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SUMMAR¥

In induction machines the tooth frequency losses due
to permeance variation constitute a sig ificant portion of
the total loss. In order to predict and estimate these
losses it is essentisl to oblein a clear understanding of.
the no-load distribution of the air gap magneiic field and
the magnitude of flux pulsation in both steator and rotor
teeth. The existing theories and methods by which the air
gap permeance variation in a doubly slotted structure is
calculated are either empirical or restricted.

The main objective of this thesis is to aobtain a
detailed analysis of the no-load air gap magnetic field
distribution and the effect of air gap geometry on the
magnitude and waveform of the tooth flux pulsation.

In this thesis a detziled theoretical and experimental
analysis of flux distribution not only leads to a better
understanding of the distribution of no-load losses but
also provides theoretical analysis for calculating the

losses with grester accuracys
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1. Introduction

The flux density distribution in tle air gzap of electrical
machines is of fundamental importance in the determination of
torque, reactances, losses, and magrnetically induced mechanical
effects such as noise and vibration. A4s wachine ratings have
increased and losses have assumed greater capital importance, the
accuracy of predicting various electromegnetic effects associated
with the air gap flux density is becoming of increased importance.

It is well known that slot openings cause ripples in the air
gap flux density wave and the discontinuities of ampereconductor
concentrations and phase grouping cause steps in the m.n.f. wave.
Furthermore, saturation of iron imposes &an additional distortion
on the shapeof the flux density wave. Generally, the harmonics
due to these irregularities in the resulting cir gap flux density
wave contribute to dips in the speed-torque curve, additional
losses in the iron, copper, and to noise and vibration.

In induction machines the air gap length is small and the
effect of slot openings on the harmwonic content of flux density
wave is substantial. No-loadircn losses are defined as the losses
associated with the flux required to produce rated terminal voltage
on open circuit at rated speed. These losses are normally measured
by a no-load test, making appropriate corrections for copper and
mechanical losses (i.,e. friction and windage losses). Standard
elementary theory regards these josses as composed of two components,
the one due to the variation of radial flux in the stator teeth
and the other one due té the variation of tangential flux in the
stator core, and loss calculations are based on these two flux
variations and on loss characteristics supplied by the coreplate

ir g Jensity wave, in accordance with
menufacturers. The 81T g2P flux density wave, in accoi
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this elementary theory, is assumed to be purcly sinusoidal.
It is, therefore, comﬁonly found that measured losses
appreciably exceed the valuescalculated on this basis. The
degree of discrepancy varies widely with'the type, size and
design of machine. In order to correlate test and calculated
losses, it is customary to resort to the use of empirical
multiplying factors. This type of empirical factor allows for
all the additional components of loss which are not taxen into
account in the basic analysis and it is, therefore, not surprising
that the empirical fgctors should vary from case to case. The
need for resorting to empiricel factors arises from the fact that
the theoretical analysis of the additional losses is compiex and
the existing formulae are not reliable. Since the irregularities
in the air gap flux density wave are neglected in the elementary
theory,lit follows that the discrepancy between the neasured and
calculated losses is due to the flux density harmonics (providing
no extra losses are caused by manufacturing imperfections).

The theoretical treatzent of flux density harmonics and the
losses induced by them is associated with two problems:

(1) Consideration of the non-linear property of the iron and
the interaction of field harmonics.

(2) Consideration of the geometry of the machine,
In connection with the first problenm a great deal of theoretical
and experimental work has been made to investigate the behaviour
of the magnetic field inside irohts 411 of these investigations
are practica]ly related to a simplified geometry, nomely semi-
infinite blocks. It is, therefore, a standard practice to reduce
the geometry of electrical pachines to a simplified form so that

‘the known theories can be appilied and a reasonable solution is



obtained. However, most of the confusion and erronous

assumptions originate from the process of translating the actual
field into that which exists in a simplified geometry.

Although, the technical literature on this subject is
abundant and a great deal of worl has been done to minimise the
empiricel factors from loss equations, the basic analysis of the
air gap flux density and iron losses suffer froum inadequate
treatment. This is largely due to the need to make assumption
and simplification in order to obtain a relatively simple form of
analyticel solution. Nost of these assumptions and simplifications
are either incompatible with the physical phenomena in the actual
_machine or appreciably over-simplify the geometry of the machine.

This thesis is primarily concerned with the problem of the
air gap permeance wave in & doubly slotted induction machine and
the resulting tooth pulsation losses in 1amina£ed iron.

In Chapter 2 the simplified theory of the air gap field is
discussed. This chepter provides a graphical illustration of the
totael hsrmonic variation in a smooth air gap and indicates the
complex nature of the loss distribution on the rotor surface. The
effect of winding factors on the redistribution of flux density
harmonics is also illustrated.

In Chapter 7 & detailed discussion of the literature regarding
the geometrical factors and the treatzent of the basic flux
components 18 given.

Chapter 4 is entirely devoted to the analysis of a doubly
slotted air gap (i.e. when both stator and rotor are slotted).

In this chapter an analytical solution of the air gap permeance
1t is shown thet the air gap geometry is a source

wave is given.

of continuous distortion of the air gap flux wave end the losses
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are greatly affected by the hzrmonic contents éf the permeance
wave. Chapter 5 reviews the linear and non-linear theory of
iron losses and a critical appraisal of the literature is given.

Chepters 6, 7 and € are concerned with the erperimental
machine and the mezsurements of losses and various flux components.
Extensive experimental work has been carried out to investigate
the waveforms of the flux entering the surface and the tooth body
of the rotor. The distribution of current density in the bar
of the cage winding is also shown. A detailed discussion on the
shape of the waveforms obtained and a comparison between
experiment and theory is given.

Chapter 9 concludes the thesis with comments and suggestions
for future work.

Chapter 10 is assigned to appendices. In this chapter the
mathematicai analysis and the derivation of fornulae which are
given by.the author are included, Also, in this chepter, an
analytical treatment of eddy current losses in laminated iron
(based on linear theory)’is given. The proposed analysis may be
verified by future experizentel work and used for calculating
the losses.

The effect of saturation in induction machines may be best
treated as a modification of the unséturated case, therefore no

attempt is made in this work to account for saturation, but its

effect is illustrated in the experimental part of this thesis.
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2,0 The Sirrlified Theory of the Air Gzp Mield

2.1 Introduction

The two main sources of high freguency copper and iron losses
in the rotoxsof induction machines are the permeance and winding
harmonics, These two types of harmonics always co-exist
and the only feasible method of calculating their combined losses
is based upon the linear superposition of the induced voltages
or currents due to each of them,

Experimental wesulte indiszate that the magnitude of losses
caused by the winding harmonics varies approximately as the scuare

6
of the current, so that in this respect the effect of winding
harmonics is appreciable only when the machine is on load. Although
this thesis is mainly concerned with the analysis of the air gap
permeance wave, nevertheless it is important to review the nature
of the field components due to the winding harmonics, since these
components also &appear st no load and associated losses can be

6

significant in mechines having large mzgnetizing currents-

The winding harmonics are best treated by mzking use of the
simplified assumptions of‘a smooth air gep and infinitely perrzeable
iron. The latter assumption can be readily dropped ard replaced
by constant permeability and this is discussed in Chapter 5. The
permeance harronics are a source of h.f. copper and iron losses
in both stator and rotor and they are discussed in Chapters 3 and 4.

It is well known that balanced polyphase sinusoidal currents
flowing through & polyphase winding produces a travelling ..t
wave which is neither, basically , sinusoidal nor of constant
shape. This continually changing share of the travelling wave

can be conveniently illustrated by replacing cach phase-band of
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the stator winding by a current sheet varying sinusoidally |

in time, but whose instantaneous linear density is constant
over the phase-band width. The corresponding m.m.f. wave is
then obtained by integrating the resultant current distribution
in space at each instant.of time. By using this procedure, the
diagrams of currents and m.m,fs. space distribution waveforms
of a 3-phase, 60° belt, full pitch winding at five consecutive
instants of time are shown in Figs. 2.1(a) and 2.1(b). This
Principle has been used in most text boois to give a grapnical
illustration of the rotating megnetic fielg?

Normally, such travelling waves are analysed into harmonic
components using the familiar Fourier method. Such an analysis
shows that despite the different shapes of instantaneous m,m.f.
distributions, each individual harmonic, including the
fundamental, hes precisely the same megnitude in all various
shapes shown in Fig. 2.1. But, the phase shifts between the
harwonics at various instants of time are not the same. In
this menner the geometric pattern assumed by the m.m.f. wave is
reduced into multitudes of harmonics gliding past each other at
different speeds and directions, depending on the order of the
harmonic. Generally, the harmonic components of the resultant
travelling w.m.f. wave, eicluding the fundazmental, are divided
into two categories:

(i) The phase-band m.m.f. harmonics.

(ii) The slot m.n.f. harmonics.

These two groups produce their own effects, but the loss
pechanism 18 the same for each. Such division is, however,

convenient for their analysis (for example, for the calculation



..7_

of zig-zag and phase-belt reactances - sce Reference 7 ).

By considering the mathematical expressions of these
harmonics, it is difficult to visualise their total effect. A
conceptual picture of the effect of all harmonics other than the
fundamental mey be obtained graphically. If the fundamental
m.n.f., harwonic is substracfed from the total m.mn.f. wave, then
the resultant is the tctal harmonic components. In this way it
is possible to obtain the variation of the total harmonic components
with respect to stator or rotor by considering the stator m.m.T.
wave shapes at various instents of time and by fixing the origin
of the co-ordinates relative to a point on stator.

Although, the mathematical and grarhical analysis of the
harmonic variations given in this chapter are based on the assumption
of smooth air gap and absence of saturation, they are important
because they provide an indication of the magnitude of losses and

their distribution on the rotor surface.

2.2, The m.n.f. Harmonics and the Current Loading Distribution

The resultant expression for the m.n.f. of a balanced
3-phase winding with an integral number of coils per phase group
and with the origin of the electrical angle QV rieasured on the
stator, taken to be at the centre line of phase-i, is given by:
(See Reference 7 where & routine method for determining the
magnitude of the harmonics of the air gap m.m.f. wave produced by
a current carrying stator winding, no matter how compliccted its

arrangenents ig explained in detail).

F —-3—‘/-:’1’ x I{ w,cos(@, - wt) +ZM C\JS[(CI 11 )9 +wt]}

ST 9P (6n=1)

ceeaeas(2-1)



where T - turns in series per pole per phase
n — an integer 1, 2, 3, ... etc.
p — nurber of pole pairs.

IA -~ r.m.s, of the phase-A current.

+ =— _ denote pairs of harmonics, the first of which tekes
the lower sign.
t - time, is taken zero at the instant when the current

in phase-A is maximum.

The winding factors kwjy and Ko(gnx1) &are the product of three

factors and these are as follows:

(1) kp1, and kp(gnx1) are the pitch factors and given oy

kp1 = sin (%3

+ 0 2-2)
kp(enx1) = sin [ﬁéﬁ;ELl’%] (

where ﬂ/— coil pitch in electrical degrees.,

1

o, =Si(FE)
1 q sin{—d—

\ ZQQ[(sn‘W)Jz] (2-3)
kdgnx1) ~ q31n[(6n+7

where Q — number of pnase belts per pole.

(2) kd,, and kd(6n * 1) are the distribution factors and given by

q — number of slots per phase.

®
+1) are the slot width factors and given by

(3) ks, and ks(gn
-
ks = 31n(2)
1 “”55
2
sin [(61’1 + 1) 5] (2-=4)
2
ks(sn*1) = i.1>

where S — slot width in electrical radians,

The slot width factors result from the assumption that each slot
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ampere conductor 1S equivalent to a current, uniformly
distributed over a circumferential distance equal to the slot
opening. This concept is an improvement on the concentrated slot
curfent used in the usual procedure for determining the air gap
mem.f. The slot width factors are derived from the analogy of
distribution factors, by replacing %g} of the equation {2-3) by
S, and making q tend to infinity. In Appendix 10.1 it is shown
that for a stator winding in which @ = 3, the slot width factors

rerain positive until the harmonic order becones greater than

S
tooth width.

Ei-+ 1) x(first order of slot harmoniéﬂ, wheret is the steator

The pitch and distribution factors are coumprehensively
treated in most text books and particularly useful graphs and
tables are given in References 8,9,10

The particular harxonics of‘the expression (2-1) which merit
attention because of their mazgnitude and the importance of their
effect in determining the shape of the total harmonic variation
are:

(a) The phase-belt harmonics which are of the order n=6k+t,
where k¥q, 29, 39 ... and g is the number of slots per
pole per phase. These harmonics fit the approximate
triangles that form the difference between the stator
m.m.f. and the fundamental (see Figure 2.2 ).

(b) The slot haermonics which are of the order n=6k#i,
where k=q, 2¢, 3q, e<... These harmonics fit the slot
steps in the m.m.f. wave, and they have winding feactors

equal in magnitude to that of the fundamental (see Fig. 2.6).
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The stator current loading can be obtained from the stator
m.m,f, wave expressed by equation (2=1). The current loading
or the effective amperes per meter of the stator periphery is
defined'by the following expression:

27T, k
A eon
Asn=—p 7 . (2-5)

where D — diameter of the stator periphery.
Taking into account the expression (2-5) and differentiating
equation (2-1) with respect toE}1, the corresponding wave of

stator current loading is obtained and given by

B FS . . o2 . / + -
Isgé——a—, ==K, sin(g, -—wt)-ZK(énig) sin [\611»1)9/+ Wt (2-6)
n=t
vhere K =¢GT.D Asn
1 2p
for Q = 3
ﬁDAs(éni,)
and K(éni])= 2p
forQ =3

As indicated in the introduction of this chapter, it is
difficult to form a conceptuecl picture of the effect of the
totzl harmonics from the mathematical expressions given by
equations (2—1) and (2—6). In the following sections, the
harmonic enalysis of the m.m.f. wave is illustrated graphically

by considering the phase-belt and slot harmonics separately.

2.3 The Total Phase-Belt Harmonic Variation Relative to Rotor

2.3.,1 Rotor at Synchronous Speed

It was pointed out in section 2.1 that all the different
instantancous shapes of the travelling m.m.f. wave yield
corresponding harmonics of exactly the same magnitude., This

.includes the fundamental m.m.f. harmonic which is therefore of
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constant amplitude while travelling synchronously with the
rotor. This means that the total (time) variation of the n.n.f.
at any point on the rotor surface can be found by subtracting
the fundarental from a succession of total m.m.f. waves. The
intermediate steps in this procedure are to obtain various
instantaneous space distributions of the total stator m.m.f.
less the fundamental wave,

When referred to the rotor, the various m.m.f. wave shapes
shown in Fig. 2.1(b) do not all have a common zero; but clearly
their corresponding fundamentals do, since these represent the
fundarental m.m.f. which rotates synchronously with rotor.

In order to illustrate the m.m.f. variation with reépect
to rotor, consider a pointAon rotor surface which heppened to be
in line with the stator electrical angle Q1= 0 at instant ot = o
By assigning the origin of rotor electrical angle 92 to this
point, the space m.n.f. distribution showm at the top of Fig. 2.2
is the same with respect to both stator and rotor electrical
angles (this is obvious, because bothco-ordinate systems coincide
with each other). At instent wit= 300 the rotor together with the
fundarental m.m.f. have moved 3C electrical degrees with respect
to the origin of stator electrical angle EM = o, Thus, by
constructing with respect to the stator electrical angle EH the
sﬁace m.m.f. distributions and their fundazentals at wt= 0 and
wt = 300, the value of total harmonic variation (i.e. the total
m.m.f. less the fundamental at wt= o and wt= 300) with respect
to the rotor point at which the origin of 692 was assigned can be
obtained.

This process is illustrated in Fig. 2.2, vhere two

instantaneous shzpes of the stator m.n.f, wave differing in time
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by 300 snd superimposed on the fundamental are shown. Figs, 2.2(c)
and 2.2(d) show respec%ively the difference between two m.m.f.
shapes and the fundamental at est= S and wt= 30°. Fig. 2.2.(b)
shows the difference between two m.m.f. shapes. In the same manner
the space distributions of the difference between stator m.m.f.

and the fundamental at wt= 20° and ot= 40° are plotted in Fig. 2.3.
The space distribution of the difference between the stator m.m.f.
and its fundamental at «t= 60° repeats that which is shown for

wt= & (this is due to the fact that the phase belt is 60°).

As pointed out above, the total hermonic veriation (time
variation) with respect to any point on rotor can be obtained by
_ considering the four space distributions shown in Figs. 2.2(e),
2.2(d), and 2.3. For example, at instant wi= & the total harmonic
m.m.f. at the rotor point corresponding to (92= di from Fig. 2.2(c)
is 0.09 p.u. At instant et= 20° this point has moved 20 electrical
degress. Therefore from I'ig. 2.3 (wt= 200) the total harmonic
m.n.f. corresponding to O = -20° is-0.037 p.u. The same
procedure is repeated for other instants of time up to wt= 600,
since the space distribution repeats itself.

In the same manner, the total harmonic variation at other
rotor points can be obtained. In Fig. 2.4 the time variztion of
the total harmonic m.m.f. at rotor points corresponding to E%2= Oi

92= 45°, and 0, 90° are plotted.

In plotting Figs. 2.2, 2.3, and 2.4 a 3-phase, 60° phase-belt,
full pitch, and infinitely distributed stator winding is assumed.
It was shown in Section 2.2 that the air gap m.m.,f. is affected
by the winding factors (see equation 2—1). In order to illustrate
these effects graphically, it is convenient to plot the difference

between two stator m.m.f. shepes at two intervals of tiwme. The
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interval of time must be chosen such that the difference
between the two stator m,m.fs. is maximu:, It can be seen
from rig. 2.1(b) and 2.2(b) that the maximum difference between
two stator m.m.f. shapes occur in the intervel wit= O and wt= 30°.
In Fig. 2.2(b) the difference is plotted for full pitch virding.
In a similar manner this difference can be plotted for other
fractional pitches, and this is done in Fig. 2.5. It is seen
from Fig. 2.5 that the optimum pitch factor which minimises
the total harmonic variation in the travelling m.m.f. wave to
be 5/6. The curves of Fig. 2.5 also indicate that the peak phase-
band m.m.f, variation is not always at the peak of the fundamental
m.n.f. contrary to previous belié?iQ

Adderl;;has shown that the position of the peak phase-band
is determined by the sign of the winding factors. If the pitch
factors of the pair of m.m.f. harmonics (see eguation 2-1) have
opposite signs, the maximum veriation occurs at the peak of the
fundarental ( 82;6). If the pitch factors have the same sign
the meximum variation occurs at the zerc of the fundemental m.m.f.
( 92=:9Oo). In fact these conclusions (which agree with the
curves of Fig. 2.5) can be deduced from equations (2—1) and (2—2).
The m.n.f. wave of eguation (2-1) can be written in terms of an

angle EBZ relative to the peak of the fundamentel m.m.f. (which

is opposite some point on the rotor) using

0, =06, -wi
A 2 +
Fg = F, cos 92+ Z F(6nt|)X cos [(6n-1)82+6nw,t] (2-7)
n=t
where

32xTng
A /— K
{ P
and
A 3 ¥ 2xTxly

Fent)) = oz

Kw(6ntl)
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The varintion of ¥, can be now examined by combining the pairs
4u

of (6n i.1) harmonics which induce the same frequency 6nly in

rotor, i.e.

Fenw = Fen-1) + F(en+1) = Fenw cos(, + énGy+ bno,t) (2-8)
where A D AD A2 A A
Fenw = Flan-1) + Fen+1) + 2I}6”-0¥Q6n+q003292 (2-9)

and

_ Fions1) ~ %6n—0

tan tanfy (2-10)

%%ﬂ+0 + Fen-1)

Equation (2-8) shows that the resultant of each pair of
(6n + 1) space harmonics relative to the rotor is a nodulated
travelling wave of varying amplitude and wavelength., The
amplitude derends on Qzamd the relative values of the two
(6n + 1) m.o.fs. At the peak of the fundamental nemefs ( Ebz 6},
equaticn (2-8) takingz into account equation (2-9) gives
Fene = ( %(5n+0 + %(5n_;) Jeos(6nw;t) (2-11)
At the zero of the fundemental equation (2-8) gives
Fonw =( %(5n+” - ﬁ(én-—]) ) sin (Gnoﬂt) (2-12)
Thus if §(6n+—1) and ﬁ(én-—1) have the same sign, the maximum
variation occurs at E%Zz di whilst if the two components have
opposite signs the maximum occurs at E&zzOOo.

In connection with the sign of other winding Tfactors for a
pair of (6n + 1) phase-band harmonics with a 60° phase-spread
winding, the distribution factors have opposite ans. The slot

width factor is positive except for very high order of harmonics

as this can be seen from equation (2-4) (see also Appendix 1C.1).

2.3.,2 Rotor not at Synchronous Speed

The graphical end mathematical analysis given in the previous
subsection are related to the synchronous speed. On no-load,

_however, the rotor slips relative to the travelling fundamental
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n.n.f. Therefore, each point on the rotor surface passes
gradually through all stages of the tine m.m.f. variations
shovn in Fig. 2.4 but superimposed on the fundamental.

These m.m.f. variations can be presented in a mathematical
form by including the rotor slip in equation (2=7). This can be
achieved by substituting 6,= 91—0J2't or Bp= 06— (7—5)&)1'[" 5
into equation (2—7), where s is the slip of rotor. Hence the
stator m.m.f. wave relative to & rotor moving with slip s is

given by

/ A o4 A + +

Fp = F, cos(ek»sa%t) i‘ZiEYénin cos[(6nw1)€£+{6n(1-s)-s}w¢] (2-13)
n=j

It can be seen that by meking s zero or one, equation (2-1%)

reduces to equations (2—7) and (2—1) respectively.

2.4 The Total Slot Hormonic Variation Relative to Rotor

The treatment of the travelling stator m.m.f. wave given
in the previous section, considered the harnonics of order n £ q.
Such an snalysis assumes the stator winding to be represented by
a uniform current sheet. Since the winding is not infinitely
distributed and the conductors are placed in slots, the slot
harmonice introduce stepped dis-continuities in the m.m.f,
waveform and space pulses in the current loading wave. The effect
of this discrete conductor positioning on the m.m.f. waveform can
be treated by considering a winding which has as many phases as
conductors per pole. Curves, similar to those already given may
then be drawn. To illustrate this, corresponding stator m.mn.t.
and current loading waveforms of Fig. 2.1(a) and 2.1(v) are con-
sidered here again. The assumed current sheet is now replaced

by slots carrying their corresponding instantancous current
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pulses. In Fig. 2,6(a) and 2.6(b), the space distribﬁtion

of stator m.m.f. and current loading waveforms relative to a
synchronously rotating rotor are showm at instant oit= di It

is clear that the m.m.f. steps and current space-pulses have
maximum amplitude where the fundamental m.m.f. is changing nost
rapidly, corresponding to the maximum of the fundamental of the
current loading wave.

Analogous to phase-band harmonics, the effect of winding
factors on the total hermonic variation due to slot harmonics
may be shown by considering a pair of (6n i.1) slot m.nm.f.
harmonics (n = q, 2q, ee.). The winding factors for a pair of
slot harmonics always have opposite signs so that the maximum
slot harmonics variation occurs at the zero of the fundamental
m.m.f. (692: c0®). Since, the nagnitude of pitch and
distribution factors for a pair of slot harmonics are equal to
those of the fundamentel, and the slot width factors for a pair
of harmonics are approximately equal, the total slot harmonic

=]
variations at 92= 0 is therefore smell,

2.5 Current Loading Distribution in the Scuirrel Cage

In the squirrel cage induction machine the rotor bar
resistance is sufficiently small to allow the rotor currents to
flow and produce m.m.f. in opposition to that of stator m.m.f,

The current in the rotor bar is a composite of a complicated form
jn which three main components are prominent., In addition to

the slip and tooth frequency componeﬁts, the third main component
is caused by the total phase-band hormonic variation. The
pagnitude and the shape of the latter component can be conveniently

plotted by assuning the cage to be infinitely distributed and the
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stator m.n.f. hzrmonics are completely damped out by the
circulating rotor currents. Wwith these assumptions the rotor
current loading distribution is simply obtained by means of
graphical differentiation of the m.m.f. curves shown in Fig. 2.4
and teking the reverse sign of the resultant. In Fig. 2.7 the
rotor current loeding distribution is shown for three points on
a synchronously rotating rotor, for J-phase, full pitch, and
infirnitely distributed stator winding. In Fig. 2.7 the rotor
electrical angle Gbis measured from the zero crossing of the
fundamental of the current loading where the fundamental m.m.f.
is a maxipum. At no-load with a small amount of slip the curves
of Fig. 2.7, show some of the phases through which the rotor
current lozding passes slowly as the bar position changes with
reference to the fundamental, For rotor speeds other than the
synchronous speed these curves &ppear superimposed on the
fundamental. In the experimental part of this thesis (Chapter 7)
it will be shown that the curves obtained graphically on the
basis of simplified assumptions give reasonably a satisfactory
picture of the total harmonic variation.

The peripheral distribution of thé rotor bar current loading
has been considered by Gaul%t using the hypothesis given in
Bailey's booiswhich states that the resultant current distribution,
taking rotor and stator currents together, is sinusoidal. This
is because a sinusoidal applied voltage recuires the air gap flux
density distribution to be sinusoidal, and assuming a uniform
air gap, this in turn derands a sinusoidel resultent m.m.f.
distribution which must be produced by a sinusoidal current.

The procedure by which Gault plotted the bar current lcading

distribution is the opposite of that used in this section, since



Gault was concerned with the loazding current only. On the basis
of the obtained curves, Gault derived an analytical formula for
the calculation of the current density distribution inside the bar.
The given formula , however, is based on one-dimensionel analysis
of the field inside the slot. The problem of current density
distribution and calculation of dynemic impedance of slot

embedded conductors is discussed in next chapter, section 3.6.
2.6. Conclusion

It was shown that the total m.m.f. and current loading
variations can be conveniently plotted graphically. These
curves are useful for predicting the amplitude of the magnetic
field variation and they provide a conceptual picture of the loss
distribution on the rotor surface. The m.m.f, along the rotor
‘ iron surface gives the applied flux density eguel to the
resultant flux density if the reaction of the induced eddy
currents in the iron is weak. The current loading gives the
resultant tangentisl field strength along the rotor bar surface.
In practice, the reduction of the 2pplied varistion by the air
gap must be considered and this is best done by determining the
reduction of each harmonic and then recombining to give the
total variation.

It was shown that the total phase-band harmonics variation
may be a maximum or minimum at the zeré of the fundamental m.m.f.
depending on the signs of the winding factors. In particular
for a J3-phase 60° spread winding with fractional pitch in the
range 0.84%340.85 gives a minimum variation of the phase-band
harmonics. “he slot harmonic variation for all windings is a

maximum at the zero of the fundanental m.m.f,
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It was also shown that the dircct method of ploiting the
total field is in agreement with the harmonic analysis and it
is thought that such plottings,besides providing a éonceptual
picture of the field variation , may be of further use in
estimating the total field variation on rotor surface and
ultimately the 1loss,

The graphical plottings carried out in this chapter need
to be remembered when the experimental oscillograms of the rotor

surface fluxes are discussed in Chapter 7.
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3,0 A Revieu of the Iifect of liachine Georetry

%.1 Introduction

The total flux in electrical machines is comwmonly
separated into two components and treated under the following
headings:

(1) The working or mutuel flux.

(2) The lezlage flux.

The working flux is that flux which crosses the air gap
and fully links with both stator and rotor windings (this flux
is also referrsed to as the main flux). The term leakage flux
is generally attributed to any flux which is diverted from the
path of the main flux, thereby linking either the stator or
rotor winding (or linking partially with both windings).

These flux comzponents are produced by alternating currents
and in accordance with Faraday's law they induce e.m,fs. in the
conducting regions. The resultant effect of the induced e.m.fs,
is to force the current to concentrate in areas where the
variation of the magnitude of the field is maximum. The problems
which are encountered in the anzlysis of the nagnetic field in
conducting media may be classified into three categories:

(1) The physical pzrameters of the region (namely the
resistivity and permeability) are dependent upon the
intensity of the field. This derendeuce 1is usually
expressed by the non-lincar B/H curve and the hysteresis
loop for iron.

(2) Consideration of the actual geometry of the region in
which the physical parameters are considered to be constant.

(3) Specification of the boundary conditions in a given region.
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In connection with the first problem a great deal of
theoreticzl and experimental wori” has been carried out and they
are exclusively related to ferromagnetic media and this subject
is discussed in Chepter 5. The sccond type of problem is related
to regions occupied by copper or aluminium (i.e. the slot and
end coil regions) and the eir gap. The préblem of specifying
the boundary conditions is cormmon to both types of the above
mentioned problems,

In the air gap end other parts of the machine (for example
in the top region of the slots) the main exciting end leakage
fluxes coexist tocether in such a manner that their combined
treatment by the known methods is either too tedious or yield
solutionsof little practical significance. For this reason the
usual procedure is to investigate the leakage flux components
independently and then the total effect is given by superposition.
The types of leszkage components commonly encountered in electrical
machines may be broadly classified as follows:

(1) iir gap leakage.

(2) Slot lezkege.

(3) Overhang (or end—coil) leakage,

(4) Skew leakage, if the slots are skewed.

(5) Incremental leakage due to saturation and eddy currents,

The last component is basically introduced as & result of
simplifying assumptions made about the boundary conditions. The
skew leakage is also introduced beccuse of the assumptions and
simplifications made in the calculation of other three components.
Obviously all physical fields are three-dimensional, but in

cases where the variation of the field in one direction is
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negligible (for example in the air gap of an induction nachine)
the field can be treated as two-dirensional. However, the
air gap curvature and other irregularities introduced by the
lamination of the iron can be neglected without making a
significant loss of accuracy. In mechines where the effect of
the ventilating ducts is not negligible, en additional component
can be added to the total leakage. The most practical three-
dimensional problem is the overhang or end-coil leakage.
Estimation of this leakage component, mainly due to the
geometrical complexity of the windin's and the veriety of end-
coils shape used in different mzchines, is extremely difficult.
The problem of over-hang leakage has been treated in a number of
pape?gdznd the given analysis is either based on the results of
linited experinental data or approximated by two-dimensional
analysis. At present it is difficult to make a concretesppraisal
of this leakage component znd for this reascn no attenpt is made
to discuss this problem in this work. The discussion of this
chapter is primarily confined to the treatment of the magnetic
field in the air gap and slot regions and assessing the methods
used in literature with particular reference to the geometrical
aspects of the slots and the air gap of induction machines (where

the curvature of the air gap can be neglected).

32 Peripheral Air Gap lealare and the Effect of Slot Cpenings

The magnetic field in the air gap of an induction machine
is produced by the combined effect of the m.m.fs. resulting
from the flow of currents in the stator and rotor windings. Under

Jinear conditions the resultant air gap field can be expressed
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as a linear combination of the magnetic fields produced
separately by th« stator and rotor currents. Since the analysis
of the m.m.fs. of both stator and rotor windings is similar, it
is sufficient to consider the filed of stator windings only.

In Chapter 2 the m.m.f. of the stator winding was discussed
without reference to the effect of air gap length and slot
openings on the resultant magnetic field in the air gap. In
order to consider the effect of these factors, it is necessary
to examine first how the magnetic field obtained by using the
one-dirensional Fourier analysis compareg with the exact analysis
based on the field theory. By making this comparison it will be
shovn later (section 3%.4) that although the n2ture of the factors
influencing the air gap leskage is well understood, neVerthéless
they are either misinterpreted or overlooked in order to arrive
at relatively simple solutions.

The usual procedure by which the m.m.f. of a winding is
determinegais ased on a direct current carried by a full pitch
(or fractional pitch) coil to be concentrated at slot openings
of negligible width, the iron to be infinitely permeable, and
the magnetic flux lines to cross the air gap in the radial
direction only. With these assumptions the air gap flux density
wave assumes a stepped rectangular form which is then expressedby
a Fourier series. This is the basic step of the procedure.

The fieldsof other coils and phases are expressed in a similar
manner. From @ field theory point of view the above described
procedure represents a simplified solution of the magnetic field
of line currents disposed on the stator surface., In accordance
with field theozéoa line current (of one ampere) divides the

surface of infinitely permeable iron on which it lies into



two halves ceparated by unit nugnetic poéential. If & stator
conductor carryincs a current of 2 emperes is assumed to represent
& line separating two adjacent teeth having infinite permeability
(this is equivalent to the assumption of negligigle slot width),
then the magnetic potential of the two teeth can be regarded as
+1 and -1 respectively with the smooth rotor surface taken at
zero potential. The exact pattern of the magnetic field in the
air gap due to this line current can be obtained by the method

of conformal transformation and it is shown in appendix 10.2.,
Fig'10.2. In Appendix 10.2 it is shown that the amount of the
peripheral flux which does not cross the full length of the air

_ gap (see Fig. 10.2>'is a function of the air gaf length and the
pole pitch, It is &lso shown that the ratio of the fundamental
component of the peripheral flux flowing from pole to pole to the

rundarental sine weve flux is proportional to

2
b 2(p-9) (3-1)

where D — the bore diameter

p - the number of pole pairs.
[It should be noted that the same result as eguation (3-1) was
obtained by Alger (see ﬁeference 7 , AD B-7) but the method used
nere is shorter end the mathematics is nuch simpler] However,
it is not difficult to appreciate that the analyseis of the
resultant air gap field obtained on the basis of the field theory
cannot be expressed in an'acceptable analytical form unless the
distortions of the field lines bunching around the line currcents
are neglected and this leads to the same solution as predicted

in Chapter 2. In order to compensate for the neglect of these

. distortions a separate conponent called the peripheral air g&p
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leakage is added to the total leakage., As far as the fundamental
m.m.f. is concerned, the distortion of the flux density due to
the flow of the flux from positive pole to negative pole is
negligible in comparison with the overall distortion of the
flux wave by several slot openings. On the other hand, considering
the flux density harmonics produced by‘the slot m.m.f. hermonics,
the combined distortion of the flux wave due to the peripheral
flow and the presence of the slot opening should be taken into
account., It is also important to realise that as the flux
hermonics rotate in the air gap the degree of flux distortion
chances as they move with respect to a fixed point on the stator.

_To illustrate this, an n.m,f, harmonic and its corr98ponding
flux wave distorted by a slot opening at two instents of time
are shown in Fig. 3.1. The distortion of the flux wave at
positipn (2) is predeminantly due to the slot opening and the
distortion due to the peripheral leakare {not shown in Fig. 3.1(a)]A‘
;s negligible. At position (b) the distortion of the flux wave
is due to the combined effect of the peripheral leakage and the
slot opening. In next section it will be shown thet the effective

air gap for each of these two positions is not the same as commonly

. 7,8
expressed in literature.

PP

Fig 3.1

The distortion of & rotating flux wave at two instants of time.
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The bistortion of the Mlux wave in an 4ir Gap Jith a
Succession of 3lot Crenines

The first detailed contribution to the theoretical solution
of the magnetic field in an air gap with slotted stator and smooth
rotor (or vice versa) was that of Carteé]and then extended by
Coe and Taglo?{ ‘Carter assumed that a uniform magnetic potential
was applied across the gap and each slot considered to be
infinitely deep and infinitely remote from its neighbouring
slots. By applying the method of conformzal transformation Carter
obtained an analytical expression for the flux density distribution

along the smooth surface. An example of such air gap flux density

distribution is shown in Fig. 3.2.
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Fig 3.2
The shape of air gap flux density distribution

An important quantity.emerging from Carter's analysis is the
area between the flux density curve caused by the slot opening
and the line representing the constant flux density which exists
in the absence of the slot (see Fig. 3.2). This areaz represents

the magnitude of a lost flux caused by the slot, when compared
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with & smooth air gap. Taking the smooth air gap flux density

to be unity, the lost flux is given by

P, = 59 (3-2)
vhere the well known coefficient 6 is expressed by

2 4 S g -
6 =7~—&ta. ll———— — é. 1 [1 — ¢ 3¢
T 28 S ot 23>}} (3-3)

where S and g are the width of the slot opening and the air gap
width respectively.

Carter's coefficient which is widelyvused by engineers is
the ratio of the flux which crosses a smooth air gap over one
slot pitch to the actual flux that crosses the same slot pitch

in the presence of the slot opening and it is given by

t+S
C= (3-4)

£+5~S6

where t is the tooth width and ] given by eguation (3-3).

It will be shown later (section 3.4) that in induction
machines, Carter's coefficient can only be interpreted as per unit
ratio of tne amplitude of the fundamental flux density which
exists in a smooth air gap to the amplitude of the fundamental
of the distorted flux density‘in the presence of stator slot
openings only (or rotor slot openinss only).

As the derivation of the coefficient 4 is based on the
assumption of infinitely wide teeth, this has caused uncertainty
about the application of Carter's coefficient as given by
equation (%3-4), to practical cases where the slot openinrs are
separated by teeth of comparable or smaller width. This doubt
arises from the fact that the reduction in the magnitude of flux

density on the smooth surface opposite the slot extonds considerably
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23
Gibos in his beok gives o

beyond the width of the slot itself.
detailed enalytical treatment of the air gop in which the slotted
merber is represented by a succession of slots and allows the

tooth vidths to be smeller than the slot openings. The application
of conforral transformation to such an air gap geometry yields a
solution containing elliptic functions. Gibbs shows that the

shape of the dip and the magnitude of the harmonics considerably
differ from thase obtained by Carter's analysis. Cn the other hand
Carter's coefficient given by equation (3-4) is remarkably accurate
when compared with that calculated using elliptic functions.

This precise agreerent is intriguing when it is realised that the
two expressions respectively contain trigonometric and elliptic
functions. Cormenting on this situation, Nevi11:4stated that

"the use of 8 assumes that the flux distribution over a succession
of slots is that which is obtained by superimposing the distribution
curves for all the siots that are near enouzk to have any
appreciable effect". On this basis Neville used a synthetic
graphical method and obtained various flux density waves for
different ratios of S/t end has shown that they are in close
agreenent with those determined from elliptic functions. The
usefuf ness of Neville's method lies 1n that the flux density
waveforrs can be deterzined without having to evaluate laborious
elliptic functions. Since leville's méthod is essentially

graphical and requires high precision, Freemaifdevised a routine
computer prograune for numerical pantpulation of the eqﬁations
obtained from the apalysis of conforzal transformation. For a
practical range of S/t and S/g, Freeman represents in graphical

form the harmonic contents of the flux density waveforms.



In conncctien with average flux in the air gap and
calculating Carter's coefficient two well known forrmulae are
couwzonly used by engineers. These two formulae which are known

26 27
by the names of their authors, namely Fohl ond Baillic, are

28
essentially based on the graphical method of flux plotting. By
replacing the curved elemental flux tubes which cross the air
gap by an ecuivalent uniform flux tube both Fohl and Baillie

expresscd Carter's coefficient by simple formula. Carter's é
(see equation 3-3) was expressed by Pohl as
S
4.6 log(1+ﬁ;5)
S/8
wher =17
e 3 or S/g 410

and B = 1.4 for s/9>10

ot =1 -

and Baillie expressed Carter's coefficient by a much simpler
expression

t +8S (3-—43.)

-~ 4
t + 55/(5+8/g)
Both expressions given above, in particular Baillie's formula,

Cpnittie =

are convenient for slidé rule calculation of Carter's coefficient.
The accuracy of these formulae is claimed to be better than 1¢..

Although the analysis and the methods outlined above are
strictly speaking aprlicable to machines in which the stator only
(or rotor only) is slotted and the m.m.f. across the air gap is
constant, their application is extended to induction machines
where both stater and rotor are slotted and the m.m.f. across
the gap is non.uniform (see section %.4).

t is important to bear in mind that the treatment of the

magnetic field given in this section is based on parallel sided

infinitely deep slots. In practice the slot depth is finite and



various seri-enclosed slots are used. The effect of the slot

shape is discussed in next section.

3.3.1 The hffect of Slot Configuration on Carter's Coefficient

In induction machines and other electrical rachines a
variety of semi-enclosed slots are used., Typical examples of
semi~enclosed slots used in induction machines are shown in
Fig.3.%. 4Any varistion in the slot share not only affects the
magnitude of the slot leakage but also to a certain degree the
air gap flux which fringes into the sides of the slot. As far
as the working flux is concerned, a slot of any shape can be
replaced by an equivalent infinitely deep open slot. The
problem is, however, what equivalent slot width should be chosen
and at the same time taking into account the effect of slot

leakage.

(a) (v) (e)

Fig 3.3
Typical slot shapes used in electrical machines
For a semi-enclosed slot, it is clear that less flux enters
the slot sides than would be the case with a parallel sided slot
of width equal to the slot oreming. To account for the effect
of tooth lips Wiesemérused the technicue of flux plotting, and

‘claimed to have calculated the air gap permeance with satisfactory



accuricy. 4As a rulé the technique of [lux plolting by hand gives
only a rough result end this technicue is.usu&lly used fcr
calculating leakage fluxes such as end-coil leakage where high
accuracy is not essential. In connection with the problem of
semi-enclosed slots, Alger{suggests thet Carter's (1-6) should
be reduced by 1Ci.. Due to the fact that nearly all of the
worxing flux enters the top of the teeth and fringes into the
first few millimeters of their sides a 105 reduction is most
‘likely to be excessive. However, the problem of overhang tooth
has been treated in a paver by Horatgowho investigated three

slot shapes as shown in Fig. 3.4, 211 with the sare slot opening
width. One of these slots (Fig. 3.4 c) is hypothetical with its
infinitely thin tooth lips, but its analysis reason=2bly represents

a slot opening having the shape of that shown in Fig. 3.3(a)-

! !
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(a) (v) (e)
Fig 3.4
Three slot openings with diiferent tcoth overhang
Using the method of conformal transformation, Horath calculated

the loss of permeance due to three types of slot opening (i.e.
the coefficient 6) and coupares the result for Figs., 3.4 (a)and
3.4 (c) by means of curves reproduced in Pig, 2.© (a). %The result
of analysingz the slot shape of Fig. 3.4 (b) is verroduced in

Fig. 3.5 (v) where ht/g is plotted apainst S/g for constant
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values of the lost permesnce factor . This factor ray be

compared with Carter's [‘which is for the slot shapc of Tig. 3.4(a) |.
Fig. 3.5 (b) shows that the effect of tooth overhang becones
appreciable only when the height of the tooth lip (ht) is of the
same o;der as the air gap length and relatively large values of
S/b. On the basis of the obtained results it can be said that in
case of semi—enclosed slots (where the ratio of S/g is usuzlly

not high) Carter's analysis remains unaltered if the width of

the tooth lips is sufficiently greater than the air gap len-th.
These cornditions commonly prevail in induction machines with
semi-enclosed slots. However, the important factor that should

be borne in mind is that under load conditions or with ﬂigh slot
leakage flux density, the tooth lips beccme saturated and this
neans that an effectively wider slot opening must be taken to
estimate the lost permeance factor. On the other hand when the
tobth lips become saturated the reluctance path of the slot lezkaze
increases and this leads to decreased effective slot conductor
impedance (see section 3.6) and hence decreased 12R losses.
Therefore, the decreased losses in part compensate for the
increased permeance losses when the tooth lips become saturated.

On this sub j ect no reliable mefhod or data are available to

predict the combined effect of the slot leakage and the leakage

of the main flux. Due to the reasons stated above, it is suggested
that at present ,estimation of the air gap permcance on the basis

of unsaturated tooth lips yields more accurate results thaen using

dubious factors to account for saturation.
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5.4 The principle of inaloryv and its Applicntion to Induction
lischines

In induction machines the applied m.m.f. across the air gap
is neither constant nor sinusoidal. Zlso both members of the
machine (statcr and rotor) are slotted, The analysis of the
air gap field and the distortion of the flux wave discussed in
section 3.3 were based on the assumptions that a constant
m.w.f. is acting across the air gap and either side of the gap
is slotted. %Yith these assumptions it was possible to use the
method of conformal transformation and obtain an analytical
solution. It is well known that treatment of Laplacian fields

_confined within mdtiple boundaries along which the magnetic
potential distribution is non~constant cannot be dealt with by
the method of conformdl transformation or method of imagegi
Application of other conventional methods (such as the rethod
of separation of variables or Fourier transform methgg) to the
actual geometry of the air gap yields either no practical
solution or involve unmanagable mathematics (see Chapter 4).

One possible way of tackling the problem of the air gap
field in induction machines is to make use of the analogy that
exists between the electric and magnetic circuit theory. In
accordance with this aﬁalogy it is possible to regard the

m.m.f. as equivalent to the voltage, the flux to the current,

and the permeability to the conductivity, i.e.

Fb =V

=1
fy
Ib =7

The ragnetic quantity Pg which is usually referred to as the

air gap permeance can be directly obtained using the conformal
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trensfornsation providing the peripheral leakage from pole to
pole is neglected. This is dve to the fact that the component
of peripheral leskage does not appear in the analysis of conformal
transformatidn, because the meeting point of the two surfaces
separated by the eir gap, one with unit positive potential and
the other one with zero potential is always considered to be
20,23

at infinity.

Thus, if the arplied fundamental m.m.f. acting across &an
air gap in which the rotor is assumed to be smooth and the
stator to be slotted is expressed with respect to a fixed point
on the stator by
F1 = k1 cos(px -wt) (3‘5)

where k1 - is a constant
P - pairs of poles
W = angular velocity
and the 2ir gap permeance wave obtained from the analysis of

conformal transformetion is resolved into Fourier series with

respect to the same point on stator surface by

oD

P =P, +> By cos( Zmy) (3-6)
m=i T

where F, - is the average permeance

Py, — is the amplitude of the harmonic
27 - is the slot pitch
the resultant air gap flux wave is then the product of equations

(3-5) and (3-6).
7
By using this method of analogy, Alger surgested that it
can be used for all m.m.f. hormonics, However, &s indicated in
section 3.2 the flux waves produced by the fundamental and the
.principzl phase-belt m.m.f. harronics span over several slot

Iy

openings and the distortion of the flux waves aue to the flux
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which flows from pozitive to nezative poles in conporison with
overall distortion dvue to the slot openings may be neglected.
Therefore application of the method of analogy to these harmonics
is Jjustifiable. Cn the other hend in the case of slot m.m.f.
hsrmonics it is necessary to consider the combined distortion
of the flux wave due to the peripheral leakage and the effect
of slot opening as this was schematically shown in Fig. %.1(b).
In order to account for the combined effect it is necessary to
modify the potential values used in the method of conformal
transformation., This can be done by assuning the magnetic
potentizl of the adjacent teeth are at +1 and -1, with rotor
surface taken at zero magnetic potential. In Appendix 16.3
it is shown that the magnitude of the lost flux caused by the
slot opening is not the same as predicted by Carter's coefficient.
The implication of this is that as the slot m.m.f. harmonic
rotates with respect to a slot opening the magnitude of the
lost flux changes with m.m.f. position and the average value
of the lost flux is somewhere inbetween that obiained by Carter's
analysis and that given in Appendi% 10.3. In calculating the
differential air gap reactance (see next section) this point is
either neglected in literatur; or referred to e&s a modifying
factor for the main m.nm.f. onlyi

It was indicated earlier that in induction machines besides
the non-uniform m.m.f, distribution across the air gap the rotor
is also slotted. In order to include the effect of rotor
slottings, the common approach used in literature is to
guperimpose the effects produced by stator and rotor slot
openings each obtained separately. The premise of such super-
‘position is b;ﬂed on the hypothesis that the combined Carter's

coefficient given as o sum of two Carter's coefficients (one for
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stator and one for rotor) gives the resultant air gap permeance,
In early 1620 Lehma;:used the technique of flux plotting and
showed that a straightforward summation of Carter's coefficients
(i.e. C1 + C2) gives erroncous result and he coﬁcludcd that

(C1 + 02 ~ 1) gives & reasonably accurate combined C.rter's
coefficient if each of C1 and 02 were less than 1.4. The

cecmbined Carter's coefficient is commonly expressed by the

product C102 instead of (C1 + 02 - 1)Von the basis that it gives

a better representation of the permeance wave. However, whether
the summation or product rule is used the resultant air gap
permeance wave is expressed by an average pcermeance and two

. series of permeance harmonics one due to the stator slot openings
and one due to rotor slot openings. Usually, the higher

harmonics of these two series are icnored (see References T and 34 ).
Despite the fact that this method of superposition iz not based on
any theoretical analysis, no attexmpt has been made by the authors
who used this methggélo justify its application by zny published
experimenial evidence (althoush Alge;'used this method in his

book, but actually he did not include the effect of rotor slot
openings in his analysis).

On the subject of the combined effect of stator and rotor
slot openings several papers have been publiéhed in vhich various
analytical and semi-analytical methods are used to predict the
total average air gap permeance, For example Dombooisused Pchl's
method to a doubly slotted air gap for two combinations of stator
and rotor parameters only. Higginso;falso attempted to use.
Baillie's method to such an air gap geometry but he found the

discrepancy between the experimental results obtained from

Telcdeltos plot and Baillie's mcthod is substontisl.



In liierature the overlap method (this is briefly discussed
in next scction) is also widely used tc predict the air gap
permeance, However, all these methods in general give an
approzximate pibture of the air gap permeance wave and none of
them is adequate to represent the shape of the permeince wave
since they are based on doubtful assumptions made about the path
of air gap flux tubes.

37

One of the analytical methods that has been used by Binns
for calculating the total permeance variation in an air gap
conteining two slots (one stator slot and one rotor slot) is
the conformazl transformation method incorporated with runerical
integration. By assuming the tooth widths of both stator and
rotor to be infinitely wide, Binns obtained the solution of the
Laplacian fielq in the air gap for various positions of the single
rotor slot relative to the single stator slot. The result of his
analysis shows that the'averége air.gap permeance calculated
by either rule C1C2 or (01 + C2 - 1) under-estimates ( or over-
estimates) the actual average valuve. However, 3inns' analysis
is not suitable for calculating the magnitude of permeance

harmonics and hence its application is limited. The harmonic

analysis cof the air gap permeance wave is discussed in Chapter 4,

3,5 The Differential Reactance

Calculation of losses, torogues and performance of electrical
machines is commonly performed by using the equivalent circuit.
The cquivelent circuit of induction machines, which consists of

q ’
pure resistances and reactances, is extensively treated in most
textbooks. One of the principal elements of the equivalent

P I 1

circuit is the diffeventizl reactance. The chief recuirement for



_..'3’8_.

calculating the reactoance of a winding is obviously the task of
deternining the flux linkage with the winding that produces it.
This means that a sound knowledge of the path of the flux
linking the winding is essential for accurate calculation of
the reactance.

As shown in Chapter 2, the air gap field produced by stator
windings includes, besides the fundamental sinewave, a series of
harmonic waves with multiples of the fundamental number of
-poles, revolving at sub-multiples of the synchrous speed. All
these induce fundamental frequency voltdges in the winding that
produces them and, therefore, add to the winding reactance.

The voltages they generate in the opposing rotor winding when
the motor is at speed are not at a slip frequency and
consequently they produce no useful result. The total reactance
due to all these harmonic fields of both stator and rctor is
known as fhe differential reactance and the corresvondirg flux
as the air gap leakage flux. The differential reactance is
commonly considered as the sum of two arbitrary elements, the
zig-zag and the belt leakage,

It is sometimes asserted that the zig-zag reactance cannot
be separated into two parts one for the stator and one for the

' a7

rotor. This point of view was rejected by Binns on the basis
that the reactances are in reality separate,and the resulting
self induc¢d e.m.fg. @are in different windings of the machine.,
Although Binns' point of view is acceptable, it will be scen
below that this controversy arises because when the differential
reactance of each merber of the machine is calculated scparately
the mutual effect of stator and rotor slot openings on the path

of the leakage is not taken into consideration, Thercfore, in
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ordar to include this combined effect it is sometimes
convenient to link the rotor reactance with the stator
reactance as if they were one quantity.

The commonest method used in textbooks for calcuvlating
the stator or rotor differential reactance consists of
obtaining the reactance due to each e.m.f. induced by the
field harmonic (teking into account the winding factors, the
order of the harmonic and the effective air gap) and then add
all the reactances obtained in this way.

Another well known method wvhich as first developed by

s 7
Chapmen and is extensively treated in Algers book is the
_Adifference methcd. The essence of this method consists of
obtaining the total linkage of the resultant air gap field
due to the stator and rotor currents assumed to be concentrated
in slot openings of negligible width, and then subtracting the
liniage dﬁe to the fundamental flux. In both above mentioned
methods the effect of the slot openings is included by
introducing the effective air gap factor. This factor is based
on the magnitude of the lost flux obtaired from Carter's conformal
transformation analysis and it is assumed to be the same for all
field hermonics including the fundamental.

The air gap 1eakage reactance dve to the slot m.m.f.
harmonics is often calculated by an approximate method known as
the overlap method. This method which is developed by various

39-42
authors is based on an entirely different principle than those
mentioned above. By using overlap method, the leakage is

Fad

calculated by applyins the combined m.m.f. of rotor and stator
winding to & path vhich zig-zags along the air gap crossing it

at overlapping stator and rotor teeth. Having cvaluited the
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m.,n.f., difference between two opposing teeth, the magnetic flux
is then calculated on the assumption that it crosses the air

gap in straight lines over a peripheral distance confined to

the geometric overlapping of the relevant pair of teeth (i.e.

at both stator and rotor slot openings the flux is assumed to
abruptly fall to zero., Since the basic assumptions (namcly the
abrupt fall of the flux) used in overlap method is dubious, a
better result is obtained by meking some allowances for flux
fringing into tooth sides. However, as shown in previous section
the effective air gap length (or the megnitude of lost flux,) for
various field harmonics is not the szme and alsc the principle
of combining Carter's coefficients linearlyA(which is used in
all these methods) is inaccurate.

It can be, therefore, concluded that the methods évailable
in literature for calculating the differentizl leszkzge are
approximaﬁe and their accuracy depenis upon the air gap geometry
and the degr:e of the combined effect of rotor and stator slot

openings on the resultent air gap field.

3,6 Dvnamic Eesistance and Inductance of Sleot-Imbadded Conductors

The flow of a.c. currents along the stator and rotor slots
gives rise to leakage fluxes across the slots, which alternate
in the stator slots at the fundamentel frequency and in the rotor
slots at various frequencies depending on the rotor speed. The
effect of thess leakage fluxes is to force the current to flow
at the top of the conductor where the linkare of the flux is the
smallest. Due to this effect which is known as the "skin effect"
the valucs of :..C. resistances and inductence sre diffcrent from

"their correspondirg d.c. values calculated on the basis of uniform

current density distribution.
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Generaily, ithe stator windiings cre stronded fto riniuice
the shin effect., The type of windings which are emploved for
this purpose, for instance Roebel and Inverted turn transpesition,
are widely known and treated in most textbooks (sce, for cxample,
Reference 8§, vol [ ).

In squirrel cage induction machines, the rotor conductors
are made of solid deep bars in which the skin effect is used to
increase the starting torgque. ‘hen the rotor is at speed the
skin effect causes higher 12R losses. The negnitude of these
losses depends upon the distribution of current density in the
rotor bars. It was shown in Chapter 2 that the rotor current
loading distribution is highly complex and it includes besides
the slip frecuency hermonic, higher harmonics. The theoretical
analysis of the masnetic field in the rotor bars can only te
usefully exnressed if the principle of superposing the effects
of the harmonics is employed.

The ecuations which govern the mognetic field in slots
occupied by conductors cen be written in terms of instantaneous

28
quantities as follows:

9 a = - puT | (3-7)
J =0E (3-8)
E +-%}%— =V _ (3“9)
B =curl A _ (3=10)

(the notations of equations (3-7) - (3-10) are described in the
list of sywbols).

Equation (3-9) is given on the basis that the potential y is
constant over the cross-—section of the conducter. Also all

vectors are assunmed to be in the axial direction of the slot.



is indicated in the introduction of this chapler, the
megnetic field in the slots can be treated as two dimensional.
The assumption of two-dimensional field is justifiable, since
the end effects are usually taken into consideration seporately.

The simplest method which is widely used in literature for
the solution of the magnetic field in a slot erbedded conductor
is based upon the assumption that all flux lines cross the slot
width in straight lines. With this assumption the problem is
reduced to one-dimensional and the differential equation (3-7)
can be written in terms of the current density and flux density

as follows:

o2 2
47 .2 344 (3-11)

2
2
dB_535d 3B (3-12)

where 14 j/fﬁlﬁi—-
2f

and, the positive direction of the co-ordinates variable ¥y is
taken along the height of the conductor.

The general solution of equations (3-11) and (3-12) is
treated in all textbooks on mathematics., In particular, the
solution of ecuations (3-11) and (3-12) for the case of a
rectangular slot of width ¥, embedded symmetrically with a
rectengular conductor of width(a)and height (d)end cerrying en
r.n.s. current I zre given by

(1+5)x I | cosh(1+j)xy
J =

: (3-13)
r.W sinh(1+j) d



and
M1 [sinh(1+j)d v |
W Lsinh(1+j)d 3
. a
where p = -——

The a.c. resistance and reactance can be obtained from equations
( ~’)) and (3—14) and making use of the relation
P = 12(3 + 3X)

The mathematical anzlysis given above is the essence of
all one-dimensionzl treatments given in literature., On this
subject, the carliest practically useful calculations of dynamic

_ 43
resistance of the bars are given by Field using the assumption

that the current density distribution is uniform in the

peripheral direction of the conductor but radially non-uniform.

The same assumption of one-dimensional non-uvniformity of current

a4 ‘

density wes emploved by Futmsn for the problem of T-shaped bar

conductor. In scuirrel caze induction machines a variety of deep

bar rotors are used to obtain a desirable ratio of starting to

running resistance. The analysis of all thesc deep bar rotors

is also given on the basis of one-dimensional treatment of the

megnetic field. The detailed treatment of various deep bar rotors

is extensively discussed in the classical papers of Tiwschitz-
45,46 7

Garik zs well as in Alger's book, Chapter 8.

However, the magnetic field in the slot-embedded conductor
is actvally two-dimensional, particularly at the top of the slot-
opening. Ior two-dimonsional problems, the differential equation
(3—7) contains the Xx-dependence znd this mekes the solution more

difficult. In oxder to solve the differential ecuation (j 7)

with twoCx and y)variables, the following assumptions are
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commonly made:

1. thet the shape of the slot and the conductor is either
rectangular or circular, The trapezoidal shape can also
be treated by using the cylindrical co-ordinate system
(application of cylindrical co-ordinate systems usually
involves tedious mathematics). In the case of
rectangular slots the Cartesian co-ordinate system is
used and in the case of circular slots the polar system
is used.

2. that the embedded conductors are considered to fill the
slot completely.

3, that the flux line bounding the conductors at the top
of the slot is straight in the case of rectangular slots,
and semi-circular in the case of circular slots.

4, that the iron is infinitely permeablé and is laminzted
so that eddy currents in the iron can be neglected.

and 5. that the electric and magnetic fields are time harmonics.

With this assumption the time dependence can be

JA
ot

eliminated by expressing the partial differential
in a complex form jwW:,.
With these assumptioﬁs, the solution of ecuation (3-7) can

be obtained either by the method of separation of variables or
by Fourier transform metﬂﬁg?7 The methods of imeges and conformal
transformation are not suitable for this type of proBlem because
the current density distribution in the conductor is non-uniform
and its shape is unknon. If the conductor is surrounded by
thick insulation, in this case the slot area nust be divided into

five regions. Four of these regions are occupied by the insulation

and the fifth by the conductor. These five regions nust be
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intercornnected by the four boundsary conditions on the surfuces
of thre corductor which are unknown. It is not difficult to
appreciate thot the mathematics involved in the analysis of these
five regions i§ not only cumbersome, bubt the reguired conputation
is wmanaceable. For this reason, the thickness of the insulation
is assumed to be infinitely thin.

The most well known two-dimensionzl analysis of seni-

48,49
closed slots is that given by Swann and Salmoen. by making use
of the assuvmptions outlined above, Swann and Salmon obtained the
solution of eguation (3~7) for semi-circular and rectangular slots.
By repesting the analysis of Swann and Salmon in a cylindrical
50
co-ordinate syster, Buchholz obtained an analytical solution for
a trapezoidal shape. In connection with Swann and Salmon
a7

analysis, Jones,et al published a paper in which they re-
examined the assumption of straight flux line bounding the
conductor surface. By extending the neck of a T—shaped slot and
making this distance &s a veriable, Jones,et al were able to
assess the distributi?n of the magnetic field intensity along the
top surface of the rectangulsr conductor embedded in the T-shaped
slot. The result of their anzlysis showed that the dynamic
impedance calculated on the basis of one-dimensional field
distribution is accurate within 5. in the case of semi-enclosed
slots. For open slots they have shown that the error can be of
the order of 15/

The dynamic resistance and reactance of slot embedded
conductors has been also treated by using the numeric2l nmethods.

51

Silvester has formulated & method of solution for a ccniductor

of arbitrary shape in any shape of slot. By using this method,
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Silvester analyscd the problem of scrmi-enclosed exbedded
conductors, taking into account the air gap lensth and the
thickness of the insulation. Considering the anzlysis of all
papers mentioned above the following points can be summarised:

1. The assumption of a straight flux line et the top of a
semi-enclosed slot does not affect significantly the
value of the a.c. resistance. #lso, the error involved
in one-dimensional analysis is not substantial for
semi-enclosed slots.

2. The width of the slot opening in the semi-enclosed slots
has a substantial effect on the resistance characteristic.
Swann and Salmon concluded from agualitive argument
that little alteration of the resistance characteristic
is likely to occur for different widths of slot openings.
It should be noted that in induction machines, when the
fotor is at standstill the value of the starting current
is high and the tooth lips bccome saturated. From this
point of view, therefore, Swann and Salmon's arguwent is
valid. On the oth»r hand when the motor is at speed
and if the induction in the tooth lips is moderate the
effect of the slot opening width cannot be ignored. The
effect of the ratio of the top slot opening to the width
of the slot was investigated by Silvester and the result
of his analysis is reproduced in Fig. 2.6. It can be
seen from Fig. 3.6 that the effect of the slot opening
on the resistance freguency characteristic is substantial,
The implication of wider slot opening due to the
saturation of tooth lips was mentioned in section 3.3.1

in connection with the permcance effect on the main flux,
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It can be scen from Fig. 3.6 that as the permeance
losses increase due to the saturation of tooth lips
the I2R losses due slot leakage decreases and this in
part compensates for the increzsed permeance losses,
3. Silvester has shown that the effect of insulation
thickness on the resistance frequency characteristic
is considerable. This conclusion was based on the
analysis of a rectangular conductor surrounded by an
insulation layer equal to 1/12 of the conductor's width.
However, in squirrel cage induction machines, the
thickness of insulation layers in practice is too small
in comparison with the bar's width. Besides this,
Silvester did not produce any conclusive result on the
effect of varying the insulation thickness. On this
basis it is believed that the effect of the insulation
on the resistance frequency characteristic is negligible,
3.7 Conclusion
The total field in induction machinés can be divided into
several components, provided the treatment of each individual
compornent is not affected by the others. This condition can only
happen if the magnetic circuit of the machine is not saturated.
The treatment of three-dimensional fields such as that in.
end-coil windings is too difficult mainly due to the geometrical
complexity und no exact solution is available in literature, The
field in the air gap and slot regions can be conveniently treated
as two-dimensional if the air gap curviture, ventilating ducts,
and other irregularitics are neglected. In induction machines
the effect of these factors (other than the effect of ventilating

ducts which can be significant) ray be ignored.
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The main flux is printrily effccted by the slot oponings
and its momitude is jndependeht of the slot shape if the ratio
of the width of tocoth lips to tre air gap lengsth is greater thar
5 end the ratio of the slot opening to the air gap len~th is
less than 10, For combination other than these it is necessary
to use the curves of Fig. 3.5. The combined effect of the
stator and rotor slot openings on the main field and other field
harmonics may be considered approximately by using the linear
combination of Carter's coefficients obtained separately for
stator and rotor. The accuracy of such superposition is
doubtful since it is based on hypothetical considerations and
not upon any rigorous analytical method.

The dynamic impedadnce of the slot embedded conductors is
extensively treated in literature by using both one-dimensional
and -two-dimensicnal analysis. The result of computations shows
that one-dimensional analysis gives a satisfactory accuracy for

semi-enclosed slots. The error in open slots can be of the

order of 15%



- 49 -

4.0

¢ anzlynis of the Fermeance Jave in & Boubly
~1r Gap

4.1 Introduvction

Owing to the relative movement between the stator and rotor
teeth the air gap permeance wave fluctuztes from maximum to
mininun. This variation of air gap permeance causes periodic
change in the magnitude of the main flux entering each tooth
and slot as weli as a continuous change in the flux distribution.

Frow air gap pernmeance point of view, the main factors which
contribute to the pulsation of the mein flux inside a tooth are
firstly the rapid chenge of the permeance averaged over a tooth
pitch and seccondly the penetration of tooth ripple flux harmonics
into the sides of the slot. If the stator and rotor teeth
combination is such that the average permeance over a tooth pitch
remains unchenged with rotor moverent and aiso the slot leakage
would be Small, then no flux pulsation would occur inside the
teeth., FKowever, this does not necessarily mean that under such
conditions no iron losses occur. The fact that the shape of the
air gap permeance vave continuously changes with rotor movement,
the field of permeance harmonics penetrate the surface of the
tooth and induces losses which are known as surface losses. In
general cases, the variation of the air gap permeance wave causes
both surface and tooth pulsation losses. It is common practice
to treat these two components separately. One reason for this
is that for tcoth pulsation it is necessary to know the maxinum
end minirum of the total permeance variation whereds in cese of
surface losses the knowledge of the shope of per.eznce wave is

: s 3 3 T6aa TrO 3 Y N
essential. This arbitrary division of losses, however, results

)

i 3 hicl 3
from the lack of sound theoretical methods by which the
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compiiceted roome try ot [, - .
p ted geometry stator/uir gap/rotor can be adequately

St

treated.

It was shown in Chapter 3 that the methods used in
literature to express the combined effect of the stator and
rotor slotting are either enpirical or inadequate to represent

the permeance wave,

In this chapter, the problem of doubly slotted air gap
1S investigated and an analytical method is described by which
the flux entering the tooth surface as well as its sides can be
determined. The only simplification made about the geometry of
the slots is that they are assumed to be rectsngular. This
assumption is not only practicable but also justifiable éince it

was shown in Chapter 3 that the effect of the actual shape of

the slot on the main flux, in practice, is negligible.

4,2 The Scepe of the Analvtical and Zxverinental Fethods for

the Solution of ~ir Gap rerneance .ave

.

It is well known thzt the method of superposition cannot
be applied to geometrical bounceries. In other words it is not
pernissible to split a given set of bounderies into two component
"sets treating each set separately and then adding the two
results. 1t should be noted that although, the supcrposition
of the *two permeance waves discussed in section 3.4 is based on
different principles,nevertheless the actual air gap geometry as
a whole must be considered. & typical air gap geomctry of
induction mnchines consists of a succession of stator slots and

1ted by a small air gap.

o

a succession of rotor slots scpar
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Generally the slot pitch of both stator and rotor it

.An example cof such an air gap reometry 1S showvn in ig. 4.,1. In

order tc obtuin the field {igtribution in the air gop and the



slot regiong it is necessary to obtain the solutien of the
Laplacian field produced by a constant m.m.f. applisd acress

the boundarics. The enalytical methods which are availdble for
the treatment of such problems are:

a) The method of separation of variables or Fourier transform.
b) The method of conformal transformation.

Both methods, the separation of variables and Fourier transform,
are applicable to rectangular regions in which the four boundary
conditions must be known, It will be shown in next section
that epplication of these rmethods in a straightforward manner
leads to no practical sclution.

Application of Schwertz-Christoffel transformation to the
geonetry of Fig.4.1 nust be, obviously, ruled out because the
closed polygon involves an infinite number of right angles., It

30

was renticned in Section %.4 that Binns used this method by
assuning the width of both stator and rotor teeth to be infinite
and both stator and rotor slots to be infinitely deep. ith
these assunptions the air gap gecmetry of Fig.4,1 was rcduced
into two single slots “isplaced with respect to each other.
Despite this simplification the analysis of Schwartz-Christoffel
transformaticn leads to insoluble intecral and to more unkmown
coefficients than can be accounted for by the known relationships.
To overcoms this problem Binns used the numerical technigue of

52
integration in conjunction with an iterative method of solving a
set of equations., However, the solution obtained in this wmanner
woas suitable for calculating the pulsaiion of the flux entering

the slots only. 4&s far as tooth pulsation is concerncd Binns'

method rermains impractical mainly due to the fuct that the tooth
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widths ere assumed to be infinitely wide, Also eny method

25
similar to th2t used by I'reeman (see Section 3.3) cannot bz
employed because of the difficulties involved in determining
the wavelensth of the zir gap flux density, ond also the amount
of computation required for'calculeting any assumed flux wave
would be lazborious and excessive,

Often the finite difference and anelogue methods (these
include Teledeltos and clectrolytic tanks) are used to plot the
equipotential and flow lines of the Laplacian fields. &1l these
nethods are essentially based on the same principle, namely a
nodel is constructed for each set of pararmeters and the field is
mapped. Besides the laborious experimental precision which is
required to ensure high accuracy (in case of Teledeltos plotting
an error of the order of 10-15% ray be expected) it is difficult
to locate with certzinty the boundary conditions in the eir gap.
In case of gecmetrical symmetry, i.e. tooth-opposite-tcotn the
straight flux lines at the centre of the teceth can be accurately
used as boundary conditions. For non-symmetrical positions,

there are no simple netural boundary conditions. In such cases

6]

it is common to place the electrodes sufficiently remote from

the pair of stator and rotor teeth regardless of the flux lines

ot the positions of the electrodes. Although, this procedure
entails negligible error (see next section), the area which must
be mapped is enlarged and this in turn consumes time and also
results in less accuracy. 4nother disadvantage of these methods
is thet no general solution can be derived ﬁnlcss a large set

of parazmeters is mapped and then an empirical equation is obtained.
However, non-analytical methods are usually used whenever an
‘analytical nethod is either not available or the solution

involves excegsive computations.
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In the past twvo decades the advent of digital cowputers
has greatly stimulated the analytical methods involving
evaluation cof convergent series. In view of this, the disadvan-
tage of the anzlytical methods in meny problems is removed. In
tﬁe next section it will be shown that the solution of the
Japlacian field éan be obtained by evaluating rapidly convergent
series and by waking vse of orthogeonal functions, the acmount of

computation is substantially reduced.

lvsis of the lLerlscien Field in o Doublwy
el

3D

4,% TPouricr Snn
Slotted Air

The necessary and sufficient reguirerent for obtaining the
solution of the Laplacian field in Fig.4.,1 1s to obtain a
potential function which satisfies Laplace's differentizl ccuation
and the imposed boundary conditions. It is clear from #fig.4,1
that the potential function along the broken lincs bounding the

are unknown. £lso in the air gep

-

slot openings and the air ga

o]

the potentizl distribution is unknown except where the flux lines
are streight., Therefore, in order to sclve the laplacian field
by the conventionzl nzthods it is necessary to divide the region
between the two surfaces into rmultiple rectangles. Such an
approach is obviously impractical because by interconnecting the
multiple rectangles no solution of practical significance will
emerge.,

The alternative feosible aprroach is to consider the variation
of the air gup potential distribution with resrvect te a stator
slot pitcli or rotor slot pitch. The rulsation of the flux which
enters the tcoth surface and its sides is solely derendent upon

this variation.
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Consider a stator slot pitch indictted by 27T in Pig. 4.1
The pagritude of the flux which crossesthis élot pitch is a
function of the potential distribution in the stator slot end
in those rotvor slots which are immedistely opposite the stator
slot pitch,

Thc potential distributions in the adjacent stator slots
as well as in the rotor slots which are remote from the stator
slot pitch have no c¢ffect on the megnitude of the flux under
consider:tion. The only way that the potentisl distribution
in the adjacent stator slots can zaffect the flux density
distribution along the Stator slot pitch is when the stator
tooth is too thin :nd the air gap is sufficiently wide so thzt
the permeance reduction extends beyond the centre of the stator
tooth. 1t should be noted that this permeance reduction is not
the same as that discussed in connection with Carter's coefficient
(sce section 3.3).Inthecase of Carter's analysis the flux density
at the centre of the stator tooth is assumed to be the same as
if the teeth widths were infinitely wide. In the present case
the reduction of flux density at the tooth centre due to finite
widths of the teeth is being already taken into account. However,
for practical gap dimensions used in induction machines such
condition cannot happen. Bingg'and Higgins;: have carried out
experinental plots and they showed that the effect of adjacent
stator slots is negligible. Although Binns did not srecify the
gap dimensions, Higginson's plots were made on an air gap
geometry in which the widths of the slots were wider than the
widths of the tecth.

On the basis of the above consideraticns, it is therefore

possible to consider the potential function on the breken line
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beunding the stator slot snd the nir gap to be periodic (despite
the fact thut potential function along the adjacent broken lines
are not so). Since the potentizl functions along the stator slot
openings are not, actually, periodic, the harmonic analysis is
therciore restricted within the slot pitch interval.

As far as the rotor slots are concernsd, the samc argument
is not applicable, unless further considerations are taken into
account., This is due to the fact that when the rotor slots are
displaced with resrect to the stator slot, & situation can arise
where two adjacent rotor slots are positioned against the stator
glot pitch and each of ther is éffected by the stator slot
differently (for instance, see the cowmbination shown in Fig.4.1 ).
In order to assume the potential function along the broken lin=
bordering the rotor slot =znd the air gap to be pericdic it is
necessary to forrulate the air gap potential function in such a
way that the mutual effect of both stator and rotor slot
openings is taken into acccunt. This can be achieved by relating
the flux components which cross the stator and rotor surfaces.

On this account the air gap potential function is exrressed by

two waves superimposed on each other (see equation4=2 below).

The first component of this potential function is expressed by

a function which gives straight flux lines at the centre of

stator teeth in the absence of the effect of the potential
function along the rotor slot opening. Similarly, the second
component is given by & function which gives straight flux lines
at the centre of rotor teeth. (It should be noted that by
superimposing these two potential corponents it does not mean
that the slotted bcundaries are treated separately) Thus, the

air gap flux due to each of the potential components is confined



- 56 -

between two strairht flux lines crd this cnebles to relate
the correspording fluzes which cross the stator and rotor
surfaces,
In FigAsl |, the potential function in the stator slot
(re ectangle 1) is denoted by 4% s the potential function in
the rotor slot (rectangle II) is denoted by'#g , and the air
gap potential function is denoted by 4@ . The origin of the
co-ordinate system and other dimensions are also indiceted in
Fig. 4.1 . For convenience the dimension 7 is taken as reference
and made equal to 77 . The value of all other dimensions are
given as per unit of % . This procedure simplifies the form
of the potentizl functions and it only affects the scale of
the field. The solution of the potential functions given below
are based upon the methed of insvection. This rethod selects
a likely solution andisa not unfamiliar approzch to many problems.
The solution of the potential function #5 is given by:

s1nh-——(h5+3 -y)

inDl (o T 4+ P -1

4) 1+2A SLZR( T + F) (4-1)
m=j sulh(m“ ) .

The functio forming e quation (*—1) satisfy Larlace's differentizl

equation (V Sb = 0 ) and also the three boundary conditions of
the sides having vnity potential. The unknown coefficient 4 is
determined from the fourth boundary condition along the broken
line (which is unknown).

The solution of the potential function @, in the air gap

is given by:

0 sinh(ky) 2 snlh—n—,f— (9-v)
COSKX+ Z
P

- — COS~—-(’V~L+T-dls) (4~2)
CP?. ”z % sinh(kg)

smh””
k=0 3
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Apain the forn of . -
spean ine forvm of equotion (4~2) is chosen to satisfy Laplace':

1
>

AdAiffevonts- 4 LR T ‘
differenticl equution., The unknown coefficients B, ond Cyp are
determined from the boundary conditions e2long the stator slot
pitch and roter slot piteh (both potential functions are unknown;.

rm I PR Sen (I ‘ 3
Ihe solution of the potentizl function #5 is expressed by:

T s
¢ §" D Slnh%jknr '1'}') i .
= : sin®L(xy P -7 -dis -3
3oL s:mhmz’-hr lnzvpr( T C-dis) (4-3)
m= 2
4

The potential function given by equation (4-%) satisfies Laplace's
eguation and the three boundary conditions of zero potential.

The unknown coefficient Dy, is determined from the fourth boundary
condition along the broken line (which is unknown).

The determination of the four unknowns Am, Bk, CK, and D,
cannot be ccnveniently handled by conventional wethods, because
the resulting equations lead to rpultiple fouricr series, 7This

53
probler has been tackled by makirg use of rfredholm Integral
54
ecuations in conjunction with Galerkin method of approximstion,
The essence of the technigue and the details of the mathematics
are given in arrendix 10.4.

Having obtained the solution of the potential functions
q% 5 dz and d% , it is now possible to determine the flux
density distributions along the stator slot pitch (or rotor slot
piteh) as well as inside the stator and rotor slots. In order
to obtain the flux variation from maximum to mininua, it is
sufficient to displace the rotor slot (rectangle IT, Fig.a.1 )

3

from tre symmetrical position (stator slot - opposite - rotor

slot) by half rotor slot pitch to the position (stator slot -
opposite - rotor tooth).
The flux entering the surface of t..e¢ stator tcoth can bhe

. T ™ erivative of the entia
cnlculoted by integrating the normel derivative of the potenticl



_58_

function (]52 “ty =g in the range (0 2L U-R ) ind '
( ‘ﬁ+’? SxL 29 ). The amount of tie flux entering the
sides of the stator tooth is obtained by integrating the
tangentizl derivative of the potential function CP7 at x=Jt— R
and %= 7+ in the rence ( 9 <Y< As +9 ). 1In the
same manner the fiux entering the surface of rotor tooth and

its side is determined., The computer programme which is

written for estimating the rotor and stator tooth flux variation

and also the print out of the computed results are attached at

the end of the thesis. ( see pages 243-272 )
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Sonme Computsd Tooth Flux Javeforms

Y

Owing to the fact that there are no reliable analytical
or empirical formulae by which the shape of the tooth flux
waveforms can be calculated, no attempt is made to correlate the
computed results with the fornulae which are either used or
proposed in literature., The latest forrmrula which is based upon

a7
a lirmited experinental test was given by Finns., besides the

fact that the proposed ezperimentel formula leads to an error
of the order of 75¢ (this wers noted by Binns), the given formula
is based upon the maximum and minirum tooth flux and it excludes
the slot pitch parameter,

The experimental flux waveforms which are uscd for the
purpose of corrclation arc obtained {rom search coils,
sepcifically constructed for investigating the various flux
componvnts entering the rotor tooth surface as well as the tooth
body. Since the details of thess scarch coils and their rogsitions
and also the flux waveforms of the taken oscillogrums are

' : o o - 1 V31 antera 6 a 7
discussed in the experimental part of this thesis (chapters 6 and 1),
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the resalt of correl=tion is illustrited later, However, it
will be scen in Scetion 7.6 that the correlation between theory
and experiment is very good for all flux waveforums obtained from
various search coils,

In order to establish the accurzc; of the analysis it is
possible tc meke use of symmetrical positions of rotor tooth
against stator tooth (with equal slot widths) for which the
average flux density in the air gap can be calculated by the
method of conformal transfcrmation. In Teble 4-1 the magnitude
of te average air gap flux density obtained by Baillie's formula
given by equation(3-4a), (sce chapter 3, section %.3) and by
author's analysis is compared for a selected ratio of the slot
opening width to the air gap length.( see page 249 )

Table A4-1

Per unit average air gap flux density for various S/g

s/g 2 4 6 8

¢ ) g
Baillie'scx f%—g%z%} 0.9714 {0,9111 P.8363 | 0.7538
formula +s

0.9571 | 0.8906 | 0.8269 | 0.7698

Author's analysis

. 1.1 .11
Discrepancy % .47 2425 2 2

The reason for considering only one symmetrical position
of rotor tooth against stator tooth is that the average air gap
flux density 2t this pesition is maxinunm eand the effect of
truncating the series representing the air gap potontial function

is more prominent than at other positions of the rotor tcoth.

, c o S1 e g .
The slight iraccuracy shown 1n Table 4-1 is due to the fact

that the series is truncated up to 10 terms. Ifaninaccuracy less

I3

(x) g’ is nalf of the air gap length g
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thoen 19 is destre : :
i 1) is acsired, the nurber of terms should be incre:zsed

However, it 1 s o '
owever, 311 is believed thot en accuricy of 16 ~%< for the

d.c. ccnponent of the air gap flux density waveform is cuite
satisfactory for 211 practical Turposes. The accuracy of the
magnitude of other hirmonics is much betier than‘the d.c.
component, because the series for the harﬁonics converge much
faster (sce Appendiz 1C.4).

In order to illustrate the total variation of the rotor
tooth flux for verious combinations of slot widths and tooth
pitches,afew computed waveforms are shown in Figg, 4.2=4.6 .

The rotor tooth flux waveforms are computed for a fixed air

gap length and a fixed stator slot width. The rotor slot width
and rotor siot pitch are varied to show their effect on thé share
of the flux waveforrm., The result of computation shows that the
shapes of the tooth flux waves are, generally, non cinusoidal.

By increasing the rotor slot pitch, the flur waveform approaches
& sinusoidal veriation, if the ratio of the rotor slot width to
the stator slot width is not too high (ccmpare Figs.4.5 and4.6 ).
Yhen the rctio of the rotor slot width to the stator slot width
increases the share of the flux waveforn tends to a rectangular
variation (sce Figs.4.4 and 4.6 ).

In connection with the magnitude of the tooth flux pulsation

Binns cormented that for ratios

stator tooth width 0.5
G- R - ‘e
rotor toctn wicin

;. Inm Ao civn J. PR Ay
the nmagnitude of tooth pulzation beccnmes small. 1t can, however,

be scen from Figs. 4.5 and 4.6 that by inereacing the rotoer

nitude

N - B I

tooth width with respect to the stator tooth width the
: 3 NSO IO Nean] v e Wy a e

.of the tooth pulsation slichtly incrocses. Jesplue this, the

hEN TP U e 2 ) ~oee 2 ¢
of wider rotor teoth (s;c YVig.d,y . are clearly

e
.
».

-

losges in the caose
\

{ T oparrove t yEh (oo Fic, G
less thon in tho case of narrever rolor tooth ( e 4.6 ,
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ecause ine hormond onte ' E 8
because ihe hermonie content in the lati.r flux wavelorm is

s . .
highker than in the Tormer flux v

i wavelorm, Generally spedking,

it is wiise to mee o . \ : -
15 urilse to muke broad conclusions on the basis of linited
parameters,
Vi n e an - . . . . 1 3
The anslytical method described in this chapter is
particularly approprizte for predicting the mazgnitude and the

shape of the tooth flux pulsation.

4.4 Scuirrel Cose Fulsttion Losses due to Pormeance Verizction

Generally, with relative movement of rotor and stator teeth
the recluctance puth of the total flux produced by the stator
-winding, changes everywhere in the machine. Considering the
constituents of the total flux to be the working (or main)
flux, the air gap leakage flux due to the m.m.f. harmonics, and
the slot leakaze fluxes; then in the presence of the slot
openings all these flux components pulsate with rotor movement.
The pulsation of the kakege fluxes in the slots (particularly at
the top of the slots) results from the pulsations of both the
main and air gap leakage fluxes.
Cn no-load the pulsation of the air gap leakage flux is
usually neglected on the basis th~t the magnitude of the magnetising
currents corresponding to the m.m.f. harmonics is too small in
comparison with the fundamental m.m.f.
The problem of a sinusoical applied m.n.f. across the air
gap was discussed in detail in Seetion 3.4, and it was shown that
by using the principle of analogy the air gap flux Zensity can
be expressed by nultiplying the sinusoidal m.m.f. and the air
snce wave obtained on the basis of constant ayplied

gap pemiac

m.m.f. (providing the peripheral air gap flow from positive pole
ellled o d . .
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to the negutive yojle is neglected).

Cften the treatment of the air gap flux density obtained
on the basis of constant applied m.m.f. is dircctly employed to
represent the distortion of the fundarental flux density. For

34

ingtance walker in his paper stated that "no appreciable error
is involved if the sinusoidal half waves of the m.m.f. are
replaced by rectanguler half waves whose amplitudes are equal to
the mean valve of the half sine waves", On the basis of this

substitution Yalker applied the rule C1 + C, = 1 (see Section

2

%.4) 2nd obtained the resultant flux density wave. Such

substitution could be acceptable if the object is to investigate

e
}‘4)

the effects of rectangular m.m.f. waves. But, thc.object is
to determine the distortion of the fundamental flux density wave
_then such substitution is questionable (because the harmonic
content of the distorted flux density wave, particularly the
magnitude of the harmonics, in the case of the rectangular m.m.f.
wave can be substantially different than in the case of
sinusoidal anplied Gem.f.). Another opinion which is widely
expressed by the engincers is that the wavelength of the
fundamental m.m.f. is sufficiently long to mazke the assumption
of constant rm.n.f. justifiable. This opinion, esscentially,
assumes the shapes of the distortions along the fundamental flux
density to be the same, This assumpticn is credible if the
slope of the fundamental m.m.f. with respect to a stator (or
rotor) slot pitch is sufficiently snmell and this nny happen if
the number of the slots per pole is toc large. lHowever, both
the above propositions are put forwird, because the principle

of anrulogy discussed in Section 5.4 connot be siricty speaking

&3]

applied to a doubly slotted air gap. This is duc to the fact



that the perrcance anclysis obininsd on the basis of constont
applied mom.f, is restricted to a limited recion of the air gap.
It should be noted that this restriction is not only related to
the analytical nethod given in the previous cection, but to all
practical methods by which the tooth pulsation is being investigated.
Generally, the total sir gap permeance wave, besides the hearmonics
of the order of stator and rotor slots, contcins permeance
harnmonics of long wavelength (the order of these harmonics is
equal to the product of the statof and rotor slots). It was noted
in Section 4.7 that in induction machines as well as in most
practical air gap geometry the magnitude of these harmonics is
not important. Therefore it is justifiable to express the flux
density wave by the product of the fundarental w.m.f. and the
permeance variation resulting from one cycle displacement of the
rotor slot with respect to a stator slot pitch.

In squirrel cage induction machines the flux pulsationsin

rotor teeth, to & large cxtent, are dawped out by the high

frequency currcnts circulzting in the short-circuited bzrs.
. 2.
Hence, this suggests that tooth pulsation losses appear as IR

losses. Since copper losses are much smaller than their

corresponding iron losses, it follows that the magnitude of tooth

1.4"_)
pulsation losses in open-circuited cage should be significantly
greater than in short-circuited cage.
On the subject of high frequency losses due to perieance

variation a series of well co-ordinated parers by Sueoner and

§5-58 _ '
scocintes were published in early 1¢2C's, 1In cennection
56 .
with tooth pulsation Spooner corried out an extensive

his =

Jooses in both short-

w

experimzntal work whereby he measurcd thes

' . RSN A7 Ay e he result
circuited and open-circuited cage. ilthovgh, the result of
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these cxpericental vorks has been pui:liched as enrly as
192C"s, it appecrs that the significance of the publiched
resullts is either glocsed over or forgotten in later puvlications.
Spooner has shown that within a wide range of air gap flux
densitiesbthe reasured tooth pulsation losses remain the same
in both cases of short-circuvited and open-circuited cage. By
using Field's methods of calculating the a.c. resistance oflthe
bars (sce Chepter 3, Section 3.6) Spooner calculated the pulsation
I2R losses. It was found that the calculated losses are a
comparatively small percentage of the observed logses, Spooner
could not find an adequate explanation for this large
discrepancy and he, therefore, concluied that the extra losses
are due to the increcased tangential slot leakage fluxes (due to
‘the increasecd magnetomotive force between the adjacent bars).
In the discussion on Spooner's paper, =lger commented that the
observed discrepancy is due to the m.m.f., of the circul ting
currents in the bars which set up in the gtator teeth flux
pulsation which lezd to iron losses approximately equal to those
losses due to undamped rotor flux pulsations. In Alzer's words
the induced circulszting currents 'shove' the pulsating flux
from rotor tceth back into the stator teeth. In support of
Alger's stipulation, eighsel (sece the discussion on Spooner's

56
paper) produced some experimental evidence. In this experiment
a search coil was placed over a stator tooth and the voltage
induced in the search coil was measured (under the szrme conditions)
in both short-circuited and open-circuited cage. The
oscillograms obtained showed that the induced voltage in *he
cage short-circuited case is much greater than in the cage open-—

circuited case. On the basis of these experimental and cualitative



explenations 1t was concluded thet tocoth pulsction losses should
be czlculated as rotor iron losses (assuming the éage to be
disconnected ),
34

25 years later Valker reviewed the analysis of Spooncr's
paper (apparently unaware of the discussion given ocn the peper)
he confused the high fregucncy stator iron losses due to the
permeznce effect of rotor slot openings (i.e. the losses which
occur due to the passage of rotor slots over £he stator surface)
and the high freguency stator iron losscs due to the rotor slot

59

m.m.fg. Later, Alger et =l published a paper in which,
contrary to the previous belief, they concluded that the high
freguency stator losses produced by rctor slot m.m.f. harmonics
are too suwall. Although, ilger et al implicitly assumed that
the width of the rotor slot openings is negligible and despite
the fact that they included the rotor slot m.m.f. hermonics
in the equivalent circuit, the loss eguations were given on the
basis of a sinusoidal air gap variation due to the stator slot
openings. It is clear that, besides ncglecting the eifect of

CTMmEAnc

(¢]

rotor slot openings, the assumption of & sinusoidal

e}

variation is a gross simplification of the actual rermeance wave,
. . . v 2 A
In calculating the circulating high frecuency IR losses, it is
a common practice to introduce into the loss equations a factor
called the 'damping factor'. This factor was given by
60
Christofides as the ratio of the sccondary differential reactance
to the sccondary slot reactance. These rezctances are, of ccurse,
celculated in accordance with the approximate rules.discussed
in Chapter 3. Also in order to include the effect of rotor slot

openings in the calculation of surface losses, Christefides has

arbitrarily increased the losses by 50
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This brief survey of literature is given to illustrate
that the squirrel cage losses obtained on the basis of the
equivalent circuit are approximate and the given loss equations
involve empirical factors in addition to the inaccurate analvsis
of the reactances.

With reference to the experimental results obtainesd by
Spooner and others, and also on the basis of the experimental
work carricd out by the author (sce Chapters 7 and 8) it ié
concluded that the appropriate approzch for estimating the
pulsation logses in rotor is to assume the cage to be disconnected

and calcul:te the losses as iron losses.

4,5 Conclusion

The magnetic potential distribution in a doﬁbly slotted
air gap is given by using an analytical method end including
the effect of rotor slots on the flux density distribution along
the stator slot pitch. From the anzlysis of the Laplacian ficlds,
the flux pulsation entering a stator tooth and its sides (or a
rotor tooth and its sides) is determined by displacing the rotor
from maximum permeance position to minimum position. The flux
waveforms cozputed for various parameters indicate thzt the
tooth flux pulsation, generally, contains higher harmonics of
significant magnituce and the losses induced by thesc harmonics
cannot be ignored.

It was shown th2t the methods used in literature for
calculatinz the tooth pulsation (as well s the surface losses)
due to the permeance variation are based upon dubious factors

ap leckage reactances. It

[

o
-
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2

end inaccurate anzlysis of the

L
9

=1 the

o

was shown thnt the experimental results indicate <t

pulsation leuses in both short-circuited und open-circuited



squirrel coge are offectively the same, 1t is, thercfore, arsued

that the apprepriate approach for estimating pernmesnce lozses in

the squirrel cage is to assume the cage to be disconnected and

the rotor lcsses to be iron losses.
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5.0 Gerneral Discussion of Iron Iooses in Induction lotors

The study of physical phenomena occurring in ferrousgnetic
material subjected to an applied field is closecly related to the
possibility of determining the analytical relsationship between
the parameters of the region and the applicd field. 1t has been
rentioned in the introduction of Chapter 3 that in regions
occupied by air and conductors, the resistivity and permeability
can be assumed to be constant (aithough, the resistivity varies
with temperzture). In these regions the linear theory can be
applied for each gpplied field harmonic and superinpose the‘
effects produced by each individual hzrmonic to obtain the
resultant field. 4is fer as the total field (or the resultant
induced currents) is Concefned, the gpplication of lincar theory
is valid providing the incurred losces and forces ere estimated
on the basis of the total field and not on the basis of
individual harrnonics.

In ferromagnetic materials the relationship between the
flux density and the intensity of the field is non-linccr and its
function is highly complex, The difficulties which are
encountered in the analysis of the magnetic field in ferromagnetic
naterials may be summarised in the following:

1. The aliernating magnetic field is described by the diffusion

equation

curly H =-7“-%§L— (5-1)
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The zrplitude of both flux density B ¢nd the ficld intensity
H arc a function of srace and time, and each cf these
functions benuves differcntly. The relationship between the
space functions of B and H describes the normal noegnctising
curve and the relationship between the time functions of

and I describes the hysterisis loop.

5. Since the parameter r M is a highly complex function of space
and time, it is not difficult to appreciate that the solution

of the diffusion eguation (5-1) cannot be derived if both

non-linear functions of‘/A and 5 are taken into accounti

It was shovm in Chapter 2 th:t the travelling zir gap field
in induction machines is neither sinusoidel nor of constant shape.
¥urthermore, it was shown in Chepter 3 that the effect of slot
opening impose additionzl distortions., 3Besides these complicntions
the non-linenr theory hés nct been included in the travelling
wave theory. 4lso no law his been discovered for calculating
the hystercsis loss as a function of & travellins flur density
wave of an arbitrary shzpe.

In view of the above considerations, it is clear that
application of non-lineer theory to the ragnetic field of
induction mechines (without meking further simplified ass UthlonS)
no practical solution can be predicted. At present, the only
practical approach by which this problem can be tackled is to male
use of the principles of_the linezr theory. In prectice the
aprlication of linear theory can only provide an approximate
indication of losses and thus the introduction of empirical
factors becomes unavoidable. In view of this situation, a corron

. 2t anv rodificati f
view is cxpressed bY englncers that any rodification of the
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existing inexsct bul siwple loss foruuln is unjustifiable,
The author docs not accept this point of view for two rcusons:
&) Introduction of eitpirical factors into loss eguations
can only serve a useful purpose if the loss eguotions
derived on the basis of linear theory are accurote.
It is unwise to add an arbitrary amount into éen
inaccurate formula.
b) Generally, the empirical factors are introduced on the
basis of experimental data obtained from a limited test
and limited range of parzmeters. Thercfore, without a
sound theoretical analysis, though bascd on
simplified asswaptions, it is not possible to make a

o~

satisfactory appraisal of new or unconventional designs.

Yith these points in mind, the primary object of this
1

chapter is to meke a criticzl assessment of the present linear

and non linear theories and give a rational treatwment of iron

Gq

losses based on constant prrmeability.

5.2 The Sceps of lien-iinzar Thecry

The applied field intensity is commonly assumed to vary
sinusoidally with time everywhere in the iron. With this
assumption the time dependence oH_ can be replaced by a

ot
complex notation and thus simplify the diffusion equation (5=1).
On the other hand such an assumption would contradict the non-
linear property of the iron because, by assuming the ficld
intensity to vary sinusoidally with tiue everywhere, this in
turn implies that the current densities induced by the e.m.fs.
must also vary sinusoidally with time everywhere. Since the

“

e.m.Ts. vary sinusoidally with tine everywhere, this means that
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the flux dencit

e,«

"y 2lso, varies sinuscidslly ith time
everywnere which is not admissible. Therefore, it is not
possible to essuue the field intensity to very with time
sinusoidally everywhere in the iron, unless  prior conditions
are imposed. In theory both B and H may vary sinusoidally with
time everywhere in the iron if the hysteresis loop is exproessed
by an ellipsoid. In such a case the flux density lags the field
intensity by an angle £ . 1n order to replace the actual
hysteresis loop with an eguivalent cllipsoid it is necessary to
determire the angle & such that both areas of the actuxl loop
and the ellipcoid tecowe equal. By tsing this principle, the
flux density and the field intensity can be written in complex
form and hence introduce the concept of coﬁplex permeability,
namely,

jai

B=Byé
H=Hm8

and _
. B, 46
A=

By making ﬁse of the concept of complex permezzability, the
differential eguation (5=1) can be written in complex form thh/ﬂ
replacing /u . The solution of the differential equation (5-1)
in a complex form is comnmonly applied to cylindrical bodies or
semi-infinite blocks. In both cases the resulting equations
involve laborious complicated functions. In the case of cylindrical
bodies the solution involves Bessel fﬁnctions in which the

61
evaluation of the moduli and vhase angle 8 is too difficult,

because they are not tabulated for complex arguments., In order

" o make an analytical colution tractable, the differcntial
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equation {%-1) is solved on the basis of an effective
1-4
perneability obtained exporimentally. This approsch involves

laboriecus exverinontal as well as mathenstical analysis (scc

. Ly N - .
Reference 1 ando2 ), However, althoush these methods are, to a

large ertent, dependent upon the experimental results their
applicebility is confined to smooth solid blecks subjected to
sinusoically varying applied fields, £Also the principle of
superposition fpr two or rore applied ficlds cennot be used.

For the reasons indicated in the introduction of this
chepter and also duc to the complicated nature of the non-
lincar analyeis described above, no justification can be found
for applyins the loss Tormulae obtained by these methods to the
field of induction machines.,

A practical approach for tackling the problem of iron losses
in induction machines, would be more appropriate to congider
the hysteresis and eddy current losses as two sepzrate components.
Usuelly, the hysteresis loss in sclid rotors is considzred to be
smzll in comparisen with the eddy current losses., In induction
machines, horever, the rotor is laminoted and the hystoresis loss

is likely tc form @n aprreciable fraction of the whole loss.

The first theorstical avpprozch for calculating the hvsteresis

63
loss as a separate component is that of Carter. Carter susgested
64

that if the law of loss discovercd by 2211's investisationa b

(3
O

assumed an appropriate for an applied travelling field along a
smooth rotor surfacc, then the hysteresis loss can he detormi:egd
by intezreting ti.e flux density which penetrates tie lamin~tions
(taking into account the skin eiffecct but neglecting the eddy
currcent rcaction on the avnplied field). Tho szme approach was

65
.adopted later by Gibbs, by medifying Corter's fornula, It is

e
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cleasr thed both Corter's and Gibbs! foriulas (whjch ore siven
for teotlh frogusncy losses) are based upon twe hypotheticnl
considerations, nomely:

a) Thit Ball's Tormuls vhich is derived for bizsed
asymncirical loops is valid. In reality the
unsyrnetriciel loops due to tooth frecuency fluxes are
rninor loops superimposed on the mein loon duc to the

66 62
fundamental flux. Both Spooncr and Ramsden have shown
that the hysteresis loss calculited on the basis of
Bell's forpula ig valid only for o limited runge of
field variation,

b) The depth of flux density penctration in laminated iron
is assumed to be thé classical one, although it is well
known that the depth of peretration in laminated iron
is far more complex than in =olid iron.

Besides Carter's and Gibbs' formulas there are a nunber of

55
empiricz2l formulas which are discussed in details by Spooner
Eowever, the experimental results carried out by Spooner showed
that nornz of the formulae derived on theorztical basis ( 2lthough

some of the formulas were modified by ewmpirical factors) give

(¢}

an adecuate approximation te the actual hysteresis losmses,
Generally, the hysteresis losses are calculated by formulas
whiéh are derived purely on the basis of experimental results.
Strictly speaking these experimental forrulas sre also inadecuate
because as mentioned earlier they are based on 2 limited teosts

55
and parameters. or instance, Spooner's experimental formuls
is based upon the tests carried on one type of moterial, end in
this ccnnection Spooner stated that for other kind of materials
the logs should e either increased or decreascd according to the

known difference in the hysteresis characteristic of the waterial,

However, Spoonox's proposition appears to be the only
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stitislactory wey for cmlculnting the hysteresis loss,
In literature the non-linear analysis of eddy curronts
is, ususlly, given on the basis of idealised mrgnetising curves

such &s the rectangular curve., This approsch hos been used by

sgarwel whereby he obtainced a relatively simple formulre for

b

calculating eddy current losses in both solid end laminated

iron subjected to a sinusoidally time varying epplied field.

The non-linear analysis pgiven by A arwaf is not applicable to
induction machines, becausc the applied field along the rotor
laminations is not constant (as assumed by Agarwal) but attenuate
hyperbolically with depth. Besides this, the accuracy of

~ Agarwal's formulze entirely depends upon thé choice of suitable
value of.permeability. However, the problem of eddy current
losses can be treated with satisfactory accuracy by using the
linear theory. This problen is discussed in the following

sections,

5¢35 The Linz2rr Theory for Zddy Curr~nt Losses

The basic principles for analytical calculetion of eddy

current losses on the basis of linear theory were published as
67
early as 1606 by IMlidenberg. Or the same lire of thought, idams,
63
et al published a classical work in which they investigated th

®

distribution of the induced currents in a seni-infinite solid
block subjected ‘to sinusoidal travelling wave &t the surface,
The result of these anzlyses were applied to the rotor of syn-

4

chronous and induction nachines cn the basis that the applied
air gap field renains the same irresvective of the air gup

~ . . /. N
length or the effect of stator permesbility (i.e. on the basis

of urdamped flux density). In order to incliude the coffcct of

the air gep and proxwimity of the stator several papers were
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rublished., ‘“he coumon feature of all tlic published worls ic {o
make the following assumptions:

1. lhat the air gap length is too small in comparison with
the stotor ond rotor diameters so that the air £ap
curvdture can be ncglected,

2. ithat both the stator and rotor are solid semi-infinite
blocks,

3. 1hat the mschine is infinitely long so that the end
c¢ffects can be neglected.

4. tThat the effects of eddy currents in the stator iron
and copper are small.

and 5. thet the resistivity and perceebility of both rotor ond
stator are constant.

The above assunptions and simplific&tioné encble & relatively
simple linecr theory to be developed in terms of rectangular
co—-ordinates in two dimensions. Since the problem of sgolid ircn
is extensively treated in literazture (see References 69~75 and
elso 62 ,, the details of the solution of the ficld in solid
iron are not included in this chapter.

Often the results of field cnalysis obtazined on the basis
of soclid iron are used for laminzted iron. rlthough, the
analysis of solid iron provides a conceptual picture of the eddy
current phenomenon end gives an indication of the field bechaviour
in the iron, it would be inappropriate to represent the analysis
of the laninated iron as a modified version of the solid iron.

In laminoted iron the axicl flow of eddy currents is
prevented by the interlamina insulations arnd the currconts are
forced to flow in the periphercl direction. &as an illustretion,
‘thc path of cddy currcnts, induced bty &n applied wave, on the

snd loninated iron is schenetically shown in

(o

{uce of a solic
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Fig 5.1

The paths of eddy currents on the face of solid and

The currents which flow in the axial dirsedion

"damping currents', because these curreats damp the

penetrates the iron surface radially. The currents

in the peripheral direction arc called "screening

because the effect of these currents is to crowd th

the surface of the individual lamination. Further

surface of the iron, the induced eddy currents atte

depth. However, duc to the lamination the applicd

the iron alonc the interlaminal surfeces and hence

eddy currsnts sustain their magnitude within a sien

frow thie surface of the iron., By virtue of this de

laminated iron

are called

flux which

wvhich flow

t
currents”,

e flux towards
from the

with

nucte
ficld ponctrates
the induced

ificant depth

ep flux
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penectrotion, the distribution of cddy currents in laminoied iromn
is more complex than in solid iron.

Considering a single laminction, it is possible to
distinsuish two types of induced eddy curren's.l “he first type
of ¢ddy currents which are induced due to the radial penetration
of the flux may be illustrated by horizontal plones (en exeuple
of such horizontal plene is shown in Fig. 5.12). Within the
classical depth, the function of the induced cddy currents in
such horizontzl planes is to expel the inducing flux from the
inside of the lomination., Above the classical depth the induced
eddy currents crowd at the surfaces of the lamin=ztion in order
to keep the expelled flux out of the iron. These eddy currents
contribute significantly to the fotal eddy current losses., The
second type of eddy currcnts which are induced duc to the
angular variation of the upplied field may be illustrated by

vertical cross-—iectional planes perpendicular to the peripheral

direction as shovwn in rig. 5.2.
g

R —
2
[ -

Fig 5.2

Eddy current distridution in a vertical plare of a single lamination

From loss point of view, these induced eddy currents are not

3 s TN o9 - whi . cg +haorn e
important, becaouse the field intensity which produccs thoem is

.wen,k .
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The first purcly ennlyticsd artlysis of oddy current
locs . L ) 63
085es 1n laminated iron was given by Carter. ‘ssuming the
e sy e sy o 1 ~ , - . . .
current flow in the lamination to be rurely peripheral, Corter
derived on analytical forrula in which the loszes appeared to
be proportionzl to the square of the lamination thicknoss., The
derivaticn of Carter's formulac wes based upon two principal
3 \' L3 - . .
assunptions, a, the induced eddy currents are confined within
the classical depth and b) the current flow in = single lamination
is purely peripheral. The implication of assuming the current
flow to be purely peripherel effectively amounts to neglecting
the effcct of lamination thickness on the distribution of cddy
76
currents., In connection with this assumption, C.7. Carter noted
in his paper thzt Carter's formulac is appliczble not to the
thinest lominations but to leminations vhich are thick enoush to
ensure that the transverse comporent of currsnt density is
negligible in ceomparison with the longitudirel component.
Although these remarks are correct; the inasdenuscy of Carter's
fornulaze to a large extent lies in the second ascumption that the
induced eddy currents arc confined within the cl2ssicnl denth.
_ 68,77,78
As 8 nmatter of fact most of ezarly theorctical woris on
laminated iron were bazsed on the analysis of solid iron. Xor
68
instance, Adams, et al introduced into the loss formulse for solid

iron an enpirical factor which accounts for the change of the path

of eddy currcnts in the lamination (i.e. the resistivity of the

iron is modified by an additionel rultiplyius factor). This
34,65,72

approach has been used by several authors, ond the loss formulae

obtained in this way appears &s a first power of the lamination

: yesde oy 7 Nn Al .~ o M eh S
thickness (1n contrast with Carter's fermulse waich is

' Aot 7 oY oy Sa Anddestod
proportional to the square of laminstion thiciness). s indicated

76 . | 4 s x
~a are inadecuste o 2 &N
b:\f Ge'ia Cartor o 1 thone orulas are ragecy - b give



79 -

accintable antreoyimn ~.
acciptable mnproxinated volue of the lossrs =ron they are

SNt i: By M Ay ede Y Y | ! v 1
applizd to o particular design of induction nochine.

“he conploxity of cddy current distribution in laominated
iron bas been known for a long time, nnd for this reason
b bt . 55,79,80
attonpts were nade to investignte the locses experiment:lly,

55
Tna "‘roj"l" Of «")‘TO ner o = d . . .

Work wpoonar and Kinpard is possibly the carliest
comprehensive investigation in this field. Spooner and iiinnard
found that the megnitude of the total losses (hystercsis and
cddy currents) is proportional to the square of lamination
thickness when the iron is finely leminated. In the case of
thick laminations the losses appearcd to be proportional to
the first powcr of the laminction thickness.

The first detailed analysis of the deep penctration
81
phenomena wes publishcd by Bondi and Nutherji. On the basis of
8285
this paper scversl authors investicated the eddy current losses
in a laminated pole shoe. The experimental results obtzined by
these authors revealed that the measured componcnts of the field
inside a laminztion subctantially deviztes from the values
predicted by theory (see in particular Refercncc85 :nd their Fig, 6).
On this account, the author revised the anzlysis of Bondi and
MNukherji and it wes found that their anelysis is mathematically
over-defined., In the analysis of Bondi and Lukherji the solution
of the total field (i.e. the applied field and the field of the
induced eddy curronts) involves five unknowns, In order to
determine these five uninowns, Bondi and Luidierji have, twice,
made use of the boundary condition at tre surface of the iron,
This boundary condition which dictates that the radizl compenent
of current density ot the iron surface to be zero, is once

A

‘ rs Al < N [P, ]
implicitly used in connection with the undamped applicd flux

4-

density (nhich ewists in the absence of eddy currents, sce
VR S I Y Vi R ekt



boundory condition iz apein used

wdanped flux density in

I '.".)T' Ctaor oy RN hd Iyt 4 1 1
corjunciion with [lux dvensity crovtad by the induced eddy
currents, oo their squation 12). The irmplication of using
ne sene oourndsry condition twice is tantamount to introducing

.‘:L l" k04 oy e 44 S A n . ~
n unknown exciting field which could lead to erroncous results.

m o ~ . , P . : e s
The sume problem investigated by Bondi and kukherJi is

t
H

vted in appendix 10.5 on the basis of two separate field
components nomely, the applied field and the field of the
induced currznts. Owing to the limited time it was not possible
to verify the given theoretical anulysis experimentzlly. rfor
this recson it wos decided not to include in this work the
results of theoreticil eddy current loss cilculation. However,
the field znalysis given in ippendix 1C.5zot only provides &n
2lternstive approach for trezting clmctromugnetic problems of

corplicated neture, but it con bct&iﬂiin tho future work for

estinntin: ¢ddy current lozces in l-minnted iron.

5.4 Tha Scora ond avvlic-ftion of tha Line r Theery

-

The methods in common use for the c:zlculution of loises
due to the winding &nd slot-permeance hermonics sre bised upon
the Jlinear theory which does not 21low for superpcsition in

detsil. +sccording to the linexr theory, the permezbility of

111 field harwmonics irrezpective

]

iron is tuken to be constant for ¢
of the shope of the totel field waveform und the change in the
Lgnltudo of the field strength inside the iron. aport from

the supcrposition of the total harmonic vorication on the

ta

fundementsl, there is also the superposition of the hi.rumonic

"fields themselvaes to be considered.
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Teatures cbhout the resultant fields. For o aple PMigs. 2.7 and

24 show thet the resultant m.m.f. variation for a full pitched,
infinitely distridbuted winding is likely to be un-symmetrical,
having larger positive pesks, thaon ncgative peaks where the
fundomental is positive ond vice versa wherc the fundarental
is negative., DBesides the non-syrmetricel shape of the waveforms,
the field varistions are superimposed on the fundsomental and
henee e continuous change in the magnitude of the biss field.
In addition to the phase bznd and slot m.m.f. harmonics, there
are slot~permeance hzrmonics which are zlso superimposed on the
fundementszl., all these harmonic variztions form incremental
loops on the fundomental with verious bics. In the cuse of
incremental loops with & small bics, the‘incremental pernenbility
is of the scme order as the normnl (unbiased) permeability,
but the loss is affected by the asymmetry of the loop. In the
case of incrementzl loops with lorge bias the incrementnl
permecbility ic considerably less than the normal permenbility.
Apart from this there is the guestion of the appropricte
permeability for the varying bi~s. Cn this subject sn extensive
62,66,86,87
discussion is given in lluer.tu*b, ;nd the points m=de above are
given only to illustrste the n-ture of the problenms .associated
with the analysis of superposition and hence the use of linear
theory., However, the common view expressed in literature is to
use one value of incremental permeability for all the hnarmonics.
The representative value of tre increment:-1l peormezbility depends
upon the materizl ond the magnitude of eddy current resnction,

> b n o9 ERAL S 7o =
and its vtlue)ganarallyillcs wyitrin 2 feirly wide ranse, n:zpely

m -~ ary A wloede "' 3 "o s bl 3 1
P 2000 » The accursic knowledge of the permeability
100 </{A <1 glele



is of inportinen wlv . 5P : . .
1S CGLouportince, only, if :n wccur.te Jloass fernuls is

available (73 4in the one -~ L | -
wvoilible (5 in the case of solid iron). In the case of
leminstsd iron it was zhown in +he previcus sectvion thuat no

eccuriste analysis of the losces i

(%]

wveilable in litorsture wnd
the eivect of perucebility on the loss remning to be investignted.
With rogord to the superposition of the slot m.m.f. ¢nd
glot-permesnce horuonics, it is common practice to ignors the
interaction of the hrrmonics and calculr-te the lozzes due to

each of them sepirately and ndd the calculnted losse This

s
o
t

proccdure is sceeptoble for the following rcasons., In Chopter
2 it wos shown th.t on no-lozd the slot m.m.f. hirwornics &re
concentrited sbout the zero position of the fundamentol and the
shape of the total hurmonic voristion 2t rotor surfrice is of
trianguler form., owey from the zero position of the

fundamont&l; the shipe of the varistion graduszlly chonges (see
Fig.fg S ) snd the mignitude of the viriction ot the peak
position of the fundomentzl reduces to a small emount. On the
other hand, the megnitude of the slot-pcrueance hezrmonics 18
maximum ot the pezk position of the funcdiment and it reducess as

it approackes the zero position of the fundamental, In between
these two positions (i.e. between zero and peak) the alot m.m.f.
and slot-permesnce harmonics combine together and the shape of
their resultant variation is neither triangulzr nor a riprle

(sco Figure 72 vhere & detailed oscillogram of the variction
of the flux wovelorms 2t the secondary surface ic chown),
Therefore, along rotor surface there sre two distinct waveforms
of the total hermonic varis tnon”, one due to the slot m.m.f.

"

hayimonics ( hich is of trisngular form/ and the other onc due

’

to the slot permesnce hermenics (vhich is = wave of rip lew).
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By corzidering ons rotor tooth, it c.n be scen th t when ihis
tooth o 2% tha zero position of the fundament~l the tooth

lossen cre primcrily determined by the harmonic centents of the
trianguler waveform of the field varistion. “hen the tooth is

&t the poeuk pousition of the fundamzentol, the losses are determined
by the hurmonic contents of the permesnce ripple. If the
nignitude of the field verintion inbetween the zero and posk
positions of the fundomental is not higher than cither of the
field varictions et the zero or pezk position, then the average
rotor loss is somawhere between the losses calculnted on the basis
of the slot men.f. hormenics and thot calculsted on the basis

of the slot permeance harmonics (i.c. assuming the shope of

the woveform of the total hzrmonic veriation in ecch chze to be
the scre in «1l rotor teeth), &s far s the veoriation of the
field inbetween the zero =nd peak positiornz of the fundamental

iﬁ concerned, the result of ewxperiment:l work discussed in

Chezpter 7 shows thit the mrgnitude of the voristion is not higher
then the magnitude of the field varintion at the posk position

of the fundamentsl., However, the shipe of the total hr.roonic
varistions ot these intermedinte positions (a3 explained corlier)
are not the sime. This meons that the cverage loss is not
necessarily the scme as the mean value of the two loss

components referred to earlier. Despite this, the avervge value
of the combined leoszes 1s unlikely to be considerably different
from the mean value., Therefore it is'suggested to calculite

rotor losses on the busis of the resn value of the two lous
components caleulated scpsrately.

S A ”~ oo +hn~ 3y e y S
Although the theoretical analysis of the problems cutlined

sbove is too difficult, the linear theory rewmcins to be the
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nost counvenient metiod Tor cotite ting the lesses in induction

wachines, By muking on cpprepriste anclysis of the field

viristion in the ajr gup, the losmses con be crlculsted with

grenier cccurecy. loucver, the accurucy of the cilcul-ted losses

depends to o large extent upon the validity of the loss formula
used and the met:od by which appropriate allowances are made for
the detziled field distribution in the 2ir gap, (in connection

with the lotter point further suggestions are proposed in

Chapter 9, to be considered in the future work).



6.1 Introduction

In norwal induction machines, the secondery flux corponents
and induced currents are usually ncasured by search coils and
J-probes whose leads are connccted to a separote slip-ring on
the rotor shaft. Cwing to low level of the signuals, the
susceptibility to noise pick up, and the complexity of the
equipment required to transmit a large number of signals, the
flux and current density measurements are either inaccurate or
too costly. 1a crder to avoid these difficulties, a special
inverted induction motor was designed in which the rotor
(secondary member) is stationary and the stator (primary n mber)
ig rotating.

Owing to the special feature of the inverted induction motor,
it is possible to make a detailed study of the secondary flux
and current density components with maximum accuracy.

In this chapfer, the technical details of the experimental

machine, the sezrch coils, J-probes, and the instrumentations

nsed for conducting the tests are described.

6.2 The Desisn of the Inverted Incuction Liachine

The experimental machine is nominally rated at 35 h.p.,
415 V, 50 Hz, and 1500 rev/min. In order to drive thc motor
externally, the shaft of the primary is coupled to a precision
dynamometer which is also used to measure the losses of the
secondary. The three-phase pover supply to the primary windings
is connected via slip-rings. Two photographs cach illustrating
Ithe primary and secondary separately are shown in Figs.6.1 and

The surface search coils and the terminal boards to which

602'
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the leads are connected can be also scen in Pig.62
The general details of i )
4 i1ls of the primary menmber (stator) are

ligted in Table 6-1.

Table 61

General details of the primary member (stator)

Number of slots : ) 36 o ]
Number of poles 4 -
Type of winding double two layer lap |

Material of the laminations ‘§iansifw—1o7,

So= Y8106 Si;/cm
Thickness of the laminations 0.35 mm

Axial length of the machine | 260 mm |
} : !
Outside diameter “553”52 mm :
. i
, {
Inside diameter . 88,9 mm i
width of the slot opening 4 mm i
i
Slot pitch 25.1 mm i

The slot and tooth configuration of the stator is illustrated
in Fig. 6.3

The general details of the secondary member are given in Table 6-2

Table 6-2.
General details of the secondary member (rotor)
Kumber of slots(parallel sided slots) 32
Conductors ver slot(insulated conductors) 1
- -
laterial of the laminations Transil 107,
[t B Fe 48 ‘10? Q. lem
Thickness of the laminations : 0.35 mn
Outside diameter 444.5 ©m
Inside diameter 268,92 mm
Width of the slot opening 3 mn
Slot pitch 28,36 mm




- 87 -

The datsils of ) RPN TN '
s ol the slot mnd tooth counfirurction of tho
sCeon 1;5 v ooaye eleum 4 e
’ fre shovn dn Figk .4 . The bars of the coge are

nmede of solid reetargular copper to it the shape of the slots.
At cach onud of the bar a hole is dri 11CL and throusl flesdbl
leads exch bar is comnected to the end-rinss. This arrangement
is espeeislly designed to ensble the bars to be connccted or
disconnceted from the rings (i.e. to facilitate discomncctced
cage test).

The doctails of the network of scarch coils and J~probes

constructed on the secondary are described in next scction.

~

6.% The Construction of Scarch Coils and J~vroksg

6.3.1 The Scarch Coils

The secondary merber is provided with a large numbor of
search coils for mezsuring the components of the flux entering
various parts of the tooth body and the svrface of the tooth.

Generelly, application of search coils is unsuitoble for
the purpose of investigating the flux density distribution,

because the c.m.f. induced in a search coil is generated by the

total flux enciosad by the area of the scarch coil. However, if

a large number of scarch coils of sufficiently smsll width is
employed, it is pos ssible to obtain an approximate picture of the
flux density distribution. On the other hand, construction of

a large musber of scarch coils in induction machincs is not

1.1

practical due to, firstly a small air gop length &nd secondly,

narrow search coils axc too low,

3

the sipasls cobtoinsd fro

Therciore, in the present experinent a compronise is made by

choosins the scarch coil width to be sufficiently smzll with
a ) NS Ea s A ’a

- e KB N “
resnect Lo the teoth width, ond sufficiently wide O otl:sin an
sShieleot b ~

adequite signal.
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In rrovi N P SRS O S
previcus cxperimental works, the tochnicue of printed
circuit sea SV
search coils was developed for the purpose of surface

flux recsurenent, However, it was found thot the method of

rinted scarcl ] 0115 T . . cL
T search coils reguires o speeizl technigue and it is a

. BT .
costly method. Instead a simple and cconomical technigue is
developed, which consists of sandwiching the pattern of the

scarch coil between two very thin sheets of melinex using a fine

layer of arazldite.

The pattern and widths of the surface search coils used in

the experirent are shown in Fig.6.5

we

. The leads of the search
coils are twisted and brought out through the slot opening to 2
terminal board and then connected to multiple rotating seiector
switch. The connections of the rotating switch are arranged in
such a manner that thirteen combinations of search coils of
different widths can be selected, The widths of these search
qéils and 2lso the numbers assigmed to each of them are
indicated in Tig. 6.5 .
The scarch coils constructed for the measurement of the flux

components entering various parts of the tooth body are_shown
in Fig.6.0 . As shown in Figb.6 , the width of each tooth
lié is divided into three equal parts. Search coll 42 is
jocated at the edge of the tooth lip, search coil 41 at the mniddle,
and search coil 40 at tre corner of the tooth. Similarly, three

search coils are symmetrically wound on the other tooth 1ip.

In order to investigete the flux in the tooth body, three

gearch coils (one at the top, one at the middle, and one at the

bottom of the tooth) are constructed (sce Fige o6 o
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6.%.2 J-vrobos

mh ) o . . o
The theory end construction of J-probes (1.@. a filament

type current density probe) have been treated in detail by
89

Burke and ilden., These probes consist of an open circuited

filament of wires which are placed on the surface of a solid
conductor. The entire length of the filament with the
exception of the two extreme cnds is insulated elcctrically
from the conductor. The two extreme ends arc eléctrically
connected to the conductor by making two negligibly small
holes on the surface of the conductor. Two leads are then
twisted together and connected to a high impeddnce voltreter.

" If the filament is aligned with the current dircction and
is of suitable length, such that the current density and
conductor resistivity do not change significantly over the
length, then the terminal voltage is proportional to current
dénsity, nanely
V=L (6-1)
where _f is the resistivity of the conductor, and

¢ is the length between the two end points.

It is clear from eguation @3—1) that in order to obtain
an accurate measurement of current density, the filament
length must be sufficiently short such that the current density
and resistivity can be considered to be constant., On the other
hand if the length of the filament is too short, the signal
would be also too low which leads to the susceptibility of
noise pick up and difficulties in amplification. However, the
lengths of the J-probes which were constructed along the
gurface of the bar are chosen such that the induced sigral is
‘sufficiently large and at the same time weking the effect of the

ventilating ducts as small 23 possible. The details of the
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locations end lensths of .
LO7IS &and 1&.‘._{,thu of the J"prObG:} are shown in :.“i[:Sl() . r{?_o . 8
slso along the surface of the lemination of the inverted

rotor four J-probes ar o . C e
ovr J-probes are located and these are shown in iz, 649

. s . .
6.4 The Circuit Dizrrem and the Instrurentation

6.4.1 Leasurcuent of the Input Pousr

The gencral lay out of the circuit diagram used in the
experimental work is shown in Fig.6.10

For the purpose of gradual and smooth regulation of the
excitztion, the supply voliage is comnected to a manual auto -
transformer., By means of the step-up transfornrer (sce Fig.(6.10)
it was possible to incrcase the input voltage above the nominal
415 volts to & maximum 600 volts (on no-load, at 6CO volts
excitation the megnetising current is approximatcly equal to
the full load rated currnnt) The input line voltages are
measured by three identical Solatron digitel Voltmeters.

Input current messurements are made via three identical
current transformers. The primary winding of each transformer
had ithree terminal connections which gave three sclections of
the ratio of the primary current to the secondary current,
naﬁely: 1, 5, 10.

411 of the ammeters connected in the secondary windings

of the current transformers are also identical (see fig.e 5,10 ).

Due to the low power factor of the experimental induction
pachine, the measurerent of the input power iz made on & spe cial
polyphase wattie ter capable of reading power at O.1 power
factor with accuracy better than 15

In order to ensure maximum accuracy, 211 of the apparatus

were recalibrated .and the maximua possible error of each

. o
instruuent is less than 0.5
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6.,4.2 Ingreeooabotion of Current Donsity ond Plux

purooonts (vic. 61

The lezds of search ccils and J-probes shown in Figs. 6,6-6.9
are broucht cut to a terminzl bourd loccted on the secondary.

By neans of muliicorc~zcreened cnbles, the terminal board is
connected to two S5C-way sclector switches., TFor each position
of the two selector switches 2 number is assigned, and the
incircled fizures denoted in Fige.{.o-6,.Y correspond to these
positions.,

The eamplification and integration of the signals obtained
from scarch coils and J-probes arc performed on 'C' type Tektronix
unit. This unit contained two identical operational aumplifiers
of very low drift. The accuracy of the amplificotion is less
then 1,0 .

The anplified and integrated sigrnals are connected to two
identical Solatron digital volirmeters. These signals are &1s0
fed to the inputs of & Solatron Cscilloscope for photographic

recording.

6.4.3 ¥Weasurement of the Sliv

Due to the small difference between the speeds of the
rotating magnetic fiecld and rotor, the accurucy of the slip
neasurement is important. The method used in the present
experimental work is based upon the direct measurcment of the
input and output frequencies. For this purpose two digital
freguency meters (with accuracy npt more than 0.1Y) are
employed to read the period of the input voltage to the induction
machine and the period of the rotation, simultancously. The
pericd of the rototion is counted by pulses gencrated from a

.

sencitive photo~elenent positioned against the primary shaflt



at a snall distonce, A noarrow vwhite strip of paper which wos
fixed on the darl shaft triggered the photo element on and off
by the movement of the primary. By using the readings of the
fregquancy reter connected to the photo-elemzent, a digital
voltueter was calibrated to give direct reading of the rotor
speced,

In conmection with the slip measurcrent it is necessary to
point out that after each reading of the freguency meters, it
was necessary to re-record the measurements. Since the slip
could change while making the initial measurements, the readings
of the freguency meters were noted zgain after each set of
recordings, However, the greztest accuracy in such ezperiments
can be achieved only by means of an electronic logging device
which records all of the data instantancously. Usually,
construction and application of such instrumentation is limited
to the investigation of transient behaviour in which the visual
recordings cznnot be performed. For the prcéent experimental
work, however, the maximum accuracy can be achieved by making

the adequate precautionary steps noted above.

6.4.,4 Tempcrature Lessurenen

The temperature rise of the windings due to the flow of the
current is mcasured by means of a thermistor (type TH - B11)
embedded in the winding,

The calibration of tie thermistor (i.e. the variation of the
internal resistance of the thermistor versus temperature) ia
obtained by uvsing a standard thermometor and a Universal
Cambridge Bridse, both of which had 0.1 accuracy.

As the primeary menbor of the machine is rotating, the leads
of the thermisior are brou;ht out to a separate slip-ring and

the resistance of the thermistor is recd by a Solatron digital



neter (O.1f accnrucy). The acditional rcsistancos.in the
circuit of the temperature measurement namely, the contact
resistance of the slip ring and the resistance of the extra
leads were sufficiently negligible to cause any crror in the
accuracy of the calibration curfc.

The temperature measurenent obteined in this experiment
is based upon the assumption of uniform heat dissipation eand

that the seme temperature prevails everywhere in the winding.

6.4.5 The Procision Dvnameomater

The primary shaft of the inverted induction machine is
coupled to a precision dynamoneter (of cradle—type). This
dynanoneter is an ordinary d.c. machine except that its stator
is hung on bearings co-axizl with the rotor shaft and is
equipped with redius arms which hold the stator in a fixed
position while in operation.

The details of the design and opecration of this dynconometer
is given in Reference 90

The net torque of the shaft of the induction machine is
neasured by plazcing weights on the scales of the measuring arms
which bring the stator into a balancing position. The length
of the measuring arm is 30.21& cm.

The precision dynamometer is rated at 50 h.p., 30C0 rcv/min.,
and its accuracy is specified by the manufacturer to be within

Pl

Oelire
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The total hormonic variation with respect to rotor, and the
graphical nethods for determining the shape of these variztions
in a smooth air gap, were discussed in Chapter 2. 4Also, in
Chapters 3 and 4 a deteiled discussion on the cffect of slot
openings on the shape of air gop flux density was given. In
order to malke an expecrimental gppraisal of the given theoretical
analysic a large number of oscillograns showing the details of
the secondery flux und current density waveforms are taken at
vaerioug applied voltages.

The positions and other details of thg scarch coils and
J-probes constructed for this purpose were described in Chapter 6.
The oscillograus of the flux and current density wavefornms are
talen &t synchronous speed, thus elinin:ting the slip freguency
induced by the wmain flux. The relative position of the main
flux is determined as follows,

The induction metor was driven slichtly below the synchroncus
speed and the flux and current density weves were observed on the
screen of the os 01110scope. The input to the driving dynarwomcter
was then adjusted such that the motor pulled into synchronism
at the desired position of the main field, Only two relative
positions c¢f the main flux with respect to the scarch coils are
investizated., These two relative positions correspond to the
peak and zero positions of the fundamental flux. 411 the
oscillograms taken at the zero position of the fundanmcntal

. shown at the top of the figures [thcsc oscillozrams are irdicated

by Fig(a) ] , and all the oscillogrums taken ot the peok of
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the fundamental are shown at the bottom of the figures [these
oscillograms ore indicated by Fig. (b) ] .

In order to illustrate the flux waveforms &t various
relative positions of the fundamentsl flux only one oscilligram
is shown (Fig. 7.12 ). The oscillograms taken at high applied
voltage (§5O volts) are presented to illustrate the effect of
saturation on the shape of flux waveforms.

It is important to note that, since one amplifier was used,
the oscillograms were not taken simultaneously. In the followihg

sections the details of the waveforms obtained and their analysis

with reference to theory are discussed.

7.2 The Oscillorsrams of Surfacce Flux Yaves

It was noted in Chapter 2, Section 2.3, that for 60°-
spread, full pitch,infinitely distributed wvinding the tine
variation due to phase~band harmonics is maximum at the peak
of the fundamental m.nm.f., and this variation is minimum at the
zero of the fundamental. Conversely, the time variation due to
slot m.m.f. harsonics is maximum at the zero of the fundamental
m.m.f., and rninimum at the peak of the fundamental. These two
types of the total harmonic veriations were graphically
illustrated in Figs. 2.4 and 2.6 . Tig. 2.6 shows the
space distribution at one instant of time, but as explazined in
Section 2.3 the time varistion at any point on the secondery may
be obiainzd by constructing intermediate space distributions at
various instants of time, Since, Figs. 2.4 and 2.6 represent
n.n.f. waves at points (or flux density in the absence of
saturaticn) ond the oscillogranms taken represent flux waves,
eny compzricon between them should be interpreted in teims of an

average flux density across the width of the search coil.
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The components of the surface ITlux are investigated for

two cases., In the first case the squirrel cage is disconnccted
and in the sccond case the cage is ghort-circuited. Due to

the fect, that the number of search coils are too large, only a
selected number of oscillogroms are shown and discussed in this
gection, The search coils which are chosen for this purpose are
25, 26, 28, 31 and 34 (see Fig. 6.5 ). It should be noted that
the sweeping of the flux waves on the screen of the oscilloscope
is magnified ten tinmes (in some c2ses less, however, the scaleé
of the waveforms are indicated in the shown figures). The
primary purpose of such magnification is to illustrate the
ninute detail of the waveforms of slot freguency. Owing to
the large sweeping megnification and also due to relatively
large megnitude of the slot harmonics, the eoffcect of phese-

bend hermonics is hidden in the oscillograns (particularly in
the case of reletively small width search coils). However, the
effect of phasc-band harmonics is clearly illustrated in the
oscillogram of search coil 31 which covers thé Tull width of

the sccondary tooth (SOC Fig. 7.9 ).

7.2.1 The Case of Disconnected Cace

2) The Oscillograms of Search Coil 25.

The oscillozrams of search coil 25 ere shown in Figs. 7.1

*
- 7.3 . These oscillograns ere token at synchronous speed, and
at three different applicd voltages, narely 3C0, 415, 55C volts.
The lower and upper waves on ezch ozcillogrer ropresent the
induced e.nn.f. and the flux respectivcly. The flux waves at

zero position of the main flux arc saw-toothed shaped, but at

peak position the shape of the flux wave chan:es into a dip.

% The flux wave in Fig. 7.2 (b) is reversed.
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This sitution i in cccordencs with the thooresiicnld »nd
craphicsl enzliysis given in Chapter 2. 45 expected, the

total harwonic varintion due to slot m.m.7s. dig waximun at the

sitien of %he main n.n.f. The saw-toothed chope of the

flux woves also confirm the validity of the graphicusl procidure

)

adopted in Iig. 2.6 (4in Mg, 2.6 the m.m.f. due to cach arper-

conductor is being represented by a linear step along the widath

4

of the primcry slot-embedded conductor, making the shape of the
total m.m.f. & seni~stepped recctangular). The lincs of the
saw-toothed flux waves teken at low applied voltage (300 volts)

re streight. At hizher excitation (SSO volts) these lines

jovd

become curved mainly due to the saturation of the iron. These
curved lines, also, indicate that the shape of the main flux is
flat-topred., Further distortion h1c1 cen be noticcd &t both
ends of each curved line (see Fige 7.3 ) is due to the
saturation of the tooth lips.

The shapes of the flux waves taken 2t the peak of the nain
flux indicate that the dip of the flux wave is primurily covsoed
by the psrmeance effect of the stator slot openincs 5 {(ozcillosran
(b) in Figs.7.1,7.2 and 7.3 ). At this position of the mein
flux, the harmonic veriztion due to slot m.m.fs. is prectically
absent (this is elso in accordeonce wi ith the anslysis of Chapter 2).
The additional distortions of the flux waves taken at higher
_excitations (oscillocran (b) in Figs. 7.2=7.3 ) indicate the
effect of tooth and tooth lips saturation.

It is importunt to peint cut that ag search coil 25 i5 in
close proximity with the slot opening of the sccondory morber,
the permeance effect of the doubly slotted air gop should be

noticcd (i.e. the mutusl effect of the primary and sceondiry
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slot openings). This effect can be scen in the asymmetrical
shape of the dips in the flux waves, It is not difficult to
notice that the slope of the flux wave on Lhé left hoand side of
each dip is stecper than that on the right hand side (sce
oscillogrem (b) in Figd.l V). This Aasymmcetrical shape is less
noticeable in the ogcillograms taken at higher excitations pmainly
duc to the saturation., The effect of saturation is such that
~the leakage fluxes into the sides of the slot openings tend to
increase and thus offsettins to a certain degree the dissenretry
of the dips. The asymmetry of the dips, due to doubly slotted
air gap, is promincnt in the oscillograms of search ceil 42,
since this search coil embraces the leakage flux entering the
side of the slot opening.
The oscillogramrs which are presented in Figs. 7,1,7,2
and 7,3 do not illustrate the variations of the total phase-
band harmonic. 48 mentioned earlier, the reason for this is due
to the fact that the megnitude of the permeance harmonice
linking this search coil is much greater than the magritude of
fhe phase-band hermonics., Also, the sweeping of the flux waves
is magnified ten times, therefore the oscillograms do not stow
the full wavelength of the phase band frequency.
b) The Oscillograms of Scarch Coil 28.
The width of this search coil is roughly half of the

primary slot pitch and it is about four times greater than the

width of search coil 25. Since the width of the search coil is
approximutely half of the primary slot pitch, the slot m.m.f.

and permeance harmonics fully link t'e width of search coil 28.
Also due to this foctor, the linkzge of the harmonics of even

order is not apprcciable
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The oscillograms taken for tle scarch coil 28 are shown in

3

¥

. 3 * . 3 -
igsd.4,7.5, and 7.6, In a similar manner as in the case of

b

search coil 25, these oscillograms are taken at 300, 415, 550
volts oxcitatiop and ot two relative positions of the mnin flux.

In order to illustrate how the linkage of various harmonic
orders affect the shape of the flux wave, two oscillograns of
search coil 26 is showm in Fig,7,7 . The width of search coil
26 is roughly half the width of search coil 2€. Therefore, the
harmonics of cven orders fully link the width of search coil
26 (the shapes of the flux waves induced in search coils 26 and
28 clearly illustrate the magnitude of the harmonic orders
linking with each of the search coils).

The shape of the flux wave at the zero position of the main
flux is trisngular because the net effect of the even harmonics
is snall,

The shape of the flux wave at the peak position of the main
flux is of rectangular form. The flux wave at this position of
the main flux illustrates how the phase shift between the harmonics
of the stationsry pormsence wave (couszed by the sccondary elot
openings) znd the harmonics of the rctating pormesnce wave (caused
by the primery slot openings) changes as a result of rotation.
It can be seen from the oscillogrems that when a primary slot
opening is in the region arourd the middle of the scarch coil,
the phase shift between the hammonics (of the two primary and
secondary permeance waves) is such that the net reduction in the
flux remeins relatively unchanged. The Aasymmetrical shape of
the troucks in the flux wave also indicates the effect of the
stationary permeance wove which hes a wavelength greater than

the primary slot pitch.

* The flux waves in Figs. 7.5(b) and 7.6(b) are reversed.
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At low excitation (BOO volts) the lines of the triangular
and seni-rcctan~ular waves are straight. At higler excitations
these lines become curved mainly due to the saturation. The
curvzd flux waves indicate that in the casce of saturation the
megnitude of low order harmonics substantizlly increcses and the
effect of high order harmonic is less than 3in the case of
unsaturated iron.
¢) The Oscillograms of Search Coil 31.

The width of this search coil is slightly grecater than thé
‘slot pitch of the primery, and it covers ncarly the whole width
of the sccondary tooth surface. "Therefore, the flux linking with
this search coil corresponds to the net flux entering radially
the surface of the tocth and tocth lips of the sccondary.

Because of the width of the search coil the magnitude of the flux
density induced by the slot me.m.f. and poxrmeance harmonics is
small

For this search coil 3 oscillograms are shown in FMigs.7.8
®

and7.9 . The two oscillograms shown in rig.7.8 are taken at
300 volts cxcitation and at two positiens of the nmain flux.
Sinece the width of the search ccil is slightly ecreater then the
primary slot pitch, only part of the slot m.m.f. and permeance
harmonics links with search coil 31. TFor this reason, the shzpe
of the flux waves due to the total slot hammonic variation is
similar to those induced in a small width search coil such as
search coil 25. However, at the peak position of the main flux
the magnitude of the flux density due to the total phase band
harmonics is of the same order as that due to the permeance
harmonics. In Fig.7'9 , the sweeping of the flux wave which
corresponds to the peak position of the main flux is not

magnificd. The oscillogrem shown in Pig.Te9  clearly illustrates

% The flux waves in Figs. 7.8(b) and 7.9 are reversed.
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the effect of the total phase band harmonics.,
d) The Cccillograns of the Search Coil 34.

The width of this search coil is relatively small in
comporison with the primary slot pitch end is slightly wider
than the width of search coil 25 (only 1 mm. wider), but from
position point of view it differs from search coil 25 in that
it occupies the middle of the tooth surface (search coil 25
gituated at far end of the tooth surface, sce Fiz.6.5 ). The

%
oscillograms taken for this search coil are shown in Iigs.7.10
T.11,and 712,

The oscillogram shown in Fig.7.12 is taken at 300 volts
excitation and 0,25 slip. 4t this slip, as the main flux
changes its position with respect to the search coil from
maxirum to zero, the shape of the total harmonic viriation also
changes correspondingly. Thus, the shape of the flux wave,
illustrated in this oscillogram, gradually chanves from the saw-
toothed shape at the zero position of the mein flux into the
shape of a dip at the peak position of the main flux,

As wentioncd above, one of the particulars of search coil
24 ig that it is situnted at the middle of the tooth surface
and sufficiently away from the adjacent slot openings.
Thereforg, fromatheoretical point of view the permecance wave
can be tronted as though the sccondary surfaece is smooth. The
relevant analytical treatments in connection with such air-gap
boundary configuration unier lincar conditions were discussed in
Chapter 3. In connection with the effgct of iron saturation on
the shape of the permeance. wave little inform~tion can be found

in litersturc. On this topic, however, a paper has been

* The flux wave in Fig. 7.10(b) is reversed.
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21

publiched by Smolensky._et =l in vhich the cffcct of the tooth

(]

permeability on the air gap flux density distribution is dealt
with analyticnlly. In this paper the zir gap configuration is
being reprecented by a succagssion of slots oppozite a smooth
surface as shown in ¥igZ.13 . By assuming the smooth surface
to be infinitely permcable, Smolensky ¢t al calculatod the normal
flux density distribution along the smooth surface for various
constant permeszbilitics of the slotted momber. The result of
their czlculations is being reproduced here in Fig.7,714

By ccmparing the shapes of the flux density distributions
shown in Fiz.7.14 ond the flux waves shown in ¥izs.7.10(b)
and7,11(t) , it can be secen that the qualitive corrclation
between them is agrecable (Smolensky)et a2l did not suprlement
their analytical results with experimental data). However,
although the analytical method adopted by Smolensky,eot al
involved extrezmely lsborious and cxcessive computztions, their

~

findin s clearly indicate that the magnitudes of the permeance

o

harmonics are considerably affected by saturation.

In the case of short-circuited cage, the flux components
which link with the bars induce circulating currents in the
conductors. These induced currents set up opposinsg fluxes and
hence damp out the variation of the inducing fluxes. The flux
componcnts which induce currents in the bars of the cage are:
a) the flux components which penetrate the tooth body,

b) the flux components which leak into the secondary slot

openings.
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Yo wrvaeforrs of fbove I s discusned in

the next zuction. it the teoth suriteo, the flux components

due to the tot2l w.m.¥. and permeance horwonics do not chonge
subst ntisily since they close on the top of the tooth suritce.
On the othwr hrnd, the mognitude of tie flux coumponent due to the
totsl phase bund hersonics would be reduced at the tooth surfice
becususe they link with the second..ry conductors.

43 the differcence between the surface flux wives in both
short~civeuited und copen-circuited cage is not too significont
thercfore the oscillogrims zre not discucsed in detail., Also,
for thic recuson, the oscillogrims of only three scarch coils

are shown for illustretion. Thece sesrch coils zre 25, 28, 34
\

®

cnd their cecillegranms ore shown respectively in Figs. T.15,
7.16 and 7.17.  These oscillogrongs cre tulen st 415 vols

2t two positions (zero »nd pczk) of the mriin

cr
-
-
O
]
2.

flux. In the case of small senrych coils 25 =nd 34, it is =ze

flux wives 2re practicrlly the zine os
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2, T.15 and

se of open—~circuited coge (compzre Migs,

)
]
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o
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Figs. 7.10, 7.17). It should bo noted thet the differsnce vhich
cen be obzerved betwoen the flux waves which “re trlen ot the
zero position of the mein flux 35 due to the fuct thet theze

oscillogroms ars not token exactly ot the z2ro position of the
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pmein flux. In the cise of wide search coil 28, 1t cin be seen

bznd h-rrmonics is less than in
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The secondury tooth lip flux components are investigated
by a number of scavch coils positioned at the top, middle,
and far end of the tooth lips. The deteils of thesc scarch
coils are shown in Mic.6,6 . It schould be noted thrt the
length of tooth lips search coils extends over the entire
axial length of the sccondary meuber.

In this section the tooth 1lip flux waves are illustrated
by the oscillogranms of scarch coils 40, 41, 42. In a similor
manner, &g in the case of surface search coils, the oscillograms
are taken at synchronous spced, two positions of the main flux
(i.e. the zero and peak positions), for two cases of open-
circuited and short-circuited cage, z2nd at various applie
volteages.

7.%.1 TDooth Lip Zlux Javes in Open-Circuited Cage

a) The Cscillozroms of Search Coil 42,

Search coil 42 is situated at the edge of the slot
opening &nd, therefore, it measures only the periphcral leakage
flux entering the side of the tooth lip.

The oscillosra=s of this scerch coil which are taken =%
415 veclts excitation and at two positions of the main flux are

' *

shown in rig,., 7.18

The shapes of the flux waves shown in Fig.7,18 are (in
gencral) similaf to the flux waves of the surface search coil
25 shown in 7'ig.7.2 . The most prominent featurcs which
distineuish the oscillograms of these two search coils fron
others are the mutuzl permeance cffect of the primary and

secondary slot openings on the flux waves. The oscillQgraens

* The flux wave in Fig. 7.18(b) is reversed,
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of Fig.7.13 clearly illustrote thot the distortions of the

flux curves with respect to the movement of a primzry slot
opening is not only dasymmetrical at the peak positions of the
nain flux but 2lze @t the zero prosition of the maiﬁ fluxz. This
indicates that flux weves due to slot m.m.f. hearmonics are
significantly distorted by the presence of the primary and
secondary slot openings (as mentiorned carlier in the discussion
of the oscillogrzms of search coil 25, the effect of doubly
slotted cir gap is particularly strong on the leakaée flux).

In order to illustrate the effect of saturation on the shape of
the flux wave, only onc oscillogran taken at 550 volts excitation
and at the peck position of the main flux is shown in Fig. 719
This oscillogram illustrates that at higher szturation the shape
of the dips in the flux wavé becomes more symmetrical [ccmpare
the shapes of the e.m.f, signels in Tirg-Te18(b) and 7.19(b) ].
However, with hicher saturation,further distortion oriscs due to
the saturation of the tooth lips which in turn leads to higher
harmonic content.

b) The Cscillogrens of Search Coil 41,

This search ccil is situsted at the middle of the tooth 1lip,
therefere it measures not only the flux which leaks into the zide
of the tooth lip but also part of the flux which cnters the
surface of the tooth lip. The oscillograms of this search coil

*
are shown in Tig.7,20 . The shapes of the flux woves obtained
from this search coil differ from the previous onec (search coil
42) in that the variation of the flux with respect tovthe centre
of & primary slot opening is more symmetrical. The recason for
this is due to t.e fact that scarch coil 41 is further away from
the sccondary slot opening. In case of oscillogrenm (b) in Fig.

7.20 , besides the distance mentioncd zbove, the magnitude of the
*

%* The flux wave in Fig. 7.20(b) is reversed,



flux which enters the portion of tho tooth lip surface is
greater thun the leakage flux entering the side of the tooth
lip.

¢c) The Czcillogroms of Scarch Coil 40.

This search coil is situated 2t the corner between the
tooth and the tooth lip. This search coil links with the entire
flux entering the tooth lip surface es well as with the flux
leaking into the side of the tooth lip. |

The oscillograrms of this search coil are shown in Tig. 7.21
Since search coil 40 is sufficiently far away from the secondary
slot opening, the shapes of the flux waves are practicaliy

syrmnetrical,

7e%.2 Tooth-lin Flux iinves in Short-Circuited Cage

The oscillograms of the scme tooth-lip sszarch coils, nomely
sesrch coils 4C, 41, 42, teken under the short-circuited cage
condition are shown in Figs. 7.22-=T7.24

Similar to the case of open-circuited cage, thege
oscillograms are taken at 415 volts excitation and at two
positions (pesk and zero) of the main flux.

The oscillOgrams shown in Pirs.7,20-7.24 » indicate that
in comparison with the disconnected cage no significant change
can be chserved (in both the magritude and shape of the flux
waves). The same situation was observed in cennection with the
surface search coils., These findinss susgest that the effect of
the circulating var currents is to damp only thom flux componants
which penetrate the iron sufficiently deep from the surface of

the tooth. It was nentioned in Chupter 4 (section 4.5) that due
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v~ Ferpaens . . ,
nis derping action of the bar currents, the rotor tooth

ion is reflected bock into the stator erd hence the

result in short-circuited cose are of the same ovder os
in diasconnccted cage (see the result of loss measurcments given

in Chapter &8).

Ted The Cscillosran of Tooth FPlux Joves

The components of tooth flux wives are investigated by
three search coils wound around a tooth at differcnt lcvéls of
the tooth heisht. As chovm in Fig.6,6 , scorch coil 45 is
positioned at the top of the tooth just bencath the tooth lips,
search coil 44 is positioned a2t the middle of the tooth, arnd
scarch coil 4% iz situzted at the bottom of the tooth.

The phenomena of flux penetration into thin lapinstions
of iron was discussed in Chapter 5 &nd it was shown that the
depth of penotrotion in case of thin lominotion is substontinlly
greater than the clogsical dapth of penetration (based on the
enalysis of solid iron).

The cscillograms which are discussed in this scction not

onlv confirm the theorsticel considerations of Chapter & eond 5

82,83

(2s well es the experinental works carried out by other authors ),
but 21lso they illustrate the detziled shapes of the waveforms
of the total harmonic vericotions along the length of the tooth
for various applied voltages.

Due to the fact that the search coils embracing the tooth
1ink with both flux components which enter the tooth surface
radially and the flux cntering the sides of the tooth, the

shapes of the flux we veforus are more complex than those shown

in previous scctione.
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The - . . .

'} 0zcillorrims which are discuszod in this soction ors
ala [N AP N ) < . . .
also toien for both open nd short-circuited cage. The detoils

of the flux waves are given in the following sections.

fe4.1 Tooth Plur sves in Dicconnscted Core

The oscillograns which ere taken for this condition arc
shown in Fips,7.25=T.23 These oscillogruams are talken at
synchronous speed, end at two positions (peal and zerc) of the
main flux. The sweeping of the flux waves is magnified only
two times so that the eoffcct of phase band hermonics be noticed
(it should be remembered that t-e oscillograms were not
taken simultancously). For search coil 44 \”thh is situnted
at the middle of the tooth) tha oscillograms are teken at two

values of applicd voltage 3C0 and 415 volts (sec Figz.T7.26

i
i
jo N

7,27). 4% 300 volts excitation, the air gap induction is low and,
therefors, o dircct comporison be twttn the experirental and the
computed tocth Fluxw wavesn (dve %o pormeonco nffects) can bz wede
(scc Gection T.6)

The oscillOgrzms of other search coils arc talen at 415 volts

5,702,727, 728 )

excitation only. In the;c oscillograns (sce &
the effect of phase band harmonics and alzo the saturation of the
tooth tips (1n particular the stator teoth tips which are
reletively thin) imposes further distortion on the shape of the
flux waves, If the effect of phase band harmonics 1is excluded,

it can ba seen that the eTfect of wider slot opening 1is to.make
the shape of the flux wave (ﬂt the peak rogition of the main flux)
more rectangular. This effect is also in agreement with the
analysis of Chapter 4.

As far as the penetration of the flux haymonics is concerned,

- 3 I~y oIl 1] + = + -] i K b1
the oscillosrems clearly illustrate thet both permeance and slot
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Nelnel . iy N T S T . - .
Dielzedl s DoTmenics poncirate the teooth Liedy rizht dovn te the

3 - o .- . Y N . .

bottcr of tha tooth. 2lso, the magnitule of the {lux pulsation
remains practicslly unchansed alons the whole tooth length.

'y of the flux penctrotion hos heen ¢lno observed

by other zuthors and this in tvrn significs the phoncuenz of

decp penetration of the flux in lamincted iron.

~ A m L, A P . I N : s
{e4e2 Tocth Mlux iwves in Short-Circuitod Cucc

s

In short circuited case the tooth flux pulscotion arc donped
by the induced bar conductors. The degros of the dompine for a
partictilar flux hormonic inside the tooth body depends upon the
degree of tie linkzge of that harmonic with the bor conduztor.
The linkage of phose-band harmonics with the bar conductors is
so effective that the induced bar currents practically damp out
these harmonics.

Although, the flux componcnts due to slot m.mn.f. and permeance
harmonics (as shown in previous section) penctrzte deep into the
tooth body, the damping sffect for these hormonics at different
levels of the tooth is not the same. It will be secen bglow, the
flux pulsstion &t lower parts of the tooth is less than ot its
top. Lhiu situction indicates that the induced bor currsnts arc
confined within a relativelysmdu.dﬁpth from the surface of the
bar conductor. |

The search coils which are used in short-circuited coaoe are
the same oz thosc ueed in open«circuited cage (i.a. scarceir colls
. Drve to the fact thzt the totzl phaze band horronic
variction in tne tooth is spxll, the sweeping of the flux woves
58 magnified ten times 80 thet the details of the total slot

L e

ien can bo corly 3 satrate
m.i.T. ond parmesnce RATIONLCS can be clearly illustrated.

:

oscillograms of the tooth flux waves ot the top, middle,

and bottom of thr tooth ore respectively shown in »ins 7.29-7.31
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In £1.7.79(2) only one oscillorrom of search coil 4%, taken at
415 volts and corresponding to the peak of the fundomental flux
wvave is chown, In order to illustrute the effect of saturation,
two oscillorrimn chowings the flux wave at the pes’s and zZero
positions of the mein flux are shown in Me, T ?Q(aj*

Ze Te?

Since search coil 45 is situated at the top of the tooth,
1t cen be seen from ¥i~g,29(a) that, <espitc the damping effect
of the induced bur currents the magnitude of flux pulsation is
still apprccicble, By comparing the oscillogroms taken in
short-circuitcd and disconnected cage it can be szen that the
shape of the flux wave in the case of short-circuited cage is
considerably improved, This improvewrent is due to the concentration
of the bar currents ut the surface of the conductor which prevent
the flux componcent entering the sides Qf the tooth from penctrating
further into rotor tooth (sce the bar current density distribution
discussed in the next section).

The flux waves at the middle of the tocth are shown in
¥ig.7,30 . In contrast with the oscillOgrans of search coil 45,
the flux pulsation is comsiderably raduced (the flux pulsation
due to phase-band harmonics is virtually absent in this scarch
coil).

The flux waves at the bottom of the tooth is shown in
Fig.7.31 . At this position of the tooth the flux pulsation is
virtually damped out.

The analysis of the oscillograns shown in Figs.7.29=-7.31
indicnte that the induced bar currents damp out efficiently,
flux components which penetrate the iron sufficiently

only, those

beyond the level which is parallel to the bar surface. The

flux conponent which entor the sides of the slot opening and

penetrote into the tooth body are, in rarticular, cffectively

¥ The {lux wave at the bottom of Fig. 7.29(a) is reversed,
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wvaveforn «{ the top of the tooth.
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Thus, in short circuitzd

13 ave to z2lot m.m,f. nd permesnce
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Te5 The Cucilloryrms of Surfice Bor Curront Doncity
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The principlcs wnd operution of J=probes (or curr=nt density
\ . ~ . . . L
probes) wers briefly discussed in Chapter 6. Aleo, the pozitions.
and other det:ils concerning the J-probas which zre constructed

for investigiting the surfuce current density wavefornm

=
O
]
&)

ige. 6.7 ond 6.8,

4
Fad

shovn in
In the presont experimental measurement, the variation of the
magnetic field =long the uxiszl direction due to the ventilating
ducts zre n=zglected. In order to minimise the involved errcr, the
axizl length of 2ll J-probes are maide ecual and sufliciently longs
in comparicgon with the length of the duct. 4ilso the positions of

the J-probes =zre chosen such that no more than one ventilsting duct

o}

is situzted over the filament lengzth of the J-probes. The copper
-8
resistivity used in calculztion iz 1.72 x 10 £2.m
As shown in Figs. 6.7 snd 6.,S five J-probes ot differcnt
positions are constructed on the top surface cof the bars srd four
J-proves «t various depths along the side of the bir cenductor

arc constructed.

bt dennity wavelorms are tiken zat

o
%
Qe
bt
H
=
I
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The oscillogrrns

‘ 2 - Thoao Yy 1 [ ol SO TS “ A~ e mn e .
415 voltz excit:ticn only. Phese coscillogrims sre aiscussed belov.

-
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a) ‘The CceillOgroms OF J=probe C.
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exictly ot the middle ol
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length of the filament is 86 mm  and part of this length
(nﬂmely 16 mm ) iz situated under the ventileting duct. The
effcet of the ventilating duct for the reasons stated above, 1is
not teken into considerstion.

The oscillograms token for J-probe 6 are shown in ¥ig. 7.32 .
Bothi current density waveforns showm in Fig. 7.32 have symmetrical
shapes. This symmetry is expected, becsuse the filament of J-
probe 6 has & geometrical symmetry with respect to the two
adjacent teeth., 1In connection with this symmetry & comparison
ray be drawn between the waveforms shown in Fig. 7,32 and the
flux waveforrs of search coil 34 shown in Fig. 7.17 (since
search coil 34 is also symmetrically positioned with respect to
a secondary tooth).

b) The Oscillograms of J-probe 5.

The filement position of J-probe 5 is halfway between the
middle and the end corner of the bar conductor. The axial
length of J-probe 5 is equal and parzllel to J-probe 6 (see
Fig. 6.7 ). Since the filament of J-probe 5 is 3 mm away from
J-probs 6, its position is under the tooth lip,

The oscillograms of J-probe 5 are shown in #Fig. 733 . The
general character of the current density waveforns is the sane
es those obtoined from J-probe 6, except that the shape of each
cycle is less symmetrical, This asymmetry is duve to the non
symmetrical position of the filament with respect to the slot
width. It chould be noted that the marked asyrnetry in the
oscillogrem (b) of Fig.,33 is due to the fact that this
oscillogran happened to be token not exactly at the peak of the
fundamental.
¢) The Oscillograms of J-probe 4.

. soba is i+ oned at “
The filonent of this J-probe is positioned at the corner of
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the buar nduct Thon s
conductor.  The oscillograns of J-probe 4 are shown

It is of interest tc note that the nagnitude of
current density variation at the peck of the funde.ent is of

the sooe ordsr sz in the correspondirg case of J-probe 6. On

the other hend, the magnitude of current density veriation at

the zero position of the fundamentsl is less then in the
corresponding oscillogram of J-probe 6. The resxson for this is
thut the radial field strength at the corner of the slot is
greater than the tangentisl field strength. In other words the
concentration of the radial flux density due to permeance

variation ot the corner of slot is much more than the corresponding

tangential fluz density due to slot m.m.f. variction.

These J-probes are ecually spacad along the depth of the
bor end 4ll ere of the same axicl lensth (soo Yiz. 6.8 b, The
position of J-probz 1 is halfwey down the conductcﬁ%sifc’J—probe
2 is 4 n.n. above J-probe 1 and 8 m.m. away from the surface of

the bar. J-probe 3 is only 4 m.m. away from the surface of the

The oscillograms of J-probes 1, 2, 3 are respectively shown
in Figs.T.35,7.36, and 7.37 . The general character of the
current density waveforms of all J-probes 1, 2, and 3 are
identical with the waveforms of J-probe 4 shown in Fig.7,34 .
However, the magnitude of the current density variation
attenuates with depth along the side of the bar., The
oscillogrems shown in Figs. 7.35-7.37 also indicate that the

- seue ics is faste an tle phase-
attenuation of slot frequency harmonics 1s faster than tle phase

band frequency harmonicse.
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L0 Wave ye R I
Hevevelorns of the induced current density on the surface
of dron 1unminctions were < memeds o
Aihetions were investigated by four J-probes.  The

location =nd lensth o
. __,nc)tAl of tllCE;O J-—prob‘s were Shcvm in Fi’j, 6.9 .

The tzken a507 Yy e vr ey
The tzken oscillogrens showed thet the current dencity waveforns

yo o

obteined from all thess J-probes are identical, ™

oscillograns of one J-probe iz showm in Fie 7,38
. e e e

s . " o - \ ‘

In f1Ce 7,38, the oscillogran (a) chows the current density

(GH

: 5 M indueod . s e ; § ot
waveforn induced by the totel slot m,m.f., harmonic verisztion.

The oscillogren (b) shows the current density waveform due to the

total permesnce hurmonics variation. The shapes of the waveforms
are analcgous to the shapes of the surfrce flux waves which
induce these currcente. °

It should be noted that the current density waveforms

ent the peripheral component of the

The oscillogranms of fig. 7o 38 also

—

show that the ne

gnitude of the induced current density on the
surface of the lapinction is much lower than the induced current
density on the surface of the bar's conductor.

7.6 Correlation betwsen the Computed &nd Experimental Flux
davelforss

In Chzpter 4, section 4.3.1, the accuracy of the analyticel
nmethod developed for calcul ting the flux distribution in the

£ som mpute v flux waveforms
air gaep and slso the result of some computed tooth f1 : IS

weré discussed. In order to establish the validity of the given

onforms obtoined from four search coils of
analysis, the flux waveloIis obteinsd IT0m

] jtions ¢ oF cd for
iff i hg wnd G arious positions arc selected
differcent widths «nd ot various P

: o S ™ese scarch
j 1 th : COL ad {1lux wavelorms., LieSe 9¢
compurison with the cowputed 1 ;
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Sce section 6,3 and Pics, 6.5
- R

coils wre 25, 26, 42 cnd 44 (
oD

. £ . s
and 6.6). e oseillogrens of Search coils 25 wnd 26 which

epresent the surf:s :
represent the surfice flux woves ¢re, chosen particularly for

comparisons beciuse 3 . .
Perlsomy beetuse in the cuze of sesreh coil 25 the shrre of

the flux waveform is Vs R
X mois prOILlnel’ltly affected by the corbined

effects of the at: : ) )
f S 3tator and rotor slot openings. The oscillogrem

XM Y 3 ,f",,(_ ~
of secarch coil 2¢ is selected because the effect of zll

permeance hermonics is present in this oscillogran,

Search coil 42 nmessures the flux entering the side of the
secondury teocoth lip., This sezrch coil is, zlso, importsnt
because it is situnted zlong the side of the rotor slot -nd
measures the flux which fringes into the side of the tooth.

Secrch coil 44 messures the totol rotor tooth flux. It was
shown in section T.4 thet the mugnitude of the tooth flux remeins
practic.lly unch.nged silong the tooth height. The implication
of this is th:ot besides the fecet thet the flux harmonics
penetlrzte deep inside the tooth, the mrgnitude of the flux which
fringes into tle sides of the tooth beyond the tooth lips is
nerligible.

The computed flux wavefor:s corresponding to the positions

*
. SN oA AL shawn A1 W5 o T R0LT
of sezrch coils 25, 26, 42 «nd 44 wre shown in Figs. 7.39=T.42.

The oscillogrims of the corresponding flux waveforns [which vere
jllustroted in Piecs. 7.1 (b)), 7.7(0), 7.18(b) =nd 7.26(b;} are

7 T e e ] A mh be
clco shown on the same disgrand for comprrison. It should

- veferss cre bosed on per unit
*%
J{ unit lengths. This only rffects

noted th~t the computed flux

air ~p flux density ond per

I o ] -
i fem - the choves of the flux wovelcorms
the scale foctor, but o for o the 1

29

N 3 ~ “l' ‘L}‘O. "‘)""'lv;v_ ‘;.(){ 15 VoYY & d
. L'c 1 . D3 DCE 1. Uit CcOLloe 1Y 2 S 00
gy conce ,Id‘d t c.n 08 LY 11 U &

SN g
et

7.41(b) is reverseds

*  The flux wave in Fig.

~ deotai
*% See page 243 for further detail.
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for «11 the sesrch coils. 1t is obvious th:t two identical

T k) s vio RIS fprn > 3 43 1
waveforms yield the Sane hermeonice content.  sith resard to the

“eourucy of the magritude cf the o

O ss

Tonics, it wis shown in

- s =) . 1
section 4.3.1 that for the d.e, component of the flux density

vive ¢n error of the ordcr of 16 - % is expectod beciuse the

series representing the aip g&p peiential function is truncated

a4

«t K = 10. Sueh anp sccursey for the d.e. component of the flux

density wove is belicved to be very satisfactory snd the

anclyticzl method given in Chapter 4 can ve used with confidence.
In order to mrle = comprriseon between the m-smitudes of the

“lux pulsstions in both primary and secondary teeth, the waveform

the primary tooth flux is computed for one cysle of secondary

displocenment,  The rrimary tooth flux waveform is shown in



sses can be divided into two

1 Mfundanental frecusrnew
. { =+ Irecuency losszes,  These losces consist of

a - stotor ccora losses due to tencentinl sond redicl

[N
)_‘
<

1
|

-

b - stotor tooth loszes dus to radial flux.
1 fo ~r m
2. High fregucney losscs., “Phese losses mey be divided into
the Tollowing components

a = stator and rotor tooth pulsation losses due to the

reluctence chenges in the cir pap,

o

b ~ stetor znd rotor surface losses due to the air gap
permetnce harmonics,
¢ - stotor and retor copper dqv curzents dve to high
frcquency slot leaiiage fluxes.
The sbove division of no-lozd losses is based upon the
theoreticnl consideration Tor caleulating each of the loss

J.

cormonantz. On no=lood, hovever, there ore otrer loszes such

[$]
%]

end-coil rnd ranufrcturing impezrfection losses. Cztimation of

B . At -~
these losses, in prrticuler those due to menufzcturing imperfecticns

o Theoe sees are
is cither not pousible or cxtremely difficult. These leosces are,

usually, labelled &s additionsl losses. It should be not=d that

2 .
3 iz rrocti TR and mechuinical
on no-load test, an appropriute corrcction for 1 d

losses (i.e, friction and ”znu»”e) is elweys made-

The mein object of no-lo-d test ir to separsie the corpencnt

e ppored with the colenlsz
losses so th.t each of them could be cO ea v

. % im Chevier 4 scw2 ol hi
velues, s mentioned i1 Chopter 4 ©

. a ~ T o e s ,7.',‘,\:.1141‘,_’,‘_;-1
; i amdion and curfver lossts; Srh Guiulbeta Sy
(for enranple tooth pulsation Jhd »
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crercte compononts, althou-n

I
)
)

idesl no-lod

Test by which
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J the loss > couponent can be separated is not

S 1WAV E Ty eied 1 o
always ponsible, there sye few simple no-lord tests i
I S - i STS wilic

~oby the

ccparation of loncos an 44 .
O=8es oen the busiz of harconic freovencics thot

cause then can be rode. sueh -
il pe nade, such s the }umclaffc—hsnon and driven

rotor Ltusts These two metlods i
« Lhése two nmothods are denlt with in this chrpter

e

re discussced,

In induction mzchinss the tooth pulsation losscs dus to
permesnce veriation et as retarding torcues. In order to

talones

torsues the input power is converied into nechonical
~power. In the sume manner the friction ond windare lossce are
supplicd by the mechinical power.

The logses due to the fundarentzl componsnt such as stator

(@]
e}
]
[
21
n
N
o]
o,
(U]
]
Q
4
I._.
O
%]
(4,’|
[0}
6]
9]
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D

supplied directly by the stator

.1

electrical input power. Thace deductions originate from the
stateniont thet only power locses &t fundamentsl frequency con
be supplicd from an a.c. supply of & sinewaveform. In accord:nce

with this ‘enion Zescribed & simple no-lond

test by - lozscs erc seporated from the

fundanental frecuency lozseot. Tince the detail of Rawcliffe-r.enon

. e e P e horqs
test is troated in literature, o very briel a1scussion ol this

test is given below

3 i I N 2T o LI R N
The clucsical theery of snduction mochines shouvs that the

mechanicsl output pouwer of an m-phisc induction motor oporating

at slip s is

2+
m- V-5 (1-3) (8-1)

Prech o ‘' \2
mec R’ +_%2)2+ ( X|+ Xz)

e 1i f sy
with the usual notation (sew the list of sbols).
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For zmall val )
clues of 48 o - .
S, 48 metsured in running 1ight tost,

equstion (8-1) reduces to muvg to
b
l{2

The mechanical output power,

& high degrece of accuracy.

wvhich is equal to the sum of
friction and windagx
windage losses plus the high freauency losses is

roportionn s 2 Thuy e s e cenaans .
prop nzl to sV©, Thus, by measuring the slip over « range

ees 1 vira 2
of voltuges end then extrapolating the sV° curve to zero voltuge,

K LI O
5 possible to seperate Nist Fr ot e
it is possible to separate the high frequency and fundemental

loss componants,

Since thb crtrapoloted value of 3J2

[0

't zero voltagze is

proportiontl to the friction and winduge losses the value of
e - 2
sVo™ con be used for calibrating the sV™ scale, i.c.

s V=587V, hish freauency losses

= : (8-2)

2 . s .o
sVo friction and windage losses

The valuas of high frocuency losses determined in this

manner do not «llow for tue hystoresis torgue of the main flux

on the rotor iron., The mechonical powsr due to hrstirotic wction
at rotor spoed juzt below the synchrenism is cjunl to the

. . _a
power developed by the hysterctic actien is egunl to (1 S/zhz

nall velues of slip this mechanical power is eguzl to Ph Ly

)
-7
fe]
jon
o)
ot
C’:

3 oo Yo - (s A W
The test procsdure adopted wWas to rnote a series of stator

: 3 - e o o 4 15
currents, input powers, and slips at various

ith the mobter running 1isiit,

: ul b I - Lo
down to 125 of the rated volts

s A~ A Rormaps tuToen e
. . . L B Ta T E Y ayplo oy ARG AN S NG G VR DU
Treh teot condition ic coaindained until evoral Lol
Lo @ S M OISLEN L
» NS A re ae - 5
.~ o trlieNl.  ACCUXELS sliyp 1 ipurcien to

established before rendinfs &IV

Tade=qd]sy £ +ho snstrosontation
qentinl for sueh test. The dotoils of thoe snsirun
ore oLow I8 (AN N

{ 5 escts G4
spoment Wer coseribed in Choptor v, ©3CLIOT Get.
. DIPRRI g uronelt v ol .
Cused for zlip nensul
1 rocinl evp oriuontd chine is

-~ 1. -
. W,y OF nake:
s 1. ey momOn I G (VAR EY)
Sinea, the pridnaty RS
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U R T -
fod throush oliperic: - ]
LU LT LD T 11'”.,;) tn(" Tyyyaenl ~ . ~
oNy orush lezses Sy deternined on o

SC.p)" .i',r‘ 't.'“_v“"[ and th
DR he regults ar ted s .
> are plotted in Fig.g,1 oondnst the

line curront o, .
: cont. The resictonce of A ) o
siztance of the Prirery windine wos measured

on Cawbridse Zridee

ge with aceursicy no less then 0.02 (the

nesaured rosisionce o e 1 L .
i tI=sisiance teross the terminal wos C.0722 Phe

10 "‘\13'\\ e ;) o 1
teupera ¢ risce of the windings wis meceurcd by & thermistor

cach apelied fara . aVC ; .
ror ezch upplied voltage, sV™ end stotor input less stator
I°R and brush losses sre 2 .

< oL 5es are plotted against VO and then the curves
are linearly cxtrapoluted to zero voltage as shown in Fic.8,2

o3 [T A P Ny o~ coam A ~
By using the curves of Fig.§,2 ond expreszion (2-2) the fundsmental
and hizh fregsuency losses are scparzted., As indicated earlicer,
the plotted curves in Fig.g,?2 should be corrected for hysteresis
2lso for the voltzge drepy in the primsry windin~s, The
riction end windoge losses obtained by evircpolating the curves
to zero voliagce also involves a gmnll error. In calculating the

, —— :

- losses, the corrected values of sV (the hysterosis
loss th wos obtained from driven roter test described in noxt
anction, snd friction =nd wind-ge losses (also obtainnd frcnm driven

<

rotor test) were used in the expression (r=2)., The details of
the neasurcd and calculated velucs are given in Table &-1.
In order to illustrate the variation of iron losses as a

function of the exponent of the applied voltage, the fundamental

and high frequency iron losses are plotted against the voltage

on a log-log greph (sce Fig.8.3 >s
The results of the experiments &re
driven rotor tecots are

£.4 where both Rawelirfe-iienon &nd

conparcde
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Tahle B

s

The result of RPoweliffeslienon test

[ R S
LN Ty i o
AT B D x 1 4 b s s vt
S R R T T e T I P
r— s e ey

Line

voltage

(v)

Line
currcent

()

{
|
; 50 100 150 200 250 300 350 400 450 500
J

3098 3966 51:0 6.56 8.37 ‘10.35 1?0.{1 15.93 20.55 27.9

310 335 1395 445 525 | 610 730 {900 {1160 | 1600

power

()

{
Tnpat i
i
|

...3 ‘
Slipx10 | |
P £0,3 1 9.8 4,413 | 2,57 11,75 [1.347 [1.083 0,946 {0.501 ; 0.867

(pou.) ‘ }

\O

2 » !
sV 100,75 98 ~! 99,3 [102.8 109.37{121.23132,37 .151.36/182.57 216.72

]
i
{

|
)

8.52 | 8.0 | 12,0 [18.0 | 26.38] 37.8 |53.12, 80.4 |124.4 202.6

Fund, | | |
iron 28.5 88,2 144.8 1258.4
losses

(%) \ \ \
Tigh i ‘
freq. \\\ 48.5 88.8 \\\\\ 177.3 311.2 50
losses h '

(1) NN F

— . . ot T
8-3 The ;)Y'lvflll Rotor ¥

sot

LI E I ‘ ot +»;~;-}J’ o ?ar“CL‘l".",“tC
Tt wes noted in the provious scction thet for ac

gsepcration of losg compononts by Lnwellfio— non toat, it 13

\ ey reTe s of hyrstorcois lous rh
"pecessary to lnow the accurito voluwes © N 9

Co g o My dwmivon rotor
fyicti { V owindooo logaceld Sho o drivanl 20w
as well es the Pricltion and Wiii.oc S

Cuad



nod for dotorminine

seprrating the componants

L <1 fj“t{: 3 ~r ca oy e ~
cqueney locses,  The procedvre by wiilch

[arad

separated is well knewn and treoted

O

loss components are

"

comprehoenaivaly i i ternt »
¥ 1¥ in Yiterature (s2e Raforonces 55 and93 Tinc

‘
;.

3
[¢]

=

the cim of present crxverirentel test i

circuited and open-circuited cose)

both loss component:

(994
ct
i
I
@]

8 Azipan - “ 3 2 ead N - .
fundamontal <nd high froquency sre given as the sum of hystoresis
and cddy current losses,

In driven rotor test the coge is open circuited and the rotor

ie driven by 2 precision dynomorster (it should be noted that the

exporinentol noechine is inverted so tho

3

the stator is driven by

confusion the normal

of the dynomometer
was briefly discussed in Chopter 6, section 6.5. The test
procedure sdopted is to drive the rotor of the induction mzchine
below znd zbove the synchronous speed with the excitntion beirg
switched on and off,

“Yhen the excited motor is driven at speed corresponding to
the light running, the input power to the stator supplies the
following lozsos.

1. Stator fundemental freguency losses which consict of

\

2) I2R, b) brush losses and ¢ hysteresis and eddy

current stotor iron losces.

s

gmarll

At ensll slip the rotor slip frecuency
and may be neclected.

5, Rotor wech.nical powsr due

R R N A T to7‘{ i ;Jr.‘hi':} i
h;\' R VRO ARSI I ¢
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o b all spoeds Lolov

/

e oan .

LA N v o B T e v
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synchronism, but »oyrypaas - ’ '
3 o, but reverses os the notor puunscs throus
- el

Zoro 13 i NN .
ero sliy. Therctors, &3 the rotor spead 1hsses

ey e v ) e : 1
iroush cynehronisn the stetor input is

by twice the hstercsis torque,

he dun-marsd - 1S 1 5 3
‘he dyanmoneter supplics the friction and wind

n o .
as well =g tho rot-rdins

Ludzy

4+t zynchrencus spzed the

b

powEr increoscs by twics

hysteresis torcue,

oz 1, ~ ]
-ince the zccuracy of the measursd toriue

by the dyun
by the dynomomster and chacked with the weltneter rendings
was feund beth readings wsre prac
stator iron lcasses cre obtaired from

o]
Z. . .
IR lozs 2t synchronicrm, minus hys

i

o
18]

losses aro obuainzsd frem ths incrocse of necheanicul losses, plus

ion of the pewer read

readines were taken near the synchronous sprzd. The sumsry

Py

N

ings

the test vasulis obtained from driven rotor tests are given in

)

n

jo N
“
3
l.J
s

[o N
£
|
O

=
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2
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Tebles 2.2 - 0.4, In Pigs8.4  the fricvion

1 conin 1+ ancedg
neasured by the dynnmemeter are plotted cgzinst roter speeds,
Table 8-2
i 3 ~SUS r spe
Friction and windage losscs versus rotor speed
. N " ‘,'f\ A "‘(‘\‘ s a ~:_-C 1 :—’:
3 00 G e 11C0 1ol 120G iy 3
otor sod ~(CC Age -
(revmi
.1’_7':_C{,1011 OGna ~ N P AIr:r,' 1(\:\ ?Zi\ r/\r—;‘:
Jindooen T.0508 C‘1 .rlv N (:-" 15—) (e i
Jindoen Losses
()l\ . en s -
/ e et i




Tebles &,79

e s e i .

o) Tar
ietor Hy

steresis Lo

pxcitetion (V)

10
© Co

10,

116.5

o

The

VIS

o

Iine Voltzge (¥ e 2 =
ge (7)) 1o | o200 | zco | osce | sco
13 ~ . 2 B
Line Currznt ()| 3.1 6.26 10.2 16.2 %0
nout oot o Al 7 / Spn
Input Townr  (§) | 4.7 | 141.5 | 248.2 | 48C.5 | 1137
Trictior ’ 51~ = ~
i%l?ulOﬂ ()] 250 250 250 250 250
Jindage
Stutor Fundiicnicl] 25,3 £0.5 | 142 281 L4
Iron Losgses ()
High Frequency . ) | 30 65 162 354 674
Iron lLozzes
8.4 Discursicon of ihe Fyperipentol Hosults
Tn order to moke a comporison betucen the no-lozd shori-
circuited und open-circuited czge losses, the fundumantal and

S~ Lo~ AT 3
hich froeguency iz

ron losses d=t-rnined from

o
FaN

zwcliffe-iienon

snd driven retor tests (sec Tebles .1 and ©,4) ore plotted in
Fies. 8.5 and 8.0

The cwves of 7i. 849 indicnte thet the fundementzl lozse
in short-circuibed caze at hig er e citations are more than the

corresponding lo3se

iz thot in short-ci

~ s

scn for this

in disconnected caoc.

Pl

«s the fundeoment:l ¢iT g=p flux

reuited ¢nO

-
(S}



ave to ths e v
v 1o vni LT currents ) thon in opon-—
civeultad eren .
C 4 eroe, Haneo the induction in stotor taoth end locsoss
P L o b e a)

are hishop s .
aYre Al)'—,}‘-vl n ;’AlOl C=Ci ircuit tad casc At 10‘"(’1" V()l't"" e

the or=ll discereponey in 4he

e nignitude of lossas, the situntion

1g roversed., This is due

amaonics

whicn is core in th

than in crort-

circuitod cngze,

]

™o e 5 AR KA
LNC curves ot L‘.J._u’k('6 ingd 1C, to L’h:t tf“" I,e(,:n: tu\LC of T 11

S on
Lhy

By CIYTENTY O ~oee e o I . :

freguency losscs in both connceted wnd disconnncted care is of
the some order. is mentiored in Chapter 4, section 4.4 the
danping cffcct of rotor bor currents does not significantly
clter the mognitude of high frecuency losses, This observotion

e
which is illustraztezd in Fig, 8.6 is not relsted to the prescnt
56
experinental mochine only. Spoorar hhs carried out the some
exporinmental test on & scuirrel cage induction rotor vhich iz
essentially very different than the vresent onc. For illustrition,

the result of Spoorer's cxperiment is reproducced here in Fi2.8,7

where it con be scen the discrepancy between lossces is not teo

ta
o+
3 by
(]
!
-
@]
A
{
(o)
ct
+
(@]
,

[
b

. - - ~ 1
significant, Those cxperimentsl ovidsinCes support Wi
4 o =

o+
o
ey
o

of ectimntine tooth pulsation lczses assuming the coge
disconnected.

The relstionship bevw

» m . o~
> - vyl a al o) e
of the applied voltage wes The slope of th

g al freo - lo-zos is cbout 1.
line revrocenting the fundomental frefusncy loszos is cut 5

: . o et e e
i 5o a5t of o r-ted voltoge This slope
in the ronge of 250 - O of the r:ted . T

o ‘ VL e e A 5 Fo o
i -3 to o of &5 - 120, of the retod volioge.
increnses ) $

of hish frecuency leasnas of lover

On the other hond the slop?

- N B
fundosental freonency losesd.
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1o nare og for the fundanentnl,

ponent 2,% in the renge of 0. - 12C

of the rated voltoge is in agreement with the previous

55,57
expeeinentsl tests carried out by Dyoorner @nd his associsdon
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oxk

The

Goin problems tered in t
¥ weoencounvered in the tnrlysis of the uir

i

gap mugnetic fie a
| P P24 ricld and loss calculstions are sunmrrised co follows

e

(=) to obtain
) Dvell cn understsnding of the flux distribution in

the @ir gap ond in both stetor wnd rotor tecth.
\
b to e Lo A » .
( / preduce & sound theoreticzl anzlysis for the conmbined

e"p._ o N ot . 4
ffect of the stztor and rotor slot operings on the mein

._l
g_,

fic

4 - A s . ~
(c) vo include the demping effect of the circulsti

.d
O'h

sccondnry brr currents,

.
(d/ to investigote eddy current distribution inside lomin-ted

and (e) to wccount for the effect of the superposced fields and
the diztribution of the flux compersnis in the iron.
The aspects (a; - (o) yere consideored in detail in Chopters
~ 4 e e ( 2\ - - an
2 - 4, the agvecis (e) - (d) were discuzcud in Chopter 5. The

experimential snalysis given in Chopters 7 sand 8 provided not only
a clear picture of the detziled flux distribution but alsoc verified
the validity of the theoreticzl consider:tions medc in this
thesis.

The existins theories Tor the calculction of high fregusncy

losses are somevwh i empiricel end inzdecuate because they are

expressed in cvercll terns and do not z1llow for the deteiled

flux distribution in the nachine. 1t is not difficult to
cppreciiie L.t e.ch of the problens sentionad zbove invelves
pprecinte Til-

: . cperinants ;is which canno
a considerable theorcbtical and experinental znalysis which cannot

. Yvra MO Wi t he work
limited work., Cwing to this Luctor the wors

. hre been prim-rily focused on tie problen of

Rt



perie . nce olinet on the s N .
©OROIn Tlux., A1l other problees vnre

diccuszed in this work v ;

DL TNIS WOrk in order to £1Ve on appronri te cccount
)'(‘ "1)(\‘: ‘:_ . 4. T - Yo <
of the fwctors influencing the megnitude of the lczcon nd their

calculttion Mhe theereds e v wntos o o o
. Ll tqu:’.l.th\.ul \_}:.\;‘13_51-_3 QOVO],OFCJ in Uhs"pt‘(;‘l‘ 4

CEIROVes the miiy stucle i sar (] s S . .
oV ‘ wdn obstucle in predicting the flux distribution

alonys the tooth surf- LW 1
dong the tooth surfsce o well wos tone total flux puloition

T et A ST At Ans - codone . , .
ineide the rotor ind stutor tooth owing to the rel. tive

movement of the rotor teeth with respect to the stotor teeth.

An wecurete knouledge of these flux components loads not only to

o bpetter Wndeorstindine o

Hh

the behoviour of the machine on no-—

lecud, but ~lso encbles

ct
-

e losses to be calculited with 2

It hus been shown thet an zccurste estim-tion of losse

2} -~
85e3

. PP \ ~ . -
cen onlv be achicved if 2, &n accurate loss formuvls iz uced, and

[ N |

b) on crpropriste cllowsnce for the effect of superposed fields

5 .

snd the flux distridution in the iron nrc rmode,

ey )
tvantmont of the ¢ddy currsnt lotses (brzed on linenr theory)

iz vromoscd in sypondix 10,5, The rezults of these ..nnlysces
Y Doy Ay

3 1 ~ swnoerT-ments T o nd uaaq £
con be verified in future experimentel wors .nd used LOT

noted iron. In connection

1 1 3+ Je ¢ STy o ScWe &
with the problen of superposifticn, 1T 18 NECoEL LY to 1-ke
tudy of 4he eddy current loss=is induced in ¢ simple oomple of
ctuay ¢ SC Caay e

. , . r powi oW NOIN—01INGCId
lominated iron by varlous nei i

eyverinonts
CEVOTIN

trovelling
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It was shown in b F7 1
Chepter 7 that along the secondury surfice

the flux waveforrms duye to the total slot m.m.f, =nd slot-~

crmeance hermonics a . .
permeance hyrmonics are distributed between the zero and peak

positions of the fundementzl, The menner of this distribution

3 < [ 3 SIS r N § . .
is such that at the zero position of the fundozmental the loaszes

are predominantly induced by the slot m.m.f. hormonics: and at

the pcak position of the fundamental the loszcs are predoninantly
induced by the slot permeznce hermonics. Tt iz, therefore,
incorrect to add the losses calculated for each of them
independently.

Tooth pulsution losses zre usuzlly calculazted on the basis
of the harmonic contents of the totzl tooth flux variation. The
losses determined in this way con under-estimate the actual
losscg, hecuuse the harmonic fluxes which appear in each section
of the tooth may combine in such & menner thaot thé h-rronic
contents over the total tooth curfice become small., This vroblen

36
wes recognised by Figginson ind in crder to overcors this he
introducad = loas fzetor for exch harmonic of the total
Tvis lozs factor wo derived on the brsis of flux
moasuremant scrons small sections =long the focth curface nnd
then comp..ring their result-nt voctorisl cumm-tion with the fotzl
tooth {lux. ocspite the fsct thoni the procedure ~dopted by

) B he Five 25 fictors
Hicginson is to a lurge extent expirical, the given 1 . =
L

iy

ic air zap geomctry., In addition

et

Vo

were cuvnlicnble only to & cSpecd

et 5 ine Jouz fuctor of the ovdasr (1.0 -
to thers lens foctors Ln eXors lousn fuct

1] =i in ordcr to obivin 2
i iod in th +s coleul-tion 1n oralr TO
1.4) wag incluuded in the lozs coleul

Lwa vroblem of ccecounting Jor
el ctory anser, Houever, the yrovlem oI ¢ CCOMNTINE
salicloctory anove )

it denth cor be reodily Treatod Dy
e £iux cistribution in the tooth ¢ be I ¥
[VEO RN I L I SR VN &
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antlysis of " .
YL ol Chupter 4, 14 coin bo

seen frem cqustion

¢ of the Tlux densily hormenics ot rotor

B S SR .
LG0T Suriaco J vary with roter posi tion. The

0oL This continuous viristicn of the :wplitnies

¥ hurmonics is thet tooth lozses should be

o Ta+ad el JORE I " R -
culeulnied for ecch relutive rotor position on the beois of the

resulting flux density wave, The tcturl tooth lomses then

represent

the lozses deternined 2t verious

rotor displucements., To obizin the meun volue of the tooth

]

lozmes 1t is not necessary to considsr a1l rotor positions
describing cne cycle of rotof displaocenznt, For this purposze
it is sufficient to consider only two rotor positions cuich
representing the maxirun ond mininum conditions of the 2ir gop
permosnce.  The mean volue of the locses between these tw

ns can be then comprred with the lozses of a

O

extreme positi
third rotcr position representing the condition of the menn
The problem of demving effect of the circulsting [}
currents woe elimin ted by concidering the totz1 pulsztion
losses to be purely iron leosses, o5 in the case cof the
disconnecied cege. Such = corsiderstion wus verified by the
experipental results ocbtained in Chapter 8. In support of
this proposition the experimental results cbtnined by other
-y

5 A Y T11nnd 9 A 7.
suthors were quoted in section 4.5 and reproduced 11 f1f. 8.7
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el T e e e

The Slot Width Factors

The slot-opening factors result from assueing each slot
ampere conductors to be equivalent to a current uniformly
distributed over o circusferential distonce ecurl to the slot
opening, This concept is an improvement on the concentr: ted
slot currents referrcd to in Section 2.2.

The slot opening factors may be derived from the

distribution fzctors given by eguations (2—3) and (2-4) (sce

Section 2.2) by revleci m
Sesction 2.2 by reploeing 75? by 5, and mulidng q tend to
infinity.

A ,’

/.

From ccuction (2-%) it can be seen that KS(gn+1)
becomes negotive when

(6n+1V)S>27

or
_
A
h> ST

By meking use of the eguality

=+t whon = 3, the slot width factor bacormes

negative when

at 1 t
n> l - >Cl( +1) - (10-1)
Therefore, whun the olot is too wlde (i.e. S .t ), the
sign of ks also rust be included.

‘or hermonic order
M>69(—§,—+1)

the followincs cen be written

> (69 1)(E + 1)+ (& +1)
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1

or i

m>> (é“ +1) ;GGT%:T (10-2)

Henee, the slot widd

o factors rewsin positive until the hormonic

£
order bacomes greater th=n (3-4 1) ¥ first eorder slot harnonic|.
s

The sign of ks cannot be noglectsd 4if it is necemsery o consider

the net effect of cn infinite serics of hirvonics.



10,2 Jrorondix 2

“tvinotonticl und Stre

RGN

e

Linng

of n Source in 2

Conzider & semi-infinite strip of very thin conducting

witerial in which & source line is placed at the origin '0' os

ghown in fig. 10,1,
t= -
S
s 7
s e
~ ""7"':“' -

t=4
.
7’ e
.'/'
L -
///
/
// 4
/
//
e XC

- Fig 10,1

A semieinfinite strip in complex Z- plane

the upper half of =

transforzntion, namely

=-3

complex t-p

Ju

inside the strip czn be transforied into

lzne by using Schuzrtz-Chrictofel

(10-3)

z

-
oo

-—OC g e l

-1 0

4 JU—
T V > 4 oc

complex t= plane

The solution of eguation (10-3) is given by

-
7 =Kcosh t+ K

b = cos(~ %’—QZ—)

ant
where ¥ ond & oare constanta,.
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The tronsTors

nsreyrnotion of theo roulay ficld betwesn two

intinitely porallel plates cpart by a , is given

a distance J{
by
w = log t

or

Y e 71 Zs
w = log ( €08 2y (10-4)

Taking into =zccount the properties of conjugnte functions,
the equipotential and stream lines can be determined by
substituting the real and imaginary parts for 2 and W in
equation (10-4). Thus
Y 4+3Y =1log [cos(xwv)]

where

(10-5)

(y = constant, gives the ecquipotential lines.

HJ

i

constant, gives the stream lines.
The whole family of ecuipotential and stream lines for
5 23
the problem of Fig. 10.1 has been treated in Gibbs book and

they are rcproduced in Fig. 10.2.

Fig 10.2

Equipotential and stream lines in a semi-infinite conducting strip
By interchanging the eguipotentizl and strcam lines in
Fic. 10.2, the magnetic fiald of 2 line current positionad
£ . ! — >

. . . - oo a0 vo infinitely prrronble ir
midway in the aar &P betwoen two infinitely v ble iron



blocis cnun bo rorrescnted,  O4 i
> Conbo represcnved,  Ginee, tho ocuipot nticl lina long

th{,‘ —- i i e gy - ~ N P 5
Y=o #1a 1s o constunt, and elso slon tha lines 03§ t¢nd §,+4 o2

A

<

e A oy D A v ey . ) 5 . -
tho picture of the megnetic ficld on the right helf side of

Fig. 10.2 reprosc s av oo B -
fig. 10.2 represent the exnct pattern of the air gop fiecld due

to & linc current.

10.2.1 The TForivhoral iir Gop Lonl oo Plux

Consider & smooth 2ir gap and = full pitch winding

represented by current linc

9]
g

s shown in Fig. 10.3.

m.m.f.
/{:o’u‘

—a-d

Fig 10.3

A smooth air gap and the m.m.f. of full pitch winding.

The veriphoral cir zop flux floving from pole to pole can
& 1 b

P L [Saas
be determined by considering the boundnry conditions zhown in

Fig. 10.4.

0
1t
-~

(P-;o _i_(_)__> .

o P=0 P

The potential boundary conditions corresponding to Fizg. 10.4

The function describing the potenticl distribution inside

. PR nv ha niantly obtoinad ;
the rectuncle of Fig. 10.4 can be conveniantly obtoined by

3 = 3 ~ w1 ants A€y hotl - R
using the harmonic functions which ooatloiy bowll Lxpluces



arrsorenticl ecustion snd the ~iven bourdore conditions,
Thoe =0l ats oy PR . - - . ~ R .
fhe solution of the potentinl function for the problem choun

AT Pl 16 S s
in #Mg. 1004 ds given by

b= S A, sinh K7y . sin 47
Zl : P Y P >

hox
2
P ~ (for k=13,5 ...
. 'L kY smhKﬂo
“T P sinh £dLg
P

0 0] (fOr K=2.”,6v-)
Thercefore, the potentizl function bocones
oy
. K
0dd 2 sinh IZEl Y

P=2 " Temhaz, T (10-6)
X |

Differentiating ecuation (10=6) with respect to x, gives the
periph 1 component of the flux density ot eny point.

P LK

sinn ——<%.

)K=13 > pd i

The periphoral fluxcs which cross the surinces at x = 0 and

CFP: B, c}y ._.Z _ H (coshﬁpﬂg—ﬂ (10-7)

I<J(5Inh.%5Lg

The racdial flux which crogs the surface 2t v = g is obtrined by

P
odd _f\;_Jr_Z_
(PR_—_JBydx :_—~§—7 2 coihﬂp (cos kTi—1) . (10-8)
K=1,3
0

N
=l1
The rotio of the fumdnmental pe ripheral air gup flux to the

. [ NN TP ‘ ~\
undamental of the radinl flux, from ecuntions (1¢-7; ond (10-2)

COS(A

P, — (7 _ _,i__- s ) (10~9)



By cxpiniing the torm coshZlg into volynomizl oomios
i} Tt o\ Gy

cosh Zg — ¢4 (T9) . (5-8)
P 2] g oo

. N . Iy R .
and nuglecting the higher powers other thon (~4§—S) s the ratio
L

given in egquation (10—9) becomes

~ 2
bp, .. (F9)

ZPR‘ Y (10-10)

Bauntion (1C-10) can be also written in terms of the stator
diemetsr D ard pairs of polcs p, by using

= JD_
P= p

. / -
Thus cguation (10-10) beconcs

Rkl

Knoving
N .
leakagoe (ths fundrnentzl componsnt; cin be determined from the

above cxpreasion.
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NV o T L s - ' " ~ ~ - .
Ane sitecvive Lir Gon Len-th Tor Slot m.vLf. Tlnrronics

Thoe offoct of o = i _ - +
e errect of a slot opening on the shuve of flux homonics

corresyonding to slot mem.{. harmonics varies &5 lhese h.orionics

reveolve with respect to a slot

o8 shoim,., In Section 3.2 it wos noted the

opening,

the reduction in the average air gap fiux corresponding to

Fig. 3.1(a)

cun be estimated by using Curter's cnalysis,

L

because the effect of periphoral air gap leak:ge (in compzrison

with the overall distorticn of

This eppendix investigotes

case of ¥Fiz. 3.1(b)

source

S

i

gahs) flux) is negligidble,

the air g

an equivelent analysis for the

Z=plang

4
t=plane

Z=0 ‘,..U’

AR AL R i e

Fig. 1045

P i aatsnmminand

The complex 2

tza

-plane and teplane



ror o ocurront o e e o . N A i
T vrrent of 2 wpore the wotenticls of the adiveent

- ~de
tecth [{_‘13 shoor Say D2 . L
shoom dn Pig, 10.5(2)| ~re 41 2nd =1 with resroct to

\
LAC AN 3 oo TR AL - L i .. T J. K
the ples vritee ot zero potential, The potentinl on tle line

the zlot centre is 2lso zero.
Brenuze of the sylazetry, only onc half of the air gad
geonatry [as chown in I'ig, 10.5 (b)] is considared, The
conform:l transformation of Fig. 10.5 (b) into the upper h-lf
of t-plone is indicoted in Pig. 10.5 (c).

The trensfornation coustion which comnects the two complex
Z and t-planes is

dZz —x et +1) ‘ ‘
dt t/ (- ay (10-11)

-~

By using the method of residues, the constants k and 2

can be obtained and they are given by

The tronsformation of o uniform field (in a complex W—plane

betwecn two porallel plates seprrated by the distince g invo the

! Ny

upper hzlf of the t-plate is given by

dw__ C 10-12
Jt Tt (10-12)

The flux density ot eny point in the Z=plune is cxpreszed

expression for flux density is given by

B = |dW y dt | V(=) (10-13)

)



T-t i,. Voer on
Lt 1o clear Liom ccuntion ( O I T R N
untion (18-17) tht hwn t tends to

infinitv, the flur dancitv in +he = .
s ovne rlux dencity in the sir gop becones unifora cnd

e R b Lo - (%5 m 3w N . o
eoutl to = (this is the reximum Tluz density in the zir go0).
v A

<

QD

;in of d-plenc which correstonds to t = o the
density is zero, Thus the lux density olong the smooth suriace
DA riscs fron zero to its muxd Jne (4 1

riscg 1ron zoro to 1Ts moaxinum value (gﬁ, The arca betwoen
oo 3 sl S v e . .
the stroignt line ropresenting the moxirum flux density in the
air goep end the curve of the flux density distribution clong the
smooth surface DA gives the wagnitude of the lost flux due to

the slot opeoning.

Thus, the lost flux is cxpressed by

/( Bmax"B)dZ (10-—14)

)

iaklng into zccount the expressions (10—11) cnd (10—13)

and 2150 noting thet the point Z = O corresponds to t = a, the

integral of eguation (10—14) becones
od
D

or

1 Jtt-a) 1 8/_(;1-1—)' di
g 8Ty | tjE-ay

I

a

CP: 1 f(:c+1) ft :3, ) dt (10-15)
¢ 95 t —a
/(d [(t—a)

The integration of each term in equation (10-15) leads to
infinity, but their sgifference is finite. However, a finite

~ . AT s
solution of the integral ol ecuation (10-15) is not possible

in its prescnt form. Tor this resscrn, the integrnl of coutvlion
IR U
(10—15) is revnrcseated in iapng of o now verizble (v,




Ilence

i

C

) L)-
(W~=1)

and

gp— 2Uru
(W= 1)

equation (10-16) are:

wvhen t —>a, u
and
when 1

Substitution

/
2(1+q)

— 0l v o=

- 141

.

v

=

(10-16)

and dt into scuztion (10-15) mives

du

q%:

7

o

(u+1)(u+q)

m LRI . . . ~
The limits of integrstion for the new voricble (u), Tron

(10-17)

By solving ihe integrsl ond substituting the limits, the

solutiocn for the lost flux is

% =

o
—~

[»]

the flux cromsing ¢ slot pitch

actucl flux in the presence of

Com=

I

where CF? is ¢

_t+S
t+S-2%,

.\‘
dven by ecuction (1e-187.

.
500X

Lren,

e tigfoteleirne

in 2

t+2 slot opening is

Algor CXDProsecs

the

(10-18)

smooth zir znp to that

ratio of

(10-19)

P
[

roti

teot-1

o by

(10~20)
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e o 4 e i
where £ is the fringing cosfficiont,

Prom eguctions &Y nen 4
1untions (10"1i) “na (10—40) the {rinsing cocfficient

H
]._l.

8 given by the following eYprassion

S 4 — ‘
f =i T = S S P S
| [ )" 251" % (10-21)
T

The table shown below gives the voalue of the frirging
cocfficient £, calculated by using couation (16—21) and also
the corresponding values calculated from Carter's cnalysis for

a few selected reotios of s/g.

Table 10=-1

The fringing coefficients calculated by eqn.(10-21),and by Carter's C

5 /g 4 6 8 10

Tne fringing coefficient
(f),from eqn.(10-21) 1.32 1.84 2.18 2.48

The fringing coefficient

(£),from Carter's C

5
3

2,051 3.330

.
no
()
"}
A)
.
C
O
\J




~%), section

funetions (P ) ond
! 2

4.3] ciriobe tre continuity of the potentizl
function ~rnd ito normnl Zerivotives -long the torndury lines
bordering the sir gp region »nd the rectrngle. I and 11 (sec
Fige 4.1).
A% the surfvce y =9, both potentisl functions CP and. c*)
I

in the interv.l 7 — E \<gc \<’[_H-2 wre unknewn.  (Note, ot

oxX = T"" P wnd o= T+P he potentin
S S

vvhich is comnmon to both potentizl functions CP{ and CP2 be
denoted by + \1/ . The volus of the unknouwn potentvial
Y d () -

function \l/ AN

be zero, since unity is introduced in the exvrezcion of the

o vointz X=7— @ cnd X=7 + R ust

unknown potentisl function.

Wron the bovnd. vy conditien fty =g cnd in the intorve:l
T 7 D L pniron R T £ the PR
L — fsj <, <( -}—/5 the uvnknown COosfIiClent Ly, OF the potenticl

function (F con be cxpressod DY
|

—~
(-5

Sind iy s - s bound: ry cendition, the unknown coefficien

Sindilorly, frcw the L@ 0L Ao noition,

£ ’ tepticl function i osiven D
of the potenti~l funciion CPZ o

<

By

7
‘ , [
R ~~ [,\,, . Vo C '\.S ';\, Q8- (S AN
BK: ,-,_{__. 08 KN -G - 7 L]1(\,:) v (1C=-<5



In the oo penr . .
B A I S S ],Lui;;,,?]_‘, Q"b :’ = U iIl(} -j_n rl-‘,_‘.’_. i}"tf'l’.'\:f :’

i

. .
Zf =+ dis — e- <§§ S; 7_—} dlS—#}% the wknown pouentiol

o~ .
iwnetion hiach 9n vy A ‘ ,
unction hiick is corron to both rotentinl functions <]’> cnd <P
j ) on
Y 2
-

ig denoitzd by R/ Y R . -
’ ‘ v 9(x) .+ lence, the unknesn couiiicicub: (e +nd

Dof the yoientir ¥ i : 3
w\bf ne roiventicl functions q%' ~nd CP are cxpressed by
3

T+ dis+ R

CK = ~i_ Y, (z) - €OS A;Z{_/_ (x—~ T4- Z~dis)~ doc (10-21)

and

T+&§+R

1
D=2 o510 ZF(x=T—die +R)-d (10-25)

of the unknown: netonti

rurber of the unkrowns is erfectively roduced into two (n‘moly

Hﬁ(xj wnd \*2(1)). In intepye o, nerever, the nunber of

the unknowns is four. orcover, the fourier series rerrecenting
the potenticl function qé- (see ecuztion 4-2 } consists of
two terms ond each of them involves functions of diffcrent
wavelengths, In order to relste the potentizl function,ﬂf(x)

to the potential function ﬂélf) , it is necezsary to milke use
of the equulity or the flux components whicl Crons the zdir gop.
It czn be chown th:t by concidering the flux comvonents which

: Nt el o Al A N e RS S
cross the nir gop by one stotor slot piteh nd onsz retor clot

pitch

o s AT 1ha f ine
potentinl function q%' ) the following

cbt:iinvd,.
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7.
\ 7
#cothxa . ok dy 2 |
Z._‘ T U k[{(:?C)- COSKX . duiX oS ka.dx
A

G

T, 1 —_—
T—T t-chs
-
{
= [ 741 2
~ x) . COSKI-dloe X . de
, T-sinhkg 5:U(’Q oS K
K=0
r—_PS .
[ T+cis+R
ol
—_— _&Z—’_ COT}')._ZO W[a:)- cos Eﬂ(«_’@_z ”°I/.5~)~C)i‘ci x
72 7 J 1) 7, '+,
(R

‘\
‘:
K=o | T dis- P

or (remendsrin
T-+F (__r

2
7 ¢
\/\1’{(0:)‘[03;’(300/36:_—_ YR ) Y
él (Cofhf@‘ m—i—a
A

-5 '[+A';s+e

X %(x).cos-%’z(x—'u—’[,—-d{s).c/x (10-27
Tedis-F

The next condition wiica must be sutisiizd i - . -
he ne: ndi

ENE] "o
bound:ey lines between the =il GRD 7
C 1T, Toking dnto nccound oo tion (10-27), the conmtinuigy of
«nd Al Hoang 2o

[ 7. - T
i o o4hn vodentisl Tunceiious )y s (R
»the .‘J.OI‘L‘!I-’;l doriv Aave oL T TOTD 1T Q}'l ‘jg
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gt v o oo g Sx e fas N .
o o [EINVY S lli"it‘l“\f.], ;" ) . S e :)
¢ TR
gives the follevins relationshi '

1ip,

i /

K 1. i [
g3 ; -
7 coth g f Y (0c)-LOS K& - G | £os kear ﬁ}
(=0 (__J‘
-3
_-s 1 T+R

— \
{_ f.' 73 X L «x)-COS K- J NS
4._1 91 - f\.nh Kl g (~—~—- coth s %

27 e

-, { -\ .
Zountion (10-27) roprosents © nOnN-nonorwnlous inte~-ral

K ) I~ ~ S aYe R A 3 e A ot “

ecunti of Frednclm type which c¢in be s0] oy uzing the
nethod of Golerki: e esoscnce of Golorkin

. a A ' ) . o .
in crder to solve ecuxtion (10—45_,} the urtnorn function
\HU;) iy chosen s 2 sum of n torms of functions U, (),
INES) [ (xyouch fhot esch of these functions sotisfies the
N (=

bound ry conditions &t x= 1- R nd =17 + R o, 1
A
(7) = 2—\ Clm le (‘x)
m.‘:[
whers \’/m ()

The Torn of the

herpenic functions

(‘\‘

a0
S’

o .-
2 3 )
— N 4 - ,f: Jhy ', o - _*,
\)Ll/n ("() o / il ° ,' / ( (

LI
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il




DY OonUstT b b iy e Al e ; . - i s
BN IR AR VS O S N A E O N S O R A5 ST o oy 3 ey i
PO 0 unetios \][/n (&) Lo

zquntion (10-20) sore erp i ‘
equ-ticn (10-25) zone errop weuld resuli. The wr:nitude of the

PO e e - 1
error 1nvolved, diminiches oo the nunber of the torss in the
et e e\ i
serien (1C~:3) -nercozes. Theoretic: 11y, the

P FRE R ~s R AT s e e o
function V{”(A) <rprotchzs the uwctunl potentisrl function H%(ﬁq

o0 N e o0 .

(1C—29) cin be dsternined such thet the truncoted zeories cives
the best wpproxim-tion.
Suppose the errcr which would result by cubstituting the

approximited function M, (x) with n teras into ecustion

R Y . . - .
(10-28, is #(x). 1n cccordonce with Colerkin method the

runc:. ted series of % is the best apvroxis
trunc: ted se of g{ (z the be PoToXi

4 o 7 -

coefficients Cpy  cre determincd from the condition

7+ R

R (ax)-smn ﬁﬁ (x—ﬁf+—@>-d£ — (10-350)
73
©
T-R = )
wvaere L = 1, 2y ceveeeee, N

+1vois, the series of the Function #ﬂj(x)

is trunc=t2d un to fen tarms.

Excctly in the ssme monosr the unimoun poicntinl functi

Vo (o) = D7 b 57 G5 (2= T—is +R) (10-

ng the coeics iz trune Ted up o 1C terins.
Ry Lo - -
: Z g detormined {vom the conditvion
.1:0 the cociiicient Om 15 detocrminad fwom the ndition
L (V3882 [ U T i

T4 clist £

o : o .
R(x)mn%%ix,_fvuw442)dk (40
S I’;,

Za)



By solvin: i et o . .
v the linesr syoiers of the sirulioncous e bione

reprecoubed by (10»30) cnd (1(*/lb)uue conyle

to solution of the

otenti functions . .
p M l funzstiong (ﬁ! ) #.)Z ond @3 is obtoinc d

DIETPRSN s . o~ \ N
From cuustion (4-2) the d.ec. componcnt of the normal

derivative of the potential function 95 (in terms of Gu end
2

\ . .
bin) is given by

Z.,m (10-32)

The @mplitude of the k harmonic of the norm'l derivitive
of the potentizl function f) (in terms of Aum =nd én) is given
) 2

by

B = 2‘@"-C0<L <) XS m- g e 171 (T=F) —cosmT . cos 71 (T+ R)
) 7K P, SV

Y70 7 - l 1—__ 2l %2 |

v/ Sf’KJ m=l L m i( ,i) |

~ 1
¥/ 1 n ~ -
2 ‘D K. COSD —,—a/ (8-.>’)7\Y‘x ’ fCO~5 —,{T(l,',[‘\_fmr, ' COS’;«I/ ! l'f“/,-:/!
—_ > m-eo 2 Iy
~ | T ,’/ n}t - KA\~
7,” tann £Lg e m -1/( - ) ]
! 1

It can be seen from eguitions (10-%2) nd (10-33), the
series representing the h-rmonics sttenu-teon much fzster thhn the
LS E N ‘./ = ~ '~

o - L~ +3 A cTROTTer - P o
d.c., component., The result of computation shows th t for slot

openings cniller tron the tooth width (‘--.'1:iCh iz cermenly used
dlaaa o0 wae
in inductior machines with sepi-~encloscd clets,,

. P
1o 45 to 2 mozirum errer of the

of the sevies up to 1C teris

order 1 - % Ffor the d.c., comporant (: e snction 4.0 .1 wnd

n the €O £ Loyronics, tho no
table 4.1), In the coge ol Lrand ics,



is muceh mel PR PR . . R
cvenw tion of thc sesdcs iu Jrouter.
i b .
The detrila of +he . . -
L5001 tae cronme arition for the
crleouls tien of the

£ 3 ~ S . - . .l -
coefficients dn na gm., cnd ¢lso the roeosults

N2 RIS S - o da .
Ol the computiition:



13- M Ve e s am . . B
sur Lurrent Distribution T~rirnted

wr
—
o)

n irduedd oo SPE W]
In irduction nrehines the rotor is lamipnted in ~yisl

Qs

ircerion (x~axis). At ony point ¢!

ingide the lonins tions the
irrent densityv hes thrs: - - - )
currcnt density has threo cormporent Jx, Jy, Ju Cwing to the

insulation, the aziel component Jx ot the surf cos of the

i

!
£y
;l
=
::1
(=
L_l
O
2
wd
<
3
}_
C?s

. The rodizl component Jz at the rotor

surfzce is also zerc. oo lepinntions ropest
it follows thot ¢ll the ficld variables cre poriodic functions

of x. liorecover, the field voericbles have certain

their dovendence on x (sce Pigs.5.1(2) and 5,2 ). Toking the
origin of the co-ordinute system ct the centre of a lamin.tion,
the componcnt Jx is cn even function end it is zero ot x = - 2.
The component Jy and Jz are odd functions of x (Jz is zero at

rotor surface,. Similirly it can be scen frem the ficld

[
=
Pl

= J 1{hot the compononts Ey ond iz are oven
/ B v L%

.
]
=
r—t
—

relationcshin

functions of x, whereas Hx is tn odd function of x. 1If the

sine insulstion is assurmed to be infinitely thirn, thon

interl:
the conponcnt lix nust veaish st the surfoce of the leminntion
because, ix iz an odd function znd

Hx = Hx

xX=a x=-a

411 the field conponents Hx, Yv, He ond eddy current density

componcnts Jx, Jv, Jz cppronch zZero &5 2/ 2,

In order to deteorminc

the folloving rsswiplions ond sinp

components,

e

et

plied to linecar problens

Bage

ore commnonly <
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i e ~ .
1. ihe air cap curvature is neglected,

2 The r g nee
. 'he rotor is assumed to be mode up of an infinitec number

s . _ o '
of scmi~infinite lominations of finite thicknesscs.

mi, A vy 42 . e

3. Itie lonminctions cre assumed to be perfectly insulzted and
the thickness of insulotion is negligible.

/ - - P . . . .

b o The source of the inducing field is assumed to be & current

shect travelling on = smooth stator surfice.

5. The problem is assumed to be linear, i.c. the resistivity
and permeability of the rotor irom uarc constant. The
stator resistivity and permeability are assumed to be
infinite.

6. The cu?rent density component Jz is neglected., This
currcnt density component, zs indicated in Section 5.3,
is induced in vertical cross-sectional planes due to the
angular variétion of the applicd field (see Fig. 5.2 J.
‘Since the intensity of the field producing this componont

is weak no sigznificant error would result by neglecting Jz.

10.5.1 The Field Scurtions

The rectenguler Cortesicn system is used and the direction
of the axis are defined as follows.

x is pﬁrallel to the axial direction, y to the periphcral
and z to the radial direction. “he plane of stotor surface is

taken at z = 0, the rotor is positioned along the positive

=

] & ] = m vy —
direction of z and its surface is at z =9 The plane x = 0

is tolen to coincide with the contral plsnc of onc of the.

{ti irccti s is token o «
laminations. The positive agirection of y is tuken 2long the

dircction of the motion of the current shoet,
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My -~ T3 A
the Yicld cquations for the rotor region arce as follaws
div H =0
(10-34)
curl H =7J
(10=35)
curlsz—/u oH
and from the above rclationéhips it can be shown that
2 .
7 H= 4 H '
PL (10-37)
2 .
- 4 -
J:
" e (10-38)

where o = L

Pak®

Jpvand /U aré the resistivity and permeability of the rotor
lamination rospectively.
& ~ is the angular velocity of the travelling wave.

The field eguation for the stetor and zir gap regions,

L

excluding the position of the current sheet cre as follows

rl H=20
cur | (10-39)

H z gﬁil¢> : (10-40)
V=0 (10-41)

wherc ﬂb is a scalar potential function.

The reason for excluding the current sheet is explained

in the following section.

10.5.2 The Inducing and Induced Pields

If the resistivity of the rotor laminctions were infinite,

no eddy currenis ;ould have been induced. Since the stator

perneabllity ijs assurped to be infinite, it is possible to
synthesise the wpplicd £ip1d frem a scalar potentizl distribution
‘on the stator aurface. The potentirl distribution con ba given

in terms of & current sheot which rroduces the same undunped applicd

surface.
flux density at the rotor suriace
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i 1 1; 213 of tha ol ‘.{_‘,uﬂtlc ficld in solid iron it

an be show et +he amnls 4 i
own that the amplitude of the radial undomped £lux

ensity at the .
density ot the rofor surface produced by = current sheet of

A
applitude J  lying on the stator surface is expressed by
A
: J
Bm::a I.__'_____ n
/Lo smhKS _ (10-42)
557
where k= =/

snd T 1is the pole pitch of the harmornic,

and g is the air gap length.

(The derivation of equation (1042 ) and the detzil of the field

analysis in solid rotors are given in Reference &2 , Chupter 6).
However, since the resistivity of the rotor lzminations ig

finite, eddy currents flow in the laminations and produce their

owvn fields. The field in the cir gap duc to the induced eddy

currents alone, is,primarily determined by the mognitude of the

eddy currents induced én the surface of reoter leminntions. 4Also,

since the stator permeability is essumed to be infinite and the

air gap field is dependent only upon the surfice eddy cﬁrrents,

it is permissibls to assume the n,m.f, of the surface eddy

currents is entirely consumed in the air gap. The z2ir gap field

due to the rotor sﬁrfaée eddy currents can be sinilarly synthesised

from & scalar potential distribution =long the rotor surf:ce,

In this caaze the scalar potentizl distribution must be such that

1 ; " npta aw I +3v e
it gives the same flux density components &s proaucid by the

rotor surfece current density compononts.

10.5.3 Thse Solution of the Inducinge ¥ield in the Air Gop

1 £ cmduced eddv currsnts, the solution
In the abscncs 01 roter induced eday curr y ¢ i

i S e given i ormg of
of the inducing "i0]1d in the air gap caht be given in terwss of
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1
o petentind functi T e '
P todosunction vhich gives the same undamped Clux density

at rotor surfa : I
¢ Or suriace as obtained from a travelling current shest

lying on the stator surfeoce.

M o At~ s . . . . -
The rotentizl function Uhlch satisfics this condition is

expressed by

/

434:: ;(wt~Ky) , I
1 K sinhkg x Cosh kZ (10- Fﬁ)

vhere J is given by equation (40-L2 ), namely
s} 4 .
J= -8B sinh kg
Mo
A .
and B iy the omplitude of the undamped flux density in terms of

which all the resulting unknowns must be determined.

2%

T

K = ) where T is the pole pitch of the harmonic.

Although the undsmped flux density at the surface of lominnted
iron is 2lso & function of ths variable x, neverthelcss owing to
the assunption of infinitely thin insulation and also due to the
proximity effect of the laminations; this dependence. cunnot be

76
expressed by a continuous function. G.Y. Czrter erroncously
expressed this dependence in terms of Fourier series vhich led
to non-zero axial flux density component (Bx) at the surfaces
of the laminations.

10.5.4 The Solution of the Current Density and Field Components
in 2 Rotor Laminstion

The molution of the currcnt density and field components
inside the laminztions must satisfy the ficld equatious (1(}.3L¥ )

2 S o -« ol ."". 1 g 43
- (10-33 ) and the boundary conditions specified in Section

1045



- 155 -
m .
The fielg ‘ .
ield components in one lsmin~tion in the renge

-Q < .
LX A wre given by

L
o mi 2 9 . 7% .
Hx, = Z c e~2 (M) <t %i_} +9(wt—ky)
M=l K } Sin DL 5 (10=4i})
- A
H)/ k) mCn -2 K1 K.*._J_idw__k
r — - "_'--—r_—'-_'_,‘,‘_e L a dl y P l A .
4 %ﬁ(fﬁ) }cog%ﬁ {(10~115)
- A
H, =14 °"§ o ézt(—%’i)-%-m—ﬁ—z +i(wt-xy)
ZV - a-_———t n --—— COS mll 1 O__‘l
Fm | (Y4 () s (10-45)

Similarly the current density components in one laminuztion

in the ruonge —ag g + a are given by
oo (2m+1)7 2, "7—‘%
< -Z ———h—/l] 5“—‘ )
\TerZ N@m+i) @ [ za " +d2] +d(l-~>t~k)/) 7
- cosCrAi g ao i
2 (10-i7)
2 1
oo S[@mﬁ] 2 a'} j (ot
- = = L B +3(w Y) 2 “
J)’r:>—4{M(2m+l)€ WL 24 4 sin Pl (10-48)
m=0
The unknown cocfficients Cm, Niam+1) , H(am+1) +ill be

deternined from the continuity of the field =lonz the lamination

gurfacec.

It should be noted that although the current density ond

field componants ars related with each other by the field

courtion curl H = J, their dependence with respect to the vrriable

s expressed by functions of different form, This has boen
X 18 J¢ 3y

compulaorily preimposed in order to sntisfy the boundury conditions.



However, =anv "t . o . .
ver, any continuous function in o limited dinsorval con heo

expande 3 : . .
panded into Fourier serics, wnd hence the relationzhip botween

J snd I involven double Touricr scriocs

S1¢ CcH,

the Air Gap Field due to the Induccd

10.5.5 The Zolution of

G ey g
N RTLS TS v
et -

The solution of the air £ field dve to the induced eddy
currents con be specified by o potentizl function. This
potential function must satisfy the relationship between the
current density and field components nt the surface of the
laninction and 2lmo the zero potantial distribution on the stotor
surfacs (since the stztor verwesbility is asouwed to be infinite).

The functions which oxpress the x-dependence of the current
densify and field components, in this c»se, ara chosen to be of
the scme forr. In doing so, the boundory céndltion which dictates
that the axial flux density componznt at the surfuce of the
laminction to be zero would be violated. Thercfors, an 2dditional
tern (see bclow) is introduced in the potentizl function in
order to satisfy this boundory condition,

Thuz, the potential function which satisf;es the above

conditions is expressed in terms of the surface current density

components by

y 12
' —3{[(2'23"ﬂ+“a } .
3 ‘; (wf-—Ky)
CP = { N(2 ) — Mem+ I)_" S ~~--~-—-~--X5? 3’
l m=o0 ( " [-E%J—)JJ Sinh(g){ [§2m2-;l)/1_"72_*_ Kl}ii

L —
2 .z @m+NT .
X sinh (7){ [2’”“ ":‘+K2} S =« _’_

+  J(wt-kY)

.+§:pnm5h[ (L5 }(x)xf? X Sin ”87"7 - (10-49)
n=1 .



™he coefficients I [ and .
(2m+1) “lema) » 04 In are unknowns,

10.5.6 Fhe ¥ddy Current Loas

vile N . .
In order to obiuin the eddy current losz it iu necessnry
to determine the four unk ici '
LA b (6] U ‘{I’l w >I1 & T
own coefficients Cp, I,<2m+1) s
I-;(2m+1) and Fp.  The four unknowns are determined from the

TP .
continuity of the total field components along the surface of

the lanination, nomely

(10-50)

, , i
RE L o

?
| !
-'Z'-’s [ Jz-:g

Y 72 (
_a_;P_ N __S_SP__ — | H 1 (10-51)

/
2 SCP = /’.a.Hzl (10-52)
Z=9 Z=9
and the fourth cguaition is obtained from the boundary cendition
that the axial flux density component By in the air gap due

. . . \ . .
to the induced eddy currents (sce ecustion 40-59 /) is zero, i.e.

3P — 0 (10-53)
o X x=*d .

The eddy current loss poer unit ~roa in accordance with
Poynting vector 1is given by
"
Pe -7 real /(HX J)JS
2 0 »

_ S

. . o i function of H.
ghore H is the complex conjurnte functl
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MmME DISTRIBUTION (b)

Fig 2.1
Diagrams of stator space current and n.a.f.distributions

0
at five instants of time,for 3-phase,60 belt,full
pl+th1nf1n1tely distributed w1nd1ngs
(Reproduced from Algers book )
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Fig 6.6

Secondary tooth and tooth 1ip scarch coils

(Encireled figures correspond %o the number

of search coils)
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COurUTlon FROGRAN B THE ARALYSI
‘ Vil FOR THE ARALYSIS op CHAPTER L AND
£ i% 3

APPRENDTZ 100

In the program,the notations used for the stator, rotor
and air gap dimensions ére. as follovs ’
PS- half stator slot width (rad)

PR- half rotor slot width (rad)

G- air gap length (rad)

S1- stator slot width (rad)

s2- rotor slot width (rad)

T41- rotor slot pitch (rad)

0% —stator slot viteh (rad)

All

o

imensions are expressed in terms of one stator slot
pitch which is made egual to 2% . (For exzmle, the stator
slot pith of the experimental machine ,see Ch. 6, is 25.1
mm and this dimension is made egual to o7l . The stator slot

width is 4 mm therefore this dimension 1n terms of cne

dadad ’

. ~ . .
stator slot piteh is 0.318u ;0T per 71 unit 1is 0.3%18.)
The dimension DIS which denotes the displacement between

, . - N
the centre of a stator slot width and the centre of a rotor

[ .
slot width (see, Fige. L,41) is also expressed pers unit.

The notations in the out-put of the progran

indicate the followings :
. W

s in g

3¢ -the average air gap flux density,per unit ()

fensity nomionics
A1 ,A2, ...elCe -the amplitude of the flux CEnSIY i

ato t pitcii, per unite
of the order of stator slot I , P

, Pd - ‘O t oy ) 7 ‘1:4\; -‘ho -.ic\.f
31 H ) C tC tllo anl :)l ltu(..u OI EJ.;C" flu. X d.y ;‘Slt y L gt T S

” L . . -
O 2 . L Ot() < ) E



INCRALSHE
DIS BY
O.5xFS

r

NO

S

L.

s —

- 24l -

B DN

————
——

ASSIGN VALUES TO Pg,Pr,G

ruseae . .

y AND T4

|

SET  DIS=0Q

CALCULATE THE ELWNENTS OF THE
Tw0 MATRICES REPRASENTED BY
HUATICHS (10-30)4AND(10-31D)

i

CALL SUBROUTINE RiU FOR

DET2REINING THE UNKNOWN

CORFXICIENTS OF
XNOUATION (1 0-29).2D(10-31a)

R

CALCULATE Bg AND B GIVEN BY |
EQUATIONS (40-32)AND(10-33) ’

CALCULATE THz REQUIRED FLUXES

i

Y S

PRINT $1,S52,T1 G,DIS,BO,A1;A2,09,
A5 1 ,o. ’bj"'}sim TF,.E F}'IUXES O,F
,L/

SthuP COIbS 05,204,275 L;,lé,u9

et )
l WINTSE |

TER b
"\ I TI‘ C(\ LL:,:‘},\~» N

- - b + :"
14‘1‘,()\.., ])] ,1\\3.‘&)\':-‘ R

~ N L
\’_()-;_‘.’L{.'LZIA
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THis PrOGRAM

DIMTISION ACI0, 103, CC10,10),A1C50), A2C50), A3C50), AACSD)
1, ASCS0), A5C50), ATC50Y, A8C50), A9C50), A10CS0),A11¢50), Al2
1¢50),A13¢50>, A14C500,BC10), BNC10), BF1C20), BF2C202, BIC 10>
1, TC6) _
CINH(Z)= (EXP(Z)=EXP(~Z))/2.0
P=3. 141592653
PSQR= PP
PS=0e 1593
PR=0. 1195
G=0. 0478
T1=1.129
51320 #PS
52=2C->Q‘~PR
DO 800 J4=1,30
DJ4=J 4~ 14
DI S= 0+ 5%PSxDJ 4
IF(ABSC(DIS)+«GT. T1>GO TO 800
DO 10 K=1,10
KK=K+10
BF2(KK)= 0.
BC(K)= 0.
BN (K)=0.
BF1(1)=0e
BF2(K)=0e
B1¢¥)=10.
DO 10 I=1,10
ACK,1)=0.
10 C(K)I)=0-
DO 20 K=1,6
20 TC(K)=0.
El=PS*PS
E2= PR*PR
E3=TI*Tl
E4=32.%E1/(PSQR*G)
ES= E4%E2/El
E6= 4% E1/P
E7=4.%E2/ (PxE3)
EB= 4. %xPS/ (P*G)
E9=E3*PR/PS
El0=4.%E1
Ell=4/%E2
El2=4.%E1/E3
. E13=4,%E2/E3
ElZ=pk(le-PS)
El15=P%(1++P5)
E16=P*(T1-PS-DIS)/ Tl
El 7=Px(T1+PS-DIS) /Tl
Elf=px(T1-P2)/TI
E19=pik(T1+PR)/T!
E2 0Pk (1a+DIS~PR)
E21=Px ( 1+ +DIS+PR) | continued
F202=px%G e



continuation

DO 30 X=1,50

RK=K

AlL(K)=COS(RK%E14)

A2CKI=COSIRY*ELS)

A3CK)Y=COSCPX%EL6)

ANCKI=COSCRIEELT) '

A5CKI=COSCNK%EELS)

AGCKI=COS(RIIXELD)

ATC(K)=COSCRK%XE20)

A8 (K)=COS(N¥*E21)
AOCK)=SINH(FK*E22)
A10CIY= TANH(RK*E22)
Al1CK)= SINHCRX*E23)
Al2(K)Y=TANH(RK*E23)
?§3§§;=(lo/AQ(K)“lﬁ/AIO(K))/(All(K)*(l./All(K)-l./Alz
30A1ACKI=Cle /AL2CK) = 1a /AL 1CK) )/ CAICKI*( 1a /AL OCKY = 14 /A
1¢CK))) , ' '

DDI” l °

DO 270 I=1,10

ODi=-0DI

RI=1

RIS=RI*RI

IF(ODI.GTe 0G0 TO 40

BC¢l)=~ES8/RI
_ B1¢I)=-E9/RI
40 AC1,I)=RI%*P/2.

CCI,Id)=-ACI,I)

UDM?- lo

DO 260 M=1,10

0DM=-0 D1

RM=M

R S=RM* RM

IFCCOD e GTe 0o )e ORe(ODI«GTs0.33G0 TO S0

ACI MY=E4/(RI%*M)+ACILM)
i CCI,M)==E5/CRI*xRMI+C(I,M)
5000 250 K=1,50
RK=K
RX S= RK* RK
Mi=R1S=-RKS*E10
IFCABS(1M1)~1E=-3)60,60,70
60TC1)=E6%M*«RI*(E14xSIN(RK*E
1(8.xE1)
GO TO &0
70T<1)=E6*fuokmﬂ*n1*<A1<x>-0uM*A2<x)>/D4l
80DI11=RIS~-RKS*ELD {00
IF(ABS(DIT1)~1E=-3)90,90, . 0CKD
90T(g>ﬂ(ElA*SIN(RK*EIQ>,515*DDI*SIN(RK*E15))/(8_*Al
LeRK# £ )
GO TO 11
100T(2):?A1(K>—DDI*A2(K>>/(A10(K>*DI11)
110DI12=RIS~-RKS*E12 120, 130 ,
IF(ABS(DpI12)-1E-3)>120, 10, N(RK*E17))
120T(3):AlSZK)*(El6*SIN(RK*E16>‘EI7*UDI*SI
1C2e % RKXEL12)

lA)-ElS*DDM*SIN(RK*ElS))/

continued
C——————————"0
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continuation
0 140
30T =A13UDHCASKI~0DI*AL
111501.‘142:“4":?4S-I".?{Sﬁsz?,l3 (K3>/Dr12
IF‘(ABSCIMB)-1E-—3)150,150,160
W)= E7kFM=RI*(E p
:?chL)l3) (E18»SINCRRKELS) = E19+0 D14 SINCRKEL9) ) /
g TO 170 :
160T ¢ 4)=ET#*RK#=RM%RI* (AS(K) =0 DM*A6(K) ) /M2
17001 21=N1S5-NKSHEL3
IF(ADS(DI21)-1E~3)180, 180,190
180T¢5)= CE18%SIN(RKXELS)-E19*0DI*SIN
ALKy ) (RK*E19))/(2+%E13%RK
co TO 200
190T¢ 5)= CAS(X)=0ODI*A6(K) )/ (DI21xA12(K))
200DI 22=RI S~-RKS*El1
IF(ABS(DI22)~1E~-3>210,210,220
210'1‘(6)=A14(K)*('E2D*SIN(RK*E%)-EQI*DDI*SIN(R}{*EM))/(8.
IxRU*E2) , :
G0 TQ 230
220'1‘(6)=A1A(X)*(A?(K)—DDI*AB(K))/D122
B30ACI,MI=TC 1Y CTC2)+TC3N+ACLM)
CCI,MI==TCA)#(T(5)+T(6))+CC(1,1)
0 240 JJ=1,6
240TC¢JJI)=0C.0
o50CONTINUE
26 0CONTINUE
270CONTINUE
i N=10
CALL ®1UCA,N,ISING,B)
DO 280 K=1,10
BN (X)>=B(K)
B(X)=BI1(X)
DO 280 I1=1,10
28 ¢ A(K:I)=C(K:I)
N=10
CALL ®MUCA,N,I1SING,B)
Rl=DPx(1e+ DI S- 3e # PR
R2=Px( 1¢+DI S-FR)
R3=Px(Tl~-3.xPRI/TI!
R4=Px(T1=-PRY/TI
R5=P*(lo+DIS-5-*PR)
R6=Px(TI=-5.*PR)/TI
R7=Px(le+DIS~-7.%PR)
R8=Px(T1=-7.*PR)/TI
RO=Px(le+DIS~TI1)D
RI0=Px(1e+DIS+T1)
Rl 1=Px( 1.4+ DIS+HPRY
R12:Px(i1+PRI/TI
. DD”:lo
CX5=(. )
CX6=0.
‘BO=1.
g 360 M=1,10
0 Dr1=-01Dtf
=M

Ri1S= M xRt
i 1 continued



continuntion

CX5=CX5+B(M)*E22
Ot6= CX6+BO) 20 D= kR0

IFCUDM«GTe G.2G0 TO 299
BO=B0+ ( 2e / CPRRM) ) & C PSkEN (1) ~ PRy
CX1=B0#P&# 32
Gl 0= 26 Cil1
C}{SSSQ*CXI
CXu=Bl#P:(2e%T1~52)

23 0 DD 360 K=1,20

R¥K=K

RK S= BI{* RX
IN1=T 5= RKSKELQ
IF(ABSCLN 1)Y= 1E-23) 310,310, 320
310BF1 (1) =BF 1 (K) +PkGHRI%PSkEY (3 E1l 4 -
ICRK*E15) )/ (P*AS(X)*E10) (O *(EL4# SINCRK*EL4)~ E1 S0 0% SIN

‘ GO TO 330
320BF1(K)=SF1(XK)+2¢%PxGkPSHRK*RMxBN (M) % -
e in 1 : G CALCK) ~ODM*A2(K) ) / (P
330D 2= T S=-RKSKEL 3

IFC(ABS(IXI2)-1E-2) 340, 340, 350
340BF2(K)=BF2(K) =~ PxG* 4% PR¥B(M) % (E18% SINC RK*E18) = E19%0 DM
ISINCRX%E19))/(P*E1 1%A12(K))

GO TO 355
350BF2(K)=BF2(X)=2. % PkG*xPR¥RK*RA*B(M) ¥ (ASC(K) -0 IM*A6CK) ) /¢ Pk
IE3*ALI2CK)%=DI2) :
355A3(¢K) = SIN(RK%xR2) '

BACK)I=SIHN(RI*R4)
CX1=CX1+3F1(K)%*(A3CK)-SIN(RK*R1))/RK+BF2(K)* T1*(A4(K)
1= SIN(PKxR3) ) /P :
CX2=CX2+BF 1 (K)* (A3CK)=SIN(RK*R5))/RK+BF2(K) * T1*(A4CK)
1-SIN¢ Rtk R5) ) /RK
CX3=C¥3+BF1(K)*(A3CK)~SIN(RX*R7))/RK+BF2(K)* T1*(A4(K)
1-SINCRK*R3)) /R
CX4=CX A+ BF1CR) % ( CA3CK) = SINCRK*R9) )+ ( SINCRK*R10)-SIN(C
IRK*xR11))) /RK+3F2C¢K)* Tl (A4(K)=- SINCRK*R12))/RK
¥OCONTINUE
CX5=ABS(CXS)
CX6=ABS(CX6)
CXa=CX 4+ CX 5+ CX6 s
RITEC2,700)S1,52, T1,G, DI
321$E§2:;10)30,(BF1<11>,1I=1,5),(BFecxx>,xx=1,5>
WRITE(C2, 720) CX1, CX2, CX3» CX4, CX 5, CX6
T20FORIATC SY, 254FLUX OF SEARCH COIL 25 = ,1314.8;,22225
IHFLUX OF SEARCH COIL 26 = » 1E14e6/,5Xs 25HFLUX © 1
IRCIE COIL 27 = , 1514656/, 5%, ISHTOTAL TOOTH Fﬁixe; AP
1E14. 6/, 5%, 25HFLUX OF SEARCH g?iLéji/)= » 1E140 67050
IHFLUX OF SEARCH COIL 49 = »1El4. . + /s
700 FSRMAT<5x,en51,1ax,2Hse,1m02371,1mu1HG»1@93*915
15814.6/7/77)
710 FORIATCSX, SHBO = » 1El4.
‘ L, 1AL, 13Xs SHAS/, SEL 4e 675 5Xs
154, 13X, 21105/, SELA.6//)
800 CONTINUE
END

BMY/T1)

oHA2, 13X, 2HAS, 13X

3X
g A e 13X, 2HB3, 13X, 24

o1B1, 13X, 2152,



-

~ 249 -

C‘Oh‘;pufrm PRINT OUT RELATING TO TABLE L1 (SECTION Le3.1)

Sl 52
0. 200G00E+00 @ 200000F+CE

BO = Pe95T1TS5E+GO

Sl s2
B 4OCQOOE+B0 QeL0BRLRE+DE

RO =  0.890622E+00

Sl s2
0. 6000C0E+00