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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.
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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



-9 -

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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Field vectors of a 3 phase machine
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CBAPTER 11

EXAMINATION OF THE STEADY-STATE BEHAVIOUR OF

3

PHASE AND 5 PHASE MACHINES USING THE

GENERALIZED MACHINE THEORY

1I.1 Short presentation of the generalized machine theory

The analysis of the polyphase induction motor supplied by

non~sinusoidal voltages has been built on the foundations laid

by Park and Stanley and is & theory of the interaction of linear

circuits.,

D

2)

3)

4)

5)

6)

Generally, the following assumptions are made:
The magnetic circuit is linear.
Mutual inductances vary as cosine functioms of the
shaft angle.
Self inductances are constant end resistances are not
affected by skin effect and temperature.
Windings are symmetrical and distributed and no
space harmonics are present.
The air—gap is uniform.

Speed is constant.

The machine is reduced te a two-phase machine by appropriate

transformations and possesses two axes at right angle. For the

present investigations the two axes will be fixed in space.

Rotor quantities are referred to the stator,

II.1.1 Transformations for 3 phase machines

A 3 phase machine can be described (Ref. 2, 3) by
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o
e4q Rs + pLS pM 0 o Lia
e pM Rr + er 8 Lr 0 M Lar
= € ° . (2. 1)
e . b - 0 9’ .
eqr oM e Lr Rr + er pit lqr
I'e] ™, R . .
eqs O G pH s T pL5 lqs

Fig. 2.1 shows the equivalent circuit for this set of linear
differential equations.
For a squirrel-cage induction motor,
= @ = Q 2.2

Under sinusoidal conditions,

Eqs -7 Eds
Iqr B Idr

which leads to the well-known single phase equivalent circuit.,
The axes voltages are obtained from the phase voltages by

the transformation

o 1 : o -glr- 08 &.Ti fa)
ds - Co8 T3} o8 T “18
2 A . hw
P - A i Y} e @ 53 2 .
eqs 3 0 sin =3 sin —3 EI (2.4)
5 IR -

The 'zero sequence’ e, vanishes for a star-conmected machine

whose star-point is not connected to the star-point of the supply.
The phase voltages may in this case be replaced by the potentials
of the terminals with respect to the star-point of the supply for

and e . 1t

obtaining PP qs



Vo= 3 (e e, te,) (2.5)

is the voltage between machine star-point and supply star—point

e 2ing antia ) > terminal he
(Clt’ 2t Cg¢ being the potentiels of the terminals), the phase
voltages are
s = e T Yo (n= liees3) (2.6)
and
3 3

v 2m N . 2m
vV, L. cos (n~1) -3 v, (. sin (n-1) = = 0

n=1 n=1

Fig. 2.2 shows the voltage trensformation for a 3 phase square-
wave system,

The axes curremts can be obtained from the phase currents by
trangformations similar to (2.3).

The reverse transformation for the stator currents is given

by
ils 1 0 1 ids
) _ 2 L . .
i,y = /~—§ cos = sin =3 1 lqs (2.7)
. ATt L A 1 .
ihg cos = sin — | e

(ios = 0 for star-connection with unconnected star-point), and

the phase rotor currents are obtained accordingly from idr and
lqr.
The instantaneous torque of the machine is

0 = P M <1dr 1qs - i 1ds) (2.8)

3
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11.1.2 Transformations for 5 phase machines

A short derivation of the two~axes transformation for 5 phase
machines is given in Appendix IIL.

The machine can be represented by two sets of equations:

eyq Rs + pLs pH 0 0] l4g
0 pM R+ pL. 0L, M Lap
frrbmmsriteeen e 0 P o : . . oy . (2 . 9)
C - 0 M - © Lr Rr + er pM lqr
eqs 0 0 M RS + pLS lqs
and
N R+ pl 0 0 0 i
ds s T Py Yds
) '
0 0 Rr + pﬁr 0 0 Lap
= * N (2-10)
0 0 0 Rr + pzr 0 lqr
? } .
e g 0 0 0 RS +pL, gs

The equations of (2.9) are independent from each other and
T ¥

i = i = 0.

tar 1qr

The torque is obtained from Eqn., (2.8) end

Q = PM (ldr 1qs i lds) (2.,11)

The transformation for the voltages is
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2 : o a {cos 4 o
g 1} cos o lces 2 o jcos 3 cos 4 g
e 01! sin o |sin 2 a {sin 3 o [sin 4 «o e
gs 28
L] yi ,
e. | = =1 1icos 2 agicos 4o jcog 6 ¢ jcos 8 al . le (2.12)
ds 5 35
? N - - Y
e Olain 2 a |8in 4 ¢ {81n 6 o |[gim 3 « e
gs L8
! 1 ! 1
[} A 3
o 2 2 b B 2 2 Cog
. 27 . .
where o = ~¢ . Again, e, = 0 for a star—-connected machine,
The other four voltagcs can be obtained by replacing the phase

voltages by the potential of the terminals with respect to the

star—-point of the supply e .t

s T %ar T VYo
5 (2.13)
- 1 <
Vo T 3 S Tnt
n=1

Fig 2.3 shows these voltages for a 5 phase square-wave system,
The reverse transformation for the stator currents is given
by
i 1 0 ! 1 0 17 1
i K
lls ds
i a0 - §i ol ~ sin 2a]] i
iy coso sin o jcos 2 .a sin 201 qs
i = <§ cos 2 o |~ sin 20 jcos 4.0 | -~ sin 4ol |- i' - (2.14)
33 l/ 5 " * v | ds 3
- . I3 - » I '
i ccs 3 ot~ 8in 3aicos 6 a | -~ sin 6ajl 1
L8 qs
i cos 4 o}~ sin 4alcos 8 o) ~ sin Bull i
58 | 0s
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and ios = 0 for star~connection. In particular, the first phase

current is

N !
iy, = V/; (1ds + lds) (2.15)

A similar transformation gives the rotor phasc currents but here

t ¥
1dr = lqr = (J and

. 2.
Mgy T .u/"s" tar (2.16)

I1.2 A dual analogue

It is desirable for convenient investigation to build am
analogue for the sets of differential equations representing the
induction motors.

One way of doing this would be to embody the circuit of
Fig. 2.1, 1Iron—cored inductors could be used to represent the
inductances and fractional-horsepower machines to generate the
back~¢.m.£.'3, This, however, presents the following difficulties:
it is not possible for the rotors to cut the whole of the flux
which links with the circuit of the other rotor. Iron-cored
inductors will not be strictly linear and changing the parameters
of the analogue to represent another motor would possibly involve
the re~winding of the inductors.

A more useful and simpler analogue for Equns. (2.1) and (2.9)
is the dual of the circuit of Fig. 2.1. 1Inductors arc replaced
by capacitors. Series connections change into parallel
connections, voltages into currents and vice versa. Impressed
voltages become impressed currents. The enzlogue can be built

up with solid~state clectronics.
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Eqns. (2.1) and (2.9) can be represented by Eqn. (2.18) if

the following substitutions are made:

. . . . \
Axes quantities W eqs lie igr lqr lqs
Dual analogue quantities: i, i, e, e, e, e,
\ . . "
Axes quantities H Rs Rr LS Lr M ZS Qr
Dual analogue quantities: €, ¢, Cl C2 €3 €, G
Since L = M o+ &
s 8
L. = M + £
T r
= +
C1 C3 C,
c, = G + Cg (2.17)
ey o — S "
+ 3 ! {
1, Gl pC1 2 p63 j 0 0 | ey
RO S P R b
Cc : pCy % Gz + pC2 3 oC, : oC, g § e,
e dm - i gn‘w,_”.mm\_; ~? . e (2.18)
0 ~OC3 *OCZ 3 G2 + pC2 : 963 é eq%
e o v e 4 - vl doh bt G i ‘A S B
1,1 : 0 | O pC3 f Gl + pC1; e, !
Similarly Eqn. (2.10) can be represented by
[ § : v i
i . G, % pC | 0 ; e |
Pl ; 1 P b ; : 1
P10 ; 0 ﬁ Gl + 1‘;;CL+ ; : ezi
R ¥ . ¢ ] t ) . ¥ ¥
if i, is substituted for €46 i, for eqs, e, for iggs and e,
¥
for i_ .
gs

The values of the conductances and capacitances representing
the resistances and inductances of the motor can be obtained by

the following considerations:
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e is proportional to ids’ i.e,

e @& R i
1 o] ds

(2.20)
and accordingly for the other analogue voltages and two-axes
currents. The analogue currents and two—axes voltages are linked

by a scale resistance; for example

e = R 1 (2,21)
Substituting this into Eqn. (2.1) gives:
egs Gy rEe kG 00
f 0  9C,  iG, +pC, oc, | éc3 SNEYN
: - Ro R e T . : S (2.22)
.. : - i | K :
s oc, | é02 | G, + pC, g pCy | %xqr§
e ¢ o c, 6 +pc . i
 Cqs. - P T Tgs

The analogue parameters can now be obtained by comparing Eqns.

(2.1) and (2.22):

_ 1 ~ 1
¢, = R TR ¢, = Ly ¥%
[s} o]
- 1 3 1
G, = R, KR ¢, = L R R
(2.23)
1
o M [t
Cq " TR
O
1
Cy = 2 wx
[&]
_ 1
CS B 21‘ A.\‘R
(6]

The voltage of an induction motor and therefore the axes-

voltages should in first approximation vary in proportion with
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the frequency. The magnitude of the analogue current i1 at a
given instant t is
io(®) = = i, (1) (2.24)
1 &) 10 °
o
w, = referenc: fundamental angular frequency
i,y = current at reference frequency and at the instant
W
T = . i ]
W
0

¥

Similar equations apply to i,, il, and i,.

?

They are introduced

into Egn. (2.18) and 2(19) and the time transformation

To= At (2.25)
W
o
“o
is made, If both sides are multiplied by — the result is
R e e o B R —— —
: P W ' ; f
i, == G 4p C ‘e, 0 o i e !
Pt T TP PRy L5
EA .: — ; S e ;,_ b e e SN
i | W N ; . .
1 i ' ) ' 0 © ]
i f o - | i i
| 0 ! P C3 ‘ Gytp €, - wOCZ .- wOCS o 33?
I;» R S i»» - R - R Rt B :v‘ (2.26)
f H w H i i
0 -2, i -2uc, Rapc e, 0 e,
é | w 073 | w 02 7P P b3 Dk
[S— L I RRIET S e NN FE o
? | | ’ ) wg |
i, ! i G,+p C b
t200 0 0 pC, W 1Tl %2,
and
- R S ——— JES—
WA P Y v Pt
Mo o Gte 6 0 P %1
e ; ., ’ v = (2.27)
i ﬂ { -l + - :
120; . | = Cl P CL+ e,
! d
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The angular supply frequency of the motor only appears on
the right hand side of these equations in connection with the
conductances G, and G, and in the ratio % . -% indicates the

slip of the motor:

e lme

The frequency of the analogue currents can be kept constant and
the chosen value is fo = 50 C/S. Adjusting the analogue for a
motor frequency is done by setting potentiometers representing

the conductances to their proper values:

1 )
Rl (w) -6'1* ‘ “LB';
(2.29)
1 i,
R2 (w) = -(-;-; o
o

Fig. 2.4 shows the dual analopue. The speed of the motor

can be set with a ganged precision potentiometer:

é 2%
= LX (2.30)

X ; % 1 .
0 < T < means motoring, F > 5 generating, and

o

< 0 breaking.

Y

The tranmsistor circuit of Fi~., 2.5 provides an impressed
current out of an impressed voltage. Its input impedance is
very high. For the two current sources in the feedback circuits

the ratioc of input voltage and output current must be

¥ - 1 (2.31)
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If the two switches § arc open the analosue can be used for

. ¢ LI .
obtainins the voltages e, and e, in the case of a 5 phase machine,

The torque of the machine can be obtained by multiplying

e,y e, and e,, e, considering Eqns. (2.8) and (2.20):
P M .
Q - 5 (ez 93 el e“) (2.52)
B,

Accurate and relatively simple electronic multiplication is
offered by Hall multipliers. The output voltage of a Hall
multiplier is proportional to the product of plate current and

field current. The voltages e +++.€, have to be turned into

1
proportional impressed currents which can again be done by the
circuit of Fig. 2.5. Fig. 2.6 shows the arrangement for the
torque computation, Since the outputs of the Hall multipliers
must be floating the signals must be fed into d.c., amplifiers in

differential mode before they can be added up.

The output voltages of the Hall multipliers are

Ugy =R i, i,
) (2.33)
ug, K1, 1,

(K = Hall constant) and the plate and field currents are linked

with the voltages STREELN by resistances:

e e
ipz = 'ET% 3 ip} = 'ﬁ'l'
P P

R . (2.34)
L e 3 e
lca R ? lcq R

C &4
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Substituting Eqn. (2.34) into (2.33) and taking into consideration

the combined gein of the amplifiers & = A1 4, , one obtains:
A K
= - - z 2
vQ Rp ) (e2 e, e, 04) (2.35)

Eqns. (2.32) and (2.35) give the proportiomality factor of output

voltage v, and torque Q:

Q
i
o A K
This analogue can be used to compute the axes currents and
the torque of 3 phase and 5 phase machines in the steady state
and under the condition that the motor voltage is proportional
to the frequency. For the computation the supply frequency and
the speed of the motor can be set with potentiometers. The
inputs of the two current sources giving i, and i, or i; and
i; have to be supplied by voltages which are patterns of the
axes-voltages €4 and eqs or eés and e;S and whose frequencies

and amplitudes are constant. The time is transformed into

T o= = t, IfR_ =10,
U.)O ¢}
e (1) i, (6
1 . DA (2.37)
) [amps]

etc, The scale resistor R gives the axes voltages from the
analogue currents:

e4s0 = g R (2.38)
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o et N |
etc, (edso = axis voltage at w = w, = 27 50-; ) and

(]
“ds () = o ©
(o]

(1) (2.39)

dso

I1.3 Computations of axes—~currents and torque for 3 phases and

5 phases and square-~wave supply

The dual analogue has becen used to examine the currents and
torques of a 3 phase machine and the experimental 5 phase machine
on square-wave supply. To achieve some comparison, the
computations for the 3 phasc machine have been carried out for a
machine which has the saeme parameters as the experimental 5 phase
machine,

The sets of square~waves are produced by bistable
ringcounters; a 5 phase ringcounter is shown in Fig. 2.7. The
square~waves arc added up with operational amplifiers according
to Eqns., (2.4) and (2.12) and the resulting voltages are fed into
the analogue.

If both machines shall produce the same average torque at a
given frequency and speed, the phase voltage of the 3 phase

machine should be

_ /3
V3 phases *V/; Vg phases (2.40)

This can be teken into account by appropriate feedback resistors
of the summation amplifiers.
Figures 2.8 .... 2.14 show the d~axis voltages, the axes

currents, and the instantaneous torque for both machines at
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different frequencies and speeds. The voltage is proportional

to the frequency. Examinaticn and comparison of the axes

currents and the torquae lead to the following results:

1.

3.

The torque fluctustions of both machines 2t normal running
speeds do not depend to a great axtent on the frequency or
the speed. The fluctuations sre added to the mean value
of the torque which depends on tha slip.

For a 3 phase machine, the frequency of the fundamental of
the torque fluctuations is 6 f£. For a 5 phase machine, it
is 10 f£.

The torque fluctuations of a 5 phase machine arxe
considerably smaller than those of a 3 phase machine. If
both machines have the same parameters, the peak-to-peak
value of the torque fluctuations for a 5 phase machine at
a given frequency and speed is reduced tc about»% of the
value for a 3 phase machine.

The stator current of a 5 phase machine consists of two

2

. 2 L0
components, /“g 1ag and /[; The current lig does

iV
ds”
not contribute to the torque and is limited by the stator
resistance and leakage impedance. It can be seen that at
higher frequencies and therefore voltages this current
becomes very big and that it reaches a peak value when the
invertor commutation occurs., This means considerable

5

additional losses in the stator wiudings, and the invertor

must be able to commutate this high current.
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]
An inspection of the current ids shows that its fundamental

frequency is three times the fundamental frequency of the supply
voltages. This current is mainly due to the 3rd harmonic of the
supply voltage. If the motor is fed by voltages which do not

contain a 3rd harmonic, this difficulty could be overcome.
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CHAPTER 111

EXPERIMENTAL EXAMINATION OF A 5 PHASE

INDUCTION MOTOR ON SQUARE~WAVE SUPPLY

I1I.1 The invertor

I11I1.1.1 Simple series invertor with individual commutation

and itg disadvantages

At first, experiments have been carried out with an invertor
one phase of which is given in Fig. 3.1. The commutation relies
on the autotransformer action of the centre~tapped choke. A
detailed investigation into the action of this circuit is given in
Ref. 9.

It has been found that this invertor is unsuitable at low
frequencies and for an induction motor which has a high mutual
inductance and a low leakage. In order to explain this, a brief
description of the events in this circuit during one half-cycle
will be given here.

It is assumed that at the beginning thyristor Tl is conducting
and that the load current shall be tramsferred to the negative
busbar. If Tl conducts, the potential of the output terminal will
be near the potential of the positive busbar tsaking into account
the resistive and inductive voltage drop across the upper half of
the choke. The capacitor C2 is charged up to
= Zkv E

(3.1)

€co D
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kv < 1 allows for the voltage drop across the choke.

Now the thyristor T2 is fired. The capacitor voltage ecy
appears across the lower half and, due to the autotransformer
action, 2lso across the upper half of the choke. At the first
instant of the commutation, the voltage across Tl is

e = -2(2k,~1) E (3.2)

T1 D

A short reverse current through Tl turns the thyristor off. The
magnetizing current of the choke has been transferred to the lower
half of the choke. It is now assumed that during the relatively
short commutation time the choke magnetizing current is held
constant by a sufficiently large inductance and that the load
current does not change appreciably either, due to the motor
inductance. The capacitors Cl = C2 = C are therefore charged by a
constant current. The capacitors are virtually in parallel and
their current equals ZiL (iL being the load current at the instant
of commutation). Their voltage changes linearly and so does the

voltage across Tl:

i

eTl(t) ~2(2kv~1) E. + 2 = t (3.3)

D C

When ey reaches zero, the thyristor must be able to block a

forward voltage again., The time of negative bias At must be longer
than the turnoff time of the thyristor and include a safety margin.
Egn. (3.3) yields

= & -

-
dd

Ep (3.4)

The capacitance required to commutate a givenm current at a given

voltage is
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At

c = Eg;w--~v- (3.5)
TI: (Zkv-'l)

If a given current is to be commutated at low frequencies and
therefore low voltage, C will become very big. On the other hand,
At is proportieneal to the voltage and would be unnecessarily long
at high frequencies,

The charging of the capacitors continues until the diode D2
starts to conduct. The load current now flows through D2 and so
does the magnetizing current of the choke. The magnetizing current
decays with the time constant-% and the load current changes its
polarity in due time. During the conduction time of D2, the
output is clamped to the negative busbar and Cl is charged up to
nearly ZED. When the now reversed load current equals the

circulating magnetizing current, the diode ceases to conduct. The

load current flows through the choke and causes a voltage drop of

diL
The voltage across Cl is
Coy 7 ZED - e = kg ZED (3.7)

The choke inductance should be big enough to maintain the
magnetizing current during the commutation within certain limits.

Ref. 9 gives the relation

Sk, Eltos
a 5 lL

a is the permitted change in current during commutation.
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If L is smaller, the charging of the capacitors will not be
linear and At will be shorter than indicated in Eqn. (3.4).

At low frequencies, the diocde will have ceased to conduct
before the next commutation occurs., As appears from the recordings
of motor currents om square-wave supply, the load current always
increases in magnitude shortly before commutation thus making
A e > 0. If the motor has a high inductance and a low leakage,
this increasc is more pronounced. Since L must not be toc small,

a comsiderable loss in commutation voltage e.. can be expected.

Cl
If k, becomes as low as 0°5, commutation is impossible. If it is

a little higher, say 0¢6, a huge capacitance would be required and
L should be accordingly large. However, a big inductance decreases
kv again, 1t has been found impossible to run the experimental
motor on an invertor of this kind at low frequencies. At higher
frequencies, the diodes would be conducting during the full half-

cycle thus giving a reliable commutation voltage.

I1I1.1.2 Invertor with auxiliary commutaticn voltage and

cormon commutation of all phases

It follows from section III.1.1 that it is desirable to have
an invertor whose commutation voltage does not depend entirely on
the voltage of the d.c. busbars, i.e, tec introduce an auxiliary
commutation voltage.

In Ref., 10 a relatively simple 3 phase invertor with an
auxiliary commutation voltage and common commutation of all main
thyristors adjacent to the positive or negative busbar is given

and its operation is described in some detail. This design has
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been adopted for 5 phases and a 5 phase invertor is shown in

o2

L)

Fig,

Since the phases are no longer independent, a detailed
analysis of the operation of this circuit is rather difficult to
achieve and no attempt is made here to do sc. The commutation
voltage, i.e. the negative voltage impressed across the thyristors
during the first instant of commutation always cquals the
auxiliary voltage V.. The auxiliery thyristor T, is fired
whenever one of the upper main thyristors is to be turned off at
the end of its half-cycle, and the auxiliary thyristor TB is used
to turn off the lower main thyristors. The other upper or lower
main thyristors which are conducting when the firing of TA or Ty
occurs are turned off as well, but they are fired again at the end
of the commutation since their firing pulses last for their full
half~cycle.

If, for example, T, is fired, the curremts of the upper main
thyristors are tremsferred to the upper diodes and the capacitor
C, is charged until the diode D_ starts to conduct. At the same
time Cy is charged through V, until ep = V. and this voltage is
available for the commutation of the lower main thyristors. Thus,
the commutation voltage always equals the auxiliary voltage V.
irrespective of)the voltage of the d.c. busbars. There are
circulating currents in all five centre~tapped chokes which speed

up the charging of the capacitors. The values of the components

in Fig. 3.2 have been found experimentally.



- 3G -

As has been mentioned above, the firing pulses of the main
thyristors have to be sustained for the full half-cycle. To
pr¢duce these pulses, saturable transformers have been used. They
have a contrel winding which, when carrying a sufficient current,
eliminates the magnetic coupling between the primary and secondary
winding and thus suppresses the firing pulae (for details sece
Ref. 9). The output voltage is full-wave rectified. The control
windings of the ten firing transformers ave supplied by a 5 phase
low power transistor ringcounter. The output voltages of the
ringcounter which are a low-power pattern of the output voltages
of the invertor are also used to determine the firings of the
auxiliary thyristors., Fig. 3.3 shows the block diagram of the
excitation.

111.2 Experimental set—up for measuring the instantameous torque

For the measurement of the instanteneous torque of the
5 phase machine in the steady state, an inductive torque
transducer (Type TG/2 of Vibrometer AG, Fribourg, Switzerland) has
been used. The torsion of its shaft is used to put an inductive
bridge out of balance. The output signal is amplified and is
proportional to the angular twist of the transducer shaft,

The load torque of the motor is provided by a separately
excited d.c. generator which works on a resistive lecad. In the
steady state, the average torgue of the motor and the average torque
of the generator are equal., If the rotor of the motor is assumed

to be rigid, the part of the motor torque which is not used up
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internally to overcome the air friction and the friction of the
bearings results in a torsion of the transducer shafr eand is
measured correctly., The motor friction torques cannot be measured
with this method and are assumed to be small.

Now, the measurement of motor torque fluctuations AQM in the
steady state shall be considered. The idealised mechanical systen
consists of the rigid motor rotor, the shaft of the torque
transducer which is rigidly coupled to the motor and generator,
and the rotor of the generator. The frame of the rig is also
assumed to be rigid.

With these assumptions, the following equation for the motor

torque fluctuations in the Laplace transformed form can be written

down:
ks
JM 3] AwM + -E» (AwM~AwG) = AQM (3.9)
JM = inertia of the motor rotor
ks = torsional elasticity constant of the shaft
AwM, AwG = gmall speed variations of motor and generator.

The inertia of the shaft is neglected.

There may also be smzll torque fluctuations of the d.c. generator:

k
5 = -
JG P AwG + Em (AwG—AwM) = AQG (3.10)
Eqns. (3.9) and (3.10) yield: 7
M
Aw, ~Aw AQy + 89 T
M G : G .
= (30 11)
P 5 Iyl
Ty @°+ kg 750
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(AmM - AmG)/p is the angle Aa of torsion of the shaft.
If JG >> J,, and AQC is small (as can be expected froem a d.c.

generator in the steady state), Eqn. (3.11) can be written as
AQM
Ao = > T (3.12)
Ty (07 kg 50

The natural frequency of the mechanical system 1s given by

3, +J

2 . 1 M G 1
w = k S - (3.13)
2 8 JM JG [ JM

The torque transducer measures the torsiocn angle and
AQ = k_, Ao (3.14)

is the measured torque,

Therefore,
2. L (3.15)
Qu Mo, 1
T (p= + k_ =~ )
s s Jy

In the casec of sinusocidal excitation, p = jw (w being the angular

frequency of the torque fluctuations), and

b 1
By Iy (3-16)
2 2
T, D)
If w? << ?,
AQ
AQM + 1 (3.17)

and the torque fluctuations are measured correctly.

For the experiments, the inertia of the generator has been
increased with a big flywheel between torque transducer and d.c.
generator, The inertia of the flywheel has been estimated to be

approximetely 8 kg m? and the inertia of the motor rotor is
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appr. 4+1072 kg m?,
A crude estimate of the natural frequency gives

o > 103 L
e = 8

and the corner frequency, i.e. the frequency at which

AQ = /3
5

i
o]

w = 0,54 W,
The fundamental frequency of the torque fluctuations 1is
10 w (w being the fundamental angular frequency of the supply).
The arrangement should allow satisfactory torque readings up to a
supply frequency of appr. 8.5 c¢/s.

Experinents with the arrangement have shown that good torque
readings could be obtained at supply frequencies of appr. 5-8 c¢f/s.
At very low frequencies, vibrations in the frame of the rig could
be observed which upset the measurements.

I11I.3 Experimental results

Experiments with the arrangement have been carried out at low
supply frequencies in order to avoid mechanical resonance which
could damage the torque transducer,

Figures 3.4 .... 3.7 show recordings of the phase voltage,
the phase current, and the instantaneocus stecady-state torque at
various speeds and at a supply frequency of 7+5 ¢/, There is a
voltage droop at normal running conditions shortly before
commitation occurs due to the current peak; the circulating
current in the invertor choke has ceased and one half of the

choke is in series with the motor phase.
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There is a reasonsble agreement between the analogue
computations and the measured phase current and instantaneous
torque taking into consideration the deformation of the phase
voltage and other inaccuracies, such as error in torque
measurement, error of amalogue, and the simplifying assumptions
on which the analogue computations are based.

Torque fluctuations are small compared with the nominal
torque; at rated torque the peak-to-peak value of the torque
fluctuations is about-% of the rated torgque,

The phase current is strongly non-sinusoidal. leasurement
of the current harmonics at 75 ©¢/g and 215 r.p.m. gave the

following result (in 7 of the fundamental):

3rd harmonic 73%
7th harmonic 347
9th harmonic 227

11th harmonic 11%

13th harmonic 127
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IV, CONCLUSIONS

It has been shown that a 5 phase induction motor on square-
wave supply behaves considerably better than a 3 phase machine
as far as parasitic fields and torques are concerned. Torque
fluctuations in the steady state are substantially reduced and
their frequency is higher.

However, the stator current is strongly non-sinusoidal,
especially at higher supply frequencies and therefore higher
voltages., It has been seen that the stator current can be aplit
up into two components, One component sets up rotating fields
in the air-gap. The other component, however, does not lead to
rotating fields and is only limited by the stator resistance and
leakage impedance. It consists mainly of the 3rd current
harmonic which is due to the 3rd voltage harmonic. This current
component becomes very big at higher frequencies, and it reaches
a peak value when the current is to be commutated. Stator
losses are increased and the commutation of the invertor becomes
more difficult.

It does not seem practical to run a 5 phase motor om
voltages which contain an appreciable 3rd harmonic. It should,
however, be possible to design a relatively simple invertor
whose output voltages dc not contain a 3rd hormonic. An
invertor voltage waveform which meets this requirement is given

in Fig. 4.1,
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APPEWDIX I

Parameters of the experimental 5 phase machine

Connection

Pairs of poles

Rated torque

Power

Rated phase voltage at 50 c¢/s

Rated slip at 50 c¢fs

Star

2

1*4 m kg
2 kW

100 V rms
67

126 @
103 Q
4476 mH
1=70 =

1515 mH
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APPENDIX II

Short derivation of the 5 phase~two axes tramsformation

The flux vectors along the axes of the phases of a 5 phase

stator winding can be added up in the following way:

b= by *omdyy v 2% ey v oAl o+ at g (A1)

58

The operator a indicates the direction of the
nth phase with reference to the first phase and ¢r0 is the

hed
magnitude of the phase fluxes at a given instant.

Now the complex transformation

e i b e e e L bt i e s A et 2 i e s it o s i by

2 3 L
¢tl 1 a a a a ¢ls
Pen 1 a? at ab a® ¢zs
1 3 .6 »9 12 . ; :
¢t3 i = ‘3’ 1 a 2 o a ¢ 35 } (AZ)
: b 8 12 ,16
¢tq 1 | a a a a ¢qs
;
5 , ,10 15 20 ;
T L e @ 2 & b5
b SO S FEE S AU URN N T 3
2
. . . 5
is consideraed where a = e .
0.1 = = [a] [o.. (A3)
tn, 5 * nsJ

An inspection cof the transformation matrix shows that ¢tq is the

complex conjugate of ¢t1:

- *
¢tbr ¢ (ad)
and furthermore

t3 ¢t2* (45)
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. 51
¢, can be regarded as a 'zero sequence' since a” = 1,

Physical significance can be attached to ¢t1:

- _ . .
Fo= 5 ey, (46)
The complex conjugate of the transposc of [4] is
1 1 b1 11
i
a™l a2 | a"3 at 1
A ' e e ;
* o - e P
[A]t = a™2 | gt f "6 a8 1 (a7)
* ,
3 1 a6 | o o121
;
1 ! g j
RGN TR R TR A
4 i s_
and
[1; [ [A,.“ = 5 [I ] ([:,8 )

[IJ = unit matrix

The reverse transformation is therefore given by

ARG

If the airgap self inductance of each phasc is L!, and
>

the phase currents are in¢ (n=1...5),

I~

. _ . ) ,
[¢ns] Ls [lns} (410)
The currents are transformed as well:
i ] o=+ A o (A11)
ts 5 W [ ns]

and

[‘bts} - L; [its} (412)



- 48 -

Now the flux linkages can be established starting with the
linkage »f the stator phases with the stator flux. The component
of the stator flux in the dircction of the nth stator phase can

be written 2s:

boomore [FSED] L (413)

nsg = & ns

2 i_ denotes the leakage flux
s ns

With Egqng. (A6) and (44):s

- r ~(n~1) .
wnss Re [5 ¢t1 * R Tag
- =-(n-1) {(n-1) .
) [¢t1 a * ¢t4 a oAy iy
5 L. ~{n=1) . (n~-1) .
T 7 s [ltl # Ty ® 1 s s (Al4)
Hence,
7
1 1
a~l a g
i
t1
5t 2,2 2 . T
[wnss] 7 L - & . * Yo [lnsJ (A15)
i
ty
a™3 a3 R
aH a4
In the transformed form:
1 0 |
0 )

- 5 . itl fs 7
Lwtnss:l =2 oo : e {1tn.l (416)
0 1 th

Co 0
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£

The same operation can be carried out for the rotor and the

flux linkage of the rotor due to the rotor flux in the

transformed form is

(T denotes transformed rotor quantities)

? O
1 0 |
|
0 0
0O 0
0 1
o 0

Now the linkage of the rotor phases with the stator flux are

considered,

230 (a-1)

linkage is

Ay
i

nrs

#

The nth phase of the rotor is in the direction

with respect to the first stator phase., The flux

Re [5 ¢t1 e"jo a~(nml)1

v -3 0 =L B
M [e 19 a (»~1) 1

7

t1

+ eJ@ a(nwl) s

b

!
e | (A18)

T . .
M = maximum mutual inductance between a2 stator phase and a rotor

phase.

This can be expressed in the transformed form as

It should be noted that only itl

linkage.

i1 ] o
é.d 0
o 1
éw;th_g_

and 1

ty

LHELAMT“MW (A19)
I
|

contribute to this flux
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If the rotor is ahead of the stator by the angle 0, the

stator is ahead of the rotor by -0.

The flux linkage of the

stator phases due to the rotor flux can be given as

[Yens] =

o s i ey o S

11 0|
- .mm..g.._....,..\. o

0 0

(A20)

The total flux linkage of the stator dus to the stator and

rotor is obtained from Egqns. (416) and (A20) and is

[Vens] = 3

vl e oy
WS .....
O O 0
O 0O 0
¥ i
0 L'l o
5 i —
5 | 0o o |
| i
o [1m1

The flux linkage of the rotor due to rotor and stator is

o

¥rar |

! 0 L
[ r -
) 0 0
g - i
0 0 0
o ' 0 '
| r
O Q 0 |
|
+ i
Er [}Tn

. -3je
e d

£

. He
ltL& 2]

1
]TL{-

([;2 i )

(A22)
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If the total flux linkage of the nth stator phase is Vg

the equation

can be written down.

The voltages are again transformed by

- - 1 -
tetn] -5 LA] Lens]
and with Eqns. (A21) and (£20) one obtains
tetn] - F t¢tns] t R L?th
for the stator and similarly
[eTnj TP {?an} * Rr t}Tn}
for the rotor. In the case of a squirrel-cage rotor,

e = e = 0

(A23)

(A24)

(425)

(A26)

(A27)

From Equns. (421), (A22), (A25) and (A26) the following sets

of equations can be extracted:

S [N o~ IS e

f 2 » i ;
| %t s * P Iy P | C ta |
N i SR (PO
e e 19 (e ~ 30) IR+ L. (p -~ §0) | i e 19
1T ! T “r r § (7Tl |
e Rg * Py P ot
?A e . b i = i - . I3 J
f -j0 . ) ; L . -30
feTu e M(p + j0) §Rr + Lr(p + jO) ip, ©
v PO ™ T

Cr2 R * P g | © [ e

e 0 R+ 2 § i
o B S B

L (429)

(A30)



| AP : ‘ :
| eq f RS gl Zs i 0 , s i,
e -,g = ;, S t e R S (A31)
; f 0 R_+1p ¢ i
®r3 | ’ - Be TP * Y3
b T - S
e ey S— . : : et e
i i I It : -
Ct5 | LA A § Y | tes
i § ~
e e =Y !lw - ”._;}Nm_ O ~.,.il‘. et e e ot <4 E » r..,«:_.,.».,c., (A.jZ)
QT i ; g p + p ,Q/ g lTS
where:
L, = 2 L, + 2
8 2 5 5
5 1]
L = +
r 5 Lr Qr (A33)
M = % M
Since e, =0, i, =1, =1_ = 0,

Tn
For a rotor reference frame which is fixed in space and
coincides with the stator reference frame, 0 = O,
It can be secen that Eqn. (A29) is the complex conjugate of
(A28) and (431) is the complex conjugate of (430) since
e, =e *, i =i * ete
ty t1 ? b t1 ’
Now the real and imaginary quantities can be separated, real
quantities corresponding to d-axis quantities and imaginary
quantities being g—axis quantities. If this is carried out for

Eqns. (A28), (A29) and (430), (A31) and if the axes quantities
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'
3} = 5 + R
Lds k (Re etl ne etq)
'
e = % T -
a5 (Im S Im etq)
¢ i
= R K A
€ 4q I (Re e, * Re et3} (A34)
' "(I I )
& = i ] - Th
qu K® i etz Yo et3
" 1,'
eo = < ets

(and similarly for the currents) are introduced, Eqma. (2.9) and
(2.10) will be the result. The factor k'w ng provides invariance
of power. The transformation Eqn. (2.12) is obtained from (A24)
and (A34). The reverse transformation (2.14) is the result of
similar comsiderations.

Torque is caused by the interaction of flux produced by the
stator and linked with the rotor, and the rotor currents. The

torque on the nth rotor phase is

. d A
W = lar o, (wnrs) (435)
where GM = mechanical angle and @M =-g . The total torque is

the sum of the phase torques and with Eqn. (A13) it cen be given

1.

oy
- - .
bl 1
f -1 ; e
I & ,a 1 :'L e_.j@ f
cpu i - -2 20 . &, LTer” o ]
Q 1 Llnrl jaTt @ %% (136)
- - g ltu e !
a~3 | a3 | Lo e e J
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P T
O iy e i
= bs} y i eﬂ ; -m ' . e e e e o e e Px.
Q 5P M | Loy ? :Li1 } . - 36| (A37)
e | N i

and © = 0. If the transformed currents are split up in real and

imaginary parts, for example
io= oem (L o+ i)
t1 2k ds gs

(A38)
oo TR (lds - lqs}

and the multiplication is carried out, Eqn. (2.11) will be the

result,



1.

6.

7s

9.

- 55 -

BEFERENCES

STANLEY, H. C.: 'in Analysis of the Induction Machine®,

-

£01.E.E. Transactions, Vol, 57, 1938, pp. 751-757,

«DKINS, B.: "The General Theory of Electrical ¥achines',
Chapman and Hall, 1957,

GIBES, W, J.: ’‘Electric Machine Ahalysis Using Matrices',
Pitman, 1962,

S4Y, M. G.: 'The Performance and Design of Alternating
Current Machines', Pitman, 1961,

RICHTER, R.: ‘Elektrische Maschinen', Vierter Band, Die
Induktionsmaschinen, Verlag Birkhiuser, Basel,
Stuttgart, 1954,

BODEFELD, T., SEQUENZ, H.: 'Elektrisch

]
.
€
3
&1

4
jony
[N
=
[
ol

-

Springer-Verlag, Wien, 1962.

NURNBERC, W.: ‘Die asynchronmaschine’, Springer-Verlag,
Berlin, 1961.

WaRD, L. E., K&ZI, 4., FARKAB, R.:  'Time—-domain analysis
of the invertor-fed induction motor®, Proceadings of
the I.E.E., Vol. 1l4, Ho. 3, Marca 1967, pp. 361-369.

FARKAS, Re: 'L Preliminary Survey of the Induction Motor
Speed Control’, Ph.D. Thesis, University of

Southampton, 1967,



10,

11,

12,

o
L4
-

14,

15.

~ 56 =

BRADLEY, D, 4. et al: 'Adjustable~frequency invertors and
their application to variable-speed drives®,
Proc. I.E.E.; Vol., III, ilo. 11, November 1964,
pp. 1833-1846,

SATTLER, P. K.: 'Parasitire Drchmomente von
Stromrichtermotoren’, ETZ 4, 38 Jahrgang, 1967,

Heft 4, pp. 89-03.

SRIHANAR, 8.3 'Transient Currents and Torques in Induction
Motors', Report for the degree of M.Sc., University of
Birmingham, March 1965,

BUHLER, H.: ‘Einflihrung in die Theorie geregelter
Gleichstromantriebe', Birkhduser Verlag, Basel, 1962.

ALGER, P. L.: 'The Nature of Induction Machines’, Gordon
and Breach, 1935,

SEQUENZ, H.: 'Diz Wicklungen clektrischer Maschimen',

Springer-Verlag, Wien 1950,



- 57 -

ABSTRACT

FACULTY OF ENGINZERING AND APPLIED SCIENCE

DEPARTMENT OF ELECTRICAL ENGINEERING

Master of Philosophy

THE BEHAVIOUR OF A FIVE PHASE INDUCTION MOTOR

SUPPLIED BY AN INVERTOR

by Helmut Hirer



If a three phase induction motor is supplied by a simple
series invertor which produces a set of square-wave voltages,
relatively strong torque fluctuations in the steady state will
be the result. The present work is an attempt at reducing the
torque fluctuations due to square-wave suposly by increasing the
number of phases to five.

A method of analysing the steady~-state behaviour of three
phase and five phase inducticn motors is given which is based on
the generalized machine theory. The two-axes transformation
for five phase induction motors is derived in the Appendix. An
electronic analogue of the induction mector is described which
nmay be used for convenient investigation. Parasitic fields and
torques are discussed and a comparison of three phase and five
phase machines is given where possible.

Lxperiments with e five phase invertor and motor have been
carried out and the instantaneous torque in the steady state has

been measured,



