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PREFACE 

If it cannot be said that resear ch in the small motor f i eld 

is interesting it may certainly be said that it is challenging. 

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 r esearch in an at tempt 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 i t seems well to describe it here . 

The motor was manufactured by t he Robbins and Meyers 

Corporation and ass igned serial number 0589291ZA. It operates 

from a 115- volt, single- phase line delivering rated load at .43 
amper es . It is a four- pole machine having two coils per pole 

on bo th 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 



based upon complete test data i s developed and demonstrated. 

The final chapter presents an alternate and less complicated 

method of making some of the performance calculations . 

i v 

Explanation of the method of starting the motor has not been 

included i n this thesis . To appease t he 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 is hoped that this thesis will serve as a stepping

stone into the field of research dealing with the prediction 

of performance of mini ature reluctance motors . 
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CHAPTER I 

Theory of Operation of the Reluctance Motor 

PART I 

Motor Circuits , Elec tric and Magnetic 

1 

The reluctance motor , as a type , may be referred to as a 

synchronous motor . This classification is justified by the fact 

that the machine operates throughout its entire load range at 

the synchronous speed of the stator field . It is peculiar to 

synchronous motors in general in that no direct current source 

of energy is required. In short, perhaps the easiest way to 

conceive of the reluctance 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 is available with open field may be explained from a 

consideration of the vector diagraml representing conditions in 

the salient-pole machine. 

Refer to Figure I-1. The following table identifies the 

several vectors of the figure. 

TABLE I 

Eo - Developed e.m.f. due to total flux. 

Ia - Total armature current. 

Iq - Component of Ia along the quadrature axis. 

Id - Component of Ia along the direct axis. 

Re - Armature equivalent resistance. 

1 Thomas c. McFarland, Alternating Current Machines, p. 323. 
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Xq - Q,uadrature-axis I'eactance. 

Xd - Direct-axis reactance. 

¢ - Total flux effective in developing E0 • 

Making use of the double-r•eactance theory it may be shown 

that the power in the circuit, per phase, is 

P= 

x,-Ks 
2 

Neglecting Re as small in comparison with Xct and Xq, 

p:: + 'V 2(X,-X1)Sln2<f 
2 x.,x, 

The first term of this expression constitutes the total 

power in the circuit for a cylindrical rotor machine. The 

second term is evidently present because of saliency and often 

is referred to as reluctance power. 

The term is interesting. Notice the absence of E0 • Ap-

3 

parently no back e.m.f. is necessary. Even though Eo be of zero 

magnitude due to absence of field cur1,"ent, power is still a-

vailable provided there is a difference in machine reactances 

along the direct and quadrature axes. One might conclu~le 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 circuits a:r1d circuit analysis 

to explain the behavior of machinery wherein magnetic ctrcuit 

phenomena are :much involved. 'I1he above mentioned tendency is 
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easily explained; it makes for simplicity. 

Most practical applications of electric energy makes use 

of equipment having definitely defined electric circuits and 

definitely defined magnetic and/or electric fields. Rotating 

machinery in particular has a rather complicated system of mag

netic circuits, combinations of which must occur in a precise 

manner if the machine is to perform with any predictable results. 

The electrical circuits of the machine, on the other hand, are 

easy enough to describe with equivalent terminals, junctions, 

e.m.f.•s and impedances. Furthermore, conventional instruments 

are available 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 is always made to incorporate in a c ir•cui t diagram 

equivalent parameters which control the currents and voltages of 

the circuit in the same manner that the magnetic parameters on 

the physical 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 magnetic 

fields in iron circuits. 
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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 srune speed. 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 11 lock11 

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 Figure I-2. 

Let ¢a be the field flux caused by coil A alone, and assume 

that coil A draws from the line an exciting current such that 

0a = ¢'m Cos (l)t. Let coil B receive excitation from the srune 

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 0b will be given by the equation., 

.0b = ¢m Sin o,t. Coil Bis physically located ninety mechanical 

degrees around the periphery of the stator from coil A.' With 

the coils simultaneously excited there exists two stator fluxes, 

one in the vertical axis and one in the horizontal a.xis, pulsat

ing sinusoidally with timeo A second fact which is very sig

nificant is that the time phase difference between the fluxes is 

ninety electrical degrees. 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 is the 

resultant flux with which one must deal in the analysis of the 

magnetic circuit. 

This flux is readily found from 

¢r = ~b + ¢a 

= 1 ¢m Sin oot + j ¢m Cos (.l)t 

The symbols 1 and j are introduced to indicate the space 

direction of the fluxes, 1 being assigned direction along the 

positive x-axis and j along the positive y-axis. (j is not to 

be confused with the conventional l of complex time varying 

quantities). 
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Let us determine the magnitude of ¢r as a function of time. 

Evidently 

Magnitude of' ¢r = /¢/ = v'¢m2 Sin2 oot + ¢1112 Cos2 oot 

= /¢m2 (Sin2 wt + Cos2 wt) 

; ¢m 

The intel'esting result is that ¢r is constant with time and 

equal in magnitude to ¢m• The space location of ¢r is also of 

great importance. To this end let us determine the value of the 

angle tB. Regardless of time the sine of J!? may always be de

termined from 

Sin/] 



or we may write 

but 

so 

(3 = Sin-1 ¢m Cos filt 
~r 

¢r = f ( t) o ¢m, 

0 = Sin-1 ftm Cos (l)t 
/J .. d 

'·. JUm 

= Sin-1 Sin(wt + 90) 

=(wt+ 90°) 

Now /3 is seen to be a function of time causing the re-

sultant flux to rotate at the angular veloc_i ty of the line 

frequency. This is a very desirous effect, since it is this 

rotating flux which makes possible the motor action in the 

single-phase reluctance motor. 

The phenomenon described above is frequently employed in 

the starting of small single~phase induction motors. These 

8 

machines, small though they may be, are large by comparison with 

the one one-hundredth horsepower motor of our present consider--· 

ation. Frequently, after starting, the quadrature field winding 

of the induction motor will be automatically removed by contac-

to1--s operating from centrifugal force 9 The continuous duty 

rating of the phase ...... shifting circuit for the reluctance motor of' 

this study, however,. is sufficient to allow it to be permanently 

connected. 



Part III 

The Rotor Field 

9 

As mentioned in Part II of this chapter, motor action is 

dependent upon the inter-action of two fields. One of these 

fields, the driving field, originates in the stator. The other, 

the driven, must originate in the rotor. By this it is meant 

that the circulating charge responsible for the magnetic flux of 

the rotor is physically associated with the rotor• itself. This 

concept is rather easily grasped when the induction motor is 

taken as an example. The revolving stator field develops an 

e.m.f. in the rotor winding. The circulating current of the 

rotor winding results in the rotox• field which revolves with 

respect to the rotor. The rotor field is dI•iven by the stator 

field at synchronous speed and motor action results. 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 field 

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 mo tor• a 

qualitative explanation of the theory of magnetism will be 
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presented here.2 

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 line, as such, is 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 sru1. Science has, on 

the other hand, made very powerful observations concerning the 

relationships existing between moving electric particles and 

resulting magnetic fields. 

Refer to Figure I-3. Assuine that the charge, 3, is pro

gressing along line ab at velocity v. A magnetic field, 1, will 

be set up and described by the following equation: 

- ..... -¢ = s_ ( lrx v) 
r2 

(I-1) 

where 

i is the vector flux, 
~ 

lr is the unit radius vector, 
~ 

vis the vector velocity. ... 
The cross-product of the directional unit vector, lr, with-; 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.I.T. publications, Magnetic Circuits 
and Transformers, in which credit is given to R. IvI. Bozarth and 
his paper, 11 Present Status of Ferr'omagnetic Theory, 11 A.I.E.E. 
Transactions, Vol. 54 (1935), P• 1251. 
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P. It is not conceivable that the charge, .9.., will 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 

velocity of the charge remains constant a magnetic flux of 

constant value will exist defined by a special case of equation 

(I-1). This is evident from a study of Figure I-L~. The value 

of this flux is given by, 

- - "'"'> d - -9.... C ( lrx lJ 
'P - 1"2 

-'r -lrX le= 1 Sin 90° = 1., £ is constant., and the magnetic flux 

vector, 0, can have only a constant magnitude with direction 

into the plane of the picture. 

A single atom may have several orbits of the type desc1"ibed 

by Figure I-4, some with positive-spin and some with negative-

spin electrons. Certain materials such as chromiw11, iron, cobalt 

and nickel have an excess of positive-spin electrons and., conse-

quently, have a resultant magnetic moment of magnitude greater 

than zero at the atomic level. 

A sub-division of matter known as the domain has a very 

sharp bearing on the magnetic properties of the material. In 

size the domain is somewhere between the atom and crystal. It 

is characterized by the fact that throughout the domain 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 magnetic moment, but such changes occur com-
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pletely and instantaneously. The arrangement of atoms in such 

a domain 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 is along the 100 
... 

axis. The next least difficult direction is along the 110 axis, 

and the most difficult along the 111 axis. 

An iron crystal may be thought of as consisting of a large 

number of domains 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. 

Tron, 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 I-7 shows the relative ease w:i.th which the iron 

crystal may be magnetized along the three possible axes. Figure 

I-8 shows a typical magnetization curve for iron. The general 

shape of this curve is explained as follows. The section from 

0 to (..@:) results from a growth of size of the domains.3 The 
.. 

section from(..@:) to (b) results from the aligning of the mag-

netic moments of domains along an axis most nearly parallel to 

the applied field. It is noticed that this section of the curve 

is characterized by considerable increases in B for an incre-

3 This phenomenon is not discussed in this work. The reader 
is referred to R. M. Bozarth,~ cit., p. 1251. 
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ment of H. If the curve were magnified many times this portion 

would appear to chang;e in steps. (See Figure I-8). This is due 

to the instantaneous switching of a..,""Ces of magnetization within 

the domain. Some steps are higher than others because for some 

increments of H more domains yield to the external field than 

for other increments. The final section of the curve, (b) to 

(£), derives its shape from the gradual rotation of domains into 

the line of the impressed field. This is accom:plished at con

siderable cost of energy., thus explaining the decrease of slope 

along this portion of the curve. When all domains have been 

rotated into position no furthir source of magnetism is availa

ble from the material and the sample is said to be saturated. 

The entire discussion of magnetic theory as presented here 

is to su.bs.tantiate the argument that the rotor of the reluctance 

motor produces its own field. Assume a hypothetical rotor of a 

material which will admit magnetic flux readily, but which has 

no such magnetic moment of its own as that ju.st described. A 

substantial air-gap flux might exist produced by the stator 

winding. Now replace the above rotor with one of :i.ron, 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 mach:i.ne wj.th the hypothetical rotor and 

one produced by the net magnetic moment of the iron rotor itself. 

The inter-action of these two fields results in motor action if 

the stator field is caused to rotate as described in Part II of 

this chapter. The amo1J11.t of motor torque available depends upon 

the ability of the rotor to add to the air-gap flu.,'\:. 1rhis 
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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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Air-Gap Analysis of the Reluctance Motor 

PART I 

Introduction 
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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 greater' torque. 'I1he 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 

III. 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 magnetic circuit. 

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 follows will develop the idea that a change in load 

results in a change of the reluctance of the magnetic circuit, 

and this in turn results in a change of input. Assume a single

phase, four-pole, reluctance motor to be operating lightly 

loaded. If simple measurernen,ts of input power, current, and 

line voltage were made, and if ,an equivalent series circuit were 
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calculated the circuit 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 quantity of current 

flows in the rotor. 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 

line. The only way this can be accomplished is by a variation 

of the equivalent connected impedance. The only control that 

the motor ·has over this' is within the air-gap. Physically, an 

instantaneous but short-lived decrease of rotor speed causes a 

new set of cond:l.tions to exist between the rotor and stator 

fields. The adjustment must result in precisely the change of 

equivalent circuit riecessary to draw from the line the increase 

in output power plus the increase of losses if any. The new 

equivalent 1mp@dan.ee Wl;l.S brought about bye.. change of !"eluctanoe 

in the magnetic circuit, y®t the change of equivalent impedance 

was not one of rieaotemce alone. It is the complex manner in 

wh:'Lch the e qui val en t ciroui t of the reluc ta.nee motor changes 

under load that leads to the following rather unique analysis. 
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Energy Flow 
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Figure II-1 portrays the motor as a conservative system 

bounded by dashed lines. Energy, without regard to its form, 

flows into the system 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 from the 

stator into the rotor, and in doing so must flow through an air 

volume. This is accomplished using as a vehicle the magnetic 

field. Since, for symmetrical construction, cond:Ltions 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 

depends 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 Rationalized MKS system. 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 is of unit length the magnetic field 

intensity, H, is given by: 

H = NI 

If the current varies this may be wri,tten 
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(II-1) 

When the current is established from zero the equation for 

dynarnJc equilibr5-um is 

e -- Ri + w.2i2 .~ ~ .., J... 

a L, 

,. ... 41 + N!.j}3 :::: fll 
dt ( .,-I ,., ) 

.L - (.: 

where A is the cross-sectional area normal to the flu..:;i;:, 1.,1.nity 

in this ease. 

The energy input to the magnetic field while establishing 

the current, l, is 

(11 ... 3) 

Substituting for i f11om equation II-1 into II-3 the folloVling 

is obtained: 
eot..:.,r 

w' = J: '11"8 
Oat .4:,0 

( II-L1J 

where ,ff is the permeability of air and relates ~ and li as 

B = A{ II. Integrating equation II-~- provides an equation for 

the energy stox'ed in a unit volume of air containing a flux 

density of B Webbers per square meter. ~Che result is 

, Bz W : 2 ,y joules (II-5) 

Equation II-5 :may be extended in scope by considering it 

as an expression of energy density. The total energy in any 

air vol1..m1e is therefore, 

W= .!L dv J
V. 2. 

2 A( 
(II-6) 
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The use of the hypothetical magnetomotive force in Figure, 

II-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 impracticable to try to express Bas a mathemati-

cal function of the volmne of the air-gap. But the equation 

does serve to show that the size and shape of the air-gap in 

conjw.1.ction 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 .E_T be the total mechani9al power of the rotor con-

sisting of windage and friction loss plus the shaft load. The 

machine operates at a constant speed and the former may be con-

sidered as additional shaft load. The rate of energy flow into 

the rotor through the air-gap is f.1 joules per second. Figure 

II-3 represents one position of the rotor while driving the load, 

pr. For simplicity the discussion will be centered around only 

a single pole, and~ joules per second will be the rate of 

energy flowing into the rotor in the medium of the magnetic field 

at that pole. 1rhe area a-b-c-d has but one requirement as to 

dimensions; the length, b-c, 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 sho11m as two components. 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 field produced by the rotor. The meshing of the 

fields allows motor action, and it is the density of the total 

flux which determines the energy storage. Figure II-4 shows the 

same set of fields a short while later assuming a point on the 

rotor to·havf3 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 eminating from 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 is 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 field established by the number-2 pole. This may be ex-

pressed mathematically by the following equation: 

pt = '!L 
Ij::" At 

where Wis the energy stored in the volume and At is the time 

for 1/4 revolution. When the machine operates from a 60-cycle 

line the rotor speed is 1800 rpm and~ is easily found to be 

1/120 second. The expression for total mechanical poWer becomes 

pr = L~So w watts (II-7) 

where 

J
i? 

w = fy "'" (II-6) 

No mention has been made of the distribution of flux 

throughout the volumes shown in Figures II-3 and II-)~-· It was 



not necessary in the derivation of equation II-7. For the 

evaluation of W, however, employing equation II-6, the distri

bution of B as a point fw.1ction throughout the volume must be 

known. 
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As previously suggested such a function is rather difficult 

to obtain. The most logical approach to the problem is a graphi-

cal solution entailing the mapping of the flux pattern within the 

ai·r-gap. It is not the purpose of this thesis to do that, but a 

qualitative discussion will bring out the impo11 tance of the 

concept. 

Suppose that an increment of shaft load be added to the 

machine as represented in Figm'"'e II-3. Obviously something in 

the pictm'"'e 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 is used here to emphasize the importance of the 

use of variable-reluctance rotor construction. The equivalent 

impedance of the motor takes on new values, but not until some 
I 

change in Fig\ire II-3 is accomplished. This change is effected 

by a momentary deceleration of the rotor without a corresponding 

momentary acceleration. This results in a shift of rotor po-

sition with respect to stator field. Because of the saliency of 

the rotor punchings a change of reluctance is inserted in the 

magnetic circuit and a redistribution of flux throughout the 

vol1. .. une results. The flux density may be decreased at some points 

within the volume, but the increase at other points suffices to 



overcome this. If the machine is to carry the additional load 

there must be an increment in the value given by equation II-6. 
-': 

Observe that if the rotor were of cylindrical construction 

the shift of position with respect to the stator field (assuming 

that it was rotating in the_ first place) would in no manner ef;.. 

feet the looking-in impedance 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 in-

crease of load attempted. 
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CHAPTER III 

Analytical Analysis of Performance 

PART I 

Introduction 

Small motor performance is most often determined by the 

trial and error method. 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, blit 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 motor 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 is a very small fraction of the total production 

cost. 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 the manufacture of motors with output of from._l__ to 1 horse-
100 d 

power. Such motors ( particulm:-ly those in the size range with 

which this paper deals), consmne in losses a large percentage of 

the total input power. For instance, the constant part of the 

losses of the _l_ horsepower motor used in this sutdy is above 
100 

20 watts. Compared with 7.46 watts this is above 260% of the 

rated output. It is entirely possible that a minute change in 

bearing location on a future model would change this loss by 30 
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to 11D?s, either up or down. Such an i tern 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 fairly accurately predicted 

before the plans leave the designing board, but for the miniature 

machines a complete prediction of performance is most unlikely. 

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 out

put power to be the most important performance considerations. 



PART II 

The Geometric Pattern of Current Vectors 
as Found from Test Data 

29 

Circle or semi-circular diagrams have long been useful tools 

in the derivation of and interpretation of equivalent circuits 

for electrical machinery, From these diagrams one may see how 

the natural or equivalent parameters of the machine vary with 

load changes, In some cases complete perfo1"ma.11ce pr•edictions 

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 found. 

Figure III-1 is a record of performa..Dce characteristics 

:from tests performed on the motor by the Robins-Meyers Company. 

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

Table II 

Power Percent 
Current Factor Angle Watts In Watts Out Efficiency 

: 

l .386 .6L~3 50° 29.0 0 0 

2 • .395 .669 4so 30.5 2.0 6.6 

3 .~.06 .69L~ 46° 32.5 L~.6 14.2 

4 .419 .710 44. 75° 34~5 6.7 20.0 

5 .428 .719 L~40 3.5.4 7.5 21.2 

6 .Lµ+5 .731 43° 37.0 9.0 2L~. 7 

7 .460 .739 42.4° 38.5 10.1 26.5 

8 .481 .731 ~-30 39.7 11.0 28.0 

9 .496 .719 440 Lµ.O 11.7 28.6 

10 .504 .710 Lil~. 75° L~1.5 12.0 29.0 
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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 equation for the ellipse which 

will most nearly plot the current loci. 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 IIT-2. If the origin of rectangular coordinates were 

at the intersection of these axes the equation of the figure 

would be: 

( III-1) 

If~ and bare measured to the current scale used for the 

original plotting, equation (III-1) becomes: 

= 1 ( III-2) 

or 

2x2 + y2 = .00672 ( III-2) 

Before the curve of equation (III-2) can be useful its 

origin of coordinates must be translated to the position of the 

origin of current vectors shown in Figure III-2. In the rec-

tangular system it is 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 (III-3) 

To the current scale hand k are respectively .350 and .275. 



y 

Figure III-2, :Polar )lot. sb.o-,}:L1c; 
vector ?OS~tio~s of curre~ts 
listed i~ Ta~le II ~1th respect 
' 'h • d )t 'GO "'G ....... e 1r1prsss G . 110_~ ·-c1e;e ., 

See.le F 1 = • 05 at:1peres 

··'V = 115 volts 

-GQ... 

"' "' 

Vectors 

I-------A~:,4-.c.._ _______________ ~{ = 11 + :x: 

b 

I 
1y 
I • 

---- ·r 
I 

I .#5W ····,.-.,.,<-·="= h I 

·- / 

" \ 
\ 

- - ~,:,._.., S" l /1·0 ( "~ 

\ --

/ 

I \ 
I I 
I I 

I I 

: l ,, 
Ii 

/1 
/ 

?f-

k 

V = k 1+y 

.._.,. 
,' 

i,._J,, :~ 
:'>, .. 
! -...J 



Ma.king these substitutions, equation (III-3) becomes: 

2(X - .35) 2 + (Y - .275) 2 = .00672. 

Expanded and reduced, 

2X2 - 1.4X + y2 - .55Y + .314 = 0 ( III-4) 

Finally, this equation will be expressed in polar coordinates. 

Let Q be the angle by which the current, I, lags the voltage 

and let the voltage reference be taken along the Y-axis. Then 

the values of the X and.! coordinates of any point may be ex

pressed as I Sin Q and I Cos Q respectively where 1 is the 

length of the current vector to the point in question. Making 

the appropriate substitutions, equation (III-4) becomes: 

2(r2 Sin2 Q} - 1.4(r Sin Q) + r2 Cos2 Q 

- .S5(I Cos g) + .314 = 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 of· an ellipse. It is not 
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suggested that the current vector plot of all reluctance motors 

will follow an elliptical pattern. It is merely recognized that 

this is the oase for the type under present consideration. 



PART III 

Calculation. of Losses 

A careful examination of test data reveals a peculiar 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 increase. Total line 

current increases with each increment of load, so the heating 

loss due to r2R(ohmic) increases continuously with load. The 

machine operates at constru~t speed with the result that windage 

and bearing friction losses are constant throughout the oper-

a.ting range. The logical deduction from the fopegoing is that 

there is an actual decrease in iron losses with load increases 

between no load and about 3/4 full load. 

Fundamentally, the rate of energy dissipation due to 

changing fluxes in a given volume of iron may be determined 

froml 

where 

P(h + e) 

( III-6) 

= Power loss due to the hysteresis phenomenon 
+ eddy-current power loss. 

= Hysteresis constant. 

= Speed or frequency of reversal. 

= Eddy-current constant. 

= Maximum flux density. 

Equation III-6 applied to the single phase reluctance motor 

1 c. w. Ricker and Carlton E. Tucker, Electrical Engineering 
Laboratory Experiments, P• 221. 
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would calculate iron loss only in the stator of the machine. 

C~he 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 

circuit limits the flux, thereby reducing the iron loss. 11his 

is accompanied by a reduction in magnetizing current. Reference 

to Figure ITI-2 shows that from no-load up to the load corre

sponding to Q = L~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 accompanied by an increase of flw'C 

and core loss. 

Since the ultimate interest is in characteristics 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= Pv + Pc (III-7) 

where 

Pt= Total loss. 

Pv = Total variable losses (i.e. core loss+ I 2H(ohmic)). 

Pc= Constant loss. 

If Pt now be evaluated for a large rn.,unber of output points taking 

increments sufficiently small a derivative curve, versus 

Po may be determined where P0 represents output power. To -~ -
illustrate., 4;fv will be evaluated for P0 = 2.5 watts. In 

£.l Po 
general 



TABLE III 

Input Po, Output Losses p ( 11.+1/L,_) - P (n-1/L~) t,. Pv 
A Po 

29.10 .25 28.85 .so -.15 -.JO 
29.45 .75 28,70 

-.26 1,00 -.13 
29.82 1.25 28.57 

-. 211 .. 1.50 -.12 
30. 20 1.75 2s.45 

2.00 -.20 - .LLO 
30.50 2.25 28.25 

I 

2.50 -.10 ..:.. 20 
30.90 -2.75 28.15 

3.00 -.10 .... 20 
31.30 3.25 28.05 

3.50 -.05 -.10 
31.75 ~.75 28.00 

.oo -.07 - .1l.1-
32.18 4.25 27.93 

-.16 l+..50 -.os 
32.60 4.75 ?7 8Ci' '- . ..-

5.oo -.05 -.10 
33.05 . 5.25 27 .so 

.5.50 .05 .10 
33.60 5.75 27.85 

i:,.oo .oo .oo 
JL,_.10 6.25 27.85 

6.50 .oo . .oo 
JL~. 60 6.75 27.85 

7.00 .oo .oo 
35.10 7. 25 27 .85 

7.50 .05 .10 
35.65 7.75 27.90 

8.oo .10 • 20 
36.25 s.25 28.00 

8.50 .10 • 20 
36.85 8.75 28.10 

9.00 .15 .30 3'""' r."o 9"25 28.25 ( . .:;:, 
9.50 .oo .oo 

38.oo 9.75 28.25 
10.00 .oo .oo 

38.50 10. 25 28.25 
10.50 .25 .50 

39 r,r-' 10.75 28.50 .c:.:;i 

11.00 .-11·' .5o • c._::1 
!+o.oo 11.25 e ,., 2 ). 7j 

11.50 .50 1.00 
41.00 11.75 29.25 



( TI p) (P D' = i.v+ C(n.f.i) --v+,r.cl(n-f) 

- Pvrn+-1;) - Pv(n-/) 

.Ll P0 = ':Che inc:eernent = 

where n identifies the value of F'o for 

fot.md. (Hefer to }?:tgure III-1). Let 

For n = 

11. = 2.5 

flf·t ::: 2.75 

n-* = 2.25 

2.5 

= 30.5 - ·,s ;)c' 
~ •-::> 

~Pv(2.5) = Pt(2.75) - Pt(2.25) = -.1 watt 

(III-8). 

(-IT 0) J_ J.- .I 

be 

/·rTT 7) \ .L .. , •.... - I 

( III ... 8) 

This quantity is obviously a differential of the variable 

losses. 

AP = -o a .i. O(n-'~) - Po(n-t) 

,.., 
- • C. for P 0 ::: 2.5 

= 2.75 - 2.25 = .5 watt (III-9) 

watts 

Table III lists the results of the above calculation for a 

nwnber of points fI'om no-load to 160;{ load. The l"esults listed 

in thj_s table have been plotted as the solid cLu·ve on F'igure 

III-3. (Explanation of the dotted line will 

The sole purpose in plotting i~ versus Io is to deter,mi:ne from. 

the plot an expression for Pv versus ~. 'The *' curve has the 

gene:eal appearance of an exponential. In order to inve s t:Le;ate 

this possibility the followj_ng equation may be assumed. 
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B, the multiplier2 of the exponential, is .1. A may be 

evaluated from Figure III-3. 

equation ITI-10 becomes 

-.27 =A+ .1 

A= -.37 

When P 0 = o, JJ..& = - • 27 and 
~I\ 
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In order to evaluate Ka plot of. the exponential part of 

equation III-10 has been made in Figure III-~-• For this plotting 

equation III-9 may be rearranged as 

·5eKR,- ~ 
1;: - t.Po +.37 (III-11) 

and values for ~~ may be taken from the solid curve of Figure 

III-3. The straight line w:hich results as an average of the 

plotting of equation III-10 now provides the constant,[, of the 

exponent. Its evaluation follows: 

At P0 = 6 watts, 

B e"'Ri = • 3L~ 

.1 e.1<6- = • 3L~ 

€1<6 i;;; 3.L~ 

K = Ln 3.lt: = ~-- 1.222 = .203 
~-· 

from Figure III-4. 

With all terms thus evaluated the equation for the ratio 

curve, ft versus P 0 ., may now be written 

.AB,_ = -.J7 + .le'203Po 
A Po 

( III-12) 

A plotting of this equation reveals that if the constant, 

A, is adjusted to - .. 36 the curve will more nearly duplicate all 

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

2 10-l rather than some other power of 10 was chosen because, 
by observation, the exponential part of ~ va1~ies between .,l and 
lo0o A Po 
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the dashed-line curve of li'igure 111-3 is the graph of the 

equation, 

Llfv 
3

c 
1 

.a.oJPo - = - .. o + • e M'o (III-13) 

Tho use of equation IIl-13 will now be explained., The 

equation was derived on the assu.mption that ~Pf, is continuous 

(at least throughout the range with which we are concerned) with 

Therefore, the limiting value of the fraction, , may 

be subst:i. tuted and the equation becomes 

( IIl-14) 

The solution of the above is evident* 

Pv = - $ J(~p o + e if€ ., 20 J po dP o 

= - ., 3 6 p O + ~ L1-9 3 C "'"20 3 p O + C (111-15) 

Substituting equation lII-15 into equation lII-7 the ex-

press ion for total losses becomes 

Pt = =roJ6 Po + ~.L~9 3 €" 20 3 Po + C + Pc 

= -,.J6 Po + -.J1.9 3 c ~ 20 J l'o + P' C (IIl-16) 

The term £6 may be evaluated n1ost I'eadily from the knowledge 

that total losses are 29 watts at zero output., Under these 

cond:i.. tlons 

P~ = 28.507 watts 

t 
Pc is not to be confused with the windage and friction loss 

alone., IJ I " 1 " :....C J.DC UCtO S the constant of :i..nteg1•at:i..on from the ex.~ 

pression for copper and iron losses. Hecall that these losses 

actually decrease from some initial value unt:Ll a load of about 

5 watts is reached~ Figure III-5 clarifies those ideas~ 



C = Constant of integration from 
equation 

----

Pc= Windage & Friction Loss 

P6 = 28.507 watts 

--- --
Figure III-5 
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PART IV 

Calculation of Performance 

Equations III-5 and III-16 provide all the information 

necessary. for a complete calculation of pe1"formance of the 

reluctance motor under consideI'ation. This information is most 

readily available if the equations are expressed in graphical 

for·m. Let equation III-5 be repeated here. 

2(I2Sin2Q) - li4(I Sin Q) + r2cos2Q - .55(I Cos Q) 

+ .314 = 0 (III-5) 

The equation may also be written as 

r2 + r2sin2Q - 1.Lr.(I Sin Q) - .55 I Cos Q + .314 = o 

Values of I and of input corresponding to values of Qare calcu-

lated in Tables IV and V. The information contained in Table IV 

is more useful when presented in graphic form. Refer, then, to 

Figure III-6. For any desired value of input, the current may be 

fotmd and the power factor angle measured., The procedure is as 
I 

follows. Enter the power axis with the desiI'ed input value con-

verted to unit rneasure. Locate the current corresponding to 

this level on a portion of the curve in the stability range. 

The value of this current may be scaled on a straight line con-

necting the point with the 01"igin. 'l1he power-factor angle is 

tan-1 Reactive Power/Power. 

To find the input corresponding to ru1y desired output value 

refer to Figure III-7. The loss versus output curve is de

termined from equation III-16., Computations for this curve a1'e 

listed in Table VI., 'l1he input curve is plotted by adding the 

output to the loss curve. 



The motor performance as calculated by the method of this 

chapter is seen to agree remarkably well with the laboratory 

test data plotted in Figure III-1. 

411-



Table IV 

.. .. 

Root 1 Root 2 Input Q SinQ Sin2Q CosQ 1.4SinQ .55CosQ Q.uadratie in I Currents IV CosQ 
42 .669 .448 .7431 .9370 .408 l.44812-1.3451 .314 Imagi nary -- --... 

.. 
44 .695 .482 .7193 .9710 .3955 1.48212-1.3661 .314 .428 .493 35.4 40.7 --- .. 

46 .720 .518 .6950 1.010 .3820 l.518I2-l.392I .314 .405 .510 32.4 40.8 .. --

48 .743 .552 .670 1.04 .368 1.55212-1.4081 .314 .395 .512 30.2 39.5 
-• 

50 .766 .585 .643 1.07 .354 1.58512-1.4241 .314 .388 .511 28.7 37.8 .. 
.. -··' 

52 .788 .621 .616 1.102 ~339 l.621I2-l.441I .314 .383 .509 21 .1 36.0 ... -- . . .. 

54 .809 .655 .588 1.132 
.. 

.3235 1.65412-1.455! .314 .379 .501 25.7 34.0 
- .. .. -56 .830 .688 .560 1.160 .308 l.688!8-1.4681 .314 .379 .491 24.4 31.6 .. .. .. 

<) 58 .848 .719 .530 1.188 .2915 1. 719I,;,-l.480I .314 .383 .478 23.4 29.2 
60 .866 .750 .500 1.21 .275 l.750I2-l.485I .314 !magi ary --

.. 
"' 

Solution of 12 + I2Sin2g - l.4ISinQ - .55ICosQ + .314 = O 

-j·= 

\St 



'!'able v 
.. .. 

g 2a b b2 C 2ac 4ac b2-4B.c Vb2-4ac 

42 2.90 -1.35 • l.81 .314 .91 1.82 -.005 I.m.agirn 
~--· 

44 2.96 • -1.37 1 .. 87 .314 , .93 1.86 .009 .095 

46 3.04 -1.39 · 1.84 .314 .95 1.91 .• 027 .164 

48 3.10 -1.41 , 1.98 .314 .98 l.95 .032 .179 
'' 

50 3.17 -1.42 2.03 .314 1.00 1.99 .038 .195 

52 3.24 -1.44 2.08 .314 1.02 2.04 .042 .205 
-> 

5-4 3.31 -1.46 2.12 .314 1.04 2.08 .042 .205 

56 3.76 -1.47 2.16 .314 1.06 2.12 .037 .192 
... 

58 3.44 -1.48 2.19 .314 1.08 2.16 .027 .164 
,. 

60 3.50 -1.49 2.21 .314 1.10 2.20 .012 .110 

62 3.77 -1.49 2.23 .314 1.18 2.36 -.134 Iraagirn, 

-b + Vb 2 - LLac Solution of I= 2 ... - a 

-b+J -b-" .. 

ry --
-- -··-

1.46 1.2'7 

1.56 1.23 
--

1.59 1.23 

1.62 1.23 

1.65 1.24 
- -··· 

1.66 1.25 

1.66 1.28 

1.64 1 rz9 • o .... 

1.60 1.37 

ry --

I 
Root l 

--
.493 

.510 

.512 

.511 

.509 

.501 

.491 

.478 
. .. 

.457 

--

I 
Root 2 

--
.428 

.405 

.395 

.388 

.383 
.. 

.3'79 
,. 

.379 

.383 

.392 

--

i 

°' 
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Calculation of Losses From Equation III-16 

Pt = - .36 P0 + .L~93 e. .203 Po + p ~ 

Table VI 

Po - .36 Po e,203 Po • :_~ 9 3t: • 20 3 Po 

0 0 1.00 .L~93 

1 ... .36 1.23 .607 

2 - • 72 1.50 • 7L~o 

3 -1~08 1.84 .907 

4 -1.41+ 2.25 1.10 
·' 

5 -1.80 2.76 1.36 

6 -2.16 3.38 1.67 

7 ... 2.52 L~.14. 2.0~-

8 -2.88 5.07 2.50 

9 -3.25 6.21 3.06 

10 ,..3.60 7.62 2.76 

11 ... 3.96 9.3L~ L~.60 

12 -L~.32 11.~. 5.64 

Pt 

29.00 

~~s. 75 

28 • .SJ 

28.33 

2G.17 

28.07 

28.02 

28.03 

28.13 

28.32 

28.67 

29.15 

29.83 
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SUMMAHIZATION 

It seems worth while to summarize the procedure used in 

arriving at the characteristics of Figure III-7. 

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

2. 

3. 

h. 
I 

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

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

Current versus output as follows: 
a. Enter Figure III-7 with desired output point and 

read input watts. 
b. Convert input watts to power in units and enter 

Figure III-6 to find the corresponding current 
point. 

c. 'Scale the current magnitude"' 

5. Power-factor versus output as follows: 
a. Corresponding to the current point of LJ_-b above, 

read Reactive Power and Power in unit measure. 
b. Tan G = Reactive Power/Power. 
Co fower-factor = Cos G~ 

6. Efficiency= Output/Input. 



CHAPTER IV 

Approximate Circuit Diagram Method 

The test data and the analysis of Chapter III suggest the 

circuit diagram of Figure IV-1 as an approximation foI' the ma-

chine under consideration. 

Constant 
~ Branch 

Variable 
B ch 

1 It 

115!90° volts 

l 
Figure IV-1. Approximate circuii; 
diagPam.of single-phase reluctance 
motoi-•. 

R 

X 

The diagrfu~ ~onsists of a constant branch and a variable 

br2nch in parallel on the 11.5 volt line. The reference di-

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

vector diagrams of Figures IIl-2 and III-6. Let the current 

taken by the constant branch be Ii as shown in Figures IV-1 and 

IV-2.,, From the diagram of Figur~ III-2 this current is .402!L~3o 

amperes. The variable branch contains a variable resistor to 

accovnt for changes of energy consumption with changes of load 

and a va1~iable reacta,.nce to aceom1t f'or changes of reluctance. 

(See page 25). Since the current taken by the variable branch 

follows an elliptical path a very interest;i.ng possibility pre-

sents itself. Suppose a transformation of coordinates beef-

fected such that the loci of current vectors taken by the 
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variable branch, when plotted in the tx•ansformeo. sys ten, traces 

a circular pattern ra.ther than an el lip tic al one. Such a tr•ans-~ 

V 

FiguI"e rv ... 2 ... Vector diagx•am for the approximat;e 
circuit.diagram of single-phase reluctance motoP. 

formation is possible because both the circle and the ellipse 

are conic sections. The advantages of the method will be 

apparent after a consider•ation of the mechanics of transformation. 

Figure IV-3 shows the actual vector diagram of the variable 

branch in a plane behind that of the paper. The angle, q , 
betvrnen the planes is the arc cosine ad. This is apparent from 

ab 

the figure. The values of J1£ and ..§1.£ may be obtained from 

Figure III-2. 

f = Cos-1 ad 
ab 

4 = 46° 

= Cos-1 .5__._1_ 
"o.2 ( IV-1) 

i, 
The refer~nce vector, JV, has a corresponding vector in the 

') 
~ 

transformed diagram designated as jv•. They are related by the 

following: 

I J VI mag = \3 C ! : ti I mag 



V' 

,..---)---, 
.,,,,"" /,' ...... 

/ .-I / ' 
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I 
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I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I , 

I 
I 

I , , ,, ,, 

a 

I 

d 

Figure IV-3. Vector diagram of the variable 
branch showing the actual and transformed 
views. 

f lI 
V 

! X 

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

l 
V' 

! 
lr• 

Figure IV-5. Circuit 
diagram of transformed 
variable branch. 

\Jl. 
\...0 
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115 ~ ~ 
- ,09., 

,_ 
The .operator, J, will hereafter be und·erstood to direct the 

vertical components on the actual diagram and the operator, j, 
to direct the vertical components on the transformed diagram. 

To illustrate, the actual current, I~ may be expressed as 

and the current~ as 
~ 

rr.=~+3.§£_ 
Now it may be seen that the horizontal components of any current, 

I, and the corresponding current, I.:., are the same. The vertical 

components are related in magnitude alway~ by 

lrj -\ I' \ - 1 L~L~jr, J-comp - Cosq ~-comp - • _ I t-comp ( IV-2) 

A comparison of Figures IV-L~ and IV-5 reveals the advantage 

of the transformation., The circuit diagram of the transformed 

branch contains only one variable parameter. The variation of 

~, and from it the variation of the actual current, I, may be 

easily calculated. The following procedure is suggested. 

The voltage impressed on the transformed circuit is 

/}vr = /115 Cos ct = j 80 vol ts 

XI may be evaluated by making Rt equal to zero. The current It 

under this condition is the diameter> of the semi-circle and from 

Figure III-2 is: 

It= .115 

X' _ 80 
- .115 

In general 

+ to amps 

= 695 ohms 

1'=~= 
,9:-v•(Rt -1Xt) 

Rt2-+ Xt2-, · 
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r' = __ v_1_x_, __ 
RT2·+ xr2 

+ ( IV-3) 

... . .. 
Making use of the relationship given by equation IV-2 an 

equation fo'r the current to the actual equivalent branch may be 

written. 

I = vr xr + J 1.~lb .V 1R1 

Rt 2-+ x,2 Rt2 + Xt2 
( IV-4) 

The total 

It 

current to the equivalent 

= I1 + I 

:::: .402 jL,_30 + §0 X 695 2 + 
Rt2 + 695 ~ 

circuit is 

:::: (.295 + 55600 ' + J 
Rt 2 + 6952} (IV-.5) 

A number of values o.f It have been calculated making use of 

Table VII. The elliptical plot of Figure III-6 may be ac-

complished from this table as well as from Table V, and the calau-

lation of the former is a great deal less difficult. The+ term 

in equations IV-L~ and IV-5 sho1,:i.ld not be disturbing. It aI'ises 
I 

from the mathematical translation of coordinates .. The complex 

number, 3 + J2, may be expressed as 3 + J4 - J2 if for some 

reason it is more convenient. No physical significance need be 

attached. 

No attempt is made to identify the two branches of }"i':i.gure 

IV-1 w:tth actual cir•cuits of the mach:tne. The equivalent circuit 

developed here is merely recognized as the least complicated 

combination of parameters possible to draw from the line the 

currents taken by the motor of this study. 
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Table VII 

_ ~;i6oo + 11!2 _!1 r 
R1x10-2 R•2xio-4 R•2+69.52 R•2+6952 Ir lnRi r. f I ln{llr~ It g· 

?75 .L1.02 Li-3° . ,_ 

00 00. 0 0 .295 .275 .L,.02 ).t30 
• 22L1. fL[:p 5Li ? • l .• r• ,_ 20 L~oo .012 • 051 .JOB .,,..,,t. • !.,_+ L1 ~.h . •;) c.O 

.219 •f{5 ;;4.7 18 324 .015 .056 .-310 .331 •. Ii t:; L.3.2 
16 .061 

.215 .Joo ?5.6 2r' .018 ..• 313 .336 .465 i.J..3.1 .::,b 

.209 .GtJO 1;>6.7 
14 196 .023 .066 .318 .Jl.1.1 • !.i.65 l!_ ;.1 

'>OJ • ~b3 t:;'7 '1 • l.. . I • "· 12 l~J~ .029 .072 .3211 • 3)_1_7 •. .'? r, [1-2.9 

10 100 .037 .077 .332 
.19t1 t~7 59.2 
.352 : 7 . L1-3.o 
.195 ·l92 60.2 

9 81 .043 .080 .338 .355 • 1.92 !, '),. S' 

64 .345 
.193 •)9l b0.8 

8 .050 .082 '~357 .49 J.J1.o 

7 49 .057 .083 .• 352 
.J.'}2 .L~OO ol.LL 
.358 .500 Jti1 .6 

., 
36 .066 .• 361 

.192 • 4.oc1 61.9 
b .082 .357 .507 L1.r~ • -:s 

.197 .~20 62.0 
5. 25 • 076 .079 .371 .353 .510 l.L6 .L . 

.cOJ .L~30 01.8 
4 16 .087 .072 .384 .347 .515 b.7 • 7 

.215 -~-~ bl.O 
3 9 .097 .060 .392 .335 • 1/. J.i.9.5 

.2jl -~-02 bO.O 
2 4 ·._.107 .041~ .402 .329 • 1L. s'o.o 

.2s2 } 7 c' 58.l . -~ ;) 
l 1 .113 .023 .·i~o8 .298 .5o5 s;.q 

?7' • l.~9 7\ 56.2 • - .:::> 
0 0 .115 0 .l.~10 .275 .1+93 56.2 



CONCLUSIONS 

It is believed that this thesis is the most extensive 

analysis of the single-phase reluctance motor available. Some 

literature dealing with the three-phase reluctance motor• in 

large sizes can be found, and many author,s of Ao C, machinery 

texts mention the presence of reluctance power in salient-pole 

synchronous motors, but the analysis of the single-phase motor 

p1"esen ted in this work is original and believed to be quite 

singular. 
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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 item 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 loci of current vectors plot an 

elliptical path as load is addedo The only conclusions that 

one can reach from this observation is that the overall reaetance 

of the machine changes with changes of load. This is a logical 

conclusion, since the salient-pole rotor changes position with 

respect to the rotating field each time load is changedo 

Langsdorf., in his Theory of Alternating Current Machinery.,l 

substantiates this idea by developing for the three-phase 

l Alexanders. Langsdorf, Theorx of Alternating Current 
Machinery., p. L~1-8 o 
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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 function of output developed 

in Chapter III is recognized as empirical in nature. The exact 

form of the equation would, therefore, be different for another 

motor, but the method is unique and the general approach appli

cable to all similar machines. The entire method of performance 

calculations as presented in this thesis is intended for use 

where a test machine is available. This is typical procedure in 

small motor design. 

It is believed that further r•esearch w111 reveal more 

definite physical explanations for the empirical constants 

employed in the method presented here, and it is hoped that 

this work will pave the way for such resem:-ch .. 
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