically operated, and the latter machine is disconnected.

Double-armature Method. — This method of motor speed con-
trol is placed under the general head of multi-voltage or ad-
justable-voltage systems because even though the line voltage
remains constant, adjustable speed is obtained by changing the
voltage applied to a given armature winding, thus producing
the same result as by altering line voltage. There are two gen-
eral arrangements belonging to this class. The principle is the
same for both, but with the first only two running speeds are
obtained by connecting the armature windings either independently
or in series, while in the second four speeds can be secured by
changes in the manner of connecting the two armature windings to
the circuit.

The first method (General Electric Company’s,* and C. and C.
Electric Company’s systems) employs a motor with an ordinary field
frame and winding which may be shunt or may be compound wound,
but the armature core is provided with two windings and two com-
mutators, which are alike in all respects. Thus if one armature
winding be placed across the line a certain speed will be obtained.
If both are placed across the line in series, the speed will be about
one-half as great. This double-armature method is closely similar to
the series-parallel control of railway motors. The successive steps
in this method for the speed regulation of a compound-wound
motor are as illustrated in Fig. 49.

An extension of the same principle is exemplified in the motor
developed by the Commercial Electric Company, which employs
one common field frame and winding (shunt or compound) and two
independent armature windings, but instead of having these alike in

* U. S. Patent No. 757,394, April, 1904.
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number of inductors, one of them has 2 x inductors and the other 3 x
inductors; i.e., one has 50 per cent more inductors in series than the
other. Thus if the 2 ¥ winding be opposed to the 3 ¥ winding and
connected in series to the line, only x inductors are effective in pro-
ducing the c.e.m.f., hence the speed would be a maximum. If the
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FIG. 49. — GENERAL ELECTRIC, DOUBLE-ARMATURE MOTOR CONTROL.

winding with 2 x inductors were connected by itself to the line, a
speed of one-half the maximum would be obtained. If the winding
with 3 & inductors were placed across the line, a speed of one-third the
maximum would be obtained, while if both were placed in series
across the line so that they generate e.m.f. in the same direction
corresponding to 5 x inductors, a speed of only one-fifth the mazimum
would be the result. The general connections for these steps are
shown in Fig. s0. If used in combination with field or with rheo-
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static control this method would give an extremely wide range; for
example, a 6 to 1 field range would give a 30 to 1 speed range.

The series-parallel control, including ordinary railway motors, as
well as the G. E. and C. and C. methods described above, gives full
rated torque at all speeds unless the field is weakened, because both

a Min. Speed
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FIG. 50. — COMMERCIAL ELECTRIC COMPANY’S DOUBLE-ARMATURE METHOD OF
MOTOR CONTROL.

armatures may carry full current,if desired. The Commercial Com-
pany’s arrangement exerts only one-fifth torque at five times the
speed, that is, constant power like field weakening.

Speed Control by Variation of Number of Poles. — The Bullock
Company at one time manufactured a motor capable of giving
various speeds by changing the number of poles. For example,
consider a six-circuit armature with a six-pole fi¢ld magnet. When
the field coils are so connected that the ordinary relation of alternate
north and south polarity exists, the number of armature circuits
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(b) and the number of poles (2 p) are each 6, hence from equation (z2),
the speed would be

e1’60 b e 1060
nd2p nd

r.p.m. =

If, then, the connection of the field coils be changed so that three
poles adjoining each other become S, and the other three N, we have
with the same impressed voltage a speed in r.p.m. = e—;—dzsg or ix
3
because the armature winding becomes a two-circuit one, the number
of poles being two, while the flux per pole has increased to about 3¢
provided the yoke and armature have sufficient cross section to
carry the increased flux. Hence the speed in the second case would
be only one-third of what it was in the first instance. The cost of
this design is so great, due to larger frame, complex windings and
switches, that it has not been commercially successful. For example,
it would be necessary even in the smallest motors to have six poles in
order to obtain a 3 to 1 speed range.

For further discussion of these various systems of shunt-motor control see the
following publications:

D. C. Moror SPEED REGULATION. J. W. Rogers. Prac. Eng., London, 1907.

Die GLEICHSTROMMASCHINE. E. Arnold.  Vol. 11, p- 616, 1908.

ELECTRIC JOURNAL, Vol. I, p. 251; Vol. II, pp. 11, 566; Vol. III, p. 348.

ErLecTtric Motors. H. M. Hobart. 1904.

ErectrIC WORLD, Vol. XLIX, p. 947.

ENGINEERING, September, 1905.

LonpoN ELECT., Jannary 27, 1905.
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1905, p. 303.
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PROCEEDINGS ENG. SOCIETY WESTERN PA., October, 1905.

SPEED CHARACTERISTICS AND CONTROL OF ELECTRIC MoToRs. C. F. Scott. Eng.
Mag., Vol. XXXI, p. 60, 1906.

Transactions A. 1. E. E., Vol. XIII, p. 377, 1896; Vol. XX, pp. 111-197, 1902.
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TRIC AND WESTINGEOUSE COMPANIES.



CHAPTER IX.

DIRECT-CURRENT SERIES MOTORS.

As the name of this motor implies, the field and armature windings
are in series, Fig. 51, hence the same current that flows through
the armature also excites the field magnet.

Mainsﬂ 4

]
vitchs
o Field

o

FIG. 5I. — CONNECTIONS OF SERIES MOTOR.
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Series motors are of two general types, constant poténtial and
ronstant current. Attention will be paid chiefly to the former, since
the latter are no longer used commercially. The greatest of all
applications of the electric motor is to electric traction, for which
purpose series motors are almost universally used in this country. It
is natural, therefore, to discuss the action and control of series
motors from the railway standpoint, although their application to
hoists, fans, pumps, etc., is also important.

Speed-current Curve. — The speed of a series motor rises when
the current is diminished, the exact relation depending upon the
degree of magnetization of the magnetic circuit. At low current
values, and therefore low flux densities, the speed is relatively high
and the amount of its variation for a given change in torque is cor-
respondingly great. The speed is much lower and more nearly
constant when the field approaches saturation. The general formula
for the speed of a motor as already given in equation (2) is
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The flux @ is the only variable and depends upon the field current,
in the case of a series motor, being the same as or proportional to the
armature current. The flux at low densities increases almost di-
rectly with the current, and if there were no voltage drop due to
resistance, the speed current curve would take the formr.p.m. X & =
Constant, which is an equilateral hyperbola, asymtotic to both co6r-
dinate axes. However, as saturation of the magnetic circuit is ap-
proached there is a gradual reduction in the rate of increase of
flux with current, so that the speed does not fall as rapidly, thus
raising the right hand portion of the curve. Moreover, the resist-
ance drops of the armature and field windings increase with the
current, tending also to raise the same part of the curve. This
relation between speed and amperes input is brought out numeri-
cally in the two following examples. The first assumes a series
motor A with a field of relatively low flux density, and the sec-
ond a series motor B of equal current capacity but having a field
approaching saturation below rated load.

The series motor A is assumed to run on a 550-volt constant-
potential circuit, its armature resistance being 0.7 ohm and field
resistance of the same value. This motor, operated as a dynamo
(separately excited) at a constant speed of 200 r.p.m., gives, in terms
of voltage generated, the magnetization curve A in Fig. 52 with field-
current variations from o to 50 amperes. Armature reaction may be
practically neglected, being relatively small in series machines since
the brushes are in the neutral position and because field m.m.f. rises
with armature current and m.m.f.  Brush drop is also a practically
negligible item in most series motors whichrun at 550 voltsor more in
railway service and usually at voltages of 220 or higher for stationary
work. Moreover, the field winding being in series withthe armature,
drop due to resistance is about twice as great as in a shunt machine
of the same voltage, making brush drop relatively small, and it will
be considered as included with the armature drop. (See Chapter III,
pp. 16-19.)

The speed-current curve is calculated as follows:

At five amperes input the voltage drop due to armature and field
resistance is IR, + IR,, = 5 (.7 + .7) = 7 volts; hence the c.e.m.f.
generated with 550 volts applied = 550 — 7 = 543 volts. From
Fig. 52,curve 4, the field flux due to 5 amperes produces at 200 r.p.m.
an e.m.f. of 56.5 volts; hence to develop a c.e.m.f. of 543 volts the
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FIG. 52. — MAGNETIZATION CURVES OF SERIES MOTORS, A AND B.
r.p.m. = (543 + 56.5) X 200 = 1920. The speed at other torque

conditions corresponding to 10, 20, 30, 40 and 50 amperes can be
similarly calculated; the results being given in the following table.

TABLE XI.— CURRENT-SPEED DATA, SERIES MOTOR A (LOW
FLUX DENSITY).

4 B 4 C.e.m.f.= |Voltsat 200r.p.m. Rinmi— M

ST IR, | IR, |A—(B+C)Curve 4, Fig. 52. P = Folts at 200 r.p.m.
5 550 3.5 3.5 543 56.5 200 (543+ 56.5)=1920
10 550 7.0 7.0 536 108.0 200 (536+108 )=1155
20 550 | 14.0 | 14.0 522 200.0 200 (522+200 )= 522
30 550 | 21.0 | 21.0 508 283.0 200 (508+283 )= 359
40 550 | 28.0 | 28.0 494 350.0 200 (494+350 )= 283
50 550 | 35.0 { 35.0 480 412.0 200 (480412 )= 233

Plotting these speed and current values in the form of a curve, a,
Fig. 53, and comparing the various values, it is seen that the speed
varies greatly with the current, the range being from 1920 to 233
r.p.m. with currents from 5 to 5o amperes.



DIRECT-CURRENT SERIES MOTORS. 97

In the case of series motor B, the armature and field resistance are
0.4 and 1.0 ohm respectively, and the magnetization-voltage curve
of this machine operating at 200 r.p.m. with 5 to 50 amperes field
current is curve B, Fig. 52, showing much higher flux densities than
curve 4 of the first machine. The rated load current is 5o amperes
and line pressure 550 volts, as in the case of motor A. The relations
existing between current and speed can be calculated as in the pre-
ceding case, the results being given in Table XII.

TABLE XII. —CURRENT-SPEED DATA, SERIES MOTOR B (HIGH
FLUX DENSITY).

A B c '

C.e.mf.= |Volts at 200r.p.m. 2. M

e V. IR, | IR, [A—(B+C)| Curve B, Fig. 2. R = oTte at 200 r.p.m.
5 550 2 5 543 137 200 (543+-137)=794
10 550 4 10 536 235 200 (536+235)=455
20 550 8 20 522 360 200 (522--360)=290
30 550 12 30 508 420 200 (508-+-420)=242
40 550 16 40 494 450 200 (494-+450)=220
50 550 20 50 480 462 200 (480-+462)=207

The effects of low and high magnetic flux densities upon speed of
series motors at various loads are shown by comparing the two speed-
current curves in Fig. 53. For motor B with high flux density the
speed range is 794 to 207 r.p.m., or 3.84 : 1, while it is 1920 to 233
r.p.m., or 8.24 : 1 for motor A, which is more than twice as great as
the variation in speed with the motor of high flux density, the current
change being the same, that is, 5 to 50 amperes in both cases. The
type of direct-current series motors commonly employed is that with
the higher flux density on account of the greater economy of material
and better operation under conditions of variation in the line voltage.

Comparing the speed curves of series and shunt motors, Fig. 54, it
is apparent that the speed changes in series motors are due not only
to I (R, + R,,) effects but more especially (up to heavier loads)
to increase in field strength. The IR, drop is greater in series than
in shunt motors of the same rating, because the former are usually
designed for intermittent service, so that the current density in the
field and armature windings can be made much higher than would
be approved of in shunt machines, which are usually loaded more
continuously.
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I (R, + R,,) is the resistance drop in the motor windings. When
V, is less than V, the speed corresponding to it is smaller than the
Aok Ve 3 >

ratio 5—27—” , since the resistance drop is then a larger part of V,
than it is of V. Similarly when V_ is greater than V the reverse is
true. When V, is equal to I (R, + R,,) the armature will stand
still, exerting torque corresponding to I. For any increase in V,
above this value the speed rises proportionately.
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FIG. §5.— SPEED-CURRENT AND TRACTIVE EFFORT-CURRENT CURVES
OF A SERIES MOTOR.

G. E. 60C Railway Motor. Gear Ratio, 1.885; Wheel Diam., 36 ins.;
Resistance of windings, 0.14 ohms.

By means of the preceding speed-current equations, the corre-
sponding curves (Fig. 55) of the typical 200-horsepower series rail-
way motor (G. E. Type 69C, N.Y.C. “M. U.” trains) at 150 and
300 volts have been calculated from the 6oo-volt curve given by the
manufacturer.

Torque-current Curve. — The torque of any motor varies directly
with the product of armature current and field flux. Henceina series
motor the torque at low flux densities varies directly as the square
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of the current; that is, torque = KI?; but as the magnetization
approaches saturation the torque becomes more nearly propor-
tional to the first power of the current.

The torque of a series motor is independent of the voltage except
for variation in hysteresis, eddy-current, friction and windage losses
resulting from the change in speed with the altered voltage. At low
voltages and corresponding speeds, these losses are reduced and the
available torque per ampere is similarly increased; at higher voltages
the reverse is true. Since the hysteresis loss varies with the first
power, and eddy-current loss as the square of speed, the difference in
torque for any given current is greater between the 150 and 300 volt
curves than that between the 300 and 6oo volt curves. The per-
centage difference between torque values at any two voltages in-
creases with the current on account of ratio of speeds at these
voltages. Fig. 55 shows the torque-current curve for the typical
200-horsepower series motor at 600 volts, being approximately cor-
rect for 150 and 300 volts also, because the variation in the losses
is small compared with the total torque.

The full-load value of motor current in the case of a railway equip-
ment is generally employed as the starting current.

A comparison of the speed-current and the torque-current curves
of a series motor (Fig. 55) shows that the maximum torque exists at
the minimum speed. This is the especially valuable feature of the:
series motor, as maximum torque can thus be obtained at starting,
with consequent rapid acceleration. Further study of these curves
also brings out the bdgd feature of the series motor, namely, that very
high, in fact dangerously high, speeds may be attained by the arma-
ture if the load be very much reduced. Series motors should, there-
fore, be either geared or directly connected to their load to prevent
any breaking of the mechanical connection which is likely to occur
with a belt. )

The torque per ampere may be called the torque-efficiency of the
motor. This varies with the current, but there is a gradual reduction
in its rate of increase, because the magnetic circuit approaches
saturation as the current becomes larger. The “torque per ampere-
current” curve of a series motor, Fig. 56, is substantially the mag-

T
netization curve, because T = K®I. .. by Ko.

The torque per ampere curve in Fig. 56 gives the torque in terms
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of pounds pull at 1 foot radius from motor shaft. This value is
obtained by dividing the pounds tractive effort per ampere by the
gear ratio and multiplying this quotient by the radius of the wheels
in feet. For example, the torque per ampere at motor shaft with
armature current of 3oo amperes is 3120 X 1.5 + 300 X 1.885 =
8.27 pounds at a foot radius.
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FIG. 56. — TORQUE PER AMPERE-CURRENT CURVE OF A G. E. 69C
RAILWAY MOTOR.

A working value of the constant K can be obtained by determin-
'ing the torque T at any reasonable current I and dividing this by
the product of that current and the electromotive force corresponding
thereto when the motor is operated as a separately excited dynamo
at any given speed.
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Horsepower-current Curves. — The output is readily calculated
from the torque and speed, since torque is expressed as pounds
pull at a one-foot radius. The output is derived as follows:

TR 2 7 torque (r.p.m.) _ torque (r.p.m.) o
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FIG. 57. — BRAKE HORSEPOWER-CURRENT CURVES OF A G. E. 690
RAILWAY MOTOR.

If the turning moment of the motor be expressed as tractive effort
or pounds pull at the rim of the car wheel (t.e.) and the speed in miles
per hour (m.p.h.), then the output is given by

t.e.) (m.p.h.
Py ) (mph) (13)

h.p
375
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The horsepower output for a given current varies almost propor-
- tionally with the voltage; thus at 150 and 300 volts the horsepower
output is practically one-quarter and one-half, respectively, of the
value at 6oo volts. More exactly, the output at sub-voltages is a
little less than the same fractional part of the output at 6oo volts,
since the percentage increase of torque at the reduced voltage is less
than the corresponding decrease of speed. Fig. 57 shows the curves
of horsepower output and current at 600, 300 and 150 volts for the
200-h.p. motor previously considered.
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FIG. 58! — EFFICIENCY-CURRENT CURVES OF A G. E. 69C RAILWAY MOTOR
(GEAR LOSSES INCLUDED). .

Efficiency-current Curves. — The efficiency curves of this typical
200-h.p. series motor at 150, 300 and 6oo volts in Fig. 58 show
that the efficiency of such a motor at rated voltage is nearly constant
over a very wide range of speed and load, but with very small or
excessively large currentsit falls to low values. At volt<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>