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SUMMARY.

The thesis describes the development of a new type of pole-change 

motor giving 2, 3 or 5 different speeds. The development is an extension 

of the principles of **phas e -mixing " which were explained in a recent 

paper which described a continuous ly-variable - speed brushless 

induction motor.

In the earlier machine a fraction of the periphery could not be used 

owing to the continuously variable pole-pitch requirement, and the stator 

windings in the active arc were fed from phase-shifting regulators.

The thesis shows how acceptance of a finite number of specific 

speeds may be exploited to enable the whole of the periphery of the machine 

to be used, and, at the same time, to replace the phase-shifting regulators 

by switches. The complexity of the switch arrangement depends on the 

number of speeds required, two speed machines requiring six machine 

terminals.

Theoretical investigation of the harmonic effects is considered and 

the material is supported by experimental results from several machines. 

High values of copper utilization and low harmonic content are shown to be 

possible with the phase -mixing technique
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TECHNIQUES
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1. INTRODUCTION

Fundamentally, the stator of an induction motor jnay be regarded 

as a slotted iron structure with a series of current-carrying conductors 

in the slots. Whatever the arrangement of conductors in any one slot, 

their effects may be regarded, so far as the rotor is concerned, as being 

equivalent to that of a single conductor in the slot carrying alternating 

current.

The question of the speed of the fundamental travelling field produced 

by the whole series of currents in slots is determined entirely by the
* 

average phase difference between adjacent slot currents around the periphery.

Thus a 2-pole motor having 12 stator slots has an average phase displace­

ment of 30° per slot. This may be obtained by having a phase difference 

of 60° between alternate pairs of slots and zero difference between the 

others, as in Figure 1(a), or by having a uniform 30° difference, as in 

Figure 1(b). The difference between the windings shown in Figures 1(a) and 

(b) will affect the harmonic content of the field but not the fundamental 

speed. Figure 1(a) shows a fully pitched, 3-phase winding. In such a 

winding 60° is the minimum phase difference which can be obtained in 

adjacent slots, but with a chorded winding such as that shown ih Figure 1(b), 

a 30° phase increment is obtained by the technique of combining currents 

of two different phases within the same slot.

This technique of 'phase mixing1 was recently extended to enable a 

continuously-variable-speed motor to be developed Since the publication

* The question of space-harmonic content is determine£^o^/b^ the 
relative amplitudes and phases of the particular slot current arrangement.
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of the original paper on this machine the name 1 phase-mixer1 motor has 

been applied to it. The principle is illustrated in Figure 2. Each of 

the three windings is a polyphase arrangement for producing a travelling 

field in the conventional manner, except that the numbers of conductors 

in successive slots are varied so that, theoretically, the current contri­

bution of any winding in any slot is proportional to the appropriate shaded 

area. If, for example, winding A consists of a 2-layer winding having 

2 slots per pole and phase, 5/6 chorded, the vector diagram for the slot 

currents in slots 1-12 is as shown in Figure 3(a). Winding B also con­

sists of a 2-layer winding of the same pitch as A, and its vector diagram 

for the currents in slots 2-13 is shown in Figure 3(b). If the effective 

currents from windings A and B are in phase with each other in any one 

slot, then they are in phase with each other in every slot and the complete 

vector diagram for the total slot currents for slots 1-13 is as shown in 

Figure 3(c). The contributions from winding B are shown as continuous 

lines and those from winding A as broken lines.

In such a condition, the current distribution is identical with that of 

a conventional winding of 2 slots per pole and phase, 5/6 chorded, the slot 

currents from slots 1-12 cor responding exactly with those of Figure 1(b).

If now winding A is fed with a current whose phase is such that in 

each slot the contributions from windings A and B differ in phase by 60°, 

the vector diagram of the effective currents for slots 1-13 will be as shown 

in Figure 3(d). Slot 1, which was filled entirely with winding A, will carry 

a current advanced in phase, relative to the condition shown in Figure 3(c),
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by the full 60°, while slot 13, which carries only winding B, will have 

the same vector as in Figure 3(c); thus the 12 intervals of 30° between 

the current vectors in slots 1-13 in Figure 3(c) have been compressed 

into a total of 300°, and it will be appreciated that, by suitable choice of 

the number of turns, the phase of the currents in intermediate slots can 

be arranged to be equally spaced for any particular phase shift. The 

degree of error for any other angle of phase shift is shown in Reference 1 

to he very small. Windings A, B and C are fed from three sources of 

current whose relative phases may be varied. The practice generally 

consists of feeding windings A and C from the secondary windings of phase* 

shifting regulators whose primary windings are in series with winding B 

and the mains supply. If each of the phase-shifters is set so as to produce 

aero phase shift, the active are a of the machine shown in Figure 2 is 

identical with the corresponding arc of a conventional motor, except that 

the number of poles, n, on the active are need not necessarily be such 

that n360/u is an even whole number, where a is the angle, in degrees, 

subtended by the arc at the centre of the machine. The break in the magnetic 

circuit, represented by the arc subtending an angle p at the centre, enables 

the rotor flux to decay virtually to zero between leaving one edge of the 

stator and entering the other. On re-entry, each rotor tooth is free to 

accept whatever phase of flux and current is appropriate, so that speeds 

intermediate between those associated with conventional induction motors 

are possible.

When the phase-shifters are set to an angle other than zero * it being
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understood that if one is set to produce an angular shift of Q, the other 

is set to produce a shift of -0 - the current mixing in the slots is equivalent 

to ‘compressing1 the poles. With a break in the magnetic circuit making 

the motor a ‘short-stator1 machine, continuous speed control is therefore 

possible, the effective number of poles on the machine being given by 

”360/a, even though this quantity is not an even whole number.

2. SHORT-STATOR MACHINES

Short-stator machines have inherent limitations which have been 

discussed at some length in earlier papers To summarize their

properties, maximum efficiency is obtained at a value of slip between 

l/(n + 1) and 2/(n + 2), so that the peak efficiency cannot theoretically 

exceed n/(n f 1), excluding stator losses. Not all the iron is usefully 

employed, owing to the non-uniform flux distribution inherent in short­

stator machines, and the power factor is lower than that of a comparable 

conventional machine. The efficiency limit restricts the usefulness of 

short-stator machines to low-speed drives, which are only economically 

acceptable in fairly large sizes.

During experiments on the helical motor which is described in 

Section 8 of Reference 1 an investigation was carried out into the behaviour 

of short-stator machines in which the pole pitch did not correspond to the 

speed of a conventional induction motor (i. e. n360/u was not equal to an 

even integer) but in which the iron structure in the inactive arc 0 was not 

cut away. It was found that rotor flux was carried around the arc 0 with 

very little decay and on re-entry reacted either favourably or unfavourably,
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depending on its phase, with the stator current. If such a machine is

wound and fed so as to produce th
^/speed of a 7-pole motor,

for example,

it will be found to run either as a 6-pole motor or as an 8-pole motor, 

depending on whichever speed is nearer to that of the rotor. In neither 

case will the machine run at a high efficiency; excessive rotor losses 

will occur, and the machine may run noisily. When a pole-stretching 

system is used with a continuous iron structure, the rotor speed changes 

in jumps only, each speed corresponding to that of a conventional machine 

with a multiple of 2 poles.

If, however, a short-stator machine is wound and fed so that n360/a 

equals 2 or 4 or 6, etc., the carried-over flux reacts favourably, and the 

characteristics of the motor resemble very closely those of the correspond­

ing conventional machine.

3. THE NEW POLE-CHANGING SYSTEM

It was pointed out in the earlier paper that, if it is proposed to 

accept a number of discrete speeds in place of continuous control, as in 

the phase-mixer motor, the phase-shifting equipment can be replaced by 

switches. Figure 4(a) shows how specified amounts of effective phase 

shift may be imparted to the currents in windings A and C of Figure 2 by 

means of switches. When all the switches are set to the upper position, 

the current system is as shown in Figure 4(b). Moving all switches to 

the centre contact results in a current system as shown in Figure 4(c). 

Comparison between the winding B in Figures 4(b) and (c) shows that an 

effective phase shift of 120° has been introduced in relation to winding C,
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while for winding A the phase shift is 240° (or -120°). Setting all the 

switches to the lower position produces a phase shift of 240° ( * *120°) in 

winding B and 480 ( » 120 ) in winding A. The use of such an arrangement 

produces a 3-speed motor. If, in addition to the above switches, winding 

B is fed through a reversing switch, additional phase shifts of -bO° are 

possible, and a 5-speed motor results.

It is now proposed to develop this method of switching to produce 

3- or 5-speed arrangements so that at any of the three or five settings the 

number of poles in the active arc is such as to favour carry-over of flux and 

yield a conventional even-pole-number machine in which short-stator 

limitations no longer apply. Such machines are effectively 3- or 5-speed 

pole-change motors in which the whole of the stator winding is used at each 

speed.

The equations which must be solved to satisfy the above conditions 

are derived as follows. Figure 2 shows a motor with three windings. 

Reference 1 designates these windings as ^O1, : mains* and *-0* and goes on 

to show that the speed range of such a system is limited by the Tn&YiTnMTn 

phase shift which can be applied in the end slots. For example, slot 1 of 

Figure 2 can be advanced in phase by 120° and slot 25 retarded by 120°, a 

total phase change around the arc a of 240°. Further phase shift results in 

uneconomic use of stator copper, since a slot such as slot 7 may contain 

approximately equal quantities of copper from two windings, a situation 

which, for a 120 phnse mix, gives a resultant effective current in the slot 

no larger than either of its constituents. Reference 1 goes on to describe
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how the total phase around the arc a may be increased by using five 

windings, the centre winding occupying a smaller arc and being fed directly 

from the mains and mixed with phase-shift windings +0 and -0. The 

latter windings are continued beyond the slots containing 100% of phase- 

shift winding in decreasing quantities and are mixed with windings carrying 

double-phase-shift currents designated +20, -20. Such a system allows 

each of the end slots to be shifted by 240°, since the 20 winding is never 

mixed with the mains one, and a total shift around the active arc of 480° is 

possible. Figures 5(a) and (b) show diagrammatic representations of the 

system using three windings in an active arc, and Figure 5(c) shows a 

similar representation of five windings on an active arc.

With the switching arrangements described, the values of 0 available 

are Ï60° and 1120°. Thus a motor carrying five windings is able to accept 

overall phase-shift angles of -24O° (for 0 * 60°) or ^480° (for 0 m 1120°);

4 this, when converted into pole numbers, means adding or subtracting /3 

of a pole (for a 60° shift) or $/3 of a pole (for 120° shift) from end to end 

of the block.

The requirement that the carried-over flux shall react favourably

for Oh 0 is

~ ■ 2P (1)

where p is an integer.

The other conditions with phase shift applied are

(n + 1~ )36O/u * 2(p f 1) for 0 * 60° ................... (2)
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8.

(n + 2j )36o/a * 2(p f 2) for 0 * 120° ............. (3)

(n - 1—)360/a * 2(p « 1) for 0 * * 60° ............. (4)

(n - 2~ )360/a * 2(p - 2) for 0 * - 120° ....... (5)

Although there are five equations with only two variables, the

unique solution for all five equations merely demands that 

1| X 360/a - 2

or a * 240°

All five equations are then satisfied by n * 4p/3. The minimum number

of poles is clearly two, so that p - 2 * 1, 

arrangement gives speeds of 3,000, 1, 500,

or p * 3 and n * 4* This
■ z u

1,000, 750 and 600 r. p. m.

If p - 2 * 2 is chosen, p * 4 and n * St and the resulting speeds

are 1,500, 1,000, 750, 600 and 500 r.p.m., and any five adjacent speeds 

are possible.

If the motor is wound with three windings only, - j pole or - 1— poles

are possible, as total phase shift and the above procedure results in a 

value of a of 120°.

Three-speed drives, which naturally involve fewer switches, can be 

made with - 0 windings only or with both t Q and t 20 windings. If only 

i 0 windings are used in conjunction with - 60° phase shifts, the relevant 

equations are

n360/u * 2p

(n + 360/a * 2(p + 1)

(n - 360/a * 2(p - 1)

so that a x 120° and the speeds are 3, 000, 1, 500, 1, 000 or any three 

adjacent speeds.
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If 120° switching is used, any three adjacent speeds are possible 

with a * 240° or speeds such as 3,000, 1,000, 600 or 1,500, 750, 500, 

etc., with a * 120°.

By using star-delta switching, phase-shift angles of - 30° and t 90° 

can also be used, making (at the expense of very complicated switching) a 

9 - spe ed moto r. *

These machines are economically sound in sizes down to fractional 

horsepower, since the short-stator effect is no longer involved.

4. DEVELOPMENT OF THE BASIC SYSTEM

So far the arrangements described involve the use of energized arcs 

of 240° or 120°. If the latter system is adopted, a balanced arrangement 

may be designed using two active arcs, a, separated by 60° of inactive arc, 

as shown in Figure 5(b). Figure 5(c) shows a machine with 20, 0, mains, 

- 0 and - 20 sections in ^one)active arc. One feature of the double-block 

systems of Figures 5(b) and (c) which should be noted is that the centre 

slot of each block is fed from the mains supply only, so that the two centre 

slots always have the same phase. This allows only certain pole config­

urations to exist, as shown in Figure 6. Figure 6(a) shows a developed 

diagram of a 2-block system wound to give a 6-pole machine in the condition 

of zero phase shift. The flux wave joins up as shown in Figure 6(b). At 

the instant shown, the centre A of one block is of one polarity while the 

centre B of the other is of opposite polarity. When switched to give four 

poles, equations (1) - (5) are obeyed, but the machine does not join up, 

since a 4-pole arrangement demands that A and B be instantaneously of the
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same polarity. Figure 6(c) shows the relationship of the theoretical flux 

waves, and it is clear that phase inversion of block 2 will effect the 

desired result. It follows, therefore, that for 2-block systems the 

switching arrangements must be such that phase inversion of one block 

is included for the set of pole numbers 2, 6, 10, ........ etc., compared 

with pole numbers 4, 8, 12, ........ etc. The obvious disadvantage of 

all of the arrangements shown in Figure 5 is that only two-thirds of the 

winding space is usefully employed. A second point to be noted is that the 

block diagrams indicating the idealized current contributions give no indi­

cation as to how the machine is to be wound. If Gramme - ring type windings 

are to be eliminated, it is not possible to design windings which will 

produce the sudden termination of the active zones shown in Figure 5. An 

examination of possible winding systems is therefore necessary before the 

basis of a practical machine is developed from the above principles.

4.1. Winding Arrangements

Without the provision of an infinite number of slots it is impossible 

to produce perfectly smooth current distributions. Conventional windings 

are, in fact, only good approximations to the ideal. The triangular distri­

bution of turns which approaches the ideal in phase-mixer machines, from 

the point of view of providing the ideal phase of total current per slot, can 

be obtained very nearly by using sets of coils as illustrated in Figure 7. 

Such sets of coils can be used to form machines of the partially energized 

type, and a practical winding diagram for such a machine using full-pitched 

coils is shown in Figure 8. The chief difficulty occurs in the sections p 

of the periphery which are supposed to be unenergized. If the phase-shifted



ni

Z 
O 
J

J 
O 
J

g 
? 
B h

i

1

I

h

U s ■



ni

<*)

in

I 

a

1
44 
V 
i

g



Y

M 
CD

%

I 
i 

w 
I

।

f 

co

O M

w — w

w 

f ? y
I
I g 
t



IL

sections of the winding be limited to the turns required to complete the 

active arcs, there remain, inevitably, coil sides to be disposed in the 

arc p. An examination of Figure 8 shows that the numbers of turns and 

phases of current are not such that complete cancellation could be obtained 

by repositioning the conductors in the are p. In any case, such reposition­

ing would involve the use of coils of non-standard pitch, and an arrangement 

which would give reasonable cancellation at one switch position would not 

necessarily do so at another. The conclusion is that the use of a winding 

system with 'unenergized' arcs inevitably leads to sections with inappropriate 

slot currents. Quite apart from the foregoing considerations, the utilization 

of the stator slot space is limited to two-thirds of the total available space, 

with consequent penalties in power/weight ratio.

4. 2. Machines with No Inactive Arcs

The windings described earlier in this Section and shown diagram- 

matically in Figures 5(a), (b) and (c) provide the correct phase of current 

in each slot over the active arc. The machine will therefore operate in a 

satisfactory manner if some of the coil sides at each end of the energized 

portions are omitted. In particular, if the total arc energized is reduced 

to 180° in a symmetrical fashion, a favourable arrangement can be formed 

by winding two such 180° arcs on a machine to fill all the slots. Such a 

configuration is illustrated in Figure 9.

These arrangements enable full utilization of the stator periphery to 

be made, but the problem of accommodating the return conductors which 

are left over after completing the 180° arcs remains; in fact, the problem



180°

Figure 9, Completely energised pole-change machine, 
(b), using shortened blocks as shown at (a).
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is rather worse than before, in that no slots at all remain, and an 

examination of Figure 7 shows that the return conductors carry currents 

which do not equate to zero.

5. THE 3k SYSTEM

So far, the systems described have been based upon the block 

winding arrangements of the phase-mixer motor The terms 0, 20, 

mains, - 0, - 20 are somewhat inappropriate in the case of switched 

systems, since all the coils are supplied from the mains. Figure 10 

illustrates the use of a new terminology in which blocks which are to be 

phase switched relative to each other are labelled 0, 1, 2.......... (m - 1), 

0 being the reference block. In such a system it is to be understood that 

the phase difference between the first block and the second block is the 

same as that between the third block and the second block, etc. With a 

switching system such as that shown in Figure 4, this phase difference 

must be 60° or 120°. Thus the winding arrangement described with refer­

ence to Figure 2 as shown in Figure 10(a) is now represented as a 3 block 

system as shown in Figure 10(b), and a winding as described in the 

preceding Section cannot be made such that the two ends of Figure 10(b) 

will join up.

Examination of Figure 10(c), however, shows that, if an extra 

block be added, the amount of phase shift in such a block will be 1 360° for 

a shift per block of Î 120°. Thus this added block may be labelled 0 and 

the winding joined up completely.

Figure 11(a) shows an equivalent block diagram of a three block
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Figure 10. Rearrangement of blocks for complete continuity.
(a) - 0, M, 0 system.
(b) Re-labelled system 0, 1, 2.
(c) Addition of extra block for continuity.
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Figure 11. Schematic diagrams illustrating the 3k block system.

(a) k = 1
(b) k = 2
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machine and Figure 12 shows the winding arrangement using fully pitched 

coils. Figure 11(b) shows a block diagram for a six block machine in 

which the phase shift per block may be both t 60° or 1 120°. Thus the 

number of poles which are added to the basic number in a three block 

machine for a shift of t 120° is t 2 poles. Similarly, a shift of 1 60° in 

a six block machine adds £ 2 poles whilst a shift of £ 120° adds £ 4 poles.

In general, if there are 3k blocks, shifts of £ 60° and £ 120° 

produce changes in pole number of £ k and £ 2k poles respectively.

5.1. Winding Arrangements in a 3k block System.

Figure 7 shows winding arrangements which are as suitable for 

the 3k system as they were for the earlier system. Examination of both 

Figures 7(a) and (b) shows that the base of the triangle is 4 coil pitches 1 

long. Thus, if full-pitched coils are used, the base of the triangle is 4 

pole pitches long, and Figure 10(c) shows that for k » I the total periphery 

will contain six poles in the condition of zero phase shift. Shifts of £120° 

will therefore produce 4-pole and 8-pole speeds, and a 3-speed motor 

having 4» 6 or 8 poles results. Similarly a full-pitched machine with 

k * 2 would have a middle speed equivalent to 12 poles and be capable of 

being switched * 60 or £ 120° to yield pole-numbers of 8 - 10 - 14 - 16 

in addition to the 12-pole centre speed.

5.2. Chorded Coils

Whatever the pitch of the coil, the base of the triangle is 4 coil 

pitches. If chorded coils are used having a coil-pitch/pole-pitch ratio y, 

then the number of pole pitches in a group is clearly 4y for zero phase shift.
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Thus the number of poles around the machine in this condition is 

(3k/2)4y x 6ky.

Now k can be any integer; hence, 6ky must be an even whole 

number and 3ky an integer.

A phase shift of t 60° gives a pole-number change of t k poles, 

while a phase shift of t 120° gives a pole-number change of - 2k poles. 

When k is odd the 60° positions are redundant since odd pole numbers do 

not give practical machines. If k is unity, that is, using the three block 

system, 3y must be a whole number and y can have the values 1/3, 2/3, 

4/3, 5/3. Table 1 tabulates the pole-number ranges available using 

the chorded system with k * 1.

If k * 2, that is using the six block system, then 6y must be 

a whole number; the pole numbers obtained are tabulated in Table 2.

Similar Tables can be calculated for all values of k. Figure 13 

shows an example of the winding obtained using six blocks with y * j for 

8 poles at mid-speed.

5.3. A Second Basic Coil Arrangement

The cases for the second basic coil arrangement, that is the one 

illustrated in Figure 14, can be obtained as follows. Using chorded coils, 

the number of pole pitches in the block in the condition of zero phase shift 

is 8y. The number of poles around the machine is (3k/2)8y * 12ky. This 

must be an even whole number. Using this as a condition, the pole numbers 

obtainable can be calculated. The chorded winding system can be extended 

considerably by making the shape of the blocks non-triangular. In particular,



Fi
gu

re
 13

. Co
m

pl
et

e w
in

di
ng

 ar
ra

ng
em

en
t f

or
 a

 6 
bl

oc
k s

ys
te

m
.

10

10

CM

10



in

CC 
ul 
CL

in 
z 
ce 
D

in 
et 
O

Ô * 
O en 
ce 
%"

U 
<n DO

Z 
n O

O Fi
gu

re
 14

. Doub
le

 se
qu

en
ce

 w
in

di
ng

 a
rr

an
ge

m
en

t.



15.

TABLE 1.

POLE NUMBERS FOR k « 1

Phase shift Functions of k, y Calculated values of functions

1 2 , 4 5■■ v ■1 — ii 3 3 3 3

1 2 , 4 5ky 3 3 1 ? 3

-120° 6ky f 2k 4 6 8 10 12

0° 6ky 2 4 6 8 10

+120° 6ky - 2k 0 2 4 6 8
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TABLE 2

POLE NUMBERS FOR k * 2

Phase shift Functions of 
k, Y

Calculated values of functions

2 3 4 5 1 7 8 8 10
Y 6 6 6 6 X 6 6 6 6

4 6 8 10 12 14 16 18 20ky 6 6 6 6 6 6 6 6 6

-120° 6ky - 2k 0 2 4 6 8 10 12 14 16

-60° 6ky - k 2 4 6 8 10 12 14 16 18

0° 6ky 4 6 8 10 12 14 16 18 20

+60° 6k^ + k 6 8 10 12 14 16 18 20 22

+120° 6k^ + 2k 8 10 12 14 16 18 20 22 24



17.

the triangles can be truncated. Figure 7(a) shows a coil arrangement which 

produces the triangular distribution; Figure 15 shows one which produces a 

truncated triangular distribution. The top flat section was obtained by adding 

two extra coils of three turns in the centre. Figure 15 shows that the
2

length of the base is now coil pitches, compared with 4 in the case of 

Figure 7(a). This arrangement would enable a machine to be built using six 

blocks having a mid-speed (zero phase shift) of 14 poles. The number of 

extra coils of three turns can be chosen at will, so that by adjusting the 

length of the flat portion of a truncated triangular distribution it is possible 

to obtain different pole numbers at the mid-speed, with the same chording - 

factor.

6. AN EXPERIMENTAL MACHINE

A machine was built using the three block system with 72 slots and 

full-pitched coils to produce a 3-speed motor with pole numbers 4-6-8 

by switching 1 120°. The winding diagram of one block is shown in Figure 

16. In order to run the machine on a reasonably low voltage, 12 conductors 

per slot were needed. If the procedure outlined previously had been adopted 

for the production of the triangular block shape, 24 conductors per slot would 

have been needed. The conductor numbers were therefore duplicated as 

shown, giving an approximation to a triangular distribution which contains 

rather bigger steps than would have been the case otherwise. If any other 

number of turns had been required to produce a different voltage, a different 

approximation to the triangle could have been produced. The harmonic ana­

lysis of the experimental machine was performed using the method described



Figure 15. Winding arrangement for truncated triangular 
distribution.
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in Reference 4 but with the results expressed in relative current density. 

The results of the calculations for the 4* and 8-pole settings are shown in 

Table 3: the results for the 6-pole connection are not shown since the 

machine is completely conventional in this condition.

The winding factors in the 4-, 6- and 8-pole settings are 0. 66, 0. 96 

and 0. 65, yielding relative air-gap flux densities of 0. 97, 1. 0 and 1. 96 

respectively, when the machine is connected in series star at each setting. 

Clearly, if the machine is used in this manner, the output on the 6- and 

4-pole settings will be severely curtailed. However, if the windings are 

connected in series delta for the 8-pole speed and series star for the other 

two speeds, the relative air-gap densities become more nearly uniform at 

0.97, 1.0 and 1.13 for the 4-, 6* and 8-pole settings respectively.

In order to assess the effect of the harmonic content, the torque/speed 

curves of the machine were measured at low voltage using the method described 

in Reference 6. These curves are shown in Figure 17. The high 10-pole 

m. m. f. on the 4-pole setting is reflected in a very large dip in the speed/ 

torque curve. However, if the control gear is suitable designed, so that the 

machine must be started in the low-speed connection, it will accelerate to 

each of the synchronous speeds in turn. The 8-pole speed/torque curve is 

shown both for the series-star and series-delta connections. If the series­

star 8-pole connection is used in conjunction with the 4- and 6-pole series­

delta connections, the machine exhibits approximately constant torque for the 

three settings. The output from the 6-pole setting is the same as that normally 

obtained from that frame size using a conventional 6-pole winding, since the 

flux density is sensibly constant from speed to speed.
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TABLE 3.

4-pole connection 8-pole connection

Pole No. Rotation
Relative 
current 
density

Pole No. ' Rotation
Relative 
current 
density

4 + 100% 2 + 25%

10 + 24% 8 + 100%

16 f 4.4% 14 + 8.7%

24 + 5.4% 20 + 4.7%

26 + 1.3%

All figures in the Table are referred to a 100% fundamental.
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7. A GENERAL SCHEME FOR ANY BLOCK SHAPE OR POLE NUMBER 

Two basic difficulties are still present in chorded windings. First, 

the harmonic content of the current densities produced is extremely high and 

can produce serious dips in the torque/speed characteristics. Secondly, 

the chording factor y to some extent fixes the pole number of the machine at 

the centre speed. This means that the flux density at the various settings 

is not in any way a design variable.

Figure 18 shows a schematic winding arrangement which consists of 

two windings of the 3k block type superimposed. By displacement of one 

winding relative to the other, any specified harmonic may be eliminated. In 

such a scheme both sides of any coil form part of the same system. Much 

greater flexibility, however, is obtained by returning the coil sides from one 

system to the other. Figure 19 illustrates how the scheme is derived. 

Figure 19(a) shows how the numbers of conductors per slot would be made 

up from the coil groups of a winding in 12 slots with k * 1. If the winding 

is to be, say, 4 poles in the condition of zero phase shift, there is one slot 

per pole and phase, and the currents in the windage are as showny If the 

first group only is considered, it is apparent that these currents alone cannot 

be formed using coils, since, in order to be able to do this, the number of 

currents from each phase must sum to zero; for example, the E phase has 

f 1, - 4 and + 1 in slots 2, 5 and 8, respectively, which sums to - 2. If, 

however, a second set of conductors, consisting of three groups, is arranged 

as-in Figure 19(b), it is evident, when considering, say, the first group 

currents, that the current in slot 5 of winding 2 can be carried in one side



Figure 18. Schematic arrangement of a double layer 3 block system.
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of a coil which has its other side in slot 2 of winding 1. Thus it can be 

seen that windings 1 and 2 can be combined as a single winding, as illustrated 

in Figure 20. The coils in this winding span three slots and are therefore 

full-pitched, but it will be appreciated that any chording factor can be obtained 

by sliding winding 2 with respect to winding 1. Hence, using this system, 

any pole number at any chording factor can be accommodated.

It is now apparent that, with this technique, the block can be adjusted 

to any desired symmetrical shape and, in fact, it may be possible to produce 

shapes which are of much simpler form and give satisfactory performance. 

8. SOME TWO-SPEED SWITCHING ARRANGEMENTS

If only two speeds are required from a switched phase-mixer machine, 

then the switching arrangement is simplified. In particular, some preferred 

arrangements result. In these machines some of the coil groups are merely 

reversed with respect to the rest, in order to change the pole number. An 

example of this can be developed from a 6 block machine. Figure 21(a) 

shows such a machine with the coils marked with the phase of current which 

must flow for the f 60° condition, when two poles are added to the basic pole 

number. Similarly, Figure 21(b) shows the coils marked with the phase of 

current necessary for the - 120° condition, when four poles are subtracted 

from the basic pole number. It can be seen from these diagrams that the 

currents flowing in the 0, 2 and 4 groups are unchanged as the machine is 

switched from f 60° to - 120°, while the currents in the 1, 3 and 5 ones 

are merely reversed. Hence, the 0, 2 and 4 groups can be permanently 

connected together, as can the 1, 3 and 5 groups (see Figure 21(c)). The
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Figure 21. Connections for a 2 speed machine.
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machine has now two sets of coils connected in each phase, and the wiring 

diagram can be further simplified to that of Figure 21(d). Switching from 

one speed to the other now involves the same technique as that used for the 

conventional 2:1 speed-change machines, and similar arrangements can be 

used. These are shown in Figure 22.

Figure 22 illustrates the basic arrangements for one phase group 

of coils. Figure 22(a) shows an arrangement in which the two groups are 

in series for both of the connections, whilst Figure 22(b) shows the corres­

ponding parallel configuration. Figure 22(c) shows a series-delta/parallel- 

star switch. The flux-density relationship between the two speeds is related 

to the voltage applied to a group of coils, and is also affected by the pole 
number; hence it is possible to compensate^for the difference in flux density 

produced by the difference in pole number by suitable choice of the switching 

arrangement.

It will be noted that only six leads are required from the machine, 

using the arrangements of Figure 22. However, it is possible to keep all 

the coils in series in both connections, and a suitable switch system is 

shown in Figure 23.

It will be appreciated that a similar arrangement could be constructed 

using the basic positions of + 120° and - 60°, i. e. adding four poles and 

subtracting two, respectively, from the basic pole number.

When only two speeds are required, the number of blocks is not 

necessarily a multiple of three. This is illustrated by Figure 24. If we 

regard the centre block Y of Figure 24(a) as the fixed reference, then in



series-series.

Figure 22. Group connections for 2 speed machines.
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order to effect a change in pole number, X must be advanced in phase by 

* and Z must be retarded in phase by Figure 24(b) shows the system of 

Figure 24(a) with a winding which gives 4~ poles in the condition of zero 

phase shift. The top layer only is shown, it being assumed that the bottom 

layer of the winding is formed from the return conductors of the top layer. 

Figure 24(c) shows the conditions when Z is advanced in phase, and X re­

tarded, by 120°. This is defined as the + 120* condition in order to main­

tain consistency with figures in previous Sections. In the + 120° condition 

1— poles are added to the original pole number, so that the machine has six 

poles. Figure 24(d) shows the currents when Z is retarded in phase, and 

X advanced, by 60°. This condition is then the - 60° position, and | pole 

is subtracted from the original pole number. In the - 60° condition the 

machine has four poles. Examination of Figures 24(c) and (d) shows that 

simple reversal of the X and Z sections with respect to the Y section results 

in the required change in pole number. It will also be observed that sections 

Z and Y form a continuous winding in both of the required switch positions 

and can therefore be regarded as one winding. This is then a two block 

system formed by two similar blocks.

If a winding of 5^ poles had been drawn in place of that of Figure 24(b), 

then phase shifts of f 60° and - 120° would have resulted in adding ~ pole, 

and subtracting 1— poles from 5j poles, and again a 4 - 6 pole-changing 

machine would be obtained. In general, the pole numbers are either
/ \ 2 1W n - r and n + 1—3 3

or (b) n - It and n f 1
° 3
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where n is the number of poles in the condition of zero phase shift.

Table 4 gives some of the possible 2-speed machines which can be constructed 

in this fashion.

TABLE 4.

n - 2/3
(a) (b)
n n + 4/3 n - 4/3 n n + 2/3

2 N 4 2 w 4

4 42 6 4 a 63

6 ,2
®3 8 6 ? 8

8 10 8 5 10

10 '4 12 10 U3 12

If a three block machine is considered, a phase shift of 60° produces 

a change in pole number of unity, while a phase shift of 120° produces a

change of two poles. Hence, if only simple reversal is allowed, i. e. from

-60 to f 120°, or - 120° to f 60°, a difference in pole number of 3 is 

produced, and if one position gives an even number of poles, the other gives 

an odd number, which is not permissible.

Figure 25 shows how the blocks of another 2-speed machine might be

formed. Figure 25(b) shows the top layer of a winding to give 3” poles.

The reference block is taken to be Q, and Figure 25(c) shows the configuration

for a phase shift of + 120°. In this system, a phase shift of f 120° adds 
2

2^ poles to the original pole number, and hence the machine has 6 poles in
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this condition. Similarly, Figure 25(d) is drawn for a phase shift of - 60°, 

when the pole number is 2. Again, T and P form a continuous winding in 

both the required conditions and can be considered as one block. The 

machine is then a four block machine. In order to change from one pole 

number to the other, P, R and T are reversed with respect to Q and S.

A similar 2-6 pole machine could be constructed by designing the 

winding to have 4j poles in the zero phase-shift configuration, when phase 

shifts of - 120 and + 60 would produce 2 and 6 poles, respectively. In 

general, for a four Hock machine there is a choice of

(i) n - 4/3 and n + 8/3

or (ii) n - 8/3 and n + 4/3

Some of the possible machines are shown in Table 5.

TABLE 5.

(1) (11)
n - 4/3 n n + 8/3 n - 8/3 n n f 4/3

N

<*
»!

•-

6 2 O
'

‘ 4 8 4 4 •
6 4 10 6 4 10
8 4 12 8 io| 12

10 111 14 10 iz| 14

The general pattern of these machines is now evident. The number of 

blocks must be even, since the difference in the two pole numbers is the
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same as the number of blocks. If there are 2a blocks, where a is any 

integer, for phase shifts of 60° and 120°, pole differences of 2a/3 and 

4a/3, respectively, are produced. In general there is a choice of either 

n * 2a/3 and n + 4a/3 

or n - 4a/3 and n + 2a/3

By the technique described so far, different effective current densities are 

manufactured from the winding in the two switched positions, since in 

one case currents in some of the slots are adding vectorially at 120°, whilst 

in the other switched position they add at 60°. Hence, by this technique, 

one excellent setting and one mediocre setting are produced. A better 

mean result can be obtained by virtual phase shifts of t 90°; for example, 

in the arrangement shown in Figure 26, which is the top layer of a section 

of winding between two blocks, if the currents have the phases shown in 

Figure 26(b) in the zero phase-shift condition, a virtual phase shift of 90° 

for the second block can be obtained by winding it with its phase groups dis­

placed by half a pole pitch, which in this case is three slots. This is 

illustrated in Figure 26(c). ’

Reversal of this winding will produce a virtual phase shift of - 90°» 

as indicated by Figure 26(d).

On a two block machine, + 90° produces a pole number of n + 1, 

where n is the pole number in the middle-speed position, while a phase-shift 

of - 90° produces a pole number of n - 1, and in general, on a 2a machine, 

the pole difference between the two speeds is 2a, where a is any integer. 

Thus again, any two pole numbers can be produced. An example of this
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system is illustrated by Figure 27, which shows the top layer of an 

8 block machine, based on six poles, producing 2 — 10 poles by reversal 

of the blocks labelled 0, 2, 4 and 6 with respect to those labelled 1, 3, 5 

and 7.

The block shape is of stepped form in Figure 27 to emphasise 

further that ^ny) block shape is possible.

9. THE SECOND EXPERIMENTAL MACHINE

The second experimental machine employed a 48-slot stator and six 

groups producing eight poles in the centre connection. One such group is 

shown in Figure 28. The machine can be used as either a 2, 3 or 5 speed 

machine. If only two speeds are required, the switching and connections 

are as described in Section 8. Three speeds can be obtained by using the 

system illustrated by Figure 4(a) and replacing winding A in this diagram 

by the 0 and 3 groups in series; similarly winding B is replaced by the 

1 and 4 groups in series, and winding C by the groups labelled 2 and 5 in 

series. The 5-speed connection results if the windings are connected as 

for three speeds but with provision for the reversal of the odd-numbered 

groups with respect to the even numbered groups. Thus, if the switch on 

Figure 4 is in the second position, yielding + 120° virtual phase shift, 

- 60 virtual phase shift can be obtained by reversal of the odd-numbered 

groups. Similarly the + 60 condition can be obtained from the - 120° 

connection.

The machine was tested as a 2-speed machine having a pole combin­

ation of 4/10. The harmonic analysis is shown in Table 6, harmonics
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greater than 1% being listed, up to 28 poles.

TABLE 6.

4-pole connection

Pole 
number

10-pole connection

Pole 
number Direction

Current-density 
amplitude 

relative to 100% 
fundamental Direction

Current-density 
amplitude 

relative to 100% 
fundamental

4 + 100 2 - 1.33

8 - 10.9 10 + 100

14 - 6.44 28 - 1.97

16 f 20.9

28 + 7.6

The winding factors for the 4- and 10-pole connections are 0.405 and 

0. 88, respectively, and if s e rie s -delta/parallel- s ta r switching is used as 

shown in Figure 22(c) the ratio of flux densities is 1.003. The

ratio of magnetizing currents I./l is 0. 98. Figure 39 illustrates the 

relationship between the quadrature component of current against voltage 

with the machine running light for the two settings, the ratio of magnetizing 

currents agreeing tolerably well with thé expected values. Inspection of 

Table 6 indicates a possibility of a torque dip at the 16-pole speed on the 

4-pole setting; accordingly the torque/speed curve in this condition was 

obtained experimentally and is plotted in Figure 30. The torque dip pro­

duced is not serious in this particular case, since the rotor employed was 

of double-cage construction with a high starting-torque characteristic. It 

cannot, however, be assumed that a harmonic of this size is necessarily
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innocuous. The harmonic torque dip produced clearly depends on the 

characteristic of the rotor bar employed and the pole pitch of the machine. 

The machine exhibits constant-torque characteristics. The fan on the 

machine was intended for 1, 500 r.p. m. and was not entirely suitable for 

the 10-pole setting, but it can be taken that the output in this connection 

was sensibly the same as would have been obtained from a conventional 

winding of this pole number, since the flux-density ratio is unity, and the 

winding factor approaches very closely that for a conventional machine.

The test results indicated an output of 5.5 hp. in the 10-pole setting 

and 14 hp. in the 4-pole condition, the machine frame being rated at 20 hp. 

at 1,500 r. p. m. Full-load efficiencies in the two cases were 81% and 

87% on the 10- and 4-pole settings, respectively.

10. CONCLUSIONS

The principles of a whole range of new pole-changing machines have 

been outlined. The development of these machines has been carried out by 

a process of proceeding from the general to the particular, starting with 

the continuously variable brushless phase-mixer and ending with 2-speed 

6-terminal machines. It is interesting to note how development of 2-speed 

machines has proceeded along two separate channels. The work of 
{6 7 8)Professor Rawcliffe and his associates^ ' * * has produced 2-speed

machines which were developed from the basic idea of pole-amplitude 

modulation. The 2-speed machines in this Chapter were developed from 

the idea of phase mixing and phase shifting and have resulted in completely 

different winding arrangements. This is hardly surprising, since with
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S slots there are 6® ways of filling them with a 3-phase single-layer 

winding and 15 ways with a double-layer winding, a large number of 

which, of course, are not apt. However, if a general comparison of 

the techniques of the two sets of machines is to be made, the 2-speed 

machines described in this Chapter might be said to operate on the 

principle of phase modulation as opposed to amplitude modulation.

Obviously a great deal of work is still to be done in connection with 

harmonic suppression and increase of copper utilization. This must take 

the form of finding the most advantageous block shapes and chording 

factors, and is attempted in the subsequent chapters.
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1. INTRODUCTION

The previous chapter describes methods of obtaining multi-speed 

operation from a single induction machine winding. The analysis used 

to find the harmonic content of the windings is essentially a coil by coil 

summation and as such is of great utility in assessing the performance 

of a winding which is specified. However, it cannot be adapted easily 

to design purposes. It is necessary, therefore, to develop a generalised 

analysis of the action of the new windings.

In section 7 of Chapter 1, a winding technique is described which 

permits any block shape for the groups. It is, of course, the object of 

the designer to simplify the windings as far as possible, in particular if 

a simple rectangular block could he used the winding would be of convention­

al double layer construction. The development of this simple block shape 

is shown in Figure 1 which illustrates the front or leading coil sides. 

Figure 1(a) shows the triangular block shape which is used in much of the 

work described in the previous chapter, similarly Figure 1(b) illustrates 

the stepped form of block which can be constructed using two sizes of coil, 

whilst Figure 1(c) shows the simple rectangular form. The block shape of 

Figure 1(b) can be synthesized from two simple rectangles and therefore 

the analysis begins by considering a machine formed from ,mt rectangular 

segments spaced around the periphery, each of which carries a travelling 

wave of current. This is illustrated in Figure 2.

In order to produce a reasonably compact theory, it is necessary 

to specify that the blocks are all of equal length and that their centres are



Figure 1. Block Shapes in Pole-change Machines.

(a) Triangular
(b) Stepped 
(c) Rectangular



Figure 2. The basic machine to be analysed.
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equally spaced.

2. THE DATUM MACHINE

It is convenient to define a basic or datum condition, in which 

each segment is energised with an identical travelling wave of current 

of angular pole pitch, y , given by:-

jM - g -xf--*)
J e es ............. (1)

where y is measured relative to the centre of a particular segment and 

0o and xo are arbitrary constants. This datum machine is shown in 

Figure 3.

It is apparent from equation (1) that the progressively increasing 

phase-shift proportional to segment number, which is required to change 

the machine from its datum condition, can be achieved in two ways. It 

can be done electrically by changing the phase of the excitation supplied 

to the segments, that is in the segment 0° is replaced by 0q f -10, or 

it can be done mechanically by moving the exciting wires (which in any 

practical machine will make up the segment) to new positions. This 

involves replacing x^ by (xq + -fcc) where x is measured in pole pitches.

Only particular values of electrical phase shift are conveniently 

possible, whereas the refinement of shift which is possible using mechan­

ical methods is, in practice, limited only by the angular separation of 

the slots provided. This practical difference between mechanical and 

electrical shift is illustrated by Figure 4. Figure 4(a) shows a section of 

the top layer of a winding in its datum condition whilst Figure 4(b) illus­

trates a 'mechanical' shift of block B with respect to block A. Block B is
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(d)

DATUM

CONDITION

120 SWITCHED 

CONDITION

Figure 4. Illustrating the difference between mechanical and 
electrical shift.

(a) The datum condition
(h) Mechanical shift
(c) Electrical shift
(d) Connections for the electrical shift of (c).
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phase shifted 5 slots or 75° on the scale of the excitation. Similarly 

Figure 4(c) shows an electrical phase shift of 120°. Clearly the 

configuration of Figure 4(c) can he obtained by switching the phase 

connections as Figure 4(d) illustrates, but the configuration of Figure 4(b) 

cannot be produced by simple switching from that of Figure 4(a) since it 

involves reconnection of the phase-bands. Thus the mechanical shift 

must be regarded as a displacement which occurs at the design stage; 

all subsequent displacements occur during use and must therefore be 

available electrically. Appendix (1) shows that the amplitude of the 2p 

pole harmonic produced by the rectangular segment is given by:-

sin — (p - — m y

7 to

.................  (2)

where a is the fraction of the stator periphery occupied by all the 

segments. This equation is illustrated in Figure 5. The envelope is 
* s in y 2-jt

curve centred on poles, which need not be an even pole 
Y yto

number or even integral, but ordinates exist only at the even pole numbers.

The Jband width' between the two zeros adjacent to is , and 

subsequent zeros occur every . Returning now to the complete machine 

set up in the datum condition, appendix (2) shows that the harmonic con­

tributions of the segments add up exactly in phase for all pole numbers 

that are multiples of 2m poles and that all other segment harmonic pole 

numbers cancel out completely. Thus, the envelope curve defining the 

amplitude of these harmonics is the same as the envelope curve for one



Figure 5. The segment harmonic envelope.
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The harmonics due to the assembly of segments. 
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segment as Figure 6 illustrates. Appendix (2) further shows that if 

now ‘mechanical shift’ of amount x£ * 2r^- is applied to segment -t 

where ranges from 0 to (m - 1) and r is an integer, every ordinate 

associated with the datum condition will be moved to the right under a 

fixed envelope by 2r poles; in particular there will be an ordinate at 

2r poles and in general 2r will be caused to be near so as to 

maximise its amplitude.

With the machine in this condition, electrical phase shift is 

applied to the segments. Using 3-phase supplies the possible values of 

0 are limited to 120° obtained by switching round the phases, 60°, 

obtained by switching round the phases combined with reversal of the 

windings, and 180° obtained by winding reversal alone. The segment £ 

has the phase of its current delayed relative to the 0th' segment by A# 

where m0 * 2wq and q is an integer. Appendix (2) shows that when this 

is done all the ordinates will be moved further to the right by 2q poles 

under the fixed envelope. The machine now has a dominant pole number 

of (2r + 2q) and will run at the corresponding speed.

3* MAGNITUDE OF HARMONIC POLE NUMBERS

Examination of the spectra under the various conditions indicates 

the possibility of undesirable harmonics and it is necessary to study their 

magnitudes. The machines can be divided broadly into two main groups, 

the 3k block machines described in Section 5 of Chapter 1 and the two- 

speed windings discussed in Section 8 of Chapter 1. The 3k block 

machines use electrical phase shifts of t 60° and - 120° whilst the elect-
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rical phase shift produced by the switching in the two speed case is 

180°.

3.1. 3 and 5-Speed Machines.

As an example, Figure 7(a) shows a 6 block machine in the datum 

condition. The winding is designed for 5-speed operation, the excitation 

has a pole number of 8 and the blocks occupy all the periphery, that is 

a * 1. Figure 7(b) illustrates the spectra produced by a single block, 

whilst Figure 7(c) shows the spectra produced by the assembly of blocks 

when the only harmonics present are those which are multiples of 12. 

Mechanical shift is now applied to the blocks so that the ordinate at 0 poles 

moves to the peak of the envelope at 8 poles. In order to do this, 2r 

must be 8 poles so that x£ * -g- and x a 1 /3 poles. When this shift 

is applied to the configuration of Figure 7(a) the condition shown in 

Figure 7(d) results, an ideal 8 pole wave - this is at it should be; when 

the 8 pole shift is applied to the spectra of Figure 7(c) all the harmonics 

except the one at 8 poles disappear into the zeros of the envelope, as 

Figure 7(e) indicates.

With the machine in this condition electrical phase shift f can be 

applied to the segments.

Now m0 * 2irq where q is an integer if the phase discontinuity is to 

be the same at each block boundary. Thus, to move the ordinate at 8 poles 

2 poles to the right, i. e., q a l, a phase shift of 0 m * is required. When 

this phase shift is applied, all the ordinates in Figure 7(e) move 2 poles 

to the right as shown on Figure 7(f), thus reducing the height of the
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Figure 7. 5 speed winding example.
(b) Harmonic ordinates produced by a single segment.
(c) Harmonics -produced by the assembly of segments in 

the datum condition.
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Figure 7. 5 speed winding example.
(e) Harmonic ordinates after mechanical shifting.
(f) Harmonic ordinates after electrical shifting.
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maximum ordinate and bringing the harmonic pole number ordinates out

of the zeros. Similarly, a shift of ft x will move the ordinates of 

Figure 7(e) 4 poles to the right, and shifts of - and - produce 

dominant pole numbers of 6 and 4 respectively. In the general case 

the maximum ordinate at any setting is given by

U *
x(2q) 

sin 2m

2m

The value of this expression may be called the 'utilization factor' and 

measures the fraction of the stator current which is usefully employed at 

the wanted pole number; clearly this should approach unity which requires 

that be as small as possible.

The harmonic amplitudes to the right of the wanted ordinate, 

numbered progressively, in s are given by 

sin *(& + s) 
U * . m . ।—

8 '(* + ■)

whilst those to the left are given by 

sin v(s - & ) 
U ' * --------------K

8 w(, - a )
m '

numbered progressively in s'.

Hence U s - (-1)8
................ (3)

U

and
u » __ s - (-1)8
U

q
.................. (4)

Once again, if these ratios are to be kept small, SSL must be large, in
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U 
particular if — < 10% were required then —L > n. the case of 

the 5 speed machine « 6 for the 60° switched case and —L * 3 for 

the 120 case. Thus even for 60° switching the harmonic amplitudes are 

undesirably large.

3.2. Two-speed machines

In the general two-speed system, using 180° switching, 2L* 2. 

Figure 8(a) illustrates the ordinates produced by a machine in which 

mechanical shift has set 2r ■ — . That is, the machine is an ideal 2r 
y#

pole machine in one of the settings with a utilization factor of unity and 

no harmonics. However, an electrical phase shift of 180°, which 

implies the reversal of alternate segments, changes the ordinates under 

the envelope to the new positions shown in Figure 8(b). There are two 

ordinates of equal heights and an extremely high harmonic content. Such 

a machine is not of general utility. A much more useful machine can 

be devised by setting ~ midway between 2r and (2r + 2q). The spectra 

for the two speeds are illustrated by Figures 9(a) and (b).

The displacement from the maximum of the envelope is now 

instead of 2q, and the amplitude of the harmonics is given by equations (3) 

and (4) using ~ « 4 and it is again apparent that the harmonic amplitudes 

are undesirably large.

This arrangement, in which ““ is chosen midway between 2r and 
+(2r + 2q), corresponds with the -90° switched winding with the 0° con­

dition suppressed, which is described in Section 8 of Chapter 1.

The basic pole number ~ need not be set up midway between 2r and
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Figure 8(a) The ordinates produced by an ideal 2r pole machine.
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(2r + 2q); if it is set one third of the way from 2r to (2r f 2q) the 

setting up of 2r by mechanical phasing corresponds with a system 

switched-60° away from — . 180°switching from this condition yields

22r f 2q which is effectively + 120° switching from — . In general, 
2ir ■the relevant values of — will not be integers for example for 2r * 8, 

2ir
2r + 2q g 10, — * 8- poles. The discussion cm 60° and 120° switching 

relates unchanged to these cases.

In the general two-speed switching system, one of the speeds must 

imply a virtual phase shift of at least 90° and thus in all the machines 

the harmonic amplitudes produced by using simple rectangular segments 

are undesirably large for at least one of the speeds.

3.3. Application of Chording to Harmonic Reduction

In conventional machines unwanted harmonics are frequently 

diminished by choosing an appropriate pitch for the coils. The equivalent 

procedure with the segmental current sheet would be to duplicate it in a 

reverse sense spaced yr away where y1 is the angular coil pitch, as 

Figure 10 illustrates.

Appendix 3 shows that the effect is to multiply any harmonic ampli- 

tude Up of pole number

C *

2p by a chording factor 

cos | y» ( S p)

where 2$p is the departure of the pole number of the harmonic from the 

pole number, not necessarily an integer, for which y1 would represent 

full pitch. The envelope of this expression is shown in Figure 11 together 

with a typical segment harmonic envelope with its wanted and unwanted
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Figure 9(b). 180° electrical shift applied to the machine of Figure 9(a)



Figure 10. Segmental current sheets produced by chording.
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Figure 11. Illustrating the effect of chording on the segment 
envelope.
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ordinates. Comparison of these curves shows that — must be near

if the utilization factor is not to be adversely affected and that the 

chording factor C is unlikely to be useful as a method of eliminating the 

large 'close in' harmonics and though it may well be of service 

in reducing more remote harmonics. The exception occurs when

2ir 2 it

i. e. each segment contains about two poles of the basic excitation. This 

situation may arise but it is not of general utility, and some other means 

of harmonic reduction must be sought. Chording will always be incorpor­

ated but since its effect is represented by C, attention will be concentrated 

on the unchorded 'front edges' of the winding.

Considering the first segments only, that is the current sheets 

corresponding to the leading edges of the coils, it is possible for harmonic 

ordinates of finite height to fall on the 'zero poles' point on the abscissa. 

'Zero poles' corresponds with infinite pole pitch, that is with net current 

flowing from one end of the stator bore to the other. When the blocks 

identified with the pitched returns are included this condition is automat­

ically excluded, and it can be said that any coil size ‘pitches out' zero 

poles.
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4. *TWO LAYER: SEGMENTS

Figure 12 shows the developed diagram of part of a two layer 

machine. Each layer consists of a set of m identical segments with

a»l, but one set is displaced 0 e 2 & it radians mechanical relative 
m m

to the other and is energised with an electrical phase difference

This produces block shapes of the general form of Figure 27 of Chapter 1.

If each simple segment produces a harmonic of amplitude U, at ' h
pole number 2p^ the combination of this segment with a displaced segment 

will produce a resultant at 2p^ poles given by

Cos ~2uh (^) i

where C 
P

2U.C h p
1Cos +

The resulting harmonic amplitudes are then found by multiplying the relevant

ordinates of the harmonic envelope by the relevant ordinates of the envelope

of C^ the 2 may be omitted since its sole significance is that now there 

are two layers, each of strength J .

is the

The envelope of C^ 

modulus of a cosine

is found by treating 2p^ as a running variable, and 

curve exhibiting a positive maximum at — poles 
yt

where

and C can be re-expressed as

cp ■ Go. y (a^p)
(6)

2 v wB 
yt ' m e



Figure 12. Two layer segmental current sheets.
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where 2 SP is the departure of the pole number considered from —— . 
yt 

Since minimum diminution of harmonics at pole numbers near —
2, 

will be required it is often convenient to centre C on — poles, by moving

» -0 2- 
yt y« e »?

that is,

- 0 n . JL 
? m yu

This means that the overlapping portions of the composite segment 

are in phase.

The first pair of zeros symmetrically dispersed about — occur when 
yt

2 Ï ■ ~ Ï

i. e. (2&p) * - ~

and the “bandwidth11 can be made equal to that of the segment harmonic 

envelope by making

2m 
P

i. e. p » 0.5

Figure 13 shows a typical segment envelope together with the cosine 

curve corresponding to p * 0. 5, whilst the new composite segment envelope 

for these conditions is shown by Figure 14. With these arrangements the 

values of utilization factor and harmonic amplitudes relevant to t $0°, t 90° 

and - 120° switching become:-
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Figure 14. Two layer segment envelope.
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TABLE 1, 

Electrical Amplitude of Harmonic Ordinates
Phase-Shift.

+60° .015 .084 .049 92 .035 .071 .013

-60° .013 .071 .035 .92 .049 .084 .015

90° .031 .119 . 115 .832 069 .092 .027

-90° .027 .092 .069 .832 . 115 .119 .031

120° .052 . 143 .207 .716 . 103 .102 .041

120° .041 . 102 . 103 .716 .207 .143 .052

Comparison of Figure 13 and equation (6) of this section with 

Figure 11 and equation (5) of section 3 dealing with chording shows a close 

parallelism; in each case the basic layer of length ~ is accompanied by a 

second displaced layer, and in each case the effect is represented by a 

multiplicative cosine wave. The difference lies in the fact that in the new 

arrangement the added segment cannot be joined to the first to form coils. 

Because of the similarities and because of the difference, the process of 

introducing a displaced additional segment is locally referred to as Phantom 

chording.

It is apparent from the table that the technique permits the design of 

multi-speed motors using - 60 switching that have acceptably low harmonic 

content.

The harmonic content in the - ?0 switched case is less satisfactory, 

but the use of a composite block coupled with ordinary chording techniques 

produces good designs in most cases. It may well be worth while in some 
- - Ui

instances to increase 0 slightly from 0. 5 to reduce — at the expense of
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V U
increasing -g— or to reduce -y at the expense of increasing — . 

Satisfactory designs using two layer blocks switched t 120^ are

difficult to arrange. In particular cases normal chording may prove 

sufficiently helpful, in others it may be necessary to obtain a further 

set of zeros by introducing a second stage of phantom chording. This 

is done by repeating the composite segment with a displacement V — .m
Since the design adopted will depend considerably on the particular pole 

numbers required, and the duty to be performed, i. e. fan drive, constant 

torque, constant power, etc. it is of little value to pursue the matter here 

in general terms. The techniques available for obtaining the desired 

results are:

Choice of y

Choice of y*

Choice of p 

and if necessary

Choice of V.

Some examples are given at the end of the Chapter.

5. THE EFFECT OF USING PRACTICAL WINDINGS.

The basic segment of any machine will in general consist of a 

short section of a conventional winding, such as for example a two slot/pole/ 

phase winding. When such a winding is used for a conventional machine it 

can be analysed into fundamental and harmonic pole numbers. The original 

winding can then be synthesized exactly from fundamental and harmonic 

current sheets of appropriate strength and phase. A suitable section taken
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out of this synthesized machine with the harmonic current sheets summed 

over the segment length would exactly reproduce the current sheet due to 

the segment winding, and it follows that the segment winding can itself be

treated as if made up of a fundamental wave of 

harmonics of appropriate strength of pole pitch 

pole pitch y together with
K *
— where N * -5 +7 *11

+13 etc., the negative sign indicating reversed rotation.

5.1 ‘ The Effect of mechanical shift on winding harmonics.

In the datum condition all the segments are identical, and the Nth 

harmonic pole number is no different from the fundamental considered so 
y

far except that its pole pitch is ~ and it may be travelling backwards. It 

will also produce a harmonic envelope centred on poies> ae Figure 

15 shows. However, when a mechanical shift of x£* —poles measured 

on the fundamental scale is applied to the segments the shift becomes

m measured on the harmonic scale, and the machine, in so 

far as this harmonic pole number is concerned, will become a 2Nr pole 

machine. This is illustrated in Figure 15 for positive and negative values 

of N.

In this figure only the defining ordinates at 2r and 2Nr are shown, 

but of course each is accompanied by its attendant string spaced at intervals 

of 2m poles. The 2Nr ordinateais shown inside the related segment 

envelope, but it need not be, and in general will not be for the higher 

values of N. That the forward going harmonic ordinate should appear at . 

2Nr when the fundamental appears at 2r is easily understood, but it might 

be thought that backward going harmonics might be treated differently since
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their direction of motion is different relative to the direction of the 

mechanical displacement x. Appendix (2) shows that this is not so, 

•mechanical phasing1 by an amount x where the sense of x is such as to 

move the waves in adjacent segments towards each other produces an 

increase in the modulus of pole number irrespective of whether the wave 

is moving forwards, backwards, or is merely pulsating.

These additional ’winding harmonic’ excitations of the segments 

introduced by practical considerations will contribute additional harmonic 

pole numbers to the machine. With many designs the harmonic pole 

numbers deriving from the segment ’winding harmonic’ pole numbers will 

be no more obtrusive than are winding harmonic pole numbers in conven­

tional machines. In terms of Figure 14, 2Nr itself will be too far away 

from the working range near 2r poles to he trouble some, and its attendant 

string in the region of 2r poles will be so far from 2Nr as to be negligible. 

Certain harmonics may, however, contribute either positively or nega­

tively to the utilization factor at 2r. For this to happen the requirement 

is that

2Nr - 2r * 2m n where n is an integer 

2* . a

m

With due attention paid to the sign of N and with N * -5 4-7 -11 +13 etc., 
N - 1 . ,

2 *s always a multiple of 3, and it follows that if m is a multiple of 3 

or will divide into 2r, the utilization at 2r will be modified either upwards 

or downwards by contributions from the winding harmonies. Any of the
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conventional methods of reducing * winding harmonics1 will reduce these 

effects.

it is necessary now to consider how subsequent electrical phase 

shift will influence these findings.

5. 2. Effect of Electrical Phase Shift on Winding Harmonics.

Appendix (2) shows that electrical phase shift of amount rf « m 
shifts the defining pole number of the harmonic strings 2q poles to the 

right irrespective of the winding harmonic number or of the sense of 

rotation of that harmonic number. Thus after such phase shifting Figure 

1^ becomes Figure 16. The effect on harmonic excitations is therefore 

different according as N is negative or positive and the ’symmetry* about 

zero poles which was present with mechanical phase shift has been lost.

However, the defining ordinates at 2 Nr + 2q with N having values 

1 -5 7 -11 f 13 etc. each have attendant harmonic strings spaced every 

2m away from 2Nr + 2q and it may be that one of these will fall on 

N(2r + 2q) and so reproduce the condition that would have arisen had the 

shift of 2q been achieved mechanically instead of electrically. For this 

to be so,

N(2r + 2q) - (2Nr + 2q) * 2m n

(N - 1) 2q * 2m n

or K 2n

Since N - 1 is always a multiple of 6 this equation is satisfied for all 
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values of N provided. 
it 2ir 

* 3* * T " 

Subject to this limitation, therefore, the findings of the previous section 

apply equally to electrical switching. Since these values of 0 are the 

only ones readily available the limitation is not serious.

6. TERMINAL VOLTAGE

In practical designs the current sheets so far discussed are replaced 

by individual conductors each carrying currents obtained in general from an 

•n1 phase supply, but most likely from a three phase supply. In designing 

windings it is convenient to assume that the currents form a pure three phase 

set free from zero and reverse phase sequence components. The supply, 

however, will be a three phase voltage supply and even if this is assumed 

free from zero and reverse phase sequence components the currents drawn 

from it will not be balanced unless the terminal voltage of the machine, 

assumed fed with pure three phase current, exhibits a balanced terminal 

voltage. It is therefore important to evaluate the terminal voltages corres­

ponding with the various proposed configurations of current sheets.

6. 1. Reverse Phase Sequence Voltages.

It is shown in Appendix (4) that for any configuration of conductors 

the ratio of the reverse phase sequence voltage to the forward phase sequence 

voltage at any particular pole number is the same as the ratio of the reverse 

rotating current harmonic to the forward rotating current harmonic. If the 

dominant forward rotating pole number is 2r then the distance separating 

this from the equal pole number reverse rotating harmonic is 4r. Associated 
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with 2r there is a harmonic string with ordinates every 2mn, the condition 

that one of these shall lie on -2r is

4r * 2m n
2r or — * n m

That is, the number of poles must be an integral multiple of the number 

of segments. This will be inevitable for m * 2, and increasingly less 

probable as m gets larger. The magnitude of the reverse phase sequence 

voltage will be set by the ordinate at -2r of the segment harmonic envelope 

centred on — . Clearly — could be chosen to set a zero on -2r, but in 

general the machine will be required to be switched from 2r to some other 

pole number, 2r + 2q, and — will commonly be placed midway between. 

For minimum ordinates on both reverse pole numbers it is bd&t to set a

zero of the harmonic envelope on .

The harmonic envelope has zeros at —— i 2mn due to the

, j , 2ir + m component and at — - -r- (2n + 1) due to the "phantom cord" component.

Since the difficult cases are those when m is a multiple of 2, the zeros on

the 2ircurve are useful only when — is a multiple of m. The

zeros of C are moreP flexible, the required condition, given in section 4-

being

2 IT
T" (2n + 1)

i. e. m m
- 2n + 1 
w ’ 2."

This requires that the second layer in Figure 12 should start an odd number 

of half pole pitches of the segment winding away from the start. This can 

frequently be arranged without departing far from the recommendation of
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section 4 that calls for £ * .5.

Appendix (5) shows that this condition is also helpful in minimising 

negative phase sequence components due to some 'winding' harmonica. This 

appendix also discusses the effect of dividing the winding into a number of 

parallel paths, the analysis above assumes that all the conductors of a 

particular phase are connected in series.

6. 2. Zero Phase Sequence Components.

Appendix (4) shows that the aero phase sequence component of 

voltage can be evaluated by assuming that the 3 phase windings forming the 

segments are all energised with single phase current of standard amplitude 

and then estimating the resulting pulsating harmonic at 2r poles.

Starting with the machine in its datum condition, each segment 
2ir consists of a part of a travelling wave of fundamental pole number — .

This travelling wave is formed by three phase currents suitably arranged 

in phase bands. In general, when such a winding is excited by connecting 

all its phases to the same single phase supply the predominant result is a 

pulsating excitation of — poles of amplitude (relative to 3 phase excitation 

amplitude) depending on the length of the phase bands. This pulsating 
6ir 7excitation can be split into a — pole wave travelling forwards and a — 

pole wave travelling backwards, each of half amplitude.

Each of these waves can be treated independently as a travelling 

wave. Thus when '2r' poles is set up by "mechanical shift" the defining 

ordinate of the forward travelling wave will appear at + 6r poles, as 

Figure 17 shows.
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The amplitudes of the non zero ordinates will be defined by the 
6ir segment harmonic envelope based on — poles. Similar treatment will be

accorded to the backward travelling component by 'mechanical' shift.

The 6r excitation produces a harmonic at 2r if

6r - 2r « 2m n, i. e. — * n m
and at 2r if

6r + 2r * 2m n, i. e. — * T n m 2

The 6r excitation produces similar harmonics at 2r and 2r.

The first condition is the same as that for the existence of negative 

phase sequence voltages, the second is more difficult to avoid.

Examination of Figure 17 suggests that the most important ordinate 

to minimise is the ordinate due to the — excitation which falls on 2r. This 
y# 

ordinate is likely to be the largest as it is the nearest to the maximum value 

of its associated envelope.

Once again it is useful to set a zero of the phantom chording factor C 

which will now have a maximum value at “ on ~~~ by making

6tt Zn m (2n + 1)
V V p 2

This yields the same values of £ which were 

(10)

shown to be appropriate for

negative phase sequence reduction in section 6.1.

A zero of C will fall on — if 
p yu

6 ir 2ir ™ (2n + 1) 
P 2 ..................... (H)

a condition which can never be satisfied simultaneously with that of equation (10

Equations (7), (8) and (9) show that a zero phase sequence component
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due to the - — excitation may occur in the absence of either zero phase 
farsequence due to the + — excitation or negative phase sequence components.

In such cases it may be useful to satisfy equation (11) by making

—4
% %
4 ' 4L e.

and choosing that value which is nearest to 0 ■ . 5, in the interests of 

harmonic reduction.

These findings relate to 'mechanically' set up pole numbers,

but section 5. 2 showed that similar rules relate to electrical phase shift 

provided _

the relevant value of N being - 3.

Since the only possible value of 0 with single phase excitation is 

it, this condition is always met. Because the very existence of a zero phase 

sequence component depends on the existence of a — excitation of the basic 

winding, when single phase connected, chording of that winding against 3rd 

harmonic, i. e. ~ chording, will eliminate the effect entirely.

3, 9,

6.3.

to its

Appendix 6 extends the above analysis to cover winding harmonics

15 etc. times — . 
y“ 

Magnitude of the Supply Voltage.

The terminal voltage, V, of a 2r pole machine when running close

synchronous speed is given by 
B K

V * K - - 2r

where K is a constant, B is the air gap density and K the winding factor 
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appropriate to the pole number considered. will be maintained as large 

as possible and hence in general if the terminal voltage remains constant 

the gap flux will be high on high pole numbers and low on low pole numbers . 

If the speed ratios are close, this may not entail severe loss of output, but 

if the ratio is wide the loss will be intolerable. It follows that some adjust­

ment of terminal voltage between speeds will in general be necessary, for 

instance by switching from parallel star to series star or from parallel star 

to delta. These arrangements are best considered in relation to particular 

cases since the required action depends vitally on the speed ratio.

It is unlikely that exact flux equality on the different speeds will be 

obtained by these switching methods, and in general one speed will yield a 

high flux value. It may sometimes be possible to compensate for this by 

designing for a high value of at this speed so as to reduce B, but this will 

inevitably be at the expense of the winding factors at other speeds, and the 

desirability or otherwise of such action will depend on the specification to 

be met.

7. POLE CHANGE COMBINED WITH REVERSAL,

So far it has been assumed that all the pole numbers set up by switching 

have been positive. Figure 18 shows a machine which is-mechanically set up 

to 2r poles and electrically switched to 2r - 2q poles with 2q > 2r.

There is of course no reason why the machine should then in fact run 

backwards, since reversal of the applied phase sequence can be incorporated 

with the pole change switching which produced it.

The analysis of the preceding section applies unchanged to these cases,
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but with differences in emphasis. For example, if the two pole numbers 

are numerically close together the appropriate value of — will lie near to 
yw

0, as Figure 18 illustrates. Since 2q is now the sum of the moduli of the 

pole numbers instead of the difference, m will be large and the 'band width' 

of the I8in $ I curve correspondingly greater. The harmonics U and U ', 
1 6 I s s

though they will retain the same amplitudes relative to U, will occur at 

pole numbers more remote from 2r and 2q - 2r. This is advantageous 

since they are then more open to attack by conventional as distinct from 

'phantom* chording. The favourable cases, from the reverse and zero phase 

sequence point of view, where m is a multiple of 3, represent different 

speed ratios here than when 2q < 2r, and so, particularly in 2 speed mach­

ines, a choice between methods may well depend on this consideration alone.

So far, most of the comments have suggested advantages; there are, 

however, also disadvantages.

Since is small, the winding harmonics of — may well lie near to 
yw yw

2r or 2q - 2r, and can introduce significant harmonic components which 

are no longer 'well down the skirts' of their envelope before they approach 

the working; range.

The condition for negative phase sequence voltages (that the pole 

number be divisible by m) can never occur, since m is greater than 2r; on 

the other hand, winding harmonics can contribute extensively to the negative 

phase sequence component since they are multiples of — , which is small, 
yu 

and have very wide response envelopes. They can no longer be conveniently 
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eliminated by choice of p because the number of segments is large and the 

length of each is short, probably much less than y . In any particular 

case, however, the winding harmonics supplying the negative phase sequence 

voltage can be identified by using the methods of Appendix 5, and these 

harmonics can then be chorded out of the basic winding, inevitably however 

at some loss of winding factor.

Similar remarks apply to zero phase sequence voltages, and once 

again the procedure is to attack the basic winding harmonic responsible.

Because in the main it is harmonics of the basic winding that cause 

trouble, the design problem is more complex because there are more factors 

to take into account and the matter will not be pursued here. 

8. WINDING EXAMPLES
4/6/8 Change Pole Machine; + 60° 0° -60° Switching,

Although there are special features of this machine which permit a 

simplified approach, the general design procedure will be followed. The 

initial pole number to be set up by ’mechanical1 shift is 2r * 6; the ’side’ 

pole numbers are obtained by 60° switching. The number of segments will 

therefore be m « 6q » 6 ' % 4) , & If there is no reason to favour either 

of the side pole numbers at the expense of the other, the proper choice of 
2 ir . 2t
y is i« yQ ” ~ • Since m * 6 the length of a basic segment is 
2x 2x 
m * 6 80 th** each segment contains exactly one pole of the basic wave.

It is now necessary to choose a suitable number of slots per segment. 

This must be such as to permit easy winding of 1 pole, and will preferably 

be 3n where n is the number of slots/pole/phase; six slots per segment is
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a suitable choice. The 'Saturn1 condition can now be set up, each 

segment being as shown in line 2 of Table 2.

The next step is to convert this machine into a 6 pole machine by 

mechanical phasing. This is done by shifting successive segments, by 
£ 

w where 0 * — * it. The generalised method of doing this is first to 

draw up a list showing the contents of successive slots of a winding of 

pitch y^ (now counted in slots); this is shown in Table 2. The angle it 

is now represented by 6 slots. Had the 'mechanical shift' not been a 

whole number of slots, the slots/pole/phase would have required adjustment.

The 6 pole machine is now set up by copying segment 0, replacing 

segment 1 by what appears in the list starting from slot 0 + (1 x 6) * 6, 

replacing segment 2 by what appears in the list starting from slot 0 + 

(2 x 6) * 12 and so on. This is shown below the datum state in Table 2. 

It may be seen that in this particular case a conventional 6 pole machine 

has resulted. Clearly there will be no difficulties with harmonics or 

unbalanced voltage in this condition. The two electrically switched states 

of the machine can now be set down by leaving segment 0 unchanged, moving 

round 1 on the RBYR BY clock for segment 2, moving round 2 for segment 3 

and 80 on, as lines 4 and 5 of Table 2 illustrate.

In the electrically switched condition harmonics will enter, but the 

negative and reverse phase sequence voltage components will remain zero 

since neither 4 poles nor 8 poles is divisible by m (*£) or — * 3, in 

accordance with section 6 and Appendices 5 and 6.
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TABLE 2.

4/6/8 Change Pole Machine

Switching: - 60° 0° 60°

Blas: Symmetrical

Basic winding pitch: 2ir

Segment No: m * 6q * 6 x ( 6

Segment Arc: — 
m

2 IT 
T

Poles per segment: 2 IT 
m

1 x —

Slots per segment: 6 (say)

Total slot number: * 36

List for obtaining mechanical shift.

2^5 .
LÉ3 
oB

1 T 2021 2223
1011

B1 Y R B

Segment No.
0

0
6

1 2
12

Datum 
Condition RRBBYY RRBBYY

Meeh. 
Shift.
-60° Elect. 
Phase Shift. 
+60° Elect. 
Phase Shift.

RRBBYY RRBBYY

RRBBYY YYRRBB

43 5

RRBBYY

RRBBYY

BBYYRR

18 3024
(1)

RRBBYY BBYYRR (5)YYRRBB

RRBBYY YYRRBB

RRBBYY

RRBBYY

RRBBYY

BBYYRR

RBBYY (3)

(2)RRBBYY RRBBYY

RRBBYY BBYYRR YYRRBB
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Reduction of harmonics can be achieved by phantom chording 

using p * . 5.

It remains now only to choose a suitable coil pitch for the 

winding. For symmetrical treatment of 4 and 8 poles, the appropriate 

value is 6 slots. The resulting winding is shown in Figure 19* The 

utilization factors and harmonic amplitudes for the 4 and 8 poles conditions 

derived from the true current sheet analysis are listed in Table 3, and the 

results of direct slot by slot computation by digital computer of the actual 

windings of Table 2 used to replace these current sheets are shown alongside

for comparison.

Pole 
No.

TABLE 3.

Current Sheet 
Analyst s.

4 poles 
Computer 
Analysis

Current Sheet 
Analysis.

Pole 
No.

8 poles 
Computer 
Analysis

-20 . 0753 .0615 -16 . 0826 .0615

-8 .0374 .0306 -4 .0472 .0428

4 . 772 .796 8 .772 . 796

16 .0472 .0428 20 .0374 .0306

. The analysis of windings using computer techniques is discussed 

in Appendix 4. The differences between the two sets of results are a measure 

of the contribution made by the harmonic content of the basic winding. 

Suitable switching arrangements are described in Section 3 of the first 

Chapter. The computer results indicated a complete absence of zero and 

negative phase sequence components, thus confirming the work of Section 6 

and Appendices 5 and 6.
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A 4/6 Pole Change Machine.
TABLE 4

Pole numbers 6 4

Switching 0° 6 poles:star
180° 4 poles:star two parallels.

Service: Fan drive.

Bias: prefer 4 poles.

Segment number: m * 2q * 2

Symmetrical pole number: ~ * 5

Poles/segment for this 2.5
number:

Segment arrangement for 2.5 poles/segment on
4 slots/pole/phase. 

1 1 .5
RRRRYYŸYBBBB RRRRYYYYBBBB RRRRYY

Bias towards 4 poles is achieved by shortening the segment. Omitting the 

last 6 slots puts — * 4. Sufficient bias may be obtained by omitting 3 slots, 

then the segment length becomes 27, the stator has 54 slots, y^ is 12 slots 

and —■ s 4. 5 poles. The relevant harmonic envelope curve for simple 
y « -

segments is shown in Figure 20. This is centred sufficiently close to 4 poles 

to ensure that all harmonics on this setting (shown by the full lines ordinates) 

will be small. The important harmonics (shown dotted) on 6 poles setting 

are at 6, 2, 2, 10, 14 poles and are of considerable magnitude. A coil­

pitch near (a 11 slots) will reduce the 10 poles ordinate greatly, and 2

and 2 poles somewhat, as illustrated by the chording envelope shown on the 

Figure.

The ordinate at -6 poles shows that considerable negative phase
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sequence voltage will be present on the 6 pole setting. This can be

reduced by 'phantom chording' such that m
l - ,1 ,2* pole or l^ poles. The

envelope due to phantom chording on * pole is Illustrated on the Figure, and

it may be seen that this also greatly attenuates the 14 pole harmonic. The

harmonic amplitudes calculated from Figure 20 are shown in Table 5.

TABLE 5.

4 pole setting.
Pole Current sheet Digital

No. analysis analysis.

8 0.0122 0.0084

4 0.00483 0.0172

4 0.928 0.893

8 0. 062 0.062

12 0.011 0.016

16 0. 0165 0.0085

Pole
6 pole setting. 

Current sheet Digital
No. analysis analysis.

6 0.0273 0.0274

2 0. 0467 0.0448

2 0.261 0.25

6 0. 712 0.682

10 0.0648 0.061

14 0.0106 0.018
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The full winding is shown in Figure 21. This winding has been analysed 

by digital computation and the results are also shown in Table 5; these 

results differ from those given by the current sheet analysis slightly, due 

to the effect of winding harmonics. The only harmonic in excess of 10% is 

the forward going 2 pole harmonic on the 6 pole setting. It is inconceivable 

that this harmonic could ever drive the fan; at its synchronous speed it 

would require 8 times full load power. Thus it is significant only to the 

extent that it will produce additional loss. At 6 poles the rating of the 

machine is 39. 5% of that on 4 poles, so this additional loss should easily 

be accommodated. The air-gap flux density ratio using the method of 

Section 6. 3 is 1. 02, thus since the machiné has a four pole winding factor 

which is almost equal to that of a conventional winding the machine should 

produce sensibly the same output on the 4 pole setting from a particular 

frame as may be normally obtained.

9. AN EXPERIMENTAL MACHINE.

A machine was constructed to the specification of the second winding 

example. The frame employed was intended for use as a 20 H. P. 1000 r.p. m.

machine using a conventional double layer winding. Figure 22 shows the 

torque-speed curves produced by the machine which are suitable for use 

with a fan load. The tests were performed at half rated voltage in order 

to prevent excessive rotor heating at the high slip values.

Table 6 gives the full voltage performance results. The full load 

temperature rises were each lower than might be expected if the full load 

torque is assumed to occur at half peak torque. This may be because on



Fi
gu

re
 21

. Win
di

ng
 ar

ra
ng

em
en

t f
or

 a 
4/

6 p
ol

e m
ac

hi
ne

A

01

Œ

IŒ 

ICC 
ICC 

id

CÛ 
a

CD

z 
0

§

l> 
l> 
cr 
cr 
cr

i— 
y 
z 
z 
0 
u

l> 
l>' 

l> 

l> 
oc 

d 
d 

d 

l«fi 

ICO 

Ito 
J6Û 

>
X-1 
>

Id 

ICC 

s

y
0 
m

>
ICC 

IOC 

ICC 

ICC

UJ J 
0 
a 
i 
*

* 
u 
0 
J 
CO

CD 
2*

tû 
i>

ICO
ICO 
|CÛ 
I6Û

>

CÛ 
l>

cc 

cr 
d 

cc

UJ h 
J u 
0 uj 
1 z
I z 
o 0

U

y o 
U o if



60

50

10

10

U) 
m 
j

w 
D 
Cf 20 
cf 
O

Figure 22. Torque speed curve* for the 4/6 pole machine.
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TABLE 6.

Output Power; 29 H. P.

Full load efficiency; 87. 3%

Full load power factor; . 91

Pull out torque; 2 x full load torque.

Starting torque: 1. 3 x full load torque.

Starting current: 4. 35 x full load current,
(mean)

Winding temperature 34°^ 
rise:

6 poles

Output Power; 9* 8 H. P.

Full load efficiency: 86%

Full load power factor: . 84

Pull out torque:

Starting torque:

Starting current: 
(mean)

Winding temperature 
rise:

2 x full load torque.

. 91 x full load torque.

4.1 x full load current

32°C
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the 6 pole speed the power output is less than is normally obtained from 

the frame, whilst in the 4 pole case the machine fan, which is intended for 

6 pole operation, provides an excess of cooling air.

The effect of the winding unbalance can be assessed by considering 

the relative line currents drawn from a balanced source at starting, full 

load, and no load speeds; these are shown in Table 7.

TABLE 7.

4 poles 6 poles

T1 1% 5 T1 h *3

Starting 1.0 .926 . 926 1.0 .852 .882

Full load 1.0 .83 . 962 1.0 .73 .94

No load 1.0 .84 . 866 1.0 .7 .81

In this table the currents are scaled to the greatest value.

In accordance with general practice these results were obtained 

with the neutral point of the winding disconnected, and therefore only the 

negative phase sequence voltage can affect the current balance. The current 

balance is better in the 4 pole case than in the 6 pole, in agreement with 

the factors in Table 5. Quantitative agreement between the measured 

currents and the calculated phase sequence components is difficult mainly 

because any winding irregularities can also cause unbalance.

9. 1. An Industrial Machine.

In order to assess the commercial possibilities of the new windings, 

a design study was undertaken in collaboration with Messrs. Bruce Peebles
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Limited. A 4/6 machine using two separate windings had been built 

previously for 70/25 horse-power, and it was found possible to provide, 

a tapped winding machine having the same performance in a smaller frame. 

The design study indicated a saving of 18% in D%L factor, and when the 

machine was constructed and tested, its performance was found to agree 

with the predictions within the normal tolerances.

10. CONCLUSIONS

The principles of winding design for pole-change machines 

using phase-shift techniques have been established. The normal procedure 

in attempting a particular design is to obtain the required winding factors, 

harmonic content and voltage balance using the simple current sheet 

analysis and then to confirm these results using the digital approach which 

takes into account all the harmonics produced by the excitation.
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APPENDIX 1.
thThe excitation of the 4. block is given by

J
J(“t - - 01) -jir( y -

e e - «s (1)

in the region - — < y < — and is zero elsewhere, m ' m

The complex amplitude of the travelling harmonic corresponding

to 2p poles is:»

-j(0- + ™
Je s

2 IT

air

m

(-j % + jpy)
dy

-j(^o + ~ i«o - irx£)
J e s

sin air ? ir

» (p - ~)

The magnitude of this harmonic component is:-

a
m

sin — (p - — )
____Jw 

air , ir . m (P - 7" ) (2)
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APPENDIX 2.
oo

If J- a
- 00

. e JPy for one segment then a^ is given by

equation (2) in Appendix 1. The effective current density of the assembly

of m segments is obtained by summing the separate Fourier expansions
a m-l

0

. . ( 2xC; -jp(y - —
— a e - 
P P

When there is no relative mechanical shift or electrical phase difference 

between the elements the complex amplitude of the travelling harmonic 

corresponding to 2p poles is
'C a m-l . 2ir"tp
< j m

a / e 1.a 
PP <— 

a 0 1 m

The numerator is always zero, but the denominator is also zero

when is an integer; then the expression tends to m a^, and for other 

values of p it is zero. Thus ordinates appear at p^ a ms where s is integral.

If now the phase of the segment is delayed relative to the 0^

segment by£ 0 then

< am -j(py -
P P. CaO

and the complex amplitude of the 2p pole component becomes 
€=m-l j(2j$ _ Ç j(2wp - mjO"

p Âo p 1 . ej(2ZR - fl)
- m ,

" 2 a a e 
P
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The magnitude of this component is thus

sin (irp - 
sin ( ^ - ^ )

' m 2 9
The phase discontinuities at the segment boundaries must all be equal.

Thus m/ * 2qir, \ where q is an integer, and the magnitude of the 2p pole 

component now becomes

I I sin ir(p - q)
I P I . ir . x «in — (P - q)

This is zero unless ir(p - q) x msir, s being an integer; its value is then 

m I a I • The ordinates appear at p_ x p f q and thus the harmonic which
I P | 6 1

existed at 2p poles has been shifted to 2(p f q) poles. If the excitation were 

such as to imply a negative going wave in the segments this shift to the 

right must still apply.

Since the wave of equation (1) of Appendix I can be written 
j(wt - ^/yj + ^o - x - x^

J x J e e ir ire s
It follows that an electrical phase lag 0 has exactly the same effect as 
mechanical phase lead £ , and the spectrum will be shifted by 2r poles, if 

the “mechanical phase lead” is made pole-pitches per segment. However,

if the excitation is negative going then a mechanical shift of in the same TT 
direction, i. e. a direction such as to move the waves in adjacent segments 

towards each other, is equivalent to an electrical phase advance rather than 

a delay. Thus harmonics due to negative going excitation will be shifted to the 

left rather than the right and therefore mechanical shift increases the modulus 

of the pole number whether the excitation be positive or negative going or 

merely pulsating.
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APPENDIX 3.

If the 2p pole harmonic produced by the top layer is given by

JT R «-ip? 
p

then the return sides of the coils produce

jB - - r - y') 
B p

hence the resultant from both layers isl­

and its

R e 
PL

modulus is

-jpy _ e-jp(y - y'

* 2 R 
P

cos (v - py1) 
2

Thus C IT - cos

C

where 2 &p is the departure of the pole number of the harmonic from the 

pole number, not necessarily an integer for which y1 would represent 

full pitch.



A. 5.

APPENDIX 4.

A slot current in the stator of a machine may be considered to act 

over a small distance 2 £ . If there are turns in the slot, each 

carrying a current I, then the amplitude of the n^ harmonic due to this 

single slot is given by

a : n
Nl1

do

where is the displacement of the slot from an arbitrary zero.

x 

2irn

jn#* r e sin n $

If the current is considered to act at a single point then

n

N^I e^^1 

2ir

For q slots in the machine the amplitude of the n^ harmonic due to one phase

of the excitation becomes

I s*q

n 2ir sxl
~ e 

sP

where is the displacement of the 8th Slot, I

N the number of turns due to the sp phase p in

is the phase current and 

the s^ slot.

If the number of turns in the slot for the red, yellow and blue

phases are given by NgR, N^ and N-_ respectively, then the forward 
dJd

rotating current density on the harmonic, a due to all the phases,

is given by
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sxq *

SR e

j— w.

(A)

and the backward rotating n harmonic is given by:-

—
I

sxq 
I 

S»1

Ms

-j2< /q M, 
+ e 3 Z N-v e 

s*l SY

jZijr M
+ e 3 Z hr e (B)

If each phase of the winding is connected to a single phase supply then

the resulting pulsating amplitude of the n harmonic is a given by:
s*q

2ir
I ^nz

Mg

S*1

Wg

(C)

If the flux density is given by B e^"* + nQ) then the p phase voltage 

is:
Bwaf. jn^

V e n N; e 8
P 8.1 8P

where x. is the length of the machine and a is the radius.
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Thus the positive phase sequence component due to the red, yellow and

blue phases is given by V. where: nl

ai ws
+ e 3 2. Nov e (D)

-12»
+ e 3 % N,

and the negative phase sequence is given by:

-jZir M,
+ e 3 Z. N_„ e

J2w 
+ e 3 (E)

and similarly the zero phase sequence component is

................ (F)
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Comparison of equations (A), (B), (C) and (E) shows that for any config­

uration of conductors the ratio of the reverse phase sequence voltage to 

the forward phase sequence voltage is the same as the ratio of the reverse 

rotating current harmonic to the forward rotating current harmonic.

Similarly, comparison of equations (A), (C), (D)and (F) shows that 

the ratio of the pulsating harmonic, caused by feeding the three phases of 

the winding from a single phase source, to the forward rotating current 

harmonic is the same as the ratio of forward and zero phase sequence 

components of voltage.

Either analysis is in a convenient form for use on the digital 

computer, since the effect of each slot for a particular phase may be summed 

in a short cycle of programme. It is then easy to form the symmetrical 

components produced by the phases taken together.

Due to rotor action, the flux density distribution in the machine, when 

its speed approaches the synchronous speed of the dominant harmonic, is 

substantially a sinusoidal space distribution of a pole pitch corresponding to 

the dominant harmonic. Thus to a first approximation, in the absence of 

information about a particular rotor, it is sufficient to consider only this 

distribution of flux. Absence of zero or negative components due to a forward 

travelling wave of flux is therefore defined as "complete voltage balance”.
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APPENDIX 5.

If the winding has P parallel paths, where each path is made 

up by connecting every P^ segment in series, then each series path 

constitutes a block machine. Thus the harmonic ordinates due to the 

path will appear at multiples of under the segment envelope when the 

machine is in the datum condition. Hence the condition for negative phase 
th sequence voltages due to the N harmonic is: 

i. e. * n

where N takes 1, -5, 7, -11 etc. and n is an integer.

For the fundamental N * 1

Thus there is the possibility of a negative phase sequence component due to 

the fundamental, only when 2r is an integral multiple of m/P, and under 

these circumstances all the harmonics will also produce negative phase 

sequence components.

For the possible values of N, N + 1 is never divisible by 3, hence 

if m/P is a multiple of 3 and 2r is not, there can be no negative phase 

sequence components. When m/P is not a multiple of 3 the harmonics 

producing reverse phase sequence can be identified from the expression

2rP

The magnitude of the negative phase sequence component due to this harmonic 
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can be found by centering the harmonic envelope of amplitude equal to the 

N**1 winding harmonic amplitude on and evaluating the ordinate at -2r.

These findings relate to "mechanically" set up pole number 2r, 

but Section 5. 2 shows that they will also relate to the electrically shifted 

pole number 2r + 2q provided “ or v, the common values.
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APPENDIX 6.

Zero Phase Sequence.

The condition for zero phase sequence voltages is

2Nr i 2r » - where N * 3, 9, 15 . ..

L e. n.

For N * 3,

or

m
2r

m A

For these conditions all harmonics give trouble also. Where these 

conditions are not satisfied the harmonics causing zero phase sequence

components are given by 

N * ZTT -

Hence if m/P is a multiple of 3 and (2r) is not, no harmonics will produce 

zero phase sequence components.

Again the magnitude can he evaluated by finding the ordinates at 2r 

and -2r of a harmonic envelope centred on 2N — .



CHAPTER III

COMPLETELY BALANCED TWO-SPEED MACHINES.
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1. INTRODUCTION

In general the windings analysed in the second chapter have two 

defects. Firstly, a compromise must be reached between the requirements 

of voltage balance and harmonic content, and in any case in most circum­

stances only approximate balance can be achieved. Secondly, some of the 

coils contain twice as many turns as the others. This second defect is 

particularly onerous in high voltage windings since the 84 layer8 effect, at 

the points where the blocks overlap, necessitates extra slot insulation. 

Two block close ratio windings which are completely balanced whilst using 

uniform coils are shown to be possible in this chapter.

2. MACHINES USING INTERLEAVED BLOCKS

Machines using two layer blocks can be converted into machines 

using uniform coils by designing the winding for S slots and then using it 

in a stator having 2S slots by transferring half the conductors from each 

of the S slots into an intermediate slot. The general form of the top layer 

of such a machine is shown in Figure 1.

3. CONDITIONS FOR VOLTAGE BALANCE

Complete voltage balance can be achieved by providing conductors 

which produce the same pattern of induced voltage vectors for each of the 

phases, the patterns being separated by 120° electrical. For example, 

consider the two pole pitches of the winding shown in Figure 2(a). The 

vector diagram of Figure 2(b) illustrates the induced voltage vectors for the 

three phases, assuming that the flux density wave producing these voltages 

has a pole pitch of 6 slots. The dotted lines on Figure 2(b) indicate the



Figure 1. An interleaved machine.
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Figure 2. Illustrating balanced conditions.

(a) A winding segment. ”
(b) The conventional vector diagram corresponding 

to (a)
(c) A developed diagram corresponding to (b) ■ 
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phase position of the induced voltage in a conductor placed in the slot 

number ringed at the end of the dotted line, considering the conductor to 

be connected in a positive sense. If the conductor is connected in a 

negative sense then the unringed set of numbers applies. It can be seen 

that the winding example of Figure 2(a) is balanced since the phase patterns 

are the same and separated by 120° electrical. In order to simplify the 

diagram it is possible to consider a linear version; this is shown in 

Figure 2(c) where again voltage balance is vindicated by the same pattern 

for each phase separated by ^/3 of the diagram length.

4. BALANCED WINDING SEGMENTS

Suppose for example there are 12 slots in the segment length 

and a winding having 2^3 poles is required. This segment is suitable for 

use in a 4/6 pole machine. On 4 pole excitation, the condition for which 

the winding is to be balanced, there are 6 slots per pole of excitation wave. 

The first step taken in order to achieve balance is shown in Figure 3(a). 

Conductors giving three poles of excitation are put in the 12 slots. As a 

second step, R and B conductors are placed in slots 11 and 12 as illustrated 

in Figure 3(b). The conductors displaced from 11 and 12 are replaced in 

the main body of the winding in some apt position. Thus in Figure 3(c), 

R and B conductors are put in slots 1 and 2 and then the B conductor dis­

placed from slot 11 is placed in slot 3. The 'original winding is then 

written down in order in slots 4 to 9» the yellow conductor from slot 12 is 

then inserted, followed by the R and B conductors. This winding is then 

checked on the vector diagram of Figure 3(d), and it can be seen that the



12 3 4 5 6

RB Y Y R R

7 8 9 10 II 12
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(a)

(b)
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I 2 3 4' 5 6 7 8 9 10 II 12

7 8 9 10 II 12 I 2 3 4 5 6

R Y Y B B B

R Y Y B RR

12 3 4 5 6 7 8 9 10 II 12

rbbyyrbbÿÿrr le)

I 2 3 4 5 6 7 8 9 10 II 12

789 10 II 12123 45 6

R Y Y Y B B B RR

Y B R

Figure 3. Illustrating the production of a 
balanced segment.
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winding is unbalanced; in order to achieve balance the 3 vector patterns 

must be the same and mutually displaced by 120°. This can be accomplished 

in the present case by interchanging the conductors in slots 7 and 12. This 

is shown in Figure 3(e), with a corresponding vector diagram at Figure 3(f). 

4.1. A Machine which is Balanced on one Pole Number.

The sub-block which has been formed so far may now be used together 

with a similar segment to form an interleaved winding which is approximately 

balanced on the 6 pole speed. Figure 4 illustrates how two segments may 

be interleaved. Segment B is the original segment whilst segment A has 

the same phase hand configuration but the order of the phases has been altered 

to suit the particular overlap chosen. The segments of Figure 4 are inter­

leaved to form one block of the winding of Figure 5 by writing 1, 3, 5, 7 etc. 

along segment B and 2, 4, 6, 8, 10 etc. along segment A. The vector dia­

grams of Figures 5(b) and 5(c) show that the block is completely balanced on 

4 poles and only approximately balanced on 6 poles.
* 

In a two block machine x^,* 2r 4L* or x « r and since r is an integer 
. m

the-mechanical shift required to change the machine from its datum condition 

is always a whole number of poles. All the blocks are the same in the datum 

condition and hence the second block of a two block machine is always either 

a copy or a reversed copy of the first block, according to the speed setting. 

Thus the balanced block of winding can be used for both the first and second 

blocks of the two block machine. The complete winding is shown in Figure 5. 

4.2. A Completely Balanced Machine.

A winding which is completely balanced on the 6 pole setting may be 

found by interleaving three segments of the form of Figure 3(e). The total

♦ Section 2 of Chapter 11.
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number of slots on the machine will then be 72, that is 12 slots per pole in 

the 6 pole condition. Balance can be achieved for 3 conductors, i. e. one 

per phase by positioning them so that they occur at a multiple of ^/3rd of 

a pole apart. For example, if we start with a red conductor in slot 1 then 

positioning the blue conductor in slot 17 and the yellow in slot 9 would 

achieve balance on the 6 pole condition for the 3 conductors. In general 

for a red conductor in slot 1, balanced conditions result if any two of the 

possibilities for the yellow and blue conductor positions shown in the Table 

below are chosen.

TABLE 1.

1 5 9 13 17 21 S

R B Y R B Y R

The balanced segment may be written in any one of the six ways shown below:

1 2 3 4 5 6 7 8 9 10 11 12

R B B Y Y R B B Y Y R R - E

B Y Y R R B Y Y R R B B - F

Y R R B B Y R R B B Y Y - G

R B B Y Y R B B Y Y R R

B Y Y R R B Y Y R R B B

Y R R B B Y R r" B B Y Y

If, for example, it is decided to use segments E, F and G then clearly 

examining column I, we can put the R conductor in slot 1, the B conductor 

in slot 5 and the Y conductor in slot 9, when these 3 conductors produce 
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balanced conditions. The conductors of column 2 may be dealt with in a 

similar way by placing the B Y and B conductors in slots 4, 8 and 12 

respectively. This process may be repeated until all the conductors have 

been positioned in the slots. Hence the conductors from the JE, segment 

occupy slots 1, 4, 7, 10, 13, etc., i.e. slots 3 slot pitches apart whilst 

segments F and G occupy slots 5, 8, 11, 14, etc., and 9# 12, 15, 18, 

21 etc., respectively. The segments with the appropriate slot number- 

written above the conductors are shown below, forming the winding of 

Figure 6.

TABLE 2.

1 4 7 10 13 16 19 22 25 28 31 34
gm* — —2

R B B Y Y R B B Y Y R R

5 8 11 14 17 20 23 26 29 32 35 38

B Y Y R R B Y Y R R B B

9 12 15 18 21 24 27 30 33 36 39 42
— - -

Y R R B B Y R R B B Y Y

In general, the method is to put the conductors from each segment in slots

which are 3 slot pitches apart. The starting number for each sequence is 

determined by a set of numbers which are ^/3rd of a pole pitch apart.

(Table 1 in the above example)» Since the slots occupied by a segment are 

evenly spaced each of the segments must remain balanced on 4 poles, and 

hence the block is balanced in both the 4 and 6 pole conditions. Thus the 

winding is balanced on a first pole number by adjustment of the phase-band 

lengths of the segment and on a second pole number by suitably interleaving
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three segments.

The method of interleaving three segments to form a block places some 

restrictions on the stator slot numbers available. To achieve voltage 

balance the number of slots in a segment must be a multiple of three in 

order that there shall be an equal number of conductors per phase. Since six 

segments in all are used to form the machine, the total number of stator 

slots must therefore be a multiple of 18. When balancing the simple 

segment it must be regarded as one block of a two-block machine. Thus, if 

the vector diagram is to be capable of producing 3 patterns which are separated 

by 120°, twice the number of slots in a segment divided by the number of 

pole pairs, must be a multiple of three. Whence if the number of slots in a 
12^ 

segment is 3^, where k^ is an integer, then must be a multiple of 3, 

where r is the pole number on which balance is to be achieved. Hence for 
8 *1 

balance to be possible — must be integral, 
s

Table 3 lists the pole and slot number combinations on which it is 

possible to balance the segment.

In order to produce balance by interleaving, the number of slots per pole 

per phase must be an integer which is not a multiple of 3 The exclusion of 

the multiples of 3 slots per pole per phase is necessary because under these 

conditions the three segments would occupy the same slots over some portion 

of the stator. The number of phase bands is 3r@ where is the pole 

number on which balance is to be produced by interleaving. Thus the number 
18k2 6k2

of slots per pole per phase is ' « 1 1 . Since k2 is an integral it is 
e e

not possible to produce balance by interleaving unless r is a multiple of 6.
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TABLE 3.

Segment Balance

Slot 
Number. 4

Pole Numbers.
126 8 10

18 P - -

36 P P -

54 P p - P

72 P P *

90 P - - P

108 P p P - P

126 P - - *

144 P ■ P

P indicates that segment balance 
is possible

Hence for 6 poles balance is possible for kg* 1, 2, 4, 5, 7 etc.. i. e. 

for slot numbers of 18, 36, 72, 90, 126, 144 and so on. Similarly, 

balance is possible for 12 poles when the slot number is 36, 72, 144 

and so on.

In two block machines the two pole numbers produced are 

separated by 2 poles and hence it is possible to achieve complete balance 

for 4/6 pole machines using 18, 36, 72, 90, 126 and 144 slots. 

Similarly it is possible to produce 6/8/machines using 3$, 72 and 144 

slots. Other pole combinations are not possible using a reasonable 

number of slots.
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5. WINDING EXAMPLES 

An 8/10 Pole Machine.

It is not possible to balance this machine completely in both 

connections by using the 3 segment interleave system, and the system out­

lined in Section 4. I must be used.

In order to produce a gap flux density ratio which is sensibly unity, 

it is most convenient to use delta to parallel star switching. Since the 

delta connection occurs in the 10 pole condition it is perhaps more important 

that the machine should be completely balanced in this connection rather 

than in the 8 pole connection. The machine is to have 120 slots, that is 

the number of slots per segment is 30, since the total number of segments 

is 4. A 30 slot segment which is balanced on the 10 pole setting is shown 

below.

1   ___10 _____ _____ 20 ___ ___ _30)
RRBBYYYRRBBYYYRRBBBYYRRBBYYRRBp

This can be interleaved with a second segment formed by writing Y for R, 

B for Y and R for B in the above segment, whilst maintaining the positive 

and negative signs. The interleave must be chosen to minimise the negative 

phase sequence voltage on the 8 pole setting. Since it is difficult to ascribe 

an exact pole-pitch to the winding, it is also difficult to say how many slots 

of overlap are appropriate. However, the recommendations of Chapter 11 

can be followed to the extent of indicating, say, four possible machines. These 

machines may then be examined using the digital computer technique. In 

this particular case a good machine is produced by placing the conductors 

from the first segment in slots 2 4 6 8 10 etc. of the machine, whilst
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using slots 23, 25, 27 etc. for the second displaced segment, thus forming 

the first winding block. The second winding block is of course the same as 

the first but displaced by 180° mechanical or 60 slots. The computer 

results indicate complete balance on the 10 pole setting with a winding 

factor of . 728. The winding factor o;n the 8 pole setting is .8199 with a 

reverse phase sequence winding factor of 0.0021.

The harmonic analysis is shown in Table 4 for a coil pitch of 15 slots.

TABLE 4.

8 pole setting. 10 pole setting.
Pole 

Number.
Amplitude Pole 

Number.
Amplitude

- 20 .0122 - 18 .002

- 12 .0553 - 14 .0271

- 8 .0021 - 6 .0235

- 4 .0239 - 2 .0411

4 . 0043 2 .0169

8 .8199 6 .207

12 . 102 10 .728

20 .0455 14 . 034

18 .0291

The harmonic content is satisfactory since the only appreciable 

harmonic is the 6 pole harmonic on the 10 pole setting. This harmonic 

cannot produce dips in the speed-torque curve.
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A 4/6 Pole Machine

The most difficult windings to form are those using a small number 

of slots per segment; however, a reasonable number of balanced segments 

exist for a segment slot number of six. Thus a 36 slot completely balanced 

machine for 4/6 pole operation can be formed using the segment R B Y B Y R 

which is balanced: on the 4 pole setting. This segment may be interleaved 

to produce 6 pole balance using the segments and slot numbers shown below.

1 4 7 10 13 16

R B Y B Y R

3 6 9 12 15 18

B Y R Y R B

5 8 11 14 17 20

Y R B R B Y

The complete winding is shown in Figure 7. Computer analysis 

indicates that this machine is completely balanced and produces the harmonic 

content for the top layer only which is shown in Table 5.

TABLE 5.
6 pole settings 4 pole settings.

Pole No. Top layer. 9 slots Pole No. Top layer. 9 slots 
. ________ coil pitch. _______________ coil pitch.

- 14 .0253 .0179 - 8 . 0296 0
- 10 .0691 .0489 4 .8312 .8312
- 2 . 1442 0.1022 8 • 3199 0
2 . 1989 0.141
6 . 8796 0.622
10 . 0728 0.0315
14 . 1059 0.075
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Examination of Table 5 shows that a coil pitch of 9 slots is 

necessary to "pitch out” the high 8 pole content on the 4 pole setting. The 

analysis under these conditions is again shown in Table 5. The winding 
B4 

factors produce a gap flux density ratio /B^ x 1. 0 when used with a star 

to star two parallels switching arrangement. The machine is suitable for 

fan drive applications.

6. AN EXPERIMENTAL MACHINE

A machine was constructed to the specification of the second winding 

example in a frame normally used for 2 horse-power 4 pole machines. The 

frame of the machine was supported in bearings which were concentric with 

the machine shaft. The stator was then constrained with a short steel beam 

which carried a strain gauge. The strain gauge therefore produced changes 

in resistance which were proportional to the shaft output torque. The strain 

gauge was connected in a suitable bridge circuit, and the output from this 

circuit was amplified and applied to the X* plat es of a cathode ray oscilloscope. 

A signal proportional to speed was then applied to the Y plates of the oscillo­

scope. Thus if the machine was allowed to accelerate slowly, the trace on 

the oscilloscope corresponded with the torque-speed curve of the machine. 

Traces for the 4 and 6 pole settings are shown in Figure 8, in each case the 

scales are arbitrary but they indicate satisfactory torque performance. Test 

figures for the machine are shown in Table 6, and since the output is 1. 8 horse­

power on the 4 pole setting, at the same temperature rise as a single speed 

2 horse-power machine, the performance is satisfactory.

The current balance produced by the machine was exceptionally good.



4 pole Torque Speed Curve.

6 pole Torque Speed Curve.

Figure 8. The Torque Speed Curve a of the Experimental Machine.
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The input currents were always within 1. 0% of each other on the 6 pole 

setting and within 3% of each other in the worst case on the 4 pole setting.

TABLE 6.

Results taken at 410y. line.

4 poles 6 poles

Peak torque 172 lb-ins. 68 lb-ins.

Starting torque 138 lb-ins. 45 lb-ins.

Full load power 1.8 H.P. .51 H.P.

Full load speed 1430 r. p. m. 970 r. p. m.

Full load power factor .82 .54

Winding temperature rise 50°C 48°C

Efficiency 78% 57%

Full load current 2. 9 amp. 1. 75 amp.

Starting current 16. 2 amp. 5. 5 amp.
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7. CONCLUSIONS

Completely balanced windings for 4/6 and 6/8 pole machines have 

been shown to be possible. The other close-ratio machines which are 

commonly constructed include 8/10 and 10/12 pole ratios. These latter 

machines can be balanced only on one of the pole numbers. However, this 

is very helpful to the designer, since if a segment is inherently balanced 

on one pole number a second balanced segment can be positioned so as to 

almost completely cancel the negative phase sequence component on a second 

pole number; whereas if the interleave is used to reduce the unbalance on 

two pole numbers a compromise position for the interleave has to be used.

The analysis of the balanced machines using simple current sheet 

analysis is difficult since the winding irregularities themselves produce the 

balanced conditions. However, the work of Chapter 11 can be used to provide 

the broad outline of the winding design, and thus reduce the work which is 

necessary using the digital approach.

The balancing system using three segment interleave is only one 

way to produce the desired result. There are almost certainly others. For 

example, if a certain selection of the slots is ascribed to one block of the 

winding, a trial and error process using the vector diagrams for both pole num­

bers simultaneously may eventually produce a winding which is balanced on 

each pole number. It may be possible to programme a computer to do this 

work by using a random number generator. This will form the basis of 

future work on close-ratio machines.
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The balancing system has been used to produce two block machines 

only, clearly it could be extended to the other machines, and this again will 

form the basis of future investigations.
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SUMMARY
In a conventional induction motor the synchronous speed at the 

rotor surface is set by the phase difference between currents in adjacent 
slots and the spacing of the slots. The synchronous speed may be 
increased by changing the phase of the current in each slot progres­
sively so as effectively to stretch the poles. The paper describes a 
transformer arrangement giving a multi-phase output, which can 
provide such a ‘phase-stretching’ system to be used to supply the 
stator of a squirrel-cage induction motor. The transformer is similar 
to a conventional phase-shifting transformer, except that the pitch of 
each coil of the primary is proportional to the log of its distance from 
a fixed point in the system. The primary and secondary of the 
transformer are analogous to the C and D scales of a slide-rule, and 
movement of the primary relative to the secondary results in a variation 
of the phase increment between adjacent secondary coils. The 
secondary is connected to the stator winding of the motor in such a 
way as to provide a uniform-velocity field in the latter, the velocity 
being varied by adjusting the position of the primary of the transformer. 
The method of construction of an experimental machine is described 
and test results over a speed range of 4 :1 are included.

The authors are in the Electrical Engineering Department, University of Manchester.
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CURRENT 
PHASES'

'^n-T 
—Xn1

(1) INTRODUCTION
In an earlier paper,’ the concept of the linear induction motor 

was described by supposing that a conventional cylindrical stator 
could be cut open and rolled out flat. The synchronous rotational 
angular velocity 2fin, where n is the number of poles around the 
periphery and f is the supply frequency, is then replaced by a 
synchronous linear velocity us = 2pf, where p is the pole pitch. 
The operation was demonstrated by using a model of a stator 
made of rubber. The model was split axially and held together 
by a zip-fastener. When the latter was opened, the stator could 
be rolled out flat. In this condition the model was also capable 
of being stretched. If the model were stretched in the direction 
of the rotor velocity ur so that the length of the model was 
increased to k times the initial length, the new pole pitch would 
be kp and yield a new synchronous velocity us = 2kpf. Thus, 
variations in k would produce variable speed.

Various attempts2,3 have been made to obtain variable speed 
by using this ‘pole-stretching’ technique. Usually the windings 
of the various poles have been mounted on separate iron struc­
tures movable relative to one another. This difficulty was 
avoided in the authors’ variable-speed motors4,5,6 by adjusting 
the angle between the direction of motion of the field and the 
direction of motion of the rotor, so as to give the effect of 
variable pole pitch as seen from a point on the rotor during 
rotation. All of these methods depend on changing the actual 
or apparent spacing of conductors carrying currents of fixed 
relative phase.

Alternatively, if a fixed structure is used, with conductors in 
fixed positions relative to one another, ‘pole stretching’ can be

Fig. 1.—The problem of ‘phase stretching*.

achieved by varying the phase displacement between the currents 
in adjacent conductors. Thus, referring to Fig. 1, if is the 
phase of the current in slot n, x„ — xn_\ — 8x is the slot pitch, 
and = 8<£, the synchronous velocity is

. A
If Us is to be constant along the length of the block, must be 
everywhere the same; but if 8^ can be varied simultaneously 
along the whole length of the block, then us can be varied. The 
pole pitch of the winding is ttBxI8^, and is ‘stretched’ by 
changing 8^. This method might be called ‘phase stretching’ to 
distinguish it from ‘pole stretching’. The paper is concerned 
with the development of a ‘phase-stretching transformer’ designed 
to supply currents of appropriate phase to a stator block with the 
object of providing a velocity variation over a wide range.

(2) A PHASE-STRETCHING TRANSFORMER
A conventional wound-rotor induction motor in which the 

rotor is held at standstill constitutes a conventional rotary 
phase-shifting transformer, provided that the angular position 
of the rotor can be adjusted. Such machines usually carry a 
3-phase wound rotor. If a squirrel-cage machine were to have 
one end-ring removed, the free ends of the m rotor bars would 
provide an m-phase system of a.c. supply when the stator was 
energized to produce a rotating magnetic field in the air-gap. 
With the rotor fixed in position the phase of the induced e.m.f. 
in one rotor bar would be fixed in relation to the phase of the 
stator supply. A change in the angular position of the rotor 
would change the phase of the induced e.m.f. in each rotor bar 
by the same amount, the phase difference between the e.m.f.’s in 
adjacent bars remaining the same.

The structure just described is characterized by having uniform 
slotting of both rotor and stator and by having a stator winding 
of constant pole pitch. An alternative arrangement is shown 
in the developed diagram of Fig. 2(a) and (b). Here, both 
rotor and stator blocks have 80 slots, numbered 10-89 for con­
venience, but the slots, unlike those of the conventional phase­
shifter, are arranged in a non-uniform manner such that the 
displacement of a slot from the left-hand edge is proportional to 
log (x/10), where x is the slot number. For the sake of clarity, 
not all the slots are drawn in this Figure; the first 20 are shown
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Fig. 2.—The principle of ‘phase stretching*.
(a) Primary. (6) Secondary, (c) Secondary after displacement.

(C)

o

in full, thereafter every tenth slot is shown. The stator or 
primary winding is an exact copy of a conventional stator winding 
with 80 slots, like-numbered slots carrying corresponding coil 
sides. The only difference lies in the spacing of the slots. The 
stator shown in Fig. 2 carries 8 pole pitches, so that the phase 
increment per slot of the currents in the stator is constant at 
18° along the block, but the pole pitch decreases from left to 
right. With good coupling the rotor or secondary bars will carry 
equal and opposite currents, and will therefore also exhibit a 
phase increment of 18° per ban If one end-ring is removed, as 
before, secondary-bar e.m.f/s will exhibit an 18° increment 
per bar.

Although Fig, 2 is introduced as a developed version of a 
cylindrical structure, it could equally well relate to a linear 
structure, and it is convenient to consider it as such for the 
moment. With this proviso, Fig. 2(c) shows the result of 
displacing the-secondary relative to the primary, so that bar 20 
of the rotor is now opposite slot 10 on the stator. Because of 
the logarithmic spacing of the-slots, which corresponds to the 
relative spacings of the incremental tenths on a slide-rule, this 
displacement brings bar 40 on the secondary opposite slot 20 
in the primary, bar 60 opposite slot 30, and so on. Thus, 
discounting overlap, any 20 bars on the secondary now span 
10 slots on the primary, and the incremental phase change per 
bar on the secondary is therefore 9° instead of 18°. Similarly, 
if the rotor is displaced from the centre position through an 
equal distance in the opposite direction, the phase increment per 
bar on the secondary becomes 36°. Intermediate, or greater, 
displacements yield corresponding results, as may be checked by 
using the C and D scales of a slide-rule as a model, or by reference 
to the analysis of Section 12.1.

Thus, in principle, a winding designed to produce a travelling 
field with pole pitch decreasing according to a logarithmic scale, 
mated with a movable secondary block carrying conducting bars 
arranged on a similar logarithmic scale, provides a multi-phase 
output from those bars, and movement of the secondary relative 
to the primary yields continuous variation of the phase increment 
between adjacent output points. This process has been called 
‘phase stretching’ for want of a better name. The multi-phase 
output is unusual in two respects. First, owing to variable 
overlap, the number of energized output poults, or phases, is 

variable, and secondly, in proceeding from the first energized 
point progressively through the phases to the last, the total phase 
rotation in general will not be a multiple of 360°. These 
peculiarities may limit general application of the device but do 
not hinder its use in variable-speed motors.

(3) APPLICATION TO VARIABLE-SPEED MOTORS
Fig. 3 shows in developed form at (a) and (6) a phase-stretching 

transformer as described above, used to supply the stator (c) of 
an induction motor with a squirrel-cage rotor (d). The output 
points of the transformer section are cross-connected to uni­
formly spaced bars in the motor stator slots. This stator 
therefore carries currents which show a uniform phase increment 
per slot. The transformer is capable of movement relative to 
the secondary and is shown in Fig. 3 in two positions, A and B. 
The stator is drawn only in part in position A for the sake of 
clarity. With the transformer primary in position A, the phase 
increment in the motor stator can be seen to be 18°. When the 
transformer primary is moved to the position B, the phase 
increment is seen to be 90. Variation of phase increment 
produces a corresponding change in the synchronous speed of 
the stator field, and hence of rotor velocity. In the linear form, 
‘overlap’ will not cause any particular difficulty; it will merely 
result in part of the stator being un-energized and part of the 
primary unused.

The diagram can, however, equally be related to a cylindrical 
form by first folding the primary on to the secondary, face to 
face; similarly folding the motor rotor on to the motor stator; 
and then rolling both sections into cylinders, the transformer 
primary and motor rotor being inner members, and the trans­
former secondary and stator being outer members. The general 
form of the machine is shown in Fig. 4. In the cylindrical 
machine, overlap of primary and secondary can be harmful 
because the small-pole-pitch end of one will be mated with the 
large-pole-pitch end of the other. This difficulty can be over­
come in a number of ways, for example, by omitting part of the 
primary winding so that the ‘overlap’ is always un-energized. 
Speed adjustment is obtained by rotating the inner member of 
the right-hand section, which is the wound primary of the 
phase-stretching transformer.
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Fig. 3.—Principle of the log motor.
(a) Transformer primary in two positions.
(6) Transformer secondary.
(c) Motor stator.
(d) Squirrel-cage rotor.
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Fig. 4.—Form of construction of transformer and motor as a unit.
A Speed-adjusting handle.
B Transformer primary. 
C Transformer secondary. 
D Interconnectors.
E Motor stator.
F Squirrel-cage rotor.
G Output shaft.
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(4) EXPERIMENTAL MACHINE
The winding plan of the first experimental machine is shown 

in developed form in Fig. 5. It will be seen that all the iron 
members are uniformly slotted but that the windings are dis­
tributed in the slots in a non-uniform manner.

(4.1) Primary Winding
The transformer primary is wound in 54 slots to provide 

8 poles, so that the total phase change along it is 1440°. The 
logarithmic distribution required is obtained by mixing con-
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Fig. 5.—Winding plan of a logarithmic motor.

ductors of different phases in the various slots. If the net 
current in slot n is arranged to have phase

, 1600° n
rn------ jQ- antilog 10 —

with n ranging from 0 to 54/ then ranges from 160 to 
1600, i.e. a range of 1440° equal to 8 poles. The positions on 
the winding corresponding with pure ‘red-phase’ currents, either 
positive or negative, are shown on the diagram. At the right­
hand end the winding is almost exactly a ‘one slot per pole per 
phase’ winding, but the degree of ‘spread’ increases greatly 
towards the left, until at the left-hand edge it is equivalent to 
10 slots per pole per phase. The winding used is a double 
layer winding and each coil has the same number of turns. In 
order to make maximum use of the slot depth, the number of 
strands per conductor is increased from right to left. Because 
the ‘spread’ increases from right to left, the current per slot 
increases from left to right. Section 12.2 shows that the

* In a cylindrical machine with 54 slots, slot 0 and slot 54 are one and the same.
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Fig. 6.—Test for current distribution in the primary winding.
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appropriate formula for the current density, JT, at position y 
from the start of the winding is JT = Js<xXe~yy.

Fig. 6 shows the measured phase and amplitude of the currents 
in the slots plotted against calculated values of The phase 
error nowhere exceeds 300. The amplitude shows the right kind 
of variation except for the beginning and end, where current 
amplitudes are low owing to the underlap and overlap of the 
two layers of the winding. Tapping points were provided in 
the vicinity of each of the ‘red-phase’ markers to enable less than 
8 poles to be energized if desired.

when this occurs the pairing process is best performed by taking 
successive values of s and finding the corresponding value of r. 
The resulting set of interconnections is shown in Fig. 5.

Each interconnecting bar was made up of 20 insulated con­
ductors of 0 116in diameter. They were arranged accurately 
in each slot in ten layers of two; each bar was partially trans­
posed in passage from one block to the other, so that the 
conductors at the top of the slot in one block were at the 
bottom of the slot in the other. End-connections were made by 
soldering to stout copper rings.

36 37 3 8 39

12!

40

20

41

12

42

20

20

43

IQ
28

28

45

32

46

32

48

32

49

32

32

50

32

51

32

32

32

52

32

53 54

TRANSFORMER PRIMARY

SLOT NUMBER

CENTRES OF RED PHAS1

11

24
TT 

20

END RING

11 L

END RING

(b)

INTERCONNECTORS

SHORT-CIRCUITING 
_ BARS

n n F

TRANSFORMER SECONDARY 

fi ri n r-i fi ri

33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 49 49^58 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 1 2 
\ MOTOR STATOR

Fig. 5 (continued).

(4.2) Transformer Secondary and Motor Stator Interconnections
The secondary and stator blocks each have 72 uniformly spaced 

slots, but the interconnections between them are required to 
transform a logarithmic distribution of phase into a linear one. 
Starting at the left hand of the motor stator, slot 1 can be 
assigned a phase of 160° to correspond to slot 1 of the trans­
former primary. The phase increment per slot along this block 
is everywhere 1440°/72 = 20°, and hence the phase in slot m is 
<f>r = 20r + 160r.

The phase in slot s of the transformer secondary is

& = 160° antilog10

By listing and for slots 1 to 72 and starting at the left-hand 
end, it is easy to choose the value of s which corresponds most 
nearly in phase to each value of r. At first, each value of r 
will find an individual partner in s, with empty slots intervening 
between successive values of s, but, as the process proceeds, 
successive values of r will correspond with the same value of s; 

Fig. 7 shows the result of a test of the transformer and motor 
stator, with the motor rotor removed. The amplitude and phase 
of the currents in the stator bars are shown as a function of the 
stator slot number. For this test the starting-points of the 
primary and secondary windings were aligned. The phase is seen 
to be a linear function of slot number apart from small errors 
not exceeding 25°. The amplitude is reasonably constant, except 
at the right-hand end, where it shows peaks at fairly regular 
intervals. These peaks are due to variation of slot alignment 
between the primary and secondary of the transformer. The 
ratio of slot numbers is 54 :72, which results in slot alignment 
occurring every fourth stator slot. The effect is greatest at the 
right-hand end, because here the pole pitch is short and the 
slotting relatively coarse. The effect could have been reduced 
by skewing the primary slots, but a better solution, and one to 
be used in later models, is to use equal numbers of slots.

Fig. 8 shows curves similar to those obtained in Fig. 3 with 
the primary displaced to the left of the mid-point through an angle 
corresponding to log 2. It may be seen that there is a consider-
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able range over which the phase is linear with slot number, and 
of about the expected slope, i.e. 40° per slot. At the right-hand 
end, however, the phase curve changes slope and falls to about 
40 per slot. This is due to the left-hand end of the primary in

81000
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< 800

Fig. 3 overlapping the right-hand end of the secondary. 
Reference to the amplitude curve, however, shows that the
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Fig. 7.—Test for current distribution in the motor stator. 
Primary and secondary aligned.

current density is reduced by a factor of ten over this range; this 
part of the curve can therefore be ignored.

Fig. 9 shows the effect of displacement by the same amount in 
the opposite direction. Now there is a portion at the right­
hand end which shows the expected phase slope, 10° per slot, 
but this is preceded by a portion showing 100° per slot, over 
which the current density is very high. Again this is due to 
overlapping, but this time the right-hand end of the primary, 
where current density is high, is overlapping the left-hand end 
of the secondary, where conductors are more widely spaced than 
on the motor stator. The high current density is therefore 
further increased. The early, incorrect part will therefore be 
dominant, and a low speed will result. If the high speed corre­
sponding to the right-hand part of the curves is required, it will 
be necessary to disconnect that part of the transformer primary 
which overlaps the left-hand end of the secondary in Fig. 3.

These results show that the ‘phase-stretching’ transformer 
works as anticipated, and also that it can provide a configuration 
of current in a motor stator such as will produce an adjustable 
speed.

(5) MOTOR ROTOR
The rotor had 54 slots and each slot contained four insulated 

wires each 0-116in diameter. Rotor resistance could be 
adjusted over a 4 : 1 range by connecting the appropriate 
number of rotor conductors to the end-rings.

(6) EXPERIMENTAL RESULTS
For the first test the transformer primary and secondary were 

aligned as in Fig. 3 (position A) to produce 8 poles on the motor 
stator. Torque/speed and other characteristics are shown in 
Fig. 10 with the intake current held constant. These curves 
show the characteristic shape associated with induction motors; 
maximum torque occurs at 7|% slip, which indicates a rather
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Fig. 8.—Test for current distribution in the motor stator.
Primary displaced to the left by an angle corresponding to log 2.
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Fig. 9.—Test for current distribution in the motor stator.
Primary displaced to the right by an angle corresponding to log 2.

high rotor resistance. The peak efficiency is rather low, namely 
63 %. Curve (b) shows intake power, Pt, less ‘synchronous 
power’, Twsi where T is the torque and a>s the synchronous 
angular velocity. In a conventional machine this curve repre­
sents the sum of stator copper loss, iron loss and stray load loss. 
By measuring the intake power with the rotor removed from the 
motor stator, it is possible to obtain an estimate of copper loss 
per ampere squared; this corresponds to the short-circuit test 
on a transformer.

By measuring intake power with the rotor inserted, but with 
all rotor bars disconnected, it is possible to obtain an estimate of 
iron loss; this corresponds to the open-circuit test on a trans­
former. Both experiments have been done and used to estimate 
iron and copper losses in Fig. 10. These are shown at (d) and 
(c). Curve (f) is the sum of (c) and (d) and may be seen to 
approximate closely to (b). Thus the poor efficiency can largely 
be ascribed to conventional causes rather than to any unexplained 
property of the unconventional winding.
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(a) Intake.
(6) Intake synchronous power.
(c) Estimated copper loss.
(d) Estimated iron loss. 
W Synchronous power.

(7) VARIABLE-SPEED WORKING
Fig. 11 shows the results of an attempt to obtain variable­

speed working. For this test only the first four poles of the 
winding were connected, for the reason given in Section 3. As 
a result only part of the motor stator block was energized. 
The initial setting was for 750 r.p.m. as in the previous experi­
ment. As the transformer primary was turned there was at first 
very little speed increase, but at about 4-30° the speed suddenly 
increased to near 1 000 r.p.m. Further turning gave relatively 
little speed increase. The primary was next turned back towards 
zero, and there was at first very little speed reduction, until, at 
about 25°, the speed returned abruptly to about 750 r.p.m., thus 
forming a ‘speed/angle’ hysteresis loop. As might be expected, 
the machine showed a marked preference for the speeds corre­
sponding to even numbers of poles. This was because, as the 
rotor rotated, it carried flux round from the end of the energized 
part of the stator block back to the beginning of the block. 
The phase of this ‘carried-over’ flux, relative to the current at 
the entry edge of the energized part of the stator block, depends 
on speed, and either additional positive or negative torque may 
result.6

The effect of a carried-over flux can be eliminated by arranging 
to destroy the rotor flux between exit from the trailing edge 
and entry to the leading edge of the energized part of the stator 
block. For this purpose addition bars were introduced into the 
motor stator. These are shown in slots 52 to 69 in Fig. 5, 
and are connected to the end-ring at the top end only. If the 
free ends of these are short-circuited to each other, then, provided 
that they are of low resistance, flux cannot readily penetrate 
the stator block between the extremities of the short-circuited
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Fig. 11.—Speed variation with change in primary position.

cT

8

section. The flux in a rotor element passing under this short­
circuiting grid is therefore severely attenuated, and sensibly ‘dead’ 
rotor is fed continuously to the leading edge of the energized 
part.

Fig. 11 shows the result of short-circuiting four of these bars. 
It may be seen that the hysteresis effect has disappeared, though 
there remains some obvious distortion of the speed/angle re­
lationship. Short-circuiting a further bar reduces the distortion, 
but at the expense of additional losses, since rather heavy currents 
flow in the short-circuited bars.

With these five bars connected the next experiment was 
designed to explore the extent of variable-speed working avail­
able. For this purpose the first six poles of the winding were 
used. The test was made with a fixed load-torque of 3 - 3 Ib-ft, 
and at each speed setting the voltage supplied was adjusted to 
yield the maximum efficiency.

The results are shown in Fig. 12. It may be seen that speed 
variation can be obtained over a range of 4 :1. Curve {a) of 
Fig. 12 shows the voltage required for the machine to run at 
maximum efficiency at constant torque. The variation is not 
excessive and the machine exhibits a close approximation to a 
‘constant torque at constant voltage’ characteristic over this 
range, i.e. power proportional to speed. From 175 to 350 r.p.m. 
the efficiency falls as the speed is reduced.

The efficiency is about 50% over the range of speeds between 
350 and 700 r.p.m. This rather low value can be ascribed to a 
considerable extent to excessive copper and iron losses, and it 
can confidently be expected that a redesigned machine in which 
these losses are reduced will yield much better efficiency. The 
efficiency falls off severely at the low-speed end, owing to at least 
two causes. First, the stator has 72 slots, so that at a synchro­
nous speed of 175 r.p.m. there is less than 1 slot per pole per 
phase. Secondly, at the angle setting of —2000 only 35 poles 
of the original 6 are still operative, the remainder having ‘dis­
appeared’ by overlapping the wrong end of the transformer 
secondary.

The speeds plotted lie rather randomly above and below the
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mean line. Thi s is due to the fact that the efficiency/ 
speed curve has a rather flat maximum, and the 
methods used did not permit of its accurate deter­
mination.

In these curves only certain speeds are repre­
sented by plotted points, but it should be recorded 
that speed variation is in fact continuous, in that 
any desired speed can be obtained at any load 
within the capability of the machine by appro­
priate adjustment of primary angle.

(8) FURTHER SPEED/TORQUE CURVES
Fig. 13 shows the results of a test taken at the 

aligned setting of the transformer primary with 
four poles connected. The results are plotted for 
constant supply voltage. The peak efficiency of 
about 50% occurs at approximately 20% slip. 
The torque characteristic shows that the motor 
is free from crawling torques or other vices. 
Curve (c) shows the intake minus Tcos, and curves 
(d) and (e) show estimated stator copper and iron 
losses of the motor stator and transformer. 
Curve (/) shows the difference between curve (c) 
and the sum of (d) and (e). This curve presum­
ably represents additional loss due to the
unorthodox nature of the machine. Various sources of addi­
tional loss have been described in earlier papers5,6 and the 
magnitude of curve (/) is consistent with expectation. They 
will not be discussed further here, since the purpose of the 
paper, which is to introduce this new type of machine, has 
already been served by this first experimental model. In a 
later machine iron and copper losses will be reduced, and the 
residue will then be more accurately determinable.

(9) CONCLUSIONS
The first experimental machine has shown that the principle 

of phase stretching may be applied successfully to control the 
speed of an induction motor, provided that the latter has a break 
in its stator winding which allows the flux through any rotor 
tooth largely to be destroyed once per revolution. The induction­
motor part of the machine is thus subject to the limitations 
imposed by ‘short stator’ working as outlined in Reference 5, 
which shows that for high efficiencies the number of stator poles 
must exceed four. In spherical motors, to which Reference 5 
specifically relates, the stator is essentially divided into two 
blocks, so that at least four poles per block are required at the 
top speed, imposing a top speed limit of about 400r.p.m.

In the logarithmic motor almost the whole of the stator 
periphery is available for use as a single block, and the potential 
top speed is doubled.

The first experimental machine had a poor efficiency, largely 
because the potential speed range chosen was high. This 
resulted in small pole pitches in the primary winding, with the 
attendant high value of magnetizing current.

Development is continuing with a view to formulating design 
criteria for this type of machine.
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(12) APPENDICES

(12.1) Theory of the Logmotor

In Fig. 14, distances along the transformer primary winding 
are represented along the line AA'. Distances y along the

B

a"* *"q

Fig. 14.—Geometrical representation of a logmotor.

secondary are measured along BB', and distances x along the 
motor stator along CC. The line ABC is taken as the origin for 
distances measured along BB' and CC. The origin of the 
primary is at O and is movable relative to B and C.

When O is opposite a point P on the secondary, where BP = y0, 
the primary phase at A is f(y — y0) = </>, the function depending 
on the winding arrangement of the primary. Points such as P' 
on the transformer secondary are connected to points such as 
Q' on the stator, according to the relationship

xq — g(yp)
The rate of change of phase which occurs on the stator is then 

d^ _ d^dy _ f'(y — y0) 
dx dy dx g '{y)

which may be written dfydx = a(y0), since the phase rate must 
depend only on the displacement y^ and be constant for any given 
value of fo- Thus

f'(y - Jo) = a(yo)g'(y) . . . . (1)

Integrating f(y — Vo) = a(Vo)g(v) + h(v0)

where h(y0) is the constant of integration. 
Since

a(y0)g'(v) = - a'(v0)g(v) - h'W
or

Integrating 

g(V) = exp - y

k(v0) being the constant of integration.

g(y) must not be a function of y0 since the interconnectors 
remain fixed as the primary is moved.

h'(y0) = — ^oa'Oo), where x0 is a constant.
a'(y0) = AaO0). where A is a constant.

Therefore a(y0) = Ae^ where A is a constant.

k(yo) = — «, where a is a constant.

Then g(y) = x = xQ — as~^

and h(y0) = — x0Ae^ + O0, where O0 is a constant.

Thus = f(y — Vo) = a(yo)g(y) + h(y0)
= Ae^^xo — a e-^) — XqAe^ + Oo
= + 0o, say

Now e~*y = .......... (2)a

and therefore
= 0^ ~ X^ + 0o 

T a

If is a phase lead, then all quantities vary as Con­
stant phase along CC' appears to an observer, who moves a 
distance 8x in time 8t, such that w8r + ^8x = 0

dx co
Or dt^~d^ = U-Say

and ux =

Similarly

(12.2) Current Density

It is considered desirable to have a constant surface current 
density Js in the stator of the motor. The current contained 
within a length 8x on the motor stator, Js8x, is distributed in 
length 8y in the transformer secondary.

Fig. 15 illustrates this by imagining the extremities of the 
lengths 8x and 8y to be joined by two of the interconnecting 
bars. Thus the current density necessary in the transformer

By

Sx

Fig. 15.—Current transference by interconnector.

secondary is Js8xl8y, where 8x and 8y are related by eqn. (2) 
of Section 12.1. Thus x0 - x = as-^ and dxldy =■ oAs*^ 
whence the transformer current density, JT, is

[The discussion on the above paper will be found on page 108.]
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SUMMARY
The paper describes a method of ‘pole-stretching’ for induction 

machines in which part of the stator windings are fed directly from 
the mains supply and part from phase-shifting transformers. Variation 
of the angle of phase-shift enables continuous speed control to be 
effected. An experimental machine is described, the test results from 
which demonstrate that speed control with constant efficiency can be 
obtained over a speed range of 1 • 5 : 1. The limitations on the range 
of such machines imposed by the necessary condition that the stator 
be discontinuous are discussed, and a method of extending the speed 
range is then described. Machines of this type may be designed to 
run with a number of discrete synchronous speeds, in which case no 
phase-shifting transformers are necessary and speed change is effected 
by external switches only. The historical link between this type of 
machine and the spherical motor is outlined.

(1) INTRODUCTION
A new type of brushless variable-speed induction motor, 

called the ‘logmotor’, is described in a separate paper.1 This 
paper outlines a method of pole-stretching whereby the phase 
increment per slot of the stator current may be changed in order 

of the stator which is not energized (see Section 7 of Reference 1). 
The present paper is concerned with an alternative method of 
changing the phase increment per slot, which leads to the 
development of a type of cylindrical brushless variable-speed 
induction motor quite different from the logmotor.

(2) THE PRINCIPLE OF PHASE MIXING
Fig. I shows a section through the stator of the new induction 

motor; a sector has been removed for the reason just discussed. 
The stator slots contain three separate 3-phase windings A, B 
and C, the connections to which are shown in Fig. 2. Windings 
A and B are supplied from 1 : 1 phase-shifting transformers 
whose primary windings are in series with winding C, so that the 
current flowing in A and B is substantially of the same mag­
nitude as that in C. The phase of the currents in A may be 
advanced or retarded by means of phase-shifter 1. Phase­
shifter 2 is mechanically coupled to phase-shifter l in such a 
way that, when the latter is set to advance the phase of the 
current in A by an angle 6, phase-shifter 2 retards the current 
in B by the angle 6 and vice versa.

20

MAINS
SUPPLY

R
MOTOR

B

PHASE- 
SHIFTER 

2 /

PHASE- 
SHIFTER,

Fig. 1.—Arrangement of stator windings in a 
pole-stretching motor. Fig. 2.—Connections between windings in a pole-stretching 

system.
to change the synchronous speed of the travelling field. The 
current in each slot of the motor stator is supplied along a 
separate lead from a special type of transformer. A cylindrical 
machine such as the logmotor, whose synchronous speed is 
capable of continuous variation, must necessarily have an arc

The authors are in the Electrical Engineering Department, University of Manchester.

[100]

Each of the windings A, B and C is arranged in the manner 
of a conventional 3-phase winding so as to produce phase pro­
gression around the periphery. The number of conductors of a 
particular winding in each slot is graded as indicated by the 
shading, so that the magnitude of the stator current loading 
produced by any one winding varies around the periphery. The 
windings are so arranged that when both phase-shifters are set
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Fig. 3.—Vector diagrams for effective current 
per stator slot.
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Fig. 5.—M.M.F. diagram for 9 = 0.
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to 6 = 0 the effective stator-current distribution is identical with 
that of a sector of a conventional induction motor. Accordingly, 
the vectors which represent the effective slot currents are uni­
formly phase-spaced by the appropriate amount. For example,

if the windings shown in Fig. 1 are arranged to have two slots 
per pole per phase, the vector diagram for the condition 0 = 0 
is shown in Fig. 3(a); for the sake of clarity in the Figure, only 
slots 8-18 are included. The contributions from winding C are 
represented by the full lines Oa, Ob, Oc..........etc., those from 
winding A by the broken lines a A, bB, . . ., eE, and those from 
winding B by the broken lines gG, . . ., IL. The phase incre­
ment per slot is 30°. If now the phase-shifters are set to make 
6 = 60°, the vector diagram is modified to that shown in 
Fig. 3(6). If the relative numbers of conductors in windings A, 
B and C have been suitably chosen, the phase increment per slot 
is increased uniformly. Since slot 25 in Fig. I contains only 
conductors energized from phase-shifter 2, the phase angle of 
the current in slot 25 has been advanced 60° and therefore the 
phase increment per slot has been increased by 60/12 = 5°, 
there being 12 slots containing winding B. Similarly, the phase 
in slot 1 has been retarded by 60° so that the total phase angle 
between slots 1 and 25 has been increased from 720° to 840°, 
with the corresponding reduction in the angular velocity of the 
field. Similarly, if the phase-shifters are moved through the 
same angle in the opposite direction the total phase change will 
be reduced from 720° to 600°. Thus variation in 6 from —60° 
to +60° gives a speed range of 840/600 = 1 4.

If all the slots contain the same total number of conductors, 
so that both the magnitude of the current per slot and the phase 
increment are uniform for 0 = 0, and if for one value of 6 (in 
this case 60°) the phase increment is again uniform, the mag­
nitude is seen from Fig. 3 to be non-uniform. Furthermore, 
for values of 6 other than 0 and 60°, both the magnitude and the 
phase increment will be non-uniform.

A machine may therefore be designed to have correct current 
phase in all slots at one particular setting only. The greatest 
discrepancy in magnitude occurs where the currents in two 
windings are mixed in equal proportions, and a calculation of the 
phase discrepancy is completed in Section 12.2; as an example 
of the size of the errors introduced in a particular system, the 
phase and magnitude values of the current per slot are computed 
for the motor shown in Fig. 1. In this calculation, the conductor 
ratios are chosen according to Section 12.1, so that the phase 
increment is uniform for 6 = 90°. The calculated values of 
magnitude and phase are compared with the ideal values in 
Fig. 4. The phase errors for values of 0 between 0 and 90° are 
nowhere greater than 17°, and the maximum error for 6 = 
+ 120° is less than 6°. Since a conventional 2 slot/pole/phase 
winding, 2/3 chorded, has a phase error of 30° in alternate slots, 
no problem is presented from purely phase considerations. The 
magnitude errors are more serious. With the arrangement 
described it is probably uneconomic in terms of stator copper 
loss to increase 6 beyond 90°, although some benefit might be
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obtained by choosing conductor ratios which 
give uniform magnitude at 0 = 60° rather 
than at 0 = 0. Furthermore, some magnitude 
error is clearly tolerable, for a conventional 
winding with 2 slots/pole/phase, 5/6 chorded, 
has a 14% difference in magnitude between 
currents in adjacent slots.

Fig. 5 shows the m.m.f. pattern obtained 
from a motor wound in accordance with Fig. 1 
and having 2 slots/pole/phase and 5/6 chord- 
ing, at one particular instant in time. In this 
Figure the phase-shifters are set to the zero 
position, and since this corresponds to a con­
ventional winding in the same slots, only the 
resultant m.m.f. is shown. Fig. 6 shows how 
the resultant m.m.f. waveform [curve (/)] is 
built up from the components supplied by 
the three mains windings [curves (a), (b) and 
(c)] and the two sets of phase-shifter-fed 
windings. The instant of time chosen is when 
the red phase of the mains winding is at a 
maximum and the diagram refers to a phase
shift of 90°. 
phase only, 
contribution 
phase-shifter 
illustration.

The centre slot contains the red 
It will thus be noted that the 
from the red phase of either 
is zero, and this simplifies the 
It will be appreciated that the 

m.m.f. for other instants of time could also 
be synthesized. The increase in pole pitch 
between Fig. 6(/) and Fig. 5 is clearly indi­
cated.

(3) SHORT-STATOR EFFECT
The phase-shift-controlled motor, like the 

logmotor' and the spherical motor,2 is a 
short-stator machine which manages to 
achieve synchronous speeds corresponding to 
non-integral pole numbers by providing a 
section or zone of the periphery over which 
the rotor flux can decay to a low value before 
re-entering the active zone of the stator. The 
behaviour of short-stator machines has been 
investigated in some detail.2*3 Their efficiency 
cannot exceed n[(n +1), where n is the number 
of effective poles around the active zone. The 
output cannot exceed n times the rotor copper 
loss. Accordingly, it is usually uneconomic 
to design machines in which n falls below 4 at 
any setting. Earlier work3 has shown that an 
inactive zone of about 90° is necessary to 
avoid undesirable ‘carry over’ of flux, so that 
the top speed of both the phase-mixing motor 
and the logmotor for 50c/s operation is limited 
to about 1 OOOr.p.m. for reasonable efficiency 
and power/weight ratio. For variation of 0 
between —120° and + 120° the total phase 
change from end to end of the active zone 
is ±240°, which means that 1| poles can 

(4) EXPERIMENTAL PHASE-MIXING MOTOR
The first machine built was designed to have six poles for zero 

phase-shift on the grounds of rather better theoretical efficiency

be added to or
subtracted from the number of poles on the winding C (Fig. I). 
For n to remain greater than 4 at top speed, winding C should 
contain 5$ poles, so that the speed range is 6^/4 = 1|. 4

a a:

%

(a)

Fig. 6.—M.M.F. diagram for 0 = 90°.
(a) Contribution from mains winding (blue phase).
(M Contribution from mains winding (yellow phase).
(c) Contribution from mains winding (red phase).
(d)--------------- Contribution from phase-shifter 2 (blue phase).

---------------Contribution from phase-shifter 1 (blue phase).
(e) --------------- Contribution from phase-shifter 2 (yellow phase).

---------------Contribution from phase-shifter 1 (yellow phase).
(/) Sum of the components (a)-(e).

DISTANCE ALONG BLOCK

(e)

(/)

(6

(d)

(C)

To ensure that no carry-over of flux made analysis of the results 
difficult, a 120° arc was cut away from the stator. The remaining 
240° had 45 slots. The rotor was 13 in in diameter and had 
54 slots and the core length was 4 in. Initial tests were made 
to establish the nature of the flux distribution in the air-gap on 
open-circuit for the 5-, 6- and 7-pole settings. The flux dis­
tribution at particular instants of time may be plotted by feeding 
direct currents of the appropriate values into the three windings 
to correspond with one instant of the cycle and measuring the 
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flux across the block with a search coil and 
fluxmeter. For this test the rotor was re­
placed by a laminated iron cylinder con- “
taining no slots. Shturman4 measured flux $
distributions in short-stator machines by using > 
this technique on a tubular structure with no < 
associated iron. When iron is present the £ 
technique is difficult to apply, because of the < 
effect of residual magnetism. The method 
was extended by feeding alternating currents £ 
into the 3-phase windings, the relative values " 
of the three currents being appropriate to one 
instant of the cycle. Flux measurements can 
then be made with a search coil and volt­
meter. The experimental results are shown in 
Fig. 7. The areas above and below the axis 
are seen to be equal in each case at all instants 
of time, indicating that there is no shaft flux 
and that an appropriate pulsating flux occurs 
in the case of odd numbers of poles. The 
results demonstrate clearly that the technique 
of phase mixing enables pole-stretching to be 
effected.

The next experiment consisted of load tests 
at constant current with both even and odd 
numbers of poles, and the results are shown 
in Figs. 8 and 9. The difference between the 
intake-less-stator copper loss and the syn­
chronous power is shown in curve (d) in 
each case. Curve (e) on each Figure shows 
the iron loss. These iron-loss curves were 
computed by measuring the flux density at 
many points along the gap from which the 
density in the yoke was estimated and cal- -a 
culating the iron loss from known data for 
the type of stampings used. The crosses on 
Figs. 8 and 9 are obtained by adding exit 
edge loss to the iron losses. The latter were 
calculated according to the method outlined 
in Reference 3, estimating a value of rotor 
time-constant under the block from the ex­
perimental characteristics and measuring 
the time-constant outside the block by 
observing the decay of flux using a search 
coil. Clearly there are very few unaccount­
able losses.

Fig. 10 shows constant-voltage torque/speed 
and efficiency curves for various angles of 
phase shift from — 120° to + 120°. These 
curves indicate that some undesirable effects 
occur for 0 = ± 120°. The efficiency is lower 
at both settings, while the speed/torque curve 
has a double peak at the top speed setting. 
These effects could probably be reduced by 
designing the winding to be correct at 6 = 60° 
rather than at 9 — 0. The results also show 
that a working speed range from 430 to 
630 r.p.m. is possible with the system de­
scribed. The figures quoted refer to the motor 
only. Overall efficiencies are not shown, since the phase­
shifters used were not matched to the experimental machine 
and the phase-shifters were working at low load and therefore 
low efficiency. When well-matched, the estimated phase­
shifter efficiency is 90%, and since about one-half of the 
total power is fed directly to the motor, a reasonable estimate 
of the overall efficiency is 62%.
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Fig. 7.—Open-circuit flux distribution under a multi-pole stator block.
(a) 5-pole. (6) 6-pole. (c) 7-pole.

(5) EXTENSION OF THE SPEED RANGE
The speed range may theoretically be extended indefinitely 

without reducing the minimum number of poles on the stator 
block and without mixing currents which are more than 900 
apart by the use of the technique illustrated in Fig. 11. The 
stator winding of the machine described in Section 4 is repre­
sented in this Figure by the rectangle BB'b'b. The proportion
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Fig. 8.—Brake test results for a 6-pole stator block (0 = 0).
(a) Intake.
to) Intake less stator loss.
(c) Synchronous power.
to)
(e) Calculated iron loss.
(/) Output.

of mains-fed coils in any slot in a section such as ABBA' does 
not decrease linearly with the distance of the slot from AA' (see 
Section 12), although it is a fairly close approximation to a 
linear relationship and it may conveniently be so represented in 
a schematic such as Fig. 11. If two additional phase-shifters 
are employed they may be connected respectively to the first 
pair of phase-shifters through 2 : 1 gearing, such that when the 
phase-shifter supplying slots in section ABBA' is set to give a 
phase shift of 6, the phase-shifter which is geared to it gives a 
phase shift of 20. When four phase-shifters are used the whole 
of the stator periphery is arranged to correspond with section 
CC'c'c of Fig. 11. Examination of the Figure will show that 
there are slots which mix currents of zero phase-shift (mains fed) 
and phase-shift 0 (section ABB'A) and there are also slots mixing 
currents of phase-shift 0 with currents of phase-shift 20 (section 
CC'B'B), but no slots carrying currents of both zero and 20 
phase-shift. A similar situation obtains to the left of AA' with 
—0 and —20 phase-shift. The maximum value of 0 without 
undue loss of effective m.m.f. may still be 90°. However, the 
extreme slots at CC and cc' contain 100% of conductors with 
phase-shifts of 180° and — 180° respectively, which means that 
two poles can be added to the block by a phase-shift in one 
direction only. Reversal of the phase-shift will therefore sub-
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Fig. 9.—Brake test results for a 7-pole stator block (0 = 90°).
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Fig. 10.—Torque/speed and efficiency curves for various angles of 
phase-shift.
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tract two poles. Hence a stator can be wound to give a 6-pole 
configuration with zero phase-shift, so that it becomes a 4-pole 
and an 8-pole device in the extreme positions. Thus a 2:1 
speed range is obtained with a minimum pole number of four. 
Without the additional phase-shifters this speed range could be 
obtained only by reducing the number of poles to two at the 
top speed setting.

The system shown in Fig. 11 is clearly extendible indefinitely 
in both directions by the use of more phase-shifters. The use of 
many phase-shifters is not attractive economically, for two 
reasons. First, as the number of phase-shifters increases, the 
fraction of the motor which each supplies becomes smaller and 
the rating of the phase-shifter is lower for a given size of motor; 
small phase-shifters, like any other a.c. machine, become less 
efficient and have a lower power/weight ratio. Secondly, the 
greater the speed range, the greater is the number of poles at 
bottom speed, for the top speed is limited to, say, a 4-pole stator 
block; as the number of poles increases, the magnetizing current 
may become excessive. The first of these limitations is not so 
serious as the second, since the phase-shifters may be 2-pole 
machines.

It was considered well worth while, however, to develop a 
system using four phase-shifters and the same top speed as in 
the first machine, since 2 : 1 is a much more useful speed range 
than the 15:1 obtainable with only two phase-shifters. To 
this end a scheme was developed for producing currents of 
phase-shift angles 0 and 19 from one machine, and such a 
system will now be described.

(5.1) The 6-20 Phase-Shifter
A developed diagram of one phase of the stator and rotor 

windings is shown in Fig. 12. Both stator and rotor carry two 
windings such that the pitch of one is twice that of the other. 
There is no coupling between the two windings on either member, 
between the large-pitch stator winding Sj and the small-pitch 
rotor winding R2, and between S2 and Rb The only windings 
which are mutually coupled are Sj and R, and S2 and R2. 
Windings S, and S2 are in series. If the rotor be displaced from 
the position shown in Fig. 12 so as to produce current of phase-

ROTOR

Fig. 12.—Developed diagram of stator and rotor windings of a double 
phase-shifter.

shift 6 in Rb then the current in R2 must be shifted 19 and R, 
and R2 can be used to feed sections AB'C and B'CC' respectively 
(Fig. 11). A second similar machine can be used to supply 
currents of phase-shift —9 and —16. The primaries of the two 
phase-shifting machines and the mains-fed coils are all in series.

A linear version of the 9-19 phase-shifter was constructed 
to measure the effective coupling between the four windings when 
all four were chorded. The large-pitch coils constituted a 

2 slot/pole/phase system, so that the small-pitch coils provided 
a 1 slot/pole/phase winding. Each winding was short-chorded 
by one-third of a pole pitch. The device was found to operate 
satisfactorily, cross-coupling being less than l %. A new experi­
mental machine using this type of phase-shifter is now in process 
of construction.

(6) PROPERTIES OF PHASE-MIXING MACHINES
The pole-stretching motor described here has several features 

in common with those of the logmotor described in Reference 1, 
both being examples of the more generalized type of pole­
stretching arrangement shown in Fig. 13. Machine A is a device

3-PHASE supply

MOTOR

Fig. 13.—The generalized pole-stretching machine.

which takes in power from a 3-phase supply and redistributes it 
into m leads which feed the motor. The arrangement within the 
machine A and the motor are such that, when the position of the 
control handle on A is changed, all the pole pitches of the stator­
current distribution on the motor are changed by the same 
amount, yielding a uniform-velocity field of a different value.

In the arrangement described here, phase mixing is per­
formed in the motor itself as well as in machine A, which in this 
case consists of the two phase-shifters. If these are of the 
9-19 type there are 15 leads between A and the motor. If 
only single phase-shift control is used, there are nine inter­
connecting leads. In the logmotor with uniform slotting, phase 
mixing is performed in machine A and there are almost as 
many leads between A and the motor as there are stator slots. 
This difference between the principles of the types of machine 
results in a difference in the method of manufacture. To mini­
mize the copper losses in the interconnecting leads the logmotor 
is constructed as a unit so that the interconnectors are as short 
as possible. The phase-mixer motor is designed to be controlled 
from a remote point. In this case the power/weight ratio of the 
motor alone is high, being of the order of 25 watts/lb. Each of 
the phase-shifters in the lOh.p. experimental machine is called 
upon to handle a maximum of 3kW. In the case of the log­
motor the whole of the motor power is handled by the control 
machine. A phase-mixing motor fed from a pair of single phase­
shifters obtains approximately half of its power directly from 
the mains; if it is fed from double phase-shifters about three- 
quarters of the total power is handled by the control. The 
power/weight ratio of the phase-mixing motor and its control is 
therefore theoretically higher than that of the logmotor, but the 
logmotor clearly has a superior speed range. Extension of the 
speed range of a phase mixer beyond 2 : 1 would be uneco­
nomical, because of the complication of the extra phase-shifters, 
whereas the logmotor range is extendible merely by the rearrange­
ment of the primary winding and interconnectors. Furthermore, 
when the logmotor is used as a ‘vary are’ machine, the torque 
increases with the speed, whereas the phase-mixing machine is 
virtually a constant-power device when run at maximum 
efficiency.
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(7) A NEW FORM OF POLE-CHANGING MOTOR
An interesting by-product of the continuously-variable-speed 

phase-mixing motor is a machine which provides a limited 
number of discrete speeds, and for which the control system A 
of Fig. 13 consists only of a set of switches. An example of the 
connections for this type of machine is shown in Fig. 14. The 
motor is wound according to the arrangement shown as BB'b'b 
of Fig. 11. The three sets of coils normally fed from the mains 
and the phase-shifters 1 and 2 are designated C, A and B 
respectively. The arrangement shown in Fig. 14(a) gives the
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Fig. 14.—Winding connections for pole-changing machine.
(<i) Zero phase-shift.
(6) Effective phase-shift of 60°.

effect of zero phase-shift. Reconnection as in Fig. 14(6) produces 
the same effect as a phase-shift of 60°. If the roles of A and B 
are interchanged, an effective phase shift of —60° is obtained. 
The method is applicable to systems having effectively any 
number of phase-shifters.

Effective phase-shifts of ±90° and ±30° can be produced at 
the expense of a standard 3-phase transformer which enables 
star-delta switching to be used.

(8) THE LINK BETWEEN ANGLED-FIELD MOTORS AND 
POLE-STRETCHING MACHINES

The principle on which the spherical motor is based2-3 is that 
a rotor is arranged so that points on its surface are constrained 
to move at an angle to the direction of motion of the travelling 
field set up by the stator. Variation of speed is achieved by 
mechanically changing the angle between the lines of action of 
the field and the rotor. This necessitates the use of a rotor and 
stator whose surfaces are parts of concentric spheres, so that a 
uniform air-gap can be maintained as the one is moved relative 
to the other. It is mentioned at the end of the first paper on 
this machine that a cylindrical version of the angled-field machine 
can be made in which the necessary adjustment in angle is 
simulated by using a fixed mechanical structure and phase­
shifting transformers.

The principle of such a machine is shown in Fig. 15. The 
stator of the motor is divided into strips as shown, so that in 
the first instance relative movement between adjacent strips is 
possible. Figs. 15(a) and (6) show two possible configurations.

The resulting field from a stator arrangement such as that 
in Fig. 15(a) travels in the direction 0j to the strips at velocity 
U] = 2^]/ A rotor constrained to move in the direction AB 
has an effective synchronous speed ujcos = 2p{f/cos If 
the stator strips are reset to the position shown in Fig. 15(6), 

the angle between the directions of the field and the rotor is 
increased to suggesting a higher synchronous speed.

However, reference to Fig. 15 shows that the pole pitch p2 is 
smaller than p, ; in fact, p2/cos 02 = pjcos 0b so that the 
synchronous speed for the configuration in Fig. 15(6) is

“2 = 2p2f _ 2p\f
cos 02 cos 02 cos 0i

i.e. there is no change in synchronous speed.
This result may also be obtained by observing the rate at 

which a point on the rotor crosses the poles of the system what­
ever their configuration, provided it is assumed that the rotor 
can conduct equally in all directions—which is a requirement 
for the exploitation of the angled-field principle.

The important aspect of Fig. 15, however, is that a rotor con­
strained to move parallel to the direction AC has a synchronous 
speed «i/sin 0t = 2pt//sin 0, in the case of Fig. 15(a) and of

«2 _ 2p2/ = 2p,/cos 02 
sin 02 sin 02 cos 0t sin 02

in the case of Fig. 15(6), so that variation of speed is achieved.
The next step is to replace the mechanical displacement of the 

stator strips by an apparent displacement due to a change of 
phase of the stator current in the different strips, the method 
being illustrated in Fig. 16. In this example the stator is divided 
into six strips AA', BB'..........FF', each of which is wound with 
a conventional 2-pole winding so as to produce a travelling field 
along AA', etc. The squares on the Figure are used to represent 
phase groups. An array such as Fig. 16(a) produces a field 
travelling at an angle of 45° to AA'. According to the principle 
outlined with reference to Fig. 15, the rotor must be constrained 
to move parallel to AF, and it is apparent from Fig. 16(a) that 
each point on the rotor will traverse two pole pitches as it crosses 
the block. The supplies to the various strips are now phase- 
shifted by various amounts as shown in Fig. 16(6), yielding the
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phase pattern shown, which produces a field travelling at a 
greater angle to AA'. The new synchronous speed can easily be 
determined by noting that a point on the rotor now traverses 
four pole pitches in crossing the block. The two conditions 
shown in Figs. 16(a) and (b) provide two speeds, the second of 
which is exactly half the first. Clearly any intermediate speed 
is possible by suitable choice of phase-shift. The boundaries 
between the strips are effectively the slots of the machine so far 
as a point on the rotor is concerned, and it is clear that if the 
number of effective slots per pole is to be reasonable, a large 
number of strips is required, each one demanding its own phase 
shift. It was for this reason that the method of phase mixing 
was first applied to this problem to remove the necessity for 
a large number of phase-shifters.

An experimental machine was constructed using six blocks 
arranged around the entire periphery of the rotor as shown in 
Fig. 17. The slots on each block were pre-skewed at 45° and 

four poles around the periphery, while a shift of —90° produced 
two poles in 360°. The machine was found to have excellent 
characteristics at both these settings, but was incapable of stable 
running at any speed between the two for the reasons given in 
Section 1.

The departure from the angled-field principle to the pole­
stretching principle involves only one fundamental change. 
With the method of construction shown in Fig. 17, the windings 
on each strip may be arranged so that an even number of poles 
may be contained within the axial length. It would appear that 
any number of poles may be contained around the periphery of 
the active arc with such an arrangement, since each N-pole has 
its opposite S-pole alongside it axially. With the arrangement 
in which conventional stator punchings are used with axial slots 
and with a segment removed, there is no axial flux and the net 
flux crossing the air-gap should be zero. The effects of this 
limitation on the air-gap flux were investigated before the 
method was accepted. One of the attractive features of the 
conventional method of construction is that a conventional 
squirrel-cage rotor may be used, and no additional conducting 
peripheral rings are required.

(9) CONCLUSIONS
The principle of the phase-mixing motor has been demon­

strated and the limitations of the system are fairly clear. The 
motor itself is essentially a short-stator machine whose output 
is limited theoretically to n times the rotor copper loss for 
n poles on the stator. This limitation on the choice of pole 
numbers determines the speed range of practical machines. The 
facility of being able to control the motor by means of auxiliary 
apparatus situated at a distance is valuable for many applica­
tions. The characteristics appear suited to constant power, as 
are those of spherical motors, although the power/weight ratio 
of the whole system may be lower than that of a spherical motor 
of the same output. The mechanical construction is conventional, 
except for the removal of an arc of the motor stator. Experi­
ments with machines in which a short-circuited section of stator 
is used instead of removing the arc are continuing with a view 
to making the construction entirely conventional. The winding 
arrangements on both motor and phase-shifters are conven­
tional, apart from the graded number of turns. The design of 
this type of machine consists of two parts—first the design of a 
short-stator machine and secondly the design of conventional 
phase-shifters to match the impedance of that machine.
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Fig. 17.—Mechanical layout of a helical-field motor.

arranged to form continuous helices, and the windings were 
arranged so that a point on the rotor crossed three pole pitches 
in one revolution for 0=0. A phase-shift of +90° yielded
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(12) APPENDICES

(12.1) Proportion of Turns used in Phase Mixing
The system is designed to give a uniform phase increment per 

slot when the phase-shifters are set to 90°. In Fig. 18(a), which

0
0

Fig. 18.—Illustrating the problem of phase error.
(a) rth slot of a system for 6 — 90®.
(6) Condition with phase-shift angle of 6.

shows the vector diagram for the rth slot of a system having 
S slots in each half, it is assumed that each slot contains the 
same total number of conductors, N, and thus

a + b = N .

tan 90°^ = - .
S a (2)

Hence
b 

N-b

or . (3)

tan 90 °rlS

(12.2) Phase Errors when 0 #= 90°
The vector diagram for a slot carrying currents differing in 

phase by an angle 9 is shown in Fig. 18(6). Again, a + b = N 
and

i b sin 0 b sin 9tan (b =----- -------t =------------------
r a + b cos 9 N — b + b cos 9

The desired conditions are that when 9 — 90%c, should equal 
where = 90°rfS. Thus the error is given by

Substituting for a and b from eqns. (1) and (3) gives

It can be seen that when = 45° (a = b) the error is zero for 
all values of x, i.e. the middle slot of the phase-shift section is 
always correct. The maximum value of 8 for all values of x 
between 1 0 and 00 and all values of between 0 and 90° has 
been computed and found to be 1 -67°. The penalty for exceed­
ing 90° phase-shift so far as slot phase error is concerned has 
been assessed by computing the maximum value of 8 for all 
values of from 0 to 90° and x = and this is found to 
be 5-66°.

DISCUSSION ON THE ABOVE TWO PAPERS BEFORE THE UTILIZATION SECTION, 
10TH NOVEMBER, 1960

Mr. C. C. Inglis: Returning to electrical engineering after 
many years of work in other fields, I asked what had happened 
in the design of machines, to find that, apart from a very welcome 
improvement in general detail, technique of installation, finish, 
etc., nothing very fundamental had occurred. But three years 
ago our long-cherised belief that the speed of an a.c. machine 
depended on the number of poles (and that had to be even) 
was shattered, and now the authors talk about fractional 
numbers of poles, such as 5-2. The next thing which affects 
the speed of the motor is the frequency; no longer will the a.c. 
machine designer be able to set 50c/s on a slide-rule and work 
from there—he will have to set any figure between 1 and 100c/s 
and design his machine under those conditions.

The future therefore holds tremendous possibilities. Much 
will be achieved by the use of solid-state devices. A year ago 
workers on these devices were talking about 10 kW controlled 
rectifiers, but today they are talking about lOOkW; I am sure 
there will be a further tenfold increase before long.

One question of great importance to all those who deal with 
transport is reversal of rotation. I am not quite clear about 
what happens when one tries to reverse the variable-speed 
machine. Is the machine reversible, and, if so, does it work 
equally well in either direction ?

The potentialities of a.c. electrification are tremendous, and 
I therefore welcome the authors’ challenging of past concepts 
through the potentialities of variable-speed a.c. motors, which 
can be of the greatest importance in railway electrification.

Mr. A. F. M. Ashworth: The antecedent of these machines is 
the spherical motor, whose output must exceed 50 hp if it is 

not to have poor performance. Do the authors recommend any 
limit to the output of their new machines?

The experimental machines which have so far been built have 
been of comparatively low output and wound for low-voltage 
supply. This has demanded a large number of turns in each 
stator slot, which thus permits coils with differing numbers of 
turns around the periphery of the transformer in the logmotor 
and the graded mixing of phases in the phase-shift motor. 
Machines in the range 250-500 hp, which are commonly l.v. 
devices, require two or fewer effective conductors per slot. It 
would therefore seem impossible to apply these new machines to 
such ratings.

Professor G. H. Rawcliffe: Prophecy is a dangerous exercise, 
but I think the phase-shifting motor is more likely to prove an 
industrial success than the logmotor. The principles of the two 
have much in common, but the phase-shifting motor can be 
constructed in semi-conventional form. There is much less 
physical and electrical ‘hangover’ about it. If the authors can 
devise means of dealing with this ‘hangover’, whereby the energy 
which is lost as each rotor element comes out of the stator field 
is made available as the element goes back into the field again, I 
think the phase-shifting motor has a chance of industrial success.

Further, the phase-shifting motor is easier to manufacture and 
has less waste iron than the logmotor: only part of the power 
has to go through the phase-shifter(s), whereas the whole power 
has to go through the ‘slide-rule’ in a logmotor. Both types of 
motor present the same difficulty in relation to the making and 
breaking of fields. If this is overcome, the advantages men­
tioned will, I believe, tell in favour of the phase-shifting motor.
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I strongly advise the authors to try to make this machine work 
over a moderate speed range using one phase-shifter rather than 
over a greater speed range with two. A little done simply is 
usually better than a lot done with much complication. I also 
recommend the authors to publish all future test results with 
constant applied voltage; and not with constant current flow, 
whatever experiments may be performed at constant-current. 
The real test of a machine must always be at constant voltage. 
I do not think the phase-shifters are ‘conventional’ : they are 
current transformers and not voltage transformers, and it would 
be interesting to know what voltage and power they absorb.

In my view, the authors should avoid speaking of the phase 
error (as they call it) in conventional windings. Machines using 
these windings are highly successful; and, even if the authors’ 
arguments were correct, I think it is dangerous to seek to justify 
the shortcomings of a half-developed machine by reference to 
the alleged defects of something else which is already widely 
accepted.

Whether or not either of the authors’ machines will be used 
industrially remains to be seen; but they are much to be com­
mended for helping to infuse vigour into electrical machine 
engineering, which has become very stereotyped.

Mr. J. S. Holmes: I should like to draw attention to work 
which has been done on short-stator machines by the aircraft 
electrical industry.

A design was carried out to assess the weight of a 400 c/s 
40kVA spherical induction generator with a 2 : 1 input speed 
range and a 3-phase 208-volt output. The weight of this 
machine, with a heat rejection of 2 5 watts/cm2, was 3001b.

Fig. A shows the output of a conventional aircraft salient-pole 
alternator based on a frame size relative to 3001b in weight, 
and the output is directly proportional to speed. For the short­
stator machine the output is theoretically inversely proportional 
to the speed, as shown by the broken curve. This is not realized 
in practice, since an increase in the number of poles approaches 
the limiting pole pitch to which the authors refer and the actual 
curve falls away in the manner illustrated.

Design exercises were also carried out on the phase-mixer and 
log machine of similar performance, and the calculated weight 
for the former was 2401b. This machine had a 26 phase-change 
and required 1601b of phase-shifting equipment. A log 
generator was built and tested, its weight being 4801b.

Mr. W. Hill: We have heard a good deal about the economic 
aspects of these new machines, and bets of 3 : 1 or 4 : 1 have 
been mentioned. This leads me to make a suggestion which I 
am sure the authors will not take amiss. Textbooks never 
mention economic parameters, which we regard as just as 
important as others, but I should like to think that engineers, 
who are trained to deal with complicated subjects, would take 
the economic side as just another subject in the syllabus. 
Engineers like to deal with facts, and there are economic facts. 
Can we not have some guidance on these? Can we not sit 
down together and elicit the economic facts and determine what 
a machine will be worth?

Mr. R. D. Ball: These papers are of very great interest, 
especially since we find that the spherical motor, which is 
difficult to manufacture and expensive, is suddenly changed into
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a cylindrical-rotor machine, and with the logmotor and the 
phase-shift pole-stretching motor comes into the practical 
engineering field. I believe that if we made them large enough 
and were content with low speeds, they would be extremely 
efficient.

This advance over the last few years has brought out other 
possibilities. I wonder whether the authors have considered a 
hysteresis permanent-magnet-steel type of spherical or cylindrical 
rotor, which might cut out the slip losses? At Manchester 
University they have developed linear arrays, and it would 
seem to be a possible scheme to have mains, +0 and —6 pole­
stretching windings on these arrays and use this device for 
driving planers, since these require a linear motion. In such 
an arrangement the rotor losses would be much reduced by 
switching from pole-to-pole grouping and feeding back some 
of the kinetic energy by induction-generator action into the 
mains.

Dr. W. Fong: Will the authors indicate briefly the winding 
arrangement for the phase-shifter motor, since it is not given in 
the paper ? It is stated in Section 5 that there are two disadvan­
tages in extending the speed range of this motor : the mains-fed 
coils become a smaller proportion of the total, and the coils 
fed through the phase-shifter become greater as the number of 
phase-shifters increases. Would not this also be a disadvantage 
in so far as the power flow through the phase-shifters would 
become larger.

[The authors’ reply to the above discussion will be found 
overleaf.]

SOUTH-WEST SCOTLAND SUB-CENTRE, AT GLASGOW, 23RD MARCH, 1960*
Dr. A. J. Small: This motor is a further attempt to obtain a 

continuously variable speed control of a cage-type induction 
motor. Having obtained a speed range of 4 : 1 the authors 
certainly demonstrate that the principle of phase stretching can 
be successfully applied.

* Discussion on Paper No. 3149U only (see page 91).

Since part of the stator of the machine requires to be left 
unenergized for successful operation, full use is not being made 
of all the available active material, and consequently it appears 
that the machine will be more bulky than a conventional one 
of the same output.

For the experimental motor the efficiency has a peak value of 
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63 %, and only 50% over the limited speed range 750-350 r.p.m., 
i.e. about 2 : 1, and still lower at lower speeds. It would have 
been informative if results had been given of brake tests at 
fixed displacements of the primary from the aligned position, 
i.e. a demonstration of the variation of speed and efficiency as 
the load is varied at each displacement setting. Would increased 
rotor losses at lower speeds cause a marked departure from the 
approximate constant-speed characteristic of an induction 
motor?

In the Introduction the units of angular velocity, expressed as 
2fin, are not stated, but are presumably revolutions per second 
instead of the usual radians per second. The unconventional 
use of n and p for the number of poles and the pole pitch respec­
tively is somewhat confusing, particularly when p is almost 
universally adopted for the number of pole pairs.

I am pleased to hear that development of the design of this 
type of machine is continuing, since the machine clearly has 
characteristics which would ensure its application in situations 
where sliding brush contacts are prohibitive. I trust that as 
industrial techniques are applied to the construction of the 
machine the present difficulties as well as the losses will become 
progressively less.

Mr. H. E. Clapham: It would seem that the discontinuity 
effects are inseparable from machines employing pole- or phase­
stretching techniques in order to obtain variable speed. Fig. 11 
demonstrates the effects of discontinuity very clearly. To over­
come these undesirable effects the authors had to provide a ‘flux

THE AUTHORS’ REPLY TO
Professor F. C. Williams, Dr. E. R. Laithwaite and Messrs. 

J. F. Eastham, L. S. Piggott and W. Farrer (in reply)". Both 
machines are capable of reversal by interchanging any two 
phases of the supply, as with a conventional induction motor. 
In the logmotor, however, the current loading varies around the 
periphery of the transformer. Short-stator effect produces non­
uniform flux distribution around the air-gap, so that the log­
motor has a preferred direction of rotation.

This same short-stator effect, which places a lower limit on the 
size of good machines in the case of the spherical motor, has 
precisely the same effect on both these machines, and we do not 
envisage either type being capable of good performance under 
50 hp, except for very small speed ranges. It seems probable 
that the low-voltage machines in the range Mr. Ashworth 
quotes could not be designed as logmotors. The phase-shift 
type, however, contains phase-shifters in which it is possible to 
introduce a turns ratio which would enable the secondary 
voltage to be stepped up to the value required to allow the 
necessary distribution of turns. The penalty occurs in that the 
mains-fed section of the motor (| of the whole for two phase­
shifters or I for four phase-shifters) would need to be fed 
through an additional static transformer.

in so far as it is possible to judge at this stage, we agree with 
Prof. Rawcliffe’s preference for the phase-shift machine and 
with his reasons for that preference. We would go further and 
prophecy that, if a method could be devised to institute a correct 
entry-edge flux powered by the wasted exit-edge magnetic energy, 
there would be no doubt whatsoever of the commercial success 
of these devices, since they would then operate with full con­
ventional machine efficiency and power output. Success in this 
direction is not, however, at present in sight. We find the 
constant-current approach much more informative for analytical 
purposes, though we recognize that where application is in 
question, constant-voltage results are essential and each of the 
papers includes sets of constant-voltage characteristics. The 
term ‘conventional’ as applied to the phase-shifters refers to their 

killing winding’ on the motor stator, which leads to increased 
and concentrated losses. This situation could be a very great 
obstacle on a machine of large output. The effects shown in 
Fig. 11 were obtained on light load ; would they be different if 
the machine were on load ?

The logmotor seems easier to construct than the spherical 
motor, although the provision of bearings between the trans­
former and the motor presents problems. Access to these 
bearings must be provided for assembly and maintenance, and 
this is made difficult by the multiplicity of winding connections. 
In view of this, is it not possible to use more than one conductor 
per slot on the stators and so make these connections lighter? 
The two stator short-circuiting rings can be a potential source of 
trouble, since fractures are likely to occur where the slot con­
ductors make a T-joint with the ring. Such troubles were 
once very common on squirrel-cage rotor windings, but today 
are encountered only on poorly designed machines.

Since two air-gaps are involved one would expect the mag­
netizing current to be relatively large and the power factor 
low.

Although the demand for variable-speed drives has been 
largely met by the a.c. commutator motor, so far as this country 
is concerned, recent advances in germanium and silicon rectifiers 
have caused d.c. motors and the Kramer-cascade system to 
appear as competitors in this field. The logmotor has thus 
appeared at a time when competition in variable-speed drives 
has already become more lively.

THE ABOVE DISCUSSIONS
construction rather than their use. A large phase-shift motor is 
at present under construction and a detailed analysis of phase­
shifter losses will be undertaken. Conventional machines do 
have phase errors and there seems to be no objection to our 
calling them such. With regard to Prof. Rawcliffe’s last para­
graph, certainly the most satisfactory practical result so far has 
been the enthusiasm shown by the present generation of students 
for electrical-machine research.

With reference to Mr. Holmes’s comparison of the conventional 
and short-stator machines, the output of the latter is inversely 
proportional to the speed only so long as the output is limited 
by rotor heating, i.e. to the right of the point on Fig. A where 
the full and dotted lines join. If this be the case and a more 
efficient rotor cooling system is devised so that the rotor dissipa­
tion is doubled, then the rectangular hyperbola shown in Fig. A 
will be raised so that each ordinate is doubled, and the output 
of the short-stator machine will approach that of the con­
ventional machine at 4000 r.p.m. We agree that, of the three 
machines mentioned by Mr. Holmes, the phase-mixer has the 
best chance of meeting power/weight requirements.

We agree with Mr. Hill concerning the importance of economic 
factors, and regard as of great importance the fact that these 
developments have already fostered closer co-operation between 
the industrial and academic sides.

Mr. Ball’s suggestion of the hysteresis-motor application is 
interesting, but we can foresee difficulties introduced by the 
discontinuities in the stator magnetic circuit, although we have 
not, so far, put the suggestion to practical test. With regard to 
planing machines, the speed of planers is not sufficiently high 
to enable a linear induction machine to be designed economically 
for this application.

Mr. Fong is correct in his comment on Section 5. There are 
several ways of arranging the windings of phase-mixer motors 
so as to obtain the triangular (or other shapes) of block as 
required. Space will permit only one example, which is shown 
in Fig. B. It will be observed that all coils have the same
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CONDUCTORS 
PER SLOT

Fig. B. —Arrangement of windings for four phase-shifters.
--------------- Red phase mains.
—— * ' — Yellow phase mains.
— e — • — Blue phase mains. • 

This notation applies to the phase-shift windings only when 6 — 0.

pitch and that each slot contains the same total number of 
turns.

These machines are more bulky than conventional machines 
of the same speed and output, as Dr. Small suggests. Their 
efficiency and power factor are likely to be lower. This is the 
price of continuously-variable speed. A similar price is paid in 
all other types of variable-speed motor. A.C. commutator 
motors, Ward Leonard sets, etc., are generally between three 
and four times as bulky. Even if our machines are still lower in 
power/weight ratio, they may be worth while in some applica­
tions where a brushless machine is essential. The logmotor 
characteristics at different settings are similar to those of Fig. 10 
of the phase-mixer paper, except that the power levels are 
lower at the lower speeds.

The concentrated losses in a flux-killing winding may not be 
so serious as Mr. Clapham suggests. If the short-circuited 
winding is to be effective, its resistivity will be about i to $ 
that of the rotor. Since the coupling with the rotor winding will 

be good, the copper loss per unit area of stator in this region 
will be less than that of the rotor by about the same fraction. 
Nevertheless, it is true that the stator loss per unit area in 
the region of the short-circuiting grid can be considerably 
higher than that in the active zone, but this is compensated by 
the fact that the short-circuit winding can be an uninsulated 
cage.

The effects shown in Fig. 11 are less marked when the machine 
is on load. With regard to the use of more than one conductor 
per slot, this is only possible with Gramme-ring-type coils, 
which are generally uneconomical. Any other type of coil 
arrangement on motor stator or transformer secondary would 
fix a pole pitch which was contrary to the fundamental idea. The 
T-joints between interconnectors and rings are doubtless capable 
of being treated in the same way as those of modem well-designed 
rotors.

We agree with Mr. Clapham’s comments on magnetizing 
current, power factor and competitive drives.

Printed in Great Britain by
UNWIN BROTHERS LIMITED, WOKING AND LONDON
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SUMMARY
The first major development described is concerned with the 

arrangement of stator blocks. A previous paper described a system 
in which four stator blocks were arranged around the rotor. The 
new layout involves the use of only two blocks containing pre-skewed 
slots. The arrangement of the laminations and slotting is such that 
the two blocks can be rotated as a unit to produce speed adjustment. 
This arrangement is shown to produce a more uniform effective field 
velocity over the active surface of the stator. It equalizes the mag­
netic pull between rotor and stator and has several other design 
advantages which are fully discussed. The earlier theory of the 
spherical motor is extended to the case of machines with pre-skewed 
slots. Test results obtained from several experimental machines are 
shown. In the light of these results a procedure for designing spherical 
motors is developed. Several aspects concerning manufacturing 
procedure, such as the required numbers of rotor bars and rings, have 
been investigated, and the practical results of these tests are included. 
A short section of the paper is devoted to the performance of spherical 
machines when used as induction generators.

(1) INTRODUCTION
In earlier publications1*2 the authors have described variable­

speed induction motors based on a principle illustrated in 
Fig. 1. A stator block, A, is wound with a polyphase winding

‘R

%e

B1

Fig. 1.—Arrangement of rotor and stator in a spherical machine.

designed to produce a field travelling across the block with 
velocity us. The inside surface of the block is part of a sphere 
and is concentric with the spherical surface of the rotor B, 
which can carry current in any surface direction. The rotor 
will approach the synchronous speed

Ur = «s/C0S 0 (1)
Written contributions oh papers published without being read at meetings are 

invited for consideration with a view to publication.
The authors are in the Department of Electrical Engineering, University of 

Manchester. .
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The stator block can be rotated so as to vary 0 while maintain­
ing a uniform air-gap between rotor and stator, and hence ur 
can be controlled. Speed ranges as high as 6 : 1 have been 
achieved, and there is no theoretical reason why any desired 
speed range should not be possible.

The stator is essentially made up of several individual blocks. 
Unenergized rotor material is continuously entering the area of 
influence of each stator block, becoming energized, and then 
leaving the block in an energized condition. The system is 
never free from the influence of transients, and the flux density 
over the surface area of any block is non-uniform.

A theory accounting for these transient effects has been 
developed2 for the case of 5 = 0. The theory assumes a 
travelling wave of current density js = Js sin (a)t — mcfp) in 
the stator block shown in plan in Fig. 2.

Fig. 2.—The skewed field principle.

M

M

O

Â'

The lines drawn in the Figure do not represent slots, but are 
lines of constant phase of the current distribution. The theory 
considers the factors influencing an element of rotor, P, as it 
passes under the block, along the axis of x, AA'. The line BB' 
is taken as the origin of x, so that the position of P after time 
t is x = uxt, shown at P', where ux is the velocity of P in t^e 
direction AA'. .. , .

The theory, which includes some approximations, enables the 
flux density at all points under the stator to be calculated for the 
particular case of 5 = 0 [eqns. (13) and (14) of Reference 2).

If now the rotor is given an additional velocity uy in the 
direction BB', the element will in fact arrive at P ", where x 
has the same value as before and y = uj. It may be seen, 
however, that the element is still embraced by the same pair 
of equiphase lines, and its behaviour is therefore unchanged 
by the introduction of uy. The theory developed for the case of 
5 = 0 can be applied to cases where 5^0, provided that x and p 
and all quantities derived therefrom are measured in the direc­
tion of motion of the current wave, and js is the current density 
in that direction. . .

[4711
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The velocity uyf however, will not be altogether without effect. 
Thus the element P will emerge from the block at point Q instead 
of A', thereby reducing the effective length of the block and 
therefore the range of x over which the flux equations apply.

Furthermore, not all elements will now enter the block along 
BB'; some may enter at points such as M and leave at M', or at 
points such as N and leave at N'. In both cases there is a 
reduction of effective block length, and for the theory to apply 
it will be necessary to treat x as zero at the entry point, whatever 
it is, and not as zero on the extension of B B. Detailed analysis 
of these effects is not necessary here; it will suffice to note that 
the efficiency of the machine was shown to depend very much 
on the number of poles (n) of the travelling wave contained 
within the block length in the direction of motion of the 
rotor, good efficiencies being possible only for values of n 
in excess of about 4. The greater uy is made relative to 
«„ i.e. the greater B becomes, the greater will be the effective 
reduction of block length, and therefore of pole number. 
Thus, the greater the speed range of the machine, the smaller 
will be the effective number of poles relative to the actual 
number on the block in the x-direction. Hence, if the effective 
number of poles at the highest speed is to be sufficient, say 
greater than 4, then the greater the speed range required, the 
greater will be the actual number of poles on the block and 
therefore the smaller will be the pole pitch for a given block 
length. Small pitches result in inefficient machines.

(2) THE 4-BLOCK TYPE OF CONSTRUCTION
In the machine described in a previous paper,2 four sets of 

movable stator blocks were envisaged, each of which was a 
'square' of side r, equal to the rotor radius. In the earlier 
machines the rotor are a under a block was restricted to 600. 
Having restricted the block width, the block length is now 
similarly restricted. If, for example, a 2:1 speed range is 
required, the stator blocks must be rotated through 60°. If 
the block dimension in the direction of the field velocity is greater 
than that in the direction of the slots, a large portion of the stator 
surface will have been turned clear of the rotor surface at top 
speed. The number of poles in the direction of motion of the 
rotor is now halved. The best efficiency at 50c/s on a 4-block 
machine with a 14 in-diameter rotor was 33% at bottom speed, 
with much lower efficiencies at higher speeds.

The error made in designing this machine was to start from 
the minimum-speed condition and then see how far the perform­
ance deteriorated at higher speeds. By starting from B — 6 
large angles of rotation are necessary before any useful speed 
range is obtained [see eqn. (1)].

(3) THE 2-BLOCK TYPE OF CONSTRUCTION
A new type of construction was designed to enable the block 

length in the direction of motion to be extended. Segmental 
stator punchings can be offset with respect to each other so as 
to produce pre-skewed slots as shown in Fig. 3, where the

SLOT OPENINGS

Fig. 3.—Assembly of laminations forming pre-skewed slots.

punching thickness has been exaggerated to illustrate the 
method. If all the punchings are identical, the edges of the 
block are serrated as shown. The individual punchings are 
arranged to lie in radial planes so that no machining of the 
inner surface is necessary. Furthermore, these planes are 
arranged to pass through the rotor axis when the block is in its 
central position, so that in terms of rotor movement the lamina­
tions could be said to lie at right angles to the direction of those 
in a conventional machine. The method of construction is illus­
trated in Fig. 4. Segmental punchings are stacked against a 
pair of accurately spaced rings. The serrated edges are not

Fig. 4.—Two-block type of construction.

Fig. 5.—Types of stamping used in stator construction.
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shown m this diagram for the sake of clarity. Each stamping 
is kept in a radial plane by suitable incorporation of truncated 
stampings in the right proportion (as shown in Fig. 5). To 
assist in stacking, a dummy rotor was made, being oversize by 
the amount of the air-gap. This can be seen in Fig. 6, which 
shows a machine in process of construction.

*

Fig. 6.—Method of stator construction.

Laminations were stacked to fill the first 5° with radially- 
disposed laminations, as shown.* This packet was given a skew 
of one slot pitch. The punchings were held together by clamps; 
the inner surface was pressed into contact with the dummy 
rotor, and a light weld was run along the back surface to hold 
the packet together. When sufficient packets had been made, 
they were stacked between end plates on the dummy rotor, with 
the slots aligned but advanced relative to each other by one slot 
per packet.

Two strips of thin steel were welded to the backs of the 
packets to form one stator block. These were used to anchor 
the block to the bolts joining the forming rings.

It is apparent from the geometry that each point on the rotor 
surface crosses the same number of slots as it traverses the block. 
In other words, there is no velocity discrepancy so long as the 
stator block is in the central position. Rotation of both blocks 
together as a unit produces an effective increase in 5 in each 
block, or a reduction in 0 in each.

The first 2-block machine built had a 45° pre-skew. With this 
rangement ±184° rotation of the stators is sufficient to give
• This is the figure appropriate to about 45° skew with 12 slots per segment. The 

machine actually shown in Fig. 6 is a later model with 63f skew which involves the 
use of 10e packets.

a speed range of cos 26i°/cos 63|° = 2:1. With such com­
paratively small stator displacements, very little of the stator 
surface is turned off the rotor edge even though each block 
subtends nearly 180°.

There are several advantages in such a form of construction, 
namely

(a) The increase in block length compared with a 4-block machine 
of the same speed range enables either an increase in pole numbers 
or an increase in minimum pole-pitch to be obtained on a given 
size of rotor. Both these features are known to give improved 
performance.

(6) At one speed setting, i.e. with the axis of the stator forming­
rings coincident with the axis of the rotor, there is no velocity 
discrepancy.

(c) Since both blocks can be rotated as a unit, there is ideally no 
magnetic thrust on the stator bearings as there is in the 4-block type.

J:""'--" (

Fig. 7.—A complete 2-block machine (634° pre-skew).

The remaining mechanical details are summarized in Fig. 7 
which shows one of the later complete machines with a 634° 
pre-skew.

(3.1) Application of the Theory to Pre-Skewed Machines at 
Mid-Position

It has been pointed out that, when the stator blocks are 
centrally placed over the rotor, every element of the rotor spends 
the same time under the block and crosses the same number of 
slots. No rotor elements either enter or leave the sides of the 
block. Thus, for all rotor elements the effective number of 
poles on the block is the number of poles measured in the 
direction of motion of the rotor.

The theory developed in Reference 2 is thus fairly easily 
applied to the block in the central position where 6 = 0O, and 
0O is the angle of pre-skew. In particular, the equations for the 
component of flux density Bp, which is in phase with the stator 
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current Js, and the component Bqt which is in quadrature with 
can be rewritten as

» =P^ a
p pa» a2 + (l/ra>)2

Î- I -ir J a H
1 - "P + rVJ)

.... (2)

1/TW 
* pa» a2 4- (l/rw)2

L — 0 
il — exp — - -T
I ra>(l — a)

— Twa sin

• (3)

These equations have been obtained from eqns. (13) and (14) 
in Reference 2 by writing

and

T = 4p2p,0 llTprg . . . . . . (4)

Po»Itt — us.....................................(5)

<1» = irsjp .....................................(6)

Of these quantities, r is rotor time-constant, and is the distance 
in electrical radians which a rotor element, now situated at the 
point where the flux density is measured, has travelled under the 
stator block since entry. For example, in Fig. 2 for the flux 
density at P" the relevant value of is PP' expressed in elec­
trical radians of the current wave, pw/ir has been written for 
u, to eliminate any confusion between wave velocity in the 
direction of the wave motion (wj and actual rotor synchronous 
speed, utlcos 6. It is important to remember that the symbols

P» us and s relate to a direction perpendicular to the slots and 
not to the direction of rotor movement.

In Reference 2 the torque/slip curve and the rotor-copper- 
loss/slip curve were developed for the ideal case of a machine 
with no air-gap. A brief outline of the extra losses occurring 
at the exit edges of the stator blocks was attempted. These 
calculations are now extended, using eqns. (2) and (3) to include 
finite values of decrement, and a set of curves showing exit-edge 
loss variation with slip is added. Prediction of the performance 
of pre-skewed machines may now be attempted for the 6 = 60 
condition.

(3.2) Rotor Copper Loss
-up -

Rotor copper loss = $pr J^ds, where Jr is the rotor current 
Jo

density, and may be written

J^ = (Js - V2 + J2q
Jmp represents the component of J, which sets up Bq, and 

Jm- the component of Js setting up Bp.
As in Section 12.1 of Reference 2 it is assumed that Jmp and 

Jmq may be written

Jmp =gBq14ppo and Jmq = gBJ4pp^ 
whence -

.... (7)

Evaluation of the rotor copper loss from this expression is 
completed in Section 10.1.1.

(3.3) Torque/Slip Curves
The total force, F, exerted tangentially by a stator block is 

given by

Substituting for Bp from eqn. (2) gives

' Hi 
2us a2 + (1/tw)2Jo I r 4» ‘

o . 1 . a
cos ;-------ib 4---------sm -------- 1

1 — CT TOO) 1 — a0 W • (8)

The integration is completed in Section 10.1 and expressed 
as Fus.

(3.4) Magnetic Energy
Rotor elements enter the stator arc in an unenergized condi­

tion. As they pass under the block, magnetic flux is built up 
in the elements in accordance with eqns. (2) and (3). On 
reaching the end of the block the total flux density in the ele­
ment is

Bx = + %

Associated with this flux density there is stored energy

-V-—per unit volume of gap 
2\6TTPq/

This magnetic energy has been acquired during transit, and the 
rate of arrival of magnetic energy, non-existent at the entry 
edge, is

1 (Bpx t per strip of stator of unit width.
2 oirpQ

It is necessary for this magnetic energy to be very largely 
dissipated before re-entry under the block. The phase of the 
'carried over’ flux as it re-enters will in general not be ideally 
disposed for the production of useful drive torque. It has been 
verified in practice that the carrying-over of flux results in 
undesirable undulations of the speed/torque curve, especially 
in the working range, since any flux carried over may either aid 
or oppose the wanted flux, depending on the speed setting (6) 
and the slip, and tends always to favour synchronous speeds 
corresponding with even pole numbers, as would be expected by 
analogy with conventional machines.

It was suggested in the previous paper that the desired dissi­
pation of exit-edge flux could be achieved by arranging for the 
rotor time-constant outside the block to have a value r0 = t/A, 
where A > l and is chosen to dissipate the flux over the arc­
length available between blocks. It was suggested that if this 
were done the magnetic energy being transported away imme­
diately outside the block would be A times that being trans­
ported under the block, i.e. the stator exit-edge loss Px would be 
given by ;

p. -  0)
OTT/AO '

where Ag is the gap which would be required outside to give the 
time-constant t0, assuming no rotor leakage.

Eqn. (9) can be re-expressed as ;

1 T ±1^
2 V 8^ '

It is convenient in the design procedure considered later to 



AND DESIGN OF SPHERICAL INDUCTION MOTORS 475

express rat, whenever it appears, in terms of the time t, spent 
under the block by a point travelling at speed us, whence 
tt = nplus.

In a practical machine t0 must be chosen in appropriate 
relation to the time elapsing between leaving one block and 
entering the next, since it defines the time required to dissipate 
all but (l/s)2 of the transported energy. The quantity P^tqIQ 
is evaluated in Section 10.1. The general form of this exit-edge 
loss is shown by Fig. 8, which represents eqn. (26) plotted for 
n = 4 and various values of tjr.

O5r
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Fig. 8.—Theoretical curves of exit-edge loss.

(4) EXPERIMENTAL RESULTS
(4.1) The First Machine with Pre-Skewed Slots

Stator rotation was limited mechanically to +12°. The 
stator blocks had a pre-skew angle of 45°, and the arc length 
in the direction of motion of the rotor was made as large as 
possible, the limiting factor being the space required for the end 
turns of the winding. The arc length was in fact 140°, whilst 
each segmental stator punching subtended 60° and carried 12 
slots. The two slot per pole per phase, 5/6 chorded, double­
layer winding therefore produced two pole-pitches of m.m.f. 
wave across every stator lamination, and therefore 4*67 pole­
pitches around the 140° arc. The synchronous speed for the 
central position was therefore 500r.p.m. when using 50c/s 
supply.

The first series of experiments was designed to verify that the 
theory developed in Reference 2 was applicable to the pre­
skewed machine in the manner outlined in Section 1. A flux 
analysis was carried out with the stator blocks central (6 = 0O) 
in accordance with the method described in Reference 2, Sec­
tion 4, due allowance being made for leakage flux. The results 

of this experiment are shown in Figs. 9 (qH>)- The curves 
represent the calculated flux densities using eqns. (2) and (3).

The agreement between the calculated and observed values of 
Bp and Bq was taken to be ample evidence that the original 
theory could be relied upon, at least for values of n greater than 4.

(4.1.1) Lead Test
The torque/speed curves of this machine were obtained using 

an acceleration method at low voltage.3
A load test was performed at constant current so that direct 

comparison with the predicted curves of synchronous watts and 
input could be made. The calculation of stator exit-edge loss 
involves the determination of A. In the absence of a calculated 
value, A was derived by measuring the time-constant r0 outside 
the block. To do this, two search coils were mounted on non­
magnetic supports at different distances from the exit edge, 
and readings of flux density in these coils were taken when the 
machine was running light, from which t0 was calculable. 
The magnetic energy arriving at the exit edge has been supplied 
directly by the stator. If the stator iron continues beyond the 
end of the stator winding, so that the gap outside equals the gap 
inside, there is no back-torque on the rotor. If the gap increases 
outside, as is the case in practice, then power [B$ur(A — I^/Stt/liq 
per unit width is supplied as mechanical work by the rotor, 
i.e. there is an appropriate back-torque. The remaining power 
B^urg/8Trp,Q is supplied as before by the stator directly.

The calculated performance curves were obtained as follows. 
The output/slip curve was plotted from the torque equation 
derived in Section 10.1 and computed for n — 4 67. From the 
ordinates of this curve were subtracted (A — 1)/A times the 
exit-edge losses plotted in a similar manner to those in Fig. 8 
computed again for — 4 67. This is the real output curve. 
To this is added the calculated rotor copper loss as derived in 
Section 10.1, together with 1/A times the exit-edge loss to give a 
synchronous-watts curve. A final addition of calculated stator 
copper loss gives the intake/slip curve. The full lines of Fig. 10 
represent the calculated curves, while the points are the corre­
sponding experimental values. The agreement is remarkably 
good considering the approximations made, one of the most 
satisfactory features being the ability to predict the failure of the 
machine to reach the calculated synchronous speed (in this case 
lOOOr.p.m.).

(4.1.2) Variations in 6.
Load tests were carried out at minimum (33°) and maximum 

(570) values of 6, and at 6 = 90 using a 50c/s supply. The 
intake and synchronous-watts curves, for constant-voltage 
operation, and power factor/slip and efficiency curves are shown 
in Fig. 11. The performance at 57° was disappointing. The 
efficiency had fallen considerably from the values at the other 
settings, the peak output at constant voltage was lower than at 
6 = and the power factor was lower. Investigations into 
the reasons for the poor top-speed performance led to a detailed 
mathematical analysis to determine the effective speed of the 
field at different points on the rotor surface. A ratio 
y =ur cos 6lus has been calculated for all points on the rotor 
surface, assuming that the velocity at the centre of the stator 
block is equal to ujcos 6. The analysis is performed in Sec­
tion 10.2, and the lines on Fig. 12 are lines of constant y.* 
The discrepancies are more serious in the case of 0 > 0O than of 
6 < 0O, for stator components of lower speed than the demanded 
value will produce back-torques in the working region, whilst 
components of higher speed, as appear when 9 < 0O, only come 
fully into effect when the slip is negative.

• The projection found most useful in describing spherical motors is the ‘plate 
carte' projection in which degrees of longitude and latitude are represented as uniform 
scales of x and y respectively on a Cartesian co-ordinate system. The shaded areas 
in Fig. 12 correspond with regions of the stator which are traversed by rotor surface.
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(4.1.3) Conclusions Drawn from the First Machine.
The results of the first machine were quite pleasing in that the 

motor had reasonably good characteristics for the range 6 = 330­
45° and would doubtless have been almost equally good below 
33° had the mechanical arrangement permitted. The per­
formance at 5 > 45° was poor for several reasons.

(a) The peak output was reduced mainly because part of the 
stator block was turned off the rotor. This effect probably helped 
to lower the power factor also.

(6) The efficiency was lower because the number of poles was 
reduced.

(c) The efficiency and output were lower because of velocity 
discrepancies.

These facts could be summarized by saying that the machine 
was satisfactory for about 14:1 range only.

(4.2) Designing for Peak Performance at Top Speed
The next stage in the development is fairly obvious. The 

angle of pre-skew should be increased so that 0 = 0O represents 
the top-speed condition where it is thought desirable to have 
maximum output, best efficiency, and so on, with the stator 
block centrally placed. All the stator surface is usefully 
employed, and there is no velocity discrepancy. The pole 
number can be arranged to be any desired value by design.

120 n

en

100

80

40

20

INTAKE

W.

.(INTAKE-STATOR 
COPPER LOSS)

200 400 600 800 1000
SPEED, R.PM.

8 60

5

Fig. 10.—Load tests at 100 c/s on 45° pre-skewed machine.
--------- Theoretical curves, 
e e • Experimental results.



AND DESIGN OF SPHERICAL INDUCTION MOTORS 477

80r

y

% 05

g 03-

40

5 20

08 r

07

60 -

0-1

Id

<0

200

220

120

160

100

140

180

60

40

20

80

EFFICIENCY

INTAKE

‘POWER 
FACTOR

SPEED, R.PM.

100 200 300 400 500 600

0 0-6

a 04

Fig. 11.—Performance curves for constant-voltage operation.

(4.2.1) The Second Pre-Skewed Motor.
Accordingly, a second motor was built with a view to a 

2 :1 speed range. The value of 0O was 631° and 6 could be 
varied down to 27° to give the desired range. The winding was 
designed to give 4*67 poles around 140° at top speed. This 
involved the use of four poles across the arc a. Using a 12-slot 
segment, the winding had one slot per pole per phase and was 
2/3 chorded.

The main interest in this machine was the performance at top 
speed. A load test on 50c/s supply at constant current yielded 
the results shown in Fig. 13(a). The cross at peak torque was 
obtained when the machine was delivering 5*1 h.p. The only 
difference in the high-power points is an increase in stator copper 
loss, and in rotor copper loss at standstill, both being due to the 
increased resistance at higher temperatures. Even though the 
mechanical construction was superior to that of the first machine 
and a smaller air-gap was obtained, the peak efficiency was 
reduced to 46%, with a — 4 67 as before. The theoretical 
calculations based on eqns. (2) and (3) enabled an explanation 
of the poor performance of the second machine to be given. 
Fig. 13(a) shows that the low efficiency is largely due to excessive 
stator copper loss. The ratio between the stator and rotor 
copper losses at standstill is seen to be about 0*82 and, had 
the coupling been good, the efficiency might have approached 
the value calculated from the simple theory2 which showed that 
for tjr = 0, the output was equal to n times the rotor copper 
loss, and that rotor and stator current densities were equal. 
Using this theory, and neglecting iron loss and exit-edge loss, 
an efficiency of 4*67/(4*67 + 1 + 0*82) = 72% would result. 
However, it is clear from Fig. 13 that the stator copper loss at
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Fig. 12.—Velocity discrepancies for 45° pre-skewed machine.

fa) 6 - 33°. to e - 57°.

full-load slip of 1 l(n + 1) is a great deal bigger than 
(0*82 X output)/4*67.

Eqns. (7) and (8) may be used to predict the efficiency provid­
ing the value of tjr is known. The value of t was measured 
using the standstill method described in Section 4.1 and was
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found to give a value of tjr = 31. For this value, the peak 
torque occurs at approximately 25 % slip.

Using eqns. (7) and (8) for n = 4-67, the output per unit of 
stator copper loss at a slip of 25% is \36pjps units. The 
corresponding rotor copper loss per unit of stator copper loss 
is 0-51 pjpr Hence the efficiency predicted is

1-36
0-82

.0-82^0-82 /

= 50%

The difference between this value and the measured efficiency is 
presumed to be due to iron loss and stator exit-edge loss. The 
high value of tjr in this second machine compared with the 
first is due entirely to the increase in pre-skew which was effected 
whilst maintaining the same number of poles at top speed. 
This reduced the pole pitch by cos 63}°/cos45° = 0-63. Had 
not the air-gap been reduced at the same time, the value of 
tjr in the first machine would have been multiplied by (1/0-63)2 
to become 5-0, and the efficiency would have been even lower 
than 46%. Comparison of the first two machines brought out 
clearly the fact that, on a given frame size, severe penalties were 
incurred by demanding too small a pole pitch, which in this 
case was the result of demanding too high a speed range.

When 6 was changed, the efficiency remained fairly constant, 
and the properties of the machine at 6 = 60, poor as they were, 
were made very little worse by the reduction of 0, as is illustrated 
by the results of load tests at angles of 45° and 27° shown in 
Fig. 13(6). The relevant velocity discrepancy diagram for 
0 = 27° is shown in Fig. 14.

(4.2.2) A Machine with a Small Pole Number.
One further experiment was performed on the second machine. 

The 4 x 4-67 pole winding was replaced with a 2 x 2-33 pole, 
2-slot per pole per phase winding. The results showed that the 
peak efficiency of 45 % was now much nearer that predicted by 
the simple theory, i.e. 2-33/(2-33 + 1 + 0-82) = 56-0%. The 
value of tjr for this motor is one-quarter that of the 4 x 4-67 
pole machine.

(5) THE DESIGN EQUATIONS OF A PRE-SKEWED 
MACHINE

After the experiments on the 2-block type of machine had 
been completed, it was clear that certain parameters could be 
adjusted to give optimum performance for a given frame size 
and speed range. For example, it seemed likely that a machine 
with a 14 in-diameter rotor having a 2 : 1 speed range would 
have the best efficiency if n were chosen to be between 2-33 
and 4-67.
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current per slot, whence the chording factor k5 must be intro­
duced to give

(block area) = rotor copper loss = Kx

For a rotor of axial length equal to rotor radius (i.e. a = 60°) 
the total spherical surface area = 2w2, whence the block 
area = and

KXkj = Irr^kip^kx.............................. (12)

(5.1.2) Flux Density.
Since the flux density is non-uniform it would be advantageous 

to utilize available space for winding where the flux density was 
low, i.e. at the entry edge. The method of construction proposed 
prohibits graded slot sizes, however. In any case a graded 
machine would be limited to rotation in one direction only. 
The punchings must, therefore, be designed to contain the peak 
flux density, which at full-load slip occurs at the exit edge. The 
fact that the density at the edge may rise above this value for 
slip less than l/(n + 1) is not thought to be serious, as it affects 
only a small fraction of the stator.

Eqn. (22) of Section 10.1 shows that at a slip of 1 /(» + 1) 
the flux density at the exit edge is

20 ,0 20
b: DEG Bx = —

pw

^±^(l+exp-,Vr)10«

Having verified the theoretical arguments outlined in Sections 1 
and 3 for the behaviour of pre-skewed machines, and being 
convinced that designing for optimum performance at top speed 
is advantageous, the authors set out the rules of short stator 
theory in the form of fundamental design equations for pre­
skewed machines as follows, the full-load condition being taken 
to occur at a slip of l/(n + 1).

(5.1) Rotor Time-Constant
The arc length subtended by one stator block in the direction 

of motion of the rotor when 6 — 60 may be expressed as 
kx x 2ttf, where r is the rotor radius.

The pole pitch in the direction of motion of the rotor in this 
position is 2mkxln, whence the pole pitch p in the direction of 
motion of the stator m.m.f. is (27rrkjn) cos 0O. It follows that

r = ^ = x 10_9 j, c G s unjt3
’Tp,g n2prg

The time ts spent under the block at synchronous speed is nJ2f 
where/is the supply frequency. Hence

% = 32/^5^^ = ^3 W - • • (H)

(5.1.1) Rotor Copper Loss.
For perfect coupling, the rotor copper loss would be 

^Pr^s x (block area). For t/r =4 0, the rotor current is modified 
and the copper loss is calculated in accordance with eqn. (23) of 
Section 10.1. As this is a complicated function of n and K3 it 
is convenient for the purposes of design to write the rotor copper 
loss as iprJjkx (block area), where kT can be read from a set 
of curves for different values of n and K3 from eqn. (23) 
when desired. It is also convenient to calculate in terms of the 

If the ratio of slot width to slot pitch is k2, the peak tooth 
density is 5X/(1 — k^ which after substitution for p gives the 
flux density as

K2 — p,J^n + 1)»(1 + exp - tjr)IO8

47Tr^i/cos 0O(1 — k^ 1 + - (13)

(5.1.3) Stator Copper Loss and Slot Leakage Reactance
To produce given values of /, stator copper loss and slot 

leakage reactance are interdependent, the deeper the slot the 
higher the leakage reactance, but the lower the copper loss.

The stator resistivity ps = _______pc (slot pitch)________ 
(area of copper section in a slot)

where pc is the resistivity of copper.
For S slots/pole/phase, the slot pitch in the direction of 

motion of the field is 2iTrkx cos 0Ol3Sn; the slot area is 
2irrkxk2dcos 0ol3Sn, where d is the slot depth; and the area of 
copper in a slot is 2irrkxk2k3d cos 60l3Sn, where k3 is the packing 
factor.

Thus the stator copper loss K4 = (block area) or

= Wkyp^
4 k2k3kjd . . (14)

It is convenient to assess the slot leakage reactance in terms of 
the voltage drop it produces relative to the component Vp of 
the supply voltage in phase with J, which produces the power 
output, so that we may write

stator copper loss _ jp^ (block area) _ pj$ 
power output WpJs (block area) " Vp
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Writing k4 = JsXjVp, where % is the reactive voltage, then

stator loss _ pj. ... (15)
output JSXS Xs

Xslps is a quantity which depends only on the geometry of a 
slot. As illustration, it is simply assumed here that an open 
slot is completely filled with a matrix of copper and insulation, 
evenly distributed, so that the slot permeance is d/3w, where w 
is the slot width, whence X$ =4ir .d. 2tt/10-9/3w whilst

p>=^ “d
Eqn. (15) now gives

Xs = 10_9
Ps 3Pc

4 3 pc (output)

Curves of output In (rotor copper loss) are plotted in Fig. 15 
against tjr for various values of n for a slip of 1 /(» + 1). It 

fact that the output is nearly n times the rotor copper loss and 
that n has been chosen by experience*; cos 0O is fixed by the 
speed range demanded; g is set by considerations of mechanical 
construction and pole-face losses. By starting from the output 
and choosing r for maximum dissipation, an attempt is being 
made to obtain minimum frame size. The remainder of the 
design is aimed at optimizing the efficiency and minimizing the 
stator cooling problem. A value of K3 is chosen. Then pr is 
calculated from eqn. (17). Having obtained pn Js can be 
calculated, and so on, until eqns. (20) and (21) remain with 
only d and K4 as variables. Solution of this pair of equations 
for K4 completes the first run. Now K3 is changed and a 
repeat calculation indicates the trend in K4. Then K3 is varied 
until K4 is a minimum. This minimum value is either acceptable 
or not as regards heating or efficiency. If it is unacceptable, 
n, r and Kt are the parameters which may be changed.

The theory which would enable power factor to be predicted 
is incomplete. In the absence of an exact formula the 
expression

10

Fig. 15.—Theoretical curves of ,x,<,tor copper

0 6

n= 10 
n : 4

0'0

is apparent that, to a first order of approximation, for tjr in 
the range 0-5 - 2-0, the output may be expressed as 0-9nKu 
whence

fk3K4 IO"9 
llp^K^ . (16)

(5.2) Design Procedure
Eqns. (11)-(14) and (16) may be rearranged with the 

quantities which are being chosen and subsequently regarded as 
fixed on the right The quantities pn k2> K4 and d are 
regarded as variables in a technique which appears to have 
advantages. Thus:

... (17)

.........................

cos 1 + f
_ _______________ _L——La jo-« . (19)

1 — k2 n(n + 1)(1 + exp — K3)
^ = *2^ .... (20)

I»" • ■ • ■ (21)

The procedure suggested is as follows: The rotor copper loss 
is fixed for a particular value of r by the number of watts per unit 
area which can be dissipated by the cooling arrangement. For 
a machine of given output, the radius is therefore fixed by the 

is a rough guide, where the integrals represent the areas under 
the ^distance and ^/distance curves respectively, and cos & 
is the power factor. Substituting for Bp and B9 at a = 1 /(n + 1) 
from eqns. (2) and (3) and integrating yields

Y _ + n2) — («§ — ^(1 + e-«<>) k4
7T[û§ + 7T2 — 2&o(l — 8^)](1 + pj Pr) 1 + PsIPr

(5.3) Mechanical Construction
In specific designs due account should be taken of the unusual 

mechanical loading in a short-stator machine. To this end a 
calculation of (B2 f B2), which is proportional to the magnetic 
force per unit area between rotor and stator, is shown in Fig. 16

DIRECTION OF
MOTIONKg/CM^ * 1

Fig. 16.—Mechanical loading in a 2-block machine.

for the conditions of full load and running light for (,/t = 1, 
as examples of the type of loading to be expected. The peak 
flux density is taken to be 10000 lines/cm2 running light and the 
synchronous speed 1000cm/sec.

The torque required to rotate the stator has not been fully
• The choice of n has so far been limited by the belief that severe penalties are 

incurred by choosing values of n and So which demand anything but a whole number 
of pole pitches of m.m.f. across any given stator lamination. No experimental 
evidence is yet available to confirm or deny this. Trial designs for 4,6,8, etc., poles 
across a lamination rapidly reveals which is the best value. 
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investigated, but experiment has shown that its maximum value 
is about 40% of the full-load torque. A small pilot motor 
driving the stator shaft via a worm gear is considered to be a 
suitable arrangement.

(5.4) Rotor Construction
The interconnected conducting matrix of the rotor presents a 

special problem of its own. For small machines the obvious 
solution is a cast-aluminium rotor. For larger sizes the rotor 
conducting grid is probably easier to fabricate than to cast. 
The experimental rotors so far constructed were wound with 
tinned copper wire in both directions, together with wires of 
resin-cored solder. The whole mass was then heated to melt 
the solder. In larger machines it may be desirable to heat only 
a small section of the rotor at any one time and perhaps make 
the joints between bars and rings one at a time. In this case 
the total number of joints becomes a potent factor in the cost. 
The machines discussed in Section 4 had 150 rotor slots and 
23 rings, making 3 450 joints. The rotors were entirely satis­
factory from every point of view, and it was decided to build a 
further rotor for comparison which had only 54 slots and 7 rings 
(378 joints). The cross-sectional area of copper per centimetre 
of periphery was the same as before. The main external effect 
of a reduction in the number of joints was an apparent increase 
in rotor resistivity, in this case about 33%. Other evidence 
supporting this view was the reduction in the ratio peak/stand- 
stül torque values and the value of slip at peak torque. The 
other effect was a reduction of power factor, which is thought 
to be due to a combination of increased rotor slot leakage and 
zig-zag leakage. This theory is supported by evidence supplied 
by the stator exit-edge loss, which was about 15% smaller in 
the case of the rotor with the coarse structure. Increased rotor 
leakage increases the value of t0.

(6) OPERATION AS A GENERATOR
It was pointed out in Reference 2 that the spherical machine 

could be used as a generator by driving it above the demanded 
speed. This property could be utilized for such purposes as 
regenerative braking or for more continuous operation, such as 
providing a constant-frequency power supply from a variable­
speed mechanical source.

Eqns. (2) and (3) may be used to predict the performance at 
negative values of slip. Table I gives a list of some of the

Design Quantities

Table 1

Motor Generator

Full-load slip

Torque x %

Torque x to
Efficiency at 

full-load slip

1 
n + 1 

(n + 1) x rotor copper 
loss 

n x rotor copper loss 
__n_____  

/I + 1 + (pslpr)

1 
n — 1 

(n — 1) x rotor copper 
loss

n x rotor copper loss 
n — 1 — (ftslpri

n

(6.1) Experimental Results
The 45° pre-skewed machine was tested as a generator. The 

results of a load test are shown in Fig. 17, and an experimental 
flux analysis is shown in Fig. 18. The efficiency as a motor is
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important quantities in the design of a short-stator motor and 
their corresponding values for the machine used as a generator. 
The efficiency is lowered when the machine is run as a generator, 
and the electrical power output as a generator is less than the 
mechanical output as a motor for the same rotor loss.

lower than that in the previous tests owing to the use of a larger 
air-gap. The lines in Fig. 18 indicate the flux distribution 
predicted by eqns. (2) and (3). Clearly the performance as a 
generator can be predicted in a similar manner to that for 
operation as a motor. No detailed design procedure has been 
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attempted for a machine specifically built for use as a generator, 
but it appears that for a given output a generator would be 
slightly larger and have rather more poles than a motor of the 
same output.

(7) CONCLUSIONS
The main feature of the development work described concerns 

the design of machines with an angle of pre-skew. The 
advantages of this type of construction are considerable. The 
experimental work on the machine with 0O = 45° showed 
convincingly that the theory developed for this type of machine 
was substantially correct. It appears that on a 14 in-diameter 
rotor, a 1*5 :1 speed range is just about as large as can be 
obtained with reasonable performance. For larger machines, 
where n can be increased whilst maintaining an adequate pole 
pitch, higher speed ranges are clearly possible. The tests on 
the second machine with a 2 x 2 • 33-pole block reveal a rather 
exaggerated feature, which occurs to a lesser extent even in 
machines of superior design, namely, on a given frame size the 
best characteristics are not necessarily given by the greatest pole 
number which gives adequate pole pitch. The technique of 
designing for at top speed is clearly a good one. The 
efficiency of the 63f skew machine, poor though it was, was 
substantially maintained at reduced angles. The properties of 
the 45° skew machine at reduced speed were certainly good. 
The first machine may, in fact, be regarded as a more or less 
correctly designed machine for 14:1 range.

Much work remains to be done on the design. The five 
equations at present used give a broad outlook as to the general 
effects of changes in various parameters. These equations may 
conveniently be modified to a ‘per unit area’ basis as suggested 
in Reference 4. Factors which have been neglected include rotor 
leakage, zig-zag leakage, end-turn leakage, and Carter’s 
coefficient, all of which are very difficult to contemplate. The 
rotor leakage does not contribute any large effect, since the 
rotors of short-stator machines are of much higher resistivity 
than their conventional counterparts. Rotor slots in spherical 
motors tend to be very shallow. Neglect of the other 
leakages affects the design mostly in respect of the predicted 
power factor.
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(10) APPENDICES
(10.1) Eva luation of Torque and Losses

(10.1.1) Rotor Copper Loss. .
To simplify the integration the following substitutions are 

made:
_ mr

°0 7<o(l — o)

, Tran

1

sX — — np
Eqns. (2) and (3) thus reduce to:

O'

e^^cos box — — sin 
\

From eqn. (7), 

rotor copper loss =

+ [ (1 — cos b^x + e 2^dx
tco Jq

After integration and rearrangement the rotor copper loss is 
given by

rotor copper loss = \
ao "T" °o

% + ^%(«o sûr b0 + b0 cos b^00
_ ao + °o

I ao(°Q — 3&o) _ a0p-2dn (231 
+ 2(^ + ^ 2 J ■

(10.1.2) Torque.
Rewriting eqn. (8) in terms of a0, bQ and c0,

F«, =

E-W (cos box + sin

g-a° 

Qv+b§

[2aQbQ cos 60 + («o - ^) sin b^- 2oqZ>o 1 (24)
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(10.1.3) Exit-Edge Loss.
Using eqn. (10) and substituting for B* + B* from eqn. (22) 

with x = 1,

- (1 - 2^~^ cos b0 + e-2^)
8 o^a2 + c§)

Eqn. (26) is plotted in Fig. 8 for « = 4.

(10.2) Velocity Discrepancy for 2-Block Pre-Skewed 
Construction

At the neutral position each part of the rotor surface crosses 
the same number of equally-spaced stator slots as it passes under 
one block. Therefore the slotting is everywhere such as to 
correspond with constant skew in an equivalent flat machine. 
This may be alternatively stated as follows:

When the rotor axis is used as the axis of a cylindrical pro­
jection in which equal angles of latitude and longitude are 
plotted as equal distances, the slots appear in this projection as 
straight lines. With the stator in the central position (0 = 0O) 
the path of any point on the rotor also produces a straight line, 
since rotor paths are lines of latitude. If the rotor is turned 
through an angle with respect to the stator, the projection of 
the path of a point on the rotor is no longer a straight line. 
Fig. 19 illustrates the problem.

B e

1$

Fig. 19.—The problem of change of spherical axes.

A point A on the rotor is defined by spherical co-ordinates a 
and b with respect to a point B when the angle 6 = 0O.

The co-ordinates of this same point after the rotor has been 
turned through an angle <j> about axis through B are q' and d.

Then cos c = cos a cos b from A ABC.............................. (27)

sin B 1 1 _
= = from

cos c = cos a'. cos b' from A BEF . . (30) 

Substituting in eqn. (28) the value of sin b' from eqn. (29), 

sin b' = sin b cos + sin cos b sin a . . (3.1) 

and using eqns. (27), (30) and (31)

, _ __ __________ cos a cos b ___________
S ° V[1 ~~ (sin 6 cos + sin cos 6 sin q)2] ’ '

From eqns. (31) and (32) the projected co-ordinates of a point 
on the rotor surface can be calculated.

The path of the rotor edges is indicated and the area common 
to rotor and stator is shown shaded in Figs. 12 and 14.

The problem of calculating the field velocity in the direction 
of motion of the rotor at any position under the stator block 
at any angle is again a problem of two systems of co-ordinates. 
The problem is illustrated in Fig. 19. For a 45° pre-skew it 
will be apparent that if an observer starts from B and moves 
d degrees along the direction of BE and then d degrees along 
the direction of EF he crosses a' ± d slots if there is one slot 
per degree, the sense of the slope of the slots governing the sign 
of V. The rate of increase of a* + b' with d at fixed b, which 
is proportional to the stator field velocity in the direction of 
the rotor, is therefore I ± bb'/bd. Note that b is fixed because 
a point on the rotor always moves along a line of latitude. 
When a point (a', on the stator block has been chosen, the 
latitude b of the point on the rotor which passes under (q', d) 
when the stator is in the position <f> is defined by eqns. (31) and 
(32). The rate of increase of longitude a of this point, i.e. the 
actual rotor angular velocity, is given by ba/bd at fixed b, and 
the rate at which a point on the rotor cuts the stator slots is 
given by

.........................”

For the Figure as drawn, the sign of bb'/bd is negative; this is 
now used throughout for the sake of clarity.

The latitude b which passes under (d, b') for the position 6 
is found by solving eqns. (31) and (32) for sin b.

Thus, substituting for sin a in eqn. (31),

sin b' = sin b cos + sin cos by/\\ — (cos2 d cos2 ô^/cos2 6] 

where = (0 — 0O).
This yields the quadratic in sin b as follows:

sin2 b — (2 sin b' cos ^) sin b

— sin2 $1 — cos2 d cos2 b') + sin2 d — 0

Whence sin b = sin b' cos

± V[sin2 d cos2 + sin2 $1 — cos2 d cos2 d — sin2 f)] 

which reduces to

sin b = sin d cos ± sin sin d cos d . . (34)

Consideration of the geometry will show that the relevant sign 
to the particular problem being studied is the negative one.

From eqn. (31)

bd 
cos d = sin cos b cos a . . . (35)

From eqn. (32)

bd _ sin q cos b cos2 d — sin d cos2 a cos2 b sin _
. - Sin d cos3 d '
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From eqns. (35) and (36) For given values of and K, this is the equation of the line of 
constant slip over the stator block.

W _ _________ sin cos b cos a cos3 b' sing'________
W cos b' (sin a cos b cos2 b' + sin b' cos2 a cos2 b sin ^) ’

By scaling K so that its value at x = 0, y = 0 is unity, lines 
of constant y can be drawn as defined in Section 4.1.2. These 
are plotted for a 45° pre-skew in Figs. 12(a) and 12(6) for

Using eqns. (33), (36) and (37) 6 = 33° and 57°.
If the angle of pre-skew is not 45°, eqn. (33) is modified to read

sin a cos b sin b* cos2 a cos2 b sin sin cos b cos a 
cos b' sin a' cos3 b* sin a' cos b' K=(c±s)l^

Substituting for sin a cos b from eqn. (31), for cos a cos b from 
eqn. (32), and for sin from eqn. (34) and simplifying,

where c is the number of lines of longitude crossed per line of 
latitude by a point moving along a slot. For a 63f pre-skew, 
c = The plotted values of y for 6 = 27° for a 63f pre-

K = tan b' sin sin a' + cos — sin cos a' skewed block are shown in Fig. 14.
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