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PREFACE

If it cannot be said that research 1ln the small motor field
is interesting it may certainly be said that it is challenginge
The least explored realms are invariably the most challenging,
and one has but to institute a search for technical literature
dealing with alternating-current motors of one-fiftieth horse-
power or less to discover a relatively unexplored region.

This work presents the results of research in an attempt to
analyze the principle of operation and performance of a single=-
phase reluctance motor rated at 1/100 horsepower. Since most of
the findings discussed herein are based upon a study of this
machine 1t seems well to describe 1t here.

The motor was manufactured by the Robbins and Meyers
Corporation and assigned serial number 0589291ZA., It operates
from e 115-volt, single-phase line delivering rated load at U3
amperes. JIt is a four-pole machine having two colls per pole
on both the starting and main windings. Total weight of the
motor is 7.1 lbs. It operates at a constant speed of 1800 rpm
rendering it practical for such applications as turn-table drive,
timer-motor, and recording-instrument drive.

This entire study is concentrated on the operating charac-
teristics between no-load and 160% load. Chapters I and II
present a qualitative analysis of the electric and magnetic
fundamentals responsible for the operation of the machine as a
motor. The fundamentals brought out in these chapters also
provide a basis for explanation of performance as analyzed in

Chapter III, In Chapter III a method of performance calculation
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based upon complete test data 1s developed and demonstrated.
The final chapter presents an alternate and less complicated
method of making some of the performance calculations,

Explanation of the method of starting the motor has not been
included in this thesise. To appease the curiosity of those
interested in that aspect of the problem it may be stated that
the rotor has a squirrel-cage winding, and the machine starts
and runs up to a high percentage of synchronous speed as an
induction motor. As a matter of fact, practical reluctance
motor designs have been worked out by milling flats on a normal
squirrel-cage induction motor.

It 1s hoped that this thesis will serve as a stepping-
stone into the field of research dealing with the prediction

of performance of miniature reluctance motors.
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CHAPTER I
Theory of Operation of the Reluctance Motor
PART I
Motor Circuits, Electric and Magnetic
The reluctance motor, as a type, may be referred to as a
synchronous motor. This classification 1s justified by the fact
that the machine operates throughout its entire load range at
the synchronous speed of the stator fields It 1s peculiar to
synchronous motors in general in that no direct current source
of energy 1s required. In short, perhaps the easiest way to
conceive of the reluctande motor is to imagine a conventional
salient-pole synchronous motor operating at no-load and with the
field circuit open. It is a well known fact that such a machine
will continue to rotate and will even drive light loads. That
motor power 1s avallable with open field may be explained from a
consideration of the vector diagraml representing conditions in
the salient-pole machine,
Refer to Figure I-1l, The following table identifies the
several vectors of the figure.
TABLE I

Developed e.m.f.‘due t6 total flux,

=4
o
!

Ig - Total armature current,
Ig - Component of Ia along the quadrature axis,
Ig - Component of Iy along the direct axis,

Rg = Armature equivalent resistance.

1l Thomas C. McFarland, Alternating Current Machines, pe 323




Figure I-l. Per phase vector diagram of a salient-
pole machine.
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GQuadrature-axis reactance,

e
2
1

Xg = Direct-axls reactance.

o

g =~ Total flux effective in developing Ege
Making use of the double-reactance theory it may be shown

that the power in the circult, per phase, is

V[ %5526 - Re] + VE[ReCosd - X Sind |
’ RZ + XaXg

P=

Neglecting Re as small in comparison with Xg and Xq,

pe VEeSind | V2(Xs-%g)Sin 28
- Xd ZXJXq

The first term of this expresslon constitutes the total
poewer in the circult for s cylindrical rotor machine. The
second term is evidently present because of salieney and often
ls referred to as reluctance power,

The ﬁerm is intéresting. Notice the absence of Ege Ap~-
parenfly no back cemefs 18 necessarys. Even though Eo be of zero
magnitude due to abszence of fleld current, power is still a-
vailable provided there is a difference in machine reactances
along the direct and guadrature axese. One might conclude that
such a machine is capable of delivering motor power without a
rotor field, ©Such conclusions are erroneous and stem from the
popular tendency to use electric circults and circult analysis
to explalin the behavior of machinery wherein magnetlc circuit

phenomena are much Involveds The above mentioned tendency is



eaéily explained; it makes for simplicitye

Most practical applications of electric energy makes use
of equipment having definitely defined electric circults and
definitely defined magnetic and/or electric fields. Rotating
'ﬁachiﬁery in particular has a rather complicated system of mag-
netic circuits, combinations of which must occur in a precise
manner 1f the machine is to perform with any predictable results.
The electrical cilrcuilts of the machine, on the other hand, are
easy enough to describe with equivalent terminals, junctions,
ceMafets and impedances. Furthermore, conventional instruments
are avéilable for making measurements of electric circuit parame-
ters, and simple methods for the determination of magnetic
circuit parameters are not available., It is no wonder that an
attempt 1s always made to incorporate in a circuilt diagram
equivalent parameters which control the currents -and voltages of
the circuit in the same manner that the magnetic parameters on
the physlcal machine control those quantities. These attempts
have met with success in many applications., A complete analysis
of motor power, however, requires a detailed investigation of the
magnetic circuit and an understanding of the behavior of magnetie

fields in iron circults.



PART II
The Stator Field

The transfer of power across the air gap of the salient-
pole synchronous motor is possible because of the interaction of
two magnetic fields, both of which are rotating in the same di-
rection and at the same speedas One of these fields originates
in the stator and the other in the rotor. The interaction
mentioned above is the tendency for the rotor field to "lock"
in step with the stator field., The origin of the stator field
will now be considered.

Take, for example, a single-phase, two-pole machine and
refer to Filgure 1«2,

Let o be the field flux caused by coil A alone,‘and assume
that coil A draws from the line an exciting current such that
Fa = @y Cos wte Let coil B receive excitation from the same
single-phase line, but by making use of some phase=-shifting
circuit allow the exciting current in coil B to lag that in coil
A by ninety electrical degrees, If Both coils provide the same
magnetomotive force then @ will be given by the equation,

I = ¢m Sin wt, Coll B 1is physiqally located ninety meéhanical
degrees around the periphery of the stator from coil A, With
the coills simultaneously exclted thére.exists two stator fluxes,
one in the vertical axis and one in the horizontal axis, pulsat-
ing sinusoidally with time, A second fact which is very sig-
nificant is that the time phase difference between the fluxes is
ninety electrical‘degrées. Lines of magnetic flux actually |

exist only as a tool of the imagination in describing the force
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field of electro-magnetism. (According to one theory, which
seems as good as any, even the force fields of permanently
magnetized materials originate with electric motion within the
atoms of the material). Thus the force fields originating in
coils A and B cannot be considered separately, and it 1s the
resultant flux with which one must deal In the analysis of the
magnetic circuit,

This flux 18 readily found from

gr = ﬁb‘+ Pa
= 1 @m Sin wt + J @n Cos ot

The symbols i and j aré Introduced to indicate the space
direction of the fluxes, 1 being assigned directlon along the
positive x~axis and J along the positive y-axis. (] is not to
be confused with the conventional J of compleX'timevvarying
quantities).

Let us determine the magnitude of @, as a function of time.

BEvidently

Magnitude of @p = /4 = Jbﬁ? Sin2 ot ¥'¢ﬁ2 Cos? vt

=/Fne (5in2 at + Cos? wt)

=
The interesting result is that @y is constant with time and
equaltin magnitude to @me The space location of #pr is also of
great importance; To this end let us determine the value of the
angle/é?h Regardless of time the sine of Ag’may always be de-

termined from

sin 5 = @%93_@3
r



or we may write

B: Sin=i Qfm Cos wt

el

but
gr = 2(t) = P,
SO

Sin=1 P Cos of

™
I

= Sin~l Sin(et + 90)

= (0t + 909)

Now A? is seen to be a funetion of time causing the re~
sultant flux to rotate at the angular veloclty of the line
frequency., This 1s a very desirous effect, since 1t 1s this
rotating flux which makes possible the motor action in the
single-phase reluctance motor,

The phenomenon descrilbed abeve 1s frequently employed in
the starting of small single-phase induction motors, These
machines, small though they may be, are large by comparison wlth
the one one~hundredth horsepower motor of our pressnt conslder=
ation, TFreguently, alfter starting, the cuadrature fleld winding
of the induction motor will be automaticslly removed by contac-
tors operating from centrifugal force, The continucus duty

rating of the phase~shifting circult for the reluctance motor of

A

this study, however, is sufficlent to allow it To be permanently
k J > I o

connecteds



Part TII
The Rotor Field

As mentioned in Part IT of this chapter, motor actlon is
dependent upon the inter-action of two flelds, One of these
fields, the driving field, originates in the stator, The other,
the driven, must originate in the rotor. By this 1t is meant
that the circulating charge responsible for the megnetic flux of
the rotor is physically associated with the rotor itself. This
concept is rather easily grasped when the inductlon motor is
taken as an example. The revolving stator fleld develops an
ceMefe in the rotor winding. The circulating current of the
rotor windlng results in the rotor field which revolves with
respect to the rotor. The rotor field is driven by the stator
field at synchronous speed and motor action resultse The sig-
nificance of the example is that the driven field must be con-
sidered to be produced by currents which flow about the rotor,
the driven member,

The reluctance motor has no rotor winding, or if it does
have it serves only to furnish induction motor power during
starting. Certainly at synchronous speed such a winding con-
tributes no average motor torque. The origin of the rotor fileld
is, of course, due to the ferromagnetic nature of the material
from which the rotor is constructed. Since this plays such an
important role in the functioning of the reluctance motor a

qualitative explanation of the theory of magnetism will be
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presented heree?

The smallest sub-division of magnetic matter, the atom with
its nucleus and electrons, may be assumed as the origin of the
magnetic flux line. (The flux 1ine; as such, 1s non~existent
but is a convenient tool of the imagination with which effects
of the phenomenon may be described). The magnetic flux line
possesses capabilities which can only be attributed to the ener-
gy of the moving electrons of the atom, and the source of this
energy is no more readily explained than is the source of energy
which causes the earth to move about the sune. Scilence has, on
the other hand, made very powerful observations concerning the
relationships existing between moving electric particles and
resulting magnetic filelds,

Refer to Figure I-3. Assume that the charge, ¢, 1s pro-
gressing along line ab at Velocity Ve A magnetic field, ﬁﬁ will
be set up and described by the following equation:

g =9 (Ip% 7) (I-1)
2

where
a is the vector flux,
T} is the unit radius vector,
¥ is the vector velocitye.
The cross=product of the directional unit vector, Y}, with v de-

fines a flux vector into the plane of the picture at the point,

» 2 The subject matter pertaining to the theory of magnetism
is taken largely from the M.IL.T. publications, Magnetic Circuits
and Transformers, in which credit is given to R. M, Bozarth and
his paper, "Present Status of Ferromagnetic Theory," As.l.E.E.
Transactions, Vols. 5L (1935), pe 1251,
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Pse It is not concelvable that the charge, g, wlll move unless
an electric field exists along the direction defined by the line
ab. Now consider that at the atomic level of sub-division of
matter an electric field exists in which a unit charge is forced
along an orbit about the nucleus of the atom. As long as the
veloclty of the chafge remains constant a magnetic flux of
constant value will exist defined by a special case of equation
(I-1)e This is evident from a study of Figure I-li. The value
of this flux 1s given by,

— I
¢=§2_c(i}k T4

T}X-i;= 1 Sin 90° = 1, r is constanbt, and the magnetic flux

vector, B; can have only é cénstant magnitude with direction
into the plane of the pilcturee.

A single atom may have several orbits of the type described
by Figure I-l, some with positlve-spin and some with negative-
spin electfons. Certain materials such as chromium, iron, cobalt
and nickel have an excess of positive-spin electrons and, conse=-
ﬁquently, have a resultant magnetic moment of magniltude greater
than zero at the atomic level.

A sub-divigion of matter known as the domaln has a very
sharp bearing on the magnetic properties oflﬁhe material. In
size the domain is somewhere between the atom and crystal. It
1s characterized by the fact that. throughout the domaln the mate-
rial is completely magnetized at all times, .The direction of
magnetization may be changed from one to any of several other

possible axes of magnetlc moment, but such changes occur com-
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pletely and instantaneously. The arrangement of atoms in such
a domsin of the iron crystal is shown in Figure I-5. This is
called a body-centered cubic lattice and the possible directions
of magnetism are indicated by the arrows labeled 100, 110, and
111, The preferred direction of magnetization 1ls along the 100
axis, The next least difficult direction is along the 110 axis,
and the most difficult along The 111 axise.

An iron crystal may be thought of as consisting of a large
number of domalins each magnetized in the preferred direction but
as many with a negative sense as with a positive sense., This
situation is shown in Figure I-6 which represents a cross
section of the crystal.

The mass of material as a whole is made up of many crystals,
Iroﬁ, cobalt, and nickel have crystaline structures such that the
magnetic moments of the individual crystals may be made to add,
giving a net magnetic moment for the total mass.

Figure 1I~7 shows the relative ease with which the iron
crystél may Be magnetized along the three possible axes. Figure
I-8 shows a typlcal magnetization curve for iron. The general
shape of this curve is explained as follows. The section from
Q to (a) results from a growth of size of the domainss3 The
section from (a) to (b) results from the aligning of the mag-
netic momentsréf domaihs along an axis most nearly parallel to
the applied flelds It 1s noticed that this sectlion of the curfe

is characterized by considerable increases in B for an incre-

3 This phenomenon 1is not discussed in thilis work. The reader
1s referred to R. M, Bozarth, Ops cit., pe 1251,
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ment of H, If the curve Were magnified many times this portion
would appear bo change in steps. (See Figure I-8), This i1s due
to the instantaneous switching of axes of magnetization within
the domain. BSome steps are higher than others because for some
increments of H more domains yleld to the external field than
for other incréments. The final sectlon of the curve, (b) to
(c), derives 1its shape from the gradual rotation of doméihs into
fhé line of the impressed field. This is accomplished at con-
siderable cost of energy, thus explaining the decrease of slope
along this portlion of the curve. When all domains have been
rotated into position no further source of magnetism is availa~
ble from the material and the sample 1s sald to be saturated.
The entire discussion of magnetic theory as presented here
1s to substantiate the argument that the rotor of the reluctance
motor produces its own filelde Assume a hypothetical rotor of a
material which will admit magnetic flux readily, but which has
no such magnetic moment of 1ts own as that just described., A
substantial air-gap flux might exlist produced by the stator
Winding. Now replace the above rotor with one of iron, a ma-
terial with a local magnetomotive force at the atomic level.
The air—gap may now be considered to have two fluxes; one of the
same magnitude as the machine with the hypothetical rotor and
one produced by the net magnetic moment of the iron rotor itself,
The inter-action of these two flelds results in motor action if
the stator field 1s caused to rotate as described in Part II of
this chapter., The amount of motor torque available depends upon

the ability of the rotor to add to the alr-gap flux., This
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ability, of course, depends upon the material of which the rotor

is constructed and upon the processing during manufacture.
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CHAPTER II
Air-Gap Analysis of the Reluctance Motor
PART I | |
‘Introduction

Chapter III of this work presents a method of performance
calculation making use of equations which are somewhat empirical
in nature. The equations are, however, under the control of the
design engineer to a certain extent. For instance, any change
in processing of the steel used for rotor punchings which results
in a more advantageous use of the natural magnetic moment of the
metal would allow greafer torque. The geometric construction of
the several elements of the motor might be altered resulting in
altogether different performance characteristics. These differ-
ences would be evidenced by changes of the equations in Chapter
I1II. It is the purpose of the present chapter to develop a line
of reasoning upon which interpretations of those equations may be
based,

The reader is reminded that motor analysis, to be complete,
must include an analysis of the behavior of the magnhetic circuilt.
This is particularly true of the reluctance motor, a machine the
Very name of which attracts attention to its air-gap. The dis-
cussion which followé will develop the ldea that a change in load
results in a change of the reluctance of the magnetic circuilt,
and this in turn results in a change of input. Assume a single-
phase, four-pole, reluctance motor to be operating lightly
loadeds If simple measurements of input power, current, and

line voltage were made, and if an equlvalent series circuit were
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calculated the ceircult would be found to contain resistance and
inductance in series. These parameters could not be identified
as physical parameters of the stator alone even though the rotor
turns at synchronous speed and no measurable gquantity of current
flows in the rotors Now allow an increment of load to be added
to the shaft., If the motor continues to carry the load at
synchronous speed more energy must be extracted from the supply
linss. The only way thle can be accomplished 1s by a variation
of the equlvalent connected lmpedance. The only control that
the motor has over thls 1ls wlthin the alr-gap. Physlcally, an
instenteneous but short-lived decrease of rotor speed causes a
new sgset of condltlons to exlst hetween the rotor and stator
flelds. The adjustment must result In preclsely the change of
equlvalent clrcult necessary te draw from the line the Increase
In output power plus the increase of losses if any. The new
gquivalent lmpedance was brought about by a change of reluctance
in the magnetic clreult, yet the change of equivelent lmpedance
was not one of reactance alone. It 1s the complex manner in
which the equlvalent circult of the reluctance motor changes

under load that leads to the following rather unique analysise
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PART IT
Energy Flow

Figure II-1 portrays the motor as a conservative system
bounded by dashed lines., Energy, without regard to its form,
flows into the sfstem from the 115 volt line and flows from the
system at the boundary representing the shaft and at other points
to account for heat and friction losses. That part of the total
which represents output plus friction loss must flow ffom the
stator into the rotor, and in doing so must flow through an air
volume, This 1is accomplished using as a vehicle the magnetic
field. Since, for symmetrical construction, conditions are
similar at each pole, for a four-pole motor one-fourth of the
output plus friction loss flows into the rotor through a volume
bounded’by a-b-c~d in the plane of Figure II-1 and by the ef-
fective length of the rotor. The rate of flow of this energy
deﬁends upon the square of the flux density, the effective
volume, and the speed of the machine., The energy density in a
volume containing magnetic flux will now be determined,

The cube of Figure II-2 may be considered to have unit
dimensions in the Ratlonalized NKS systems Allow a flux density,
B, to exist, and to explain its presence assume one turn of a
conductor carrying enough current to maintain the flux in the
volume, ®Since the volume 1is of unit length the magnetic field
intensity, H, is given by:

H = NI

If the current varies this may be written
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¥ = Ni (TT-1)

When the current is established from zero the equation for

e=Ri+1\Td

where A 1s The cross-sectlonal area normal to the flux, unity

The energy input to the magnetic fileld while establishin

g
the current, L, is
I
W= [hd2 i (31-3
Substituting“for i from equation II-l into II-3 the following
l1s obtalned:
Boti:L 8
w’ :fNﬂ#dﬂ = },_/(BJ@ (1T-L)
Cat 40 @
where 4 1s the permeabllity of alr and relates B and H as
B = 4 H, Integrating equation II-L provides an egquation for

snergy stored iIn a unit velume of alr containing a flux

density of b Webbers per square meter. The r

Equation II-5 may be extended in scope by consi
as an expression of energy density. The total energ

alr volume 1s therefore,

/-— dv (11-6)
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The use of the hypothetical magnetomotive force in Figure.
IT-2 was simply a means to an end. The final result (and the
desired result) is that where a magnetic field exists, regardless
of how it came to be there, there is a quantity of stored energy
which may be calculated from equation II-6.

The application of equation II-6 to a practical motor
problem is considerably more involved than its derivation. It
would be very lmpracticable to try to express B as a mathemati-
cal functlion of the volume of the air-gap. But the equation
does serve to show that the size and shape of the alr-gap in
conjunction with the flux density is a measure of the energy
storage, and a method of calculating energy flow from energy
storage will now be developed.

Let P! be the total mechanical power of the rotor con-
sisting ofawindage and friction loss plus the shaft load. The
machine operates at a constant speed and the former may be con-
sidered as additional shaft loads. The rate of energy flow into
the rotor through the alr-gap 1s P' joules per second. Figure
I1I-3 represents one position of thé rotor while driving the load,
P', For simplicity the discussion will be centered around only
ahsingle pole, and ﬁl joules per second will be the rate of
energy flowing into the rotor 1in the medium of the magnetic field
at that pole. The area a-b-c-d has but one requirement as to
dimensions; the length, bQC, must be equal to the pole pitch.

The flux passing through the volume created by this area and the
effective length of the rotor is shown as two componentse. The

solid lines represent the stator field. This is the constant,
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rotating field as developed in Chapter I, The dotted lines
represent the fleld produced by the rotor. The meshing of the
flelds allows motor action, and it 1s the density of the total
flux which determines the energy stofage. Figure II-l shows the
same set of filelds a short while later assuming a point on the
rotor to -have moved through one pole pitch., In this picture the
volume, (a-b)(b-c) x effective rotor length, is shown to be void
of flux eminatingﬁfrom the number-2 pole. The energy present in
the volume as shown in Figure II-3 has diminished to zero as
shown in Figure II-L. (There will be flux present in the volume
because of the number-~3 pole, but this development 1s on a per-
pole basis). The average rate of decrease of energy in the
volume is the rate at which energy flows into the rotor through
the fleld established by the number-2 pole. This may be ex-
pressed mathematically by the following equation:

Pt _ W

I~ = at
where W 1s the energy stored in the volume and At 1s the time
for 1/l revolution. When the machine operates from a 60~cycle
line the rotor speed is 1800 rpm and AL is easily found to be

1/120 seconds The expression for total mechanical power becomes

P' = B0 W watts (II-7)
where H
e
W ‘:fa‘{ o(V (11_6)

No mention has been made of the distribution of flux

throughout the volumes shown in Figures II-3 and II-l.. It was
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not necegsary in the derivation of equa%ion II-7. For the
evaluation of W, however, employing equation II~6, the distri-
bution of B as a point function throughout the volume must be
known.

As previously suggested such a function 1s rather difficult
to obtain. The most logical-approach to the problem is a graphi-
cal solutlon entailing the mapping of the flux pattern within the
‘air-gap. It is not the purpose of this thesis to do that, but a
qualitative discussion will bring out the importance of the
concepte

Suppose that an increment of shaft load be added to the
machine as represented in Figure II~3, Obviously something in
the picture must change. The value of the integral in equation
II-6 must increase to supply the additional load. The source of
energy (the 115 volt line) must be informed electrically (or
magnetically, or both) that additional power is to be furnished,
Personification 1s used here to emphasize the importance of the
use of variable-reluctance rotor construction. The equivalent
impedance of Ehe motor tekes on new values, but not until some
change in Figﬁre IT-3 is accomplisheds This change 1s effected
by a momentary deceleration of the rotor wlthout a corresponding
momentary acceleration, This results in a shift of rotor po- .
sition with respect to stator fields. DBecause of the saliency of
the rotor punchings a change of reluctance is inserted in the
magnetic circuit and a redistribution of flux throughout the
volume results, The flux density may be decreased at some points

within the volume, but the increase at other points suffices to
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overcome thise If the machine 1s to carry the additional load-
there must Be an increment in the value given by equation II1-6,
Observe that if the rotor were of eylindrical construction
the shift of position with respect to the stator field (assuming
that 1t was rotating in the first place) would in no manner ef-
fect the looking-in iImpedance of the motor and, therefore, could
not accommodate the increment in load. This idea may be ex-~
tended to include the case where the increment is the first ine-

crease of load atfempted.
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CHAPTER TIII
Analytical Analysis of Performance
PART T
Introduction

Small motor performanée is most often determined by the
trial and error methods In practice this method makes use of a
vast reservoir of statistics and data from previously manu~
factured machines, With this-information at hand, a trial motor
is designed and actually constructed. The first machine is not
necessarily expected to meet performance requirements, but it is
an existing device which may be tested and studied. From it a
second trial machine may be designed and as likely as not the
latter motqr will perform within specifications. This procedure
may appear costly but where a large number of miniature motors
are to be made from a design, once it has been found, the cost
of test models 1s a very small Traction of the total production
coste Furthermore, test data from trial motors becomes a worth-
while addition to the statistical reservoir,

There really is no good substitute for the above procedure
in thé ménufacture of motors with output of from»i%:6 to % horse~
power. Such motors (particularly those in the size range with
which this paper deals), consume in losses a large percéntage of
the total input power. For instance, the constant part of the
loasses of the T%5 horsepower motor used in this sutdy is above
20 watts., Compared with 7.ib watts this is above 260% of the
rated outpute It 1s entirely possible that a minute change in

bearing location on a fubture model would change this loss by 30
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to QO%, elther up or downs, Such an item has far less effect in
the design of larger machines where the windage and bearing
friction represents only a few percent of the total input. So,
for large motors, performance may be falrly accurately predicted
before the plans leave the designing board, but for the miniature
machines a complete prediction of performance is most unlikelye
This chapter will present a method of analysis to be used
in the study of the test model. The method assumes curves of
input current, input power, power factor, and losses versus oub-

put power to be the most important performance considerationse



PART IT

The Geometrlic Pattern of Current Vectors
as Found from Test Data

Circle or semi-clircular dlagrams have long been useful tools
in the derivatién of and iInterpretation of equilivalent circults
for electrical machinery. From these dlagrams one may see how
the natural or equivalent parameters of the machiline vary with
load changes., In some cases complete performance predictlons
are based upon the diagram. With the importance of this prece-
dent in mind the loci of current vectors for the motor of this
study will be founde

Figﬁre I1I-1 1s a record of performance characteristics
from tests performed on the motor by the Robilns-Meyers Companye.

Values for Table II were taken from the curves; The table 1is

Table II
Current ?Zﬁiﬁr Angle Watts In| Watts Out Egggggggcy

1 386 ,éu3 500 29.0 0 | 0

2 «395 «669 1,80 3045 240 646
3 1106 09l 1460 32.5 lie6 1.2
Iy 119 «710 Lily4750 3L.5 6e7 20,0
51 Whe8 o719 | LL° 354l 745 21,2
6 L5 o731 L 3° 37.0 940 2lie7
7 1160 «739 li2l 1y 3845 10.1 2645
8 L1181 o731 ly30 3947 11,0 2840
9 o196 «719 1,0 140 11.7 2846
10 .50l «710 'q@.75° 1.5 12,0 2940
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self-explanatory.

Figure III~2 shows the polar plot of the currents listed in
Table II. The loci of current vectors from no-load to full-load
is shown by the solid line., It may be observed from the plot
that the points seem to lie on an elliptical path. It seems
logical, then, to determine the equatlion for the ellipse which
will most nearly plot the current locl, Toward this end the
dotted remainder of the ellipse is added by trial and error, and
the major and minor axes of the ellipse are located. Refer again
to Figure ITII-2, If the origin of rectangular coordinatés were
at the intersection of these axes the equation of the figure

would be:

(ITI-1)

ol
+

ol
il
[

If a and b are measured to the current scale used for the

original plotting, equation (III-1) becomes:

x2 4+ Y2 =1 (III~2)
L0582 L0822

or ‘
ox2 + 32 = 00672 (III-2)

Before the curve of equation (III~2) can be useful its
origin of coordinates must be tranélated—to the position of the
origin of current vectors shown in Figure III-2. In the rec-
fangular system it 1s evident that any point, such as P, on the

curve is equally well described as P(x,y) or P(X-h, Y-k)., Making
use of the latter coordinates, equation (III-2) becomes:
2(X-h)2 + (Y~k)2 = ,00672 (II1-3)

To the current scale h and k are respectively 0350 and .275.



e
e
LA _
(a1
1.4
s
b
P
e e e e ) L
- L
by

Vagtors

“
! ‘+_.A£

o]




33

Making these substitutions, equation (III-3) becomes:

2(X = o35)2 + (¥ - .275)2 = ,00672.
Expanded and reduced, ‘

2X2 = 14X + Y2 - ,55Y + 31 =0 (IIT-L)
Finally, this equatibn will be expressed 1n polar coordinates.
Let @ be the angle by which the current, I, lags the voltage
and iet the voltage reference be taken along the Y-axis, Then
the values of the X and ¥ coordinates of any polnt may be ex-
pressed as I Sin G’and I‘Cos € respectively where I is the
length of the current vector to the polnt in question. Making
the appropriate substitutions, equation (III-L) becomes:

2(12 $1n2 0) - 1.4(I Sin 6) + IZ Cos2 6

- .B5(I Cos ©) + o3l = 0 (III-5)

Thus, for various loads, the end points of the vectors
representing the input current‘to the reluctance motor under
consideration moves along a sector ¢f an ellipse. It 1ls not
suggested that the current vector plot of all reluctance motors
wlll follow an elliptical patterns It 1s merely recognized that

thls 1s the case for the type under present consideration.
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PART IIZ
Calculation of Losses

A careful examination of test data reveals a peculliar vari-
ation of losses with load. From no-load to about 5 watts out-
put there is a gradual decrease in total losses. From this load
value to 160% load there is a gradual incréase. Total line
current increases with each increment of load, so the heating
loss due to I2R(ohmic) increases continuously with load., The
machine operates at constant speed with the result that windage
and bearing frictlion losses are constant throughout the oper-
ating range. The logical deduction from the foregoing 1is that
there is an actual decrease in iron losses with load increases
between no load and about 3/L full load.

Fundamentally, the rate of energy dissipation due to

changing fluxes in a given volume of iron may be determined

froml
P(n + o) = KnfBL*® + K. r282 (IT1-6)
where | | |
P(n + e) = Power loss due to the hysteresis phenomenon
) + eddy-current power losse.
Kn = Hysteresis constant,
£ = Speed or ffequency of reversal,
Ke = Eddy-current constant.
By, = Maximum flux densitya

BEquation ITI-6 applied to the single phase reluctance motor

1 Coe We Ricker and Carlton E. Tuckery, Electrical Engineering
Laboratory Experiments, Pe 221




would calculate iron loss only 1in the stator of the machine,

The rotor runs synchronously with the field and the frequency of
flux reversal in the rotor is, therefore, zero., When load is
applied to the motor the rotor position changes, increasing the
air-gap. Introduction of greater reluctance in the magnetic
circult limits the flux, thereby reducing the iron losse. This
is accompanied by a reductlion in magnetizing current. Reference
to Figure I1I1I-2 shows that from no-load up to the load corre-
sponding to 6 = 6% the quadrature component of current actually
decreases even though the energy component increases. Addition=-
al load beyond this point shows an increase of magnetizing
current which is evidently accompanled by an increase of flux
end core loss,

Since the ultimate interest is iIn éharaoteristics of
performance versus output, let it be determined how the total
losses of the machine vary with load. For this purpose consider
that at any load the total machine losses may be expressed by

Pt = Py + Pg (I11-7)
where |
Py = Total loss.

Py = Total variable losses (L.es core loss * IZR(opmic))e

i

Peo Constant lossa

If Pt now be evaluated for a large number of output polnts taking

increments sufficlently small a derivative curve, ~ﬁ%§ versus
o

gq)may be determined where Po represents output power. To

11lustrate, -2-':-] will be evaluated for Pp = 2.5 watts. In
(-]

general



Input Poy Output Losses P(n+1/b-) - P(n—-l/h") %’Q
' ' )
294,10 025 28485 ’

50 w -.15 030

29,45 «75 28,70
1,00 -s13 - 26

20482 1.2; 28457
150 -e12 2l

30420 1.75 28415
2,00 ~e20 ~e10

BO.DO 2025 28.25
2450 -.10 - 20

30690 275 28415
3.00 -.10 . 20

31.30 3e25 284,05
3450 -.05 -o10

31.75 375 28,00
11400 ~.07 —olly

32,18 e 25 27493
-l—QSO ~ o008 16

32,60 Le75 27,85
SOOQ ‘005 olo

33.05 525 27,80
5.50 «05 <10

33.60 5.75 2785
6,00 «C0 .00

3410 6e25 27.85
6.50 .00 .00

3lLe 60 675 2785
7400 .00 .00

35.10 7425 27485
7e50 »05 010

35465 7475 27.90
8.00 010 .20

36,25 8.25 28400
8.50 .10 » 20

36485 8.75 28,10
9,00 015 « 30

37450 Ve 25 2842
0450 «00 <00

38,00 9.75 28425
10400 <00 .00

38450 lO.a“ 28425
10650 25 050

30425 10.75 28450
11.00 .25 » 50

110400 11425 28e75
11.50 «50 1400

l11,00 11.75 29425

Vs

™



APv(n) = Ptﬁu*) = Pt(n—&)

= Ttney Ven-4)
A Tg = The increment = PO&N#) - Po(n-é) (ITI=9)
where n identifies the value of Po for which {%%- is to be
founc.. (Refer to Figure ITI-l)}. Let

n = 25
net = 2475
n-f = 2.25
For n = 2,5
Pt(2,25) = 30e5 = 2425 = 28425 = (Py + Po)2,25 (ILIa7)
Py(2.75) = 3040 = 2475 = 28415 = (Py + Po) 2,73
APv(2,5) = P5(2,75) = Pt(2425) = =1 watt (TIT-8)

This quantity is cobviously a differential of the wvariable
g
losseSe

ATo = Ponuk) = Pofn-4) = 2475 = 2425 = o5 watt (IIT-9)

APV
AP,

~eco for P

¢)
1}
M
®
Ul
=
)
ot
+
n

Table 11T lists the regults of the above caleculation for a

number of points from no-load to 160% load. The resulits listed

in this table have been plotted as the solld curve on Figure

.

ITI-3. (Explanation of the da

The =sole purpose 1n plotting Versus Fao 1s to determine from
X T- T £ -Z_P:_ o) 3

the plot an expression for Py versus Pge The -%%L— curve has the
nnd (-]
general appearance of an exponential, In order to investigate

this possgibility the following eguation may be assumeds

ALy - 4 4 metPo
AFPq
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B, the multiplier2 of the exponential, is .l. A may be

evaluated from Figure ITI-3. Wihen Py = O, -%% = =27 and
equation ITI-10 becomes
—e27 = A+ .1
A = -,37

In order to evaluate K a plot of the exponential part of
equation ITI-10 has been méde in Figure III—M, For this plotting
eguation iii—Q may be rearranged és o

BekP= 42 +.37 (I1T-11)
and values Tor ﬁ%f may be taken from the solid curve of Figure
IITI-3s The gtraight line which results as an average of the
plotting of equation III~10 now provides the constant, K, of the

exponent, Its evaluation follows:

At Py = 6 watts, Be"®= .3l rrom Figure III-l.
Be® = 3L
Je€ = 3l
€K6= BDLL
= In 3.4 _ 1.202

With all terms thus_evaluated the equation for the ratio

curve, AR versus Poy, may now be written

4k

'203P0

= "037 + .16 (IIIMIB)

AR
A Po
A plotting of this equation reveals that if the constant,
A, 1s adjusted to ~.36 the curve will more nearly duplicate all

points on the true curve as taken from Table III, Finally., then,

2 10=1 rather than some other power of 10 was chosen because,
by observation, the exponential part of %%1 varles between o1 and
1004 °
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Fal
1

the dashed-line curve of Figure III-3 ig the graph of the

equation,

AFV — / + OZ’OJPO
AFO QSO .:]-e

The use of equation IIT-13 will now be explained. The

(I1T-13)

equation was derived on the assumption that -%%L is continuous
’
(at least throughout the range with which we are concerned) with

Pos Therefore, The limiting value of the fraction, AR s may

i
be substltuted and the ecuation becomes
%%f = .36 + 1903 Po (TII-1L)
The solution of the above is evident.
Py = m®3Q/EPO + o1fe +203 Fo ap,
= =030 Py + 11937992 Po 4 ¢ (III-15)

Substituting equation III-15 into equation III-7 the ex-
pression for total losses becomes
Py = ~a36 Pg + 21932203 Fo 4 ¢ 4+ P
= =236 P + o193¢°203 Po 4 p1 (171-16)
The term Pl may be evaluated most readiiy from the knowledge
that totdlblosses are 29 watts at zero output. Under these

condltions

Py = 29 = 493 + Pg
P, = 28,507 watts

IS

i not to be confused with the windage and friction loss
alonee Eé includes the constant of integration from the ex-
pregsion for copper and iron losses. Hecall that these lossges
actually decrease from some initial value until a load of about

5 watts 18 reached. Figure ITI-5 clarifies these ideas,
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To ta]y
e —— Z

i —

|

C = Constant of integration from
—} equation IT-1l

— — = —— ] — s —— — — "y m e e —— — — — —

- T ™

Pe = Windage & Friction Loss

P, = 28,507 watts

Variable part of
lesga&\y’ ~

— — —

FPigure III-5
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PART IV
Calculation of Performance
Equations III-5 and ITI-16 provide all the information
necessary for a complete calculation of performance of the
reluctance motor under consideration. This information is most
readily avallable if the equations are expressed in graphical
form, Let eguation IIT-5 be repeated heres
2(I28in2Q) - igM(I Sin @) + 1200520 = o55(I Cos @)
B " 4+ 31L =0 (1II-5)
The equation may also be written as
I2 + I951n26 =~ 1,L(TI Sin 8) = 55 I Cos 6 + 431l = 0

Values of l_ahd of input cbfrespon&ing to ﬁalues of @ are calcu~
lated in Tables IV and V. The information contained in Table IV
is more useful when presented In graphic forme Refer, then, to
F'igure ITI-6. For any desired value of input, the current may be
found and the power factor angle measured. The procedure ig as
followse., Enter the power axls with the desired input value éon~
verted to unit measure. Locate the current corresponding to
this level on a portion of the curve in the stability range.
The value of Tthis current may be scaled on a straight line con-
necting the point with the origin. The power-factor angle is
tan-1 Reactive Power/Power.

| To rind the input corresponding to any desgired output value
refer'to Figure III-7. The loss versus output curve is de-
termined from equation III-16, Computations for this curve are
listed in Table VI. The input curve is plotted by adding the

output to the loss curve,
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The motor performance as calculated by the method of this
chapter 1s seen to agree remarkably well with the laboratory

test data plotted in Figure III-1,



Table IV

Root 1 Root 2

Cosé l.éSinO .550080 Quadratic in I Currents
.7431 « 9370 «408 1,448I%-1,3451 .3l4 Inagipary
21195| L9710 | .3085 | 1.46212-1.5661 3la | .428 | .493
518 ,6950 1.010 .5820 1,51812-1.5921 ,514 .405 ,510
5 670 | 1.04 365 1.55212-1.4081 314 | 305 512
645 | 1.07 .354 | 1.58512-1.424T .514 .388 |.511
.616 | 1.102 ,ésg 1.6217%1.441T 514 | 585 |.500
.588 1.132 .5255 1.€5412-1.4551 «31l4 | 379 .501
.560 | 1.160 308 1.686T 2-1.468T .514 | .579 .491
530 1.188 .2915 | 1.719T%-1.4801 .514 | .383 |.a78
.éoo l.21 .275 ’1.75012-1.4851 «314 ImagiTary

Solution of I® 4 I®3in®@ - 1.4T5in8 - .55IC056 = 314 = O

fav
SN
O 1~ N

20

€
=




lable V

jav]

e
=

b
o)

lsac |4n0 |pZotec | VoBozae b |- VO Root 1 | Rovt 2
«21 11.82 | -.005 Tmagingry —-—— — -
::.95 1.86 .009 | .095 1.4% 1.27 .495 .428
.95 11.91 |..037 .1684 1.56 1.25 .510 .405
.98 11,95 | .032 179 1.59 1.25 512 ,395
1.00 {1.99 | .038 .195 1.63 1.23 .511 .388
1.02 {2.04 | .042 . 205 1.65 1.24 .509 .383
,1,04 lz.08 | .04z .205 1.66 1.25 .501 .579
1.06 |2.12 .037 .192 1.66 1.28 491 .579
1.08 |2.10 . 027 .154 .| 1l.64 1.32 .478 .385
1.10 {2.20 | .012 .110 1.60 1.37 .457 .392
1.18 j2. 36 - 134 Inagingry - — —

bt Vpe - 4a¢

Solution of I =

J=
O~
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Figure IXIT-6. Polar plot of machine
performance from
1o Eguation ITI-5
5 Robin~Meyers _L£_ H.P. Reluctance Motor
: 100 C
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Calculation of Losses From Equation III-16

Pp = = 430 Po + o193 2903 To 4 p!

¢
Table VI
Po o |- 436 P | €203 % |.493@3 0 | 3y
284507 0 Q 1,00 «1193 29400
" 1 - «36 1s23 607 28475
" 2 - o72 150 710 28453
" 3 ~1,08 1.8l «907 28,33
" I ~Lalih 2425 1.10 28417
g 5 -1.80 2476 1436 28,07
" 6 -2,16 3438 167 28,02
" 7 2652 lLelly 240l 28403
y 8 -2,88 5407 2450 28413
" 9 ~3.25 ba21 3,06 28432
" 10 ~3e60 7462 2476 28,67
ﬁ 11 -3,96 9e 3k lLe60 29,15
1 12 “le32 11alil; 5.6l 29,83
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SUMMARTIZATION

It seems worth while to summarize the procedure used in

arriving at the characteristics of Figure III=7.

1la
2o

3e

Se

Losses versus output characteristic, (Figure III=7),
from equation III-16.

Input curve, (Figure III-7), from losses plus
outpute ) o .

Current versus lmpedance angle, (Figure III-6),
from equation ITII-5. .

Current versus output as follows:

ae Inter Figure III-7 with desired oubput point and
read input watts.

be Convert inpubt watts to power in units and enter
Figure IIT~6 to find the corresponding current
points . . .

ces Scale the current magnitudea

Power-factor versus output as follows:
a. Corresponding %o the current point of l-b above,

read Reactive Power and Power in unit measures
be Tan & = Reactive Power/Power,

ce FPower=-factor = Cos 6.

Efficiency = Output/Input,



Approximate Circult Diag

The test date and the analysis of Chapt

()
o
93
-
—
1
[ 4]
o
0
oo
@]
6]
d-
ot
o
53
[0}

circult diagram of Figure 1IV-1l as an approximation Tfor the wume

chine under consideratlone

Constant Variable
——a  Branch Branch
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Plgure 1V-l, Approximabte circult
diagram. of single-phase reluctance
nmotore

R

The diagram consists of a constant branch and a varilable

branch in parallel on the 115 volt line. The reference di-~

0]

rection for vectors is voltage at 90° to be consistent with the

vector dwai ams of Flgures III-Z2 and I1I-6. Let the current

el

taken by the constant branch be I7 as shown in Figures IV-l

IV-2. From the diagram of Figure I1I=2 this current is «1.02[13°

amperese The variable branch contalns a variable resiztor to

C'l

account for changes of energy consumpticon with changes of load

d a variable reactance to accoumnt for changes of reluctance

»

*
(See page 25)e Since the current btaken by the varilable branch
follows an elTchlcal path a very interesting possibllity pre-
sents itself, Suppose a transformation of cocordinates be ef-

fected such that the loci of current vectors taken by the
o



variable branch, when plotted in the transformed systen, btraces

e de

a circular pattern rather than an elliptical one, Such a Lrans-

Figure IVe2e Vector dlagram for the approximate

circuit.dis gram of single-phase reluctance motora
formation 1is possible because both the circle and the ellips
are conlc sections. The advantages of the method will be
apparent after a consideration of the mechanics of transformation

Figure IV=3 shows the actual vector diagram of the variabl
branch in a plane behlind that of the papers The angle, ¢
betweeﬂ the planes is the arc cosine ig This is apparent from
the figure. The values of ad and ab may be obtained from
Figure I1I=Z. |
[

q

The reference vector, J V, has a corresponding vector in the
4

transformed diagram designated as XV'. They are related by the

it

" i
Cos~1 _j.% = Cos=1 g_o_?g. (TV=1)
< [y

L6°

li

Tollowing:

V!

\J v Cosq |mag

mag



Figure IV-=4, Circuit
diagram of actual
variable branch.

Ve Rt It

a 4

Figure IV-5, Circuit
diagram of transformed

Figure IV-3. Vector diagram of the variable variable branch.

branch showing the actual and transformed
views.



115 = _80

669;

- The operator, J, will hereafter be understood to direct the

vertical components‘on the actual diagram and the operator,lg;
to direct the vertical components on the transformed diagrame
To illustrate, the actual current, I, may be expressed as

I =o9a+J ab

and the éurrent li as
It.=oa + fac
Now 1t méy be seen that the horizontal components of any current,

I, and the corresponding current, ll, are the same, The vertical

éomponents are related in magnitudé always by
Tt

Tosg (Iv-2)

= loJ.IJ.LII' IQ—Comp

IIIJ~comp = §~comp

A comparison of Figures IV-l and IV~5 reveals the advantage
of the transformations The circult diagram of the transformed
branch contains only one variable parameteres The variation of
I's and from it the variation of the actual current, I, may be
easlly calculateds The following procedure is suggesfed.

The voltage impfessed on the transformed circult is

vt = f115 cosqd = §80 volts
X! may be evaluated by making R' equal to zero. ‘The current It
uﬁder this condition 1s the diaﬁeter of the semi~circle and ffém
Figure III-2 is:

It = 4115 + Jo amps

xt = 80 = 695 ohms

o115

In general

Fvr  _ jvr(mr - gxv)
Rr.+1}X! S R12-4 12~

Tt

I
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= vr Xt . Yt Rt . -
I' ST s eve—————————— + —— V-’-)
Rt2-4 X112 3/R'2~+'X12 (IV-3)

Making use of %he‘reiationship given by equation IV=2 an
equation for the current to the actual equivalent>branch may be

written,

T =Vt X 4 g Lk ViRY (Tv=l)

- Rt2-4 X112 — Rt2 4 Xt12
The total current to the equivalent circult is
'It?I]_-l'I

ﬁ o 4 80 x 695 o 5 1.l x 8OR!
oz 30 + R12 + 6952 i ? R1Z2. 4+ 6952-

o 55600 115 R! .
(+295 + — 6952) +3 (275 + 5 56952) (1V-5)

]

il

A number of values of It have been calculated making use of
Table VII, The elliptical plot of Figure III-6 may be ac-
éomplished from this tablefas well as ffom Table V, and the calsu-
lation of the former is a great deal less difficults. The # term
in equations iV—q and IV-5 should not be disturbing. It afisgs
from the mathematical translation of cbordinates. The complex
number, 3 + J2, may be expressed as 3 + J - J2 if for some
reason it isrmore convenient, No physical significance need be
attacheda

No atﬁempt is made ©to identily the two branches of Figure
IV-1 wlth actual circults of the machine, The equivalent circuilt
developed here 1ls merely recognized as the least complicated
combination of parameters possible to draw Ffrom the line the

currents taken by the motor of this studye.



I
(o

Table VII

55600 | + 115 Rt

R'x10=2|{R12x10~lt | R! 2+69‘:’2 R12460952 *I lpgﬂ;&i‘ !I ‘TZ&},‘:&,G It S

' «275 | eh02] 1130

°0 eo 0 0 0295 «275 | Wl02} 130
22 1 W.382] 5h.2
20 oo .012 051 <308 o326 | iR | I3l
' «219 Vo375 1 57
18 32l 015 2056 <310 o331 | oil5 | 3.2
<215 1350 ] 55,0
16 256 018 061 313 | .336 | 0631 13.1
«200 [ .3001 56.7
1l 106 023 066 . 318 o3hd 1 ehb5 1 1341
2203 [ 43831 57.9

12 10 .029 072 o32l | W37 |75 | 2.9
198 [.387159.2

10 100 «037 077 .332 0352 1487 11340
<195 1 .392160,.2
9 81 .0li3 080 | .338 | 355 |.hdo|laeE
e193 1395 | 608

8 6l «050 082 « 305 «357 | «1196 | Lli,0
e 107 00 1 61a0

7 L9 057 083 +352 358 | 500 | lii 6
v <102 [LLOB [ 61.G
o 36 <066 .082 361 e357 | 4507 | 5.3
) . - <107 .20 1 62,0
5. 25 <076 <079 <371 «353 1,510 | lib.h
: : <203 [ <130 [ 51.8
L 16 087 072 38l } W3L7 ].515 | h7.7

: <215 | «lL5 | 6140
3 9 097 «060 392 | 4335 |.515 | 19,5
ogjl .g_§.b2 bO .O
2 Iy «107 «Olly 102 e329 | &51l | 50,0

1 1 0113 002 <1108 ¢298 14505 | 5349 |

e 275 0?--!—915 5042
0 0 .115 0 1110 «275 | eliS3 | 56,2
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CONCLUSIONS

It is believed that this thesis 1s the most extensive
analysis of the single-phase reluctance motor avallable, Some
literature dealing with the three-phase reluctance motor in
large sizes can be found, and many authors of A, C, machinery
texts mention the presence of reluctance power in salient-pole
synchronous motors, but the analysis of the single-phase motor
presented In thls work is original and believed to be quite
singular,

Prominent among the revelations of the study is the extreme
importance played by the selection of magnetic materials upon the
performance of the motor. This is an i1tem of consideration for
all rotating electrical machinery, but for the motor of this
study adjustment of rotor design can be effected only by changing
the shape of the punchings or by changing the material itself.
The ideal rotor would incorporate an optimum of these two
features. |

It was observed that the locl of current vectors plot an
elliptical path as load is added., The only conclusions that
one can reach from this observation is that the overall reactance
of the machine changes with changes of load. This 1s a logical
conclusion, since the sallent-pole rotor changes position with
respect to the rotating field each time load 1s changed,

Langsdori, in hils Theory of Alternating Current Machinery,l

substantiates thils 1idea by developing for the three-phase

1 Alexander S. Langsdorf, Theory of Alternating Current
Machinery, pe 418 '
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synchronous motor an expression for equivalent impedance which
may be identified with the equation of an ellipse,

The equation for losses as a functlon of output developed
in Chapter III is recognized as emplirical In nature. The exact
form of the‘éQuation would, therefore, be different for another
motor, but the method is unligue and the general approach appli-
cable to all similar machines., The entire method of performance
calculations as presented in thils thesis 1s intended for use
where a test machine 1s available., This 1s typical procedure in
small motor designe

It is believed that further research will reveal more
definite physical explanations for the empirical constants
employed in the method presented here, and 1t 1s hoped that

this work will pave the way for such research.
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