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DEDICATION 

To the memory of Professor Leo Aldo Finzi of the 

Carnegie Institute of Technology 

who had once remarked of the young electrical machine designer 

11. . .an action-oriented orchestration of innovative inputs 

generated by escalation of meaningful indigenous 

decision making dialoque . . .11 
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ABSTRACT 

A new technique of continuously generating reactive power 

from the primary of a brushless induction machine is conceived 

and tested on a 10 kW short-stator linear machine and on 26 kW 

and 112 kW rotary cage motors. An auxiliary magnetic wave, 

travelling at rotor speed is artificially created by the space 

transient attributable to the asymmetrical primary winding. At 

least two distinct windings of different wavelength on a common 

magnetic core have been investigated. This rotor wave drifts in 

and out of phase repeatedly with the stator MMF wave proper and 

the resulting modulation of the airgap flux is used to generate 

reactive VA apart from that required for magnetization or leak-

age flux. Leading power factor operation has been demonstrated 

on the 112 kW machine. The VAR generation effect increases with 

machine size and unity power factor operation of the entire 

machine is seen to be commercially viable for large brushless 

induction motors and power systems induction generators. 

The initial objective of this study was to improve power factor 

in high speed linear induction machines which was accomplished 

largely by eliminating the detrimental effects of the exit-

edge power loss and using the same phenomena to generate large 

quantities of leading volt-amperes especially suited for the 

machines with high sheet-rotor velocities. The primary objec-

tive for extending the work to the rotary machines was to dev-

elop a brushless, cage rotor induction motor capable of natur-

ally commutating high power thyristor semiconductor devices in 

a current-source inverter intended for variable-speed, variable 

frequency applications such as in a three-phase or DC-link 

traction drive system ranging from 100 kW to 1000 kW in output. 
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1 
I. INTRODUCTION 

1.1 ADVENT OF BRUSHLESS VAR GENERATION 

This thesis is concerned with the analysis and exploitation 

of a new electromagnetic mechanism for generating reactive volt-

amperes from the primary of brushless rotary and linear induc-

tion machines. The initial discovery of a related technique may 

be attributed to the research team at the University of Manches-

ter under the direction of Sir Frederic Williams, who had shown 

analytically and experimentally, that a third source of reactive 

volt-ainperes pertaining to a discontinuous primary excitation 

and a continuous secondary member, existed in high-speed induc-

tion machibes in addition to the conventional magnetizing and 

leakage flux reactive requirements. C l - 3 J 

The distinction lies in the nature of this third source of 

reactive power. All published literature on the series of dis-

continuous primaries incorporated in the spherical, phase-

mixing, phase-shifting, logarithmic and linear machines built 

by Williams and his successors, indicates that the primary 

edge transient was only used in a detrimental fashion in the 

respect that only lagging reactive volt-amperes were generated 

[4 - 6]. Rather, the purpose of this thesis is to discuss a 

few schemes of exclusively using stator control of the airgap 

flux distribution but generating leading reactive volt-amperes, 

that is, a negative reactive source, over large segments of 

the primary excitation. 

Over three-quarters of a century of induction machine de-

sign have focused on exploiting rotary machines for which only 

symmetrically excited primaries were developed and it was con-

cluded that all induction machines must have a constant magni-
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tude of airgap flux density. Further, history seemed to dictate 

that such space-transient effects due to either magnetic per-

meance variations or magneto-motive force irregularities should 

be minimized as a fundamental design philosophy. However, as 

early as 1966 Laithwaite pointed out [ 7 ] that fundamentally 

there was little evidence to suggest that the discovery of a 

positive electrical quantity - - a third source of reactive VA --

as shown to be comparable in magnitude to magnetizing and 

leakage flux losses, would not exist as a negative quantity and 

of approximately the same magnitude. 

On a macroscopic basis, extensive research and analysis 

centering around the generalized electrical machine theory ori-

ginally introduced by R.H. Park in 1929 [ 8 ] further suggested 

that an induction machine with leading power factor at the 

terminals, analogous to an overexcited synchronous motor, did 

not violate any basic rules of.physics or mathematics. While 

it was clear that several different rotor current patterns 

would suffice to give a net negative kVAR consumption at the 

terminals, the question arose how to establish and maintain 

any of these patterns purely by electromagnetic induction in 

an inductive electric rotor circuit. The overwhelming conclu-

sion of this thesis is that the introduction of abrupt space-

transients in the airgap flux on a continuous and stable basis 

is the only practical method known to date to establish the 

equivalent of an overexcited cage-rotor current distribution. 

Figure 1.1 shows the basic nature of the induction condenser 

concept. 

None of the designs presented in the thesis should be con-



Unity Power F a c t o r React ive Balance 

F i g u r e 1. 1 G e n e r a l indication of consumed and genera ted r e a c t i v e power components in an 
integral induction motor and asynchronous condenser in medium-size machines, 



sidered optimum with the exception of the two-stage, eleven pole 

linear induction machine (termed the LIM-ASC-II) which formed 

the major part of the experimental work. Rather the hardware 

developed during this period is intended to show that foremost, 

the classic short-primary exit-edge effect that deterred the com 

mercial advantage of the high-speed linear induction machine 

for over two decades may be entirely neutralized or used to an 

advantageous purpose such as power factor control. Second, that 

this same basic edge-effect should necessarily be incorporated 

in large rotary induction machines for which it is desired to 

improve the Mairgap T I power factor to the extent that the termi-

nal power factor may be at a unity or leading value continuously 

The reader, if he so desires, may take the viewpoint that 

reactive, wattless or "imaginary" power is basically a ficti-

cious quantity in that it was first conceived by the electric 

power engineer merely as a mathematical convenience in systems 

analysis and that it does not quite represent a physical entity 

such as real power which has a mechanical equivalent -- watts. 

However, if this is the case, then the reader is asked to exa-

mine the test data on the linear machines combining motor and 

VAR-generating windings, which shows conclusively that power 

factor improvement is occurring either at a higher or constant 

efficiency than was the case without reactive control. This 

is the essence of wattless power, for while it is not dissipa-

tive as such, its circulation and transmission is responsible 

for either excessive real power losses or alternately reduced 

real power consumption. The overwhelming systems concept para-

mount to the technology presented here is that power factor 

compensation should be performed directly at the source of im-



5 

perfection rather than transmitting large quantities of reactive 

powerover long distances between power station and load centers. 

The approach underlying the thesis is entirely historical 

from the conception of the asynchronous condenser principle 

to the development of a 112 kW rotary machine which befits the 

title of the thesis. In particular, the entries in this chap-

ter all portray several parallel schools of thought over a 

period of ninety years, which lead to the development of the 

Theta-Pinch and J-Jump concepts expounded in Chapters II 

through V, referring to the rotary and linear machine MMF con-

figurations respectively. Throughout the thesis and the pu-

blished literature to date C ^ - l l ] concerning this brushless 

VAR generation, the word transient is used frequently and can 

easily be misunderstood as even " ;space-transient n connotes an 

aura of vagueness. Moreover, to classify this phenomena as 

exploiting another harmonic field of the induction machine is 

clearly in error because this overlooks the basic mechanism 

that is novel to this thesis. It must be realized that the 

rotor-speed traveling wave, lagging behind the primary synchro-

nous traveling wave by the slip, is responsible for ge-

nerating large quantities of negative reactive volt-amperes. 

Over a limited section of airgap, the inductively-fed rotor 

is magnetizing the airgap and in addition inducing image currents 

in a distinct tertiary winding, on the primary block, at a 

reduced wavelength. Therefore, it is proper to regard this 

machine as two separate electromagnetic units, using a common 

rotor, a common stator core and a common magnetic flux at the 

transition between these two sections, the value of which is 

altered above or below a unity ratio according to, fundamen-
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tally, a pole number-slip product. 

In lieu of using the term space-transient, an alternative 

approach is to consider the nature of the rotor currents rather 

than the airgap flux. Over the airgap section whereby the pri-

mary is responsible for providing magnetization, the rotor 

currents are largely conventional slip-frequency, alternating 

currents the magnitude of which varies as a function of lon-

gitudinal position. Yet over the remaining airgap periphery 

for which the rotor provides magnetization, these rotor currents 

are direct-currents, of approximately the same peak value as the 

slip-frequency currents but with the vitally important dis-

tinction that these direct currents have a space-modulation dis-

tribution, (that is sinusoidal in nature and at exactly the 

same pole-pitch as the main primary winding) which decays as 

a function of time but very slowly in large machines (accor-

ding to the Goodness Factor C12 ] and the rotor leakage induc-

tance) . The mechanism for changing slip-frequency currents to 

direct-currents is the action of the longitudinal exit-edge. 

By discontinuing primary excitation abruptly, if the rotor 

currents directly at this point are any value other than zero 

and the rotor electric circuit has any inductance, then it is 

clear that these rotor currents will decay naturally (eventually 

to zero in the most basic case) ; this is nothing more than a 

rotating polyphase switching transient. In effect, it appears 

that the longitudinal exit-edge is performing in a manner simi-

lar to conventional commutator by changing frequency albeit 

electromagnetically. This explanation is especially illustra-

tive for both linear and rotary machine examples although it 

should be emphasized that at all times, the primary member or 



tertiary winding (on the primary block)' cannot distinguish whe-

ther the rotor contains slip-frequency alternating currents or 

space-modulated direct currents because both produce nearly 

identical field patterns in the airgap; this reconfirms the 

basis of generalized machine theory and further serves to unify 

the asynchronous and synchronous types of machines which have 

heavy current patterns on both sides of the airgap. 

In particular, the advent of brushless VAR generation may 

be traced to one experimental study by Laithwaite in 1964 [ 1 3 ] 

which concentrated on rotor windings for a six-pole rotary in-

duction machine with an arc-shaped short-primary. Several key 

points are paraphrased here in summary: 

"The paper describes a method of replacing 
the squirrel-cage with a wound rotor which 
is short-circuited but which is so arran-
ged that the undesireable effects at the two 
edges are made to cancel each other. The 
system is most favorable to cases in which 
the pole-pitch of the machine is such that 
it divides evenly into the complete periphe-
ry. ... Even when running at synchronous 
speed, the transient rotor currents set up 
by the edges of the stator were present. 
... When the machine is on load, the rotor 
current is a purely magnetizing current for 
regions outside the stator block and is ca-
pable of setting up a considerable flux den-
sity outside the block, even though the re-
luctance of the magnetic circuit be very high." 

While the main purpose of this paper was to compare 

squirrel-cage rotors against wound types and their effect in 

either attenuating or prolonging transient rotor currents at 

the primary entry edge (with a view towards achieving a cons-

tant-efficiency variable speed machine), the work clearly star-

ted the process of evolution towards the asynchronous condenser 
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induction machine. At this point it was noticed that using the 

time constants characteristic of conventional machine construc-

tion in terms of airgap sizing, rotor leakage inductances and 

peripheral speed, the transient MMF documented in this arc 

machine at the primary entry zone would be significantly stronger 

if a second stator block occupied the inactive periphery imme-

diately following the primary in the direction of rotor motion. 

Laithwaite then suggested that the airgap be maintained at a 

uniform dimension around the entire periphery by incorporating 

a short-circuiting grid in unwound primary slots rather than 

physically remove the statror iron. Immediately it was rea-

lized that instead of a short-circuiting grid, a tertiary 

winding would constitute a rotating polyphase current trans-

former if the machine was large enough so that the magnetiza-

tion current was negligible compared to both load and transferred 

rotor current. This was the birth of the reactive-current-

compensated induction machine. 
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1.2 OVEREXCITED SYNCHRONOUS CONDENSER • 
Historically, the over-excited DC-field synchronous conden-

ser is the most common electromagnetic machine exhibiting 

leading VAR capability with high efficiency; the first large 

salient-pole synchronous condenser having been built by the 

Westinghouse Company in 1884 to provide reactive control for 

the Niagara Falls New York generation and long-distance trans-

mission project. [ 1 4 J Since that date, essentially no major 

modifications in the design of synchronous condensers were im-

plemented with the exception that about 1910, industry saw the 

introduction of the turbogenerator rotor to this synchronous 

machine and thus two and four pole units became commonplace. 

As with conventional synchronous machines, design changes in 

the reactive compensator followed the basic trends of insula-

tion refinement, high voltage primaries and in particular, high 

temperature rotor windings. 

The first Westinghouse synchronous condenser had an appa-

rent power to weight ratio of 0.02kVA/lb. using convection 

cooling. The state-of-the-art in synchronous condenser techno-

logy was achieved in 1973 C 15 3 by the manufacture of a direct 

liquid (deionized water) cooled stator and turbo-rotor windings 

in addition to liquid cooling all the bearing, silver-graphite 

brushes and slip-rings. The voltage rating of the unit was 

10, 110 V line-to-line peak and at a shaft speed of 4950 r.p.m., 

a continuous rating of 7 MVA was achieved yielding an overall 

specific power density of 1.7 kVA/lb. at an average temperature 

of 356°F. The machine has a ninety-second overload capabili-

ty of 10 MVA for which the armature copper current density is 

9 
26, 793 A/in . Other parameters are given in Table 1.1 as 
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Table 1. 1 
State of the A r t Wound-Field Synchronous Condenser E l e c t r i c a l C h a r a c t e r i s t i c s 

Output Rat ing Continuous (MVAR) 6 . 9 4 

A r m a t u r e Output Current (A) 560 

F r e q u e n c y (Hz) 165 

A r m a t u r e Vol tage (V r . m. s . ) 4130 

F i e l d Current (A) 1795 

F i e l d Vol tage (V) 85 

Speed ( r . p . m . ) 4950 

Tota l Weight ( lb . ) 4202 

Outside D i a m e t e r (in. ) 33 

Overa l l Length (in. ) 45. 5 

Rotor D i a m e t e r (in. ) 21 .46 

Act ive Magnetic Length (in. ) 13. 6 

R a d i a l A i rgapLength (in. ) 0 . 4 0 

Tota l L o s s e s (kW) 4 9 5 . 4 

A r m a t u r e C u r r e n t Dens i ty (A/ in ) 18, 667 

F i e l d Current Densi ty (A/in^) 15, 885 

P h a s e R e s i s t a n c e at 3 5 6 ° F (ohm) 0. 218 

B a s e Impedance (ohm) 7. 38 

Synchronous R e a c t a n c e Unsa tura ted (P . IT.) 3. 44 

Trans i en t R e a c t a n c e Unsaturated (P . U . ) 0. 496 

Subtrans ient R e a c t a n c e Unsatura ted (P . U . ) 0. 316 

Stator L e a k a g e R e a c t a n c e ( P . U. ) 0. 174 

F i e l d L e a k a g e R e a c t a n c e (P . U. ) 0. 358 

Z e r o Sequence R e a c t a n c e (P. U. ) 0. 102 

D a m p e r L e a k a g e R e a c t a n c e (P. U. ) 0. 142 

Spec i f i c Volume (cu. f t . /kVAR) 0 .00537 

P e r i p h e r a l Veloci ty ( f t / s e c at 4950 rpm) 465 

G y r o s c o p i c Moment (in-lb) 6070 

Water Inlet P r e s s u r e (PSI) 450 

Water F low R a t e (GPM) 36 
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they also served as a general guideline -for which the tertiary 

windings of the 112 kW machine discussed in Chapter V were di-

mensioned. 

The points in common between conventional synchronous 

condensers and the asynchronous condenser concept detailed in 

this thesis are as follows. 

i) The rotor MMF, whether injected via slip-rings or in-

duced to form a space-modulated brushless direct-current 

pattern, must exceed the stator MMF by nearly the same 

ratio for a given zero power factor terminal condition. 

ii) The terminal performance of these two machines concer-

ning the tradeoff between differing values of real 

power capability and reactive capability is nearly i-

dentical once the product of slip and magnetization 

Goodness factor, G is substituted for the conventional 

field current parameter as shown in Figure 1.2. This 

gives a universal indication of the extent to which 

leading power factor operation is practical for large 

mechanical power outputs as would typify an overexcited 

synchronous motor but applied to an eight pole self-

compensating induction motor (SCIM) similar to that dis-

cussed in Chapter V. This assumes that the tertiary 

current phase angle has been perfectly adjusted as a 

function of slip along with specially designed change 

in pole-pitch stator laminations. 

iii) The rather high temperature rises associated with an 

overexcited rotor windings on a synchronous condenser 
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Sl ip- Magnet iza t ion Product , cfG (per unit) 

F i g u r e 1. 2 P e r f o r m a n c e of e ight-pole s e l f - c o m p e n s a t i n g induction 
m a c h i n e s f o r d i f f e r e n t v a l u e s of p e r unit mechan ica l power . 
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is well within all typical temperature limitations for 

cage-rotor constructions. 

iv) The armature reaction effect of the tertiary winding on 

. the asynchronous condenser is approximately the same 

strength as the armature reaction effect in a synchro-

nous machine considering the differences in airgap sizing. 

v) Current densities, time-constants and subtransient reac-

tances for both asynchronous and synchronous types may 

be designed to be equal, simultaneously, assuming that 

a cylindrical-rotor machine is specified and damper 

windings are used. 

The major differences between an asynchronous and syn-

chronous condenser are of importance only at the final design 

stage. In essence, the process of technological evolution and 

evaluation is based on maximizing the similarities between two 

apparently different mechanisms rather than attempting to key-

note only dissimilarities. Nevertheless, some of the more 

paramount but less general differences are as follows. 

i) The ratio of the average rotor MMF to stator MMF in the 

brushless version will generally be less than the syn-

chronous type for a given total leakage flux requirement 

because the smaller airgap of the former allows a consi-

derable magnetization saving. However, this apparent ad-

vantage is partially offset by the effects of current 

natural decay which may be prominent in the asynchronous 

condenser with short rotor-time-constants. 
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Ii) The asynchronous condenser requires an external regulation 

device such as an induction regulator, phase-shifter or 

semiconductor switching to maintain the output of the 

tertiary near a zero power factor condition as a function 

of slip due to the rotationally-controlled phase angle 

of induced voltage. This phase control is analogous to 

the need for magnitude control in the synchronous machine 

to guarantee a fixed power angle with varying system 

receptivity, except that in the former, the total working 

kVAR output must be regulated whereas exciter control 

is usually under 2% of the armature output. 

iii) The asynchronous type will have a larger steady-state 

and transient reactance per peripheral meter than the 

synchronous type based on typical designs for dimen-

sioning airgaps but assuming the same rotor volume. 

iV) The unsaturated subtransient reactance (X'') of the 

asynchronous condenser will usually be larger than the 

negative sequence reactance (X2); in the synchronous 

condenser they are generally equal. 

v) Both the subtransient reactance and negative sequence 

reactance of the asynchronous condenser in relation to 

the positive sequence reactance (X g) will be larger than 

the ratios X 9:X_ and X" :X characteristic of the syn-& s s 
chronous version. 



1.3 STATIC DOUBLE INDUCTION REGULATOR ' 
With a few of the characteristics of the asynchronous con-

denser as mentioned in the previous two sections, early in the 

evolution of this machine, two issues remained paramount to 

successful and efficient operation, that were largely solved by 

considering several of the electromagnetic peculiarities of the 

moving-coil induction regulator, a relatively new device to 

heavy current technology. [ 1 6 ] This reactive potential divider 

is termed a static device despite the fact that it uses a moving 

coil but this does not have any continuous motion and its 

setting is only changed according to different load conditions. 

In particular, both single phase and polyphase versions exhibit 

three important traits relevant to the rotating induction machine 

with a tertiary winding that is the subject ofdiscussion. 

i) The moving-coil is a short-circuited coil that is in-

ductively fed by the primary winding, carries current 

loadings comparable to the primary and yet incurs no 

appreciable braking focus or excess losses on the pri-

mary; the overall efficiency of these units for large kVA 

sizes is typically 97%. This is explained by the fact 

that all such regulators have the two, identical halves 

of the main winding (termed primary and secondary) wound 

in opposite directions which largely neutralizes any 

mechanical forces on the coil (termed the tertiary) . 

ii) The regulator exploits a phenomena which is usually 

considered to be an imperfection and minimized in large 

electromagnetic designs -- that under certain regula-

tion conditions, the primary and secondary magnetic 
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fluxes buck each other and instead of exclusively flow-

i 

ing around the high permeability magnetic core, the 

common magnetic path is the large airgap in the center 

of the core. 

iii) The voltage on either primary or secondary winding may 

exceed the mains terminal voltage across the two win-

dings, connected in series opposing. 

The most well developed treatment of this phenomena was 

explained by Rawcliffe and Smith [ l 7 ] who, using only a lumped 

parameter equivalent circuit approach (without a non-linear 

magnetic field analysis or a numerical determination of the 

precise airgap reluctance) correctly predicted the hitherto un-

solved problem of low-end and high-end performance. More im-

portant, this analysis also pointed to the physical insight 

that inspired all further development of the asynchronous con-

denser machine and paraphrasing from [ l 7 ] 

" . . . on no-load there are two magnetizing currents 
in the regulator one in the moving coil and one in 
the main winding; and in many senses the moving coil 
is more properly regarded as an auxiliary primary 
inductively fed, rather than as a short-circuited 
secondary winding. . . . When the moving coil is 
regarded as an extra primary winding it becomes 
natural that, on-load, it should provide the addi-
tional ampere-turns due to the load current, in the 
same way as a primary winding normally does. This 
was confirmed by many tests. Since the main primary 
winding of the regulator cannot exert any net am-
pere-turns on the main magnetic circuit, the extra 
primary does so instead." 

A new electromagnetic mechanism had been "discovered" 

nearly two decades after such devices were first produced commer 

cially, for as Rawcliffe proved, the mains current in ampere-
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turns. This was clearly the world of parallel magnetic circuits 

for which iron and air were equal contenders for providing a 

main magnetic circuit despite large differences in permeance. 

Only one question Rawcliffe left unanswered for the next gene-

ration of engineers. What would happen if this moving coil 

were given a continuous, high-speed motion in a polyphase system 

of such induction regulators? 



1.4 POLYPHASE SHUNT COMMUTATION 

Concurrent with the widespread application of slip-ring 

AC machinery such as the synchronous condenser throughout 

world power systems at the generating end, the utilization of 

electric power saw the rapid application of the mechanical commu-

tator to AC machinery and its use as a frequency changer. The 

first pervasive emergence of the AC commutator was to railway 

traction drives in Europe at 16 Hz about 1906 followed by 

Lamme's success with series-compensated traction motors in 

America at a 25 Hz frequency. [ 18 ] These were very important 

advances for the AC machinery because it showed quite conclu-

sively that despite the added high frequency switching tran-

sients encountered with the AC traction motors, high efficien-

cies and high specific power densities were obtainable to the 

extent that the machine still remains a serious industrial com-

petitor to the DC traction machine. 

Within a decade after the introduction of the AC commuta-

tor single-phase traction machine, commutation was sufficiently 

understood that industry was soon building polyphase commutator 

machines and at 50 Hz frequencies such as the Schrage motor [19], 

the Type NS (Nebenschluss) discharge-winding with induction 

regulator speed control [20], and most important the shunt-

commutator, adjustable power-factor and adjustable-speed motor 

with a range of 3:1 [21]. The latter is the main subject of 

discussion because this machine is first and foremost an induc-

tion machine for which the commutator is acting as a frequency 

changer; both speed and power factor control are obtained by 

adjusting the brush position and spacing, whereas the Type NS 

machine relies on external voltage control to the rotating 
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armature winding. The phasor diagram for the former is shown in 

Figure 1.3 for sub-synchronous speeds. The key points of in-

terest in this machine are that: 

(i) unity power factor will occur at an 80% efficiency in 

machines as small as 12 kVA at 50 Hz, 

(ii) essentially it is an inverted induction machine for the 

primary is on the rotor and the slip-frequency secon-

dary is stationary, 

(iii) the rotor also carries a conventional lap winding (in 

the same slots as the primary) which is brazed to a DC-

type commutator, and 

(iv) the primary is fed at mains frequency via slip-rings 

while the secondary is fed from the commutator using 

sets of polyphase brushes. 

The characteristics of this machine which are of special 

interest to the asynchronous condenser technology are as follows: 

(i) Unity or leading power factor operation up to cos 0 = 

-0.85 of the entire machine is possible with Goodness 

factors as low as 50. 

(ii) The lap winding injects an EMF into the secondary to 

cause the latter to develop a CEMF of almost equal 

value; the differences between these two voltages de-

termining the amount of speed control achieveable and 

the differences in phase between the two allowing power 

factor adjustment. 

(iii) All the rotor slots carry two sets of heavy current 

windings and yet it is the rotor slotting geometry that 

demands a smaller slot cross-sectional area in compari-
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son to that available on the-stator; whereas in the 

asynchronous condenser, the slots that carry two sets 

of windings are the stator slots and this is only present 

in the overlap region, typically fourteen slots. 

With these characteristics of the commutator machine, it 

was realized that fundamentally there should be no reason why 

inverting primary and secondary positions would not produce an 

adjustable power factor device. The point to note is that the 

commutator is not basic to adjustable speed or reactive control. 

Rather, the only new major penalty that the asynchronous conden-

ser must accrue is an additional magnetization loss for the 

tertiary winding (with the rotor setting up this part of the 

airgap field), a reactive loss that the mechanical commutator 

circumvents. 



1.5 INDUCTION TRANSIENT OVERSPEEDING * 

A Formal mathematical treatment of this topic is given in 

Chapter VII with both analytical and numerical techniques, but 

transient overspeeding is introduced here since the physical un-

derstanding surrounding this phenomena was instrumental in ex-

plaining the operation of the self-compensation induction machine 

(SCIM) . In essence, if any cage induction machine has any 

significant rotor inductance and if the accelerating torque is 

unusually high (due to either sudden, full excitation or a lower 

than average mechanical load or inertia) , then the forced rate 

of change of load current can exceed the natural decay of load 

current and an effective time lag of current exists in the secon-

dary circuit; not accounted for by the steady-state equivalent 

circuit. The process can exist in both the high-slip and low-

slip regions, [22] the latter implying that at synchronous speed 

(and in a symmetrical machine) the secondary is still carrying 

substantial currents which will persist well into supersynchro-

nous operation. Considerable hunting usually exists around the 

running-light point which for large machines may last up to 

three or four cycles. In general, two pole cage machines are 

the most prone to transient overspeeding as depicted by the 

larger r a t i° s (based on equivalent circuit steady-state 

parameters) they possess as compared to multipolar types. Fi-

gure 1.4 gives a general guide to how the open-circuit time cons-

tant of cage machines vary according to rating for two, four 

and twelve pole machines up to the megawatt range [23]. While 

this does not indicate the number of cycles of hunting, it may 

be used to determine the relative degree of oscillation among 

units of equal voltage excitation and inertia constant. 
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The initial interest in supersynchronous hunting stemmed from 

the thought that if all the rotor currents could be instrumented 

for magnitude and phase during a transient swing, then if the 

naturally occurring current pattern could be reproduced on a 

continuous basis along with a small phase-shift, this would 

serve to be the ideal MMF distribution for a unity power factor 

induction machine. Recently, there has been renewed interest 

in transient overspeeding from the analyst's approach since 

computer calculations are able to simulate the exact effects 

of rotor and stator slotting (or "grinding") on among other as-

pects, low-inertia start-up. Figure 1.5 shows the results of 

a digital simulation based on the serraphile function given in 

[24] for a no-load acceleration,, two different types, of slotting 

geometry and two excitation voltage magnitudes. A cage machine 

rated at 4 kW, four-poles with 36 stator slots and 10 rotor slots/ 

pole/phase primary had a 7/9 chording. It is seen that one over-

speed exists even for the half-voltage excitation irrespective 

of the slotting refinements (stator and rotor are identically 

simulated in shape, that is, the same serraphile function is used 

in each part of Figure 1.5). 

At full excitation, the more gradual slotting (labelled 

A=0.5) goes through synchronous speed three times, while the 

coarser, open-sided slotted machine (A^l.O) exhibits transient 

overspeeding twice. Some of the effects especially at high 

slips are explained mathematically by Section 3.3 Synchronous 

Rotor Harmonic Interaction, while for the main part, this 

slotting geometry variation may be understood to alter the 

rotor leakage inductance significantly. 
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1.6 ROESEL HARD-MAGNETIC GENERATOR 26 

The preceeding section on transient overspeeding should have 

served to suggest that some mechanism of electromagnetic "memory" 

of the cage rotor current pattern is desireable, for example 

large amounts of rotor leakage inductance. Recently, academic 

research has focused on a "magnetic" machine which utilizes, in 

effect a current pattern memory by nature of the rotor material 

which is a hard-magnetic material such as barium-ferrite. [25-

26 ] This is essentially a permanent magnet machine but most 

important it relies on the continuous remagnetization of this 

moving high-retentivity magnetic material to produce a new 

synchronous pole-pattern every revolution according to whatever 

shaft speed it is driven at. It has been named the Roesel 

generator and has been designed to produce constant frequency 

at variable speeds up to a range of 2:1. This is a completely 

brushless machine with the armature winding being stationary 

and the barium ferrite material rotating about the outer peri-

phery in a narrow band. As depicted in Figure 1.6 the most novel 

feature is that the stator laminations have 44 mechanical degrees 

removed from the polyphase armature winding slotting and wound 

with a high-current AC exciter coil to effect magnetization. 

The concentrated exciter coils use the same frequency as 

the alternator output rather than direct current. In operation, 

a magnetic "recording" of the AC exciter field is reproduced 

in the ferrite layer. When a complete rotor revolution is made 

within an integral number of alternating polarity periods of 

the exciter's alternating current, an integral number of 

magnetic poles of alternating polarity (and negligible constant 

polarity) are retained by sectors of the ferrite band. The 
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continuous shifting of the "printed" po-les on the rotor appears 

as slipping the poles backward and increasing their peripheral 

length, when for example the speed is increasing. The amount 

of ferrite being remagnetized increases as the speed departs from 

the preferred synchronous speed (according to the chording and 

pitch design). In the limit there will exist a speed,at which 

the narrow sector which is not remagnetized oppositely dis-

appears, so that there is one less pole around the periphery. 

The inventor has called this critical state an "odd pole syn-

chronous speed". 

While the rate of flux cutting the armature remains fixed 

for any shaft speed, this does not, however, keep the generated 

terminal voltage constant due to the rather drastic change in 

pitch factor as shown in Figure 1.7; the distribution factor 

remains reasonably constant as a function of speed. 

Present information on Roesel generators indicates that . 

power densities as high as 0.014 kVA/lb. have been achieved in 

the 1-10 kVA range for output frequencies of 400 Hz at unity 

power factor. Unlike the aforementioned synchronous condenser 

and shunt AC commutator motor technology, this generator cons-

titutes a true-space transient phenomenon. Its emergence and 

limitations combined with the earlier induction experiments 

by Laithwaite [ 13 ] on arc-shaped primaries and continuous wound-

rotors served as the cornerstone for development of the first 

Theta-Pinch design -- an electromagnetic memory machine. 
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1.7 STATE OF THE ART 

The initial impetus for research on reactive compensation 

integral to induction machines was aimed at only linear machines 

but throughout the development it was realized that many of the 

electromagnetic techniques applied in linear version would be 

consistent with reactive enhancement in rotating machinery as 

long as certain reservations on either power to weight ratio or 

temperature rise limitations could be altered. While the ro-

tating brushless induction machine has been hailed as the work-

horse of modern electric utilization due to its robust construc-

tion, asynchronous running, self-starting and regulation free 

operation, one serious limitation has always been evident in that 

both efficiency and power factor are very sensitive to mecha-

nical load variations assuming a constant voltage supply. These 

characteristics are shown in Figures 1.8 and 1.9 for a 2kW rotary 

cage machine and three different excitation voltage magnitudes. 

Figure 1.10 shows the maximum typical efficiency and power factor 

of standard cage machines as a function of mechanical output on 

constant voltage. [27] 

A wealth of information now exists on induction motor effi-

ciency and power factor improvement; the most recent concentrate 

on thyristor phase-chopping of the input excitation to effect 

a type of voltage (and thus magnetization) control. However, 

none of these techniques are discussed or used in this thesis 

for it is felt that they do not focus on fundamental electromag-

netic problems but rather minor constructional or operational 

changes in conventional, symmetrical machine design such as 

increasing core length, copper volume, change in lamination 

steel permeability characteristics or slotting geometry. 



30 

P e r c e n t L o a d 

F i g u r e 1.8 E f f e c t of L i n e V o l t a g e on E f f i c i e n c y of Standard Unit 

100 

2 
e-
CO 

80 

60 H z 10% Under Vo l tage 

O w 
*t u 
O 
a 
CTl 
fa 
u 4) * 
o 

60 ^ — ^ ^ 10% Over Vo l tage 
*t u 
O 
a 
CTl 
fa 
u 4) * 
o 

40 / / / ^ R a t e d V o l t a g e 

*t u 
O 
a 
CTl 
fa 
u 4) * 
o u & 

20 - / / / 

0 1 i f i r 
0 25 50 75 100 125 150 

P e r c e n t L o a d 

F i g u r e 1.9 E f f e c t of L ine V o l t a g e on Power F a c t o r of Standard Unit 



31 

i 

100 

o 
•M 
U 
fl1 

<D 

O 

0» 

u 
o 
a 
a 
4) 

W 
100 200 1 2 5 10 20 50 

H o r s e p o w e r Rat ing 

F i g u r e 1.10 E f f i c i e n c y and P o w e r F a c t o r v e r s u s Rat ing of S tandard Units 



32 

Based on the experimental work and theoretical framework 

existing on the self-compensated, dual winding induction machine 

(SCIM) explored in this thesis, the concept of applying asynchro-

nous condenser windings to rotary machines has yielded an average 

15% improvement in terminal power factor for 500 H.P. size 

units as compared to symmetrically-wound single-primary cage 

machines. Figure 1.11 shows the envelop of the maximum attain-

able power factor capability as a function of mechanical loading 

using the Theta-Pinch method discussed in Chapters IV and V. 

This presents a four-pole, 60 Hz design concept in one-repeat-

able section around the entire machine periphery and is based 

on the results of the 112 kW, 50 H z , eight-poles in two repeat-

able sections, SCIM unit developed in the laboratory. The amount 

of extrapolation for this 500 H.P. prediction is negligible for 

both machines have a rotor active volume differing by only 12% 

based on the change in operating speeds and copper temperatures. 

It has been assumed that new laminations have been specified 

for the SCIM units. 

The only major penalty incurred in the SCIM design is a 3 to 

5% loss in efficiency at the 373 k W load point. Utilizing Class 

F (90°C rise) insulation throughout both machines, the SCIM 

unit would require the next larger frame size for both the addi-

tional spatial core flux and to accommodate the extra stator 

slots carrying the tertiary winding. This added manufacturing 

cost is entirely offset by the life-time reactive power penalty 

saving for which is presently assessed at $150/kVAR for drive 

motors by the Electric Power Research Institute, USA. 
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II. EXIT EDGE EFFECTS 

1. SHORT-PRIMARY MACHINES 

The idea of improving the power factor of brushless in-

duction machines has often intrigued the electrical engineer 

and like any other problem in science two methods of solu-

tion appear evident. First, one may choose to rectify the 

problem by attacking the underlying cause of concern or al-

ternatively, as second best one may devise some novel scheme 

to circumvent the apparent difficulties experienced by the 

user without actually attacking the crux of the problem. 

However, as far as the consumer is concerned, the methodology 

is unimportant; rather, only the end product is vital--what 

is the terminal power factor? The approach taken in this 

first series of tests is the latter for we have allowed the 

LIM proper to have a notoriously low power factor and contin-

ue to have excess rotor copper losses but have made use of 

this otherwise wasted exit-end magnetic energy and oriented 

it (i.e., phased properly) so as to improve power factor 

rather than another parameter such as efficiency which has 

remained constant. 
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A. Background of Experimental Apparatus 

Conversion of the SLIM to a high Goodness machine 

(G~20) with a uniform pole-pitch winding having 7 poles con-

centrated on the secondary conducting material. ' The stator 

block with its 48 coils that was used for the described ex-

perimental program had previously undergone testing on the 

Imperial College High Speed Test Rig as a 4-8 change pole 

motor [l ] . It utilized a 1.58 mm thick aluminium sheet annu-

lus secured to a 19 mm thick solid steel rotor disc. Since 

the leading power factor SLIM concept prefers a rotor with a 

long time constant which necessitates a highly conductive 

rotor, therefore the first major construction work consisted 

of fabricating in situ, a 9.5 mm thick aluminium annulus, 

2.13 m in diameter to replace the 1.58 m m thick annulus. 

Most important, all of the joints on the new rotor were 

T.I.G. welded which insured a continuous secondary circuit 

and thus no extraneous rotor induced transients appeared on 

the stator voltage and current waveforms. 

The stator block of the SLIM, which was shaped in a 

90° arc, was first reconnected as a conventional linear motor 

comprising 7 poles of uniform pitch and having an equivalent 

synchronous linear speed of 46 mi./hr. with 50 Hz excitation. 

The High Speed Test Rig is portrayed in Figure 2.1 and the 

details of the new SLIM experimental machine are given in 

Table 2.1. A 120 kVA frequency changer set is used for ex-

citation in the range of 25-150 Hz, which in effect allows 

motoring up to nearly 140 mph with this particular winding 

connection. For dynamic testing of the SLIM, a 15 k.w. DC 

dynamometer is attached to the Disc Rig central shaft and 

thus sypersynchronous (braking) operation as well as 

plugging of the SLIM was available. 
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F i g u r e 2. 1 The d y n a m i c t e s t r ig u s e d f o r eva luat ing short-

p r i m a r y e f f e c t s in s p e c i a l i z e d i n d u c t i o n m a c h i n e s 
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Table 2.1 

Characteristic Parameters of the Experimental SLIM 

Connected as a Uniform Pole Fitch Machine 

Longitudinal Core Length 1.46 m 
Transverse Core Width 0.157 m 
Stator Block Depth 0.120 m 
Slot Width 0 . 0 . 4 3 m 
Slot Depth 0.0381 m 
Slot Pitch 0.0270 m 

Aluminium Annulus Thickness 0.0095 m 
Aluminium Width 0.229 m 
Steel Disc Thickness 0.019 m 
Disc Moment of Inertia 510 N-m-sec^ 

Operating Entrefer Distance 0.010 m-0.012 m 

Number of Poles 7.2 
Total Number of Coils 48 
Turns/Coil 12 
Mean Length of Coil. 11.54 m 
Slots/Pole/Phase 2.5 
Total Number of Slots 54 
Pole Pitch 0.2025 m 
Coil Span/Pole Pitch 0.80 

Aluminium Resistivity (20°C) 3 .25xlO*8Ji-m 
Russell and Norsworthy Factor 1.933 
Total Stator Copper Cross Section/Phase 7.88x10 m2 

Synchronous Speed (50 Hz) 
Peak Output Torque (50 Hz, 50 k/</>) 
Moment Arm to Center of Motor 

208.3 RPM 
460 N-m 
0.9545 m 



41 

To correlate experimental results with theoretical pre-

dictions more precisely, an extensive system of airgap search, 

coils was installed over every stator slot of the block. 

This was accomplished by machining search coil wire surface-

grooves longitudinally down the center of every stator tooth 

with a 0.5 mm cutting wheel. In comparison to conventional 

tooth flux measurement coils, this technique is superior in 

that any leakage flux pickup is minimi zed in addition to 

having the resolution of a slot pitch. Figure 2.2 shows the 

tooth geometry. 

To insure that the stator-to-rotor airgap can be 

brought down to nearly the same size as in conventional 

rotary machines, a miniature cutting lathe was specially 

fabricated and attached to the High Speed Test Rig to allow 

the aluminium annulus to b e skim-machined in situ. This re-

sulted in an airgap of nearly 1.0 mm (mechanical); this re-

mains fixed during all of the very high speed tests. 

The first on-line evaluation commenced on April 7, 1978 

by evaluating the uniform pole-pitch SLIM performance. The 

Goodness factor was subsequently substantiated as being be-

tween 15 and 20, and in comparison to tests done in 1975 

with the very thin aluminium rotor izl, the thrust per 

ampere saw a remarkable rise of better than fourfold. From 

the electromagnetic standpoint, the ultra-violet recordings 

of search coil voltages showed that the airgap flux was almost 

perfectly free of harmonic fluxes even at the minimum gap 

setting. Moreover, the SLIM now possessed an overload thrust 

capability at 50 Hz excitation that was in excess of the 

loading capacity of the DC Dynamometer at this one speed. 

The final tests with this Uniform 20.3 cm pole-pitch 

winding indicated that the machine has a peak power factor-
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F i g u r e 2. 2 P r i m a r y block tooth g e o m e t r y for the longitudinal-
flux, l a b o r a t o r y m a c h i n e with s e a r c h coil slotting. 
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efficiency product (at 50 Hz) of 0.4 and furthermore, the use 

of an unlaminated steel rotor disc seemed to incur no measure-

able excess losses. The data from these first series of 

tests is summarized in Figure 2.3. 
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B. Experimental Results with Field Deceleration Concept 

In an effort to produce three distinct field speeds in 

tandem on a common stator block and with the stator winding 

excited at only one frequency, the last 32 coils were re-

connected to form two smaller wavelength fields, while the 

first 16' coils nearest the entry edge of the block remained 

intact from the previous 7 pole arrangement. Figure 2.4 

shows the exact winding layout while Table 2.2 indicates the 

differences in field speeds. Most important the net effect 

of this scheme is that a decelerating field pattern is pro-

duced in the direction of rotor travel where at medium 

values of slip (with respect to the winding section 1), all 

three winding sections are contributing to forward thrust. 

However, when the slip of the first winding section becomes 

less than about 0.25 per unit, this is when the leading 

power factor action starts to take place. 

Table 2.2 

Winding Field Scheme of Experimental Machine 

Relative 
Winding Pole- Field 
Section Pitchy m Speed Sample Slips, p.u. 

No. 1-C6ils 1-22 0.2025 100% 0.5 0.25 

No. 2-Coils 23-40 0.162 80% 0.375 +0.062 

No. 3-Coils 41-48 0.108 53.3% 0.062 -0.406 

Ideally the section No. 1 winding may be said to provide the 

propulsion force with coils 1-22 having lagging power factor, 

while sections 2 and 3 would strictly comprise a volt-ampere-

reactive (VAR) generator to compensate for the VARs consumed 

by section No. 1 without producing any significant braking 

thrust. The winding arrangement shown in Figure 2.4 was put 

on test with all coils in series connection and at 50 Hz 
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F i g u r e 2. 5 P h a s e plot of the " B " p h a s e se t of coil vol tage ang le s 
f o r al l m a c h i n e co i l s connected in s e r i e s . 



48 

excitation. As expected none of the coils showed leading 

i power factor in this one test, which was attributed to the 

fact that in this one simple connection, all coils had equal 

ampere turns excitation since the sections 2 and 3 had been 

reconnected rather than rewound. Nevertheless, there was a 

considerable range of coil phase angles from 28° to 156° 

which can be explained b y conventional linear motor theory. 

A representative phase angle plot of the set of coils 

taken at the running light slip of 0.218 p.u. is shown in 

Figure 2. 5 . 

A most successful attempt was made to reduce the ampere-

turns of the section 2 and 3 coils with respect to the section 

1 coils simply by shunting a significant amount of current 

away from the former two groups and thus avoid rewinding 

coils for less turns. To expedite trying to empirically find 

the proper impedance of a shunting loop for the sections 2 

and 3 windings and to avoid the excess losses in a shunting 

connection, it was decided to effectively isolate the sections 

2 and 3 windings from the section 1 by using a shunting path 

of virtually zero impedance. The modified circuit is shown 

in Figure 2. 6 . 

Using the same excitation and mains current as in the 

first attempt, the new connection scheme not only permitted 

the SLIM to run to a higher running light speed but improved 

the overall power factor by 28% to 0.62 per unit and 9 coils 

in the section 2 winding clearly registered leading power 

factor on two independent measuring devices. The first 9 

coils after the section 1 to section 2 transition showed 

these conclusive results. The very first power factor angle 

plots taken of all of the three phases for sections 2 and 3 

are shown in Figure 2.7. The important conclusions of this 
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F i g u r e 2.6 E x p e r i m e n t a l S L I M connection d i a g r a m for 3 / 7 / 7 8 
t e s t s showing loca t ion of current shunts. 
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first successful test were: 

1. Five coils in the middle of section 1, although not 

drawing leading current, showed phase angles of 45° 

to 48° thus indicating lagging power factors of 0.7 

which is about 8% higher than the total power factor 

for this machine w h e n connected as a uniform section 

1 type; 

2. coils in 2 of the phases of section-1 spaced 1 pole 

or less before the section 1-section 2 transition 

showed phase angles of 30° to 40° indicating that 

power factors of 0.86 were easily obtainable with 

the total machine current; 

3. leading power factor was recorded for: 

a. both of the 2 coils of phase "Y" in the first 

pole after the section 1-section 2 transition 

b. all of the 4 coils of phase "R" in the first 

two poles after the section 1-section 2 trans-

ition 

c. three coils of the "B" phase, 2 in the first 

pole of section 2 and one in the second pole. 

Referring to Figure 2 .7 , note that also the voltage 

phasors are distributed in all four quadrants, whereas phase 

plots from a conventional rotary machine would ail be con-

fined to one quadrant only. Subsequent experimentation re-

vealed that for increased mains current, i.e., driving the 

disc at a higher speed, the entire pattern of phasors would 

start to rotate (in addition to its understood rotation at tot) 

as well as an increase in magnitude. 

In essence, this one stator block, of equal slot spacing, 

coil dimensions, and turns, contained two separate machines 

that were electrically isolated but strongly magnetically 
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coupled via the sheet rotor secondary circuit. Moreover, 

this one experimental setup proved that it was possible and 

practical to magnetize the stator core of the isolated sec-

tion 2 and 3 windings by rotor currents only, and in doing so 

produce leading power factor current. This represents the 

most basic laboratory method of continuously producing 

leading current in the actual working coils of the stator by 

using a brushless rotor with currents established purely by 

electromagnetic induction. 

Instead of using a DC field to excite the condenser 

windings, the magnetization field was provided by the rotor 

currents established by the LIM. Now it is appropriate to 

classify these relocated windings as an asynchronous conden-

ser (ASC) although to an electromagnetic purist, the effect 

could still be considered as synchronous. 

On the laboratory SLIM, the problem of directly connec-

ting the section 2 and 3 winding or A.S.C. to the LIM section 

1 in parallel was avoided, since the impedance levels of the 

two windings were not modified. Rather, on the July 3, 1978 

runs, the most expedient way of finding a good impedance 

match was to simply connect the A.S.C. windings to itself and 

observe the internal balance of reactive power. This is 

shown diagramatically in Figure 2.8b. Most important, this 

one arrangement was crucial for verifying that all of the 

magnetization current was being supplied from the rotor. 
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F i g . 2. 8a Conceptual a r r a n g e m e n t of combining LIM and r e a c t i v e power 
g e n e r a t o r (ASC) onto one c o m m o n winding block. 

F i g . 2. 8b Analogous a r r a n g e m e n t u s e d in 3 / 7 / 7 8 t e s t s combining 
• L IM and induction g e n e r a t o r on common block with LIM 

providing the magnet i z ing current and i s o l a t e d ASC. 
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C. Subsequent Experimental Aim 

Later the A.S.C. windings were investigated in a var-

iable load impedance mode to determine the proper coil turns 

changes, the maximum VAR output, and the optimum value of 

slip for supplying the entire LIM with internally generated 

reactive power. One specific test is shown in Figure 2.9 . 

It uses a manually adjusted variable complex-impedance 

shunting loop, which allowed mains current to partially ex-

cite the ASC section. This was an intermediate step between 

the non-successful total series connection and the experimen-

tally proven fully-shunted ASC section. 

Subsequent tests have revealed that if a manually-ad-

justed external complex-load is connected to the ASC windings, 

a total of 22 coils out of a maximum possible number 26 coils 

for the whole ASC section, now exhibit the leading power 

factor-condenser effect at the natural running light speed of 

the LIM. A plot of the reactive power generated by one phase 

of the ASC section coils as distributed over a wide speed 

range (from cr =0.304 to cr =-0.064) is included in Figure 2. 10, 

In particular, at the below running light speed corresponding 

to about a =0.20, all 26 coils of the ASC section contribute 

to positive reactive power generation, although not of equal 

proportions. 

Most important, these series of tests have confirmed the 

universality of the manually adjusted external load that is 

primarily inductive in determining the peaking locations and 

phase differences between individual ASC section coils with 

respect to the main LIM slip speed. Additionally, these 

tests have substantiated that the parasitic braking thrust 

produced by circulating large reactive currents in the ASC 

section windings is entirely negligible from the input end of 
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m a n u a l l y - a d j u s t e d shunt i m p e d a n c e a c r o s s ASC. 

F i g u r e 2. 9b Automat ic regu la t ion v e r s i o n of setup shown in F i g . 2 . 9 a 
with a thyr i s tor de l ayed-ga t ing current shunt. 



F i g u r e 2.10 Asynchronous Condenser Sect ion React ive Power Dis t r ibut ion with L o a d 
Impedance on P h a s e B of Z= 0 . 0 8 1 3 + j 2 . 5 1 Ohms us ing a 3-po le LIM. 
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the LIM section. The change in input power with and without 

the ASC connected is nearly the same as the resolution of the 

LIM wattmeters! 

The LIM winding was changed from a 3 pole unit to a 4 

pole unit (with the same wavelength) and the ASC section (3 

poles total) was rewired to the same wavelength as the LIM 

winding but with periodic phase jumps. This new configur-

ation yielded a much m o r e uniform reactive power distribution 

along the ASC section of the block with a consequent increase 

in the total phase-group leading VARs. Although the total 

reactive power generated by the ASC is still a strong function 

of the LIM slip speed, the major advantage of this phase 

jump technique was that the point of maximum VAR generation 

occurred at a considerably smaller slip speed of the LIM. 

For this very purpose, the addition of one more active pole 

to the LIM changed the running light slip from cr =0.156 to 

c =0.125 at the very modest current loading of J = 24,500 s 

A/m (which was limited by the mains variac rather than the 

LIM thermal rating). 

Dynamic tests proceeded with the same instrumentation and 

method of ASC impedance loading as in Section B. The 40-

channel data logger was installed on the High Speed Rotary 

Test Rig to permit instant and continuous measurements of the 

B -B flux waveforms from the LIM-ASC search coils. Approx-p q 

imately 8,000 data points are needed to produce a comprehen-

sive set of phase and magnitude plots for all airgap flux 

sensors, coil voltages, real powers and reactive powers over 

a broad range of slip speeds for just mains frequency. 

It is only anticipated that direct LIM-ASC connection 

is optimum over a relatively narrow range of operating slip 

speeds, for instance from <r =0.122 through <r =0.127. In 
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fact, significantly outside the intended range of VAR com-

pensation, the ASC unit actually starts to consume VARs at 

nearly the same level as the LIM and consequently the total 

system power factor would be worse than with only the LIM con-

nected. The answer to this is simply that the ASC must be 

phased properly at any given slip with respect to the LIM 

that provides the rotor currents exciting the ASC windings. 

To accomplish this in the laboratory, a three phase rotary 

transformer-phase shifter that is continuously variable from 

-180° to +180° was connected between the LIM and ASC windings 

as per Figure 2.11. 
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F i g u r e 2. 11 P a r a l l e l connection of LIM and ASC windings 
fo r second s e r i e s of t e s t s with manual ly ad jus ted 
p h a s e - s h i f t e r to m a x i m i z e ASC r e a c t i v e output. 
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D. Future Directions 

Although this technique of manually adjusting the mag-

netic phase shifter to peak the ASC output was acceptable 

in the laboratory, it is of course too cumbersome for a 

commercially available variable speed LIM-ASC drive system. 

Figure 2.12.shows a conceptual automatic system to correct the 

phase shift between the LIM and ASC windings over a broad 

speed range. Rather than utilize a servo-motor controlled 

magnetic phase shifter, a thyristor phase shifter is superior 

in terms of speed of response and overall cost of construction 

since no forced commutation circuits are necessary as the 

entire system is line-load naturally commutated. At first 

glance, the power circuits of Figure 2.12 appear to resemble 

that of any ordinary eyeloconverter regarding the thyristor 

connections only. However, in effect the entire operation of 

the circuit shown is entirely different from a cycloconverter 

since: 

a) the thyristors perform the sole function of phase 

shifting rather than frequency conversion, 

b) the thyristor gating sequence is controlled by the 

ASC reactive power capability (i.e., the LIM-ASC 

phase difference) as a function of LIM slip, 

c) the thyristors are always gated at a zero delay 

angle in that there is no phase chopping; optimum 

performance is gained when there is a transientless 

direct connection between LIM and ASC. 

Although the magnetic phase shifter principle can pro-

vide a continuously variable phase shift in contrast to the 

thyristor phase shifter which obviously can only provide 

phase corrections in discrete steps, the thyristor version 

can overcome this difficulty by incorporating the group-gating 



F i g u r e 2. 12 Power a r r a n g e m e n t for automat ic s ta t ic p h a s e shi f ter between LIM and ASC windings 
to extend slip range for magnetic power factor improvement at constant e f f ic iency . 
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sequence as shown in Figure 2. 13. This indicates that there 

does exist a series of small slip regions where it is im-

practical to conduct the LIM and ASC together even through 

any one of six thyristor controlled phase shifts, but since 

this "deadband" region is effectively very small in relation 

to the whole upper speed range, by simply adjusting the LIM 

applied voltage by a maximum of plus or minus 27of the conse-

quent change in slip speed now permits the thyristor control-

ler to select one of the six available connection paths be-

tween LIM and ASC to permit optimum VAR transfer. 

The results of further testing have indicated that it 

is advantageous to also custom machine cut the slots in the 

stator block so as to set the characteristic pole lengths by 

different slot spacing rather than by simple coil reconnec-

tion on a uniform tooth-width and slot-pitch block. Thus 

most likely, a special machine employing the asynchronous 

condenser concept should be a linear machine. The optimum 

reduction in field speed between the LIM and ASC windings has 

been confirmed and the ASC should not contain multiple de-

celerating field speeds. A final shape of composite SLIM-ASC 

blocks should take the form shown in Figure 2. 15 supposing that 

a parallel connection is opted for and all new construction 

is designated rather than retrofitting. 

In addition to the promise of improving linear motor 

power factor, the decelerating field concept offers another 

equally important application especially in reference to 

state-of-the-art variable speed industrial and transport 

drives. Thyristor technology has advanced to the point where 

variable speed induction motor drives nearly all rely on 

fixed pole, variable frequency excitation. Yet it is impor-

tant to note that in almost all economy minded applications 
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F i g u r e 2. 15 Conceptual shape of c o m p o s i t e motor and asyn-
chronous c o n d e n s e r f o r exi t-end f lux r e c o v e r y . 
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F i g u r e 2. 16 State of the a r t method of providing l inea r induction motor 
with r e a c t i v e power f r o m a D C - f i e l d synchronous condenser 
and r e a l power f r o m a DC- l ink , v a r i a b l e f requency inverter . 
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especially in the megawatt range, modern drive systems un-

fortunately inject square wave current into the induction 

motor with the consequent excess stator losses, excess rotor 

losses and unyielding harmonic torques. (The system briefly 

described in Figure 2.16 avoids these problems but at the ex-

pense of having a synchronous machine several times the cost 

of the induction motor.) 

The basic problem lies in the fact that the induction 

machines used today are electromagnetically only suited for 

sinusoidal current. To design an induction motor that spec-

ifically prefers square wave current is something that has 

been needed since the advent of the thyristor semiconductor 

device in 1962 but has not been attempted as of this date. As 

second best to an induction motor that actually prefers non-

sinusoidal currents to set up a rotating magnetic field (har-

monic free), the ASC winding additionally serves as a harmon-

ic current filter. This permits the LIM winding proper to 

only receive the fundamental, sinusoidal component of its 

terminal current, which is strictly speaking a square wave 

current. Figure 2.17 applies in this case. 

This concept confines both filtering and propulsion 

equipment to one stator block and does away with the need 

for either large commutation capacitors or an auxiliary syn-

chronous machine. The comparison between this one machine 

system and state-of-the-art propulsion schemes with two 

requisite machines is fully treated in Chapter VI for the 

case of the leading power factor rotary machine initiating 

natural commutation of the thyristor inverter system. 
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F i g u r e 2. 17 P a r a l l e l connected v e r s i o n of in tegra l m o t o r / a s y n c h r o n -
ous condenser m a c h i n e for s q u a r e - w a v e inver te r output. 
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2.2 ENTRY ZONE DYNAMICS 

In 1956 Williams et al [ 5 ] made a simple analysis of an 

induction motor in which the primary ( s t a t o r ) was not 

continuous around the periphery of a cage rotor but consisted 

of a sector covering a limited arc of the rotor. In such a si-

tuation unmagnetized r o t o r teeth, each surrounded by their 

own short-circuited loop c o n s i s t i n g of a pair of rotor bars 

and their appropriate end-conductors, enter the active zone of 

the stator at high speed. The teeth are unable to accept full 

flux density instantaneously because such a change would demand 

an infinite emf and current in the rotor bars. 

When the coils of the sector of stator are series-connected 

(as they invariably are in most rotary induction machines) rotor 

current tends to oppose the stator mmf at the entry point, re-

ducing the flux density just inside that end of the stator vir-

tually to zero. The effect is entirely due to the high speed 

entry of rotor bars, the rotor current natural time constant and 

the pattern of current established by the entry edge transient. 

The slow decay of these transient currents is easily identified 

as corresponding with a machine of high Goodness Factor. 

Williams' analysis treated the phenomenon as being compara-

ble with the "beats" effect of two sound waves of nearly the 

same frequency. He saw a transient rotor current pattern, prin-

ted by the stator coils at the entry edge, travelling at rotor 

speed w = to ( 1-a ) where a is the fractional slip and w is 
i S S 

the stator field speed or synchronous speed. This wave there-

fore drifts in and out of phase repeatedly with the stator mmf 

wave proper and the resulting modulaton of the airgap flux densi-

ty can b e represented as in F i g u r e 2.18. T h e s e g r a p h s have b e e n 
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normalized with respect to the quanitity e J /u where J is the IT S 3 S 

stator current loading, (>r the effective surface resistivity of 

the rotor and uQ is the synchronous field speed. 

These theoretical curves of airgap flux density were cal-

culated on a digital computer, the expressions for which were 

first published by Williams [5] and, in SI units, are 

(2 .1) 

B q 88 "-Mus/G)*
 ( 1 ' e x p [ - s n / V l ^ ) g] . [ cos ^ - a G sin f ^ y ]} 

(2. 2) 

The major advantage of using a figure of merit such as G, the 

Goodness Factor is that analytical expressions for both the tran-

sient and steady-state flux density at any point "s" along the 

airgap, or real and reactive power thereof, can be expressed in 

a closed-form solution. 

The total instantaneous flux density in the airgap of a short-

primary machine may be represented as 

b s s B p sin(o;t) + B ^ cos(a;t) 

( 2 . 3 ) 

= u s V a "
2 + (1/G)3 { 3 i nb t " fr + tan"1(JG)] - exP [ Xp(li )G ] sinfut - + taifl( ufe)]} 

where B^ and B^ are the radially-directed flux components at posi-

tion s from the entry-edge of the primary, in time-phase and 

time-quadrature with the primary current, J in the normal case 
s 

of zero entry-edge flux. 
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Williams proceeded to show a rather outstanding correlation 

between the theoretical expressions for density and data taken 

from search coil measurements on the surface of a spherically 

shaped short-primary segment. A polyphase 8-pole winding at 

480 Hz was used with only seven search coils positioned every 

pole-pitch along the block. But, in view of the spherical geo-

metry, accuracy of correlation was maintained by confining mea-

surements to be made at constant synchronous speeds among coils 

by only allowing such instrumentation to span the center one-

third of each pole. A number of magnitude and phase measure-

ments were made at high speed as well as locked rotor; the re-

sults for a 12.57o slip test were tabulated in [ 5 ] and are shown 

again in Table 2.3 for columns (i) through (iv) . Due to the 

presence of rotor leakage flux in the measurements, the high 

speed data cannot be used directly to derive B^ and B^ magnitudes, 

but a method such as indicated in the phasor diagram of Figure 

2.19 is necessary. Let the rotor phase angle be 9 and the leak-

age component of the locked rotor search coil voltage, V-. be re-

presented as 

V L = V x sin 9 (2.4) 

and its associated phase angle 

- -(90° - 9) (2.5) 

If the phasor V ^ is substracted from the high-speed voltage, 

V ,voltages proportional to the in-phase and quadrature compo-

nents are obtained as 

k Bp = VCT sin (5 0 - 5 l ) (2.6) 
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F i g u r e 2 .19 P h a s o r d i a g r a m f o r der iv ing i n - p h a s e and quadra ture 
f lux d e n s i t i e s f r o m s e a r c h coil m e a s u r e m e n t s . * 

* f r o m R e f e r e n c e 5 , p . 109. 
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T a b l e 2. 3 

The Or ig ina l D a t a a s P u b l i s h e d by Wil l i ams and La i thwai te for 
Dete rmin ing I n - p h a s e and Q u a d r a t u r e Components of F l u x Density 
f r o m M e a s u r e m e n t s on S h o r t - P r i m a r y Spher i ca l Induction Motors 

Raw D a t a Ca lcu la t ions 

C o i l 
No. 

(i) (ii) ( i i i) (iv) (v) (vi) (vxi) (viii) (ix) C o i l 
No. 

V 1 v c r k B q k B p 

vol t s deg vo l t s deg vo l t s deg vol t s volts deg 

1 2 1 . 6 3 1 . 0 2 5 . 5 25. 2 1 . 4 2 4 . 5 4 . 1 0 . 2 0. 5 

2 2 8 . 2 2 6 . 0 3 6 . 0 22. 28 . 0 1 9 . 5 7 . 9 1 . 5 2 . 5 

3 3 1 . 8 2 2 . 5 4 1 . 6 22. 3 1 . 6 1 6 . 0 9 . 8 4 . 4 4 . 0 

4 3 0 . 0 3 0 . 5 4 0 . 6 33. 2 9 . 8 2 4 . 0 1 0 . 4 6 . 4 9 . 0 

5 30. 1 1 7 . 0 4 0 . 7 21. 2 9 . 9 10 .5 1 0 . 2 7 . 4 10. 5 

6 2 9 . 0 2 5 . 0 3 8 . 4 34. 2 8 . 8 1 8 . 5 8 . 3 1 0 . 2 15 .5 

7 2 9 . 8 2 0 . 0 3 6 . 2 30. 2 9 . 6 13 .5 5 . 2 1 0 . 3 1 6 . 5 
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k B q = V a cos(5 0 - 5 l > - V L (2.7) 

These last four quantities were also tabulated by Williams (and 

in Table 2.3) and are graphed in Figure 2.20 to show the rather 

abrupt changes in phase angles among adjacent search coils such 

as the sequence 4-5-6. Yet despite this characteristic, as 

Figure 2.20 reveals the k'B^ piece-wise curve is substantially 

smooth and the k'B^ has only one major departure from a negative 

cosine function. The basis for this is that the quantity, -

remains a monotonically increasing function over the whole 

primary block and this can be attributed to the particular choice 

of 9, the rotor phase angle which is unusually large at 480 Hz 

excitation frequency. From measurements of the total flux densi-

2 2 h 

ty B t = [ Bp + B^ ] , the exponential build-up time constant, 

T r = Q/d) of 0.02 sec., and the finite flux at the entry-edge, 

the rotor phase angle was estimated at 83.5° from the expression 

J B (s = o) r -I I 

where Bfc (s = s m a x ) * J g u s (2.9) 

9 ^ tan 

G 

- 1 

B t (s = o) G 
Q—J 
rr s 

2 _ 

(2.10) 

and it is essential to determine B t ( s = o) from test data of the 

entry pole search coil. Consequently the angle of 6.5° in 

Figure 2.19 represents the bracketed quantity in equation (2.5). 

Later, and as detailed in Chapter III, the theory was ex-

tended to include the rotor leakage constant in a closed-form 

expression for B^ and B^. It should be emphasized that the 

high frequency was chosen not because this yielded T£ ~ T r (i.e. 

9 approaching 90°) but rather this reduced the "effects of de-
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r e f e r e n c e 5 by the method of Wil l iams and La i thwai te . 
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/ crement" which is the decreasing characteristic of either B or 
P 

Bq towards the end of the primary block. For the first spheri-

cal induction motor, one criteria used to classify this was 

that if 

T r u s / s > 4.8 (2.11) 

then decrement is not prominent. This is exactly equivalent to 

the inequality 

G - 15.1 (2.12) 

S / T P 

the ratio of Goodness to the number of primary poles, n. This 

general guideline has been followed in both of the rotary machines 

with asynchronous condenser windings that are discussed in 

Chapters IV and V. Yet both of the linear machines, LIM-ASC-I 

and LIM-ASC-II discussed in this chapter do not conform to 

(2.12); decrement effects for the B^ characteristic commence at 

slip values greater than 11.6% and 5.5% respectively. From 

inspection of (2.1) it is evident that oscillations of either 

or B are not to be discernible as long as p q & 

f = f < < 1 ( 2 . 1 3 ) 

The airgap flux distribution of the 6 1/3 pole LIM is given 

in Figure 2.21 for the locked rotor condition and an entrefer 

of 12 mm. Deviations up to + 25% about the mean flux level of 

0.0366 milli-Webers/search coil are due to unbalance among phase 

currents, the use of a fractional slot winding (7.5 slots/pole) 

and to a minor extent the fully-open slot geometry. The phase 



F i g u r e 2.21 A i r g a p f lux di s tr ibut ion at locked ro tor f o r un i form pole-p i tch winding with 63; p o l e s . 
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plot corresponding to this locked rotor test is given in Figure 

2.22 where it is clear that there are no sharp phase changes 

2 
between slots using the search coils with an area of 4213 ram 

directly over the core width and one slot pitch longitudinal. 

The running light ( a = 0.011) flux distribution for the 

6 1/3 pole LIM is presented in Figure 2.23 whereby the fitting 

of an exponential function to the experimental data indicates 

that the rotor magnetization time constant is 0.072 seconds and 

the machine has a Goodness factor of 22.6. This basic charac-

teristic will be retained on all LIM-ASC-I tests and for the 

LIM-ASC-II, the Goodness will change to approximately (.2466/ 

2 

.2025) 22.6 =* 33.5. In practice, as most tests for this 11-

pole machine used a slightly larger airgap along with a larger 

secondary overhang resistance, the Goodness factor is taken to 

be in the range of 28.4 to 30. 

Figure 2.23 may also be used to determine the rotor phase 

angle upper limit while a high frequency test would be needed 

for a more exact evaluation. At the entry-edge of the machine, 

the first search coil indicates about 1 mV while the flux dis-

tribution shape indicates that for an infinitely-long primary, 

the last coil would read 167 m V , therefore from (2.8). 

9 2 t a x T 1 [ l 5 7 ( 2 2 " 6 ) ] = 7 " 7 ° 

Based on these tests, Kelvin bridge measurements of the DC 

resistance, the locked rotor torque and synchronous watts, the 

elementary equivalent circuit of the 6 1/3 pole LIM prior to 

power factor improvement is shown in Figure 2.24. 



S e a r c h Coi l Number 

F i g u r e 2. 22 P h a s e d i s t r ibut ion of a i r g a p f lux at locked rotor f o r un i form winding with 6 i po le s at 50 Hz. 
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P h a s e R P h a s e Y & B 

0 . 4 8 5 0 . 4 0 4 Ohms 

X 1 1 . 4 1 6 1 . 2 4 5 

x m 9 . 0 7 . 5 

R 2 0 . 3 9 8 0 . 3 3 2 

X 2 0 . 0 5 4 0 . 0 4 5 

F i g u r e 2 . 2 4 E q u i v a l e n t c i r c u i t p a r a m e t e r s of the 6y pole L I M 
v a l i d f o r low and m e d i u m s p e e d s at 50 Hz . 
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2.3 IN-PHASE AND QUADRATURE DECOMPOSITION 

In Figure 2.25, the flux wave has been resolved into two 

components, B^ and B^. The first of these is a flux wave in 

phase with the stator current loading wave j g = J g sin (wt - tt s / t ^ ) 

whilst the second is in quadrature with it. The convenience of 

such a resolution is that the integral / is the mechanical 

power developed, and / B^ J g represents the reactive power cir-

culating in the machine. The total length of the machine can be 

measured along the abscissa of Figure 2.2 5 and the number of 

waves under the active zone depends on the relationship between 

the fractional slip a , and the number of stator poles in the 

sector, n . Thus f or cr = %/(n + %) the stator ends at A. For a = 

l(n + 1) the end of the block is at B. The points C and D 

correspond to slip values of 1%/ (n + 1%) and 2/(n + 2), respec-

tively, and so on. 

A conventional rotary machine never entails such phenomena. 

If its performance were to be shown on a diagram such as Figure 

2.25 it is understood that this comparison is made between ma-

chines of the same pole-pitch, active length of periphery, fed 

with the same current loading J . Such a machine is referred to 
s 

as an equivalent conventional machine (ECM) . In this comparison 

the straight line PQ represents the B^ curve, and the baseline 

OR is the B^ curve. This also assumes that neither machine re-

quires magnetizing current (infinite Goodness) and neither has 

magnetic leakage. 

Several key points emerge from this approach. 

(i) For values of a and n such that a < l/(n + 1) , iden-

tidied as Quadrant I, /B^ds is less for the arc machine than 

the rectangle PB' BO, i.e rotor losses above those in the equi-
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F i g u r e 2. 25 A i r g a p f lux d i s t r ibut ion in an idea l i zed s h o r t - p r i m a r y 
induction m a c h i n e with no l e a k a g e f lux and z e r o m a g -
net izat ion r e q u i r e m e n t ; va l id f o r a l l speeds in genera l . 
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valent conventional machine will occur. At precisely a = l/(n + 1) 

there will be no difference in the net mechanical output. 

(ii) For values such that l/(n + 1)< a <l%/(n + 1%), labeled 

Quadrant II, more output per unit current will be obtainable from 

the transient-ridden arc motor than in the equivalent convention-

al machine. This does not imply that the efficiency will ever 

exceed 100%. Rather, in the transient mode an induction motor may 

have a higher efficiency than predicted by the relation a = rotor 

loss/rotor input, as derived from the steady-state equivalent circuit. 

At a = 2/(n + 2) the two machines are externally indistin-

guishable, but internally the arc machine incurs a penalty (as 

it does for all values of slip between a = %/ (n + %) and l%(n 4* 1%) 

in that both the core flux and the tooth flux in the central 

regions of the arc exceed those in the equivalent conventional 

machine. 

(iii) In Quadrant III, the B^ characteristic starts to take 

on negative values although it is clear that t h e / B ^ d s will al-

ways remain positive and the machine as a whole is operating at 

a lagging power factor. For all values of slip other than a = 

2/ (n + 2), 4/(n + 4), 6/(n + 6) etc. the value of /B qds > 0. How-

ever, the importance of Quadrant III is that this represents the 

useful aspect of a third source of reactive kVA and this will 

be a negative value in certain peripheral locations in contrast 

to the conventional, positive magnetizing and leakage flux re-

active requirements. This is the most preferred quadrant sugges-

ting that power factor improvement will be able to occur at cons-

tant efficiency. 

(iv) At block positions following the peak of the negative 

B curve, as depicted by Quadrant IV, the B wave is reduced to 
4 r 

values less than the ECM level yet the mechanical power developed 
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by the whole machine is still above the conventional rotary machine. 

It neglects any exit-edge power losses which are not included in 

the model which has an infinitely long primary block. In general, 

Quadrant IV represents the second most desirable mode for "arti-

ficially" extending the machine's range of operation in this peri-

pheral location. 

The ensuing development of the short-primary machine, based 

on these concepts commenced with one central idea. That, just as 

easily as transient phenomena caused the airgap density to change 

from a constant level to oscillating, it ought to be possible to 

reverse this process and in so doing maintain a constant but nega-

tive B value at all longitudinal positions beyond point C in 

particular without affecting the B^ and B^ characteristics from 0 

to point C. This mechanism would therefore continue supplying B^ 

at the ECM level yet accumulating simultaneously an ever increas-

ing amount of negative B^. In the two rotary machines that evolve 

this principle into practical winding configurations the equiva-

lent of point C is referred to as the location with the excep-

tion that flux density at point 0 will never be zero due to the 

"re-entry" flux phenomena at high speed (in the rotary 9-Pinch 

machines only). 

In a majority of short-primary machines, the largest reactive 

requirement will be the airgap magnetization rather than the leak-

age flux and is directly accounted for in equations (2.1) and 

(2.2). Figures 2.26 and 2.27 plot the B and B waves up to 9 
P 4 

poles for the specific case of G = 30 which represents the basic 

LIM-ASC-II motoring section design whereby airgap magnetization is 

appreciable but not excessive. In general, most linear machines 

even at the megawatt level rarely exceed G = 30; this character-

istic is presented as the first illustration of a departure from 
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D i s t a n c e along s t a t o r p e r i p h e r y , po les 

F i g u r e 2. 26 I n - p h a s e a i r g a p f lux dens i ty v e r s u s longitudinal 
pos i t ion fo r the m o t o r i n g sec tor of L I M - A S C - I I . 
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the non-decaying oscillations of Figure 2.25. With decreasing 

values of slip the relative magnetization requirement with respect 

to the Bq characteristic is pronounced enough that, for example 

at two practical upper ranges for slip values 

IB (S/T - 4.5, a = 0.25)1 
J—3 E L = 53.7% 

B (S/T = 1.5, a = 0.25) q p > 

and 

B„ (S /T = 8 . 5 , a = 0 . 1 5 ) 1 
9 2 L = 23 . 6% 

B q ( 8 / t = 2 . 8 3 , a = 0 . 1 5 ) 

In the case of G = oo , it is clear that both of the above ratios 

will be unity. From inspection of (2.2) and setting s = oo , the 

normalized quadrature waves, will attain the steady-state or ECM 

level of 

B. U* 1 / n 

J s er a + 1/G 

In Figure 2.27, a synchronous field speed of 25.3m/s and G = 30 

was used; by evaluating equation (2.14) at a slip value of 0.25, 

the ECM level for the B component is 0.524 per unit. This may 
4 

also be graphically determined by extending the Quadrants IV & V 

modulation envelop past the 9th pole location and measuring the 

offset above the abscissa. 

The ECM level for the in-phase flux density is 

B u 
p S _ q 

- —j o 
Jg Pj O ̂  + l/G 

= 3.93 (2.15) 

G - 30, a = 0.25 
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and a slip of 0.15 per unit, (2.15) yields a value of 6.35. 

In the limit of infinite Goodness, it is clear that the ECM 

level will be equal to 1/a, so that the magnetization require-

ment of G=30 represents a 1.757o and a 4.7?0 reduction in the 

Bp component for the slip values of 0.25 and 0.15 respectively 

As with the quadrature flux evaluation, to assess the effects 

of decrement between the points MB" and "D" on the B^ wave, 

now consider the effective reduction in the oscillating compo-

nent. about the ECM level of 1/a so that these may be compared 

with the B ratios at points "C" and "A" about the zero ECM q 
level. 

1/a - B p ( 8 / T p -

B ( S / T = 
P P 

T-a 
, a ) - 1/a 

a = 0.25 
- 82.9% 

With these effects of magnetization included, the theoretical 

maximum rate of change of the quadrature flux with respect 

to peripheral angle, 0 = stt/ t ^ along the airgap, motoring 

sector is, by differentiating (2.2) 

d B J P r u / G 
q _ s r s 

"39 
IT A 

(au s)
Z + (u s/G)

2 (1-a) 

1 
<rG 

+ oG (2.16) 

The rate of change of B q over the asynchronous condenser 

windings is negative and thus the ratio of B q in the first 

section (9 < 3ir/2) to that in the second section (9 > 3tt/2) is 

0 - B q (9 < 3TT/2) y/s q(9 > 3-jt/2) = - ̂ [l + ( a G ) 2 ] 

The transition to machine parameters of value occurs as aG^l 

in the interests of maximizing 3; for practical machines with 

<y- 0.02 and G=150, the ratio is 0=-31.4 and consequently the 

B q decrement in the ASC region is minimal in large units. 
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A similar calculation at a = 0.15, shows" that the magnitude of the 

Bp oscillation at the Quadrant III-IV boundary has decreased to 

76.6% of the value at the Quadrant I-II boundary. Thus, in general 

the effects of magnetization are most pronounced with the quadra-

ture flux wave both in terns of the magnitude of B^ and the change 

in the peak component with slip, d B^/da . 

Further inspection of (2.1) and (2.2) indicates that it is 

accurate to express both flux waves as a function of the pole posi-

tion - slip product scr/(l - <r ) xp rather than pole position alone. 

The in-phase and quadrature waves have been replotted in Figure 

2.28 for the G =» 30 case to illustrate this noting that each curve 

has its own abscissa. These general curves are only valid over a 

limited slip range in contrast to Figure 2.25; as the Goodness 

increases so does the range of validity. On the B characteristic, 
P 

the line PQ represents the ECM level while the line SR represents 

the ECM level on the B^ graph. 

A potential reactive generation scheme is indicated on both 

graphs by the dashed line commencing at point C, for example at 

a pole-slip product of n a/(1-a) = 0.575 with respect to Curve B. 

This would allow the in-phase component to maintain a level higher 

than the ECM value initially and the quadrature to assume the most 

negative value initially; the horizontal dashed line does not 

account for the G = 30 case which controls the natural decay rate 

of such a scheme. Rather, the purpose of these curves is to show 

one method of implementing a practical winding configuration. Let 

Curve A represent the flux distribution for one primary coil and 

the successive 12 characteristics up to Curve B represent 12 

successive coils along the primary in the opposite direction of 

rotor rotation in a 15 slot/pole winding. Then it is clear that 

as all coils are operating at the same slip (based on a definition 
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of fractional rotor speed only), the coils near the Curve A charac-

teristic when at maximum B q output will only be able to yield B^ 

values below the ECM level P-Q as occurring at na/(l-a) = 1.5. 

This is a direct result of having a Goodness factor approximately 

equal to n^/(l-tf). 

The method for ensuring that a quasi-constant B or B level p q 

could be maintained after point C, first evolved by supposing that 

a second, current-forced winding on the primary block (referred to 

as the tertiary winding) was wound starting at point C on top of 

the primary winding (which starts at 0). In effect, a constant-

magnitude B - B distribution would result as the superposition r H 

of two oscillating excitations, in both time axes. The one block 

would thus contain the "ramped" linear motor characteristic at 

the frort end and a conventional rotary machine distribution (but 

having a negative B q ) over the bulk of the remaining sector. The 

only drawback appeared to be that ideally, for perfect neutraliza-

tion, both primary and tertiary would have to be operated at equi-

valent surface currents which posed a problem either in terms of 

construction or utilization. 

Since the first laboratory tests that produced a negative B q 

characteristic did not have the facility of new machine construc-

tion, the modification of a single winding linear machine into 

two distinct but non-overlapping windings proved that it was not 

necessary to superimpose distinct flux waves by physically over-

laying currents in the exit-end poles. Rather, the rotor current 

wave itself over the last poles sufficed as the other oscillating 

excitation; as experimentation later confirmed, the rotor is 

magnetizing the airgap past the point C. However, once this was 

established five key observations were noted. 

(i) The pole-pitch in the tertiary winding, T O should be 
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different from the primary pole-pitch, T ^ according to the re-

lation 

T
P 3 • T p l ( 1 > < 2 " 1 6 > 

this is not a necessary condition for reactive generation but im-

portant for full utilization of the rotor currents; all of the 

results in this chapter do not allow for this except by coil 

reconnection -- a stepped phase change. 

(ii) It is not necessary for the tertiary surface current loading 

to equal or exceed the secondary current loading to generate 

leading kVAR in the tertiary; the tertiary loading can be treated 

as the equivalent of an armature reaction effect in a DC-field 

synchronous condenser. 

(iii) Despite the differences in magnitude between and j s2> 

a whole variety of power factor improvement options are available 

because a multiple of tertiary poles may either be connected in 

series or parallel to give at the terminals an effective > 

without any reduction of basic efficiency; the basic rotor loss 

is only incurred once -- under the primary sector. 

(iv) The combination of a Goodness-dominated natural decay of 

rotor flux and a forced decay due to the tertiary reaction effect 

mean that these machines can have zero exit-effect power losses; 

if the tertiary sector is as long or longer than the primary sector 

than the exit-edge flux can be reduced to zero for all values of 

slip whereas the conventional LIM will only allow this condition 
ty / 

when cf = , ^ ^ , etc. (which are the slip points whereby 
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reactive generation is always zero by the new scheme). 

(v) The maximum value of negative B q at the start of the tertiary 

winding, point C would not have to be limited to the maximum nega-

tive B q value at point C~ but that an "amplification" of flux 

occurs at the boundary depending on the change in surface current 

loading and on the exact mode (phase) of operation for the tertiary. 

For example if the B characteristic is of negligible importance 
r 

beyond Quadrant III, then 

B A
q(s - V B ~ q ( s = C - ) 2 + B p(s=C')

2' (2.17) 

The limit on the tertiary reactive flux is simply the maximum 

total flux, B^ at the transition point but in general B t(s=C 

B t(s=C~). The mechanism for reactive generation really makes use 

of a basic VA source rather than a VAR source with the choice of 

use entirely up to the designer; if this edge apparent-power is 

consumed as real power then speed control is possible at the ex-

pense of power factor control. This basic apparent power transfer 

offered by a 4 pole LIM, a 2 pole tertiary and a phase-shift 

induction regulator was documented early in the experimentation 

and is shown in Figure 2.29 noting that the magnitudes at 9 = 90° 

and 9 = 180° are nearly identical. The instrumentation for this 

test is shown in Figure 2.44. 

The modulation of the airgap flux density for the case of 

infinite Goodness results in certain locations along the periphery 

2 
having zero flux at all times for a given slip a = this is 

not the case for the G = 30 example because the decrement of the 

B wave never reached a zero level. However, in large rotary 
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machines, such as the SCIM-MK.II, a Goodness of 212 is essentially 

the same as G = oo as regards the null flux locations. Furthermore, 

the concept of overlapping primary and tertiary windings was first 

simulated on the digital computer with both sections having 

G = 212, equal pole-pitches but a variable-phase, variable magni-

tude tertiary current loading. Each computerized flux plot main-

tains a constant, negative ratio J ^ / J g ^ a n c* ky virtue of the large 

number of slips calculated a variable-phasing between the two sec-

tions is derived. Figures 2.30 through 2.32 consider the arbitrary 

case of J ^ / J g i ~ for all peripheral locations between 

three and seven poles and J ^ = 0 for n < 3. Figure 2.30 is the 

most illustrative as it depicts the total component of airgap 

flux for a = 0 to a = 0.09 and then in the range a = 0.50 to 0.37. 

In general, the low slip curves are relatively phase insensitive; 

the effect of is primarily to reduce the *Bt/8 s incremental 

slope as well as shifting the location of peak to smaller s 

values. Obviously, these curves are the most important for high 

efficiency operation, but all high speed curves are relatively 

close to peaking at the s./Tp=3 boundary and thus the effect of J ^ 

is limited to a single reduction mode. However, for medium slip 

values, at the s/tp=3 transition, there is a wide spread of 

values from zero to over 507® of the peak value and thus a J s 3 wave 

may be superimposed with a phase shift between the values of 0° 

(corresponding to the <f= 0.50 wave) and 32.4° (corresponding to 

the 0.37 wave) . 

To appreciate the significance of the superposition technique, 

it should be emphasized that in the 0.50 to 0.37 range of slips, 

without the J ^ wave, B t would continue oscillating in almost 

exactly the same manner for S/Tp > 3 (shown in Figure 2.30) as 

for S/T < 3 due to the high Goodness. The most useful superposi-
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F i g u r e 2.30 Total a irgap f lux dens i ty for p r i m a r y winding f r o m 0 to 3 poles 
and t er t iary winding f r o m 3 to 7 po les with high and low range 
of s l ip va lues with s t e p s of 1%. 
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tion mode is the zero phase shift type initiated for the a = 0.50 
y 

characteristic which appears to be "critically-damped". The magni-

tude of the B t wave for S/T^ > 3 is exactly equal to l-^/JgjJ * 

Bj.CS/T < 3) without any exponential decay in magnitude for the E p 
entire length of the block. 

Figure 2.31 shows the in-phase airgap distribution with 

J g 2 = -0.5 for slip values from 0.14 through 0.50 per unit. 

In general, the effect of the tertiary winding is to extend the 

negative B p region for low values of slip. For slip values such 

as 0.41 the response for s/t^ > 3 is a 50% reduction in magnitude 

for which the oscillations never become negative as a consequence 

of initiating the wave at the point where the 0.41 slip curve 

is zero. To account for "carry-over" flux as in a practical rotary 

machine, two such identical sets of curves for B p must be over-

layed and a finite entry flux determined if the following expression 

of periodicity is not a whole number. 

s / T p = 2 ( i ± £ ) ( 2 . 1 8 ) 

For example, in the SCIM-MK.II machine, the total number of poles 

is four per repeatable section and a J « wave is introduced at 

s/Tp = 3. Then, Figure 2.31 indicates that the re-entry flux at 

s = 0 can be nulled naturally at a slip value of 0.388 but this 

should be avoided. (Equation (2.18) indicates that with a 4 pole 

block, normally periodicity will occur at cr = 0.333). The over-

whelming conclusion is that in the range of a = 0.03 to o = 0.10 

the Jg^ wave will be ineffectual at pole numbers even as high as 

seven (similar to the a = 0.14 curve which does not even appear 

to change slope at s / = 3) and this is precisely what is de-
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F i g u r e 2.31 In-phase airgap f l u x dens i ty for p r i m a r y winding f r o m 0 to 
3 po le s and t e r t i a r y winding f r o m 3 to 7 po le s with dif ferent 
va lues of per unit s l ip . 
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sired for the characteristic in a power producing machine. Star-

ting performance has been altered by the drastic modulation attri-

buted to the series-connected tertiary winding but in the labora-

tory machine one particular parallel-series winding has been tried 

which circumvents harmonic speeds. 

Figure 2.32 depicts the quadrature airgap distribution with 

J g 2 = -0.5 for slip values from a = 0.50 through a - 0.29 

and a S/T = 3 transition point "C". Of the curves shown in the 
P 

tertiary overlap region the a= 0.29 response is the most valua-

ble since B q peaks at about -6.25 as a consequence of this wave 

being closest to zero at the S/T^ 3 point. (The wave which 

actually yields the maximum negative B q occurs at a= 0.28 > ^J^-

as seen by Figure 2.36). It is clear that once this B wave 

has peaked at s/ T^ = 4, the in-phase nature of with B q causes 

the latter to rise to an equally large but positive value. There-

fore the most desirable technique is to either cut-off the block 

between S/T = 4 and S/T = 5 or else at exactly S/T = 4.1 re-
P P P 

connect the last coils in the tertiary winding to give a 180° 

phase shift. The latter is the preferred method of solution be-

cause it reduces the positive rate d B q/dn from a value of 7.5 

per unit/pole to 3.75 per unit/pole where it is understood that 

one unit = B„ u / P J , . The net result is that the tf=s0.29 curve 
q s r si 

will not cross the abscissa until S/T > 6.1 and even by visual 
.6Tp P 

inspection it is clear that J B ds <0. This one particular 
o q 

mode is shown in Figure 2.33 and compared against the a = 0.29 

characteristic with = 0 which yields / B q d s - 0 at G s 212. 

The high speed plot of B q with tertiary stator excitation 

is shown in Figure 2.34 for a = 0 through a = 0.28; note that for 



F i g u r e 2. 32 Quadrature airgap f lux dens i ty for pr imary winding f r o m 0 to 3 po le s and 
ter t iary winding f r o m 3 to 7 po l e s at medium s l ip va lues in per unit. 



F i g u r e 2. 33 Quadrature airgap flux density a t 29% slip for (i) uniform pr imary winding, (ii) pr imary 
with superimposea tertiary J g ^ - 0 . 5 J gj and (iii) tertiary with 180° phase change at s/Xp=4. 1 
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t 1 1 1 r 

r~ 1 H i 1 1 } 
0 1 2 3 4 5 6 

Longitudinal P o s i t i o n 

F i g u r e 2. 34 Quadrature a irgap f lux density at high speed for p r i m a r y 
winding f r o m 0 to s / r p = 6 and tert iary winding f r o m s /r_=3 
to s / r p = 6 with J g 3 s - 0 . 5 J g l ; G = 212 magnet izat ion. 
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s/tp > 3 the effect of J g 2 =• - 0.5 is approximately the same 

as in the high speed plots since it causes decrement to occur 

for 3 < s/tp < 7 rather than at s/tp > 7. Figures 2.35 to 2.37 

are the B q , Bp and B t plots starting at a = 0.50 for - - 0.5 

with a change in the tertiary winding to the region s/tp = 4 

through s/tp = 7. 

The basic efficiency of the LIM-ASC-I machine (G = 20) corres-

ponding to the equivalent circuit parameters of Figure 2.24 is 

shown in Figure 2.38 as a function of the according 

to the well known expression 

n r 1 ~ ° 2 TT <2-19> 
1 + ( 1 / a ) . [ ( R x / R 2 ) ( a Z + 1 / G Z ) ] 

which is generally valid for the steady -state model of the induc-

tion motor without reactive compensation. To include the loss 

2 

of the asynchronous condenser winding which is only an R^ 

dissipation in the tertiary branch, the R^ value in (2.19) may 

be modified to R^' + R^/tfG under the assumption that the phase 

angle of the tertiary is always adjusted to only peak reactive 

output. 
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F i g u r e 2.35 In-phase airgap f lux dens i ty for pr imary f r o m 0 to 4 
po le s and ter t iary winding f r o m 4 to 7 p o l e s . 



; 
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F i g u r e 2. 36 Quadrature airgap f lux dens i ty for p r i m a r y winding f r o m 0 to 
4 po le s and t er t iary winding f r o m 4 to 7 po les with di f ferent 
va lues of per unit s l ip . 



s / t p 

F i g u r e 2. 37 Total a irgap f iux density for primary from 0 to 4 poles and tertiary winding from 
4 to 7 p o l e s with J , a 5 J , 
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Rat io of Stator R e s i s t a n c e to Rotor R e s i s t a n c e 

F i g u r e 2. 38 S teady-s ta te e f f i c i e n c y of genera l induction mach ines 
without e n d - e f f e c t l o s s e s and for a G=20 magnet izat ion . 
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A. Preliminary Considerations 

The optimum solution to the LIM power factor problem is to 

simultaneously remedy the internal LIM power factor distribution 

as well as possible while still retaining the ASC reactive ge-

nerator at the LIM exit-end to make use of the inevitable (if 

not desirable) exponential build up of airgap flux under the 

propulsion windings; this is precisely what "LIM-ASC-II" the 

final outcome of this research project has done. 

As far as the ASC winding is concerned, there is one general 

precaution that was adhered to -- the stator current loading 

of the first of two ASC sections did not exceed the stator 

current loading of the LIM by a margin depending on the sum of 

the leakage reactances of the ASC coils for the leading power 

factor current desired. This design constraint on operation 

means that the experimental arrangement is relatively easy to 

implement, but a strict series connection is cumbersome for 

research because it demands that the LIM phase'current be passed 

through two distinct groups of series windings comprising the 

ASC. 

To demonstrate the n J - j u m p M winding concept on the first 

machine LIM-ASC-I, a two-stage change in the stator current 

loading was produced at two places for the experimental arrange-

ment immediately after the LIM proper and exactly in the 

middle of the ASC winding. Most important, the first 

step change in J was continously variable in magnitude O 

(normally downward) and phase due to the external phase 

-shifter, while the second step change in J was fixed in 

magnitude and necessarily an upward jump in current loading 
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by 3 per unit. To investigate the transient phenomena that 

was continuously occurring at the second "jump" spot, the 

change from low impedance to high impedance coils was made in 

the middle of a two slot per pole per phase group in order 

that the irregular phase shift between successive coils here 

would not be unduly affected by unbalance in phase currents. 

Refer to Figure 239 for the distribution of the magnitude of 

J g in the experimental machine LIM-ASC-I. 

The other justification for using the series/parallel 

combination is based on the particulars of the research 

equipment; namely the induction regulator. In short, the 

world of parallel interconnections allows this type of phase 

shifter to be operated as a current transformer (instead of 

a voltage transformer) which makes best use of the device's 

characteristics, as well as that of the LIM. The classifi-

cation of the induction regulator as a current transformer 

is largely due to the rather poor magnetic coupling between 

rotor and stator circuits which causes the ratios X n / X and 
l m 

t 0 h i g h e r than normal; as a consequence the overall 

current transformation ratio is more nearly constant than would 

be in a conventional transformer under varying terminal vol-

tages and load power factor angles. In effect, this permits 

load tests on the ASC winding to take place nearly indepen-

dent of the LIM current loading and thus the apparent "arma-

ture reaction" effect exhibited by the ASC on the rotor 

currents can be ascertained as a single variable. 

For information purposes, Figure 2.40 shows a possible but 

less desirable series connection of the induction regulator 

output with the LIM winding which constitutes the experimen-

tal version of an exclusive series connection with four quad-

rant control on regenerated power from the ASC winding. 
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LIM 
Rotor Currents 

se t -up 
Magnetic F i e l d 

for 
ASC Section 

Rotary P h a s e Shifter Current T r a n s f o r m e r 

F i g u r e 2.40 S e r i e s connect ion of asynchronous condenser windings 
with p r i m a r y LIM winding with adjustable phasing setup. 
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The most practical implementation of the test machine 

is shown in Figure 2.41, where the induction regulator is en-

tirely eliminated and the output of the ASC was paralleled 

with the LIM but internally, e.g., after the first entry-end 

pole pitch rather than at the terminals. Both the LIM and 

ASC were individually series connected in a star winding with 

floating neutrals. This hybrid connection between windings 

was most promising because it allowed better load matching 

for the ASC than would b e possible otherwise with machine 

terminal connections and winding the ASC coils with more 

series turns/coil. 

Most important, the last scheme is commercially viable 

without the induction regulator or thyristor pole shifting 

as long as the load is relatively constant such as a blower 

or pump whereby an exact operating speed can be calculated 

and the ASC operated at maximum leading current flow. During 

induction motor start-up to the maximum efficiency speed, the 

direct connection of the ASC to the motor windings would de-

tract from the terminal power factor of the machine at large 

slips, but this is only momentary assuming that the machine 

is not to be used in an accelerating/dec el era ting duty cycle. 

Figure 2.42 is included at this point to define the 

general shape of the phase shift versus slip curve for the 

experimental machine LIM-ASC-I and is also applicable, with 

minor modifications, to all machines with 50 Hz excitation 

independent of whether power factor correction takes the form 

of series or parallel inter-connection of the two windings. 
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LIM 
Rotor Currents 

set -up 
Magnetic F i e l d 

for 
ASC Section 

Constant Current P o w e r Conditioning Unit (Optional) 

F i g u r e 2. 41 P a r a l l e l connected v e r s i o n of integral m o t o r / a s y n c h r o n -
ous condenser m a c h i n e for square -wave inver ter output 
with impedance matching provided by tap after f i r s t pole 
of LIM winding. 
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B. Primary Research Objective: 

This section summarizes the evaluation of a brushless 

linear induction motor with an integral asynchronous con-

denser (ASC) winding on the same stator block as the LIM. 

The experiements show that the reactive generator section of 

the motor is capable of recovering at least 11.770 of the re-

active power input to the conventional LIM winding. The 

specific purpose of this concept is to effect an improvement 

in the terminal power factor of the entire machine by feeding 

the recovered reactive power back into the mains to compen-

sate for the typically low power factor of the LIM alone. 

It should be emphasized that all of these tests have opted 

to operate the ASC in a purely reactive generator or leading 
2 

power factor mode (with the exception of stator winding I R 

losses) and thus it may be said that power factor improvement 

is taking place at constant efficiency. In practice, power 

factor improvement is manifested by a reduction in mains 

current to the LIM-ASC machine while at constant voltage. 

The subsequent section is concerned with a brief theo-

retical analysis of the phenomena underlying induction con-

densers, pole-shrinking in the ASC section, four-quadrant 

control of the ASC and limitations on 11 J-jump" (step change 

in stator current loading) windings. Special reference is 

made to the two-axis theory of brushless induction machines 

as developed for spherical motors for the purpose of confir-

ming the experimental machine's Goodness factor, airgap flux 

build-up and decay, and operating constraints. The results 

obtained are used to dimension the second and larger LIM-ASC 

machine being demonstrated with both an increased Goodness 

factor and number of poles; the latter being considered the 

most significant improvement over the machine tested in the 
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initial experimental setup. 

The bulk of the tests described are performed on a 4 

pole LIM with the ASC section winding comprising 2.4 poles 

of the same pole pitch as the LIM. Extensive testing of this 

arrangement with LIM and ASC windings connected in parallel 

at the terminals only, has been completed at 50 Hz and at 75 

Hz in an effort to correlate experimental data with theoret-

ical predictions. Since the purpose of the ASC winding is to 

recover the otherwise wasted LIM exit-end magnetic airgap 

energy, all of the tests concentrated on uni-directional 

operation. Fundamentally the difference between the LIM and 

ASC is that the former must always magnetise the airgap and 

jointly establish rotor currents (to act as either motor or 

dynamic braking generator) while the ASC should "demagnetise" 

the airgap magnetic field setup by the transient rotor cur-

rents at the exit-end of the LIM. Thus, the inductively fed 

ASC can supply either a passive or active load, of any power 

factor, at the discretion of the operator. In the tests 

described, the ASC output is confined to the zero power 

factor (i.e., maximum leading kVAR) mode by manually ad-

justing a rotary phase shift transformer connected to the mains. 

The only practical way to effect condenser action in any 

set of coils situated at the exit end of a high Goodness 

machine at small slips, is to reduce the stator MMF with 

respect to the rotor MMF; this demands either a drastic in-

crease in coil chording or a reduction in series turns/coil 

supposing all coils carry equal phase currents and are 

arranged in a winding with equal pole pitch as the LIM. 

Alternately, as an experimental convenience, the first series 

of LIM-induction condenser machines have equal chording 

factors with both winding sections incorporating series 
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connected coils exclusively. Condenser action occurs since 

the current loading of the ASC can be reduced independently 

of the LIM. The peculiar and highly successful feature of 

the described test machine is that the first 1.2 poles of the 

ASC winding following the LIM retain the same series turns/ 

coil as the LIM, while the last 1.2 poles of the machine 

comprise the high impedance section as these coils have been 

reconnected with three times the series turns per coil. In 

operation these two groups are in series and thus, this step 

change in stator current loading, J allows the machine to 
s 

be classified as a "J-jump" winding. 

On a broad basis, the alternative to the "J-jump" con-

cept is a winding with uniform pole pitch, nearly uniform sta-

tor current loading, and most likely a varying chording 

factor but most important a specific phase shift will be in-

troduced between successive poles or non-integral multiples 

thereof. The justification for this arrangement is based on 

changing the electromagnetic mechanism from a discrete or 

lumped winding at the exit-end of a high speed linear machine 

into a distributed winding interspersed among the main 

working coils. In effect, this will mean that not only the 

LIM proper will require less reactive kVA input, rather this 

permits the phase shift concept of power factor improvement 

to be applied to squirrel cage induction motors, where there 

is no "exit-end effect" per se. Throughout the text, the 

phase shift reactive control method is referred to as the 

"0-Pinch" concept. 

From an academic point of view, both the "J-jump,! and "0 

Pinch" schemes of reactive power regeneration are quite sim-

ilar in making use of the two axes of the induction machine 

for effecting power factor improvement with little effect at 
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all on the efficiency; moreover both schemes necessarily rely 

on brushless rotors with high ratios of magnetizing (or de-

magnetizing) inductance to rotor resistance for, in essence, 

it is desirable for the rotor to have an electromagnetic 

memory. 
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C. The Experimental Machine 

The basic sheet rotor LIM reported in this section is 

the same as that described in section 1 with the exception 

that the winding connections are different and the coil series 

turns have been changed in nine coils. The major difference 

in testing has been that now an active load (i.e., the mains) 

is used to evaluate the ASC section whereas previously, only 

a passive load was on test since no induction regulator was 

available. The changes in instrumentation are outlined in 

section 4D . 

The bulk of the experimental work centered around the 

winding layout shown in Figure 2*43 comprising a 4 pole LIM and 

a 2.4 pole ASC of equal pole pitch and chording. The details 

of each winding are included in Table 2.4 along with updated 

dimensions and operational parameters. As before, the air-

gap of the machine was kept at the minimum position for all 

tests and variable frequency excitation was used to substan-

tiate different values of Goodness factor. 

In summary, the advantages of this machine over the pre-

vious winding arrangement are: 

1. Best possible use of the available block space 

for proportioning between LIM and ASC windings bearing in 

mind that the ASC winding spans more slots in an experimental 

machine than in a commercially designed machine. 

2. Two ASC stator current loadings can be investigated 

simultaneously due to the aforementioned 11 J-jump" winding; 

likewise two different armature reaction effects on the 

rotor currents and airgap field are tested simultaneously. 

2 
3. The ASC stator I R losses can now be supplied by the 

mains rather than by the rotor currents due to the four 

quadrant capability of the induction regulator in use; 
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Table 2.4 

Characteristic Parameters of the Experimental Single-

Sid ed" Machine LIM-ASC-1 

Longitudinal Core Length 
Transverse Core Width 
Stator Block Depth 
Slot Width (uniform) 
Slot Depth (uniform) 
Slot Pitch (mean) 

1.49 m 
0.157 m 
0.120 m 
0.01428 m 
0.0381 m 
0.0274 m 

Aluminium Annulus Thickness 
Aluminium Width 
Steel Disc Thickness 
Disc Moment of Inertia 

0.0095 m 
0.229 m 
0.019 m 
510 N-m-sec 2 

Typical Operating Entrefer 0.010 - 0.012 m 

Aluminium Resistivity (20°C) 
Theoretical Russell and Norsworthy Factor 
Synchronous Speed @ 50 Hz 
Moment Arm to Center of Motor 

3.25 x 10~ 8 n -m 
1.933 
207 RPM (20.5 m/s) 
0.949 m 

Total Number of Coils 
Total Number of Slots 
Pole-pitch (uniform) 
Chording Factor (uniform) 
Slots.Pole.Phase 
Calculated Distribution Factor 

(30, fundamental) 
Total Stator Copper Cross Section/Slot 

48 
54 
0.205 m 
0.80 
2.5 

0.962 
189 mm2 

Features Particular to the LIM (Coils 1 through 30) 

Series Turns/Coil 
Mean Length of Coil 
Half-filled or Mixed Type Slots 

Fully-filled Slots of One Type 
Winding Sequence (1 Pole) 
Slot Fill Factor 
Ratio Active Conductor/Total 
Conductor Length 

12 
11.54 m 
1 -6 incl., 
31-36 incl. 

7-29 incl. 
R R R -Y -Y B B B 
35% 

32.6% 

Features Particular to the ASC Section for Coils 31-39 incl. 

Series Turns/Coil 
Mean Length of Coil 
Resistance/Coil (20°C) 
Reactance/Coil (50 Hz, 10 uncoupled) 
Half-filled or Mixed Type Slot Numbers 

12 
11.54 m 
0.0205 n 
0.065 Si 
31-36, 40-45 
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Features Particular to the ASC Section for Coils 31-39 incl. 

(continued) 

Current Density at lOA/Phase 1.27 A/mm 2 

Stator Current Loading at 10A Phase 8,173 A/m 

Features Particular to the ASC Section for Coils 40-48 incl 

Series Turns/Coil 36 
Mean Length of Coil 3.46 m 
Resistance.Coil (20°C) 0.185 Q 
Reactance/Coil (50 Hz, 10 uncoupled) 0.54ft 
Half-filled or Mixed Type Slot Numbers 40-45, 49-54 
Fully-filled Slots of One Type 46-48 incl. 
Current Density at lOA/Phase 3.81 A/mm 2 

Stator Current Loading at lOA/Phase 24,520 A/m 
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2.4 Po les A.S.C. 

-R B B B -Y -Y R R R - B - B Y Y -R-R B B B -Y -Y R R R 
Coil No. 

LIM Neutral ASC Neutra l 

to current t r a n s f o r m e r s , 
VAR m e t e r s and r e a c t i v e 
load bank. 

F i g u r e 2 . 4 3 "Winding connect ions for asynchronous condenser sec t ion 
of LIM-ASC-I with 4 - p o l e LIM s e c t i o n f r o m coil l t o 31. 
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leaving the rotor currents exclusively for reactive excitation. 

The disadvantages of this one-block "LIM-ASC-I" (which 

were rectified in the design of the two block "LIM-ASC-II") 

are: 

1. To yield a Goodness factor of about 20 at 50 Hz for 

LIM-ASC-1, the pole pitch was made large with a corresponding 

reduction in the number of poles that can be accommodated on 

the 54-slot block; only 4 poles of excitation are available 

with the present scheme. 

2. As a consequence of having only 4 poles, .the maximum 

theoretical rotor efficiency that can be obtained is 78.5% 

(at a slip of 0.215 p.u.) neglecting stray rotor losses; in 

practice the overall efficiency for the LIM alone will be 

less than 557o. 

3. Both the stator slot leakage reactance (at 50 Hz) 

and winding resistance are unnecessarily high due to the poor 

utilization of paralleled circular wire embedded deep in the 

slot. 

4. The ratio of the airgap flux density to the magneti-

zing current at 50 Hz is not as high as would be desirable in. 

an experimental machine for the explicit purpose of con-

firming B -B airgap flux densities versus longitudinal block 
r H 

position curves as done with spherical motors at 480 Hz; 

additionally the use of a fractional slot pitch winding is 

a major experimental inconvenience for both phase and magni-

tude measurements. 
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D. Ins trumentation 

The crux of the instrumentation problem is to measure 

both phase and magnitude of 48 coil voltages, 52 search coils, 

and six phase currents simultaneously along with 5 wattmeter 

and 1 VAR meter readings--an exercise involving about 220 

data points for each frequency, slip, stator current and 

induction regulator phasing desired. This has not been 

attempted to date for it requires a rather elaborate computer 

data acquisition system. However, as second best, the data 

logger in use in Lab 002C has accomplished 98i% of these 

measurements in a period less than 45 seconds with direct 

printing of the results; thus leaving only the wattmeter 

readings to be taken by hand. The general layout of the 

instrumentation is shown in Figure2.44; noting that both a 

digital phase meter and a Magslip resolver are simultaneously 

in operation to check electronic measurements against man-

ually adjusted Lissajous "in-phase" lines on the oscilloscope. 

The current in phase Y of the LIM is used as the reference in 

all phase tests. 

The purpose of taking both phase and magnitude infor-

mation is twofold. First, from a fundamental point of view, 

this allows the Maxwell stress vector to be calculated any-

where in the airgap and thus assess the machines distribution 

of real and reactive power independent of the actual coil 

voltages and currents. Second, to evaluate how well each 

individual coil in the machine is absorbing or giving power, 

the induced voltage for each coil must be known (and since 

shadow coils were not wound with the working coils, the best 

alternative is to use the airgap located search coils to 

estimate induced flux) in addition to the coil terminal 

voltage. As shown later, a three to one difference in coil 
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Figure 2.44 Instrumentation of LIM and Asynchronous Condenser Windings. 
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power factor for adjacent coils in the LIM is typical in all 

phases which constitutes the prime area for concern and 

correction for all high speed longitudinal-flux, short-stator 

machines. 
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E. Experimental Results 

The overall power factor for the entire machine connec-

ted as a 48 coil, 6.4 pole linear induction motor is given in 

Figure 2 45 to be compared with the power factor versus slip 

curves of machines with fewer poles but with equivalent Good-

ness factors and frequency. The test pertaining to Figure 2.45 

is taken at a constant stator current loading of 20,400 A/m 

which in effect seems to guarantee that no magnetic saturation 

of the iron core is prominent because it was experimentally 

verified that the propulsion force of this machine scaled up 

as the square of the current loading for small changes in 

phase current at a constant slip. Also note that in using 

the two wattmeter method (i.e., line to line voltage measure-

ments only) for determining overall power factor, the charac-

teristic "sin ),T oscillation in component power factor 

is evident, where n is the number of poles and a is the per 

unit slip. In practice, the correlation between theory and 

experimental results is not exact but this is primarily due 

to the large values of "R-^ and X^" equivalent circuit para-

meters which tend to obscure the true airgap power factor. 

Most important, the maximum overall power factor of 0.63 per 

unit occurs at the slip of 0.225 per unit, while the maximum 

efficiency of 0.68 occurs at a slip of about 0.22 or less. 

Before showing the results of the combined 4 pole LIM 

and ASC on-line with the double "J-jump" winding, consider 

the most basic arrangement of a 4 pole LIM and 2.4 pole ASC 

winding all with uniform pitch and series turns per coil; the 

particular choice of inductive load on the ASC has caused one 

step change in current loading from J (lim) = 24,500 A/m to 
D 

J s ( a s c )
= 300 A/m. Figure 2.46 summarizes the results of the 

first tests of this nature for it shows the three most 
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Slip, C (per unit) 

F i g u r e 2. 46 LIM e f f i c i ency and power factor without correc t ion on 
a 4 - p o l e sec t ion and ASC net react ive output supplying 
an i s o l a t e d induct ive load. 
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important performance characteristics, the LIM efficiency, 

the LIM-only power factor, and the regenerated reactive power 

at the ASC terminals (supplying the inductive load) all as a 

function of slip. The m o s t outstanding conclusions from the 

one graph are: 

1. The LIM efficiency peaks at a slip of about 0.27 p.a. 

indicating that the 4 poles of active excitation appear to 

perform more like a 3 pole, short stator machine in terms of 

location of peak efficiency. However, the maximum efficiency 

of 0.50 p.u. is typical of a 4 pole machine. 

2. The power factor of the LIM alone peaks at a slip 

greater than 0.27 p.u. and attains the value of at least 0.625 

p.u. As expected, the slope of the LIM power factor curve is 

nearly constant at the value 5 (kW/k^A)/5a = 1.95 in a range 

from the maximum efficiency location to well past the running 

light slip of 0.083 p.u. 

3. There is no discernible change in these LIM power 

factor or efficiency curves whether the ASC winding is 

carrying a leading load current or not. (If the ASC were 

connected to a resistive load, there would be a significant 

decrement in the efficiency of the LIM.) 

4. The regenerated reactive power from the ASC winding 

rises from milli-VARs at slips greater than 0.30 p.u. to a 

maximum of 0.35 kVAR at zero slip for the tests at 50 Hz. 

Separate tests carried out on the ASC leakage reactance in-

dicate the total generated reactive power including the ASC 

consumption amounts to 0.58 kVAR for the Figure2A6 conditions. 

The reactive power consumption of the LIM alone, at its peak 

power factor, is 2.82 kVAR. 

5. The distributions of the LIM power factor and the 

ASC output as a function of slip seem to indicate that it is 
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difficult to effectively utilize the ASC output for LIM 

i kVAR correction (independent of the connection scheme 

adopted) since the LIM has an intrinsically low power factor-

efficiency product of 0.046 per unit at, for example, slip= 

0.10 p.u. 

The last conclusion is especially noteworthy because it 

underlines the major problem in trying to use too short a 

stator block for both the LIM and ASC windings — simply there 

are not enough poles of LIM excitation to allow the LIM to have 

both peak efficiency and power factor at a slip of 0.10 per 

unit or less. However, it is relatively easy to shift both 

the efficiency and power factor curves horizontally to the 

right (in addition to an increase in peak performance) so that 

the maxima of the three curves occur at nearly the same slip, 

say, at a =0.075 p.u. 

Moreover, there also exists the possibility of shifting 

the ASC output curve horizontally to the left so that its 

output may be peaked at a slightly larger slip than 0.01 p.u. 

This may be accomplished by reducing the excitation frequency 

below 50 Hz or alternately by enlarging the airgap; the two 

most practical methods of increasing the ratio of rotor 

element time spent under the ASC block section to the rotor 

current decay time constant. However, if the machine de-

signer has a choice between these two adjustable options, it 

would be desirable to keep the rotor time constant the same 

(i.e., at 64 milliseconds) and reduce the frequency to about 

46.5 Hz to peak the ASC output at a =0.075 p.u. 

Now that the major issues affecting future development 

work on a macroscopic scale have been brought out, it is 

instructive to look at the internal dynamics of the machine 

electromagnetics. In this respect, the most basic concern 
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is simply, what is the "armature reaction" effect of the ASC 

t current loading on the continuously decaying transient rotor 

currents? It is a straightforward task to calculate the 

natural decay of the rotor currents over an unexcited stator 

block section, but to estimate the forced decay caused by a 

bucking flux from the ASC winding requires an exact empirical 

determination of the mutual coupling between rotor and stator; 

this is of course complicated by the fact that the path of 

rotor current changes shape as a function of slip. 

Still referring to the most basic LIM-ASC winding with a 

uniform series turns per coil, Figure 2.47 shows the variation 

of the total airgap flux (magnitude) over the entire machine 

for slips between a =0.134 p.u.; which corresponds to the 

indicated data points in Figure 2.46. The conclusions to be 

drawn from this plot of the normal component of density 

yrr~7 
VB +B„ are: 

P q 

1. With the exception of the a =0.268 data, the re-

duction in airgap flux commences at search coil number 31 

location, which as expected is the slot-pitch-wide coil 

directly centered over the first slot containing conductors 

of the ASC winding. 

2. The flux distribution for slips between 0.188 and 

0.268 p.u. indicates that there is a reduction in the positive 

rate of rise, i.e., a leveling off of the total magnitude 

approximately one pole-pitch prior to the first slot con-

taining the ASC conductors, independent of the ASC current 

loading. The major concern here is that the ASC stator block 

is acting like a magnetic shunt so as to spread the core flux 

for the last pole of the LIM over a much wider airgap surface 

area. 

3. At slips of less than 0.227, the current loading of 
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the ASC has nil effect on the airgap flux over the LIM proper. 

Most important, the "armature reaction" effect of the ASC is an 

integral effect on the decrement of airgap flux and to a first 

approximation, the linear superposition of ASC current loading 

on opposing and naturally decaying rotor currents is a viable 

model. 

To appreciate the shape of the experimental curves in 

Figure 2.47 and to contrast them against theoretical predictions 

of the in-phase and quadrature flux density distribution for t h e 

LIM alone, reference Figure 2.48 . First, comparing the dashed 

curves representing the total magnitude of flux density with 

the experimental curves, the correlation is surprisingly ex-

cellent in that the divergence of the flux distribution (for 

slips between 0.10 and 0.27) commences at a distance along the 

LIM block of s/x p = 2% in practice, and at s/t p = 2.0 in theory. 

Moreover, to substantiate the oscillations of the direct and 

quadrature axes fluxes, the ratio of the total flux at a = 0.134 

to the total flux at a = 0.268 at the specific location s / x p = 4 

(i.e., the end of the LIM excitation) is 1.63 p.u. by experi-

ment and 1.78 p.u. in theory, a 970 difference. 

The last question that arises is how to account for the 

exact flux shunting caused by the ASC block; this requires an 

especially accurate method of "calibrating" the normalized 

curves of Figure 2.48. Fundamentally, the absolute magnitude 

of the flux density is derived from the synchronous field 

speed, the effective rotor resistivity and the stator surface 

current density. However, in practice the presence of harmonics 

in a fractional slot pitch winding along with the uncertainty 

of the effective conductor cross section in the slot tend to 

limit the accuracy on straightforward calculations of 

J ; additionally the major error actually occurs in trying . b 
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to calculate the rotor resistivity, p r due to temperature 

effects and differing rotor frequencies. Yet, the experi-

mental solution to this problem is exact because it is 

possible to determine the lumped product p -J from a separ-
IT S 

ate test. 

If a running light test is performed on the LIM alone 

(perferably the 6.4 pole version), the experimental results 

of the total airgap flux distribution may be summarized as 

B t = K[l- exp (-t/T)] (2.20) 

where T, the rotor time constant and K are the "best 

fit" describing parameters. However, at the slip, a = o, it is 
« 

accurate to say that B t = B^ and thus 

p r J s T * , K = (2 .21 ) 
P 

Using 50 Hz test data from June 19, 1978 at a phase current 

of I k = 25 A.r.m.s., the lumped product for rotor voltage 

drop is taken to be 

? - (.2025 m) (.128 Tesla) / T n i t xn 
9 r J s = (.072 sec) • T

 1 °' 1 6 2 P k V / m 

This empirical value is 15% lower than the straight-

forward calculation of the same quantity, and with the former 

utilized in Figure 2.48 (scaled to 1 ^ = 3 0 ) the value of total 

flux density of a uniform LIM block is within a 3.5%, error 

of the experimental density on a LIM block with extended iron 

beyond the winding (i.e., an unexcited ASC). This corre-

lation, based on an exact tooth+slot surface area of the 

search coils without any fringing-flux compensations, is tab-

ulated in Table 2. 5 . 
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Table 2.4 

Correlation of total LIM airgap flux between infinitely-

long stator block model with magnetization current and 

4-pole-excitation experimental machine with 3 poles ex-

tended iron at exit end. 

Conditions: 50 Hz, J g=24,520 A/m (I p h=30 A), Location 

s/xp-3.0 

Slip,a Experimental B te(nfr,rms) Theoretical Btt(irfT) B t e/B t t 

0.268 40.95 39.6 1.034 

0.227 46.07 45.0 1.021 

0.188 49.10 49.2 0.999 

0.156 50.2 50.4 0.996 

0.134 50.2 51.6 0.973 

0.089 51.2 53.0 0.966 

The overwhelming conclusion to be drawn about the pres-

ence of the ASC block integral with the LIM block is that 

influence of the former on the LIM core flux is negligible 

in light of the previous evidence; furthermore, any correct-

ions to the experiemental data for fringing flux or semi-

filled LIM slots 1-6, 31-36 would be very marginal in com-

parison to the large flux distributed between s / Xp=4 and 

s/xp s s7 in Figure 2.47 and Figure 2.49 the high speed and 

supersynchronous flux plot. In essence, this forms the 

most basic proof that the ASC block is indeed being magnet-

ized by the transient rotor currents and not by the LIM 

currents directly. 

The results plotted in Figure 2.49 for the B . distribution 
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between slips of 0.089 and 0.015 are especially valuable 

because in this practical operating range of slips, the 

decrement of ASC magnetizing flux is nearly independent 

(in contrast to Figure 2.47 ) of slip and only space de-

pendent. A first order expression of the armature reaction 

attributable to the ASC loading is given, for the particu-

lar case that the LIM to ASC "J-jump" transition occurs 

* at s 

^ s p ( a s c ) ( l i m ) 
1 / — S7T v 
1 - e 3 C P ( ( l - g ) T g } 

- (s-s*) TT 
P(L-g)T_G 

8» B q 
T U 
P O 

where J 
(2. 22) 

sp(asc) is the magnitude of the surface current 

density of the ASC winding beginning at s/Xp=4 and in-

phase with the LIM stator current density J g ^ ^ j » S is 

the airgap length, and B^, is the flux density in space 

quadrature with J e „ / - a „ Y
 a n c* heavily dependent on the sp \ a s c _/ 

complex impedance of the ASC external load. Fundamentally, 

the instantaneous in-phase component of the ASC current 

loading can be expressed: 

(s-s*) TT 
J
sp(asc)

 J
 s(lim) ""

J
mp

3
 sp(asc) sin (2 .23 ) 

where j is the normal magnetization component of current 

and by definition this is an in-phase quantity for this 

sets up the flux density B ' over the ASC section. The 

instantaneous quadrature component of the ASC current load-

ing is 
•D r-

(s-s*) IT TTg
 B
P 

J sq(asc) 
cos 

p O 
(2. 24) 

To simplify the analysis, suppose that the ASC load is 

purely reactive rather than a complex impedance so that 
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the direct axis induction-rotor load equation is 

^ p s i n r = X a s c Jsq(asc) (2. 25) 

B ' 
= X ;, Q n c o s a s c V o 

( S " S * ) 7T 

and the quadrature axis flux cutting-rotor load balance is 

expressed as 

u B cos <
8
-

s
* > * - -x 3 / \ s q T asc Jsp(asc) 

(2.26) 

— _ v j 
asc s(lim) 

S*TT 

i - e ( 1 - q ) t P g 

B ' 
. IB SL 

T 11 
P O 

(s-s*) TT 

r _ 

( S " S * ) IT sin 

where is the total load reactance referred to the air-asc 

gap, i.e. 

X = X + X 
asc leakage external 

(No. of series coils/phase)(Series turns/coil) 

The solution of the previous two equations yields 

V = 0 -S*IR "I -(s-S*) 7T 

X J 
asc s(lim) 

[ - e C l - « ) G T p E U-°)GT p 

(j u cotT ( s- S" ) 7 r1- - a s c g -
S L T P J T P L I 0 

(2.27) 

which are valid only in the region that "s" is greater than 

M
s *

n
. This is not a complete analysis because the B^' wave 

from the LIM has not been included in the last equation, 

however to confirm the basic assumptions with the experiment-

al data of Figure 2.49 suppose that the important informa-

tion from the slip = 0.015 plots is represented as in Fig-

ure 2. 50 . 
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£ 
-M 

300 f 

42 
33 

. . . 

— 1 

"ASC open c ircui t 

ASC on load 

Block pos i t ion (poles) 

6. 5=: 'exit /r. 

F i g u r e 2. 50 Summary of F i g u r e 2.49 for a slip value of 15%. 

If the peak total airgap flux density is expressed as 

[ 1 - p - s*7r/(l-a)GT 
B t " K 1 Js(lim) (2. 28) 

and substituting the values from Figure 2. 50. 

Js(lim) s 2 4 > 5 2 0 A / m a n d B
t
 = mT, 

the empirical constant K^ is thus 

= 0.00553 mT/(A/meter) 

and if this same constant is used in the equation describing 

the decay of flux in the ASC section, where the effect of 

the ASC armature reaction amounts to a final reduction in 

flux at the end of the block of AB t = 9 mT, 

A B t = K 1 Js(asc) 

< sexit- s* ) 7 r 

(2. 29) 

the estimated value of ASC current loading is 

9 mT 
Js(asc) (.00553)[l- e " ( Z ' 5 ) 7r/ ' 0 1 5 M 2 0 > = 4,950 A/m 
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Since J g ^ ^ j ~ 24,520 r.m.s. A/m corresponds to 30A/phase, 

this estimated J e / a e „ \ = 4,950 A/m corresponds to 6.06A/ 
S \ S S C J 

phase exactly as the two windings are identical in this con-

version. In practice, it was found that the ASC phase 

current measured was an average of 6.24 A. 

Now that the airgap induction has been verified by the 

surface mounted search coils, the open circuit voltage of 

the ASC heavy-current coils will be investigated to show 

that stray effects such as tooth-tip and zig-zag leakage are 

not discernible but that non-uniform phase changes in flux 

are present, as expected. Referring to Figure 2. 51 the open 

circuit coil voltages are plotted for the 18 ASC coils, each 

spanning 6 slots, all with uniform series turns per coil, 

Nfc = 12. In theory and in practice, the results of Figure 

2.51 are related to search coil voltages, V g c of Figures 

2. 47 and 2. 49 by 
n+5 

V 
Voc(n) = N t K d sgs*- + XV8C<« + Vscin+6) 

i-n+1 
(2. 30) 

where the fundamental distribution factor for the search 

coils is 

v - sin (90°) 
K d " 6 s in(a/2) a = 2 6 . 5 ° = 0 , 7 2 7 

and "a" is the average and nearly constant phase angle 

between adjacent search coils over the ASC section block, 

and n is the classification number of the search and working 

coils as indicated in Figure 2.43. 

However, a rather astonishing experimental treasure was 

revealed when the average "a" angle for the LIM search coils 
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Figure 2. 51 ASC Terminal Coil Voltage Magnitude near Running Light Slip, cr=. 083 
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was compared with the "a" angle for' the ASC search coils , as 

the former, on an average, agreed with theory but the a 
asc 

was unquestionably larger in other words, the effective 

pole pitch of the airgap flux over the ASC had shrunk in 

comparison to the LIM airgap pole pitch. This was substan-

tiated with both the ASC being loaded or on open circuit. 

The amount of "pole-shrinkage" may be calculated as 

Avg. LIM slot-slot phase angle 
Avg. ASC slot-slot phase angle 

a (180°/ 7.5 slots per pole) 0 0 

Experimental a = 24 / 26.5 
asc 

= 90.6% 

In real terms, this means that the ASC field will go 

through one pole in (0.906) 7.5 = 6.8 slots which amounts to 

a phase error of about 17°/pole. This effect is of course 

accummulative and thus, with an 18 coil ASC winding the 

phase error is 17 (26.5°-24°) = 42.5° at the last ASC coil. 

It should be emphasized that this effect is not prominent in 

the working-coil voltage plot of Figure 2. 52 whether on or off 

load, but it is apparent in the reactive power distribution/ 

coil plot shown in Figure 2.53. 

To explain the sharp differences between adjacent coil 

VARs in Figure 2.53 , there are three simultaneously occuring 

sources, which are in order of increasing importance, the 

constant offset of the airgap flux by 17°/pole, the unbalance 

in phase currents, and the modulation of the airgap B^ wave 

as a function sinCs-rr/t *) wherex * is a pole pitch smaller 
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i 1 1 
.015 = S l i p 

. 0 4 8 6 

- . 0 9 0 7 

—I 1 1 r i 1 

2 1 . 9 . 7 8 T e s t s 
50 Hz 

LIM: J g = 24, 500 A / m 
ASC: J s = 5, 300 A / m 

at cT = 0. 015 

3 0 r 

Subsynchronous 
—Supersynchronous 

Leading R e g i o n 

20r 

I .188 
J 

\ 
. 2 2 7 

.268 

Lagging R e g i o n 

-5 H 1 1 1 1 1 1 1 h 
31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 

ASC Stator C o i l Number 

-.088 
- .064 

.015 

.048 
-.013 
.019 
.268 
0 9 0 7 
. 2 2 7 

F i g u r e 2 . 5 3 Asynchronous Condenser Reac t ive P o w e r Distr ibut ion 
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than the winding pitch. The current unbalance is nearly 

constant throughout the range of slips in the per unit 

ratio I r : I :I b = 1.0:0.984:0.876. Since the plotted 

quantity is coil terminal VARs, the algebraic summation 

of these for all 18 coils accurately gives the total re-

active power circulated in the Y-connected inductive load. 

Even when the data of Figure 2. 53 is corrected to balanced 

phase currents, the overall picture is the largely un-

changed because the crux of the problem is due to the 

seemingly random variation of the phase angle between coil 

terminal voltage and phase current. The total ASC react-

ive power output corresponding to the test data of Figure 

2.53 , is shown in Figure- 2. 54 along with the ASC current 

loading as a function of slip. 

The next series of tests combined the modification of 

a high impedance connection for the last 9 coils of the 

ASC, the inclusion of the induction regulator phase shift-

er at the ASC output and coupling the phase shifter to the 

LIM at the mains terminals. The effect of increasing the 

number of turns per coil from 12 to 36 is to yield in 

practice a 2:1 increase in coil terminal output reactive 

power (rather than a 3:1 increase) due to the change in 

leakage reactance from 0.065 ohms to 0.54fl/coil (uncoupled 

1 0 value at 50 Hz). Most important, as Figure 2. 55 indica-

tes, this impedance change amounts to maintaining the 

reactive power output from low-Z and high-Z winding 

sections nearly constant despite the rotor pole shrinkage 

that is still occuring. This winding in conjunction with 

the LIM constitutes a double "J-jump " winding in that the 
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F i g u r e 2. 54 Asynchronous c o n d e n s e r t e r m i n a l output and current 
loading with u n i f o r m i m p e d a n c e s ta tor winding and 
load matching to b a l a n c e ASC phase c u r r e n t s . 
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stator current loading of Figure 2. 55 changes from LIM entry 

to exit-end as 1.0:0.183: 0.548 per unit. 

To indicate how well each coil is acting as a reactive 

generator, Figure 2. 56 plots a relative utilization factor 

which is called the reactive power factor and is defined 

as the sine of phase angle between coil terminal voltage 

and phase current. In particular, note that at the winding 

impedance transition between coils No. 39 and 40 (of the 

same phase), the utilization is approximately the same. 

However, there appears to be a characteristic modulation of 

coil phase angles, e.g. at coils 31, 36, 43, 46, 47, the 

phase angle departs rather markedly from 90° including coil 

48 which actually appears to be reversed as it absorbs re-

active power. The immediate solution to cases such as coil 

number 48 is to disconnect it from 0R and connect it to 0Y. 

For the special case of the tests supporting Figures 

2.55 and 2. 56 the major cause of poor utilization was a 

combination of having only a three-phase winding (whereby 

3 slots per wavelength had no change in stator current 

phase for 7.5 slots/pole at 0.8 chording) and the pole 

shrinkage rather than a core flux modulation problem. Ins-

pection of Figure 2. 56 reveals that invariably, there is a 

positive phase change in all of the 7 coil phase groupings, 

e.g. in the first group: 42° - 74° - 100°, which means 

that any B^ modulation of the phase angles is swamped-out 

by load current forcing due to the series connection. 

Moreover, the indicated phase angles differ from an average 

angle of 90° in any 2 or 3 coil group principally because a 
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F i g u r e 2. 56 Uti l izat ion of r e a c t i v e power in l inear motor condenser windings * cr ~ 0 . 1 1 p . u . 



153 

small amount of real power must be transferred, e.g. coils 

31 and 32 are motoring while coil 33 is generating. How-

ever, for the particular angles involved, too much real 

power is being unnecessarily circulated since each coil 

2 
only requires about one watt I R loss in the low impedance 

section at J =5000 A/m and thus a terminal angle of 88° 
u 

would be sufficient for a 30 VAR output/coil. Table 2.6 

presents the terminal characteristics. 

Table 2.6 

Summary of 16.11.78 Tests 

Four Pole LIM Running Lights Slip = 0.083 p.u. 

Operating Slip,a = 0.11 p.u. (50 Hz) 

LIM Apparent Power = 4.64 kVA 

LIM Loading = 24,520 A/m rms 

LIM Power Factor = 0.402 uncompensated 

ASC Loading = 4480 A/m and 13,440 A/m 

Net ASC Output = 0.255 kVAR 

Gross Generated Reactive Power from ASC = 0.503 kVAR 

Gross ASC Output/Input LIM Reactive Power = 0.503/4.28=11.7% 

Maximum ASC "Armature Reaction" (at end of machine) = 26.2% 

Net LIM-ASC Terminal Power Factor = 0.437 

Gross ASC Output Scaled to 40% Armature Reaction (cr=0.05) = 
1.08 kVAR 
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Up until this point, the experimental results have 

centered on the utilization of the asynchronous condenser 

winding only, but equally as important the internal power 

distribut ion of the coils in the LIM proper will be dis-

cussed. The outstanding conclusion to emerge is that the 

fundamental reason underlying poor utilization of the ASC 

winding (i.e. sin 0 f 1.) is the same mechanism that 

causes the LIM coils to depart severely from cos 0 = 1 . 

operation. From basic LIM theory, it is well known that 

the airgap power factor problem is not due to the large 

iron-iron airgap present in linear machines, per say but 

stems from the presence of two traveling waves in the 

airgap. One wave has the same pole pitch, x p as the LIM 

windings, while the end-effect wave has a pole pitch equal 

to Tp(l-a) where a is the per unit slip. It is the inter-

action of this latter wave with the LIM stator winding that 

is responsible for the bulk of the correctable power factor 

problem and this is the area where the research is directed 

to at present. 

The other causes of poor power factor in longitudinal 

flux LIMs should be mentioned; the remedies are fairly con-

ventional although sometimes rather expensive to implement. 

High speed machines with 50 Hz supplies necessitate large 

pole pitches, which means a large number of slots/pole/ 

phase if only a three phase supply is available. The larger 

the number of slots/pole/phase, q the more difficult if not 

impossible it becomes to produce a polyphase winding with 

both uniform tooth-tooth phase angles and uniform resultant 

slot currents, assuming balanced phases, etc. for a given 
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number of phases. For example, even with a fractional slot 

pitch winding of q=4^/5, a uniform phase change of 12%° is 

practical with a three phase supply but the resultant cur-

rent magnitudes oscillate between and 2. The problem is 

further complicated by the fact that there is a minimum 

number of teeth per pole (a direct function of the airgap 

sizing) which must be adhered to, i.e. the phase differences 

between teeth must be reasonably small. The first design 

guideline that should be followed in respect of improving 

power factor, is simply that 50 Hz high-speed machines with 

large airgaps utilizing double layer windings and standard 

50%-50% phase mixing, is to limit q<2 by increasing the 

number of supply phases. It's a practical suggestion con-

sidering the large number of LIM installations to date for 

high speed ground transportation that have used on-board al-

ternators but have failed to use any system other than 30. 

[6] 

The experimental machine LIM-ASC-I uses a q=2.5 slots/ 

pole/phase winding with the rather unusual phase and mag-

nitude distribution shown in Figure 2. 57 for the fully filled 

slots. 

V 3 V 3 
3 0 ° 3 0 ° __30° 

V 3 
30< 

[ One R e p e a t a b l e S e c t i o n = 2 / 3 P o l e - p i t c h ! < > ' 

Figure 2.57. Phase change between adjacent slots and the 
resultant magnitude of slot MMF. 

The above diagram is helpful only in assessing coil power 

factors when the machine is at standstill. The experimental 
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results of the LIM coil power factor tests are listed in 

Table 2. for the slip of 0.11 p.u.; this clearly brings 

to light the aforementioned problem of using only a 3 phase 

supply with relatively small airgap induction in comparison 

with current loading. For the two types of phase groups, 

the experimental results follow the pattern: 

Coil No. 

21 

22 

23 

Additionally, this test represents not only poor uti-

lization of the first or entrance-end coil(s) in each phase 

group, but simultaneously, above average performance for the 

last coil in most of the phase groups, such as No. 23, 25, 

18, 28. In fact, the use of a 30 supply with a low number 

of slots/pole/phase has inadvertantly and favorably phase-

advanced these last coils which was a task that hitherto 

had been thought only possible by special experimental re-

connections . 

The measured LIM terminal power factor corresponding to 

Table 2.7 was 0.39 p.u. (which is about 6570 of the maximum) 

and this is derivable from the individual power factors and 

VA/coil. The important conclusion is that in all cases 

except coil 11, the power factors are below unity because 

the airgap flux (or induced voltage thereof) leads the phase 

current by too large a margin but this is correctable due 

to the travelling magnetic fields. By applying this pole-

cos 0 = P.F. Coil No. cos 0 = P.F. 

0.035 

0.407 

0.67 

24 

25 

0.191-| 
k - 2 

0.602J 



Table 2.7 

LIM Power Factor and Apparent Power at 50 Hz, Slip=0.11 p.u •» J s "" 
24,520 A/m r.m. s. 

Phase Y Phase R Phase B 

Coil V. A . 0 P.F. Coil V . A . 0 P.F. Coil V.A. 0 P.F. 

7 124 110° 0.34 9 161 100° 0.174 11 146 88° -0.035 

8 141 126° 0.588 10 161 120° 0.500 12 165 108° 0.309 

14 163 95° 0.087 16 178 90° 0. 13 167 126° 0.588 

15 179 124° 0.560 17 185 109° 0.325 19 185 98° 0.132 

21 190 92° 0.035 18 198 129° 0.630 20 195 126° 0.588 

22 194 114° 0.407 24 207 101° 0.191 26 194 97° 0.12-2 

23 206 132° 0.670 25 207 127° 0.602 27 200 119° 0.485 

29 196 106° 0.275 28 201 136° 0.719 

30 191 127° 0.602 

G 
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phase modulation (PPM) technique to advance the current angle 

by <5, the coils in each sub-group can have uniform power 

factors, e.g. 

Coil No. Total Angle Correction Angle to Yield 0.67 P . F . 

= 40°(.70 rad) 

S 2 = 18°(.314 rad) 

The solution is to phase shift whole groups of coils (by 

diminishing angles) until the new rotor current pattern is 

established as a steady-state phenomenon, and then it is 

appropriate to commence the phase modulation sequence again. 

Note that the angles and 5 2 chosen above are only opti-

mum at the one slip of 0.11 and a Goodness factor of about 

20. If the Goodness factor of the machine were smaller, the 

ratior 5 x^ 5 2 w o u ^ ^e smaller. In theory, the PPM angles 

approximately scale as: 

S ^ t a n " 1 ^ ) 

21 

22 

23 

92°+ <S. 

114°+ 

132 
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F. Conclusions 

/ 1. The region of maximum reactive output as a function 

of slip, the LIM to ASC phase shift and the effective arma-

ture reaction of the ASC loading have been verified. 

2. Consequently, the winding dimensions for the machine 

"LIM-ASC-II" were calculated to peak the ASC output and LIM 

power factor at nearly the same slip speed. 

3. The power factor of individual LIM coils is heavily 

dependent on the current forcing of the series connection in 

addition to the offset caused by the end-effect traveling 

wave. 

4. Based on the experimental results up to December 1, 

1978, LIM-ASC-II was designed with a pole pitch of 0.260 m, 

a Goodness factor of 28 at 50 Hz, and facilities for indepen-

dent measurements to be made of the core flux shunting by 

the ASC block. The LIM was finalized with nine poles and the 

ASC section with two poles, a total of 99 coils of high and 

low impedance in 108 slots. The LIM power factor was desig-

nated to peak at slip a = 0.115 per unit, but to be operated 

at a - 0.08 p.u. 
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5. LINEAR OVEREXCITATION 

A. Two Stage Exit Regeneration 

The concept of linear overexcitation was first conceived 

as a completely analogous mechanism to overexcitation in a 

rotary synchronous condenser with DC excitation with the one 

major exception that in the linear version, overexcitation 

would only occur over a limited airgap section rather than 

with a uniform distribution. As machines become larger and 

the airgaps relatively smaller, rotor and stator currents 

tend to be mirror images. Yet when such a machine has an 

abrupt change in stator current loading and the rotor has 

significant inductance, then it is possible to only match 
a 

stator and rotor currents over a first section with the re-

sult that in the second, this mismatch of rotor to stator 

manifests itself as a genuine form of continuously occurring 

overexcitation using entirely induced currents. 

The most outstanding characteristic of this development 

has been that the two-stage concept first initiates a phase 

change in the condenser section while the latter stage re-

lies on an abrupt change in MMF magnitude as well as a 

physically different winding. Based on the 8 0 . 3 5 % terminal 

power factor attained with this approach, the ,ftwo-stage J-

jump" appears to be preferrable to similar flux-recovery 

schemes with a continuously graded-MMF condcnser section at 

the exit end of a high speed LIM. 

This section summarizes the construction and development 

effort devoted towards the first electrical machine specific-

ally designed to be a brushless induction machine with an in-
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tegral asynchronous condenser (ASC) winding. The machine 

designated for this purpose is termed "LIM-ASC-II" and is 

comprised of a two-block arch-shaped stator unit retro-

fitted onto the existing high-speed linear induction 

machine test rig in place of the single block stator 

described as LIM-ASC-I. 

The series of experiments ascertained exactly the capa-

bility of a brushless induction machine to generate re-

active kVA at 50 Hz (principally) along with the relative 

merits of using new winding construction methods aimed 

specifically at reducing slot leakage kVAR. As with the 

LIM-ASC-I machine, the LIM-ASC-II machine relies on the 

same basic electromagnetic concepts to effect an improve-

ment in terminal power factor of the entire unit by feed-

ing the recovered reactive power back into the mains. For 

these series of short-stator machines, power factor improve-

ment is occurring at the same or a higher overall efficiency 

than without end-effect neitralization. 
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B. Dimensioning the LIM-ASC-II 

The completed stator arch block for the entry-end of 

LIM-ASC-II is shown in Figure 2. 58 prior to being impregnat-

ed with a two-stage, high-temperature araldite resin. An 

identical unmachined stator block is also shown in the same 

figure to give an indication of the size of the original 

laminated torus from which four identical 90° arcs were 

cut prior to slotting. Since all slotting was performed 

prior to the power factor improvement project, the LIM-

ASC-II slots were effectively made shallower by the addition 

of paxolin non-magnetic packing material in the bottom of 

all slots as shown in Figure 2. 59 . The subsequent section 

shows the calculations discerning the change from deep-

slot circular windings incorporated in the LIM-ASC-I design 

to top-of-slot rectangular cross-section windings inherent 

throughout the LIM-ASC-II design. This one modification 

alone lowered the per unit slot leakage kVAR for the second 

machine to 16% of the value for the first prototype. A 

separate set of computer calculations are included as 

Appendix I to ascertain the marginal increase in end-winding 

leakage reactance that was accrued by changing the pole-

pitch from 0.202 m to 0.247 m for the LIM-ASC-II unit. 

The coil layout used to wind this machine is shown to 

scale in Figure 2. 60 with insulation between turns rated at 

180°C and 2000V strength. The characteristic parameters 

and construction dimensions of the 99 coil LIM-ASC-II are 

given in Table 2.8. 

LIM-ASC-II was specified and wound with uniform slot 

width and slot pitch dimensions throughout both stator cores 
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i 
{ 

F i g u r e 2. 58 The e n t r y - e n d s ta tor s e g m e n t for L I M - A S C - I I p r i o r 
to being i m p r e g n a t e d and jo ined to the ex i t -end s e g -
ment ; an u n m i l l e d s t a t o r c o r e i s a l so shown. 

i 

: 
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Table 2. 8 

Dimensions and Operating Conditions for the LIM-ASC-II Machine 

Longitudinal Core Length, mean 3.01 m 

Transverse Core Width 157 ran 

Stator Block Depth 120 ran 

Slot Width (uniform) 14.3 ran 

Slot Depth (uniform) 38.1 ran 

Slot Pitch (mean) 27.4 ran 

Aluminium Annulus Thickness 9.3 ran 

Aluminium Width 229 ran 

Steel Disc Thickness 19.05 ran 

Aluminium Resistivity (20°C) 3.25x10" V m 

Steel Disc Resistivity 1.498xl0~7fl-m 

Disc Moment of Inertia 
2 

510 N-m-sec 

Theoretical Russell and Nbrsworthy Factor 1.96 

Synchronous Speed @ 50 Hz 247.2 REM 

Moment Arm to Center of Ms tor 0.9545 m 

Typical Operating Entrefer 12 ran 

Goodness Factor G ^ / ^ ) @ 50 Hz 28.4 

Total Number of Coils 99 

Total Number of Slots 108 

Pole-pitch (uniform) 0.2466 m 

Coil Span/Pole-pitch 0.888 

Slots/Pole/Phase 1 

Phases 9 

Distribution Factor (90) 1.0 

1. Features Particular to the U K (Coils 1-81) 
and First ASC Section (Coils 82-90) 

Series Ttais/Coils (1 layer) 6 

Mean Length of Coil 5.568 m 

Resistance/Cbil (20°C, D.C. Kelvin Bridge) 0.011 a 
Reactance/Coil @ 50 Hz (in air) 0.00754 a 

Reactance/Coil (3 50 Hz (10, in block, no secondary) 0.014 n 

Conductor Type (180°C insulation, 2000V) 5 nm x 2 nm 

Mean Depth of Conductor in Slot, upper layer 
(lower) 3.5 nm (8.5 nm) 
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2. Features Particular to the ASC Section 
(Coils 91 through 99) 

Series Turns/Coil (2 layers) 14 

Mean Length of Coil 13.0 m 

Resistance/Coil (20°C) 0.0315 Q 

Reactance/Coil @ 50 Hz (in block, 10 uncoupled) 0.076 ft 

Conductor Type (150°C insulation, 1500 V) 4.57 nm x 1.78 nm 

Current Density at 20A/Fhase 2.46 A/ran2 

Stator Current Loading at 20A/Fhase 19,200 A/m r.m.s. 

Mean Depth of Conductor in Slot, upper (lower) 5.6 mm (10.2 mm) 

Chording Factor 0.939 
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in the interests of minimizing construction costs. It re-

presents an important milestone in linear machine develop-

ment for having both a high Goodness Factor and a high ratio 

of Goodness Factor: excitation poles with the windings 

nearly resembling the proverbial "current sheet" top-of-core 

w i n d i n g . T h e connection diagram is given in F i g u r e 2.61. 

Theoretical calculation of the quadrature, in-phase 

and total normal-directed airgap flux densities peculiar to 

the geometry of the LIM-ASC-II for the 9 poles of exitation 

that characterize the flux build up section are shown in 

Figure 2.26 for 50 Hz excitation and in Appendix III for 150 

Hz excitation. 
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C. Calculation of Slot Leakage Inductance for Stator Top 

Coil Layer 

The slot leakage due to the field of the top conductor 

alone is given by the formula 

L t
 L [ h 2 + j (

h i ) ] Henries 

where N- number of turns 

L=» stator core width (m) 

b = slot opening rectangular slot (m) 
s 

h2=3 depth from top-of-slot to top of conductor (m) 

depth of conductor of one coil or layer (m) 

y Q = 47r x l O " 7 H / m 

a. Original LIM-ASC-I Machine with circular wire 

N = 12 

L = 0.157 m 

V 0.0143 m 

V 0.012 m 

£3*
 

M 
II 0.013 m 

L t = 32.4 yH 

t 
K 

f 
.L. 

•I 

Pa*o\t»1 
VAUAjj*, 

• •< 

• • \ \ 

Lirtti* 
38, 

b. New LIM-ASC-II Machine with top-of-slot 
rectangular conductor 

N = 6 

L = 0.157 m 

b = 0.0143 m s 

h 2 l 0.001 m 

hj= 0.005 m 

L t = 1.32 uH 

.5 — t) o o X n 

Conductor 

F i g . 2 . 5 9 
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Thus the overall reduction in slot leakage reactance amounts 

to 

= 0.0407 p.u. 
L t ( I ) 

i.e. the top layer of the new machine has less than 5% of 

the leakage as the top layer of the original design. Al-

though a good deal of this reduction is due to the change 

in series turns, even if the turns were the same, the per 

unit reduction in slot leakage is exceptionally impressive. 

= 0.163 p.u. assuming N T T = N T . 
Lt(I) 1 1 1 

In terms of calculating the slot leakage reactive kVA for 

an equivalent current loading density, the number of turns 

is immaterial to a first order and thus LIM-ASC-II has 

about 16% of the slot kVAR as LIM-ASC-I. 



F i g . 2.60 Outline of the stator coi l s for the LIM-ASC-II with 2 m m / 5 mm wi 
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E. J-Jump Machine Test Results 

A series of acceleration tests were performed with the 

LIM operating at the designed rated current loading of 

57,600 A/m r.m.s. in addition to steady-state, reduced 

current tests with the dynamometer in action. Specifically, 

for the LIM-ASC-II with nine poles of excitation, the basic 

theory predicts that the best "airgap efficiency" is ob-

tained at a slip of a=*l/(n+l) per unit where n is the 

number of poles and CT = 10% for this case; the power factor 

for just the motor section should be optimum around a 

slip of 2/(n+2) which is 187*. The most spectacular test 

result was that very close to the theoretical maximum power 

factor slip value of 2/(n+2),- the total LIM-ASC terminal 

power factor peaked at 80.37« with 50 Hz excitation and 

current loadings in the range of 19,200 A/m to 24,000 A/m. 

This was in contrast to the earliest design criterion for 

LIM-ASC-II because originally the ASC was to function in 

shifting, significantly, the peak of the cos 0 characteris-

tic to coincide with the efficiency characteristic w.r.s.t. 

slip; the tests indicated that a 3% change in slip values 

was practical whereas an 8% shift in slip values was too 

optimistic for the "9+2" pole configuration. 

The tests immediately established that the condenser 

winding alone peaked in output at a slip less than 2%; at 

18% slip, the ASC output was considerably too small to 

effect a major change in the overall power-factor-optimum 

slip value. Yet this was found to be entirely acceptable 
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since the basic LIM power factor was inherently, extra-

ordinarily high, over 73%. Throughout the analysis, it 

was realized that if only the LIM had two or three more 

excitation poles, for example 12, then the ASC windings 

could effect a major change in the optimum-power-factor-

slip as unquestionably the basic LIM would peak at 14% 

slip or less. However, inspection of Figure 2.62 reveals 

that this suggestion was unnecessary for only one major 

reason--the ASC winding performed in the slip region where 

it was exactly needed the most, the region where the LIM 

power factor traditionally becomes poor. Fortunately, for 

LIM-ASC-II, even at the peak-efficiency-slip of 11%, the 

motoring section power factor remained as high as 63% which 

is directly attributable to the very low slot leakage kVAR 

requirement inherent in the rectangular wire windings. 

The composite machine had a terminal power factor of 78.3% 

at this 11%, slip which represents a power factor-efficiency 

product (simultaneous values) of 60.3%, the highest attained 

for this m a c h i n e . T a b l e 2. 9 p r e s e n t s a s u m m a r y of a t e s t run. 

At the anticipated stable operating point, at a slip 

less than the peak efficiency slip, for example an 8% slip, 

the basic LIM power factor has decreased to 56% but this is 

effectively compensated for by the ASC which is now operat-

ing at about 90% of its maximum capability, raising the 

terminal power factor to about 73%. 

In short, LIM-ASC-II represents a new class of single-

sided linear machines for which integral, magnetic power 



T a b l e 2 . 9 

M a x i m u m Power F a c t o r T e s t S u m m a r y f o r 1 4 / 1 2 / 7 9 

L I M - A S C - I I 

F r e q u e n c y : 50 Hz, Connections Y - s e r i e s , A i r g a p Setting: 14-15 m m 

P h a s e T e r m i n a l Vo l t s ( r . m . s . ) C u r r e n t (A) V A Watts P h a s e Power F a c t o r 

1 1 2 . 2 19 .68 240. 1 189 .6 0 . 7 8 9 

2 1 1 . 4 2 2 . 8 9 2 6 0 . 9 2 0 3 . 5 0 . 7 7 9 

3 12. 1 19 .68 238. 1 192 .8 0 . 8 0 9 

4 1 2 . 3 1 9 . 4 4 2 3 9 . 1 194 .8 0 . 8 1 5 

5 11 .9 2 2 . 8 9 2 7 2 . 4 2 0 9 , 7 0 . 7 6 9 

6 1 2 . 4 2 0 . 5 4 2 5 4 . 7 2 0 5 . 0 0 . 8 0 4 

7 1 1 . 2 19 .68 2 2 0 . 4 179 .8 0 . 8 1 5 

8 1 0 . 8 2 2 . 8 9 2 4 7 . 2 198 .3 0 . 8 0 2 

9 10 .6 19 .98 2 1 1 . 7 1 8 0 . 3 0 . 8 5 1 

2 1 8 4 . 0 1754 .0 

Overa l l Net Power F a c t o r = 1754 W / 2184 V A = 0. 8035 p . u . 

S ta tor I 2 R L o s s = 385 W 

Windage and F r i c t i o n L o s s = 330 W 

Rotor F i e l d Speed = 20. 64 r a d / s e c 

D i s c A c c e l e r a t i o n = 0 .08716 r a d / s e c ^ 

Acce lera t ing Torque = 4 0 . 3 5 N - m 

Acce l era t ing P o w e r = 833 W 

Calculated Rotor L o s s = 206 W 
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factor correction complements efficient operation in neutral-

izing the hitherto unsolved problem of exit-edge losses, 

seemingly inherent to high surface-velocity machines. LIM-

ASC-II as tested on 50 Hz has a peripheral synchronous 

speed of 58.9 m.p.h. and it is believed that this machine 

has the highest documented power factor [7] of any single-

sided or double-sided LIM, irrespective of size, built to 

date with published results. In contrast, the maximum power 

factor ever attained for the 10-pole LIM used on the Linear 

Induction Motor Research Vehicle (LIMRV) of the U.S. 

Department of Transportation was 68% at a sinusoidal-

waveform frequency of 94.3 Hz [6] . Figure 2. 63 compares 

the major terminal characteristic of LIM-ASC-II against 

the LIMRV machine at different frequencies corresponding 

to the optimum power factor in each case. For LIM-ASC-II 

this frequency is taken as 50 Hz since low frequency tests 

were not performed in this region on the basis that power 

factor would only increase marginally at the expense of 

total efficiency. Table 2.10 compares the major dimensions 

and winding data between the two machines. 
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F i g u r e 2. 63 C o m p a r i s o n of p e r f o r m a n c e p a r a m e t e r s between L I M - A S C - I I and LIMRV unit s . 
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Table 2.10 

Comparison Between High-Speed, Single-Sided, Short-Primary LIMs 

LIMRV LIM-ASC-II 

Bales 9 9 

Pole-pitch(m) 0.356 0.247 

Primary Stack Width (mm) 254 157 

Goodness Factor (50 Hz) 16.5 28.4 

Phases 3 9 

Coil Span/Pole-pitch 0.666 0.888 

Slots/pole/phase 5 1 

Operating Entrefer (mm) 19 12 

Carter's Coefficient 1.156 1.02 

Secondary Aluminium Thickness(mm) 3.3 9.3 

Russell-Norsworthy Factor 1.50 1.86 

Secondary Conductivity (% of Cu) 47.25 61.5 

2 ^ 
D L equivalent (nT) 0.37 0.144 

Airgap Flux Density (T r.m.s.) 0.18 0.158 

Maximum Efficiency (%) 74 77.5 

Frequency for Max. Efficiency(Hz) 94.3 50 

Maximum Power Factor (%) 66 80 

Slip for Max. Power Factor (%) 17 16 

Maximum Thrust (kN) 6.48- 2.1 

Stator Current Loading (kA/m r.m.s) 91 57 
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w $ 

Figure 2.65 View of the c o m p l e t e d L I M - A S C - I I m a c h i n e . 
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2.7 RECOMMENDATIONS FOR HIGH SPEED LINEAR MOTOR DESIGN 

A. Longitudinal Flux Machines 

1. Series connection of phase coils in both motoring and con-

denser sections of machine is essential, however the choice 

between voltage feedback (LIM and ASC in series) or current 

feedback (parallel connection) types of power factor compen-

sation are optional depending if fixed speed or variable 

speed operation is anticipated, respectively. 

2. Irrespective of the exact division between motor and conden-

ser section, the flux density at the exit-edge of the entire 

machine should not exceed 30 m T , independent of the airgap, 

if the efficiency is not to be sacrificed. 

3. The ratio of the electrical airgap to the main pole-pitch 

generally follows the theoretical relationship 

uo J s 
~ k ( a ) 

B t 

where J is the stator current loading, B.. is the total nor-
s u 

mal component of airgap flux "over" the stator block at just 

the transition point between LIM and ASC windings (i.e. the 

shrink- point), and k(a) is a correction factor to allow for 

variance in the operating slip value at which this ratio is 

determined. The point to remark is. that the*designer should 

always attempt to have the pole-pitch slightly higher than 

predicted by this formula because the effective stator current 
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loading is always significantly less than given by standard 

design formulas. In general, nearly all high speed linear 

motor designs to date [4,6] have been built with too small a 

pole-pitch with the resultant lower-than-anticipated air 

gap flux density. 

4. The number of motoring poles should be greater than eight 

without exception. There is no attractive alternative to 

this criterion as the only tradeoff to number of poles is 

the operating slip; while the product of poles times slip 

gives an indication of the rotor flux decrement, the slip must 

be a minimum for all continuously operating machines. Power 

and force machines are a permissible exception. The over-

whelming conclusion is that the speed machines must have a 

large pole pitch combined with many poles; a long machine 

is in order irrespective of supply frequency. The choice of 

supply frequency in the event that 50 Hz excitation may be 

departed from, is actually a rather crucial matter because 

the linear machine's performance does not increase linearly 

with frequency (as often assumed in the literature describing 

inverter applications to LIMs). Most important, the designer 

has to make certain that rotor flux decrement does not occur 

at the highest frequency or at an intermediate frequency. 

Should the excitation frequency be, for example, too high, 

one finds that the airgap flux peaks along the stator block 

at a position considerably before the end of the block, i.e. 

the end of the block occurs after the "90 degrees'' mark on 

the sinusoid representing the B t space wave. For instance 

if LIM-ASC-II is operated at 75 Hz rather than 50 Hz, in fact 

this condition ensues and the efficiency drops noticeably. 
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On the other side of the spectrum, if care is not excercised 

the frequency may be too low to obtain the high efficiency 

simultaneously with high power factor. This is a result of 

not allowing the airgap flux to peak at all and thus the 

end of the motoring section occurs before the crest of the 

B^ flux distribution. In fact this type of problem may arise 

at 50 Hz, when the number of motor poles are too small, the 

operating slip is too low, or possibly the rotor magnetiza-

tion time constant is too small, say on the order of 30 ms. 

It should be emphasized that these effects must be considered 

independently of the changes that occur with leakage reac-

tance requirements and magnetization as frequency is altered. 

5. The width of the stator should never be less than about 2/3 

the pole-pitch if power factor is not to be sacrificed. Gen-

erally this guideline has been followed in the past designs 

along with avoiding transverse-edge-effects as it has always 

been clear that the sheet-rotor secondary width, in excess of 

the stator width, is a strong function of pole-pitch on an 

efficiency basis. The one area in which LIM-AS'C-II did not 

exceed the state-of-the art was in having a very wide stator; 

however construction details would demand that a machine with 

a stator width of 0.32 m (or twice that of LIM-ASC-II) would 

require a rotor at least 4m in diameter to accommodate the 

endwinding. 

6. The longitudinal flux machine, burdened with the massive end-

winding, has often been the subject of controvery due to its 

hitherto poor power factor which many scientific personnel 

have explained by the endwinding leakage-reactance require-
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merit. However, the major outcome of this research has shown 

that the bulk of the power-factor problem takes place in the 

phase of the slot-conductor induced voltage rather than 

singling the problem to the endwinding. However, notwith-

standing, it should be pointed out that end-windings are 

generally too massive since designers follow rotary machine 

guidelines and are very conservative about the amount of 

chording. In general the designer should note that the amount 

of chording permissible with a high speed LIM increases when 

the ratio of stator width: pole pitch becomes significantly 

less than one. For example, LIM-ASC-II could have been fa-

vorably chorded down to 6/9 rather than its present 8/9 with-

out a noticeable loss in efficiency; this particular decision 

to only use a small amount of chording was based entirely on 

the manufacturing constraints of using rectangular cross-

section wire whereby the coil "knuckle" had to be confined 

to a 10mm space. 

7. New to the one-dimensional machine designer, the results of 

LIM-ASC-I and LIM-ASC-II have permitted a unique guideline 

to emerge for "airgap winding" machines or just machines with 

large airgaps. In particular, the maximum permissible 

(i.e. suggested) slot depth filled with conductor (considering 

both cases of ferromagnetic or non-ferromagnetic stator 

teeth) bears a strong dependence on the electrical airgap en-

countered, if power factor is important. Based on experi-

mental results, it is now fair to state that if the slot depth, 

to the bottom of the stator conductor is more than 50% greater 

than the electrical airgap spacing, then the machine will 

accrue appreciable slot leakage reactance in terms of what is 

presently achieveable and commercially practical. This is 
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by no means a method by which to size-up the slot of a linear 

machine, rather it is intended as an upper limit. Specifically, 

if a high speed longitudinal flux SLIM is designed with a 

pole-pitch:airgap ratio of at least 20, with an alumimium sheet 

rotor (filling 80% of the airgap or better) then as a general 

rule, the maximum slot depth on a core with a 1:1 tooth 

width:slot width ratio may be as small as 70% of the airgap 

without a stator resistance (copper) exceeding the rotor re-

sistance. Thus power factor improvement is evident without 

trading off efficiency. 

8. The question has often been asked, of both longitudinal and 

transverse flux designs, how many stator teeth per linear 

meter are necessary, or what should be the ratio of iron con-

tributing a magnetizing or working MMF in contrast to those 

absorbing or shunting MMF? Fortunately, in the longitudinal 

flux machine the answer is easy to surmise because the pro-

blem is less complex once a criterion for number of electrical 

degrees per linear meter is established. Here it is impor-

tant that very small linear increments be used in evaluating a 

design, even fractional tooth pitches, because the average 

number of electrical degrees per meter obviously overlooks 

phenomena such as local backward traveling fields and forward 

traveling harmonics. For the commercial designer rather than 

the academic, this concern appears in the form of usually 

one parameter -- the number of slots/pole/phase. Using only 

this one guideline, it is nevertheless the single most im-

portant parameter dominating the power factor characteristic, 

assuming the machine size has already been established. The 

overwhelming problem is clearly understood .... the LIM de-
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signer is always striving to implement a large pole-pitch (0.5m 

is the baseline) but at the same time each tooth should show 

a regular and pronounced, positive change in phase, over eight 

poles or more! The constraints are that a three phase system 

(i.e. 60° phase jumps) only is available and techniques such 

as disproportionate-phase-mixing are out of the question because 

of their larger kVAR requirement. The one alternative that 

emerges incessantly is to have 3 slots/pole/phase, 4 slots/pole/ 

phase, or even 5 slots/pole/phase as common practice. The degree 

of merit for multiple slots/pole/phase is simply based on how 

closely the rotor and stator are coupled at high speed. In a 

machine with a high Goodness factor, a 5 slot/pole/phase wind-

ing would be expected, in this rotor flux dominated case, to 

yield an incremental phase error per slot of 12° from the slot 

centered by each phase group, so that if the third slot has 

a coil terminal power factor angle of 35° (cos <J> = .819) the 

first slot can be expected, at the very best, to have a ter-

minal voltage angle of 35° + 24° for which the cosine is 0.515, 

a 3 7 7 o reduction in utilization! This assumes that zig-zag 

leakage flux is minimal and this is always the case in sheet 

rotor machines; the presence of zig-zag leakage flux in rotary 

induction machines helps to explain why it is more practical to 

use multiple slots/pole/phase without severe penalties in 

power factor. Moreover, the poor utilization attributable 

to multiple slots/pole/phase in linear machines is only pro-

minent at high speed because on starting speeds, the phase of 

the airgap flux largely follows the harmonic content of the 

stator MMF so that the angle of the induced voltage is fairly 

uniform among coils in the same phase group. 
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The solution to the problem was demonstrated in LIM-ASC-II 

for which the LIM and ASC windings had only 1 slot/pole/phase 

by using the external phase shifters to yield the 90 system 

(20° phase jumps between adjacent coils). Although one cannot 

expect most commercial installations to incorporate phase 

shifters, it does stand on record that a large number of high 

speed LIM demonstration programs to date [8 - 14] have made 

use of on board turbo-alternators for supplying the LIM, for 

which a 90 or 150 supply system would bear no additional cost 

above the 3 phase systems used (in fact the alternator effi-

ciency would be improved simultaneously) . Yet, there is a 

way of ensuring a 1 slot/pole/phase LIM winding when only 3 

phases are available. This is accomplished by having single 

ASC coils in parallel with segregated groups of LIM coils, 

i.e. phase shift afforded by the ASC increases the number of 

differently phased slot currents. The first application of 

this technique has been devised for the rewinding of a 20 kW, 

8 pole induction motor because it eliminates any need for 

thyristors; the winding schematic is included in Appendix VI. 

9. For longitudinal-flux linear induction machines intended for 

high speed operation, an entry-edge flux shunt is beneficial 

for both efficiency and power factor criteria. There is in-

sufficient data available at this time to attempt an optimi-

zation of additional stator iron to be included before the 

first pole of the block containing the windings, but simple 

calculations reveal that due to the low flux density anticipa-

ted in the entry flux shunt, the added performance is obtained 

with a negligible increase in core weight. Moreover, any 

manufacturing costs attributable to this flux shunt are abso-
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lutely nil because no winding is included and it may be said 

that the intended improvement is merely a new way of shaping 

the leading edge stator tooth, albeit it may end up being a 

pole-pitch long in the designs of the future. An unanswered 

question is, in addition to what type of "surface impedance" 

should this flux shunt offer, but also, is there an advantage 

to having small, unexcited teeth at the shunt surface rather 

than smooth surface? It is assumed that all flux shunts will 

be included as an integral part of the stator core, and pun-

ched on the same long laminations that enclose the LIM and 

ASC windings, the latter being a form of exit-edge flux shunt. 

The operation of the entry edge shunt is basic for it allows 

the first LIM pole to receive about the same magnitude of flux 

that the first generation, series connected LIMs would have 

under the second pole, assuming equivalent Goodness factors 

and slip! It should come as no surprise, that despite the lack 

of windings or shading rings in the flux shunt, the phase of 

the core flux with respect to longitudinal distance, that 

leaves the flux shunt is properly phased at high speed to 

effect an improvement. This is primarily explained by the 

well known integral conditon f J„.d_ = 0 which demands that r s 

the rotor sheet current density is continuous across bounda-

ries and likewise, the airgap flux density is continuous. 

Moreover, the phas.e changes in the flux shunt are consistent 

because nowhere in this machine is there a change in the mag-

netization time constant nor in the rotor leakage flux path; 

the slow, quasi-linear buildup of airgap flux from the entry 

edge (now the flux shunt edge) continues as in the first 

generation, LIMs. In general whenever the change in magnitu-

de is increasing and gradual, the phase of the airgap flux 

changes at a uniform rate. 
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The last remaining question that will only be solved by ex-

perimentation is whether the choice of odd or even numbers of 

excitation poles for the LIM is most suitable for use with, say 

an entry flux shunt one pole pitch long. Based on the exis-

ting knowledge of LIM-ASC-II, the 9 pole LIM could very well 

turn out to be the most favorable combination because published 

literature [12, 1 4 ] from industrial organizations operating 8 

and 10 pole LIMs with some type of entry "nose" have concluded 

that this extended stator iron made no difference to their 

machines ... possibly they passed over the effect by only tes-

ting even pole number motors! In retrospect, Laithwaite has 

shown [16], that careful shaping of exit-end iron could be 

used as an accurate way of controlling the exit losses and 

thus the top operating speed of large, power-type LIMs. Now, 

the shaping of the entry-end iron is seen as another method 

of speed control for it was in this manner that the effect 

was first noticed. LIM-ASC-II operated up to a balancing slip 

of 0.08 p.u in the forward direction, while for the same input 

conditions but reversing the phase sequence and disconnecting 

the ASC, the machine stabilized at a slip of 0.034 p.u. by 

virtue of using the ASC iron as an entry nose. Both slips 

are much lower than in conventional LIMs of the same length, 

but the 0.034 slip (providing 486 Watts for windage & friction) 

is phenomenal. 

10. The last guideline is based on the selection of rotor con-

ducting and ferromagnetic material. As has always been the 

case, there is no need to laminate the rotor backing iron for 

if one finds that eddy current losses in solid steel unaccep-

table, then this is undoubtedly a direct result of operating 
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the machine at too high a slip and nothing more (probably Guide-

line No.4 was not followed). If high frequency is to be used, 

in excess of 250 Hz, as a general rule the slot leakage reac-

tive losses will be so large,that the stray eddy current 

losses in the rotor solid steel will not be a problem par-

tially because the conducting sheet is a rather effective 

screen for the backing iron and partially as the Watts consumed 

by the rotor solid steel will still be under 20% of the core 

loss of the laminated stator. 

Looking at previous SLIM designs, the one conclusion that 

emerges is that most designers have calculated the thickness 

of the rotor steel (as well as the stator core) based on a 

much larger flux density than was ever obtained in practice. 

For at least a decade, industrial designs indicated a consi-

derable safety margin in steel thickness to avoid the seemingly 

colossal fear of "saturation' 1. To say the least, most machines 

ever built did not even come close to saturation, especially 

with respect to the rotor steel for the airgap flux rarely 

made it above 0.3 Tesla and backing iron was always % inch or 

greater in old designs. [ 13, 14, 15 J . This is explained by 

the fact that most applications ran with airgaps larger than 

first quoted to the designer; secondly there has always been 

a trend to overestimate the quantity J in calculating the 
s 

resultant airgap flux density, and third the uncertainty that 

existed about the exact shielding effect offered by the con-

ductor sheet. The latter is due to the manufacturer's failure 

to ensure uniform conductivity of the T6-6061 Aluminium used 

for reaction rails and partially because the designers have 

always used the Russell & Norsworthy Factor for calculating 

effective rotor resistance which has been found to yield too 
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high a resistance, especially as the airgap is increased and 

the rotor field pattern less well defined. 

In future SLIM designs, it would thus be fair to say that 

if the rotor backing steel exceeds 10 mm in most designs, then 

something is clearly wrong. The only exceptions are applica-

tions such as the I.C. High Speed Test Rig whereby the steel 

rotor thickness is 9.5 mm but was designed this thick due to 

the tight mechanical tolerances that the disc must withstand 

especially with respect to the maximum axial bending deflection 

when subjected to SLIMs with high attractive forces. The 

present disc will only deflect 1.3 mm axially when LIM-ASC-

II is started at locked rotor with a current loading of 40,000 

A/m r .m. s. 

Concerning the thickness of the rotor disc or reaction rail, 

to generalize, most previous designs have used to too thin a 

conductor (in contrast to the steel thickness). The result 

has been that the peak-torque operating slip has usually been 

much too high with the ensuing larger rotor losses. While it 

is clearly understood that extra conducting material is a 

direct factor in escalating track costs, the additional energy 

costs typically outweigh the capital investment in 15-20 years. 

Additionally, some designers have justified high rotor resis-

tances because of a high starting torque criterion but the 

point remains that a good low speed motor will never succeed 

as a high speed machine. The alternatives might be to include 

a change pole winding or even a line-commutated cyclocomrerter 

to yield 15 Hz operation followed by a step change to 50 Hz 

mains. In conclusion a low starting torque machine should 

never be objectionable if a continuous, long run at high speed 

is to be anticipated and optimized for...i.e. keep the secon-

dary resistance as low as possible. 
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III. TRANSIENT ANALYSIS 

3.1 SURFACE LAYER APPROACH TO FINITE AIRGAP MODEL 

A. Analytical Solution o f Discontinuous Primary Excitation 
and Continuous Scondary. 

The representation of an induction machine with a finite 

airgap, narrow stator teeth and deep rotor slots by a 

travelling wave model has been expanded for over 25 years 

by Mishkin [l] , Cullen and Barton [2], and Tipping [3]. 

The principal components of the magnetic and electric 

structure comprise a system of concentric layers with 

different permeabilities and different conductivities, with 

no specific limits on relative dimensions or frequency 

range. The outcome of their work showed that despite the 

rather complicated layout of the tooth tip and slot shape, 

the basic nature of torque production in the machine is 

more concerned with the propagation of an electromagnetic 

wave in an airgap rather than the "saliency" or "reluctance" 

effects which appear to dominate the literature on induction 

machines. In essence, this approach to accurately describe 

the fundamental and harmonic EM wave propagation is termed 

the "layer" approach. In contrast, slot geometry calcula-

tions are only crucial when the exact value of leakage 

inductance must be known for terminal power factor charac-

teristics . 

The use of finite element computer analysis for the 

magnetic structures is crucial for exactly determining slot 
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inductance and zig-zag flux components, but in terms of 

calculating wave propagation it will yield no better results 

than an analytical layer model which represents the machine 

elements as equivalent parameters in an electric trans-

mission line to determine power flow, disspation, circulat-

ing power, etc. The crossover point when a finite element 

analysis is clearly superior is when the induction machine 

has a very large airgap but this is rarely the case with 

rotary mahines, and thus the 1-dimensional, radially 

directed layer model is generally valid. 

Several methods have been devised to allow the 1-dimension-

al layer model to have greater accuracy while still re-

taining a simple, analytical, closed-form solution. For 

example, while a layer may theoretically represent any 

electric or magnetic shape in the actual machine, it has 

been found convenient to assume that all conductive 

materials are homogeneous and isotropic, while selected 

magnetic materials should have an anisotropic representation. 

Typically, the magnetic permeability in the radial direction 

is infinite while the tangentially directed permeability 

is usually considered to be finite. 

The impetus for using the layer approach is based on: 

(i) Analytical solutions are possible even with dis-

continuous excitations and this gives the designer 

a tool with which to see how rapidly magnetic and 

electric dimensions change performance. To some 
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extent, the finite element numerical solution, either 

1-dimensional or 2-dimensional, does not offer this 

facility because it is largely experimental in nature 

and thus the designer of an entirely new machine has 

to run a series of finite element programs until 

the desired conditions are found on an empirical 

basis. 

ii) The layer model is readily adaptable to high fre-

quency operation without any modifications, while 

in general finite-element analysis cannot handle 

harmonic response although it is clear that the latter 

yields the total airgap waveform. The layer approach 

will handle machine response to, for example, a non-

sinusoidal inverter waveform by establishing a 

series of equivalent circuits, each with its own 

distinct values of the i^, X2 and X^ parameters 

which do not necessarily scale linearly with fre-

quency. The parameters R^ and L^ are usually 

considered to be frequency independent. 

The layer model is at a disadvantage when the following 

information is desired: 

i) Stray loss cannot be calculated directly since it 

is assumed all laminations are continuous in any 

one place and thus joints or magnetic gaps do not 

exist. 

ii) Hysterisis loss or unusual core materials cannot be 

considered. 
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iii) Tooth-tip ripple is not present and thus cogging 

torques cannot be determined analytically by a 

wave approach. 

iv) The tooth frequency e.m.f. induced in the rotor cage 

bars cannot be directly solved for; these results 

in rotor circulating current paths at about 1kHz in 

a practical machine unless either the rotor or 

stator laminations are skewed. 

v) The deviation of the rotor current paths from 

uniform axial flow under the active stator region 

cannot be calculated in the 1-dimensional model; 

this is an entirely different problem from iv) in 

that the path of the fundamental rotor current is 

of concern and the controlling parameter is the ratio 

L / R 0 for if this is less than 1/uj there is usual-m l s 

ly a significant component of tangential rotor flov 

under the stator length u ] . The problem is solved 

by generally increasing the pole-pitch, reducing tlie 

airgap, or incorporating more, narrower rotor bars 

along the periphery. In a sheet rotor machine, the 

sheet should be slitted axially in the absence of a 

cage construction. 
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B. A Method for Analysing the 6-Pinch Rotary Machine 

Any " e-Pinch" machine or similar type of induction 

machines with discontinuous stator excitation such as the 

"Induction Excited Alternator" as developed by Williams and 

Tipping in [5], may be analyzed from a one-dimensional layer 

model. The convenience of such an example as the G-Pinch 

machine is that the rotor structure is absolutely continuous-

a conventional cage design, "while the induction excited 

alternator requires a more complicated one-dimensional 

formulation since the rotor is wound and has isolated, 

closed loops. Both machines are entirely brushless and use 

ordinary magnetic steels. A general layer model is presented 

here based on a continuous rotor but an infinite number of 

differing stator excitations may be present as long as each 

excitation is confined to a distinct region around the 

periphery, e.g. in the machine under discussion, the region 

from e-0 to ©-̂  is the excitation or main winding and the 

region from e^ to is the asynchronous condenser or ter-

tiary winding. 

For machines such as the two-speed pole-amplitude-

modulation (PAM). induction machines, whereby the stator does 

not have distinct regions but the windings are interleaved 

around the entire periphery, the only fast method for 

analysis is to use "winding functions" as described in [6] 

or [7]. The e-Pinch layer model cannot in general be used 

for PAM because this necessitates solving for new boundary 

conditions every few slots rather than at two positions per 

repeatable section of two poles or greater. It is important 

to note that pole-amplitude-modulation is based on higher 

harmonics (although the actual fundamental speed is often 
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ambiguous) while the 9 -Pinch is mainly a sub-harmonic 

machine and there is only one subharmonic to be concerned 

with in the latter--the wave (this rotor speed wave 

is super synchronous during generator operation) . 

The plan of approach is to model any induction device 

of the e-Pinch type (this includes arch motors [8], 

shorting-grid machines [3], or self-compensating induction 

motors (SCIM) [9]) as comprising a series of repeatable 

sections. The formulation of equations for one repeatable 

section covers the entire machine, with each section having 

as many distinct stator excitations as desired although the 

differences in excitation usually appear as a change in 

either pole-pitch, current loading or phase rather than a 

frequency change between sections. 

The applications of layer theory have always tended to 

model the stator excitation and rotor current path by an 

infinitely small current sheet with a linear current density 

j s = J s sin (w gt - e) (3.1) 

in Amperes/meter periphery (also termed the current loading) . 

The advances in this theory have placed this current sheet 

at a radial location which is sandwiched by two magnetic 

layers to more accurately simulate the primary or secondary 

leakage flux paths than by simply placing the currents 

sheets exactly at the airgap boundaries. In the former 

configuration, a third-order linear differential equation 

accurately describes the distribution of the airgap flux 

and the total flux surrounding the current sheet [10]. If 

this model is simplified by placing the current sheet right 
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at the airgap surface for the secondary current distribution, 

then the complexity of the system is reduced to a second 

order model, without the effect of secondary leakage in-

ductance [ 11]. In all of these concepts, the effects of 

magnetic saturation cannot be taken into account directly 

although the relative permeability in the anisotropic 

materials may be modified later as an iterative process 

once the B field has been determined [ 12 ]. 

The Mishkin model of the induction machine is based 

on Figure 3.1 where the tooth magnetic material is aniso-

tropic while the core material of both primary and secondary 

is isotropic. In the most general model, both current 

sheets are sandwiched by magnetic steel of zero conduct-

ivity and the technqiue can be readily applied to one 

repeatable section of a e -Pinch motor which has two windings 

per section. Figure 3.2 is a developed layout of a slice 

in the radial-tangential plane of one repeatable winding 

section with two independent stator windings of zero over-

lap longitudinally (tangentially) and a continuous, conduct-

ive secondary. This is the basic model and if desired the 

number of primary windings in any repeatable section may 

be infinite if the order of the system of equations is not 

a constraint. To be shown, most applications will require 

the solution of either 7 or 13 simultaneous equations. 

In order to limit the system equations for a general 

9-Pinch configuration, as exemplified by Figure 3.2, to be 

third order, the following assumptions must be adhered to: 
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i) The radial permeability in all the tooth sections 

is infinite, i.e. 

p r l = 0 9' p r 2 = 00' a n d ur3 = " 

ii) The excitation current sheet for section 0=0 to 

9= 9-̂  must be moved to the airgap and therefore 

5^=0. In doing so, none of the significant effects 

of wave propagation are lost because = J^ must 

be a series winding to avoid circulating currents 

and thus it is always current forced whereby 

J e(6,t) = J is the amplitude of the stator current 
S S 

wave. 

Although 0, the current loading is still calculated 

as 

iJl N Ij K , 1 

j = 2—2&L A/m periphery (3.2) 
s T s 

where N=series turns/coil (assuming double layer winding) 

I ^ p h a s e current (r.m.s.) 

r g=slot pitch (m) 

K ^ ^fundamental chording and distribution factor 

As far as VAR generation is concerned, the inclusion of the 

&2 a n d 5 3 parameters are crucial (in contrast to 6^) as 

the current J ^ 8 3 ^ a n (* ^asc~^3 n e e c * t 0 determined. Of 

these two, J a e r , is less difficult to obtain by solution a s c 

because this comprises a balanced, polyphase winding prefer-

rably series connected in which case J Q__ is a constant asc 
amplitude whereas J^. is a cage current for which the spatial 
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distribution is not singly defined for the amplitude is a 

function of peripheral distance (and axial location in 

small machines) . In short, two of the three currents are 

confined to known paths but in the determination of the 

corresponding magnetic field densities, all of these solu-

tions will have a space-modulated amplitude for the B field. 

With these simplifications, a final working model for 

a practical 6-Pinch machine is shown in Figure 3.3. The 

quantity of major interests is the radial component of 

airgap flux density, B in both sections 1 and 2. The in-
o 

corporation of the leakage layers 5 £ and 5 g allow the rotor 

current J and the stator condenser current J to be sur-
r asc 

rounded by their own leakage flux B^ in addition to linking 

the common airgap flux; these comprise the total conductor 

flux density, B r 

B r 2 " B g 2 + B 1 2 < 3" 3> 

B r 3 - B g 3 + B 1 3 

where all of these are complex quantities. By applying 

Ampere's Law to the rotor leakage layer of radial thickness 

<5 and enclosing the axial component of rotor current, J r 

B x » - y r 5 J r (3.5) 

where the derivative denotes the space rate of change of 

J r with respect to the tangential direction, a basic ex-

pression of inductance is established. Similarly, by 

applying Ampere's Law to both the airgap and leakage layers 
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simultaneously 

o 
B
s = ( J

S + J
T > g g 

the space rate of change of the radial airgap flux density 

is expressed in terms of the current available for magnet-

ization of the finite airgap g. 

Suppose that the rotor is moving at a constant velocity 

v r (peripheral speed) and that the synchronous field speed 

is 

v s - 2 T f (3.7) 

where Tp is the stator pole-pitch and f is the supply fre-

quency. The difference between the rotor speed and the 

synchronous field speed is denoted by a and on a per unit 

basis this slip appears as 

v - (l-cr)v (3.8) 
r s 

Application of Faraday's Law to the rotor sheet current 

path by using the total flux composed of the airgap and 

leakage components, yields the motional and time dependence 

nature of the induced rotor current as 

P r J r - v r B r + jo)Br (3.9) 

The stator excitation is assumed to be sinusoidal or coin-

posed of a series of sinusoidal waveforms of harmonic 

number h, and at the instant of time t=ir/2a) the spatial 3 
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distribution of the current may be represented as the real 

part of (3.1) or 

J = J Q e - j ' x / t p _ J e - j e ( } 

S S S 1 ' 

The characteristic equation for the airgap is derived by 

substituting (3.6) into (3.9), (3.5) into (3.9) through 

the use of (3.2) to yield the third order system 

- js = ' i V ^ ^ g + i"[ Bg - X r ' J r ] (3.U) 

This may be rearranged to show a complex impedance for the 

rotor conducting material as 

/» ooo r - - O O - » . OB 
vrAr «fg B

g + jjftr + B g " v r B g - ̂ B g = Jsffr + j - ^Mj J s 

Mo 
( 3 . 1 2 ) 

The space rate of change of J is 
b 

o IT A 

and 
oo 
j ; . f £ f . e -

j e (3.14) 
p 

The magnetization Goodness factor is defined as 

T o 2 M CJ 
o . ^ f t T - C.») 

The use of the last three equations in (3.12) permits the 

characteristic equation for the airgap to be expressed in 

final form with the non-dimensional parameters G and a 
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owu 
(1-cr) T p c B g + T t 

TT3 P r 1Ta Pr J 

OO O 
B g - ( l - o - ) G ^ B g - jG B c = 

7r 

A 1 
-i G J P — J s rr Vs 1 + 

g 

-je 

(3.16) 

Therefore, for the first section, 6=0 to 9 = © ^ t h e airgap 

equation is of the general form 

OOO OO o —1© 
C 3 B g + C 2 B g + C l B g + C 0 B g = F e J (3.17) 

The general solution to (3.17) will yield 3 terms, all of 

which may be classified as electromagnetic transients and 

their attenuation constants m a y be found by solving the 

auxiliary equation 

<oT2'X
3(l-tf )<X3 + 'X2 (l+j"T 2)*

2 - G^(l-<r)c( -j G = 0 

(3. 18) 

for the roots a^, a 2 , and a^. The rotor leakage time 

constant is defined as the ratio of the leakage inductance 

per axial-by-tangential square to the rotor surface resist-

ivity 

V r 
T2 = (3.19) 

To determine the attenuation constants for the condenser 

section, the only major modification to the homogeneous 

equation is to increase the linear (C^) and constant (C Q) 

terms according to the increase in surface impedance between 
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the rotor sheet and the ASC linear current sheet. There-

fore, (3.17) is now of the form for 0=6^ to ©=©2 

C 3 B ° g + C 2 B g + C^ B g + C q B s = F ' e " j 9 ( 3 . 2 0 ) 

where the primed quantities denote the changed variables. 

The space attenuation constants for the condenser section 

are the roots of 

c a T 2 ^ 3 ( l - c r ) * 3 + * 2 ( l + j a > T 2 ) < < 2 - G ^ l - < r ) [ l + 3 ^ 2 H 1 , 
L V i 

.jG [l + a 0 J L V j ^ ^ l J 

( 3 . 2 1 ) 

To complete the general solution of (3.17), the entire re-

presentation requires that the airgap flux density be 

separated into steady-state (forced response) and transient 

(natural response) components, and moreover, from the 

aspect of determining real and reactive power flow, it is 

convenient at this point to further separate the radial 

airgap flux into in-phase and quadrature components with 

the stator current serving as the time-phase reference. 

In-Phase Component B = B _ + R e a l S A ^ e 0 6 1 1 6 ' < 3 - 2 2 ) 

P pss n=l n 

Quadrature Component B ^ = B q s s + I m a g ^ A n £
a n e ( 3 - 2 3 ) 

where e'=e t 7r (3.24) 
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B pss = ftr Js <|cos 

cT OJ t 2 + + J^jcos(e) - sin(e)j> B q s s = S d l 
^ CJ V s £ 

(3.25) 

(3.26) 

and the non-dimensional decrement factor is 

e= (1 + w T 2 / G )
2 + (1/a G) 2 (3.27) 

The steady-state equation for the condenser section is of 

the same form as (3.25), (3.26), and (3.27) except that the 

rotor surface resistivity must be replaced by the ASC surface 

resistivity, the rotor magnetic depth 5 2 is replaced by the 

ASC magnetic layer 5 ̂  and the Goodness factor is modified 

for a limited section of airgap periphery to 

G = G 1 + ?2 + i^hMz 
P 3 + jcu ^ 3 X 3 

(3.28) 

and the ASC leakage time constant may be expressed as 

(3.29) T -
 w

3*3 
3 p 3 

Without restriction on the numerical value of 9 p the 

steady-state airgap flux density for the periphery at a 

location greater than 0 is 

B = i 3 pss v 
" " T s ] s i n ( e ) T s / T ^ c o s ( e ) } ( 3 , 3 0 ) 
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where Ki is not a scalar constant (as J was in the excit-
1 s 

ation section equations) but a complex number that depends 

on the rotor speed, phase of the rotor current and loading 

of the ASC electric circuit. 

All of the exponential attenuation constants are 

known at this stage, but the amplitudes of the transients 

A^, A 2 , and A^ remain to be found for both sections as 

well as the airgap flux "steady-state" component over the 

ASC section, a total of 7 terms. There are two rules for 

determining these transient component coefficients. 

Fundamentally, the e-Pinch machine must satisfy boundary 

point conditions at two points in the machine, and 9 2 . 

At each boundary point there are three quantities that must 

be matched at all times; they are 

a) the total rotor sheet flux density is continuous, 

b) the airgap flux density is continuous, and 

c) the total rotor sheet current is continuous. 

The meaning of continuous is that with respect to the bound-

ary position shown in Figure 3.3, the normal component 

(radial) of the flux density must not experience any abrupt, 

stepped transitions if the a^, a 2 and a^ transients are all 

considered; the same is also true of the axially directed 

rotor current. The leakage flux at the boundary may not 

experience abrupt jumps but this is already implied by 

conditions a) and b). 

Therefore three independent boundary conditions have 

been established at each boundary which results in six of 

the seven remaining coefficients capable of being evaluated. 
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Implicit in the one-dimensional representation of the airgap 

flux and currents, the integral of B , B , J , J or J 
° r' g' s' asc r 

must be zero around the circumference on a continuous basis, 

i.e. at every point in the cycle (under the assumption of 

balanced polyphase windings) 

©X r J s e ~ j e d© = O (3. 32) 

©2 

f 
J asc 

e i 

e 

-j© 

d© = © (3.33) 

6 1 
/

~ 2 - j © 

J r e de = O (3.34) 

By application of Ampere's Law it follows that 

e l 
/ ®2 B d© = O (3. 35) r 

© J 
e 2 

B g d© = O (3.36) 

In particular, the most valuable integral condition 

is that the asynchronous condenser current loading is a 

net zero value because this is an independent condition 

and consequently the system of seven simultaneous equations 
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may be solved and finally the coefficient B in the con-
gss 

denser section is determined. 
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C. Approximate Solutions 

If the sharp transients c^ and a^ are neglected and the 

rotor current is assumed to consist only of the slowly de-

caying a t r a n s i e n t and the steady-state current, this total 

rotor current, J r bears a rather distinct relationship with 

the stator current loading under the assumption that 

i) G >> 1 

ii) ojS^ ~ ^ 

iii) dG > 1 

and at a location such that 0 > 7 r / a 2 T p i this rotor to stator 

relationship is 

A 

J r ^ — ( 3 . 3 7 ) 
1 + C J T 2 / G 

while for a location such that e < 7 T / a
2
T p ] > 

A 

* - T T f c i r < 3- 3 8> 

To express the transient amplitudes of the airgap flux 

density over region 6=0 to 6-0^, this may be accomplished 

in terms of the transient component of the rotor current. 

From Faraday's Law applied to a cage rotor 

p t i = \ V i u B s ( 3 * 3 9 ) 
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and integrating the general expression for B from (3.17), 

the transient amplitudes of B^ are 

A / x a Pz Jr(a) 
•(n) 

u r + <* ( n) 

( 3 . 4 0 ) 

The approximate value of B at just the point where it may 
O 

be said that the c^ transient is insignificant, is for 

e=ir/c<2 T p l 

-P 

g 

A 

sfs r 1 

u r L 1 + cjT 2 / G ( 3 . 4 1 ) 

Here it is assumed that G>>1 but with no slip 

restriction because the term u rather than u is included r s 

in (3.41). However, at locked rotor a better approxima-

tion is 

- P2 Js 

g u. (1 + ^ T 2 / G ) - j /G _ ( 3 . 4 2 ) 
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D. Exact Solutions 

The exact solution for the airgap flux density at all 

points along the airgap gives the desired output of this 

machine after simply one integration of the in-phase B 
§ 

component with the rotor current to yield the mechanical 

power developed 

e l 

P m = J i r j B p ( G ) J s d e Watts (3 .43 ) 

0 

This differs from the generalized machine theory approach 

[13] because the latter requires that the amplitude of the 

airgap flux density is constant around the machine peri-

phery; thus the equivalent of the synchronous machine 

power angle does not exist in the space-transient induction 

machine unless such a model defines separate power angles 

for each pole, or better for each slot pitch. 

The reactive power circulating about the motoring 

winding is given by 

B q ( © ) J s d© V A R s ( 3 . 4 4 ) 

where the total airgap flux may be expressed in complex 

form as 

B t ( G ) = B p ( 0 ) + j B q ( 9 ) < 3- 4 5) 
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In practical "6 -Pinch" machines, the total flux at S 2 

must be matched to the total flux at 9 =0 and this is called 

the re-entry or carry-over flux for it exists at the exit 

end of the condenser windings which is the start of the 

motoring winding. To simplify the functional dependence 

of the re-entry flux, suppose that the only function of 

the a2 and a^ transients is to match boundary conditions 

perfectly right at the transition point. Here it is 

assumed that the main and ASC windings do not overlap but 

that the transition is abrupt and finite. However, in 

terms of affecting gross quantities of reactive VA, mechan-

ical power output or terminal voltages, the ct2 and a^ 

transients are negligible. This has been confirmed ex-

perimentally as discussed in Chapter IV. Thus it may be 

concluded that the usefulness of these quickly decaying 

transients lies in matching boundary conditions as demand-

ed by one type of mathematical approach. 

For performance calculations, the airgap flux density 

may be accurately represented as 

0 < © < e 1 B g ( 9 ) = B g s s + B ^ 1 ® (3.46) 

e r e < e 2 B g ( e ) = b 2 e*i(®'-®i) ( 3 A 7 ) 

A 

B g s s = P * J s 0 . 4 8 ) 
* cr u s e 

and all other quantities are complex. In the motoring 

region, corresponding to (3.46), the principal transient 

attenuation coefficient is (from Appendix IV) 
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_ 1 
a l - ~ — .G(l -c r ) J + wT 2(l-a) 

+ J T^T (3.49) 

1 + i ii 
u r T 2 

(3.50) 

In the motoring region, the fast a 2 and a^ transients are 

- IT 
"2 ' « p l V - T 2 

1 + 
2 [ ( l - o ) V G o)T2' - j uT 2] 

(3.51) 

a 3 = 

T p l 
uT, 1 -

2[(l-cr) VGo)T2' + j w t J 
(3.52) 

In the condenser region, the last two transients effectively 

have either their rate of decay speeded up by the (1 + X) 

term. 

a 2 = - x 2 V s r f ^ ^ l 1 + 
2(1+X) [(l-a)VGwT2(l+X)' - j u T j 

(3.53) 

a 3 = 

2 (1+X) [(1-cr) VGO3T2(1+X)' +ja>T2] 

(3.54) 

Mo L o 
where X = „ r = — 

y 2 2 l 2 
(3.55) 

X 2 = Rotor pole pitch/ n
-
 = * 

The airgap flux density inside the condenser region, B 2 

may now be exactly calculated after defining the terms 
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G' = G(1 + X) 

T 2 ' = T 2 ( I + X) 

A ' = A ( I - a ) 

(3.56) 

(3.57) 

(3.58) 

and utilizing six auxiliary component terms as 

B„ = 
Term A • Term B p r J S . B ; J 2 r s 

2 Term C - (Term D/Term E) * Term F cr c <s u„ c 

where Re 

Im 

Re 

Im 

Re 

I m 

Re 

I m 

Re 

Im 

Re 

Im 

Term A 

Term A 

Term B 

Term B 

Term C 

Term C 

Term D 

Term D 

Term E 

Term E 

Term F 

Term F 

- 0 1 / u r T 2 * 
1. - 6 cos (w0^/u r) 

= 1 . 0 

- - 1/(0) T V ) 

sin (-wO^/u ) 

( 3 . 5 9 ) 

(3.60) 

(3.61) 

—0 /u T 1 

= 1 - e 2 r 2 cos(o)0 2/u r) (3.62) 

= - e r z sin(-o302/xrr) (3.63) 

^ - ( e o - Q O / u T ' 
= 1 - € Z 1 r Z cos(a J(0 2-0 1)/u r) 

(3.64) 

_ - ( © o - e ^ / u T ' 
z 1 r z sin(- u(0 2-0 1)/u r) 

o) 2T 2' (O 2-0 1)/U i 

== - ( e g - e p / u 

-0,/u T 9
r 

1 - € 1 r Z C O S ( a j 0 1 / u r ) 

_ -0-,/u T ' 
- e 1 r z sin( -o )0 1/u r) 

(3.65) 

(3.66) 

(3.67) 

(3.68) 

(3.69) 
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The excitation transient flux amplitude may be expressed 

as a function of the condenser transient flux amplitude 

since "carry-over" is crucial 

B i = -
•t , Term G „ * 
1 + Term H ' a2 

Pr Js 
1 (3.70) 

- l / u r T 2 

Re [Term G] = 1 - e [ y c o s +lj, s i n ( 3 < n ) 

-1/u T 9 

I m [Term G] = - 6 r sin (-<J>) - iff cos (ip)] (3.72) 

Im [ T e r m H ] = - 2 w ( © 2 - © j ) / u r (3. 73) 

R e [ T e r m H] = ( © 2 - © j ) . (cu* T^ - 1 / T ^ ) / u r ( 3 . 7 4 ) 

9 

where r ® 1 + u T 2 ( Q 2 ' Q l ^ u r (3.7&) 

IP = CO ( 0 2 - 0 1 ) / u r (3.76) 

and again 0 is.in units of meters airgap periphery for 

all equations (3.60) through (3.7 6) as expressed by (3.24). 

The external load placed onthe asynchronous condenser, 

(e.g. the main excitation winding) must be referred to the 

airgap so that an effective and an effective f^ 1 

may be used to represent the complex load on the ASC 

electric circuit. The condenser leakage time constant 

as originally expressed in (3.29) may be expanded to 

2 
Uo + Q „/3 'J (13 L« 

T« = = (sec.) (3.77) 

e 3
+ P a s c / 3 ' J a s c *3 

Q is the total VAR generation which must supply leak-a s c 

age and magnetizing requirements of the main winding and 
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is the power extracted from 'or feed into the rotor 
asc 

2 
in excess of that required to supply the I R losses of 

the condenser winding. Both the individual magnitude and 

phase of and P can be varied by the (slip-controlled 
asc asc 

phase angle difference between the internal generated con-

denser emf, Eq and the terminal voltage V t of the entire 

machine. However, the total apparent power S 

— t 

= V q ~ + 
•asc 

asc of the condenser output is substantially constant 

and the. approximate analytic expression of S m a x per unit 

strip length is 

g e B t p r _ S e B 2 ( 9 i )
2

U ] 

max 4 v 4 w 

( 3 . 7 8 ) 

The exact way to find the limit on 

^asc a ^asc(output) + ^asc(internal) 

is by performing the integrations 

Qasc - I m M V e > J a s c d e 

a n d P q c o = R e ^ i B 9 ( e ) J „ d e 
asc I 2 V 2 asc 

( 3 . 7 9 ) 

( 3 . 8 0 ) 

The purpose of digital calculations are to maximize the 

ratio Q„ / P _ which are done by ^asc asc J 

a) changing the relative length ©2~®1 respect to 

b) changing the rotor resistivity p 2 and layer depth 
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62 in relation to the effective surface resistivity 
i 

and inductance of the ASC referred to the airgap. 

If the total a i r g a p f lux dens i ty in the t e r t i a r y sect ion a s e x p r e s s e d by 

(3. 59) i s eva luated at © 2 and © j t r ans i t ion points , the rat io of these i s 

B 2 ( © 2 ) l - [ l + j o / o ^ Q g - e ^ T g i ] e
 a i ( e

2 ~
e
i ) 

B,(e,) x) [j . e
a
i

( e
2 -

G
i ) ] . j w a ^ e ^ j T , 

(3 .81) 

In the l imi t that T 2 f a p p r o a c h e s z e r o in (3. 81) a s would be the c a s e f o r a 

r e s i s t a n c e - l i m i t e d rotor and the t e r t i a r y winding u s e d for speed control 

( r ea l power) appl icat ions , then (3. 81) r e d u c e s to B2 (© 2 ) /B2 (©J ) = i . o. 

Figure 3.4 is the 10 voltage-source equivalent circuit 

valid for low-Goodness SCIM units and Figure 3.5 is the 

30 current-source equivalent circuit valid for high-Goodness 

factor SCIMs. Preferably, P a s c to supply the £3(^-3) loss 

should be supplied entirely by the mains rather than by 

the rotor. The condenser internal voltage E^ (peak value) 

is a straightforward integration after B 2 ( q ) is found nu-

merically. 

E q = u 

0 

J B 2 ( 0 ) d© x turns & winding factors 

( 3 . 8 2 ) 
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F i g . 3 . 4 Equiva lent c i rcu i t of i n t e g r a l induction m o t o r - a s y n c h r o n o u s condenser 
with vo l tage s o u r c e t e r t i a r y model ; val id for low Goodnes s m a c h i n e s . 
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* 2 a 
A A A ^ V v -— ^ 0 ^ " ^ > T > 

h 
A 

V a 

Q 
f 

3 a 

r ^ ^ - ^ V V V V W 

1 X 3 R , 

a = e ' j l i r / J 

F i g . 3 . 5 T h r e e - p h a s e c u r r e n t - s o u r c e equivalent circuit of the 
integra l induction m o t o r / a s y n c h r o n o u s condenser; val id 
for h igh-Goodness m a c h i n e s and s l ip s l e s s than 10%. . 
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E. Computational Results 

The most basic expression of the apparent power trans-

ferred from the primary to the tertiary section is based on 

2 

the B t u r energy of the airgap at exit-edge (9-^) per unit 

of stator width as given in (3.78). This is based on the 

earlier work of Williams and Laithwaite C13 ] who explained 

real power losses in spherical induction machines at the 

exit-edge of the primary block by the same formulation as in 

(3.78) except that all power that was transferred only pro-

duced back-torques since no tertiary windings were incorpora-

ted in the early short-primary machines. Nevertheless their 

generalized expressions have served as the basic guide for 

estimating the performance of both the rotary and linear a-

synchronous condenser concepts; Figure 3.6 shows the effect 

of magnetizing current on the normalized exit-edge reactive 

power transfer as a function of slip and for values of G from 

tt/2 to infinity. The base quentity is the steady-state secon-

dary real power loss in an equivalent electrical machine 

which is 

P 2 - % e 2 J s
2 m p l (3.83) 

Figure 3.6 is specific to the case of n = 4 poles of primary 

per repeatable section; it neglects rotor leakage induc-

tance (L 2
 a 0, T 2 =» 0) and thus the non-dimensional decre-

2 
ment factor is e = 1 + (1/a G) in the expressions for the 

total radial (normal) airgap flux density B (9 1) = B . For O 

Figures 3.6 - 3.8, the expression for B t given in (2.3) has 

been used rather than (3.46) or (3.47). Figure 3.7 shows 

the normalized exit-edge power transfer for the case of 

G = 212 and n = 1 through n = 4 poles per primary; the addi-
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tional four curves with dashed notation are not for design 

purposes but show the result of evaluating (3.78) using only 

the Bq component as given by (2.2) to indicate the relative 

contribution of the time quadrature flux which is most con-

2 
siderable. The n =* 3 curve (based on B t ) is the most gene-

ral design curve appropriate to the G = 212 SCIM-Mk.II 

machine when using one tertiary (ASC) pole per repeatable 

section in an eight pole machine with two repeatable sec-

tions. These characteristics all assume zero entry-edge 

flux so that they are only exactly appropriate for sheet-

rotor linear motors with condenser windings; the next set 

of curves do account for the carry-over flux peculiar to the 

rotary machines. Figure 3.8 is the normalized exit-edge 

reactive power transfer for the case of G = 212 but for the 

less practical pole numbers of n = 5 through n = 8. 

The radial airgap flux density over the tertiary winding 

has been calculated from (3.59) through (3.69) with the 

time constants and speeds as listed in Table 3.1. This spe-

cifically considers the case of re-entry flux present over 

the primary winding section; the only two major assumptions 

are 

(i) that the primary is sufficiently long with respect 

to the tertiary length that all re-entry tran-

sients have decayed completely over the length of 

the primary so that there are no extraneous effects 

at the main exit-edge, 9^, 

(ii) that both primary and tertiary have zero overlap 

although in double layer windings, a six to eight 

slot overlap region is common; the analysis has 

an abrupt transition at 9 1 and 0 9 . 
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T a b l e 3. 1 

P a r a m e t e r s u s e d in Computer Contour P l o t s of Trans ient A i rgap F l u x Density-

F i g u r e s 3. 9 and 3. 10 

F r e q u e n c y ( r a d / s e c ) ; QJ 314 

E f f e c t i v e Rotor T i m e Constant , ( s e c ) , T 2 ' 0 . 0 0 2 —0.04 

Exponent ia l Decay Argument , c ^ ( © ^ - © ^ 0. 025 - *31 . 0 

T e r t i a r y P o l e s , ( © 2 - © x ) / r p 3 0 . 1 0 — 6 . 1 9 8 

Slip, (per unit), c1 0. 033 

F i g u r e s 3. 11 - 3. 14 

F r e q u e n c y ( r a d / s e c ) , cu 314 

R o t o r Coupled T i m e Constant , ( s e c ) , T 2 f 0. 002 — 0. 04 

Attenuation Coef f i c ient , R e a l C o m p . , (m~ 1. 33 — 26 .6 

Attenuation Coef f i c ient , I m a g . C o m p . (m" - 1 6 . 7 

R o t o r Speed ( m / s ) , u r 18. 79 

R o t o r R e s i s t i v i t y , (Ohm), ? „ 5 .46 x l O " 6 
r 

A 3 
P r i m a r y C u r r e n t Load ing , ( A / m pk), J s 45. 4 x 1 0 

P r i m a r y Section: T e r t i a r y Sect ion Length 4. 0 Constant ra t io 

T e r t i a r y Length at 3. 3% sl ip , (m), © 2 - © j 0. 0 1 9 4 1 6 4 
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To show the effectiveness with which the tertiary absorbs 

power and attenuates the B field over this section before re-

entry, (3.59) has been evaluated at and 0 2 with the ratio 

of these two values plotted as a two-dimensional contour map 

of B 2 (9^/B 2 (9^) for the separate real and imaginary components 

as shown in Figures 3.9 and 3.10 respectively. The ordinate 

represents the rotor plus tertiary coupled time constant, 

» i 

T 2 + T 3 = T 2 and is plotted to the value of T 2 = 0 . 0 4 se-

conds which is appropriate for megawatt size machines. The 
» 

112 KW, 8 pole laboratory unit has a T 2 value of about 

0.0 35s. The abscissa represents the number of tertiary 

poles at a 3.3% slip (the preferred value for the 112 kW 

unit) that are incorporated according to the relation t ^ = 

T ^ (1 -cr) ; this parameter should not be considered to be the 

same as longitudinal position in the tertiary section since 

the abscissa is the total number of poles. These two figures 

conclude that for very large machines and for example, one 

tertiary pole, the B^ component of flux at re-entry will not 

fall below 68% of the "exit" value and that the B^ component 

will not be above 5% of the exit value exactly at the entry-

edge of the primary. These may be considered to be the master 

design graphs for the asynchronous condenser O-Pinch technolo-i 

gy. It should be emphasized that the T 2 parameter is a 

strong funciton of the phase angle of the tertiary current 

with respect to the primary current as depicted by Figure 2.42. 

Both Figures 3.9 and 3.10 may also be calculated directly 

from the closed-form expression (3.81) if only the boundary 

ratios are required. 

The transient component of airgap flux density that is 

present at the entry boundary of the primary and as calcula-

ted from (3.70) through (3.76) is shown in Figures 3.11 - 3.13 
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for the real and imaginary parts. This B^ flux decays through-

out the entire primary region with the exponential constant 

as given by (3.61); the steady-state value of flux density 

(superimposed on the transient) is the standard expression 

for B as given by (3.48). In addition to the parameters 
o 

given in Table 3.1, the only major assumption is that the 

decrement factor e from (3.27) is unity since these contour 

plots consider G > 200. 
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F i g u r e 3 . 6 E f f e c t of m a g n e t i z i n g cur ren t on ex i t -edge r e a c t i v e 
power t r a n s f e r f o r s h o r t - p r i m a r y m a c h i n e s with no 
ro tor l e a k a g e inductance ; or ig ina l ly p r e s e n t e d in 
R e f e r e n c e 13 f o r e x i t - e d g e r e a l power l o s s e s . 
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F i g . 3.9 Contour l i n e s of constant r a t io of the rea l component of a i r g a p f lux 
densi ty B 2 ( © 2 ) / B 2 ( © x ) i n s i d e the condenser region* ca lcu la ted 
f r o m (3. 59) - (3 . 69). 



233 

0. 04 

0. 002 
0. 01 2 . 0 3 . 0 4.' 0 

ASC P o l e s at 3. 3% Slip 

F i g . 3.10 Contour l ine s of constant r a t io of i m a g i n a r y component of a i r g a p 
f lux density in s ide the condenser region; ca lcu la ted f r o m (3. 59) -(3 69} 
B 2 ( e 2 ) / B 2 ( Q l ) ' ' 
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ASC P o l e s at 3. 3% Slip 

F i g . 3. 11 Lines of constant real component of the transient airgap flux density at 
the entry boundary of the p r i m a r y region ver sus tert iary region length.. 
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ASC Po le s at 3. 3% Slip 

F ig . 3.12 Expanded sca le view of F i g . 3.11 for the contour lines of constant 
real component, transient a i rgap flux density at the entry to the 
pr imary winding(©2) ver sus total ASC section length 8c optimum slip. 
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T e r t i a r y Poles at 3. 3 % Slip 

F ig . 3. 13 Contour l ines of constant imaginary component of the B j . transient 
radia l -directed airgap density at the entry to the pr imary section. 
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Tertiary P o l e s at 3. 3 % Slip 

Fig . 3. 14 Contour l ines of constant imaginary component of B j transient rad-
ial directed, airgap flux density (in Tesla) at entry point of primary 
and focusing on region from resistance- l imited to inductance-limited 
rotor + tertiary character is t ics using parameters given in Table 3. 1 
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3.2 SPACE HARMONIC REPRESENTATION OF PRIMARY MMF 

This section describes a first-order mathematical 

analysis of the primary magnetomotive force space distri-

bution peculiar to the non-integral wavelength winding 

configuration of the LIM-ASC machines. The method present-

ed makes use of linear superposition of active and image 

primary currents and does not consider the contribution of 

the reaction rail MMF. In modelling the primary MMF, 

identical LIM-ASC machines are situated adjacent to the 

central machine along the direction of the travelling field 

and are periodically spaced at the next integral wavelength 

beyond each non-integral wavelength winding. This allows 

the excitation to be represented by discrete steps and the 

Fourier components are directly synthesized (without trans-

formation) into a series of travelling waves to model the 

MMF distribution. 

Figure 3.15a depicts the winding configuration of the 

central LIM-ASC primary and sections of two primaries that 

are included in the infinite series of longitudinally ad-

jacent machines. It is assumed that the primary currents 

are sinusoidal, the fundamental wavelength is that of a 

phase belt, and consequently the adjacent primaries are 

spaced at a pitch of exactly six wavelengths. 

Figure 3.15b shows the discrete representation of the 

phase A MMF for a continuous winding that includes the actual 
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MMF as shown in Figure 3.15a with the addition of the MMF 

contribution if the windings were extended to occupy the 

unfilled slots. The stator core iron is shown to be ex-

tended between the windings although this serves to graphic-

ally separate the adjacent machines. If all three phases 

of a continuous winding are excited such that each has an 

MMF magnitude of NI/p over a period of 120° per pole, 

the fundamental MMF component per phase is 2VST NI/ Tp and 

the harmonic representation of the resultant travelling wave 

is 

F(y , n = I , 5, 7 . . . co) = 3 >/? • • *dp(n) 
* p n 

r . (nttx s . / nTTx 
- c J t ) + g e J ( — + W t ) 

P P 
L n = 7 , 1 3 , 1 9 . . . n = 5 , 1 1 , 1 7 . . . J 

(3 .84) 

where n =» order of harmonic 

N = number of turns/pole/phase 

I = primary current (r.m.s.) 

x ~ longitudinal distance in direction of forward 
travelling wave 

p = number of pole-pairs 

K d p ( n ) = distribution factor and pitch factor 

- sin ( nw/3) S i n ( n " / 6 ) (3.85) 
5 sin (n7r/30) 

Figures 3.15c, 3.15d and 3.15eshow the MMF distribution 

for the individual phases comprising the image MMFs which 

are directed opposite to that produced if conductors of a 
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continuous winding occupy the unfilled slots in the entrance/ 

exit regions of the machines. The adjacent machines are 

spaced at a pitch of six wavelengths, resulting in an image 

MMF per phase of only one wavelength/machine for which the 

general harmonic analysis of the standing wave, as shown in 

Figure 3.16 is 

*fi 

1 
12TP 

a 
i n 

F i g . 3. 16 A r b i t r a r y MMF standing wave due to ent ry /ex i t reg ion 
i m a g e c u r r e n t s . 

f ^ n ^ E . ^ [cos(nTT/36)-cos(5nrr/36)] sin(rmj~) sin(ot) 

(even) 

To change the zero-sequence standing waves to be compat 

ible with the continuous winding representation by the 

travelling waves, (3.36 ) can be transformed into positive 

and negative-sequence travelling waves as 

CO -J 

f,(y,n,t)=X]^ [cos(nTT/36)-cos(5nW36 ) ] [ e j ( n , 1 ^ F" a , t )-€ j ( n"67; 

(even) 
(3 .87) 

The summation of all travelling wave components due to 

entrance/exit region image MMF distribution of all three 

phases is 

00 
fA + fB + fC = Kdp(n)[cos(nn/36) - cos(5nrr/36)] 

ft** n 

{ e j ( m T 6 7 r u t ) [ e " j 9 A _ e -
j ( V 2 " / 3 > + e - j (

9 c - 2 * / 3 ) 



242 

+ e J ( n T T 6 % e " j . e " j ( 9 b " 2 x 1 / 3 } - v e " j c 0 C + 2 T T / 3 ) ] J 

f o r Q A = 3 3 t t / , 8 > G B =34TT / I8 , 0 c = 3 5TT / I 8 ( 3 . 8 8 ) 

Alternately, the posit ive and negative sequence components of image 
MMF a r e 

OO 
fA + fB + V ^ r K d p ^ n ) [cos(nn/36)-cos(5nTT/36)J 

where af=l.396, <*b=-0.698, Af=2.285, Ab=-I .684 

Figure 3.15f shows the superposition of the continuous 

wave MMF and the image MMF for phase A when the current is 

peaking. The summation of equations ( 3 . 8 4 ) and ( 3 . 8 9 ) 

yields the total space distribution of MMF for the non-

integral wavelength LIM-ASC primary. The relative harmonic 

amplitudes of this waveform with respect to the fundamental 

MMF components is defined as 

Total MMF space distribution - Continuous 

wave fundamental component 

Continuous wave fundamental component 

F(y,n=5,7,ll,.. .«xt) + f A + f B + f c 

F(y,n=l,t) 

- -

+ J[cos(n1T/36)-cos(5n1T/36)] K d p ( n ) \ t l p j g j ' K ^ f + «tj 
««a(ewen) I

 n
 n 

where A =3VTsin(Ti/3) sin(Ti/6) 9 0 ) 
5 sin(rr/30) 
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3.3 SYNCHRONOUS ROTOR-HARMONIC INTERACTION. 

This section presents a brief theoretical analysis of 

the synchronous crawling phenomena exhibited by cage-rotor 

induction machines when either 

a) the MMF pattern created by the particular rotor 

slotting interacts synchronously with the stator MMF har-

monics to produce a primary electromagnetic torque exceeding 

the fundamental induction torque. It should be emphasized 

that this is not an induction nor a reluctance torque, 

occurs with symmetrical wound primaries, is a function of 

the rotor slot skewing angle, and is most prominent at 

speeds less than 50% of the fundamental synchronous speed. 

b) the MMF pattern created by a space-transient ridden 

symmetrically-construeted cage rotor interacts synchronous-

ly with stator MMF harmonics to produce a primary electro-

magnetic torque exceeding the fundamental induction torque. 

This is not an induction torque nor a reluctance torque, 

principally occurs with asymmetrically wound primaries, 

is largely dependent on rotor slot skewing and is most 

prominent at speeds greater than 50% of the fundamental 

synchronous speed. 

The nature of torque production may be clarified, when 

at any motional speed, the flux distribution of rotor and 

stator currents have the same number of poles and are 

traveling at equal field speeds in the same direction and 

consequently either positive or negative sequence torque 

will be developed. This depends on the relative MMF posi-
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tions in the airgap, irrespective of whether these component 

MMFs are positive or negative sequence. The torque so crea-

ted could either be an induction or synchronous type; the dis-

tinction depending entirely on how the rotor flux density is 

established. To be an induction torque, the rotor flux must 

be initiated by an MMF that is induced by a stator flux of 

the same number of poles. The two component fields always 

travel at the same speed regardless of rotor speed, o>r 

because the field speed produced by rotor currents at fre-

quency aw as seen by a stationary observer is 

b 

aw g + a>r = aa>s + (Js(l-a) = ajg (3.91) 

where a= per unit slip and oj is the synchronous field speed. 

Conversely, the synchronous type demands that the rotor flux 

is established by a current that is induced by a stator flux 

of a different number of poles. Here two field components 

propagate at the same velocity and develop a constant ampli-

tude torque only at distinct rotor speeds. Yet, when these 

fluxes interact it is understood that a steady resultant 

torque demands equal harmonic wavelengths of both MMF dis-

tributions . 

In short, the difference between induction and synchronous 

phenomena is entirely dependent on whether it is a harmonic 

primary MMF that induces the harmonic secondary current (as 

in the former) or if it is a fundamental primary MMF that 

induces a harmonic secondary current which reacts with other 

then fundamental primary fluxes as in the latter case. Nu-

merous literature exists on subsynchronous harmonics but 

all of this is devoted to the induction type. Notwithstanding, 
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a common misrepresentation that has been used is that har-

monic torques may be modeled by superimposing a harmonic 

speed-torque curve over a fundamental torque characteristic -

both of these assumed constant primary excitation. Yet ins-

pection of all experimental data on this subject reveals 

that the overall response is best represented by a constant-

voltage fundamental torque characteristic overlayed with a 

constant-current harmonic speed-torque curve. This can be 

confirmed theoretically by the following analysis which con-

centrates on the synchronous phenomena; which is so pertinent 

to the 0-Pinch technology. 

Suppose that a symmetrical cage rotor is modeled by a 

system of identical coils instead of a continuous surface-

layer current sheet such that a single current path in ad-

jacent slots establishes an equivalent current loading of 

where it is understood that each rotor bar carries a total 

current 

The MMF distribution due to just one coil of such an array 

may be represented as in Figure 3. 17 over two full poles. 

Here it is assumed that positive and negative MMF integrals 

are equal and thus the ratio of these two is 

j = J sin U / 2 n b ) e j ^ - ^ s ^ A/m ( 3 . 9 2 ) 

where k = 1 . . . n, (3. 93) 

MMF(-) • [2tr - 2 tt /k_j] = MMF(+) • [2 tt /k j] (3.94) 

k_J [2 ir - 27r/nbP] = k + J [27r/nbP] (3.95) 
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d i s t r ibut ion a s a funct ion of a i r g a p p e r i p h e r a l locat ion. 



247 

' ~ n b 
P-l ( 3 . 9 6 ) 

The Fourier series representation of the partial MMF wave 

may be reduced to a cosine series without a DC component as 

GD 
-i 

( 3 . 9 7 ) a^ cos (ke) 

k=l 

V 

where a k = - / (n^P)J cos k e de - I J cos ko de / 
7T 

2 
IT 

J nT.P Ir 
-IT- ' s i n ^ k n b P 

( 3 . 9 8 ) 

Therefore the total MMF contribution of an isolated rotor 

current path is 

00 

F = J / krr v 
HE ' s i n cos (ke-cot) + cos(ke + cot) 

(3.99) 

under the assumption that current is arbitrarily zero at 

t=0 and positive sequence waves propagate in the positive 

0 direction. In general, the other component currents may be 

included as 

H-. P , ^ 
D 0 0 

F = 
n kit N 

^ s i n < 5 £ F > cos(ke - cut + 2 ( n " ^ ) k T r 

V 

_ (nzl^L) + c o s ( k 0 + u t + 2(n-l)ktr + ( p± J L ) 

n b b b 

(3. 100) 
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Note that the positive sequence waves differ in phase by 

( n ~ F " n ^ 71 radians (3.101) 

while the negative sequence waves differ in phase by 

2V 1 
( = 4 + * radians (3. 102) 

b b 

This is nothing especially new in machine theory, the phasor 

sum of all rotor harmonics will always be zero assuming in-

tegral k and P values until either (3.101) or (3.102) is 

zero or an integral value of 2u , as is standard in modu-

lation theory. Both waves now have 2k poles and thus (3. 100) 

is simplified to 

F = — sin (zr-S) fcos(k e - u> t) + cos(k0 + w t) 1 
7T rC b 

(3. 103) 

To illustrate the magnitude of the synchronous crawling 

effect, the slotting details of a 112 kW, 8 pole cage 

machine (the SCIM-MK II unit) have been used to evaluate 

the above expressions as well as substantiating these 

predictions with observed locking torques. The rotor has 

94 slots and the stator is wound in 72 slots. Table 3.2 

presents the synchronous MMF poles for the 1st, 5th, 7th, 

11th and 13th harmonics for both positive and negative se-

quence fields. 

For the case of 80 rotor slots, the 152 pole field 

or 19th harmonic is synchronously locked when these fields 

have zero relative speed which occurs at a speed 2w /152 
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Table 3. 2 

Harmonic Pole Numbers for Synchronous Crawling Effect 
Constant Stator Slotting (72) with Variable Rotor Slotting 

Rotor Slots - 94 

P - 8 40 56 88 lCft 136 
+ + + + + + 
8 180 40 148 56 132 88 100 104 84 136 52 

196 368 228 336 244 320 276 288 292 272 324 240 
384 556 416 524 432 508 464 476 480 460 

Rotor Slots - 92 

P - 8 40 56 88 104 136 
+ - + + + - + - + -

8 176 40 144 56 128 88 96 104 80 136 48 
192 360 224 328 240 312 272 280 288 264 320 232 

Rotor Slots - 88 

P - 8 40 56 88 104 136 
+ - + + + - + - + -

8 168 40 136 56 120 88 88 104 72 136 40 
184 344 216 312 232 296 264 264 280 248 312 216 

Rotor Slots =» 84 

P - 8 40 56 88 104 136 
+ - + + + - + - + -

8 160 40 128 56n 112 88 80 104 64 136 32 
176 208 224 256 272 304 

Rotor Slots - 80 

P - 8 40 56 88 104 136 152 
+ - + + + - + - + - + -

8 152 40 120 56 104 88 72 104 56 136 24 152 8 
168 312 200 280 216 264 248 232 264 216 296 184 312 168 
328 472 360 440 376 424 408 392 424 376 456 344 472 328 
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above or below that of the rotor. Equating the negative se-

quence harmonic due to fundamental stator flux with the po-

sitive-sequence rotor flux harmonic 

where the right side term represents the speed of the kP 

rotor harmonic relative to the primary. The solution of (3. 104) 

is 

per unit. This is the primary locking slip for this 80 slot 

rotor. 

On first inspection of columns 1 and 7, it might appear 

that the higher harmonics of the stator flux as denoted by 

the pole number sequence 168, 328, 488, 648 reacts with 

corresponding pole number of rotor flux to produce multiple 

synchronous locking at rotor speeds that are further harmo-

nics of the basic 19th for example at a =( 2k -l)/(2k+l) 

evaluated at k = 19 to yield a' = 0.9487. Unquestionably 

a series of synchronous locking speeds will be produced but 

this obscures the major point of interest. Rather, all of 

these harmonic pole numbers 168, 328, 488, 648 resulting 

from positive sequence stator harmonics as well as the pole 

numbers 152, 312, 472, 632 arising out of negative sequence 

stator flux distributions contribute jointly to producing 

a very stiff synchronous locking torque at the single slip 

value of 0.90. There is an infinite series of harmonic pole 

(3. 104) 

(3. 105) 

and if k=19 then a' , the synchronous locking slip is 0.90 
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numbers at each synchronous locking slip, the only basic 

condition that must be satisfied is 

k = n b ' + V (3.106) 

I 

where n^ is an even integral multiple of the total number 

of rotor bars and h g is a stator harmonic number. Suppose 

that h g Q is a stator harmonic which specifically causes 

the terms 

2 (n-l)kTr (n-l)7r 

n b P * n b (3- 1 0 7 ) 

in (3.100) to be zero, that is k = 

hso - h s - n b / P = 0 (3- 1 0 8 ) 

If the primary contains any two such harmonics, h S Q and 

an arbitrary h that will solve (3.108), the primary and se-o 

condary harmonic pole numbers will be matched. An auxiliary 

physical constraint is that these harmonic fields must pro-

pagate at the same velocity. Clearly the absolute speed of 

the arbitrary primary harmonic is u /h and the speed s s 
difference of this harmonic with respect to the rotor motion 

is w /h - (oo (1 -a). The velocity of the k t h field with s s s 

respect to rotation is 

-2. - U q (1 -a) 
h s 

s 

h P 
(3.109) 

2k 

and by (3.106) this is equivalent to 
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00 
s 

03s (1-a) 
h P 
s 

n ' h P 
b s 

(3. 110) 

Similiarly the h propagates past the rotor at co /h - w so s s o s 

(1-a) and consequently at one particular velocity, these two 

primary harmonics are related as 

GO 

so 

and by (3.108) 

(1-a) a) (1-a) 
s v J 

h P 
s 

nb' + h s P 

(3. I l l ) 

0) [£ - «->] • 
SO 

r , [l-h •<!-«)] 

so 
(3. 112) 

» 8 (1-a) = . s(l-a) | h j / h s Q (3. 113) 

Therefore if it is assumed that both stator fields are 

positive sequence, clearly (3.113) is the only solution and 

this demands h g = h s o « This represents the induction phe-

nomena, for these two components always propagate at the 

same velocity regardless of rotor speed. However, consider 

the effect of having a positive and negative sequence har-

monic of the same number of poles and this can be seen by 

substituting a negative h g o value in the right side term of 

(3.112) as 

(a 
s i r L so 

- (l-o) = (JO 

[1 - h s(l-a)] 

-h 
(3.114) 

so 

so 

2-h s(l-a) 

I^a (3. 115) 
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Equivalently 

If this expression is satisfied (by operating at a speed of 

2/{h + h ) of synchronous) then this constitutes a synchro-o u s 

nous locking torque. The reason that this indicates an in-

finite number of harmonics is due to the fact that only the 

summation, h S Q + h g is involved rather than a product, the 

former having an infinite series of pairs. 

Referring to Table 3.2 the positive sequence 168, 328, 

488, ... arises out of the basic 19th harmonic (h = 19 and N s 

ti = 1) but other contributors are listed in Table 3.3. 
so 

Table 3.3 

h s h Q n so Pole-numbers 

25 -5 40 

31 -11 88 

37 -17 136 

43 -23 184 

45 -25 200 

49 -29 232 
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IV. THETA PINCH CONCEPTS 

4.1 THE QUEST FOR THE ROTARY EDGE 

One marked distinction between the rotary and linear 

machines should be evident, in that it is fundamentally 

an easier task to effect power factor improvement at 

constant efficiency in the latter. This conclusion is 

largely independent of the differences in absolute P.F. 

and efficiency between the two types. Rather, this is 

the result of utilizing the seemingly imperfect magnetic 

structure of the linear machines , which has no exact 

counterpart in the rotary machine. 

The crux of the design problem for a practical 

rotary e-Pinch machine focused on artificially creating a 

transient edge as powerful as the physical exist-edge of 

a longitudinal flux LIM but in the confines of a constant 

peripheral airgap. It is well known from basic theory 

that the concept of magnetic flux may be expressed as 

Flux = Magnetomotive Force 
Magnetic Reluctance 

and if it assumed that by transient, a transient change in 

flux is desired, then clearly two possibilities exist -

either an abrupt change in MMF or reluctance will suffice. 

Clearly the conventional high speed LIM technology illus-

trates an abrupt airgap reluctance change yet when combined 

with the asynchronous condenses principle, both MMF and 

reluctance effects coexist in harmony as the main flux is 

gradually tapered off or "demagnetized". From the in-

ception, it was paramount that the rotary counterpart must 
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only make use of MMF control since reluctance permeations 

in the airgap would entail unnecessary magnetization or 

magnetic noise penalties. Despite the fact that the 

0-Pinch machines would only rely on one central electro-

magnetic mechanism, MMF (magnitude and phase) control, 

the implementation of this scheme is more complicated 

than the dual mechanism LIM-ASC machines. The reason is 

simply that in the rotary units, one MMF pattern must both 

initiate the flux transients as well as utilize them. On 

the surface this appears to be contradictory - analogous 

to literally "pulling itself up by its own bootlaces". 

Yet here lies the beauty of the induction machine, for 

the polyphase e -Pinch machine along with the single-phase 

induction motor performs in just this fashion. 

The development of e-Pinch in the research labs was 

essentially a quest to find a rotor transient that decays 

as slowly as possible for a given physical size and to 

perpetuate such transient phenomena. 

The primary purposes for which the 35 H.P. test facility was 

built were to: 

a. validate the asynchronous condenser calculations 
on a multi-polar machine; 

b. experimentally measure rotor time constants for 
medium size cage machines; 

c. determine the amount of ASC armature reaction 
under differing current loadings and relative 
ASC section lengths. 

The single most valuable outcome of the Theta-Pinch re-

search has been to ascertain the exact amount of "pole-shrinking" 

that exists over the inductively-fed ASC windings. The effect 

was first reported in [ l ] and while the theory behind pole-
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shrinking was clear, test results did show some discrepancy. 

For example, basic short-stator theory predicts that the amount 

of pole-shrinking is directly related to a, the fractional slip, 

but in practice, from both LIM and 9-Pinch tests, it appeared 

that ASC wavelength was also a function of the machine Goodness 

factor. Further theoretical work suggested that the ASC phase 

change per pole was simply related by the function tan (1/aG), 

but the 9-Pinch testing revealed that this function is too sim-

plistic for serious design reliability. The importance of this 

one parameter lies in the fact that if the ASC wavelength is not 

perfectly specified, then every coil in the ASC has a progress-

ively larger phase error (in the direction of rotor rotation) 

meaning that the ASC utilization/coil could vary from 1 0 0 7 o re-

active lending to being an induction brake with lagging current. 

To give some idea of the value that the laboratory machine 

served, before the machine had gone on test, calculations were 

made (based on a combination of theory and scaling of the LIM-

ASC-I test results of ASC wavelength) to estimate the exact 

reduction in pitch for the ASC coils that should then be 

specified supposing the 35 H.P. unit were to be completely 

rewound with two distinct pole-pitch windings. The first 

tests of the Theta-Pinch machine proved that actually the 

best estimates of pole-shrinking were too conservative, the 

influence of the Goodness factor had been overestimated (for 

the two experimental machines under comparison had Goodness 

factors differing by a ratio of 1:3). The final tests on the 

9-Pinch machine showed that at 50 Hz excitation, operating at 

1057o rated current, 737o of the airgap flux density of the 

original P.A.M. specification, the dynamometer was at full 

load at the motor slip of 6% for which the phase readings 

indicated that the pole-shrinkage was 11.l%--about 100% larger 
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than expected for this slip setting. For the last winding 

configuration that had been investigated, this amount of pole 

shrinkage amounts to a phase error of 59 degrees at the last 

ASC coil. Had this 35 H.P. machine been rewound with two 

different pitches of 0.0989m and 0.0879m, then the ASC section 

would be operating at 1007o utilization, i.e., no braking effect 

or circulating real power. 

The last 9-Pinch winding configuration under study and 

test is shown in Figure 4.1. 
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Reactive Load Bank 

F i g u r e 4 . 1 Winding layout for the 26 kW, ten-pole machine without pole-
amplitude modulation of either pr imary or ter t iary (ASC) sec-
tions for harmonic speeds verif icat ion and react ive VA generation. 
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4.2 ROTARY MACHINE CONVERSION 

The experimental program for the first SCIM rotary-

machine modification commenced with the installation of a 

35 H.P. Lancashire Dynamo squirrel cage P.A.M. motor 

directly coupled to a 17 H.P. DC dynamometer. A digital, 

optical tachometer was fitted to the shaft to allow very 

accurate slip measurements to be recorded every 8 ms. 

The original equipment manufacture specifications for the 

PAM motor are included in Table 4.1. The winding diagram 

for this 10/12 pole machine as originally connected is 

shown in Figure 4. 2 for one-repeatable winding section 

which is one-half of the machine's periphery. 

The state of the modification work is depicted by 

Figure 4. 3 where the PAM unit has its end cover removed 

and 180 coil terminal connections are exposed for attach-

ment to instrumentation leads. It was decided to concen-

trate on coil terminal voltage measurements without re-

course to fitting a set of 90 "top-of-tooth and slot" 

search coils. This was justified on the basis that the 

working room in the stator bore of this machine is simply 

too small to permit hand machining of search coil slots 

(approximately %mm deep) axially down the center of every 

tooth. If in industry, the preliminary test results 

appear promising then an automated machining jig is 

essential since the search coil information is vital in 

the last stages of machine modification and optimization. 
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Table 4.1 

Characteristic Parameters of the "9-Pinch" Rotary Machine 

Stator 

Bore diameter, mm 316 
Number of slots 90 
Conductors in parallel/coil 2 
Copper cross section/parallel, mm2 5.25 
Coil throw slots 1-11 incl. 
Core length, mm 235 
Slot depth, mm 34 
Slot width, mm 6.0 
Slot pitch, mm 11.1 
Coil span, m 0.111 
Pole-pitch, m (as 10 pole) 0.0989 
Number of turns per coil 6 
Pole-pitch/air-gap ratio x 164 
Chording factor (10 pole) 1.115 

Rotor-Squirrel cage 

Number of bars (copper) 80 
Bar width, mm 5 .0 
Bar depth, mm 8.0 
Copper end ring, mm 6.5x25.4 
Slot pitch at bottom of slot, mm 10.9 
Tooth top width, mm 10.0 
Ratio slot opening/airgap 1.5 
Moment of inertia with DC Dynamometer, 7.98 
N-m-sec^ 

Nameplate Data with Original Pole Amplitude Modulation 

Class E insulation, 50 Hz, Lancashire Dynamo & Crypto, 1964 
10 Pole Winding 12 Pole Connection 

Voltage, 1-1 400 (440) 400 (440) 
Connection Star Delta 
Horsepower 35 20 
Speed, rpm 575 480 
Current, A 54.5 (49.5) 35.9 (32.7) 

Complex Power, S 37.76 kVA 24.87 kVA 
Output Power, P Q 26.11 kW 14.92 k W 
Power Factor-

Efficiency ProductO.691 0.598 
Power Factor (max.) 0.78 0.67 
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- denotes r e v e r s e p h a s i n g 

F i g . 4 .2 Coi l connections and i n s t r u m e n t a t i o n r e f e r e n c e s for the 35 H . P . PAM 

m o t o r , n o r m a l l y connected in a 10-pole m o d e . D i f f e rent i a l (2 wi re ) 

in s t rumenta t ion l e a d s f i t ted to a l l 90 c o i l s . 
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00 

F i g u r e 4. 3 M o d i f i c a t i o n of the 26 kW p o l e - a m p l i t u d e - m o d u l a t i o n 
m a c h i n e fo r © - P i n c h t e s t s and coi l i n s t r u m e n t a t i o n . 

> 
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4.3 POWER DISTRIBUTION- WITH POLE AMPLITUDE MODULATION 

The instrumentation of the 35 H.P. 10/12 Pole PAM 

motor (built by Lancashire Dynamo and Crypto, circa 

1964) as an initial check on the reactive power flow 

and balance between parallel phases in the Y connection, 

revealed several astonishing problem areas with this 

first type of PAM. In general there was excellent 

balance between parallel paths in both magnitude and 

phase, moderate balance between dissimilar phases for 

the total phase current, but the most prominent effect 

was that at small slips when running as a 10 pole machine, 

the real power distribution between coils of the same 

phase group was widely divergent and predictable. For 

example, at 407® of rated voltage and running light at 

exactly synchronous speed (DC dynamometer acting only 

as additional windage and friction), the distribution of 

real power for groups of 3 and 4 slots/pole/phase 

resembles that of a high Goodness linear machine (at, say 

57* slip) in that the "leading" coil in each group will 

have the worst power factor and the last coil in the group 

will always have the best power factor. 

As expected with a high Goodness machine, such as 

the test machine, the variations of the induced coil 

voltages in both magnitude and phase step among coils of 

any group or between groups are minimal. That is, the 

cage is very effective in damping out MMF harmonics. The 

original stator MMF distribution of the 10 pole configu-

ration is given in Table 4.2 for positive, negative and 



Table 4.2 

MMF Harmonics of the 35 H.P., 10 Pole Machine Connected as PAM 1 

Calculation: 90 Coils, Coil Throw 1-11, 15 coils per phase group in series 

Harmonic Number Positive Sequence Negative Sequence Zero Sequence 

1 27.1% 5.8% 9.5% 

3 6.1 5.0 17.0 

5* 100. 0 . 0 0 . 0 

7 0.1 1.0 35.5 

9 0.0 0.0 0.0 

11 1.8 1.4 2.9 

13 3.8 0.4 1.5 

* Base Wavelength 

1 Y-Connection 
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zero-sequence fields, at both supersynchronous and subsyn-

chronous speeds. Even when the leakage reactance drop of 

each coil is considered (at 127o of rated current) , the 

phase of the coil terminal voltage will always change in 

18 to 22 degree steps, for an average flux step of 20 

degrees per slot. In short, the PAM machine has balanced 

phase currents, uniform induced stator voltages, uniform 

phase changes per coil but only one major discrepancy re-

mains.... the phase angle between the rotor flux and the 

stator current is rarely perfect for either optimization 

of efficiency or power factor. Examining the PAM's four 

phase groups of each repeatable section (5 poles) which 

contain 4 slots/pole/phase, four distinct categories arise 

which may be characterized as: 

a. the net real power transferred by the group is 

negative (generating mode). 

b. all coils in the group have positive real power 

flow. 

c. the net power transferred by the group is zero. 

d. the net power transferred by the groups is positive. 

A plot of the real powers per coil measured at the indi-

vidual coil terminals is shown in F i g u r e 4.4 for the four 

categories listed above, the average real power absorbed 

per coil should be about 4.4 W/coil, although the degree 

of circulating power in the machine has allowed some coils 

to absorb as much as 30 W/coil and others to generate as 

much as 28 W/coil. As illustrated in Figure 4.5 , the 

first group of 4 slots/pole/phase, being the most unusual, 

has power factor angles ranging from 82° to 140°; two 
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f~ R»Vof —> | 

coii NO. TOI rzr) ctti f̂ n 
P o w e r - 2 2 . 6 - 1 5 . 5 - 6 . 6 4 . 1 9 Watts 

a . Net power i s negat ive (generat ing) 

fT**) f̂T̂l f̂ n f1^7! 
4 . 6 7 1 3 . 9 2 2 . 1 2 7 . 4 Watts 

b . A l l c o i l s have pos i t ive power 

/ gotor —^ 

- 1 4 . 2 - 5 . 1 4 . 6 4 14 .2 Watts 

c . Net power ~ 0 

I go-Vor —» j, 

nrrrr\ nrrrn m r m /mrr\ 
v • 1 *30 * l *3{ 1 » #3? 1 

- 5 . 3 4 4 . 8 3 1 5 . 2 2 3 . 4 Watts 

d . Net power i s p o s i t i v e 

A l l coi l vol t s ~ 8 . 5 V, a l l coi l c u r r e n t s « 3 . 5 A r . m . s . , 50 Hz 

F i g . 4. 4 V a r i a t i o n of r e a l power t r a n s f e r depicting four dist inct 

c a t e g o r i e s f o r coi l g r o u p s of 4 s l o t s / p o l e / p h a s e in the 

or ig ina l 10-pole P A M winding at 40% r a t e d vol tage and 

running l ight , a v e r a g e p o w e r / c o i l i s 4 . 4 4 Watts . 
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Q *3. 

II. #1 
G e n e r a t o r V w 

CO\\ fo \ 
V I MO* \ 

F *
3 ' I. 

/ Motor 
/ Lagg ing P . F . 

/ R e f e r e n c e Current 

B a s e Coi l V o l t s a 8. 5 Motor 
B a s e C u r r e n t = 3. 5 A Lead ing P . F . 

III. IV. 

F i g u r e 4 . 5 a P h a s o r d i a g r a m of l e a s t f a v o r a b l e coil group of 4 s l o t s / p o l e / 
p h a s e at 40% ra ted vo l t age , or ig ina l 10 pole PAM, <J=0.005 

B a s e Current s 1 ,96 A 

F i g u r e 4 . 5 b P h a s o r d i a g r a m of l e a s t f a v o r a b l e coil group of 4 s l o t s / p o l e / 
p h a s e at 15% r a t e d v o l t a g e and running l ight on 50 Hz . 
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isolated machine coils have angles o f 164° and six 

isolated coils have power factor angles of 3 to 5° (i.e. 

nearly unity power factor). The overall power factor 

angle for this machine at 40% of rated voltage, running 

light is 78°. 

In essence, operation of the machine in this manner 

with its associated very poor overall power factor of 

0.20 is a direct result of "overfluxing" the airgap by 

impressing too high a terminal voltage in this case. The 

apparent power consumed by the machine is to a first 

approximation simply proportional to the square of the 

applied terminal voltage, and thus the only way that the 

machine can supply its running light losses with such a 

high VA input, is to have, as expected, very large phase 

angles between coil voltages and currents. However, the 

situation is complicated by the fact that, unfortunately, 

the power factor of the overall machine cannot be the same 

for each coil primarily due to use of stator windings with 

greater than 1 slot/pole/phase. Thus practical phase 

groups of 4 slots/pole/phase must necessarily have widely 

divergent power factors; in a conventional induction 

machine the average power factor for each group will 

generally match that of the entire machine, while in the 

PAM induction motor this will no longer be the case due to 

the MMF harmonics. The result is that there is a larger 

degree of real power variation in the PAM stator coils 

for a given net power transfer, the consequence of this 

being excess rotor copper losses at any speed. This effect 

has been experimentally verified. 
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The two important conclusions to be deduced from 

F i g u r e s 4.4 and 4.5a are that first, even in the "over-

fluxed" state, the 10 Pole PAM has no coils at all that 

show leading power factor. Moreover, though there is 

excellent phase balance this is accomplished at the 

expense of having numerous coils contribute nothing to 

the in-phase flux component of the machine (and this con-

tinues to be the case even at 35 H.P. rating, although 

less severe). 

However, the benefit of this first study of PAM came 

after an inspection of the "underfluxed" phase plots of 

the machine when running light, i.e. the applied terminal 

voltage was 15% of rated 415v, which represents an airgap 

forced VA loading of only 2.257o of the maximum rated 

apparent power occuring at about 4% slip. Comparing 

Figure 4. 5b, the phasor plot for coil group 90-1-2-3 for 

the 15% voltage case with the 40% voltage test runs shown 

in Figure 4.5a, one immediately notices that the "under-

fluxed" phasors as a group have been phase retarded by a 

constant 38°, i.e. a greatly improved overall power factor. 

The six coils which were formerly operating near unity 

power factor now were well within the leading power factor 

region and an additional six coils shifted back into the 

leading region, at about 10-15°. The major point or in-

terest is, only isolated coils or at best groups of two 

slots/pole/phase will operate in the leading region.... 

these are the so-called "phase balancing coils" discussed 

previously which are generally undesirable in terms of 

MMF harmonics. The phasor plot for the twelve coils operat-
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ing in the leading power factor region is included as 

Figure 4. 6. 

While the PAM motor was not specially fitted with 

airgap search coils as had been the case with LIM-ASC-I, 

the theoretical calculations of the PAM machine slot-

leakage reactance indicate that if the voltage behind the 

slot leakage reactance is taken into consideration rather 

than coil terminal voltage, the one underfluxed case 

examined above has at least a total of 16 coils out of 90 

with capacitive VAR output. Nevertheless, the point re-

mains that the underfluxed PAM tests are of relatively 

minor significance since the VA rating of the machine is 

too far below the rated 37.7 kVA. The next step forward 

is, obviously, to maximize the number of coils operating 

in the leading power factor region, and seemingly a full 

kW load will cause the locus of all phasors to rotate 

backwards by a nearly equal amount; substantially improv-

ing the Quadrant I power factors and allowing the Quadrant 

IV phasors to more nearly approach the maximum capacitive 

kVAR position. But in reality and despite the fact that 

we have a very "stiff" (i.e. low resistance) rotor, the 

law of diminishing returns takes hold because by increas-

ing the number of coils in the leading region (say by 

change in slip, load torque, or reconnection) , the amount 

of leading VAR per coil drops off since the rotor flux 

increasingly tends to shift back in phase in proportion to 

the integral of the quadrature component of the stator MMF. 

Subsequently the 0 -Pinch mechanism was found to be a viable 

solution. 
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F i g u r e 4. 6 Di s t r ibut ion of twelve l e a d i n g - p o w e r - f a c t o r co i l s 

in the o r i g ina l P A M winding at 15% ra ted vol tage . 
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Physically, the mature distinction between rotary and 

linear versions of the ASC concept is that in the latter, 

a discrete section length of the machine is strictly de-

voted to reactive power generation (i.e. an induction 

generator with cos ^=0) whereas the former will have to 

incorporate a continuously mixed space distribution of 

real and reactive power roles. This is shown diagram-

atically in Figure 4. 7 . It is easier to effect P.F. im-

provement in the linear machine since the nearly indepen-

dent kW and kVAR windings are physically isolated in space 

(as well as in time) . Air gap efficiency of a convention-

al rotary cage induction machine is nearly unity in all 

o 

cases and is computed as, neglecting iron, stator I R, 

windage and friction losses, 

n =
 P g < l-o- (4. 1) 

o r 

where P Q is the mechanical power output, P r is the rotor 

copper loss including excess or "missing11 watts, and a is 

the per unit slip. Simply, the experimental objective is 

to ensure that the inequality expressed in ( 4.1 ) is as 

near unity as possible. The efficiency of these induction 

machines need not approach the maximum efficiency of 1-a 

for symmetrically wound stators. The ®p" Bq theory can 

predict efficiencies above or under 1-a for short stator 

or discontinuous winding machines and this is covered in 

section 2. 3 . 

A more exacting way to view the challenge between 

dividing the rotary machine into "territories" of real 
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= J > ROB 

srsp 
/ csrB srsR 

F i g u r e 4. 7a Unidirect ional app l i ca t ion of r e a c t i v e r e c o v e r y windings 
( S T B R ) to l i n e a r m a c h i n e s with p r o p u l s i v e sect ion (STBP) . 

src 

S/A/0*1-0 
AX/S 

COS 0:1-0 
AX/S 

F i g u r e 4. 7b Unidirect ional appl ica t ion of r e a c t i v e r e c o v e r y windings 
(STCR.) to r o t a r y m a c h i n e s with p r o p u l s i v e sec tor (STCP) . 
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and reactive power flow is to compare the relative differ-

ence between two figures of merit applicable to either 

conventional or "ASC-assisted" machines. 

= Vvr (4-2) 
V J s

 =
 k 2 P o 3) 

where J is the stator current loading, B_ is the airgap s q 

flux density in time quadrature with J g , Bp is the in-phase 

airgap density, P Q is the output power and Q g e n is the 

generated (or absorbed) reactive power. 

The important conclusion to be drawn is that unlike 

large-airgap linear machines which tend to have low values 

of both Bp/J g and B ^ / J g , the rotary experimental ASC 

motor must necessarily have much higher B^/J g ratios; for 

example the 35 H.P. PAM lab machine has a B /J ratio 
q s 

better than 7 times that of "LIM-ASC-I". Over a broad 

range of electrical machines there is rarely more than a 

2:1 variation in J g for air-cooled stators, in contrast 

to the typical 10:1 difference in airgap flux between low 

speed and high speed machines, if not between rotary and 

linear types. Moreover, the operating scheme for the 

ASC-SCIM units is consistent with the requirement that the 

B x J product integrated around the machine periphery re-

mains the same as before--although the space distribution 

of Bp is sparser than before, this is compensated for by 

the increase in magnitude. 

Lastly, it should be emphasized that the rotary SCIM 
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retains the squirrel-cage rotor intact, maintains the airgap 

at the previous value of 1 mm, and utilizes symmetrically 

spaced slots of equal width. 



277 

4.4 THE INITIAL 0 -PINCH EXPERIMENTS 

The modification of the 35 H.P. PAM motor to a full 

fledged 0 -Pinch universal test machine was carried out in 

two steps. First, after a series of exacting phase measure-

ments on the 10 pole PAM were performed at 50 Hz with dyna-

mometer loading, two groups of coils were identified, those 

that exhibited capacitive kVAR at any operating point in 

the tests and those coils that repeatedly were classified 

as Quadrant II (current the D-axis reference) implying 

real power generation, i.e. braking at a lagging power 

factor. In all cases, the machine showed nearly perfect 

half-periphery electromagnetic symmetry, and for the former 

coil types, six distinct pairs were immediately identified 

with predictable kVAR output. Interestingly enough, in 

reference to the latter group, the total number of pairs 

of coils with phase angles around 140-160° was also found 

to be six. 

With the goal of power factor improvement to take 

place at constant efficiency, the next logical development 

was to reconnect the twelve coils from the second group 

either in another phase path (10 alternatives exist, only 

one of which may be correct) or else reverse the coil 

connections, as was the case with one pair. The character-

istic parameters of the 0 -Pinch motor are tabulated in 

Table 4.1 and the details of the coil reconnection and the 

associated new phase angles are shown in Table 4.3 # 

Reference Figure 4.2 for the original connections. The 

experiment was a success; at a slip of about 2%, 24 coils 

out of 90 simultaneously drew leading power factor current 



Table 4. 3 

Summat ion of R e a l and R e a c t i v e P o w e r s f o r the 24 Lead ing Power F a c t o r C o i l s at 15% ra ted vo l tage , running l ight . 

Or ig ina l P A M Connections With Reconnect ion of 6 F^ i r s 
Coi l P a i r N u m b e r s Group Type ZVoltage a . Watts V A R s 

/ 
Group Type Watts V A R s 1 

4 , 4 9 D - 284° -31° 1 0 . 3 5 - 6 . 2 2 D - -31° 10 .35 - 6 . 2 2 

8 , 5 3 C - 6. 7° 125° - 6 . 9 2 9 . 8 9 B + - 5 8 . 9° 6 . 2 6 - 1 0 . 3 

12 ,57 D+ 
o 

83 
0 

- 1 0 11 .89 - 2 . 0 9 D + -10° 11 .89 - 2 . 0 9 

16 ,61 B - 164° -36° 9 . 7 7 - 7 . 1 0 B - -36° 9 . 7 7 - 7 . 1 1 

2 0 , 6 5 A - 250* 
a 

116 - 5 . 3 0 1 0 . 8 5 A+ - 6 4 . 1° 5 . 3 2 - 1 0 . 8 5 

2 1 , 6 6 A - 269° 97° - 1 . 4 7 1 1 . 9 9 A+ - 8 3 . 2 1 . 4 7 - 1 1 . 9 9 

24, 69 B + 323° -15° 11 .67 - 3 . 1 3 B + -15° 11 .67 - 3 . 1 3 

33, 78 D - 149° 104° - 2 . 9 2 1 1 . 7 2 F + - 7 3 ° 3 . 5 3 - 1 1 . 5 5 

3 6 , 8 1 E + 206° 
0 

- 1 8 1 1 . 4 8 - 3 . 7 3 E + -18" 11 .48 - 3 . 7 3 

3 7 , 8 2 E + 225° -37° 9 . 6 4 - 7 . 2 6 E + - 3 7 ° 9 . 6 4 - 7 . 2 6 

4 1 , 8 6 C - 130° 126° - 7 . 1 0 9 . 7 7 F + 
o 

- 54 7 . 1 3 - 9 . 7 7 

4 5 , 9 0 c + 210° 102° - 2 . 5 0 1 1 . 8 1 B - -82° 1 . 6 8 - 1 1 . 9 6 

38.59W 3 6 . 5 VAR 90.22W - 9 5 . 9 8 VAR 

B a s e Coi l Volts = 3 . 0 1 v 
B a s e Coi l Current = 1 . 9 6 A 
B a s e Group VA: 11. 80 V A / p a i r x 12 = 141,6 

Uti l izat ion F a c t o r + Q' 
B a s e Group VA 

VA 

PAM Uti l izat ion = 37% 
(24 co i l s only) 

Reconnect ion Util ization =100% 
(for the se 24 co i l s only) 

F o r Group Types s e e F i g u r e 4 . 2 
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with no readily discernible loss of efficiency. The only 

problem was that the reconnections resulted in unbalanced 

phases which had to be compensated for by uncoupling the 

individual auto-transformers from the ganged operating 

shaft to ensure equal currents at the expense of different 

phase voltages. 

In contrast to the LIM-phase shifter experiments with 

current feedback into the mains, the method first tried on 

the G-Pinch motor manifest a power factor improvement by 

means of voltage reduction. In short, the major reason 

why no externally adjustable phase shifter was needed with 

these experiments was because the rotor flux is so much 

stiffer in the rotary machine as a direct consequence of 

having a Goodness Factor nearly six times that of LIM-ASC-I; 

therefore the rotor flux phase can be accurately estimated 

and virtually no trial-and-error phase tracking need be 

performed. This particular convenience changed however, 

when later experiments lumped more leading current coils 

directly adjacent rather than the quasi-random distribution 

found in the first tests. 

The initial modifications performed on the rotary 

machine improved the power factor of the machine when 

connected as a 10 pole unit at the expense of derating the 

same machine when run as a change pole machine for 12 poles, 

i.e. the true Pole-Amplitude-Modulation characteristic 

effected by a simple contactor changeover has been sacri-

ficed in the experimental machine. However, in general, 

the 0-Pinch method is applicable to PAM motors as long as 
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* ' d e n o t e s coi l s spec ia l ly changed 
to yie ld highest power f a c t o r 

F ig .4 .8bConceptua l d i a g r a m of the lumped-winding, ©-Pinch method. 
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they are of the "close-ratio" type. [2] The 10-pole speed 

was selected in preference to the 12-pole speed on the 

basis that the former had a significantly higher power 

factor-efficiency product (0.69 versus 0.60) as original 

equipment manufacture. Secondary reasons for choosing the 

10-pole speed are based on the Y-connection (preferable 

for instrumentation), higher power output, better matching 

to the high speed dynamometer, and reduced MMF harmonics. 

The location of the 24 leading power factor coils is 

shown diagrammatically in Figure 4. 8a for the distributed 

coil method in contrast to Figure 4.8b which represents a 

full fledged example of a lumped 0-Pinch approach, the 

one used in the next series of tests; composed of 8 poles 

of main winding and 2-plus poles of asynchronous condenser 

windings spaced as 4-1 - 4 - 1 . Note that here we say 

2-plus poles of condenser because the first tests had the 

condenser sections supplying a passive inductive load (as 

was done with LIM-ASC-I) which substantiated the "natural" 

pole pitch of an inductively-fed stator to be less than 

the main pole pitch by approximately (1-a) where a =per 

unit slip. The reason that the asynchronous condenser 

concept is so appealing is because its performance natural-

ly peaks at synchronous speed and in rotary machines, the 

on-load operating speed is so close to synchronism that 

the reduction in peak condenser output is only 4% at 2% 

slip, as shown in Figure 2.54. 

Throughout, the primary research objective is to en-

sure the phase displacement between condenser and motor 
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windings is perfect for reactive power compensation with 

nil braking torque inside the machine. If the designer is 

given only one frequency, one voltage, one mechanical load 

and slip to work at, then the exact phase displacement 

translated into coil connections has a unique value and 

this is what has been done in Figure 4.9. 



SO S5 60 65 70 75 80 85 % / 

F i g u r e 4 . 9 Developed d i a g r a m of connection sequence for a fu l ly - ra ted , 10-pole c a g e induction motor 
us ing the 0 - P i n c h power f a c t o r improvement method and valid for m a c h i n e s with Goodnes s 
f a c t o r s of 75-100 and at a s l ip of 0 . 0 2 per unit on 50 Hz. 



COIL 5 10 15 20 25 30 35 40 45 

F i g u r e 4. 9 continued 
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4.5 REACTIVE BALANCE MACHINE 

Figure 4.10 shows the distribution of the windings in the 

35 H.P. rotary machine with symmetrically spaced slots of a 

conventional ten-pole frame. Each repeatable section of power 

winding, STDP is a four-pole, three-phase over-chorded winding 

with pole-amplitude-modulation coil connections. The reactive 

recovery stator section, STDR has "1+" poles using the same 

coils as STDP but are so connected to yield a different current 

density and phasing than the STDP configuration. The "1+" in-

dicates that there is greater than one asynchronous condenser 

pole in the original one pole-space due to the former's redu-

ced wavelength, which is proportional to rotor speed. Thus 

a particular primary-tertiary layout is only exactly appropriate 

for one load and slip value at which nil braking torque exists 

despite recovery of reactive power. The winding diagram for 

this machine is given in Figure 4.11 and the operational de-

tails are given in Table 4.4. 

The first 50 Hz tests of this rotary induction condenser 

were conducted with the tertiary recovery windings feeding an 

isolated inductive load. Strictly speaking this does not 

constitute a unity power factor machine since the recovered 

reactive energy is not circulated at mains potential but in a 

closed loop and hence the term "reactive balance machine". 

The rotor had a magnetization time constant of T=250 ms. A 

slip value slightly larger than one percent was found such that 

the reactive power generated by the recovery winding exceeded 

the reactive power supplied by the mains to the motoring 

section, that is, the machine consumed a net negative kVAR 

as indicated in Figure 4.12. This was subtantiated on both 

an electronic phase meter and an electrodynamic VAR meter 



D i s t a n c e along s ta tor per iphery in units of p ropu l s ive pitch, T] 

F i g u r e 4.10 Dis t r ibut ion envelope of total a i r g a p f lux density for a 
g e n e r a l ©-P inch m a c h i n e . 
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Characteristics of the 35 H.P. Machine at Reactive Balance Condition 

Motoring Section 

Torque producing coils 66 

Pole-pitch,t> 0.0989 

Core length (m) 0.222 

Airgap (mm) 0.65 

Current loading, J (A/m) 33,400 

Airgap flux density (T) 0.62 

Winding Factor 0.756 

Core loss (kW) 0.34 

Copper loss (kW) 2.76 

Stray load loss (kW) 0.19 

Reactive input, 1% slip (kVAR) 22 

Power input, total (kW) 17.2 

Shaft output power (kW) 12.6 

Condenser Section 

Total leading P.F. coils 24 

Induced pole-pitch (m) 0.097 

Slot depth (mm) 34 

Airgap (mm) 0.65 

Current loading (A/m) 29,750 

Slot pitch (mm) 11.1 

Chording Factor 0.95 

Total rotor bars 80 

ASC copper loss (kW) 0.78 

Turns/coil 6 

Reactive output (kVAR) 23 

Core outer diameter (m) 0.42 

Overall efficiency (%) 73 
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R e a c t i v e Load Bank 

F i g . 4. 11 A r r a n g e m e n t for the 26 kW, ten-po le machine with pole-
ampl i tude-modula t ion of p r i m a r y sec tor and conventional 
3 s l o t s / p o l e / p h a s e ASC s e c t o r that yielded a z e r o net re 
act ive power ba l ance between input and ASC load bank. 



F i g u r e 4. 12 Exper imenta l ly -obta ined input (STDP) and genera ted (STDR) r e a c t i v e p o w e r s for the 
ten-pole Theta-P inch machine in the r e a c t i v e - b a l a n c e t e s t of 2 6 / 1 1 / 7 9 on 50 H z . 
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and electrodynamic meters are given in -Appendix VII. The labo-

ratory instrumentation is detailed in Figure 4.13 for these 

t e s t s . The l a b o r a t o r y f ac i l i ty i s shown in F i g u r e 4. 14. 

These characteristics were obtained on November 26, 1979; 

after submission of the first published paper [ 1 ] concerning 

the 9-Pinch principle, but these results appear in the formal 

discussion of [l] and in [3] . These last series of tests 

succeeded in their objective due to the extension of the ASC 

section from 18 coils to 24 coils at the expense of reducing 

the motoring section length per repeatable section to less 

than 4 poles; however the configuration is still classified 

as the M 4 - 1+ - 4- 1+" type. The total power input to the 

machine was 17.2 kW and the shaft was loaded to 12.6 kW by 

a DC compound-field dynamometer, thus indicating an overall 

efficiency of 73% at the reactive balance point. This rather 

drastic drop in efficiency from that appearing in Table 4.1 is 

attributed to the use of an overchorded winding by 11/9 for 

both primary and tertiary coils and a uniform slot-pitch around 

the periphery. In general, the machine has excess stator 

losses rather than excess rotor losses, approximately 2% of the 

stator loss arises from the additional resistance drop in the 

180 interconnections peculiar to the laboratory machine; the 

core loss of this machine is 0.34 kW and the stray load loss 

is 0.19 kW. It should be emphasized that in normal applications, 

two operating modes for the asynchronous condenser windings are 

apparent. First, assuming a rewound tertiary (ASC) section, 

the machine's terminal power factor may be raised to unity at 

the rated load and slightly above since the motoring section 

power factor alone is 80% in this machine. Alternately, the 

ASC winding may be designed to peak at a slip value very close 
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F i g u r e 4 . 13 Ins t rumentat ion of ten-pole m a c h i n e for reac t ive-ba lance t e s t s . 
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- -----------------------

Figure 4.14 The laboratory experimental facility for the first reactive 
balance tests with the 26 kW Theta- Pinch machine in the 
center, phase-shifter in the foreground and inductor banks 
in the back round and ri ght side of dynamomete r. 



293 

to or at zero, whereby the motor is running lightly loaded and 

the motoring winding power factor could be as low as 307«. 

Although it would be impractical to raise the terminal power 

factor to unity in the latter case,the option of maintaining a 

reasonable power factor such as 80% under light load Is very 

attractive on a systems basis considering the extraordinary 

number of lightly loaded machines on the grid at any one time. 

The rotary machine with 10 poles (denoted 4-1+-4-1+) 

followed as a natural development of the first linear machine 

of 8 poles with power factor correction windings. The choice 

of the number of motoring poles/repeatable section is a crucial 

parameter because the rate of rise or demagnetization of the 

airgap magnetic field for a given rotor time constant, is de-

pendent on the combination of slip, a and the exciting pole 

numbers. The concept of using space transients to affect appre-

ciable reactive power generation at the exit-edge of the ex-

cited section is restricted to pole number-slip value products 

lying in the range 

n* R' < < 1.0 (4.4) 
Z 1-a 

where R£ , the referred rotor resistance is equal to 0.037 

per unit for the 35 H.P. machine. The basis of this general 

guideline is that appreciable reactive power generation, Q 

denotes that the exit-edge power is greater than 0.25 per 

unit of the equivalent conventional machine rotor copper 

2 

loss, % R r J s n T . This value of Q has a limiting value of 0.47 

per unit for machines with a large Goodness factor when the 

rotor speed is at or near synchronous, as exemplified in 

Figure 3.7. Yet, prior to building up the maximum exit-edge 
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energy, efficiency constraints demand that such a small slip 

never be used and hence, the inclusion of R^ in (4.4). If the 

total number of poles around the periphery in the equivalent 

rotary machine is n, the effective number of motoring poles n* 

never exceeds n/k since an even number of repeatable sections, 

k are mandatory so as to neutralize the effects of unbalanced 

magnetic pull. Therefore, it would be possible to produce an 

efficient unity-power-factor four pole machine at a low slip if 

only one repeatable section is attempted, but should two re-

peatable sections be used in practice, then the high-power-factor 

slip would have to be greater than 33% for which excess rotor 

losses would be incurred. Conversely, if the total number of 

poles is greater than 8, then operating slip values can always 

be between 20% and 3% (the latter being a typical per unit value 

of R2) because of the greater freedom in choosing repeatable 

section lengths. 

The fields created by the two sets of stator windings 

do not induce any significant transformer voltages in each other 

by virtue of their particular space separation. These windings 

are ideally, exclusively rotor motion coupled as evidenced by 

^s(asc) c t i r v e figure 2.54. With new slotting construction 

no stray voltages will be induced provided that the ASC wind-

ing comprises a speed-dependent pole-pitch which obviously has 

to be fixed depending on whether power factor correction is to 

be employed at either full load or running light. 

The torque varies with speed as in a convention cage 

rotor machine with low resistance bars. Using the conventional 
> 

steady-state equivalent circuit and neglecting the magnetizing 

reactance, the torque of the 9-Pinch machine may be described 

under constant voltage excitation, V as 



9.54 V . 2 

T = : — 
9 

where 9 is the synchronous speed in r.p.m. The only departure 

of this from an equivalent machine is the introduction of the 

quantity a Q which is the per unit difference in slip from zero 

at which zero torque occurs. The effect of producing torque 

either above or below synchronism has been well documented for 

linear and spherical induction machines and with respect 

to the 9-Pinch machine the functional relationship of this 

slip offset is 

a o - f < G > V J s ( a s c ) > 

For the 35 H.P. machine with the parameters of Table 4.4, a Q 

has been measured at -0.008 per unit. In general if the Goodness 

is low or if the ratio of the main stator current loading to the 

ASC stator loading is near unity, the magnitude of ctq will be 

negligible and zero torque occurs at synchronism. 

The only important consideration during startup under 

constant voltage is that asynchronous crawling can occur and 

this is dependent on the exact division between motoring and 

ASC poles. (This is treated in detail in section 5.5) There 

is one significant harmonic synchronous speed in the basic 

9-Pinch configuration which can occur at a slip 

a = 1- k n* 4- (n - k n*)/l - a * ( 4 

n + 2 

This was not a problem in the 35 H.P. unit because pole-ampli-

tude-modulation was used on the motoring winding; specifi-

295 

3 Rj/Ca-a Q ) 

[ R x + R 2 / ( a - a )] Z + [ X x + 
j N-m (4.5) 
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cally the ten-pole MMF was originally optimized by the manu-

facturer to avoid the twelve-pole speed which is the most like-

ly 9-Pinch harmonic. 

For space transients to be of use, their attenuation must 

be in the same direction as the main travelling field. Physi-

cally, the primary type ( a^) follows this criterion and is 

attributable to the entry edge of the excitation section, i.e. 

the transition from the ASC to the STDP regions as located by 

92 in Fig. 4.10. The secondary type (c^) occurs here and also 

as rotor bars exit from the excitation region to the condenser 

region as located by 9^. Fundamentally, both components of the 

a2 are equal in magnitude but they propagate in opposing di-

rections at much greater than rotor speed (e.g. 30 times in 

the 35 H.P. unit). Since this type is attenuated quickly it 

is of minor importance, but the a^ transient has a wavelength 

longer than any conceivable peripheral length of the condenser 

region, (02 t /ir 0.13m. It travels at exactly rotor 

speed in the hypothetical case of zero airgap and slightly 

slower (2%) than rotor speed,u r in the case of airgaps typical 

of rotary induction machines. 

The a-, is the subject of exploitation. If 

1 
« 1 (4.7) 

G(1 - a ) Z + a>T 2 X <1 - a ) 2 + X, 
m 2 

holds, which is generally true when close to synchronous speed, 

the a-, transient may be approximated as [ 5 ] 
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1 
'x + • J — 

t-G(l-a) + w T 2 ( 1 - o ) 1-a 
(4.8) 

- ju / u r 

For the machine under discussion, a ^ = -j 32.07 m"^. Under 

conditions, such that G >> 1 and G > ^ T 2 , the inverse-of-

wavelength as given by (3.53 and 3.54) is too large at normal 

operating speeds to affect the power or var transfer across 

the airgap or the induced condenser voltage. With G=70 and ^t 2= 

4.3 only the real part of the secondary transient coefficient 

is prominent or 

a 2 ^ - 129.7 /I + L ^ / L 2 m " 1 (4.9) 

where L^ is the tertiary winding leakage inductance, L^ plus 

the isolated inductive-load inductance. Under maximum VAR 

transfer conditions, L^ = 2 L^ and for the 35 H.P. laboratory 
n 3 

machine, L 3 » - 1 ^ - 2 4 [ # 0 0 0 8 2 ] p.u. and L 2 - .00042 p.u. 

which yields /l+Ll /L 2 = 1.55. Consequently, a
2 ~ -201 m" 

which may be utilized in (3.22) and (3.23) to give the (steady-

state and) transient airgap flux propagation; the same expo-

nential coefficients are applicable to both in-phase and 

quadrature components. 

The c*2 and its complementary coefficient, a^ z -c*2 

are confined to the 4 transition regions of the machine (with 

2 repeatable sections) and thus only function to match boundary 

requirements. 

The condenser winding as seen by the rotor current is 

acting in a similar manner as the rotor is seen to behave 
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by the main stator excitation. Thus, over a limited airgap 

angle, the rotor is acting as a second primary, inductively 

fed from the first (STDP). To complete the analogy, the 

equivalent of the rotor leakage layer as applied to the condenser 

winding is merely the sum of the internal leakage fluxes (due 

to slot, end-winding and zig-zag components) with the external 

reactive load placed on the ASC winding (as referred to the 

airgap) . Similarly, the equivalent surface resistivity of the 

ASC section is the total of the windings and the real component 

of the ASC load; this also allows P 3 ( a s c )
 t 0 be a negative re-

sistance if an active load is substituted for the passive 

tertiary load. Consequently, the condenser leakage time cons-

tant has been defined as 

11 3 6 3 + < W 3 J s " Lo 
T , = n- = - 4 (4.10) 

P 3 / t 3 + P . n / 3 J / p 3 

Since the stator is the reference frame, no speed term is in-

troduced in describing the induced voltage in the condenser 

winding. The ASC current of the 35 H.P. machine generally 

follows the theoretical relationship 

J g 

Js(asc) = [( 1+w sT 2/G) - j/(aG)].[ (1+0)^3/63) - j/(a6 3)] 

(4.11) 

where the Goodness factor of the ASC section + 

passive load is G3 =» ̂ / P ^ . In the "reactive-balance" labora-

tory tests, G3 ^ 0. At both the 9-̂  and 9 2 transitions, the ro-

tor current density, J , the airgap flux density, B and the o 

total rotor sheet flux density must be continuous. The exci-

tation field is described by a third-order system while the 

ASC requires a fourth-order representation as in [ 3 ] ; a total 
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of seven integration constants are necessary. The last inte-

gration constant can be met by the integral of the induced ASC 

current which is always finite, and assuming a balanced poly-

phase load on the ASC 

/ 
9 1 

0 2 

- Qn - 9 
J , N d9 = 
s(asc) 1 - cos ( J L—-2)J J^ (4.12) 

s 

This implies that the constants of integration for all airgap 

and rotor field parameters are jointly dependent on the pro-

portion of a rotor wavelength(s) occupied by one condenser win-

ding, as obviously odd or fractional number of poles are possi-

ble. 

Irrespective of the value obtained in (4.12), the inte-

gral of Bg or J r around the entire machine must always be zero 

based on a 1-dimensional analysis. Normally, a double layer 

polyphase excitation winding with balanced currents will have 

a zero net surface current around the periphery, however should 

the value of (4.12) be significant then the result is that 

while f j d9 will remain zero, the condenser section will ini-

tiate a large zero-sequence component of current in the other 

stator winding STDP by way of the coupled rotor currents. 

For machines with a high Goodness factor, G but not ne-

cessarily a small slip, it is generally true that when rotor 

current experiences an increase in amplitude (without large 

phase changes) this occurs in inverse-proportion to the ratio 

of the inductances into which the rotor currents must establish 

flux in the regions surrounding the "artificial 1 1 edges of the 

stator. Moreover, if the amplitude of J r is increased at the 

boundary, then it follows that its decay rate will be similar-
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ly increased. The converse is also valid, and this was de-

monstrated on the first linear version of the induction conden-

ser principle as described in Section 2.4 whereby an abrupt 

change in stator current loading between motoring and condenser 

sections was practical because of the low G value. 

To characterize the rotor current when it is being main-

tained by the agency of slip, it is only marginally "stiff" 

despite its inductance-limited impedance; J r will exhibit sharp 

changes in both the in-phase and quadrature components so as 

to maintain gradual phase and magnitude changes in the airgap 

flux. However, over the ASC section, the added stator-indue-

tance coupled to the rotor circuit as well as a possible reduc-

tion in the apparent rotor resistance mean that the rotor 

current is less susceptible to sharp changes. 

In contrast, the airgap flux has a strong dependence on 

rotor velocity; principally the in-phase component will tend 

toward zero as synchronous speed is approached while the qua-

drature compoent rises in concert with the rotor speed for the 

excitation section. The exact division between and B in p q 
the condenser section is strictly dependent on the ASC load 

phase angle rather than on speed. 

The single most important criterion for the generation 

of reactive volt-amps by maintaining a large value of negative 

B^, is to ensure that at the transition from excitation to 

2 2 ^ 
ASC windings, the total airgap flux density, B._ = (B + B ) 2 

t. p q 

is as large as possible. In the reactive-balance test, the ma-

ximum value of 0.62 T r.m.s. was attained at 9-,. 
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Since there are no sharp changes in airgap length at the 0^ 

boundary, in practice the maximum reactive power available at 

this edge is Q m a x ~ 22 kVAR gross output per repeatable section. 

The phase angle of the ASC load current is 79°. 

Commensurate with the desired VAR characteristics of both 

stator windings in a high speed mode of operation, the quadra-

ture flux density is always decreasing gradually from its peak 

at 0-̂  in the 35 H.P. machine. Should B^ peak at a location 

other than this, such as midway along the excitation section, 

it is clear that the slip-excitation-pole-number product is 

above the value 

rr£ = 2 < 4 - 1 3 ) 

Conversely, if B^ peaks at a location greater than 0-̂  

(in the direction of rotor travel), then clearly the ASC win-

ding is consuming positive reactive power beyond that required 

for the leakage flux field. 

The real and reactive power distribution per coil of one 

repeatable section at the reactive balance condition, depicted 

by Figure 4.10 at the terminals is given in Figures 4.15 and 

4.16; refer to Figure 4.11 for the phase distribution. 
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Fig. *ul6 Measured reactive power distribution in the 26 kW machine during reactito balance condition, 26/11/79 Test. 
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4.6 HARMONIC PHENOMENA WITHOUT POLE AMPLITUDE MODULATION 
(SCIM-I) ' 

This section is mainly intended as a reference document 

to explain experimentally why the use of a conventional 3 

slots/pole/phase main winding for fahe 26 kW rotary machine 

results in a harmonic speed at 83.7% of synchronous speed or 

442.5 RPM on 50 Hz. The theory for this is presented in 

Section 5.3 and here all of the measured angles, coil 

terminal VARs and Watts are presented in Table- 4. 5 in a 

list form for the 90 coils as well as a per phase summary in 

Table 4. 6 . The individual coil phase angles are plotted in 

Figure 4. 17, as measured directly by the instrumentation and 

Figure 4.18 presents the same basic information but with phase 

angle plotted with respect to individual phase references. 

Figure 4.19 shows the VARs per coil at the harmonic 

speed where one should note that 8 coils are generating leading 

VARs in the ASC section even at this harmonic speed, although 

the net reactive consumption of the ASC is still a positive 

value but small. Figure 4. 20 shows the real power consumed 

by individual coils along the entire periphery where the 

cross hatched blocks represent the coils producing a braking 

torque of the rotor; there are 28 of these coils out of 90. 

This should be considered the most important of the graphs 

presented in this section. 

All the first tests of this machine used the original 

equipment manufacturer's pole-amplitude modulation winding 

for the motoring winding only and no harmonic speeds were 

encountered at all. Then the machine was reconnected with a 

standard series winding (even both repeatable sections in 

series) and this major harmonic condition was documented in 

full. 
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T a b l e 4. 5 

©-Pinch Mk. I Coil Terminal Power Factor Angles at 
Asynchronous Crawling , 50 % Input Voltage, Slip=26.3% 

50 Hz, Inertia J = 8 . 0 N - m - s e c 2 , No Shaft Load 

Coil Volts P . F . Ancle Watts VARs Coil Volts P . F . Angle Watts VARs 
1 4 .31 53.6* 13 .9 18.9 32 7.63 60.6 80 .2 141.4 

2 3 .73 76.0 4 .91 19.7 33 7.43 93.0 - 7 . 5 143.8 

3 3 .30 51.3 11.4 14.2 34 8.21 71.9 49 .1 151.2 
4 3 .22 86.0 1 .20 17.6 35 8 .30 52 .2 99 .1 126.8 
5 2 .80 112. - 5 . 7 14.3 36 8 .53 83 .0 22 .4 182.3 
6 2 .53 69.0 4 . 9 1 12.8 37 8 .39 66.3 72.6 165.5 

7 2 .65 99 .0 2 .25 14 .2 38 8 .11 53.1 105. 139.5 
8 3 .05 117. - 7 . 5 14.7 39 7 .74 77.9 34.3 161.4 

9 2 .41 59.6 6 .60 11 .3 40 8 .38 57 .4 96 .2 150.4 
10 1.92 115 - 4 . 3 7 9 .54 41 7.87 42 .3 123.5 112.4 
11 2 .45 152 - 1 1 . 8 6 .37 42 7.38 74.9 37.0 142.1 
12 1.97 130 - 6 . 8 8 .33 43 7.98 57 .0 84 .2 122.9 
13 1.77 172 - 9 . 6 1 .35 44 7 .45 36.1 117. 86 .2 
14 2 .47 194 13.2 - 3 . 3 45 7.58 68.9 58 .4 152.0 
15 1.83 152 - 8 . 7 5 4 .65 46 7 .77 45 .2 118. 118.3 
16 1.63 198 8 . 4 - 2 . 7 3 47 4 .20 23.1 21.1 9 .0 
17 1.81 201 9 .21 - 3 . 5 1 48 4 .24 44 .3 16.8 16.1 
18 2.66 39.1 44 .5 36.1 49 3 .52 83.9 2 .0 19.3 

19 2 .31 62.1 23 .4 43 .9 50 2 .67 44 .2 10.4 10.2 
20 2 .28 59.5 24 .9 42 .3 51 2.68 64.1 6 .5 13.1 
21 2 .62 71.4 17.8 52 .9 52 2 .73 81.9 2 .0 14.5 
22 3.13 85 .2 5 .61 66 .5 53 2 .15 126 - 6 . 8 9 .47 
23 3.19 64.4 29 .3 61 .2 54 1.80 93.0 - 0 . 6 10.2 
24 3.16 87 .5 2 .67 61 .2 55 1.84 113.6 - 4 . 0 9.16 
25 3 .94 87.0 4 . 0 76.3 56 1.88 133.1 - 6 . 9 7.30 
26 4 .13 68 .1 30.0 74.3 57 1.66 118.0 - 4 . 3 8 .0 
27 4 .43 89.0 1 .72 95 .4 58 1.68 174.0 - 9 . 2 0 .9 
28 6 .68 79.1 27 .4 141.3 59 2 .29 193.8 - 1 2 . 2 - 3 . 1 . 
29 6.93 64.2 65 .4 134.2 60 1.41 150.0 - 6 . 6 3 .8 
30 6 .85 94 .5 - 1 1 . 5 145.5 61 1.56 199.2 - 8 . 0 - 2 . 7 5 
31 7 .58 78 .5 32.1 157.7 62 1.92 211.0 - 8 . 9 -5 .40 



T a b l e 4. 5 continued 

Coi l Vol t s P . F . A n g l e Watts V A R s 
63 1 . 4 9 1 7 6 . 6 ° - 8 . 1 0 . 5 

64 1 . 7 7 2 1 9 . 6 - 7 . 4 - 6 . 1 

65 1 . 6 0 2 2 1 . 9 - 6 . 5 - 5 . 8 

66 1 . 8 4 5 7 . 5 2 1 . 1 3 3 . 1 

67 2 . 5 3 9 0 . 1 0 5 4 . 0 

68 2 . 7 1 7 7 . 5 1 2 . 5 5 6 . 3 

69 2 . 6 6 9 3 . 0 - 2 . 7 5 1 . 5 

70 3 . 6 3 9 3 . 4 - 4 . 2 7 0 . 3 

71 3 . 9 8 7 2 . 1 2 3 . 8 7 3 . 4 

72 4 . 5 9 9 3 . 4 - 5 . 8 9 8 . 6 

73 5 . 2 0 8 7 . 1 5 . 8 111 .8 

74 5 . 3 6 7 0 . 0 3 9 . 5 1 0 8 . 4 

75 5 . 5 8 9 2 . 7 - 5 . 6 118 .8 

76 7 . 3 8 8 1 . 0 2 4 . 6 155 .1 

77 7 . 5 2 6 2 . 6 7 3 . 6 142 .0 

78 7 . 2 1 9 8 . 3 - 1 2 . 9 138 .5 

79 8 . 1 7 7 7 . 0 3 5 . 5 153 .9 

80 7 . 5 7 6 4 . 0 6 4 . 4 132 .1 

81 7 . 3 6 9 0 . 2 0 . 5 0 1 5 8 . 5 

82 8 . 1 1 7 0 . 2 5 9 . 8 164 .1 

83 8 . 2 6 5 5 . 3 102. 145 .7 

84 7 . 8 5 8 0 . 4 2 7 . 6 164 .7 

85 8 . 2 5 6 1 . 5 8 3 . 8 1 5 4 . 4 

86 8 . 1 4 4 5 . 5 1 2 1 . 5 1 2 3 . 7 

87 7 . 6 8 7 7 . 0 3 3 . 5 1 4 5 . 2 

88 8 . 0 0 5 6 . 2 8 6 . 7 128 .5 

89 7 . 3 7 4 0 . 1 1 0 9 . 5 9 1 . 9 

90 4 . 6 1 1 9 . 9 2 3 . 6 8 . 6 1 



Table 4. 6 

S u m m a r y of Reduced Vol tage , Asynchronous Crawl ing T e s t Without Po le -Ampl i tude Modulation Windings 
P o s i t i v e Sequence , 102 V l ine-neut ra l , 50 Hz, 4 4 2 . 5 R . P . M . , S l ip = 26 .3%, No Shaft L o a d 

10 Po le " © - P i n c h " Mk. I 

Motoring Winding 

Input R e a l Power 
C o i l s 18-46 66-89 

R e a c t i v e P o w e r 
18-46 66-89 

P h a s e A 4 1 3 . 4 3 3 3 . 6 9 8 3 . 4 9 8 5 . 3 

P h a s e B 559*4 2 0 1 . 3 1245 .5 7 8 7 . 1 

P h a s e C 4 0 7 . 3 3 5 9 . 1 1049 .4 1002. 

Total Input Power : 2274 Watts , 6053 VAR s 

Condenser (ASC) Winding 

Input R e a l Power Output R e a c t i v e Power 
Co i l s 90 & 1-17 47-65 90 h 1-17 47- 65 

3 2 . 8 - 3 3 . 4 74. ,4 14 . 7 

8 . 5 -11.0 40. ,1 42 . 3 

3 . 7 13 .0 52. ,5 50 . 3 

Tota l R e a l Power Input: 13. 6 Watts 
Total R e a c t i v e Power Output: 2 7 4 . 3 VARs 

Overa l l Input Power : 2288 Watts , 5779 VARs 
Overa l l Input Power F a c t o r : 0 . 3 6 8 
4 4 2 . 5 R . P . M . r e f e r r e d to 12 pole s p e e d : 11.5% s l ip 



F i g u r e 4 . 17 Coi l t e r m i n a l p h a s e m e a s u r e m e n t s d i r e c t f r o m inatru-mentationj common, r e f e r e n c e . 
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V. A LARGE ROTARY INDUCTION CONDENSER 

5.1 REACTIVE POWER FLOW 

This section examines the real and reactive power trans-

fer between two active elements by describing the inter-

action between the Theta-Pinch machine and the constant 

terminal voltage supply network. In this context, an 

"active" element may be defined as a source or sink of 

apparent power which is capable of maintaining either its 

terminal voltage or current capacity independent of the 

power transferred. The Theta-Pinch machine, which may be 

briefly described as a variable-phase, rotary current 

transformer, has been designed specifically for use with 

an infinite bus, which will be defined to be a constant-

voltage, constant-frequency source or sink of infinite 

apparent power in contrast to a constant-current-mode bus. 

Clearly the infinite bus is an active element as well as 

the asynchronous condenser winding of the Theta-Pinch 

machine once high speed operation is reached. 

Conventional rotating synchronous condensers are active-

ly controlled by the injection of a field current in 

direct response to the terminal voltage magnitude, phase or 

rate of rise. Alternately, the asynchronous induction 

condenser under discussion incorporates an analogous field 

current control by the agency of rotor slip variation and 

most important this is a stable, compensation mechanism. 

The asynchronous condenser machine only contains high 

power windings but this does not preclude this device from 

being classified as an active element despite the fact 
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that no low power control windings- are used. The self-

compensation capability of the asynchronous condenser is 

best illustrated by supposing that initially the machine 

is running at a constant terminal power factor, e.g. unity 

at rated load. If the load is suddenly increased as evi-

denced by an increase in primary current, this increase is 

reflected in the slip frequency rotor current and a 

corresponding increase in the magnitude of the transient 

DC rotor current component initiated at the transition 

region in the machine. If this is a large machine with a 

relatively low magnetization requirement, the tertiary 

current induced in the stator asynchronous condenser wind-

ing will always be a mirror image of the transient DC 

rotor current and this is the effective compensation 

current. The following section details the exact operating 

range for the ratios of tertiary: primary current and ter-

tiary: line current for maintaining unity terminal power 

factor under differing real power transfer. 

The main purpose of the reactive power flow analysis is 

to establish the proper phase angle criteria not only for 

the equivalent voltage or current source representing the 

condenser winding but rather each coil of this tertiary 

section must be regarded as an individual generator since 

no two stator coils have either identical induced voltages 

or phase angles. Conventional machine theory assumes 

uniform flux distribution throughout the airgap periphery 

and conveniently assigns a "distribution" factor to avoid 

the complexity of summing a multitude of phasors since all 
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voltage phasors should be equal. .The phase distribution 

of the airgap flux throughout the transient region of the 

asynchronous condenser is given in Chapter III, Section 1 

and here it is shown how well the induced voltage so genera-

ted may be utilized in light of the constraints placed on po-

wer transfer by the magnetic leakage and electric resis-

tance paths. 

The apparent power absorbed by the airgap magnetic 

field may be assigned on a point by point basis to indi-

vidual stator, tertiary coils as represented in Figure 5.1 

where V-̂  is the equivalent induced EMF and V t is the coil 

terminal voltage. For convenience, it is assumed that V^ 

will always be at a zero phase angle, V^ will be at a 

variable phase angle 6 , and I is positive flowing into 

the internal source. 

From conventional analysis [ 1 ] , the airgap apparent 

power may be represented as 

where R and X are passive elements, representing the per 

coil resistance and leakage reactance and are assumed to 

be constant values. By ordinary trigonometric relations, 

(5.1) may be expressed as 

- ( v ^ o 0 ) ( 5 . 1 ) 
R + jX 

S = I -V x
2(| - j |) + V 1 Vt[cos(5 4-tan"

1(|)) + j sin (S+tan"1^))] 

Z 

Implementing the complex conjugate oper 
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F i g u r e 5. 1 C o i l - b y - c o i l mode l of the tert iary winding for 
represent ing the a irgap induced voltage, V^. 
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ation 

S = P + j Q 

o -D V, V. cos (6+tan _ 1(|)) 
where P = - V / — 7 + - 1 r> » ,, . ^ (5.3) 

1 R + X v r ^ + x 

2 x V t V t sin (6+tan" 1(|)) (5.4) 
Q = -V-, —k 2" ~ /~2 T 

1 R z + v V + X z 

Consider a large machine model for which it is assumed 

R = 0 

V-, V V-, V 
P = ——- cos (5 - 90°) = -i—£ sin (5) (5.5) 

X X 

-V, 2 V, V. n -V 2 V, V . 
Q = —— - —— - sin ( 6 - 90°) = —±- + ——£ cos <5) 

X X X X 

(5.6) 

By combining (5.5) and (5.6), it is possible to obtain a 

expression for the total reactive power transferred in 

terms of only the real power absorbed, the power angle S , 

the leakage reactance and the internal voltage. 

2 

tan(6) X 
P V 1 

Q - - (5.7) 

In the most basic case, suppose that the coil terminal 

is connected to a passive load represented by an ideal in-

duction motor equivalent circuit for which the total im-

pedance is only the secondary resistance R2. Then, if it 

can be assumed that X >> R2, which is a fair approximation 

at locked rotor conditions, it is clear that the power 

angle <5*-90° and 

- V L
2 (5.8) 
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~ V 1 V t " V 1 2 r 2 
P s 1 t g 1 Z (5.9) 

X X 

This serves to define the directions of flow so that nega-

tive Q corresponds to reactive power being generated by 

the condenser voltage source and negative P indicates real 

power generated by the same source. Conversely, the cri-

terion for Q to be positive, which means that the airgap 

field will be absorbing reactive power (and valid for 

speed control applications of the condenser winding) , is 

that 

V t cos (6) > V-l (5.10) 

Under the assumption that the tertiary winding resis-

tance is negligible or R = 0, it is clear that the power 

angle is 

5 = tan" 1 P 
T 

_Q + V^ / X _ 

(5.11) 

In general, this power angle must be kept as small as 

possible in direct contrast to synchronous generator oper-

ating angles, and this implies that for condenser utili-

zation 

Q > P - V x
2 / X (5.12) 

and the airgap-power factor is 

P 
cos 0 =» I f\ (5.13) 

V P + O 

Suppose that the equivalent load on the condenser winding 

is represented by a passive impedance 
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where 

Z t = R c + j X c 

the terminal power factor is clearly 

+ X 

(5.14) 

tan 
-1 

R (5.15) 

o < c < 7t/2 — "overexcited" 

-IT/2 < 5 < O — "underexcited" 

For each case, let the terminal voltage be per unitized as 

v t = 1.0 < CT 

and the load apparent power is 

* 
V .V 

s t ^ - E - i - + 

lxl 

= 1.0 < - c (5.16) 

In general, =• |S| • cos fe) and the rated load power is 

equal to the rated load power factor, 

P t r = C O S (C ) (5.17) 

If the load departs from unity to some per unit factor fc 

k s P t r 

cos e 
(5.18) 

Z = c o s ** 
t _ k s P t r 

. (cos C + j sin e ) (5.19) 

The condenser internal voltage source is 

v i = \ 

z t + JX 
(5.20) 
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= V t 

X.k P t r 

c o s e + k(sin c + ) s S COS g 

cos ? + j sin 

V11 = V c o s 2 cos ? + (sin 5 + X k P /cos S) 
S 

TP 

V. tan" 1 

sin 5 + X k P. /cos C 
s tr 

cos ? 

(5.21) 

(5.22) 

(5.23) 

The effects of magnetic saturation may now be included by 

either calculating the B-H curve from a mathematical func-

tion or else directly inputing point-by-point data from an 

experimentally obtained open-circuit tertiary winding test; 

the latter being the preferred method. Therefore the MMF 

F v ^ as shown in Figure 5.2 corresponding to the condenser 

source voltage V^ is obtained. When required interpolation 

between the points on the open-circuit characteristic is a 

standard procedure. The phasor representing the resultant 

of the actual DC component of rotor current and the equi-

valent armature reaction effect of tertiary current is 

*vl = F v l 
(5.24) 

The angle of the tertiary reaction MMF corresponding to 

phasor 1 is 

u = - tt / 2 - 5 (5.25) 

The magnitude of this reaction effect at rated load is de-

fined as 

A f 3 (A.T.) 
F 3 r ( p . u . ) A ^ (5.26) 

F q (A.T.) 

For every other loading 
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F i g . 5 . 2 P h a s o r D i a g r a m for Asynchronous Condenser C h a r a c t e r i s t i c s 
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IT 3 F 3(p.u.) -
|I 3(rated)| 

^ ( p . u . ) 
3r (5.27) 

|S tl F 3 r ( p . u . ) 3r (5.28) 

(5.29) 

The resultant equivalent excitation is 

X 2 r * X v l " I a r 
(5.30) 

where it is clear that llo-J is the per unit requisite 

rotor current. To be converted into amp-turns, the rotor 

current producing open-circuit rated mains voltage should 

be used as the base. This voltage is found by integrating 

equation (3.79) and incorporating (3.59) for the condenser 

section flux distribution. 

A convenient way of expressing the resultant transient 

rotor current in terms of dimensionless quantities is to 

use the logarithmic function of a product of slip and 

Goodness factor as 

where cr G = 1.0 corresponds to the basic conditions in 

the composite machine for which the primary is operating 

at one half rated load and a conventional lagging power 

factor. In general, a minimum condition for total leading 

KVAR operation is that 

L o g 1 0 (<r G) 
(5.31) 

^°SlO ( c Jo G o ) 
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cr G > 2 (5.32) 

This has been substantiated by operational experience with 

the SCIM-MK. II machine but the inequality in (5.32) is de-

pendent on the saturation characteristics. Figure 5.3 

shows the digital computer flow diagram for simulating the 

entire machine performance and it uses a point by point 

saturation curve to plot stator input kVA versus the oG 

product for differing families of per unit mechanical load-

ing. The saturation curve used is given in Figure 5.4 

based on the tertiary V-I characteristics of the SCIM-II 

machine rather than the lamination B-H curve. The equiva-

lent "V-curves" for the SCIM are plotted in Figure 5.5 for 

6 different values of tertiary leakage reactance; the only 

assumptions that is incorporated is that R~ = 0. 



A. 

J m » Cage-Rotor Magnetization Surface Current Dens i ty ( k A / m peak) 

F i g u r e 5 . 4 Open primary-and-tert iary c ircui t saturation c h a r a c t e r i s t i c s for the 112 kW SCIM 
unit based on magnet ic equivalent c ircui t calculat ion of total machine magnet ic re -
luctance c ircui t of rotor, stator core , teeth and 1. 31 m m ef fec t ive airgap. 
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The industrial application of the integral induction 

motor/asynchronous condenser brings to light a primary con-

sideration concerning any apparent design t radeof f of power 

to-weight ratio and percentage power factor enhancement. 

Therefore, consider the example of reactive compensation 

occuring with the two primary windings individually optimized 

to peak their respective real and reactive power modes, 

where specifically the primary current of the former, 

along with the condenser primary current, I 3 , are fed from 

the mains, in parallel and a terminal voltage and the 

total, compensated current is I t per phase. The power 

factor angles of the two branch primary currents are 0_ 
asc 

and 0^ and the total system power factor angle is 0 as 

indicated in Figure 5. 1 . By ordinary trigonometric re-

lations, it is clear that 

I x
2 = I t

2 + I 3
2 - 2 I 3 I t cos (03 - 0 ) (5. 33) 

and under the assumption that only power absorbed by the 
o 

ASC section is dissipated as a primary I R loss (and con-

sequently no speed control mechanism is available) . This 

power, per phase, is 

P 1 s V t I 1 c o s 3 4 ) 

and consequently 

^ Pi + V t I 3 cos 0 3 (5. 35) 

V t cos 0 
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By combining (5.33) and (5.35) i t f o l l o w s 

Ii=< 
Vt T3 C 0 S 03 + Pi 

cos 0 

2 2 2 cos + p^ 
+ I 

cos 0 
cos(03 - 0) 

(5. 36) 

and the apparent power capacity of the main primary winding 

on a three-phase system is 

3S X » < 
3V t I 3 cos 0 3 + 3p 1 

cos 0 
+ 3V C I 

- 1 8 
v t A c o s 0 3 + Pi h V t 

cos 0 
cos (03 - 0) 

(5.37) 

At unity terminal power factors, (5 .37) simplifies to 

2 
3 S X = < 3V t X 3 cos 0 3 + 3 p x 

P -I 

+ 3 V t X3 

-18 V t X3 c o s 0 3 + Pi X 3 V t 
cos (0 3) 

(5. 38) 

Clearly, the ratio is the power factor of the main 

primary winding, cos 0-^. The single most important para-

meter for the large machine model (current-forced) to pre-

dict reactive compensation capability is the requisite ra-

tio I 3: at unity terminal power factor. 

I 3 v t 

<[[vt I 3 cos 0 3 + P l ]
 z

+ [ v t I 3 J 2 _ 2 [v* I* cos 0 3 + P l I 3 V t]cos ^ 

(5. 39) 
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To further simplify this criterion, suppose that at unity 

terminal power factor, less than one per unit real power, 

p^ is being delivered to the primary at one per unit termi-

nal voltage, V.. 

X 3 _ 1 _ _ 
X1 ^[cos 0 3 + 1^/13]

2 + 1 - 2 [cos 0 3 + P-j/^] cos 0 3J>
2 

(5.40) 

Rather, than solving (5.40 ) as a singular function of p^, 

it is necessary to characterize this by a family of curves 

according to the ratio of tertiary active power input to 

primary active power input as 

P 3 V t I 3 cos I 3 cos 0 3 ^ 

Pi Pi Pi 

( 5 . 4 1 ) 

k p 

I 3 / 1-cos2(0^) f + c o s 2 ( 0 3 ) •j - n -
V 1 - cos 2(0 3) 

k 2 - l P 

( 5 . 4 2 ) 

where normally k^ is significantly larger than unity and 

may be negative. Figure 5.6 plots the tertiary to primary 

current ratio as a function of the tertiary section power 
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t 

F i g . 5. 6 Ratio of t er t iary current to p r i m a r y current at unity power factor 
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factor angle for values of k^ from: 2 through 10; the latter 

value corresponding to large induction condenser machines 

such as the Q-Pinch MK.II design. 

Similarly, it is convenient to characterize the com-

posite machine by a family of curves according to the ratio 

of the tertiary reactive power output to the primary active 

power input as 

q 3 _ V t I 3 sin 0 3 _ I 3 -sin 0 3 _ 1 ^ ^ 

Pi Pi Pi k q 

and consequently the branch current ratio is a singular 

function of the current angle 0^ as 

" 2 [cos 0 3 + k^ sin 0^] cos 0^ + [cos 0^ + k q sdn O j 2 ^ 

(5.44) 

This expression is plotted in Figure 5. 7 for values of 

^ ranging from 20 through 1.5; the latter value corres-

ponding to the larger induction machines at unity power 

factor and constant terminal voltage conditions. 

An equally important criterion as (5.42) and (5.44), 

is the ratio of tertiary current to total line current as 

a function of 0^. 

8 

r " = < [ 1 •+ e 2 + 2B • cosp J % j[03- cos _ 1(Kj cos 0 3)] j - 2 

(5.45) 
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2. t 

30° 40° 50° 60° 7<r 

Tert iary Current Phase Angle, <£>3 

F i g . 5 . 7 Ratio of t er t iary current to p r i m a r y current at unity power fac tor 
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This is plotted in Figure 5.8 for -k =2 and k =2 0 to indi-
^ P P 

cate active power absorbed by the tertiary power with res-

pect to the primary. On a first order, k^ may be used to 

express the utilization of the machine, as in the large 

machine model it is approximately 

P 1 k p " -

?3 

P J n m 

P m d - n ) / n 

( W 2 _ ( a t 1 / a t 3 ) 2 

n 3 / n l (1-n) n^/n^ 
(5 .46 ) 

where p m is the mechanical output per phase, n is the 

conversion efficiency, n ^ 3 are the primary or tertiary 

poles and AT is the ampere-turns per phase since primary 

and tertiary windings necessarily have different turns/ 

phase. In general, the current-forced 8-Pinch machines 

satisfy the inequality that 

n 3 T 3 > n l T 1 
( 5 . 4 7 ) 

under the assumption of either uniform peripheral slot 

filling or the tertiary conductor exceeding the primary 

conductor volume per slot up to 20%. 

The ratio of the tertiary current to the total line 

current may also be expressed in relation to the reactive 

output of the tertiary, using the parameter k^, as 

8 

-5-= 1 + 8 2 + 2 8 cos[0 3 - cos-1( 8 k q sin 0 3 ) J ^ 

(5 .48 ) 
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F i g u r e 5. 8 Ratio of t er t i ary current to total current at unity power factor . 
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This is plotted in Figure 5. 9 and should be compared with 

Figure 5.7 to evaluate terminal performance at constant 

k values. 
q 



336 

Tert iary Current P h a s e Angle, <f>. 

F i g 5 . 9 Ratio of Tert iary to Total Line Current at Unity Terminal Power Factor 
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5.2 THE SCIM-II MACHINE 

In 1975 it was first suggested that continuous, unity-

power factor operation of a cage-rotor motor might be achieved 

by winding design alone if the stator MMF was so configured 

to produce a progressively decelerating airgap field speed 

in the direction of rotor motion Cz] . This was superseded 

by the "Theta-Pinch" design whereby instead of having a con-

tinuously changing system of field speeds, each repeatable 

section of the stator periphery contained only one or two 

abrupt changes in pole-pitch and MMF simultaneously. The 

112 kW Theta-Pinch motor is shown in Figure 5.10. 

One requirement is that each repeatable section contain 

at least 4 poles (with respect to the original single pole-

pitch winding) to establish the proper flux level; the first 

machine of this type had a total of 10 poles with pole-

amplitude -modulation windings used for the 8 poles of exci-

tation for torque production and the remainder were used as 

a reactive current generator. 

In all of these space-transient machines, referred to 

in the literature as induction condensers, it is understood 

that these units still accrue the conventional reactive 

losses due to leakage flux paths and magnetization as in a 

lagging power factor machine. The purpose of the second poly-

phase stator winding is to compensate entirely for the re-

active losses by phasing it for maximum leading current 

without producing any significant braking forces on the 

rotor. 
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F i g . 5. 10 V i e w of t h e 150 H . P . S C I M u n i t d u r i n g t h e r e c o n n e c t i o n c o m -
m e n c i n g w i t h o n e ASC g r o u p t h a t i s s e p a r a t e l y - e x c i t e d a s 
s h o w n i n t h e l o w e r r i g h t s i d e of t h e e n d w i n d i n g . T h e 150 k V A 
T y p e NS A C - c o m m u t a t o r d y n a m o m e t e r i s i n t h e b a c k r o u n d . 

? 

r -



Fig. 5.11 Lab 002C Test Facility for 9-Pinch Reactive Power Balance prior to rewind 





Table 5. 1 

Charac ter i s t i c s of the 150 H . P . 8 P o l e Induction Machine Q-Pinch II with 

Q . E . M . Newman Stator Winding (50 Hz) 

Stator 

P o l e pitch, m m 194 
Coi l throw s lo t s 1 -8 
Conductors in p a r a l l e l / c o i l 3 
Conductor wire s i z e , O . D . , m m 1.828 
Copper c r o s s s e c t i o n / p a r a l l e l , m m 7 . 8 8 
Total copper c r o s s sect ion in one s l o t , m m ^ 204 .8 
Number of turns / c o i l 13 
W e i g h t / s e t of 72 c o i l s , kg 8 2 . 7 
Chording factor 0 .940 
Distr ibut ion factor 0 .959 
Number of co i l s in s e r i e s a c r o s s 415 6 
Slot ut i l izat ion fac tor , per cetit 3 6 . 9 
S l o t s / p o l e / p h a s e 3 
Insulation c l a s s A / B 
C o r e - i r o n l o s s 710 
T e e t h - i r o n l o s s 480 
Tooth surface - i r o n l o s s 360 
Current density at rated l o a d , A / m m 3 . 5 8 
Total copper c r o s s sec t ion in 72 s l o t s , cxn 2 147 
Mean length of t u r n , c m 119 
Termina l vol tage , (Delta connection) 420 
Line Current, A 202 
F u l l load s l ip, % 2 . 0 
Maximum temperature r i s e , ° C 75 
Copper l o s s , k W ( s t a t o r ) 2 . 3 9 
Starting Current, A 1130 
Starting Torque, N - m 1807 
Max imum Torque, N - m 5010 
Rated Torque, N - m 1205 
Sl ip at max imum torque, % 11 .2 
Total l o s s e s at rated load,kW 9 . 0 8 5 
E f f i c i e n c y at rated load , % 92 
P o w e r Factor at rated load, % 91 
Max imum airgap f l u x / p o l e , running l i g h t , Wb 0 . 0 2 5 9 
Current loading /per iphery at rated load, J s (peak) A / m 4 4 , 8 5 0 

Equivalent Circuit P a r a m e t e r s (Ohms) 

R1 0 .0620 
R2 ( locked rotor) 0 .1379 
R2 (at 2% slip) 0 .0692 
XI 0 . 2 8 2 
X2 ( locked rotor) 0 .271 
X 2 ( at 2% s l ip ) 0 . 3 2 3 
X m 13 .2 
R i - i r o n l o s s 316 
Goodness Factor 192 



Table 5 . 1 Continued 
i • 

C h a r a c t e r i s t i c s of the 150 H. P . , 8 P o l e S . C . R . Induction Motor © - P i n c h IE 

Stator 
Number of s lo t s 
Conductors in p a r a l l e l / c o i l 
Copper c r o s s s e c t i o n / p a r a l l e l , m m ^ 
Coi l throw s lo ts 
Core length inc l . 3 ducts, m m 
Number of t u r n s / c o i l 
"Weight / set of 72 co i l s , kg 
O h m s / p h a s e @ 20°C 
W i r e s i z e , O . D . , m m 
Chording factor 
Dis tr ibut ion factor 2 

O v e r a l l s lot area , m m 
Number of co i l s in s e r i e s a c r o s s 4 l 5 v 
In su lat ion c l a s s 
P e r f o r m a n c e as Original Equipment Manufacture 

High speed connect ion De l ta 
Rated 1 oad speed, rpm 735 
Rated phase current , A 202 
Locked rotor torque, per cent 150 
Locked rotor current, A 1130 
Locked rotor input power, kW 243 
Locked rotor power factor , per cent 31 
Fu l l load power f a c t o r - e f f i c i e n c y product 0. 761 
E s t i m a t e d full load mean a irgap f lux dens i ty , T 0. 545 
Fu l l load s l ip, per cent 2. 0 
Fu l l load rotor l o s s , kW 2. 238 
F u l l load stator copper l o s s , kW @ 20°C 1. 533 
N o - l o a d power input, kW 4 . 2 
N o - l o a d phase current , A 68 
N o - l o a d power factor , per cent 8 . 9 

72 
3 
7. 87 
1 - 8 

292. 1 
13 
82 .7 
0 . 0 5 0 1 
1. 828 
0 . 9 3 9 
0. 959 
555 
6 
A 
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In all previous tests of the rotary lab machines with 

asynchronous condenser windings, either an external inductor 

bank or a phase shifter had to be used to load the ASC 

windings. For the SCIM - II unit, a three-phase auto-trans-

former has been used in between the ASC windings and the 

mains to allow some kind of experimental optimization, since 

the internal leakage flux penalty of using a phase shifter 

to vary VARs was avoided. In particular, the use of a 

variac to control the forcing of VARs into the mains al-

lowed tests to substantiate what fractional turns on the 

ASC coils would give the highest output; ideally there 

should be e.g. 8.6 turns/coil. In a commercially built 

machine, there would be no reason to even include an auto-

transformer albeit brazed-connections internally would be 

very specific to a particular slip, plus or minus about 0.6%, 

which is actually a rather large margin for 200-500 H.P. 

size machines. The purpose of the rewind was to obviate 

the need for any such external devices and consequently, 

feed the leading VARs directly back into the mains. 

The experimental facility and instrumentation for these 

tests are shown in Figure 5.11. The original winding layout of 

the 150 H.P. machine with a symmetrically-wound primary is 

shown in Figure 5.12 with characteristics listed in Table 5.1 

including the equivalent circuit parameters. Figure 5.13 shows 

the computed performance of this machine from the steady-state 

model and including the deep-bar rotor effect but neglecting 

stray-load loss, magnetic stauration and hysterisis. Figure 5.14 

depicts the computed efficiency based on synchronous watts and 

the rotor power factor which is taken to be cos"-'-(R2/CJZ2) with 

both R 9 and X 9 having a slip dependence according to (6.18). 



344 

50 Hz, 415 V u 

F i g . 5 . 1 3 Computed P e r f o r m a n c e C h a r a c t e r i s t i c s of the 150 H . P . Machine 
as Original Equipment Manufacture , neglect ing core l o s s , s t r a y -
load l o s s , f r i c t i on and windage l o s s and magnet ic saturation. 
Deep bar e f fec t included. 
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o 

F i g . 5 .14 Computed P e r f o r m a n c e C h a r a c t e r i s t i c s of the 150 H . P . Machine a s 
Original Equipment Manufacture , neglect ing core l o s s , s tray load l o s s , 
f r ic t ion , windage and m a g n e t i c c i rcu i t saturation. Deep bar e f fec t included. 



346 

5.3 UNITY POWER FACTOR TESTS 

The purpose of the reconnection testing was to substan-

tiate computer calculations and previous experimental evidence 

existing on: 

Starting torque and current 

Phase balance (interphase and intraphase) 

Harmonic speeds 

Reactive output 

Relative phase change of ASC induced voltage versus slip 

Decrement of ASC induced voltage along ASC poles 

Excess rotor real-power loss 

Phase angle error per coil as a function of slip 

due to uniform pitch 

A . Starting Currents and Torques 

Figure 5.15 shows the starting current of the 150 H.P. 

machine in the most preferable connection arrangement from 

the aspect of passing through any harmonic speeds before 

running light-at 744.8 R.P.M. This connection of the main 

winding was a standard delta type at the terminals with three 

phase groups per leg in parallel as shown in Figure 5. 16 . 

However, the important aspect of this is not especially the 

delta, but since each leg is composed of 6 coils in series, 

it is essential that the spacing of these individual coils 

around the periphery effect a rather specific MMF shape. The 

optimum MMF for the start-up mode was found largely by trial 

and error before the machine was rewound and the location of 

the coils is shown in Figure 5. 17 in schematic form, to 

complement Figure 5.16 . In general, designers are careful 

to avoid any delta connections in special circumstances as 

this might lead to unequal phase currents, but yet this is 

what precisely makes the SCIM-Mk.II machine at 150 H.P. practical 
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30 25 24 

Al B2 CI 

M a i n s T e r m i n a l s A S C T e r m i n a l s 
4 1 5 V u 

F i g u r e 5. 16 F i n a l r e c o n n e c t i o n d i a g r a m f o r the 112 kW, 8 - p o l e m a c h i n e u s i n g a c o m b i n a t i o n 
s e r i e s - p a r a l l e l p r i m a r y winding and s e r i e s - c o n n e c t e d t e r t i a r y ( A S C ) wind ing 
that y i e l d e d a ne t z e r o r e a c t i v e p o w e r b a l a n c e b e t w e e n input and output V A R S . 



0 240v 0 O/P 0 24Gv 240 v o/p 

Fig. 5.1? Preferred pole grouping of 112 kW machine used in reconnection testing as detailed in Figure 
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to start. Figures 5,16 and 5.17 thus- depict a case whereby-

individual coil currents will differ by at most a factor 

of 2 (all motoring coils having the same number of turns) 

at speeds of 6 6 7 o or higher of synchronous, when harmonics 

could potentially be a problem. At locked rotor, it is 

understood that all coils carry substantially the same current 

as determined by the zig-zag leakage inductance and other non-

rotational parameters. The essence of this special connec-

tion is that all CQils of the first entry pole (of the same 

phase) among repeatable sections must be series connected 

before being placed in parallel across the mains as in the 

delta. Equally important, all of the coils of the middle poles 

in the motoring section must be series connected within each 

repeatable section only. 

In this particular winding for the 150 H.P. unit, the 

motoring winding consists of 3 poles where it has been found 

advantageous to have poles 2 and 3 in each repeatable section 

in series, with pole 3 being the exit pole preceding the ASC 

types. (Possibly for other designs which make use of 4 

motoring poles per repeatable section, it may be advantageous 

to have pole number 4 cross connected among repeatable sections, 

although to a large extent the best arrangement for this exit 

pole is entirely dependent on the loading of the ASC windings.) 

The connections so far suggested for the entry and middle poles 

are largely independent of the ASC loading. Essentially the 

same starting characteristics could be obtained with a pole-

amplitude modulation winding by incorporating interspersed 

coils in the phase groups whereas the present arrangement uses 

exclusively 3 slots/pole/phase. 

As an alternative to simply avoiding the use of the ASC 

windings in the starting mode, the inclusion of one star-delta 
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changeover contactor (nine terminals) with the machine 

connects the ASC windings to the mains during start to pro-

vide exactly the same torque-speed characteristics as a con-

ventionally wound machine. At a slip value less than 15%, the 

contactor changeover simultaneously effects an ASC impedance 

level change as well as giving this winding a 120 degree phase 

shift so that VARs are generated rather than consumed. This 

is illustrated in Figure 5.18 and the only special requirement 

is that the ASC winding have two separate conductor paths/coil; 

in start the ASC is in series with the STDP winding while, for 

unity power factor operation, the ASC is in parallel-star with 

STDP. 

B. Phase Balance 

Phase balance has in general been a problem for equalizing 

the current among phases although intraphase current or voltage 

balancing has been very good, owing mainly to the use of two 

repeatable sections. The interphase balancing is primarily con-

trolled by the use of unequal numbers of coils/phase coupled 

with the fact that each coil is operating at a slightly differ-

ent flux level albeit each coil has the same number of turns. 

The terminal phase balance situation may be cumbersome in large 

industrial applications, but as far as the airgap of the machine 

is concerned, it makes no difference per se. Conversely intra-

phase unbalance can be detrimental to the electromagnetic 

conditions for VAR generation while this might remain undetec-

table from terminal measurements. Table 5 ,2 gives typical 

figures for the 150 H.P. machine. 

C. Harmonic Speeds 

In this section, all harmonic speed conditions are based 

entirely on MMF harmonics and stator-rotor slotting harmonics 



352 

Table 5,2 

Phase Balance of 150 H.P. Machine with P.F. Correction 

Test Results from 30.6.80 Data 

Two Parallel Groups per Phase of Motoring Winding 

1) Speed: 739.2 RPM (approx. 1/2 load) 

I R = 80.1 I Y - 60.3 I B = 78.5 A 

V R = 91.2 V Y = 89.3 V B » 86.25 V 

2) Speed: 733.1 RPM (approx. 3/4 load) 

I R = 128.3 I Y = 114.4 Ifi = 125.8 A 

V R - 90.0 V y = 88.9 V B 87.2 V 
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in these machines are exactly the same as in conventional 

machines. In general, the inclusion of an ASC pole(s) in a 

rotary machine means that there exists the potentiality that 

the unit will run at a harmonic speed corresponding to either 

the next even number of motoring poles or the second higher 

number of poles. For instance, the basic 8 pole machine 

comprised of 3-1+ - 3 - 1+ poles could run at either a 10 pole 

speed or a 12 pole speed depending entirely on the loading of 

the ASC 1+ pole. 

If as in SCIM-II the stator is wound with a uniform 3 

slots/pole/phase or the like, where the number of motoring poles 

are n^ around the entire periphery, and the number of condenser 

poles are n^, then in general the harmonic synchronous speeds 

occur at 

0) 

n l + n 3 
s ( h ) ~ 2 E V l ) 

u / n (5. 49) 

where t*16 fundamental speed and h is the order of the 

harmonic, any integer larger than the sum (n^ + n^)/2. This 

implies that the relative length of the ASC section is not 

important in determining harmonic speeds. Table 5.3a gives 

the harmonic slips for the case of 8 and 10 pole peripheries. 

Table 5.3a 

Harmonic No. Slip with n^ + n^ = 8 Slip with n^ + n^ - 10 

5 * 20% 0 

6 * 33% * 16% 

7 42.8% 28.5% 

8 50.0% 37.5% 

However, while the above expression accounts for any serious 

harmonic effects, some minor torque oscillations exist as a 

consequence of the relative length of the ASC winding, i.e., 

the gap in the main excitation. These are due to the combined 
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modulation of the airgap b y the synchronous travelling field 

and the rotor speed travelling field. The synchronous slip 

at which these beats occur about are given by 

0 ~ h + n— • P e r u n ^ t (5,50) 

Table 5.3b gives these harmonic slips for the 35 H.P. (n^=4) 

and 150 H.P. (n-^=3) units. Note that the pole numbers in(5.49) 

refer to total poles whereas in (5, 50) the poles per repeatable 

section are used. 

Table 5.3b 

Harmonic No. Slip at n^=3 Slip at n^=4 

1 25% 20% 

2 40% 3 3 . 3 % 

3 50% 4 2 . 8 % 

In practice none of the harmonics given by 5. 50 caused any 

noticeable torque ripples independent of connections, while 

the three cases in Table 5.3a indicated by an asterisk could 

be considered serious if only a simple integral slot/pole 

winding is used. Notwithstanding, the basis of using these 

machines in a speed control application (as an alternative to 

P.F. correction) is the combination of effects explained by 

(5.49)and (5. 50) since several of these harmonic speeds are very 

close, which is an advantage. In general, no steady-state 

hunting at the harmonic slip speed will occur because both 

effects produce additional torque subsynchronously of the 

harmonic and the loss in torque usually occurs at a super-

synchronous speed of the harmonic, for example at 502 RPM 

with respect to Table 5.3b t Column 2. 

Figure 5.18 shows a practical speed control connection 
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F i g . 5 . 1 8 a Speed control SC IM connect ion wh ich yi e lds 500 r . p . m . s p e e d 

c« 
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F i g . 5 .18b Speed contro l SCIM connection which y i e l d s 600 r . p . m . s p e e d 

F i g . 5. 18c Speed control conne cti on y i e ld i ng 750 r. p. m^ no P . F . correct ion. 
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diagram of the SCIM machine assuming the machine is wound with 

3 slots/pole/phase in a type 3-1+ -3 -1+ sequence. The im-

portant point is that in having an external contactor, three 

distinct synchronous speeds are possible; it's similar to 

pole-amplitude modulation except that three speeds are 

practical instead of two . All these schemes provide an out-

put in excess of 80 kW although the high speed connection 

(750 RPM) has the highest efficiency. 

Pole-amplitude-modulation has several coils per 

pole that either have excessive reactive power inputs or else 

several coils around the periphery (averaging less than 1 coil 

per pole) that actually produce braking forces on the rotor 

in the high speed (most preferred) connection. 

D . Phase of ASC Induced Voltage 

Over a narrow range of slip it is accurate to describe 

the ASC operation as a rotating current transformer, the 

phase of a particular ASC phase current being determined by 

the combined effect of all phases of the main winding, rather 

than being dependent on single main phase currents. The 

important aspect of this is that even if the magnitude of the 

ASC current stays fairly constant, the effective utilization 

of the ASC winding depends entirely on the proper phase matching 

and in this respect a multiple of main phases are advantageous 

over a three-phase system. Conversely, suppose that no external 

switching is to be used and that a three-phase supply is man-

datory, then solid connection of all terminals demands that 

the phase change of the ASC current with slip remain constant 

for a given load. In general rotary machines have very little 

change with slip as compared with linear machines incorporating 
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condenser winding. (A phase plot of the LIM-ASC-1 machine 

as shown in Figure 2.42 should be referenced for comparison 

purposes.) For the last two rotary machines, phase plots 

versus slip of the ASC induced voltage on open circuit of 

the ASC have been taken and Figure 5.19 is the plot for the 

SCIM-II machine after being rewound. Ideally, this measure-

ment should be taken at a constant stator current loading 

over all slips but the range of current variation with respect 

to Figure 5. 19 is not significant. This information tells 

the designer the maximum speed range which can tolerate a 

given utilization factor of the maximum reactive power (at 

a given slip for the number of phases fed from the supply). 

For the SCIM-II machine, the rate of change of airgap flux 

phase with slip is 8.8 degrees/1% slip at slip equals 2% and 

50 Hz. 

E . Decrement of ASC Flux along the ASC Poles 

This is a measure of the armature reaction of the con-

denser windings combined with the Goodness factor of the ASC 

section which may be considered to be the equivalent of forced 

and natural response in a linear system, respectively. Measure-

ments are taken of individual coil voltages in the ASC section 

on open circuit to give the natural flux decrement along, for 

example, .1+ pole and this is presented for the SCIM-II machine 

in Figure 5. 20 . Then the measurements were repeated on load 

by monitoring the magnitude of the coil terminal voltages. 

This is an accurate measurement (despite the resistance and 

leakage impedance drop which was subtracted in the absence of 

search coils) because all ASC coils carried the same phase 

current and saturation of the leakage path was always insig-

nificant in the ASC poles. The SCIM-II machine has an ASC 

open circuit decrement less than 5% over the 1+pole/rep eatable 



F i g u r e 5 . 1 9 P h a s e a n g l e of t e r t i a r y i n d u c e d v o l t a g e w i t h r e s p e c t to p r i m a r y i n p u t v o l t a g e , 50 H z . 
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Fig. 5.20 Magnitude of tertiary coil voltages on-load and magnetizing 
E.M.F. of the coils in the last primary pole-group. 
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section; on load the voltage decrement is less than 10% 

proving that, as mentioned in [17 ], Chapter II, "rotor 

leakage inductance must be an advantage." 

G. Excess Rotor Real Power Loss 

The SCIM-II unit does incur additional rotor losses when 

operating at unity power factor operation, but this is 

strictly a consequence of running at a 37o slip instead of a 

27o slip on full load. The vast majority of rotor losses are 

directly calculable from the difference in slip rather than 

from some stray loss as was the case with spherical induction 

motors. If there is an additional loss in rotor efficiency 

other than indicated in Table 5. 5 , the described dual system 

of measurement was not able to detect this and the matter was 

not pursued further. In conclusion, the 112 kW (output) SCIM 

unit at cos$=1.0 experiences about 6.7 kW additional real power 

losses; this is directly attributed to the use of uniformly 

2 
slotted stator laminations and the ASC winding I R loss. 
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5.4 STEADY-STATE OPERATING CONSTRAINTS 

The machine under discussion is a second version of the 

"Theta-Pinch" type with 180° mechanical symmetry by using 

two repeatable sections totalling 8 poles. At unity power 

factor, the composite machine should be regarded as a poly-

phase rotary current transformer to explain the circulation 

of reactive power within the machine while the output mecha-

nical power can be calculated from existing formulas [3] 

based on conventional rotor slip loss. The operation of 

this machine at the rated point of 112 kW is presented as a 

sequel to the classic paper written by F.J. Teago in 1922 

describing the operation of an adjustable power factor shunt-

commutator motor [4] . The two should be read in parallel 

to appreciate the similarities between the commutator and 

brushless machines; both contain high frequency transients, 

the former has time transients while the latter relies on 

space transients yet it is still accurate to represent their 

operation with phasor diagrams. 

The motor, on which tests refer to in this section is 

described by the manufacturer in Table 5.4 as of original 

equipment manufacture (1955) prior to the instrumentation 

and rewind of the stator in 1980. 

The tests were made in the Heavy Electrical Engineering 

Laboratories of Imperial College. 

The motor is rated at 150 H.P. continuously when oper-

ating at 735 R.P.M. and 91% power factor with the original 

stator winding and when rewound runs at a speed of 725 R.P.M. 

at 150 H.P with unity power factor at the terminals. 

The motor has the usual stator and rotor laminations; 
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Table 5 . 4 

C h a r a c t e r i s t i c s of the 150 H. P . , 8 P o l e Induction Machine © - P i n c h II which 
are independent of stator winding a r r a n g e m e n t . 

Stator 

Number of s lot s 
Core outer d iameter , m m 
B o r e d i a m e t e r , m m 
Slot pitch, m m 
Core length inc l . 3 ducts , m m 
E f f e c t i v e i ron length, m m 
Core depth, m m 
Tooth mean width, m m 
Slot bottom width, m m 
Tooth tip width, m m 
Slot opening, m m 
Carter Coef f i c ient 
M a x i m u m slot area below wedge f o r winding, mm^ 
Tooth depth, m m 

72 
6 6 0 . 4 
4 9 5 . 3 
21.6 
2 9 2 . 1 
237 
4 3 . 4 
9 . 4 7 
1 5 . 5 
16 .5 
5 . 0 8 
1 . 1 2 5 
555 

3 8 . 1 

Rotor - Squirre l Cage 

Number of s lo ts 94 
Core outer d iameter , m m 493 
Core length, m m 292 
Slot pitch at per iphery , m m 16 .48 
Core depth, m m 64 
T ooth mean width, m m 11 .5 
Slot bottom width, m m 3 . 6 8 
Tooth tip width, m m 1 5 . 2 
Slot opening, m m 1 . 2 7 
Carter Coef f i c i ent 1 .02 
B a r depth, m m 2 5 . 4 
B a r width, m m 3 .175 
Mean length of bar , m m 330 
Rat io bar width/ s lot width 0. 862 
Total copper c r o s s s ec t i on area in s l o t s , m m ^ 7535 
Endring c r o s s sec t ion a r e a , m m ^ 363 
M e a n endring d i a m e t e r , m m 428 
R e s i s t a n c e s k i n - e f f e c t fac tor bar only (50 Hz) 2 . 2 1 
R e s i s t a n c e s k i n - e f f e c t fa ctor o v e r a l l (50 .Hz) 1 .99 
R e a c t a n c e s k i n - e f f e c t fac tor bar only (50 Hz) 0 . 6 6 
Reac tance s k i n - e f f e c t fac tor overa l l (50 Hz) 0 . 8 3 8 

A i r £ a £ 

Mechanica l gap length, m m 
E f f e c t i v e gap length, m m 

1 . 1 4 
1 . 3 1 
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the stator, however, carries a tertiary winding, and the 

rotor is acting as both a secondary and as an inductively-fed 

primary capable of magnetizing the airgap over a limited 

section. Herein lies one difference between this motor and 

an ordinary machine where only the stator primary provides 

the magnetization. Another and fundamental difference is 

that the stator also carries an ordinary lap winding in slots 

distinct from those which contain the primary, motoring 

winding. This reduced pole-pitch, tertiary winding is 

termed the asynchronous condenser winding (ASC) and is 

connected to a three-phase variac (or a phase-shifter if ex-

perimentation is desired) in the usual manner associated 

with polyphase machinery. In order that three phase current 

may be taken from the ASC winding without producing braking 

forces on the rotor, it is necessary to ensure that the 

phase of the rotor flux at high speed exactly corresponds 

to the reduction in pole-pitch of the ASC coil connections. 

This requires that all of the ASC stator teeth have slot-

wide search coils directly on the stator surface as in 

or else all of the main current coils must be instrumented 

for the phase of the terminal voltages and the leakage in-

ductance accurately calculated to arrive at the phase of the 

airgap flux. 

The function of this ASC winding is to inject into the 

primary winding a positive-sequence current nearly in time-

quadrature with the uncompensated line current and of appro-

ximately one-half magnitude. This causes the secondary cage 

currents over the ASC section to attain a value slightly 

larger than the ASC reactive currents by the value needed to 

magnetize the airgap. Obviously, the magnitude of the tran-
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sient rotor currents is a function of the speed of the rotor 

which shifts the airgap flux established by the stator pri-

mary winding into the ASC section. Hence, if the magnitude 

of the circulating ASC current can be varied, the resultant 

change in the airgap flux allows the speed of the motor to 

be controlled in addition to power factor. 

In general, the rotor current is always composed of a 

space-transient component, J t and a steady state component, 

J both of which will induce sinusoidally varying currents 
J* b o 

in the stator windings. Typically, the primary winding has 

a uniform MMF distribution unless pole-amplitude modulation 

is used and thus it is accurate to express the current load-
A 

ing as a surface line current, J g in Amps (peak) per meter 

periphery. Therefore, the relationship between the rotor 

and stator currents may be expressed in a complex form for 

the total rotor current as 

-J 
T I T _ S f C C l ) 
rt + rss (1 + w s T 2 / G ) - j/(cG)  v '  ;  

where T 2 is the rotor leakage time constant being the ratio 

L2/R2 leakage inductance to the rotor resistance based 

on conventional equivalent circuit calculations. Parameter 

should ideally be the sum of the rotor inductance plus the re-

flected tertiary leakage inductance comprising the internal slot, 

differential,zig-zag and endwinding leakage flux as well as the 

effective inductance of the external electric load connected to the 

tertiary which has an angle of about 80° for power factor control. 

The significance of (5.51) is that for very large induc-

tion machines, G > 100 and the rotor current is nearly a 

mirror image of the stator current, i.e. J . + IT u JTSS S 
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over the excitation section. Over the ASC section of the 

machine, equation(5.5l) is approximately correct if the effec-

tive inductance of the ASC circulating current is coupled to 

the rotor inductance to yield a larger T2 value. Addition-

ally, the ASC referred surface-resistance will decrease G 

in this region, although this is not critical. 

The machine operates as an induction motor with the 

secondary comprising a uniformly slotted deep-bar cage rotor, 

and yet this has the special feature of being able to oper-

ate at speeds below and above synchronism. At sub synchronous 

speeds the rotor wavelength is such that the induced ASC 

voltage in the stator is at a pole pitch T ^ smaller than 

the main pole pitch t ^ as given by 

T P 3 = T p l 
(1-a) (5.52) 

It should be emphasized that induced ASC voltage refers 

to a speed induced voltage rather than a transformer voltage 

from the main excitation winding, which is always negligible. 

At high slip values, it is accurate to represent the asynchro-

nous condenser windings as being motionally and magnetically 

coupled to the rotor. However, at slips of 0.20 per unit and 

less the motional coupling is dominant and if the number of 

excitation poles is an even integral number, the motional 

coupling becomes dominant at slip values larger than 0.20 

per unit. It is this motional voltage which gives the de-

signer the freedom to choose exactly the proper phase to 

operate the ASC in a reactive mode exclusively. To show this 

cross-coupling of the motional voltage, a three phase equi-

valent circuit on a pole-by-pole basis is necessary as in 
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= p - j * a= e 

F i g u r e 5. 21 Equivalent c i rcu i t f or 112 kW s i z e SCIM units at high 
speed showing the t er t iary current source as a depen-
dent source on the rotor current in all three p h a s e s . 
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Figure 5. 21. 

Speed control is attained by extracting small amounts 

of real power from the rotor via the ASC windings. In 

essence, if there is a large mismatch between the surface 

impedance of the ASC winding and the surface impedance of 

the rotor, then it is impossible to have a balance of rotor 

and stator currents and the anomaly manifests itself as an 

adjustable speed mechanism. For example if the magnitude 

of the ASC current is greatly in excess of the rotor current, 

the net effect is to shrink the wavelength of the main exci-

tation poles and thus the machine will produce rated torque 

at significantly less than synchronous speed. In the limit 

of a very large mismatch in impedances, the machine will run 

at a slip of o 3 l/(n + 1) where n is the number of excitation 

poles per repeatable section. Conversely if the magnitude 

of the ASC current is greatly exceeded by the rotor current, 

then the net effect is a "stretching" of the main excitation 

poles for the machine produces rated torque at or above syn-

chronous speed based on the formula RPM = 60 x frequency/pole 

pairs. 

This particular modulation of the amplitude of the total 

radial component of airgap flux density (Bp and B^) means 

that the utilization of the machine periphery varies widely 

but this is a necessary condition to be able to generate 

sufficient reactive kVA in the ASC windings while experien-

cing the flux decrement in this section due to the equiva-

lent of armature reaction. 

Power factor control demands that difference in the 

surface impedance between ASC and rotor section be limited 

to under 3570 of the total and if the ASC current circulating 
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within the excitation winding were to be reversed, then the 

power factor would become progressively lagging rather than 

leading. 

The subject motor has a total of eight poles and a 

synchronous speed of 750 R.P.M. Since the ASC winding 

connections to the main winding are speed dependent, prototype 

machines have 6 leads brought out per winding so that dis-

crete phase steps of 30° are possible with star and delta 

combinations. These leads are connected to a 30 variac, 

which controls the amount of current forcing available and 

thus maximum power factor, and then through synchronization-

type switchgear to guard against the ASC current being cir-

culated at the magnitude of a short-circuit or zero-sequence 

current. Since the effect of this variac will also alter 

the phase of the circulated current with respect to the main 

current, the ASC windings can absorb up to about 20 kW or 

alternately generate 15 kW of power. Speed control is 

accomplished with approximately the same degree of amplifi-

cation as would a slip-ring wound-rotor machine with an 

external pilot exciter or phase advancer. 

The primary winding is star connected with two parallel 

paths per phase and is located in a total of 60 slots. The 

rotor is entirely conventional and uses rectangular copper 

bars; giving an apparent increase in surface resistance at 

starting of 105%. The top portion of the stator slots in 

the transition region surrounding the location in Figure 

5.22 contains the primary winding which is directly connec-

ted to the ASC winding which occupies the bottom of these 

slots when the two distinct windings must be overlapped. 

Figure 5. 23 shows a section through a stator slot. With 
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F i g . 5 . 22 V i e w of t h e 150 H . P . S C I M u n i t s u b s e q u e n t t o t h e r e w i n d i n g 
o p e r a t i o n a n d p r i o r t o t h e c o i l i n s t r u m e n t a t i o n ; t h e a s y n c h r o -
n o u s c o n d e n s e r s e c t i o n s ( © j l o c a t i o n s ) a r e a t t h e t w o - o ' c l o c k 
a n d s e v e n - o ' c l o c k p o s i t i o n s . 
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respect to this slot the following assumptions are made: 

(a) That there is no appreciable leakage between the 

two separate windings. 

(b) That the primary resistance drop is in-phase with 

the primary current, and 

(c) That, since the resultant leakage flux is due to the 

resultant ampere-turns in only the overlap slots, the pri-

mary leakage reactance drop is not always at right angles 

to the resultant ASC-primary current. 

The cage secondary is composed of 94 rotor bars spaced 

at uniform slot pitches and each slot has an aspect ratio 

of 7.2:1. 

Considering, for the sake of simplicity, a constant 

stator current loading, two practical operating modes with 

differing terminal power factors are shown in Figure 5. 24 . 

Figure 5.24bshows the stator connections corresponding 

to a no-load speed of about 748 R.P.M. The ASC phases D, 

E and F are connected in series with primary stator phases 

A , B and C respectively. The reactive output of the ASC 

section is at its maximum value for a given terminal voltage, 

although the machine as a whole is operating at a lagging 

power factor only a few per cent better than in a conven-

tional machine with a slip approaching zero. In this mode, 

the flux per pole of the ASC windings is approximately equal 

to the flux per pole over the motoring sector, and this may 

be determined from the voltage across the magnetizing reac-

tance. 

Figure 5.24bshows the same connections as in Figure 
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A1 

Fig . 5. 24a Starting connection to y i e ld full power of conventional machine 

F ig . 5. 24b High speed connection to yield unity power factor operation 
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5.24a but now the machine is loaded to a shaft speed of 725 

R.P.M or a 3.37o slip, and is producing 150 H.P. continuously. 

In this mode, the primary winding alone has a power factor 

of 87% lagging and the ASC winding alone has a power factor 

of 0.07 leading; at the terminals the combined power factor 

of these two windings is exactly 1.00 or slightly leading 

if the load is increased past the continuously rated value. 

It is important to note that the flux per pole of the ASC 

winding exceeds the flux per pole of the primary winding 

albeit the relative length of the ASC section is 257o. 

Also, Figure 5.24ashows the terminal connections corres-

ponding to the preferred arrangement in the start up mode. 

In order to avoid any MMF harmonic torques occurring at 

speeds of 500 or 600 R.P.M. , the ASC windings are given a 

phase shift with respect to Figure 5.24a so that they entirely 

complement the primary winding in producing torque and ab-

sorbing reactive power. In the machine under discussion, 

the torque at locked rotor is 1425 lb.-ft. or 160% of the 

full load torque. Automatic reswitching to the configuration 

of Figure 5.24b should occur between speeds of 600 and 650 

R.P.M. rather than once full load speed is attained because 

the phase shifting should occur when the ASC induced voltage 

is at a minimum which occurs at slips of <r- l/(n 4- 1) where 

n is the number of motoring poles per repeatable section. 

These conditions were confirmed by using both electro-

dynamic wattmeters (frequency independent) and a high-

precision digital phase meter in conjunction with a data 

logging system to monitor and record the phase and amplitude 

of all heavy-current coils in the machine directly at the 

power level. No potential transformers have been used in the 

voltage measurements and the data logging system includes 
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a spectral filter; all voltages presented here are true R.M.S. 

values of the fundamental unless otherwise stated. All 

current phase measurements are accomplished using the total 

phase current through non-inductive shunts; only the electro-

dynamic wattmeters use current transformers. 

The lap winding of the ASC, being located on the stator 

has a fixed speed with respect to the rotating field, and 

therefore the magnitude of the E.M.F. between a pair, of ter-

minals e.g. A-£ and D^ is relatively independent of speed 

variations if G > 100 and depends primarily on the relative 

phase of the rotor flux. If an alternate rotor is substi-

tuted with deeper bars than the existing one, it will be ne-

cessary to either incorporate an external phase shifter or 

change the terminals connections (if the number of supply 

phases is greater than 3) to compensate for the change in the 

L2 parameter. 

It should be emphasized that despite the reduction in 

pole-pitch for the ASC, the frequency of the induced voltage 

is always exactly the main excitation frequency independent 

of the rotor speed. The primary purpose of the reduction 

in pole-pitch is to effect maximum utilization of the airgap 

flux. 

If the rotor is driven by an auxiliary motor in a 

direction opposed to that of the field, then the speed of 

the transient field in space will depend solely on the speed 

of the rotor, and when the latter is driven at synchronous 

speed there is no theoretical advantage to having two dis-

tinct pole-pitches. 

To confirm this statement the rotor was driven at 97% 

synchronous speed and an oscillograph record taken of the 
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ASC induced E.M.F. on open circuit using the supply E.M.F. 

as a reference. Figure 5.26 shows these two E.M.F. waves and 

it is seen that, since the fundamental is a 50 Hz wave, the 

asynchronous condenser E.M.F. is also 50 Hz although high 

frequency tooth harmonics are superimposed at 1 kHz. 

With regard to the secondary circuit located in the 

rotor slots, the magnitude of the E.M.F. between the two 

ends of any bars, and also the frequency, depend on the 

rotational speed of the rotor. However, unlike a conventional 

machine the magnitude of this E.M.F. has a very wide ranging 

space dependence and to a first order degree, peaks at the 

location of the minimum total airgap flux density which is 

over the first entry pole of the primary winding. 

The relative magnitude of airgap permeance harmonics 

to the fundamental field due to the slotting geometry com-

bined with the rotor leakage time constant determine the total 

flux pulsation in the airgap over the tertiary windings. 

For comparison, Figure 5. 25 shows the ASC open-circuit E.M.F. 
of the first prototype machine rated at 35 H.P. which has 90 

stator slots, 80 rotor slots and a slot width to airgap width 

ratio of 6.6. The rotor has shallow copper bars which have 

a leakage constant of 2.57 ms at 850 Hz, whereas Figure 5.26 

refers to a machine with T2 = 0.49 ms at the tooth frequency. 

These oscillographs show the only significant time-transients 

at the power level of the entire stator winding; the funda-

mental is directly due to the space-modulated distribution 

of the slowly-decaying dc rotor current for < e < ©2-

The magnitude of this dc component may be calculated by the 

method in [6] . 
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V e r t i ca l 
200V / c m 

I p r i m a r y 

V e r t i ca l = 
25A/ c m 

H o r i z=2 m s / c m 

F i g . 5. 25 T e r t i a r y i n d u c e d E . M, F . w i t h g a p - p e r m e a n c e h a r m o n i c s in 
t h e 26 kW, 10 -po l e m a c h i n e w i t h J s 3 = 0 a n d 75% load , 50 H z . 

V a s c - p h a s e D 

V - p h a s e A 

V e r t . = 50 V / c m 

H o r i z . =2 m s / c m 

F i g . 5. 26 T e r t i a r y E . M. F . and p r i m a r y i n p u t v o l t a g e f o r the 112 kW 
m a c h i n e wi th J g 3 = 0 a n d 25% of r a t e d m e c h a n i c a l load, 50 H z . 
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It will be seen that when the machine is operating at 

unity power factor, the rotor wavelength is exactly matched 

by the pole-pitch of the ASC winding by design of the stator 

laminations or by terminal coil connections as in the subject 

150 H.P. unit. 

With regard to the induced current in the ASC windings, 

this changes from a low value at sub synchronous speeds to 

a maximum at about 3% slip, and to a low value again at su-

per synchronous speeds. Since the field rotates in the same 

direction to the stator for positive and negative slip values, 

only the phase o f the ASC terminals changes as the rotor 

passes through synchronism and thus reconnection is necessary 

to implement P.F. correction for generator operation. 

Figures 5.27 and 5.28 show the phase and magnitude of the 

induced ASC voltage per phase as a function of slip. The 

primary voltage is used as the reference for the phase plot. 

For reference, the ASC voltage is shown in conjunction with 

the voltage across the magnetizing reactance to give an in-

dication of the average flux per pole of the motoring winding. 

Unlike the inverse relationship between the induced stator 

E.M.F. and injected-lap E.M.F. of a unity-P.F. commutator 

motor, the two quantities in Figure 5.28 have approximately 

the same speed dependence. 

One serious disadvantage o f the three phase shunt 

commutator motor is their liability to hunt which is due to 

the shape of the resultant induced + injected E.M.F. charac-

teristic which has a trough at about 12% slip. However, 

there is no such equivalent phenomena in the brushless U.P.F. 

machine once any initial transient overspeeding has passed 

and the rotor temperature has stabilized. 



F i g u r e 5 . 2 7 P h a s e angle of tert iary induced voltage with re spec t to pr imary input voltage, 50 H z . 
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Fig. 5.28 Magnitude of condenser open-circuit voltage 

and "voltage across magnetizing reactance, V Y 
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Cage-machines tend to maintain constant airgap flux 

despite large peripheral variations in stator MMF. An ex-

treme case of exciting only 130° mechanical per repeatable 
A 

section at a primary loading of = 60 kA/m and leaving 

the remaining sector open circuit was tried. Figure 5.15 

shows line current on reduced voltage and without dynamo-

meter loading, which accentuates variations due to asymmetry. 

At a harmonic slip of 0.20 the line current dip is 2%; 

acceleration is constant from locked rotor to slip values 

of 0.10 per unit. 

With the motor working against any given constant 

torque the speed corresponding to minimum circulating current 

is fixed; consequently, if the phase shift between the pri-

mary and tertiary windings is increased by either a change 

in connections or a change in leakage reactance values, the 

speed will generally increase to the point at which the 

circulating current is a minimum. Assuming no further phase 

displacement, the speed will remain fixed at this value al-

though the terminal power factor will be no greater than 917o. 

Figure 5.29 shows the stator current loading per slot of 

fch® combinedprimary and tertiary .windings for the 150 H.P. 

machine at unity power factor and supplying 112 kW output 

power. This is not considered the optimum J g distribution 

from a thermal consideration, but considering that the ori-

ginal stator laminations were utilized, this does represent 

the best design to date put into hardware. 

Figure 5.3 0 is a composite plot of the real and reactive 

powers per group measured at the terminals of the 72 stator 

coils during the condition that the shaft speed is 725 R.P.M. 

and the terminal power factor is unity. This plot may be used 



SLOT NUMBER 

Figure 5.29 Combined pr imary and tert iary stator current loading at unity power factor. 



F i g u r e 5.30 Real and react ive p o w e r s per coil group of pr imary and tert iary with cos 0= 1 . 0 at input. 
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to assess the total power input or just the circulating com-

ponents of power; the stator current loading for this run 

is given in Figure 5.29 . If this same run would be repeated 

at 40 Hz instead of at 50 H z , the slip would increase to 

about 47o but the terminal power factor would be approximately 

0.95 leading. 

The most outstanding result of the unity power factor 

condition is that reactive kVA generation is present in both 

the asynchronous condenser winding proper as well as in the 

first three coils of each primary entry pole per repeatable 

section. In contrast to the M k . I, 10-pole machine where 

reactive power generation only occurred in the zone from o^ 

to 02* here P.F. correction is achieved by both a terminal 

current feedback loop.and a considerable phase shift in the 

voltage across the magnetizing reactance with respect to 

the primary current, i.e. voltage reduction. For this latter 

condition, the "carry-over" flux at is quite significant 

< 0.2 per unit) but u n l i k e the Mk.I machine, the phase 

of this flux has now been used to advantage by giving the 

entry poles a 60° current phase displacement from the conven-

tional series connection. This design trend will be conti-

nued in all future winding layouts, albeit the 60° shift is 

only exactly perfect at a slip of 4%. 

The unity power factor condition is summarized in Table 

5.5 . 

Typically, early shunt commutator motors with U.P.F. 

capability were limited in output to under 10 H.P. per pole, 

and later Schrage motors attained specific outputs as large 

as 34 H.P. /pole. However, the output of the "9-Pinch" type 

brushless motor has no such specific limitation due to a 
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Table 5.5 
Characteristics of the Rewound, 150 HP Motor at Rated Load 

Asynchronous Condenser Tertiary Sector 
Phase current (A) 94 •5 
Reactive power (leading kVAR) 78-48 
Real power (input kW) 5-44 
Stator I*R loss (kW) 2-16 

Primary Stator Sector at a = 0-033 
Phase current (A) 191 
Real power (input kW) 125 •7 
Reactive power (lagging kVAR) 70-37 
Mechanical power (output kW) 112 •5 
Stator I2R loss (kW) 4-05 
Conventional rotor I2R loss (kW) 3-68 
Iron loss (kWj 2* 10 
Stray-load and friction loss CkW) 3-37 
Motor efficiency (%) 89 •5 
Motor power factor (%, lagging) 87 •3 

Terminal power factor (%, leading) 99 •8 
Overall efficiency (%) 85 •8 
Total input apparent power (kVA) 130 •8 
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commutator diameter, but is only dependent on the maximum 

permissible cage-rotor power dissipation and the minimum 

number of primary poles which can be a non-integral number 

but necessarily greater than 2. 

The particulars of the lap-tertiary winding are given 

in Table 5.6 . 
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Table 5.6 

Particulars of the lap-tertiary winding 

Number of armature coils 20 
Number of coil sides per slot 11-18 
Maximum current loading (pk) 90,000 A/ra 
Maximum slot packing factor k7% 
Number of parallels 1+ 
Number of turns per coil 6-9 
Maximum temperature rise 90°C 
Wire size diameters 2.13 mm,2.36 mm 
Interconnection type Series 
Insulation class Type F 
Mean length of turn 1.2. m 
Total length of wire 730 m 
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5 . 5 INSTRUMENTATION 

A l l m e a s u r e m e n t s p r e s e n t e d h e r e h a v e b e e n c a r r i e d o u t i n 

s t e a d y - s t a t e t e s t s w i t h c o n t i n u o u s l o a d i n g p r o v i d e d b y a T y p e 

NS ( d i s c h a r g e w i n d i n g ) 6 - p o l e c o m m u t a t o r d y n a m o m e t e r r a t e d 

a t 1 5 0 kW. T o r q u e c o n t r o l i s a c h i e v e d b y a d j u s t m e n t o f t h e 

i n j e c t e d 5 0 Hz r o t o r v o l t a g e s u p p l i e d b y a m o v i n g - c o i l , d o u b l e -

i n d u c t i o n r e g u l a t o r w h e r e a s t h e m a g n i t u d e o f t h e d y n a m o m e t e r 

s t a t o r v o l t a g e i s h e l d c o n s t a n t u n d e r a l l c o n d i t i o n s . I n 

f o u r q u a d r a n t t e s t i n g o f t h e i n d u c t i o n m a c h i n e , t h e d y n a m o -

m e t e r f o r t h i s t y p e o f p r o t o t y p e t e s t i n g s i n c e i t i s e n t i r e l y 

r e g e n e r a t i v e w i t h o u t t h e u s e f o r 3 m a c h i n e s e t s a s i n a W a r d -

L e o n a r d s y s t e m . A d i a g r a m o f t h e t e s t f a c i l i t y i s p r o v i d e d 

i n F i g u r e 5 - 3 2 a n d t h e i n s t r u m e n t a t i o n o f t h e d y n a m o m e t e r i s 

s h o w n i n F i g u r e 5 . 3 3 a l o n g w i t h t h e m a c h i n e i n s t r u m e n t a t i o n s h o w n 

i n F i g u r e 5. 34. 

T h e d a t a l o g g i n g s y s t e m s h o w n i n F i g u r e 5 . 3 5 i s t h e s a m e 

s y s t e m a s u s e d w i t h t h e 2 6 kW m a c h i n e a n d t h e l i n e a r i n d u c t i o n 

c o n d e n s e r e x p e r i m e n t s w i t h t h e e x c e p t i o n t h a t t h e n u m b e r o f 

s c a n n i n g c h a n n e l s h a v e b e e n i n c r e a s e d f r o m 4 0 t o 6 0 . T h e f o u r 

d i g i t v o l t m e t e r i n c o r p o r a t e d i n t h i s s y t e m i n d i c a t e s a t r u e 

r o o t - m e a n - s q u a r e v a l u e o f t h e w a v e f o r m s ; t h e s p e c i f i c a t i o n s f o r 

t h i s u n i t a r e g i v e n i n A p p e n d i x I . T h e f o u r d i g i t p h a s e m e t e r 

h a s a n i n t e r n a l w a v e f o r m f i l t e r b u t c o m p u t e s p h a s e a n g l e s b a s e d 

o n z e r o - c r o s s i n g s o f t h e f u n d a m e n t a l c o m p o n e n t a n d h a s b e e n s u b -

s t a n t i a t e d a s b e i n g a c c u r a t e t o w i t h i n ± 0 . 1 0 d e g r e e o n 5 0 H z . 

T h e c o i l b y c o i l p h a s e m e a s u r e m e n t s h a v e b e e n t a k e n f r o m d i g i -

t a l p h a s e r e a d i n g s u s i n g t h e 2 0 0 Hz d a m p i n g a n d t h e 5 0 Hz d a m p -

i n g s e l e c t o r s o n s e p a r a t e r u n s i m m e d i a t e l y f o l l o w i n g e a c h o t h e r . 

T h e 2 0 0 Hz d a m p i n g s e t o f r e s u l t s f o r c u r r e n t a n d v o l t a g e p h a s e 

a n g l e s h a v e p r o v e d t o b e t h e m o s t r e l i a b l e o v e r m a n y s c a n s . 
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F i g u r e 5.3 £ Regenerat ive t e s t fac i l i ty for s t eady- s ta te loading of the SCIM unit using a 
Type NS s ta tor - fed AC commutator dynamometer and tap-change t r a n s f o r m e r . 
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415 V n , 50 Hz Mains 

Nebenschluss Motor 

Channel 52 Channel 49 
to Data Logger Double Induction Regulator 

Figure 5. 33 Instrumentation of the AC commutator, Type NS dynamometer. 



MAIN ASC 

B to VAR meter C.T.s 
CI 

Lo \-/attmeter em'rent 
transformers und mains 

® indiciA Lt;;~j :;c<.tn cliiJfTt: I . 
Fig. 5.34 Winding diagrrun and data logger instrumentation of the 112 k\~ subsequent to rm'lind; refer to l<'igurc / •• 1.3 

for e1.ec-/;ronic instruments used in conjunction with duta logger and tIJ channel scanning system 

W 
\.0 o 
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Fig . 5. 3 5 T h e e l e c t r o n i c i n s t r u m e n t a t i o n s y s t e m c o n s i s t i n g of a 60 
c h a n n e l s c a n n e r , d i g i t a l v o l t m e t e r , p r i n t e r , d i g i t a l a m -
m e t e r a n d d i g i t a l p r e c i s i o n p h a s e m e t e r . 
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Fig . 5. 36 The testing fac i l i t i es for the 112 kW SCIM unit with the Type 
NS d y n a m o m e t e r behind the data logging system on the right; 
the e lect rodynamic wa t tmete r s a n d V A R m e t e r s a re behind 
the osci l loscope. 



393 

Figure 5.37 The rotor for the 150 H.P. SCIM unit. 
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VI. NATURAL THYRISTOR-COMMUTATION 

6.1 EXPERIMENTAL OBJECTIVE 

A new type of brushless, cage-rotor induction machine 

has been developed and discussed in Chapter V which is cap-

able of providing enough counter-emf when interfaced with a 

current-source inverter (CSI) to naturally commutate the thy-

ristor devices in a high-voltage DC-link, adjustable frequency 

converter. The experimental machine combines the torque 

characteristics of a conventional cage induction machine with 

the stable, magnetic commutation capability of an overexcited, 

DC-field synchronous condenser into one unit using a common 

cage rotor and a common stator core. For the laboratory 

112 kW SCIM and larger units, leading power factor operation 

of the entire unit, at full load and especially on overloads 

up to 150%, is compatible with high-speed load commutation of 

all semi-conductor current-mode devices. The single rotating 

machine has two distinct airgap wavelengths obtained by the 

use of two different stator windings which must be necessarily 

energized from a common CSI unit. 

The preferred adjustable speed propulsion arrangement 

consists of a mains-fed phase delay rectifier (PDR), high-

voltage DC link, and a current source thyristor inverter 

powering an 8 or 10 pole traction motor with constant volts/Hz 

control. The entire system is entirely free of electrostatic 

force-commutation capacitors, blocking diodes and flyback 

semiconductors. The described drive system provides contin-

uously adjustable torque during motoring and regenerative 

braking modes and specific details are given for the 112 kW 



396 

SCIM unit and converter capable of natural commutation up to 

200 Hz. The analysis concentrates on determining the magni-

tude of the cemf available from the asynchronous condenser 

winding and the consequent operation of the machine in both 

natural commutation and in a DC-link pulsing mode for start-

up. 
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6.2 STATE OF THE ART 

The advances in static, adjustable frequency power con-

ditioning equipment for traction drives has provided new 

opportunities for DC motors but the evolution of this tech-

nology to AC machines has been relatively slow despite the 

inherent advantages of induction motors as forming inexpensive 

and robust prime movers in environments that are either prone 

to contamination or potentially explosive. Generally system 

studies have concluded that even when motor reliability and 

maintenance costs clearly place the induction machine ahead 

of both DC and synchronous drives, the requirements of a 

typical traction-type torque speed characteristic [1] have 

necessitated that the inverter equipment is relatively heavy 

and expensive for .the asynchronous drive.. Invariably, this 

is due to the need to force commutate such inverters or else 

incorporate large capacitor banks on board the traction 

vehicles. In specialized applications, the synchronous motor 

drive [ 2 ] offers the advantage of a simpler inverter since 

natural, load commutation is possible but generally the dis-

advantages are either the need for slip-ring and exciter hard-

ware with a wound field design or else the high cost of a 

permanent magnet field once units in the several hundreds of 

horsepower are considered. 

Clearly, what was needed is a basic cage-rotor induction 

motor construction but with the terminal characteristics of 

an overexcited synchronous machine. In contrast to contempor-

ary traction drive development programs whereby the inverter 

is the center of attention, the aim of this research work has 

been concentrated on the machine itself. It was felt that a 

new look at the internal electromagnetics of the cage-rotor 

motor could indeed produce a unity or leading power factor 
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design at the terminals, without the need for any brushgear, 

slip rings, DC excitation, permanent magnet materials or 

special laminations. In retrospect, when state of the art 

inverter schemes for induction motor drives were compared, it 

was noticed that all types store rather large amounts of com-

mutation energy in capacitor banks, yet it is well known that 

above a certain kVAR size, the most economical way to store 

energy is not in a dielectric material but in a magnetic 

field--not especially in the leakage field of an electrical 

machine, rather in the same airgap field that produces torque. 

The commutation energy available from this induction machine 

scales up as the rotor inertia. The concept of using a DC 

commutator motor as an electromechanical filter in place of a 

capacitor was reported in 1972 [3 ] and now this concept has 

been extended to the cage rotor induction motor. 

The overwhelming criterion for interfacing such a new 

induction machine with frequency conversion apparatus was 

that this advance in the machine allows a considerable re-

duction in the inverter power circuitry in both manufacturing 

cost and weight. It is important to note that the choice of 

a square-wave output current-source inverter not only offers 

a very simple and reliable power path consisting exclusively 

of 6 thyristor devices, but the particular induction motor 

electromagnetics prefer being current forced. This is in 

contrast to the pulse-width modulated (PWM) voltage source 

inverters commonly employed with lagging power factor induction 

motors [4]. The only apparent disadvantage with the use of a 

current fed inverter is that a relatively high DC link voltage 

must be readily available for natural commutation of high 

speed traction motors. Thus a mains supply phase-delay-rec-

tifier (PDR) is necessary to control the link voltage with 
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fast response times. The magnitude, of the link voltage 

necessary for a 1000 H.P. type traction drive is consistent 

with present working voltages on tap-changer commutator motor 

schemes. 

Recent developments o f forced or load commutated schemes 

for traction drives with induction motors have focused, 

respectively, on PWM voltage source inverters or the auto-

piloted current source inverter incorporating an additional 

6 diodes and 6 static capacitors to the basic 6 thyristors. 

[5 ] However, the induction machine commutated thyristor drive 

under discussion, as shown in Figure 6.1 is classified as a 

true line-commutated scheme in that as far as inverter commu-

tation, overlap, and gating control are concerned, the system 

behaves nearly identical to state-of-the-art synchronous motor 

drives as shown in Figure 6.2a. 

The use of either permanent magnet or overexcited, wound 

field synchronous motors to naturally commutate DC-link thyris-

tor inverters has been well advanced. [6-7] Whether the magni-

tude of the cemf is adjustable at a given shaft speed is not 

of prime concern because the preferred propulsion arrangements 

generally allow constant volts/Hz control. Consequently, the 

ability of the synchronous machine to naturally commutate is 

fairly constant over large speed ranges. In this arrangement, 

the high voltage DC-link is adjustable by the use of a mains 

fed phase-delay-rectifier; the entire converter system com-

prises a total of 12 thyristor devices and a link smoothing 

inductor. It is apparent that unlike forced commutation 

schemes, no power capacitors or diodes are necessary. Synchron 

ous drives provide continuously adjustable torque during 

motoring and regenerative braking modes and have been built 

with specific power densities up to 21.7 kW/kg for the basic 
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F i g u r e 6. 1 Natural ly commutated t h y r i s t o r induction machine drive . 

30, 60 H z 

F i g u r e 6. 2a State of the art synchronous VVVF drive sys tem. 

F i g u r e 6. 2b State of the art asynchronous VVVF drive s y s t e m . 
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machine at 30,000 RPM by using S mCo^ magnets. [8] These 

schemes have been modified to include induction motors as 

the prime movers but with a synchronous compensator to effect 

inverter commutation as shown in Figure 6.2b. For this system, 

overall power densities as high as 0.436 kW/kg have been 

obtained for the entire 2 machine plus 2 converter unit pro-

pulsion system with water cooling of the LIM stator and all 

other power components. [9] 
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6.3 INDUCTION COMMUTATION 

The development of an induction machine commutated in-

verter started with assessing state-of-the-art CSI induction 

motor drives with synchronous compensators. Fundamentally, 

there was no reason why hitherto technological advances had 

not combined the most desirable electromagnetic features of 

a cage-rotor induction motor with the airgap fields of a 

synchronous condenser to use a common stator core and share 

the same airgap field, in contrast to present drives which 

have one machine entirely dedicated to torque production and 

the second concerned only with VAR generation. Generalized 

machine theory has always indicated that fundamentally the 

asynchronous-induction and the synchronous-wound field motor 

produce torque and consume VARs by exactly the same mechanism. 

The only major differences between these two are in the shaft 

speed and in the method b y which the rotor currents are 

established. The advent of the adjustable frequency converter 

pointed to the fact that not only is the relation between 

mains frequency and shaft speed entirely arbitrary, but that 

induction drives would maintain the high efficiency of synchro 

nous drives over a very wide speed range due to the use of 

constant slip control. 

It was subsequently realized that as long as constant 

per unit slip could be maintained at a stable and low value 

in an induction machine, these same slip frequency currents 

could be used to establish the equivalent of a DC field 

pattern in a synchronous machine. It is not strictly 

necessary to feed (VAR generating) rotor currents by means of 

slip rings and brushgear, but that the desired rotor current 

pattern can be initiated by simple induction motor action. 
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The major criterion underlying the hardware development 

was to show that by induction alone, at mains or medium inverter-

frequencies, the equivalent WMF of an asynchronously operating 

integral motor/condenser would appear to be overexcited at the 

terminals of the entire machine once the conventional magnet-

ization and leakage flux requirements were met. This was 

accomplished by artificially introducing a space-transient 

magnetic wave travelling at rotor speed into the airgap flux 

distribution of a conventional induction machine which has a 

torque producing synchronously travelling magnetic wave. 

Moreover, it was established that as long as the stator in-

corporates at least two distinct pole-pitches fed at the same 

fundamental frequency, the rotor suffices in every respect. 

Thus the power to weight characteristic of a cage construction 

can be retained and the overall weight of this leading or unity 

P.F. machine is 107o-15% less than a large lagging P.F. motor, 

once the additional weight penalty of either a synchronous 

condenser or a static capacitor bank is considered. The asyn-

chronous condenser-motor concept permits a CSI drive specific 

power/weight ratio higher than 0.44 kW/kg without water 

cooling since only 1 rotating machine is used. This is covered 

in detail in Section 6.6. 

Figure 6.3 shows the thyristor current-source inverter built 

for the SCIM-II machine; the same unit may also be used as a 

phase-delay rectifier when the machine is used in the regener-

ative mode. Figure 6.4 depicts the most important experimen-

tal results obtained with this induction drive system for this 

shows the inverter currents being naturally commutated at high 

frequency by the SCIM unit at a 4% slip and a 75 Hz fundamen-

tal, as well as the filtering action of the ASC windings. 
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Figure 6.3 The entire current- source inverter with control logic 

for the 150 H . P. Theta - Pinch Induction Motor. 

(DC link smoothing inductor not shown in picture. ) 
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28.7.80 Tests 15 Hz, cr = 0,072 

Figure 6.4 Oscillograph traces of the natural commutation mode 

for the 150 H.P. Theta-Pinch unit at 15 Hz showing 

machine terminal voltage, primary and tertiary cur-

rents along with the fundamental components shown by 

the dashed curves. 
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6.4 REACTIVE CEMF MODEL 

To establish the limits on the machine commutated in-

verter, the magnitude of the counter-emf offered by the 

asynchronous condenser windings will be derived. The 

machine geometries presently under evaluation using the 

Me-Pinch" technique are specific to multipolar stator 

designs of 8, 10, 12 poles etc. 9-Pinch creates an abrupt 

transition in the stator MMF at two diametrically opposite 

positions along the periphery. In essence, the 9-Pinch 

machine is operating continuously and stably in a space-

transient mode and with mains frequency will always have 

both sinusoidal current and voltage waveforms for every 

coil. Only when excited by a square wave inverter, will 

the machine be operating simultaneously in space transient 

and time transient modes. 

The implication of this space-transient mode is that 

every pole (or slot) around the periphery is subjected to 

a slightly different airgap flux induction amplitude where-

as in a conventional machine the rotating field pattern 

has a uniform amplitude at all positions. This means that 

the effective utilization of each tooth is non-uniform but 

more important from the aspect of calculating terminal per-

formance, each pole has a slightly different magnetizing 

reactance, X m , coupled rotor resistance, ^ a n c^ r°tor leak-

age reactance, The parameters X-̂  of stator leakage 

and R-, of stator resistance remain constant among the poles. 
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The conventional induction motor equivalent circuit is 

strictly a steady-state diagram and it should be emphasized 

that this representation does not indicate the slip frequency 

of rotor currents but conveniently interchanges a frequency 

dependent reactance with a constant resistance; this still 

permits the output power to be directly calculated from the 

R.2 parameters but the physical insight is lost. To allow 

some simplification in modelling space-transient machines, 

a single frequency equivalent circuit is presented in 

Figure 6. 5 although several reservations are necessary. 

a.) The conventional definition of slip, a as rotor 

loss/rotor input is not accurate; thus a only denotes the 

per unit difference between rotor and synchronous speeds. 

b.) The parameters R^, X^, and are average values 

of all the poles in each section assuming the coils of a 

particular section are series connected. 

c.) The relative magnitudes of the rotational reactance, 

and X 0 as well as the absolute value of E , the counter-in z q 

emf are only exactly valid over a limited range of low per 

unit slips at a particular excitation frequency. This fre-

quency dependence of the inductances decreases as the pole 

pitch or frequency is raised. 

The per unit values of Figure 6. 5 are specific to a 

150 H.P. unit at 200 Hz and 0*= 0.016 p.u. 

All of the commutating criteria will be expressed in 



R 1 = 0 . 0 6 2 R 2 = 0 . 0 6 9 R 3 = 0. 01 

X j = 1 . 1 2 8 X 2 = 1 . 2 9 2 X 3 = 0 . 1 1 0
 m 

X = 6 4 . 0 Ohms 

I T T L ^ V V W r - 1 

Ro • 

o 
00 

F i g u r e 6. 5 Equivalent c ircui t of in tegra l induction m o t o r - a s y n c h r o n o u s condenser 

with high speed p a r a m e t e r s of the 112 kW SCIM unit indicated for 200 Hz. 
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terms of dimerisionless factor 

G = / - «T. r (6.1) 

where T r is the rotor coupled time constant of magnetization 

and this remains substantially constant over the entire slip 

range. G can be calculated as in equation (3.15) from con-

ventional design formula even with a differing flux ampli-

tude/pole. Although the airgap of the asynchronous condenser 

contains both a fundamental and subharmonic wave, it is 

possible to separate their effects and represent this in a 

closed form solution under the assumption that the rotor 

leakage is small. The total instantaneous radial flux 

density crossing the airgap over the motoring winding may be 

expressed 

where 9 = angle from transition point of condenser to motor-

ing windings (electrical radians) 

b(e ,t) = 

A 

J g = stator current line density, peak (A/m) 

p _ p . it _ rotor surface resistivity (fl) . tt 
r t . pole pitch (m) pole pitch (m) 

(6.3) 

The first part of (6.2) is the steady-state component of the 

B field while the exponentially attenuated terms represent 

the addition of the transient wave. 
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As revealed by the second term, to maximize the output 

of the condenser winding which is magnetized by this total 

wave, the pole pitch of the motoring section, T p l must be 

reducedto r p 2 = ( l ~ a * ) T p i • ^he difference between the quanti-

ties (1-CT *) and (1-a ) , where the former is actively controlled 

by the inverter constant-slip control loop, in effect gives 

a stator type of field control to compensate for the loss 

of a rotor exciter with this asynchronous machine.. 

The Theta-Pinch motor concept departs from convention 

in that the distribution of the total radial component of 

airgap flux is no longer a constant level around the peri-

phery but rises and decays over the excitation and condenser 

sections respectively as shown in Figure 6. 6. 

With inverter control, constant volts/Hz power may be 

applied; Figure 6.6 indicates that with increasing fre-

quency the magnitude of the airgap flux increases as 

3b _ P r J s " 

t p i ' 
a oj 

1 -
wTr(l-<j) 

exp -e 
wTr(l-cr) 

- 1 ( 6 . 4 ) 

due to the increase in the magnetization Goodness factor 

which is largely what determines the rate of rise of flux 

(and thus torque) at constant slip. In a conventional 

machine, constant volts/Hz control generally yields constant 

airgap flux density. 

Figure 6. 5 also indicates that the spatial rate of 
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P e r i p e r a l D i s t a n c e in A i r g a p ( p o l e s ) 

F i g u r e 6. 6 General per iphera l distribution of the total , normal 

component of airgap f lux density in a 10-pole SCIM. 
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change of airgap flux is reduced with higher frequency 

resulting in a more uniform flux distribution. As long 

as the machine is wound with a genuine change in pole-

pitch winding which necessitates a change in slot pitch 

stator lamination, no additional stray load losses will 

be incurred above those for a symmetrical machine. 

In the design stages, it is imperative that the 

space modulation of b (© ,t) peak at a position 9-^ which 

initiates the change in pitch from t ^ to 

P J 
s ' ^ - i ^ - e x p -

1 a) v a + ( l / ( i > T r ) \ 

wt+tan^CL/cr uTp-ir/2 
( T ^ T g 

sin (o)t + tan-1 (1/a erfy) - (6.5) 

where ty si and represents the lower limit on the per unit 

flux density in the entire machine (at angle 82) at high 

speed. It is specific to a particular winding sequence 

and its functional relationship is 

* - f [(cos*)" 1, G , cos ( ) ] (6.6) 

where n is the number of poles in section from 6 2
 t o e

 1 

and <p is the power factor angle of the motoring winding 

alone. From the aspect of maximizing the condenser 

section cemf, Eq the generated reactive energy maximum 

occurs at the peak of the transition edge values in the 
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product Iq.Eq.u r at a slip given by 

/ n CT7T \ cos ( ' 3 (6.7) 

The commutation voltage, E^ is the integration of b(6, t) 

over the entire length of the condenser section to yield 

the volts/turn as 

E q = u r I b(e,t) •exp[v 1( © 2 -
e l ) T p 1

/ 7 T ] d e ( 6 - 8 ) 

where is the complex attenuation of the space transient 

wave 

v -.= 
1 T _ ojT ' (1- cr) + ojT2'(1-ct) 

(6.9) 

V = T r(l + x ) (6.10) 

T 2' = T 2(l + x) 

x = 

(6.11) 

(6.12) 

for q = number of phases, I , = r.m.s. condenser current 

per phase, and Q_„„ is the net output of the condenser asc 

winding. At the instant of commutation, this reactive 

power is related to the required inverter reactive power, 

Q. as 
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< W = < W + ^ A r + + h\> 

m < W + ^ i X + C V ] 

m v 

m v (6.13) 

for c = 1+X-,/X. TO find Q.„„, the solution for E from i m m v q 

(6.8) is necessary but this is an iterative process because 

this voltage is dependent on the effective armature re-

action of the asynchronous condenser which is controlled 

by the surface impedance of the stator. Conversely, the 

maximum reactive power that can be transmitted across the 

internal leakage and resistance of the condenser is a 

strong function of E ^ and the terminal voltage of the 

machine, V 

"3 1 "3 

Pertaining to C.S.I, operation, it should be 

stressed that the ©-Pinch motor is predominately a slip 

controlled device rather than being frequency controlled 

so far as VAR generation by the the ASC winding is con-

cerned. Figure 6.7 emphasizes this point as it is seen that 

for the specific case of n = 4 excitation poles per re-

peatable section, VAR generation is insignificant until 

a slip of 0.166 per unit or less is attained. The ordinate 

of this figure, Q, the maximum reactive power per unit of 

condenser section axial edge, is normalized w.r.s.t. the 

Q x a s c 
2 X3 E Z — 

* R 3 2 + X, •3 

(6.14) 
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F i g u r e 6. 7 Asynchronous c o n d e n s e r winding m a x i m u m react ive 

power generated as a function of frequency for a 

b a s i c G=200 SCIM unit without c a r r y - o v e r f lux com-

pensat ion and val id f o r 4 excit ing p o l e s / p r i m a r y sect ion. 
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rotor copper loss of a conventional cage machine which is 

P b a s e = % P r V n Tpl < 6 " 1 5 > 

To generate enough reactive KVA to naturally commu-

tate a thyristor inverter, a slip value less than about 

0.075 per unit is necessary. The exact operating slip 

to allow safe inverter commutating margins, is obviously 

dependent on the overall machine's leakage and magnetiz-

ing flux consumption; noting that these two quantities 

are basically independent of the amount of kVAR generated 

by the "exit-edge" transient phenomena at position 

Concerning variable frequency operation, three 

characteristics portrayed by Figure 6.7 are vital: 

a) The Q 0__ curves peak around synchronous speed 
asc 

with the higher frequency characteristic actually peaking 

at just the preferred full load operating slips (in the 

17o to 37o range) , while low frequency excitation causes 

the induction machine to peak, reactively, at a super-, 

synchronous speed. The actual shift in optimum slip 

versus frequency is not crucial. For exciting pole num-

bers other than n = 4, the buildup of the quantity Q_ e_ asc 

at a slip a* is given by the general expression 

C* = • < 6 - 1 6 > 

b) While the higher frequencies offer the greatest 

kVAR output, note that with respect to inverter commuta-

tion, it is not the angle margin per say that is crucial 
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but rather the time available to bias the thyristor devices 

for natural line commutation. The ASC output characteris-

tic is a natural choice as the net Q output, even with in-

creasing reactance at high frequency, still allows a fairly 

constant time lead of the current waveform ahead of the vol-

tage waveform. The lowest possible frequency which permits 

a cage machine to be used in this mode with a C.S.I, trac-

tion system at the 150 H.P. level is about 15 Hz. Below 

this frequency, blanking of the DC link current by the PDR 

in a pulsing mode from start has been the preferred commu-

tation scheme. 

c) The curves of Figure 6. 7 are specific to cage rotor 

induction machines with a Goodness factor of 200 (calcula-

ted at 60 Hz) which is appropriate for most modern designs 

around the 150 H.P. range. These characteristics may be 

adapted to larger units by changing the frequency notation 

as fundamentally each curve is the locus of a specific 

Goodness factor which may be expressed as 

G = k £ (6.17) 
N 

where D is the diameter of the airgap (m), N is the total 

number of poles around the periphery assuming a continuous 

pole pitch of Tp^, The parameter k is nearly constant for 

all typical cage rotor traction motors around the 100 to 

500 H.P. range and if a copper cage is used and operated 

at about 75°C; for an airgap of 1.25 mm, k will range from 

about 400 to 500. The exact calculation of G is given in 

equation (3.15). 
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For example the curve representing the inverter fre-

quency of 10 Hz for the reference lab machine, G = 200 (60 

Hz base) would also be the appropriate curve at 15 Hz for a 

G = 300 traction motor (assuming the same base.) 
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6.5 SUBTRANSIENT REACTANCES 

One method commonly employed with CSI motor drives to 

determine the terminal voltage of the synchronous machine 

is to model the machine f s reactance to 120° square wave 

current as comprising two components. The subtransient 

reactance, X" carries both fundamental and harmonic currents. 

The second "adjusted 1 1 reactance, in series with the sub-

transient is the difference between the synchronous and 

subtransient values or (X -X") but the voltage across this is 

only attributable to fundamental current. The values of X" 

in the d and q axes are generally assumed to be equal, where-

as X„ is allowed to have a rotational variation. [10] 

s 

With respect to thyristor commutation, the exact reac-

tance of the synchronous machine at the moment of current 

transfer is not as important as the time the inverter is in 

the overlap mode which is in effect a line-to-line short cir-

cuit on the machine. The resulting armature reaction MMF 

initiated every 60° at commutation appears as a large nega-

tive sequence reactance and the subtransient reactance are 

nearly identical and about 10% of the synchronous reactance. 

In contrast, the stator leakage reactance can be as low as 

5% of X g . In a worst case condition, the synchronous con-
A A> 

denser only maintains zero-sequence currents, J g Q = 1% J g g 

A 

where J is the stator current loading at rated load, s s 
A 

However, the damper cage will have a current loading J r = 
A A A 

J + J = 2% J . 
ss so 2 ss 

For the asynchronous condenser, the subtransient res-

ponse does not closely resemble the characteristics of a 

cylindrical rotor, DC-field compensator despite the cons-
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truction similarities. Although not apparent, the cage 

rotor condenser is in essence a salient pole machine as 

viewed from the rotor side due to the non-uniform (statio-

nary) airgap flux distribution; i.e., the airgap reluc-

tance variation of a conventional salient pole machine has 

been "artificially" created by an asymmetrical MMF design 

in a uniform gap. Yet even so, to a large extent in machi-

nes with G = 100, implying very good rotor to stator 

coupling, the in-phase and quadrature currents in the main 

winding of the stator essentially see the same transient 

reactance since the rotor MMF so closely parallels and 

opposes any unusual stator MMF distributions. This is 

characteristic of a cage rotor design with a small airgap 

where the currents are not series forced as they are in a 

wound rotor; rather the amplitude of these currents will 

have a space modulation to satisfy the change in pole pitch 

boundary conditions that demand semi-abrupt peaks in J r (
0 ) 

at four positions over the stator periphery. 

To a first order degree, the steady-state equivalent 

circuit of Figure 6.5 and its associated phasor diagram of 

Figure 6. 8 are also valid in a sub transient mode during 

commutation. The modifications that must be made are: 

a.) The 120° square wave current should be seperated 

into fundamental and harmonic components (h = 5 ,7,11,13, etc. ) . 

The high frequency penetration effects in deep rotor bars 

can be calculated at each harmonic resulting in a higher 

R.2 and a lower L£ parameter than at the slip frequency of 

the fundamental. 
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L 2 ( h )
n = 1 - 0.00108 d 2 r ( a h . f h - 11.4) l g > 

R 2 ( h )
n = 1 + 0.00381 d 2r(cr h.f h - 9.44) ( g i g ) 

where d = rotor bar depth (cm) , r =» bar width: rotor slot 

width and cr^ is the effective per unit slip of the harmonic 

rotor currents. Formulas 6.18 and 6.19 are specific to rec-

tangular copper rotor bars at 75°C and f^ is in Hz. 

b.) The condenser internal voltage must be modelled as 

a single, fundamental frequency source that is only capable 

of power transfer at the fundamental frequency. 

All of the other reactances X^, Xg and X ^ scale up 

linearly with harmonic frequency and in general the change 

in passive parameters in an asynchronous condenser/induction 

motor for subtransient operation is a minor effect. The 

major concern is the harmonic response of E^; the magnitude 

of which remains substantially constant during commutation. 

Conventional terminology is used in defining the CSI 

natural commutation interval as shown by Figure 6.9 for a 

three phase system of quasi-sinusoidal inverter output vol-

tages and finite-rise-time square wave input current, a is 

the firing delay angle, u is the commutation overlap angle 

and 5 is the commutation margin (or the maximum device-turn-

off angle). Under all circumstances 

a + u + 6 = it radians (6.20) 



F i g u r e 6 . 9 Def init ion of thyr i s tor -commutat ing t e r m s , DC link current and machine vol tages . 



4 24 

To express the commutating margin in terms of the equivalent 

circuit parameters of the asynchronous condenser, the three 

path (I2> I3, ! m ) network of Figure 6.5 can be rearranged 

into a single Thevenin reactance, X" in front of a single 

Thevenin source E 
q 

E " = E 
q q 

+ CR 2 4- j (X x + cX 2) 

R 1 + R 3 + c R 2 + j ( x ! + x 3 + c X o ) V J 
(6.21) 

X' 

2 2 2 2 
X 3 X t * X t X 3 + R 3 X t + R t X 3 

( R 3 + R t )
2 + ( X 3 + X t )

2 
(6.22) 

R" -

2 2 2 2 
R 3 R t + R t R 3 + X 3 R t + X t R 3 

(R 3 + \ ) Z + (X 3 + X t )
2 

(6.23) 

where = R 1 + 

R 2
Z + ( X 2 + X m )

Z 
(6.24) 

X t = X l + 

x m ( R / + x 2
2
+ x m x 2 ) 

R 2
Z + ( X 2 + X m ) 2 

(6.25) 

c = 1 + X, /X 
i. m 

(6.26) 

R " X " 

© Vt 

Figure 6.10 Equivalent circuit of the integral asynchronous 
condenser/motor for commutating calculations. 
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6.6 INVERTER - MACHINE INTERFACE 

In the first experimental machine, the use of pole 

amplitude modulation windings with just the 10 pole MMF con-

figuration was crucial in that a multi-polar design proved 

most successful, although the stepped-speed changing capability 

of the original winding was not a major concern. The creation 

of the proper transient conditions in the machine must occur 

at large slip-pole number products, n a /l-a but obviously 

efficiency considerations demand that the slip be maintained as 

small as possible by the inverter in addition to constant 

volts/Hz control. The inverter interfacing has the following 

constraints: 

a) The machine always runs at a N-pole shaft speed 

characteristic of a conventional cage motor although the 

actual number of motoring poles is less than N. To determine 

the exact inverter frequency for a given load, the SCIM air-

gap field speed is first determined as u s = 2 t ^f and thus the 

shaft speed is accurately given by 

120r p l f (1-a) 

<V = R.P.M. (6.27) 
r 7T D 

In general, the effect of having not only an unsymmet-

rical airgap flux distribution but odd or fractional number of 

motoring poles per repeatable section will not cause any severe 

differences between the speed calculated in (6. 27) and the 

conventional design equation for shaft speed; i.e., the 

apparent field speed discrepancy 

120 f „ 
C = w r j-j ( 6 . Z d j 

is negligible for SCIM traction motors in single axle drive 

systems but this implies that the effective motoring pole 
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pitch in (6. 27) be either measured with airgap flux coils ox 

else numerically calculated using a finite element magnetic 

field analysis of the airgap region. However, the quantity 5 

may be an advantage for SCIM motors employed in a multiple axle 

drive system. 

b) The real and reactive power flow between the inverter 

and the two stator windings of the SCIM traction motor is only 

optimum over a narrow range of slip. High speed is depicted 

in Figure 6. 11 a. With the use of a constant-current DC 

link, obviously only real power is able to flow through the 

link, yet the inverter has the equivalent of a reactive re-

quirement at the output, Q ^ n v since the current wave must be 

leading at this point to permit natural commutation with the 

non-ideal thyristor devices. The novel feature of this 

system is that the reactive power generated by the ASC 

windings allows the junction point balance 

^asc ^motor + ^inv 

in the case of a leading power factor motor. The real power 

supplied to the ASC is used exclusively for the additional 
0 

stator I -R loss, while P m o t o r accounts for all of the major 

stator copper loss, all of the rotor copper loss and the 

mechanical power. However, the designer has a choice over the 
direction of P Q 'for this may be zero (or negative if the as c 

slip is too high) in which case both the real and reactive 

ASC losses are entirely rotor supplied. The directions in-

dicated in Figure 6.11a are specific to the motoring mode 

immediately following the transition to natural commutation 

at 15 Hz. 

The first column of Table 6.1 lists the component real 

and reactive power flow in the 150 H.P. laboratory traction 

system at the transition frequency of 15 Hz. In the run mode, 
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Q as c 

F i g u r e 6. 11a B a s i c p o w e r f l o w d i r e c t i o n s with natural commutat ion, 

3 <t> 
50 H z Flux Advance Loop 

UAUAJ — 

POR C S I 
. iTrnrr> - -Dfc 

A c j 

Torque— 
Command 

Flux Level 
C o n t r o l l e r 

F i g u r e 6. l i b Control s c h e m e f o r the v a r i a b l e speed, constant s l ip 
p r o p u l s i o n s y s t e m w i t h f r e q u e n c y dependent c a r r y - o v e r 
f lux s tator s h o r t - c i r c u i t i n g c o i l s and c l o s e d control loop. 
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the PDR firing is delayed to an angle a = 1 7 0 ° and the ripple 

component of the DC link current is under 157o in the actual 

system hardware. Most notably, while the induction machine 

power factor is leading, the use of a 6-6 thyristor device 

input-PDR, output-CSI conversion equipment has resulted in a 

0.18 per unit power factor on the 50 Hz mains due to the input 

phase chopping action. For comparison, the second column of 

Table 6.1 lists the 150 H . P . DC rotor field synchronous motor 

propulsion system with natural commutation to show the differ-

ences in efficiency and VAR transfer with the same input con-

ditions and PDR firing angle delay. 
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Table 6.1 

Comparison of Naturally Commutated Single-Machine PDR-CSI 

30 Drive Systems at Base Frequency 50 Hz 

Output Power (kW) 

Rotor Power (kW) 

Direct Axis Reactance (ft) 

Quadrature Reactance (ft) 

Subtransient Reactance (ft) 

Asynchronous Reactance (ft) 

Shaft Speed (r/min) 

Rotor Reactive Loss (kVAR) 

Airgap Magnetization (kVAR) 

Exciter Weight (kg) 

Machine Weight (kg) 

Specific Power/Wt (kW/kg) 

Inverter Overlap Angle 

Machine Efficiency (%) 

Asynchronous 

112 
2.4 

0.025 

735 

5.24 

36. 

1660 

0.068 

18° 
85 

Synchronous 

112 
4.2 

3.35 

2.21 

0.55 

750 

200 

1800 
0.056 

15° 

92 
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6.7 COMMUTATION LIMIT 

To express the machine quantities in terms of the DC 

link current, the normalized DC current is 

I* = 2 X " I d c (6.29) 

V6 1 E " 
q 

From conventional phase controlled rectifier theory, the 

ratio of the link voltage to the r.m.s. subtransient voltage, 

E " (line-neutral) is [11] 

V d c , 3 V 6 ^ 
E M — [ cos(u + 6 ) + 0.51*] (6.30) 

The effect of the commutating overlap u on the voltage regu-

lation may be expressed as 

cos u = 1 - I* (6.31) 

It can be assumed that the commutating margin will always be 

small so that the approximation sin 6«<5 may be used for 6 in 

radians as 

5 „ -sin(u) + V 1 + cos(u) [1-2tt E q
n ] ' 

c o i T u 5 

Figure 6. 12 is a plot of 5 versus the ratio V ^ / E " for dif-

ferent families of normalized DC-link current, I*. For a 

value I* = 0.4, it is seen that the converter: machine vol-

tage ratio is 1.75 at a commutating margin of 50ys which cor-

responds to 6=0.063 radians at 200 Hz. This represents a 

practical commutation limit for a 150 H.P. SCIM machine with 

the parameter shown in Figure 6.13 which graphs (6.30). 

Figure 6.11 defines the real and reactive power flow 

directions in the complete propulsion system with a mains 

feed phase delay rectifier (PDR) and a current source in-

verter. Until the inverter frequency reaches at least 15 Hz, 

the magnitude of E " is insufficient to effect natural vol-
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R a t i o V d c / E q " 

F i g u r e 6. 12 Thyristor commutating marg in under natural commutation 

as a function of ASC winding ef fect ive counter-emf for dif-
$ ferent f a m i l i e s of normal i zed DC link current, I . 
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F i g u r e 6 . 1 3 Inver ter c o u n t e r - e m f r e q u i r e m e n t a s a function of load 
f o r d i f f e r e n t v a l u e s of o v e r l a p and commutat ing m a r g i n . 
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tage-commutation and consequently the CSI thyristors are cur-

rent commutated from the input side by allowing the PDR to 

blank the DC link at 60° intervals on a 6 device CSI. A 

typical waveform of this sequence is shown in Figure 6. 14 for 

a 150 H.P. cage rotor induction machine in a pulsing mode 

at 12 Hz. In addition to the increase in E 11 with frequency, 

Figures 6.15 and 6. 16 depict the phase change in E M as the 

PDR-CSI- 9 -Pinch system transfers from the limit of the 

startup sequence to the run mode at full rated load and 

speed. In this latter m o d e , the inverter reactive require-

ment is 11%- of the component reactive power supplied to just 

the motoring section of the 9-Pinch machine and this is based 

on device turn off times of t = 30ys. 
q 

Since the SCIM drive system prefers units with a large 

number of poles to satisfy the electromagnetic conditions, 

the system designer is ultimately concerned with the highest 

possible frequency that still ensures natural commutation. 

Obviously a restriction of the motor to say 8, 10, or 12 

poles or multiples thereof does not put any specific res-

triction on the speed capability until the upper limit on 

the inverter frequency is established. In general, this 

frequency, f* which occurs when the machine is said to be 

at exactly unity power factor is not a constant, but in a 

limited range of traction motor sizes is approximately pro-

portional to the ratio w ^ e r e i-s the magnetizing 

inductance and R2 the rotor resistance. 

The exact determination of f* is heavily dependent on 

the stator leakage reactance and to a lesser degree the 

rotor leakage reactance; these have been taken into account 

in Figure 6. 17 which plots the commutating margin for a CSI 

using the specific reactances of the 150 H.P. cage rotor 



F i g u r e 6. 14 Exper imenta l ly obtained link, inver ter and machine current w a v e f o r m s during the 

s tar t -mode current blanking thyris tor commutation at 6 H z with the SCIM-Mk. II. 
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Figure 6. 15 Phasor diagram of machine voltages and sys t em currents during s tart -mode . 
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Figure 6. 16 Phasor diagram of machine voltages and s y s t e m currents in h igh-speed mode. 
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SCIM detailed in Chapter V . The details of this machine are 

included in Table 6.2. It is also important to note from 

Figure 6. 17 that the optimum slip is a strong function of 

the upper inverter frequency, although from efficiency con-

siderations alone the lowest frequency is best as the smallest 

slip is preferred. These curves are specific for an 8 

pole traction motor consisting of about 3% poles of motoring 

winding per repeatable section. If the motoring sector were 

to be extended in the 35 H.P. design with 10 poles, all of 

the curves would generally be shifted to the right assuming 

an equivalent G/f ratio. 
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Table 6.2 

Parameters used in Computer Simulation of Figures 6.17 and 6.18 

Natural Commutation Mode - Constant Current 8 Pole SCIM Unit. 

Maximum Torque Command (N-m) 5000 

Full Load Const ant-Slip, a (p.u.) 0.035 

Goodness Factor (50 Hz base) 200 

ASC Counter-EMF/Rotor Current Ratio, E /I 2(V/A) 1.80 

Time Increment, At (ms) 0.25 

Mechanical Output at 100 Hz (kW) 224 

Mechanical Speed, 9 (rad/sec) at 100 Hz 151.5 

Maximum Electrical Frequency, u> (Hz) 200 

Minimum Electrical Frequency, u (Hz) 25 

Primary Resistance (ft) 0.062 

Secondary Resistance (ft) 0.071 

Primary + Secondary Leakage Reactance at 200 Hz (ft) 2.42 

Magnetizing Reactance at 200 Hz (ft) 64. 

Tertiary Reactance (ft) 0.10 

Tertiary Resistance (ft) 0.015 

Max. Gap Flux/Pole (Wb.) 0.026 

Max. Terminal Voltage (V-^ r.m.s.) at 200 Hz 1600 

Minimum Commutating Margin, <5 (deg) 3.61° 

Maximum Overlap Angle, u (deg) 16.4° 

Normalized DC Link Current, I* 0.056 

Ratio V d c / E q " 2.265 

Commutating Reactance at 200 Hz, X" (ft) 0.0922 

Effective Commutating Resistance, R" (ft) 0.0139 

Ratio Commutating Voltage/ASC EMF, E "/E 0.959 < 0.22° 

Ratio DC Link Voltage/ASC EMF, V , /E n 2.172 
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F i g u r e 6. 17 Computer s imulat ion s u m m a r y of SCIM drive s y s t e m 

to d e t e r m i n e f requency l i m i t on natural commutat ion. 
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F i g u r e 6.18 F l o w D i a g r a m of S C I M D r i v e S y s t e m C o m p u t e r S i m u l a t i o n 
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6.8 DUPLEX CURRENT SOURCE INTERACTION 

Since the major impetus for advocating naturally com-

mutated induction drives is simply based on eliminating 

the need for any type of electrostatic energy storage ele-

ments at very high powers, the only area of concern is the 

startup mode. The torque pulsations experienced in the pulsing 

sequence are often objectionable albeit at low speed; how-

ever this is only a consequence of controlling the link cur-

rent in a "digital" fashion rather than limiting the rate 

of rise and decay of to a value less than e.g. 2 A/ms. 

One novel method of entirely eliminating start-up 

torque pulsations is to incorporate two identical PDR-CSI 

systems with both the inputs and outputs in parallel. By 

gating the PDRs in a push-pull type fashion so that the DC-

link current of PDR #1 is slowly ramped at a constant + d 

dt and PDR #2 is similarly ramped but at - d I ^ / d t , the 

combined CSI output current waveform is nearly a perfect 

sinusoid at e.g. 10 Hz with the exception of the 120 Hz 

ripple that amounts to less than 5%. This is a practical 

configuration, for despite the use of a total of 24 devices, 

the weight and cost savings still are ahead of a similarly 

rated drive with static capacitor banks. A duplex CSI 

arrangement is shown in Figures 6.19 and 6. 20 . 
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50 H z 

M r n r U - f 
I d c 2 

F i g u r e 6. 19 A conceptual duplex i n v e r t e r s y s t e m for torque smoothing, 

PDR 2 
Output 

Motor «r 
P h a s e 0 
Currents 

F igure 6. 20 Theoret ica l DC- l ink and AC-output wave forms for duplex 
s y s t e m in the current puls ing start mode at 2 Hz output. 
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6 . 9 THE A P P L I C A T I O N OF CONDENSER WINDINGS AS A HARMONIC 
CURRENT F I L T E R 

T h e a s y n c h r o n o u s c o n d e n s e r c o n c e p t m a y b e e x t e n d e d t o 

e i t h e r p r o p u l s i o n o r p o w e r g e n e r a t i o n s y s t e m s t o n e u t r a l i z e 

t h e l a r g e h a r m o n i c w a v e f o r m s i n t r o d u c e d b y s q u a r e w a v e o u t -

p u t t h y r i s t o r i n v e r t e r s c o n n e c t e d t o e i t h e r a n i s o l a t e d 

m a c h i n e o r a n a c t i v e A C - D C g r i d n e t w o r k r e s p e c t i v e l y . I n 

t h e c a s e o f t h e f o r m e r , t h i s u s u a l l y t a k e s t h e f o r m o f v a r i a -

b l e - v o l t a g e , v a r i a b l e f r e q u e n c y c o m b i n a t i o n p h a s e d e l a y r e c -

t i f i e r - l o a d c o m m u t a t e d i n v e r t e r . C o n s t a n t v o l t s / H z c o n t r o l 

i s a d h e r e d t o b u t t h e a s y n c h r o n o u s c o n d e n s e r ( o r s e p a r a t e l y 

e x c i t e d s y n c h r o n o u s c o n d e n s e r i n c o n v e n t i o n a l s y s t e m s t o d a t e ) 

m u s t b e d e s i g n e d f o r t h e d u a l p u r p o s e o f r e j e c t i n g f u n d a m e n t a l 

c u r r e n t s f r o m a b o u t 2 5 t o 4 0 0 H z a n d y e t a b s o r b i n g a w h o l e 

s p e c t r u m o f f r e q u e n c i e s s t a r t i n g w i t h t h e l o w e s t f r e q u e n c y 

o f 1 2 5 t o a 2 0 0 0 H z f i f t h h a r m o n i c . A t f i r s t t h o u g h , t h i s 

r e q u i r e m e n t a p p e a r s t o b e d i f f i c u l t t o i m p l e m e n t s i n c e 

t h e r e i s a b r o a d o v e r l a p p i n g o f f u n d a m e n t a l a n d h a r m o n i c 

f r e q u e n c i e s . T h e p u r p o s e o f t h i s s e c t i o n i s t o g i v e s o m e 

m a t h e m a t i c a l p r o o f b e h i n d t h e h a r m o n i c f i l t e r a p p l i c a t i o n 

a n d s h o w , w i t h t e s t r e s u l t s , t h a t i n d e e d t h e a c t i v e c o n d e n s e r 

a p p r o a c h ( w h e t h e r s y n c h r o n o u s o r a s y n c h r o n o u s ) i s s u p e r i o r 

o v e r t h e u s e o f s t a t i c c a p a c i t o r s . 

T h e f i r s t a r e a o f c o n c e r n , i n r e f e r e n c e t o a d j u s t a b l e 

s p e e d d r i v e s y s t e m s , i s h o w d o e s t h e m a c h i n e ( o r c o n d e n s e r 

w i n d i n g s ) k n o w t o e i t h e r r e j e c t o r a b s o r b a n y p a r t i c u l a r 

f r e q u e n c y s i n c e t h e r e i s , o b v i o u s l y , n o d i r e c t l i n e o f 

c o m m u n i c a t i o n b e t w e e n t h e c o n t r o l s y s t e m f i r i n g t h e t h y - -
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ristors (i.e. establishing the systems fundamental frequency) 

and the electrical machine. Typically, classical propulsion 

systems have to incorporate either a shaft position sensor 

on the rotating synchronous condenser or else a zero crossing 

detector to guard against high current switching, negative 

sequence operation, etc. Yet this is phase control and not 

frequency control. The basic concept is that the back e.m.f. 

of the condenser winding is always a nearly perfect sinusoid 

(certainly in comparison with the inverter output) and this 

is what the electrical machine as a whole understands as 

the system fundamental frequency, whereby it now has a re-

ference by which to reject higher frequencies. This is 

nothing new to the machines world, but the point to empha-

size is that in having the shaft speed of the machine es-

tablish the fundamental frequency for filtering purposes, 

the filtering capacity of the machine is a direct function 

of the stored rotor inertia, which is obviously independent 

of speed. Thus, to a large measure, a constant filtering 

characteristic is obtained, passively, over the range of 

variable frequency. The only complication to contend with 

is the effect of the stator leakage inductance which tends 

to counteract the equivalent capacitance as offered by the 

emf of the condenser windings, but fortunately, as machines 

get larger, the ratio of leakage reactance to rotor inertia 

decreases as the inverse of the fourth power of the rotor 

diameter. In the example to follow the mathematical analysis, 

which uses data specific to a 26 KW machine, the filtering 

effect afforded by the rotor inertia significantly outweighs 

the VARs consumed by the condenser winding leakage flux. 
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The initial mathematical treatment of the principle 

underlying an active harmonic current filter is based on 

the simplification that the rotary machine may be regarded 

as a "linear" system, by which the equations of motion are: 

j°0°+ F r 9 = B p A I (6. 33) 

0 0 0 

L X I + Rjl + B q A 9 = V t (6. 34) 

where J = moment of inertia 

9 = rotor angular displacement 

F r = friction (speed damping) coefficient 

B 53 in-phase airgap flux density 
IT 

B^55 quadrature flux density 

A = coil axial length/turn x winding factors x 2 

Vt=» harmonic terminal voltage of an ASC coil 

I = r.m.s. phase current x number of turns/coil 

Z = ASC coil terminal, harmonic impedance 

ASC coil winding resistance 

ASC coil leakage inductance 

a) =» angular frequency of natural resonance 

a) = angular frequency of fundamental or harmonic 
voltage 

The solution of equations 6.33 and 6.34 for steady state 

response (still permitting space transients to exist) in 

terms of an equivalent impedance looking into an ASC coil 

at the terminals yields 
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14 

= R, + jiuL-j + jw 

B B A' 

joiF - a)" J j r 
(6. 35) 

The last term in 6.35 is however, the form of impedance for 

a parallel RC circuit, i.e. the total impedance can be ex-

pressed as 

R / 

Z = R , + j OlL1 + •=!—-r—5—p n 
1 J X 1 + J W R 2 C 

(6. 36) 

and thus the harmonic model of the condenser coil(s) as a 

current filter is shown in Figure 6. 21 . 

R . 
L , 

c = J i 

B p B q A * 

1 

T F r 

Figure 6.21. Electromechanical filter analogue for either 
J-Jump or 9-Pinch windings for frequencies 
not equal to (poles)*(r.p.m.)/120. 

The main point is that the quivalent capacitance, C, 

offered by the windings will be constant over as wide 

speed range as the airgap flux density remains constant 

and this is consistent with all modern control schemes 

responsible for high power-to-weight ratings. This capa-

citance is 

C = 
B B A' 
p q 

Farads (6.37) 
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Conversely, the equivalent resistance, I^, which will vary 

with changes in speed due to possible load torque variation, 

is 

B B A 2 

R = P
F
 q Ohms (6. 38) 

As with any type of tuned circuit, the single most im-

portant parameter is the natural frequency, which is given 

by 

w n " a ,
A / L 1 [ I + ( o ) R 2 C ) 2 ] 

R 2 C 

= uj 
r z 2 i 3 9 ) 

In general, the electrical machine designer has relatively 

little freedom in choosing the natural frequency under the 

assumption, that for economic reasons, variables such as 

rotor intertia or friction torque should be kept to a mi-

nimum. The application of the electromechanical filter 

is such that it should offer maximum impedance to the 

fundamental frequency and its lowest impedance (occurring 

at w ) to the strongest higher harmonic, which invariably 

with thyristor inverters will be the harmonic with the 

lowest frequency. The waveform considered for example is 

a standard current-source 6-thyristor bridge, 3 phase 

square-wave output with a 120° symmetrical conduction angle 
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per half cycle. This contains no even harmonics but odd 

harmonics, n , of order 5 , 7, 11, 13, ... and of amplitude 

1/n the fundamental. The optimum scheme for using the 

asynchronous condenser is to have the 5th harmonic coincide 

with the natural frequency, and the reduced filtering 

action of the ASC at higher frequencies is nearly perfectly 

compensated by the fact that the harmonic content drops off 

linearly with frequency rise. The one critical character-

istic to be controlled is the rate of impedance decrement 

between the fundamental and the natural frequency, and in 

practice this will establish a limit on the lowest machine 

speed tolerable for this mode of operation. Fourier ana-

lyses of the two modes are given in Figures 6.22 & 6.23. 

For harmonic frequency oj, the condenser section will 

appear capacitive under the criterion that the ASC winding 

leakage inductance be limited as a value 

B^ B A 2 J 
p ^ , ^ < — * T ( 6 . 4 0 ) 

1 F r
Z + u j r 

Thus the absolute practical limit on the lower frequency 

to be filtered is given by 

^ 1 
WL.L.— J 

2 1 
B_ B A J P q 2 

- F z 

L n r 

2 

( 6 . 4 1 ) 

For the 26 kW e-Pinch lab motor under test, the above 

variables would have the values (supposing the entire 
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m a c h i n e w a s h y p o t h e t i c a l l y w o u n d a s a n a s y n c h r o n o u s c o n 

d e n s e r ) 

J = 7 . 9 8 N - m - s e c 2 

B p = 0 . 6 T 

B q = 0 . 6 T 

A 3 9 0 x 0 . 7 5 6 x 2 x 0 . 2 3 5 

= 3 1 . 9 m f o r 9 0 c o i l s 

L - p 9 0 x 0 . 2 3 8 m H / c o i l 

= 0 . 0 2 1 4 H 

The Bode plot of the input impedance versus frequency 

is given in Figure 6. 24 for the case that the load torque 

damping, F r is zero; corresponding to the assymptotically 

best performance attainable for the lab motor. With the 

above constants, the lower limit on the frequency of the 

fifth harmonic to be filtered as a function of load torque 

damping is, by evaluating (6.41), 

0) L . L . : > 0 . 1 2 5 3 V 1 . 3 6 6 x l C - F = 4 6 . 3 r a d / s e c . 

F = 0 
r (6.42) 

I t s h o u l d b e e m p h a s i z e d t h a t t h e l o w e r l i m i t f r e q u e n c y 

o f 4 6 . 3 r a d / s e c ( o r 7 . 3 8 H z ) f o r a b s o r b i n g h a r m o n i c c u r r e n t s , 

i s b y n o m e a n s d e f i n i t e b e c a u s e , f o r e x a m p l e , t h e v a l u e s o f 

Bp a n d B q w e r e r a t h e r a r b i t r a r i l y c h o s e n . F o r a n a c t u a l 

C S I - r o t a t i n g m a c h i n e a p p l i c a t i o n , ^ w o u l d h a v e t o b e 

l a r g e r t h a n 1 2 5 H z f o r s a y , o p e r a t i o n o f a 4 p o l e p r o p u l s i o n 

m o t o r t o c o m m e n c e a t 7 5 r . p . m . a n d i n c r e a s e i n s p e e d . T h e 
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point is that, at this time the harmonic current filtering 

principle appears feasible for medium size machines such 

as 35 H.P. with enough design margin to allow an integral 

motor and asynchronous condenser windings on one frame 

(without recourse to demonstrating the concept on 500 

H.P. size machines). 

An interesting electromechanical filter used to suppress 

harmonics generated in AC-DC power transmission systems 

and to supply the reactive demand of the converter stations 

has been under investigation since 1973 in the power systems 

lab of Imperial College, but this is a moving coil actuator 

rather than a rotating machine. [15] 
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V I I . T R A N S I E N T SIMULATION 

7. 1 A DERIVATION FROM P A R K ' S SYNCHRONOUS MACHINE 

Without considering saturation or hysterisis effects, 

suppose that both the secondary and primary machine wind-

ings have only one circuit in each axis of the two-axis 

system and that the per-unit total flux linkages will de-

pend linearly on their respective currents as 

V - I f - b - i d (7.1) 

where i^ is the per unit instantaneous direct-axis, pri-

mary current for which the term b can be evaluated by 

initiating a primary terminal linkage ip̂  with zero initial 

current and an open-circuited secondary 

where the negative sign indicates an armature reaction flux 

and X^' is defined to be the transient reactance. In the 

steady-state it is clear that b is the direct-axis synchro-

nous reactance, under the condition that the only component 

of Hf which is represented is lp̂  the primary terminal flux 

linkage and therefore 

X d = ^d + X d ' 

The initial conditions demand that the total flux linkage 

is zero but \|>, f 0 

V 
(7.3) 
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7 = 0 

X
H l 

( 1 - — ) - b ' ( — ) 

V X d ' 

(7.4) 

/ . b = x d - x d » (7.5) 

The normalized secondary EMF must be 

E 2 = K 2 p $ + I 2 (7.6) 

for which K 2 may. be evaluated by opening the primary cir-

cuit (i^ = 0) and short-circuiting the secondary 

0 = K 2 p + I 2 (7.7) 

and by (7.1) 
0 - K 2 P I 2 U + I , (7.8) 

and constant K 2 , referred to in the literature as the open-

circuit field time constant, T q is with respect to the po-

lyphase induction machine equivalent circuit 

T o -

x
3 ~ ^ m a G " ( 7 . 9 ) 

R 2 « OJ 

which is henceforth referred to as the modified Goodness 

factor since G" « G = X m / R 2
 a ^ P r a c t i c a l applications. 

These concepts were well established before the advent of 

generalized machine theory, but in 1929 Park introduced 

the convenience of operational terms which greatly sim-

plified the understanding of the synchronous machine in 

a two-axis representation and made the analysis applicable 

to asynchronous electromagnetic machinery. A basic ad-

vance of this approach was that the direct axis MMF could 
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be expressed in the form [l] 

Xd - F ( p ) E 2 + H < P ) ' i d < 7 - 1 0 ) 

where F ( p ) a n c* H(p) are laplacian operators, for which 

three of the four boundary conditions at initiation 

(p=d/dt=,oo) and steady-state (p = 0) are obvious 

F(o) = 1 

H(o) = 0 

F(ao )= 0 

H(qd )= X d - X d " 

X d
u is the subtransient reactance. For the analytic ex-

pressions, Park assumed that the primary reactance opera-

tor will always take the form of 

H(p) = X d - X d ( p ) (7.11) 

In the most basic case of only one d-axis secondary circuit, 

using (7.1), (7.5) and (7.6) 

e 2 - V p [ x d - < Xd " V ^ d ] + J d < 7 ' 1 2 > 

by (7.10) 

. X d = + " < X
d " W M ] + [ Xd " W ^ d 

(7.13) 
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To evaluate F(p) , =» 0 and therefore I d = I 2 

F , * - (7.14) 
W T p + 1 

o 

To derive H ^ , I 2 and are set to zero leaving 

< xd - X d ' ) T o P 

T 0 P + 1 
- [ X d - X d(p)] = 0 (7.15) 

X,' T p + X , 
H ( p ) = X d " X d ( p ) = X d " ^ ° , < 7 " 1 6 > 

O H 

Equation (7.16) is universal because it is still general 

enough to represent induction machines as 

L-, G" p + OJ(L-. + M ) 

H ( p ) = L i + M - G - P + / ( 7 " 1 7 ) 

where L^ and M are the per unit primary leakage and magne-

tizing reactances. 

Park*s original equations may be summarized as 

e d = p - r i d - p 0 

e q = P "" r i
q
 + ^d P ^ (7.18) 
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= G(p)-E 2 - X d ( p ) - i d 

•q = x q " v ^ = • x q ( p ) , i q ( 7 - 1 9 ) 

- - V S 

where 9- is the electrical space angle in radians 

between the secondary direct axis and the axis of phase 

a of the primary. Consequently, the per unit instanta-

neous electrical torque is 

T - e d i d + e a i q + e Q i o + r [ M 2 + iq2 + ip 2] ^ 

P& 

But suppose that the machine is fed at constant current for 

the mains two-axis currents as well as the total currents 

and I q . Consequently (7.20) may be reduced by assuming 

that the rate of change of magnetic energy in each axis is 

negligible or p - ^ , P'^q a n c* ~ 0 which allows by modi-

fication, of (7.18) 

T - V *<! " '*q ( 7 " 2 1 ) 

which is simply the phasor product of the flux linkages 

with primary MMF. 

The analysis readily handles the transient starting 

of a cage machine from locked rotor with symmetrical three 

phase closing which results in the transformation 
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e
d

 =
 " *

v
*

s i n
 ~ 0O) t > o (7.22) 

e q = V-cos (ut - 0 Q ) t > o 

X
d ( p ) -

 X
q ( p ) (7.23) 

p - 0 = 0 (7.24) 

where 0 Q is the initial phase angle of switch-on and (7.22) 

is zero for t s 0. In addition to (7.21) the system of 

equations is 

e q 3 P ^ q " r , i q 

(7.25) 

= - t L l + 

% - - [ L 1 + M ] 

(p) ,2*d 

<P)' Xq 

(7.26) 

where it is assumed that L^ + M is the same in both direct 

and quadrature axes. The simultaneous solution of the 

above nine equations yields the instantaneous torque as 

T = -
[(Lx + M)

 1 ] • G n ( + + 1 } 

- x n t - x 0 t 
1 + e 1 e z 

- [ • • 1 4- e Z 
X 1X« + 1 r -X-,t -x0ti 

cos Cat) - — le 1 - e Z 

x2 - x x 

sln(uty 
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where 

X, = - [OU + M)r« + O o - M)r, -
1 2(L1 + M ) ( L 2 - M )

L i 

V [ ( ^ + M)r 2 + C 4 - M ) r J 2 - 4(1^ - M) + M ) ^ 

x 2 = [ C ^ + M)r 2 + 0 2 - M)r x + 
2(L^ + M) O 2 -

[ C ^ + M)r 2 + O 2 " K ) ^ ]
2 - 4 ( L 2 - M) + M ) ^ ' j (7.27) 

As can be expected from the particular set of differential 

equations initially chosen, the solution contains two com-

plimentary decay rates the most prominent being the X 2 

term while the X^ term is only significant with low Goodness 

factor machines for which the term M is relatively small. 

In an analysis performed by Kilgore on the same subject and 

using the same initial conditions, only one decay rate is 

indicated, the X 0 . [ 2 ] 



7.2 NUMERICAL SOLUTION OF ROTOR CURRENTS 4 6 3 

A. Induction Simulation During Start-Up Sequence 

Three different types of variations have been simulated 

on the digital computer according to: 

1. Load torque which is specifically assumed to be 

linearly proportional to rotor speed 

a) No-load 
b) Light-load 
c) Abnormally heavy load 

2. Excitation closing sequence three-phase 

a) Synchronous closing of contactor 
b) Non-synchronous closing, two-phase at voltage 

zero (30, 90° later). 
c) Non-synchronous closing, two-phase at voltage 

maximum (30, 90° later). 

3. A range of inertia constants from H=1 sec. to H=10 

sec. are used to model different classes of induction motor 

design. The bulk of the programming utilizes a standard 

industrial design value of inertia constant equal to 2 sec. 

The simulation is divided into two major sections for 

analysis purposes. 

1. The machine matrix equations are derived in terms 

of the stator and rotor direct and quadrature-axis currents. 

It has been necessary to include the speed-torque relation-

ship with respect to these currents to fully simulate the 

machine. It is essential that all machine phenomenon is 

linearized. 

A modified unified-machine theory approach is used to 

linearize the SCIM unit. As shown, the output indicates 

cases where the machine torque at start-up will approach 

5 per unit. In a real machine, such torques can be expected 

but in practice the inductances are a function of current, 

which is not accounted for in the unified theory. Physically, 

this one effect is best explained by the larger stator and 

rotor currents than predicted with constant inductances and 



no saturation of stator teeth. 

2. The machine equations are arranged in the form 

x = A x + B u (7. 28} 

where "x" is a column matrix of D-Q currents and rotor speed, 

"u" is the colum matrix describing the three different types 

of voltage inputs for synchronous and non-synchronous on-

line connection. 

The 11B" matrix, a 5x2, is constant. The "A" matrix, 

5x5, must be continually updated at each time step because 

it contains speed terms and also current terms (due to 

relationship between the time derivative of rotor speed and 

current products). Also, the frictional load torque rela-

tionship is included in "A". 

A numerical solution of the "state11 equation for linear 

systems is developed and adapted to fit the peculiar require-

ments of transient overspeeding phenomena. 

B. A Derivation From Generalized Machine Theory 

By applying the C^ phase transformation and the C 2 com-

mutator transformation to a symmetrical 30 induction motor, 

and the familiar impedance matrix is obtained [ 3 ] . 
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Z 1 = 

R s + L 

0 

-M 

sP 

u>r 

M p 

0 

R s + L 

Mu)_ 

sP 

0 

Mp 

R r + L r P 

L ro) r 

Mr 

- L r w r 

R r + L r P 

in the system 

[v"] -

(7.29) 

as 

bs 

qr 

dr 

[Z 1] 

as 

lbs 

i 
q r 

1 dr 

[Z 1] [\"] 

(7. 30) 
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Specifically, [Z^] can be broken down into 

[Z 1] = [R] + [L]p 4w r[G] (7.31) 

[ R ] = 

[L] = 

[G] = 

R s 
0 0 0 

0 R s 0 0 

0 0 R r 0 

0 0 0 R 
r 

L s 
3 

r«
 

CO M 

L r 

M 

M L r 

0 0 0 0 

0 0 0 0 

-M 0 0 -L. 
r 

0 -M K 0 

The inverse inductance matrix is 

[L x ] = 
L s V M 

r 

-M 

-M 

-M 

L 

(7. 32) 

(7. 33) 

(7. 34) 

-M 

. (7. 35) 

To simulate transient phenomena, it is necessary to 

solve the system equation: 

i l H . [ L - » ] [ V ] - ^ J } * ] * « r [ G ] ] [ V ] (7.36) 

This may be accomplished in two-stages, the first re-

presenting the applied excitation. Since only cage rotors 

are considered rather than wound or commutator rotors, an 

important simplication is allowed even in the transient mode 

in that the d and q-axis voltages are short-circuited or 
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and 

v = 0 
qr 

V d r " 0 

[L" 1]tv , ,l = 

where Y = 

V Y 0 

0 L Y 0 r 

0 -M-Y 

-M'Y 0 

L L - M 
r s 

as 

bs ( 7 . 37 ) 

The power transfer matrix may now be expressed although 

no special modifications for cage rotors are included 

[ L ^ H R + ^ G ] 
L s V M 

L r 0 0 -M 

0 Lr -M 0 

0 -M L 0 
s 

-M 0 0 L 

R. 

0 

0 0 

R s 0 

0 R r 

0 

0 

0 o)rM a) rL r 

L L -H 
s r 

L R 
s s 

00 M' 
r 

•w L M 
r s 

-MR 

- a) M' 

L r R s 

-MR 

co ML r s 

- u r M L r 

-MR 
r 

L R 
s r 

a) L L 
r r s 

(7. 38) 

-R M 
r 

-<*r Lr M 

- o) L L 
r r s 

s r 

Before combining (7.37) and (7.38) into one state-equa-

tion, the torque formulation is now included as 

Electrical Torque =* Frictional-Load Torque + 

Accelerating Torque 
d oj r 

(7.39) 
T = T-. + J 
elec 1 

In the interests of maintaining a linear systems model, the 

load torque is simulated as 
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T 1 " f 

t 

Where f is a viscous friction constant in N-m-sec/rad and 

ranges from zero through 0.10, indicated as 

Case 

b) Light load, f = 0.01 

a) No-load, f = 0 

c) Normal load, f = 0.033 

d) Heavy load, f = 0.10 

.a 

8 
The moment of inertia is represented as 

2 
H N 

J = 
(9.807 kg-m 2) 

N-m-sec ( 7 . 4 0 ) 

where S is the machine VA rating, N^ the number of pole-pairs, 

oĵ  the base excitation frequency in radians and the standard 

inertia constant is for 

Case a) Aircraft type, H = 1.0s 

b) High-speed industrial design, H = 2.0s 

c) Multipolar design (e.g. 0.02 kW/kg power-

weight) , H = 10,0s 

Fundamentally, the electric torque is always related to the 

current and mutual coupling matrices as 

T e l e c - ti t"][G][i "] 

" C las lbs *qr M r 1 

0 0 0 0 

0 0 0 0 

-M 0 0 -L. 

0 -M L r 0 

1 as 
i 
bs 

. 1 qr 

= M[ I, i, 
dr bs - i { ] 

qr as ( 7 . 4 1 ) 

Therefore, assuming a speed dependent load torque completely, 

we have in the form x = B u + A x 
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- - -

L r Y 0 

i b s 0 L Y r 
V a s 

• 

i qr — 0 - M Y X 

^ b s 

M r - M Y 0 

0 0 

r s ^ . M 2 Y o^ M L r Y R MY r 0 xas 

- CO M 2 Y r - L R Y r s M R r Y • u r L r M Y 0 lbs 

(J r L s MY M R S Y - L R Y s r (J L L Y r r s 0 X 

M R S Y - CJ r ML g Y - C o r L s L r Y - L R Y s r 0 *dr 

0 0 - M i a s / J - M i / J bs - f t / J 

( 7 . 4 2 ) 

The terms containing w r must b e updated for each time step. 

Note that two terms in the "A" matrix contain currents. 

This poses no special problem for the currents from the 

previous time-step are used; the change in currents between 

successive time-steps is always small enough to allow this. 
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C. Solution of the State Equation 

The matrix system will be converted to discrete mecha-

nics with the input excitation represented by a linear 

approximation. The exact solution of 

X = AX + BU 

e ~ A t
 BU(T)C1T + e A ( t " t o ) X ( t o ) 

(7 .43 ) 

where the gothie terms are matrices. 

For use in the computer, a difference equation similar 

to the exact solution can be utilized, as it is only possi-

ble to calculate X(t) for some discrete values of time. 

Let k = integer, T 55 At = time interval 

The equivalent difference equation is 

J(k + 1)T « T e 

KT 

( 7 . 4 4 ) 

The above integral can be evaluated exactly if the input 

can be exactly matched to a discrete representation. How-

ever, even if a sinusoidal input is approximated by a 

piecewise-linear function, the integral is still evaluated 

quite accurately. 

The stator voltages are approximated as 

U(t)=U(kT)+ + - "(XT) ( t_ k T ) ( ? > 4 5 ) 

is known to be 14] 

t 

X(t) = e A t / 
to 
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The piece-wise linear input difference equation solution is 

X [(k + 1 ) T ] = F - X ( k T ) + E - U ( k T ) + D - U ( k + 1)T (7.46) 

where F = e A t = £ X (AT) n (7.47) 
n = o 

E = [ e A T ( - U A T ) + l] ( A ^ T ^ ) BT 

0 0 l 

- S f w t ( a t ) b t ( 7 - 4 8 > 

D =[eAT-1-Al](A2T2)-1BT 

= 2 T T f W ( A T ) " B T < 7 - 4 9 ) 
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D. Phase Transformation 

A conventional three-phase to two-phase tranformation 

is necessary for the preferred state-variable solution but 

symmetrical and two types of asymmetrical mains excitation 

are exactly simulated. 

case i.) Symmetrical closing assumes positive sequence 

phasor rotation with zero voltage crossing ar-

bitrarily established at t=o for phase number 1 

represented by a=o. Since this is a balanced 

excitation system 

v 
os 

0 

and 

o ̂  = V ? V cos (at) 

_ _ « / 3 ) 

Oo = V ? V c o s (<0t+2ir/3) 

Applying the C-, transformation 

(7. 50) 

~ V T * c o s ( w t ) ~(cosut cos 2tt/3) 

= V 3 V cos(u>t) 

cosut COS 

- V273 1 (o 2-u 3) ( 7 . 5 1 ) 

=V3 V sin(wt) 
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case ii.) Asymmetrical closing represented by and 

6=^/2. 

The a=iT/2 implies that the phase voltages will be sinusoidal 

rather than co-sinusoidal as above, i.e. the mains excita-

tion is initiated when phase number 1 is at its maximum. 

The 6=tt/2 condition means that only two phases are connected 

at t^o, but it/2 radians later, the third phase is connected. 

In this condition, the three-phase currents are defined as 

I r = 0, I y = + 1 , I b = - I 

which after applying the C ^ , combination phase and symme-

trical components, tranformation 

I Q = 0 , I + - jl, = -jl 

The sequence voltages are 

V 0 = 0 , V + = j Z + X, V_ = -jZ. I 

With application of the C ^ matrix again, the phase 

voltages are 

V r j ( Z + - Z j I (7.52) 

V y j(a 2Z +-aZ_)I (7.53) 

V b = fa j(aZ +-a
2Z_)I (7.54) 
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. s/T where a = - % + j (7. 55) 

2 ^ 
a = - % - j (7. 56) 

Surprisingly enough, the voltage of the unexcited phase 

is almost equal to that (with a phase shift) of an excited 

phase. 

a V y = A j ( a 3 Z + - a
2 Z _ ) I 

= V r j Z _ I - ^ , j a 2 Z . I 

= V r + ^ j Z _ ( l % + j (7.57) 

However, in both symmetrical and Theta-Pinch type machines, 

it can be assumed that Z +>> Z_ 

••• | V r | a | V y | 

Reverting to the standard C^ transformation 

uas~ 
_V2/3 

i>0+u« 

and using a standard balanced positive sequence system 

u ^ V f V s i n (ut), u2=v
/2'Vsin(a)t-2TT/3) , u3=\/2 Vsin(a)t+2Tr/3) 

u as s i n ( u t ) (7.58) 

v T 
^s = T ( u 2 " u 3 } 

= -2 V sin(2Tr/3) cos (u>t) 

°bs " '
V
 ^

 c o s
 (

7
- 59) 

However, to consider the effect of zero stator current in one 

phase it is necessary to give explicit expressions for the 
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transformed currents, since the input v o l t a g e s , u and u 
as D s 

are unchanged. 

X 1 = 

= sm(o)t) 
Z 

( 7 . 6 0 ) 

where 

Z = R + jwL „ 
s J ss 

and L g s is a three-phase coupled inductance value. 

i 9 = sin(ajt-2Tr/3) 
z Z 

i^ = 0 due to the 3=tt/2 condition 

• VjJzl [ L - 2 5 sin(ojt-0) + ^ c o s ( a ) t - 0 ) ( 7 . 6 l ) 

0 

bs 

tan" 1(o)L s s/R s) 

T " ( 1 2 + 1 3 } 

V 
sin(o)t-27r/3-0) ( 7 . 6 2 ) 

The rotor currents at very low speeds (for example in the 

first 90° degrees of operation) are dependent just on trans-

former terms rather than both transformer and speed terms, 

i.e. 

V s - h s ' h > 

"dr 

( 7 . 6 3 ) 

(7. 64) 

where K a and K. are coupling coefficients found from pre-

vious programs on synchronous closing. 
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.1 V3 

where i|> = tan (-y) . 

These values are imputed to theCXl matrix to calculate 

<1 during the interval (5 ms) of two-phase excitation. For 

cot>tt/2, the numerical solution of the state equation is 

used to simulate and independent of and i a g 

from the relationship shown above. 
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E. Machine Simulation Parameters 

The 112 kW cage rotor induction machine is first used to 

illustrate the state variable solution of the transient rotor 

and stator currents during the start-up mode with a symmetrical 

stator winding in all 90 slots. The Theta-Pinch mechanism is 

not simulated directly in this example because the primary 

interest is in the transient DC component of conventional in-

duction machinery which exists at switch-on, both asymmetrical 

and symmetrical, as well as during run-up and possible transient 

overspeeding above synchronous speed. The parameters used in 

the digital simulation are given in Table 7.1. 
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Table 7.1 

Characteristics of the 112 kW Rotary Machine 

Prior to Modification 

Base Quantities (Delta Connected) 

Apparent Power (kVA) 134 

Voltage (V r.m.s.) 420. 

Current (A r.m.s.) 202. 

Frequency (Hz) 50. 

Time (ms) 20. 

Inertia Constant with dynamometer, 3.68 
H (sec) 

Torque (N-m) 1425. 

Three-Phase Parameters (Locked Rotor) 

Stator Resistance, R (p.u.) 0.0172 b 
Stator Reactance, X 1 (p.u.) 0.0783 

Rotor Resistance, R 2 (p.u.) 0.0383 

Rotor Reactance, X 2 (p.u.) 0.0752 

Magnetizing Reactance, X m (p.u.) 3.6670 

Base Impedance, Z (n) 3.6012 

Two-Phase Parameters 

Stator Resistance, R (p.u.) 0.0172 s 
Positive-Sequence Stator Reactance, 5.5788 

o)Lg (p.u.) 

Rotor Resistance, R r (p.u.) 0.0383 

Positive-Sequence Rotor Reactance, 5.5757 
oaLr (p.u.) 

Mutual Coupling, wM (p.u.) 5.5005 

Coupling Factor, K (%) 98.6 
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Table 7.1 

Characteristics of the 26 kW Rotary Machine 

Prior to Modification 

Base Quantities (Y-Connected) 

Apparent Power (kVA) 37.76 

Voltage (V1]L r.m.s.) 400 

Current (A r.m.s.) 54.5 

Frequency (Hz) 50. 

Time (ms) 20. 

Inertia Constant with dynamometer, 4.08 
H (sec) 

Torque (N-m) 416. 

Three-Phase Parameters 

Stator Resistance, R (p.u.) 0.0566 
3 

Stator Reactance, X 1 (p.u.) 0.2590 

Rotor Resistance, R r (p.u.) 0.0307 

Rotor Reactance, X 2 (p.u.) 0.1320 

Magnetizing Reactance, X m (p.u.) 3.3960 

Base Impedance Z (ft) 4.2400 

Two-Phase Parameters 

Stator Resistance, R (p.u.) 0.0566 
s 

Positive-Sequence Stator Reactance, 5.3530 
oiLs (p.u.) 

Rotor Resistance, R r (p.u.) 0.0307 

Positive-Sequence Rotor Reactance, 5.2260 
wL r (p.u.) 

Mutual Coupling, u>M (p.u.) 5.0940 

Coupling Factor, K , (%) 96.3 
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Table 7.3 

Characteristics of a Commercial Cage-Rotor Induction Machine 

for Transient Overspeeding Simulation. 

Base Quantities (Y-Connected) 

Apparent Power (kVA) 2.52 

Voltage ( V X 1 r.m.s.) 208 

Current (A r.m.s.) 7.0 

Frequency (Hz) 60 

Time (ms) 16.6 

Inertia Constant (sec) 2.0 

Torque (N-m) 20 

Three-Phase Parameters 

Stator Resistance, R (p.u.) 0.0642 o 

Stator Reactance, X-̂  (p.u.) 0.095 

Rotor Resistance, R r (p.u.) 0.0637 

Rotor Reactance, X 2 (p.u.) 0.095 

Magnetizing Reactance, X m (p.u.) 1.65 

Base Impedance Z (n) 17.2 

Two -Phase Parameters 

Stator Resistance, R (p.u.) 0.0642 O 

Pos.-Seq. Stator Reactance, aiL (p.u.) 2.57 s 

Rotor Resistance, R r (p.u.) 0.0637 

Pos.-Seq. Rotor Reactance, GO L r (p.u.) 2.57 

Mutual Coupling, OJM (p.u.) 2.475 

Coupling Factor, K Q (7o) 96.2 
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F. Simulation Results 

To depict the nature of torque oscullations on start-up, 

the parameters of the 112 kW laboratory machine have been used 

in Figure 7.1 without the pole-amplitude modulation feature. 

The purpose of this series of simulations is the evaluation of 

the constant components of d and q axis rotor currents rather 

than harmonic phenomena. As predicted by the analytic expression 

(7.21) or the matrix approach (7.41), the torque is seen to 

peak at 0.013 seconds after the initiation of the transient at 

a 3-phase symmetrical breaker closing at locked-rotor. The only 

unusual parameter is that a very low friction constant (f t = 0.001) 

is used so that the speed increase is noticeable. The torque 

peaks at the same instant that the positive d-axis rotor current 

and negative d-axis stator current (i &) peaks but note that 

this is not coincident with the zero crossing of the i and i^ 

currents for clearly then the instantaneous torque is zero. 

Rather, a significant phase shift less than 90° exists between 

axis currents and for example, before the first cycle is com-

plete, the q axis currents are lagging the d-axis currents by 

77° based on zero crossing measurements (or this may be calcu-

lated by the rotor phase angle 0 = tan" 1(0.079/0.0194) = 76.2°). 

Despite this time-varying phase shift, rotor and stator currents 

will always be mirror images since the manetization current is 

negligible in the first simulations. In Figure 7.1 the Good-

ness factor is 206 due to a high mutual coupling, M. The im-

portant conclusion to be drawn from this figure is that rotor 

leakage inductance must not be excessively large or else the 

q-axis phase-shift so described will approach 90° with zero 

instantaneous torque. Second, the most prominent transient phe-

• nomena will always occur in the q-axis current since switching 
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demands i (t=30)-0 whereas the d-axis transient is much less q 
severe. In the first cycle, the i and i^ responses exhibit 

a + 35% deviation in peak values, while the i^ and i types 

show + 13%. This is a direct representation of the dc-compo-

nent in the rotor, which decays at equal rates for both d and 

q axis due to the use of a cylindrical rotor model, e.g. 

= Figure 7.2 shows a machine for similar parameters 

(except G = 160) as in the Figure 7.1 simulation and five com-

plete cycles are simulated using time increments of 0.8 ms. 

The q-axis oscillations in magnitude have reduced to + 17.6%. 

after 0.10 seconds indicating an exponential decay time cons-

tant of approximately [-Ln (17.6/35)]" 1 (0.1s) = 0.145 seconds. 

This time constant may also be calculated by the inverse of 

the decay rate, g i v e n in (7.27). 

In Figures 7.2 and 7.3, the friction constant has been 

changed to f t =» 0.01, the latter plot extending the simulation 

to ten cycles and removing the i^ and i traces. This clearly 

shows that: 

(i) damping of the torque oscillations demands at least 

ten cycles in the 112 kW machine, 

(ii) peak torques during the first or second cycle after 

breaker closing will exceed the steady-state torque by 

over 200% of the steady-state value, 

(iii) the transition from an oscillation-dominated torque 

characteristic to a steady value is entirely explained 

by the decay of the dc-component in the i and i^ 

currents (and to a smaller extent the i^ and i dc-

component decay) rather than a significant change in 

the phase angle of the i alternating component. 
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In Figure 7.3 this transition region is from t = 0.12 to 

t = 0.18. The sharp peaks on the current and torques are a 

result of having a time increment of 0.0016 s or larger. Figure 

7.4 considers the same basic 112 kW cage machine design but with 

twice the rotor resistance as used for the Figure 7.3 simulation. 

In comparison, the peak torques are higher by 4970 using 174 N-m/ 

pole as a base and retaining the X 2 = 0.0907 value. 

To show the effects of magnetization, the original 112 

kW parameters are used in the Figure 7.5 simulation with the 

exception that the mutual coupling is reduced by a factor of 

ten with a consequent G = 16 characteristic. The reduction in 

magnitude between i^ and i a or between i and i^ is apparent 

but note that the overall effect is to reduce the variations 

in peak torque as well as causing the constant-component of 

torque to increase at a faster rate, at least during the first 

five cycles, This plot should be compared with Figure 7.2 as 

both use the same time steps and an unusually low constant f^ = 

0.001s. Figure 7.6 goes one stage further by reducing the 

coupling to M a 0.301 n (or G = 1.6) and as seen, secondary 

currents are typically only 32.870 of the primary currents. The 

net result is the effective phase shift so introduced among 

all four currents damps the torque to the extent that four cycles 

after an a = 0, 6 = 0 mains closing, oscillations are clearly 

less than 507o of the steady-state value; after two cycles the 

instantaneous torque does not exhibit any negative excursions. 

It is worth noting the slight phase shift (7°) present between 

similar-axis primary and secondary currents which was not appa-

rent in Figures 7.1-7.5 
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7.3 TRANSIENT OVERSPEEDING SIMULATION 

The speed locus of lightly-loaded induction machines when 

subject to sudden full excitation and a low rotor inertia has 

been explained graphically [ 5 ] by showing that supersynchronous 

operation can be estimated by superimposing a series of steady-

state torque-speed curves, each shifted along the speed axis 

by a particular speed (or time) lag. The basis of this tech-

nique is that in short it simulates some of the physical pheno-

mena underlying transient overspeeding on fixed frequency 

supplies for it is clear that with considerable rotor induc-

tance, rapid accelerations in rotor speed do not allow enough 

time for the transient (or dc) component of rotor current to 

decay and consequently the total rotor current pattern is only 

appropriate to that which would exist in steady-state but at 

a lower speed. The same phenomena persists in both the normal 

inductance limited and resistance-limited regions of operation; 

it is this latter mode which is responsible for the supersyn-

chronous operation. 

This phenomena may be explained analytically by either 

the adaptation of Park's equations for the generalized machine 

as presented in section 7.1 or by a simpler analysis by Ager 

[6] which was verified by some in-depth experimental work 

with a 4-pole, 11 kW cage motor. However, modern analysis ex-

plains transient overspeeding by a different mechanism than 

Ager, for in his particular experimental apparatus, there was 

apparently some frequency modulation of the power supply caused 

by the rapid variation of the power taken from the line. In 

summary, the machine was instrumented with a digital, strobos-

c o p e tachometer (with 500 pulses per revolution) and the first 
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supersynchronous oscillation occurred '35.5 cycles after mains 

closing. This overswing rose to two per cent above synchronism 

followed by two more swings; the first swing developing full 

load torque at w . 

The test results are summarized in Figure 7.7 for the Ager 

machine as well as his analytical solution which was derived 

from the second-order ordinary linear differential equation in 

terms of the slip, 

a2 ^ J _ K n n 
K o V - T + T 1 + 9 a = 0 (7.65) 

2 Y s 2 W R 2 

T T p 2 
where Ki = evaluated at full-load steady-state 1 a r y 

K 2 - ct / a 

2 
for WR = moment of inertia 

a = electrical angle between an infinite-bus voltage and 

the voltage across the magnetizing reactance, 

n = number of poles 

Unfortunately, these K^ and K2 constants were not derived 

from general principles but had to be taken from experimental 

evidence; the values used by Ager were K^ = 2,250 and K2 = 10. 

The solution of (7.65) is 

' - - 0.0315 e " 1 8 ' 8 t sin (57.2 t) (7.66) 

which shows a damped oscillation of 9.1 Hz with t = o chosen 

at the instant the machine passes through synchronism. Figure 

7.7. plots the quantity 100 (1 - a ' ). In general, oscillations 
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T f l a n 

W R 2 a 
(7.67) 

where T ^ and a ^ a r e the full load torque and slip. From this 

one concludes that machines with small full-load slips (high 

Goodness) are more prone to supersynchronous operation than 

high-slip types. 

Rather than improve upon Ager's combination analytical 

and experimental approach, the method undertaken in this sec-

tion has been to extend the numerical state-variable solution 

of d- and q-axis rotor currents up to synchronous speed. It 

is felt that this is one area for which general closed-form 

analytic solutions are impractical to obtain considering that 

a "time-hysterisis" effect is evident. Considerable computa-

tional experience with the parameters of the 112 kW SCIM unit 

revealed that due to a combination of an 8 pole design and the 

large inertia, transient overspeeding would not occur on 

light-load. However, a 2 kW, 6 pole, 3-phase cage machine design 

was found which transiently oversped on a 60 Hz sudden exci-

tation. The parameters of this machine are listed in Table 7.3; 

unlike the previous simulations, these numerical simulations 

will only be changing the load torque and the inertia constant 

rather than the magnetization requirement or R2. Additionally, 

three different starting sequences (as fully described in 

section 7.2-D) are simulated; 

(i) a=0, 6=0; (ii) a-ir/2, 6=^/2; (iii) a=0, 6=ir/2. It is 

seen that the differences between non-sjnichronous and synchro-

nous breaker closing are noticeable even at high speed. 

Figure 7.8 shows synchronous closing for values of fric-
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tion load ranging from f t=0.01 to 0.10 N-m-sec/rad., for which 

it is seen that f t=0.01 and ^ = 0 . 0 3 3 yield transient overspeed-

ing starting around 25 ms and then reverting back to subsynchro 

nous operation at t=47 ms and 37 ms respectively. Figure 7.9 

plots torque and speed for the case of zero load torque and 

synchronous closing for different values of inertia constant 

ranging from ^ 1 . 5 through H=10 seconds. In particular, the 

H=1.5 case yields two overspeeds, the first up to 1260 RPM 

(1057o) and the second to 1240 RPM (103%). Yet, even near 

synchronism, the torque has a negative slope and then a nega-

tive value after the first swing; a peculiarity that only 

exists for a f ^ O condition. Figure 7.10 is similar to 

Figure 7.8 except that an H constant of 2.0 sec. is used and 

now it is seen that at 60 ms after a synchronous closing, a 

zero load-torque case causes overspeeding up to 1220 RPM to 

occur whereas this was not evident in the traces of Figure 

7.9 up to 50 ms. Two non-synchronous closing conditions are 

simulated in Figure 7.11 and compared against a symmetrical 

excitation; all three cases utilizing the same inertia (H—2) 

and load torque constant (f. 0.033). 
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VIII. CONCLUSIONS 

The introduction of space-transients in the primary excita-

tion of brushless induction machines with cage or sheet secon-

daries has demonstrated several characteristics common to both 

rotary and linear types which are as follows. 

1. Two general mechanisms of generating reactive VA exist. 

a. The first and most adaptable to distributed VAR gen-

eration schemes is based on the natural oscillation of the air-

gap flux waves that occurs for a relatively large number of pri-

mary poles or else for unusually large slip values. In general, 

this accrues relatively small reduction in torque/thrust capa-

city but the capability to produce a leading power factor design 

for the entire machine is very heavily dependent on having un-

usually low magnetization and leakage flux losses since the nega 

tive quadrature flux is not maximized with this scheme. This ap-

proach does not require any specific amount of rotor leakage. 

b. The second type and most adaptable to lumped VAR gen-

eration exclusively designates various peripheral regions of the 

airgap to distinct roles of either torque (primary) or VAR (ter-

tiary) functions and is the approach pursued throughout the bulk 

of the thesis. This necessarily prefers a significant value of 

rotor leakage inductance and most important is able to generate 

a larger amount of reactive VA than the first scheme since the 

negative quadrature flux is based on the phasor sum of the in-

phase and quadrature flux components at the distinct transition 

boundary. This effect more than compensates for the extra rotor 

leakage flux reactive loss and the leading power factor capabil-

ity of the machine is less dependent on having unusually low 

magnetization or primary leakage requirements. This particular 

arrangement is considered advantageous because the tertiary also 
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comprises a harmonic current filter (which is not generally pos-

sible with the distributed winding approach) especially suited 

for state-of-the-art semiconductor frequency conversion equip-

ment with quasi-square wave output current characteristics. 

2. The exit-edge real power loss characteristic of a short-

primary machine has been reproduced in a continuous primary mem-

ber with a uniform airgap but with the benefit that the power 

transfer has manifested itself as a reactive power generation 

rather than as a loss. 

3. In comparison with experimental evidence on two large 

linear machines and two large rotary machines exhibiting the 

second reactive generation scheme, the classical analytical 

theory explaining the short-stator exit-edge effect very ac-

curately predicts the principal slip at which this loss or 

transfer characteristic (proportional to B^.2) starts to occur 

and moderately well predicts the general shape of the reactive 

power versus slip curve. The major discrepancies occur in the 

exact location of the peak reactive power point near zero slip. 

It should be stressed that the previous analytical work on the 

short-stator effect explained a single exit-edge phenomenon 

whereas the machines under discussion have a multitude of edges 

as for example under one complete pole-pitch surface. 

4. The second reactive scheme is self-compensating and 

necessarily prefers as large a rotor power dissipation as possi-

ble in that the greater the torque-producing rotor current, the 

greater the reactive compensation current on a linear basis for 

the machine may be described simply as a rotating, variable-phase 

polyphase current transformer. It exhibits excess rotor loss for 

leading power factor operation (above that for an overexcited 

synchronous motor) but this excess rotor loss is entirely a rotor 

slip loss rather than a stray loss. In the developments to follow 
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this thesis it is expected that this rotor loss will progressively 

diminish to the point where the SCIM unit will have exactly the 

same losses as an overexcited synchronous motor of the same size. 

With respect to rotating self-compensating induction machines 

(SCI"M) incorporating the second generation scheme the following 

conclusions are relavent. 

1. Based upon the test results of the 26 kW unit, the power 

to weight and efficiency are too adversely effected for total 

power factor correction even if new stator laminations with the 

requisite change in pole-pitch are specified. 

2. Based upon the test results of the 112 kW unit, the power 

to weight ratio and efficiency have not been adversely effected at 

high or unity power factors and if new laminations of reduced slot 

depth and change in slot-pitch would be incorporated, then this 

basic lumped winding scheme could represent a viable commercial 

machine design. 

3. Even with magnetic power factor correction at the 112 kW 

level and efficiencies in excess of 90%, modern electrostatic 

power factor control is very competitive in terms of power to 

weight ratio and total capital expenditure at a unity power factor 

base, assuming that a single frequency is specified. 

4. However,between 100 kW and 1000 kW, design studies clear-

ly indicate that magnetic power factor correction integral to the 

SCIM unit is far advantageous over the conventional electrostatic 

capacitor control methods in power to weight and capital expen-

diture on a 50 or 60 Hz base frequency and no external switchgear. 

5. The main advantage of the SCIM design in the range from 

100 kW to 1000 kW is in adjustable-frequency propulsion systems 

for which the alternative induction, brushless drives must rely 

on the use of high-power electrostatic capacitors in parallel to 
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the power semiconductor conversion apparatus, whereas the des-

cribed one-machine system avoids the frequency impedance-matching 

problem due to its magnetic self-compensation characteristic 

which is slip dependent rather than frequency dependent. 

6. Since both reactive generation schemes rely on maintain-

ing a very small band of slip values over all frequency excursions, 

power conversion apparatus must incorporate a constant-slip con-

troller and it is concluded this is most effectively implemented 

in the "current-source" thyristor inverter without any type of 

pulse-width modulation control. Natural commutation has been 

shown to be a viable and preferred method of operating current-

controlled devices such as thyristors far beyond the power range 

feasible for dissipative semiconductor devices such as field-

effect or bipolar junction transistors. It is concluded that the 

most general approach to interfacing the SCIM unit with state-

of-the-art power conditioning equipment for use in widely vary-

ing loads and variable speeds is to always maintain constant fun-

damental slip to the SCIM unit by virtue of the inverter or cyclo-

converter controller scheme. It is in this respect that the brush-

less SCIM technology is seen to be far advantageous over existing 

electronic armature-controlled direct-current commutator drive 

systems in efficiency, power-to-weight and capital investment at 

the 112 kW level and above. 
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Appendix I 

Table A1 

Specifications of the Datron Electronic Scanning Unit 

General 

Power Supply 205-255 or 105-1 27 volts, 4 8 ^ 4 0 Hz. 
Consumption approximately 12VA. 

Operating Temperature 0°C to 50°C. 

Storage Temperature - 2 5 ° C to +70°C. 

Dimensions 1200 Scanner Height 
Width 
Depth 

1210 Extension - as above. 

Weight 1200 Mainframe (unloaded) 
1201 Relay Module 
1219 Extension (unloaded) 

132mm (5.2") 
433mm (17") 
327mm (12.9") 

6kg (13 lb) 
850gm (30oz) 
4.5kg (10 lb) 

Rack Mounting 

Cock Accuracy 

Inputs 

Channel Capacity 

"Ears" mounted on side of instrument. 

lOppm @ 23°C. 
Temperature Coefficient 10ppm/°C. 

1200 Scanner Up to 3 modules (2 or 4 pole switching) 
1210 Extension Up to 7 modules (2 or 4 pole switching) 

4.1.2.1 1201 Relay Modules 

Capability 20 x 2 pole channels ) + guard 

or 1 0 x 4 pole channels ) per module 

Channel Switching Time < 20mS 

Thermal emf error - < 2fiV 

Maximum voltages: 
Between any 2 poles of one channel or 

between channels 
Between any signal input and guard 
Between guard and earth (case) 

250V rms 
250V rms 
250V rms 

Minimum switching operations 10 

Cold Junction Compensation : See 1241/1251 Operating Manual. 
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Appendix I 

Table A2 

Specifications of the Digital Voltmeter and Filter 

General 

Power Supply 

Operating Temperature 

Storage Temperature 

Dimensions 

Weight 

Rack Mounting 

Specification Validity 

1041 only 

DC Voltage measurement 

Ranges 

OverTange 

Accuracy 

Temperature Coefficient 

Stability 

Common Mode Rejection 
(1 k£2 Source Unbalance) 

Series Mode Rejection 

Settling Time 
(to 0.01%) 

Read Rate 

205 - 255 or 105 - 127 volts, 48 - 440Hz. 
Specify line frequency and voltage when ordering. 
Consumption is approximately 12 V A. 

0 ° C to 50°C. 

- 2 5 ° C to + 7 0 ° C . 

H = 90mm (3 .5") , W = 4 4 0 m m (17.25") , D - 343mm (13.5"). 

5.5kg (12 lbs). 

"Ears" mounted on side of instrument. 

For 6 months over 18 - 28°C or as described. 

10.000 mV, 100 .00 mV, 1.0000 V, 10.000 V, 100.00 V, 1000.0 V Automatic. 

100% i.e. 19999 full scale (FS) on all ranges except 1000.0 V. 

After mV offset adjustment, all ranges. 
+ 0.01% reading ± 0.005% FS t 1 microvolt. 
N.B. Use of SF1 option adds 0.05% to full scale accuracy. 

t 1/10 (of above accuracy rating)/°C t 0.2 microvolts/°C. 

After six months use better than above accuracy rating per year plus 
microvolt offset of typically less than 2 microvolts per month. 

DC > 140 dB 
AC > 80 dB + SERIES MODE up to 174 dB (1 Hz to 60Hz). 

FILTER OUT 

FILTER IN 

NOTCH REJECTION 

FILTER OUT -
(OPTION F01) 

FILTER OUT 
FILTER OUT (F01) 
FILTER IN 

> 20 dB @ 50 Hz increasing at 
30 dB per octave + NOTCH REJECTION 

> 57 dB @ 50 Hz increasing at 
18 dB per octave + NOTCH REJECTION 

> 50 dB @ Line Frequency ± 0 . 1 5 % 
36 dB @ Line Frequency ± 1% 

NOTCH REJECTION alone. 

78 milliseconds ) ADD 30 milliseconds 
5 milliseconds ) if changing into or out 

350 milliseconds ) of 100 V, I kV ranges. 

Normal internally triggered read rate 2.5 readings/sec. 
Maximum externally triggered read rates: 
FILTER OUT 10 readings/sec. 

FILTER OUT (F01) 20 readings/sec. 
FILTER OUT (SF1) 150 readings/sec. (at full range), 120 readings/sec (at full scale). 
FILTER IN 2.5 readings/sec. 



INPUT 
£1 
DT 

E 2 
INPUT 

Figure A. 1 Block diagram of the digital electronic phase meter used for both linear and rotary unit measurements. 

Appendix I 
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Appendix I 

Table A3 

Specifications of the Electronic Digital Phase Meter 

Frequency Range: 

Input Signal Range: 

Accuracy: 

With equal inputs: 

With 60 dB ratio 
between inputs: 

DC Output: 

Input Impedance: 

Output Impedance: 

Resolution: 

Input Power: 

Size: 

Weight: 

1 Hz - 100 kHz 

Two overlapping ranges: 
10 mv-10 v rms 

100 mv-100 v rms 
(front panel selectable) 

1 kHz 10 kHz 100 kHz 

±0.3° 

±0.5° 

±0 .7° 

±1 .5° 

±1.5° 

±3° 

0-3 . 6 v (10 mv/degree) 

1 Megohm shunted by 30 pf 

1 ohm max (5 ma drive capability) 

0 . 1 ° 

115 or 230 v ac, 50-60 Hz, 20 watts 

19" wide x 3 - 1 / 2 " high x 11" deep 

13 lbs. 
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Disc Speed (IRPII) 
H -H 1 h— 
O.SO 0,25 0 -0.50 

tf, Motor Slip at 0.2466m Pole-Pitch (p.u.) 

Appendix II 

Figure A.2 LIM test-rig high-speed friction and windage losses 



Figure A.3 Quadrature Flux Density for primary from 0 to 7 poles and tertiary from 4 to 7 pol 
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Figure A.4 Total airgap flux density for primary winding from 0 

to 7 poles and tertiary from 4 to 7 poles with current 

loading j,g3=-0.85 J 
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Appendix IV 

Determination of the Attenuation Coefficients of the Airgap 

Flux Density for the Surface Layer Rotor Model 

The characteristic equation for the excitation section airgap 

magnetic field density was derived in Section 3.1 as 

o)T2 A 3 ( l - c r ) B g + X 2 ( l + j w T 2 ) B g - G A ( l - a ) B - j G B g 

= -jG P rJ s (1 + jawT 2)e (A.l) 
u s 

where X=Tp/ir and B g is the radial airgap field density represented 

by a complex function in time and varies in space with respect to 

0 only. The roots of this system may be found by solving the aux-

iliary equation 

u)T2A
3 (1-a) a 3 + \ 2 (1+j WT2) a

2 - GA(l-cr)a - jG - 0 (A.2) 

and for the case of l+jcoT2 =: jcoT2 the principal root is determined 

from the one factor of 

(l-a)a-^ + j = 0 

1 a = I (A.3) 
j d - a ) 

and the minor roots from the other factor 

a2,3 2 - 1 = 0 

a '= -{G/a)T9 (A.4) 
2 ^ 

a 3 = ^ T 2 } > 1 (A. 5) 

To consider the most general case for which the rotor leakage time 

constant,T 2 may approach the value 1/w, it is convenient to express 

the roots as a first-order series function based on the upper val-
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ues of the roots expressed in (A.3),(A.4), and (A.5), where the 

term y is now introduced and will be negative and less than one in 

magnitude. 

Let a 2 = a'jd+Y,} (A. 6) 

by substituting this into (A.2) and retaining a linear systems 

model by ignoring second and third order terms of y,we have 

0 = ^ 3 X 3 {1+3^)^2 (1 -a)/G + a; 2 X 2 {1+2^}[i + j ^ j - ajxdn,} <l-a) - j 

o s YxX ( 3^2 " 2 + } - 1 

Y = \{-2 + j [ 0 J T 2 + ( 1 - a ) 2 G ] } 

j (1-a) -2j(l-a) - { ( O T 2(1 -or) + ( l - A ) 3 G } J (A.7) 

and this may be compared to equation (3.49) which neglects the 

the -2j(1-a) term. The tertiary (or secondary) solution may be 

found as 

a 3 = a'3{l+Y3} 

and substituting this into (A.2) with the use of (A.5) yields 

0={G/aiT 2}
3/ 2 A 3{l+3Y 3}u)T 2.(l-a)/G + A 2 { 1 + 2 Y 3 H ^ + j } 

-X [G/wT^ l 2{l+Y 3)(l-a ) - j (A. 8) 

This reduces to 

0= y 3X {g/wt2}
j2 ^2(1-a) +2{l/a)T 2 + j}}+ 1 / U T 2 

The tertiary attenuation coefficient is thus 

A 3 = _ * - { G / « „ T 2 } * {x - 2 { V G o j T . . ( J _ a ) + 1 + }J ( A . 9 ) 
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Figure A . 7 Stator current loading of 1^0 II.P. Machine in reconnection tecting at full rated voltage c.ntf current. 
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Appendix VIII. AC Dynamometer Loss Characteristics 

• J j LAURENCE, SCOTT & ELECTROMOTORS LTD 
I | -.„, •/ •;:_ .1 P.O. Box No.25, NORWICH, NR1 1JD 

Mr. S.B. Kuznetsov, 
Research Assistant, 
Dept. of Electrical Engineering, KEG/RM 
Imperial College of Science & 
Technology, 

Exhibition Road, 
LONDON. SW7 2BT 8th August, 1980. 

Dear Mr. Kuznetsov, 

Thank you for your letter of Ikth July from which I was grateful to note that 
one of our equipments manufactured about 30 years ago is still giving useful service. 
Regarding the efficiency determination of NS motors, we always use the summation of 
losses method based on BS^999 Pt. 33 1977* The fixed loss and most of the copper loss 
for various speeds and loads can be obtained in the normal manner by operating the 
equipment on no load and load , but there are three losses which cannot be obtained 
from normal tests. These are the brush contact loss, the rotor copper loss and the 
load dependent stray losses. These are calculated as follows 

Brush Contact Loss 

We always use the value of one volt specified in BS for D.C. machines and multiply 
by the secondary current and the number of secondary phase ends. 

Rotor Copper Loss 

Owing to the configuration of the rotor winding its effective resistance cannot be 
obtained from direct measurements and a calculated value of resistance per phase is 
used based on the known copper area and the known length of turn. 

Stray Losses 

Again we use the values given in BS4999 i.e. of the input to the equipment at 
full load. 

In our experience this gives reasonably accurate values of total losses and in 
general we would expect the loss obtained in this way to be within accuracy. 

If you would like further information regarding NS equipment or indeed other 
equipments of our manufacture, we would be pleased to help you, but suggest that it 
would be better for you to pay us a visit at a mutually convenient time. 

Yours sincerely 

R. Mederer 
Chief Electrical Engineer 
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Appendix IX 
to pulse generator boards for gates 2,3,4,5,6 

Figure A-9 G a t e P u l s e C o n t r o l S c h e m a t i c f o r 2 - Q u a d r a n t V a r i a b l e F r e q u e n c y I n v e r t e r 
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Figure A.io- Gate Sequencing and Main Thyristor Circuit for Current Source Inverter supplying Leading P . F , 
Induction Machine in Natural Commutation Mode. 
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APPENDIX X 

. Set up an arbitrary reference frame to decouple induction 

machine equations for a 30, 3 wire symmetrical winding. 

Objective: Transform, by the C^ and C 2 matrices, the vol-

tages and currents of both the rotor and stator to a common 

and arbitrary frame of reference - the D-Q set. In parti-

cular to make the D-Q reference arbitrary, set it rotating 

at a velocity, oa^, with respect to the stationary frame 

of the stator winding; this justifies applying the C 2~ 

commutator matrix to the stator. 

dQ-r 1. =(1) — 03 
at e r 

UtT = 0) 

x 
/ ' Stator Winding as Reference 

S 

CL =9- - 9-
I s r 

a 2 = a l + 1 2 0 < 

a 3 = a l " 1 2 0 

Initially 

[U] - [Z ] [i] where [z] = [R] + [L] p 

Inductance Matrix 

w -

L s 
M
s 

M
s L coscu sr 1 

L s rcosa 2 sr j 

M 
s 

L s M s L cosou 
sr j 

L s rcosa 1 L c o s a 0 sr z. 

M 
s 

M
s 

L
s 

L cosa0 sr L L cosa0 sr J 
Lcosa-, 
sr 1 

L _coscu 
sr i 

L s rcosa 3 L
s r

c o s a
2 \ 

L cosa0 sr Z L_cosa q sr L L cosa0 sr J 
M r M r 

L „cosa0 sr j 
L coaa0 sr Z 

L s rcosa 1 M r L
r 
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[u] -

u. 1 s S s 
U2S 
U 3 S S s 
Uir W = iir 
u2r i2r 
u 3 r i3r 

Instead of applying the C^ transformation to the stator 

and Rotor impedances to find the 6 x 6 matrix Z 1 , since 

both the stator and rotor are transformed into the D-Q 

axis , there is only interest in [Z"] , [u "] and [i M 
J. 

1) [„«] = r i* 
[ c 2 t ] [«'] - [ c 2 tl * [c It]" & 

_ 1//2 Vi/? x//2 0 0 0 Uls 

1 -% 0 0 0 u2s 

[ e g * M -
f? 

0 N/3/2 0 0 0 u3s 
[ e g * M - 0 0 0 Vv/2 ulr 

0 0 0 1 -% u2r 

u 0 0 0 0 v^/2 -vT/2 _u3r_ 

l/vT(uls + u 2 s + u 3 s ) 

V^/n/3(U1s - %(u 2 s + J ) 

X / / 2 0 

Is 2 V"2s ' 3sv 

°2s " 3s' 

Ir r °2r 

2r ' 3rJ 

l / ^ O '2r " u3r> 
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0 0 0 0 0 

0 sinG-s cos©-s 0 0 0 

0 cos9-s s 0 0 0 

[C 2 tf
C[C l tf

f[u] = 0 0 0 1 

0 0 0 0 sin0r cos&r 

0 0 0 0 cos£r -sinQv r_ 

A /3'(,ls + u2s 

- % ( u 2 s 

vT7?(u 2 s - u 3 s) 

vSTIcu^ 

VT72(u 

ulr + u2r + u3r> 

" + u3r ) ) 

2r - u3r> 

+ «2, + o3s) 

v^C^f siu0g) + U 2 s ( ^ cos£g - fe sii*y + u 3 s(-^ 

ulg(v
/T7T coses) + u2s(.^» sin©s -^cos&s) + u 3 s(^ 

u 

lsN V2 ^ S Siligs) 

•ulr + u2r + u3p 

cos© ) s 

'3<ulr + u2r + u3p 
slu&p + u^dA/2 cosGr - 1/^ sinop + "3r( -^T cos»r - l/v/6 sinO^ 

0 ^ 2 / 3 cosOJ + û C-I/n/2 sin&r - 1/̂ 6 cosep + u3r(l/v/2 sin&r - l/v'e cosOp _ 

+ u2s 
+ u3s> 

sinG-
s 

+ 
°2s s i n ( & s + 120°) + u3s sin(9-s 

- 120°)) 

l s cosQ-s 
+ u2s c o s ( % + 120°) + u3s cos (9 s - 120°)) 

[u»] = + u2r 
+ u3r> 

a±cBr + u2r s i n ( 9 r + 120°) + u3r sin(0r - 120°)) 

COSGr + u2r c o s ( & r + 120°) + u3r cos (Q-r - 120°)) 
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Similarly, [ i,f] is exactly the same form as [u M], 

Since the zero sequence voltages only are dependent on one 

voltage, they are decoupled and are not utilized any fur-

ther in the analysis. 

2) To find [ Z" ] first use the [z'] result found from 

applying the C-̂  transformation to both stator and rotor 

impedances, M-3/2 g r 

as 

bs 

ar 

br 

Z11 Z'l2 

z' 2 1 z' 2 2 

as 
i 

bs 

iar 

*br 

R g + pL^s 0 pM cosa^ -pM sina^ 

0 R g 4- pL^s pM sina^ pM cosa^ 

pM cosa^ pM sina^ Rr>4pL^r q 

-pM sina^ pM cosa^ 0 R^ + pL^. 

Note that a-, = &_ - 0- is used exclusively in the [z'] matrix alone, 
ii O L 

[Z"] = 

* 
C4t 0 

* 
'4t 

€L 

Z'll Z12 

Z21 Z22 

[ C 4 0 * . C4t Z11 C4 
JU 

C4t Z12 C4 

9-s — 

0 C
4 

&
r . 

>
 Z

21
C
4 

* , C4t Z22 C4 

Note positions of 9- and 0 r 

where the C^ matrix is used Instead of the C 2 matrix 

C
4 "

 C
4t* 4 

- sin© cos© 

0 sin © cos 
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[ z y [ c 4 ] -
©s 

Rs + * h s 

0 

0 

Rs + P ^ s 

-sin 0' cos 0 
s s 

cos 0 sin B s s 

- <RS + PL l s)' sin B s (Rg + pL^) • cos 0 £ 

(Rs + pL^) • cos 6 s (Rg + pL L s) . sin O c 

[ c 4 r [ z ^ c c , ] . 

•sin B cos 0 
s s 

cos 0 sin O , 
s s j 

-sin e s(R s + pi^) - e s L l s cos e 3 c o s e s(R s + p L l s ) - e ^ sin e £ 

L 0 0 8 e s ( R s + P LIs ) - Khs sin es ^ + PHs) + %hs cos % 

Rs + PLls "eHs 

- CO 
h s Rs + p L l 

fry ^C4 ] = P M 

cosa^ -sina^ 

sina^ cosa^ 

-sin 9 cos 0 
r r 

cos 0 r sin 0 r 

- M 

-sin B p - ©• cos ©• 
s s s 

cos ©• d - 9 sin e-
s s s 

cos B p - 0 sin 0-
s s s 

sin 0" p + & cos 0 
s r s s 

(sin £ + cos2 0 J p 4 (sin2 & + cos2 G- ) 
° S S S s 

[-4(sin2 ft + cos2 OJ (sin2 o + cos2 Q- ) p 

Mp e 

-OJ M . e I4> 
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C Z2lKc 4 ] = pM 

coax, srrxx. 

-sim-^ cosa^ 

"-sin 9- cos 0 

cos 0- sin ©• 
s 

= M 

•sin 9- p - 9- cos 9 cos Q- p - 9l sin ©• r r r r r r 

cos Q-r p - & r sin sin P ~ c o s 

* 
^ J C Z 2 l H C 4 ] = 

r s 

Mp - w p M 

_-(oie - cop M Mp 

[Z^] [C, ] -
0 

R r + P h r 
O -sin 0 cos 0 

cos ©• sin 0 r j 

[c 4 tr [ z y [ c j = 
'9 0L 

•sin 9- cos G r r 

cos © sin 

-sin 0 r(R r + pL^r) - cos 0 r cos + pL^J - sin ©^ 

cos 0 ^ + pL^) - 0 rL l rsin 0 r sin 0 r(R r + pL^) + 0 - ^ cos 

R r + pL^r (ui_ - 0). e r' ir 

_-<»e - R r + p L ^ 
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Collecting the 4 impedences, the complete transformation to 
d-q variables is: 

u qs OJ Lr, Mp 0) H e " V 
uds -^eHs R s ^ P h s -a) M e Mp ids 
u qr 

=2 Mjp (o)e - w^M I^ + PHr o» e - V H r qr 
-(we - c«Jr)M Mj? - < V ^hr V + PLlX /dr_ 

which defines [uM] = [ Z"] [iM] 
Note that coe in the above equations is completely arbitrary 
and can be replaced by any frequency other than supply fre-
quency including u = 0. 
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Figure A.11 Winding layout for a 26 kW rotary machine with thyrsitor control of the 
re-entry flux between motoring and condenser sections. 
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THE ASYNCHRONOUS CONDENSER: A BRUSIILESS, ADJUSTABLE 
POWER FACTOR INDUCTION MACHINE 

P r o f e s s o r E . R , Laithwaitc , F e l l o w IEEE Stephen B . Kuznetsov, Member IEEE 

Department of E l e c t r i c a l Engineer ing 
Imper ia l Co l l ege of S c i e n c e and Technology 

Exhibit ion Road, London SW7 England 

A b s t r a c t - A new m e c h a n i s m of cont inuously g e n -
erating r e a c t i v e kVA f r o m the s tator of a b r u s l i l c s s 
induction mach ine i s formulated and t e s t ed on 10 kW 
and 35 H . P . laboratory m a c h i n e s . A s p a c e - t r a n s i e n t 
magnet ic wave , trave l l ing at rotor speed must be a r t i -
f i c ia l ly c rea ted and at l e a s t two d is t inct windings of 
d i f ferent p o l e - p i t c h must be incorporated . The per unit 
kvar generat ion e f f e c t i n c r e a s e s with machine rat ing, 
and leading power factor operat ion of the ent ire machine 
i s v iable for l a r g e industr ia l m o t o r s and power s y s t e m 
induction g e n e r a t o r s . 

INTRODUCTION 

In 1957 W i l l i a m s et al [ l ] made a s i m p l e a n a l y s i s 
of an induction motor in which the p r i m a r y ( s t a t o r ) 
was not continuous around the per iphery of a cage rotor 
but c o n s i s t e d of a s e c t o r cover ing a l imi t ed arc of the 
rotor . In such a s i tuation unmagnet ized r o t o r t e e t h , 
each surrounded by i t s own shor t - c i rcu i tedloop c o n s i s -
ting of a pair of rotor bars and their a p p r o p r i a t e 
b i t s of end conductor, enter the a c t i v e zone of the 
stator at high speed . The teeth are unable to accept 
ful l f lux dens i ty ins tantaneous ly b e c a u s e such a change 
would demand an infinite emf and current in the rotor 
b a r s . 

When the c o i l s of the s ec tor of s tator are s e r i e s -
connected (as they invariably are in m o s t rotary induc-
tion m a c h i n e s ) rotor current tends to oppose the s tator 
mmf at the entry point, reducing the f lux dens i ty just 
ins ide that end of the stator v ir tual ly to z e r o . T h e 
e f f ec t i s en t i re ly due to the high speed entry of rotor 
bars and to the abil i ty of the rotor to " r e m e m b e r " 
t h e p a t t e r n o f current printed on to it by the entry 
edge t rans i en t . In this context , a l o n g " m e m o r y " i s 
e a s i l y ident i f i ed as corresponding with a machine of 
high Goodness F a c t o r [ 2 ] . 

W i l l i a m s ' ana lys i s t reated the phenomenon as 
being comparab le with the "beats" e f f e c t of two sound 
waves of n e a r l y the s a m e f requency . He saw a t r a n s -
ient rotor current pattern, printed by the s tator c o i l s 
at the entry edge , trave l l ing at rotor speed U)r= tos (1-a) 
where ° i s the frac t iona l s l ip and ws i s t h e s t a t o r 
f i e ld speed or synchronous speed . This wave t h e r e f o r e 
dr i f t s in and out of phase repeated ly with the s t a t o r 
mmf wave proper and the resu l t ing modulat ion of the 

a irgap f lux density can be r e p r e s e n t e d as F i g . 1 shows. 
On this graph the f lux wave has been r e s o l v e d into 

two component s , Bp and B^. The f i r s t of these i s a f lux 
wave in phase with the stator current loading wave j s = 
J s sin(cot-7T s/r) whi ls t the second i s in quadrature with 
i t . The convenience of. such a reso lut ion i s that the in-
t e g r a l / B p J s i s the mechanica l power developed, and 
f B q J s r e p r e s e n t s the reac t ive power circulating in the 

m a c h i n e . The total length of the machine can be m e a -
s u r e d along the a b s c i s s a of F i g . 1, and the number of 
w a v e s under the act ive zone depends on the relationship 
b e t w e e n the fract ional s l ip a > and the number of s tator 
p o l e s in the s e c t o r , n. Thus for O = i / ( n + {-) the stator 
ends a t A. F o r a = l / ( n + l ) the end of the block i s at 
B . The points C and D correspond to s l ip v a l u e s of 
l\!{ n + 1^) and 2 / (n + Z), r e s p e c t i v e l y , and so on. 

Now a conventional rotary machine r e c o g n i z e s no 
such behav ior . If i ts p e r f o r m a n c e w e r e to be shown on 
a d i a g r a m such as F i g . 1, i t i s understood that such a 
c o m p a r i s o n i s made between machines of the s a m e pcle 
pitch, ac t ive length of per iphery , f e d w i t h the s a m e 
c u r r e n t loading J s . (Such a machine i s r e f e r r e d to as 
an'equivalent conventional m a c h i n e 1 . ) In such a compar-
i s o n the straight l ine PQ r e p r e s e n t s the Bp c u r v e , and 
the b a s e l i n e OR i s the B^ c u r v e . This c o m p a r i s o n a l so 
a s s u m e s that neither machine r e q u i r e s magnetizing cur -
rent ( inf ini te Goodness) and neither has magnetic leakage 

S e v e r a l in teres t ing points e m e r g e from this analysis. 
(i) For va lues of a and n such that cr < l / ( n +1 ) 

/ B ds i s l e s s for the arc machine than the r e c t a n g l e 
PB'TBO, i . e . rotor l o s s e s above those in the equivalent 
convent ional machine w i l l o c c u r . At p r e c i s e l y a = 
l / ( n + l ) there wi l l be no d i f f erence in output. 

( i i ) For va lues such that l / ( n + l ) < cr < l | / ( n + i f ) 
m o r e output per unit current wi l l be obtainable f r o m 
the t r a n s i e n t - r i d d e n arc motor than in the equivalent 
c o n v e n t i o n a l m a c h i n c . This i s not a f a l s e c l a i m f o r 
e f f i c i e n c y exceeding 100%. Rather , in the t r a n s i e n t 
m o d e an induction motor may have a higher e f f i c i ency 
than pred ic ted by the re la t ion cr = rotor l o s s / r o t o r input. 

( i i i ) At ° = 2 / ( n + 2) the two mach ines are ex terna l ly 
ind i s t ingu i shab le , but internal ly the arc machine incurs 
a penal ty (as it does for al l va lues of s l ip between a = 
i / ( n + - | ) and l f / ( n + 1-f) ) in that both the core f lux and 
the tooth f lux in the centra l reg ions of the arc e x c e e d 
t h o s e i n the equivalent conventional mach ine . 
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(iv) F o r a l l va lues of s l ip other than a = 2/(n+2) , 

4 / (n+4) , 6 / ( n + 6 ) e tc , the va lue of f B q d s > 0 . 

It i s th i s l a s t phenomenon that g ive s r i s e to the 
technique that i s the subject mat ter of this paper . F o r 
what i s i m p l i e d by (iv) above i s that there i s a t h i r d 
s o u r c e of r e a c t i v e VA that can be ident i f ied (the f i r s t 
two being convent iona l magnet i z ing current and l eakage 
f lux) . This th ird method i s s e e n to operate when e v e r y 
part of the m a c h i n e i s working under trans ient condi -
t ions , as i f e a c h bit had jus t been switched on. 

Now it i s r a r e in m a c h i n e s , indeed in the whole of 
s c i e n c e , that a p o s i t i v e e f f e c t o c c u r s without the p o s -
s ib i l i ty of a s i m i l i a r negat ive e f f e c t . In this c a s e what 
would be r e q u i r e d for a n e g a t i v e e f f e c t would be a 
m e c h a n i s m to hold the f lux va lues at point C in F i g u r e 
1, and to cont inue supplying Bp at the conventional rate 
ye t to a c c u m u l a t e s imul taneous ly an e v e r i n c r e a s i n g 
a m o u n t o f negat ive B q . 

The b i r t h of G e n e r a l i z e d Machine theory i s r e c o g -
n ized as be ing contained in c l a s s i c papers by R . H . F k r k 
in 1929 and 1933 [ 3 ] . It w a s subsequent ly r e a l i z e d 
that there w a s b a s i c a l l y no d i f f e r e n c e b e t w e e n t h e 
synchronous m a c h i n e s and the asynchronous mach ines 
(induction m o t o r , a. c . commutator m o t o r , etc ) . It i s 
i m p o s s i b l e t o know, f r o m m e a s u r e m e n t s made at the 
p r i m a r y t e r m i n a l s of an a . c . m a c h i n e , whether what 
spins ins ide it and d e l i v e r s m e c h a n i c a l power f r o m i t s 
shaft i s a c a g e ro tor , a s e t of d . c . e n e r g i z e d m a g n e t s , 
a se t of p e r m a n e n t m a g n e t s , a commutated w i n d i n g , 
a so l id i ron rotor with s a l i e n c y or a thin cy l inder of 
high h y s t e r e t i c m a t e r i a l (although one could o f t e n 
hazard a s h r e w d g u e s s , b a s e d on the s i z e of the machine 
so t e s t ed ) . E v e r y phenomenon of the s y n c h r o n o u s 
mach ine , e . g . hunting, can be ident i f i ed in the induc-
tion m a c h i n e ( in this e x a m p l e , t rans ient overspeeding). 
There i s t h e r e f o r e no r e a s o n why the equivalent e f f ec t 
to that obtained by overr-exc i t ing a synchronous motor 
(unity or l e a d i n g power factor) should not be p o s s i b l e 
in an induct ion m a c h i n e . The menta l block that tended 
to prec lude i t w a s that nothing phys i ca l ( as o p p o s e d 
to things l i k e f lux that are c r e a t i o n s of the mind) ro ta -
ted at s y n c h r o n i s m in the induction m o t o r . 

It i s no-w s e e n however that there i s such a p h y s i -
ca l thing - the rotor current pattern - "printed" on 
to the rotor f r o m the s ta tor , and we sha l l show h o w 
this can be a u g m e n t e d so as to c a u s e i t to act ( o v e r a 
part of the a r c ) in the manner of a s e c o n d p r i m a r y 
induct ive ly f e d f r o m the f i r s t , capable , when the phase 
i s c o r r e c t , of de l iver ing magnet iz ing current f r o m the 
rotor s i d e . In this i t r e s e m b l e s the a c t i o n o f t h e 
m o v i n g - c o i l r eg u la t or , w h o s e act ion w a s d e s c r i b e d in 
p r e c i s e l y t h e s e t e r m s by R a w c l i f f e and Smith in 1957 
[ 4 ] , 

Sec t ion 1 
3 P o l e s , T p i = 0. 2025 m 

EXPERIMENTAL, INDUCTION CONDENSER 

The f i r s t machine built to demons tra te the concept 
of r e a c t i v e power generat ion i s a 10 kW s i z e , axial f lux 
induct ion motor with 8 p o l e s , but of the shor t - p r i m a r y 
type in which the stator c o r e i s only a 90° arc s e g m e n t 
rather than being cont inuous . In contras t to a rotor cag3 
cons truct ion , the s econdary i s an a lumin ium disc 2 . 1 m 
in d i a m e t e r , 9 . 5 m m thick supported by a so l id m a g n e -
t i c s t e e l d i sc 19 m m thick. The a luminium i s a continu-
ous d i s c to prevent rotor induced t rans i en t s and the air 
gap can be adjusted f r o m 1 m m to 5 m m . The s t a t or 
b lock has an arc length of 1 . 4 6 m with 54 s l o t s , 14 m m 
wide by 3 8 . 1 m m deep on a 27 m m pitch. F o r t y - e ight 
c o i l s with 12 t u r n s / c o i l are wound on to the stator and 
connected as shown in F i g u r e 2 . The connect ions p r o -
v ide three d i f ferent f i e ld speeds when e n e r g i z e d with a 
s i n g l e f requency , 3 phase supply. In the winding, c o i l s 
1 to 22, s e c t i o n 1 provide three po les at pole pitch 
= 0 . 2 0 2 5 m , c o i l s 23 through 40, s ec t ion2 a l s o provide 
t h r e e p o l e s but at a pitch ^ ^ 0 . 162 m , and c o i l s 41 
to 48 provide two po le s at a pitchTpg = 0 . 1 0 8 m . 

A s the s l ip v a r i e s , the e f f e c t of s e c t i o n s 2 and 3 
c h a n g e s . F o r example , at a s l ip of 0 . 5 per unit f o r 
s e c t i o n 1 , this construct ion produces a s l ip of 0 . 3 7 5 
f o r s e c t i o n 2 and 0 . 0 6 2 for s e c t i o n 3, al l three s e c t i o n s 
giving s o m e forward thrus t to the ro tor . H o we ve r , at 
high speed , s ec t ions 2 and 3 can be c o n s i d e r e d as f o r m 
ing a genera tor of r e a c t i v e VA which opera te s without 
s ign i f i cant braking thrust , whi le s e c t i o n 1 prov ides the 
propul s ive thrust , drawing power f r o m the supply at a 
lagging power factor typica l of a short p r i m a r y induct -
ion m o t o r . At a s l ip of 0 . 2 5 for s e c t i o n 1, the s l ip of 
s e c t i o n 2 i s apparently + 0 . 0 6 2 and for s e c t i o n 3 i s 
apparent ly - 0 . 4 0 6 . It m u s t be r e m e m b e r e d that the 
whole of the pole sur face i s operat ing under t rans i ent 
condit ions , and provided that s e c t i o n s 2 and 3 are phase 
advanced with r e s p e c t to s e c t i o n 1 e i ther by winding 
layout or by the use of an ex terna l phase s h i f t e r , both 
the l a s t two s e c t i o n s are r e a c t i v e g e n e r a t o r s in both the 
negat ive and pos i t ive s l ip m o d e s of operat ion . The s i n -
g le m o s t important operat ional a s p e c t of this VAR g e n -
erat ion i s that the s l ip for the propuls ion s e c t i o n m u s t 
be s m a l l e r than about 0 . 2 5 per unit . 

To c o n f i r m that the output p e r f o r m a n c e can be 
c o r r e l a t e d with the p r e c i s e e l e c t r o m a g n e t i c condit ions 
in the a irgap, each stator tooth i s f i t ted with a s e a r c h 
c o i l to p e r m i t tooth f lux m e a s u r e m e n t s to be m a d e at 
s l o t pi tch reso lut ion without a not iceable contribut ion of 
s l o t l eakage f lux . The t r a n s v e r s e running s e a r c h co i l 
w i r e s are mounted in 0 . 5 m m deep g r o v e s mach ined in 
the center of each tooth face ; with such ins trumentat ion 

Sect ion 2 Sec t ion 3 
3 P o l e s , - ^ 2 = 0 . 1 6 2 m 2 P o l e s , T p 3 = 0 . 1 0 8 m 

a a a - c - c b b b - a - a c c c - b - b a a a - c - c b b - a - a c c - b - b a a - c - c b b - a - a c c - b - b a a - c b - a c c - b 

F i g . 2 S ta tor winding layout for the f i r s t exper imenta l in tegra l induction m o t o r - a s y n c h r o n o u s c o n d e n s e r . 
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i t i s p o s s i b l e to de termine the Maxwel l atreaa v e c t o r at 
any point in the airgap for use in calculat ing rotor t o r -
q u e s . A magnitude plot of the total, normal component 
of a irgap f lux dens i ty , I3j. in the exper imenta l m a c h i n e 
i s g iven in F i g u r e 3 for high speed and s u p e r a y n c h r o n -
ous operat ion (with r e s p e c t to tho 3oction 1 winding ) , 
In this macl i ino , tho tangential component o f a i r g n p f l u x 
i s ins ign i f i cant . Tho f igure dcpicts two 3cts of p lo t s 
w h e r e b y the asynchronous condcnocr (ASC) windings 
are e i ther o p e n - c i r c u i t e d or on l i n e . The current load-
ing of the s tator has been e s tab l i shed at 34,6 00 A / m 
per iphery throughout t h e s e run3 and the ASC s e c t i o n 
current loading i s maintained at 14, 500 A / m . The i m -
portant conc lus ion i s that the f lux bui ld-up of s e c t i o n 1 
i s nil a f f ec ted by the loading of the ASC as long as the 
la t ter i s operated in phase -quadra ture . This has b e e n 
c o n f i r m e d by the output c h a r a c t e r i s t i c s which have 
shown that power fac tor control takes p lace wi th the 
propul s ion windings remaining at constant e f f i c i e n c y ; 
the I^R l o s s e s for the ASC stator windings being s u p -
pl ied by the ma ins rather than rotor suppl ied. 
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F i g . 3. Total a irgap f lux densi ty as a funct ion of b lock 
loca t ion at high speed and super synchronous . 

Secondly , f r o m F i g u r e 3, the demagnet i z ing effect 
of the ASC loading on the a irgap f lux , equivalent to the 
armature reac t ion in a conventional synchronous c o n -
d e n s e r , i s apparent and this i s independent of the rotor 
current d e c r e m e n t which w i l l be d e s c r i b e d by a s ing l e 
exponent ia l decay in the a n a l y s i s . 

Init ial ly the ASC sec t ions 2 and 3 w e r e i s o l a t e d 
f r o m the propuls ion windings and connected to a bank of 
h igh-Q, a ir c o r e inductors . Individual phase m e a s u r e -
m e n t s of the ASC s e c t i o n c o i l s indicated that near ly a l l 
of the s e c t i o n 2 c o i l s w e r e operating as ant ic ipated 
along the quadrature axis but the l a s t 1 / 3 pole of s e c t -
ion 2 and the two p o l e s of s e c t i o n 3 w e r e absorbing r e -
ac t ive p o w e r . Mo s t important , independent of the s e c t -
ions 2 / 3 s l ip , the rotor current d e c r e m e n t w a s p a r t i a l -
l y r e s p o n s i b l e for this l o s s in output although F i g u r e 3 
ind ica tes that the rotor current t ime constant w a s long 
enough to mainta in su f f i c i en t exc i tat ion over 5 p o l e s of 
the s tator s u r f a c e . In e f f e c t , the so lut ion i s to in i t iate 
a second current jump in the ASC sect ion; subsequent ly 
the l a s t 9 c o i l s of the f i r s t machine w e r e rewound with 
36 turns / c o i l . 

Although a graduated change in the ASC current 
loading i s p r e f e r a b l e , further t e s t s c o n f i r m e d that the 
s t ep change in co i l r e a c t a n c e so d e s c r i b e d proved to 

y i e l d an asynchronous condenser s ec t ion with a l l coils 
opera t ing at phase ang les between 78° and 110° when 
c o n n e c t e d o n - l i n e . The output p e r f o r m a n c e o f this 
" t w o - s t a g e j - jump" asynchronous condenser i s shown 
in F i g u r e 4 . 

ANALYSIS 

Over a l i m i t e d range of high speed condit ions , it 
i s p o s s i b l e to r e p r e s e n t the combinat ion induction motor 
- y a r generator by the s impl i f i ed equivalent c i rcu i t of 
F i g u r e 5 . However , the f i r s t r e s e r v a t i o n that m u s t be 
no ted i s that whi le s tator p a r a m e t e r s X j , Rj_, X^ and 
R 3 are the s a m e f r o m pole to pole , the ma in magnet i -
z ing r e a c t a n c e or the quadrature magnet iz ing re -
a n c e as s e e n by the rotor X m 2» are not the s a m e on a 
p e r pole b a s i s . Rather , these magnet iz ing reactances 
r a n g e f r o m being near ly a s h o r t - c i r c u i t at the f i r s t pole 
to a va lue at the l a s t pole of the main winding •wall above 
the o v e r a l l magnet iz ing reac tance m e a s u r e d at the t er -
m i n a l s ; a s i m i l i a r condition holds for the R^ parameter 
i n t ry ing to ma ke a convent ional- type steady state equi-
v a l e n t c i rcu i t adaptable for a machine with a continuous-
l y o c c u r i n g space trans ient . The rat io of the magnet i -
z ing reac tance to rotor r e s i s t a n c e has been found to be 
e s s e n t i a l l y constant over the ent ire m a c h i n e . Therefore 
a s a m a t t e r of convenience to avoid spec i fy ing different 

F i g . 5. Equivalent c ircui t of integral induc t ion-motor / 
asynchronous condenser mach ine . 
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c i rcu i t p a r a m e t e r s f o r each pole or co i l , this rat io i s 
a s s u m e d to be constant and e x p r e s s a b l e as [ 2 ] 

a = 2 TP Mo f 6 _ 2 TTf T (1) 
p r ir g 

w h e r e T r i s def ined as the rotor - magnet i za t ion t i m e 
constant and G i s r e f e r r e d to a s the mach ine "Goodness 
F a c t o r " . The major advantage of using a f i g u r e of m e r -
it such a s G i s that analyt ica l e x p r e s s i o n s f o r both the 
t r a n s i e n t and s t e a d y - s t a t e f lux dens i ty at any point along 
the a i r g a p , or r e a l and r e a c t i v e power thereo f , can be 
e x p r e s s e d in a c l o s e d - f o r m solut ion. 

The total instantaneous f lux dens i ty in the a i r - g a p 
of a s h o r t - s t a t o r mach ine m a y be r e p r e s e n t e d as 

bs = B„ s in at + B q co s wt (2) 

to the motor ing p o l e - p i t c h f o l l o w s the rat io o f r o t o r 
s p e e d : s y n c h r o n o u s speed rather than being re la ted by 
t h e f a c t o r ( l - o ) / a as might be deduced f r o m (3). 

b ) t h e e l e c t r i c a l f r e q u e n c y i n d u c e d i n t h e 
c o n d e n s e r windings i s a lways at the s a m e frequency 
that e x c i t e s the motor ing winding independent of r o t o r 
sp e e d . 

To apprec iate t h e s e two gu ide l ines , (3) a n d ( 4 ) 
m u s t be subst i tuted in (2) to y i e l d the total ins tantane-
ous f lux dens i ty 

b ( s , t ) W o " . + ( I / O f { s i n u ) t + t a n - 1 ( o J 5 ) } -

r - s tt | s J 
e x P [ T p ( i_a )Gj { s i n u t - T d . q ) + t a r f - l ( - ^ ) } (5) 

w h e r e B p and Bq are the n o r m a l - f l u x dens i ty c o m p o n -
ents at p o s i t i o n s f r o m the e n t r y - e d g e of the s ta tor , in 
t i m e - p h a s e and quadrature with the s tator current , j s 

at s in the c a s e of z e r o entry edge f l u x . Their b a s i c 
r e l a t i o n s h i p i s shown in F i g u r e lbut to inc lude the a i r -
gap m a g n e t i z a t i o n t h e s e components are [ 5 ] 

Bp = fn^g* 
(a u B f + ( u s / G ) 2 

{ 1 - exp[-sTT / y i - a )g] 

s cos X, 
it a 
^uay 1 . sir o 

—~ s in a G t ( 1 - a ) ]} (3) 

Js P, B = 's ̂  V G 

q ( (TUg) + (us /G) 

s it a c o s tp(1 -a) 

^ { 1 - exp[-sTr/Tp( l_ 0) g] 

- a G s in 
s tt a 
Tp ( l-a) ]} (4) 

The resu l tant trave l l ing wave attributable to the 
Bp and B ^ components m a y be regarded as due to s e p -
arate s t e a d y - s t a t e and trans ient phenomena, for in the 
c a s e of the f o r m e r both the phase and quadrature c o m -
ponents a r e due to s tator current interact ing with the 
component of rotor current that i s maintained indef in -
ate ly by t h e agency of s l i p . This i s the f ina l s teady s tate 
f lux at po ints distant f r o m the entry - e d g e and c o r r e -
sponds t o the f lux in a conventional ; mach ine of e q u a l 
c o n s t r u c t i o n labe led the ECM l e v e l in F i g u r e 1 f o r Bp, 
The s m a l l e l e m e n t of B i s attributable only to the e x -
c i tat ion winding magnet iz ing current and the l a r g e value 
Bp c o r r e s p o n d s with the r e a l power load c u r r e n t . 

The t r a n s i e n t component of the total f lux i s equal 
and oppos i t e to the s t e a d y - s t a t e value at the entry point 
but i s due to the e x c e s s current s induced in the r o t o r 
which d e c a y with the t i m e constant T r . M o r e o v e r , the 
t r a n s i e n t a irgap f lux wave not only d i f f er s f r o m t h e 
f i r s t c o m p o n e n t in t e r m s of a decay in magnitude, but 
t r a v e l s at ro tor s p e e d u r w h e r e a s the s t e a d y s t a t e 
c o m p o n e n t t r a v e l s at u s . The b a s i s o f e f fec t ing 
r e a c t i v e power generat ion i s c e n t e r e d on exploit ing 
this s l i g h t l y s l o w e r rotor t rans ient wave , w h i c h b y 
i t s e l f i s a h a r m o n i c - f r e e s inuso id . Consequent ly , the 
reduced p o l e - p i t c h f o r the s p e c i a l asynchronous c o n -
d e n s e r wind ings i s t h e o r e t i c a l l y l i n e a r l y proport ional 
to the r o t o r s p e e d . 

To u t i l i z e the trans ient trave l ing wave e f f e c t i v e l y , 
the two m o s t b a s i c cons iderat ions are that : 

a) the ra t io of the asynchronous condenser pole pitch 

The total jpeak value of b ( s , t ) at any loca t ion i s B .̂ 
= (Bp2 + Bq 2 )2 . T h e r e f o r e , to m a x i m i z e the u t i l i z a -
t ion of the condenser windings the p o l e - p i t c h of s e c t i o n 
2 or 3 m u s t be 

tp2,3 = Tpi U-o) (6) 

In the f i r s t e x p e r i m e n t a l m a c h i n e , the s e c t i o n (3) 
p o l e - p i t c h w a s further reduced f r o m that of the f i r s t in 
the i n t e r e s t that p o s s i b l y the e l e c t r o m a g n e t i c i n t e r a c t -
i o n b e t w e e n the two asynchronous condenser s e c t i o n s 
would requ ire a t w o - s t a g e po le reduct ion s i n c e the s e c -
t ion 2 might init iate a strong and new rotor t r a n s i e n t . # 
H o w e v e r , i t w a s found that the rotor current p a t t e r n 
in i t ia ted by s e c t i o n 1 w a s stiff enough to dominate any 
subsequent demagnet izat ion occur ing at a s m a l l e r w a v e -
l ength . Thus in genera l , if both s e c t i o n s 2 and 3 are 
u s e d e x c l u s i v e l y as r e a c t i v e power g e n e r a t o r s , t h e n 
t h e y m u s t be the s a m e p o l e - p i t c h but of d i f f erent r e -
ac tance l e v e l s . In the event that an appl icat ion would 
c a l l for s e c t i o n 2 to be a var genera tor whi l e s e c t i o n 
3 might be used in i s o l a t i o n a s a r e a l power m a c h i n e 
then there would be an advantage to us ing three d is t inct 
wave l engths on the s ta tor . A l t ernat ive ly , the e x p e r i -
m e n t a l machine in l i e u of including po le -changing wind-
i n g s in the ASC sec t ion , has two m a x i m a of r e a c t i v e 
p e r f o r m a n c e i n t e r m s of co i l ut i l i zat ion . 

F o r t h e s e c t i o n 3 condenser winding , t h e 
r e a c t i v e energy m a x i m u m occurs near a s l ip c o r r e -
sponding to the f i r s t d i s c e r n i b l e peak of the e x i t - edge 
product VA * u r energy which c o r r e s p o n d s to the c a s e 
of m = l in the genera l e x p r e s s i o n 

a = 2m + 1 + 2m + 1 
= 0 . 5 0 (7) 

w h e r e m i s an in teger value and n i s the number of petes 
of the motor ing winding. The s e c t i o n 2 ut i l i za t ion peaks 
a t o =0. 20 which i s s ign i f i cant ly l e s s than, the e x p e r i -
m e n t a l l y obtained kVAR-bui ld-up s l ip of 0 . 2 5 as p e r 
F i g u r e 4 b u t exact ly at the t h e o r e t i c a l m a x i m u m 
a i rgap-e f f i c i ency s l i p . In c o m m e r c i a l a p p l i c a t i o n s , 
e i ther the ASC would c o n s i s t of a s ing l e p o l e - p i t c h d i s -
t inct f r o m t h e m a i n po l e -p i t ch , or in the c a s e of two 
f r e q u e n t l y used mach ine s p e e d s , two pale p i t ches c loser 
i n wave length than the " t w o - s t a g e , j - jump" labora tory 
m a c h i n e . 
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The upper l imi t 011 tho reac t ive power avai lable 
per unit of e x i t - e d g e utator width beyond tho main wind-
ing s e c t i o n 1 for r e c o v e r y i s 

-> n2TP2 / 
Q = (8) 

w h e r e the value of D^ i3 obtained by evaluat ing ( 4 ) at 
s v = n i Tp^. The rotor currcnt d e c r e m e n t in the a s y n -
chronous c o n d e n s e r s e c t i o n s arc included by the i n t e -
grat ion in (8) for the c a s e of z e r o a r m a t u r e r e a c t i o n . 
To include thi3 demagnet iz ing e f f ec t , under the c o n -
s tra int that the ASC i3 supplying a pure ly reactive load 
a n d t h a t t h e rotor leakage f lux i s neg l ig ib l e , t h e 
p e a k value of the quadrature f lux dens i ty for values of 
s tator pos i t ion s>s>,< , i s 

Bo = Xasc Jal [l- cxp(-s*7r/Tpi(l-<r) G)] 
crug c o t [ ( s - s * ) j r / T p 2 ] " X a g c g / 4 T p 2 ^ 0 

(9) 

w h e r e X a s c i s the total reac tance of the winding l e a k -
age f lux and the equivalent reac tance o f f ered b y t h e 
m a i n s when referred to the a irgap and i s g iven by 

X. = l̂eakage 
s e r i e s t u r n s / p h a s e 

+ ôutput/3 
jT? 

(10) 

F i g u r e 6 shows the genera l shape of the g e n e r a t e d 
r e a c t i v e VA c h a r a c t e r i s t i c n o r m a l i z e d with r e s p e c t 
to the r e a l power absorbed as rotor l o s s in a conven-
t ional mach ine (which i s \ Pr n^ Tpi) as a funct ion 
of s l ip and ignoring the e f f e c t s of tho natural rotor d e c -
r e m e n t and ASC armature react ion , for the s p e c i f i c 
c a s e of 4 po le s of motor ing winding. 

a 
u o * 
o 
0« 

a <u 
Pi 
<D 00 T3 
H 
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THE TIIETA- PINCII ROTARY MACHINE 

With a view towards extending the induction c o n -
d e n s e r principle to l arge 3 q u i r r c l - c a g c induction m o t -
o r s , a c o m m e r c i a l 35 H . P , 1 0 / 1 2 - p o l e machino with 
p o l e - a m p l i t u d e - m o d u l a t i o n (PAM) windings was c h o s e n 
for modi f i ca t ion . The speed changing capabil i ty i t se l f io 
not a major concern , however the cho ice of a m u l t i -
polar i s c r u c i a l . The creat ion of the proper trans ient 
condit ions in the machine m u s t occur at l arge s l ip-pole 
number products but obvious ly e f f i c i e n c y c o n s i d e r a -
t i o n s demand that the s l ip be s m a l l . In contras t to the 
d i scont inuous c o r e of the t w o - s t a g e , j - j u m p axia l f lux 
m a c h i n e , the new d e s i g n constra ints on the cy l indr ica l 
m o t o r are as f o l l o w s . 

a) To m i n i m i z e the e f f e c t s of unbalanced magnet i c 
pul l on the rotor , the stator m u s t have at l e a s t 2 r e -
pea tab le s ec t ions ( i . e . 180° m e c h a n i c a l magnet i c sym-
m e t r y ) or mult ip les thereo f . 

b) Since the Goodness F a c t o r , G i s n e a r l y an order 
of magni tude better than f o r the f i r s t exper imenta l m a -
chine (due pr imar i ly to the cage construct ion ) , t h e 
e f f e c t s of the rotor current natural d e c r e m e n t are neg-
l i g i b l e in c o m p a r i s o n to the armature reac t ion . 

c) A continuous, conventional stator core with uni-
f o r m s l o t - p i t c h i s p e r m i s s i b l e a n d t h e r e w o u n d 
m a c h i n e runs at a 10-po le speed although t h e a c t u a l 
n u m b e r o f p o l e s i s l e s s t h a n 1 0 . 

d ) I t i s convenient f o r manufacturing r e a s o n s 
to h a v e a f o r m of lumped ASC winding although a d i s -
tr ibuted reac t ive winding mixed with the main winding 
along the ent ire per iphery has s o m e theore t i ca l advan-
t a g e s . The f o r m e r approach neces s i ta t ing that s p e c i f i c 
s e g m e n t s of the stator be a l located e x c l u s i v e l y to power 
f a c t o r c o r r e c t i o n i s henceforth r e f e r r e d to a s the 
11 The ta -P inch" technique. 

F i g u r e 7 shows a p o s s i b l e dis tr ibut ion of the 
winding port ions in a cy l indr ica l mach ine with s y m m e t -
r i c a l l y - s p a c e d s lo t s of equal width. Stator and rotor 

U poles 

Slip, a 

I poles 

F i g . 6. E f f e c t of magnet iz ing current on e x i t - e d g e F i g . 7 . Genera l locat ion of stator winding s e c t o r s in the 
react ive power . © - P i n c h machine with two repeatable s e c t i o n s . 



deta i l s a r e g i v e n in Table I . E a c h repeatable s e c t i o n 
of the p o w e r winding, STDP i s (without pole amplitude 
modulat ion) a convent ional 4 - p o l e , 3 - p h a s e winding of 
3 s l o t s / p o l e / p h a s e . The r e a c t i v e r e c o v e r y stator 
winding, STDR has "1 plus" p o l e s of high impedance , 
i . e . 28 t u r n s / c o i l ins tead of 6 f o r the power winding. 
The total p o l e layout i s 4 - l + - 4 - l + , The "1 plus" 

indicates that t h e r e i s g r e a t e r than 1 ASC pole in the 
or ig ina l one po le space due to the reduced wave length 
of the ASC. T h e s e windings are connected d irec t ly to 
the power winding without the u s e of an external phase 
s h i f t e r . 

Table I 

C h a r a c t e r i s t i c s of the 0 - P i n c h Rotary Machine 

Stator 

B o r e d i a m e t e r , m m 316 
Number of s l o t s 90 
C o p p e r c r o s s s ec t ion , m m 2 5 . 2 5 
Coi l throw s l o t s 1 - 1 1 i n c l . 
Core l e n g t h , m m 235 
Slot depth, m m 34 
Slot width, m m 6 . 0 
Slot pitch, m m 1 1 . 1 
C o i l span, m 0 . 1 1 1 
P o l e - p i t c h , m 0 . 0 9 8 9 
Turns per c o i l var iab le 
P o l e - p i t c h : a irgap rat io > 1 5 0 
Winding f a c t o r 0. 756 
A i r g a p ' f l u x dens i ty on load, T 0 . 6 2 
M a x i m u m c u r r e n t loading, A / m 29, 700 

Rotor 

Number of bronze bars 80 
B ar width, m m 5 . 0 
B a r depth, m m 8 . 0 
Copper end r ing , m m 6 . 5 x 25.4 
Slot pi tch at bot tom of s l o t , m m 1 0 . 9 
Tooth top width , m m 1 0 . 0 
Rat io s lo t opening:a irgap 1 . 5 

The appropr ia te phase o f f s e t between power and 
c o n d e n s e r wind ings has been bui l t into the mach ine by 
winding d e s i g n . This m e a n s that a part icu lar layout i s 
only e x a c t l y appropriate for one supply f requency , one 
vo l tage , one load and one s l ip va lue at which ni l brak-
ing torque e x i s t s desp i te r e c o v e r y of r e a c t i v e power . 
S e m i c o n d u c t o r d e v i c e s could be inc luded in s e l e c t e d 
windings to extend the p a s s i v e operat ing mode by p r o -
viding automat ic var ia t ion of phase to m a x i m i z e r e a c * 
t ive output during load c h a n g e s . 

The one s i m p l i f i c a t i o n introduced i n t h e f i r s t 
e x p e r i m e n t a l © - P i n c h mach ine w a s that a l l of the orig-
inal c o i l s w i t h un i form span w e r e u t i l i z e d i n b o t h 
power and. c o n d e n s e r windings . This w a s p e r m i s s i b l e 
in the f i r s t l a b mach ine b e c a u s e the fu l l l oad s l ip was 
l e s s than 5%, H o w e v e r , if there i s a phase e r r o r of 
r o t o r i n d u c e d v o l t a g e in the f i r s t s tator c o i l a t 
the e n t r y - e d g e of the ASC sec t ion , s u c c e s s i v e c o i l s 
have p r o g r e s s i v e l y l a r g e r phase e r r o r s , unlike conven-
t ional m a c h i n e r y which have a constant value of phase 
e r r o r / c o i l . Techniques such as f rac t iona l s lo t w i n d -
i n g s for the ASC only, or g r e a t e r than two ASC a r c s 
along the s t a t o r m a y be incorporated so that the a c c u -
mulat ive p h a s e e r r o r i s a lways s m a l l , but in g e n e r a l 
two d is t inct w a v e l e n g t h s are v i t a l . 
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T h e m a j o r advantage of the © - P i n c h m e t h o d 
o v e r the t w o - s t a g e , j - j u m p type i s that the space d i s -
tr ibut ion of the a irgap f lux at the entry—edge of the pow-
er winding in the f o r m e r w i l l n e v e r s tar t at z e r o . The 
t i m e that any rotor bar p a s s e s under the t r a n s i t i o n 
r eg ion between power windings of adjacent repeatable 
s e c t i o n s i s r e l d i v e l y s m a l l in c o m p a r i s o n to the t i m e 
spent under the power winding p r o p e r . Consequent ly , 
f o r a l l prac t i ca l © - P i n c h m a c h i n e s with N p o l e s of con-
d e n s e r winding, the m a x i m u m deviat ion of the total a ir 
gap f lux i s approximate ly 

A B t s | | l - e x P [ - N 7 r / ( l - a ) G ] | (11) 

Thus when running l ight at 50 Hz , the e x p e r i m e n t a l 
m a c h i n e h a s about a 2^% var ia t ion in Bt based on 
a Goodness F a c t o r of 70 or g r e a t e r . U n d e r opt imal 
e x p e r i m e n t a l condit ions , the current loading of the ASC 
has been operated up to the value 

J s ( a s c ) = J s l " 2 J s ( m a g n e t i z a t i o n ) ( 1 2 ) 

for w h i c h i t w a s found that the m a x i m u m value of AB^ 
i s under 8%. 

F i g u r e 8 depicts the d is tr ibut ion envelope of total 
a i rgap f lux dens i ty f o r the © - P i n c h mach ine of F i g u r e 
7. T r i s the notional pitch of a r e c o v e r y pole which i s 
l e s s than that of a propuls ive po le Tp. Line B t ( e c m ) i s 
the tota l nominal l e v e l of f lux in the a irgap for a con-
vent ional induction motor us ing the s a m e r o t o r a n d 
c o r e s i z e . The range of s l ip for which the plot i s va l id 
i s f r o m z e r o to 0 . 2 0 per unit . 

T h e asynchronous c o n d e n s e r so d e s c r i b e d can 
be operated in an adjustable power fac tor mode e i ther 
by thyr i s tor switching of winding connect ions to e f f e c t 
a d i f f erent phase shif t , or a l t ernat ive ly , a cont inuously 
v a r i a b l e method can be used w h e r e b y the phase of the 
ro tor f lux can be advanced. The la t ter i s a c c o m p l i s h e d 
by including one or m o r e s h o r t - c i c u i t i n g c o i l s i n t h e 
s ta tor s l o t s be tween the e x i t - e n d of the r e c o v e r y wind-
ing and the s tart of the propul s ive winding, l a b e l e d 
STSC in F i g u r e 7, With this arrangement , phase control 
i s s i m p l y p e r f o r m e d by regulat ing the magnitude of the 
s h o r t - c i r c u i t i n g - l o o p current accord ing a s p e c i f i c load 
/ s l i p prof i l e ; additionally the connect ion of t h e s e loops 
f r o m d i a m e t r i c a l l y opposite p o l e s in s e r i e s aiding then 
a l l ows super ior c o m p e n s a t i o n o f f l u x e s init iat ing 
an unbalanced magnet ic pull condit ion. 

F o r r e f e r e n c e p u r p o s e s , the i n - p h a s e and quad-
ra ture f lux dens i t i e s for the t w o - s t a g e , j - j u m p machine 
a r e shown in F i g u r e s 9a and 9b f o r an extended m o t o r 
s e c t o r of 9 p o l e s . 

F i g , 8 Dis tr ibut ion envelope of tota l a irgap f l u x dens i ty 
for a genera l © - P i n c h m a c h i n e . 
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Distance along stator periphery, poles 

F ig .9a Quadrature airgap f lux density in motoring s e c -
tor of the two-s tage , j - jump arc machine . 

These two plots represent the minimum condition 
for which the rotor-current decrement is no longer 
character ised as being prominent, i. e.. the value of 
G (1-a*) /n>1lf at the transit ion point between motoring 
and condenser sect ions for the near - optimum , f u l l -
power s l ip of 5%. 

HARMONIC CURRENT FILTER 

As an alternative to power factor improvement , 
the ©-P inch concept may be applied as a harmonic c u r -
rent f i l t er to suppress incoming l ine trans ients . B y 
winding des ign only, the pitch of the ASC sec t ion can 
be so designated that the reactance i t o f f e r s to anyone 
spec i f i c l ine harmonic i s equivalent on a per-unit basis 
to the transient reactance of a synchronous m a c h i n e 
thereby allowing the propuls ive winding to r e c e i v e a 
substant ia l ly - s inuso ida l current wave form. A s w i t h 
conventional synchronous condensers , the ASC winding 
in absorbing a whole spectrum of l ine - trans ients i m -
poses additional thermal loading on the rotor cage . The 
s c h e m e i s general ly valid for rotors of high i n e r t i a 
and thus again the multipolar machine i s favorable . 

Distance along stator periphery, pole a 

F i g . 9b. In-phase f lux density in motoring s e c t o r o f 
the two-s tage , j -jump machine at high speed. 

In context to var iable - speed propulsion s y s t e m s 
•whereby variable frequency i s generated by a s q u a r e 
-wave, current - source inverter and fed to a © - P i n c h 
cage motor , the ASC winding in addition to providing 
the commutation margin for the inverter , a l s o can be 
designed to have its reactance minimum at the 5th h a r -
monic of the main travell ing wave in order to best sup-
p r e s s the dominant harmonic of the inver ter . 

Implicit in the ©-Pinch propulsion s y s t e m , the i n -
v e r t e r f ir ing angle i s advanced in response to the value 
of the Bp decrement direct ly sensed by airgap coi ls , in 
addit ion to t h e conventional method of torque control in 
a c losed- loop regulator with s l ip and mains c u r r e n t 
feedback. As has been suggested by Lipo[6], the proper 
regulation of brushless induction drives tinder t i r n e -
transient conditions should be accomplished by the u s e 
of f lux co i l s (typically 3 per axis) along the stator slots; 
a s imi l iar case applies to the space- trans ient A S C 
s y s t e m . However, the c l a s s i c a l "field orientor" method 
of separating the magnetizing flux f rom the Bp flux: i n a 
symmetr i ca l machine has to be modified in accordance 
with (3) and (4), s i n t e the d - and q -axes of the 9 - P i n c h 
machine are always changing during run-up. Undoubt-
edly , two pract ical requirements are that t h e s t a t o r 
s earch coi l s must have at l e a s t s lo t -p i tch-r e s o l u t i o n 
and, further, these coi l s must be centered d i r e c t l y 
over the s lot rather than surrounding a tooth [ l l F u n d a -
mental ly , this latter approach reduces the third h a r -
monic saturation problem mentioned in [6]and cons ider-
ably s impl i f i e s the c a s e for a s e r i e s of in t erconnec ted 



electronic integrators. Slot harmonics are invariably 
the major source of concern when using flux coils fOr 
closed-loop control, but fortunately in the two-stage j
jump machine, there are no prominent slot harmonics 
due to the use of an inductanced-limited, sheet rotor. 

Figure 12 shows the a-Pinch propulsion s y s t e m 
pre sen t I Y un de r con s t r u c t ion, w here both the 
phase delay rectifier (PDR) and current source in verter 
(CSI) are rated at 20 kVA. The three basic quantities 
being controlled are the DC link current, the inverter
firing angle and the short-circuiting loop current inter
nal to the induction machine for advancing the phase of 
the rotor flux. The control scheme, anticipating line .. 
commutation of the inverter by the ASC winding at very 
high speed, incorporates the PDR for zero-blanking of 
the DC link current until the transition to self-commu
tation occurs at about cr =0.08 p. u. 

The field - decomposition circuitry utilizes 12 ail'
gap search coils spaced at distances of 

s = [1 5 + m(l-2i "'~ 
• 120' + 1 ] -18 

where m=O through 5 and (f * is the operating slip. 

FUTURE DEVELOPMENTS 

(13) 

Based on the most promising correlation between 
the space-transient theory of brushless, induction 
mac h i n e s and the two laboratory machines built to 
date, it is anticipated that leading power factor opera
tion will be attained on a slightly larger 9-Pinch un i t 
which will incorporate two distinct wavelengths. Since 
the key to attaining unity power factor operation at the 
terminals is primarily a matter of neutralizing the gen-
erated kvar against the stator slot and zig-zag leakage 
reactive requirements, it is felt that in a 200 B. H~ P. 
cage machine, these reactances are low enough on a 
per unit basis to demonstrate' the full potential of the 
a-Pinch mechanism. For this purpose, a 200 H. p., 8 
pole unit is to be rewound in early 1980 using the prin
ciples underlying the first 9-Pinch machine, tested on 
full load and results presented de~ailing the max i mum 
power /weight ratio available with this technology. 

CONCLUSIONS 

A new mechanism of continuously g en era tin g 
reactive kV A from the stator of a brushless induction 
machine has been described and tested on a 10 kW and 
a 35 H. p. laboratory machine. The concept is indepen
dent of the usual magnetizing or leakage flux react iv e 
power requirements common to all induction machines. 
Fundamentally, a space-transient magnetic wave, tra
velling at rotor speed must be artificially created and 
at least two distinct windings of different pol e- pit c h 
must be incorporated for full utilization. Calculations 
and experimental results seem to confirm that the per
unit kvar generation effect increases with machine size 
and rating, and that leading power factor operation of 
the entire machine is viable for large industrial motors 
an d power system induction generators. 
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Figure 10. The axial-flux, j-jump ASC motor test rig. 
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NOMENCLATURE 

B = airgap flux density, peak 
Eq = rotor induced transient voltage in stator winding 
f = mains frequency 
g = iron-iron electrical airgap 
G = Goodness Factor 
n = number of poles 
m = mode number 
R 3 = condenser winding phase resistance of stator 
s = distance along airgap periphery from entry -edge 
t = time 
T r = rotor magnetization time constant 
Us = synchronous field speed (ml s) 
u r = rotor speed 
Xasc = reflected surface reactance of condenser wdg. 
X 2 = rotor leakage reactance referred to stator 
X3 stator leakage reactance of condenser winding 
J s = stator current loading, peak (AI m) 

o = rotor conducting-sheet thickness 
Ws = radian frequency 
Pr = rotor conductor resistivity 
a = per unit slip 
T p = pole-pitch 
llo = free-space permeability 
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Discussion 

L. T. Rosenberg (Turbogenera tor Consultant, Wauwatosa, WI): Elimi-
nation of collector rings and brushes f rom the motor or generator that 
operates at unity or a leading power factor, is indeed a worthwhile 
development. The Consolidated Edison Co. of New York could have 
saved several million dollars on the million kilowatt Ravenswood unit 
3, had it not been necessary to rate it at 80% power factor in order to 
supply the reactive kVA taken by the thousands of induction motors 
on the Con Ed sys tem. The energy savings through the years since 1965 
involved in t ransmit t ing all that reactive current would have been worth 
even more than t h e initial cost saving. 

Apparently t w o or more sets of windings are required in the stator 
and 8, 10, or 12-pole arrangements are possible, judging f rom the 10 
kW and 35 hp examples described. Establishing a rotating flux pat tern 
that remains at r o t o r speed, evidently permits separating the direct and 
quadrature axis cur ren ts in the normal driving circuit in to direct and 
quadrature axis componen t s , thus producing the ou tpu t curves of Fig. 4. 

I would like t o ask the authors whether the design could be 
applied to two or four-pole, 60 Hz machines, and whether the fields 
created by the respective windings would not induce unwanted voltages 
and currents in eachother? Also, how does the torque vary with speed? 
Is the usual speed-torque curve of the cage motor still applicable? In 
other words, will t h e m o t o r be suitable for widely varying load service? 

Manuscript receved February 19, 1980. 

S. B. Kuznetsov and E. R. Laithwaite: In agreement with Mr. Rosen-
berg's concern a b o u t the savings in energy and capital investment at 
the generator site, t h e proper application of the asynchronous condenser 
concept is as an integral winding with the main induction m o t o r wind-
ing as it solves the high reactive current problem at the source, where-
as present central power- fac tor correction using synchronous compen-
sators or static capaci tor banks still have to contend with the additional 
transmission losses associated with low power factor loads. It should be 
emphasized that in normal applications, two operating modes for the 
asynchronous condenser windings are apparent. First, the machine's 
terminal power f ac to r may be raised to unity at the rated load and 
slightly above since the motoring section power factor alone is usually 
above 90% in large machines. Alternately, the ASC winding may be 
designed to peak a t a slip value very close to or at zero, whereby the 
motor is running lightly loaded and the motoring winding power factor 
could be as low as 30%. Although it would be impractical to raise the 
terminal power f ac to r t o uni ty in the latter case, the opt ion of main-
taining a reasonable power fac tor such as 80% under light load is very 
attractive on a systems basis considering the extraordinary number of 
lightly loaded machines on the grid at any one time. 

The rotary machine with 10 poles (denoted 4 - 1 4 — 4 - 1 + ) followed 
as a natural development of the first linear machine of 8 poles with 
power factor correct ion windings. The choice of the number of motor-
ing poles/repeatable section is a crucial parameter because the rate of 
rise or demagnetizat ion of the airgap magnetic field for a given rotor 
time constant, is dependen t on the combination of slip, a and the excit-
ing pole numbers. The concept of using space transients t o affect 
appreciable reactive power generation at the exit-edge of the excited 
section is restricted t o pole number-slip value products lying in the range 

n * R - 1.0 (14) 

where R2 is the pe r uni t referred ro tor resistance. The basis of this 
general guideline is tha t appreciable reactive power generation, Q de-
notes that the exit-edge power is greater than 0.25 per unit of the 
equivalent conventional machine ro tor copper loss, J4P rJs2nTp. This 
value of Q will have a limiting value of 0.50 per unit fo r machines with 
a large Goodness f a c t o r when the ro tor speed is at or near synchronous, 
as exemplified in Figure 6. However, prior to building up the maximum 
exit-edge energy, e f f ic iency constraints demand ( tha t such a small slip 
never be used and hence, the inclusion of R2 in (14). If the total 
number of poles a round the periphery in the equivalent rotary machine 
is n, the effective n u m b e r of motoring poles n* never exceeds n / k since 
an even number of repeatable sections, k are mandatory so as t o neu-
tralize the effects o f unbalanced magnetic pull. Therefore, it would be 
possible to produce an eff icient unity-power-factor 4 pole machine at 

a low slip if only one repeatable section is a t tempted , but should two 
repeatable sections be used in practice, then the high-power-factor slip 
would have to be greater than 33% for which excess ro tor losses would 
be incurred. Conversely, if the total number of poles is greater than 8, 
then operating slip values can always be between 20% (the latter being 
a typical per unit value of R2) because of the greater f reedom in choos-
ing repeatable section lengths. 

Should the question of the lowest feasible number of poles be 
readdressed to asking if shaft speeds in the region of 3600 RPM are 
practical at unity power factor, the answer is yes. For example, the 
use of the 10-pole "9 -P inch" machine in combinat ion with a current 
source inverter operating at ideally 312 Hz would give an exact shaft 
speed of 3600 RPM. It should be emphasized that while this approach 
uses 6 power thyristors, it does not require any capacitor or forced 
commuta t ion circuits since the induction machine naturally commut-
ates the 6-component inverter; the ro tor efficiency of this machine is 
96%. The extent to which the inverter can operate below 312 Hz in this 
mode is dependent on the combination of leakage and magnetizing 
reactance requirements versus the thyristor turn-off t ime; in general 
the changes in Goodness factor with f requency are more crucial than 
the associated reactance changes. At this t ime, the theoretical problems 
involved with extending the asynchronous condenser concept to 2 pole 
and 4 pole machines are being investigated, al though it is clear tha t the 
"G-Pinch," lumped ASC layout will not be used. 

The fields created by the two sets of stator windings d o no t induce 
any significant t ransformer voltages in each other by virtue of their 
particular space separation. These windings are ideally, exclusively ro tor 
mot ion coupled (as evidenced by the Js(asc) curve in Figure 4) and thus 
no stray voltages will be induced provided tha t the ASC winding com-
prises a speed-dependent pole-pitch which obviously has t o be fixed 
depending on whether power factor correction is to be employed at 
either full load or running light. 

The torque varies with speed as in a conventional cage ro tor mac-
hine with low resistance bars. Using the conventional steady-state equi-
valent circuit and neglecting the stator resistance and the magnetizing 
reactance, the torque of the "9 -P inch" machine may be described under 
constant voltage excitat ion, Vt as 

3 V t
 2 Cd-cr0)<< 

X 1 + X 2 c<2 + ( 0 - a o )
Z 

(15) 

where a = R 2 / ( X l + X2). The only departure of this f rom an equivalent 
machine is the int roduct ion of the quant i ty o 0 which is the per unit 
difference in slip f rom zero at which zero torque occurs. The effect of 
producing torque either above or below synchronism has been well 
documented for linear and spherical induction machines [7, 8] and 
with respect t o the 9-P inch machine the funct ional relationship of this 
slip offset is 

a-, = f ( G , J s / J s ( a s c ) ) 

In general if the Goodness is low or if the ratio of the main stator 
current loading to the ASC stator loading is near unity, the magnitude 
of o0 will be negligible and zero torque occurs at synchronism. 

The only impor tant consideration during s tar tup under constant 
voltage is that asynchronous crawling can occur and this is dependent 
on the exact division between motoring and ASC poles. There is one 
significant harmonic synchronous speed in the ©-Pinch configuration 
which can occur at a slip 

<f = 1-k n * + ( n - k n * ) / l - c T 
n + 2 

(16) 

This is usually a problem in small machines unless pole-amplitude-
modulat ion is used on just the motoring winding. Nevertheless, in the 
150 H.P., 8 pole cage machine currently under test in a 9 -P inch recon-
nection, no torque pulsations are evident which is due in par t to the 
use of deep rotor bars. 

Subsequent to submitting the main paper, the 35 H.P. laboratory 
machine was reconnected internally to extend the number of ASC coils 
f rom 18 to 24 at the expense of the motoring section length. A 50 Hz 
test was conducted with the recovery winding feeding an isolated in-
ductive load (due to the low coil impedance) and the same cage ro tor 
as before, with a ro tor coupled time constant of 250 ms, was used. A 
stable slip value near 1% was maintained such tha t the reactive power 
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Fig. 13. Experimentally obtained rcactive power generated and 
by machine sections. 

« 

« 

geneiated by tlie recovery windings exceeded tlie reactive powersupplied 
by the mains to the motoring winding, i.e. the machinc consumed a net 
negative kVAR as shown in Figure 13. The total power input t o the 
machine was 17.2 kW and the shaft was loaded to 12.6 k\V, thus in-
dicating an overall efficiency at unity power factor of 73%. The drop in 
efficiency from that of a standard cage motor is attributed to the use o f 
an overchorded winding by 11/9 for all coils and a uniform slot-pitch 
around the entire periphery. The core loss of t Ii is machine is 0 .34 k\V 
and the stray load loss is 0.19 k\V; other details of construction and 
analysis are give in (9]. 
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REACTIVE POWER GENERATION IN HIGH SPEED INDUCTION 

MACHINES DY CONTINUOUSLY OCCURRING SPACE-TRANSIENTS 

Professor E.R. Laithwaite and S.B. Kuznetsov 

Abstract - A new technique of continuously generating 
reactive power from the stator of a brushless induction 
machine is conceived and tested on a 10 kW linear ma-
chine and on 35 H.P. and 150 H.P. rotary cage motors. 
An auxiliary magnetic wave, travelling at rotor speed 
is artificially created by the space-transient attri-
butable to the asymmetrical stator winding. At least 
two distinct windings of different pole-pitch must bo 
incorporated. This rotor wave drifts in and out of 
phase repeatedly with the stator MMF wave proper and 
the resulting modulation of the airgap flux is used to 
generate reactive VA apart from that required for mag-
netization or leakage flux. The VAR generation effect 
increases with machine size, and leading power factor 
operation of the entire machine is viable for large in-
dustrial motors and power system induction generators. 

EXPERIMENTAL INDUCTION CONDENSER 

Figure 1 shows the distribution of the windings in 
the 35 H.P. rotary machine with symmetrically spaced 
slots of a conventional 10-pole frame. Each repeatable 
section of power winding, STDP is a 4-pole, 3-phase, 
overchorded winding with pole-amplitude-modulation coil 
connections. The reactive recovery stator section, STDR 
has "1+" poles of high impedance coils with respect to 
STDP to effect changes in current loading and phase. 
The "1+" indicates that there is greater than 1 asyn-
chronous condenser pole in the original one-pole space 
due to the former's reduced wavelength, which is pro-
'portional to rotor speed. Thus a particular stator 
layout is only exactly appropriate for one load and 
slip value at which nil braking torque exists despite 
recovery of reactive power. The details are included 
in Table 1. 

A poles 

r 
Fig. 1. Layout of the integral motor/induction condenser. 

RESULTS 

The first 50 Hz tests of this rotary induction 
condenser were conducted with the recovery windings 
feeding an isolated inductive load, and with a rotor 

Manuscript received March 8, 1980. 
Department of Electrical Engineering, 
Imperial College of Science and Technology, 
Exhibition Road, London SW7 2BT, ENGLAND. 

magnetization time constant of 250 ms. A slip value 
near If. was found such that the reactive power genera-
ted by the recovery winding exceeded the reactive power 
supplied by the mains to the motoring section, i.e. the 
machine consumed a net negative kVAR as indicated in 
Fig. 2. This was substantiated on both an electronic 
phase meter and an electrodynamic VAR meter on all 
three phases. 

Table 1 

Characteristics of the 0-Pinch Mk I Rotary Machine 

Motoring Section (66 coils) Condenser Section (24 coil3) 
Pole-pitch, Tp (m) 0.0989 Induced pole-pitch (m) 0 1.097 
Core Length (m) 0.222 Slot depth (mm) 34 
Airgap (mm) 0.65 Airgap (mm) 0.65 
Current loading, J 3 (A/m) 33,400 Current loading (A/m) 29 ,750 
Airgap flux density (T) 0.62 Slot pitch (mm) 11.1 
Winding Factor 0.756 Chording Factor 0.95 
Core Loss (kW) 0.34 Total rotor bars 80 
Copper loss (kW) 2.76 ASC copper loss (kW) 0.78 
Stray load los3 (kW) 0.19 Turns/coil 6 
React!ve input, l%slip(kVAR) 22 Reactive output (kVAR) 23 
Power input, total (kW) 17.2 Core outer diameter (m) 0.42 
Shaft output power (kW) 12.6 Overall efficiency at U.P.F. 73% 

STDR ^ 
output''"' V./ 

-30 
Fig. 2. Experimentally obtained reactive power genera-

ted and absorbed by machine sections. 

ANALYSIS 

The approach is one-dimensional in that only the 
radial component of airgap magnetic flux is considered. 
The cage rotor is modelled as having an equivalent 
sheet layer of conducting material of surface resisti-
vity, p r / t sandwiched between the rotor magnetic core 
and a magnetically anisotropic outer shell of thickness 
6 with an infinite radial permeability and a finite 
permeability, |ar in the tangential direction to estab-
lish the rotor leakage flux path. This allows the use-
ful nature of the rotor leakage flux to be represented 
as in rotary machines with small airgaps, g e while the 
analysis presented in on the linear version of the 
induction condenser assumed no rotor leakage flux. 

The rotor flux is separated into two radial compo-
nents, the main airgap flux and the rotor leakage flux; 
the other independent variable is the rotor current 
density. These apply to the excitation region, but 

IEEE Magnetics, Vol. MAG-16, No. 1980, pp. 716-718 



when the ASC field is determined, the induced stator 
current density J s ( a s c ) as well as its stator leakage 
flux are included. The stator leakage path of the ex-
citation winding is not considered basic to the elec-
tromagnetics of VAR generation. 

The characteristic equation for the excitation 
section airgap magnetic field density is 

0)T2A
3 (1 - 0)"b + X 2 (1 +;'jlOT2)B - G X ( 1 - G ) B - j G B g 

= -jG (l + jaovr ) £ j ( 

(1) 

where X is the principal pole-pitch/ir of region STDP 
and Bg is the airgap field density represented by a 
complex function in time and varies in space with res-
pect to 6 only. The rate of rise of the airgap field 
with peripheral distance is controlled by the product 
of the rotor magnetization time constant and the supply 
frequency (0) = 27Tf) which yields a non-dimensional 

. 2 

G = 
2 Tiu ft P O 

Pr 77 (2) 

The ratio of the leakage inductance in an axial-tan-
gential cross-section of the magnetic shell to the sur-
face resistivity of the conducting layer is termed the 
rotor leakage time constant 

H 6 
r 

P r / t 
(3) 

The general solution of (1) is, for Bg separated 
into the in-phase and time-quadrature components 

B„ = 

B_ = 

) J r s 
a e 

p J r s 
0 u £ 

s 

cos (6) + aoaTn + 
a (wt2 ) 

xi 
aGj 

sin(9) 

+ Re n * 
L n = l 

a (wt2 )
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k] 
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cos(6) - sin (6) 

+ Im [2 an 6-1 
] 

e = (1 +OUT 2/G) where 
chronous speed. 

(5) 

+ (l/aG) z and u g is the syn-

The expressions to the L.H.S. of (4) and (5) rep-
resent the airgap for an equivalent conventional ma-
chine with 360° of excitation in the steady-state. 
However, the introduction of the abrupt edge in the 
excitation has introduced the two transients in the 
airgap flux as well as in rotor current and leakage 
flux. 

For these space transients to be of use, their 
attenuation must be in the same direction as the main 
travelling field. Physically, the 04 type follows 
this criterion and is attributable to the entry edge 
of the excitation section, i.e. the transition from 
the ASC to the STDP regions as located by 82 in Fig. 1. 
The a 2 type occurs here and also as rotor bars exit 
from the excitation region to the condenser region as 
located by 0j. Fundamentally, both components of the 
C*2 are equal in magnitude but they propagate in oppos-
ing directions a t much greater than rotor speed (e.g. 
30 times for rotary machines) . Since this type is 
attenuated quickly it is of minor importance, but the 
04 transient has a wavelength longer than any conceiv-
able peripheral length of the condenser region, 
(02 - ©j)Tp/ir. It travels at exactly rotor speed in 
the hypothetical case of zero airgap and slightly 

slower (2%) than rotor speed, u r in the case of airgaps 
typical of rotary induction machines. 

The 04 is the subject of exploitation. If 

1 
g(1 -0) + o)T x (l-a) + x„ 2 m i. 

« 1 (6) 

holds, which is generally true when close to synchro-
nous speed, the cti transient may be approximated as 

a i = " I [ G T T 

= - jco/u 

a)3 + wt2 (l-a) + j Th] (7) 

Under these conditions, such that G » 1 and G > ojT2, 
the a 2 effective wavelength is too large at normal op-
erating speeds to affect the power or var transfer ac-
ross the airgap or the induced condenser voltage. 
Rather, they are confined to the 4 transition regions 
of the machine (with 2 repeatable sections) and thus 
only function to match boundary requirements. 

The condenser winding as seen by the rotor current 
is acting in a similar manner as the rotor is seen to 
behave by the main stator excitation. Thus, over a 
limited airgap angle, the rotor is acting as a second 
primary, inductively fed from the first (STDP). To com-
plete the analogy, the equivalent of the rotor leakage 
layer as applied to the condenser winding is merely the 
sum of the internal leakage fluxes (due to slot, end-
winding and zig-zag components) with the external re-
active load placed on the ASC winding (as referred to 
the airgap). Similarly, the equivalent surface resi- • 
stivity of the ASC section is the total of the windings 
and the real component of the ASC load; this also 
allows P 3 ( a s c ) to be a negative resistance. Conse-
quently, the condenser leakage time constant has been 
defined as 

T 3 = 

M a + Q /3 J 2 a) 
asc s 

P 3/
f c3 + P i n /3J C 

3 

Pi 
(8) 

Since the stator is the reference frame, no speed term 
is introduced in describing the induced voltage in the 
condenser winding. The ASC current is represented as 

-gX(l-a) (l+j 
G/P. 

)J 
Pg+jwLg s(asc) 

-jG(1+ P'+jwL3 

s(asc) 

) j 
s(asc) 

= 0 

(9) 

The result is that the airgap flux over the ASC section 
may be expressed (neglecting the ct2 transient) : 

B
g = 

+ j 

P'^d-O) fr . -j r "I 
— < L^T ~ W T3j S i n V ' L 1 + T3/T2 J c o s ( a0 ) 

jjsin (a6)+[^-U)T3] i + t 3 / t 2 cos (aQ) K1 
( 1 0 ) 

where Kj is a complex number, a function of the phase 
and loading of the ASC electric circuit and on the 
relative length of the ASC winding in terms of main 
wave-lengths. To determine Kj, six independent boun-
dary values and one integral condition must be satis-
fied for each repeatable section. At both the 0j and 
02 transitions, the rotor current density, J r , the air-^ 
gap flux density, B g and the total rotor sheet flux 
density must be continuous. The excitation field is 



described by a third-order system while the ASC requires 
a fourth-order representation as in (9); a total of 7 
integration constants arc necessary. The la3t inte-
gration constant can bo met by the integral of the in-
duced ASC current which is always finite, and assuming 
a balanced polyphase load on the ASC 

0.024 

/ J , , dO -
s (asc) 

1 - cos (-
1 - a ( 1 1 ) 

This impl ics that the constants of integration for all 
airgap and rotor field parameters are jointly depen-
dent on the proportion of a rotor wavelength(s) occu-
pied by one condenser winding, as obviously odd or 
fractional number of poles are possible. 

Irrespective of the value obtained in (11), the 
integral of Bg or J r around the entire machine must al-
ways be zero based on a 1-dimensional analysis. Nor-
mally, a double layer polyphase excitation winding with 
balanced currents will have a zero net surface current 
around the periphery, however should the value of (11) 
be significant then the result is that while / J r d8 
will remain zero, the condenser section will initiate 
a large zero-sequence component of current in the other 
stator winding STDP by way of the coupled rotor 
currents. 

For machines with a high Goodness factor, G but 
not necessarily a small slip, it is generally true that 
when rotor current experiences an increase in amplitude 
(without large phase changes) this occurs in inverse-
proportion to the ratio of the inductances into which 
the rotor currents must establish flux in the regions 
surrounding the "artificial" edges of the stator. 
Moreover, if the amplitude of J r is increased at the 
boundary, then it follows that its decay rate will b e 
similarly increased. The converse is also valid, and 
this was demonstrated on the first linear version of 
the induction condenser principle as described in 
whereby an abrupt change in stator current loading 
between motoring and condenser sections was practical 
because of the low G value. 

VAR GENERATION 

To characterize the rotor current when it is being 
maintained by the agency of slip, it is only marginally 
"stiff" despite its inductance-limited impedance; J r 

will exhibit sharp changes in both the in-phase and 
quadrature components so as to maintain gradual phase 
and magnitude changes in the airgap flux. However, 
over the ASC section, the added stator-inductance cou-
pled to the rotor circuit as well as a possible reduc-
tion in the apparent rotor resistance mean that the 
rotor current is less susceptible to sharp changes. 

0.002 0.10 ASC Poles at 2% Slip 6.12 

Fig.3 Lines of Constant Bq(©2)/BgOj) Ratio in 5% steps. 

g B' u 
^e t r 

4 Mo ( 1 2 ) 

If there are no sharp changes in airgap length at this 
boundary, then in practice the maximum reactive power 
available at this edge is Qmax S ^ x assuming the 
phase angle of the ASC load current is il 80°. 

Commensurate with the desired VAR characteristics 
of both stator windings in a high speed mode of opera-
tion, the quadrature flux density is always decreasing 
gradually from its peak at Should Bq peak at a 
location other than this, such as midway along the ex-
citation section, it is clear that the slip-excitation-
pole-number product is above the value 

n g 
1 -a = 2 (13) 

Conversely, if Bq peaks at a location greater than 
(in the direction of rotor travel), then clearly the 

ASC winding is consuming positive reactive power beyond 
that required for the leakage flux field. 

FUTURE DEVELOPMENTS 

Based on this theory of the space-transient effects 
in brushless induction machines and the two laboratory 
machines built to date, leading power factor operation 
of the entire machine will be attained over a less re-
stricted range of slip and load for units which have a 
lower per unit slot and zig-zag leakage flux require-
ment. For this purpose a 150 H.P., 8 pole squirrel-
cage machine is currently being retrofitted with two 
distinct wavelength windings, tested on full load and 
results will be available detailing the maximum power-
to-weight characterizing this technology. 

In contrast, the airgap flux has a strong depen-
dence on rotor velocity; principally the in-phase 
component will tend toward zero as synchronous speed is 
approached while the quadrature component rises in con-
cert with the rotor speed for the excitation section. 
The exact division between Bp and Bq in the condenser 
section is strictly dependent on the ASC load phase 
angle rather than on speed. Fig. 3 is a contour plot 
of the Bg distribution in the condenser section airgap 
for different values of rotor plus ASC-coupled leakage 
time constant. 

The single most important criterion for the gen-
eration of reactive volt-amps by maintaining a large 
value of negative Bq, is to ensure that at the transi-

4 tion from excitation to ASC windings, the total airgap 
flux density, Bfc = (Bp + Bq)

15 is as large as possible. 
The maximum volt-amps available at the "exit edge" is 
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Abstract-A new type of brushless, cage-rotor 
induction machine has recently been developed [1-3] 
which is capable of providing enough counter-emf 
when interfaced with a current-source inverter (CSI) 
to naturally commutate the thyristors in a high-
voltage DC-link, adjustable frequency converter. The 
basis of this system is that by stator electromag-
netic design the induction motor may have the ter-
minal characteristics of a DC-field synchronous 
machine yet still retain the torque and construc-
tional features of a conventional induction machine. 
Four quadrant operation has been demonstrated on 35 
and 150 H.P. cage motors and most important, leading 
power factor operation of the entire unit at full 
load is compatible with high power natural commuta-
tion of thyristor inverters. The single rotating 
machine has two distinct and different stator pole-
pitches which must be excited from a common CSI. 
The analysis determines the magnitude of the cemf 
available from the asynchronous condenser winding 
and the consequent operation of the machine in both 
natural commutation and in a DC-link current pulsing 
mode for startup. 

I.INTRODUCTION 

In the art of variable speed ac drive systems, 
the use of either permanent magnet or overexcited, 
wound field synchronous motors to naturally commu-
tate DC-link thyristor inverters has been well ad-
vanced. [4-5] Whether the magnitude of the cemf is 
adjustable at a given shaft speed is not of prime 
concern because the preferred propulsion arrange-
ments generally allow constant volts/Hz control. 
Consequently, the ability of the synchronous machine 
to naturally commutate is fairly constant over large 
speed ranges. In this arrangement, the high voltage 
DC-link is adjustable by the use of a mains fed 
phase-delay-rectifier (PDR); the entire converter 
system comprises a total of 12 thyristor devices 
and a link smoothing inductor. It is apparent that 
unlike forced commutation schemes, no power capaci-
tors or diodes are necessary. Synchronous drives 
provide continuously adjustable torque during motor-
ing and braking modes; these schemes have been mod-
ified to include induction motors as the prime movers 
but with a synchronous compensator to effect inverter 
commutation. For the latter system, specific power 
densities as high as 0.436 kW/kg have been obtained 
for the entire 2 machine plus 2 converter unit pro-
pulsion system with water cooling [6]. 

The development of an induction machine commu-
tated inverter started with assessing state-of-the-
art CSI induction motor drives with synchronous 
compensators. Fundamentally, there is no reason 
why it is not possible to combine the most desirable 
electromagnetic features of a cage-rotor induction 
motor with the airgap fields of a synchronous con-
denser to use a common stator core and share the 
same airgap field, in contrast to present drives 
which have one machine entirely dedicated to torque 
production and the second concerned only with VAR 
generation. Generalized machine theory has always 
indicated that fundamentally the asynchronous-induc-
tion and the synchronous-wound field motor produce 
torque and consume VARs by exactly the same mechanism. 
The only major differences between these two are in 
the shaft speed and in the method by which the rotor 
currents are established. The advent of the adjusta-
ble frequency converter pointed to the fact that not 
only is the relation between mains frequency and 
shaft speed entirely arbitrary, but that induction 
drives would maintain the high efficiency of syn-
chronous drives over a very wide speed range due to 
the use of constant slip control. 

It was subsequently realized that as long as 
constant per unit slip could be maintained at a sta-
ble and low value in an induction machine, these 
same slip frequency currents could be used to esta-
blish the equivalent of a DC field pattern in a syn-
chronous machine. It is not strictly necessary to 
feed (VAR generating) rotor currents by means of 
slip rings and brushgear, but that the desired rotor 
current pattern can be initiated by simple induction 
motor action. 

The major criterion underlying the hardware de-
velopment was to show that by induction alone, at 
mains or medium inverter frequencies, the equivalent 
MMF of an asynchronously operating integral motor/ 
condenser would appear to be overexcited at the ter-
minals of the entire machine once the conventional 
magnetization and leakage flux requirements were 
met. This was accomplished by artificially intro-
ducing a space-transient magnetic wave travel ling at 
rotor speed into the airgap flux distribution of a 
conventional induction machine which has a torque 
producing synchronously travelling magnetic wave. 
Moreover, it was established that as long as the 
stator incorporates at least two distinct pole-
pitches fed at the same fundamental frequency, the 
rotor suffices in every respect. Thus the power to 
weight characteristic of a cage construction can be 
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retained and while the overall weight of this lead-
ing or unity P.F. machine is 10%-l5% less than a 
large lagging P.F. motor, once the additional weight 
penalty of either a synchronous condenser or a static 
capacitor bank is considered, the asynchronous con-
denser-motor concept permits a CSI drive specific 
power/weight ratio higher than 0.44 kW./kg without 
water cooling since only 1 rotating machine is used. 
Specific details are given in [7] for a 150 H.P. 
cage rotor traction system currently under develop-
ment with natural commutation. 

II. REACTIVE EMF 

To establish the limits on the machine commu-
tated inverter, the magnitude of the counter-emf 
offered by the asynchronous condenser windings will 
be derived. The machine geometries presently under 
evaluation using the "9-Pinch" technique are speci-
fic to multipolar stator designs of 8, 10, 12 poles 
etc. 9-Pinch creates an abrupt transition in the 
stator MMF at two diametrically opposite positions 
along the periphery. The constructional features of 
this machine are similar to those in the single-
winding, two-speed pole-amplitude-modulation induc-
tion motor in that the desired characteristics are 
achieved exclusively by stator winding design alone 
without the need for special laminations, auxiliary 
excitation or reluctance effects. In essence, the 
9-Pinch machine is operating continuously and stably 
in a space-transient mode and with mains frequency 
will always have both sinusoidal current and voltage 
waveforms for every coil. Only when excited by a 
square wave inverter, will the machine be operating 
simultaneously in space transient and time transient 
modes. 

The implication of this space-transient mode is 
that every pole (or slot) around the periphery is 
subjected to a slightly different airgap flux induc-
tion amplitude whereas in a conventional machine the 
rotating field pattern has a uniform amplitude at 
all positions. This means that the effective utili-
zation of each tooth is non-uniform but more impor-
tant from the aspect of calculating terminal per-
formance, each pole has a slightly different magne-
tizing reactance, X , coupled rotor resistance, R2 
and rotor leakage reactance, ^ The parameters 
X, of stator leakage and R-, of stator resistance 
remain constant among the poles. 

The conventional induction motor equivalent cir-
cuit is strictly a steady-state diagram and it should 
be emphasized that this representation does not in-
dicate the slip frequency of rotor currents but con-
veniently interchanges a frequency dependent reac-
tance with a constant resistance; this still permits 
the output power to be directly calculated from the 
R 2 parameters but the physical insight is lost. To 
aflow some simplification in modelling space-tran-
sient machines, a single frequency equivalent cir-
cuit is presented in Figure 2 although several re-
servations are necessary. 

a.) The conventional definition of slip,a as 
rotor loss/rotor input is not accurate; thus o only 
denotes the per unit difference between rotor and 
synchronous speeds. 

b.) The parameters R 2> X , and X 2 are average 
values of all the poles in eaSh section assuming the 
coils of a particular section are series connected. 

c.) The relative magnitudes of the rotational 
reactances, X and X 2 as well as the absolute value 
of Eq, the counter-emf are only exactly valid over 
a limited range of low per unit slips at a particu-
lar excitation frequency. This frequency dependence 
of the inductances decreases as the pole pitch or 
frequency is raised. 

The per unit values of Figure 2 are specific 
to a 150 H.P. unit at 60 Hz anda=o.016 p.u. 

All of the commutating criteria will be expres-
sed in terms of a dimension!ess factor 

6 • X, / "z -
 T
r 

where T r is the rotor coupled time constant of mag-
netization and this remains substantially constant 
over the entire slip range. G can be calculated 
from conventional design formula even with a differ-
ing flux amplitude/pole. Although the airgap of the 
asynchronous condenser contains both a fundamental 
and subharmonic wave, it is possible to separate 
their effects and represent this in a closed form 
solution under the assumption that the rotor leakage 
is small. The total instantaneous radial flux 
density crossing the airgap over the motoring wind-
ing may be expressed 

b(e,t) = pi J s —-(sinrtot-e+tari^n/pfjjTy.)! 
u)Va2+(l/o)Tr)

2' \ 
(2) 

-exp[̂ "̂ T̂ ]'Sin[cot- + tan̂ l/acoTr)]) 

where 9= angle from transition point of condenser 
to motoring windings (electrical radians) 

J s= stator current line density, peak (A/m) 

Pi p.tt _ rotor surface resistivity(fl) • ir 
Tpi ~ pole pitch (m) 

The first part of (2) is the steady-state component 
of the B field while the exponentially attenuated 
terms represent the addition of the transient wave. 

As revealed by the second term, to maximize the 
output of the condenser winding which is magnetized 
by this total wave, the pole pitch of the motoring 
section, xpi must be reduced to T po= (1 -a*)xp-|. The 
difference between the quantities (1-a*) and (1-g), 
where the former is actively controlled by the in-
verter constant slip control loop, in effect gives 
a stator type of field control to compensate for 
the loss of a rotor exciter with this asynchronous 
machine. 

3 <t> 

Fig. 1 Naturally-commutated induction drive system. 
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R l - 0 . 0 6 2 H 2 = 0 . 0 6 9 R 3 - O . O I 

X ^ - 0 . 2 8 2 X 2 = 0 . 3 2 3 X 3 = 0 . 0 2 5 V * 1 6 - 0 n 

Fig. 2 Equivalent circuit of integral induction m o t o r 

asynchronous condenser at high speed. 

In the design stages, it is imperative that the 
space modulation of b(9,t) peak at a position 9] 
which initiates the change in pitch from tp-j to T p 2 . 

b ( 9 , t ) =—-£ ] = £§=< 1 -i^exp-
uVo 2+(l/uT r)

2| 

jt+tari"1(l/aajTr) -tt/2 
(l-o)G 

sin feg- (ult + tarri(l/oaiTr) ) -

(3) 

wheretsl and represents the lower limit on the per 
unit flux density in the entire machine (at angle 
9;?) at high speed. It is specific to a particular 
winding sequence and its functional relationship is 

t = f [ c o s r 1 , G , cos(nM)] (4) 

where n is the number of poles in section from 92 to 
9-| and <f>is the power factor angle of the motoring 
winding alone. From the aspect of maximizing the 
condenser section cemf, Eq the generated reactive 
energy maximum occurs at the peak of the transition 
edge values in the product Iq-Eq-u r at a slip given 
by 

cos(J2^-) = l ( 5 ) 

The commutation voltage, Eq is the integration of 
b(9,t) over the entire length of the condenser sec-
tion to yield the volts/turn as 

Eq = r u r I b(0,t)-exp[v 1(0 2-0i)r p i/TT] d8 (6) 

where vi is the complex attenuation of the space 
transient wave 

vi 1 
u V ( l - a )

3
 + u>T2'(l-a)

 +
j 1-a 

2 

1 

P2 L 

V = Tr(l +X) 

T2' = T 2(l + x ) 
X2 

x =
 X 3 + Qasc/q-l3

2 

(7) 

(8) 

(9) 

(10) 

for q=number of phases, I3 = r.m.s. condenser current 
per phase, and Q a s c is the net output of the conden-
ser winding. At the instant of commutation, this 
reactive power is related to the required inverter 
reactive power, Q-jnv as 

âsc = Qinv + ^ Im 2 xm + I2 2 x2 + Il2xi) > 

= Q i n v + q[I 1
2(X 1 + cX 2)] (12) 

for c=1 + X-J/Xm. To find Q i n v , the solution for E 
from (6) is necessary but this is an iterative pro-
cess because this voltage is dependent on the effec-
tive armature reaction of the asynchronous condenser 
which is controlled by the surface impedance of the 
stator. Conversely, the maximum reactive power that 
can be transmitted across the internal leakage and 
resistance of the condenser is a strong function of 
Eq and the terminal voltage of the machine, v t 

âsc " 
R3

2 + X32 

En V l_lt sin[y + tan"1 (-X3/R3) 3 (13) 

VR3^ + X 3
Z 

III. SUBTRANSIENT REACTANCES 

One method commonly employed with CSI motor 
drives to determine the terminal voltage of the 
synchronous machine is to model the machine's reac-
tance to 120° square wave current as comprising two 
components. The subtansient reactance, X" carries 
both fundamental and harmonic currents. The second 
"adjusted" reactance, in series with the subtrans-
ient is the difference between the synchronous and 
subtransient values or (X s-X") but the voltage across 
this is only attributable to fundamental current. 
The values of X" in the d and q axes are generally 
assumed to be equal, whereas X s is allowed to have 
a rotational variation. [5] 

With respect to thyristor commutation, the 
exact reactance of the synchronous machine at the 
moment of current transfer is not as important as 
the time the inverter is in the overlap mode which 
is in effect a line-to-line short circuit on the 
machine. The resulting armature reaction MMF ini-
tiated every 60° at commutation appears as a large 
negative sequence current and the damper windings 
compensate for this. In large machines, the per 
unit negative sequence reactance and the subtransient 
reactance are nearly identical and about 10% of the 
synchronous reactance. In contrast, the stator 
leakage reactance can be as low as 5% of X s . In a 
worst case condition, the synchronous condenser only 
maintains zero-sequence currents, J s o = 1% J s s where 
J Ss is the stator current loading at rated load. 
However, the damper cage will have a current loading 

r̂ = ŝs + ŝo = Oss» 

For the asynchronous condenser, the subtrans-
ient response does not closely resemble the charact-
eristics of a cylindrical rotor, DC-field compensator 
despite the construction similarities. Although not 
apparent, the cage rotor condenser is in essence a 
salient pole machine as viewed from the rotor side 
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due to the non-uniform (stationary) airgap flux dis-
tribution; i. e., the airgap reluctance variation of 
a conventional salient pole has been "artificially" 
created by an asymmetrical MMF design in a uniform 
gap. Yet even so, to a large extent in machines 
with G^lOO, implying very good rotor to stator coup-
ling, the in-phase and quadrature currents in the 
main winding of the stator essentially see the same 
transient reactance since the rotor MMF so closely 
parallels and opposes any unusual stator MMF distri-
butions. This is characteristic of a cage rotor de-
sign with a small airgap where the currents are not 
series forced as they are in a wound rotor; rather 
the amplitude of these currents will have a space 
modulation to satisfy the change in pole pitch 
boundary conditions that demand semi-abrupt peaks 
in J r(9) at four positions over the stator periphery. 

j-ax i s 

d-axis 

l2 ^I^/cr 

substantially constant during commutation. 

IV. COMMUTATION MARGIN 

Conventional terminology is used in defining 
the CSI natural commutation interval as shown by 
Figure 4 for a three phase system of quasi-sinu-
soidal inverter output voltages and finite-rise-
time square wave input current, a is the firing 
delay angle, u is the commutation overlap angle and 
6 is the commutation margin (or the maximum device-
turn-off angle). Under all circumstances 

a + U + 6 = radians (16 ) 

To express the commutating margin in terms of the 
equivalent circuit parameters of the asynchronous 
condenser, the three path (I2>l3>lm) network of 
Figure 2 can be rearranged into a single Thevenin 
impedance, X" in front of a single Thevenin source 
En"-

= E, Rl + cR2 + j(X] + cX 2) 

+ R 3 + cR2 + j(X-| + X3 + cX 2) 
(17) 

F i g . 3 Phasor representat ion of machine vo l tages . 

X" = 2[R1Xi +R] cX2+CR2X-, +C2R2X2]+ X3( R] +CR 2)+R 3 (X] +cX 2) 

(R-, + R 3 + cR 2)
2 + ( X 1 + X 3 + c X 2 )

2 

To express the machine quantities in terms of the 
DC link current, , the normalized DC current is 

To a first order degree, the steady-state equi-
valent circuit of Figure 2 and its associated phasor 
diagram of Figure 3 are also valid in a subtransient 
mode during commutation. The modifications that 
must be made are: 

a.) The 120° square wave current should be sep-
arated into fundamental and harmonic components 
(h=5,7,ll,13,etc.). The high frequency penetration 
effects in deep rotor bars can be calculated at each 
harmonic resulting in a higher R 2 and a lower L 2 

parameter than at the slip frequency of the funda-
mental . 

L2(h)" ~1 - 0.00108 d 2r(a h-f h - 11.4) (14) 
r2~ 

R2(h)" ~1 + 0.00381 d2 r(a h-f h - 9.44) (15) 

R2 

where d = rotor bar depth(cm), r=bar width:rotor 
slot width and a^ is the effective per unit slip of 
the harmonic rotor currents. Formulas (14) and (15) 
are specific to rectangular copper rotor bars at 
75°C and f h is in Hz. 

b.) The condenser internal voltage must be mod-
elled as a single, fundamental frequency source that 
is only capable of power transfer at the fundamental 
frequency. 

All of the other reactances X-j, X-, and X m scale 
up linearly with harmonic frequency ana in general 
the change in passive parameters in an synchronous 
condenser/induction motor for subtransient operation 
is a minor effect. The major concern is the har-
monic response of Eq; the magnitude of which remains 

r = 2 X" I dc 

v t m 
(19) 

F i g . 4 Definit ion of thyristor commutating t e r m s . 

From conventional phase controlled rectifier theory, 
the ratio of the link voltage to the r.m.s. sub-
transient voltage, Eq"(1ine-neutral) is 

V d c _ 3]/6 

IVI 
cos(u + 6 ) + 0 . 5 1 (20) 

The effect of the commutating overlap u on the volt-
age regulation may be expressed as [8] 

cos u = 1 - I* (21) 

It can be assumed that the commutating margin will 
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always be small so that the approximation sin 6 =5 
may be used for 5 in radians as 

= -sin(u) +/l + cos(u) [ l-27rV d c/3^ E q"] 

cos(u) 

(22) 

Figure 5 is a plot of 5 versus the ratio V ^ / E q " for 
different families of normalized DC-link current, I*. 
For a value I* = 0.4, it is seen that the converter: 
machine voltage ratio is 1.75at a commutating marg-
in of 50us which corresponds to 6=0.063 radians at 
200 Hz. This represents a practical commutation 
limit for a 150 H.P. 9-Pinch machine with the para-
meter shown in Figure 2. 
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——1—1—1—l-\I 1 »— i i i • 
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0 tO 2.0 

Ratio V,jc/Eq* 
F i g . 5 T h y r i s t o r turn-of f m a r g i n v s . emf f o r c i n g . 

V. LINK COMMUTATION 

Figure 6 defines the real and reactive power 
flow directions in the complete propulsion system 
with a mains feed phase delay rectifier (PDR) and a 
current source inverter. Until the inverter fre-
quency reaches at least 15 Hz, the magnitude of E " 
is insufficient to effect natural voltage-commuta" 
tion and consequently the CSI thyristors are current 
commutated from the input side by allowing the PDR 
to blank the DC link at 60° intervals on a 6 device 
CSI. A typical waveform of this sequence is shown 
in Figure 7 for a 150 H.P. cage rotor induction 
machine in a pulsing mode at 12 Hz. 

F i g . 6 P o w e r f l o w in m a c h i n e - i n v e r t e r s y s t e m . 

In addition to the increase in Eq" with frequency, 
Figures 8a and 8b depict the phase change in E q" as 
the PDR-CSI- 9 -Pinch system transfers from the limit 
of the startup sequence to the run mode at full 
rated load and speed. In this latter mode, the in-

verter reactive requirement is 11% of the component 
reactive power supplied to just the motoring section 
of the 9-Pinch machine and this is based on device 
turn off times of tr 3 0 n s . 

VI. DUPLEX CSI SYSTEM 

Since the major impetus for advocating natural-
ly commutated induction drives is simply based on 
eliminating the need for any type of electrostatic 
energy storage elements at very high powers, the 
only area of concern is the startup mode. The 
torque pulsations experienced in the pulsing se-
quence are often objectionable albeit at low speed; 
however this is only a consequence of controlling 
the link current in a "digital" fashion rather than 
limiting the rate of rise and decay of to a 
value less than e.g. 2 A/ms. 

One novel method of entirely eliminating start-
up torque pulsations is to incorporate two identical 
PDR-CSI systems with both the inputs and outputs in 
parallel. [9] By gating the PDRs in a push-pull type 
fashion so that the DC-link current of PDR #1 is 
slowly ramped at a constant + d Ijjp/dt and PDR $2 
is similarly ramped but at - d I<jc/dt, the combined 
CSI output current waveform is nearly a perfect 
sinusoid at e.g. 10 Hz with the exception of the 
120 Hz ripple that amounts to less than 5%. This 
is a practical configuration, for despite the use 
of a total of 24 devices, the weight and cost savings 
still are ahead of a similarly rated drive with 
static capacitor banks. A duplex CSI arrangement is 
shown in Figure 9. 

Fig. 7 Machine current waveform in start-mode. 
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60 Hz 

F i g . 9 Duplex CSI s y s t e m for torque smoothing . 

VII. SPECTRAL CURRENT FILTER 

If the 9-Pinch machine is wound such that the 
condenser and motoring windings are connected in 
parallel, then the condenser winding(ASC) addition-
ally serves as an electromechanical filter to sup-
press undesired current harmonics or incoming line 
transients;permitting the motoring winding proper 
to receive substantially fundamental current. For 
example, the ASC can be designated to have its re-
actance minimum at the fifth harmonic of the main 
travelling wave in order to best suppress the dom-
inant harmonic of the CSI; this energy is absorbed 
by the rotor and due to the cage construction the 
thermal overloading is acceptable. The ASC input 
impedance versus frequency is plotted in Figure 10 
for the 150 H.P. machine. The response is similar to 
resonant,ac-moving coil EM filters.[10] 

Frequency.Hz 

F i g . 10 Condenser harmonic - input impedance . 

VIII. CONCLUSION 

As an alternative to mains power factor im-
provement, the mechanism of continuously generating 
reactive kVA from the stator of a brushless induc-
tion machine has been applied to static power con-
verters;specifically where adjustable frequency is 
generated by a square-wave current-source thyristor 
inverter. By winding design alone, the integral 
asynchronous condenser/induction motor terminal po-
wer factor remains in the leading region for slip 
values between 0.075 per unit and zero, whereby the 
machine provides the commutation margin for the in-
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verter(analogous to synchronous machine applications). 
This natural voltage-commutation capability of the 
described induction machine is only present at high 
speed and for machines with rotor magnetization time 
constants in excess of about 200 ms.Until the commu-
tating speed is reached,the inverter is commutated 
by pulsing the input current. Development of this 
system beyond the 150 H.P. level is fully anticipated. 
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