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LIST OF SYMBOLS

B induction 625)
m2
C capacitance (F)
e voltage (V)
ED voltage between busbar and centre-tap of the d.c.
supply
€4y eqs two-axes stator voltages
£, £ fundamental frequency and reference frequency (%/g)
fwv winding factor of order v
G conductance Gé)
Z an integer
i current (A)
ids’ a8 two-axes stator currents
1dr’ lqr two—-axes rotor currents
J inertia (kg m?)
k cormon. order of field harmonics; k =~%
L inductance (H)
Lgy L, stator and rotor inductances
Rs' L, stator and rotor leakage inductances
M rnutual inductance
m number of phases
n denotes the nth stator or rotor phase
. speed of rotation of the field of order k
P nunber of pole pairs

p differential operator; p = %? + Laplace operator
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§

torque (= kg)

resistance (Q)

stator and rotor resistance

slip

time (s8)

voltage between machine star-point and supply star—
point (V)

fundamental stator phase voltage, rms

angle on stator or rotor (rad.)

rotor-to~stator angle and speed, electrical (rad.
and rad./s)

order of current harmonics

order of space harmonics

transformed time; 1 = -%- .+t

o
flux (Vs)
flux linkage (Vs)

fundamental angular frequency and reference frequency

1
G;)

Other symbols are defined as and when they occur.



Introduction

The introduction of the thyristor into power engineering
has given rise to 2 new generation of drives for industry and
traction: the induction motor supplied at variable frequency
by invertors. In recent years a vast amount of work has been
done both in industry and universities studying the design of
invertors, control preblems, and the effect of non-sinusoidal
supplies on the induction motor.

A review of the publications shows that there are three
categories of invertors: cycloconvertors, series invertors and
chopper invertors., These types of invertors have in common
that they provide a set of waveforms which produces a rotating
field in the air-gap of an induction motor. However, their
approach to the problem is different. Cycloconvertors convert
the a.c. voltage of the mains into an a.c. voltage of lower
frequency., Their main disadvantages are their limit in
frequency and the high content of harmonics in their output
voltage.

Series invertors comsist of electronic switches which
connect the motor terminals to the positive or negative busbar
of a d.c. systew thus producing a set of square-wave voltages.
They are simple and reliable. The d.c. voltage should be
variable,

Chopper invertors also use electronic switches but their

switching frequency is much higher. They work on the principle
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of pulse-width-modulation thus providing voltage fundamentals of
correct frequency and amplitude. The high switching frequency
requires elaborate commutation and control equipment.

Non-sinusoidal supply voltages of an induction motor lead
to non-sinusoidal currents and fluctuations of the torque. A
thorough investigation of three-phase induction motors fed by
square~-wave voltages has been made by other authors (Ref., {, 9).
These investigations show that this kind of supply leads to
considerable fluctuations in torque, the fundamental frequency
of which is six times the switching frequency. If these torque
fluctuations of relatively low frequency are not tolerable for
the required drive the simple three-phase series invertor cannot
be applied.

The basic idea of the work described in this thesis is to
improve the quality of the drive not by improving the invertor
but by increasing the number of phases of induction motor and
series invertor. An electronic analogue of the induction motor
has been set up for convenient investigation under steady-state
conditions., A five phase invertor and motor have been made and
investigated and the instantaneous steadv-~state torque has been
measured., A comparison of 3 phase and 5 phase machines is given
where possible.

It will be seen that, since the available time was rather
limited, some problems have not been followed up to a great

depth,
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CHAPTER I

CHOICE OF NUMBER OF PHASES AND PROPERTIES OF FIVE

PHASE MACHINES COMPARED WITH THREE PHASE MACHINES

I.1 Choice of the number of phases

It is assumed that there is 2 set of m > 2 symmetrical

alternating voltages each of which is delayed by

2m
4 = (1.1)
with respect to the voltage preceding it. The lag of voltage n

with respect to voltage 1 is therefore

2T

L, = 4 (-1 n = li,..m (1.2)

If m is even and n = ~§ + 1,
- = 7 (1.3)

'?2- + 1

This set of voltages shall act on a motor winding which has m
phases symmetrically distributed on the circumference, and P
pairs of poles. The first pole of each phase shall be called a
'north' pole, the next pole a 'south' pole and so forth.

Fig. 1.1 shows the arrangement for P = 1. The north poles of

phase 1 are located on the circumference at angles

g = 0, 1, «... (P~1) (1.4)

}N
et B
ol

“Wi,g

starting from the first pole of phase 1, and the south poles are

at angles

27 T
aSl,g 5 & *t 7 (1.5)
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The north poles of phase n are to be found at

2
»
and the south poles at
_2n 2T - ul
%n,g F 8t vy (D o+ 3 (.7

The south poles of phase 1 and the north poles of phase n

coincide if

“sl,g Nii, g
2 T 27 2m . o
P o + D - P & P m (n 1) (1"-’>
= =
n-1 5

Since n and m are integers, Eqn. (1.8) can only be fulfilled if
m is even. The coinciding poles will be excited by voltages,
and therefore currents, which are in phase opposition as shown
by Eqn. (1.3) and their fluxes will add up. The machine will
behave like a machine with half the number of phases.

A genuine increese in the number of phases can only be
achieved if m is oddé, For the present investigation m = 5 has
been chosen. It can generally be said that every increase in
the number of phases improves the quality of the machine as far
as parasitic fields and torques are concerned, as will appear
later., However, the set of m voltages Is provided by an invertor
which becomes bigper and more expensive as m increases. For a

. . . N s,
given output N the power per invertor phase will be-ﬁ and 1t 1is
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therefore possible to employ smaller main thyristors but the
exciter unit will become more complicated and expensive as m
increases and the commutation equipment will increase depending
on the kind of invertor. It was therefore felt that m = 5 is a
good compromise,

I.,2 Field harmonics in an m-phase machine

I.2.1 Basic considerations

At first, one machine phase shall be considered which
consists of a single-slot coil. If this coil is excited by an
alternating current an alternating field will result. Fig. 1.2
shows the arrangement and the airgap induction at a given
instant,

The Fourier analysis of the airgap induction waveform gives

the components
4 1 .
= "'?;" ! B ’ "'\‘;‘ (V = 1,3,5-.-0) (.log)

If instead the single coil is replaced by q coils which have
only'é-of the conductors of the original coil (Fig. 1.3) the

field harmonics have to be modified by the winding factors:

5,1 = 2 |8 B2 (1.10)
sin (v q'%)
W\)z

q sin (v -g-)
a is the angle by which the coils are displaced with respect to
each other.,

In an m-phase machine m sets of coils will be arranged on

the stator circumference. Each set of coils provides an
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alternating flux which closes across the airgaps on either side,
The alternating fields set up in each pole pitch can be
represented by vectors. Fig. 1.4 shows these vectors for the
fundamental field and the 5th harmonic of a 3 phasec system and a
machine with P = 1 pole pairs. Tor the fundamental the mutual
displacement of the vectors is 2L but for the harmenics it will

2m
2w

be v e ,

2m
The coils are excited by a 2 m~phase current system. The
currents will contain harmonics of the order u and p shall be

2

odd. The mutual phase shift of the currents is'ig for the

fundamental and yu %% for the harmonics.

If the vectors representing the alternating fields of the
coils are added up, the result may be a field rotating in either
direction, an alternating field, or mutual extinction., This will
be investigated by the following considerations,

The vectors'ﬁv represent the alternating fields produced by

each set of coils., The coils, in turn, are excited by currents

of order u. The result of the vectorial summation is a vector

of common order k = %}
— 2m i
T F(B+ ~ i)v -
L it g T,
B, Tl © cos | (ztut+ o i)y (L.11)
i=1

B, is the amplitude of the individual field vectors. B is the
arbitrary position of the first coil and ¢ the arbitrary phase
position of the first current, The cosines represent the

magnitude of the fields at the time t.



-7 -

Various algebraic operations (Ref. 7) lead to the final

result
Pk lavw s ZoGnen o]
= f e 2m 7
2m Bv ml

£ ej[”(é + wt) u o+ g%(Zm + 1) (v - u)]
m2

i

Kt Bkz (1.12)

H
i

b
#
o

Bkl represents a field which rotates in positive direction
and%'k2 a field rotating in negative direction. Their speed of
rotation can be obtained from the following considerations:

let u be unity. The individuzl field of order v has v poles as
can be seen from Fig. 1.3, and similarly the rotating field has
v P poles if the fundamental field has P poles; its speed of
rotation is therefore only-% of the speed of the fundamental
field. If n; is the speed of rotation of the fundamental field,

the field of order v excited by a current of order p will rotate

at

n, = * & n (1.13)

(- for Bkl and + for kz)'

However, the existence of these fields depends on the

existence of the phase factors

sin (v + u) 7w

ml . i)
2m sin (v + 1) =
(1.14)

£ - sin (v = u) w

2m sin (v -~ p) 3%
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It must be remembered that v and y are integers; the nominators

of £ , and fmz will therefere be zero. If, however, the

denominators disappear tco, f__ and fmz may exist as will be

ml
shown for fml,v + | is replaced by a common integer g and a small

addition x is considered:

sin (g + x) 7

fml = lim - (1.15)
x>0 2m sin (g + %) =
2m
If now g = 2n k) (k1 = 1,24044)
£ - 1lim gin (x )
ml ) . s
®*+0 £ 2m sin (x~3~
210
= + MX T ’n, S £ 1 (1.16)
2m X 5=
m

(- for k1 = 1,3,5...4 and + for k), = 2,4,6....)

The phase factors will exist and be either + 1 or = 1 if

vV o+ u o= 2m 21 (1.17)
and vV = u = 2m g, (1.18)

g and g, are integers and can be positive, zero and negative.

1
Eqn. (1.17) indicates fields which rotate in opposite direction
to the mein field and Eqn. (1.18) fields rotating in the same
direction as the main field which is given by v = u = 1, If both
Equn. (1.17) and (1.18) are fulfilled for a given v and u an
alternating field will be the result.

So far, stator fields have been considered only. These
fields excite currents in the bars of a squirrel-cage rotor of

an induction motor, which in turn set up rotor fields of the same

order and speed relative to the stator as the stator fields and
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in addition fields of high order due to the distribution of the
rotor bars and the slotting of the rotor. There ere, furthermore,
stator fields duc to slotting. The additional rotor fields can
interact with stator fields to produce the undesirable synchronous
torques which can lead to cogging and synchronous crawling.
However, these effects can be avoided by a proper choice of the
number of slots of stator and rotor. (Ref. 4, 5, 6).

For the present investigation, only such rotor fields shall
be considered which are of the same order and speed as the stator
fields.

The results obtained above can be expressed in the following
way:

There are stator fields of the order

g
s
which rotate with the speed
2 u
_ 8 _ £f s
ns k-1 + \)S nl £ & P \)s (1.20)

(ns is positive if Eqgn. (1.18) is fulfilled and negative if
Egn., (1.17) is fulfilled).
Their number of pairs of poles is

Pk = Vg P (1.21)
There are also rotor fields of the order

M
SR
k b ") (1.22)
r

Their speed is

1=

(1.23)

o]

]

M
i rh
e
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and thelr number of pele pairs
px = \)r P (1024)

Only such v and p are eligible as fulfill Egn, (1.17) or (1.18)
but not both Egns. simultaneously.

Generally, torque can only be produced if the interacting
stator and rotor fields have the same number of pole pairs:

Ve = Vg (1.25)

If the speeds of the interacting fields are equal, the torque is
constant in time. If this is not fulfilled, the torque is
fluctuating and the frequency of the fluctuations is

f = px ] (1.26)

Q L

These results shall be used to throw some light on the

following problems:

1) Which current harmonics can produce harmonic fields in a

3 phase and 5 phase machine with ideally distributed windings

(v = 1) and what parasitic torques result from this?

2) Which space harmonics exist in a 3 phase and 5 phase machine
on sinuscidal supply (u = 1) and what parasitic torques do they
produce?

3) What field harmonics and parasitic torques result from the
interaction of current harmonics and space harmonics?

It is assumed that both machines are star-connected and that
their star-point is not connected to the star-point of the supply.
No currents of order u = gnn (g=1, 3, 5 ....) will be able to
flow, If the current harmonic of order y in the first phase can

be expressed as
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11u = T cog pwt (1.27)

the current in phase n is

, 2n
lnu T cos (uwt - (n~1) u - (1.28)
If now W= g m
inu = 1 cos (gmwt - (a=1) g 2m)
= 1 cos gowt (1.29)

All of the.n: currents would be in phase and, since the sum of

the currents flowing into the star-point must be zero, these
currents cannot flow. The phase~voltages of a star-~connected
machine do not contain harmonics of the order g.m; these
harmonics are eliminated by the star—-point voltage of the machine
with respect to the star-point of the supply.

A consequence of this is that Egns. (1.17) and (1.18) can
never be fulfilled simultaneously which would be possible for
p=gmand v =y, There are no alternating fields in a star-
connected 3 phase or 5 phase machine with unconnected star-points,

I.2.2 Harmonic fields due to non-sinusoidal supply in

3 phase and 5 phase machines with ideally distributed

windinegs: v = 1
In a 3 phase machine, there are stator and rotor fields of

order and speeds

k 1 5 7 11 13 ouue

"11 13 e e o

kplﬁp
-
&
~
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an¢ in a 5 phase machine,

% k 1 9 11 19 21 eses
"k
oy

§

1 "'"9 11 ‘“19 21 sene

The harmonic currents of order u = 3, 7, 13, 17 .... do not
produce rotating fields in a 5 phease machine with ideally
distributed windings.

The rotating fields produce two different kinds of parasitic
torques

1) n, = ns

The torques are constant in time and there are torge-speed-
curves which resemble the basic torque-speed-curve. Figures 1.5
and 1.6 show some of these torque-spced-curves for 3 phases and
5 phases. In the important range of the fundamental torque-speed~

curve these parasitic torques can be expected to be quite small.

2) L _+ 0

For a 3 phase machine, Egns. (1.20), (1.21) and (1.26)
indicate torque fluctuations of the frequencies
fQ = 6 £, 12 £, 18 f ...,
In particular, the fundamental stator field and the rotor fields
of order 5 and 7 lead to fluctuations of 6 £,
For a 5 phase machine, there are torque fluctuations of the

frequencies

f, = 10f, 20f, 30£....



- 13 -

and here the fundamental field and the harmonics of order 9 and
11 produce the most prominent torque fluctuations of 10 £,

In the case of square-~wave supply, the r.m.s. value of the
voltage harmonic of order u is %i if V1 is the r.m.s. value of
the voltage fundamental. The currents of order u are above all
determined by the leakage impedance except at very low
frequencies. The leakage impedance is u w %y (22 being the total
leakage inductance). The magnitude of the harmonic currents
decreases rapidly as p increases. Since the order of the current
harmonics which produce parasitic torques is much higher in the
case of 5 phases, it can be expected that the torque fluctuations
of a 5 phase machine are considerably smaller than those of a
3 phase machine. The frequency of the torque fluctuations is
higher for a 5 phase machine which may make it easier to aveid
mechanical resonences of the drive.

The field harmonics discussed above are of the same nature
as the fundemental fields., It is therefore not possible to
suppress them by design measures like chording without impairing
the main field as well. A high leakage impedance would decrease
them, and thus the torque fluctuations, but high leakage would
have disadvantages as far as the running characteristics and the
losses of the machine are concerned.

I.2.3 Field harmonics of 3 phase and 5 phase machines on

sinusoidal supply (u = 1)

These field harmonics are due to the imperfect distribution

of the windings and are referred to as space harmonics.
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In a 3 phase machine, there are fields of order and speeds

1 1 L1 1
k 1 ""5" "7‘ 11 Tﬁ"‘
i R I O I A O
n, 5 7 11 13 °*°
and in a 5 phase machine,
1 i 1 1
k 1 '§’ "i"f "i"g'f 'é"i’cct
- P S O
n, 9 11 19 21

No torque fluctuations occur since only stator and xotor fields
of the same order and speed can interact. These fields produce
the well-known parasitic asynchronous torques. In particular,
the 7th space harmonic of a 3 phase machine produces a dip in the
terque~speed-curve around-% of the synchronous speed and the 1llth
space harmonic of a 5 phase machine is responsible for a similar
effect at T% of the synchronous speed.

Ref, 5 gives the following ratio for the pullout torque Qv
due to the space harmonics of order v and the starting torque

Qs due to the main field zlone

Qv 2 er fwv2 (1.30)
Qq vV R 2
wil

The parasitic asynchronous torques of a 5 phase machine can be
expected to be much smaller than those of a 3 phase machine.
Fig, 1.7 and 1.8 show the torque~speed~curves of a 3 phase and a

5 phase machine at different supply frequencies.



Eqn. (1.30) shows that the asynchronous torques become
unimportent at low frequencies. If the machine is supplied by
an invertor it is started at e low supply frequency and then run
at low slip frequencies and the range where these torques are of
influence is alwayes avoided.

BDisturbing space harmonics can be substantially reduced by
chording which entails more complicated two~layer windings and a
certain loss in the magnitude of the main fisld. Most commnercial
3 phase motors which are used for variable frequency drives are
wound in this way. If a 5 phase motor for varisgble-~frequency
operation has to be designed there is no need for such measures
and simple single~layer windings can be used,

I1.2.4 Interaction of current harmonics and space harmonics

In a 3 phase machine, there are additional fields of order

and speeds

P IS IR - B - A DA LR R B V)
7 5 13 5%y 547 13 717411 0"

e % N - B = R P T DA R =R R VY
n, 7 5 13 5 "t IR 7iL7 11 0

and for a 5 phase machine cne obtains

Wl 30 20 3 1 217 B A3 717
7 3 17 3 BT I8 3T TT
IL
2 DA BT B Y 141 33 7117
B 7 3 17 3 P33 117177

These fields lead again to parasitic asynchroncus and fluctuating

torques. The asynchronous torques in the motoring range
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n
(0 < E§ < 1) can be expected to be gquite small since either u or
1

v or both are of high order,
Fluctuating torques occur if there are different M possible
for a given v. In the case of 3 phases, there are torque

fluctuations of the frequency

fq = 6, 12£, 18f ..,
and for 5 phases one cbtains again
fq = 106, 20£ 30f ...

These torque fluctuations can be expected to be small compared
with the fluctuations discussed in Section 1.2.2 since the main

field does not tske part in producing them.

I,2,5 Conclusions

It appears that a 5 phase machine behaves considerably better
than 2 3 phase machine as far as parasitic fields and torques are
concerned.,

In particular, torque fluctuations can be expected to be of
smaller magnitude and their frequency is higher. There seems to
be no need for suppressing certain space harmonies by chording
and single~layer windings can be used.

Generally, the frequency of the mest important torque
fluctuations is

£, = 2wn f (1.31)

Every further increase of m would improve the quality of the

drive in this respect.
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I.3 Characteristics of the experimental 5 phase machine and

voltage~frequency~relaticn for variable speed.

A 5 phase induction motor has been designed and built, Its
parameters are given in Jppendix I. The machine has been tested

s}

on sinusoidal supply converting the 3 phase system of the mains
into a 5 phase system by adding up appropriate voltages. Fig. 1.9
shows the principle.

If an induction motor is supplied by voltages of variable
frequency, the supply voltage must be variable too. The
"classical' one-phase equivalent circuit (Fig. 1.10) may be used
to throw some light on the prcblem of voltage-frequency-relation
on sinusoidal supply. The flux linkage between stator and rotor

refe red to the stator is given by the magnetizing current

Im = Is + Ir:

vV
m ]
= N T me— 3
Fiid Ifﬁ " (}.QJJ)

b

o
It is desirable to keep this quantity constant at all frequencies.
If the stator impedance L jw L is small compared to

j w M. Vy; will be close to V. If Vo is toc remain constant at
different frequencies, v, should - in first approximation - vary

in proportion with the frequency:

- w
V1 = VlO - (1.34)
o
(VID = rated voltage at rated angular frequency wo)

The pullout torque is proportional to the square of the flux

linkage (Ref. 4) and will remain comnstant as well.
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However, the assumption that the stator impedance is small
compared to the mutual inductance cannot be maintained at low
frequencies, B will cause a more and more important voltage
drop as the frequency becomes lower, and at zero frequency it
would determine the stator current entirely. Consequently, the
pullout torque falls off comsiderably as the frequency decreases.
Fig. (1.11) shows some torque~speed-curves at diffarent
frequencies the voltage being proportional to the frequenecy. It
follows that the voltage must be higher at frequencies w < Wo
than indicated by Eqn. (1.34) if the pullout torque shall remain
constant. The torque~-speed-curves of Fig. (1.11) may help to
find the proper frequency-voltage-relation, The pullout torque
of an induction motor is proportional to the square of the supply
voltage. From there, the following approximations may be

established for this particular machine:

v, =V

' (015 + 085 -gm) (1.35)

10
o}

The machine will be supplied by a set of square-wave
voltages, i.e. its terminals will be switched to the positive or

negative busbar of a d.c. supply in turn. The fundamental of the

square~waves should be identical with the peak value of Vs

V7 v,

i
= NS

Ep

)

i

1-11 v, ' (1.36)
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‘North' poles and 'south’ poles of a machine
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F/’g. I. 4

Field vectors of a 3 phase machine
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