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SUMARY

The loss in solid poles of synchronous machines on load

may be caused by several travelling waves and the thesgis is

[l

directed towards s discussion of the problems arising from the
superposition of these waves and of the effect of the superposed
main field, which is stationary relative to the poles.

The major part of the work is concerned with the effect
of a superposed parallel steady field on the permeability and
logses for an alternating field in mild steel. Experiments show
that, for a given surface alternating field strength, the steady
field decreases the loss, which may be accurately calculated by
a linear theoxy if the steady field strength is greater than the
alternating field strength., Otherwise a non-linear theory which
allows for unsymmetrical hysteresis loops is required for strong
alternating fields, and a limiting non-linear theory is developed,
but not tested.

A consideration of the usual linear theory for the loss
induced by a travelling wave shows that it may be written in teras
of an eddy—ourregt reaction parameter leading to simple
normalised curves; and that the tangential field strength of
significant travelling waves is likely to be fairly strong in
typical large machines. The superposition of waves which induce
different frequencies in the rotor may therefore cause an
ogscillation between linear and nop»linear tehaviour, with variations
around the rotor periphery caused by interference between pairs of
winding hamonics and by the variation of the steady main field.

t is emphasised, however, that the main field is perpendicular to
the travelling fields in a smooth rotor, and it is believgd that
its effect will enly be significant in regions where it is vexry
strong, where it will both reduce the permeability and make-the:-

behaviour more linear.
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LIST OF STMBOLS

MeKeSe4s units are used

A vector potential (Wb/m), cross-sectional

arvea (n°)

AS surface area
a radius
B flux density (T), total flux density which is

stationary relative to the rotor
(Ch. 2 andappendix 8.2), resultant flux density

for perpendicular fields

AB total change of flux density

Ba 48/2

~ i

B, B upper peak and lower peak of an incremental loop
. . 3 oy Y.

Bb biasing flux density (B + B) /2

Bm peak of a normal hysteresis loop

Bs saturation flux density (chs. 3 and 4), surface

flux density (section 5.4)

B, saturation flux density (section 5.4)
b lamination thicimess (m)
Cm ratio of field m.m.f. to ammature m.m.f. (when

this is in the d—axis) for the same

fundamental flux density

D stator bore (ch. 2), rotor diameter (ch. 6) (m)
a depth of penetration JCEZE;;I (m)

B electric field strength (V/m)

e non-dimensional electric field strength

E, voltage induced by the field (V)

E m.m.f. (&)

Fa1 fundamental armature (stator) m.m.f.

Fo field (rotor) m.m.f.

£ ~ frequency (Hz)

f fundamental frequency




amplifier gain
air gap (m)

magnetic field strength (A/m), resultant {ield

strength for perpendicular fields
total change of field strength
AH/2
upper peak and lower peak of an incremental loop
biasing field strength (f + H) /2
peak of normal hysteresis loop
WA
TeMeS. line current (&)
r.m.s. phase current (&)
current density (A/b2)
current loading (A/m)
normalised tangential field strength (eqn. 6.44)

normalised radial flux density (eqn. 6.48)

normalised torgque, or loss at constant velocity
(eqn. 6.60)

integer indicating winding harmonic pair number
distribution factor

pitch factor

slot-width factoxr

total winding factor

self inductance, meaﬁ path length, pole length

mutual inductance, modulus of Bessel function

of the first kind
Jovrgalp = /8 @)
turns in series per pole and phase
turis on primary coil
turns on secondary coil
power loss (W/mz)

munber of pole pairs, non-dimensional

instantanequgiloss'_(SQCtion 5e4)
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non-dimensional eddy-current reaction factor
1/ﬁdur tanhBg

slots pex pole and phase

winding resistance, Kuyper's normalised loss

factor (eqn. 8.24)

load resistance

radial distance, series resistance

slot width

turns in series per phase

time (s)

coordinate of separating surface

velocity of wave relative to the xotor (m/s)
terminagl voltage

hysteresis energy loss (J/h3)

hysteresis energy loss of incremental loop
direct and quadrature axis synchronous reactance
direct axis magnetising reactance

space coordinates

conductors in series per slot, wave lmpedance

(real part)
load impedance
hysteresis angle, pole arc
phase-change coefficient (rad/m)

fundamental phase-change coefficient

depth of penetration ‘/5757ZE;E 5

\/2/°/w(BO//HA ) (section 5.4) (m)

complex skin-effect factor (eqn. 6.19)

fractional pitch = ratio of coil span to pole
pitch

surface power-factor angle

electrical space angle relative to a fixed

point on the stator (¢ of A-phase coils)
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62 = 01«w1t electrical space angle relative to the peak

of the fundamental stator me.m.l.

63 ' electrical space angle relative to a fixed
point on the rotor (d~axis)
)N
wavelength (m)
& fundamental wavelength
AS slot pitch
i relative d.c. permeability
5 magnetic constant (4n x 1077 H/m)
by noFmal relative permeability
Mo incremental relative permeability (with
! superposed parallel fields)
By relative permeability with superposed
perpendicular fields
u reversible relative permeability (the limit
rev
reached by 1, for very small values of H, )
u, initial relative permeability (reversible
i
normal permeability)
ue | complex effective a.c. permeability (egn. 3.13)
K. rotor relative permeability
K stator relative permeability
oY rate of change of b with Hm
Vo rate of change of p, with H,
P resistivity (om)
- pole pitch (m)
T fundamental pole pitch
y-4 flux (Wb), circumferential direction, flux per
unit length (section 5.4), load power-factor angle
Y4 phase shift relative to the stator current of
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edéy current
gap
hysteresis
longitudinal
maximuwn
harmonic space order, normal (permeability)
surface value (ch. 6)
rotor
stator, slot, surface

transverse

indicates resultant of a pair of winding

hamonics inducing frequency of 6kw

complex number
complex conjugate
upper peak value

lower peak value




12

1o  IBTRODUCTTION

Thig thesis is concerned with the loss in solid poles of
synchronous machines caused by harmonics of the armature current field.
Meny of the sections are also relevant to negative-sequence (asymmetrical
load) and slot-ripple pole-face loss, to machines with laminated poles,
to induction motors and to other electromagnetic devices. MNodern large
2-pole turbo~generators are made with solid rotors for mechanical reasons,
and many other synchronous machines are built with solid poles for
electrical reasons; laminating the poles reduces the pole-face loss; but
also reduces desirable damping currents during transient behaviour or
asynchronous starting. Usually the ammature m.m.f. harmonic loss is the
major pole-face loss in these machines.

The design of a machine often hinges on an estimation of the
full-lecad losses. Care must be taken to limit the temperature rise and
there is often a monetary penzlty for machines designed with excessive
1osses.1 For large fully water-cooled generators the temperature rise
is no longer a limiting factor, but the machine size for a given output
depends on the loss weighting, and hence on the lossese2 With a low loss
weighting, which could occur with a machine for a nuclear power station,
the length (and hence price) can be reéucéd until the present limit on
transient reactance Xé is reached; but if expensive fuels are concerned,
giving a high loss weighting, the length must be increased (allowing
o reduction of stator current loading and hence load losses). A
comparison of the cost associated with the total losses and the coat
associated with the size (materials, transport, installation, etc.)
determines the final length. If desired, the air gap of a

. - 3
turbo-generator can be chosen to give a minimum loss penalty,” as 1oad
losses decrease with an increase of air gap, whilst the excitation loss
increases. An accurate estimation of load loss is therefore desirable.
Pole-face loss forms en importent part of the load loss in solid-

.n.f. harmonic component of this

rotor machines,B_and the armature



rose as machine ratings increased. Tested values of

turbo-generator negative-sequence resistance, a measure of fundamental-
wavelength, double-frequency loss in the rotor, tripled from 2% to €5
as machine ratings increased from 60 ¥M¥ to 300 MW during the period

1946 - 1964. Ovexr the same period the average stator current loading
also tripled.1 In general, load losses are proportional to the square
of the current 1oadiﬁg, but pole-face loss also depends on the air gap,
which incresses with the current loading to limit the decrease of short
circuit ratio, for steady-state stability. Because the wavelengths of
the armature m.m.f. harmonics are less than the fundamental, the mem.f.”
harmonic loss has probsbly not risen as fast as the negative sequence
resistance, or as the current %oading. The increase of air gap effected
an aétual decrease in the slot ripple component of pole-face lossy by
decreasing the ripple.

For turbo-generators, the average m.m.f.-harmonic pole-face loss
is of the order of 10 - 25 kw/ﬁz, and 5% load unbalance causes an
additional loss of the same order. Removing the heat generated in the
rotor surface presents a problem for fully water —cooled machines,as
the air in the air gap is ﬁot renewed.z,,(A uniformly distributed loss
of the order of SO kW/ﬁg causes a 100°C teﬁperature rise in a surface
rotating at 200 m/s with forced air ventilation,4 which is about the
maximum tolerable mean rotor temperature.Q) The problem is accentuated
by the non-uniform distribution of mem.f.-harmonic loss, which may
cause highulocal heating in parts which are also highly stressed
mechanically, such as the endbells. Recent calculations5 showed that
the m.m.f. harmonics can cause & peak loss of 754 kW/hg in that part
of the endbell extending into the air gap region,; where the gap
between the endbell and the stator is much less than the normal gap
between rotor and stator. Loss concentrations around rotor surfade
discontinulties, 1ike bolt holes, are also a serious problem.

The pole-face loss problem is not coenfined to large machines.

Losses in the rotor surface ofﬁgma;l.soli&«roto; hysteresis motors
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may limit their output power at high excitationsa6

Work at the University of Aston in Bimmingham on wmem.f. -
harmonic loss in solid-rotor synchronous machines was begun by
Adderle".7 He isolated many problems which were not satisfactorily
accounted for in previous publications:-

1) DNon-linear B/H curve for iron

2) Hysteresis

3) -Presence of main field

4) Superposition of harmonics

5) Rotor position relative to armature m.m.f.

6) Rotor shape (e.g, slots, wedges, grooves, length,
pole shape)‘

7) Air-gap curvature

8) Stator slots

9) Stator winding depth and position

Not all these problems are present in every machine. The first
three relate to magnetic rotors and are not a problem for non-magnetic
endbells; the questions of rotor-position and shape are largely
irrelevant for hysteresis motors with smooth rotors; curvature is of
most importance for machines with a large air gap to diameter ratio,
such as turbo-generators.

The final four points concern the machine geometry and their
incomplete solution relates more to the complexity.of the solution than
to & lack of understanding. Curvature and rotor shapewere considered by
several authors,3’8’9 but the effects on m.m.f.-harmonic  loss of stator
slotting and the actual shape and position of the stator winding were
largely neglected (stator slots were usuvally accounted for by increasing
the air gap by Carter's factor, baged on a uniform, homopolar m.m.f.).
Solutions to these four problems are not given in this thesis, alfhough
e thorough understanding of the existing theory for siuple geometries,
which is discussed here, helps in finding solutions, or at least may

suggest apprOPfiate,apﬁroxi@@gic




There has been some lack of understanding of certain
features of the first five points, and & discussion of these features
forms the major part of this thesis. Superposition of harmonice is
always a problem in a non-linear medium, and there is an additional
complication for pole-face loss in synchronous machines as several
space harmonics of the air-gap field induce currents of the same
frequency in the rotor, resulting in regions of maximum and minimum
losg. The amplitude snd position of the maximum loss is of importance
for all types of rotor, and the average loss for rotors with salient
poles or slots depends on the rotor position relative to the ammgture
field. BSome euthors considered the interaction of the harmonics and
es many other neglected it. Adderley discussed the question in some
detail and showed that the phase of the harmonics had been
inadequately considered. The air-gap field in normal machines is
discussed in chapter 2 and the rotor position is also considered,

The present theory for the calculation of pole~face loss due
to eddy currents agsumes & linear B/H curve (constant permeability),
and some authors included a method of using what they thought was an
appropriate value of permeability. It is known that a superposed
steady field may change the B/H curve and hysteresis loss, throwing
doubt on the choice of permeability or B/H curve. A few authors132"136
considered the presence of the main field « which is stationary
relative to the rotor - in the calculation of slot-ripple loss, but
although they did not say so, tkcey used results for a small a.c. field
parallel to a steady field, when in fact the linear theory showed the
harmonic fields in the rotor to be large and perpendicular to the main
field. A survey of papers on superposed fields, given in chapter 3,
showed that further experiments wefe needed; there had been few
experiments on permeability, hysteresis loss or eddy current loss
using solid ixon, those experiments which had been conducted on solid
nated iron had not covered the full range of the variables, and

or lami

there had been-no~comparison;of;ba¥éhl&§ed and~measured eddy Qurrentfa’f‘*
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losses. Regults for permeability and hysteresis loss in solid iron
with and without & superposged parallel field are given in chapter 4,
considérable attention being paid to the reliebility of the usual
ballistic method of making such meeasurements. These results are used
to compare calculated and measured eddy current losses in chapter 5,
and to derive some results for a superposeé perpendicular field in
appendix 8.4.

The experiments with superposed fields showed that the effect
of the steady field on permeability and hysteresis loss depends on the
relative amplitudesjof the fields. In chapter 6 the existing theory
for the calculatioq:of pole~face loss is discussed, with emphasis on
the amplitude of tﬁe harmonic fields inside the rotor, and on the
effect of permeability. Chapters 2 - 6 provide the necessary
background for the discussion in the later half of chapter 6
of some effects of the superposed steady field and of the
superposition of the harmonics.

Chapter 6 is also used in appendix 8.5 to help summarise the
contribution of previous authors to the calculation of pole-face loss.
This is not placed in the main part of the thesis because it is in the

nature of a post-script to Adderley's work.




——
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2. ARMATURL WINDING HARMONICS AND MAIN PIELD

2.1 Introduction

The recognised causes of power losses in the rotor pole
faces of present synchronous machines under normal conditions are
~ the armature slots and the armature winding harmonics. Additional
loss occurs if the armature currents are non-sinusoidal or unbalenced.

Two forms of loss are produced by the stator slotting.
'Slot-ripple! loss (or 'tooth-ripple' loss) is the result of relative
motion between the}rotor and the local dips of air-gap flux density
at the stator slot$.1o *Reluctance pulsation' loss occurs only if
the rotor surface is not smooth (e.g. slots or salient poles, the
phenomenon being similar to that which occurs in an inductor
alternator) and it caﬁ be reduced by correctly shaping the roto:c.11

The winding harmonics can also be divided into two categories,
but the loss mechanism is the éame for eache12 The 'phase-band’
harmonics arise from the connection of the armature winding into a
finite number of phases, and the 'slot' harmonics arise from the
discontinuous distribution of the winding (i.e. its concentration into
a finite number of relatively large discrete conductors). A
. symmetrical polyphase set of sinusoidal currents flowing through such
an armature winding produces a travelling m.m.f. which is neither
ginusoidal nor of constant shape. The fundamental of this wave is of
constant amplitude and velocity, and when the rotor moves with it at
synchronous speed it induces no loss in the rotor; but because the
wave is not of constent shape there are m.m.f. harmonics which move
relative to the rotor.

In this chapter the total armature m.m.f. variation relative
to the rotor is found by'subtracting the fundamental m.m.f. from the
total mem.f. By consﬁdering two windings of different pitch it is

ghown that the peak phaseeband'mbm,fe variation is not always at the

seak of the fundamental m,mgﬁx;;QQnt¥a§¥f§° previous belief. 3,14 -
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A mathematical analysis shows that the positicn of the pesk
phase-band variation is determined by the sign of the winding
factors, as mentioned by Ldderley, and confirms that the peak
slot-hammonic veriation always occurs at the position of zero

fundamental armature m.n.f., as was known earlier12’13

, but was
forgotten in one recent paper.S
The superposition of the induced voltage or current harmonics

in the rotor, from which the loss is calculated, follows the same
rules as the superposition of the m.m.f. harmonics, for constant
permeability, and this is discussed in chapter 6. The totsl m.m.f.
variation may be found useful for future consideration of variable
permeability because the induced voltage can be calculated from the
applied flux density if the field in the air gap of the induced
current is small. If the eddy-current reaction is large, however,
the resultant flux density ftends to zero and the induced current is
equal and opposite to the variation of stator current (or current
loading) relative to the rotor, so this variation is also discussed in
this chapter. The total m?m.f. and current-loading variations are also
useful for estimating the amplitude of the magnetic field variations
in the rotor. The m.m.f. gives the applied flux density, equal to thé
resultant flux density for weak eddy-current reaction, and the current
loading gives the resultant tangential field strength for strong
eddy-current reaction. In practice, the reduction of the applied
variations by the air gap must be considered before the rotor surface
field and induced voltage or current are calculated. This is best done
by determining the reduction of each hammonic and then recombining to
give the total variation.

| A brief diseussion of the relation between the m.m.f.
variations and the main field over the pole face of an actual machine

concludes this introductory chapter on the problem of m.m.f.-harmonic

loss.
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2.2 Lotal veriation of armature m.s.f. relative to the robor

2.2.1 Phase-band harmonics

Since the fundamental armature m.m.f. wave is of constant
amplitude, the variations of m.wm.f. on a rotor travelling at
synchronous speed can be found by subtracting the fundamental wave
from the total wav ketch in fig B

X €, as sketched in fig. 2.1 for a 3-phase, 60-spread

'infinitelyudistributed, full-pitched winding.

Fundamental mmf

- Total mmt

M.m.f variation

N e
p T T Ay

/4
Ele c. a’eg)

Fig. 2.1 Difference between fundamental
and total armature m.m.f. of an infinitely-
distributed, full-pitched winding when the
current in one phase is a maximum.

As the shape of the stator m.m.f. wave changes, the
varistion relative to the rotor changes. TFig. 2.2 shows the stator
m.m.f. at 1d’intervals in time from which the variations relative
to the rotor shown in fig. 2.3 were ébtained. (In drawing figs.

2,2 and 2.3 the current in phase A is taken to be 5%; cos wt; the

N
origin of the electrical angle relative to the stator ¥, is taken
at the centre-line of A-phase coilsj; 92 = 81 - MF is the
electrical angle relative to the peak of the fundamental armature
m.m;f., which is in line with some point on the rotor surface.) The

variation shown in fig. 2.3 is seen to be a travelling wave of

varying amplitude and shape, moving backwards relative to the rotor.

lso plotted in fig. 2.3,

The néak—oeakiémpiitude of the wave is
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showing that the amplitude is greater at the peak of the
£ RS oy . 4
fundamental mem.f. (82z0) than at the point of zeroc fuandamental

mem.f, (gz . m900),

The variations of m.m.f. with time at any point on the
rotor surface can be obtained by & cross-plot of several curves
like those shown in fig. 2.3, or they can be obtained directly
from fig. 2.2 since the rotor moves forwards 10 electrical degrees

O - £ 3 .
for each 10 interval in time. These variations with time are also

3 O .

shown on fig. 2.2, at 10 intervals of §,_, together with the
<
L b} N3 ES 3
amplitude of the fundemental m.m.f. ( & 0.955 cos 92) at each
point.

An example of the effect of short pitching or of
increasing the number of phases is shown in figs. 2.4 and 2.5.
These are drawn for a pitch of 5/6, equivalent to a 6-phase,
12-zone, full-pitched winding, following the method outlined for

figs. 2.2 and 2.3. The amplitude of the m.m.f. variations is
reduced and there is almost no difference in the amplitudes at

(o}
-390 3 the frequency, however, is predominantly

[}

82 = O and \92
(o]
.12wﬁat 82 = 0 and 6miat 62 = =90 .
Barlier work on these lines was done by Rﬁdenberg 12
(1924), Adderley7 (1968) and Gault ” (1941). Ridenberg showed the

difference between the stator m.m.f. wave at two different times,

and rather misleadingly called this difference the harmonics,
instead of the difference between the fundamental and the total
m.m.f. Adderley showed the time variations of the stator m.m.f.
relative to rotor as given here in fig',2°2f Gault was concerned

with rotor-bar currents in induction motors, and instead of

considering the stator m.m.

ribution he considered the stator



current loading distribution. le

o]

id this because the rotor~bar
resistance is small, allowing the robtor current loading to be equal
and opposite to the stator current loadine. analogous to the case

o7

of strong eddy-current reaction in a s0lid rotor.

{ -8 ] A | - I & ] —A
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Fig. 2.6 Difference between the fundamental

and total armature current loading of an
infinitely-distributed, full-pitched winding

when the current in phase A is a maximum (mﬁ = O),
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Fig. 2,7 Variation of cvrrent loading with

time at two points on the fundamental wave

(8. = 0 and 90°) for an infinitely-distributed,

full-pitched winding.

Gault obtained results for a 3-phase infinitely-distrituted

winding with 2/3 pitch, and the results are also applicable to a
full-pitched, infinitely-distributed winding. Taking the peak
fundamental armature current loading as 1 p.u., the difference
between the total wave and the fundamental at time «t = O is

. 2. . v P .
shown in fig. 2.6, and the time variation of current loading at

,z/(sz is measured from the

o,
8, = 0 and 9, = 90 is show
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zero crossing of the fundamental curreni loading, where the
fundsmental mon.f. is a maximum)

The variation of fig. 2.6 is the derivative with respect

to distance of the m.n.f. variation of fig. 2.1.

2.2.2 Slot harmonics

In most practical machines the winding is not infinitely
distributed, but consists of discrete conductors, which introduce
steps in the mem.f. waveform ox pulses in the current loading.
Clearly these steps or pulses have a maximum amplitude where the
mem.f. is changing most rapidly and the current loading is a

: 2 o . . 3
maximun, i.e. at 32 = 90 . Similar curves to those already given
could be drawn to include the effect of the discrete conductors,
or, on the other hand, the effect can be seen separzted from the
phase-band harmonics by considering a winding with as many phases

" < Bt A, 12 .
as conductors per pole. This was done by Ridenberg =~ to give the
mem.f. waveforms shown in fig. 2.8(a). The equivalent current

loading waveforms are given in fig. 2.8(b).
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2.3 Armature winding harmonics

2.3.1 M.n.f.

The m.m.f. wave of a 3-phase, 6-zone, integral-slot winding
excited with balanced, sinusoidal currents, with the current in
phase A equal to J?Lposw$ end the origin of 81 at the centre-line of
the phase-A coils, is given by

F = F1cos(9 mwt) + ?-oos(5ﬁ1+wﬁ) + ﬁ7cos(731-wp) 4 oeeee

ceee + P6kt1cos((6ki1)&1$my) + oeees (2.1)
i ﬁn;&
where F = “”“‘NI (&) (2.2)

N = turns in series per pole and phase-
k = 1,2,3 ;...

The winding factor kwn is the product of the distribution factor

k s the pitch factor k__ and the slot-width factor k__ .
dn pn ‘ sn

k =k, k _k
wn dn pn sn
sin 3§£ in 48
- sin =+
where kdn = y kpn = cin n€2 y k_ = e (appendix 8,1)
gsin5= 2q %%'

W = width of phase band (elec deg)

q = slots per pole and phase

g = frectional pitch = retio of coil span to pole pitch

s = slot width (elec deg) ‘
2.3.2 Current loading

The corresponding current loading wave is given by

K BF

o= 5s = B1de1“ «ﬁ1sin(3 ~ot) - ﬁssin(591+w;) - ﬁ7sin(781—qt) - eees
vovo-Kg g sin((66E1)9 Fut) - ..o, (2.3)
where ﬁn = n81§n (&/m) (2.4)
B, = %F::%Q - fundemental phase-change coefficient (rad/m)
and A = flndamental wavelength (m)

D = stator bore (m)

2p = no. poles
ﬁ mav be written in the alternative fomm
n v |
-~ B - E " . 2.5)
v _ 605 ZXe r.m.s. current loading (4/m)
where (a.o.)v— §ﬁ§‘ A" s ot

T = 2pN = turns in seﬂ%é??pers?hasé; =




2.4 Arpature m.m.f. harmonics relative to the votor

The following discussion is given in terms of the m.m.f, wave,
end similar arguments can be used for the current-loading wave,
with similar conclusions.

The mem.f. wave of eqn. 2.1 can be written in terms of an
angle 82 relative to the pesk of the fundemental m.m.f. (which is
opposite some point on the rotor, depending on the load), using

923‘91"(&){t0

F = ?100882 + ﬁscos(502+6w;) + @7008(782+6m$) + cece
ceve + f6kt1cos((6ki082 + Bkwt) + oo (2.6)
The armature m.m.f. relative to the rotor consists of a
fixed fundamental and a series of harmonics travelling backwards,

pairs of harmonics inducing the same frequency in the rotor.

2.4.1 Time variation

The variation of Fa with time relative to the rotor at the
peak of the fundamental (62=O) is a series of cosine terms having
even symmetry about uF = 0, 300, 600, etc. At the zero of the
fundamental (82395) the m.m.f. variation is a series of sine terms
with odd symmetry about wﬁ = O, 369, 6C;, etc. These facts agree
with the time variations shown in figs. 2.2 and 2.4.

2.4.2 Space varigtion

The variation of Fa with position mey be shown by combining
the pairs of 6k harmonics which induce the same freguency 6koy in

the rotor.

Foro = Foxa1 ¥ Fora

= F t 2.7
Fskwcos(q§6k92+6kq ) (2.7)
§2 L § 4 of F,. ,cos29 (2.8)
where Fe = Foq + Foeer * %Fera1 Tore 2
f 3 -
“tan n = blett - Ok~ tan 9, (2.9)

ko Ferer + Foret
Equation 2.7 shows that the resultant of each pair of

6ktq spacé*harﬁbniéé relaﬁive torﬁhe rotor is a modulated travelling

wave of varying amplitude end wavelength.
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1
~=  depending on 9. and t elative values of ¥ . : .
ek T & d the relative values o F6k~1 and T6k+1

2
Only if F6km1 and F6k+1 have the same magnitude is the wavelength
constant at wml,‘
6k
The amplitude also depends on 82 and the relative values of

the two 6kt1 mem.f.'s. At the peak of the fundamental (62:0),

Forw = Fepepr * Fpoq) oos Gl (2.10)
and at the zero of the fundamental (82g9d,),

= (F ) sin Ckwt (2.11)

F6kw Gkt F6kn1

Thus if §6k+1 and F have the same sign, the maximum variation

6k -1

occurs at 82:;0s whilst if the two components have opposite signs,

the maximum occurs at 82:9CP. This was noted by &dderley7.

If the two components are of equal amplitude, eqn. 2.7 may
be simplified to illustrate these results.
If Fo o = Fepyq » then P = 2F6k_1cosszcos(6k62+6kw¢) (2.12)
1f Fpo oy =Tgq » then Fg = 2F6K_151n8251n(6k62+6km;) (2.13)

2.4.3 Space variation for an actual winding

The sign of a harmonic is that of its winding factor,
Ko = an ¥pon Fon (eqn. 2.2). The slot-width factor is positive
except for very high harmonics, as shown in appendix 8.1. The pitch
and distribution factors may be positive or negative, but certain

. 16

rules exist. (There are useful graphs of kpn and kdn in Say ~, and
tables in Liwschitz-Garik17. It should be noted, however, that the
expression kpn = CoS n(1—e)%—used by Say and others doeg not give the
correct sign of kpn forn = 3,7s11515.... when the origin of &1 is
tsken at the centre-line of the coils of one phase,as done here,

rather than 96’ away at the centre of a phase band, as done by Say.)

The distribution factors for a pair of 6kt1 phase-band harmonics

(kfq) with a 66,phase—spread winding have opposite signs, and those

for & glot-harmonic pair'(kzq) have the same sign for any winding.

The pitch faofor

g for a pair'of phase-band harmonics may have the same

or opposite signs, but those for a slob-hamonic pair elways bav




2.4.3.1 Phase-band harmonics (kdg, 2qyese.)

The above rules show that for a 66, phage-gpread winding
the meximum amplitude of the resultant of a pair of phase-band harmonics
occurs at the peak of the fundemental mem.f. (82:0) if the pitch
factors of the pair have opposite signs, and occurs st the zero of
the fundamental mem.f. (&2396)) if the pitch factors have the same sign.
These conclusions agree with the figures given in section
2.2.1. The pitch factors for a full-pitched windirg have opposite signs
for all paixs of harmonics, so the maximum resultant of each pair oceours
at %2=0, and the total varistion is therefore also a maximum at 32=O,
ag shown in figs. 2.2 and 2.3.

The pitch factors of pairs of harmonics for 5/6 pitch have
alternately the ssme sign (k odd, n = 5,7;17,193....) and opposite signs
(k even, n = 11,13;23, 25%.¢0s). Thus the total winding factors for
the pairs of harmonics n = 5,73 17,193+0+0 have opposite signs and the
maximum resultant of each pair occurs at 82 = 9d’, and similarly the

= 11,135 23,25; e peirs have maxima at 32 = do. It may also be
shown, using the method below, that the minima of the n = 11,135 23,255+
pairs are much less than the maxima of the n = 5,73 17,195 ... pairs,
so the dominant pairs at 82 = 90° are the n = 5,73 17,195 eeee pairs
-giving dominant frequency of 6w. The other points illustrated in figs.
2.4 and 2.5, namely the dominant frequency of 12w, at 62 = 0 and the
approximately constant resultant variation over the pole face, can be
obtained in a similar way . A

The amplitude of the resultant of a pair of 6ki1 harmonics

expressed as a fraction of the peak fundamental m.m.f. is, from eqn.2.8,

F,. 2 i3
6k 1 6k :
(.,_6}3%) (....k 1) + (_%lsﬂ) v 2 (L) () cos29, (2.14)
¥ 1 1
k. k_k
where F } ”ggmﬂnaﬂiéﬁ = (ka1:‘1) (2.15)
y noKgq fp1 7

vSince the slot-w&dth factor is nearly the same for each

harmonic/of a pair, famllles of curves can‘be plotted ShOWILg'ff'k;‘




against ¢,. This is done in figs. 2.9 (a) and (b) for the first
and second pairs of harmonics (n = 5,7311,13) for a Gd{mspread
winding of 5 and 6 slots per pole and phase respectively, with
several practical pitches.

These curves show the variable amplitudes of the resultant
mem.fo's, and how the coil pitch controls the position of the
maximum. They illustrate the fact that the pitch factors for the
5th and Tth harmonics are rarely of the same sign, giving a maximum
resultant at §, = 9Cf, and when they are, the pitch factors for the

2

11th and 13th harmonics are large (kp5 and kp have the same sign for

T
O.800£&::€O.857)o Thus it is impossible to obtain & small armature
reaction mem.f. veriation at ¢,=0 (unless q=1, when all harmonics are
slot harmonice). A final decision on the best pitch for minimum
rotor surface loss may depend on the rotor angle at rated load and
on the effects of superposition, these being discussed later in

this chapter and in chapter 6o

2.4.3.2 Slot haymonics (k=g, 2Qeess)

The winding factors for a slot harmonic pair alwsys have
opposite signs so the maximum slot-harmonic variation always occurs at the
zero of the fundamental m.m.f. (82=9Cr). This is in agreement with the
more direct reasoning of section 2.2.2.

The magnitude of kpn kdn for a slot harmonic is equal to

k 1 kd1 and the slot-width factors for a pair of harmonics are
Y

approximately equal. So, from egn. 2.15, the amplitudes of the first

pair of slot harmonics, expressed as a fraction of the fundemental, are

: k
h [y

EE and == which are both approximately equal to gﬁ-when qa> 2.

6q-1 6q+1 q

Using eqn. 2.13, this gives the p.u. resultant as

~

2 k :
zé%ﬁ- + —*€§(6 ) sin 9, sin(6q82+6qm$) (2.16)
F q
1

i i i - : ic is +ve and vice
where the +ve sign applies if kp for the 6g-1 harmonic is

e total slot-harmonic varistion is therefore zero at 82=O s

AN
has a dominantwavelength-‘~6q7 = Ag-, and moves backwards at synchronous

versa. Th




gpeed relative to the rotor. These results also agree with section
2.2.2.

2.5 Rotox position and main flux density

2:5.1 Introduction

The pogition of the rotor relative‘to the fundamental armature
m.m.f., and hence relative to the points of maximun and minimum m.m.f.
harmonic variations, depends on the parameters of the machine and the
load. The situation is sketched in fig. 2.10 for a salient-pole machine,
showing the fundamental armature m.m.f. Fa1 lagging the direct axis by
90+ ¥ elec deg. Thé main flux density B on the rotor surface, due to
| 1;and the rotor excitation m.m.f. Ff, is also shown

as a function of angle ¢

the resultant of Fa
3 relative to the rotor direct axis. The slot-
ripple loss depends on B , and it may also affect the rotor B/H curve
appropriate for the m.m.f. harmonics. The distribution of the m.n.f.

harmonic variations over the pole face is shown in a more detailed

example in section 2.6.
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o ~;o ‘ ‘\\\l\\\\\:9 qf,z////” 180 20 &

\_\—_—___!
T ¥ ¥ T 7 2] ¥ T 5
B -;o o ' l ‘%‘o ] 180 270 @3

Fig. 2.10 Air-gap field distributions for a
. salient-pole machine

2.5.2 Rotor position

The rotor position may be estinmated weing the 2-axis theory

from which the'phasér diagram;pf‘fi%&;g 1 is obtained. From the figure




Xq
IXq + Vedn & o= 4 1

tan SOV, - SN v (2 °AI7)
(’ll IR 4 Veos g R tan A

& & 4

v o,
where XL = 7 sin g, the load reactance

\i .
RL = T COS # 5 the load resistance

IX, B

Go% g

Fig. 2.11 Synchronous machine phasor diegram
(Generator, lagging power factor)

R
~& ~+1 for normal non-zero power factor loads, and ¢ can

Ry X X

be plotted in terms of §g and & . Instead of 5((1 , a more convenient
: L

X L
parameter is —Zg (where ZL = % , the load impedance, which equals
L

1 p.u. at rated load) and this is used to plot the characteristics for ¥

in ¥ig. 2.12 from

X

q
t o~
en (ZLsin pr

+ 1) tan # (2.18)

In practice Ra<< Xq , and théionly curves which are affected

by the exact value of Ra are the zero power factor curves in the region
X X
Of —g P ""9“ = % 1.

2,

2.5.3 Main flux density

In appendix 8.2 an expression for the main flux density over a
pole face is derived, neglecting saturation. TFor pole face (1) of fig.

2.10 the expression can be'written

B n I‘X l o
B fo (h’f + 3 4. oos (32 + 90 +5//)) | (2‘19)

5= "

0 fo m




where B, = Vecos (¢ - #) + IRa cosy + IX, siny (2.20)

d
Bfo w  flux density distribution giving voltage V on no load
Bfo = peak of Bfo
C = ratio of field mom.f. to d-axis armature m.m.f. for the

same fundamental {lux density.

2¢5.4 M.p.f. hermonics

When the rotor is displaced relative to the peak of the
fundamental armature m.m.f. by 90" + ¢', it is also displaced from the

m.m.f. harmonic variations by the sasme angle. The armature m.m.f.

variations discussed in section 2.4 may be written in terms of angle §

3

relative to the d-axig of the rotor using ¢, = 33 + 90 +¢ .
Yor example, eqn. 2.8 becomes
=2 - ’\2 % A - g o
Forw = T ket * Torar ¥ FpeatToiyq 008 203 + 90 +¢) (2.21)

2.6 Ixemple

As an example of the preceding sections, the main flux density
and the resultant amplitudes of two pairs of m.m.f. harmonics are plotted
over the fole face of a 30 kKW salient-pole machine in figs.2.13(a) and (b)
for short-circuit and rated-load conditions. Further details of the
machine (Ginsberg and Jokl no. 4) are given in appendix 8.2,

At rated load (0.8 lagging power factor) eqn. 2.17 gave ¢ = 61.16,
and on..short circuit ¢'= 900. B was calculated from eqn. 2.19.

The armature winding has a pitch of 2/3 for which all m.m.f.
harmonics, except triplens, have the same magnitude of pitch factor, and
the pitch is therefore equivalent to full pitch as regards the harmonic
content. A1l phase~band harmonics havé maximum resultants at 82 = 0, and
only the slot harmonics have maxima at 62 = 906. The figures show the
resulfant amplitudes of the first pair of phase-band harmonics (n=5,7)

and the first pair of slot harmonics (n=29,31), calculated from eqn. 2.21

)3
expressed in terms of *féﬁgﬂ (as for fig. 2.9).
‘ 1 sn

Tt can be seen that the average amplitude of m.m.f. variation
over the polé face depénds on the rotor vosition. The average phase-band

tfzéifcﬁit‘(fbrithis7pitch)




whilst the average smplitude of the slot-harmonic variations is larger.
The rotor position may, therefore, affect the average loss on the pole
facey this is discussed further in chapter 6, section 6.4.2.

It is also apparent that the main flux density distribution is
different for the two load conditions, but that B tends to be small
where the phase-band m.m.f. variation is large €for this pitch) and large
where the slot-harmonic variation is large. These facts are, of course,

a direct conseguence of the relative positions of Fa1 and the m.m.f,
harmonic variations. The maximum amplitude of B occurs near the
trailing edge of the pole on rated load and is of the order of twice

the no-load flux density, neglecting saturation (see also appendix 8.2).
2.7 Conclusion

It was shown that the winding harmonic variations may be a
maximum or a minimum at the peak of zero of the fundamental armature m.m.f.
depending of the signs of the winding factors. In particulsr for s 3-phase
6d’—spread winding the position of the maximum phase-band variation
depends on the winding pitch, and a fractional pitch in the range of
0.857>=¢ > 0,800 gives a minimum variation of the first pair of phase-band
harmonics on the axis of maximum fundamental armature m.m.f. For all
windings the slot-hammonic variatiqn is a maximum on the axis of zero
fundamental m.m.f. It was also shown that the harmonic analysis agreed
with the more direct method of plotting the total armature field, and it
is thought that such plots of total m.m.f. and current loading may be of
further use in estimating the total field variations on the rotér
surface, and ultimately the loss.

The fact that the position of the rotor relative to the
fundamental armature m.m.f. may affect the loss on two counts was
introduced. The rotor position determines the average resultant amplitude
of a pair of harmonics over fhe pole face, and it influences the main
flux density distribution.

The non-uniform amplitude of the main flux density over a pole

face was illustrated, and an iﬁea,of the maximum amplitude obtainedf-;i




(The fact that the maximum occurs where the resultant m.m.f.
slot-hamonic variation is large will need to be remembered when
slot-ripple variations are important, as both induce the same
frequency in the rotor.) The peak main flux density predicted
by the calculation neglecting saturation may over estimate the

actual density (appendix 892) and further work is needed.




3. PRESENT KNOTLEDGE O} THZ LFFSCT OF A SUPRRPOSHD STRADY FIRLD

3.1 Introduction

It has been knovn for a long time that the permeability and

losses in iron for a verying magnetic field may be changed by a steady

K}

field. For exomple, remanent megnetism is one source of a steady field,
and in 1873 Rowland18 reported a reduction of permeability of virgin
iron (iron which has not been magnetised since heat treatment) caused
by the accidental application and removal of a large field. MNany
reversalg of the teét magnetic force could not remove the effect of

the remanent magnet%sm. In 1904 Sear1e19 carried out a more systematic
seriesg of experimenfs, and his fig. 3 is sketched here in fig. 3.1,
showing the reduction in permeability and hysteresis loss for a loop of

constant H limits with increasing levels of remanent magnetism.
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Fig. 3.1 The effect of remanent magnetism on small
- hysteresis loops. :
Hx = amplitude of previous magnetising force (A/m)

The steady field may also come from an external source (the
earth's field is a naturally occuring example). In 1887 Lord Ra;yleighz1
obtained up to 80% reductions in permeability for small field variations
in the presence of a large steady magnetising force, and some hysteresis
loops about a non-zero value of H were obtained by Ewing?o in 1885

Fig. 3.2 is a sketch of Ewing's fig. 44, showing the 'incremental!

loops.
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Fig, 3.2 Incremental hysteresis loops formed by
removing and reapplying a magnetising force.

Thg effec%s of a steady field have been put to practical use
in instruments for the measurement of steady magnetic fields, in d.c.
excited reactors for the control of alternating currents, and to
increase the magnetising current of transformers for load testing of
alternators. On the other hand, the d.c. component of current in
radio transformers, rectifier circuit smoothing chokes and cathode
reactors is unavoidable and can be annoying.

Many experiments were performed to obtain data for such
transformers, reactors, etc., and the results form a large proportion

of the available information on superposed fields, This chapter

reviews the data relating to soft magnetic materials.




3.2 Steady field with parallel verying field

3.2.1 Incremental vermeability, u,

3.2.1.1 Definition

If, after demagnetisation, a specimen of iron is subjected
to a magnetising force, H ‘, end the field strength is subsequently

changed by AH causing a change of flux density AB, then the incremental

permeability is the ratio p, Eﬁ%ﬁ « The definition is illustrated
)
in fig. 3.3. Curve (i) shows an
B8
incremental loop beginning at the
M)&")
point (Hm,B ) on the nommal ' T
1’ m a8 .
magnetisation curve, i.e. at the 4 (i)
——AH
peak of a normal hysteresis loop,
Normal faop
and (ii) shows an incremental loop
Hormal mag..
on the descending part of the curve
(R,e) H
normal loop. In keeping with the
definition of normal permeability
Big ..
(u = Em§~) Ma can be written as ()
H
A - 1
by = QOBA where I, = 5AH, B =5 AB

Fig. 3.3 Quantities relating
to incremental loops

Also illustrated in fig. 3.3 are the symbols for the

extremities of an incremental loop (H,B), (f,B), for the amplitude

1
averages Hb—FtE BbuBZQ, and for the size of the loop H, = 54H,
B, = % AB.

3.2.1.2 Prediction of Ma

Several authors observed that the position and shape of an

incremental loop changed for repeated cycles. For an incremental loop

on the hormal magnetisation curve the lower tip of the incremental loop

rose above the normal 1oop. The effect is illustrated by curve (i) in

flg 3.3 and conflrmed in chapter 4 If thls drlft of an 1ncremental

loop is neg]eoted, the shape of the norma ~oop may be used toycalculate»




Ly for an incremental loop on the normal magnetisation curve, as the

first part of such a loop is then along the normal loop. This was

. R 23 . 24
hinted at by Spooner”?(1923) ang suggested by Lanchester™(1933).
Conversely, any technique of predicting u, for incremental loops on the
normal magnetisation curve amounts to predicting the shape of the normal

hysteresis loops, and since there is no method at present for doing

this, the difficulty is evident.

Assuming, however, that a normal hysteresis loop is availsble,

the incremental permeability for a set of incremental loops beginning

from the same point on the normal magnetisation curve is given by the
slopes of the dotted lines shown in fig. 3.4(a). The general shape of

the variation of p, against H, sketched in fig. 3.4(b) is similar to

the variation of normal permeability against Hm°

B

#a

(a) (")

Fig. 3.4 Variation of pa against H, , for constant (H,B)
equal to (Hm,Bm), predicted from a normal hysteresis loop.

It is even more difficult to predict p, for incremental
loops not on the normal megnetisation curve, for in general p, depends
on the previous magnetic history as well as on the amplitude of the

incremental loop. The problem is illustrated in figs. 3.5 and 3.6.

There have, however, been several attempis to produce

empirical formulae for p, « The evailable formulae for small values of

H, were reviewed by Bo&@rﬁh?z. The limit of p, when gcs tends to zero

13 lim —=). In 1910
is called the reversible permeability U, (”xev5£&7o;i03A » In 13

e termine r
Gans®? observed that Mooy YO8 1argely‘d§ve$m{§@d by B, alone ?o:




Fig. 3.5 I, asainst H for a fixed H, .
|

{
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B |
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Fig. 3.6 v, against By for a fixed Hy .

several materials (soft iron, annealed steel, hardened steel, nickel),
the curves of fig. 3.6 (b) being very close together. Also, when

Hooy Vs expressed in terms of Hy s the initial normal permeability
B

(u; = lin ") and B
H-—-o0o pH
m o m

p as expressed in terms of the saturation flux

My = ' By - by
density BS, the curves of T against B were close to

i 8
coincidence for the different materials. In 1911 Gams25 expressed the

mean curve in the parametric form

il

- ¢ H
M cothx - 315 =L (x)
5 | | (3.1)
by = 1 A 3(_3_, 1 ) = dL(x)
By -1 x?  ginn-%

e

The cu,:éve is shown in figs 3.7 (labelled on the usual
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1 - 1 7 Bb - uohb B

. rev . _Tev b .
assumpticns that -=ew=ge 2 == apnd ooy ~ =), It seems to
w, - 1 b, B B
i i s s
represent quite closely the actual curve for ferrcmagnetic

materials whose domains have no direction of easy magnetisationzz.
Once u_ . is found, Ebinger27(1930) suggested that, for
values of H, up to 8 A/m; u, may be found from the linear relation

= U + % H, : (3.2)

ba rev o

This was by analogy with Rayleigh's law for normsl permeability

= \) { -
un ui + Im

B
Y,
Ebinger plotted 7? against gh for a variety of materials (the exact
g

materials were not specified), for incremental loops on the normal
magnetisation curve, and found that the points lay reasonably close to

a single curve, zlso shown in fig. 3.7.

L
L rev

The curve of
i

shows that Mre becomes much

v Nichslls et al, Hleor:y

for Ahrey
AL
less that by as the steady

. Xe
biasing field strength
Vs
increases. The curve of -5=
shows that the variation ofu, e 025 oS oS g ro
. N BS
with H, also decreases
considerably, and at high Hooy v, Bb
Fig. 3.7 Eft“‘and > against T
biasing levels, p, is almost i s

independent of Ha

In 1929, Sizoo’0 confirmed that, for 3% Si steel,n _  wes
dependent on the average flux density alone, but that for values of H,
greater than about 1 A/b, My depended significantly on the previous
magnetic history (see section 3.2.3.5). Sizoo did not apply the
maximum possible pre-magnetisation (Hm), and it is likely that for
larger values of H , values of H, smaller than1 A/h would have been
neéded to avoid the effects of previous magnetic history. (see chapter

4, section 4.5 ), Thus care must be taken when using Ebinger's formula,

eqn.3.2, if Hy is of the order of 1 /




For larger values of H, , and for incremental loops on the
normal magnetisation curve, Lbinger sugcested two further formulae,
following the work of Spooner23 in 1923. Spooner noticed an
approximately linear relation between |, and AB, for incremental
loops of the same peak flux density (fig53.16), and gave the formule

Py = UBy (a + b4AB) (3.3)
where Ha is the normal permezbility of the material for the flux
density B.. at the upper peak of the incremental loop

B
(HBm = EMEEW), and 'a' and 'b' are constants dependent on Bm but
om :

independent of the material (fng 3.8).

The results using this formula were shown to be accurate
to 10 or 20% for materials which-did not have exceptionally low or
exceptionally high remanent flux densities, and for values of AB

which were neither very small, nor greater than Bm°

025
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0-03 -
o]
a
6410
b
to 6.005 . ki
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065 4 2
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(=4 o5 0 s 20 (o] 0.5 70 s
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Fig, 3.8 Constants 'a' and
1ht for Spooner's egn.

Ha = Mg (at+b AB)

with AB in tesla.

Fig. 3.9 Constants k, and k
= : 1 2
for Ebinger's eqn.

Ha = Hy \/k1+k2EA

with B,in tesla.

Ebinger's two formulae were expressed in terms of the nommal

pey;meability Mo corresponding to the biasing flux densitys

By = ubn(A-eB.,BA )
“A = u.b \/k +k2B

AN

n |

He thought that B,

and u, were more like:

(3.4)
(3:5)

- to be known than B and H
R m m
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and the constants A, B and k1, k2 were plotted against Bb’ the shape of
the curves being similar to those in fig. 3.8. The curves for k1 and k2
are shown in fiz. 3.9. The accuracy of eqn. 3.4 was similar to that
of Spooner's egn. 3.3, but egn. 3.5 was more accurate, especilally for
small B, .

The above formulae of Spooner and Ebinger were most accurate
for the permeability of incremental loops at the peak of a normal loop.
Spooner felt that his formula could be used for other incremental loops,
but his investigations on this point were not extensive (the values of
B, he used were always only 10% of B, for example), and as already
mentioned Sizoo showed that p, depended significantly on previous
magnetic history (by 10% or more) as H, increased.

An attempt to allow for previous magnetic history in the
calculation of current transformer magnetising current was made by

29
Nicholls et al. in 1969 . Their method assumed that the ascending part
of incremental loops on the descending part of a normal loop could be
represented by the normal magnetisation curve, suitably scaled, as shown
in fig. 3.10. The representation was not based on direct observations
of B/H loops, and awaits expérimental confirmation. Certain relations
for pu, can be derived, however, and it can be shown that the relation
for Kooy agrees with the work of Gans, as follows.

The normal magnetisation

B
curve is scaled and translated in g |- L
the B direction, and just translated
in the H direction, giving the
) A A Sealed curve
co-ordinates of a point (H, B) at /
the peak of an incremental loop as A Normal mag.
v , ,’lﬁﬁﬁ) curve

s g Py ) (8

n. By L (3.6)
A B v ' I = l H
H = Hn + H

Fig. 3.10 Representation of
: a@ééﬁﬁfﬁé”?art~ofﬂinCrement&l**
loop.

_where the symbols are explained

in fig; B;iO.' ’
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The incremental permeability is therefore given by

23 A0 A T L H ) o b
b AL HO(L 1) toH B, B_

where uﬂzis the normal permeability for Hn = AH = 2H, .

This eqguation can be written in terms of B, and B, , since

b

(Y4
B = anBA s bo give an expression similar to egqns. 3.3 and 3.4 used

by Spooner and Ebinger:

(1- 22+ 2
}J,A = Mnl 1‘“—}—3«* + ':'~B-") (3e8)
. 8 s

For vanishingly small AH, W, = Hoor? Mma= By and B = Bby

so that egn. 3.7 gives

N B |
SLeV 4 . gb. (3.9)
“i 3]

This is the straight line shown in fig. 3.7 and is a reasonable
approximation to the curve obtained by Gans.

For loops which are slightly larger, but not so large that
Bb is very different from ﬁ, eqn. 3.7 together with Rayleigh's law fox

My g;ves

o By B,
By = (“i + 920, )(1- ’g‘”) = ui(‘i »---§-}+2v(1 - §-) H, .
S .

8 8
Using eqn. 3.9,
Bb
“Az urev+2v (1"F)HA
_ 8
and by comparison with eqn. 3.2,
N Bb
v 2= . (3.10)

S

The plot of 2. from eqn. 3.10 is shown in fig. 3.11
together with Ebinger's curve. This shows that, for small incremental
loops on the descending part of a normal loop, the method of Nicholls

et al. predicts a much greater variation of M with Hj, than was

measured by Ebinger for small loops on the norxmal magnetisation curve.

The experimental verifications of th;g prediction and the predictions of



eqns. 3.7 and 3.8 are considered in chapter 4, section 4.5.3.

No other

attemnpt to allow for

2.0

previous magnetic

Nicholls et al. theory for
history was discovered. incremental loops on

151 descending part of
. . n /1
Magnetic hysteresis has % ormal foop
)
two effects, causing an o
incremental loop to be //gtm er measurements
d for incremental l°°P5
inclined away from the s on normal magnetisatin
normal magnetisation
curve, as shown by
] ’o
loop (i) in fig. 3.3, ‘ ' &
86‘
and causing the slope
Va

of a loop such as Pig. 3.11 Comparison of .=~

(ii) in fig. 3.3 to be different from the slope of a loop on the
normal magnetisation curve (figs. 3.5 and 3.6). Both these hysteresis

30 and Chernovets et 31.31 for

effects were neglected by Johnson et al.
incremental loops with large AB in the calculation of d.c.-controlled
reactor characteristics. Good agreement with experiment was obtained
by assuming that the incremental loops followed the nornal magnetisation
Curves.
To summarise, the methods available for calculating i, for
ineremental loops on the normal magnetisation curve are:
1) the methods of Gans and Ebinger for small loops
2) the formulaeiof Spooner and Ebinger for medium sized loops
3) the normal magnetisation curve for large loops
4) the use of a family of normal hysteresis loops
Incremental loops of small and medium size not on the normal
magnetisation curve depend on the previous history and the only method

available is that of Nicholls et al, which was not directly verified by

experiment, although it was shown here that the method agrees with Gans'

results for very small loops.



3.2.1.3 Reported results for pa

The methods of measuring p, may be classified according to
whether the field strength is varied suddenly, slowly, or periodically.
Measurements by periodic (aoc,) methods may depend on waveform and be

affected by eddy currents, sc a discussion of these is left until section

3.2.3. In this section results obtained by the first two methods are
reviewed.

In 1873 Rowland18 uged the method of sudden changes of field
gtrength, the *'ballistic! method, on unlaminated ring specimens. He
measured flux density with a heavily damped galvanometer connected to a
gecondary winding, and field strength was deduced from the magnetising
current. The relevant results were those showing the effect of residual
magnetism on permeability, but they are only of value in a qualitative
way because the value of field strength which was applied and removed to
cauge the remanent magnetism was not given, and the uvnmagnetised specimen
was virgin iron (i.e. demagnetised by heat treastment as the process of
demagnetisation by reversals was not in practice then) which could have
contained an unknown amount of remanent magnhetism. Results for the same
specimen in both the magnetised and virgin state were only given for
'Burden's Best! irén; these are plotted in fige. 3.12(a) as K, against By

and in fig. 3.12(b) as p, against Hy.
/“A Ha
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1000 /0004

Y L] ¥
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NS, H, (4/m)
() (b)

Fig. 3.12 Effect of remanent magnetism on permeability, 'Burden's Best!
iron (from Rowland, tables I and ITI)




v Gall be gseell that vie permeaplliily wasg requced by the
premagnetisation when compared on a bagsis of the same anplitude of B
or of H, but only for values of H or B below the knee of the normal

magnetisation curve.

The next person to report on the permeability of magnetised

¢

P . 1 . \
specimens was Searle in 1904, 9 He uged the ballistic method on a

‘ *
square of 0.34 mm 'tagger plate' laminations. The first experiments

relevant to this discussion followed up Rowland's experiment on the effect

of residual magnetism. Searle demagnetised the iron by slowly reducing

a8 90 Hz alternating éurrent? he applied a known magnetising force Hp
which was reversed 5? times before removal to give the magnetisation, and
he used several valués of Hy. The experiments thus measured the
permeablity of incremental loops of zero By, with the iron at the remanent
point of several main loops before the incremental loops were performed,

ag illustrated in fig. 3.13.

(R, 8,)
Bl -
The results were plotted in two L~ /
/
. - L=
ways as shown in fig. 3.14. The variation =1 /
i BT Na !
of permeability with field strength is shown ! ]
i T H
in fig. 3.14 (a) and in fig. 3.14 (b) the '
Ha Fig. 3.13 Type of
ratio =™ is plotted against field strength, incremental loop

M considered by Searle.

where i, is the nommal permeability for
H, = Hy « BEach curve is for a constant value of H , i.e. for incremental

loops on the same main loop, and the curve for H = O givés Hye
'«A
An

Lo

Aa

Fig. 3.14 Incremental permeability on several main loops with Hb
compared W ormal permeabilitby agger plate!, (from Searle, -
ficg. ’? =2 T




Rowland's results wepe confirmed, and in addition the curves

show that p, for Iy = O may be very dependent on the amplitude of the
magnetic history, being very much reduced by large premagnetising forces
for HA below the knec of the normal magnetisation curve.

Searle also measured the permeability of incremental loops at
the peak of a main loop, i.e. on the nommal magnetisation curve. His
results were again presented in two ways, as shown in fig. 3.15. The
reduction of permeability with increasing Hy is clearly shown in fig.
3.15 (a), and fig. 3.15 (b) showg that as HA becomes greater than Hy the
permezbility returns to normal (except for Hy, £ 100 A/m, which is
approximately equal to the coercive force).

£a
Ay

40 -

Hy= 320 Afm

C-8 -
06 -
0'4'

0.2+

¥ T

13 3 ¥ 1}
o 100 200 350 %400 S0 , [¢] o0 200 300
' Hy (afm) , Ha (Afm)

(&) (b)

K
Fig. 3.15 A for incremental loops on the normal magnetisation

n  curve, tagger plate (from Searle, figs.11 and 12)
The next detailed investigation of incremental permeability

23

came in 1923 when Spooner ~ used results obtained by Chubb & Spooner in
1915,33 and by himself in 1921,34 to deduce his formula for calculating
Ha o Chubb and Spooner studied incremental loops on the normal
magnetisation curve using the method of slowly varying field strength on
a 3333 kVA transformer with a silicon steel core. As for the ballistic
method the field strength was calculated from the magnetising currenf, but
the flux density was calculated from the time integral of the voltage

induced in a secondary winding using an integrating voltmeter or volt-.

second meter. The magnetising current: was slowly varied and recorded at -
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meter were given. The nmethod was checked, however, by comparing a normal
hysteresis loop for a 250 kVA transformer obtained by thig method and by
the ballistic method. The two loops were almost identical and had areas
agreeing to within a fraction of one percent.

Spooner presented his results by plotting Ly against AB
for incremental loops of the same maximum flux density B, « Some of his
curves are shown in fig. 3.16, where the permeability is plotted against’
BA = 4%? s rather than against 4B, which enables an easier comparison
with the normal permeability (when Ba =3B, s Ha = un), The
approximately linear relation between By and B, can be seen, which wag

the basis of egn. 3.3.
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Fig. 3.16 Ko on normal magnetisation curve, transformer
laminations (from Spooner, fig. 3)
The ballistic method was used by Suglura > in 1931 to obain

B/H curves for an iron.tube when polarieed in several directions. Fig. 3.17
shows his results for incremental loops on the normal magnetisation curve
with constant values of parallel polarising field strength. The
variation of p, could be deduced from these curves, and would show the
reduction of p, for values of Hy 1less than Hy , as indicated ﬁy Searle‘s
results. It is also interesting to note that the B/H curves are
approximately linear for such values of Hy .

36

Sims and Clay in 1935 compared several methods of measuring

My » using a ring of 0.40 mm Stallpr(4%/$i)ilé?in&tions' A fSW Qf §he¥r’v
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Fig. 3.17 B/H curves for incremental loops on normal
magnetisation curve, iron tube (from Sugiura, fig. 25)
curves obtained with the ballistic method showing p. for incremental
loops on the normal magnetisation curve are given in fig. 3.18, together

with the normal permeability. Once again a merked reduction of permeability

can be seen, and there is a tendency for p, to be independent of H, for

the larger values of Hy (H, was

Aa
always less than K in these tests). 5000
00
There were no other e
3000+
results reported for the incremental 26004

H E¥e)
/160 b Ca“:/“'n)
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______,-—{_“____Hb:goo Al
T 13 L4 k) ¥ ki
fo) 250 a‘oo 600 Bpo 1000 (200 1406 66O
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permeability of steel, using either 10001

the ballistic method or the slowly-

varying field strength method.

Fig., 3.18 u, on normal
magnetisation curve, stalloy
(from Sims and Clay, fig. 21)

* 1tggger plate' was a sheet transformer iron supplied by C.A, Parsons,

Newcagtle-on-Tyne. No details of its composition were given.
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field

Several experiments have been performed to determine the
hysteresis loss when a steady field is superposed on a changing field,
by either the ballistic method or the method of slowly changing field
-strength. In general, the results showed & décrease of hysteresis loss
as the steady field increased, keeping H, constant, and an increase of
hysteresis loss keeping B, constent, until high velues of B, were
used, when the loss showed a decrease. The results also showed that the
magnetic history of the specimen.may have an effect on the loss.

In 1893, Ewing and Kla&ssen3z using & magnetic curve tracer
with a soft-iron specimen, showed the decrease of area of incremental
loops of constant H, on the nérmal magnetisation curve as the biasing
field increased. Besides measuring the permeability of incremental loops
at points on a main loop such that Hy = 0 (fig. 3.13), Searle ? also
showed that the hysteresis loss of such loops of constant B, decreased
as the biasing (remanent) flux density increased. The ballistic
experiments on the square of tagger plate were supported by magnetometer
measurements on a specimen of iron wire (fig. 3.1). Wilson et a1.38 in
1909 compared the effects of the two different forms of magnetic
treatment used by Ewing and by Searle. For rings of stalloy and lohys
laminations they showed that the hysteresis loss when only remanent
magnetism was present (i.ec By = O) was up to 20% greater than the lcss
for loops on the normal magnetisation curve, for loops of the same By
and H, .

After these preliminary experiments, further work concentrated
on the hysteresis loss for loops on the normal magnetisation curve. In

39 and by Rosenbaum4o. Holm

1912 experiments were reported by Holm
carried out two series of tests by the ballistic method on a ring of
0.50 mi 1aminatloro, The first series was for a constant maximum flux

density, Bm 1. 46 T and varylng BA from 0.14 to 1.46 T (flg 3 16)

In the second uerles B was kept‘constant ‘t 0_14 T and B varled from




0e14 to 1.54 Te The results showed that the area of s displaced loop
was greater than the area of the normal (undisplaced) locop of the same
B, s and the increase was 4.5 times for the most displaced loop in the
second series of tests.

Rosenbaum carried out one series of tests by the ballistic
‘method on a small (0.75 kW) square transformer core of 0.35 mm
laminations. He kept B, constant at 0.48 T and varied B, from 0.48 to
1.54 T. He found that the hysteresis loss (th) could be approximated

to within 10% by the relation

L A

. 2.6 .
W, = W +0o¢B (3.11)
where Wh = loss of unbiased loop of same B,
O(a = positive constant.

Rosenbaum's work was extended to cover a varying B, by

Ball41 in April 1915, who suggested the formula

: 1.9y 1.6
whb=(q+513b ) B,
gle6y g1+9
= W+ (BB") By (3.12)

where Wh = q5§2‘6 = loss of unbiased loop according to the Steimetz law
BB,’QS= positive constants
Ball's formuls was based on ballistic experiments on rings of 0.35 mm
laminations of 2.5% Si steel and 'standard' low carbon steel. The rings
had a ratio of mean diameter to radial thickness of 2.5:¢1, much smaller
than the value of 8:1 recommended by B.S.2454-% 195442, (According to
Hughes43, however, the hysteresis loss deduced from the loop plotted
with the average flux density as determined experimentally is only very
slightly greater than the actual hysteresis loss, for rings such as those
used by Ball). Furthermore, the exponents of-Bb and EA given by Ball
were only average exponents and there was some variation with both EA

end B For example, w1tb BA = Q. 2 T the exponent of 3b wag more like

b* v :
2.3 than 1. 9, a value closer to Rosenbaum 8 2. 6 These variations are to

be expeoted, as has been shown by detalled examinations of the Stelmetz




Thus Ball's formula is to some extent approximate, but its
most serious limitation is the swall range of B, for which it applies.
The range of By covered by Ball was from O to 1.0 T, but that of By, was
only from C.05 to 0.2 T. The behaviour of the hysteresis loss for
larger values of B, was given by Chubb and Spooner33 in September, 1915,

‘using their method discussed in the previous section. Some of their
results are shown in fig. 3.19, from which it can be seen that at the
higher values of B, the loss decreased as B, increased, requiring the

b

constant 0O to be negative, contrary to the increase of loss with

. . ' . . .4
displacement predicted by Ball. Also, in the dlscus31on‘5, Spooner
calculated the exponent of By, from his data and showed that it decreased

from 2.35 to 1.09 as B, increased from 0.1 to 0.9 T.
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Fig, 3.19 Hysteresis loss for incremental loops on normal
E&gﬁg%igation curve, silicon steel (from Chubb and Spooner)

34

Spooner published some further results in 1921, These were
for incremental loope at several points on a normal hysteresis loop as
shown in fig. 3.20 (a) and were obtained by the ballistic method on
rings of electrical sheet steel. Spooner plotted the hysteresis loss

expressed as a fraction of the loss of the normal loop on which the

incremental loop was situated, which obscured the effect of the previous

history on the loss. Curves such as those shown in fig. 3.20 (b) can,

however, be drawn from Spooner!

S tabulatédfrésuitsj showing the var




Vi oOLAS L0ss witn the loop displacement (peak flux density B). The
incremental amplitude (BA) was 1000 of the displacement. A comparison
of points 5 and 2 in fig. 3.20 (b) shows that the lcss may vary by
about 30% for loops of the same amplitude and displacement

(BA = 0.12 T in this case, 10¢ of the displacement of 1.2 T).

Fige 3.20 (b) is for 1% Si steel. The results for 2.25¢ Si steel‘were
slightly different in that the loss at the peak of a normal loop could
be less than the loss for a loop of the same displacement at some other
position, in agreement with the results of Wilson et al. mentioned at

the beginning of this section.
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Fig, 3.20 Hysteresis loss for incremental loops at several
points on a normal loop, 1% Si steel (from Spooner, table 111,
ring C)
Further work on the effect of magnetic history on hysteresis
loss using the ballistic method was reported by Greig & Shurmer in

1953,46

Their results for a ring of 3.5% Si iron, with incremental
loops of emplitude B, wup to 0.15 T on a normal loop of By = 1.0 T,
showed the loss to be dependent on By and B, only, the loss being the

same for loops of the same Bb and B, on each side of the normal loop.




Sede] £sC. test methods
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362031 Introduction

This section refers to test methods for obtaining permeability
and losses when & periodic field at power frequency or higher is
superposed on a steady field. The results may differ from those obtained
by the ballistic or slowly varying field methods because of the effect of
waveform distortion and eddy currents. Waveform distortion may affect
the results in three wayss by changing the relation between peak, r.m.s.
and fundamental amplitudes, by making the time average of flux density or
current not equel to the amplitude average, and by causing additional

losses. Eddy currents increase the measured loss and decrease the

measured permeability (because Hy, is larger for a given B, ).

302.3.2  Waveform distortion

Fig. 3.21 shows the cﬁrrent and flux density waveforms for a
displaced loop, (a) for sinusoidal flux density and (b) for sinusoidal
current. The effect of the displacement is to introduce even harmonics
into the distorted waveforms, making the time average (Hav = %:fné at)

©

ot
)

unequal to the amplitude average (Hbs = The ballistic or slowly

varying field methods naturally give amplitude averages for the bias fields.
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In an a.c. test the bias field would normally be the time average.
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Fig,3.21 Waveform distortion with superposed fields
a) sinusoidal By
b) sinusoidal H,
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The distortion of B or H means that the permeability can bhe
defined in several ways, as the ratio of reak, r.m.s., or fundamenta
quantities. This problem is common to a.c. tests with no biasing field,
but is worse for tests with a biasing field, where the harmonics are
larger. The relevant British standar647 recommends the latter definitiong
measurements comparing the three definitions are reported in section
3¢2.3. 5.

The addition of the even harmonics made it especially difficult

to measure peak flux density in the prast. The normal method of

measurement is Yo full-wave rectify and average the voltage induced in a

t
2 e 4t where e = 0 gt t = %, and t. when B =
t1 1 2

v A
B and B). When even harmonics are present the zeros of the e.m.f do not

secondary coil (Ap = j

oceur at 180° intervals, and in the past special adjustable contact-time
commutators were needed. Nowadays semi-conductor rectifiers would ensure
cut-off at the zeros of e.m.f.

Waveform distortion may cause additional losses in the iron
‘specimen and in the exciting circuits. The additional eddy-gurremt loss
in the iron is constant only for thin laminations with a constant r.m.s.
alterating flux density. The problem of harmonic losses in the exciting
circuits is of two types. One type also occurs in experiments without
superposed d.c. and arises when the flux density is meant to be sinusoidal,
and losses are measured with a bridge or a.c. potentiometer. The harmonics
of the non-sinusoidal current cause losses in the resistance of the
exciting circuit. Buﬁ the power supplied by the source is at fuﬁdamental
frequency only, the iron acting as a frequency converter to produce the
harmonic power. This power is included in the input to the specimen, and
is therefore included in fundamental frequency measurements made by a
bridge or a.c. potentiometer. A wattimeter, on the other hand, wbrks from
the true current and voltage and gives the net power into the iron.

The other type of harmonic loss problem occurs when special
circuits are used to superpose the steady field, and is causediby harmonic

currents flowing in these circuits. "The losses can be eliminated, or .




e AR LU Dy heagulement,; ag expilained 1n the next section.

Further waveform distortion may be caused by the impedance
of the a.c. exciting circuit. TFor example, in sinusoidal flux density
experiments, non-sinusoidal current flowing through series impedance
produces a non-sinusoidal voltage drop, distorting the voltage applied
to the specimen. Various feedback techniques have been proposed to
reduce this effect,
3¢2.3.3 Circuitsg

Several different circuit arrangements have been used for
the superposition of a steady field on a periodic field with a
minimum of distortion.

(a) One winding D.c. and a.c. supplies are connected in parallel

or in series and applied to the exciting winding, as shown in figs.

3.22 (a) and (b) respectively. The parallel circuit provides independent

D.c.
c !
<] 3 : dh‘{k"‘j i
A ; A.C. E
D.C.
T°c g |
() b)

Fige 3.22 One-winding circuits for supplying steady and
periodic fields
(a parallel
(v) series
control of the two supplies. The impedance of the series blocking
capacitor (¢) may cause distortion of the a.c. voltage if sinusoidal
flux is required. If sinusoidal current is required, extra series

impedance may be added in addition to C, but the non-sinusoidal voliage

across the parallel branch may cause harmonic losses in the d.c. supply

circuit and distortion of the winding current (owing to the subtraction
of the parallél branch harmonic currents) unless the blocking

inductance (L) is large. The'parallel circuit is recommended by

. 48
B.S. 933t 194147 ana was used by Carter and Richards (1950)",




Mondal et al. (1966)"7 and Choudhuxry et al. (1967)9U0 Only sinusoidal
flux was considered; and for low ranges of Ba (up to 0.1 T) the circuit
| . 50

%ag used together with an Owen bridge”  (which introduces significant
series impedance). For higher ranges of B, (up to 1.3 T) an
electrostatic wattmeter, bridged - T network or feedback technique was
used49”50°

The series circuit can be made suitable for sinusoidal current
by edding a large series air-cored reactor, according to the level of
&.Ce voltage available. Aseries resistor would not be used because it
would reduce the diréot current, and the reactor should be air-cored to
avoid a decrease of fnductance by the direct current and to avoid extra
iron losses. The cifcuit can be rearranged slightly for sinusoidal flux
by providing a variable d.c. supply to a\low series resistance. At all
times there is some interaction between the a.c. and d.c. controls, and
a further disadvantage is that both d.c. and a.c. must flow through the
current and power measuring instruments. Only experiments with
sinusoidal flux were reported using the series circuit. Charlton and
Jackson (1925)51 used the circuit as shown in fig. 3.22 (b), and it was
used with modifications to reduce the series impedance and interdependence
of a.c. and d.c. by Chubb and Spooner (1915)33, Edgar (1933)52 and Sims
and Clay (1935)36. Values of B, up to 1.8 T were used by BEdgar.

(b) Two windings The steady field is produced by exciting a second
winding with d.c. as shown in fig. 3.23. Independent control and
measurenent of the a.c. and d.c. is possible, a low series impendance for
sinusoidal flux can be achieved, and a resistor or an air-cored reactor

can be inserted in the a.c. circuit for sinusoidal current.

Apart from the fact that two windings

@

are required, the main disadvantage is Alihr
AL , é DC.
that a large air-cored reactor (L) is g D? . e
S

needed in the d.c. circuit to limit the

e

for superposing steady and
< periodic. fields . :

induced alternating current which would Fig. 3.23 Two-winding .circuit

cause additi@nal,losses,anq,contribgte
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to vhe perdlodic field. The circuit was used by Rosenbaum (1072>+U

Wiwa snd Asawmi (1923)53, Ebinger (1930)27 nd Xresadlo (1909)5) with
=

sinusoidal flux, snd by Niwa et al. (1924)’4 with sinusoidal current,

The meximum value of By used by Kresadlo was 2.0 T, and that of Hy

used by Niwa et al. was 3200 A/m,

(c) Iwo cores  An arrangement of two identical cores, each with two
windings, is used to eliminate the induced alternating currents in the
de.c. windings, these windings being comnected in series in such a gense
that the induced alternating volt vages oppose one another. Two possible

arrangements are shown in fig. 3.24.

(a) (b)
Fig. 3.24 Two-core circuits for superposing steady and
periodic fields
(a) Parallel
(b) Series
For sinusoidal flux the voltage across the a.c. windings
should be sinusoidal (negleoting the voltage drop in the winding
resistance). This can be schieved with the parallel circuit of
3.24 (a). Because of the sinusoidal flux the voltages induced in
the d.c. windings are sinusoidal and may oppose exactly to give zero
altermating current in the d.c. circuit. The current in each a.c.
winding does contain even harmonics, but because the even harmonics sre in
opposite directions, they may flow around the loop formed by the
parallel a.c. windings. Thus no even harmonics are present in the
supply current and distortion due to series resistance apart from the
windiné resistance is reduced.
The' gerles circuit of fig. 3. 24 (b) is worse than the 9°rallel

circuit for sinusoidal flux because alternat@na currents flow in the d.c.

circuit,and waveform distortion is no . In fact the




ve o Blhusoldal as the currents required by each winding for sinusoidsl
flux are different, an impossibility with a series comnection. Thus

the alternating voltages induced in the d.c. windings contain even
harmonics and even harmonic currents flow in the d.c. circuit. The
voltage across each a.c. winding is different owing to the even harmonics,
but these are equal and opposite and the resultant voltage across both
windings may be sinusoidal. An equilibrium valuve ig reached by the even
harmonic currents in the d.c. circuit as they tend to reduce their source,
the flux dietortion. This was confirmed by Charlton and Jackson51, who
observed a substentially constant a.c. current in the d.c. circuit as the
dec. circuit resistance was varied.

Neither circuit can be used with complete effectiveness if
sinugoidal current is desired. The series circuit would be suitable,
apart from the even harmonic currents in the d.c. circuit. The parallel
circuit is vnsuitable for sinusoidal current in the same way that the
series circuit is unsuitable for sinuscidal flux. Different voltages
are required across each winding for sinusoidal currents, and the parsllel
connection prevents this. The total supply current may be sinusoidal as
even harmonic currents can flow around the parallel circuit loop. No
alternating curreﬁts flow in the d.c. circuit, however, because the
induced alternating voltages oppose exactly ( they are the same in the d.c.
cirecuit, neglecting the a.c. winding resistance).

The two-core circuits have been applied mostly in d.c.
controllable reactors (inoluding transductors and magnetic emplifiers)
rather than in iron testing. The circuits were investigated by Coales in
190856, and the production of second harmonic currents in the d.c. side was
discussed by Boysjian (1924)57, Charlton and Jackson (1925)51 and Johnson
et al. (1949)3Oa The first use of the method for iron testing was by
Vallauri in 191758, who used the parallel connection for sinusoidal.flux,
end this idea was revived by Choudhury et al. in 196677, Shiner (1967)60

claimed that this circuit wae in use at his firm, but in fact the circuit

he described is.a variation of the segieg;gonnect}on)(akginglaua.q,gcoil is




wound over both cores). The series comnection was also used by

\ , , 61
Goidschmldt (1930~ for very small values of B, . The two-core methods
were not used with sinusoidal current, and their application for this
purpose was not discussed (although Boyajian o1 uged the parallel
connection with sinusoidal total current). |

() Feedback All the above methods suffer from the disadvantages
that very low series resistance is necessary to cbtain sinusoidal flux
of a ressonable amplitude, or that a very high series impedance is
required for sinusoidal current (necessitating a high alternating
voltage). These diéadvantages cen be largely overcome by using feedback.
Electronic amplifiegs are required,; so feedback was first applied to
nagnetic testing in 1953, and to incremental testing circuits in 1967.
No relevant results were reported. A discussion of feedback methods
is therefore left till chapter 5, section 5.3.2, where their application
for sinusoidal current is considered, and to appendix 8.3.

Specimens for the measurement of permeability by a.c. metheds

are usually in the form of a ring or square of laminations. If Ba ig the
space everage flux densit& in the core of area A, and HS ig the applied

field strength on the mean path of length 1 , then the complex a.c.

permeability ﬁe is defined by

Ba
by = —% (3.13)
e p H
0's
This may be written in terms of the e.m.f. Ei induced in the
a.c. winding of N turns and the alternating current I , assuming

sinusoidal variations, as

Ei 1
e = uoijN NI
= o (0L - JR) (3.14)
uowﬁa
E, _ .y
where T = R +jwls is the impedance of the a.c. winding less the d.c.
e
reaistance. Thus measurements of'impedance suffice to determine C

Unlike d.c. permeability, the a.c. permeability does not relate flux




density snd field strength at a point, but is a property of the cors
88 8 Whilfe
By using linesr eddy-current theory for the thick lamination

problem it may be shown (ref 22, p.7703 ref 62, p. 251) that

2u ginh £

g m e (3.15
° b cosh %gl :

whare i = d.Cc. permeability, assumed constant throughout the

lamination.

b = lamination thickness
. 1+
< = i 3 S =
Therefore
. ) b '
'iﬁl s cosh ¢ = o8 F (3.16)
u b b b ’
cosh g + cos 7
This is the same as the ratio %g% where £f=.BaA is the total a.c. |

flux and ﬁ; = 1L uOHgA is the flux if there were no eddy currents.

%%I is plotted against % in fig. 3.25, from which it can be
gseen that i&el is about 2% less than u when b = § , and is more than

10% less when b is more than 1.5 &. For a typical lamination thickness g
of 0.35 mm, resistivity of 4x10! Om and d.c. permezbility of 500, b = §

at a frequency of 1700 HZ. The variation of !Qe‘ with u for several

frequencies with such a lamination thickness and resistivity is shown in

R

fig. 3.26. At a frequency of 50 HZ ‘&el is practically equal to p for

usual values of u, bdbut at 5000 HZ lpel can be much less than o and,

e

in addition, variations of u produce smaller variations of Qe o

Unfortunately, the simple classical theory Just outlined does

not always give reliable results, especially when the depth of ﬁenetration

is close to or less than the sheet thickness. Careful experiments to

compare a.c. and d.C. permeabilities (with no superposed steady field)

6 .
were reported in 1935 by Webb and Ford 3. Experiments were carried out
=T 75 ,
on O.4mm lohys sheet (0.2% Si, p = 1.4 x 10 Qm)  at 50 HZ and on
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Fige 3.26 Variation of a.c.
permeability with d.c.

lamination thickness/depth of
penetration.

0.3 mn stalloy sheet (4% Si, o= 5.5 x 157 om) [ 50 HZ and 500 HZ.

Peak values of B and H were recorded in the a.c. tests, and the results
for lohys are shown in fig. 3.27.
permeability with increase of frequency occurred, the reduction being a

maximuwn in the region of maximum permeability, as predicted by the above B

classical theory (fig. 3.26).

20 HZ, but there was a reduction in the region of maximum vermeability

No reduction was observed for stalloy at

permeablility for a typiecal
lanination at several
frequencies.

It can he seen that & reduction of

R

RS ()
8”1
™
15 4
(-0 4
0-S 4 o) — D.c. reswlts
o) AC resulis i
CSoHE, stausoidal €lux)
0 v Y ¥ ]
(o] oo Zo0 300 400
o) 1000 2000 3600 4000
Hm (A‘/’")

Fig. 3.27 Comparison of a
lohys sheet}ﬁfrom Webb and"FQrﬂ)f’/

.c. and d.c. B/H curves on O.4mm




at H00 HZ. The reductions, however, were greaber than is predicted by

the clagsical theory. Tor lohys at Hm = 115 ﬁ/m? wo= 43C0, i 0.99 at
o ’
50 HZ and fige. 3.25 gives === = 0,98, compared to the observed value of
1
; 5 / nn B . S
0.82. Tor stalloy at H = 110 A/m, Y = 5600, = = 1.41 at 500 HZ giving

m !

el ’
Lo )
Eﬁﬂz 0.91, compared to the observed value of 0.75.

Webb and Tord made no comparisong heltween theory and experinent.

The discrepancies can possibly be explained by considering the domain
stracture of the sheet. Wavelorm digtortion cannot be the cause as
sinugoidal flux was used for the results quoted above, and current
distortion would have increased as Hm increagsed, while the difference
between a.¢c. and d.c. permeabilities decreased.

A simplified domain model was considered by Bishop and Lee in

64 ,
196377, and for very small fields they calculated the variation of the
p'e b
real and imaginary parts of EM with wg**, where “i is the d.c.
i i

permeability for small fields and Si is the corresponding depth of
penetration. They found that the reduction of permegbility with
frequency was more than that predicted by the classical theoxy, the extra
reduction depending on the domain half-width to sheet thickness ratio % .
Assuming the theozy to hold also for the region of maximum d.c.

permeability (implying no irreversible wall movements) and replacing

i
by by u, avalue of % = 0.6 gives the measured values of Eﬁ for
stalloy at both frequencies. This requires a domain width 2a of

0.36 mm, slightly high for non-oriented sheet, but of the correct order
of magnitude. TFor lohys, however, % = 2.5 is necessary, implying an
: : . N o 65
impossibly high domain width of 2.0 mm. (Bloor and Martin (1959)
measured domain widths in the range 0.01 to 0.075 mm for 0.3 mm non-
oriented 2.79% Si iron sheet, and widths up to 1.0 mm have been measured
for single crystals and grain-oriented sheets (ref. 22, p. 536 and refs.
66 - 68) ).

The domain theory is still being developed to allow for complex

domain structures (as occur in non-oriented sheets), for non-magnetic

inclusions, for domain-wall bowing, and for non-uniform wall




67-70

mobilities . Such developments may enable more accurate
calculations of a.c. permeability and eddy-current losse
Another explanation for the shortcomings of the simple

1

classical theory was put forwerd by Peterson and Wrathall in 1936" , who

suggested that laminations might not be homogeneous. They used classical
theory to show that a thin surface layer of low permeability (caused by
the rolling process) would be sufficient to produce the observed
discrepancies. Bxperiments on materials with the surface etched off and
on laminations with a thin surface layer of copper supported the theory.
3.203.5  Pa. by aeoe methods
Barly measurements of by by a.c. methods were concerned with

its variation along the normal magnetisation curve and around a normal

. . ) \ . . T2 X
hysteresis loop (figs. 3.5 and 3.6). Experiments by Smith and Fondillew

T3 , \

and Martin in 1921 showed the general butterfly loop' shape of the
variation, but complete details of the specimen and circults wewe not
given. H, was kept constant and results for only one, small value were
published in each paper. Smith used a frequency of 500 HZ and eddy
current effects were evidently large,as he said that the maximum a.C.
permeability was one fifth of the maximum d.c. permeability. TFondiller

and Martin used 1000 HZ., In 1929 Si20028 considered several small values

of H, (O.D@&to 5.6 A/ﬁ) and showed the variation of n, as 8 function of
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Fig, 3.28 Variation of i4 around a normal hysteresis loop
T (from $1200)




both H _ end B around one normal
av av

loop. A frequency of 500 HZ was used, Hray

but the thickness of the 3% Si steel

laminations in his sample was not

specified. Some of his results are

ghown in fig. 3.28 and it can be seen

that 1, depends on the previous

magnetic history for H,>0. Results

Ls

N 6 . 3 3 T Y : ¥ 2 T 2 Y ]
were reported by Goldschmidt ! in oo 0% 200 @ 2000  4ovo 6000
H&V CAIM)
1930 for the variation of

Fig. 3.29 Variation of
reversible permeability
around several normal loops
(from Goldschmidt)

reversible permeability around
several normal hysteresis loops,:
and fig. 3.29 shows the variation
with Hav° The sample consisted of steel wires of unspecified diameter
end the frequency was not given either.

Later measurements of K, by a.c. methods were only concerned
with its variation along the normal magnetisation curve (i.e. at the ;
peaks of normal hysteresis loops). Ebinger (1930)27 presented results in
the form of the curves and equations already mentioned in section 3.2.1.2
(%ig. 3.9,and egns. 3.4 and 3.5). He considered values of By wup to
0.23 T , Bav up to 1.5 T, and claimed the results were valid for all
normal steel laminations at power and telephone frequencies. No exact
details of the samples and frequencies were given. In 1933 Edgar52
reported measurements on three grades of silicon-steel laminations, using
ring samples and a frequency of 60 HZ with sinusoidal flux. The r.m.s.
value of alternating current was recorded, and the results presented in the
form of B/H curves, as shown in fig. 3,30, (The curves were in fact
continued up to H, (rem.s.) = 9000 &/n, with the voltage form factor
varyiné,by,9% from,T;ill at the higher flux\densities.)
Comparlsons of three a.c. methods w1th the ballistic method

Slnu301dal flux4at power
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Pig, 3.30 A.C. B/H curves at several direct flux
densities,; ©.48 mm, 2. 5p Si steel 1aminuu10ns
(from Edgar)
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The a.c. methods gave Hy in terms of peak; rem.s. and fundamental
quantities, for constant values of Hav° Some of the results are shown
in fige 3.31 for H__ = 545 Afm. (The ballistic tests have already been

discussed in gection 3.2.1.3, fig. 3.18). Eddy-current effects were

shown to be small by check tests without superposed decC., end the

difference between the curves was attributed to current waveform distortion.
Because of the peaky nature of the current wave, the fundamental and r.m.s.
values of HA were less than the peak value, leading to a higher p, (curves

2 and 3 above curve 4). Curve 4 obtained from peak values is below curve

e T T S o T

R A S

1 from ballistic tests because of the difference between the amplitude and
time averages of the steady field strength (Hb and Hav) mentioned in
section 3.2.3.2 (fige 3.21 (a) ). With simusoidal flux, H_ can be much

greater than H o 59 the set of ballistic results to compare with cuxve 4
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Fa HMa ! 2
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Fig. Cdmpar1son of ps by a.Ce and ballistic methods, 0.40 mm

stalloy from Sims and-Clays flg.;23) . ..
b wathede with sinusoidal flux and cﬂﬂstant H.
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should in fact be for incremental loops with higher values of Hb, which
have lower permeabilities. Further measurements regarding the effects of
waveform distortion were made by Sims and Spinks (1938)74, confirming the
work of Simg and Clay.

Measurements of both the angle and modulus of u, were made by
Carter and Richards (1950)480 Ring samples of several grades of silicon-
gteel sheet were used with frequencies of 50 HZ and 800 HZ and B, in the
range 0.0001 to 0.1 T. Most readings, however, were taken at 800 HZ, and
with B, in the range 0.0001 %o 0.01 T, as the authors were interested in
the design of smoothing chokes for telephone exchanges. QA[§ calculated
from impedance measurements with an Owen bridge (and therefore in terms of
fundamental amplitudes)'was tabulated for fixed values of B, at seversl
valueg of Hav' A plot of some of the results for 0.35 mm super-stalloy
(4.3% si) (fig. 3.32) shows the decrease of p, with increase of H__, and,
as the frequency increases, the decrease of p, and the increase of [

owing to eddy currents.

30'] 3000 4
Ha B,z0- 1T, fasoHE
2000 61T, So M
c.0i v, 8co Hz
1000 7
T ¥ T L T T K T T T T 4 T
O ieo 200 300 Goo S0o op ToO O oo 250 200 4oo Soe boo Tod
Hav (Afw) Hay (ﬁlm)
(a) Angle (b) Amplitude

Fig. 3.32 Complex incremental permeability (uA‘Lﬁ) as a function
of H at several fregquencies and alternating flux densities,

4.3%&81 iron (from Carter and Richards, table 2)

Sheet steel manufacturers in Great Britain [2~1! publish. data
for their products (oriented and non-oriented silicon steel) in the fommn
of graphs of u, against H _ at constant B, , as shown in fig. 3.32 (b),
for B, in the range 0.00j T to 0.5 T and for frequencies from 50 HZ to
500 HZ., Results for B, = 0.5 T (only given by the Steel Company of Wales)
would probably be subject to waveform distortion,; as shown by Sims and

78

Clay (fig. 3.31). An American manufacturer - published results in a form

more suitable for comparison with the normal permeability, and covered a
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wider rvange of B, (fige 3.33). Exact circuit details were not given,
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Fig. 3.33 v, @as a function Ba for'several
values of H__, 0.35 mu, 3.6% Si steel

laminations at 60 HZ with p, from r.m.s.
quantitieg. (from ref. 78)

g0 the distortion cannot be assessed. The core dimensions were given,
however, end these were not very suitable for msgnetlc test1ng4? 3, the
core being rectangular with e thickness to length ratioc of 123 in one
direction and 1:5 in the other.

Measurements of p, on a 501id specimen using an a.c. method
were reported recently by Langman (ﬁ970)79. H, was of the order of
125 A/ﬁg very small for the steel used; which weas representative of that
used in railway lines, having a maximum noxmal permeability of 160 at
3000 A/m. The change of flux for H, = 125 A/m with & superposed field was
considered to be too small for measurement with e galvanometer and search
coil, 8o a.c. at a frequency of 5 kHZ was used, allowance for eddy currents
being made with the classical constant permesbility theory.

It was stated that preliminary tests showed that p, did not
change measurably when H, was varied between 5 and 125 A/h. Unfortunately,
the values of Hav used for these preliminary tests were not mentioned, and
the only check on the validity of the constant permeability theory was
for Hb“ 0, where U, agre eed with the normal permeability measured

ballistically. (On the basis of earller work, however, the theory bhould

be satlbfwctony, as the varlatlon of uA wzth HA decreases as H ey OF Hb

&

increasges; see ulms and Clay, flg. 3. 18,



Langmen's results for 1, were presented in the foym shown
in fige 234 (a)o Since H, was small, and g, did not vaxy for changes
of Hy y ¢, can be teken to be the reversible permeability Kooy and the
time average fields Hav9 Bav equal to the amplitude averages Hb’ Bbe

Langmen gave a curve of B, against Hb s 80 fig. 3.34 (a) may be used to

b
' Qo . . ( . Frev . B ;
plot the permeability in the form used by Gans, i.e. == against B '
Hy 8 §
i

This is done in fig. 3.34 (b), with Wy = 52 and BS = 2,2 T , and it can be

seen that there is fair agreement with Gans' formule (eqne 3.1), giving

furthex oonfidence in both Langmen'e methoed and the formula.
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Fig. 3.34 Langmen's results for rail steel
a) Original form
b) Gans' form

3.2.3.6 Losses by a.c. methods

A11 the useful published measurements of loss by a.c. methods
for incremental loops on the normal magnetisation curve were made with a
wattmeter and one of the circuits of figs. 3.22 (b) and fig. 3.23. Most of
the results were with sinusoidal flux with a sample of silicon-iron
laminations. No work on solid iron was reported.

Rosenbaun's results obtained by the ballistic method were
mentioned in section 3.2.2. The same tests were carried out with a.c. and

a wattmeter. After separation of eddy current losses, assumed to be

proportional to f2 and constant»for the tests at constent B, , the

remaining hysteresis losses agreed with the ballistic results ﬁO%Wiﬁhﬁﬂf‘t



Qo

at Hav = 0 and fto within Sf et the higher velues of Hava Allowance wag
made for the difference between Hav and Hb in comparing the two methods.
Differences were put down to non-unifoxm flux distribution in the
treneformer-core sample which was not an ideal shape for magnetic testing.
bgreement between ballistic and wattmeter methods was also obtained by

I
Vallauzi”o.
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In 1623 Fiwa and Asami ?2 neasured hysteresis loss in rings of
3.35% Si steel laminations. To avoid eddy-current loss the leminations

were only 0.0825 mm thick and a frequency of 50 HZ used. A plot of total

losses against frequency at constant B, was linear, confirming that eddy

current loss was negligible. The ranges of B, and Bb (Bav = Bb for
sinusocidal flux) were similar to those covered by Chubb and Spooner (see
gection 3.2.2) and the results (fig.3.37(0) for incrementel loops:on the normal
magnetisation curve were like those shown in fig. 3.19. They said their
resulte could be described to within 105 by a formula of the type proposed
by Ball (egn. 3.12), but they observed & decrease of loss with B, for
By, > 1.0 T, so their conclusion could not apply for such values of By

Niwa and Asami also studied the losses of incremental loops at
positions around a normsl hysteresis loop. Unlike some of Spooner's results
discussed in section 3.2.2 (fig. 3.20) they fouwd that for a given B, and
Bb the loss was practically independent of the position on the normal loop,
agreeing with the work of Greig and Shurner (also mentioned in section
3.2.2). But only one normal loop was considered for each value of B, , the
normal loop was not the same for each value of By, s and the ampiituﬁes of
the normal loops (Bm =1.3T for By, =0.1Tand B = 1,6 T for B, = 0.2 T)
were less than the maximum used by Spooner. Niwa and Assmi also plotted the
losg as a function of Hav and showed it to be practically a single-valued
function of Hav as well as of Bb'

Losses for other materials were plotted against H&v for constant
velues of B, by Charlton and Jackson (1925)51, Mondal et al (1966 and
)55

1967)49’50, and Kresadlo (1969

Only incremental loops on the normal

magnetisati@n:curyevWere‘considexedi;theiilgg was sinusoidal; and eddy -



current loss was included in the plotted loss. Niwa and hAsemi's results

b

are given in fige 3.37 (e). Charlton and Jackson's curves for 0.55 mm U.S.
electric shect at 60 HZ were similar, exceot that curves for velues of B,
up to 1.47 T were given and the lcss decreased as Hav increased foxr B,
greater than 1.1 T.

Kondal et al. in 1966 compared the loss at 50 HZ in a sample of
stalloy laminations measured with an electrostatic wattmeter and an Ower
bridge. Measurements were taken up to B, = 1.25 T, and the wattmeter
results were similar to those of Niwa and Asami. Distortion of the current
waveform caused the Owen bridge measurements to be up to 50% highex than
the wattmeter measurements at the higher values of Hav (discussed by the

. 80 : :
authors, and earlier , and see section 3.2.3.2). In 1967 ¥ondal et al.
reported logses for stalloy at 50 HZ again,obtained using a current-
feedback circuit with the Owen bridge. The authors did not compare their
new results with the previocus results, and when this is done it can be seen

that the new losses increase much more rapidly as Hav increases. lLater
8
0 obtained by Mondal et al. (1967)-1

it

results for stalloy at 50 BZ and Hav
with an electrostatic wattmeter sgreed with the 1966 results. No details
about the 1966 stalloy sample were given, éo we do not know if it was the
seme as the first or second 1967 sample, which were of slightly different
form, but conteining sheet of the same thickness (0.38 mn). However,
because of the strange shape of the curves obtained by the suthors with the
current-feedback circuit, these results should be treated with caution (the
curves showed an initial decrease of loss with HaV as well as the later
rapid increase)e :

Kresadlo measured losses in 0,12 mm orthoperm laminations, using
a wattmeter and values of B, up to 2.0 T. Frequencies from 10 to 70 HZ
were used, and he showed that the losses did not obey classical .’cheor;yc His
results for 30 HZ are shown in fig. 3.35, and it can be seen that they are
generally similar to Niwa and Asami's (fig. 3.37 (a) ), apart from the

peak at high values of Ba .

Edgar,(1933)52 carried:quﬁ;wq;k;@n;gimilar lines to that éf :



Rogenbaum and Niwa and Asami,

. I3 3 2.2 1
obteining hysteresis loss as a
Z.6 -
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. . (W/kﬂ) Iy
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loops on normal magnetisation curve,
0.12 mm orthoperm sheet, 30HZ (from
Kresadlo)

hysteresis loss were given in the
two forms used by Chubb and Spooner
(£fige3.19), as shown in fig. 3.36 for low-silicon steel, the curves for

high-silicon steel being of similar shape.
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Fig. 3.36 Hysteresis loss for incremental loops on the normal
magnetisation curve, 0.48 mm, 2. 5% Si steel lamlndtlons,
sinusoidal flux (from Edgar)

These curves confirmed what was suspected by Chubb and Spooner,
that the hysteresis loss at low values of B, eventually begins to decrease

as B, increases, just as at high values of B, the loss always decreases

b

as B. increases. A line may be drawn on fig. 3.36 (a) showing where

b

+ B e« The curves appear to change their trend of
Ea A crit _ :

increasing with Bb at points along this line.

The work of Niwa and Asami was continued by Niwa, Sugiura and

Matura (1924)54.  They noted fiist that the areas of some ballistically

obtained normal hysteresis loops given in the earlier paper were within 1%



of the hysteresis losses measured by the a.c. method, furiher confirming
that the eddy current loss was negligible. Then, using ginugoidal current
instead 6f sinugcidal flux,; they measured the loss for incremental loops on
the nommal magnetisation curve. The regults are compared with the
sinusoidal flux results in figs. 337 (a) and (b), and it can be scen that
differences are not large, being greatest where the loss is most sensitive
to the loop position (given by Hav and Bav ). The differences cen be
explained by using fig. 3.21 and noting, for example, that an incremental
loop with sinusoidal flux and a given H&v will be slightly further up the
normal magnetisation;curve then & loop with sinusoidasl current and the
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Fige 3.37 Hysteresis loss for incremental loops on the normel
magnetisation curve for sinusoidal flux and sinusoidal current,
3,35% Si steel laminations (from Niwa and Asami figs. 16 & 18, and
Niwa et sl. figs. 27 & 28)

Niwa et al. also plotted the variation of hysteresis loss with
B, for constant values of Hb , for sinusoidal current, as shown in fig.

3.38. Results were not given in terms of HA‘ except for values of HA

greater than Hb , for which a linear relation between hysteresis loss
th s Hp and Hb applieds
= - C ' .
W, = a+big-CH (3.17)

They found this relation to hold also for the results of Chubb and Spooner,




with differvent values for the constants a ; b and c.
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Fige 3.38 Hysteresis loss for
incremental loops on normel magnetisation
curve, 3.35% Si steel sheet (from Niwa

et al., fig. 29) sinusoidal current

The only other reported results for losses at constant H, were
those of Smith72 and of Fondiller and Martin735 both in 1921. Their
measurements of p, were discussed in section 3.2.3.5 where it was stated
that eddy-current effects were probably considerable. Only one, small
value of H, was used for the.loss méasurements, as for the permeability

measurements, and the variation of loss along the normal magnetisation

curve and around a normal hysteresis loop was very similar to the variation

of B, 3 in fact this was all Smith said about his loss results. Smith 5‘
plotted u, against Bav and Pondiller and Martin gave the loss as a function

of H&v . The form of the results is shown in figs. 3.5 and 3.6 and it can

be seen that the magnetic history had a large effect.



363 Steady field with non-parallel verying field

3.3.1 Work before 1931

In 1909, Gansa3 measured the effect of a superposed steady
perpendicular field on the permeability of several materials for very
smell varying fields P (Gans mentioned that earlier work had been
done on the effect of & transverse field with larger varying fields, but
hisg referenoeaz was to an article which was mainly a bibliography of
pre-1900 work, and there was insufficient time to study this work. In
view of the state of the art before 1900, and of the later work, if is
unlikely that much of importance is omitted). Disc specimens were placed

inside a long solenoid, giving a longitudinal field, and this was placed

between the poles of an electromagnet, giving the steady transverse field.
Both fields were in the plane of the disc. The ballistic method was used '
to meagure ooy for increasing values of the steady field, and the results
were compared with ooy for parallel fields, as shown in fig. 3.39 for

soft iron. This shows that “rev was reduced

s
by the perpendicular field, but not as much Am;s°
125 4
as by the parallel field. The difference 1©0;
5
between the permeabilities at Bb = 0 was 504
' 25
attributed to experimental error; difficulty .
o TR % vo e e
was experienced in determining demagnetising B, (™

factors and the flux density inside the
Fig.3.39 Comparison of

semples. No expression was found for the reversible permeebility with
superposed perpendicular and
transverse reversible permeability valid parellel fields, soft iron

(from Gans)
for all materials, like that found for the

parallel reversible permeability (eqn. 3.1), and the effect of a cyclic

change of the steady field (prev%ous magnetic history effect) was not

reported. g
Some experiments with larger values of varying]ongitudinél field |

8 . .
were reported by Goldschmidt in 1910 4. His sample was a wrought-iron

tube which formed part of the magnetic circuit of & moving-coil meter.

A coil wound around the tube produced the longitudinal field Hl , and a



conductor along the centre of the tube produced the transverse field Ht '
80 the resulbent flux lineg followed helical paths. Cyclic variations of
Hl were carried out for several fixed values of Ht (of unspecified
previous history). The results of only two tests were published, however,
and these were in essential agreement with the later, more exbtensive
results of Sugiure (figs. 3.41 and 3.42), except that Goldschmidt
observed no change in hysteresis loss as Hﬁ increased for loops of
constant peak flux density « 1.6 7, compared to a decrease observed by
Sugiura.

3063.2 Sugiura's experiments

35

In 1931 Sugiuvra ™ examined the effect of a polarising steady
field on the hysteresis loops of a longitudinal field, for angles
between the two fields of from O to 90 deg. As a translation of the
paper (in Japanese) was not available, the following discussion ig based
on the extensive synopsis in English and on the figures which had captions
in Bnglish. Sugiura used the ballistic method with a long cylindrical
iron tube sample. The longitudinal field was produced by a coil wound
around the tube, and the polarising field was of a helical shape produced
by & combination of fields from conductors passing through the tube and
around it. Points noted included the followings

(a) A trensverse polarising field Hy reduced the longitudinal flux

density B, obtained on reversing the longitudinal field Hl s glving

1
Bl/Hl curves as shown in fig. 3.40. The transverse field reduced the
longitudinal permeability, and made the Blfﬂl curves more linear. (In
obtaining these curves, Ht was increased from zero before reversals of
Hl were made. Reversing Ht ; to establish the transverse field on the
normal magnetisation curve, before reversing Hl’ made little difference,
and it can therefore be assumed that for the results in fig.3.40 the
starting point of the field was on the normal magnetisation curve in the
transverse direction.)

(b) The hysteresis loops of the longitudinal field remained

symmetrical in the presence of a transverse field, fig.3.41. The
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Fig.3.40 Effect of increasing velues of steady transverse
field B, on B/H curves in the longitudinal direction, iron
tube (from Sugiura, figs. 5 and 6, with a calculated
curve for H = 4000 A/m added)
hysteresis loss decreased as Ht increased, both for loops of the same
peak flux density and of the same peak field strength, fig.3.42. It
can also be seen from fig.3.41 (b) that a loop of given peak field

strength became moré elliptical as Ht increased.
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(a) (L)

Fig.3.41 Effect of steady transverse field on longitudinal field
hysteresis loops, ijron tube (from Sugiura, figs. 13 and 16)
(a) constent pesk longitudinal flux density

(b) constant peak longitudinal field strength
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Fig.3.42 Longitudinal field hysteresis logs es a function of steady.

transverse field, iron tube (from

Sugiunre, figs. 15 and 17)

(a) constant peak longitudinal flux density

(b) constant peak longitudinal field strength

(c) The closer the polarising field Hp was to the longitudinal

direction, the greater was the reduction in the longitudinal permeability,

except when Hl->> Hp , ag illustrated by the magnetisation curves in

fig. 3.43. The curves at low values

of Hl are in agreement with Gans'
results for u, (fig.3.39).

(a) The bysteresis loops became
unsymmetrical as the angle between the
polariging field and the longitudinal
direction decreased, and the behaviour
of the hysteresis loss depended on the
amplitude of Hp and whether Hl or B1
was kept constent, fig.3.44 (there

were insufficient resulis for more

specific conclusions).
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Fig.3.43 Effect of angle ¢
between polarising field H_ and
longitudinal direction

on the longitudinal field
magnetisation curves, iron tube
(from Sugiura, fig.21)
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Fig.3.44 ELffect on longitudinal field hysteresis loops and hysteresis
loss of angle 9§ between polarising field and longitudinal direction,
iron tube (from Sugiuva, figs. 36 and 37)

Sugiura made some calculations of the Bl/Hl curveg mentioned

in (&) above, shown by the broken-line curves in fig.3.40. He neglected
hysteresis, so that the relaticn between the resultant field strength
H = J;g‘;”g%‘ and the resultant flux density B was given by the normal
magnetisation curve, and so that B could be taken to be in the same

direction as H . The longitudinal component of B was then given by

H
B. = B - Eé . It can be seen that the largest differences between

1
measured and calculated curves occur where H1 < Iﬁ;, where most of the

flux change is rotational. The neglect of rotational hysteresis tends

to over-estimate B as shown in fig.3.45, and over-estimations occur

l b

for the smaller valugs of Ht’ where o n%kd@5rﬁﬂbmi
]t hysterasis

‘one would expect rotational A8, including o

hysteresis to be greatest. The

cause of the under-estimations

is not clear. Fig,3.45 Tllustrating over-
estimation of B, by neglect of

rotational hysteéresis
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3¢3.3 Llsater work

Measurements of a.c. loss in thin ferromagnetic wires were
. o ) 85 . . . 86 .

reported by Harrison et al. ~ in 1936 and by Webb in 1938. A
polarising fiald'Ht wag applied parallel to the axis of a wire, and
thus everywhere perpendicular to the circular alternating field of a
current passed along the wire. Both authors reported a considerable
decrease of a.c. resistance as the polarising field increased with the
alternating current constant. Webb's results for soft-iron wire of

0.5mm diemeter at 1 MHz are shown in fig.3.46 (a).
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Fig.3.46 Change of (a) loss at 1 MHz and (b) calculated d.c.

permeability caused by superposed steady perpendicular field with

constent alternating current, 0.5 mn dia. soft-iron wire (from Webb)
From the measured a.c. resistance, Webb calculated an average

d.c. permeability over the wire section using classical constant

permeability theory, fig.3.46 (p). The‘decrease of permeability with
Ht observed by earlier workers can be seen. Webb, however, did not
mention the amplitude of the alternating current or field, so the

applicability of the theory cannot be assessed.

Working with mumetal, Harrison et al. observed a small

hysteresis effect as Ht varied, but Webb found no hysteresis effect for

any of his samples.

The decrease of a.c. loss in a cylindrical sample caused by a

superposed steady perpendicular field with a constant alternating field

8
strength was further confirmed by Beck and Kelly in 1948 7- They used



r/
an iron pipe of wall thickness 1.3 mm at 60 Hz. Dynémic B/H loops from
an oscilloscope display showed the decrease of loss snd permeability,
but because of eddy currents the loops were much more elliptical and
of much greater area than loops of the same f{lux densily amplitude
given by Sugiura (fig93041). No calculations of the losses were wade.
Bozorth (1951)22 suggested that h&steresis loops in the
presence of a perpendicular biasing field, as shown in fig.3.41, could
be calculated by a method similar to that used by Sugiura for the
magnetisation curves, to an accuracy limited by the width of the
hystereais loop. (Bbzorth assumed that the resultant {lux density
followed a normal hy?teresis loop as Hl varied, when it is more likely
to follow an inoreméntal loop as described in section 3.5.2, fig.3.53.
This should not affect the calculation of the Bl/H.1 curves in fig.3.40

because these relate peak values of B, and H, snd the peak resultant flux

1 1

density lies on the normal magnetisation curve, as shown in fig.3.539

He also gave curves showing that a perpendicular superposed steady field
was 1%85 effective in reducing the reversible permeshility than was a
parallel superposed field, confirming Cans' results (fig.3.39).

The advantages of using a transverse polarising field in a
controlled reactor were mentioned by Litkind and Dorzhko (1967)88. In
particular they mentioned the increased linearity of the Bl/Hl curves,
giving a sinusoidal alternating current, and the decreased a.c. losses.
They developed a theory for calculating various characteristics of a
~reactor with transverse field control, based on a prediction of the
Bl/Hl curves by the method used by Sugiura. Their source for the method
was & paper by Zaitsev (1948)89, which ig not available in Great Britain.
No direct experimental check on the calculated Bl/Hl curves was given by
Libkind and Dorzhko. |

A.c. tests were reported by Choudhury et al. (1967)81 which
showed the 1oés at constent alternating flux density increasing slightly

&g a'function of a perpendicular biasing flux density. A toroidal sample

of 0.38 mm stalloy laminations was used, and the frequency was 50 Hz,




indicating negligible eddy current effects. The perpendicular field was
produced by placing the sample between the poles of an electromagnet,
rather than by passing a current through conductors in a hollow in the
toroid section.. As the core was of a clock-spring construction the
lengitudinel, transverse and resultant fields were all in the plane of
the sheet. Their loss measurements with no biasing field agree with
their earlier work, as mentioned in section 3.2.3.6, and the measurements
with a biasing field were confirmed by displaying dynemic B/H loops.
Although Choudhury et al. referred to Sugiura's work, they did not give
any explenation of fthe difference between their wresults and his
(fig.3.42 (a) ) which showed the loss decreasing with increasing Hy
A similar arrangement to that of Choudhury et al. was used by
Dietrich9o for detemining the effect of a superposed perpendicular
field on the B/H curves of turbogenerator rotor steels (containing C, Si,
Mn, Cr, Mo, Ni, V ). He used a ballistic method and obtained results
similar to those of Sugiura, plotting permeability curves as shown in

fig.3.47 (derived from Bl/Hl curves like those in fig.3.40) and hysteresis
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Fig.3.47 Permeability curves for a turbo-generator rotor steel with
superposed perpendicular field (from Dietrich)

Hta = transverse field strength in air

Hti = estimated transverse field strength in the iron

loops of decreasing area like those in fig.3.41(b). Dietrich made no

theoretical calculations, and it is in fact not possible to make

calculations of the type made by Sugiura, because Dietrich did not




measure the transverse field when the longitudinal field was present,
and because an estimated demagnetisation factor was used to give the

tyransverse field strength inside the sample H,, . (An idea of the errox
© td

present in the caslculated values of Hti can be obtalned by considering
one point on the Bl/Hl curves and carrying out a calculetion by Sugiura's

method. At Hl = 8000 A/ﬁ, fig. 3.47 states that a value of Htj =

2000 A/%.reduced B. from 1.7 T to 0.5 T . But the caloulated resultant

1

H
field strength is H = 8250, giving B = 1.71 T and Bl =B - EL = 1.64 T .

Thus a much larger Hii would theoretically be needed to reduce Bl ag far as

the measured value.)

i
|
|
|
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3.4 Steady field with a travelling field

Direct experiments to measure the effect of a steady field on
a travelling field received little attention until recently when, in
1966 and 1967, Chernovets and Kozulin published two papers on rotating-

31532

field controlleble reactors In the first paper experimental and

theoretical results were given, and the second paper contained more
details of the experiments.

The reactor considered had the general shape of an induction
motor with an unwound, unslotted stator, zero air gep, and & wound,
slotted stationary :;otor° A cross-section is shown in fig.3.48{(a) fron
which it can be seeﬁ that a normal 3-phase a.c. winding was at the top
of the slotg, but that the d.c. winding returned ingide the core,

confining the steady field to the back of the slots. The core consisgted

of 0.35 mm electrical steel laminations, and the a.c. winding had

4 poles.

3-phose

" = Ac. W;nog\;a
—)

-~ D.C, Wind |'v\j

()

Fig.3.48 Rotating-field controllable reactor
(a) cross-section
(v) flux paths

A sketch of the a.c. and d.c. flux paths in fig.3.48(b) shows
that where both fluxes existed they were mainly parallel, and the theory
was developed on this basis. Hysteresis effects were neglected and the
normal magnetisation curve was used to calculate the relation between
the fundamental alternating flux density (Bg ) and alternating field

strength (H, ) in the core behind the slots, assuming sinusoidal H .




a3
(as discussed near the end of sgection 3.2.1.2, and see also fig.3.49).
The same relation was caleulated from experimental resulls after
allowanées were nade for men.L. drops in other parte of the core. Only
values of H; approxinately equal to the steady field streangth were
considered, and fair agreement was obtained. The steady field strength

was strong, being greater than or equal to 10000 A/m.

Fiz. 3.49 Use of normmal magnetisation curve to calculate

mer e lo el

naracteristics with a superposed parallel steady
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3.5  DBffect of bhe varying £i21d on the steady field
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Llel fields

When a varying field 1g superposed on a steady field there 1is,
in general, a change of average flux density ox field strength. Fig.3.50
shows the change of biasing flu% density Bb produced by superposing a
varying field H, with a constant blasing field strength Hb . The
steady flux density, originally at the>leak of a normal hysteresis loop
(Hb,Bm)g increases with a small incremental loop (figv3,50(a> ) and
decreages with a large one (fngB.SO(b) ). TFor a given incremental loop,

the values of Hb and Bb are unigque, and curves of Bb against Hb for

congtant B, or HA may be drawn.

: %/
= B,
48,
H
Hy
() (6)

Fig.3.50 Illustrating the change of
biasing flux density caused by
incéremental excitation about a constant
field strength

(a) small incremental loop

(v) large incremental loop
With a.c. excitation the steady flux dens%ty or field strength
usthally measured is the time average (Bav or Hav> which may be different
from the amplitude’average (Bb orle), depending on the waveform (section

3.2.3.2). Fig.3.51 compares plots of Bav againgt H%v at constant values

of B 03

., glven by Niwa and Asami

with sinusoidal flux and by Niwa
. . : A . . .
et a1.54 with sinusoidal current, for 3.35% Si steel laminations.

(further details of their experiments were given in section 3.2.3.6).

' . 2
Sinusoidal flux curves were given by Edgar5
B
m &Y. was tabulated by Carter and Richards48, both for silicon-steecl
o av

laminations. Curves at congtant H, for annealed iron were given by

s, and the permeability
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Bozorth = for low valuesg of db and unspecified wavelorm.

Fig.3.51 Effect of
alternating field on
average flux density and
field strength, with
sinusoidal flux or
ginugoidal current,
3.35% S5i steel
laminstions (from Hiwa
and Asami, fig.3, and
Niwae et al. fig.2)

Sinusoidal current
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The increase of average flux density with small superposed
a.c. fields was used at one time as a means of detecting radio waves91°
It was believed that the increase of flux density was due to a removal
of hysteresis as the alternating field shook the iron molecules. Other
observers at the time thought that the same effect caused the decreased
area of a normal hysteresis loop traced by the average field with a
superposed alternating field. Bwings experimentszo of 1885 (mentioned
in section 3.1) should have been sufficient to indicate that the real
cause was the formation of incremental loops and the measurement of
average quantities. The question was not fully resolved until Niwa
et al. (1934)54 observed the loops on & cathode ray tube. They
carefully showed that the normal loop traced by the main field was

unaffected by the alternating field, provided the maximun resultant

field strength was constant.

i
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3:5.2 Non-parallal fieldg

When an alternating field is superposed on a perpendicular

N
4

field of steady field strength there is a change in the steady flux

density owing to the non-linearity of the iron. Let the steady field

h)and flux density

be in the transverse direction, of field strength I

Bt . and let fthe varying field be in the longitudinal direction, Hl and

B1 . If Bt is initially on the normal magnetisation curve with value

Btc . and Hl is zero, then as H, increases, B, may either increase

1 t

or decrease depending on its initial amplitude, as illustrated in fig.
3.52. 1If the transverse field begins below the point of maximum
permeability, BJG will increase (fig.3.52(a) ) and if the transverse field

beging above this point, B, will decrease (£ig.3.52(b) ). (It is assvmed

t
that the resultant flux density B follows the normal magnetisation

curve as the resultant field strength H dincreases,; i.e. rotational
hysteresis is neglectedﬂ) By taking the component of B in the
longitudinagl direction, fig.3.52 also illustrates the calculation of the
Bl/H1 curves in fig.3.40. For a linear B/H curve the resultant,

14

longitudinal and transverse flux densities would be B’,Bl and Bto

respectively.

81
. Bl . /ﬂg{

(@ (i) (b) (i) !
loews of B |
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Fig.3.52 Illustrating effect of non-linear B/H curve on transverse
flux density Bt as longitudinal field Hl is applied

(i). B/H curves
(ii) Vector diagrams

(&) Starting values Bto’Hto below point of maximum permeability

(b) Bto’HtO'above point of maximum permeability
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If Hl is alternated slowly after reaching a maximum value
Hlm y Bl will change sign, but the resultint field will reach a
minimum value in the transverse direction when Hl = 0 and then
increase to its previous value (but in a different direction) as H
goesg to qum . The next half cycle of H

will see a rebtum of the resultant field

1

to the original direction. Thus for each
half cycle of Hl the resultant field will

follow an incremental loop, as illustrated

in fig. 3.53, neglecting rotational

hysteresis. B, will change as Hl cycles,

t

becsuse the incremeatal loop, like the Fig.3.53 Incremental loop
formed by resultant field

normal magnetisation curxve, is not a when longitudinal field Hl’
superposed on congtant

straight line through the origin. transverse field H, , is
cycled. The peak

The value of B, during the point (B, H) is reached

when H, = + H s 1.2

. 17 = Tlm

initial increase and subsequent cycles twice per cycle of Hl .

of Hl was measured by Goldschmidt in

1910 84. (Goldschmidt actually chose the longitudinal direction for

the steady field, because (as mentioned in section 3.3.1) his sample
was a wrought iron tube forming part of the magnetic circuit of a
galvanometer. This enabled the longitudinal flux density to be
measured without reversals of the longitudinal field strength. To be
congistent with the above discussion, the steady field is assumed to
be in the transverse direction, and the varying field in the
longitudinal direction.) His results are shown in fig. 3.54. The
starting point for Bt was close to the normal magnetisation cuxve,
just below the point of maximum permeability, and an initisl increase

of B, can be seen. It can also be seen that the initial curve is

t
different from the subsequent cycles, and that Bt changes at twice the

Such changes of Bt have been used in the cross-field

-
modulator or frequency doubler9).

frequency of H1 .

87
Curves similar to fig. 3.54 were given by Beck and Kelly . ..
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for rapid veriations of Hl

(60 Hz) and only the varying

1)
S

component of Bt was shown. The

loops were much fatter than

those in fig.3.54, possibly

because of large eddy currents oSt
& Y

in their 1.3 mn thick iron pipe

(discussed in section 3.3.3). 2000 -is00  -tocd <§00 Soo 1000 (SO0 2000
Hy (Afm)

Other workers were

 Fig.3.54 Variation of transverse flux
density as longitudinal field increases
from zero and then cycles, with
transverse field strength Ht congtant,
wrougit iron (from ©
Goldschmidt, fig.11)

concerned with the time

averaze of B, (B for
© t ( tav)

ginugoidal variations of

Hl at frequencies neax 50 Hz .

Plots of the transverse direction magnetisation curves (Btav againgat

35

Hto> for several valuesg of Hlm were given for an iron tube by Sugiura™,

as shown in fig.3.55. Cross plots of such curves (i.e. Btav against

93

Hlm for several values of Hto> were given for iron wire by Ashworth
and for an iron pipe by Beck and Kelly87. Bddy currents could have
been significant in all of the above tests.

The magnetisation curves

19
in fig.3.55 show similar features tmng
- (T> ‘.‘*_ <
to the curves with parallel super-
12 4
posed fields given in fig.3.51. 104
G-8 -
With perpendicular fields, however, 064
the effect of sinusoidal variations o
024
of B, was not studied, and neither D L R
1 =] 2000 4000 €000 8000
i Heo, (Alm)
was the effect of keeping Bt to

constant at the initial value . ) :
B Fig.3.55 Transverse direction

nagnetisation curves: time average

Bto (father than Ht constant transverse flux density B

. : ) tav
_— ) against steady transverse
&v 4o/ field strength H_ for several
ks for parallel values of . . )
superposed alternating longitudinal
superposed fields, much early field strength of peak amplitude

Hlm’ iron tube (from Sugiura, fig,39)
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work with perpendicular fields was concerned with the decrease of
area of a hysteresis loop traced by the average biasing flux density
(Btav above) for slow cyclic variations of the biasing field strength
(Hto above) with a superposed alternating field (Hlm above), Examples

o)
of the effect were given by TFinzi (1891)/2, Goldschmidt (19?0)84,

Williemg (1917)94 and Sugiura (i931)35e Calculations were made by
Williams but unfortunately the reference given is only an abstract, and
the original paper is not available. The abstract mentions that good
agreement was obtained for soft~iron although there was a distinct
rotational hysteresis for hard specimens, but details of the
calculation method were not given in the abstract. Other available
methods for calculating either the transverse or longitudinal flux
density were based on the normal magnetisation curve. All hysteresis
effects, such as the incremental loops followed by the resultant flux
density, were neglected on the basig that little error would be
introduced for large longitudinal or transverse fields. In addition
to the calculations of longitudinal flux density given by Sugiura359
Bozorth22 or Libkind and Dorzhko88 (mentioned in section 3.3) the
caleulations of transverse flux density in magnetic cross valves by
Higa (1955)118 and in controlled reactors by Libkind and Dorzhko88 may
be mentioned. Besides the neglect of hysteresis in the above
treatments, eddy currents were also neglected, and no discussion was
given of their possible effects (e.g. effect of change of waveshape

and amplitude of the-alternating longitudinal field with depth).




3.6 Time decrease of My
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In 1934 Webb & Ford” reported 1nat the application of a large
magnetising force, such ag is involved in the demasnetisation of g
specimen, may cause an increase in the values of normal and incremental

permeability obtained at low flux densities, this increase then

disappearing epproximately exponentially with time. The %ime-decrease

of permeability' occurs whether d.c. or a.c. methods of measurement are

uged, and may reguire days ox even weeks to be effectively completed. It
is only considerable below agbout B, = 0.1 T, and varies greatly with the
field strength. It also depends on the nature of the material, being
especially high in high-silicon éteels, The presence of a polarising
force reduces the effect, but each change of polarising force
re-initiates the decrease.
By = Hp

A& percentage difference was defined as D = —wzgﬂwm ° 100 ,
where Hy is the permeability measured after 2 minutes and Hp that
measured after 2 weeks. In Table 3.1 the maximum value of D and the

value of HA for which it occurs are shown for a few of the materials

considered by Webb and Ford.

DABLE 3.1  MAXTMUK TTMB-DECREASE OF PERMEABILITY

| 1. Low-carbon steel, solid é - ' 1
5. Low-silicon iron, sheet (Lohys) | 4 8
8. High-silicon iron, sheet | 1.44 115
E 19. High-silicon iron, solid % 1.44 . 90
2 10. Nickel iron, sheet % 1.04 2
‘ 20. Alum1q1um 1ron, solld i 4 8‘” “ 36’7

The values in Table 3.1 were obtained by comparing u/ﬂ
curves. When u/B curves were compared, Webb and Ford found that the
maximum time-decrease for a given QQ was considerably less than that
for a given H, , end that the meximum occurred at roughly B, = 0.0008 T
for ali materials tested. They also measured losses at a given flux

density, and found that although there was a time-decrease below

B = 0.005 T, the‘maximum decrease, even in a high-silicon material, .
ry

was only about 5%
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3.7 Conelupion

The chapter suwiveyed existing knowledge on the effect of
a superposed steady field on the permeability and losses for an
alternating field in soft-iren. Considering the permeability
firet, for parallel fields, and for incremental loops on the
normal magnetisation curve of the same biasing field strength,
fig. 317 summerises the behaviour of 1, ¢ there is a large
reduction in i, for values of Hb greater than H, , and a
tendency for i, to be independent of H, for such values of Hbe
Results for incremental loops of the same biasing flux density
(fig. 3.30) show a steady decrease of permeability as Bb increases
and and increasing tendency for the permeability to be independent
of H A C

For perpendicular fields, measurements were taken with
the biasing field strength held constant, and the results show
that the permeability decreases and becomes independent of the
amplitude of the alternating field (fig. 3.40) and the alternating
field hysteresis loops become more elliptical (fig. 3.41).
(Measurements on the type of steel used in modern turbo-generators
were made (fig. 3.47), but there is doubt about the values given
for the steady field inside the steel.)

The reduction of permeability is greater for parallel
fields than for perpendicular fields, except when the alternating
field strength is greater than the asteady field strength (figg3e43>o
Measurements with an angle between the superposed fields in the
range 0° to 90° were made by only one person and the results
lie between the results for parsllel and perpendicular fields
(fig. 3.43).

The effect of the previous history of the steady field
on the alternating-field permeability was studied for parallel

fields only. The general butterfly-loop shape of the curves for i,
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(fig. 3.6) was established by a.c. methods. Eddy-current effects
were probably large, however, only a few, emall values of I
were used, and few normal hysterecsis loops were considered.
Resulta by other methods were taken for Hb = 0 only (fig. 3.14)
and show that the previous history is important, at least for
alternating fields below the knee of the normal magnetisation
curve.

When the steady field is parallel to the alternating
field the permeability La 10EY be approximately predicted by
several methods, depending on the amplitude of the alternating
field, although the methods have not been checked for modern
steels and apply only to inoremental‘loops on the normal
magnetisation curve. One method was put forward for incremental
loops on the descending branch of a normel loop, but there was
no experimental verification. For superposed non-parallel fields,
calculations of permeability have only been made for perpendicular
fields, neglecting hysteresis, and there were differences between
measured and calculated values (fig. 3.40). The only attempt to
define a suitable value of permeability for a travelling field
with a superposed steady field was in a machine where the fields
were mostly.parallel (fig. 3.48) and fair sgreement was obtained
between experimentel results and calculations assuming the fields
to be parallelo

Turning now to hysteresis loss, the effect of a superposed
parallel steady field depends on whether H, or 3& is kept
constant. Most results were taken with B, constant, and show an
increase for values of QA below a critical value (in the range
1.0 to 1.5 T) and & decrease for values of B, above this value
(fige 3.36). In addition, the rate of increase of loss as By
increases for the smaller values of B, begins to decrease when

the sum of Bb and B, -exceeds the critical flux density. The
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approximate law put forward by Ball (eqn.3.12) for calculating
the hysteresis loss of an incremental loop from the loss of an
unbissed loop is only valid for small values of B, , and for
values of B, such thet B, + B <'Bcrit « The few results teken
withH‘S constent indicate that the loss always decreases as the
steady field increases, but the complete range of @A was not
covered.

The effect of a superposed perpendicular steady field is
to decrease the hysteresis loss for loops of the same flux density
or field strength amplitude (fig. 3.42), although for loops of
the same flux density amplitude one or two people observed no
change or even a slight increase. No law was put forward for
calculating the loss. The decrease of loss with perpendicular
fields may be more or less than the decrease with parallel fields,
depending on the loop amplitude (fig. 3.44), but insufficient
results are available for more general conclusions.

There is some doubt sbout the effect of previous magnetic
history on the hysteresis loss, as the complete range of the
variables was not covered, although it appears thalt there may be
an effect for paréllel fields if the amplitude of the previous
history is sufficiently large (fig. 3.20)° No measurements were
taken with perpendicular fields.

Some measurements of loss were made with both parallel
and perpendicular fields in which eddy-current losses were
considerable, and for constant values of alternating field strength
the variation of the loss followed the variation of the permeability.
No sttempt was made to calculate the losses from measured values of
permeability, and insufficient information was given for this to
be done.

It was shown that the alternating field may change the
steady flux density or field gtrength, and that with a.c. excitation

the steady field measured depends on the waveform of the alternating -~
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field. With parallel fields, the totel field follows incremental
loops like those shown in fig. 3.50, from which either the
average'flux density or field strength may be deduced. With
perpendicular fields, the steady field strength was always held

constent and the ‘'steady' flux density varied as shown in

fig. 3.54, with a double~freguency component.
The chapter concluded with a short review of the
phenomenon of the 'time-cdecrease' of p, , showing that this is

only idmportant for small amplitudes of the alternating field,

i

. A . N
and is always less than 1% for low-carbon (mild) steel.
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4. EYPERIMENDS ON PERMBABILIIY AND HYSTRRESIS LOSS WITH A

SUPERPOSED PARALLEL STIADY FLaLD

M

45 1 IanY_" )b".);
The previous chapter showed that few experiments had been

performed on the magnetic behaviour of mild steel with a superposed steady

2

A3)

field. This chapter describes some experiments on permeability and
hysteresis loss with a superposed parallel steady field in the absence of
eddy currents. In the next chapter calculations of eddy current loss using
these results are compared with measurements, and in chapter 6 the results
are used to derive the permeability with a superposed perpendicular field.

The tvpe of steel used was ﬁne already in use at the University
of Aston in Bimmingham for the study of losses caused by a travelling field.
It was originally chosen because its magnetic properties were as close as
possible to those of the solid poles of salient-pole macﬁines. The ranges
chosen for the amplitudes of the steady and varying fields were those-likely
to be encountered in the pole-face loss problem, as discussed in

| chapter 6.

Three methods were used for the permeability measurements?
because at the time the investigations were begun it was thought that there
could be some difference between results obtained with the ballistic and
slowly varying field methods. Results using the different methods are
compared in this chapter, and the measurements are also compared with the
previous experience discussed in chapter 3.

The chapter begins with a section on normal permeability and

hysteresis loss, for later comparison with the superposed field results,

and to establish confidence in the measurenrents.
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4. 2 Ihe specimen

The specimen was a ring of mild steel, BN{A grade 4 (B.S.970) of
chemical composition C 0,115, S 0.25%, ¥n 1.15%% It was formed by cutting
a disc from a length of circular bar and turning the disc to produce a
homogeneoug ring of circular section. The outside diameter of the ring was
determnined by the maximwa diameter of bar available, and the inside
diameter made larze enough to ensure less than 0.1% error in calculating
permeability from the field strength at the mean diameter and the average

2y 4 9 '
42, 43, 97 (the ratio of mean diameter to

flux density over the gsection
radial thickness was 18:1). The choice of inside diameter also reduced

errors in the calculation of eddy current loss (in chapter 5 it is assumed
that the toroid is equivalent to a solenoid of ianfinite length).

.

Table 4.1 Details of the specimen ... .

Dimensionse

Outside diameter, Do 18.97 om
Inside diameder, Di 17.01 cn
Thickness (cross-section dia.), 4 1.004 cm i
Meen diameter, D =%(D, + D) 17.99 cm
Mean magnetic path length, L = =D 56.5 cn |
Cross~sechtional area, 4 = % d2 0.791 om |
Surface area, zAs = ﬁde 178.5 cm2 |
Volume, V = %N a* D 44.8 on’
Windingss
Flux coil, N2 1320 tums f
Magnetising coily N1 2040 turns !

The heat treatment was the szme as that given to the steel
. . 0
already in use at the university. The ring was heated to 850 °C and allowed
. 98

to cool in the furnace overnight. Scale was removed and the surface
made smoobth by light hand rubbing with fine emery cloth,

The dimensions of the ring were then measured with a vernier rule
and micrometer (table 4.1). The outside and inside diameters were measured

at 8 places around the ring, and the averages taken. The thickness (cross~

section diameter) of the ring was measured at 4 places in 4 directionsj the

results showed that the shape of the ring section was the same at each




place, although slightly elliptical, the maximun section diameter being
4% greater than the mpinimwn. The thickness was calculated as the average

of the 16 measurements of thickness. The other guantities in

lin
&)
O
<+
e
fon
b
o

were derived accerding to the formulae given there.

Two coils were wound on the ring. The first was wound directly
on to the bare surface for the neasurementy gf flux. This flux coil was
a single layer of SWG 30 (0.315 mm dia.) enamel-covered wire wound in 6
groups of 220 turms, completely covering the ring apart from 6 small gaps
for future access to the ring surface. The second, magnetising, winding
contained 6 layers of SIG 18 (1.22 mn dia.) enamel-covered wire wound in 6
'groups of 340 turns,{and the layers moved around the ring in alternate
directions to cancel;the effective circumferential turn of a single layer.
Both windings were thus nearly uniformly distributed around the ring,
ensuring unifora flux and that any unknown irrvegularity in the ring would
not unduly affect the readings.

The nwsbers of turns on each winding were decided frém the
requirements that the iron should be driven to saturation with a
magnetising current of not more than 5 4, and that the flux-coil output
should be sufficient to record a B/H loop perfommed in about 20 minutes at
a constant rate of change of flux (these requirements are discussed further
in section 4.3.1). The diameter of the magnetising-winding wire was chosen
to be as small as possible for a resistance of less than 20, to allow
o current of 5 A from a 10 V supply. The temperature rise of the coil at
5 A was calculated to be sbout 7000. By experiment, the temperature rise
was only 4800 after half an heur,; when some varnish began %o melt. Since
the full load currvent was only needed for a few minutes in the measurements

of permeability and losses, the temperature rise in practice was always

gmall.
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4.3 Normal permeability and hystercais loss

There are three methods available for permeability and hyeteresis
neasurements of solid ring specimens avoiding the effects of eddy
currents ¢

a) ballistic method, in which the magnetising currvent is changed

discontinuously

b) glowly-varying method, in which the magnetising current is

changed slowly

¢) uniformly-varying method, in which the magnetising current is

varied in such a way as to keep %% constant, i.e. a uniform rate of change
of flux density.

The ballistic method is used in conjunction with a ballistic
galvanometer or flux meter for measuring the flux, and has been used since
the time of Rowland (1873)18o The slowly-varying method requires an
integrator for flux measurement, and was used for example by Chubd snd
)33, The uniformly-varying method needs no integrator for

. . dB . . . ‘ daB
measuring flux, since qr s maintained constant and a measurement of 3t
1

Spooner (1915

and time suffices. This method was used by Peck on large transformers in

1901 9 and compsred with the ballistic method by Morris and Langford in

191119,

Morris and Langford‘'s experiments showed some differences

between the ballistic and uniformly varying flux methods, and in 1952
Astbury a1 considered the question still unsettled. In 1954 Rossm1
compared the slowly-varying method with the ballistic method on several

materials and found differences less than 1%, the order of the experimental

error, except for naterials with very steep B/H curves, such as Mumetal,

. . ’ 102
with which their apparatus could not cope. Mazzetti and Soardo ’

however, gave results in 1966 comparing the ballistic and unifornly-varying

methods for one gpecimen, which happened to be Mumetal. They found no

7

difference.
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The aepparatus used by Mazzetti and Soardo showed such promise
for rapid, accurate detemminations of B/H curves that it was decided to
uge a sinmilar technique and at the same time confirm the comparison
between methods a), b) and c¢) for mild steel. Furthermore, the ballistic
methods used by Mazzetti and Soardo, Ross, and Moxrris and Langford had
involved an instrument for measuring flux different from that used in the
slowly-varying or uniformly-varying methods, but with the apparatus used
by Mazzebtti and Soardo it was in fact possible to use the game device in
all methods, thus eliminating many errors possible in previous tests.
4.3.1.2 Circvits used (fig. 4.1)

The cirenit used by Mazmzetti and Soardo was all electronic.

The magnetising current was supplied from a d.c. amplifier and the flux
measured with an operational integrator (operational amplifier of high
open loop gain with a feedback capacitor). Such units have since been used
by Warner (1967) 1O?’and Erdmann (?968) 10% The magnetising current could
be controlled in any desired fashion (e.g. at very low or audio frequenoy)
by the input voltage to the d.c. amplifier. The amplifier used by Mazzetti
and Soardo, and built for this project, had a frequency response flat from
0 to 1.3 kHz,and 1 dB down at 2.4 kHz at full voltage on no load. Thus it
ecould be used for sudden or slow changes of current,

For the ballistic and slowly varying methods, the voltage input
to the amplifier came from a low power d.c. supply (stabilised electronic
or dry cell) in series with an on-off and reversing switch and a ten turn
potentiometer. The sudden changes in current for the ballistic method were
achieved by using the reversing switch and the slow changes by slowly
varying the potentiometer.

To achieve uniformly varying flux, Mazzetti and Soardo wound on
a second flux coil and used the difference between the voltage induced in
this coil and a constant voltage, after high-gain integration, as the input
to the magnetisingwcurrent amplifier. The constant voltage was obtained

from a special bistable circuit which changed state each time the

magnetising current reached the required positive or negative value so ¥




symmetrlcal loops were performed. Thus the output of the bistable was a
square wave and so was the rate of change of flux. A similar method was
uged by darner, but instead of the special bistable he used & circuilt
containing standard differential amplifiers, NOR gates and a flip~flop.
The method is actually an application of voltage fecdback, used by
MceFarlane and Harri3105 and discussed further in appendix 8.3.
The ingtability problems mentioned by McFarlane were ovexcome by Warner,
and Mazzetti and Soardo by placing an operational integrator in the
forward path of the feedback loop.
4.3.1.3 Drift

Two further details of the circuit used by Mazzetti and Soardo
relate to the d.c. amplifier for the magnetising current and to the flux
measuring circuit. The d.c. powér amplifier was of very low long temm
drift (<50 pV) and had equal geins in the positive and negative directions
(to within 0.1%) enabling an accurate zero current to be set and symmetric
reversals to be made (50 uV produced a field of only O.1 A/ﬁ on the present
specimen)g

Their f£lux measuring circuit contained an amplifier of very low
long term drift (0.01 1V referred to the input) which corresponded to a
rate of change of flux of 0.01 qu/sec. The error due to this drift in a
20 minute loop of maximum flux density 1.0 T in a specimen of area 25 mm2
and with a flux coil of 100 turns amounted to 0.2¢%. TFor the specimen
described in section 4.2, with its larger cross-sectional area and nunber
of flux-coil turns, the error for a 20 minute loop of maximun flux density
1.0 T would only be approximately 0.005%. Such & good (and expensive)
amplifier as that used by Mazzetti and Soardo was thus not required, and
one with & long term drift of 0.5 1wV (referred to input) was used, giving
an error for the above loop of 0.25%. For faster loops, (including the
ballistic mebhod) the error was reduced in proportion to the time of the
loop.

4.3.1.4 Recording of field quantiﬁieg

The field strength H was assumed uniform over the ring and equal
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. NI . . e
to 1 (n1 and L are defined in table 4.1). The magnetising current I

L
wes therefore a measure of H , and it was given by the voltage drop
across a small series resistor. This voltage was first amplified with a
low power d.c. ingtrumentation amplifier of high input impedance and then
read with a digital voltmeter. The gain of the amplifier was adjusted to
make the reading direct in A/m or an easy multiple therecf.

In a similer feshion the ocutput of the flux integrator was
read on a digital voltmeter, end the gain of the flux measuring circuit
adjusted to make the reading direct in teslas.

For the slowly varying and uniformly veryirng flux metheods, the
voltages proporticnal to B and H were applied to the X and ¥ inputs
of an XY recorder, as well as to digitel voltmeters. In addition, for
the uniformly verving flux method, s program was written by e colleague,
A.W. Scott, to enable a PDP - 9 digital computer to record on-line the
o4 form the integration, and print
ap ¢ pexform the dn egration, and prin

out the values of B and H for a complete loop. This enabled more

voltages proportional to H and

acourate recording of saturated loops whose steep portions would have been
very narrow on the XY recorder, provided a means of recording loops which
were too fast for the XY recorder, and provided a verification of the
integration.
4.3.1.5 Calibration

The calibrations of the B and H measuring circuits were
based on measurements of voltage with the Solartron digital voltmeters
(calibrated on an internal standard cell). For the B circuit, a’fixed
voltage was applied at the input for 60 s as measured on a stopwatch and
the circuit allowed to integrate, after which the output voltage was
measured. For the H circuit, a fixed current was passed through the
magnetising winding, measured by the voltage drop across a O.1 Q stendaxd
resistor, and the amplifier output voltage measured.

The gains (G)'required to make the circuits direct reading

in teslas or A/ﬁ were calculated from the data of table 4.1 as follows:

R




B circulte Flux coil e.m.f. B o= WA aB
2 2 at
Integroter output AE = ©f B, dt = N,AGAB
o For AB= AB, G = .. = 9,60
N, A
2
H circuite Amplifier cutput E = G RI. where R = small series
resistor (25 ms)
= GRL
N i
L
S For E=H (Afmm), G = ‘ﬁ% = 144.5

The error in the use of the digital voltmeters was t 0.1%

of the reading, giving an error of * 1% in permeability. (The error in

I
/ ( . .
OB was T 0,5%, from the sum of the errors in AE (30.157), A (% 0.2%) and

A4 . ot B 5 0 \ T 7
G (iOeQ%Qo The error in H was:0.4% from the sum of the errors in E (iﬁaﬂ%),

+ o . & P AP . . .
er (T0.2%) and L (Y0.1%).) The drift in the B circuit was less than
.05 nV/sec (i.e. .05 mT/sec) and in the H circult less than .05mV (.054/m).
\ . S /

4.3.2 Measurement of normal permeability and hysteresis loss

A few of the hysteresis loops taken by the uniformly ~varying

flux method are given in fig. 4.2. The peeks of all the loops taken are

shown in fig. 4.7. The larger loops were recorded by computer (section
4.3.1.4) and the smaller loops (Hm < 200 A/m) with the operational
integrator and XY recorder where noise became a problem on the computer
line. There was no difference between the two methods of recording for
the medium loops. The inset on fig. 4.2 shows the remanent flux density
Br and coercive force Hc of each loop plotted against the loop maximum
flux density Bm . This is used later to justify the limit set on the
investigation of the effect of magnetic history on incrementel
permeability. Several of the loops were drawn to a large scale and their
sreas measured with a planimeter. The mean of three consecutive readings
differing by less than Tg»was used to calculate the hysteresis loss.

- This dse plottéd togéther with the loss of incremental lcops in figs. 4.26

and 46270

Before taking the above loops, the maximum rate of change of
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flux that could be used without eddy-current errors was determined. Loops
of maximum field strength 10000 A/m were recorded by computer with loop
times from 2.46 s to 75.0 s. An increase of rate caused an increase of
apparent remanent {lux density and coercive force as shown by the
difference between the slowest and fastest loops plotted in fig. 4.3. The
apparent coercive force is plotied against the rate of change of flux in
fige 4.4, showing that g flux rete of less than 0.03 mﬁb/o, where there
was no varviation of coercive force, could be used. To be safe, a rate of
change of about 0.015 me/s was used, corresponding to a loop time of 30
for the larger loops. The oscillogrem, reproduced in fig. 4.5, of the
flux~coil output and the magnetising current shows that this uniform flux
rate could be mainteined for the whole cycle.

One of the loops was also taken by the slowly-varying flux
method and by the ballistic method. Fig. 4.6 shows the XY recording of
the slowly-varying method, together with points by the other methods.

A normal magnetisation curve taken by the ballistic method is
shown in fig. 4.7, together with points from the othexr two methods.
Complete reversals of current were used in the bellistic method, and Bm
and Hm were recorded as the amplitude of each reversal was decreased in
small steps to zero and increased again. (The uniformly-varying loops’
were only taken in descending ordere) It was found that many more
reversals were needed to give a steady change of flux at each step when
the current was being decreased than when it wes being increased,
although the points eventually lay on the same curve. The numbér of
reversals needed near the steep portion of the curve, Bmc50,5 T, was 150
during the decrease, and only 30 during the increase. The time taken for
each reversal was also very long in this region of maximum permeability,

106
because of eddy-currents in the solid specimen, and when demaﬁnetloaflon
was required later a careful procedure had to be followedj

It was found that an effective demagnetisation was produced

by decreasing H from about 10000 A/m to zero in steps such that Bm was

decreased by dbout O 05 T at eaoh step, w1fh four reversals at eac hisiﬁpy
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and waiting for the flux to completely reverse. This procedure leflt a
residuel magnetism of 0.01 T, as measured by the difference hetween the
positive and negative peaks of subsequent reversals. Later results on
incremental permeability showed that the effect of this residual
magnetism on permeability wes always less than 1%,

The nor%al permeability calculated from the ballistic curve

‘0 fim. 4 m .
in fige 4.7 (Hn = Eﬁgfﬁ is shown in fig. 4.8 plotted against Hm , and in

Y
1
¢ m

fige. 4.9 sgainst Bm .
4.3.3 Discugsion of results

The shapes of the normal permeability curves are in agreement
with those obtained by eearlier workerszzg in particular the tail on the
un/Bm curve (fig. 4.9) was often'observedzz, and the initial portion of
the un/Hm curve (fig. 4.8) agrees with Rayleigh's observation821, being
practically linear up to Hm = 50 A/ﬁ . The logarithmic plot of hysteresis
loss ageinst flux density (fig. 4e2Z) shows that the Steinmetz law holds
in distinct ranges of flux density, as was sometimes found earlier44e

The loss is given by

- 1978 4 }3 \ < <
W= 7203 J/m” for 0,06 T¢B €1.0T
1 2031 ! 3 < <
W, = T20 3B J/m> for 1,0 T<€B £1.8T

Above 1.8 T the index decreases again, in agreement with other recent
observations108. The amplitudes of the permeability and hysteresis‘losé
also agree with earlier work for mild stee1.109

The comparison between the three methods of measuring a
hysteresis loop (fig. 4.6) shows that the difference between the methods is
very small for a loop of medium peak flux density(Bm:1¢SQvﬁ?Hh;184O A/m) .
The*piot-in,fig.‘4.7 of the peaks of other loops shows that the
difference is likely to be small for other loops also. Tﬁe'figure shows
that there waé no cohsistent difference between the methods except for
some of the higher values of H (8000 to 16000 A/m approx.) where the

uniformly-varying method gave values of B about 0.5% higher than the
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ballistic method. The experiments were nol repeated as such
a small difference would not affect the calculation of cddy-
current loss,in view of the approximations necessary in the
representation of the hysteresis loops. In addition, in later
experiments the remanent flux density of several loops was
measured by the ballistic and slowly-varying methods, and no
differences were found between these and the uniformly-varying
method results.

The results confirm and extend the only earlier
j

4

comparison of the methods for mild steel, In 1954 Rossml conpared
the ballistic and sfowly»vanying methods for one hysteresis loop,
of peak value Hm = 720 Afm, Thé methods gave the same value of
peak flux density (1,0 T) and values of coercive force and
remaenence which differed by about 1%, the order of the experimental
error.

The constancy of coercive force and remanent flux density

above Bm = 1,65 T showm in fig. 4.2 shows that for this steel the

steep portion of the hysteresis loop does not change for peak
flux densities above 1.65 T (at which B = 3500 A/m). The curves

. C r .
also show that the relation 7= = 3=, wheme_hom and Brm are the
: cm T rm

maximum values of HC and Br , is not necessarily true. This relation
was used by Nicholls et af.29, without experimental Jjustification,

to calculate ﬁ in eqn. 3.7 from a knowledge of Hcm’ Brm and an

assumed shape of demagnetisation curve.
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4ed  Permeabllity and hyst

_Loops on the

normal marmetisation cuxve

4edod Qﬁm@,

The methods used for the measurement of incremental
permeability and hysteresis loss of biased loops were similar to those
used for the nowmmal permeability and hysteresis loss. It was found most
convenient to ugse the ballistic method for permesbility, and the slowly
varying method with the XY recorder when it was desired to record a
complete dncremental loop and find the hysteresis loss. As the three
available methods gaye the same resulis for normal loovs, discussed in
the previous sectioﬁ; it was expected that the results would be reliasble,
and a comparison of Lhe ballistic method with the other two methods for
geveral incremental loops confirmed this (fig. 4.29).

The circuit used was that of fig. 4.1 (a) with the addition

of an extra variable d.c. source for the incremental loops, as shown in

fig. 4.10. Both d.c. sources were connected via low drift chopper=~

- .

stabilized operational amplifiers having unity closed-loop gain. Thesge

had a very low output impedance so neither d.c. source affected the othex.

1 onfoé¢ A, :see figu) ;
Yevevse ;
e KDOk A?. A3 © Burr Brown model 3010
ST 1ok ? chopper-stmbilised
% opecational avaplifien
cammoﬁz. e
Ay 25m 8 (eg41@)
enfole . AR
Yeverse A l
ety 3
sV ook L - H
T As (g 4:l@))

- << L

covampn |

Fig. 4.10 Circuit for superposing two variable steady fields.

With this arrangement a particular incremental loop could be

eatablished by first setting one of the d.c. sources to give the required
amplitude of fhe incremental loop (Hp ). After switching this source off

the other source was used to cycle the specimen down from about 10000 A/m

in steps of 0.05 T to the réqgifé&~bias lg?e} (ﬁb ) and cycled there ggtil




the change of flux density was steady. The first source was then

switched on again and reversed until the incremental change of flux

4.

density became constant. £ loop was then traversed slowly (varying the
it ey . A e b .
firat source by hand; for the measurement of hysteresis loesc, or the peak

points were read from the digital voltmeters for the measurement of

)

permeability.
In the presence of a large biasing field the incremental flux
density change (ZEQ) could be read wore accurately by resetting the

integrator to zero at one of the peak points. H, was already known

!
accurately from the preliminary amplitude setting procedure. Hb was the

same as the value beﬁore the first source was switched on again, and the

biaging flux density:Bb was calculated from the peak points of the

incrementsl loop (B, = QE?.%_JE) .

In the above procedure a normsl loop of amplitude Hb Wa.s

established and then the incrementsal field was applied, as illustrated in

fig. 4.11 (a). The alternative procedure of establishing a normal loop
of amplitude f§ vefore applying the incremental field, illustrated in

fige 4.1 {b)9 was more difficult to perform rapidly and s few experiments
showed that the results for permeebility differed by 2% or less for small

ineremental loops (I, <500 A/m) end by only 0.5% for & larger loop

(HA = 2500 A/ﬁ). The difference in hysteresis loss was even smaller.

B B
Ha Hp, r_zL Aé
l (i &) (H,8)
] /‘ﬁijgi?ﬁ
/ /
e /1 / /
/ /| / /
/ / | / [
Iy, ; /
/) " H ; / H
Iy /
/ )% /f/ /
/v p /
L,/ / ///

Two ways of forming an incremental loop on the normal
megnetisation curve. : :

(a) from noxmal loop of amplitude Hy
[Eve t o oo T i

Fig. 4.1
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Recordings of a few of the incremental loops studied are
R K NN - 5 4 . s 5
given in Figs. 4.12, 4.13 and 4.14. The first two figures suow a
conplete ranpe of H, , from small values to a value greater than Hb’

and the third figure shows to a larsze scale a2 small incremental loop

at the peak of a normal loop.
R

*)1 . £ 3 BN L LR I A
Plots of incremental permeability (pA = =) are given
1w H
i O A
in the following figures:
Fig, 4.15 L, vs. HA at constant Hb
Fige 4+ L 5. B at stant
g 4§16 b, vs. B, at constant Hb
Fige 4.17 Hy V8. Hb at constant 1,
Fig. 4.18 My VS. Bb at constant HA
] at constant B
Fig. 4.19 Hy VSe H, at constant B,
Mg, 4.20 Ha V8. B, at constant Bb

The first four figures were plotted directly from the results, and the
last two were obbtained from cross-plots of fig. 4.18.

Two further figures are given, mainly for comparison with the
results of earlier workers. TFig. 4.21 is the low 3A part of fig. 4.19,
using linear scales. TFig. 4.22 shows the permeability of sets of
incremental loops with the same peak flux density (as considered by
Spooner, fig. 3,16) obtained from fig. 4.20 by plotting lines of

ConstantCBA + Bb>m B .

4.4.2.2 Discussion of results
Quantitative comparisons can be made between the measured

results and the general formulae and curves given by Gans, Spooner and
Ebinaer, described in chapter 3, section 3.2.1.2. The equation for the
initial linear section of the curve of normal permeability against
B (fig. 4.8 (1) ) is

TR 320 + 3.30 B (4.1)
giving My = 320 and Y = 3.30.> The reversible permeability for several

values of biasing flux density was obtained from fig. 4.21 and is

- Gans in fig. 4.23, using B = 2.

Slotted in the form suggested by
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Tig. 4.23 Comparison of measured values of :“*“ and -3¢ with the
carves given by Gans and zbinger i
L
- Frev | .
e general curve ;or'jrﬂw given by Gans
B : i
rev o~ .
0 —=s measured from fig. 4.21
D i vA
— general curve for -7 given by Ebinger
Ya .
& 5 measured from fig. 4.27

The agreement with Gans' curve is poor,; and 100% errors could result
if Gans! curve was used to predict reversible permeability for this
. a4 . 122

steel, unlike other non-oriented steels considered by Bozorth =~ and the
rail steel used by Langman (fig. 3.34)

For slightly larger values of H ; Ebinger suggested the

< (% o D (]
linear equation, eqgn. (3.2). Tig. 4.21 shows that this law is valid fox
values of H, up to 50 A/m at the lower biasing flux densities, and to
. - . 2 .

higher valves of H, as Bb increases. Values of <5~ are plotted in
fig. 4.23, and whilst the experimental curve follows the general shape
of Ebinger's curve, the numerical agreement is seen to be poor. Thus
n, calculated from eqn. 3.2 as suggested in section 3.2.1.2 would
contain large errors introduced by both the - and the VY, terms.

Ebinger's other two equations (eqns. 3.4 and 3.5) are concerned
with the variation of My with B, at a given steady flux density. Lgn.
3.4 predicts a linear relation between u, and B, , and fig. 4.20 shows

that such a relation holds approximately for values of B, up to about

0.2 T, for most values of Bb . The comparison between the constants 4

and B in egn. 3.4 calculated from fig, 4.20, end given by Ebinger is




shown in fig. 4.24. Once again the shapes of the curves arve similar,
but the muericel asgreement is poor, especially for values of steady
“lux density below 1.0 T. Egn. 3.5 predicts a quadratic relation
between B, and u s end fig. 4.20 shows that this could hold
approximately for only a slightly grester range of B, than the linear

relation.

! ol

3 2 I3

o 02 04 06 08 o 12 4 16 108
Bb (T)

Fige 4.24 Comparison of measured values of constants A and
B in eqn. 3.4, Ha = ubn(A 4+ B. Ba ), with the
curves given by Bbinger

——- curves given by Ebinger
o A

s 3B g measured from fig. 4.20

A relation which holds over a much greater range of B, than
the equations suggested by Ebinger is egn. 3.3, suggested by Spooner.

s

This may be seen from fig. 4.22 which shows that there is a linear
. Bm
relation between p, and By for values of By, wup to at least 5,

2
for sets of incremental loops of the same peak flux density. The curves
in fig. 4.22 are of similar shape to the results obtained by Spooner:
(fig. 3.16) and the measured values of the constants 'a' and 'b' in
eqn. 3.3 are compared with Spooner's curves in fig. 4.25. Thé.difference
between the curves for 'b! is always less than 20%. The difference
between the curves for 'a' is as high as 307 at some values of Bm’ but

the error introduced would be small at the higher vales of B, where 'b!

is the dominant constant.
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Fig, 4.25 Comparison of measured values of constants 'a!
snd 'b' in eqn. 3.3, Uy = S (a+b &B), with the
curves given by Spooner B

B curves given by Spooner
o} a
L b

g measured from fig. 4.22

It was mentioned in section 3.2.1.2 that u, could be
estimated from the normal magnetisation curve by neglecting hysteresis,
and this method was later illustrated in fig. 3.49. The results of
doing this for one value of biasing field (Hb = 900 A/m) are shown in
fig. 4.16, and it can be seen that the method over-estimates p, by a
factor of 4 for small incremental loops and by a progressively smaller
amount as the loop size increases. Other calculations show that
the over-estimations are less than about 20% if Hb is less than %ﬁ
by about 500 A/h or more; or if Hb is greater than about 5000 A/mc

Instead of using the normal magnetisation curve to

calculate p, , the descending parts of a family of nommal hysteresis
loops can be used (as illustrated in fig. 3.4). Three points
obtained by this method for Hb = 900 A/ﬁ are plotted in fig. 4.16,
end the agreement with the measured curve is much better than
that obtained by using the normal magnetisation curve, especially

for the smaller incremental loops. Values ofs.&3 calculated from

a family of normal hysteresis loops for the complete range of




biasing field are plotted in fig. 4.15, which shows that the
perneability is always estimated with a percentzge error not

greater than about 105

/v0
The differences between the measured values of N and

the two methods of estimating u

,  from the normal magnetic

K

charscteristics are due to hysteresis. This is shown in the
XY recoxding of an incrementel loop and the tip of a normal

N

loop in fig. 4.14. It can be seen that the slope of the

incrementsl loop is a little less than the slope of the descending
part of the normsl loop which in turn is considerably less than
the glope of the no?mal magnetisation curve (which follows very
closely the ascendiﬂg paxrt of the normal 1o0p) .

Some general comuents about the results for My can he
nade. Considering first the behaviour éfxﬂs with a given
biasing field strength, figs. 4,15, 4.16 and 4.17 show that:

1) 1, = constant (“rev) if E, < H

b
2) Ha << uy if H, < H end E is large
3) b, b if Hy > H

These three points are illustrated by the X-Y recording of some
incremental loops with H_ = 900 A/m in fig. 4.12. For small

‘values of ﬁﬁ the slopes of all the incremental loops (“A ) are

small and approximately equal to the reversible permeability for
this particular value of Hb. As H, begins to exceed Hb ana
negative values of H are achieved, the slope increases rapidly
and approaches the values obtained with no biasing field. The
results reported in earlier publications, discussed in chapter 3,
also agree with the three points. There were the ballistic
tests of Searle (fig. 3.15), Sugiura (fig. 3.17) and Sims and
Clay (fig. 3.18), although only Sugiura had & solid, mild-steel
specimen. Résults obtained for laminated specimens by a.cC.
methods with constant values of biasing field strength were only

plotted in terms of BZ§ , as shown in figs. 3.32 and 3.33. The




variation of Mg indicated in fig. 3.33 is siwilar to that in
fige 4.16, although exact comparisons cannot be made because of
the dis%orﬁion problems illustrated in fig. 3.31. ‘When the
curves are replotted in terms of HA’ the sharp change of
permeability where H, e,Hb is not present;‘which was also

shown in fig. 3.31.

The behaviour when the biasing flux density is maintained
at a given value ig shown in figs. 4.18, 4.19 and 4.20, and the
main difference from the behaviour with Hh constant is that Ha

i

does not return to normal when Qﬁ is large. Thus for Eb = 1.8 7T

Ha is at a constant low value equal to Hooy for this particular

b

value of B, apart from the 1070 vise at H A = 6000 A (fige4.19).
The only previcusly reported results plotted for constant values
of steady flux density were those of Edgar (fig. 3.30) who used
an a.c. method on silicon steel laminations, and they show the
same general behaviour.

The various shapes which an incremental loop may take
are illustrated in figs. 4.12 =~ 4.14. WVhen BZ& is less than Hb
the loop is elliptical (figs, 4.12 , 4.14), and as HA exceeds Hb
(ana Ba tgnds to un) it begins to resemble the normal hysteresis
.loop but it has unsymmetrical positive and negative portions
(fig. 4.13). It may also be seen from these figures that an

elliptical loop is associated with a high value of Bb’ and an

unsymnetrical one with a low value.




The measurements of the hysteresis loss of incremental loops
on the nowmal magnetisstion curve weve not as ex

neasuremnents of vermeability. Suflicient results were taken, however,

. biasing field on the

™

to determine the main features of the effect of

hysteresis Joss. The variation of the lcss for given values of

bissing field strevgth is shown in fig. 4.26 as a function of H& 2nd
in fige 4.27 s a function of B, . Some approximste lines of censtart
biasing flux density are also drawn in fig. 4.26.

There ig a difference between the hehaviour of the loss at a

given value of H  and at a given value of By . Fige 4.26 shows that
the loss for a given H, alwave decreased as the biasing field increzsed
& A v & ?

whilst fig. 4.27 shows that the loss for a given BA decreased as the
bissing field increased only if B, was greater than about 1.25 T,
Below this value the biesing field caused an increese in loss.

It can be seen from fig. 4.26 thet very small losses occurred
when Bb was high and Hb was greater than E, . The previous section
showed that for these conditions |, end hence B, , was small. Thege
pointg are illustrated by the X-Y recording in fig. 4.12 where the
variation of the flux density emplitude and area of an incremental loop
as H; changes can be seen.

Earlier work, discussed in chapter 3, concentrated on the loss
as a function of BA « The only results for loss at given valueg of ﬁé
were the few loops at one value of HA given by Ewing and Klaassen37
a figure similax to fig. 3.1, and those given for Hb less than H, Dby
Riwa et al. (eqn. 3,17). There is no disagreement between the earlier

work and the present results which confiym the decrease of loss observed

at the higher values of B, and the tendency of the loss at low values

of BA to increase and then decrease with incressing biasing field

(fig. 3.37) although mild steel was not used by the earlier workers.
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Tfect of the varying field on the

p—— et atde o PO et

Curves of biasing flux density agair
for geveral values of Hy are given in fig. 4.28, wheve the normal
magnetisation curve is distinguisbed by the broken line. The curves

show that at constent biasing field strength the biasing flux density

<

0

14

increases first and then decreases to a very lowv value as H, increzse

and becomes greaster than U Thig change of average flux densily is

-
evident in the incremental loop recordings in fig. 4.12. On the other
hand,; at constent bissing flux density, the biesing field strength
decreases slightly and then increases in step with the incresse of 3&
except at high biasing flux densities where the incrementzl field has
little effect.

The phenomenon and the earlier contributions were discussed in
chapter 3, section 3.5.1. The earlier results were all obtained using
a.c. methods and were mostly given in terms of B, rather than H, .

L

The influence of the waveform under a.c. conditions was also mentioned.
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4edel Mebhod

In section 4.4 incrementsl loops on the normal magnetisation
curve, i.e. at the pezk of a normsl leon, were consicered. IResults are
now given for the permeability of incremental loops at other positions
on & nermal loop, ag illuvstrated in figs@‘3.5 and 3.6,

Apart from one set of results teken with uniformly-varying
flux, the ballistic method was quicker and was used as described in

gsection 4.4.1. The procedure was alsc similar; except that after

setling the incremental loop amplitude HA. the biassing field strength

b

normal loop (Hm, Bﬁ), cycled there until the chenge of flux density was

H, 'was cycled dewn from sbout 10000 4/m to the peak of the required
I ’ *

steedy, and then Hb was reduced to the reguired level. The incremental
loop was then performed as before, maﬁy reversals being needed to give
a steady flux density change when [, was near a maximum.
4.5.2 Resulte
The incrementel permeability was measured for incremental loops
of several sizes (HA = 5 to 7500 ﬂ/m) at many positions on several
normal loops (Hm = 250 to 10000 A/m). As there is insufficient space
to publish all the results, a selection showing the main {features is
- given.
The variation of b with Hb for incremental loops of
H, = 250 A/m at different points on the normal loop.of anplitude

A
Hm = 4000 A/ﬁ, Em = 1.68 T is shown in fig; 4.29. The curve joins
points taken with uniformly-varying flux. Points taken by the ballistic
method for incremental loops on the same normal loop and on the normal
maénetisation curve are also shown.

The effect of the size of the normal loop is shown in figs.
4,30 and 4.31 in Whioh N is plotted against Hb and against Bb for
incremental loops of constant H, (50 A/m) on several nommal loops.

The effect of the same magnetic history on the permeability

of incremental loops of different sizes is illgstratad in figs.4.32




and 4.33 where By ig plotied against Hb and agains?t Bb for

incremental loops on one normal loop (Hm = 4000 A/m, B = 1.68 7).
1 m
The results are summarised in figs. 4.34 and 4.35, which

show the variation of H with H, for given values of H, and B for 3

b b’
incremental loops at several positions on several normal loops.

4.5.3 Discussion of resulte

The good agreement shown in fig. 4.29 between the points
taken ballistically and with uniformly-varying flux gives confidence
in the use of the ballistic method for the measurements of Ha o

Figg. 4.30 and 4.31 show that the effect of the previous
magnetising force increased ag ites amplitude increased, until valuesg
of Hm greater than about 4000 i/m (such as 10000 A/ﬁ) were used, when
little extra effect was produced. This coincides with the fact that
fhe shapes of the normal loops with peak values greater than
Hm = 4000 A/ﬁ,'Bm = 1,68 T were similar, as shown by the plots of Br
and Hc in fig. 4.2.

In view of the above results, an idea of the maximum
differences that existed between the permeability of incremental loops
on the normal magpetisation curve and those with a different previous
history can be obtained by considering incremental loops on the normal
loop B = 4000 A/m. The curves in figs. 4.32 - 4,35 show that the
differences were small if Hb or Bb was large, especially
for large Bb ; and that the differences were small if H, was greater
than 1000 A/m° For example, for.Bb = 1.6 T, the differences were less
than 10% for all values of H, , and with H, = 1000 A/m the differences
were less than 10% for all values of Hb , and less than 20% for all

values of Bb .

1t can be seen that Hy for values of H& less than 1000 A/ﬁ

could depend considerably on the previous magnetic history. Figs. 4.30,
4.32 and 4.34 show that, for incremental loops with the same Hb y My

on a normal loop was always less than or equal to p, on the normal

magnetisation curve. “The differences in'u‘A Zincréased as-ﬂA decreased.




and were generally largest for incremental loops on the descending paxrt
of & normal loop. The maximum difference recorded was for J = 5 A/m§

Hb ~ 200 A/m where 1, on the descending part of the normal loop

H = 4000 A/m was only 23% of the value on the normal magnetisation
curve. The behaviour for incremental loops of the game Bb was

gifferent. Figs. 4.31, 4.33 and 4.35 show that p, on & normal loop

was not always less than H, on the normal magnetisation curve, Hp being
greater on the descending branch of a normal loop when Bb was more than
about 0. 5 T. Also, the differences were greatest for H, in the range

100 - 500 A/me Tor example, with B, = 1.0 T the maximum difference was

b
for an incremental ioop of HA' = 250 A/m on the descending branch of
the normal loop Hm ; 4000 A/m,'for which 1, was 310% of the value on
the normal magnetisation curve, and with Bb = 0 T, the maximum
difference was for HA = 150 A/m on the normal loop Hm = 4000 A/m, for
which My was 32% of the value on the normal magnetisation curve.

ks H, tended to zero, the differences between p, on the
noxmal loop and t, on the normal magnetisation cuxve tended to decrease
for incremental loops of the same B (fig. 4.35), although the
differences were still of the order of a factor of 2 at EA =5 A/m.
An extrapolation of the curves to H, = 0 using & linear scale instead
-of the logarithmic scale of fig. 4.35 showed that differences of this
order still existed at HA = 0, unless a sudden change of M, occurs
as EA tends to zero, which has not been noted before, and which did
not occur with the present sample for the normal permmeability (fig. 4.8).
Thus, for this sample of mild steel, the reversible permeability ooy
for incremental loops of the same Bb is probably not independent of the
previous magnetic histoxye.

Barlier experiments with soft iron on the effect of magnetic
history on L, were discussed in chapter 3, sections 3.2.1.3 and 3.2.3.D.
The results reported using the ballistic or slowly-varying flux methods

were ounly for Hb =« 0. The main results were those of Searle shown in

fig. 3.14 (a) which covered a wide range Of’gA and previous magnetisi




force H , and the form of his curves agrees with the present results
for Hb = 0 in fig. 4.34. Searle also found that little exira change
of 1, was produced by increasing Hm heyond a certain large value
( = 1000 &/m for his sample of 'tagger plate') which agrecs with the
present results where Bm = 4000 A/m was the flimiting' previous histoxry
(for both samples the limiting value was about ten times the field
strength for maximum normal permeability).

Barlier results by a.c. methods were only for small values of
H, and contained uncertain eddy-current effects as frequencies were
either unspecified or of the order of 500 Hz, and the thicknesses of
the samples werenot given. IEven so, the general shapes of the curves
given by Sizoo (fig. 3.28) and Goldschmidt (fig. 3.29) agree with the
present results. Sizoo, however, found that for 3% 8i steel p for

rev

incremental loops of the same B, was independent of previous magnetic

b
history, which does not agree with the above discussion of fig. 4.35.
Bozorth22 surveyed available results for “rev for a variety of materials
and found that ey tended to be independent of magnetic history for
materials with a ‘nomal! domain structure, although Sizoo's results
were the only ones quoted for steel. The results presented in this
section show that urev for EN1A mild steel éoes not have the same
behaviour as for other materiasls with a similar 'normal' domain
structure, and this is supported by the difference between measured

v

values and Gans' curve for Mooy on the normal magnetisation curve
discussed earlier (section 4.4.2.2, fig. 4.23).

A method of scaling the normal magnetisation curve to
calculate N for incremental loops on the descending branch of a
normal loop was discussed in chapter 3, section 3.2.1.2 (Nicholls et al).
The method is embodied in eqn. 3.8 and curves representing this equation
are compared with measured values in fig. 4.36. Incremental loops on
the normal loop Hﬁ = 4000 A/h were cogsidered, and BS was taken to be
2,1 T, It can be seen that the equation does not represent the

measured variation of . _over the whole renge of B, . The relation ,
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Fig, 4.36 Comparison of measured values of === for
n2

incremental loops on descending part of normal loop
Hm = 4000 A/m, Bm = 1.68 T with curves calculated from egn.3.8 :

Ha By 34
(p==1- 35+ 3)
Hn2 8 8

calculated from egn. 3.8

o measured
could possibly be used, however, for large values of B, (greater than
about 0.5 T depending on Bb>’ or for very small values of B, (0.001 T)
if Bb is greater than 0.5 T. The maximum difference between the |
measured and calculated values occurred for B, = 0.05 T, Bb = 0T
when the measured value of up, was 20% of the value'given by eqn. 3.8.
The discussion of eqn. 3.8 in section 3.2.1.2 indicated that the method
should give reasonable results for very small values of B, (eqn. 3.9
for Hoev piotted in fig. 3.7 agreed with Gans' results), but that it
should over-estimate p, for slightly larger values of B, (eqn. 3.10
for :§~ plotted in fig. 3.11 was above Ebinger's results). Both points
are baéed on comparisons which were not valid for the test semple of mild

steel as it was assumed in egns. 3.9 and 3.10 that Hoor and V, were

gingle-valued functions of Bb . Nevertheless, as noted above, the method
- of Nicholls et al. does tend to give better results for very low values iof

By

, and to over-estimate p, ~for “y/iarger Yalues_of,BA;k




4.6

The three methods of measuring a hysteresis loop, ballistic,
elowly-varying {lux and uwniformly-varying flux, give the ssme results
for EN1A mild steel, at least for fields up to Hm = 20000 A/m,

Bm z 2.0 T. The ballistic method using an operational integrator
instead of a hallisztic galvanometer ig suiteble for rapid determinations
of permesbility and the slowly-varying flux method for a quick
determination of & few hysteresis loops. The uniformly-varying method
is sultable for avtomated computer measurements of many loops where the
regular, square %%’ waveform ig an advantage, or, because of the

shoxrt time spent atfhigh field strengtha, for measuring loops of high
peak field strength:if overheating occurs with the other methodsmB°

The permeabilities, bissing flux densities and shapes of
incremental loops on the normal magnetisation curve may be classified
according to the relative magnitudes of Hb and H, , with some
variations depending on the absolute magnitude of BA s

(i) When Hb is less than H, , the incremental permeability is
approximately equal to the normal permeability and the biasing flux
density is low, but the incremental loop is an unsymmetrical I shape.
(ii) When Hb is approximately equal to H, , p, and Bb have
intermediate values (between (i) and (iii) ) and the loop is an
unsymmetrical [ shape.

(3ii) When H_ is greater than H, , i, is much less than p , By is
high and the incremental loop is approximately elliptical. In addition,
there is little variation of N with HA y and p, = B .

Since, as Hb increases for a given value of H, there is & transition
zone of about 1000 A/h between the regions of high and low permeability,
when HA is less than about 1000 A/m the type of behaviour (i) is not

so evident. When H, is less than about 100 A/m, the incremental loop

is approximately elliptical for all values of Hb .

The effect of previous magnetic history is small when either

Bb or Hb is large (Bb 2 1.5 T Hb > 2500 A/m), or when H, is greatg




than about 1000 A/m. At other times its effect can be considerable.
The permweability of incrementel loops on the normal
mognetisation curve may be calculated to within 1) from & set of
noxmal hysteresis loops, for all values of HA and Hb . For a limited
range of H, and Hb the normal magnetication curve may be used for

approximate calculations (errors = +20% if H, > (ﬂb

if Hb z 5000 A/m)e If & set of normal loops is not available, the

+ 500) A/m, or

method introduced by Spooner (egn. 3.3) is fairly accurste for a wide
range of incremental loops when Spooner's curves for the ‘fconstants! a
and b are used, and for mild steel greater accuracy could probably

be obtained by using the present measured values for the constants

(fig. 4.25). None of the above;methods can be used for incremental loops
not on the nowmnal magnetisation curve,; unless Hb ’ Bb or H, are such
thaet the effect of previous magnetie higtory is small, and no other
accurate methbd is known.

The hysteresis loss of an incremental lcoop on the normal
magnetisation curve for a given value of Hy is much less than the
normal hysteresis loss if Hb is greater than H, (attended by a
high value of Bb>c The loss for a given value of B, may be
increased by the ﬁiasing field, but only if B, 1is less than about
1.25 Ty which ig similar to the behaviour observed by earlier

workers for silicon steel.




De A.C. logsses in solid iron with a suparnosed pF

11c) shendy field

e s it P '.4-.-‘

sed in chapter 4 showed that the permeability
of incrsmental loops on the normal magnetisation curve was constant for
a given value of Hb if B, was less than Hb , and for values of H,

greater than Hb the incremental permeability was close to the normal
permeability, but the incremental loops were unsymmetrical. In this
chapter measurements of a.c. losses in the go0lid steel ring, mainly for
values of HA legs than Hb , are compared with constant permeability
theoxry. A theoretical indication of the results to be expected when
EA ig greater than Hb is also given. As shown in chapter 3, such
measurenents and calculations have not previously been reported.
Sinusoidal current at 300 Hz was used for the tests. This
frequency is equal to the frequency of the eddy currents induced in the
rotor of a 50 Hz synchronous machine by the first pair of m.m.f.
harmonics and thus produced comparable eddy-current and hysteresis
losses. The choice of sinusoidal current was also made because of the
similarity with the source of the m.m.f. hammonics, and it was
particularly appropriate in the tests because the surface field strength

was then completely specified by the known direct and alternating

currents.




502 Congstant permeability theory

562,17 Theory with hvsteresis neglected

The sample used for the tests was the same as the one used
for the permesbility measurements, described in chapter 4, section
4.2. The magnetic field strength is known on the surface directly

from the supply current, and inside the iron it obeys the diffusion

equation
HHE, 2H
2 o4 YL
i = e 5.
The addition of a constant term Hb to H does not affect the equation

end so the biasing field may be accounted for by using the
appropriate value of p, .

Since the specimen was
& toroid of circular section, the

theory is developed in cylindrical

coordinates, as shown in fig. 5.1.

Fig. 5.1 Representation of the
For the a.c. field the diffusion sanmple

equation reduces to

2

°TH, 1 2 H, pouA —aHZ

—5 o+ 3 = 5 (5.2)
DT a [0 ot

since H, is the only component of H and it is independent of g and z .

e Jut
By writing H, = Re fre , eqn. (5.2) becomes
2% . 1 3E _ 4,2 |
st - = -t - 0 (5.3)
o1 r ©Or
W {
whg‘f@ m = _____O__eﬂ (5*4)
r 10

. . PN
The solution may be written in the form

e k7% 3
B o= A3, (3% mr) + B Y (3" mr) (5~5)‘

where J and Y are Begsel functions of zero oxrder of the first and
0 0

gsecond kinds. The boundary conditions, H is finite at r = O and H

= HA a,t r = 8y giVG

.3/1.
T (3™ mr) //

txie

‘?“ﬁA

(5.6) -




The electric field strength found from curl H =« E is

o /Ju_-
in the o direchbion and is given by
2 H,

By = =Ff 37 (5.7)

Letbing B = Re E P gives
3 7
: 373, (5" nr)
E = HA mf) @ (5@8)

7 (5 m)

Tables of the modulus and phase of J (jghxﬂ and J, (3% ) were

PP 110 , .
given by Mclachlan ~. Thus by putting

i

!Jn (3% mr)l (5.9)
/3, (3" nx) (5.10)

Mn(mr)

i

%n(mr)
E may be writben
: iy (mz) (s, (mx) - 9, (ma) + %) (5.11)

B = H . e
a 1P MOZma) ©

The loss may then be obtained in a convenient form by using

the resl part 2 of the wave impedance at the iron surface.

z 2 ( 173 ) ("é) r=a M1 (mﬁ}
= Re (- “fi)rza, = Re P = mp Wg cos 9(ma) (5.12)
where

$(ma) = 31(ma) - %O(ma) —*% (5.13)

is the power factor angle, the angle between H and -B at v = a .

The loss per unit surface area is given by

1 .2 _
P o= H 7. (5.14)

7 and cogd are plotted against p, in figs. 5.2 and 5.3, using the

values of a , v and p appropriate to the tests (& = 5.02 x10’3m,
7

f =300 Hz, p= 1,9%x107" @m) .

The wave impedance and power factor of a gemi-infinite slab

excited by an alternating magnetic field parallel to its suxrface are
given by
7 = %g , cos 9, = 0.707 . (5.15)

These are also shown on figs. 5.2 and 5.3. It can be seen that the

behaviour of the test ring’&tFSOOiHZgShdnld;beasimilar to tbgtﬂof#an




gemi-infinite slab when p, 1is greater than about 100, but when p,
is less than this, ag occurred in the presence of a superposed
steady field, the behaviour ghould be different. TFor example, when
g = 20 (obtained for M, less than 1000 A/m when o= 5400 A/m, fig.
4.15) the wave impedance and loss in the ring should be 35% less than
in & semi-infinite glab and fthey should be directly proportiomal %o
i, rather than to the square root of u, . Also the power factor
should be 0.520, and it should be approximately proportional to the
square root of ey g rather than independent of Hy o
For interest, the ratio ma = 2, where d is the depth
d
f penetrasion /wéouA , 1is also given as an abscissa on figs. 5.2
and 5.3. A value for this rat 10 greater than about 5 is required fow
the behaviour of the ring to be similar to that of a semi-infinite
slab. ¥or values of ma less than about 1 (not shown on the figures)
the gkin effect is small and there is uniform flux-density behaviour.
The likely sensitivity of the loss to a change of resistivity
(due to a change of temperature, for example) can be shown by

plotting a loss function used by McLachlan11o and defined as

. ( ). 5 M (m&) 6)
ma) = & mmem7 cos ¥ (ma) (501
Thug
1 42 Okl & -
P - 5 E e W (ma) (5.17)

the influence of resistivity being confined to W (ma). The plot of
W (ma) in fig. 5.2 shows that it has a stationary point at ma = 2.5,
corresponding to p, = 20 for the test sample at 300 Hz and normal
temperature. For conditions giving this value of permeability, then,
the loss should not be sensitive to resistivity. Above mna = 2.5 the
loss increases with p and below ma = 2.5 the loss decreases as p

increases. The power factor is a function of ma =fp——— a only,

N

and is therefore as sensitive to resistivity as it is %o permeability.

The effect of frequencv on the loss and power factor is the same as

that of permeabllltyg as the two always occur togetner as w%&




5.2.2 Allowance for hysteresis

An allowance for hysteresis is made by using the concept of
complex peoneability, eguivalent to an elliptical representation of
a B/H loop. The X-Y recordings of incremental loops in figs.4.12 and
4.14 show this to be a reasonable representation for HA<< Hbu Ag
descrived later the maximum value of HA uged in the e.c. tests was
1000 A/m? and fig. 4.2 shows that the normal loops of this peak value
and below are not too far removed from an elliptical shape. The loop
for Hy, = 1000 A/fm in fig. 4.12 shows that the largest differences are
likely to occur when the loop is unsymmetrical and HAE*Hb . The’
advantage of using an elliptical representation is that the hysteresis
loss can be characteriged by ohe paraneter, the phase o« of the complex
permeability.

If the magnetic field strength at a point in the iron is

H = H,coswt = Re H, egwt and the corresponding flux density is
i mx
B = B, cos(wt- o ) = X B, e 3wt ), B lagging H by the angle

ol 4 then the complex permeability &A is given by

e A .
b, = =Zo=p, e (5.18)
b H
B
where |, = Eu%%‘ . The area of the loop is the hysteresis loss per
o2

unit volume per cycle, given by

W, = §Hd = n H B, sinc (5.19)

[A complex permeability Kk, Wwas discussed in chapter 3, section
3e2.3.4, in connection with measurenents of L, Dy a.c. methods. This
a.c., or effective, permeability relates the surface field strength to
the average flux density over the core section and includes eddy-current
effects. The integral f'HsdBa over a cycle gives the total -loss
(eddy + hysteresis) per unit volume per cycle.]

The hysteresis angle is taken to be the value which makes the

area of the ellipse approximation equal to the area of the actual loop

when the peak values of magnetic field strength and flux denéity are




the same for both. Thus eqn.(5.19) gives

Of = arsin o (5.20)

Values of o calculated from the results for hysteresis losgs given in
chapter 4, section 4.4.3, are plotted in fig. 5.4

To calculate the total loss it is assumed that both p, and &
are consbant, aidd the theory follows that given in the previous sgection
with QA replacing u, , making the factor m  complex. The
evaluation of the modulil and phase angles of the Begsel functions is
now more difficult because tables for Mnﬁ)c) and 8n(x) with 22 complex
are not available. Aspdenﬁ19 however, considered the problem of
eddy currents in solid cylindrical cores and plotted a loss function
L(ma), equal to Mclachlan's loss function (eqn.5.16) divided by 2 ,
for a few values of of » Aspden's curves are reproduced in fig. 5.5
together with curves calculated from the &= 0 curve using the
correction factor for a semi-infinite slab (see below). The figure
shows that this correction factor should be sufficient for the present
tests because the differences are small for ma > 3, and because the
measured hysteresis angle (fig. 5.4) is small for values of H, and
Hb (Hb > 500 A/m, HAL<'Hb) which give low permeabilities and values of
ma near 2.5 .

Fig.5.5 Aspden's loss

function for a cylinder with
hysteresis compared with
curves calculated from the
¢ = 0 curve using the
gemi~-infinite slab

correction factox J1+sin°<.

—— Agpden's curves

—=w= ol = 0 curve times

J1+sinc<




The total logs P s power factor angle %e+h and power

e+h
sla 112

factor in a semi-infinite b were shown by Pohl to be

P e A'S”l 4

e+h P 431 ol

& g N

eth = ?‘i - & (5.21)

2
cosﬁe+h = 0,707 {1+51no<

where P , mn/4, 0.707 are the values in absence of hysteresis (& =0).

The same correction factor /?+Sina< (sounstimes written cos %5+ sin ¥

2
or 2 cos( %»w‘§) ) applies to both the loss and the power factor only
+ :
because the power factor angle in the absence of hysteresis is % . The
appropriate formulde for the test ring should be
= sine
Pe+h P o1+
8 e & (5.22)
e+h 2
9 = cos(f- )
CO8Y orh ( 2 )

where P and ¢ are given by egns. 5.13 and 5.14 in the previous

section.




563 Measurements

The resistivity of the steel used in the test sample was
measured by a colleague, A.L. Bowden, on an annealed bar of steel
from the same batch. The bar had a diameter of 3.70 cm and a length
of abhout 40 cm. The voltage drop between two probes near the centre
of the bar, 5 cm. apart, was plotted sgainst the (d.c.) current which
entered and left the bar at the ends, and the gradient of this straight

. . £ (3 c’
line gave a value for resistivity at 23 C s

p o= 1.9 %107 om * 2%
This value was used in the theoretical calculationsjy its
accuracy was not of great impdrtamce because the tests mostly covered
the region where the loss was insensitive to resistivity (eqn.5°17)s

5032 Method for a.,c. logs measuremnents

5.3.2.1 Magnebtising current sunply

Circuits for superposing a.c. and d.c. were discussed in
chapter 3, section 3.2.3.3. A simple circuit suitable for
sinusoidal current is the series circult with one magnetising winding,
fig. 3.22 (b), and this is the basis of the practical arrangement used,
shown on the left in fige 5.6. To begin with, the circuit of fig.
4.10, used originally for superposing two variable steady fields, was
modified for a.c. and d.c. by replacing one of the d.c. sources with
a variable frequency signal generator. 3By virtue éf the low output
impedance of the operational amplifiers, independent control of the
a.¢. and d.c. was possible, and the frequency response of the power

amplifier A, was adequate to cope with frequencies up to 1 kHz.

1
Calculations then showed, however, that the voltage drop of the a.c.
and d.c. in the magnetising winding would be close to 10 V, the

maximun oubput volfage of A1 o for the values of H, and Hb of interest.

Therefore extra series impedance could not be added to achieve

sinusoidal current, and a feedback arrangement was necessary.

Two types-of feedback cirquitrgrezgvail&ble, and the theory:




of these 1s given in sppendix 8.3. The stability of the circults is
also discussed, as this has not been given beflore. The circult chosen
for the tests involves the feedback of a voltage proportional to the
magnetising curvent with a high negative loop gain, this being the
more stable method, an important point because the circuit was gubject
to step inputs when the steel was put in a cyclic condition. A small
point to note is the insertion of the 1.5 p¥ capacitor C1 « This
prevented saturation of the feedback amplifiers due to feedback of the
d.¢c. The phase ghift of the 1.5 uF, 10 kQ combination was small,
preserving stabili‘i:ye )

Referring;to appendix 8.3, it can be seen that the circuit
of fig. 5.6 increased the effective series resistance from 0.1 @ to
100 @, and the effective supply voltage from 10 V to 100 V . An

example of the waveforms obtained is glven in fig. 5.7.

5¢3.2.2 Measurement circuits and apvaratus

The quantities measured were the loss, power factor, surface
alternating field strength, biasing field strength and average flux
density. The measuring circuits are shown on the right hand gide of
fig. 5.6, and they are similar to those used during the meagurements
of permeability (fige 4.1 (a) ) with the addition of a.c. meters and
power measuring apparatus.

The total loss in the ring was obtained from the product of
the flux—ooil voltage and the magnetising current, thus excluding the
nagnetising-winding loss. Since the losses in the ring were small
(less than 1 W), and the frequency was fairly high, an electronic
multiplier was the least expensive device for obtaining the product,
in.view of the fact that low-power amplifiers were already available
fo? tﬁa magnetising-circuit series resistance and the flux coil. VWith
voltages proportional to the flux-coil voltage and magnetising current
as inputs, the output of the multiplier was a signal élternating at
twice supply frequency with a d.c. level proportional to the average

power. The average was obtained with a digital voltmeter




of en integrating type which counted the voltage over 20 ms,
eliminating all haxmonics of 50 Hz.

The maximun multiplier output was 10 V and in general the

. XY ) i
output Vo was 0 for two inputs X and Y , each less than or
equal to 10 V . After ellowing for this, the amplifier gains G and
e

EZ
Gi , and the turns ratio % ; the expression used for the loss was

N1
N .
P o= 10V ¢ mde . DL 2
o TG iy e (5.23)
2 i 8
where r = magnetising circuit series resistance (Q)

A = surface area (mz)

The multiplier was specified to have an error lesgs than 1%
of full output (10 V) for frequencies up to 5 kiz. It was found that
by keeping one input close to the maximum of 7.0 V rem.s. (10 v peak)
the error was less than ¥ 1% of the reading if the average oubput was
greater than 0.5 V . These conditions were satisfied in the tests by
adjusting the amplifier gains Ge and Gi » Checks were made to ensure
that these gains were the same on a.c. as they were on d.c., and that
the connection of the multiplier produced no loading effect. Since
the errorsg in Ge; Gi’ As and r were all ét least an order of
magnitude less than the multiplier error, this error of + 1% can be
teken to be the error in the measurement of loss.

Power factor was obtained from the equation

v
cosd = & (5.24)

XY

where X and Y are the true-rem.s. multiplier input voltages
and VO is the average multiplier output voltage. True r.m.s. was
measured, rather than the fundamental via a filter or waveform
analyser, because the difference between the fundamental and true
roan.s. was small for the waveforms encountered.

The signal generator used in the tests had a variable phage
output together with a d.c. output proportional to the phase angle

Q
e

which enabledythe phase to be set to * 0.05 Thus an independent

o




measurenent of ¢ was possible by forming Lissajous igures with the
magnetising current signal and the flux-coil output, when these were
ginusoidal. The maximum difference between angles measured by this
method and those caloulated from eqn. (5.24) was + 17, representing
a maximun error of + 4% in the power factor (the angles were in the
range of 50° %o 65° ).

The phase shifts through the flux-coil and magnetising
current measuring circuits were also measured by the above method, and
a phase lead of 1.3° existed in the magnetising current measuring
circuit. A correction lying bebween ?% and 5%, depending on the
measured power factor, was therefore subtracted from cos® and VOe

The alternating field strength on the iron surface, H, ,
is proporbional to the alternating component I, of the magnetising

current §

Hy = —— | (5.25)

IA was obtained from the measurement with an electronic voltmetber of

the amplified voltage drop across the series resistance r . 4An R-C
network was inserted at the amplifier input to prevent gaturation of
the amplifier by the d.c. voltage from the direct component of current.
This network was also necessary to prevent saturation of the multiplier
by the product of the d.c. voltage and the flux-coil voltage, although
the average power of this product would have been zexro.

The integrating digital volimeter, described above, was also
used for measuring the biasing field strength Hb and the steady flux
density Bav (Bav:# Bb because B, was not sinusoidal, see chapter 3,
gection 3.2.3.2).

Calibration of the meters was performed using standard
gources supplied with the meters. Checks were 2lso made against other
meteré in the laboratory. The error in the use of the a.c. meters was
less than + 0.5% of the reading, and in the d.c. meters less than + 0.1%.

The frequency of the oscillator could be set to 300 Hz + 0.2%

using a d.c. output proportional to frequency, and this was checked

e



with a frequency meter.
5¢3.2.3 Erocedure

The procedure followed similar lines to the measurement of
My o For the measurement of losses ‘on the normal magnetisation curve!
the steel was brought to a cyclic state by demagnetising to the
required Hb in steps of 0.05 T from about 10000 A/me Then, to avoid
$ransients and the consequent introduction of a further magnetic history,
the a.c. was raised slowly to the required H, ; and readings taken. For
the measurement of losses ‘on a normal hysteresis loop', the steel
was demagnetised to the required Hm and then this steady field was
reduced to the reguired Hb before slowly raising the a.c. Between each
set of readings, the a.c. was sﬁitched off and the steel returned to
the peak of the normal loop (Hm) and cycled a few times.

The average steady flux density Bav was obtained from the
change of steady flux density as the a.c. was slowly increased. A
reversals method with the a.c. on was not used, as this method resulted

in a 1% increase in loss for the larger values of H, .

503¢3 Comparison of theoretical and measured losses

5.,3¢3.1 Incremental loops on the normal magmebisation curve

The measured losses are compared with curves given by the
linear theory in fig. 5.8. For the theoretical curves, Hbcorresponding
to a value of Hb and to a test value of surface altgrnating field
strength HA wes read from fig. 4.17, Z was obtained from fig. 5.2, and
P from eqn. 5.14 with hysteresié neglected or from eqn. 5.22 with
hysteresis included (o¢ from fig. 5e4).

The error in the theoretical curves (which relied on

measured values of {, Hy s w5 p end a ) can be obtained by first

considering values of Hb greater then 4000 A/ﬁ where |1, =« 20 for the

values of H, ased. At this permeability the stationary point of W

ocecurs (eqn. 5.17, fig. 5.2) and so eqn. 5.17 gives
(5.26)

2
P oC'Hi W My 8 (gAu’ZQ, me = 2.5)




.

Adding percentage errora in Hj (i 2% 0.5%) 5 w (ivOc2%) 5y, (+ 19),
a (+ 0.19) pives an error in the theoretical values of P equal to
+ 2@3% s say + 235% « For values of Hb smaller than 4000 A/m7 Hy ig

greater than 20 and the behaviour of P approximates to that of a

gemi-infinite slabse

*

P ot Hi JTJ;}? (b, 5> 20, ma>5) (5.27)
The decreased sensitivity to p, compensates for the increased
sengitivity to £, resulting in the same error in P , + 2.5%, which
is thus taken to be the maximum theoretical error over the whole range
of Hb owing to measéremenﬁ uncertainties.

The sun of the errors in the measurement of P (i,1%> and

in the theoretical prediction of P (+ 2.5%) is equal to + 3.5% .
Differences between the measured values of P and the theoretical
curves of less then this value could therefore be due to measurement
errors. Fig. 5.8 shows that for values of Hﬁ greater than HA the
differences between the theoretical curves neglecting hysteresis and
the measured losses are less than + 3,5% . For such values of Hb’
however, the inclusion of hysteresis in the theoxy improves the
correlation with the measured points for H, = 250 A/m and 5C0 A/ﬁ,
but not for B, = 750 A/m and 1000 A/m. This can be explained Dby
'considering Hy = 250 A/h and 1000 A/ﬁ as examples. The curves for
B, in figse 4,15 and 4.17 show that for H, = 250 A/ﬁ s My is strictly
independent of K, for values of Hb greater than 250 A/ﬁ, whereas for

H

L = 1000 A/m, p, is not independent of E, until H is as large as

4000 A/ﬁ, and for values of Hb less than thisy; p, decreases as H,

decreasegs. Thus for HA = 250 A/m the linesr theory should hold exactly,

and the inclusion of hysteresis should be necessary. DBut for

Hy = 1C00 A/h, owing to the decrease of H, with depth into the iron,
the average permeability is less than the surface value used in the
theory, leading to an over-estimate of loss which is counteracted by

the neglect of hysteresis. It should be noted, however, that the

inclusion of hysteresis only'increased%?héi%hébéé%ical‘1OSs by 10% or




less, for H, » U, , there being no increase for H  greater then

b b

three or four times HA o

wing to the limited output of the amplifier A, , values of

1
Hb less than H, could only be used for H, = 250 A/m (or less). The
measured losses for H, = 250 A/m vith Hb‘<_250 A/m are less than
predicted by the linear theory, which is consistent with the fact that

. decreases as H, decreases for velues of F, less than 250 A/m.

4
Also, differences between the actual shape of the B/H loop and the
idealised elliptical shape are more pronounced for values of H, less
than HA , as discussed in section 5.2.2, although such differences
were small for this particular example (1, <250 A/m)°

The validity of the linear theory for the test results can be
further judged from the graphs of wave impedance (fig. 5.9) and power
factor (figs. 5.10 and 5.11). According to the linear theory, the wave
impedance and power factor should be independent of H, . The
measured results in figs. 5.9 and 5.10 show that this was true for
values of Hb greater than 4000 A/m, coinciding with the region where
u, was independent of H, . The graphs of power factor for
H, =250 A/m and 1000 A/m in fig. 5.11 confirm the comments abcve
about the inclusién of hysteresis. It can be seen that the effect of
hysteresis on power factor was more narked than its effect on loss,
and that its inclusion is a definite improvement for H, = 250 A/m.
The effect of hysteresis on the power factor results for Hy, = 500 A/m
and 750 A/m (not shown) were similar to the results for H, = 250 A/m
and 1000 A/m respectively, as occurred with the loss results.

In addition to the above results, sinusoidal waveforms of
flux were observed for values of Hb giving constent i, compared
with distorted waveforms for other values of Hb (e.g. the distorted
waveform of e for H = 0in fig. 5.7)

Throughout the tests the temperature of the steel was

constant at 23°C, although at one particular high value of Hb the

high direct current was allowed to heat e semple for about half an




hour giving a temperature rise of about 3530, and no change in the
loss was observed.

Ag mentioned in chavter 3, no earlier comparisons of
measured and calculated eddy-current losses in soft iron with
superposed fields were reported. Comparisons with a pernanent magnet

-7

naterial, however, were recently reported by Copeland and Slemon o

o

Por a value of HA less than the coercive force, they compared the

variation with frsquency of measured and calculated values of phase

shift, and the results indicated the applicability of the linear

theory to such small incrsmental loop losses.

5e¢3030.2 Incremental loops on the normal loo» HH = 4000 A/m
1 i ———————

Measured values of loss and power factor for HA 250 A/m
are compared with curves calculated by the linear theory, neglecting
hysteresis, in fige 5.12. Values of p, for the calculations were
read from fig. 4.29. Hysteresis was not included because hysteresis
loss was measured only for incremental loops on the normal magnetisation
curve. Fig. 5.12 shows that the differences between the measured and
calculated results are within the limits of experimental error for the
higher values of Hb; the differences at the lower values are probably
due to hysteresis loss and the variation of p, with depth.

Fige 4.34 shows that N is practically constant for valuesof
BA up to 250 A/m when I is equal to 1800 A/m or more. When Hb is less
than 1800 4/m, L, tends to be more Songtant on the ascending branch of &
normal loop than on the descending branch, since, on the ascending
branch, i, does not decrease as H, decreases (below H, = 250 Afw)
until Hb ig less than about 250 A/h). Phis could explain why the
measured values of loss and power factor have a greater tendency to
be less than the calculated values for incremental loops on the
descending branch of the nowmal loop (figs. 5,2 and 5.3 show that both
P and cosY decrease as M, deoreases). Regions where the measured

values of loss or power factor are higher than the calculated values

can be attributed to hysteresis, as in the previous gsection. -




5.3.4 Steady flux density

@

Graphs of biasing flux density eagainst biaging field

strength under d.c. conditions were given in fig. 4.28. Under a.c.
conditions, with sinusoidal currvent, the time average flux dengity
Bav (measured in the tests) may not be the same as the amplitude
average Bb bvecause of waveform distorbtion, discussed in chapter 3,
gechions 3¢2.3.2 and 3.5.1. In addition , since Bav depends on the
amplitude of the a.c. excitation for a glven value of Hb, for the
solid steel ring in which H, decreases with depth whilst Hb is

constant, the value of Bav measured is an average value over the ring

P

cross section; B__o
av

The effect of the decrease of H, with depth was shown most
clearly in the results for H, = 250 A/h, fig. 5.13. The earlier
ballistic results showed that Bb decreased as H, decreased below
250 A/m (an example is shown in fig. 4.12), and in fig. 5.13 it cen
be seen that the dotted curve for ﬁav lies below the ballistic cuxve
for Bb end above the normal megnetisation curve. Waveform distortion
probably increasedlﬁav a little for values of Hb less than 250 A/m,

but there was no distortion for values of E greater than 250 A/m.
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564 L%Qltlﬁg non-linear theory for H, > "

Consider a semi-infinite block of steel with an applied

surface field strength HS in the y direction as shown in fig. 5.14.

Maxwell's equations curl B = % L and ¥
4w 3B B
curd B =__=_. give Y L
ot ERDEEEER
SH 1 . :
2 .2
52 = 30 (5.28) =

Fig. 5.14 Coordinate
eE B (5.29) gystem and applied field for
a semi-infinite block

g

3% 3t

The electric field is in the x direction, and the Poynting vectox

N =FxH points into the block, along the positive =z axise.

Differentiating (5.28) with respect to 3z and introducing

(5.29) gives the diffusion equation

2% _ 1 2B _1 2B

1
3 2 P ot £ 3H
Z

td

(5.30)

wgy
oF i

Thus the permeability of intersst in solving the diffusion equation is
the differential permeability Hq = i;%% . In the linear theory with
a superposed steady field; a set of B/H loops is represented by &
straight line of slope Bg = Va9 OT, for sinusoidal field variatiohs,
the set of B/H loops may be represented by a set of ellipses with a
constant complex permeability, as described in gsection 5.2.2. For the

present sample of steel the linear theory was suitable for small values

of H

A s and,; provided Hb was greater than H, , for large values of

H, . But when Hb was less than H, , and H, was large, the shape

of the B/H loops was close to the unsymmetrical step function shown in

fige 5e150

, 8

Fig, 5.15 Representation of g
unsymmetrical B/H loop for large

values of H, and Hb‘< Hy - Bp=0

A fo—i

L

B o S
[l

- H e H
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Note that B = 0 for the idealised representation, whereas in practice
the value of B, was not exactly zero, but close to it (fig. 4.28).

The effect of this type of loop on the loss was not measured
bacavse of the limitations of the power amplifier. Also, the theory
for a ¢ylindrical configuration with an unsymmetrical P/H loop is

complicated, as it is even for a symmetrical step function
representation114a However, an idea of the varistion of the less  with
Hb and H, , and of the difficulties in the solution, can be obtained
by considering & semi-infinite block.

For a symmetricel step B/H curve (Hb = 0, fig. 5.16 (a)) the
loss per unit area in a semi-infinite block with a sinusoidal surface

field strength of peak amplitude H, was shown by MacLean115 to be

P o= h']x%’

P

where § = 2 cwAE By comparing equ. (5.31) with egqn. (5.15) it
‘A
can be seen that the loss is 1.7 times the leoss given by the linear
B
theory using a value of permeability By = e corresponding to the
Ko Hy
(5] B B
b
" ‘—H . ‘/// /%b L 4 H £ L 4 éb e I H
Ve
JER—— <l <
(&) H=0 . (b) O<¢HL< Ha (e Hy>H,

Fip. 5.16 Step function representation of B/H loop for different
values of Hb with H, congtant

surface field strength H, . On the other hand, with the step
representation,; when Hb exceeds H, there is no change of flux density
(fig. 5.16 (c)) and the loss is zero. Thus the loss may be expected to
very from a value greater than the linear value to a very low value asg

Hb increases. It is shown schematlcally in fig. 5,16 (b) that, for a

given large value of HA y U, Temains’ consﬁan“ at the normal (unblased)
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value as Hb increases from zero to a value close to U, , and this is
confimied by the measured results for p, in fig. 4.17. The point of
interes% is whether ag Hb increagses the logs also remains at a constant
hipgh value, and decreases suddenly as Hb approaches H, . It is shown
below that the loss should not remain constant, but should decrease
steadily as Hb increases.

Let the applied surface field strength Hs congist of a positive

biasing component and an alternating component given by egn. (5.32)

and shown in fig. 5.17.

B, o= H o+ H@- sin wt = H, (h + sin ot) (5.32)

where h & == and O0£h<gt . Hs is zero when t = t1 and t2 so the

values of t1 and tz are given by Hg

)

sin wt, = = h ,7zéwt1é 5
i

[ -

(5.33) Yoy N ____

2

)

1
i
i

Fig. 5.17 Applied surface
field strength

sin wt, = = h ‘3‘15wt2527{ ﬁ

Inagine that in the
beginning the alternating component is
increased from zero so that the flux density in the iron is initially the
gaturation value + BO o hs H, exceeds Hb , a change of flux occurs wﬁen

H, is negative, i.e. when t <t<t,. The depth of penetration (%) of this

1
change of flux depends on the length of time for which HS is negative, and
hence on the ratio h . The negative flux density —BO in the surfac

layer of depth Sbis changed back to the positive value when t>t? and Hs

becomes positive, fig. 5.18, but because B
H was negative for less than half a *5B,
8 - = . —-a-—é&‘

cycle, the return to +BO is completed

when t = t3. Thus flux changes in the “ S, Z

steel only occur over the depth § during

"Bn"
the time intervals tz - t1-and
t3 - t2 ' Fig, 5.18 Flux density inside
-« the steel when H_ ig positive

, = S ~ VS
and t2,<t<t3 :




and both 5b and the time intervals decrease as Hb increases for a given

Thus the loss should alsco decrease as H, increases. The

b
. . . L1 11 .
in & thin plate or rod 4s l compared to that in a semi-

value of HA o

2

lovier loss

infinite block is & similar phenomenon, but with the advantage for
theoretical gtudies of symmetrical positive and negative periods.

Expressions for &, t, and the loss may be obtained by

15

3
beginning with the theory outlined by Maclean
1,115,116

and later authors
for symmetrical magnetisation. To cope with the infinite
rate of change of flux density at the surface separating regions of
pogitive flux density +BO from regions.of negative flux density ”Eo’
a flux per unit length s is introduced, defined by

J, Baz (5.34)

With the condition thet E = 0 at 2z =o this enables eqn. (5.29) to be

1]

i

replaced by
3y
E = 352 (5.35)
Let the distance of the separating surface from the surface of the block

at any time be u ,; giving a velocity %% . For 2 «u , the rate of

change of flux, and hence E, is

g du
E = 57 =23 7 7 < U (5.36)

where Bs ig the flux density at the block surface. Therefore, for

72 £ U 5, &t a given instant in timey, E is independent of 2z and by
5 .

eqn. (5.28) ,g% is also constant. Since H = O at the separating

P
surface and H = Hs at the block surface, the constant gradient g% is

given by
H
°H S
2z " u (5.37)
Substituting eqn. (5.37) into eqn. (5.28) gives
Hs
E =p-& .
P (5.38)
Eliminating E from eqns. (5.36)and (5.38) gives
2 H
du _aw?) s .
2u pro e ral BS (5.39)

During the time when Hs,is%gggativey;Bs = -Bo

, and eqn. (5.39) -

gives




2
Qi&i;l £la ( h 4+ sin ot)

S s - B, , b, <5<, (5.40)
which on integrating gives
2 A~Hs . .
U om o= wBO (hwt -~ coswt + C1> , t1<ft«<t2 (5.41)
The congtant C1 is found from the fact that w = 0Oat t = t1:
C, = -hwt, + coswt,  (5.42)

and therefore

2 .
u? = - %;’ (h (0t - mtq) - ¢o5 wt + cos wt1)9t1<'t<:t2
(5.43)

where & is the depth of penetrétion for symmetrical magnetisation

(h = 0) given by

2pH
§ = o
=3 (5.44)
0
Now U = %JWhen t = %2 s 80 eqn. (5.43) gives an expresgion for SL:
2 52
S = - 7;( n (wt2~wﬁ1) - coswb, + coswt1) (5.45)

Hs becomes positive at t = t, and the separating surface

2

moves in from the origin again with BS = +BO and therefore

2
2 é ) ’
LA (h (wt»wtz) - coswt + coswt2)$t2«<t <t3 (5.46)
Now t = t, when u = §,s 80 equating eqn. (5.46) with t = t, and
eqn. (5.45) gives an implicit expression for t3 s
hwt, = coswt., = hot, - coswt (5.47)

3 3 1 1

As wt, is a known function of h (eqn. 5.33), wt, may be found

3
graphically.

é 1
figs. 5.19 (a) and (b), showing the decrease of $, and the time

Plots of S and wt, wtz R wt3 against h are given in

intervals t2 - t1 and t3 - t2 as -h increases. Plots of % against

time for several values of h are given in fig; S.i9 (¢).
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Fige 5,19 Quantities relating to fthe caleulaiion of loss in a semi-infinite
slab of iron with unsymmetrical magnetisation using limiting non-linear
theory.
(8) Depth of penetration (b) Time intervals (¢) Separating surface
(d) Electric field strength (e) Instantaneous power (f) Average
T L BT = 3 LR - power loss




The electric field strength may be found by substituting the
expressions for u into egn. (5.38), or into an equivalent non-

dimensional forme

) Pl sin ob
e = B &, el hot sin ot (5.48)
Eia, rHa u %
&

H :
( /;A is the amplitude of E at z = O by the linear theoxry, neglecting

hysteresis)
The instantaneous power loss per unit surface area may be

obtained from the magnitude of the Poynting vector

i

P, = BH_ : (5.49)

f
which in a non-dimensional form becomes

H
p = Pi.= 2 Lo 8 =2 e (h+ sin ot 50
1 pHy £Ha H, : ( at) (5.50)
275 5

( %" ?%é is the average value of P, by the linear theory, neglecting

hysteresis)

The average value of p over a cycle is given by

£ %
B 2 3
by = e ][ p_at + jf p, at (5.51)
5 %5

where p_ and p, are the expressions for p when Hs is negative and

positive., Each integral is of the fomm

*

2 (h + sinwt)2

- hwt + coswt - 01

at (5.52)

t?
which is difficult to evaluvate analytically. The loss was therefore
obtained numerically for h = 0, 0.2, 0.4, 0.6 and 0.8. Plots of e
against time for these values of h are shown in fig. 5.18 (d) and the
corresponding,plots of p are shown in fig. 5.19 (e). The average value

of each curve (by Simpson's rule) is plotted against h in fig. 5.19 (£).

For h = 0 the numerical result (1.68) agrees well with the exact value

( %é = 1.70), anl as h increases to 1.0 the loss decreases steadily to
ﬂ : N // B s - ) . -3




zero. Note that at h = C.35, the loss is

o)

given by the linear theoxy (pﬁv = 1.0)0
(=7

As mentioned at the beginning of

Tep)

equal to the value

unsymmetrical non-linear behaviour was not tested experimentally

because of insufficient output from the power amplifier. Also,

a more complicated theory would need to be developed for the

cylindrical sample.




The test results presented in this chapter show that for

values of Hb greater than H

the linear theory neglecting

b—‘—(

hysterssis may be used to predict thetotal power loss in solid

. . . : v - .
mild steel, to within % 3.5, Hysteresis can be neglected because

0]

the hysteresis loss is mostly small, and because where hysteresis

begins to be significant its effects are offset by a decrease of
uA with Eé « As measured losses were never consistently grester
than the calculéted values by an smount which could not be
attributed to hysteresis; it is concluded in sddition that
'anomalous! losses due to the domain structure of the material are
absent, at least when Hb > Hy .

The linear theory may also be used to calculate power
factor forf%}) H, , although the inclusion of hysteresis is
necessaxry for small values of Hy (<500 A/m).

For values of Hb less than H, , it is likely that the
loss for a given surface field strength\QA will decrease as Hb
increases, even though %Adoes not change. Measurements would be
needed to confirm'this, to determine a suitaéle value of BO for
use in the limiting non-lineaxr theory, and to determine the range
of values of H, covered by the theory. |
Since B, is large when H is greater than H, (fig. 4.28)

it may be concluded from the above that the linear theory is

e
— -

valid if Bb is a fixed large value. (This agrees with the fact
that N is nearly independent of HA when Bb is large, fig. 4.1%) »

For small values of B, the limiting non-linear theory is more

b’

appropriate.

e
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6. POLE-TACE TOSSES: LINBAR THEORY AND THE PROBLEN OF SUPKRPOSITION

6.1 Introduction
In chapter 2 the main field and the source of the armature

winding-harmonic fields in a synchroncus machine were discussed, and

4

in chaptersl3, 4 and 5 some effects of a superposed steady field were
considered. In this chapter a classical linear theoxry for the
calculation of the loss caused by one travelling wave is explained,
the inportant paremeters are identified, including one new one, and
the effect of permeébility discussed. This theory is then applied to
the calculation of ﬁhe magnetic field and losses in two typicsal large
machines and the reéults, together with the knowledge gaired from the

earlier chapters, are used to indicate the problems in allowing for

the superposition of both a steady field and several travelling waves.

Some possible future work of a fairly fundamental nature is indicated.




6.2 Linear theoxry for onc travelling wave

6.2.1 Statement of the problem

To calculate the eddy-current losses in a rotor caused
by a travelling field it is assumed initially that the air gap and
depth of penetration are small compared to the rotor diemeter, that
the rotor surface is smooth, that the machine is dnfinitely long
and that all permesbilities are constant. In addition_it is assumed
that the effects of eddy currents in the stator iron and copper are
small, that stator slots may be neglected (apart from being the source
of a ripple on the main flux) and that the stator winding may be
represented by a thin current sheet. These assumptions enable a
relatively simple lineax theory‘to be developed in texms of
rectangular coordinates in two dimensicns, and ie the approach which
was followed by several authors?? 119 = 12 (appendix 8.5).

With the assumption of constant permeability, each harmonic
of the stator current loading may be considered separately in the
calculation of the resultant magnetic field. The source of a wave
moving relative to the rotor is represented by a current sheet in an
axial‘(z) direction on the stator surface (fig. 6.1) with a sinusoidal

variation in time and a phase shift dependent on the peripheral (% )

directions
K = R cos (ot -Bx) A/m (6.1)
where @ = angular frequency of harmonic (rad/s)
. B o= /e | (")
< = pole pitch of harmonic (m)r

Afm

C .\/%ﬁf‘ft—;.’*{/‘\ . Stator (s) 00, pops
_
?
|

kv Aie gop (9) o0, po

X
. Mo,
>4 C

@o‘f’.ov'i (r) Pl

Fip.6.1 Configuration for the study of eddy currents
induced in a solid rotor by a travelling wave
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As shown in fig. 6.1, the stator is represented by a
smooth gsemi-infinite half-space of infinite resistivity and
permeability MMy e The rotor is algso represented by a smooth
sepi~infinite half-space, of resistivity ,p and permeability
Hoby e The air gap of width g has infinite resistivity and
permeability By o« (Stoll and Hammon6124 showed that if the actual
thicknesses of the stator and rotor are greater than % times the
pole pitch then the air-gap field, and hence losses, are the same
ags 1f the thicknesses were infinite. For the rotor of finite
resistivity they further showed that if a strong skin effect is
present, as is usually true, then the actual rotor thickness need
only be greater than the depth Qf penetration § = Jgﬁ/uourw y

or T/ﬂ , whichever ig the smaller)

6.2.,2 Vector potential

The field distritution is found with the aid of a vector
potential A defined by
(6.2)

div. 4 = O (6.3)

curl A4 =

Iee

because, with the assumed axial direction of source current and with
no varistion of géometxy in the axial direction, the vector potential
has only an axial component A . The two components of flux density
may be found using eqn. 6.2, which gives

BA . A :
Be = 3y By = %% (6.4)

The magnetic and electric fields are governed by the

equations
curl B = J (6.5)
curl E = —%"% (6.6)
div. B =0 (6.7).
togethér with
B = puE (6.8)
i = 1B (6.9)
divd = 0

(6.10)




Substituting eqn. 6.2 in equ. 6.5, using eqn. 6.8 , gives

J (6.11)

it

curl (fl“ curl A)
T e
Substituting eqn. 6.2 in eqn. 6.6 gives

oA
z-..&a...,“.d e’
ST - era vz (6.12)

b

where y may be identified with an electrostatic potential. But since
the conductors extend to infinity in the +z and -= directions, and
there are no dielectrics, there is no possibility of chafge
accumulating to produce an electrostatic potentisl. Therefore

grad ¥ = 0 and

=g

2 (6.13)

fs
n
'
h

o)

t
Substituting eqn. 6.13 &n eqn. 6.11, using eqn. 6.9, gives
1 24

wﬂ(éwﬂé):»;ﬁy (6.14)

Using the assumptions of constant permeability and no variation in

the z direction, equns. 6.14 and 6.3 give

224 23N b 2

. - (6.15)
2 2t
252 P
remembering that A has only a =z component A .
Since the source current is assumed to vary sinusoidally with
t and x (egqn.6.1) and the permeability is constant, the field

quantities also vary sinusoidally and may be written in terms of

complex numbers, such as

K = Re R o 9F% 0P (6.16)
A Be & o IF¥ od¥® v (6.17)

and eqn. 6.15 becomes

0.
oA (6.18)
“byz
where Y = (6.19)
/O
= 6.2
d wuou ( O)

Eqn. 6.18 may be solved for each region of fig. 6.1, the general




golution for region 1 TDheing

: ly ~p¥
Ai = Ci e + Di e P (€.21)

where ¥ = 1 for the air gap end stator (where =0 ) and the six
constants Ci and Di are found from the boundary conditions expressing
the decay of the field at y = + o and the continuity of tangential

field strength and tangential vector potential (i.e. egns. 6.5 and

6.2) ¢
° +
A = 0 at y = Z o (6.22)
1 ’3Ag o ?:fs i ? w6y -
= : =
Ko v Hotg y
] ] (6.23)
2A 4 .
1 %,,“.g-..a_ig..ﬁ = 0 at y = 0
KoM Yy Hy 9V
-é. = A at Yy = g
° & (6.24)
Ag = Ar at y = O
The solution for the vector potential in the rotor is
. 20 K em'y W ﬁ
A, = TOR ‘irbg RIS (6.25)
. Ht ot 7 e ™ = M- H-9J e
. R
The second term in this expression -E—'is the vector potential at the

stator surface when the stator relative permeability M is much greater
than 1 and the rotor is absent (the first term equals 1 when Hy »> 1,
y =0, g=20, H. = 1, /°==oo). The first temm is no§»diménsional and
shows that the non-dimensional parameters determining the vector

potential in the rotor ares

the stator relative permeability : B
the rotor relative permeability : ke
the ratio of the air gap to the pole pitch : Bg=ng/<

the ratio of the depth of penetration to the pole pitch: Bd:wd/t

(in ¥= 1+j/82d2 )
P.T.O.




the ratio of the depth y *to the pole pitch : 6y=ny/%

the ratio of the depth y 1o the depth of penetr&tion:y/d

o 5T D
(in p¥y cJB y oy /a” )

6.2.3 Simplifications of the expression for vector potential

6.2.3.1 Stator permeability

The vector potential is independent of the value of the stator
permeability if this is sufficiently high. For example, with

L =005 eqn. 6.25 becones

S

2 & :
b = : “g, —g S (6.26)
2 (ugp 7)€ (ot e B

in idea of the required size of b, can be obtained by gathering the
terms containing by in eqn. 6.25 and writing the resulting expression

in the form “
. M n X ¥
A _ T ..o . eE’ y (6027)

. P+ 7 tanhBg B
coshfg(p_tanhBg+ ¥ i NEM_“ﬂuNM?_]
&y & > 1+ 0 prtanh5g+x

It mey now be seen that if

1+ ¥ tanh fg \
He o = =~ 1L (say) (6.28)
ur tanh fg + 7

then Ar is independent of Mg and is given by

be Po” . P (6.29)

A = e -
r tosh B:g(prta,nhﬁg+7) B

(which is the same as eqn. 6.26 in terms of hyperbolic functions).
The ineguality (6.28) does not generally require o to be

very high. For example if Bg2>2, i.e. if ﬁg/t > 2, then tanhBg = 1
and (6.28) becomes u,>> 1. Also, u; is certainly less than

| (k+ ¥ tenhpg)/¥ | , which in turn is less than |u /% + 1], which has
a maximum value of . 1 when ¥ = 1 . Normally the skin effect is
strong (see below) and |¥#] > 1 , so that Iur/k + 1] is less than p_.
Therefore a value of Mg much greater than 1 is all that is requifed
for the larger air gap to pole pitch ratios (ng/t7> 2), and for the
smallexr ratios a value of o much greater than ]ur/% + 1’ is sufficient,

where this is less than b, when the skin effect is strong. These




conclusions agree with Lawrenson et 31.125, who found that their
results for the rotor surface flux density were unaffccted by values
of us iﬁ the range 500 to go (the maximum value of ur considered was
2500 and the skin effect was strong). Other authors either assumed
00119”123 or did

id not include the effect of the stator in
24
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their discussion . Jince the gtator is normally made of high-

that 1 =
B

permeability silicon-~steel laminations it will be assumed that the
vector potential is independent of 9 and given by egn. 6.29.

6.2.3.2 Strong skin effect

A second simplification can be made to the equations if the
pole pitch is much greater than the depth of penetration, i.e. if the

skin effect is strong, because from eqn. 6.19

- NS I < ?
¥ e ‘mﬁ;l_m__ ~ .J;L: ..,_z._i‘..,‘;sl 2o _.,,.1__‘: [ 2
4 Hﬁzdz = pa  Ppa *+ 232 T p2g2 > (6.30)

The expression now obtained for the vector potential in the rotor,
from eqn. 6.29 using eqn. 6,30, is

Bs - j.j:lj-
- f28au . u K T y (6.31)
r © Coshpg( J2Bdu tamhferil) B © '

Thus, for the conditions by > ug (eqn.6.28) and 1/E2d2 >>1 (eqn.6.30),
the number of dimensionless parameters governing the vector potential
is reduced from the six listed in the previous section to the three
listed belows
the ratio of the rotor permeability to the skin-effect
factor‘l/ﬁd : ﬁdurzurﬂd/t
the ratio of the air gap to the pole pitch: . pg=ng/c
the ratio of the depth y to the depth of penetration: y/d
- The ratio of the depth  to the pole pitch (By) is no longer
important, and neither is the absolute value of the rotor permeability.
Instead the patio of the f@tor permeability to the skin-effect factor

is of interest.
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6.2.3.3 Two types of behaviour with strong skin effect (Q212 1)
¢ .

Although three dimensionless parameters were listed above, two

>

©

types of behaviour for Ar can be discerned depending on the wvalue of

the dimengionless ratio Q = (%wﬁ/urtanhﬁg . When this ig much greater
than 1 ; i.e. when urtanhﬁg is much less than the skin-effect factor
%g , eqn. 6.31 shows that

Ay = coshfg(i+d) B ° 15Q = 1/pdu Tanhpe >>1 (6.32)

The significance of this expression can be seen by determining the
tangential magnetic field strength on the rotor surface, which is
equal to the current per unit length in the rotor. Using egns. 6.4

and 6.8, egqn. 6.32 gives

. i %Ar ?
H = = % — Y . =
x MH_ ey coshBg sty =0if Q> (6033)

or
showing that Hx and the rotor current loading are equal to the stator
. . . 1
a y . coupletl par " e
current loading (i.e. complete reflection) apart from the . Gosnfa
reduction factor (which is equal to 1 for small air gap to pole pitch
ratios).

The second type of behaviour occurs when urtanhﬁg is much

greater than 1 , 1.e. when Q <«<1, and eqn. 6.31 shows that

ga
2 dti
A - uoK e ed Y if Q = 1/Bdu tanhBg «<1 (6 34)
T Bsinhfg T )

The significance of this expression can be seen by considering the

expression for the véctor potential in the absence of eddy currents

Ara , obtained from eqn. 6.29 by putting ¥ = 1 (/0=c0)

u_tanhfg ) K
R .9 CBY e oo
Ara = u tanhpet] Psinhfg  © if p=ee (6.35)

and ‘since urtanhﬁg is in this instance much greater than the skin

effect factor which is greater than 1, eqn.6.35 gives

-~

Mot
ra = PBsinhpg

By

if p=co and p tanhpg >>1 (6.36)

A compaiison ofieQns. 6.36 and 6.34 shows that the vector potential

i
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at the rotor surface when Q « 1 is equal to the value in the abgence
of eddy currents, the fapplied' value.

The above two types of behaviour were discussed by Stoll and

24

Hammondq" for the same configuration as in fig. 6.1, but without the

stator. They showed that the behaviour was determined by the ratio of

the skin effect factor to the rotor permesbility. The above discussion
shows that when a stator of sufficiently high permeability is present
(HS>>fJ;; eqn. 6.28) then the same arguments hold with the rotor
permeability reduced by the factor tanhfg. This means that the range
of values of the skin_effect factor which can lead to a complete
reflection of the sﬁator currents in the rotor may be considerably
wider, and the rangé which can lead to no reduction of the applied
vector potential by the eddy currents correspondingly narrower.

6.2.3.4 The meaning of the dimensionless parameter Qmi/ﬁdurtanhﬁg

At any point the total (or resultant) field is the sum of the
applied field and the field of the eddy currents. In terms of the

vector potential in the rotor, this may be written

= A + A
r ra re

e

where the potentials are in the =z direction. When the skin effect
is strong this may be used together with eqns. 6.31 and 6.35 to give

the ratio of the eddy-current field to the total field on the rotor

surface
re ra urtaghﬁg J@Q—1+1+; o]
ol L & o B e . 15— >>1
Ar o /o urtdnhﬁg+1 fﬁQ"1 6%a
If urtanh@g>>1 this reduces to
re 143
T/ = - A
r’o J2Q
so that
A ]
re . 6.37>
= 5f u_tanhpg>1 . and —55>>1 (
Q Kr o r B2d2

Q is therefore an eddy-current reaction factor, being the ratio of

the eddy-current field to the tota field. Strong eddy-current



N
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reaction is indicated by Q > 1 and wealt reaction by Q <«<1.
T Jup

[agd A Ea I O
Since Q = 1/pdu_tanhfg = -
/p T R 4pur tanh{ng

/Tj , the eddy-current
reaction is increased by decreasing the values of resistivity,
permeability and air gap, or by increasing the values of pole pitch
and frequency. The pole pitch has the most influence on Q

. . : . 2
egpecially if g/c <1 (when tanh(%g/%)::ng/t Jgiving QKT .

6.2.4 Magnetic field strength and flux density in the rotor

6.2.4.1 Tangential magnetbic field strength

Remembering that A = Re 4 e the field strength

components in the rotor obtained from egn. 6.25 using egns 6.4 and

6.8 are '
ﬁx ) 3'o“r %‘% ) %ﬁ | (6.38)
o r My
where H = Re H o 9F% Lot

The ratio of these two components depends only on ¥ , since

(6.40)

i M
.} =

y .
When the skin effect is strong, 7 is given by egn. 6.30, so that

I’Ix 1 I‘iy 1 1
o= s and || = == if s D> (6.41)
H d H d 2.2
. 3B Y B 624
and the tangential (x) component of the field is greater than the
rgdial (y) component by the skin-effect factor %E . The tangential

component of the field on the rotor surface on is therefore normally
a good indication of the extent of saturation of the rotor iron, a

fact mentioned by Kuyper120 and Bratoljic9

. Furthermore, eqn. 6.33
showg that ﬁxo is indepen@ent of the rotor properties if both the
skin effect and the eddy-current reaction are strong.

The general expression for ﬁx when the skin effect is strong

and us>>-u; (eqn. 6.28) may be obtained by substituting egn. 6.31 in

eqn. 6.38 with 7= %%%H (eqn.6.30)




Y

1+3 .
H = 1L A ;(5% ! (6.42)
x o  J2pdu_tenbpgri+] coshfg e

r
This confirms that Hy hag a maximun value on the rotor surface

(y = 0) when Q = 1/Bdurtanh5g >>1  given by

L4 }{i -
Byn = TGoshpe (6.43)
In order to show the variation with Q of the amplitude of ﬁxo a
ratio KH is defined by
HKO i E Q‘[z 6
KH = ﬁwm = = > = -1 ™ (J°44>
xm f(f?sdurtanhﬁgﬂ) +1 (Q+Q7 +02)

KH is plotted as a function of Q in fig. 6.2. 1t tends to 1 when

‘

Q >>1, as expected, and decreases to Q when Q &1 .

6.2.4.2 Radial flux density

The behaviour of the radial (y) component of flux density is
the same as the behaviour of the vector potentlal or total flux, and,

as already indicated in section 6.2.3»3 is equal to the applied
s q Pr
1

value when prtanhﬁg is much greater than the skin-effect factor pd
i.e. when the eddy-current reaction is weak (Q<z1).

The general expression for Ey when the skin effect is strong
and p_ > 1 (egn. 6.28) may be obtained by substituting eqn. 6.31 in

eqn. 6.39, using eqn. 6.8

. j Bpap_tannpg  p K &l 5 ‘i
By - J?Bdurtanhﬁg+1+j "sinnpg  © (6.48)

This confirms that the maximun value of By occurs on the rotor surface
when Q = 1/Bdurtanh3g «1 given by
s uoK
ym J sinhpg

(6.47)
and this is equal to the value when there are no eddy currents in the
rotor and when the rotor permeability is high enough to make

urtanhsg s>1 .(apply eqn. 6.39 to eqn. 6.36). béym s also the value

when W, =00 e The ratio of By on the rotor surface to this

maximum value is given by




° )
15 ﬁmdurhﬂﬂﬁg Q"@

Ky = [ = ' _3 - - =~ (6.48)
Tym JNJZ 3du tunﬂ g+ 1)+ 1 (Q+Q '+ J2)
Ky is ted as & function of Q in fig. 6.2. It tends to 1 when

Q « 1, as expected, and decreases to 1/0 hen Q >>1.

&

From eqn. 6.35 the applied value of By on the rotor surface

for any value of grtanhﬁg is given by
urtanhﬁg u K

}03 = S e e s e i p SIS O MQ - ° . 6 ) 9
Jé ’ Mrtanhgg +1 sinhfg K“ B:),m ( 4 )

and ig less than ﬁrm by the factor Kp = urtanhﬁg/(urtanhﬁg+1)e The

ratio KB should therefore be increased by T/Ku to obtain the ratio

of the radial flux density to the actual applied value. This latter
ratio was the one considered by Lawrenson et 31.125 in their
discussion of the effect of eddy-current reaction on slot-ripple
loss. In this problem, however, éym would be the applied flux
density calculated by the usual conformal transformation method1
because it is necessary to make the assumption pr==oo . Therefore
KB should be the approvpriate ratio to use for obtaining the flux
density in the presence of eddy-current reaction. (If desired,
eqn. 6.49 could be used to determine the effect of a non-infinite
rotor permeability on the calculated applied flux dens Ltj )

Lawrenson et al. did not identify the parameter Q=1/ﬁdurtanh5g
as being of interest because they did not make the simplifying

1

assumption of strong skin effect'(“Zi;?>>I), although the assumption

was valid for all their calculations (the minimum value of 12 5
Bd

which ocourred was 30).

6.2.4.3 Phase

For strong skin effect, the phase of éy on the rotor surface
relative to the stator current may be obtained from egn. 6.46 angd

is given by o
Zigyo - arten (/2pau tenhfg+!) = artan( £Q 1+1) (6.50)




This is plotted in fig. 6.3. It tends to +9Oo for @ <1 and

to +45° for Q>>1.

Q

Since there is no phase shift across the air gap (#= 1 for
the air gap in eqn. 6‘21) the supply voltage to the stator has the

same phase as Byo and the power factor angle varies from & normal

inductive angle of 90o to a smeller angle of 45° ag the eddy~current
reaction increases (neglecting the stator winding resistance)a

The applied flux density éya is 900 ahead of the stator
current (egn. 6,49), and therefore the phase of éyo relative to éya
is 90° behind @yo

With strong skin effect, the phese of ﬁx relative to the
stator current may be obtained from eqn. 6.42, and it lags Ey by 45°
(also shown by egn. 6.41). Therefore Z}I tends to +45°for
Q <1 and to 0 for @ >1 .

60205 I—JOSS

6.2.5.1 General
The power loss in.the rotor per unit surface area may be
conveniently found in terms of the field on the rotor surface by

using the Poyntlnb vector, and the average power is given by
P .-+ Be(LZHX)y (6.51)

where ¥ denotes complex conjugate.

Using eqns. 6.4, 6.13 and 6.17 it may be seen that

B, = -job = ”E . (6.52)
giving
P = E-Ee(ﬁ Hx>y- :-% %'(I. ﬁxo,cosﬁ) (6.53)

where & is the angle between By and H .

The loss is therefore proportional to the product of the
radial flux density and the tangential fieid strength on the rotor
surface. The temm 2 is equal to the velocity Vv of the wave

p

relative to the rotor, and is approximately the same for all the
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winding and slot wipple hammonics (being approximately synchronous
speed for the winding harmonics and exactly this value for the
glot~ prple harnonx,o)@ & relation between the valucs of B and H

in the rotor may be obtained from eqn. 6.40, using eqn. 6.8,
L /g ®
Hy = T B (6354)
< JERL Y ‘

and this may be substituted in eqn. 6.53 to give general formulae

for the losg in terms of either Hx or B .
J

When the skin effect is strong,egqn. 6.54 becomes

. i : . i
e if =5y e>1 .(6.55)
edc . Ty 02
The angle ¢ betwee7 ﬁx and éy is then 45° , giving cosd = j% 5
and the formulae for the los s per unit surface area are
v2B2
1 d 2.2 1 Yo 1
P e A N gl e D (6.56)
2 7EP yo 2 2 WP £2d2
1.2 . 42 1 - .2 PR
or P = 2 J2d on T2 Jnuo”rff on Y Wil (6.57)

B d
Expressions for the loss in terms of the stator currvent wmey
be obtained from egns. 6.53, 6.56 or 6.57, using eqns. 6.44 or 6.48,

and are given by

2
.
R TR 114 222 "B
=7 VM coshfig sinhfg J2 =~ 2 J?P Mo . L2
sinh fg
2
K
= l /o a2 \*H
> Fik 5 A (6.58)
cosh Bg

Substituting for KH and KB in these gives expressions of the form
used by earlier authors for the calculetion of winding-harmonic loss.

For example the first gives the form used by Kuyper120y the second
9

For calculating slot ripple

124,125

loss, an equivalent cuxrrent sheet may be defined using

Barello121 and the third Bratoljic

eqn. 6.47 where éym is the applied flux density when urtanhﬁg;x>1,

Coge K =00 , as calculated by the conformal transformation method.

Alternatively, since éyO! = KB‘éymF eqn. 6.56 may be used.

The third relation in eqn.. 6 58 18 partlcul lly useful if the




eddy-current reaction ig strong (¢ > 1) because KH =1 (fig.6.2
Ve 2
. . . V2 -2¢ .
In this case the loss varies as (urpf) cosh (ngyc), and 11
‘Osh2 ng/t) =t (g/c4t) giving couplete reflection of the statox
c’ O
. . . . . NE> .
current sheet in the rotor, the variation is as (prpf) . The
second relation i1s particularly useful il the eddy-current reaction

is weak (Q «1) when KB = 1. In this case the loss varies as

i - 3 b
v (“rff> “sinh Z(ﬁg/t)ccr?f’i(urp) “sinn 2(ﬂg/%), and if

Mo
sinh{ng/c) 2 ng/c (gfec <«<1) the variation is as "C4fyz(urﬁ) ‘e 2,

A conparison of the two cases shows that for small air gap to pole
pitch ratiocs the loss depends considersbly on the pole pitch and
air gap if the eddy-current reaction is small and is independent
of these if the eddy-current reaction is appreciable. The loss ig
at all times proportional to the square of the current loading.
Omitting the ooshng/c and sinhﬂg/c terms, the above
variations are the same as those given for strong skin effect by
T 1124‘ Y 352 : 3 : - H
Stoll and Hammond s who did not include a magnetic stator. Their
equations for P , however, corresponding to the two cases when
KB = 1 and KH = 1,contained a term exp(«Zﬂgfi), where g was the
distance from the current sheet to the rotor, rather than the terms
=2 / -2 . . ) . . e
sinh™“(ng/c) or cosh™“(mngfe), the equations being otherwise identical.
They did not discuss the variation of loss with pole pitch and gap
implied by the exponential term, and this variation is only small
if g/t «1, when exp(ng/c)=1. Since coshxeexpx i if x <<1, and
. 1 . W s s . .
mnha:;fxcoslm':“z- expx if x> 1, it is interesting to note that the
variation of the loss with the gap to pole pitch ratio is about the
same whether or not a magnetic stator is present, except when the
. - . . Ry
eddy-current reaction is weak and g/t &1, in which case PG (T/g)

with the stator, being independent of g/t without the stator. The
magnitude of the loss is only the same, however, when there is
complete reflection of the stator current sheet in the rotor (strong
eddy-current reaction and g/b<<1) being (T/g)2 times greater with

the stator when g/z<x1 and the eddy-current reaction is weak, and
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4 times greater when g/c>b1o

6.2.5.2 Variation of loss with rotor pormeability ond resistivity

The discugsion in the previous section indicates that when
the skin effect isg strong, the loss for a given harmonic and
geometyy, i.e. given v, f and g, may be proportional to either
ﬁgﬂz or 1/J7;E; depending on whether the eddy-current reaction
is strong or weak. A suitable form for plotting the variation may

be obtained from the firest relation in egn. 6.58, substituting for

K. and KB from egns. 6.44 and G.48,

H
1 a2 1 1 P
P oo oo oyp KT s if > 1 (6.59)
2 o J:?ouhpb sinhfg Q+Q“1+J§ Bzdd

The last term in eqﬁ. 6.59 is the only one depending on the rotor
properties and is a function of Q& 1/0@pr o The variation of P

with M. and p is therefore the same and may be shown by plotting

’

) 1 x
KP = Q+Q‘”1W+j§ = Ky Ky _ (6.60)

as a function of @, which is done in fig. 6.2. The expected
variation of KP is shown; i.e. KP<x Q when Q«1 and Kp d:?/@ when
Q >»1 o Also K_ is shown to reach a maximum value of i when
. P 2+42
Q =1, iee. when the magnitudes of the eddy current reaction field
and the total field on the rotor surface are equal (eqn. 6.37).
The variation of loss with permeability and resistivity was

24, and by Kuyper12o. Kuyper

also shown by Stoll and Hammond '
plotted the dimensionless factor R = KP /./§costh;sinhﬁg against

1/J?ﬁdur<x:1/ [T, for several values of g/n (see appendix 8.5).

S S T
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6.3 Lwxamples of the linear theory

6.3.1 llachine data

Two machines are used to illustrate the theory, with
perticular emphasis on the field strength in the rotor and the
effect of permeability on the losses. They are examples of large
industrial machines - a 500 VA 2-pole turbo-generator and a 60 MVA
6-pole salient-pole machine -~ and were among those used as examples
by Adderley7 (with the reference numbers Y and 1 E) although he
neither calculated the rotor field strength nor discussed the
influence of permeability. The relevant data is given in table 6.1.
For convenience, data for an experimental machine used by Adderley

iz alsn given in table 6.1 and %his will be referred to later.

6.3.2 Winding-harmonic results for one value of pr =nd one value of/a
Table 6.2 gives the calculated values of skin-effect factor,
eddy-current reaction factor, surface field strength and loss for
some winding hammonics of the two industrial machines at rated
current, including the 1st pair of slot harmonics for +the turbo-
generator (n=59, 61) and the 1st and 2nd pair of slot harmonics for
the salient-pole machine (n=29, 31 and 59, 61). The slot-width
factor (appendix 8,1) was included in every winding factor. The

£

results are for W, = 100, a value near the middle of the likely

125

range (10-2000) on a logarithnic scale, and for P= 2.37 x 10-Zam,

. 4 I .
a value appropriate for a temperature of about 70 C-and which gives
the depth of penetration d = 1mm at 300 Hz.
The following points may be noted from the table:

1. 1"”7->>1 and '11*>>1 for all harmonics, so that the assumption
BZdZ Ba

of strong skin effect is valid and ]i{vl >>|f

o

2. 0.1<Q<10.0 so that the eddy-current reaction is neither very
weak nor very strong. It is strongest for the low-order harmonics
and weakest for the high-order ones. The reaction is about the same

N . N . O . s
for the low-order harmonics (for the 7th harmonic [onl is about 5C%

of the maximum possible value for‘tﬁé giﬁéﬁ”geo§étry (&g & 0.50)

"




and }ﬁyoi is about 6\.0’,,'3(}’;3 2 0,60) ) but for the slot hamonics
the reaction is slightly weaker in the salient-pole machine (li i
is whout 90% of the maximum for both pairs of slot harmonics in the
salient-pole wachine, and about 80, for the turbo-generator 1st
slot-Harmonic pair).

3. The differcence between the stator cufrent sheet e and the
maximum possible tangential surface field strength ﬁxm’ which
depends on the air-gap to pole-pitch ratio (eqn.6.43), is
considerable for the higher harmonics of the turbo-generator and
appreciable for the 2nd pair of slot harmonics of the salient-pole
machine.

f

4. The &mplitudeé of the ftangential surface field strength

IH
X0

magnetisation curve for mild steel (fig.4.7), being greater than

for the low=-order waves are beyond the knee of the normal

about 1000 A/m. The turbo-generator values tend to be greater than
the salient-pole machine values because of its higher current
loading. (The 5th harmonic of the salient-pole machine is
eliminated by the 4/5 pitch, although, because of the lower current
loading, it would never be as large as in the turbo-generator. )

5. The values of

gxol for the higher hammonics in the turbo-
generator are vexry low, because of (3), but the values for the
first pair of slot harmonics in the salient-pole machine are similar
to the low-oxder values.

6. Practically all of the loss in the turbo-generator is produced
by the low~ordér waves, whereas in the salient-pole machine the
low~order waves and first pair of slot harmonics each produce about
508 of the total loss.

7. The stator current sheet for the slot harmonics is not equal
to the fundamental current loading (table6.1) because of the
inclusion oflthe éiot~width factor X . In the salient-pole machine
this factor is approximately equal to 0.75 for the first pair of

slot harmonics, so that its inclusion reduced the calculated




tangential field strength and loss for these harmonics by about

ol 3Ty o 5
25% an ‘u%,respectlvelyy and, because of (6), reduced the
o ‘],.;L,J . - k) 4 /- A3 7 .
calculated total loss by about 1/3. Adderley' commented on the
importance of ko in machines where the loss of the hignh-order waves
is significant. It was especially important in his work because
129,130

he uged the eddy-current coupling theoxy of Davies and. -found

that for the higher hammonics in-the salient-pole machine

P g kg2°7, rather than Pos ;20;}%? given by the 1

ear theory.

8. The influence of the stator on the eddy-current resction factor,
given by 1/tanh6g5 is emall for the high-order and slot harmonics

but significant for the low-order harmonics. In other salient-pole

machines, however, with slot pifch to air gep ratios at the

. by sl 3 125
extreme of the range suggested by Lawrenson et al. ), the

influencehmay also be significant fcr v‘ Vloﬁfi/imonics.
9, With b= 100, u_tanhBgs>1 so that Q is the ratio of the

eddy-current field to the total field at the rotor surface (eqn.6.37)



Variation of windins-harnonic field strength and loss
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6.3.3.1 Suxface tungential field strength

The influence of p_ and ©ooon ‘H !
r KO

between K, and Q (eqn. 6.44, fig. 6.2). Since Qo 1/ZE§; the

.

effect of 1 and /° is the same, snd decreasing either increases
r
&

the eddy-current reaction and hence ]H . FYor the particular

XO‘

value of p= 2.37 x 10 751m9 fig. 6.4 shows the variation with e

of ‘on‘ for the 5th and 11th harmonics in the turbo-generator,

and for the Tth and 29th harmonics in the salient-pole machine,

these being the two harmonics in each machine with the highest
!
!
values of leoi° There is a considerable variation of }on|with

T becaunse Q ¥#1 .

iy

iz given by the relation
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Fig. 6.4 Variation of surface field strength with H

1

. ; s f 27« 10" lam
v) mlH ’ curves for each harmonic (for p = 2.37 x 10 .Quj
r I"xo
————— normal permeability curve for ZN1A mild steel (from fige4.8)

(a).turbo~generator (b) salient-pole machine
To give an idea of possible operating points the normal

permeability’curv?'for EN1A mild steel is also given in fig. 6.4.

Neglecting all superposition effects, it can be seen that the

appropriate values of permeability would be different for each

harmonic and each machine, being about 200 and 60C for n = 5 and 11




in the turbo-generator and about 900 and 1300 for n = 7 and 29 in

the salient-pole machine. Also, while the values of

]

ir

QKXO} might

be a little less than the

S
@
<
&
=
pors
o]
%]

for p_ = 100 given in table 6.2,
Lo

they would still be beyond the knec of the normsal magnetisation

curve. The presence of a superposed field, however, is likely to

o

reduce ur (Chapter 3) resulting in incressed values of Iﬁxol
(The use of the normal permeablility curve to give an operating point
is an approximation»as it assumes that the appropriate permeability
is the one corrvesponding to the tangential field strength on the
surface. As a 1ineér theory has been used this is only tzue if
there is no change éf permeability with depth and if the waveforms
are sinusoidal. To:be more exact anon-linear theory, such as that
of Nejman131 or MacLean115 for the 1»dimensiona1 semi-infinite
slab with known surface field strength problem, would have to be
applied to the 2-dimensional multi-region travelling-wave problem.
When & superposed steady field is present, however, there tends to
be less varistion of permeability with field strength and the
linear theoxry becomes more appropriate. There is-also the
superposifion of the hammonic fields themselves to be considered.)
6.3.3.2 Loss

The variation of the total winding-harmonic loss with rotor
permeability and resistivity for the two example machines is shown
in fig. 6.5. The loss is plotted against JG;;; , P’ being the

. -8 R

rotor resistivity relative to 1.72 x 10 ".nm, the resistivity of
international standard annealed copper. On this resistivity scale,
likely values for rotor steels are from 8 to 18, corresponding to /S

7

in the approximate range 1.5 - 3.0 x 10" 'nam. A scale of
permeability is also given, corresponding to L= 2,37 x 10“7:Lm
( "= 13.8), the value used for table 6.2 .

The losses for the two most significant harmonics in each

machine are also plotted in fig. 6.5. The shape of these curves is

the same as the shape of the curve for KP in fig. 6.2, for reasons
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discussed in section 6.2.5.2.

It can be seen that the loss in the turbo-generator is
dominated by the low-order waves, which have a peak loss in the
range under consideration, so that the total loss has a peak at

o
ur = 180 (for L= 2.3T % WO“kun) and may either increase or
decrease as PH. increases. The peak loss is about 5090 higher
than the loss at either end of the range. On the other hand, the
loss in the salient-~pole machine is dominated by the 1st pair of
slet harmonics, for which the eddy-curwvent reaction tends to be
weak, so that the total loss decreases as Joaﬁ; increases. (This
is why circunferential grooving of the pole-face,; which tends to
increase the effective P is @ged in such machines.) The
maximum loss in the range is about 3 times the minimum.

The effect of permeabililty and resistivity is therefore
likely to be more noticeable in the salient-~pole machine, as far
as the total winding-harmonic loss is concerned. In the next section
the addition of slot-ripple and negative-sequence losses is
considered, and it is shown that the slot ripple will not change
the above picture, but that a normal amount of negative-seguence

current may.

6.3.4 Slot-ripnle and negative-sequence logses

The calculation of slot-ripple and negative-sequence losses
for the two example machines is illustrated in table 6.3, of
similar-form to table 6.2. TFor the purposes of illustration, the
slot-ripple calculations are for a main gap flux density in the
absence of slots (BO) of 1.0 T and the negative-sequence

calculations are for a 5% negative-sequence current (5¢ is a

!/
. p 2
typical design value for turbo-generators ).
. 128
" Prints of the curves given by Neville were used to
calculate the applied slot-ripple flux-density harmonics (B1 and BZ>

. 2
as the values of s/g are below those considered by Freeman1 7. To

caleculate an equivalent stator current sheet X , eqn. 6.47 was used




with the value of Bym equal to the applied density, as explained

in section 0.2.4.2. (¥ is not critical to the calculations, as the

loss can be obtained via eqn. 6.56 with }Bf = X“EBVTI’ as well ag
g Bl ym
via eqn. 6.57 with ‘H ! = K. H s where 1 can be calculated
pde) H Txm i)
directly by combining eqns. 6.47 and 6.43:
. [B . Jt anhfg ‘
P M (6.61) )
bl

Ho |

Because of the small air gap to pole pitch ratio for the
negative-gequence wave in each machine, the eddy-current reaction
is strong (Q:bﬁ),and there is little difference between K and
ﬁxm s and therefore.there is slmost complete reflection of the
stator current shee% in the rotor. Iurther, because @ >»>1, there

.

is little variation of

H I with u_ , as shown in fig. 6.6. The
X0 r

eddy-current reaction for the slot~ripple hammonics is much

weaker, however, being almost the same as for the winding slot-

harmonics, go that there is a large variation of leo

with “r 5
as illustrated by the plot in fig. 6.6 of ‘ﬁxoifor the 1st slot-
harmonic in the salient-pole machine.

~

The curves of ﬂxolfor the winding harmonics which were

given in fig. 6.4 are also shown in fig. 6.6. It can be seen that
a small unbalanced current in either machine will produce a
negative-sequence field on the rotor surface which is 2 or 3 times
larger than the largest winding-harmonic field, but that all
harmonic fields in the salient-pole machine may be overshadowed

by the 1st slot-ripple harmonic (table 6.3 shows that the slot-
ripple harmonics in the turbo—generator and the higher slot-ripple
harmonics in the salient-pole machine are fairly small).

The effect of the slot-ripple and negative-sequence waves on
the losses is shown in fig. 6.7. In the turbo-generator, the
negative-sequence logs tends to dominate the winding-harmonic loss
so that the total loss increases as JFE; increases, whereas in the

salient-pole machine the negative-sequence loss merely reduces the




dependence of the loss on ~éﬂpr . The slot-ripple loss, however,

has practically no effect in the turbo-generator because 1% is

so small, but in the salient-pole machine it is large so that the

total loss still decreases aS~Aﬁur increases.




6.4 Superposition effects

6.4.1 Superposition of the main fiald

The calculations of the previous section showed that for
the waves travelling relative to the rotor in typical large
machines the depth of penetration is much less than the pole
piteh (1/pd>>1 in tables 6.2 and 6.3) so that in a smooth rotor
the travelling fields are confined to a thin surface layer and
are mainly in a tangential direction. On the other h&ﬂdy the
main field is stationary relative to the rotor and is mainls
radial near the rotor surface, with the possible exception of
regions where the main flux density changes sign (e.g. the short-
circuit condition of fige. 2.13). Therefore, in a smooth rotor,
the superposed steady field is predominantly perpendicular to
the travelling fields.

An idea of the behaviour of steel when subjected to
perpendicular fields can be obtained from calculations of the

resultant field neglecting hysteresis, as suggegted by Sugiura

(section 3.3.2). Curves for Mi1A steel obiasined by this method
are given in appendix 8.4, and the permeability curves for
constant transverse flux densities of 1.0 T and 1.8 T are also
plotted with the curves of surface field strength for the two
example machines in fig. 6.6. It is assumed that any saturation
of the surface layer by the travelling fields does not affect the
harmonics of the main flux density wave, because the layer is in
gseries with the air gap, and that the fundamental of the main flux
density wave is given by the output voltage, so that the main flux
density is a fixed guantity.

The curves in appendix 8.4 show that for values of alte;aating
field strength beyond the knee of the normal magnetisation curve
( =300 A/m) the permeability is reduced by the transverse field,
but that the reduction is not large until the ftransverse flux density

is beyond the knee of the normal magnetisation curve (>0.6 T). Even




when B = 1.0 T, the reduction is still emall and fig. 6.6 shows

that the appropriate values of permeabilitby for each harmonic in

the exahple machines are still different and only a 1litile below the
values without the superposed field. VWhen B 1.8 T, however,
reductions in permeability are significant and there is much less
variation of permeability with the alternaéing field strength. The
appropriate values of permeability for the winding harmonics in

1

each machine are then about the same (2 100 in the turbo~generator
and « 150 in the salient-pole machine) and the values for the
negative-sequence wéve in the turbo-generator and for the slot-
ripple wave in the §a1ientupole machine are only about half these.
The reduction of peﬁneability would cause a decrease ol eddy-current
logs in the turbo-generator and and increase in fhe salient-pole
machine (fig. 6.7).

The superposed main field would probably also cause a
decrease in hysteresis loss. Although a reduction of permeability
causes an increase in tangential field strength, this increase is

)
e and its effect is likely to be offset

at most proportional to u”
by the marked reduction of hysteresis loss caused by a superposed
perpendicular steady field for a given value of alternating field
strength, noted by earlier workers (e.g. fig. 3.42 (b)). The
hysteresis loss in g solid rotor and its significance would be
difficult to evaluate at present hecause (a) hysteresis has not been
included in the travelling-wave theory, and this needs to be done,

. . ' i . 112
possibly using complex permeability on the linesof Pohl or

111 . N

Aspden (see chapter 5, section 5.2.2) and (b) no law has been
discovered for calculating the hysteresis loss as a function of
alternating field strength or flux density with a superposed
perpendicular steady field, and relatively few experiments have
been conducted (chapter 3, section 3.3).

A further difficulty in allowing for the presence of the

main field is that its value is not constant over the pole face, as




1

dicussed in chapter 2, section 2.5, The behaviour may be nearly
linear in one region where the main flux density is high, and non-
linear in other regions. The effect is likely to be different on
different waves. The variation of the rotor properties occurs
within a wavelength of the negative-sequence wave, but-msinly over
several wavelengths of . the winding and: slot-ripple harmonicss Also,

theswinding harmonics-beat together in pairg,(ghapt@er/and next

Section) with:the possibility of the maximum resultant being in
different regions for different pairs of harmonics, whereag the
resultant of the glot-ripple harmonics must reach a maximun where the
main:flux-density is highest.

The above discussion has-asasumed that the rotor surface is
smooth-and of infinite length. When these restrictions are
removed: the problem of allowing for the main field is even more
difficult because there may be/regions;whépe;thgggrgvelling\fields
and-the main field are not p@rpendiggl@ri%aﬁ@;éhéﬁégfhé°@@ig flux
density cannot be considered fixed. For exgmpie;;alongithefwalls

of & slot the travelling fields in tho 1r0n~nay ‘be parallel to the

surface. « The main-field in the toothéaa then not be perpendicular

"toqthe travelllnv fields, and its flux denelty will ‘depend on the

”H@%laﬁgwe%relugt@nceﬁgofhthe,inner and surface regions of themtooth

. may be significantly

reluctanc

Andiof the Slot. ) hs the tooth

'd_steady flelds (chapter 5




6e4.2 Superposition of the travelline waves

6.4.2.1 Vindineg harmonics

It was shown in section 6.3.2 that the eddy-current
reaction for the winding-harmonics of two typical large machines
is neither very strong nor very weak. Therefore in such machines,
apart from the effect of the air gap, the resultant tangential
surface field strengbh is not-equal-to the sfatér;gu:f’
relative to the rotor showrn in cﬁaptef 2, figs. 2.6 - éaé, and
neither is the resultant radial flux density equal to the maximum

applied-flux densityy which is proportional.-to the mm.fovariations

relative tothe rotor shown in -chapter 2. The diagrams in chapter 2,

however, do indicate possible features about the resultant fields.

For exampley figs. 2.2 and 2.3 show that the resultant m.m.f.

varigtions for a full-pitched, infiﬁitekﬁ%distii%utea winding are

likely to be unsymmetrical, having larger positive peaks than

o

is positive

negative peaks where the fundamental arﬁatur,;m;m;f

(&2 ==90" to+90 ), and vice:vérSa where the fundamental m.m.f. is

negative (9, ='90" ‘to 270 ), and that *;:c;@minantiftacequ_ency is

the same (6f1) at all points ‘ /ff to: Q the other hand,
when the piteh is changed toy5/€,'figs.‘é}4’én6/és5 show that the
variations st '1?h&§e SOmeféé&mﬁetry of the peaks, but that the
dominant frequency changes from 6fj»a ’ o) tppmf1 at;eg - 0. _
This: change of fréquency is accomp
near 62 = 0 there is a sec

time (fige‘254)‘which may pr @ﬁg’

magnetisation of the rotor at sucl

may appear for ¢
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reaction of the eddy currents must be considered. A part of the
£ X Tl ot A eres a1 oAy A4 5 3
CirieCh ol vhe wir gap can be studied without making sssunmptions

., oy Yy s e LT O e S sy g < : . s
about the rotor permeability, by determining the meximum spplied

} . . . . .
flux density harmonics ;yV the maximun surface field strength
Y il
harmonics {vm s using eqns. 6.47 or 6.43. The tangentisl field
AL =

.

strength is more important inside the iron, so the cffect of the

fepls

the fwo exemple machines is illustreted in table

air gan on .
gay }m I

6.4, where the reducti factor I K = show ¢
o4, where the reduction factor Lxx /u = 1/00 shffg is shown, and

the product of this with the winding factor is expressed as a

fraction of the velue for the first phase-band harmonic to show

-

the relative values Qof er° These velues are small for harmonics
i

13th in the turbo-generator and beyond the 3st in the

o

o

eyond the

salient-pole machine, and the relative values of the actual surface

field strength ﬁ;( will be even lower. The problem in the turbo-

generator is therefore reduced to the surerposition of the first

2 pairs of phase~band harmonice, but is rether more difficult in

the salient~pele machine where the first pair of slot harmonics

are importunt as well as the first few paire of phase~bend harmonics.
The supervosition of a pair of winding harmonics which induce

the same freguency in the rotor was discussed in chapter 2, section

'2.4, and it was shown that there is a cos2d type of variation

superposed on the mean resultant emplitude (eqn. 2.8). Some

resultant values of ﬁ are shown in table 6.5, calculated from the

sums (82 = 5) and differences (82 = 96,) of the individual values

given in table 6.2. In the turbo-generstow, the resultant of the

second pair of harmonics is dominant at 32 = 0 and the first pair

at 52 = 900 (as expected since the pitch is 5/6). Therefore, at

62 = 90" the rotor is magnetised at a frequency of 6f1 with & small

second harmonic component, and as 32 approaches 0’ the second

harmonic increases, beginning the formation of incrementel lcops,

until finally at 82 = O the incremental magnetisation is at a

frequency of 12f1 with a small bias varying at 6f1e In the

i




salient-pole machine, there are incrementel Joops at botlh

A k2 o o (=} N ~ “ -

o? = 0 and G0 ; at %2 = G0 they ore formed by the large

slot-harmonic component &t a frequency of 30£1 ¢ the smuller biss
v . ) o “

varying at (meinly) (J:‘r,Al s and at S? = O they are formed by the

second pair of phase-bard hamonics and possibly also by th

3

Jith the possibility of such complicated patterns of
megrietisation 1t is difficult to see how a representative value

of permeability can be chosen for use in the linear theory, whether
it is desired to use one value for all hamonics or a different
value for each harmonic. When there are incremental loops with a
bias of smsller emplitude, the jncremental permeability is equal

to the normal (unbiased) permeability, (chapter 4) but the loss is
affected by the asymmetry of the loops (chapter 5, section 5,4>,

and as the bias varies, its effect will also vary. Apaxrt from this,
there is the question of the appropriate permeability fox the

.

varying biss. Vhen there are no incremental leocops, the

magnetisation may be non-sinusoidal and of unequal positive and
negative peaks, depending on the relative magnitudes and phases of
the resultant Wavés, and the calculation of the eddy-cuxrrent loss
vnder such conditions is not well understood. There is, therefore,
the difficult nature of the variastion with time at each point on
the rotor, the shape of which veries from point to point. Some
simplification may possibly be achieved in future studies of this

problem, however, as table 6.5 shows that the amplitudes of the

resultant values of ﬁxm are large, being generally greater than
1000 A/m, so that hysteresis effects will be gmall and calculations
may be based on the normal magnetisation curve, or some
representation of this,(There will be an exception at points
where incremental loops are just beginning, where p, depends on

the magnetic history as shown in chapter 4, figs. 4.32 - 4.35).

The above discussion, being based on values of me, needs no
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modification if the eddy-current reaction is very strong. When
this is not sco, however, the surface field strength will be less
than H . The exact reduction for each harmonic is difficult to
calculate because of the non-linear magnetisation curve and the
non-sinugoidal waveforms with time and space. An estinmate of the
effect for the two example machines is given in table 6;5, where

«

resultant ValUC“ of on{ are shown, Calculated:ffoﬁ?ﬁf

theory values of IHXOI for each harmonic with u_ = 100 given in
A T ,

table 6.2. With this uniform value of permeability, the reduction
!

increases ag the harmonic order increases, so there is less
i ", e

tendency to form inéremen%al loops.- The general pattemn of

behaviour is still the same however, and the resultant values of

surface field strength are still lerge.

" Besides the reduction of amplntu ﬁ'of

current reaction is not very strong, tb’re 1q

betweenH  and H  (or K) (fig. i,fi, Phe effect of s on the
X0 xm SN e E -
combination of a pair of harmonics which induce the same frequency

in the rotor may be shown by writing

Heooq = Hgpy cos (6kwt+‘(6kﬂ15%6, :

(6.62)
o H@ . ,

cos (6kwt+ (6k+1)

H6k+1 k+1

strength.feThe resu

surface values of‘field

Hékw



the phuse shift is to move the points of maximum and mirdmun
amplitude hackwards by ﬁdk ¢iec deg. Talirp the turbo-generator
as an example; and using values of Q given in table 6.2 for

“r = 100, fig., 6.3 gives ﬁS = +169503nd %7 = +2268tso that the

L3 . 3 . 4
movement for the first pair of harmonics is only #.. = 3.1 . The

a1
figure for the second pair of phase-band harmonics is 0.9 and in

eneral it will be Jow because (a) the values of @ for a pair of

G

hermonics are similar, and (b) there is only an appreciable
variation of phase with Q for 0.1<Q<1.0. A second effect of the
phase shift is that the phase of the resultant wave (egn. 6.65) is
ﬁék plus a term depending on 62 "ﬂdk and the harmonic amplitudes.
There will only be small differénces between the values of this
gsecond term for different pairs of harmonics, because of the small
values of g,

but there may be larger differences between the
velues of ﬁsr (in the turbo-—generatorﬁs1 = 19.6 and 4 . = 26.9

for b, = 100, a difference of 7.3 ) so that there may be some
influence on the total waveform worth considering.

Any careful attempt to allow for the non-linear magnetisation
curve would also have to include the time and space harmonics caused
by the non-linearily, even when the excitation is purely sinusocidal,
and the variation of the waveforn with depth. As explained in the
previous section the superposed mein field may cause more linear
behaviour in regions where it is strong, but there is also the
possible influence of glot-ripple and negative-sequence waves 1o
consider, and this is discussed in the next section. Should the
linear theory be considered appropriate in some particular machine,
the loss of a pair of harmonics which induce the same frequency in
the rotor may be calculated by substituting the expression for the
resultant surface field strength amplitude (eqn,6.64) in eqn.6.57,

o .
gsince the wave impedance factor — 1is independent of wavelength:

J2a
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P ARNNAGI )
bhw T 2 ﬁdék Ok (6.66)

(eqn. 6.56 may also be used with the resulbant amplitude of
VByo = E7o)a This gives the local power loss per unit surface area,

whicli varies around the rotor because of t%e varia tlon of fI

&

6w
22
Bauc‘elloxi showed that the total loss could be ob ined by sunnming

the losses of the individual components, but it was implicit
- e . .

argument that the pole arc was 180 . If this is not so, the

is only true for certain load angles, as shown below.

The total loss over a pole arc « is given by
!

; A .
. L

A

+

- &
2

+h,k 1TzH CO&,Q(\: +,(51+90 +,efdk3d6 (6.67)

e
o e 611 Toicat

2

S has been repWaced by/e +90+

where

3

explained in chapter 2,

wiCarxying out he integral

gives

sD 2~
[ (H@m”‘ék e

1f the pole arc is 18.

the component losses.



Under short-circuit conditions, when yfz 900,

‘P! - l ....,_./,_OWW LT
Toke T2 J2dg (e
%252 23 & :
[ﬁ (H'k+ﬁ+d6ku1> + 7 Hepe s h6k~1 cos2d SLHX] (6.69)

and the logs is more or less than the @ = 45° . value, depending
on-the signs of the winding factors. ,ThersamE;signgigéwgo a.peak
resultant af 82 = 0, will give more, and opposite sigﬁé; ie.es
a-peak resulbant at %2 = 905, will give less.. The total effect in
a-particular machine will depend on the proportion of the total
winding-harmonic losgs caused by each type of harmenic pair, the
rotor angle on load,and the effectivg pole arc (which is
approximately 180? for turbo-generators with mesgnetic slot wedges,
rather indefinite for turbo-generators with non-magnetic slot

wedges, and < 180" for salient-pole machines). .

60l02.2 Slot=ripple and neggt;yefsecuenceqwavg§ e LT

As-Tor the Windingwhaymgnigﬁwayes, the tangential component
of the field of the slot-ripple and negative-sequence waves is the
larger component . inside a smooth,rqtgr;/fﬁhig‘ggs,ghgwn for the two

example machines in table 633, where '%3>>1;‘:Therefore these
waves are predominantly p@rallel to one enother and to the winding

%

harmonices. It was alse shown in

’and>illust£ateé in

fig. 6.6, that these waves may have ::ﬁféigﬁgé;bf;the same

order or larger than the winding ha: by referring to

tables 6.5 and 6.3 it cean ié/segﬁ;th

ing=harmonic-pairs.

respect to the resultant amﬁl;iggg

5 of th

The effect of the negative-seguence wave on the rotor




the o = Hb cuvrve for HA = 1000 &/m in fig. 4.32 . Hysteresis

effects would be small because of the large winding-harmonic
amplitudes, but the incremental loops would be nearly linear and
of low pemneability when Hba;HA ; and non-linear and unsymmetrical

when H, £ 1 chapber . Both the linear and non-linear tyves
b L - £

‘

of behaviour discussed in chapter 5 would therefore occur for the

winding harmonics during a cycle of the negative-sequence wave.

The distortlon of the negative-sequence wave caused by the winding

haf 9
harmonics would also affect the appropriate permeability for the
. J . . -
caleulation of the negative-sequence loss, in a rather complicated

fashion. The superposed steady field would make the behaviour more
1

i \-\l . £
linear, hut, as discussed in seCtion 6.4.1, a large value of steady

flux density is required, and this may occur at only a few points

3

on the rotor surface,

In a rotor which is not smooth, the flux paths of the

negative-sequence and winding-harmonic waves may be different,

owing to the different wvalues of depth of penetration and wavelength,

so that the interaction between the two may also be different.

The slot-ripnle wave is unlikely nportant in machines

with a high air gap to slot pitch ratio, as shown in section 6,3~4
for the turbo-generator éxampiég'bnt in machines where it is
impoxrtant fhe/winding slot harmOnicsjare

significant, as illustrated by t”

It was shownrin chapte

amplitude is a maximum at p

which is where the main flux 4

L




wave or the low-order harmonics, and by the perpendicular main

field, in the ways already described.

6.4.3 Present methods of allowing for superposed fields

bt A8

The methods in common use at present for the calculation
of winding-harmonic losses are based on the linear theory, and

do net allow for superposition in detail. Bratoljic (1966)9

stated that in order to calculate with a representative constant
permeability, an average value of the broad range between the

extreme values of normal permeability and reversible permeability

120
)

iz used. RKuyper (1943 recommended using a value of

permeability such that the flux density at the rotor surface is
!

about twice the ¢ saturation point of common steels, and to assume

linear superposition of the losses of each harmonic. His examples,

X

however, did not include a test in which morg @b@ngone harmonic

)123

was significant. 3Barello {1955)1?/7and Po tnl,@v (10r9

recommended values of Aou baved on measuren nts of tOual IOobES,

which imply ur:zSOO (appendix 805) , Tne above au+qnfb dnd not

allow for the combination of harmoniCS:ﬁhich,indu e the/same

freouenev in the. rotor, yet ﬁhas hau been mant—oned earl1er by

Follap@’(jggﬁ}jB. He, hovever, belleved that he peak amplitude

“of all phase-band harmqniqs3pc0urred at the peak of the fundamental
armature m.n.f., although he did mention the effect of the rotor

angle ~on the loss., Some of the au

main field could reduce the -
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the normal permeability for the tangential surface field strength.
Carter considered only the fundamental of the ripple and put
H, = 1000. The slot-ripple waveform ig smooth with no secondary

peaks to form incremental loops. Gibbs made an allowance for

the ‘difference between the peak of the ripple and its fundamental

amplitude in the substitution for/ur by increasing the applied flux

. . . 2.4 N i

density by the loegz factor ﬁz 2= %ﬁi(bﬁ/1ﬁﬁ), wnerefbﬁiE;S'the

amplitude of the n'th applied flux density harmonic as a fraction

of the mean flux dengity, resulting 4n a lowen value of Hoo No
!

justification was given for this-step, and it is difficult to see

one.

‘

' Both Gibbs and Carter suggested calculating hysteresis loss

41

by Ball's formula for parallel superposed fields'' , because of the
biasing effect of the main fields »Aﬁértcfr@mjthéffaot that Ball's
formula was known in 1915 to be:valid,Only;at?altéthating £l
dengities much lower than thosefexistingzinLthe fbtgﬁxsurface
(chapter 3, sections 3.2.2 and 3.2.3.6), neither author explained
why the travelling and steady fields were parallel in-the- iron,
nor did they suggest using an incremental permeability. Gibbs,
however, said in the discussion of hiS~papér that the fields were

perpendidular;\aﬁdnbééauSéﬁCf this he had used normsl ‘permeability

rather than incremental permeability,ﬁﬁh/:f he had found to give

incorrect results) presumably having no values of permeability for

superposed perpendicular fields.

Weak eddy-current reabtibﬁywa, s’ém:aiby bctﬁfaﬁ£hbrs in

the derivation of their finalQformuléégiwhicgiépcbnxaged:the use of

000, as incremental permeab

considered, This geems to in
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digcussed, and neither did they indicate how one should choose a
value of b in a particular example.

The problem of the superposed steady field was recognised
to some extent by Greig et al. (1971)136 and earlier workers 571132
at King's College in their work on slot-ripple losses in

ma

laminated poles. The values of Tme9b111+y ubea, hovev-“r,a were

not related to the conditions of ,avnetl sation in their teutu, For

each material, the same value of “r was used (210 or 275) regardlegs
of the steady ox ltnlndt g field amplitudes,the values being

134

measured by gathlrukul with parallel fields for a bias of 0.8 T
and for vexry small %alues of alternating flux density ( = 0.02 T).
At the same time Sa%hirakul measured the fundamental component of
tooth-ripple flux density to be 0.35 7T in a test with a main flux
35

density of 0.8 T, and later Freem&n1 calculated that the
tangential flux density could be much larger thé.g thls in thick
laminations with the resultant travelling leld1nearlys@er§endicular
to the-main field, |

Greig et al. thought that thg:exacﬁfv&l@eiof permeability
would not be important, because the/losé iéfa”fuhction of Jﬁ; . It
can be seen from appendix>8u4, figq 8.8 , howéVef, that there may

be a factor of 10 difference beiween the values of permeability for

parallel and perpendicular superposed/fieldsjat‘low values of

alternating field strength, leadln“ to/an uncnrualnty factor

of 3 in the loss. At high value“/of,alterdatlng fleld strength

the permeability decreases as:ﬁOﬁh:,neZstgadjfandcalternating fields

increase, and an increase of steady flux density by a factor of

5 (e.g. from 0.2 to 1.0 T as in the tests o

O

at least a corresponding increase in the @Lternatlng field strengih

he loss. TIn fact,

B@evérqu?”measured,a'l&rger ch, :.erceﬁtage,
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<

which is also a function of JiI_ (at the most, sce K. in fig. 6.2
T ¥ B <

N’

Possible differences between the no-load slot ripple loss
and the loss on load, for example due to the effect of the armature

reaction on the main flux density, the interaction between the

winding slot harmonics and the slot-ripple harmonics, and the

parallel varying bias of the low-order winding harmonics and the

negative-sequence wave, were not discussed in any of the above

ple loss.

L

papers on slot-xrip



6.5. Conclusion

When the skin effect is strong ( >>1) and the stator

1
62d2
permeability is sufficiently high (eqn. 6.28) the linear theory for
the travelling-wave problem of fig. 6.1 may be discussed in terms
of an eddy-current reaction factor. This is the ratio of the
eddy~current: field to the total field at the rotor surface (if
b s> 1/tanhpg, as is usually true) end is givenrby“QP1/%ﬁﬁrtanhﬁg,
the factor ?/tanth giving theeffect of the stator irénji

The totel pole-face loss in a particular machine tends fto be

proportional o ﬁz“r or ?/f 0y .Gepending on whether harmonics

T
with a strong or a weak eddy-current reaction dominate, this being
well knowniiz. For the winding and slobt-ripple harmonics in

typical large machines the eddy current reaction is unlikely to be
either very strong or very weak. In salient-pole machines the
losses of the slot-ripple and winding slétihgrmgnigs are likely to
be Yarger than those of the 1ow~order;ha$monieé,aand%the’tptal logs
is likely to-decrease as PH ~increases; the decrease being
significant considexring the uncertainty SQ;rounding;gr/. On the
other hand, in turbo-generators a few low-order phase-band
harmonics will probably have the larger logs and the total winding-
harmonic«logauis likeiy'@p\befalmost independent of_ﬁ?ﬁ;\¢ but when

a normal amount of negative-sequence loss is included in these

machines there may be a significant increase in total loss as

PH increases.

The tangential component o

‘ields dinside the
rotoxr: iron; Yong recognised aé;thQ,mbie;imparﬁani,gomponent for.

o be beyond the

normal smooth solid pole machines, is very likel.

G&aﬁﬁﬁgigﬁi\i¢ O\N”’ \ \ ;naiing_field strength amplitpdesxgpjﬁ

ﬁdw%f/Q@@Ofg/ﬁlare nbt}im§stih1e "
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typical slot-ripple or negative-sequence waves may exceed those
of the winding hamonics. It is therefore possible for the
behaviour to be highly non-linear.

The problem of superposition in a smooth rotor is one of
parallel fields varying in time and space (the winding, slot-ripple
and negative-gequence waves) with a perpendicular steady field
varying in space (the main field) ‘and the problemfhaéAﬁbt yet beeﬁ
satisfactorily tackled. The total variation with tiﬂéhﬁg‘ﬁhe
parallel fields may not be the same at all points around the rotor
periphery, becavuse of the interaction between pairs of winding
harmonics, the variation of the slot ripple with the nain field
and its interaction with the winding slot harmonics, and the effect
of the main field on the magnetic characteristics of the iron,
although not all these may be present“fnfé%é$j7maehine. The effects
of ‘the main field are to reduce the/péfméaﬁiiifyiéﬁd ﬁb’make the
behaviour more linear; but asfa~13rger§éiﬁéisf/fhéiméiﬁ?fiﬁﬁ‘density
is needed for the effects to be significant, under normal load

conditions there will be large regions where the behaviour is

non~-kinear.

loss of a r@pidlysvaryinQETiéld”with a time-varying parallel bias,

and that of ealculating the loss caused by the varying bias. The

ié absent or
slot-ripple and
forming the rapidly-varying field.

higher-order winding harmonics

The effects of the winding fa@tér};ajf,gapfaﬁéle@QyQEUrrent reaction

may reduce many of the higher harmonics in some machines

,(aqg,\tprbo»generators),vso that only a f

considered. T

the component waves, althoug




is significant it is certain that such peaks will be formed at

some points on the rotor. During a cyocle of the bias, the

~

incremental magnetisation may be linear if the bias is larger

¢

than the incremental amplitude, and non-linear and unsymmetrical

otherwise. At points where incremental loops are not formed,

the calculation of the loss of & smoothly distorted sine wave
will still be of interest. -Because of the 1arge:amp1itudes of

the fields, hysteresis effects are likely to be ins 1gn 1cant in

th

o

caleulation of eddy-current loss, although in practice thexe
may ‘bera small dis conuinujuy where an incremental loop is

Justbeginning to be formeds It is considerably mowe dif ?l cult
[

to calculate the effects of superposition in a rotor which is not
smoothy because: the relative directions of the fields are uncertain.
The total pole~facerloss may depend on the angle Y between

4.1

the-rotormand the-armature mawef .5 because of the interaction

between pairs of winding harmonics.

;This;waé?khown;garkiér,
although it was not realised that the phase-band losses may not all
reach a maximum at the peak of’thé;faﬁéamental grmature men.f. - The
smooth-rotor linear theory‘may bé‘éﬁing@éfé;céiCulate/the loss és
a: function of ¢ , although its ap@liéé%ioh’iﬁzpractice may be
“difficult because, . pamtgfrbmfthg“non—linearities, the contribution

of the slotted region of a turbo-generator rotor to the loss and

the interference between the slot-ripple and winding slot harmonics

rstood.




Te CORCLUSIONS AND FUTURE WORK

In noxmal large synchronous machines the fields
travelling relative to the rotor which cause a significant loss
have a fairly large tangential field strengt th on the rotor
surface, and so it is likely that the superposed steady field will

not be strong enough to cause linear behaviour, except in a few

regiong of the rotor under normal load conditions. Thgifééﬁlﬁant
field wvariations in the rotor caused by the travelling waves may
have secondaxry peaks, especially if a significant negative-
sequence -or slot-ripple-wave is present, and the waveform is likely
tobe different at.different points on the rotor. 4 study of tﬁe

eddy-current losses induced in a.simple sample of mild steel by
P

various fairly strong non—sinusoida;;fieldg,ﬁi;g; superposed parallel
albernsting fields) representing thefwaveforms‘appgaring:im a -machine
should ‘be made as a first stepKtoﬁérdé;éolyingJﬁbe;tiave11;ngwwave
problem (earlier experiments on non:sinﬁséi@al;wg%gforﬁs/wéfe
confined to hysteresis 1osses46’i44§j4§).

The superposed main fleld is malnly peroendlcular
“to the travelling'fields in 8 smooth rotor; ?Few experiments have

beegvperférmedwtoymeasupévﬁheVeffeot on permeability of a

dmn81td, and no

superposed perpendicular field of consfant f

measurements or caleculations of eddy-cu

, see section

A

e the iron.



transverse flux was forced to go through the skin, e.g. a large
plate (or group of plates) between the poles of the electromagnet
with the alternating field provided by a C core on the exposed thin
side of the plate. Further tests would also be required with
travelling waves, especislly to study the relation between the

wavelength of a wave and the effect of tne varlatl on of the steady

field around the rotor (although it was implied above that the

superposed steady field tends to make the behaviouprmoré linear;
this is only true with respect to time at one point on the rotor.
Ag the permeability;depends on the/amplitude of,thersteady field,
a variation of this fl@ld around the rotor makes the behaviour
non-linear in spaoe)
’It appears that improvements‘heed to be made to the

>

qbip@/gegleots

nethod of calculating the main flux(dengitg/

saturation (appe 1dix 8. 2), al‘houﬁh better Tes* reuulus/are reguired,

Numerical methods may be employed 4 "47% a%d:§h3§?; §Ye/§@QWn that

high values of main flux density may;bg/aghieygdéig,salientfpole

146 ) 5
machines when yV is neguble 14 (zero uf bhv/funaamentai aymature

110 O leading the d-axise. ) (as Would alsofbe predlcted by . the

analytical theory) and in the teeth adjaoeﬁt‘to«the poles in some .
s W | ' 147

*large\tu:bomgenergtors und@r nqimal,load conditions s such teeth

sometimes being given extra thlckness fo’ this

theory is assumed valid, more work ne
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fields are not so clearly defined.
Some interesting eariier experimental work by

Adderleyz was with a stationary trunnion-mounted solid 'rotor!

and a laminated rotating 'stator'. The machine was designed to
accentuate m.m.f.-harmonic losses by having a small air gap and
high ‘winding factors (table 6.1) and some thought ‘may be given ag to
how -it might be used in future. The ehoiéefof/an?arméﬁéxe
winding with only 1 slot per pole and phase resulted in all the
m.m. £, harmonics being slot harmonics (for which rk' ; =K FEL 1)
WL w1
with a maximum resultant at the zero of the fundamental m.m.f. and
having no secondary peaks at any point on the rotor (chapter 2,
fig. 2.8 'and Adderley, fig. 7a§)¢ The winding-harmonic waveforms
were therefore not typical of normal machines. In addition, the

slot ripple was strong, of the same frequency as the m.m.f.

harmonics, and sinusoidally modulated by the fundamental armature

m.n.fo (bhere being no field winding) ‘producing the equivalent of

pairs of harmonics rotating in opposite directions with wavelengths

equal to those of the m.m.f. hamonics. The machine could therefore

be used for a study of the SuperpOsiﬁiQngéf éleffripple and winding

slot harmonics, with the disadventages that the sources of the two

types of wave could not be varied independently in either magnitude

or'position. Adderley oOncentr&ted;On/sep i?,ing‘the slot-ripple
and winding harmonics, With’SO@ |

neasured and calcdlaﬁed se&r”hr'el'  frivr,/ . §1é:§easurements
of the electric field strengﬁh/:, the 'roto ,-’f co could be made
with a search wire returned aféﬁﬁﬂ’lh ore, 1 ;éﬁ%theifotal

“The radial



machine were made by Adderley, and the magnitude of these agreed
with theory to within about 209, although different methods were
used for the slot-ripple and m.m.f. harmonic losses (eddy-current
reaction being neglected in the slot-ripple calculationsa) and each
of these loss components formed about 1/3 of the total. Any slight
miscalculation of one component would severely upset the observed
variations of  the other with changes of current, resistivity or
frequency, and indeed the variation of m.m.f. harmonic ioss (after
subtraction of the calculated slot-ripple and amature losses)
showed a steep decrease with increase of resistivity (chygo°75)
where the maximum possible rate of decrease according to the linear

«D

theory is Pcc/o"O when the edﬁy current reaction is wesk. The
eddy current reaction should be strong in this machine, however,
because of the small air gap to pole pitch ratio. (It may be
shown for the 5th -harmonic and o, = 100, that Q = 7.0) Future
work could include a calculation of both types of trotor! surface
loss by the same method, although it is felt that the results may
not be -applicable to other machines because of the different
waveforms and main field distributionsw~‘Wprk shouid first
concentrate on configurations in which some separate control may
be exercised over’the harmdnics and the main field. The model
machine could be modified in thiév:egaﬁd/by;énlaxging the air gap

and inserting two air gap Windinggfoﬁ/polefpiféh,113/5 and 7%/7

for example, the windings and grmature to remain stationary. By
exciting the original winding with d.c. and the two extra windings

with a.c., various combinations of travelling and steady fields

could be produced. It may also be1pog3j@}g:ﬁglafra@ge for changes
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would indicabe the magnitude of the tangential magnetic field
inside the solid rotor, on which much of the above argument is

based (such measurements would have to be performed on a rotor of

1
e

sufficient length to avoid end effects, and are much more difficult
than measurementis of the radial magnetic field or axial electric
field). Once a suitable theory is established for a single wave,

work on superposed waves could proceed with more confidence.




8.1 Appendix 1¢ Slot-width factor

If it is assumed that the m.m.f. increases linearly with

. e e . . 120
distance over the slot width s , it may bé shown that the

N

slot-width factor of the n'th harmonic is given by
sin(gg -
.
7
k = —— 81
) = (8.1)
2

i

where s . is in eleétrical radians. This is equivalent to a

digtribution factorifor an infinitely distributed winding over a

O

width s,

&

For a 6d1§pread integral-slot winding with g slots per pole

. . 70 o SR
and phase, the slot pitch dis AS E ec rad giving

where p B 2. / (8.2)

A

Thus, as shown by Adderley7, kS ‘may be plotted as a function of~n/q

for several values of s/k (fig. 8.1); showing that it remains positive
s = / L T e e

over the practical range and may c

amplitude of the higher harmonics.




B.2 Appendix 2: Main f{lux density

8.2.1 Theory

In this section an expression is derived for the main flux
density in the air gap, based on the resultant of those mem.f.s
which are stationary relative to the rotor, i.e. the fundamental
armature m.n.f. and the total rotor mem.f. It is similar to an

13

expression derived by Pollard = in terms of direct and quadrature

axigcomponents ... Itassumes that saturation is Small_éo/éhat the
whole mem.f. i impressed on the air gap; and that the fundamental
wavelength is large compared with the air gap so that the
permeance ofthe gap is the same for both mimif.s.

If one per-unit m.m.f. is that peak value of the rotor m.n.f.,

ﬁfo s which would produce the terminal voltage V- on no load, then

. 3 PR 138,1
the per-unit peak fundamental armature m.m.f. is given by 38,139
~
21 I X4 ) :
B BT v (8.3)
fo m

where Xad is the.direct axis magnetising wreactance and Cﬁ,‘is the

ratio of the field m.m.f+ to the armature m.m.f. (when this is in

the« @ axis) for the game fundamentél flux density. The varistion
of the fundamental ermature m.m.f. relative to the rotor (fig. 2.10)

is therefore

¥
fo

o (Bed)

. The’t(}talalrm 'fn,g,f,mmm




8.4 and 8.6 to give
B I X

P ad . .
- 7 2003) ¢ 722 coa (8,490« p) (8.7)
10 Jis} N

The main flux density distribution is then obtained from

Fane

egn. 8.7 and some known field form, for ewample the no load field,

giving . .
Bfo Fo o) Ef . Xad
= e ’LJ vt 5 P - - Q & 'G 3
B e F Ffo - Beo 5 P {.» £(5.) + Fe cos (v3+90 +¥121(8¢8/

where Bfo is the no-lcad flux density caused by Ffo at the point

9, .
3
[
This equation may be applied to a salient-pole machine of

pole arc a’eleotrlcdl degrees,; with the convention that the no-loagd

flux density is posi%ive over the pole at whose centre line

63 = O,\us;ngrf(QB) =1 and Ffo = Ffo qye;,ﬁhls poley sc that
B I X

2 X Aot SR ]’4’ﬁ e oy
B = Bfo['v Py Cm cos (b3r90 +¥ )| for - <53< 2 (8.9)

2

the reverse of this (see fig. .iO), as may. be shown by putting in

N o - - e ~ .
The expression.for B .over the/aagacent,poie;(18gegg< <1u0+“) is
E VEEER PO aNTo e

eqn. 8.8 f(@B) =1, F. =-F_ and B negative.

foo "fo fo
8.2.2 Ixperimental check

Ginsberg end Joxl'*

gave some tes{ results for a 30kW
‘sgyiggtfpg%gfmac\,nerwhigh\enable some check to be made on eqn. 8.9.
Unfortunately they did not give,aﬁéalpi for the flux density
waveforns, so the exact lev .;//;  /Kﬁiéﬁ is not known, The

assunption of



with rated voltage and rated output power, the current is 0.8 p.u.

ag
Ef
Using eqns. 2.18 and 2.20 to calculate ¢ end T the following

expressions are obtained from egqn. 8.9 for the flux density over the

pole face (-56"< §_456°) at rated voltage and rated output powers

3
Unity power factor ( o= 34.2% )

B B

5 = ﬁﬁg [1965 4+ 1.62 cos (83+9d7+34.2’) (8.10)
fo fo s e

0.8 lagging power factor ( ¢ = 61.1 )¢

B Bfo :
5 = ﬁfm {2;49 + 2,02 cos (83+90 +61.1 )J (8611)
fo fo L i :
B

. | fo .
Using the aforementioned values of R these expressions have
i ; fo
been plotted as dotted lines in fig. 6.2,

The full curves shown in fig. 8.2 are the field forms
measured with a stator-search coil, suitably scaled to agree with
the calculated curves at the pole centre (as no scales were given)o

Also, the position of the measured curves relative to the-pole

had to be deduced from the sharp drop of flux density at the pole

The comparison between the Calculaﬁed and neasured curves
shows that the theory seems to' be only approximately corregt. Large
‘discrepanoies occur on the trailing pole edges where the calculated
load flux denéity rises to about fwice the no-lcad flux density.
Saturation of the stator teeth and rdﬁor poie/ﬁould obvicusly reduce
this flux density closer to thé/measﬁred value, but it is hard to
gee how the large reduction réquireﬁjéaﬁ;bé obtaingdrif the machine
is g normal one with %fo ~1 T ., The sgaller discrepancies which
occur on the leading pole edges would‘alsg ﬁ? ieduced by taling

saturation into account, as saturation reduces the engle ¥,

adv&nﬁiné>tMé arm relative to the pole. The odd dips

it

which occur in the measured curves can be attributed to harmonic

amature currents, as the dips ocou: frequency and

harmonic currents were allowed e dips



not then represent actual dips in the main flux density

as the fields of such currents rotate relative to the rotor.

TABLE 8.1 Ginsberg and Jokl penerator no. 4 data
! Rating (ki) S o300 X, 1,82
‘ Frequency (Hz) 60 Xq
Ro. phases ) 3 | Aad

No, poles 4

mn

Pole arc (elec deg) 112 Coils per group

max. air gap
min.-air gap

Ratio 1 % pitch 66.7

pole pitch
max. air gap

Ratio

134 % pitch of gsearch coil 100
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8.3 Appendix 3¢ Feedback circuits

) ) . . 0,105,141
Two feedback circuits have been HQOUS 0514

for obtaining
sinusoidal flux, and they can also be used for-sinusoidal currvent,

as shown below. " Waveforms other than sinusoidal can also be

obtained,; and it wes one of these circuits which was used for a

do , . )
gguare waveform of g;'1n the uniformly-varying method of chapter 4
(Section 403@1@2)@

8.3.17 Steady-state analyvsis

The two circuite can be reduced to the form shown in fig. 8.3.

Ad
v, = My prrs

Fig. 8.3 Feedback circuits for magne rﬂatxin,éfganjiron sample
(a) Voltage feedback o :
(b) ‘Current’ feedback
age»ie@d\\\kﬁ>1rculb (llg. 8.3 (2)) may be used to

obtain sinusoidal flux or current as explained below, where the

input M% is assumned to be sinusoidal. Two equations for, v2 are
R1 + N1 E?*“;? S W I e O ~ (8.12)

6, ( v +G3N2‘%I - e A (8.13)

(8.14)

= Ri and the current i ﬁig}



A f 3 J3%>P e (L3 AN . . }:ul I
(W + (0,6 W) 7 > Ri, then &) v, = (W 4+ [6,6,] ) 55 and

17} R , .
== will be sinusoidal.

3 . o ¢ * . ‘ .
The anelysis of the current feedback circuit (fig. 8.3 (b))

follows similar lines. The two equations for V,_ are

2
‘s dg -
— 1 N
v, = (1 ) i+ N, 3% ‘ (8.15)
v, = G, ( Voot GB i) 7 | /{ (8ﬁ16)
which give
; - > T e <) 4 1 82 y
G, v, = (R + r ‘ G, Gy ) i+ N, oo (8.17)
If GG, r =R+ 7, then G, v, = N gde and do will be sinusoidal
273 ! 2 1 1 dt dt e
If G2G3 is negativ? and lG2G3! r»R 4+ 1, a comparison of eqn. 8.17
with eqne 8.15 shows than N1 %%’”ill be & smaller proportion of
P £ P R N 7 ._(;9_
Gz v1 thﬁn of ’VZ , and if (R + r + lG lr) i 2»N1 Tt then
G, V, = (R+ 1+ !G f r) i and the current i will be sinusoidal.

2 1

Thug a particular poultlve value of loop gann G gives

3

ginusoeidal ourxbnt with voltage feedb&ck, and 31nu501dd1 rate of

c¢hange of flux with ‘current feedback In both CerUItb the

required gain can be made low (N /H and (B+r)/r respeotlvely)

On the other hand, a large negatlve Loop galn gives the

opp081te effects, ice. a 81nuq01ddl zate of ohenge of flux with
“voltage feeubaok and &1nugoidal current with ‘current feedback.
If v1.has some waveform othor tLdn SlﬁH“Oldal the same

conclu01on° apply with this wnveform repW clng the sinusoidal one.

Be3.2 Tran31ent analysis

The circuits of fig. 8.3 are shown in block diagram transfer

function form in fig. 8.4.




The transfer function for the voltage feedback circuit is

) s M /(L-NG.G.
Vi oo 1 - SMGZGB/(R +sL) T s+ RAL - m1263) '

which has a pole at s = = R/(LwMGZGB), If G2G is negative and

3

lGZGBI is large, as required for sinuscidal g%-, the pole will be

clogse to the origin and instability will be likely. If G2G. =
N1/N2 = L/M, as regquired for sinusoidal current; the pole will be

at + oo s insbability being likely if GG, exceeds N1/H; by & small

3

amount.

The transfer function for the ‘current feedback circuit is

|
Vo r /(R + 1 4+ L) r/L

Preehy —

= e : g 8.1
z 1 - r@293/(3 + r + sb) s+ R+ 1 = rG2G3) /L (8.19)

which has a pole at s - - (R+ r - rGZG))/L. If G.G, is negative
v

2”3

and lG2G3 ig large, as required for sinusoidal current; the pole

will be far from the origin in the negative half plane and the

circuit will be stable. If GG, = (R + r)/r, as required for
-

sinusoidal voltage, the pole will be at the origin and instability

will be likely if GG exceeds (R +/:)/f:by a small amount.

3
The voltage feedback circuit may be méde more stable for

do
at

the forward path. Then eqn. 8.18 becomes

sinusoidal by adding an integrator (transfer function %) to

M/L L 3
ettt s e o Ak : . @20 }
s + (R - MGG )/ L e : (820

and the pole is moved to s

from the origin if G2G3 is

addition of the integrator pre&eﬁfsf

sinusoidal current, és eqn. 8.14 ié
ai 2

- dip
i ¢

Tngtability PRObléms with the edback circuit for

a'high'negativeyloop vain w¢ 



[y

10 , . - . . .
Harris « +hese were overcome with an integrator in the forward
. 1T ey ey bR Fe . e 102 .
path by Tarmexr and by Mazzetli and Soardo , but no analysis
I b J : J

. B . 0 .o ¢ } . .
was given. Ingtability problems with the current feedback circuit

for sinuscicdal voltage (with fixed positive loop gain) were not

141 0

-
mentioned by Harris and Cooter al.””. The

ot

nor by Choudhury e
circuits they actually used contained extra components, however,

such as d.c. blocking capacitors and isolating transformers, and

a complete analysis of these final circuits would be needed to

see how stability was achieved and to determine the stable region.



8{)4-

$=3

ppendix 4¢ Surerpoged perpendicular fields

3

The known effects of a supervosed perpendicular steady

field on the normal magnetisation curve for an altemmating field

were described in chapter 3, scection 3.3, and the experiments of
Sueiuras’ we . . .
Sugiura ere the most extensive. Some calculated curves for EN1A

mild steel, using the method suggested by Sﬁgiﬁra,’are given in
this section, and it can be seen from fig; 3.40 in chaptal 3 that
such curves give a fairly good idea of the effect of the
perpendicular field.

!

As mentioned in chapter 3, the method is based on the normal

i . :
magnetisation curvel (with no superposed field) and neglects
i td
hysteresis. With a given steady perpendicular field Ht and given

longitudinal alternating field of peak amplitude H, , the

1m

resultant field strength at the instant when ﬁl is a maximum is

calculated from

. , 2 2 s s N = N
H o= |E Him (g.21)

The value of B corresponding to this value of H is then read from

the nomnal magnetisation curve apd reqolved to glve the peak

altelnatlng flux density in the ]ongLTudlnal direcblon

i Hl :
B. = B o=t (8,22)

The curves of‘Blm againsthlm ﬁQﬁ:ge@@I&l‘values of the
perpendicular field ht are glvep in fig. 8. 5, based on the nermal

magnetisation curve for EN1A *tegl ﬂlven in chanter 4, fige 4T

Values of relative permeability i1,

are plotted in fig. 8.6, where

By

Ui s s mse

(8.23)

g and transverse fleru, and‘lessn\ mg7

£ the fields, As the

d value of

.1.. 1ema 1

tranqvervc flela




NS )

for that value of H, , until H]m

to the normal valuve. For high values of H% ¢ however, the

begins to exceed HJE when vy tends

magnetisation curve is more linear than the normal curve. In
addition, Sugiura's measurements show that the magnetisation curve
with a high value of Ht is a better representation of the

4

corresponding hysteresis loops than is the case with no superposed

perpendicular field.  (This may be seen by compariug;thé’}gopg in
fige 341V with the magnetisation curves in fig.,3.40)71

& curveshowing the permeability with a parallel superposed
field of 5000 A/m (.-émm fig. 4.17) is also plotted in fig. 8.6,
showing that a parailel steadyvfield may. reduce the permeability
much more than & peépendioular éteady fields

The permeability with a given fixed value of perpendicular

flux density is also of interest, a53expl§ilé; ingchépter 6,
section 6.4:1. For a fizxed transverse flb]d strength the
transverse flux density Bt varies,during%aioycle;oﬁ;ihéglgngitudinal

field, as discussed in chapter/3,/sectign 3.5.2, the wariastion

with time depending on: the magnct;c Dron_fties/pfzthe*iron, the

strengthiof .the ﬁransvarse field and the amplltude and waveform of
the altemmating longitudinal field¢ Tne value of Bt at the
‘instant when the lon 1tudlnal field is at its maximum mey, however,
be easily'obtained by resolving Lﬁé 1e°ult nt flux density at that

time
H
.
B = B
- H
where B has the same value as i

against Ht for fixed values ofj?,

t B for fixed valug

1rves of B agains
onry 1m 2

but at the'insﬁant.whenythe idngiﬁi aximum the

regultnnt and tranuver,




A0

transverse field strength were fixed, for the same values of H
{J b 1 m

and Bt (hysteresis being neglected). Therefore a value of Et may

be oaicu ated for each value of p, plotted in fig. 8.6, and

curves of i, plotted against B, for several values of H, , as

4 t Jm

shown in fig. 8.7. For values of Hlm below the knee of the normal

magnetisation curve, the permeability p, increases at first as BJC

increases (as found by Gans, fig. 3.39) and decreases again when
B, exceeds about 0.6 T. For larger values of H ) decreases
t Im ¥ T

slowly as B, increases, until Bt exceeds about 1.0 T when the

t

i
i

decrease ig more significant.

A cxoss~p]ot~of the curves in fig. 8.7 is given in fig. 8. 8,
showing’the variation of p with Hlm for several fixed values of
Bt’ ‘For small values of Hlm it can be seen that p, varies less
with Hl than the nommal permeability, the ﬁéiae of 1, being
equal to the reversible permeability for tﬁéjpérﬁiédlar value of

Bt’ but that for values of Hl beyond “the knee of tne nOLMal

megnetisation curve, p, decreases as le increases, at about the

is larger than

game rate as the normal permezbility unleés B
p /9 s t

about 1.0 T, when the decrease of is at first not so rapid.

The magnetisation curve for.a fixed value of B, is therefore onls
© t

va Lues of

more linear than the normal magnetisation curve for large

H.lm if the value of B is high.

Some curves of the permeabilif; ith a parallel superposed

field of fized flux density (from fig : /’97'afezéléo”pld%ted in

fig. 8.8, showing that the permeability is reduced more hy the

parallel field, but that the magnetisation curves with a

perpendicular field may be more linear for th ver values of

gstea dy flux den 1ty



normonic

It was pointed out by Greig et al?BY,that the methods of
Kuyperjzoy Barel 101'1, Postnil v123 and Bratolgic9 for
calculating the loss of one winding harmonic are essentially
the same; although this was not noted by Adderley7, The
expressiong developed by these avthors are discugsed so that the
similarities may be seen, and it is shown that thére is a factor
of 4 ervor in Barello's formula. The work of Davies . is
also digcuased, as his apoproach ig different from that of
other authors, and as the results were applied by Adderley to the

calculation of winding-harmonic losses,

8.5.2 Kuxpér (1@43\120

Kuyper extended the work of earlier authors to include the

effect of the stator at any distance from fhe'ﬁotdr, His

’

nalysis followed the method used by Concordia and Poritsky (1937)

7, who were concerned with the transient behaviour of solid rotor

machlnoo, wnich has become the standard linear theoxry described in
chapter 6. He obtained expressions for the electric and magnetic

field strengths in the air gap and rotor, and,using the electric

field strength E} on the stator surface where the current sheet

s : , e - Y Gy
was placed, calculated the impedance Z = - Z% met by the current.
) K

Since there was no loss in the stator ( e=oo ) the rotor loss per
3 ~ I

unit area was calculated from P = "'k/ Be(ZQ He next defined

a-dimensionless factor R given Dy

i - - /, = . 72

. P

R e = —~ p
1o LoAf o e SN2 2 (8.24)
R At o (tanhpg + o )" +al '

where q = Re( ”“)s q = lm(ii), 7 being given by eqn. 6.19, so

Y

 fhéf”ﬁﬁé7iQéf\waé”g1ven by

(0125)

for all values of the parameters. ely large,




however, he found that g = q; very often, enabling curves of
r i

to be drawm against 9. for fixed wvalues of g/} . The equality

Gp = 43 is eguivalent to the assumption of strong skin effect

1 \ : . .
*§“§'>> 1), as shown in eqn. 6.30. Therefore,in the symbols of
B d

this thesis,

1 . 1
Q= Q= TR 18 =5y >>1 <26
= 9y 2B du L2 42 : (8 )
57d
and so, by substituting this in eqn. 8.24, or by ¢ np;r*ng egne.
8.25 with eqn. 6.59,
K
R = : : / 8,2
/2 coshBg sinhfg (8.27)

The velocity v = fA 1is very nearly the same for all the

windir 1g Larmonics, 80 eqn.8.25 shows that R gives the variation

’

of the lOSs with g, A s [ and B In his fig. 2 , Kuyper plotted

curves of R 1ﬁa¢nst the dimensionless parameter q R - =
: s T FB u,u
S
4n i
P,

fixed values of g/A . It may be shown that these have maxima

(mksA units, ogs unmts balng used DJ nuyv r\ for

<

whexre 1/Bdurtanhﬁg = 1, in agreement With/fig. 6.2, and that the

maximun values of R are given by

1 :
Yoax = (20 2B2) 2 coshfg sinhfg 7 (8.28)

s . . . e o
as they should be, since the maximum value of AP is i 0.292.

5

In his fig. 3, Kuyper plotted Rmax against §§g, and recommended

that the maximum values of R should be usei in caloulatlnv the

D

winding-haymonic loss of normal turbo’gpnc,' drs,’and it is

evident from fig. 6.5 that the loss for each significant harmonic
is likely to be near the maximum for such machines.
Kuyper's final formula for

terms of m.m.f., rather than curr ent

Strictly it should be
y 1.02, but apart from this it is correct,
cerned with the tangential magnetic field

strength on the rotor surface as a guide oice of a value

of rotor permeability,,andshe'gave



(S

s N N . € 7 -
/K , which is equivalent to KH/coshﬁg (eqns. 6.44 and

-~ N . < R P . . . . ~
6.43). Allowing for the different units, and the omission of s

square root sign in the denominator of his eqn. (26),
. . 1 5
S = 0.4m K, if === 3> (8.29)
H 2.2
pd

2
8% 5 3 B%r@llo (QOA A(rr>141 1 2

Barello, like the later authors, Postnikov and Bratoljic,
does not appear to have been aware of Kuyper's work. He published

two papers, onesin ITtaly (1947) and one in France (1955). In the

1

first he.derived an expression for the loss, assuming strong sikin

5

effect,y and in the second he added some discussion on the

O

w

N

application and meaning of the ‘equations.
As mentioned by Postnikov, Barello made an error. Postnikov
did not say whexe the error lay, but it can be traced to his

expression for the m.m.f. of one phase of a polyphase winding,

eqn. 8 in the Italian papers - s
P i =~ C nn ) . 2
SD(X1) = i .;§g1 - cos(THAq)y, ) (8.30)
where
| - é A -1- JHER] - . % = s
Cn T on i Ko ' (8.31)

He deflnnd N as tha number of conductors in series per pole and
phas e, when 1t SQOde be the number of  tux n%, half the number of
conductors., Barello's equations in terms of thé ‘stator m.m.f. are

therefore incorrect, the flux density by/a‘facﬁbr of 2 and the loss

by a factor of 4 (which agrees Wifh“P65uq ikov's exampl . where the

loss caloulated by Barello's formula is bbu£f4é%iﬁésyiarger than

tnikovis extre

the loss by Pogtnikov'!s own formula, when Pos

factor of 1.4 is removed). Barello's expression for the radial
l‘ Y - E




which is equivalent to the expression given by eqns. 6.47 and 6.48.

v i

The loss was calculabted from eqn. 6.56. (A second error was made

5]

by Barello, although this does not affect the results. He thought
- 1 : 1
that Ir >>1, rather than ~:*§5>1, was necessary Tor the
gHa” 574
assumption of strong skin effect and consequent simplification
of the equations.)

Although Barello gave expressions for the tangentisl field
strength on the rotor surface, he did not calculate it. As a
guide to a suitable value of rotor psruesbility, he relied on a
comparison of calculated and measured losses. But his recommended

pi

value of the product PR &3 - x 10 -4 Qm (urvw 2000,

Pl ox 1077 fm) came out-on tae high side, because-of the factor
of - 4exror in his forzala (flw. 6.5 shows that b= 2000-1is

likely to give a calculated loss much:less than the maximun,
compensating for the x4 error).

Barello also discussed thereddy-current reaction, saying
that it was embodied in the 75%;;“ coshBg herms in-egn. 8532, and
Tr
that by putting these terms equal tofzergi§eoge/9;a;) theapplied

flux density could be obtained.  This procedure is not strictly
valid because the equation ds only valid for lmm; >>»1 5 butiithe

g d
erroryintroduced is normally small as it results in the omission
of the factor K (equ. 6.49) which is equal to unity for
urtanhﬁg>>1& He noted that the remaigingwtermrinﬁthe:denominatar
of ceqne 8:32 When/ozaé is sinhﬁg,;whiéh;all ws for-air-gap

leakage (ean. 6,47 may be presented in temms of a lea kage factor hI:

Bym = Be
where X = 8&/sinhBg is equal to 1 when Bg is small, and

L K/Bg H P/g is the flux de‘bLty with no leakage). For the

’ effect of\ e e rrent reaction on the loss, he defined a factor

A& given by




. 2 ] \ 2
(sinhpg + Bran coshfg)” + (“F(";EET coshfig)
¥ T

A = 5 : (8.34)

sinh fg
80 that eqn. 6.48 gives
1 )
A = ) (8.35)

X
B .

He found that "A could be ashigh as 2 for low=order phase~band

harmonics, but was usually near 1 for the higher harmonics. These
figures would have been higher had Barello used smaller values of
P,

895@4 POS"‘CL’DKOV ("{95{3)123

|
H

Postnikov-is possibly the standard Russian avthor on the
i ‘.

winding~harmonic pole-face loss, as his work was used by

AngmpodistOv'etfal;s. Postnikov!s paper begins !eees in one recent
work (Barello, 1955) we find an erroneous det = ﬁaﬁiog of the
induction of the rotor surface due to eddyxcur£, / ... the
reasons why tue formuiae of individﬁairauﬁhbrsfiea/ ‘oégiﬁély
divergent answers are explained by a differgﬁti/_fyﬁétion@of the
ity /éihikév/knew,

however, that the error in Barello's pape:

determination of th
’ '?aimbst“lig ; he tgzarrive at eqn. 32 for {§YJ i
iééﬁfiQél to ﬁarello‘sfeqng 32 (eqh, 38
even making t
is requirea for egquality of %
Pdétnikov also’used the same
exp;essionrfor‘the loss, which o .t . %:v1 and

termns k. and k g4 come £ o] 4 sion of

1

n and air-gap leakage, ) being equal to

Y

= equal tg-@g/sinhﬁg;



[
Jt

the total stator current loading, rather than the effective value

2

of the fundamental loading as described by Postnikov.)

After giving an expression for the loss of one hamonic,

)

Postnikov considered the sum of the losses of several harmonics,

, . , 2 2
for values of parameters such that krv ~k V1 ~ 1, and for

: . , 2. R i AT :
values such that krv is approximately the same for all harmonics,

3

He appeared to conclude that there is little point in suéh
approximations, golng on to consider rearrangeme ntg of the formulsa

for the loss of one harmonic, He combined krv and k 91 to form a

new factor g, related to Kuyper's factor R by z, = BeR

e . . \ 7
(expreSblng‘ng in tems of o, (=pg) and x,, = &5 /A"

.

(=g/J§dur) where S; wag the ratio of the air gap to the skin

depth in oopper); By dlffereﬂtlatinv‘%

oy with respect to x,

for fixed o he showed the maxima occurred when X, = ogitanhdvn/f§

v g ¥

i.e., when Q = T/Bd' tanhBg = 1 in the Urasept sjmbols, agreelnv
with the earlier discussion of R and KP o For calcuLatlng the
logs with small air gap to pole thCA ratlos, Postnlkov consldevéd

anot%er factor C;v more comvoa1e)t hl% is reldtﬂa t0 K by
¢ " 2 &
Cp»* % (KH coshﬁg)z , and tends to 0.5 for small values of Bg.

» ‘ 1
Postnikov's expressiong for the loss in terms of gkv and C“v(his

eqﬁs. 48 and 51) were based on the use of CogosS. units and the
LW, ) ois
W E)

1 cm at the fundamental frequency W, ;W, T nake the

3 . " o B i
SCu = 0.9 cn h Pos s va. es of g 1.6 x 10~ Qm,

f 50.Hz, so that his equations if used és/intended/would give

1 ;
results about 10% (eqn. 48) and 207

/

i (eqn. 51) too hlﬂh )
a modification factor of 1.4 be

1t for the variation of



1~dimensional problem of a semi-infinite slab excited by a

ot

known sinusoidal tangential field strength, and showed that,

for most ferromagnetic materials used in normal electrical
machines when working in the region of strong saturation, the
effects of both non-~linearity and hysteresis are to increase the
loss by a factor of 1.4 beyond the value caiculated by the linear
theory neglecting hysteresis. Postnikov's suggestion may
therefore be appropriate for a machine in which an individual
weve ds particularly pronocunced, the rotor is smooth, the
‘main- field is smally! and the eddy-current reactign is strong,
when .the tangential field strength will be sinusoidal-and of
known anplitude and %he,magnetisation characteristic of the

rotor will be the normal one. He did not dicuss in detail the

problem of «choosing a value for b however, merely saying that

for approximate calculations a value of Je'y = 100 may be
Leraisgy ARy I8

taken, dmplying p_ = 600 ~ 1000 for ,0;4155,-/3;05xf50ﬁ719m
('fﬂ being the resistivity relative to copper), because of the
comparatively emall field strength of the hawmonics and the
saturation due to the fundemental field.

This discussion of Postnikov's paper is given in some
detail because the éaperzisyratherfconfusing. The Inglish
translation conbains geveral errors, including some pages out of

order and a critical sentence missing from the numerical examples

Also the naming of the harmonics is different from that used in

the West, the phase-band harmonics some

es being called ‘space!
harmonics and sometimes 'higher' harmonics, and the winding slot
harmonics being called ‘ripple! harmonics.

§.5.5  Bratol3id (1966) 7

otors, This



.\ - . \ \ . 1
from eqn. 6.56 (making the correct assumption that ———>>1 for
q .) o £ 2 ?

strong skin effect >& He then added something new, for by
comparing the expressions for lﬁxo‘ and P he saw that the loss
could be given by ean. 6.57, reminiscent of the expression for
leosses in a thick plate with a known simusoidal tangential

magnetic field H, (P = /tu He Pt h ), and he defined a factor
&

Ky - l ‘/K (equal to the X defined in eqn. 6.44 divided by
coshpg) from which iﬁyo and heace the loss could be found. X,
wag. plotted against %2 ﬁdur for fixed values of 'f/g .

Bratolji¢ noted that the tangential field was the
larger component inside the rotor iron, but did not give any values
for.this. He did, however, discuss the results of some experiments
to determine the effect Qf saturation on the loss.of a single
wave. o He found that the loss calculated by the linear theoxy
(with p equal to the normal value correspondlpg to !H l ) should
be multiplied by a saturation factor between 1.0 and 1.3 for
'ﬁxol in the range 0 to 20000 4/m.

8.546  Davies (1963, 1966)1°7:130

8.5.6.1 General comments LGy A

The theoxy developed by Davies was an extension of

the. work of Gamlu1‘2

HAN

apd\arose from a representation of the noxmal
. . ‘- N + i Tb - 3 g S N
megnebisation curve in tnn form B = s ‘around and above. the knees

k. ddnear theorywasused to develop an . eguation for the loss in
. 5 I g e e ol Ko T

termy of the tangential field strength on the rotor surface (eqn,
6.57 in fact). Itwasassumed tha the sk éfﬁggi@asstrgng
( >>?/ so.the tengential fie agdpgrox1matelvzequal to the
B (L . )

resultant.  ‘field inside the rotor (and,be/méntiopedfthat the

resultent H vector follews an ellipse with time). The rotor

to be the nommal value corresponding



current resction me.m.f. were then obtained in terms of the loss,

s0 that the losscouldbe found by equating the phasor difference

RO L
of these two mem.f.g to the applied m.mef.; with due allowance
for the reluctance of each flux path in the air gs
These last steps are important, because in principle

enyishane of stator surface can be allowed for, the only previous
£ g

W

aseumption ghout the diron surfaces being that the robor is=smooth.

e
1y

The requirement that | and , should be consistent with the
B

nermal permeability cuxve ds of doubtful validity, however, wilh
regard to the experiments of Bratoljid (section 8.5.5) the work of
Neiman (mcnclored in-gection. 8. ﬂ) and the paper by Lim and
Hammond143, all" of which s uggest that the loss will be ‘greater
than the linear theory value by a factor Ks between 1.0 and 1.7,
depending on the level of saturation. It ig possible that such a
factor could be included in Davies' theory, but this could not be
Justified when more than one significant wave ig present; because

oft the superpositioneffects on sthe magnetisation curve diascussed
oL {)

in ¢hapter 6, section 6.4.

1

Adderley tapplied Davieg! ‘theory to the calculation

of winding-harmonic logs in several industrial machines,; and
compared the wesults with those obtained by the classical theory
(Kuyper, Barello). Since both theoéles are linear, any differences
must be due to the assignment of the permeability for each harmonic
and to the treatment of the air ga p;f%(If;isfshéwnfbeloW’that when
these are handled in the same way for both theories the results

are in fact the same.) For example, when the values of the
tangential field strength for the high-order winding harmonics are

legss than thoge for the low-order hammonics, Davies' method applied

ensﬁfes that the values of B for the

harmonics.

decrease




machine in fig. 6e:>y the method results in a lower loss for thene
harmonics than is given by the classical theory with the same
value of o for all harmonice. (This effect can be seen in

Adderley's results when some correcltions ere made to his

calculations by Kuyper's formula and the calculstions ¥

:

&}

vy Barello!
formula are divided by 4 (as discussed in section 8.5.3)%) Because
of the wncertainty surrounding the calculation of the losses of
several superposed waves, there is no basis at present for

assuming that it is better to assign a value of 1 to each harmonic
o © r

in accordance with the normal value corresponding to its surface
field strength, as i#plied by Davies! method, than to use a uniform
value of b for all %axmqnios, Pased on some assessment of the
surface saturation.

Davies' work resulted in some normalised curves for
torque, total flux end eddy»current rea é iéngm.ﬁ:f,/(bresented in his
second paper) which are similar in‘formrfbrihé:cﬁ;vééwgiQQn here
in chapter 6, fig. 6.2. It is shown below fhét/suohwcurves can Ve
derived in a more general way than was done in chapter 6 or by
Davies, that the main varsemeter is the ratio%éf the eddy-current
reaction field to theytotal field, and that whén constant
pérmeébiiity éﬁé a unifomﬁ air gap are assumed the resvlts are the
same as those given in chapter 6. Some expressions are then
derived for the terms in Davies! theo;y,ﬁérfé machine with a
uniform air gap of any length, a neceésafy*prél minary to the
application of the theory to no;mal‘sjnéﬁ?gﬁbﬂé“maéhiﬁés and which

was not done correctly by Adderley (Davies being concerned with

complicated stator shapes which occur in eddy-current couplings. ).

85,64 2 I\Tom’ll Lged curves
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A 4

B =  total flux density

ye ¢
B = applied flux density
va
Bye = eddy-current reaction fiux density
Then
5 - % % (8.36)
Ja yo ye
and
=R 2 l2 . ‘ :
[B } = 5 + 1B - 2 iB 3 l cosd (803{>
ye yo vea yoli ye e
where g  is the angle between B and B
e yO ye

The. eddy current reaction flux density may be writlen
in terms of the tangential field strength on the rotor surflace,

gince, for strong skin effect, this is equal to the total induced

c .
current per unit 1@ng;th”2’12)e Thus

. o

’gye £ sl 1HXO| (8.38)

where C' depends on the air gap reluctance and the-stator and

rotor permezbilities. This may be substituted in egn. 6.5 3 fox

the less per unit area (P = % v éyOl!ﬁXQl cos®) to give
P = :.B ]B !.Y___O_O_Q_‘SN s o / 8039
B0 [y - (0.39)

which may also be written in terms of the torque per unit area T |

usinng/¥ =\2T/D where D is the rotor diemeter,

T Ié. [ lﬁ~- D cosd (8.40)
Jo ye 40! '

Thug -the product{BVO{ IByel is proporticnal-to the
torque; or to the power loss if v is constent. Eqn. 8.37 may be
used to give this product in terms of the ratio of the eddy-current

reaction field to the total field, |B._ ' / [é f ,
ye yo

aJié -2 cos N

Pl




where B (8.42)

&
i

tis |/

vel

Yo

o

C3 = = 2 cos #, (8.43)

The R.H.S. of eqn. (8.42) is symmetrical about @ = 1,

. . : 2 .
where it has a maximum value of IB 13 /(2 + C3)¢ Using the

ye
subscript m  to denote maximun, ‘
2
s & va
(o180, = 528 ‘
vel it yel ‘m 2 4 G

29 and 8.40 give

Be
iBya}z D coad
2

T = : (8.44)
m + 03 4G
lﬁvJZ; v_cosd
o = 740, - (8.45)
5 3 2 Ct
The general expression for the normalised torquej;-or loss at \ .

constant velocity with strong skin effect, is therefore given by

m 2 + C. 7' / /
= “}1}' Feve - : e 2% Er B (8.46)
m m Q5+ Q«+ 03 / R -

Expressions can also be obtained for the normalised
total flux density and eddy-current reaction flux density, as

follows

Hoglem e B 3V0HJBy93 : lﬁvajz Qmi
IB or = T =T (8.47)
o | Q4 qaC
which has a maximum when Q<1
yolsms: lBya; (8448)
80 that ;
yOl | s R (8.49)

ol m (" + q+ 03)‘/7’

Similarly, when Q >>1




8.5.6.3 Application to a uniform air-rap machine

Eqn. 8.46 is the same as that derived by Davies, and,

=

as indicated by him,the maximum torgue,; or loss al constant velocity,

occurs when = 13 | (i.e. Qg1>, although he did not note

i
VO

(Y

that @ 1s the ratio of .

B } and
YO

Byﬂ! . To obtain guantitative

results from the equations; @, cosY and BV_ must be
va

js‘mi
expressed in temms of known quantities  This may be done as
follows for a solid~rotor machine with a uniform air gép and to
which lineasr theory is assumed to be appliceble. The theoxy

5
3

could alsgo be applied to give the generalised curves for an
induction motor with discrete conductors on the rotor
(®82118O°, Cy = 2), i

The flux density produced by a current sheet in the
absence of eddy currents may be found by solving Poigson's
equation (eqn. 6,18 with p=w ). For ; oumrent sheet K' at the
rof&r surfaoe; m;th the geometry of fng, 6 1, it may be shown

that if p ta&qﬁg'x>? and He tunhﬁg'x>1 then the radial flux density

at .the rotor surface is given by

ol ‘ Md 7 (8 52)
yo o ,J tanhBg . ¢

Therefore the radial flux denolty produced at the rotor surface by

the eddy currents in the original problem is
L MO

Bve = Tanhfe (8.53)

which ig dndependent of yrr ng if,urtanhﬁg > 1 and ustanh§g>> 1.

and the tangential

A relation between the total radial flﬁx'dénéit&

field strength may be found from tne knOWLedve that tle flelé inside

the -dron varies with  y = as eB J (Where oy ;ianggative, fig. 6.1)

: =ABX :
and with x as e P € S wa

s given preVJo 1sly in eqn. 6.54.

With strong skin effect the relation was given in egn. 6;55,

The ratio of the eddy-current reaction v to the total



flux density from egns. 8.53 and 8.54 is

ye Iy

B, T T ntenie (8.55)
so that
E"e[ 1
Q = gt (8.56)

!By o‘ = Bdu :C‘t arhfg

-

and the angle between B and B is g = 1350 so that
ye yo e

C. = =2 coss = J? . o (8.57)

These results for Q and C, enable the normalised

3

curves to be drawn and used, and it ean be seen that Q is the

same as @ used in chapter 6 and that with C. = {2 the expressions

3
8.46, 8,49 and 8.51. are the same &9 Kp (2+/2), Ky and Ky
regspectively. '

To obﬁain a physical value for the torque or loss,
the applied flux density, the parameter C' and the rotor power
factor ¢058 are reguired, so that Tm and Pm may be found. The

applied flux density may be obtained in similar fashion to eqn.

8.52 and with p_tanhBe > 1 and p_tanhBeg>>1 dis

] e
P g = [
Bya. = Sinhpe (8.58)
The xotor power factor with strong gkin . effect is
cosd = 1/ 2 i sy (8.59)
v ' / 2 2
, v g4
t
and € may be obtained be comparing eqns. 8.53 and 8.38

C! uo
tanhfeg

Substituting these expressions into egns. 8.44 and 8.45 gives.

b

T D tanhfg

2442 4 Joopg

NS} £=N

uofiz- D L (8.67)
2 2 coshfg sinhfg 2+J2

v tanhge 10 20 4 i 4. . (BU62)
2 f?“uo e 2 yth 7% Goshfg sinnpg 2+ 42 :

5

s with the expression obtained in

chaptér'6& eqn. 6.59.



Substitution for

. I
8&5@0&4

[RIRIEAHIS
L

T
LA

In the above
L‘\‘ 5

rotor permeshili

tangential field strength
for Q may be devived as

area (P =

agsuming strong skin cffect, may be combined with the representation
of the normal magnetisation curve, with H = {H !,
KO
I/ .
4 .. in
L S ST N B O 8.63)
(i OF3?> l MO 1 } X0} (8,63
rive
to give 1 11
2 g 21 v 4 (8 6A)

il -
X0

so that egqn. 8.38 gives
1 1

vooom _ dm
= C, T

: 4m
lﬁyel IR

where

The general expression for
5 2P
Yo v [ H x cosd -

—
oé_x

B |- o -
yoi = G, f

t A 4

on

treatment the paramete on the
Pavies eliminated p by linking it with the
the rotor surface; and the cxpression
9 ey - e - v . . . ; ) L .
follows. Egne 6.57 for the lous ver unit
o .

£ N - N .
), based on the linear theory and

(8.65)

(8.66)

-

8

the loss, egqn. .53, may be written
4 7
H I cosd
0
i from eqn. 8.64 this gives
(8.67)
-

2m

N

where C = i

Therefore eqns. 8.65 and 8.

- § 1
B C -
Q= TXQ[ - =1 "

!ByOl 2

m

Since the maximum torque 1

2m
m

and

D cosd Dk12

(8.68)

7

67 give

<

‘,}.

=1

N
=4

(8.69)

occurs at a speed Vo when § = 1,

(8.70)




2

n 2
m "
) L (YN 74\
o = (3 (=) (6.71)
m i
The curve of T/T agsinst @ piven by eqn. 8.46 may be used with

eqne. 8.71 to plot T/T against v/vm s ags done by Davies.

For a uniform air gap, T is given by egns. 8,01

as before, gince this ig independent of the value of “1’ and v
T I

may be found from egn. 8.70, using eqns. 8.061, 8.60, 8.59, 8.66

o

and 8.08,

. ; 4
| (ﬁmiizla2m¢d (Eagﬁﬁﬂ e e (8.72)
= o R Ce [
m *B 12 o py
Yo
-Thug, for ma1, Vo depends on the applied flux density and the

shape of the nommal magnetisation curve embodied in k1 and m, If
m = 1, eqa. 8.63 implies that k. is independent of H, with

4

¥

Bk, = k1 s and egn. 8,71 gives Q = (v/%mj&‘, and eqn. 8.72
gives v, (Zﬂﬁurtaﬂthg)/udh s which may be shown to agree with
the expression for v derived from egn. 8.56 when Q = 1.

The above expressions for Tm and v could have been
derived from Davi@s‘ equations. Care is required; however,
because his equations were expressed in terms of m.m.f., with a
factor £ to allow for different flux paths of the applied and
eddy~current fields. Tor a uniform air gap with sufficiently high
stator and votor permeabilities, a compaiison of eqns. 8.53 and

8.58 shows that £ = 1/coshfig.

8.5.6.5 Allowance for non-linearity
D J Y

An allowance for the effect of a non-linear normal
magnetisation curve on eqn. 6.57 for P and on the rotor power
factor could be made by including a saturation factor Kq in eqn. 6.57

and by using a new value of cosé (e.g. K_e~1.4 and cosd=0.85, as

suggested by NejmanTJl, noting that ﬁé = 90° + ¢ (eqn. B.53) so

that C -2 cosﬁe = 2 sin% 21.05), To verify this suggestion, a

3:




’ 223
comparison of measured and calculated values of Tm and v would be
needed as well as a comparison of the normaligsed curves, and so

a machine with sinusoidal excitation and small end effects should

be used.
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an experimental machine f

of pole-face losses
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O e = e
42 Gy Gy
02 i .
& §- ,8 = f
<oy ™ op, :
24 h il I &
= 8.3 R o
grs D 23
514395 Eg %\) Kg &
Wo. poles . 2p 2 6 4
Frequency (Hz) £, 20 50 50
Rated phase current (A reme.s.) IA 11000 2670 30
Conductors in series per slot Z 1 1 8
Phase spread (deg) W 60 60 60
Slots per pole and phase q 10 5 1
Pitch (pou.) € 0.833 0.800 1
Slot piteh (mm) A 5791(1> 545 76
Slot width (mm) s ~h /o 22 4
Effective air gap (wun) g 85 19 0.305
Rotor diameter (mm) D 1090 1560 288
Pole length (mm) L 5200 2700 250
ap/radius ratio Zg/D 0.156 0.0244 | 0.,00246
Fundamental winding factor K1 0.923 0.908 1
o J2T7Zk
Fundamental current loading sz{ZEi;ﬂl 252000 63000 4500
(&/n) s
Note (1) Because of the high value of gap/radius ratio for the
turbo-generator the representation in rectangular
coordinates is approximate, TFor present purposes the

machine has been developed about the rotor; and tne

stator slot pitch correspondingly reduced fronm 65 mm

to 57.1 mm.
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<4 Reduction of winding-harmonic maximun tangentiall

field strength due to winding factor (k) and
W

alr gap \1/003h5g) in the two industrial machines

of table 6.1,

500 KVA turbo-generator 6O YVA “mlwe t-pole machine
P 0 )I i JU YO !k\“: - . l{
el L L e S | IR T B R Zojfﬂgg'
510,78 1T 0459 160 5 10.37 .93 0 0
T11.09 .62 -.0359 58 T 1051 .58 -,0865 100
11172 <34 -, 0872 80 11 1 0.81 15 -.0100 a6
1312.03 .26 ~-. 0754 51 13 10.95 .69 -.0572 50
17 1 2.65 14 -, 0160 6 17 125 « 54 0554 38
19 1 2.97 .10 0147 4 1119 11.39 48 0935 57
231 3.59 <05 . 0486 7 23 11.08 <36 0755 35
251 3.90 .03 0465 5 1125 [1.83 .31 0 0
g ! 129 2.2 24 - 709 215
: ’ ' 31 12.27 .21 681 180
{ : 35 |2.56 .16 0 0
: @ 37 {2.71 «13 -.0575 10
: : 41 13,00 .10 -.0613 8
; : 43 1315 .08 -.0333 4
591 9.21 | .0002 -.596 0.3 |59 |4.32 | .03 -.243 8
61| 9.53 | .0002 575 0.2 |61 [4.46 | .02 212 6
able 6.5 Resultant values of winding-hamionic tangential field

strength at the peak of the stator fundamental mem.f.

(62 = O) and at the zero of the fundamental m.m.f.
( 90) for the two industrial machines of table 6.1
k n f=6kf1 (me)6uu [on'ékw ]
S = =G( = y =90
Y, 0 82 ,J 32+ﬁék 0 szzdk 9(
500 MVA 1 05, 7 6f, 4350 | 16250 | 3780 10120
S, 2 111,131 124 1 13550 ] 2950 | 5980 1640
turbo-~generator 317,19 18g | 210 1030 | es 382
4 123,25 241 1185 215 | 400 84
5129431 30f 19 119 7 37
60 MVA 11 5, 7 b1, 5360 | 5360 | 2518 2518
e 2 | 11,13 121 7830 | 2490 | 2645 1075
iii;?;g pole 317,19 18% | 51201 1040 | 1191 163
—_—— 41 23,25 241, 1880 | 1880 | 384 384
slot harmonics ——— 5 | 29,31 301, 1900 | 20940 | 447 3677
Note: At 9,0 , Hg oy o + By Afm
and - at &2z90’ s T B Beie1 A/m
where H6k+1 and 56k~1 are given in table 6.2;

Zax see eqn. 6.64




Fig, 2.2 Mem.f. off 3-phase, 6dlspread, infinitely-~distributed, full-
pitched stator winding
——  yariation in space at 10 intervals in
stator($,= position angle relative to the stator with origin
at ¢ of A-phase coils)wﬂt = 0 when A-phase current is at
its maximum)
variation with time (w,t), relative to the fundamental (=),
at several positions on the fundamental (89:0' -10°5 <20%...)

time, relative to the
4-
[

3
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Fig. 2.3 N.m.f. of full-pitched, 3-phase, 60 -spread, infinitely-
distributed stator winding
. . . o . . .
e Variation in space, at 20 intervals in time,
relative to the fundamental ($,= position angle
. 5 . [ e
relative to the peak of the fundamental mem.f.)
w~t - peak-peak amplitude of the variation, i.e. the
amplitude of the envelope (----) of the space
variations
065~

s

Fig, 2.5 M.m.f. of 5/6wpitched, 3-phase, 60° ~spread, infinitely-
distributed winding

— } as. Tor fig. 2.3 above
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Fig. 5.4 Variation of measured hysteresis angle with H, for given
values of Hb
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Power amplifier (see fig. 4.1)

,A. Burr Brown model 3010 chopper stabilised operational amplifier
Burr Brown model 3071 chopper stabilised operational amp lifier
Burr Brown model 3061 instrumentation amplifier

¥ Burr Brown model 4029 quarter-square multiplier

v Solartron true-r.m.s. voltmeter VHM1434

D.V.H. Solartron digital voltmeter LM1402

S.G. Prossor Scientific Instruments A10C waveform generator
T 0.1 Q H.¥. Sullivan d.s. resistance standard

Fig. 5.7 Waveforms obtained with ab
showing simusoidal cmrrent. H, = 250 &/ﬁ, i =0
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i

-~
b
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field when

H, = field strength of transverse
Y longitudinal field is at its peak

The curves may also be used to give B, corresponding to Hy
H
1m ’

for a given balue of as indicated by the labels

in brackets.
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