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Abstract

The paper develops the Space Phasor Theory for obtaining the harmonic phasor equations
of a balanced winding of m asymmetrical phases.

Some Equivalence Principles are stated and some equivalent harmonic space phasors
of e.m.f. and voltage are defined. This enables us to analyse the effect of all harmonics
on a winding using few equations.

The authors give a physical interpretation of the harmonic phasor equatizas and
represent them by means of space phasor diagrams.

A phasor study of an asynchronous machine with harmonics of both the winding
distribution and air-gap irregularities is also given.

List of Symbols

D Air-gap diameter

ep Instantaneous e.m.f. of phase &
ik Instantaneous current of phase k
J Moment of inertia

J Imaginary unit

Ly Leakage inductance

I Air-gap length

R Resistance

T Electromagnetic torque

Tr Load torque

t Time

U Instantaneous voltage of phase k
Z Number of conductors

6 Air-gap

’5cor7u’}maq v-th harmonic space phasor of the total yoke flux
T Cross vectorial product
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1. Introduction

Studies of a.c. electrical machines transients usually assume a sinusoidal
distribution of air-gap magnetic field. This is accurate enough in the ma-
jority of cases. However, in certain studies (such as asynchronous machine
starting or speed variation by pole amplitude modulation (PAM)) the in-
fluence of the magnetic field space harmonics must be taken into account.
In some of these cases, such as PAM, asymmetrical windings are involved.

Some authors have analysed electrical machines with space harmonics
in different ways. Most of them have used the General Machine Theory
([1], [4], [5]) or the Vector Spatial Theory, extending its definition given by
KovAcz and Ricz ([15], [16], [17]).

Another way to do this analysis was first presented by STEPINA ([8],
[9], [10]) by means of the Space Phasors Method. These phasors repre-
sent internal machine quantities, so they have an immediate physical inter-
pretation, and their calculation for each machine conductor effect enables
asymmetrical machines to be studied easily.

Certainly, (8], [9], [10] and [18] had studied asymmetrical and, even
unbalanced, electrical machines by space phasors. However, these papers
do not use real phasor methods because they only apply space phasors to
obtain the flux linkages of each phase winding of the machine. Furthermore,
they do not operate with phasor equations but with electrical equations of
each phase.

A real phasor analysis of an electrical machine with space harmonics
requires the previous definition of some harmonic space phasors of electric
voltage and establishes the harmonics space equations of each winding of
the machine.

SERRANO gave the definition of the space phasors of electric voltage,
resistive voltage drop and inductive voltage drop in [12], [13] and [14].
These definitions are general and useful for electrical machines with space
harmonics. Moreover, he obtained the formulae to calculate these phasors
and the phasor equation that relates them when the machine has no space
harmonics. He also got in this case the phasor diagram that graphically
represents the phasor equation.

In this paper the authors perform a real phasor study of a balanced
and asymmetrical electrical machine with both e.m.f. and air-gap perme-
ance harmonics. The use of the Symmetrical Component Method with the
space harmonics of each phase winding distribution could probably extend
this study to unbalanced and asymmetrical machines.

Here, each space phasor represents an internal magnitude of the ma-
chines and thus they have physical meaning (although some space phasors
refer to the situation when the magnetic field acting on the winding is not
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the real fleld but an ‘equivalent’ field). In this analysis, the formulae that
give the relationships among phase magnitudes of a winding and their space
phasors and vice versa are stated. Later, the authors establish the phasor
equations for each ‘basic harmonics’ of every winding and graphically rep-
resent them by their corresponding harmonic phasor diagrams.

Finally, this paper gives the phasor model of an asynchronous ma-
chine with magnetic field space harmonics, whose rotor could have either a
winding or a squirrel cage. (In squirrel cage windings we define each phase
as counsisting of two successive bars and two end ring segments between

them [1]).

2. Simplifying Assumptions, Complex Winding Factor

— This study is developed under the following assumptions:

a) All the machine windings are balanced, but they can be asym-
metrical. Their phase number could be higher than three.

b) The winding conductors have a negligible cross-section.

c) The magnetic circuits are linear and the iron losses are not taken
into account.

d) All the machine cross-sections are equivalent, thus, the analysis
is bidimensional.

e) The leakage flux of a phase is proportional to its current.

— The phases of the machine windings that we are going to analyse
could be asymmetrical.

These phases have all their conductors connected in series and their
distribution has p identical groups. Thus, the Fourier series of the magnetic
potential difference F' generated by one of these phases has only harmonics
whose absolute orders v (the absolute order v of a harmonic is its pole
pairs number) are integer multiples of p. Both even and odd multiples of
p harmonic orders could exist.

In some machines, some of these phases are connected parallel to a
phase of an electrical network. However, we do not regard this parallel
group as one phase but rather as several phases in parallel connection and,
thus, with the same terminal voltage.

This study admits that windings of the same machine could have
different values of p.

— It is useful to use complez winding factors (STEPINA [8]) to analyse
asymmetrical phases.

A phase k, with Z; conductors in series, that has Z,; conductors
inside the slot y, and which is in the position given by the geometrical



108 L. F. M. PESALBA and M. A. R. POZUETA
angle oy, has the following complex factor for the v-th harmonic:

- DD -/ el
€, = =4 2 . (1)
k

In the expression the = sign corresponds to the winding direction of the
phase k conductors in each slot.

If the phase is symmetrical, the module of E/LA is equal to the absolute
value of the classical winding factor. '

— A polyphase balanced winding has m identical phases which have a
separation of TQ—H: radians between two successive phases.

Thus, if A is the first of the phases of a polyphase and balanced
winding from Eg. (1) follows that the complex winding factor of the phase
k 1s: _ .

fom B )

— We are only using geometrical angles in this paper.

3. Harmonic Current Space Phasors

According to SERRANO ([11], [13]), the harmonic current space phasor i,
of a winding represents the v-th harmonic of the current sheet generated
by this winding. This formula calculates it

Ry
Ty = Z j—}ifik “Tp . (3)
= D

For balanced windings, Egs. (2) and (3) yield:
~ 27, = v(k—1) 2%
A @

In a specific moment, when the phase currents of the winding are 4,75,
JiK,-+- ,i0, the result of Eq. (4) could only take a few values (which
corresponds with the Instantaneous Symmetrical Components — according
to Lyon’s definition — of phase currents).
Thus, all harmonics of a balanced winding could be grouped in sets.
Two current phasors, i, and 7./, of the winding, corresponding to the har-
monics v and v’ (which belong to the same set of harmonics), fulfil some
of these two Currents Fquivalence Principles, based on those obtained by
STEPINA and VAN DER MERWE [15]:
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Currents Fquivalence Principle I:

If
v=kmp+v ; kE=0,1,2,... (5.1)

Ty 7
=7 = = . 61
€:a <€U',A> (6.1)

Currents Equivalence Principle II:

it follows that

If
v=kmp—v; k=0,1,2,... (5.2)

= = *
S = (_,“’ > . (6.2)
Ev,A gv’,A
Each set is characterized by its basic harmonic v', that is, the harmonic
whose order is the lowest and whose winding factor value is not zero. A
harmonic v is related to its set basic harmonic v' by one of the two relations
(5.1) and (5.2).

Notice that, with Fgs. (6.1) and (6.2), you can obtain all the harmonic

current space phasors of the same set, knowing only the basic harmonic
current phasor 1,.

1t follows that

— An interesting harmonic set of a winding is the one whose basic
harmonic is m - p. Its members are the harmonics which are multiples of
m-p. Hence all its harmonic current space phasors simultaneously fulfil the
two Equivalence Principles (6.1) and (6.2), and each one of these phasors
has the same direction as their corresponding complex winding factor and

Y S :
1@:;552‘4-(’LA+ZB++7’1\/1) (7)

v=kmp k=12,3,....

Thus, these current phasors only exist if the phase currents of the winding
have zero-sequence component.

— Another interesting harmonic set of a winding is the one whose basic
harmonic is —"—322 This set only exists if m is even, its members are odd
multiples of 52, each of its harmonic current space phasors has the same
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direction as its corresponding complex factor winding and:

T 27 . . . . 27 - . .
lu:EEL,A'(ZA"ZB-HC——ZD---):;552,_4‘ (Z k= %)(8)

kodd keven
v:k%?- E=1,3,5,... .

— Following from FEgs. (4), (6.1) and (6.2), we get a Current Correlation
Theorem valid for all balanced windings:

. wD 1 ‘ iv —ju(k—1) 2%
N R R ©
In this formula, the sum includes these members:
— If m is odd:
m—1
v =p,2p,3p,... T PP
- Ifm is even:
m
v :P2P73P7 'é—pmp .

When a harmonic v of the Eg. (9) sum has a winding factor whose

value is zero, this harmonic must be replaced with another of its same

set using the Fquivalence Principles (6.1) and (6.2).

G, is a coefficient whose value is 2 for the harmonics multiple of mp
and TP, Its value is 1 in any other case.

“Ifa winding has symmetrical phases, all harmonics that are even
multiples of p have winding factors whose values are zero and p is equal
to the number of pole pairs of the winding. This does not cause problems
when we try to use the Theorem (9) for symmetrical windings with odd
number of phases because every set contains both odd and even multiples of
p harmonics. Thus, it is always possible to replace an even multiple of the
p harmonic with one odd multiple of p harmonic of the same set in Eq. (9).

However, if m is even, there are some harmonics of the sum of Egq. (9)
which cannot be replaced with odd multiples of p harmonics and, thus,
Eqg. (9) cannot be used.

This is because in these windings the influence of two diametrical
phases, k and L (L = k + %), on the harmonic current space phasors %,
is always proportional to the difference 7, — ¢;. Hence, with the current
phasors 7, we can only obtain the value of i —i; but not each phase current
value.

When i) — i is known, each phase current value can be obtained by
means of the following additional equation

) : d,. ) .
wibur = RGHin) + LogGetin) . (D=k+5) . (10
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Fig. 1 summarizes how to use the Current Correlation Theorem in sym-
metrical windings.

4. Monoharmonic Phasor Equations for
Balanced Short-Circuited Windings

— The electrical equation of the phase & of a balanced short-circuited
winding is
. diy,
=R-ip+ Ly — . 11
ep 1+ Lo 7t (11)

The e.m.f. ey, induced on the phase k, could be given by the First
General Correlation Theorem ([8], [9]):

o
[ Z €uk » (12)
v=p
ek =2 Belt Tu} =2 Refe & eV}

— iy % is the current in the phase k of a balanced short-circuited wind-
ing when only the v-th order of the magnetic field acts on it and, thus, the
e.m.f. induced in it is e, ;.

. diy
eu,k:R'Zv,k'}_Lu’"_L’_‘

dt (13)

Following from Egs. (12) and (13), we get the Current Correlation Theorem
for balanced short-circuited windings:

oo
iy = Z iv,k ’
v=p

e L "
mZ |€, 4
= ;;T;—g - Re {I: . E’L; . e—j?(‘kﬂ)%l:_p} |
v, A

where 17, is the current space phasor that represents the v-th harmonic of
the current sheet generated by the short-circuited winding when its current
phases are 7, 4,%y B,... that is to say, when only the v-th harmonic of the
machine magnetic field effect is taken into account.
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Fig. 1. Currents Correlation Theorem for symmetrical windings
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— Following from Egs. (12), (13) and (14), we get the monoharmonic
phasor equations of a balanced short-circuited winding [7]. One of these
equations, which corresponds to the v-th harmonic of the magnetic field, is:

- di,
é_U: v‘iy Z.v'_i’ 15
Ty Ly + low dt (15)
where
— For a balanced winding with m phases:

DR DLy

= R L= . (9
mG, (Z €l > mG, (Zlgm >
— For a squirrel cage with m bars:
_ 7D Rring
ey (Rbar + 2msen? (%)) ’
(17)

wD Ly rine
Zo,u = mGL <La‘,bar -+ __(_T_rmc—vr)_> .

— When the short-circuited winding has star connection with iso-
lated neutral point, its phase currents do not have zero-sequence
component. Thus, from Eg. (7) follows that the harmonics whose
order is a multiple of m - p do not fulfil Fg. (15), but, rather, this
equation:

k=0 = I,=0, (18)
k=1
v=khkmp, k=1,2,3,....

~ If we compare the v-th monoharmonic phasor equation (15)
with the one obtained by SERRANO in [12] and [13] taking only
the fundamental magnetic field harmomc into account, we ob-
tain that the terms 7,7, and lc,L di are, respectively, the space
phasors of resistive and inductive voltage drops of the short-
circuited winding when the v-th harmonic of the machine mag-
netic field is only taken into account. That is to say, these terms
represent the internal quantities of resistive and inductive volt-
age drops, respectively, which could correspond to the short-
circuited winding if these magnitudes had a perfectly sinusoidal
space distribution with v pole pairs.
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5. Harmonic Phasor Equations for
Balanced Short-Circuited Windings

— Suppose a harmonic set of a balanced short-circuited winding whose
basic harmonic is v and which contains the harmonic v. From Egs. (12),
(13) and (14) follows that the phase currents i, 4,7, B,...%, s (originated
from the e.m.f.s. represented by the space phasor €;) and ¢y 4,7, B,.- .,
iy ar (originated from €,/) generate current sheets with the same harmonic
orders (which belong to the same set as v and v') and the same proportion
among them. Thus, for this winding, the v-th harmonic e.m.f. space phasor
€, can be replaced with another equivalent phasor of order v/, E:q_vl. Then
both €, and €’;q’vl generate the same phase e.m.f.s. (e, 4,€48,. y €y M )s
and, thus, the same current sheet.

From the previous paragraph and the Eq. (12) follows that there are
some E.m.f.s. Fquivalence Principles.

E.m.f.s. Fquivalence Principle [

Ifov=Fkmp+v', k=0,1,2,... it follows that

i g4
& = <_, A1) e, (19.1)

E.m.f.s. FEquivalence Principle I

Ifo=Fkmp—1', k=1,2,... it follows that
s Elv._ R
€g = = A8 (19.2)
61;’_.:&

Thus, the effect of all e.m.f. space phasors of a harmonic set is the same
as the effect of one e.m.f. space phasor of order v, [

.
€t = ) Bequr (20)
v=1g'

v=kmpxv’ )

_There are no harmonics that simultaneously belong to two sets, and each
e.m.f. space phasor of a set originates a current sheet (in a short-circuited
winding), whose harmonics only belong to the same set as the e.m.f. phasor.
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I

Thus, the equivalent e.m.f. space phasors (€4,,/) act independently: There
are no harmonic current space phasors (i,) of the short-circuited winding
that are produced by the simultaneous effect of two or more equivalent
e.m.f. phasors (€4,./).

— It follows from the monoharmonic phasor equations (15) of a bal-
anced short-circuited winding which correspond to all harmonics of one set
that the short-circuited winding harmonic phasor equation of the set basic
harmonic v’ is
di,
dt

When we use the equivalent e.m.f. space phasors, we suppose that it is not
the real machine magnetic field (which has infinite harmonics) that acts
on the balanced short-circuited winding, but an equivalent field that only
has the basic harmonics (v') and which generates the €, phasors. In
both situations, with the real or the equivalent fields, the short-circuited
winding originates the same current sheet.

k —~ When the short-circuited winding has star connection with isolated
neutral point, the harmonics whose order is a multiple of mp fulfil this
equation

(21)

éeq,v’ =Ty iv' + la.u’ '

Zik =0 = ivl =0, (22)
k=1
v =kmp, k=1,2,3,...

rather than Egq. (21).

6. Harmonic Phasor Equations for Balanced Windings

— Now we consider a balanced winding with these terminal phase
voltages: uq,up,...,un.
Choosing the load sign criteria, the electrical equation of the phase kis

uk—'}—ek:R'ik"}"Lg"‘C{d'—zéi. (23)

From all phase equations follows that the v-th harmonic phasor equation
of the balanced winding is

di,y

7 (24)

Ueqr + €equr = Tu iy + Zo,v’ ’



116 L. F. M. PENALBA and M. A. R. POZUETA

There are as many harmonic phasor equations of a winding as harmonic
sets it has: one equation per each basic harmonic.

If the winding has star connection with isolated neutral point, Eq. (22)
must be used instead of Fg. (24) for harmonics whose order is multiple of
m - p.

— The equivalent voltage space phasor W,/ is obtained by means of
this equation:

9 k) 22
A eIt (k—l)-ﬂ—ls

—— U - 25
va’ZfL,A k=1 (2)

Uegor =

Notice that the sum of Eg. (25) adopts the values of the instantaneous
symmetrical components of the phase voltages.
The ., phasors fulfil this Voltages Correlation Theorem

up =2 Re {ﬁeq}u, Eoi b (26)

where the sum only includes the basic harmonics of the winding.

— From Egs. (21) and (24) follows that the behaviour of the winding
when it has the phase voltages v 4,up, ... ,u s is identical to the behaviour
it could have if is was short-circuited and, besides the real magnetic field, an
additional fictitious magnetic field acts on it. This fictitious field generates
an e.m.f.s represented by a phasor identical to W.q,s. In both cases, real
and fictitious, the winding creates the same current sheet.

— SERRANO ([12], [13]) introduced the voltage internal quantities of a
winding in this way:

Suppose an electrical machine with Z,4 conductors of the winding
phase A, Z,p conductors of the phase B, etc. embedded in one slot placed
at the position aq. The internal voltage quantities are:

~ Average value at a given instant ¢,u(x,t) of the instantaneous
voltages of all the winding’s conductors placed in the position a.

— Average value at a given instant ¢, Aures(c,t) of the instan-
taneous resistive voltage drops of all the winding’s conductors
placed in the position «.

— The same as in the preceding paragraph, but related to the in-
ductive voltage drop, Auing(e,t), due to the leakage flux.

Serrano has developed expressions to calculate the space phasors re-
lated to these internal quantities when the machine does not have space
harmonics.

Taking Serrano’s definitions and formulae into account we obtain an

interpretation of the space phasors T, Tyly and Zg:v/d—;’;i. They rep-

resent, respectively, Serrano’s internal quantities of the balanced winding
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terminal voltage, and resistive and inductive voltage drops corresponding
to this winding situation:
— it ‘has the phase voltages u 4, up,... ,uxs,
— it is under the action of the equivalent magnetic field (which
generates the e.m.f.s defined by €., /) instead of the real field.
— only the v'-th harmonic is taken into account. (That is to say,
when it is assumed that all internal quantities are sinusoidal with
v’ pole pairs).
— Thus, we can extend Serrano’s work to the fundamental harmonic
and graphically represent each harmonic phasor equation (24) by means of
harmonic phasor diagrams of the balanced winding (Fig. 2):

a1
| S

dt

Fig. 2. v-th harmonic phasor diagram of a balanced winding

7. Phasor Model of an Asynchronous Machine with
Space Harmonics

— The study of any balanced electrical machine with space harmonics
can be accomplished by means of the harmonic phasor equations (24) of
all its windings for all its basic harmonics and the mechanical equation.

This section presents, as an example, the way to analyse an asyn-
chronous machine with only either one winding or one squirrel cage in the
rotor.

This analysis follows the steps detailed below:

a) Identify the basic harmonics of the stator and rotor windings.

b) Choose the harmonics that are to be taken into account. These har-
monics must include at least all basic harmonics of the stator and ro-
tor windings.
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A B -Axis
Rotor angles
ertgin Q-Axis
D-Axis
D-Axis (rotor)
A Stator angles
origin
o-Axis v a-Axis (stator)
MACHINE DOMAIN v-th HARMONIC SPACE PHASOR DOMAIN

Fig. 3. Coordinate systems

c) Choose the stator and rotor angles origins that define the real axis of
the stator and rotor coordinate systems.

As Fig. 3shows, the angle A between these axes in the machine domain
is converted into the angle v - A in the v-th harmonic space phasor domain
([11], [13]). It is clear that the machine speed € is

=2
dt

d) Calculate, by means of formula (1), the complex winding factors of
each winding, expressed in its own natural reference frames, and for
all harmonics which are to be taken into account.

Moreover, the expression (25) will be used to obtain the equivalent

voltage harmonic space phasors of both windings expressed in their

own natural reference frames.

If the rotor is short-circuited, every space phasor %, p has zero

value.

e) Choose a common reference frame that all space phasors will be re-
ferred to. Here we are going to use the stator reference frame, so the
rotor space phasors will have to be changed to the stator coordinate
system.

A rotor space phasor X‘U,R in rotor coordinates is changed to the stator

coordinates in this way:

(27)

Xop=X,p . (28)
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When the Equivalence Principles (6) and (19) are used with rotor
phasors in stator coordinates, the rotor complex winding factors must
also be in the stator coordinates.
f) The machine phasor model has the following equations:
— Stator harmonic phasor equations:

di_u’,S

ﬁeq,u’,s = -—_e_eq,v/ﬁ + 7’,_,175 . i_v’,S -+ lmvlys . dt (29)
— Rotor harmonic phasor equations:
S diy) s
po— S 5 " R . T
Ueg o/ R = ~€eq ! R + Ty R R + lcr,v’,R ;t; - JUIQIU’,R
(30)
— Mechanical equation
3
porwlD® res - dsd
T = e iy g X iy g| =T J— . 31
EU: 350 [IL R X1 ,SJ L+ 77 (31)

The mechanical equation includes all harmonics whose effects we want
to take into account. Moreover, in this equation the current harmonic
space phasors can be expressed as a function of the basic harmonics
current phasors by means of the Principles (6).

g) Modify the phasor equations (29) and (30) expressing the equivalent
e.m.f. harmonic space phasors as a function of the stator and rotor
basic harmonics phasors of current.

For this purpose the Egs. (19), (20), (27) and (28) must be used.
Moreover, we must take into account that, according to [11]:

=S
dPcor v
S &
dES S
EfR = - ]:““%‘Ig&g - ]‘UQ5cor,v,maq 3

where
g.1) If there are air-gap permeance space harmonics, STEPINA gives in [8]
and [10] this expression:

*cor,v.maq — 30 1, ,maq” +

[ =5
=S ILOZD2 A(v—-v;):
D

[Z =

ug
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vi—v —S A vitu) v
+ Z ( ) L,,maq - Z (’U+ ) v maq (33)
v;>v v;<v z
5 - )
1y, maq = [lu;,S + lvi,R] . (34)

K(Sv-ux.) is the space phasor that represents the (v — v;)-th harmonic of the

alr-gap permeance wave expressed in the stator reference frame.

VAN DER MERWE criticizes these expressions in [17].

g.2) If the air gap is uniform, according to [11], it follows that

=5 ,UOZD N
écor,umaq 26 1y magq - (35)

Thus, when the air gap is uniform, the rotor phasor equation (30) for
the basic harmonic v’ is converted into

—S — DY S
Ueq o', R = Weq ! R — e’ = Ty R %' IR
o 2 5
1 D? =& 2 AR™ \\ diy :S
+ #046 - "'_1:.’1/—_‘ + Za’,v’,R - ; - - ]Q'Ullv’,R -+
v1,2 Ulﬂ"é’,AR—/ t
— * Lg
1D? o ey AL -
RS €L"QR — T ;"S — jQuil,, 5| +
4651}’,.412 vy k! t
Ear [di,, s
19 (v +vg ) 1y, 8 . ¥ *
P T s il s } . (36)
Ua ’Uz t
where
vi =k mppr+ v, ki =0,1,2,...,
vy =ky mppp—v , ke =1,2,3,...,

V12 =v1 502 .

Formula (36) could be simplified expressing the stator current har-
monic space phasors as a function of the current space phasors of the
stator basic harmonics by means of Eq. (6).

The stator phasor equation for the basic harmonic v has the same
form as Fg. (36) if A and Q have zero value and if R and S subscripts
are interchanged.
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h) Using the equation mentioned above and the convenient boundary
conditions, it is possible to obtain the current basic harmonic space
phasors of stator and rotor. All harmonic current phasors can be
calculated from the basic harmonic ones by means of Egs. (6), (9) and
(14).

In the harmonic phasor equations in compact form ((29), (30)) only

the equivalent e.m.f. space phasors depend on the number of harmon-

ics taken into account.

— If a three-phase winding does not have a zero-sequence component
of currents, it only has one basic harmonic and thus we only need one
harmonic phasor equation for it.

8. Conclusions

This paper extends Stepina and Serrano’s work to study an electrical ma-
chine with asymmetrical and balanced polyphase windings and with both
m.m.f. and air-gap permeance harmonics by means of a real phasor method.

Here the harmonic phasor equations of a balanced winding are ob-
tained using equivalent harmonic space phasors of e.m.f. and voltage that
have received a physical interpretation. These harmonic phasor equations
represent, in a compact way, the electromagnetic behaviour of a winding
and they can be graphically represented by means of their corresponding
harmonic phasor diagrams.

Some Equivalence Principles and Correlation Theorems have been
established that enable us to analyse the behaviour of a balanced winding
using only few (basic) harmonics.

Finally, the phasor analysis of an asynchronous machine (whose rotor
could have either a winding or a squirrel cage) with space harmonics is
presented.

Acknowledgement

The authors wish to acknowledge the cooperation received from Mr. M. Dominguez,
Lecturer at the University of Cantabria.

References

1. FupEeH, H. R. - Oxg, C. M.: Modeling and Analysis of Induction Machines Containing
Space Harmonics, IEEE Trans. PAS, Vol. 8 (1983). p. 2609.

2. MANTILLA PENALBA, L. F.: La teoria de los fasores espaciales en maquinas eléctricas
con armoénicos de campo en régimen dindmico. Estudio del fasor de corriente. Mod-
elo matemaético de la mquina asincrona, Tesis Doctoral. Escuela Politécnica Supe-
rior de Ingenier{a. Santander, 1993.



122 L. F. M. PENALBA and M. A. R, POZUETA

9.

10.

11.

12.

13.

14.

16.

18.

.Maxrina, L. F. - Rauez PozueTa, M. A.: Fasores espa ciales arménicos de corriente

en devanados m-fasicos de méaquinas eléctricas en régimen dindmico. Teoremas de
Equivalencia y de Correlacién, 3as. Jornadas Hispano-Lusas de Ingeneria Eléctrica,
Vol. I, (1993}, p. 123.

.Paapr, G. C.: The Analysis of 3-Phase Squirrel-Cage Induction Motors Including Space

Harmonics and Mutual Slotting in Transient and Steady State, [EEE Trans. on
Energy Conversion, Vol. 1, (1991), p. 69.

. Paar, G. C.: On the Theory of 3-Phase Squirrel-Cage Induction Including Space

Harmonics and Mutual Slotting, IEEE Trans. on Energy Conversion, Vol. 1, (1991),
p. 76.

. RopriGUuEz PozUETa, MIGUEL, A.: Andlisis de los regimenes vy del control dindmicos

de las méquinas asincronas. Tomo 1: Fasores espaciales, Servico de Publicaciones.
E.T.S.1. de Caminos, Santander, 1993.

. Ropriguez PozuETa, M. A. — ManNTIiLLA, L. F.: Ecuaciones de la Teoria de los

Fasores Espaciales para el regimen dindmico de las méquinas eléctricas rotativas
con arménicos espaciales, Fasor espacial de tensién de vacio ideal, 3as. Jornadas
Hispano-Lusas de Ingenerfa Eléctrica Vol. I, (1993), p. 133.

. STEPINA, J.: Fundamental Equations of the Space Vector Analysis of Electrical Ma-

chines, Acta Technica CSAV, Vol. 12, (1968), p. 184.
STEPINA, J.: Matrix Analysis of Space Harmonics of Asymmetrical Stator Windings,
IEE Proceedings Pt, B. 4 (1987), p. 207.

STEPINA, J.: Non-Transformational Matrix Analysis of Electrical Machinery, Eleciric
Machines and Electromechanics: An International Quarterly, Vol. 5, (1979), p. 255.

SERRANO IRIBARNEGARAY, L.: Fundamentos de méquinas eléctricas rotativas, Mar-
combo, Barcelona, 1989.

SERRANO IRIBARNEGARAY, L.: Significado fisico del fasor espacial de tensién. Ecua-
ciones en régimen dindmico de las méquinas eléctricas rotativas, Jornadas Luso-
Esparolas de Ingenieria Eléctrica, Vol. 1, (1991), 0.51.

SERRANO IRIBARNEGARAY, L.: The Modern Space Phasor Theory. Part I: Its Coher-
ent Formulation and its Advantages for Transient Analysis of Converted-Fed AC
Machines, European Transactions on Electrical Power Engineering (ETEP), Vol. 2
(1993), p. 171.

SERRANO IRIBARNEGARAY, L.: The Modern Space Phasor Theory. Part II: Its Com-
parison with the Generalized Machine Theory and the Space Vector Theory, Furo-
pean Transactions on Electrical Power Engineering (ETEP), Vol. 3 (1993), p. 213.

. Vay DER MERWE, F. S.: The Analysis of an Electric Machine with a Smooth Air-
Gap Allowing for all Winding MMF Harmonics. Part I: The Basic Space Vec-
tor Component Machine Equations. Part II: Applications of the Basic Equations
to Steady-State and Transient Conditions, Archiv fir Elekirotechnik (Germany)
Vol. 58, (1976), p. 283.

VAN DER MERWE, F. S.: Reference Frames and Transformations for Rotating Ma-
chines with Smooth Air-Gap and MMF Harmonics, Archiv fur Elekirotechnik (Ger-
many) Vol. 60, (1978), p. i81.

. Vax pDER MERWE, F. S.: Some Characteristics of Magnetic Field Patterns in Air-Gaps

with Double-Sided Slotting, Archiv fir Elektrotechnik (Germany) Vol. 61, (1979),
p. 327.

WINTER, U.: Analytical Treatment of Space Harmonic Problem in Electrical Machines
with the Space Phasor Matrix Equations, Proceedings of I[CEM’84, (1984), p. 273.



