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COMBINID MAGHFTIZATION OF MACNETIC MATERTALS

Introductory Note
. Electrical machinery and transformers are usuelly supplied with
vbltageé which are so nearly sinusoidel that the iron cores are magnetized
under conditions of sine-flux, In some ocases it 1s also possible %o
magnetize the core material under sine-current conditions. Both of tnhese
cases constitute single~irecquency methods of magnetization ani the nature
of the iron losses which occcur are well known,

In much equipment, however, the iron is magnetized simul taneously
from two or more sources, whose freguencies may not be inteyrally related,
The nature of all cases of multi-frequeney magnetization and the iron
losses which ocour are not widely known and there is lititle literature on
the subject,

The various conditions of two-frequency core magnetization are
oconsidered as the wmagnitude and frequency of one component is altered,

The effects of phase difference between the two component frequencies upon
the time-average iron~loss power can only have significance when the two
frequencies are in%egrally related, Accordingly the cores were vaguaetized
at f and nfy. The values of n which were used f{or the main investigation
of combined magnetization conditions werc 2 and 3, Throughout all these
tests the cores were ragnetized under sine-current conditions to cnable an
adaptation of the standard transductor sonneotion to be used, In this way
the individual or total core loss componerts can bhe directly obitained, It
is found that as the phese angle is altered, large varistions ere obtained

In the individusl loss ocomponents, These varistions are investigated for



various valies of & ne’izing Torce over a complete range of phsse a :le,
Of special interest are the conditions which give & reduction in the cors
loss at elther frequenoy under corbined magnetization when compared with
the corresponding single-frequency walues,

To enable an estimation of core loss conditions to be obteuined
theoretically, the B-H relationship for the core material is defined to
include +the effects of hysteresis loss, The loss is then obbtained for
verious conditions of cowbined magnetizetion which is compared with the
corresponding single~{requency case. The theoretical conditions consider-
od in Part I are investigated practically in Part II, f)riginality is
olaimed for the presentation of the comprehensive series of results under
two=Frequency magnetization and also for the method of core connection to
enable these to be simply reasured.

The work was carried out in the Flectrical Engineering Department
from 1947 %o 1962, The author wishes to *hank Professor B, Harue, DiSc.,
for much helpful encouragement during this period and for permission to
utilize the equipment of the laboratory., Dr, J.E. Parton is also thanked

for many helpful discussions during the course of this work,
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PART I.

AN INVESTIGATION OF SIHE-CUMT COMBINED MAGRETIS%ATIGN OF MAGNETIC MATERIALS.



CHAPTER I.

INTRODUCTION.

For circuit calculations involving magnetic materials it is often
permissible to replace the actual relationship between the core flux-density
and the magnetizing force by a single-valued function relating B and H.
While this sirnpli 1lcation enables normal mathematical methods to be used in
the solution of non-linear circuits, it completely ignores the effects of
core loss. The magnitude of this loss for some of the modern core materials
is relatively snail and the acove assumption does give a satisfactory
solution, e.g. in magnetic amplifier circuits. For standard core materials,
however, this loss cjannot be neglected and it is the object of this work to
investigate the oore-loss conditions whioh occur when a magnetic material is
subjected to combined magnetization.

A typical hysteresis loop for a core material is shown in Fig, 1. The
loop extends between the limits £ Hra of the magnetizing force which varies

cyclically.

Fig. 1.



It should be noted that the magnetizing fore;® vrave contains only one

maximum and minimum per cycle, i.e. the wave is not re-entrant.

When the wave possesses a number of maxima and minima, then a complex

hysteresis loop will be formed due to the presence of minor loops. A
typical loop formed by a magnetizing fore®© h = coscot + hgo-.sbot is shown
in Fig. 2.

Complex loop

Flux density Magnetizing force

Fig. 2,



The magnetizing force wave has subsidiary minizum values at h' end
h” and subsidiary maxima at h”  and h" « The esbsolute maximum end
minimum occur at ¥ Hm, The formation of the minor loop (A) mey be
readily followed with reference to the magnetizing foree wave, Consider
the sequence of operations from + Hm, The magnetizing force is
decrensing with a corresponding decrease in B until h” is reached, when
h increases and traces out the portion CDE of the minor loop. Alter
the subsidiary meximum &t hm the magnetizing foree decreases to & value
equal to h” and traces out the section F'FC of the minor loop, which is
now closed, Thereafter further change in h traces out the min loop
until the next subsidiary maximum is reached,

It is obvious from the complox loop shape that & single-valued
function camnot now be used to represent conditions in the éagne%ic
material, Recourse must be rmade to expressions which represent the
corplete loop before any cireuit galeulations for cowbined ragnetization
conditions can be carried out, It must be as:umed that the general form
of the minor loops will be the seme as the main lcop cbtained under
single frequency ragnetization for the same amplitudes,

The normal mode of operation of a satureble reactor comprises a
special oase of combined magnetization, when one of the ocomponents has zero

frequency.,



CHAPTER 2,
TYPES OF TWO-FREQUENCY LOOPS,

Then & magnetic material is subjeoted to a magnetising .fcrce
h = hleos(wb +@) + hncos(rm‘b +¥)

The form of the hys‘cérasis loopé produced depends on the values of hj,
hp, n, ¢ end ¢ .,
Case 1. hy = 0

The normal single frequenoy hysteresis loop is formed, As @ is
inoreased, a family of loops will be produced (neglecting any effects
due to edd},r-currents). This will be considered as the basic loop
gonerated at a frequency %t in the following ceses,
Case 2, hy > hy n<l>%

The resulting magnetizing force wave is shown in Fig, 3 when a
slightly lower froequency magnetizing force wave is comdined with the

basic wave,

hg A S B
\\\C ,//i ‘
Wil 7
\/ [T
LT T oy
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Fig. 3.



The maxlmum magnetizing force varies oyocliemlly between hy + hy and
hy « h, and over one complete cycle of the magnetizing force & series of
half loops will be traced out, all differing slightly. (The undulations
in the magnetizing force wave will occur at the higher frequency, i.e, fl).
The resulting loops formed are shown in Fig. 3.

« Case 3, hy = h,, n<1l> L

This is the limiting value of case 2, since the magneti-ing force
varies oyclically from a meximum value of (hp + hy) to zero, This
ocauses the hysteresis loop to take the form of a spiral, which vanishes
when the total regnetizing force reaches zero and then develops & similar

curve outward as the magnetizing force is increasing (Fig. 4),

——
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Case 4, h & hy n<l>d

The basic loop am?litude ls considerably reduced and the resu:lting
loops formed will be similar to Case 2, except that the undulations in
the magnetizing force wave will ocour at the frequeney of the component
hy.
Case 5, hy € hy, n>1

This condition sets up loops which are almost identiecal, except

for the low frequency shift as shown in Fig,. &,

h|g : ' B a
- eel € %
\ /‘\‘H~"/¢\“- - |
H
“~\/ b
b~“s§~ d
_______ K
d t~ :
Fige 5o ‘
Case 6, hy > hy n>2

For this case, the value of hy should not be very much larger then
hy (say hl = 2hn). Minor loops will be formed under this condition of
magnetization, provided that the h wave is re-entrant. A typieal loop

is shown in Fig. 6,

X For the required conditions to cause minor loops to be formed, see
Chapter 3.




-
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Fig. 6,

If the two frequencies of mapnetization are not locked together, the

minor loops will not be formed at the same polnt on the m»in loop in each

oycle, but will drift round the low [{requency loop.

Obviously, as the

frequency of hn is inoreased the distance between adjacent mincr loops

will be deocressed, Due
zero and saximum values,
maximum value of hy when

neighhourhood of zero h,

to the different rate of change ol hy between
the minor loops tend to be longer near the

conpared with the corresponding loops in the

If the total megnetizing force is defined as h = hysinwt + hpsin st

then the maximum number of complete minor loops which may be formed is

(n~1),

As the magnitude of

hy is reduced, the amplitude of the ninor loops

is correspondingly reduced and this oauses the minor loops at h = 0 %o

disappear.,

until Case 7 1s reached,

Further redustion of hp causes more minor loops to disappear



Case 7. hy P hy n> 2

B h < Re-entrant

Fige Te
For this Case, the total mmgnetizing force wave is only re-entrant
at values near maximum positive and negative h, This causes the few
very small minor loops, es shown in Fig. 7, to be generated, Az hy is
reduced Lo zero, the basic single frequency loop is obtained,

Case 3, n = 9; bhy>h,; hy + Ve,

Fige 8.




Case 8a, n = 0; hl<ho; hy + v

|

B| h \
o ho
k.

H

Fige 9.

This is the rgxode of operatibn of the saturable reactor cores used
in magnetio amplifiere » magnetic modulators eto. o minor loop is
formed, but the main lrop 1s unsymmetricsal dza.é to the nresence of the
decs corponent of waynetization, If fhe polarity of the d.c.
oomponent is reversed, then the 106};5 shown in Figs. 8 and 9 are altered
to gix}e Figs, 10 and 11,

n = 0; h1>ho- h, =vw

e

Fige 10,



n=0; h1<h0} ho-v

Fige. 11.

In the preceding general ecases, the two magnetizing forces acting
on the ragnetio material were at frequencies f7 and £y where Iy # nfl,
n an integer, For the purpose of calouletions and experiments in
Parts I and II, the general cases of combined magnetization which will
be conaidered in detail require thet the condition f9 = nfy will hold.
This implies that for a given phase position between the two ragnetizing
forces the minor loops will always ocour at the same point on the major
loop, i.e, the hysteretic phenomena are singly periodie, This
condition will be obtained 1f the frequencies of the two sources
energising the cores are eleotrieslly locked tégether. The neoéssary
oirouit details to obtain this synchronization are considered in Part
1I, Appendix (b).
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CHAPTER 3.
EFFECTS OF PHASE CHANGE.
Let the total core agnetizingforce wave be defined as
h = Tin (ot +f\) +hnsin (no%+ <(T;)
which may be simplified to give
h = h”sinwt + hn sin (i&xb + n0 )

(n is assigned to be an integer of value>l).

The phase angle of the higher frequency component will be considered a
variable. This enables all possible phase positions to be obtainedwhen 6
varies betw en 0and 2] ensured with respect to 0)t, It should berioted
that after & has been increased by * the totalloop vdll have the same
shape, with minor loops in the same relative positions aspreviously. To

illustrate this, a loop is shown inFig, 12(a) when a magnetizing force

h = h* sincut + hg sin (3ot + n 9) (where$ * 0) is applied to a core. The
correspending loop when d s shown in Fig, 11;(b).
Fig. 12(a) Fig. 12(b)

h = h* sin aut + hg sin 3 ab = h* sin wt + h3sin (Socot +2X)
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During this change of phase angle the minor loops moved round the
major loop, as shown in Fig, 12(b).

It oan be seen that a complete oycle of changes will be effected if
the fundamental is moved .?.;V’r radians, the higher-freque¢ncy component remein-
ing fixed,

In thé following sections the magnetizing force will be expressed in
the general form h = hysin (wt +¢) + h, sin nwt, the’ph&se anyle change be~
ing considered with reference to the fundamental quantity. In the
experimental tests (see Part II) the phase of the fondamental 1ls altered
with respect to the hipher frequency compone-t,

As the frequency of the mmgnetizing forece h, is increased, a larger
number of minor loops will be forméd, and the quentity by which the
fundamental shase anrle mist be al tered to give one complete cyele becomes
smaller and swaller, This indicates s smaller range of minor loop move-
ment along the major loop before any nne loop position is repeated, ‘Then
the {requeney of h, is creater tian ten times the frequency of hy, the
phase change effects have practically disappearad;:

Conditions for minor loops to e formed.

Case 1, n large
Since the phase effect is negligible, let the magnetizing force be
given by
h = hjcoswt + h cos n 6wt ‘ (1)

4s shown earlier, the last minor loops to disappear are those in the

Y For exserimental results, see Part II, Chapher 2,



vieinity of the major loop tips, thus corrcspondingly, tiey are the first
to be formed, ‘Vhen the amplitude of h, is reduced, any two adjacent minor
A ximum (of minirum) valuesAof totél mgnetizing force tend to reach a
oomon value, which implies that there is no change in slope between these
points, The minor lcop at that point will disapgear‘wheh.this condition

is reached.

L .
The minor loops will first appeer where %% = 0, This occurs at
Hpax but, as shown in Fig. 13, this does not givé a minor loop point for
the ma;netization condition of Fquetion 1, The first minor loop will be

formed when nwt = %,

Fig. 13
The value of %%.=~mhlsinwt - nwh, sin nwt = 0 and the conditions for
which the minor loop will just disappear are given when sin n wt = =1,
i.es hy sinwt = nhy '

., o wt o= sin™! fﬁ% 2)

Ir %)1 all the minor loops are formed in the aycle, since therse is

no real solution for wt in (2),



Case 2, hen n is small,
The assumptions made in Case 1 are no longer valid and the magnetizing

forse must be defined as

h = hy cos (wt +¢@) + hy cos nwt (3)
Let hy =k hy  (k >0)
.o, g% = ~hy [m sin (wt +§17) +km)sinnwb] o (4)

=
For given values of n and k, equation 4 must be satisfied to enable
minor loops to be formed, but care must be taken to distinguish between the
absolute maximum and minimum values of h and the intermediate ones, which
define the minor loop positions,

The value of k must be always real and from equeation 4

¥ = - 8in (wt +¢)
n sin nwt

. -sin (wt + @) > 0
** nsinnoet

As shown earlier, the {irst minor loops to be formed are those at the

tips of the major loop, corresponding to a magnetizing force

h = h) sinwbt + h sinnwt (5)
= hy ocos (Wb + J) + by cos n wt (= @

= h cos (wt + X) + k cos n wt (kxshn (8)
1 [ w ] h'i')

If the walue of k is such that minor loops ere just formed, then ss
the phase angle ¢ is altered by 595 o give

h = h; (cos wt + k cos nwt) (7)
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the minor loops will disappear. If the value of k is altered to k' such
thet minor loops are formed for equation 7, then as ithe phuge argle is
al’céred the minor loops will continue to be formed for all walues of f .
BEquations 6 and 7 define the rernge of k for & given n to cause minor loop
formetion for one value of ¢ or for all values of ¢ « It should be roted
that X > k.,

Case 1,

Minimum value of k to ecavse minor loop formation at the tip of
the najor loop.

The oase when n = 3 will be considered in detail, Let the
magnetizing force wave be
h = h, sin wt + hg sin 3wt from (8)
= hy sin wt + khy sin 3wt (hg = khy)  (a)
giving two minor loops for suitable values of hze
. %% = h] coswt + 3xhz cosa 3wt = O
L', oos wt + 3k cos 3 wt = 0
,*. cos wt (1 = 9k) + 12k cos® wt = O
»

o'e coswbt =0 (9)
i.0, 0t = 72:. corresponding to (a) the subsidiary minimum value h = hy = hy
when hjy is large enough to cause minor loop formation. (b) maxi-um vaelue
of h when hz is small, i,6., when no minor loep is formed.

Also cos wt = /9151'2‘]‘1 (10)

¢, For minor loops to be formed, this must give a value of wt ¥ .725

corresponding to conditions in Fig. 14(a).

*  k must he grea 1 7
.. " © greater than g.(Ifx= ']§s Wt = -;- and the h wave is not

‘re-entrant),



-
®
I'4

» ~

oo g -

Fige. 14.

Fron equatlion 10 the value of wt at which the first minor loop
eoumences to be forned may be obtained for a given value of k.  This loop
ends when 9l = T = (WG, The second minor loop is formed when 9” = (% + o)
and ends at 6 = (21 - wt),

As the value of k is varied over the range 0~ 1, the pesk wvalue of the
oore wmagnetizing force (') alters. Values of Hp, G %0, the start md

finish of the 'irs® iuus loop are given in the table hel w for values of k,

A

0 02 o4 06 08 L0 |
| Tig. 154
Variation of peak megnetizing force.




- al 4 o
0 900 90° hy  )no minor loop
0,111 0.0 00 900 0.889hy % oo "
0415 0,441 63° 50'  116° 10! 0,867hy
0.2 0.575 54° 54'  126° 6! 0.871hy
0.3 0.684 460 51'  133° 9! 0,920hy
0ud 0.738 42° 27+ 1370 33" 0,993h,
0.5 0,765 40° &' 139° 54 1:076hy
0.6 0.784 380 22t 141° 38* 1,166hy
0.7 0,794 370 26" 142° 34! 1.254h;
0.8 0.806 360 18' 1430 42! 1,348hy
‘ 0.9 0,813 350 36" 144° 24! 1.442n
1.0 0,817 350 12' 1440 48' 1.539h,
Very 1érge 04866 300 150° nhy
e

For the magnetization conditions of equation 8, Fig, 15 shows that
under combined maynetizatisn the value of Hm j& legs than hl over the rangs
of k>0< 0,41, while minor loops are formed only over the portion of this
renge for k > 0,111, It is, therelore, possible that over a portion of
this range there may be a reduction in low frequency loss under combined
magnetization. (See Chapter 4),

Cage 2,

Minimum value of k to cause minor loop formation at any point on
the major loopn.

To obtain this condition, the wagnetizing forae is given by equation 7
(where n = 3),

i®s  h=hy coswt + hz cos Bt



LIRS

= hy (cos wt + k cos 3wt)

» db . 9 = sin wt + 3k sin 3wt

‘-»HE ) .
. 12k sin® wt = (1 + 9k) sinwt = O
»
. gin wt = 0, i.e, wt = O, (11)

This gives maximum value hy + h3

, 1 + 9k
s T L) : . 12
gin b 1ok ( )

¢ For sin wt < 1 the minimum value of k whioh satisfies equation 12

Also

fe 1+ 9k = 12 (sinwt = 1), i.e., k > + .

Provided k > %. minor loops are formed :or this condition of
magnetizetion, The wvalue of Hm obtained is always greater than the low
frequency component hy., Values of Hy, © and 9‘, the start end {finish of

the first minor loops, are given below for valuss of k.

k Lix 6 o' By
0 1 - - 1.0my
0,333 1 90° 90° 1.353h)
0.4 0.98 78° 31° 1010 29t 1.40hy
0.5 0,955 720 440 107° 16? | 1.50hy
046 0.94  70° 3L 1099 57 346y
0.7 .93 6% 36" 111° 24" 1.7h
0.8 0.924  &7° 3! 112°20'  1.8n
0,9 0.918 66° 38" 113° 23 1.9h
1.0 0.913 650 56'  114°4' 2.0k
zgige 0,866 60° 120° nhy
_n




ttk >i mnor loops are formed for any relative phase angle <<
when the magnetizing force is h * sin (ab + (f) + kh* sin 3cot.
Similar results My he obtained for the case when n = 2.
Let h a hx oos ojt + hg cos Sarb.
This gives a minor loop situated at the lower tip of the major

loop as shown in Fig, 16, It should be noted that the loop is no

longer symmetrical*

Fig. 1l6*
* th] sin oot + 2(ch2 sin 2ot
sin oot + 4k sin 20;t = 0 (hg = Kij, )
~ Conditions for zero slopes i) sin oot = 0# i.e*, oot = O*
This gives the maximum value of s.agnetizing force Hm = h* + hg¥*
ii) 4k cos oot =-1,The minimum value of k will occur when

oos oot= -1, i,e, k *



For minor loop formation under the above conditlons of magnetizing
foree k must be preater than 0.25.

The values of wt &t which the minor loop commences end finishes are
glven for various values of k. = In addition the values of the positive
and negative H, and the peak to peak magnestizing force are given for the

range of k from O %o 1, These results are shown grephically in Figs.

17 and 18, (The minor loop starts at © and Tinishes at 0 ).

k cos ot 6 6' H, " Pealk =

. (wt = 0) (wt =0 Peak

0 - 180° 180° hy hy 2hy
0,25 =1 180° 180° 1.28h;  «0,75hy 2hy
0,3 -0,834  146° 30*  213° 30'  1.3h;  ~0.T1Thy  2.017hy
0.4 -0.626 1280 41'  281° 19'  1.4h;  -0.712h;  2.112h;
0.5 <0450 120° 240° 1.8hy  =0,75hy 24250,
0,6 -0,416  114° 35!  245° 25'  1.6h;  =0,808h,  2,408h
0.8 -0,812  108% 11f  251° 49'  1.8n;  =0,95h 247560y
1,0 -0.25  104° 29'  266° 51'  2,0h;  -1.126h;  5.126h,




Fig. 17. Fig. 13.
Variation of magnetizing force. Variation of peek to peak
magnetizing fbrce.

Similarly, if h = sin cat + sin 2ocot, the ninor loop is

situated as shown in Fig. 19. In this case, the major loop extends

between 1 Hm.

Fig. 19.
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‘

. dn cos ub + 2k cos 2v8 = O (ha = khl)

it

4k cosg wt + coswt - 2k = O

* Conditions for zero slope are

-1 #1 + 3262

cos wt =
8k

The range of k for minor loop formation is obtained from the ebove
equation, When k is greater than 0,5, %two solutions are obtained for

wt and hence & minor loop will be set up., The values of wt at which

the minor loop starts to be formed end the values of Hy are given for

the range of k values,

k oo wh 6 0" Hy

0 0 900 hy

0.1 0.187 - 790 13 1.018hy

0,2 0.519 710 24 1;069h1

0.5  0.404 66° 10° 1;135h1
_ 0;4 0;468 | 62° @' 1,215hy
: 0.6 0.5, -1 1800 60° 1;5h1

0.6  0.528, 0,95 1610 4" 58° 8" 1,386Ry

047 0,554, =0,91  155° 30¢ 56° 19¢ 1.476hy
0,8 0,576, =0,878 151° 24! 55° 32! 1.57hy
0,9 . 0,578, -0,86  149° 19' 54° 42° 1.66hy

1.0 0,594, -0,845 147° 40! 530 33¢ 1.76hy

Very o
large 0,707, =0,707 136° 45 nhy

= n

( @ gives start of minor loop)

( ©' gives position of Hp )




The variation of H, with k is shown in Fig, 20,

2.0

0 02 04 " 06 08 [0

Fig. 20,

General oase,

To obtain the values of wt corresponding to -g% = 0 when
h = hy cos (ot +¢) +h, cos n wh

o g% = -why sin (ot +¢) - wn hy sin nwt

= 0

* Ksin (wt +¢) +nsinmwt = 0

. »

where ¥ = hl

B;.
* Asinwt + B coswt + n sin nwt = O

where A= Kocosf and B=K sin ¢ .

Divide equation 13 by cos® wt

* A 8in wt seo® wt + B oos wt seo® wt + n sec® wh sin mwt = O

(13)

(14)
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From De Moivre's theorem by equating imaginary parts

ain n wt =n cos™! wt sin wt - 20 's"l) (n = 2) 408" ot sind wt
. Lo s ¢

n~1
e e e et (-1)"3“" sin® ot (15)

for n odd,

and when n is even

sin nwt = n ocos™} wt sin wt - n(n-éz (1-2)  408™"3 Wt 8in® wt

D22 nel

"'co«ao""'(-l) n cos wh sin wb (16)
Consider case 1 when n is odd.

Let t = tan wt, then by substitution of equation 18 into equation 14; the

following is obtained
n(n—l) (n-z)

Ateecnlwt+ssaon1wb+n[t 3

: n-l
"‘oncco"’("l).—?—tﬂ = 0

andv since seaz wtk =1+ tz

B R 2
. (at + B) (1+t2)’:§1‘+n [ntag-(—’?g-)-—(ﬁﬁ),t's
- et (-'1)25}" tn] = 0 (17)
5,3_&;5_2__%_., n even

Let t = tan 5= |
. 2t 2 1+ 68
*, tan wbt = TTES and gee” wt = 732

", By the above substitition and from equations 16 and 14, the general

eéxpression obtalned ia
s 2 o1 24
8 e 5T s 20 *n[nlwz

n(n-1) (n-2) ( _2% )3

- K38 ( I-%¢ )

2% fi-1
*» o ¢ & @ "(l)n‘z B (?) J = 0 (18)



A

Multinlying equa®ion 18 by (L - ’cz)n Sives

@+ )™t [ 24t + B(1-<:2)]
n(n-1) (n~2)
3!

+n [n(l-ta)n"l 2t = (1-42)7=3 (24)3

n=2

crereenen + (17 0 -82) 20" ] =0 (19)

From equations 17 and 19 by appropriate substitution, the values of
wt are obtained at which the magnetizing force wave has zero slope.

This will give all points at whioh minor loops may be formed, in addition
to the position of maximum positive and negative values of the magnetising
forece h,

The general recquirement for a minor loop to he formed for a
magnetizing foree h = hy (sin wt + k sin nwt) is that k must be greaster
than %"?.‘ Similarly if h = hy (coswt + k cos nwt), k must be greater
than}ﬁ. . Hense if minor loops are to be formed Jlor any value ol phase
angle ¢ then the value of k must exceed % .

From the foregoing it is obvious that to obtain the maximum effect
of phase change upon core characteristics under the assumed conditions of
magnetization, (see Chapter 2, case 6), the Irequencies of hy and hy
gshould be in the ratio 2:1. (The 1:l case is excluded), Results are
oonsidered for thia case in Part II, The more practical case of combined
magnetiation in alternating current ocirocuits is due in most cases to odd
harmonic components of the magnetizing wave and oconsequently the case in

which h = hy cos (wt +¢) + hy cos 3wt is considered in greater detail

experinentally and theoretically,
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CHAPTER 4
EXPRESSION FOR THE CORE LOSS OF A HAGNETIC MATERIAL WHEN
UNDERGOING COMBINED MAGNETIZATION,
The magnetizing force wave 13 defined as
h = hy coswt + h, cosn wt | (20)
In view of assumptions rmade in this oaloculation to give loop symmetry, only
values of n odd are considered.

General expressions for P and H which represent the hysteresis loop

arel
2 2 3

By (n, Hm) = ajph = 8g.h + 8y, hHm+aoz Hm +a30h

e 12 2 3

Sogh” By + 8 By + 83 By (21)
and
B, (h, B ) =a, h+a hW +a hH -a H2+a h3

2 Ve 10 02 11" m 02 m 30

2 2 . 3
+ aosh Hm + alzhﬁm “o:sﬂm v
where H_ is the peak value of core magnetizing force, and a,, are core
constants,
The following constants may be substituted in tﬁese expresslions,
2 3
A = a 0% +aH° = B(0, K
2
a0 + ayyfly + 8,
3
8308
F o= ~(agy + aggfly)

C
(22)

D =

Thus
Bl(h’ﬂm) = S(O,Hm) + Ch + Fha + lgohs +* 4 e e
Bp(h,H ) = -B(0,H) + Ch - Fn? + a5035 « o en (23)
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For h substitute equation 20

. By (n,H ) = B(0,H,) + C(hjcoswt + hcos n wt)
2wt + hnzcoszn wt + 2hih, coswt cos n wh)

3&}1; + hn3o 035

+ F(hlz cos
+ “30(‘113008 n wt + Shlhnaeoswt' cos® n wt

+ 31112 h, cos® wt cos n wk)

- and By(njg,) = -B(0,H;) + C(hjcoswt + h ocos wwt)

"'F(hlzcoszwt + hnzoosznwt + 2hih coswt cos n wt)
+ ago(hy oos’wt + 130083 mut + g2 coswt cos? mwt

2

+ 3172 by, cos? wt cos mwt)

*  Consider only the expression for By (H,Hj)

Fh
= B(O,Hm) + Chy coswt + Ch, cos nwt + "!L'

Fh 2 2
+ _2.1.. cos 2wt + Fhn", Fhy cos 2 nb
- =

+ Fay hy cos (n + 1) wt + Fhy hy cos (n=1) wt +

3 3 : 3
S030M°  aos wt + 230017 cos Bwt + 2308n  cos mwt
-z A A

(24)

(25)

3 . 2 2
azoh Sagghyhy 3az0hy hy .
+ D aos 3ot + w00 LR coswt + o807 cos (2a + 1) wt

2
2
Pt L WP P R 5:.‘7’.0;}..3‘1 cos n wt +

2
3 .
+ 3“50h12hn cos (n + 2) wt + asf):l 2 os (n = 2) wt
4

.
L]

Colleoting terms

2 2
TR F 2" ¢ Fh
By (n,H ) = [B(O,Hm) + —3 - n ]

3agzohy ° Bagoh 3]
+ |Chs + + 30" Py o b
[ 1 e ———r o8

+ Fhla

--2-- cos 2 whk

3
+ %301 cos 3 wh
e mandi

(26)
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36,.h,
+ 5071 Pp cos (n - 2) wt
‘”‘P

+ Fhyhy, cos (n - 1) wt

3a hqs 3a 2hn
+[Chn+.....3_2;_:..+ thl ] cos n wt
+ Fhyh oos (n + 1) wt

2
+ Sa30hy “hy cos (n + 2) wt

4
+ Sazomhp? oo (2n - 1) wt
a}

2

*+ th cog 2n wt

2
2
+ Sagohhy, cos (2n + 1) wh
%

+ 830hp° cos 3n wh

Henoe the general expression for By (h ) is
ok+Booawb+b/oos2m+fcosm+€coemﬁb , (27)

+ % cos 2 nwt + » ocos 3nmﬁ+6[aos (n+1)wt+o0o0s (n~1) wt]

+ '-'[oos (n+ 2) wt + cos (n - 2) w’h] +}C‘[a0& (2n + 1) wt + cos (2n-1) wt]
in which the constants have the following values,

o = B (0.8y) + % (g2 +n?)

B = Cny + Sagohy® |, Sagohyhy?

B S
Fhlz

X=..é....

3
d = RSDhl
4

. .,
E = ong s Szohn 4 Begoh’hy
'3 2

£ = .-.g....nz
3
= 8300,



- 29 =

. . 2
{ = JS8zohyhy
ry
X = 3a30hyh,
r3

Similarly for Bz(h,ﬁm)
= -ot+ﬁooswt-yooszm+foosS(nt-réooam)t (29)
«% o8 2 rut +7 cos 3n wh = @ [cos(n +1) wt + cos (n-1) wt;]
+4 [coa(n + 2) wt + cos(n=2) mt]' + x[ cos (2n + 1) wt + oos(én—l) (m‘;]

These two equations 7or the B = H relationship may be combined in &

Fourier series valid over one complete oycls,

8
B = 0 +9% (a_ ocos k wt + b, sin k wt) (30)
z ﬁ, K ke S0
For n odd
. 'K :
&, = %f{paoswt+d'cc>83wb+€oos it + 7 008 3 mwb (31)
[~

+i[cas (o +2) wt + cos (n = 2) m‘t:] +}([eos (2n + 1) wt
+ cos (2n - 1) oﬁ:] }cos kwt ¢ {wt) |

and

x ‘
b, = %f{‘**b"’os 2wt + 5 cos zmﬁ:-ﬂ-a[oos (n+1)wt (32)
¢ + co8 (n-l)m]}sinkwtd(wt)
The general form of the solution for B is
= alcoswt-l-asooa&ub* e o o o | (33)
+ by 8in ot + by sin 3wk + o 4 .4 .
Since € = tca%g T = ooil turns

A = oross sectional area of core
= TA[-mlsinwtwsunsinSm’s « & & (34)

+ wby cos wt + 3 wby cos Bwbk + . ,]
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To obtain the fundsmental frequency component of core loss, it is
only necessary to evaluate the coefficient by as the applied magnetizing
force was h = hy cos wt + hy cos n Wk,

Evaluation of bl.

In the expression for b, put k = 1
L, b= ""'j{ Ksin 0t + ) cos 2wt sin wt + 5 cos 2n wt sin wb
+0[cos (n + 1) wt sin.ut + cos (n - 1) wt sin wt]} a (wt)
' = -‘f{oc sin ot + aéf (sin 3wt = sin wt) + f_[si.n (2n + 1) b
-sin (2n = 1) m’c] .Z[sin (n + 2) wt - sin ot
+ sinn ot = sin (n - 2) wt]) d (wb)

]
Al
—

-
4nZ - 1] (35)

Substituting; values for the constants [rom equation 28 gives

2 (. 2
JECEARS IR e 'Q(Z};? =17

%'/ ) nzzfé

b =

[B (0,8,) - (agy + 8pg Hm)(%i * %‘;‘:‘%‘ - S%L};E*)] e

From equation 34 the hysteresis loss in the core contributed by the
low frequency camponent is Ey I; cos ¢ , and the r.m.s. value of the in-
ph&aé componsnt of voltage is Thwby (since ma;netizing force is
h=h cos wt+h oos n wt).

* Loss = 29 by I, waits, J (37)

[ 2 Jz"
where I; = ml

(neglecting eddy ourrent effects).
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Equation 36 gives the general solution for b for any odd value of
ne The case whioh is considered in detail experimentally is when n = 3.

~* , Put n= 3 in equation 36.

) o
e by s é[B(g Hn) + F.. (n,? + n,2) - Fny® _ 2Fjhg  _ Fhg?
< 6 8 70

[B(OH)+F( -§.13+%;h32)]

Subatituting the value for F from equation 22,

. : p 2 . 2
b = E[B(‘),ﬂm) - (ay, +agg B) G ?-Enn + o, )| (s8)

L I

Note
If hy = 0, then h; = F_and the value for b, reduces to
4 -1 2 3
[B(O H ) .5. (9‘02 H® + &z Hm )]
[n(ozz ) -._ 2(0,H )]
— B ,H :
= 37( B( » m)
for the case of single frequency magnetization,

Effect of phase changze on loss coeffiscient,.

Consider the ocase when n = 8§, In equation 24 of the previous oase,
substitute
h = hy sin et + hg sin 3 ot (39)
. By (h,H,) = ‘B(O?Hm) + C(hy sin wt + hy sin 3wt)
+ F(m® sin® wt + 02 ein? sut
+ 2h1h32 sin wt sin 3wt)
) 3 3 3
o (hl sin® wt + h3 sin® 8wt
* 3h1h52 sin wt sin® 3 wt

+ 3h12 he sin? wt sin® wt).
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-

= B(0,Hm) + chl sin ot + L*-hs sin 3 wk + -%s 5“-1? - ',’a' .iu'hlz cos 2 b +1 Fh
- '}é‘ %32 cos 6wt + Fhyhz cos 2 wt = Fhihg cos 4 ot

+ .g 83 h15 sin @t « %;. 830 hl5 sin 3 wt + %530 hsa gin 3 wt

- %‘.am hss sin 9 wt + 3 3 hlhsz sin wt - .2. Ban hlhszsin Twd

. 7 %30
+ 3 850 hyhg sin 5 b + 3 gy hy®hy sin 3 wt - § agy hy %hy sinsus
- £ agg 1y Phy sin b

‘Collecting terms.

1l 2 .1 2
B(h,H ) = 5 Py +.5m3 + B (o H) | (41)
) 3 2
+[ Chl + -. a30 hl 30 hlh3 -7 %30 hl h5] sin wh

+[ -X Ty © + Fhl’“:s] cos 2wt

3.3 3
+[ Chs":g“so hy +.4.a30 hy

+[ "Fhlhs] cos 4wt

3 2
+ » Bg0 hl hs] sin 3wt

Y

[755 30 13"4’ 30 M 5] 51"‘5‘”".
1
+[ «* Fh
[ 5 g ] cos 6wt
+[ % 8, hlhsz] sin 7 wt
, 1, 3
+[ T %50 3] sin 9 wt
. Bl(h,H) = oL+ﬁsinwt+Xeos 2wkt + Juinswtd-ﬁooaéwh
Ld k
+ fsin 5wt + %7 cos 6wt + © sin Twt & Cein 9wt  (42)
Similarly
- Bo(h,fy) = ~ot +Bsin wt = y cos 2wt + 4 sin 3wt - £ costwt
+$6in 5wt =% cos 6wt + O sin 7 Wt + L sin Sk
e« ', Combining thes. two equations in the usual manner

B = 5‘0 4-2(a cosm+bksinkwt)

* @, = lfﬂ"‘ f (wt) cos kwt d (wh)

bk"‘«f £ (wt) sin k ot 4 (wt)

®
o
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Since B = By rromy %o 43 and B = B_ from :5- 50 =
'K 2 A S:K 2 )
W e = f Z By(h,H,) cos k wt d (wt) + f“z By (h,Bp)eos wt a4 (w6 (48)
B : .4 . . s

-z
7.4

W = z Bp(h,i, ) sin k ot 4 (wt) +fr31(h,ﬂm) ein k wt d (wb)
L

T

Tz 2
e o (General form of solution for B is
= a] o8 Wt + Az 008 Wb + 4 & o
+ Dby sinwb + bgsin 3wt + 4, 4 4
Since magnetizing force wave is dei’ined as

h =h sinwt + by sin 3 ot

. :. to obtain the fundamental loss component, it is only necessary to
evaluate the ay term in the general expression for B,

o8y =%UZ -*& + P sin ot - y cos 2 wt + d sin 3wt - € cos 4t (44)

-K
Z .
+f sin 5wt = 7 cos 6wt + © 8in Twt + L sin Swt) coswt d(wt)
3%
ER . ) ,
+ & + B sin wb + y'eos 20t + 0 sin 3wt + € ocos 4wt
w
B Z 4 4 sinbut + 7 cosbwt ® O sinTwt + 1 sinfwt) coswt d (wt)]
8y = %q? - K cos wt + g sin 20t - 32 (cos 3wt + coswt) + .g.) (sindwt +sin2wt)
=
-..2§ (cos 5wt + eos wt) +;2% (sin 6wt + sin 4wt)
- g, (cos Twt + cos Buwt) + 2’0 (sin 8wt + sin Buwt)
+.§. (sin 10 wt + sin 8wt) d(wt) +

+ fgz' « cos wh "'% sin 2ot + g (oos 8 wt + cos wt) + é(sin 4wt + sin Twt)
2
2



+ fzf- (cos But + aos 304) '+§ (sin 6wt + sin 4ut)
+ % (cos 7wt + cos Swt) + g (sin 8st + sin 6wt)

B %(sin 100t + sin 8ut)  dwt]
= -%E‘-&%-I%,-(-_g%]

4 2
= - ;[B(o,ﬂm) + (.’2; Fny? + Fhg°) +

(~3Fny 2 * Fnyhg )
K} :

. , =Fnqhz .
(2)  + (= qo Fag")]
| 2
5 - %[B(o,zim)+%-ml +%Fh32-36=-m1 + & Fyhg
Fiyh 24 |
+ “0103 . A 2
15 70 ,Fh‘-".]
4
= - E[B(O,Hm)+F(gh1 %h32+3h1h3~):|
= - % [B(0,B,) - (ag, + g5 Hy) (gny *‘};s%hs En 3)] (46)

Note
If hs‘u 0, hy - H, and the exﬁ;ressibn agaln reduoces t‘o
2 [slomy) -1s (0,1,)]
= g’m B(O,Hm) for single frequency magnetization.

The two oases considered may be combined and the effect of a change in
_fha reletive phase of cune component studled in detail if the magnetizing
force in Case 2, equation 39, is taken as the basic reference, l.e. |
h = h) sin ot + hg sin 3wt, Thre mégnetizing force for case 1 may then be
written as | |

h=hy sin (ot + 60°) + hy sin 3wt . (i.e. @ = 60°) (47)

These btwo wagnetizing foroe.valuss give the limiting conditions of
core magnetization. Equation 39 gives minor loops situsted at the tips of

the major loop (see Figs 21). As shown in Chapter 2, for small values of

hz, the minor loops forzed in this position are the last to dlsappear as hyg
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is reduoed. Additionally, this phase position gives the minimum value
of Hjjj for given values of and hg and hence it would be expected that
th® low frequency core loss would be a minimum at this point,

T}}© other extreme case, equation 47, gives a loop as shown in Fig,
22, The maximum value of total core magnetising force for given hi and
h3 values is obtained in -this phase position, which also gives the maximum

low freq lenc; core loss.

Fig, 21, h = h* sin ab + hg sin 3ot

Fig, 22, h = hj sin (oot + + hg sin 3 oot

The magnetizing force waves and loss loops obtained in the two
extreme cases of combined magnetization (when n = 3) are shown in Figs,

21 and 22,
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Effect of the hicher frequency component of magnetizing force on the low
frequency loss term,

13) If the core is gubjected to & magnetizing foroe
h = h, cos wh + h5 cos 3wt, the pesak value' ol magnetizing force is
Hp = hy*hgz, the loop shape obtained is shown in Fig. 22. The loss term
by as obtained from equation 38 may be compered with the corresponding
term obtained when the core is energised by h = h1 cos wt, i.e. single
frequency excitation with the same value of hy as above.,  This will show
if the low frequency component of loss is increased due to the presence
of the higher frequency term. In this case, since Hj > hy ean increase in
loss would be expeoted, |

b=k [BO.E) - (agg + 8gg B, (37 - Zhéhs * 35 13 )]

(from equation 38)

Let kg = khl and substltute for B (OE) from equation 22 (k>0 <1)

#

*, Sinoe B (0,Hp) Ozﬂmz +a 3H 3 where By=hy +hg=h (1 + k)

3
gy (hl + hs) + &g (hl + hs)

2 2 3 3
8oy (1 +x)°+ 8,g hy (1 + k) (48)
' 1, 2 _ 2mh 17 . 2
and (agy + agq H ) ( 3hy ________,és + g;;hs)

2kh 2
(—l-h - kl + %%‘kahl)

= [ 8o * 85 (1 + k) |

= ["'02 + 85, (a+ k)hl][ h12 (.33; - ?_%, + 17 kZ)]

= agghy® (%"‘%5 *%%' K2) +ah® (k) (% - -5- *--kz) (49)



' From equations 48 and 49,
- by = 2[a 8,0 13 @ +x)%+a,0° 0+ x)® - aozhlz(-s- s+ 2L k)
o 1 17 .2
) - agehy® (1 + k) (3--.2.§.+35k)]
4 2 2 A 2 2 ,
= ﬁ{‘ozhl [0+ 02 - G- 5+ B‘Qk )] aggh® (24w
00"~ G- - 40
2 |
| [Pa 2 +P(1+k)a051J (50}
Where P = [(1 +x)2 - (3 Z . %;{_kz)]
o g (G R Bo) agn? ¢ (3 gg ke ME 4185 aosh ] (1)

From the single frequency case for the same value of low frequency

magnetizing force

1 8 '
b= g B(0Ey) (Hy = 1y)
4 2 2 2 3
o [a"*ozhl * Z%s M|

,.'_. If there was to be anv reduction in low fréquenoy core loass due to
the superimposed megnetizing force, then eitrer P or P (1 + k) or both,
require to be less than-?;; for a value of k, which must be positive,

Consider expression for P = (1 + x)? - (‘é' - 3%, + %';5,' k%)
=1+k2+zk-35:+§£§ - 113
= ‘g' + % k+ %g. X2
* ‘.‘ Provided k is positive this equation will salways be greater than

-?;. Similerly (1 + k) P> %. The low frequency core loss is increased
by (by - bll) as k is varied,

4 | (12 2 102 ,2 . 18 .3
Vhere (by - byt) ”'ﬁ‘[c"b'k"'%'k ) ‘02}11 + mkd—..%.k + 5z k°)

853 h15] (52)
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Variation of the inorease in coeflicienits with the value of k

k }% k %’g i }% £+ mx l'g’?»' e 0.515k2 '%'g' k + %%?.
= 2.4k =0,515k% ég. w2 | =8.07c =2.92k° + Elz;g,kg

0 0 0 0 0 0 0 0

0.1 0.24 0,005 04245 0,307 0,029 0.,0005  0.336

0.2 0,48  0,0208 0,506 0.614 0,116 0,004 0,734

0.4 0.9 0,0825 0,982 1,23 0,465 0,034 1,729

0.8 1.44 0,186 1.62 1.8 1,08 0.11 3.00

0,8 1.92 0,33 2.25 2.46 1,86 0.26 4,58

1,0 2,4 04515 2,92 3.07 2,92 0,51 8.50

For this condition of com:ined ragnetization the presence of the

hicher frequency term causes an increese in the low frequency loss,

1b)

megnetizing force as the coxbined loop, i.e. single frequency case

hl' = Hm cos wht and combined sapnetization, h = hl cos wht + h

where Hpy = hl

= hy (1 + k)

For combined magnetization the vaelue of by is the seme as previously obtained

(equetion 51),

. "34
L R

4 2.4 2.2 N 2
= Zlgrgrrs gt Grmr

+h3

3

The single frequency value is cobtained below,
co.n g
by =z B(O,Hy) = g= B[0,h; (1 + X)]

(3202 m® 0+ 0%+ gaggmy® (14 0)°]

2

cos Jwt

Assume the single frequency loop has the same peask to pealk values of

+ -g- kz) aoshlg] (53)
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Comparing the values of bi’with b, obtained previously, the increase in

n

funderental loss is now given by by - Iy

*
* e

r 2 . 2 o " 2 B
%{[@5 -3+ G- 3 *(-]gg - §>k ] 852 by

=§ [(0.94}: - 0351k?) aOzhlg + (2.07k + 0,92k? = 0,151k")

»

The low frequency loss is increased by

2

[(‘g“' 'g) + %‘g" 2)e + ’ié‘%é" 2)’ + '(3)?;@?‘%') kz’]‘oa hls}

B

203 h13]

The values of the incrcage in the coefficients “02 and’aﬂs for

valucss of k are given below

agz - a03 4
Kk 0.94k  0.51k% 0,94k « | 2,07k  0.92k%  0,151k° 2,07k +
0.151k2 0.92K2 -
: 5.161%%
0 0 0 0 0 0 0 0
0.1  0.084 0,001 0,093 0.207 0,009 0.,0001 0,216
0.2 0.188 0,006 0.182 0.414 0,037 0.,0012 0,45
0. 0.376  0.024 0,352 0.83 0,148 0.0097 0,968
0.6 0,564 0,054 04510 1.24 0,33 0,0326  1.54
0,8 0,75 0,097 0.653 1.66 0.58 0.077 2,17
1.0 0,94 0,151 0,789 2,07 0,92 0,151  2.84
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- /
L //% i)
REPE

0 0.2 .

|

Variabion of loss coefficients,

It is seen fron Fig, 23 thet, while the above coefficient values
give a smaller increase in low frequency loss than in the previous cese,
there is still an apprecieble increase in loss for all values of k, when

the core magnetization is h = hy (cos wt + k cos 3 wt),

2) Consider now the oonditions where there may be & reduction in low

frequency loss, 1.6, when h = hy (sin ot + k sin 3 wt). For e range
of k values H is now less than hy, For a given value of k, the value
of Hy nay be obtained in terms of hy. A table showing tﬁene values is
given in Chapter 3,
The single frequency magnetizing force will be teken as h = hy sin wt

and the loss coefficient by is given by

I e e e .
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’

% [T{: R(Q,Hm)] frosm oquation 46
) 3 :
= i[oesa n.? + 0.66a__ h 2

% L7802 M 03 1 ]

Under combined maynetization conditions, no general expression can be
obteined for the change in loss with variation of k due to the dependence

of Hm on k, Humerical ocases will be considered and the condition

illustrated graphically.

Let k = 0,15, i,e. h = hl (sin wt + 0,15 sin 3wht) where hy = khl

Now from Chapter 3, the value of H = f}.867h1
. 4 T 1 2 17, 2
Com=x [B0E) - (e, + a5z B) (5 hl + g hyhg + 5z h, ) ]
from equation 46,

Subatituting for hg, k end H .

Y .
o 2 2 3 3 |
B(O,H,) = 0,867 8, by + (Q.aav) 845 Ny (s4)
| 2 3
L, = 0,75 8g2 h1 + 0,65 503 hl
£ 2 17, 2 2 2
(Ghy *Ehyhy * gL hy ) =h® (0,33 + 0.ak + 04867 (55)
= 0,401n, *
2 3
(Bop + 8yg Hy) (0,401 %) = 7140185 0y 2 + 0,347a:, hy (s6)
Fronm aquations $4 and 36,
o =% [(0.75 - 0.40) 8,5 1y + (0,65 = 0.547) gy By ]
4 .
== [ 0,349, hl + 04308 8, hy ] (57)

Comparing the goefficlents of equation 57 with 0,66, the single
frequency value, it is seen that under combined megnetization conditions

there is a reduction in loss when h = h; (sinnt + k sin 3wt) for k = 0,15
1f agy and ag; are both positive,



The corresponding results for varlous values of k ere piven below

and are shown on Fig. 24,

k Hy %02 B0z
0.0 hy  0.66  0.86
0630 0.92}11 04356 0,329
0,50 1.075h; 0,51 0455
0.80 1.548h1 0.85 1.15
l.o 14)‘539.{11 1'14 1‘76
1.6
Qps
1.2
5 , Qo2
08 e
|
/ ]
\
0-4 Q
0 0.2 04 k 0.6 0.8 1.0
Fig, 24,

oo Bion of loss coefficionts,
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From Pig, 24 it is seen that a reduction in loss is possible over

& wide range of k if Bp and a_., are -oth positive, (This reduction is

03
quite indeprndent of the nurerical value of these constants), For most

core materials 302 is positive and a_ . negative, To obtain a reduction

03
in Wy under these conditions and independen® of the numerical value of

the constants requires ag, < 0,66 and 84z > 0,66 for the same value of
hl_(i.a. single frequency case h = hy sin b, combined magnetization

h=hy (sinwb + k sin 3 wt))., This eondition is satlafied when

k is > 0,58 and < 0.66, The value of agygz obtained experimentally is
usually small in oomparison with Bae If it can be nerlected, then a
reduction in loss will occur over the range »f k from O to 5,66, It
should be noted that minor loops are cnly formcd when k > 0,111 (See
Chapter 3),

I% has beea shown that under conditlions of combined megrnetization,
the low frequency component of core loss way be reduced, under certain
eonditions of relaiive phase angle and ragnitudes of the magnetizing
forces, when compared with the core loss value obtained for single
frequency naznetization at the seuws fundamental magnetizing foroe, It
has also been shown that under these conditions the peak core
magnetizing force may be leas than that obtained in the single frequency
oase, It may ie suggested that this reduction in loss could be atiributed
only to the reduotion in H,, although from Fig. 24 it is seen that a
reduction still occurs when H,> hl’ i.e. fo: k>0,68, The 8y
cocfficients obtained on Page 42 would *en require to he compared not with

0,66 the coefficient value ‘or +the oripinal value of hl’ but with the
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ecoofficients obtained below or the value of ﬂm‘;btained “ar each valie
of k.

4 S R SN 2 3
1.0 orlginal 8y = = [ 0,66 B(0,1) ] = % (0,66 agy Hy~ + 0466 &gy K"

For Hy substitute values given in the table on Page

ouge k=015 8 =27[0.66 8y, (0.867)° + 0,66 a (0.86m)° |
=L (0.196 a, n? 40,38 07
The complete range of these coefflcients is given below

. u n
k Hy &0z 803

o hy 0,66 04886

0.15 0.867hy 0,496 0,43

0.3 0,92hy 0.56 0.515

0.5 1.075hy 0,763 0,82

0.8 1,348h; 1,19 1,61
1.0 1.539h; 1,57 244

Fros: the above table it is seen that, if the single frequency
loss 1s compared with the loss under combined magnetization for the
sane maximun mAgnetizing force, e reduction is obtained under the latter

condition for all values of k considered, i.e. >0 § 1. The varietion

A}
* u

of coefficients ay,, a,q and 8g¢ 8o (fTom Page 42 ) are shown to a
base of k in Fig, 26,

It is considered that this latter method of comparison is less
suitable and does not fully illustrate the chenge in core conditions

from single to corbined magnetization,
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Varietion of loss goefficients,

It pust be borne in wmind thet the foregoing results for the changes
in the core loss values are obtained on the sssumptions that the minor
loopé follow the same defining equations as the major loop and, addition-
ally, that there is no change in the magnetic properties of the core as
defined by the core constants 8gp and 853 ue to the presence of the
higher frequency magnetizing foree,

Up to this point, only the fundemental loss “erm has heen considered
since the wmain point of interest is the conditions required to ;ive a

reduction in the low frequency core loss. To deberwine the earragponding



loss berm ve to the higher frequency magnetizing loroe, by may be

mluated from equation 32 for h = hy cos Wt + h5 cos 3 wt,
T

i

i.0. by %f[oc sin 3wt + Yoos 2wt sin 3 wt + % 0os 6wt sin 3wt
: o

+ O (ocos 4wt sin 3 wht + cos 2wt sin 3 wb }d {wt)

]

=
2 o
Ef[dﬁin St + gf (sin Bwt + sin wt) + f (sin 9wt - sin 3wt)
()
+ g g (sin 7wt = sin wt) + & (sin 5wt + sin m)]d(wt)

n

4
= (—o(,+ .._b/.-...ﬁ +~.. e )
Substituting constants frouw equation 26,

2 - 2 2
4 . Fm? 4+ vhg 3 .2 _ 1 ¥h 6 ]
bs [ Y, -g{B(O’Hm) + Wa.aé.m} + Bs _‘2},_. - ,g .'ﬁgl— + gg Fhlhs)

AP

F 1l 7 2 1.2 s “

i

Substitutine for F i'rom equation 22,

. 2 2
= % Z 5 B(0,H,) = (ag, + ayg H) ("1?'5' hy + %‘ hy + 'g‘f's‘ hlh‘:f»}] (58)

This expression gives the magnitude of one component of the 3wt flux

density wave, As smm by equation 37, this coefficient is proportional

to the loss component at that {requency.

3T e : .
* Core Loss = SThu b3 I; watts, where IK’.’: = E_?}_ (59)
Iz =

(Wegleoting eddy current effects as previously).
The corresponding value of loss term (as) for the core magnetization

oondition h = hy sin wt + h3 sig: 5wt may be similarly obtained from equatinn
%* e
2 r7 .
&3 = -,;{/ - (& oos 3wt + Yy cos 2wt cos 3wt + € eos 4wt cos It

—2 *+7 oos 6wt cos 3wt) d (wt)
-4 rl | 2 2 2 ~
=% [38(0Fa) = (agp + a5 Hy) (= F51y° + Jghg” + 1= mhg)]  (60)



Compa.ring eqimfions,ss and 60, it is seen that sinmoe hy > hg hence
the value of az will be greater than by, since equation 60 oan be rewritten
as v

0 = <% [FB0E) + Gy ¢ ng ) Ggm® - Ty’ - Iy hang]]
The last two terms in this expression are so amall that they may be
neglected,

The variati~n of the 3wt loss coefficients may be compared with the
corresponding fundamental loss coef“icients. It is seen that, whken the
fundamental loss is at e meximum (h = hy oos wt + hs cos 3Bwt), the‘Swt
logs term is & minimum, Simllarly, when the fundemental loss is at a
minimum (h = hy sin ot + hy sin 3wt) the 3wt term is a maximum,

These theorsetical results are verified experimentslly in Part II,



48

CHAPTER 5

SPECIAL CASJr OF CORE MAGNETIZATION WHFH n = 0, i.e.

A.C. AD D.C. ,'AG TIZI1C FORCE.

The core mugnetissing force for this condition will be defined ss

h = ho + hi sin oot, which produces the well-known unsynsnetrical hysteresis

loop as shown in Fig. 26.

Fig. 26

The core loss in this case cannot be obtained from the expressions
in Chapter 4, since these assumed a symmetrical loop shape. It is
obvious that the core loss is dependent on the valiJ.es of h.Q, h* and the
resultant + bm and -bn magnitudes obtained. Due to the d.c. component,
th© hysteresis loss is increased for the same -bm values, the loss
increasing as ho is increased, i.e. when the loop occurs in the saturated
region, for the same tbm its area can be three times that at the origin
when ho » 0, see Fig. 2? which illustrates typioal conditions when the

peak to peak loop flux density is 0,1 weber/sq.m. for silicon iron.



Fig. 27,
"Variations in loop area, as h is altered, for the
same amplitude of core flux density.

'lien the peak to peak flux density value is increased, the resulting
change in core loss as Iig varies, is much reduced until when the loop ex-
tends well into the saturated region, both positively and negatively, the
change in loss value is extremely small. This condition is obtained in
a parallel-connected transductor on short-circuit.

To obtain a mathematical expression for the loss under this
condition of magnetization is not practical and recourse is made to
empirical formulae. It must be pointed out that the core aterials used
in magnetic amplifiers, modulators, magnetometers etc., have very small
core loss values, which are usually neglected. The B - H relationship
is then defined as a single-valued function. For the normal core

materials, e.g. stall~>y etc., a formula based on Bteinmetzl equation

2
gives an estimation of the loss. One form of this, due to Ballis

p = (-y+«.n0y) *x (61)



where By = polarizing flux deusity
.ami B = half the total flux density amplitude
P = loss in the loop
X = 1,6
y = 1.9>
Equation 61 is based on the single freqxxénoy mgretization
hystercsis loss obtained from Steinmetz' equation (P = n B ) The
value of the exponent x iz not constant over the range of B, but varies
betwecn wide limits (1,6 -2), i.'o this term is sdded an additional
factor to account for the increrased loss when the core is subjected to
unsymnetrical msznetization, It has been shownz that tre exponent y
in this term is also not constant over the flux density range, but
varies f{rom 1.8 = 2,1,
When the exponent values 1,6 and 1,9 are taken for x and y
respectively, the errors over the complete renge of flux density values
for silicon iron cors meterisls vary from 0 % 12%, This enables an

estimation of the hysteresis loss to be readily obtained, '



CHAPTER 6

REDUCTION OF LOV-FREQUENCY COMPOHENT OF HYSTRRESIS LOSS

The reduction of hysteresis loss noted in Chapter 4 was obtained on
the assumption that the core rmterial constants, defining the B - H
relationships were unal tered under conditions of combined magretization,
It is sugpested that there may be a further reduction in the low frequency
component of loss due to "domain shake up” by the higher frequency
componert, cavsing a reduction in molecular friction to the lower
frequeney component, Yo mears are availadble of assessing theorétically
the magnitude of this effect, but it would be thought that when the two
frequencies of the ar~lied magnetization are relatively close btopether
the reductlon in loss due to this cavse would be small,

The effedts of the higher—freq&émcy magnetlizing force on the core
may be compared with the effect of mechanical vibration on magnetic
properties of matirials, I% is well known that, when a soft iron wire
is subjected to mechonical vibrstion, its retentivity is almost completely
removed and the B - H curve of the material no longer possesses the usual

lower bend region, es shown in Fig. 28,

For harder magnetlo meterials, this effect is not so pronounced,



RN ]

Fig. 28
e teturvs for soit anmenlsd ilron wire

a) Normal
b) ¥ith mechanical vibration.

The eorresponding slectrical effegt was illustrated by Gerosa and
Finzis in 1891, A soft iron wire inside a solenoid was subjected to
two magﬁetizing forces, An slternating current was passed through the
wire; which set up cirecular alternating megnetization and direot current
In the solenoid caused longitudinel magnetization, It was obaerved3
that the sisceptibility to longitudinel mmgnetizetion was increamsed due
to the action of the al ternating component. The violent ,domain dis-
placerent due to this component destroyed nearly all traces of hysteresis,
a8 mneasured by the longitdinel magretizing forece,

4 very convireing curve is given by Piv:”}.ng;4 which shows the effeot
on the hysteresis loop obtained when an iron wire is subjected to normal
reversals of longituiinal magnetization (Fig, 29, curve &) and when an
alterneting longitudinal ourrent is also applied {curve b), It is seen

that the normal loop oollspees into practically a single line relations

ship between B and H,



Figs. 29,

In Part II, Chapter 6, experimental resulis are obbtained when the
core raterial is subjected to combined magnetization at 50 and 1450 o/s
and it is seen thet no reductlon in low I'requency core }oss occurs ontil
the materiasl 1s operating beyond tue knee of £he megnetization curve,
From the results for fixed hy avd h (n.f, test 1, Pagel26), over a wide
range ol irequensy fhere is no chenge in the low frequenoy core loss,
which indieetes that if 'thére should be any reduction in loss due to
"domain shake up"”, it is independent of the "frequency of shake", This
would indloate that for normnal core raterials operating under combined
magnetization eonditions as above, the reduction in core loss is not
primarily due to the presence of the high freqnenéy componert itself, but

is dependent on the core opersting in the saturated region, It is

‘ suggested, therefore, t at the high frequency component of magnetizetion
affects the elignment of the magnetic moments of the domains, enabling
them to follow the charge in the low freqguency magnetizing force more

easily. This causes s redustion in hysteresis loss,
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CUAPTER 7

VOLTAGE AND FLUX DDNSITY HARMONIC COHPONLNTS

The experimental cireuit used to investigate the effects of phase
oharﬁge under combined magnetization conditi‘ons is shown in Fig. 30,
Two identical cores are used, each with similar windings, Full detnils
of the actual constriction of the test specimens are given in Part 1I,
G‘ﬂ&p‘bez; 1.

Each set of enerzizing windings is connected in series and sunplied
from high impedanoe sources with current waveforms,

i, = T} sin ot

in = T sin oot

This method of energizing the cores is based on the saturable
‘reamctor method of connection but under the above conditions it is
necessary to investigate the astual voltage components appearing ceross

the supnly terminals d:e to the flow of the above current in the cores,

o
0
=
N
n

¢

) I,

s - -
©
o
-3
[, ]
-—

Fige, 30,
Basic circuit.
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The ideal mode of operation would give no voltage at the freg:ency
of source 1 or harmonics of it across source 2 terminals and similerly
for source 1 terminals, Under these conditions there cen be no flow of
harmonic power from source 1 to source 2 or vice versa, To obtain this
condition with the _iven ourrent waveform, the cores would require to
present linear impedsnces, which is not the cese clué to the effects of
the core meterial. The voltege soross each winding on the specimens
will, therefore, contain hsrmonies, If these harmonic voltages cause
ocurrents to flow back through the sources, then two effeocts ocouvr,
Firstly, due to the harmonic current flow the core magnetization is no
longer h = hy sin ot + hy sin nwb avd, secondly, there will be a power
loss in the soursce caused by the harmonic current, This harronic
power rust be supplied from the fundarental power delivered to the cores,
as 8 resvlt of which the measurements of core loss obtained will be
greater than the true loss since,

Fundamental power input to specimen = Total core loss + haricnie power,

The effect o harmoniec power flow will, therefore, be to increese
the measured fundemental component of core loss, Thie fact must be
borne in mind when the high frequency test results (Part II, Chapter 6)
are considered. (See also Part II, Chapter 7).

To obtain aralytically the voltage components aoross the source
tei'minals under oorbined magnetization conditions, the core B = I

relationship will be represerted by

Bm=aH+ bH® + %  (where 8, b ard o are constents) (62)



- 58 =

This expression neglects hysteresis and eddy current effects hut ensbles

an estination of flux-density harmonie components to be readily obtained.

The magnetizing force for core 1, Fig, 30, is given by

= h) sin wt + hy sin nwt | (63)

and the corresponding magnetizing forse for core 2 is

h = h sin wt - hy sin nwt (since nwt winding on core 2 is (64)

reversed),
Substitite equation 63 for H in equation 62,
) : Core 1 flux density
by = a(hy sinwt + h sin nwt) + b (hy sin wb + hy sin t)®
+ 0 (hl sin ot + h sin mrb)ﬁ ,
= ah) sinwh+a hy sinnwt + bhy° sin® wt + b 'hns s1n® nost
3b hyh ? sin ot sin® ot + b hyhy sin? wb ein mt

+ ¢ hlﬁ’sins wt + o hn5 sin5 ot + 5S¢ hl4 hn ain4 wt 'sin nnt

+ 106 hy® hnz s1n® @t sin‘not + 10 o m? a3 sin® ot sin® nwt
+ bo hl‘n 4 sin wt sin4 nwt
n
Expanding and collecting terms
¢ b oo 3, .3_ 3 2,5 .5
.'.,bl sinw‘b(ahl*zbhl *-—-bhlh +Fevh1
lb 3 15
o h 1" + [ h h
4 i )
3_56 S 2
+ - -t - —
sin 3wt (= 3 b hy oh1 4oh13hn)

,+!,-1n6wb(-3-_-§ch15)

4

+ 8in (n-é)wt(%ohl h)

4

3 2 5 15
+ 8in (n - 2) wt (= = - — -2,
( )w(4bh1h 4:4:5211!: achlm

%)



+

+

The above expression gives the complete solution for the flux

- 5:7 “

’

£

i c n 9 Sy + 0 h ? + == ¢ h, h
sin nwt (& hy, +£n h Y +sb - ¢ hy by

7 2 1 n 8
4oh2h3)

2 3
sin(n+z)wt(~-4-bh12hn %ohfh }%ohlhn)
sin (n + 4) wt (g o ny'ny)

sin (2n-5)m(-.§.oh5hz)

2 4
1) wt (zbhlhzi-l—-chlhnz*%chlhn)

sin (2n+1) ot (b ? =18 onyn? - 2o mn )

sin (2n

sin (2n + 3) wt (% o hl'jhnz)

+

ain (3n

2) wt (42- o hlzh:’)

1 3_5 5_5 2 3
sin 3nwt (- b h," = omo by 7P b))

gin (3n + 2) uwt (2 e hlzh 5
otn (4n - 1) ot (= S o hyny?)
sin (4n + 1) wt (rgc hlhn

sin 5 nwt (---e h 5)

density Crom the given B = H relationship, when the applled magnetizing

foroe is givea by equation 63, i,e,

’blwAsmart:-Cs::.nawh-vbsinsms'b}?.ain (n - ¢) wt

«F gin {n - 2) wt + @ sin nwt = F 8in (n + 2) wt

+E gin (n+ 4) wt ~ J sin (2n = 3) wt + K sin (2n - 1) wh

“K sin (2n + 1) wt + J sin (2n + 3) wt + L sin (3n « 2) wt

«M gin 3 not + L sin (Bn + 2) wb - N sin (4n « 1) wt

4N sin (4n + 1) wt + P sin 5 nwt

(85)

(The values of the constants are obtained from the above equation)
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From equetion 85 (which ives the general solution for the
components of the flux density wave) it can be seen that in addition
to the harmonic components produced due to the magnetizing force
components wt and nwt, intermodulation components are introduced, 1.e.
med)ut, (n+48) wt ; (n=2) wt, (n+2)wtbj; (2n=3)wut,
(2n+3) wt 3 (2n~=1)wst, (2a +1) ot ; (3n~2) wt, (30 + 2) wt ;
(4n - 1) wt, (4n + 1) ut,
due to the cowbined ragnetization condition, When n is smrll, the
above components give rise to a complete series of odd harmonio
somponents, A %tyslosl case when n = 3 is considered on Page 61

"hen n is large, the additional components oscur at frequencies
Just above and just below the hizher frequency harmonic componerts,
Similarly for core 2 when the magnetizing force is given by equation 64,
by = a(h; sin wb - by sin mot) + b(hy sin wt - hy sin mwt)®

+o(hy sin wt = hy sin nwt)®

Expanding and collecting terms as previously gives the general
form of the core flux density as
bp= Asinwt - C gin 3wt + U sin 5 ot - E sin (n - 4) wt

+Fsin(n-2) wt-Goinnot +F sin (n+ 2) wh

L}

Esin(n+4)wt~J sin (20 = 3) wt + K s4n (2n - 1) wt

4

Ksin (2n+1) wt +J sin (2n + 3) wt = L sin (3n « 2) wt
+ M sin 3 ot - L sin (3n + 2) wt - N sin (4n « 1) wt
+ Nsin (4n + 1) wt - P sin 5 mut

The values of the constents in this expreasion are identical with

those obtained for bl‘
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Under sinrle frequency magnetization, the corresponding flux
density components are given below,
Let h = h,y sin wt
b= a (hy sin wt) + b (hy sin wf)s + 0 (hl sin wB)s

5
= sin wt (ahy +%‘bh13 * % ohy )

n,°)

+

sin 3wt (= i bh.l‘”
N )

= A' gin wht + C' sin 3wt + D' sin Bwt

+

sin 5wt (--- ch

This can also be obtained from the general emse by putting hy = O,

|| || | Core 2
Corel
h,sinwt ” ” "gnsmnwt

Fig, 31,

The voltage appearing eoross A = B under the assumed conditions
of magnetization may be reedily obtained from the foregolng expressions
fér flux density,

Core 1, magnetizing force = hl aiﬁ wt + h, sin wb 4
Core 2, magnetizing foroe = hy uin ot « h, sin nwt
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d ; ab at
Voltage across AR = Ny j}_ - B NIA ( *°1 - by )

. ¢,

at - dt dt
a

= NAgp (by = by) (if ¥y = N,)

(A » gore cross-sectional area.
lsqtﬂ.h)o

= 2 N4 'g"g (£ sin (n -~ 4) wt - F ¢in (n - 2) wt + G ein nwt
“Fsin (n+ 2) wt +F sin (o + 4) ot + L ain (3n = 2) ot
-i gin 3n0t+ L sin (3n + 2) wt + P sin 5 nwt)

= vawﬁl.& {(nG cos nwt = Zn 1 cos 3n wb + 5n P cos 5 nwb (66)
+(n=4)Foos (n=4)wt=-(n=2)Focos (n«2)wt
-(n+2)Foos (n+2)ut+ (n+4)Eocos (n+4)wt
+ (3n = 2) L cos (3n - 2) wb + (3n + 2) L cos (3n + 2) wh)

Simi.l&rly, the voltage soross LB

AR - %)

= mla (A cos wt = 3C cos 3wt + 5D cos Swt ~ (2n = 3) J cos (2n=3) wt

+ (2n=1)Kecos (2n=1) wh~(2n+1) K ocos (2n+1) wt (87)

+ (20 +3) Joos (2n+3) wb= (4n=1) % cos (4n - 1) wt

+ (4n + 1) ¥ cos (4n + 1) «t

Hence it oan be seen from the above expressions that the voltages
‘ appearing across each set of energizing windings on the cores (B and IB
in Fig, 31) contain fundamental + Harmonie oeﬁponenta of one supply and
additionally certain "intermodulation products” as given above, (Negleoting
winding resistances),

The voltage across one core only, i,e. FB

d
molfy - oma By
at at



Ay [A cos wt = 3C cos 3wk + 5D cos 5wt + (n -~ 4) E cos (n~4) wt

(n~2) Foos (n=2) wb+nG oos nwt = (n+ 2) F cos (n+t2) ot

L}

+

(n+4) Ecos (n+4) wt = (2n -~ 3) J cos (2n - 3) wt

+

(2n = 1) Koos (2n = 1) wt - (2n + 1) K cos (2n + 1) wt (68)
+ (2n+ 3) Jecos (2n+3) wb+ (3n=2)L cos (3n = 2) wt

30l cos 3wt + (3n + 2) L cos (3n + 2) ot = (4n - 1) N cos (4n-1)wt

+ (4n + 1) N cos (4n + 1) ot + 5 aP cos 5m3‘b]

From equations 66 and 67 it is seen that the effect of the bask-to-back
comection when ocompared with single-core excitation (equation 68) prevents a
large peroentage of the harmonic voltage terms ypenerated in each core from
appearing aocross the source terminals,

For the case when n is large, the voltage aprearing across the "wt"
source consists of harmonics of wht + higher order terms in n,. Siinilarly,
the voltage across the "n wt" source consists of harmonics of n wht + higher
order terms in n, If large air-cored inductances are inserted in the
supply circuits, the impedance presented to the harmonic voltages will
restrict the flow of hermonic current to negligible proportions,

When n is small the intermodulstion products give rise to voltage
components at the hamohio frequen‘,cies of each smrce, this oase is
illustrated for n = 3,
then vy = 2wilj4 (A cos wt = 3 (C + J) cos 3 wt

+85 (D+K)cos buwb~7Koos 7uwt+9J cos 8wt~ (69)

« 11 N cos 11 whb + 13 ¥ cos 13 wt)



and v3 = 2qA (<F + F) cos wt + 3G cos 3 wt - 5F ons Swb
+9(FE+L)cos Twb -~ 9 Moos 9wkt +11 L cos 11 wt (70)
+ 15 P oos 15 wb)

From these equations it would at first sight appear that the use of
the baok-to-back comnection was of little advantage due to the presence
of 3wt end wt terms aeross the wt and 3wt sources respectively. The
magnitade of the coefficients of these terms is small end it is found
that they do not in any way detract from the méthod, provided the source
impedances are relatively large in comparison with the core winding
impedance,

‘The corresponding voltage across one core winding (i.e., FB, Fig.3l)
when n = 3 is obtalned from equstion 63,

= Njdo ((A~E=«F)coswt=3(C+JI~G)ocos 3k -

+5(D+E=F)oos5ut~7(K=F =L) cos 7wt (71)

+ 9 (J =M cos 9t + 11 (L = ) cos il wt

+ 13 Necos 13 wt + 15 P cos 15 wt)

From this equation it is seen that the effect of the intermodulation
when n= 3 is to alter the magnitude of the true harmonio terme (wt, 3wt,
Bwb, wt) by smounts depending on the magnitudes of hy, hz and the core
constants b and c., The remaining terms 7 wt, 11 wt and 13 wt are set up
solely by intermodulavion, since the normal core hermonic components are
only considered up to and ineluding the 5th in this snelysis,

KHots.
The values of the constants A, C and D under combined magnetization

differ from A', C', D' (see Page 59 ) obtained for single frequency
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excitation, but the change is NOT due to the effect of the int rmodulation
terms, as shown by the general expres:zion for bl on Page 57 (equetion 65).
The ahove theory has been developed on the assumption that
hysteresis and eddy ourrent effects are absent, While this is not the
case in préctice, it does irdieste the efiect of the baock-to-back methods
of connsotion, [ue to ocore losses thére will not be perfeot balance
between corss for any frequency, &s the flux density is a dauble-valued

funotion of the magnetising force,



PART IX

EXPERIMENTAL RESULTS,
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CHAPTER 1.

GENERAL CIRCUIT DETAILS.

From the theoretical considerations of Part I, Chapter 4, 1t is
seon that under certain §onditions of combined nagneti#ation the low=
frequency component of ocore loss may be reduced below the single
frequency value by the action of the higher frequenoy term. These
results have been investigated experimentally, using the baslc oircult
shown in Fig, 3 (See also Part I, Chapter 7).

Core construction,

Two exactly similer specimens of special Lohys were assembled,
To ensure that each sore had the same magnetic properties, the 64 ring
stanpings nsed were sub-divided and mixed until two cores of equal
woizht with 32 stampings each were 6btained. As the insuline coating
on the stampings showed signs of deterioration, rings of tracing paper
(0,0025" thick) were inserted between the stampings, Before the

windings were put on, each core was half-lapped with insulating tape.

Each winding was distributed evenly round the complete core eircumfercnce,

Specimen detéils.

Stampingst 19 oﬁ OuDs
16 em I.D,
0,014" nominal thiokness
Cor@ weight 639 gm each
Core area 1) From ring thiokness 1.524 on®

2) From core weight (assuming density 7,80 gm/cm3)

1,495 om?
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Mean psath length 54,9 om

Windingss 1) 200" 30 S,7.G. Lumex
2) 1007 7/0.0075" Durawire
3) 00T 22 S,W.G, D.S.Cs enamel
4) 1007 18 S,%.G. Lumex

To 1llustrate fully the effects of phase change upon the core
loss values under condibtions of combined magrnetizetion, a serles of
teats was oarried out with various values of magnetizing force
components to illustrate the loss variations as the relative phase
angle is altered. To enable the phase angle to be controlled, it
is necessary to atilize two supplies whose frequencies are locked to
one another, The necessary circuits etc, to enable 50 and 100 o/s,
and 50 and 150 o/s to be obtained practiocally with provision for
acourate and easy change of phase angle are described in Appendix (b)

The cores are vagnetized under sine current coniitions through-
out these tests, Thile it is realized that this condition of
magnetization is not always obtained, the cholce of test method rests
between sine flux, or sine current, with the normal practical
condition between these two idesls. Under combined ragretization
the test method vsed, i.e, back-to-back connection, is ideally suited
to the case with sine c:rrent, ¥it» the cores in series, as in Fig,
3, alth~ugh sinusoidal supply voltages couls be obtasined, the
individual core voliages end hence the {lux would not be sinusoidal,
The sum of the voltages across the two cores would add together to

give the sinusoldal supply voltage, It night he suggested that this
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sould be overcome by comnecting the windings in parallel, Obviously
if both low frequency and hipgh frequency windings are connected in
parallel as in Fig, 1, the main asset of the back-back cormeotion is
lost since each supply will inject its own voltage components into
the other source and also caise a large circulating current in the

windingzs, This method is obvinusly useless,

A I g“ hit
|

Fige 1.

If one set of vindings is comected in series, the circult
for a parallel comnecbed saturable reasctor is obtained, For two-
frequenoy exoitation (f5 > 0) a circuleting ourrent will s+1ll be
obtained i; the parallel branch, vwhile the core excitation from the
high frequency source is no lon:er sine flux. (See Fig. 2), This

method is, therefore, not suitable.

v | 3lig
ElS

hd.




In view of the above, it is seen that to utilize fully the
back=back method of oconnection the two cores must have their windings
series connected and energised under sine ocurrent conditions, This
conneation is used for all the tests carried out on the cores (See

Fige 8)e

4007 4007

I8 gl Il
f' Ig)gly

1007 4o0T ,'4007 1007

4
*—0— &

[ 3

Fig. 3.

By means of a:meter switeches at 1, 2 and 3 the ocomponents of
the total current wave can be obtained, For a.c., potentiometer
meagrements s standard resistance is inserted at 1 and the two
components of the magnebtizing force csb‘c;éined, tre voltage components
being measured from the volbags ascross the 4007 search coils AQ or
‘BO. This voltage is the total core voltapge containiné £y ,. fy, and
harmonics of both these components,

For wattmeter rceadings the two core-loss components are
obtained by inserrting the current coil at 2, to give Wfl and at 3 for
Won with the volbage coll connected across the a0t winding A0 or BO,
The sum of these two loss values will equal ¥y which is obtained by

inserting the current coil in position 1.
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CHAPTER 2

EFFECT OF PHASE AS THY FREQUENCY OF THE SUPFRIMPOSED
MAGNETIZING FORCE IS VARIED,

Since only the maximum &nd minimum values of the core loss component
are required, it is not necessary to have locked frequenoy supplies to
illugtrate this effect. A motor generator set was used Lo obtain
frequencies over the range 100 = 250 ¢/s., The circuit diagrem of the set
is shown in Fig., 4. The speed of the set was altered by armature
resigtance and to wmaintein the torque, the field ourrent was increased as

the ermature current was reduced,

AN >
+ -
To specimen,
24V variable frequency,
0-100V
- AN >
Motor Alternator
tield tield
Fige 4

With the cores energized in the noréal raner {rom the 50=-c/s sup-ly
and the motor-generator set, the frequency of the latter was adjusted to
give & slow drift of the core los: from meximum to minimum values, The
core loss components were obtained from the maximum and minimum readings

of the wattmeter, whose voltage coll was permanently across the 4007
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winding., The current coil was inserted by the ermeter switch into each
supply lead and the total current circuit as shown in Fig. 3.

Igp = 0.64, I superimposed = 0.3A.

f ofs 0 50 100 150 200 250 1450
wo WX 0,55 1,57 1,20 1,44 1,10 1.03 0,9
Min 0,55 0,26 0,70 0,66 1,04 0,98 0,91
o Vox 0 0,92 0,33 0,65 0,55 0,68 =
Min 0 0,5 0,21 0,3 0,52 0.6 -
wp Max 0,56 1,64 1,44 1,78 1,656 1,66 =
Min 0,56 0,19 1,03 1,28 1,54 1,58 =~
kgp =Wgo Max 1 6,05 1.71 2,18 1,08 1,056 1,0
: Min
kne e %-ii- 1 1.8 1,67 2,17 1,06 1,06 1,0
Ktotay = T %% 1 8,65 1,40 1,39 1,07 1,04 1,0




-
100 200 300c/s

Fige. 5.

From the values of ki 4.y (Fig. 5), it is séen that the effects of
phase change have practically ceased to elter the total core loss when
the frequency ratio is 5/1, for the values of ragnetizing foroe in
this test, | For all values, the limit of the range in which the phase
of the higher frequency component with respect to the lower f1, affects
the total core loss may be teken as 10f3, The peak which oocours at
f1 on the graph for ky a1 18, of course, dependent on the values of hy

and hhf' For the case when hl = hnf the value of k ig %o at fl sinoce
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the meximum and minimum h values are 2hy and zero when the frequencies of
the two components are equal,

The increase in the values of kg and kypp when the frequenoy is
150 o/s is due to a corbination of the 150-c/s voltage component from the
3rd hamonioc of the 50=c/s supply and the fundamental of the 150-0/8
supply. These both contribute to the core loss at 150 c¢/s.

Conditions which give the largest chenge in core loss with phase
angle occur when hf = 3f3,  This is, of course, discounting the condition
when hf = f; since this is not & true case of combined magnetization which
agsumes two magnetizing forces of different frequencles, Core conditions
when hf = {7 are obteined in the normal marmmer for single~frequency
excltation, The case when hf = 3fy is accordingly fully investigeted and
additionally, the cese when hf = 21y,

There is no harmonioe interference for this latter case, as core 1
magnetization gives rise to odd terms and core 2 to even hammonic terms in

the flux density wave,
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CHAPTER 3
VARIATION OF MAXIMUM AMD MINIMUM CORF LOSS COMPONENTS OVER THE

RANGE OF MAGHW!TIZING FORCY VALUES,

The cores were energized from the 50wc/s and 150-c/s supplies in the
nofﬁal menner and the reletive phase-angle altered to pive maximum and
minimum éore loss values (total, 50 and 150-¢/s components). Vhen the
cores are not operating in the satur&tgd region it would be expected that .
maximum and minimum velues would be obtained, when h = hy sin (wt + 65) + h3
sin 3wk and h = hy sin wt + hy sin 3wt respectively. This is seen to be
the cage. As the cores are taken into the saturated region, the effects of
the eddy currents cause a non-uniform flux distribution across the core-
gsection and since the magnitude of this loss is proportionml to the r.m.s,
volbage induced in & search coil winding, 1% is seen that the maximum core
loss can ooour at a value of phase angle which does not give By but'gives
the maximum value of Bn .\ 5, (See also Chepter 4 for values of Ep,m.g.)e
Additionally, it is assumed that the core is being subjested throughout to
the magnetising force which is measured in terms of the value at the
surface of the core, It must, of course, be borne in mind that in gencral

the peaks of the observable values of B and H do not synchronize,
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Variation of meximum sad mininum values of total core loss with superimposed

magne tizing force for verious velues of Sh=c/s magnetizing orce.

1150 0.05 091 0.2 0.5 0.@ 0.5 OQSS A
W qor‘a max 1.99 1.24 1.51 1@78 2.06 2.51 2.46 W
H5O = 10902 ? 550 400 450 450 450 400 4:00
¥p/core min 0.88 0,88 1,06 1,28 1,63 1,78 1,88 W
¢ 0 8% -10° -10° -18° .20° -30°
ig/core max 0.68 0,84 1.11 1.42 1,73 2,06 2.26 W
HSO = 81.9 :
| ¢ 58° 56° 58° 52° B3°  50°  50°
IBO = 0045A
Wg/oore min 0.48 0,61 0,7 0,99 1,83 1.7 1,92 W
¢ 0 0 -5% 5% a15° a30° -30°
W,/eore max 0.26 0,4 ©0.68 0,98 1,36 1,88 2,87 W
¢ 60® 60° 60° 60° 60° 60°  60°
Wy/core min 0,13 0,2 7,41 0,71 1.1 1,56 1.92 W
¢ 0 0 0 =5° 109 ~10° ~10°
150
0.8 oLy : 0,81 0471 0,69 0,72 0,74 0,78 0.80
0445 L 0,71 0.61 0,63 0,69 0,77 0,82 0,85
0.3 A 0,54 0,50 0,60 0,73 0,81 0,83 0,81

o« = ¥mn/oore min
M /core max




A

0S5 "~ 0.6A

0 0 2 55_ 0.4
Tiso
Fig. 6.
Variation ot Wy y.x
3 — ——  ———r ——
[ 9
g =
i_ sObA

| : I,

adSh o
% a3

/
2 0.

IISO
Fig.7.

Variation ot W .y

0.5

0.6A



- 5 -

From Figs. 6 and 7 it is seen that for the lower range of I150 the
core loss is mlways greater than the value obtained under single frequency
excitation., As the hisher frequency component is increased, the total
core loss approaches the value for Izg = O, The value of I gz, &t which
this csonditicn is obtalned depends on the lower frequency masnetizing
force, as shown graphically in Figs. 6 and 7, The ninimum values of Vg
are obbtained at lower values of Hy,g for the same Hy than the maximum
values, For large values of M, the maxirum ard minimum values of total
core loss tend to the values obtained under single frequensy conditions
(i,es H5p = 0), It should be noted that for each value of Hyy under com=
bined magretization, thers is one value of the 150-0/s componert which
causes no chanze in core loss when Hzn is removed, This value is given
by t'e intersection of the Hg, = O curve with those for various values of
Hspe  Further inorease of Hyjgn causes an overall reduction in core loss
vnder combined ragretization compared with the corresponding loss for
single frequency conditions at 150 ¢/s, As the wagnitude of Hyzn ia
further increased, this reduction will Te reduced since, as stated above,
‘these curves tend to the Hgg = O curve for very large values of Hygge

When the ratio g%ﬁi&. is plotted to a base of Hygy it is seen (Fig.

) Tmex
8) that the smaller the value of the 50-0/8 vagnetizing force, the larger
is the differonce between maximum end minimum core loss values for swmall
values of Hygp, but i% is obvious that as Hg is further reduced this
condition must be reversed, In the limit when Hgg = 0 the value ofaQT

is unity for all wvalues of H50.
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(Contd) Iygq 006 0,10 0,15 0.2 0,25 0.3 0,8 0.8 0.6
Vsopax | 0025 04335 0,395 0,435 0,465 0,485 0,48 0.44 0,36
Hs0 = 54.6 ¢ 60° 60° 60° 60° 60°  55°  40° 38°  35°
Igo = 0.38 VWigomim | 0011 0,12 0,145 0,18 0,206 0,22 0,20 0,176 0.1
) 0°  0° 0° 0° 00 =10° =110 =-28° -40°
Tomax | 0+025 0,048 0,07 0,10 0,11 0.12 0.13 0.125 0.1

9 609 €00 60° 600 80°  52°  50° 300

Iz = 0a1BA Ygouin | 0.01 0,01 0,02 0,04 0,06 0,066 0,08 0,08

¢ 00 oo 0o 00 00 ~100 «17° =180

Iso

0.6 Ao 0,79 0,58 0,526 0.5 0,47 0,45 0,41 0,35 0,34
0,46 K 50 1,635 0,48 0,47 0,46 0,46 0,47 0,45 0,41 0,33
0.3 X 50 N84 1,38 09,37 0,41 0,44 0,45 0,42 0,40 0,28

0,15 X 50 044 0428 0.28 0.4 0,45 0,54 0.6l 0,64

A,
50

W5o/core min

50/ core nax,

The variation of the minimum component (Fig, 10) is

of nost inbterest

since in this way it is possible to control the core loss by altering the

magnitude and phase of the superimposed componert,

(nce the core reaches

the saturated state it is seen that for all values of 50=c/s marnetizing

force, this loss component rapidly decreases,

flux is severely distorted due to large 150-o/s component.

This ocours when the core

The shape of

these curves is seen to be similar to those obtained from the high frequency

tests (Chapter 6), where all phase effects can be neglected,

The first

minimum value of W5Omin,occurring at a low value of Hy 50 will correspond to
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saximum oorc permeability, which ls obteined for the same value of Hy

for all valupv»nf 350.
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Variation ciff & ;4.

The variation of K 5o (Fig. 11) indicates that the effect 6f phase
changze for low values of ;4 is more pronounced when Hgg is small,
“hen Hygo 1s increased, this effect is swamped, As the higher-frequency
component is further inoraQSed, a large phase ef7ect 18 obteined,
provided the lawer;frequancy component is large enough to take ths core
into the saturated region (See Fig, 11, Then Iz, = 0,154, % = 0,64,
while for Igp = 04343 X = 0,35 for the sane value of I 55).  For large
low-frequency core loss variations due to the effect of phage change,
there are two possible core conditions

1) Peak ragnetizing force M just below the knee of the B = H curve.

(i.e. Umax)

2) Tgo >Hy in 1) and Hygg large,
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The relative phase angles at which the maximum and minimum oore
loss velues are obtained have been given for all the foregoing tests.
This serves az an indication of core conditions, giving & measure of
the flux distortion and eddy ocurrent loss present in the core, When
the core is operating well into the saturated region, the angle
changes considerably with an inorease in Hygoi |

Variation of maximum and minimum values of 150=c/s component of

core loss
1150 0;1 0.2 O .3 O.é 0.5 0‘55
Hgy = 109.2 ¢ | o -4 -0 -17°  -20°  -28°
¢ - 75° 700 850 50° 509
Msomax | 0e12  0.32 0,67 0,91 1,33 1,65
Hzo = Bl.9 9 0 +10°  -g° =10 =300  30°
(P 1000 s0° 850 80° 40° 300
Moomax | 007  0.24 0,8 0.88 1,80 2,04
H5o = 54,6 ¢ | 60° = e0° 60° @59 680 760
150 = 0,3A ?“‘rlfj(:)min 0 07 0. 21 0.46 0 «82 1l .34 1l .62
¢ 8° 8o 10° 10° 0° 0°




(Contd) Iis0 | 0.1 0.2 0.3 0.4 045 0,55
50 | |
0.64 | Xis0 | - 0,128 0.462 0,6 0,875 0,715
04454 Riso | - 0,66 0,81 0,85 0,895 0,872
0434 K50 | - 0.876 0,92 0,936 0.836 0,795

N ?.%?150/001*8 min
150 ¥ 50/core max.

From Figs. 12 and 13 it 1s seen that the minimum values of Wygp and
maximum values, provided the core is not fully satursted, are obtained
for the largest vaive of Hzp. This would be expected since the avail-
able flux change will be large when ilgg is large. As the core is
taken well into the saturated region by an incrcase in Hyjgg, the maximum
core loss value i3 now given by the minimum value of Hgg. This is due
to the core being carried well into saturation by the relatively lerge
150=0/8 compone t. (lijgy > Hg,y for this condition to ocour). The
flux density weveform is now sharply peaked, giving rise to a large

150-0/8 loss component,
The variation of K150 (Fig. 14) shows that the largest core loss

swing, with phese angle, cocurs when Hzy is large and Hygy is small,
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& similar geries of tests was carried out with the cores
magnetized at 50 o/s and 100 ¢/s. Uhe core megunetizing force ie
defined as h = hy cos (b +¢) + hy cos 2wb., The results are
summarized iﬁ Figs. 15 = 23,

The curves of most interest are. those showing the variation of
Veouin and 1“350;“11‘ (Figs.’ 16 and 19). hen compared with the correspond-
ing results obtained previously for 150 c¢/s and 50 o/s, it is seen that
the Wp ourve hes & minimum velue for low values of 100-o/s magnetizing
force, whereas for 150-¢/s excitation the minimum ocetzrayj«'-i'_mgﬁ@&;,o- is
zero, Thus, under combined ragretization at BO and 106‘"‘"0/13 the
total ocore loss is less than the single low frequency loss, over the
lower range of Hyqgy, when the total co:;e magnetizing force is defined
as

h = h) cos whb + hy cos 2 wt



1.6

1.2

\if/Co re

04

12

W;/Core

2

>
e

— Y
—
— 2

.2

0.
Iloo

3 0.4

Vanaglon of Wr mx.

0.5A

Conll
! (o

o-"ﬁv~
\'_/ / Y
__-{E(/oz 03

Iio
Fig.16. Vorxation of HT MIN.

0.4

0.5A



1.0 ‘ /
. N 0 L = =
‘s 74
0.6 {
% \ 0.45A° .
0.4 \\0_-1&/’
0.2
0 0. 0.2 0.3 0.4 0.5A
Tioo
Fig.17.
Variation of K;
L L06A |
. .‘ \
v 08— | 045
pummmn
‘6 /
L /
>4
. 0.3A
N // B
\___/ .
0.15A
0 0.1 0.2 0.3 0.4 0.5A
Lioo ‘
Fig.18.

Yariation of Vso,mx.



The reduction ocours, provided the lower frequency loop is formed
by a magnetizing force which causes this loop to extend above the
"lower bend" region of thé magnetization characteristic, i.e. when
I50 > 0.2A approximately, The percentage reduction is greater in the
region when Igzn = 043A corresponding to operation at the rmaximum core
permsability. This position of operation also gives the largest
charge of core loss with phase angle, as shown by the variation of kg
in Fig, 17, Approximately, for values of ll;p in the saturated reglon,
the maximum phase effect 1s obtained for Mgp = % I;g. This also is
the minimum value of Iyny bo cause the magnetizing foroe wave to be
re-entrant for all valves of shase sngle, (Cee also Part I, Chapter 3),
The variation of V5omin (Fig. 19) is seen to be similar to the
values previocusly obkained “or 150-o/s excitation, If the 100-c/s
magnetizing force §ou1d he increased further, the gradual reduction in
W50 would be obtained for large values ol Hygpe. The reduction at lower
values of 150=c/s nagnetizing force may be due to the 150-0/s flux
comnponent being caused partly by its own magnetizing force and partly
from the 3rd harmonic cowponent of the 50=c/s flux wave, In the
100~¢/8 case, there is no intersction between fluxcs since their frequency
comnonents are all dissinilar (i.e. odds from 50 o/%; evens'from 100 q/s).
The maximum phase effect again occurs for Igg = 0,3A when Ijgp = M.1064,
1.4 F100 = % B0,
The results for Wigo (Figs. 21 - 23) show that this component of loss
is reduced as the low frequency magretizing force is inoreased, the

raximum phrge effect occcuring with the largest value of low frequency

magnetizing force.
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JHAPTER 4

LFFECT OF RELATIVE PHASY AVGLE CHANGE ON LOSS COMPONENTS,

In the preceding section 1t is seen that there are very large
changes in the core loss components due to a change of phase angle,
The values obtained only indicate the esctreme conditions of loss
oomponent and 1t is considered desirable to investigate how these
quantities alter between thelr extrese limits, Accordingly, locked
frequency supplies were used aud the relative phase angle altered
over & complete range of values, The irdividual loss components
were ob%ained from a.c. potentiometer measurements, Details of the
8.0, potentiometer circuits used to enable two-Irequency results to.
be measured are given in Appendix (a),

The megnetization conditions considered aré

B! = by sin (814t +¢@) + h, sin 628%
and h" = hy sin (314t + @) + hy sin 942%

The results are obteined for hy = 154.4 AT/m over & range of
~ velues for hy and hy and additionally 7or hy = 77,2 AT/m, The range
of’ phase angle, which is always obtained with respect to the 50=¢/s
supply, necessary to carry the core through a complete oYole of losa
chages depends on the higher frequeuncy corponent, 7ith 100-0/%
oxoitation the core conditions repeat alfter 180° as the one minor loop
has then returned to its original position, Over the range 0° « 900
the results sre repeated again from 907 = 180°, due to the loop

symuetry. The core loss conditions when f’: 10° say, sre identiocal
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with those obtained when¢f = 1009, Hence a complete cycle of the phase
effeots will be obteined if ¢ is varied from 0° - 909, Similarly with
150-0/s excitation the core conditions repeat exactly, i.e. each of the
two minor loops return to their original position after a change of 240°,
but due to loop symebry the couditions obtained over 0 - 120° are
repeated from 1200 - 240°, A complete oycle of results is obtained with
120° change of phase, In addition to core loss values the peak core
flux~density is obtained for 8ll phsse angles, Due to the possibility
of the induced voltage wave being re-entrant, the sitardard method of
obtaining By by e rectifier volitmeter cannot be applied and the peak
flux value was read directly using a velve volireter (see Appendix (o)).
To enable the eddy-current loss in the core to be approximately obtained
AN T .M.9, meter was connected across the 400T search coil. To prevent
ary current being taken in this circult a vacuo-junction and uripivot
movesent were used, full details of whioh are :;iven in Appendix (e).
Using the approximate formula for eddy-loss derived in Appsndix (d), the
true totel core hysteresis loss can be estimsted, At the present time,
no methed has been devised to determine what percontage of the total
eddy-ourrent is supplied from source 1 arnd sovres 2 since when 57 and
150=c/s supplies are used, there is interaction between the 150=0/8
voltage component ard the third harnonic of the 50=c,/s voltage, This
is not a serious matter as it is the variation in total core loss from
cach surce which is being investlgated, Additionelly, the trend at
the present tilme is not to separate out the hysteresis and eddy-curreat

loss components due to the large discrepancies obtained, but to treat
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the core loss as a complste unit, In practical ceses, of course, it
is the total loss which is of concern. (See also Appendix (d}),

Test A gives results for combined megnetizetion at 50 and 100 o/s,
A series of tests was carrisd out by variation of the 100~0/s
magnetizing force, A specimen set of results obiained from one of
these tests is shown,

The variation in individual loss components end tobtal core loss
for the above case 1s shown in Fig., 24, The. results from the oomplete

serles ol tests are summarized in Figs, 25 = 28,
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Test A. I, o = 0e6A
I, = 0.6k h o= 154 sin (0t + @) + 154 sin 2 ot
# 0 10 20 30 40
I, *+ 9y 04263 0.353 0.426 0.497 0,647
+ Jby ~0.54  =0.485  -0,416  =0,336 «0,246
Egy *+ 8, 0.544 0.532 04501 0.452 0.370
+ jb, ~0,139  =0,06 0,027 0,178 0.310
Voltage Factor 20 20 20 20 20
Ligo * % 0,578 0,578 0,578 0,578 0.678
+ 34y 0406 0,06 0,05 0,08 0,08
B0 * O 0.123 0,092 0,064 0.188 0.31
+ ja, 0,87 04877 0,837 0,666 0.495
Voltage Factor 20 20 20 20 20
a8y + byb, 0.218 0.218 0.202 0.166 0.126
W50 /c0re 1.09 1.08 1,01 0.83 0,688
o010, + djdp 0,115 0,097 0,078 0.141 04205
Wyg0/00re 0,144 0,121 0.099 0,176 0,265
Wgg + W gp/core 1.234 1.201 1.109 1.008 0,886
Bpr + Vg 0,709 0,709 0.709 0,768 0,797
Bur - Vg 0,945 0,915 0.855 0,680 0.617
B pesk~peak 1.654 1.624 1.564 1.448 1.314
V4no Teriese 16.7 16.0 15.2 13.8 15,7
Eddy Loss/core 0.338 0.308 0,279 0.232 0.227
Wr hyst 0.896 0.893 0,830 0.774 0.659
B 50 0.826 0.790 0,737 0,718 0,715
Br10o 0,325 0.325 0,31 0.256 0.216
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h» 154 sin (wt + ) + 154 sin 2 ot

# 50 60 70 80 90
I, e 0.575 0,504  0.584  0.58 0465
ey -0.174  -0.072 0,03 0.138 04234
Egy  + 8y 0,403 0,367 0,317 0,259 0.178
+ by 0.444 0,474 0,498 0,51 04508
Voltage Factor 20 20 20 20 20
Lo * o 1.120 1,120 1120 1,120 1,120
+ 34 0.070  0.070  0.070 0,070 0,070
Bioo * o 0,324 0,825 0,291 0,274 04283
+ 3d, 0,464  0.506  0.556 0,681 04595
Voltage Factor 40 40 40 @w 40
aj8y + byb, 0.185 0,184 0,203  0.224 0,213
Wgo/aore 0,775 0,920 1,015  1.12 1.065
o0z + dydy 0,395 0,339  0.365 0,345 0,369
Wy00/core 0.990 1.00 0,610 0.863 0,805
Wso + W00 1.766 1,920 1,925 1,983 1,960
By + V, 141 117 1,49 109 1,14
By = Vg 0.676 0,73 0.77 0479 0483
Bnr peak-peak 1,786 1,90 1,96 1.98 1,97
VaooT Femess 20.4 21.0 21,7 22,0 22,0
Eddy loss j/(NDI‘Q .50 0.532 0,508 0,585 0,585
Wp hyst 1.265  1.388  1.357 1,398 1,375
B0 0,856 0,836 0,378 0,845 0,792
B.1100 0,416 0,445 0,465 0,475 0,487
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For combined magnetization in the range k >0 <1 (i = /100 )
the total core loss under this condition is preater than the lo(s)s obtained
when the low [requency term is acting alone, The =flect of phase on the
total loss ceuses it to vary between wide limits, as shown in Fig. 25,
When the core is magnetized at 50 and 100 ¢/s the minimum total core loss
cccurs when ¢ = 46° (epproximately), which is also the condition for
minirum megnetizing force, The variation in total loss is relatively
| small in comparison with the changes in the individual loss oomponents,
The lower frequency term will be considered first sinee it is usually of
most interest, |
There are two distinet reglons of operation for phase effeots, the
firat applicable when the core is operating below seturation, and the
second when it is well into the saturated region, TFor the first case,
the neocevssary omditions to pive & reduction in low-freguency cors loss
below the value obtainsed under sine-current single-freqguency excitetion
follow the theory in asrt I, These results are shown for the case when
Iz = 0438, I15p = 0.15A and 7,34, For the latter cese, it is seen “rom
Fig, 26 that no reduction in low-frequ‘enay loss occurs over the phase
) angle range, whereas when the 107=c/8 component is reduced to 1,154,
there is a reduction in loss over a range of phase anples from (}7 = 30 & 60°,
It rust be borne in mind that in Part I the results were obtzined by
assuming an expression which of necessity comprised only a few terms Yo
repregent & function whioch would be delined accurately by e very large

nurber of terms, In this way, the theory ceases %o be of value when ‘he
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cores are operating well into the saturated reglon, Fron the
experimental results, Fig, 26, it is seen that, provided the 100=-c,/s
component of magnetizing foroe exceeds 259 of the fundemental term,
there will be a reduction in low-freqiency core loss, As the
100~¢/5s component is inoreased, the minimum value of core loss is
further reduced,

The necessary requirement for a reduction of loss in the two
regions of core operation are examotly opposite, i.e,

1) Small Hygg (only limited mange of values)
2) Large Hygp (the larger Hygg, the smaller V).

The phase angle values throughout these tests are determined with
respesct to the current wave and hence due to the angle (not a constant)
between B and H in the core the minirum loss will not always occur at
the same phase angle value when the core is in the saturated region,
since the flux wave then condains & high percentage of harmonic terns,
This is shown im Fig, 26, where the minimum occurs at @ = 459 for
I300 = 0,184 and is shifted to'f = 340 when Iynn = 0.6A,  The
variantion of the actual minimum and maximum velues hes been considered
previously in Part II, Chaptir 3, for a large range of 60 and 100-o/s
magnetization conditions,

It is of interest to compare the variztion of the 50=c/s
component of flux density in the core with the loss value obtained as
the phase augle is altered over the range, Since the 50=o/s
enmponent of magretizing force is constant in magnitude, the variation

in core loss is caused by elteration in the magnitude and phase of this

flux eomponent. Tt 1s seen that the phase & gle for minimum cnre loss
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is not that which gives a minimum value for Bpsn (Fig. 29). Tt can
thus be stated that the reduction in loss occurs primarily dus to a
change in the angle o the complex permeability . TIhis change is
eaugsed by the action of the hisher frequency cowmponents acting on the
oore,

The variation in the 100-0/s loss component with phase angle
doss not show a large varistion when its magnetizing force is large,

- (Fig, 27)., As this value is reduced to 0,5Hsn, comparatively large
changes in loss are obtained, This is the stnallest velue of super-
imposed magretizing force to give a re~entrant wave for all phase
angle values, For this valve of Hy,,; and all larger values, the
loss under single frequency conditions is greater than when the sanme
magnetizing foree is sciting with a low-I{requency value large enough
to teke the cors into the saturated region,

When the low-f equency value is reduced, it is seen from Fig.

28 that the individual loss value for Hy., = Hy, is the mean value of
the loss under combined nmegnetization, For smaller values of Hygo
the loss is greater than obteined in the single Irequency test.

As previously, the core conditions determine whether the hisher-
frequency loss term is increased or decreased when the same sinusoidal
magnetizing fores acts under combined aonéitions. When the ocore is
operating in the saturated region, there will be a reduction in this
loss term, It raast be noted that conditions sre considered in the
range Hyoo $ Hso. If Hygop Dlso the above conditions no longer apply
since in the limit when Hzp —»0, there will be no change in the higher-

frequency loss term.
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"hen the total core loss is obtained with given values of rapgnetizing
foree and the cores are operating under single f'requercy waegnetizatiocn, it
ie seen that the sum of trese values is always greater than the ninimum
loss obtained with the same magnetizing foree components under combined
magnetization. When the 100-c/s component 1s swall in comparison with
Hzp, there is very little difference between the individual sum of V5, and
Voo and the minimum value for combined conditions.

When the 50=0/s component is large emough to take the core to the

satarated region, the loss uander combined condidvions is less for all phase

engle values thean the sum of the single frequency values, For the case

when l;, is small, the minimum loss under combined conditions is less than
the sum of the individual loss wvelues, but as the relestive phase of the
oomponents is altered the combined loas becomes preater than the sum of
the individual losses, This would be expected sinse, if the core is
operating below the saturation region, an incresse in megnetizing force
will also cause & large increase in flux density with a eorrcsponding
ineresse in loss,

The corresponding results from single and combined tests are given

below,



Tso 0.6 0.6 7,6 0,6 0,3 0,3

Iy 00 0.6 0,456 0,8 0,15 03 0,15

8ingle frequency WBO 0.872 0.872 0,872 N.872 0,169 6,169
tests,

Mo | 1492 104 0,275 0.,0113 0,275 0,0113

M50 + Wyog | 24792 1,912 1,147 0.883 0,444 0,180

Combinsed Tmax 2.0 1.86 1.24 1.15 0,70 040
cond itions

o
8

0,87 0,42 0,12

Vipain | 1e7  les2

Core Impedance,

The large power changes which are associated with the variation of
relative phase angle imply that under sine current conditions the core
impedsnce is varying., Due to the two=ireqiency exoitation, the impedance
terms will be considered with reference to esch suprly cirenit, i.e.

430 , %100. These tarms are obtained from the volbtage and current vaelues
measured on the a.c, potentinometer. For the ocase when Igy = 0,64,

I100 = U.6A, the variation ol the impedance Zgg is shown in Fig, 30,
.While the change in this term is not very large, its phase varies 20°,
giving larger variations in the R and X oomponents, The effect of &
phase angle change causes & 35/ change in the reactance term and an 88/
shacce in the resistance term, These values being obtalned with respect
to the winimum values of Rgp ard X50. The corresponding chenges in the
100~0/8 terms are shown in Fiy, 31, They are not so large ss the

varistions in the lower frequency teris, as would be exp-eted,
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supply, l.e. o varlable impcda ce is o tained, vwhose velue is demendert on

the relative »- le helwren

Whe hwo

°* A

_neviziag Torces,

206A
205A
Tog

60 6

\

7

™

;/’f—

0

N

10 P

.8

[s50.6A

[306A

N

—Ziog

———xbv

N

N

log

10

80 100

Fig. 30.
Variation of Zggp and i
components,

Fig. 31.
Variati-n of Zjp; &nd its
components,



- 94
Variation of impedance ternms I;n = 0.6A Iiro = N .6A

@ 0 10 20 30 40

F50 (1007) 2.7 2.6 2,64 2,81 2,92
Z50 | 45 4,36 4,4 4,68 4,88
Rsg | 2.92 2.6 2,02 1.67 1,78
X50 3.42 3,48 5.90 4436 4,52
P50 49930 53°20' 62086' 69°12' 68°30"
F100 (100T) 3.2 3.5 3.07 2,82 2,27
2100 5.70 5.8 5.5  5.05 4,9
R100 3.03 3.0 3,3  3.49 3,40
X100 : 4,82 4,97 4,41 3,64 3,59
¢ | 50 60 70 80 90
Z50 (100T) 3.0 3.0 2.9 2,87 2,88
Zg 5.0 5.0  4.92 4,88 4,46
Rsp 2.2 2,56 2,85 502 2,9
%50 4,50 4,51 8,98 3,76 3,32
fs0 | 64934' B9CL2' 54030' 500 480121
100 (1007) 2.82 3.0 3,13 3425 3.3
2300 5405 5,35 5.6 5.8 5,88
®100 3,14 3,17 2,88  2.74  2.84
%100 | 3.94 4,32 4,80 5.1 5.1
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Flux distortion with chenge of phase ar;le,

The flux distortion which occurs when a core is subjeoted to sine
urrent conditions mey be expressed in a variety of forms, but it is
important %that whichever method is ciosen should be most semsitive %o

deviations from the sinusoidal condition, The usual measurement of
distortion in circuits is expressed by the form factor bhut, as is well
krown, this term is very insensitive to hamonic content, In faot; a
50% second harmonic term only cavses an 115 cha:ye in the form factor
from the sinuscidal value, Additionally, of course, the effect of the
phase of the second harmonic term oan alter the form factor value,
since it is obtained From the mesn value of the wave.

4nother possible measure of disbtortion can he expres:sed as

Total harmonio content of voltage , This is & very useful ratio when
mean rectified voltage

harmonic pomaf conditions ere being investigeated, since it glves the
ratio of the error in the core loss (as reasured on a.c, paﬁentiometer)
to the trae loss, In protice, these quantities cannot be measurad
easily or accurately, due to the difficulty of weasuiring the mesn vslue
and sinoe the harmonic voltage if normally smell, additional emplifiers
are required,

The standard definition for Distortion Factor is

R.ine8s total harmonic conitent
Totael r.m.se. of the wave,

Since it is reletively easy to obtain these quantities amccurately, this
ratio is considered sulbable to express the distortion occcurring under

comiined raznetizaetion as the phase is altered,
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The induced voltage wave scross © turns on one core is given by

e=e1 sin@ + ez ain (28 + K3) + . 4 4 4 o + @, 8in Y + o y)

then the dist.csri:ion faotor 1s given by

T, BRIy 2
& = e,

D% = n=2 x 100
j 5 . ey

1

=
f

The total rem.s, value of the induced voltage weve was obteined through=
out by the use of a vacuo junction and unipivot meter (see Appendix (o)).
The r.,m.s, valve of the fundamental voltage‘oomponent Fy was

obtained from the a.c. potenticmeter results and hence the numerator of

the shove expression is piven by

2 . R
Brom.s. =81

A typical set of results are shown below,

= (J,6A
~ Values obtained from test A. (Pages 86 and 87)
IloO = (,6A )

Er.om.s.|B8.75 5.5 5.7 5.0 5,0 5,0  5.26 5.44 5.5 5.5 -
2.7 2.6 2,64 2.8l 2,92 3.0 3.0 2,95 2.87 2.26

Bso
By 5.04 4,85 4.45 4.14 4,06 4,13 4.3 4,57 4.70 5,02
D%

s7.6 88,2 85,6 82,6 81,1 8l.,1 82 84,2 85.5 91.4
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The voltage values are obiained w.r.t, & 100 turn winding. The

sinimum distertion occurs in the region where the total loss is a

mindimum, i.e. ¢7= 40°, This corresponds to the minimum velue of total

cors flux density (see Figs. 32 and 33), The change in distortion

factor as the phrse amgle is varied, is comperatively small,

Variation o flux density Variation of distortion factor

components.

Test B,

A ocorresponding series of results were obtained for combined
magnetization at 50 and 150 o/s. A specimen set of results from one
of these tests is shown overleaf, The varietion in the individual
loss components for the above case is shown in Fig, 34. The results
from the complete series of tests are summarized in Figs. 35 - 37,

’

120 19, = |
. A
of of
04 40
0 30 9 60 90 0o 30 @ 60 90’
Pl 52, Fig., 33. .
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rost 3. Iz, = 0464
Log = 064 h = 154 sin (wb + #) + 154 sin 3 wt
J} 0 10 20 30 40 50 60
Igp + 8y “0,271 «0,385 =0.44 =0,498 ;0.545 w0,576  =0,595
+’jb1 0,619 0.6 0,40  0.32 0,224 0,13 o.ozs
Egp + ey 04677 0,669 0,651 0,611 0,56 0,491 0,359
+ b, 0,081  0,13¢ 0,179 0,22 0,264 0,308 0,367
Voltage Factor 20 -29 20 - 20 20 20 20
Iiso * % . 04808 0.606 0.606 0,606 0,608 0.606 0.606
+ 34y 0,067 © 0,067 0.087 0,067 0,067 0,067 0,067
Ey50 + O, 0,566 0,608 0,451 0,481 0,395 0,406 0,388
+ 34, 0,646 0,638 0,766 0,813 0,906 0,93¢ 0,933
Voltage Faotor 20 20 20 20 - 20 20 20
a8, + byb, 0,142 0,197 0,214 0.28¢ 0,246 0,242 0,205
Wgo/core 0,71 0,985 1,07 1,17  1.23 1,21 1,03
)0, + dyd, 0.379 0,354 0,348° 0,345 0.399 0,309 0,298
W, go/oore 1.89 177 1,74 1,72 1,49  1.54  1.49
Vigo + V10 24,6 2,76 2,81 2,89 2,72 2.7 2,52
Boso 0,995 1,00 0,989 0,95 0,01  0.46 0.75
Baioo £ 05 0,416 0,448 0,467 0,49  0.494 0,401
By : 0.98 0,956 0,98 0,99 1.0 0.996 0,98
Va0l Tomes, 24,3 26,4 25,4 26.4 25 24,7 23,3
Bddy loss/sore 0,71 0,787 0,787 0.787 04755 0,739 0,653
Wy (hyst) 1,89 1.963 2,024 2,103  1.865 2,011 1.967
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h = 154 sin (wt + @) + 154 sin 3

(S

x

4 70 80 90 100 110 120
Igo + 8 0,588 =0,54&  =0,52 <=0.46  =0.384 =029
+ by 0,104 =0,205 =0,3 0,384 =0s46  =0,50
Egy + 8y 0,146  =0,041 =0,195 =0,292 =0,363 =0.41
o+ b, 04476 0,547 0,58 0,577 0,557  0.53
Voltage Fector| 20 20 20 20 20 20
Igo * 9 0.606 0,606 0,606 0,606  0.606  0.606
+ 34y 0,067  0.067  0.087 0,067 0,067 0,067
Bygo *+ O, 04451 0,46  0.535  0.628 0,60 0,55
+ 34, 0.765 0,541 0,48 - 0,545 0,58 0,632
Voltage Factor| 20 20 20 20 20 20
eja2 + byb, 0,1355 0,0904 0,074 0,070 0,118 0,145
Wy /sore 0,675 0,451 0,37 0,85 0,59 0,725
o102 + dydz 0,312 0,515  0.356 0,414 0,408 0,376
W 50/core 156 1,57 1.8 2,07 2,02 1,88
Wso + Wygo 2,235 2,02 25 2,82 2,61 2,60
B0 0,726  0.80 0,895 0,046 0,974 0,978
Bl 50 0,426 0,386 0,349 0,40 0,406 0,406
By 0,95 0,92 0.9 0,88 0,88 0,93
VT refiess 20,7 20,6 21,3 22,7 23,3 24
Fddy Loss/core] 0,517  0.510 0,548 0,624 0,660 0,702
Wy (hyst) 1,718 1,51 1.602 1,796 1,95 1.898
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When’tha cores are subjected to sine current covbined rarnetization
at 50 and 150 o/s, similar results are obtained due to the variatinn of
the relative phase engle, For the same magnotizing force values larger
variations are noted in the values of total loss eand its two componerts.
(Figs, 35 - 37), As previously, the minimum value of the 50wc/s loss
component oscurs for the largest valuve of Hyzn. The maximum velue is
obteined with a smeller value of 150wc/s mapnetizing than in the previnus
cage, This is attribsted to a varistion in the core impedance to the
third hammonic of the 50=-¢/s flux wave, due to interaction in the core
with the fundamental compoment of She 150=-c/s component,

The total core loss is greater for all valuves of ¢ than the losas
obtéined under single low=-{requency magnetization, The loww reuiency
loss component reaches its waximun value in the region (fn 60°, which
ocoyres onds to the maximum value of the total mapietizing force, The
minimum value of low frequency loss obbtained when the core is operating
in the saturated region is considerably less % en the single frequency
valme. "hen the core is not operating in the seturated region, the
conditions for e reduction in loss are as given in iart I,

It is seen that the ocore conditions with phase éngle change are
practically ldenticsl for the two cases considered, 1.6, 50 ¢/s,

100 ¢/s and 50 o/s, 150 o/s. Similar changes in core impedance scour
as shcwn in Fig. 38,
It is usually stated that the offects of the eddy~-current

component of core loss upon the hysteresis loop is to cause it to inorease
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in area, retaining its sane general shape. The resulting loop obtained
being a measure of the total core loss, No methods are available to
obtain directly ine hysteresis loop only, when the core is cyclically
magnetized at power frequencies unless a core rmaterial is used which las
a ne;lizgibly small eddy loss (i.e, powder cor-s, Ferrite, Geoallor etc.).
Froh core date the eddy~curr:nt loss may be approximately obtained by the
expression in eppendix (d)., If tiis quantity is sibtracted from the
total core loss, the resulting core hysteresis loss is obtained., Vhen
this is plotted to a base of phase engle (see Fig, 34) it is seen that
the true hysteresis loss varies in the sawe manner as'the total loss but
with different numerical quantities, The loop expressions deﬁeloped in
Part I {on the essunplion of no eddy current efflects) will, therefore,
give an indication of total core less conditions, The numerical values
obtained will obviously be low bu.’t maximun ard minimum velues will be
indicated at the phrse angle velues o‘bt;ained when eddy ourrents are
present, If the core cons'i:ants used in Part I are obtained from an
actual total loss test on the cores, then the expressions will give
results which approximate to the total core loss,

The variation in the impedanoce terms presented to the eupnly
currents are shown in Figs, 38 sand 39. The variations in the components
are very large (similar to the 50 and 1M0-¢/s case, see Figs, 30 and 31),
“hen the core is dissipating maximun total power, it is presenting maximun
Rgn eomponent ( ¢= 40°), The maximunm value of Zggo ocours at the same

v, i i at the same angle
phase sn;le as Vgo winilmum and the maximum X50 ooours iy

as the maximum value of the total power loss in the core, Similerly for
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the 150=0/5 components, maximum %150 @nd Xy, ooour hetween maximum Vg

(¢ = 60°) and maximum Ve (@ = 47°),

Conditions for the 150-o/s case

are practically the exact opposite to the

being obtained at the sane phase angle as

150-c/s components of X and 2 charge very

argle change in the range §d = 60 -80°,

A0~c/s case, minimum Xjg0
Xs0 maximum, ete, The
rapidly for a small phase

Over the 20° the core imnedance

varies Irow mpximum to minimum end this gives & circuit which is extrere~

ly sensitive to phase ensle chanzes.

of & controlled variable impedsance,

Iy

conld he utilized in the fHrm

T I
y o — \\/// /\; ; 85//f\ //:;

N N (A

o A" N
0 RPN ee| o 40 g 80 126

Fig, 38,

Varistion of Z%() and 1ts

.
corponents,

Variation of 2150 ard its
eomponents,
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Throughout all the tests, the cores are magnetized under sine
cﬁrrﬁnt conditions, giving rise to a distorted {lux wave, Since the
core loss is dependent primarily on the values of the fundamental
freguency terms of B and H, the same core loss will be obtained if
the cores are subjected talsine flux conditions, the value of the
flux component being the same as the funderental frequency term in
the distorted Ciux wave. The effects due to eddy ourrents will not
cauge much variation in the loss term, as the difference hetween the
Temes, value of voltage induced in o core winding under sine flux con=-

ditions to that under sine curreat, for the seme fundamental flux com=

—
E] =~ ’Elg+zﬁ‘nz
2

If it is assumed that the eddy ourrent loss 1s constant for given

ponent ise

fundemental flux density components then, under sine ocurrent conditions,
the same core loss will be obtained if the fundasmental flux components
are identical, It is also asssumed that thers 18 no difference in the
time effecé of the core nmagnebtization, when conditlons are altered from
sine current to sine flux, .

From the previous test for various values of phase angle and
k(= %32 ) the factor k' = .g%gg is obtained from the a.c. potentiometer
(readings, These results are given on Page 104 end shown in Flg. 40, It

is seen that, when the lower-frequency magnetizing force .is large (Isg - 0.64)

the same loss would be obtained with a lower value of k' than k, i.,0. when
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the core 1s operating in the saturated region, the flux density ratio
Byoo is smaller than the corresponding magnetizing force ratio Ho0
B50 _ ‘ HE50
for the same oore loss at the same phase angle., The reduction in the
ratio is even larger in the 130~c/s case, as shown in Fig, 41,
Consequently under sine flux corbined magnetization, relatively smmll
peroentage modulations will csuse aprreciable changes in core loas,
When the core is ovarating below the saturation reglon, the range of

" yalues for the 50

"k'" values are much closer to the corresponding "k
and 100=¢/s case, Sinoce most iron-cored cireuits are designed to
operate in thé “inee" region of the megnetization charaoteristis, it
oan be seen that even small hermonic voltage components in the applied
voltage wave, can c¢ause appreciable changes in ‘the core loss.
Variation of k' for fundamental componentts of flux

density wave for given values of k, where B100 = k' Bgg

and Hyoo = k Ho

Izo = 0.6 k!
. ?
0 10 20 30 40
1.0 0,590 0,631 0,575 0.502 0,475
0.76 0,495 0,556 0.542 0,479 0,421
0.6 0,393 0,411 0.42 0,357 ‘0.302
0.25 0.24 0.211 0,171 0,136 0,110
Isp = D.3A
1.0 0,590 0,647 0,700 04751 0,643
045 0,422 0.471 0,635 0,596 0,56




50

Is0 = 0.64 k!

¥ Y |

0 10 20 30 40 50 60

1.0 0.417 0.415 0,450 0,482 0,637 0,683 0,657

0478 0.371 0.362 0,380 0,356 0,403 0,436 0,453

045 0,292 0,306 0,321 0,316 0,332 0,346 0,349

0,25 0,251 0,257 0,257 0,274 0,260 0,266 0,248
ISO = (0,34

1.0 0,356 0.358 1,368 0,391 0,402 0,422 0,468

0.5 0,311 0,315 0,279 0,297 0,324 0,316 0,338
Igg = 0.64 k!t

k ?

50 60 70 80 50

1.0 0,471 0,502 0,552 0,562 0,615

0,75 0,413 0,418 0,450 0,488 0,538

045 0,289 0,515 0,354 0,385 0,406

0,25 0,180 0,192 0,233 0,232 0,268
Igo = 0.3A

1.0 0,520 0,504 0,520 0.546 0,618

0,5 0.391 0,362 0,386 0,377 0,423
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ISO = N.6A k!
. ?
70 80 90 100 110 120
1,0 0.587 0,432 0,390 0,423 0,416 0,415
Go75 | 0,456 0,382 0,327 0,350 0,362 0,366
0.5 0,341 0.275 0,248 0,264 0,289 0,304
0.25 | 0,244 0.189 - 0.081 0.194 0,256
Isp = 0.3A |
1,0 0.508 0.519 0,493 0,406 0,347 0,522
0.5 0,348 0,381 0,391 0,354 0,320

The variation of the flux density components at 50, 100 ¢/s snd
50, 150 ¢/s are shown in Figs, 43 and 45,

The corresponding peal values of total core flux density for the
lattor case are showmn in Fig. 44, Due to the unsymetricel loop
obtained under combined maznetization at 50 snd 100 o/s, the peak to
peak values of‘flux density are plotted in Fig, 42, The positive and
negative peak values were individually obtained during the tests on
the cores and are tabulated for each core condition in the tables of
results., The corresponding values for single fquuency exoitation are
also shown on these graphs,

It is noted that the total flux density at 50 and 150 ¢/s reaches
1%s maximum wvalue in the region.f)a 40-»80°, For the largest value of
I1 50 the angle is 40°, Since the meximum value of the magnetizing
force (see Fig. 46) occurs when f:s 60° the angle of lag between the

peak values of B and H is clearly demonstrated, This is sirilarly shovm
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by the shift in the posltion of the minimum value of total flux density
from (Pm 0% = 120° to (f = 100° as the superimposed component is increased.
For the 100-c/s ocase the minimum value of magnetizing force oocurs at

§ = 45° and it is seen that the minirum value of peak-to-peak flux
density oocurs at & slightly sweller angle,

The minimum value of Byzp over the ren e of Ijpp is equal to the
corresponding flux density value obtained under single frequency
conditions, The hi:her the value of I150 the smaller is the value of
¢ for minimum 50-0/5 flux density; this is also the condition for
minirmm 50=3/8 core loss.

For both 150 and 100~c/s conditlons the maximum 50-c/s flux
density component is obtained with the lergest value of superimposed
megnsbizing force,

In both tests the graphs for the higher frequency flux density
terms follow the same pattern as the total flux density, The effect of
any incrcase in the hirher frequency magnetizing force merely altering
the magnitude of tﬁe. components, thelr graphs keeping the same genaral

shape, This is especially true for the case at 100 o/s,
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CRAPTER &

PHOTOGRAPHIC RUCORDS OF COR: CONDITIONS,

To illustrate the change in nagnetizing foroe, flux density and
core loss loop shape when the phase angle is altered, a series of
. oscillographic reoordsx' was obtained for the typiocal case of core
megnetizing force h = 15‘2.4 sin (wt +¢ ) + 154.4 sin 3wt. (Igy = 0.64,
I15p = 0.64),

This gives rise to minor loops for all values of ¢ since the
magnetizing force wave 1s always re-entrant, It can be geen that the
shape of the minor loop formed depends on its position w.r.t. the major
loop. In the saturated region (s.g.§ = 0,-+30°) the minor loop hes
naturally a very small change of flux density with change of maejunetizing
foree, but this does not imply that the 150=o/s core loss will be a
minimum (see Fig, 37). Over this region, the flux density waveform is
almost flat~topped and practlically constant due to the smell flux-
density ohange.

When the phass anpgle 1s increased further, the minor loops enlarge
since they sre now formed on the unsaturated portion of the major loop,
The flux density weveform becomes peaky (over the region ¢ = 40°— 809)
end it is noted that when ¢)= 70°—» 80° the flux density and ma:netizing
foree waveforms are practically identical, indicating that the [lux=

denslty wave under these conditions is predominantly 50 and 150-~c/8

X For oironit details see Appendim (o),
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components, This suggests that the core is operating in a region of
mindmuam flux distortion, A further incresse of phase angle carries
. the minor loop up the steep portion of the major loop, where the flux
density change is quite oonsiderable ( § = 80°—»110°), The flux
density waveform is similar to thet obtained when (¢ = 0-—40°) and
is‘almost flat~topped,

The total enclosed area of each complete loop is proporticnal
to the ocore~loss obtained for that value oftf « To enable the loop
area to_be'oonvorted directly to core ioss in watts, a trace of the
‘slngle frequency (50 o/s) loop was obtained for h = 154.4 sin 314t.
The loop area scale is 0.157 %/enm?,

The core lceg. values obtained by =ztimeter measurements are
ocomprred with thosefrom a weasurcment »f the loop areas over the range

of phase angles from O *+110°, The following results are obtained,

¢ 0 10 20 30 40 50
Yip from loop 2,12 2,12 24256 2.3 2.68 2,26 W
Wp wattmeter 2,17 2.3 2.4 2.46 2,46 2,46 W
¢ 60 70 80 90 100 110
Vo from 1-op 2.3 2.2 1.84 2.19 2,38 2.1 w
Wy frou watbmeter, | 2.4 2.22 2,06 2,08 2,13 2,16 W

It must be remembered that the accuracy of the loon areas depends

on & number ol factors:=



1)

2)
3)
4)
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Integrating circuit to give flux dens bty values from voltage
wave,

Amplifier used for vertical deflzetion,

Optioal system in cemera

Developing and printing of the film,

It is usual to assume an overall error of 5% due to these items,

Henoce from the ahove results it is seen that the loops truly represent

eore conditions under conbined magnetization and do give an indication

of the total core loss.

The osoillographic records show loop, flux density wave and

magretizing force wave for the range of phase angle values 0° - 110° at

10° intervals,

From the total loss loops it is seen that the minor loop area varies

sonsiderably over the range of phrse a:ple values., It might be assumed

that, when the minor loop srea was & minimum, the 150-0/% component of

core loss would also be a minimum, That this is not the ocese may be

shown by considering the components which make up the total loop et the

two extreme cases of peak magnetizing force,

h= hy sinwt + hz sin 3wt

and h = hy sin (wt + 60°) + hy sin 3wt

for the cage when hy = h3 = 154.4 AT/m,
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h = 154A sin (ot + ¢ ) + 154*4 sin 3ot
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h = 154,4 sin (@b + )+ 154,4 sin St
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h = 154,4 sin (@b +(P ) + 154,4 sin it
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For the simple cuse of & loop obtained when a magnetic core lis

subjocted to & single~frogusney sinusoidal magnetizing force, it has

-~

#]
becn shown by Thompson that the hysteresis loop can slways be

analysed into a harmonle series of closed curves, corresponding to
the various terms in the anelysis of the flux-density wave. The
series of olosed curves takes the form of a harmonic series of
_Lisaajous' figures whnse enclosed areas are all zero except the
furdemental sine-~term. The effect of the fundsnentel cosine-term
osuses the fundemental ellinse to be non-orthogonally rlaced but to
possess the same area as the orthoponelly p}aoed ellipse, due to the
sine term only,

Under oconditions of combined wa;netization, the loop obtained
from the 50=c/s component of the magnetizing forece and the total
oore flux density will comprise a series of Lissajous' firures as
above, All these figures have gero area exocept the fundamental sine
terms, whose area is proportional to the 50-c/s core loss.
Similarly; when the loop is obtained from the 150=0/s component of
magnetising force,Athe loop area is proportional to the 150-c/s core
loss,

The sum of these two loop areas nust equal the total loss loop
ginece it is built up from these two componernts only,

Typical loop components are shown for h' = 154.4 sin wt + 174,.4 sin 3wt
and b" = 134.4 sin (wt + 60) + 154.4 sin 3wt and the corresponiing ereas
obtained by planimeter, It is seen that, as wonuld be expected,

Wy = Vg + Wipp eince there is no {low of harmonie power in the supply
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circuits. The corresponding single frequency loop obtained when

h « 154.4 sin cot is also shown for comparison.

Loop areas

*50 *150 *50 + *150 wT
(i) 6.2 20.3 26.5 27.0 era2
(ii) 16.5 16.5 33.0 32 cm2

From the above, it is seen that the. minor loop area itself is

no indication of the 150-c/s core 1'ss, since when » =0 the minor
loops are smaller than when m, while the corresponding 150-o/s

core loss value is greater when po.

Single frequency magnetization



- 1X6 -
CORE LOSS LOOPS

h = 154,4 sin wfc + 154,4- sin Stb

Uf ,Bx; Aroa’Wx
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CORK LOSS LOOPS

h = 154.4 sin (ojt + 60) + 154 sin Soot

%, B§| Area Yip

H50* BTi Area< W50, $*o» BT* Area 15



A similar series of core loss loops are shown for the case of a
core magnetizing force defined by’

h = b sin (wt + @ ) + hp sin 2wk

Due to the presence of an even term in the magnetizing force, the
loop will be unsymmetricel ahout the origin, and have one minor loop
formed; The phase angle ¢ must be altered 180° to repeat identical
core conditions, but the form of the loops obtained over the range
0 907 are the sase as 90 +1300 in area, The loop for ¢ = 100" is
the same as q?a 10 when viewed after 180° rotation. Accordingly, all
vore conditions can be visualized from B, H and loop traces over the
range 0C «90°, It is seen that the flux density waveform follows
the same general shape as the megnetizing force wave, and contains a
large percentage of even harmonics,

It is seen from %he loop traces that the minor loops are well
formed near the tip of the major loop, while for intermediate values
the minor loop is only jast formed in soms cases., Since k = 1 for
this condition of core magnetization, the magnetizing force wave is
re-entrant for all values of ¢ , (see also Part I, Chapter 3) and thre
flux~density wavelorm is slso seen to be re-entrant throughout the
range of phase angle, For ¢ = 0, 767 and 900 the flux density wave
is only just re~entrant due to the forwmtion of the minor loop on the
portion of the major loop which is almost horizontal, giving a

resulbant small cherge in flux from & large megnetizing fnrce charge,
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The core loss loops,flux density andmagnetizing force waves
areshown on Pages 120 and 121 for the case
h a 116 sin (ot + ) + 116 sin 2 ot for the phase angle range
0—**90° at 15° intervals* The corresponding single frequency core
conditions are shown below for the same magnetizing forces,
i.e. h = 116 sin 314t

and h= 116 sin 628t.

Single frequency magnetization conditions.

50 c/s alone. 100 c/s alone.
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h = 116 8in (ct +< ) + 116 sin t
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h m 115 sin (wfe + ) + 116 sin 2o.rt
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The componenis of the total loop in the two extreme omses, i.s.
h' = hy sin ot + hy sin 20t
and k" = hy sin (wt + 45) + hy sin 2wt
oorreéponding to the maximum and minimum value of peak to peak
magnetizing force are shown on Page 123 and 124,
The relative arems of the loops (which were all obtained to the
same soale) are tabulated belows

Loop Areas

W50 Yoo W50 + W00 Wp
(1) om® 15,6  10.4 24,0 23,8

(11) em? 8.3 1244 18,7 19.0
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COKE LOSS LOOPS

h = 116 sin ot + 116 sin )t

Bfi Areao< WgQ H100> BT) Area w100
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GOEL LOSS LOOPS

h a 116 sin (wt + 45°) + 116 sin 2

Area

H100. BTg Area «. $ » ®
%$0*B80» Area”“W50.
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CiIAPTER 6
HIGH FiEQUENCY TESTS,
Effects of the variation in frequency of the superimposed
megnetizing foroe upon core loss and flux density values

of the low frequency component.

This series of tests was oarried out at high frequency values which
eliminated the effeots of the phase ol each component, In addition, since
~ the th sources uged, the 50=c/s supply and a high frequency source, were
not locked together in eny way, the actuel position of the minor loops form-
ed would not% necessarily be stationary w.r.t, the major loop, If the high
frequeney value is not quite an exact multiple of the low frequency
component, the minor loops will drift slowly round the major loop., “hen
the drift-is arranzed to be verv slow (0.5 ¢/s), an inspection ~f the
neters in the olrouit will show if there is any appreciable phase offect,
Above a ratio cfaig for the frequencies of the applied magnetizing forces,
the effecta of phase change are no longer signifieant,

The 50~0/s and the high frequency magnetizing foroes were maintained

constant as the frequency was varied,
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Test Lo S A
Ij, = 0s6A, Lo = 0.24, l.e. Hyg = 109.2, Fyp = 56.4
High frequency o/s | 500 750 1000 1500 2000 3000 8000
I, ° 0,585 0,587 0,588 0,587 0,584 0,591 0.587 i
+ 3by 0,005 0,01 0,00 0,00 0,00 0,00 0,00 .
Vso . °2 0.661 0,660 0,666 0.664 0,660 0,655 0,638
(400Tl . ) |
| { jbo 0,897 0,902 0,907 0,90 0,502 0,913 0,894 1
Voltage Feotor 10 10 10 10 10 10 10
Vg0 (400T) 11,14 11,4 11.21 11,18 11,18 11,25 11,0 1
Bu50 0.825 ' 0,825 0.8% 0,826 0,826 0,85 0,814 i
ve (4007) 11,06 11,06 11,05 11,05 11,05 10.8 10,8 |
By 0,816 0,316 0.816 0,816 0,816 0,80 0,80 |
ajaz + bibz 0,890 0,395 0,391 0.392 0,386 0,397 0,376
¥g0/core 0,975 0,988 0,977 0,978 0,965 0,97 0,940
Igg exact 5,55 D587 0,588 0,587 0,584 0,591 4,587
0.6
' L |
|
1.0 0.4
(Y VSO
| '
8 =3
~—

0 1000 . 2000 3000 4000 5000c/s

Fig. 47.
Variation of YWgg with freaquency.
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Fige 47 shows the varicticn of these conponents with frequency,

Over the frequency range 500 = 30@076/3 the results are practically

constent, [HHence it may be assumed that under the above conditions,

frequency variation of the high frequency component does not cause any

variation in the low frequency components,

It is, therefore, sufficient to carry out a further series of
tegts, at one value of high frequeney component only. The value
chogen is 1450 c/%, which was obteined from a high=freguency alternator,

The low frequency magnotizing force was maintained constant and

the high frequency valus varied over the rangs, 4,65 = 127.B AT/m,

(1.e. Iy = 0,0254—0,7A). Remdings were obtained for the 1.f. ocore

loss, Bp50 and Byp. A series of results was obtained for different

values of Hgg in the range 27.5 +127.5 AT/n. (Igg, 0.154 + 0.74),

4 set of results for oue of these tests is shown overleaf,

The complete results are shown graphieally in Figs. 48 and 49,
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Core . a netizatl 1 at 50 c/s and 1150 ofs
I50 = 0.74 50wo/s cireuit 11309
Hyg = 127 AT/m  1450-0/s cirouit 3608, 0,25uF
g | O 0,08 0,1 0,5 0.3 8% 0.5 0.6 0.7
He |0 9.1  18.2 36.4 54,6 72,8 9l 109 127
Igp * ®L | 04891 0,694 0.695 0.694 0,695 0.695 0,691 0,691 0.692
+ jby | 0,018 0,018 0,017 0,017 0,016 0,016 0,015 0,015 0,016
veo * 02 0.30 0,311 0,318 0,310 0,294 0,274 0,256 0,236 0,216
+ jba| 0,491 0,50 0,511 0,546 0,576 0,599 0,618 0,633 0,640
Voltage
Factor| 20 20 20 20 20 20 20 20 20
ajas + brby | 0.216 0,225 0,229 0,226 0,213 0,20 0,186 7,173 0,159
W50/core 1.08 1,125 1,145 1,13 1,066 1.0 0,93 0,865 0,795
Vg0 (400T) | 11,7 11.8 12,06 12,6 12,9 13,16 13.4 13,50 13.5
Buso 0,864 0,371 0,89 0,93 0,953 0,97 0,99 0,995 0,99
Vp (400T) [ 10,5 10,7 11,1 11,9 12,45 12,76 13,2 138,34 13.85
Bay 0.775 0.79 0.82 0,818 0,92 0,94 0,976 0.985 1.02
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Fro: Fig. 48 i% can be seen “hat the 50-c/s core loss for a
constant value of 1-150 varises cousidersbly as the value of Hp,r, 18
inoroased, The extent of the variation inoreases with the walue
of Hgp and from the graphs, it is observed that when Hso = 127 AT/m
the 50w=c/s core loss inereases to a maximun when Hy,p, =. 22 AT/m, and
thereafter deoreases as the high fréquancy maynetizing force is
inorcased, Ivf:. should be noted that the c‘ore-loss va.luev decreases
below the value obtained when Hy f_‘ = 0 for the o’asev considered, As
the 1,f, canponent is reduced, the maximumi loss value ac;zstzrs at higher
value of Hy p,, indiocating that the phenomena is dependent on the
shape of the hysteresis loop for the material, It is, therefore,
seen that the total peak mapnetizing force must be sufflicient to carry
the core material beyond the knee of the meagnetization characteristio,
to enable the reduction to ossur. It must be borne in mind that the
Zotal core loss does not show suy reduction, since the high {requency
source supplies power Yo the core, which inorecases as Hh,e, is inoreased,

The effect involved is a phase change of the fundamental component
| of the flux wave, with respect to the applied megnetizing force. From
Fig, 50 it is seen that Bgo continues to inorease in magnitude when Hy, p,
is inoreased, but the in-phase component of 1% decreases when the core

reaches the saturated region. The quadrature one continues to inorease

as shown in the resultd,
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Variation of flux~densibty componentis,

If the fundamental components of B snd H are related by the complex

operator p' (the corplex permeability) where

|ut] (cos@ ~ j sinb )

" 48 = oo
' (whore ' = iig)

¥ = RT + NAB for a coil of N turns and resistance Rand I =¥ i

wt =

*
. &

e Ko

LieieeE )

=I(R+“§A Somt, )

The jmpedence of the winding mey be written as

.
*r @

4 -.-x-i-— (R+(amso-1%2:~ 8in @ )

+ J s, T— cos 6,
As ’rhe masurements are obtained from & secondary winding then

= u;mo-—-r-- sin€ + J C‘M‘o“‘i"" cos O .
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The "effective resistance”, 1 -.e to hroteresis snd eddv o rrent
losses will be reduced by a reduction in sin 6 , 1.6.6 decreasing,
This implies that the core-inductance should increase under these
conditions, From the teat resulbs, when the low-frequency core-loss
is decreasing the core impedance is still inoreasing, since Vgp is
inoreasing.

It is suggested that the permaability angle mey be altered in
the saturated region due to the action of the high frequency

components of magnetising force acting on the magnetls domains.
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CHAPTER 7,

HARMONIC POWER,

The results obtained for the high-frequency tests were taken on
~ the assumption that the magnetizing forces were sinusoidal, i.e.
h = h) sin wbt + hy sin not

To thain this condition, it is usual to insert in the eircuit
a large value of resistance to give sine ourrent conditions, For
_ the clircuit under test, care is required to prevent errors arising
due to the flow of harmonic power.s In any non-linear element
energized from a source whioh has a finite resistance, the following
relationship is true for the practical condition of sine current or |
gine voltags exoitation,

Power supplied to element et fundemental

frequency = Power dissipated in element
+ power dissipated in cirouit by harmonic
components generated in the element,

The slternating current potentiometer gives a measure of the power
at fundamental frequency, This will not be a true indication of the
core-loss if any harmonic power is flowing. For the case of sine-
ourrent excitation, the voltege aoross the windings on the core will
contain harmonios end, if the cireuit impedarcc is small, they will

cause corresponding harmonie currents to flow, When this occurs, the

e h Kh e sum
magnetizing force waveform is no longer sinuenidal and hence the assumed

conditicng of magnetization are not satisiied,
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Iv tee oo netizing foree apolied to the core is raintained constant
and the exciting impedance altered, the change in the input power to the
core will be a measure of the magnitude of the hammonic power flowing.

If no chenge oscurs in the input power as the impedance is el tered
through wide limits, it may be assumed that the input power to the spccimen
dosg not contain any component associated with harmonie power flow,

Two tests were carried out on the cireuit as shown in Fig. 651,

Jest 1, The cores were energized from the 50=0/s ecireuit only, The
eurrent was kept oonstant throughout and the cireuit componenits were
altered as below, |

To enable a large valus of series‘resistanoe to be used, a high
voltage 1s required, This was obtained from a'5~kVA, EOOO/iOO-V, l=ph
transforner (T7,6), which was energlzed Irom a variable voltage supply, as
shown in Fip. 51,

The high-freqiency eireuit whicr was nob enorgized, was closed
through 0,25uF and 3508 in series. (These were the values used in the

second test),

. o | |
240-V , | " 3600

50-cfs . 025pF

-fU PPly l m ht.

b, ——




Test 1,

Rs0 500 1150 2000 1150 20008
Lsg 0466 0 0 0,68 0,66 H
Iy * ®1 | 0.561 0,595 VQ.595 0,587 0,60
+ i) =0.206  «0,02 0,002 -0.1‘05 =0,052
Vso * 82 0.43 04521 04305 0,376 0,342
+ jb2 +273 0,396 0,408 0,345 0,384
Voltage Faotor 20 20 20 20 20
alag + blb2 0.185 0,183 0,180 0,188 04186
150 0,598 0,595 04595 0,596 04601
Bso 0,754 04754 0,754 04755 0476

The high~frequency oircuit was open-circuited to ensure that no
current was flowing in it due to slight magnetic unbalance between the
two corest the results obtained when R = 5008, L = 0,66H were |

Vg0 = 043 + J 0,273 = 0,509V
Isp = 0,561 « j 0,206 = 0,596A
Voltage Factor 20

"' ajay + by = 10,1849

This compares with 0,185 obtained above, showing that the h.f,
elrcuit impedance is large enough to prevent any l.f. ourrent flow,

From the results of Test 1, 1t is seen that when the 50-c/s
eircuit comprises an air-cored indusiance of 1.66H and & resistance of
5009, the core loss value does not alber when the resistance is more

than doubled, and shows a change of Deb4y when it is inorcased fouriold,
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It should be noted that the curr<nt value obtained from the a,o,

potentiometer results for R = 20005 is 0,8% greater than the value for
R = 11602, This would tend to increase the core loss in the former
cage. Hence the 0,54% incfease noted above is dve in part to the
slight change of cireuit current, From these results it is seen that,

when the 50=c/s oircuit has an air=-cored inductance of 0.66H in series

with a resistence greater than 5002, th: effects of harmonic power flow

are so smell as Yo be considered negligible,

Test 2,

The eirouit was oonnected 6s for Test 1 with the high frequency

supply obbtained from the alternator, the current being naintained

sonstant throughout at 0,34,

0,64 and the following results were obtained as the 50-0/s eircvit com=

ponents were altered,

The 50w=c/s current was kept constant at

R, @ 500 500 1100 2000 2000

L. H, 0 0.66 0.66 0.66 0
igp * o1 0,592 0,569 0.587 0,601 0,697

+ Jby =0 4055 =0 4209 -0,107 ~0.06 0
V50 * 82 0;36 0,476 0,406 0,366 0.315

+ jbo 0,479 0.368 04444 04481 0.613
Voltage Fector 20 | 20 20 20 20
818, + byby 0,1866 0,191 0,180 0,1911 0.188
50 0,932 0,954 0,950 0,966 0.94
I50 0.594 0,596 0,596 0,604 0,597
Bgo 0,887 0.888 0,888 0.891 0,89

I
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The results of Test 2 show that, when the core is subjected to
combired magnetization, the effect of hamonie ﬁ)ower in the source
impedances may be neglected when cirouit components as detailed in
Fig. 51 are used,

As a further oheck, the superi.posed test was repeated with a
large value of resistance in series, The 50-c/s core loss was measured
and compared with the results previously obfained. This showed that,
over the range of high-frequency ocurrent, the results of the two tests
did not differ by mofe than 1%.

From the foregoling tests it is seen that errors due to harmonic

power flow are so small that they may be negleoted,
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CHAPITR 8

TITTRIOMILATION PRoDyars

As shown in Part I, Chapder 7, the induced voltege wave contains
harponios of the supply freqﬁenaiae 1 and nfy avd, additionslly, oertain
intemmodulation producta,  To determine the magnitude of all these oome
ponerta, tho oorss were enorgized in the nomal menner fros 60we/s end
180=0/8 supplies. The wattmeter current eoll was disconnested ‘rom the
core cirouit ard energized frow a variable {requency osellleter, 7he
voltage ooll was cormeote! aoross & 4 ~turn winding on one core, “hen
the ssoillator frequenay is just helow or jus% above a harmonio
ouzponent in the voltage wave, the wattmeter polinter will oseillute, By
edjustoant of the asscillator frequency “he oaximun peinter deflectlon
ean Le oasily read; this walue ls proportionel to the harwonie
oomponont,

The cores were energised unler the condltien

Igg = (.64, Ligg = Oed64 (= 60°)
The wattneter current coil was supplied throughout this test a% a consiant
ourrent (0,14) from the oseillator, The following were msasuredt-
1) Voltage components noross one core, i.e. w attmeter voltage ooil
across 4007 winding.
2} Couponents across Lien/s su.nly terminels, (voltuge coll aoross
gont),
3) Coomonents aoross 150=a/s supply terminals, {voltage woil aoross

gy,
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Resul s obtained: (These readings are proporticnal to the voltage

compone: 58) .

£ 50 150 250 350 450 550 650 ofa
Voore 1 0,23 0,27 0,06 0,15 0,11 0,07 0,01
Vg0  0.4% 0,08 0,1 0.25 0,15 0,05 0,08
V150 0.3 0,5 0.24 0,08 0,07 0,08 =

Since the two cores are not subjected to the same conditions of
ma;netization (Core 13 h = hy sin (wt + 60) + hz sin 3uwt,
Core 2; h = hy sin (wht + 60) - hz sin 3wt), *he results of 1) cammot be
directly compared with 2) and 3), It mist also be noted that there is
a faotor of 2 in results 2) and 3), due to the voltege coll being across

two 4007 windings in series,

£ e/s Core 1 (4) V50 Y150 V0 * Vis0 (8)
’ 50 AaSal 0,23 2A (3‘49 '-2(B+F) 0.13 ZA'Z(F""F) 0,62 0'51
150 ~3(C+J=G) 0,27 =~6(C+J) 0,08 6C 0,5 =8(C+J=G) 0,58 0,29

260 . 5(D+K=F) 0.6 10(D+K) 0,11  ~=10F 0,24 10(D+K-F) 0.35 0,175
3ee ~7{E=E=L) 0,15  =14K 0.25 14(F+L) 0,08 =14(K-E=L) 0,33 0,165
450 9(J-i1) 0.11  18J 0.15 =184  0.47 18(J=M) 0422 0.11
850 11{L-K) 0,07 =~-22N 0,08 22 0,08 22(L-N) 0,13 0,066

850 13 0.01 26N 0,06 288 - 62N 0,08 0,015

750 15P - - - 0P -
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Referring %o equations 69, 70 and 71 (Part I, Chapter 7), the
numerical values nay be identified proporticmaily with the coefficient
values obtained under the assumption of single-line magnetization
characteristics, The mimerical iralues of the coefficients for Core 1
are given in solumn A of the teble, The corresponding veluses obtain-
ed from the summation of eoefficient values for Vgg and V5o are given
in column B, It is seen that, due to the effects of hysteresis and
eddy ourrents, the 50~c/s coefficients differ by 22%, the 150 o/s by
7% and the hizher orders by less fhan this figure. This would be ex~
pected since the B « H relationship is now a double-valued function of
H, and consequently the operating points for pgiven magnetizing force
values in each core will give in one case a larger aud In the other a
smaller flux density value than obtained from a single line characteristic.
Due to the non~linearity of the B - H relationship, the flux changes in
the two cmses ‘or the same magnetizing force are not equal, Additi-nally,
due to the loss term, tre {lux change will be greater in the practical
cage, This is borne out by the results on Page 139, Since the basic
harmnonic terms due to each component of magnetizing force have practically
vanished by the 5th, the coefficients at 350, 550 and 650 o/s are caused
principally by the intemodulation terms.

The corresponding harmonic components obtained under single-

frequenoy magnetization for the ssme megnetizing force values are ;iven

overleaf,



- 141 -

Values obtained across 4OOT winding,

Y I 50 150 250 350 450 750
50 o/ 0,64 | 0,2 0.0 0,08 0,006 = -
150 o/8 0,454 | = 0434 = - 0.07 0,006

Comparing these results with those on Page 139 for the same
individual magnetizing force values, it is seen that the coefficients
are increased under combined magnetization, except for the 150-c/s
value which is reduced, due to the presence of the intermodulation
te?ms J and ¢, The variation is shown when coefficients A', C' and
D' for single frequency magnetization (Part I, Chapbter 7) are compared
with the corresponding cnes in the table on Page 139, .8, {a~F=F);
(C+J=G) and (D+K-F), The actual numerical variation depends on the
core consbtents a, b and ¢ and the values of hy and h3.

It should slso be noted that under combined conditions, the
magnitude of the 150-¢/s voltage component appearing aeross the 50mc/8
supply (3C + 3J) is 16 of the 50=¢/s value (4) in this test,
Sizilarly, the 50~c/s voltuge (B + F) across the 150=o/s supply is 26%
of the 150~c/s value (3G), Without the back-back connection of units,
the corresponding values (obtained from Page 139 (Vaore 1 results) are
110% end 85% respectively., Due to *he relatively isrpe percertuge of
50*0/5 and 150-@/% voltage components appearing across the‘150~q/s and
50-0/% supply units witﬁ the back-back comection, it is necessary to

ensure that the supply current waveforms are sinusoidal,



The preceding method of test can be used to obtain the heronie
components in the current waveform supnlied to the cores, If the watte
meter voltage coil is now energized from the oséillator and the current
c0il inserted in the supply eircuit, the peak watbtmeter readings
obtaihed as the oscillator frequency is varied will be proportionsl ‘to
the current harmonics.

The following results are obtained when the volitage coil is

supplied at 5V and the corc energized at Igo = 0,6A and I150 = 0.6A,

q)n 0.

Frequenecy I5o components Ins0 compone:ts
50 1,560 0,001
150 0,001 1,60
250 - -
300 - -

From the above resulbs it is seen that the core is supplied
under practiecally perfect conditions of sine current exeitation since
the individual harmonic components in the 50-0/% and 150-c/s current
waves are less tran 0,2%, The sane result was obbtained with<f = 60°,

As the exeiting current values are reduced below 7.6A by the
insertion of cireuit resistence, the harvonic uomponenﬁé are further
reduced, Hence it can be stated that under all test conditions,
varietion of Igp and Ipgg in the range O-—» 8,64, and change of relative
phase angles, the cores are subjected to sine current ragnetization,

The harmonic content being less than 0,27 can be negleoted.
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CHAPTER 9
CONCLUSIONS

When an iron cirouit is subjected to combined magnetization at two
frequencies which are integrally related, the core loss which is obiained
camnot be directly estisated from single frequency test results, In
addition %o the variatlon in loss from single to corbined magnetization
conditions, the relative phase of the itwo regretizing forces af ects the
magnitude of the core loss obtained, I the ratio of the frequencies
is greater than 5:1, then this further compliocation due to phase bscones
so snall that it may be neglected,

The cases which have been cousidered in preatest detail are those
where the phase effect is of significance, For two frequency
magnetization, this occurs wheu the freguencles are related in the
ratio 1:2, "hile this case is of greatest intercst theoretically, its
osourrence in practice would be restrioted to iron cores used in
restifier or other cireults where the fundamental end even harmonie
components of @agne%ization are present, Combined magnetizetion
oscurring due to the frequency ratio 113 is very oommnon and 'ence the
results for this test are really of greater interest. In both cases,
the general conclusions are the same; the total core loss under come
bined conditions is greater than either of the components when acting
alone, The variation of the total core loss is not so great as the

ef "
varistion in the lower frequency hterm, An inorease of 200% on the
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minimum value of the low freguency core loss is not uncommon as the phase
angle is varied, The individual loss terms under combined conditions do
attain valves less than those obtained under single frequency conditions
over a range of phase angle values, For other phase angles they are
greater than the single frequency values. The minimum of the lower
frequency loss components ocour in the region of minimum peak-peak
magnetizing force, This same region coincides with the raximum value of
the higher frequency loss berm, Similarly, for the maximum value of the
low frequency term the applied me;netizing force reaches its peak value,
giving rise to the ninimum value of higher fregquency core loss, It is
seen that this causes the overall variation in total core loss to be
reduced,

The variation of the higher frequency loss term is small when oom=
pared with the lower frequency one, when Hpp = H,,, bubt as the high
frequency term is reduced with respect of Hyp, the high frequency loss
variation incremges slightly #ill Fype = % Hyp, thereafter decreasing to
zero as Hif is reduced. These general conclusions are obtained when
the core is being operated a% or beyond the "knes" of the magnetizetion
characteristic, This, of course, is the usual region of operation for
iron-cored oircuits,

When the core is operating below the "knee" region, sliphtly
different conditions are obtained, Under cowbined magnetization the
low frequency loss is now always greater than the single frequency

value for the same low frequency magnetizing component., The total loss
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for all phase argle valies is greater than the sum of both the loss
components obtained from single frequensy tests, A reduction‘in the
low frequenny loss is obtained only over & very limited phase angle
change and with smell values of the higher frequency term,

Since it is the lower frequency loss term variation whioh is of
greatest interest, the general requirements to obtain this loss value
under combined conditions to he less than the single frequenoy value
are:r 1) For smll low frequency terms (below the "imee" of the
characteristic), the higher frequency term should be small (< 50% Hyel.
11) For operation at or above the knee rejion, the larger the high
frequency term the greater is the possible reduction in low fiequency
loss term (with correct relative phase angle),

¥hen the frequency of the superimposed component is inoreased
so that the phase effect is no longer of significance, it is seen
that, provided the core is operating beyond the "knee"” region, the low
{requency loss térm is reduced, As the high frequency magnetizing
foroe is inoreased, the low . reguency loss continues to be reduced.
0f ocourse, the total loss continves inereasing due to the relatively
large increase in the higher frequency term, -

The uge of the back-back method of core connection has been
justified in theory end practice %o zive the desired core magnetization
conditions and, when used in conjunction with the special supply
cireuits, errors due to harmonic power [low are kept to a minimum.

The work consldered in this Thesis has dealt entirely with single-
phage core magnetlzation conditions. It is, of ocourse, obvious that

8 further wide field of work is available to investigate wnulti-phase

conmections under conditions of variable phese corbined mapnetization.
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Since the completion of this experimental work, the author has
started to consider the most practical case of the above, namely three-
phase combined magnetization. This is of importance in practice, since
in general the supply voltage epnlied %o trensformers ebe, does contein
various percentages of harmonic components, causing & change in core loss
from the caleculated velues chiained on the assumption of sinusoidal flux
conditions, The same general conditions are again observed as the
relative phase angle betwesen the two corwonents of maguetization is
altered, It is seen that, if it is possible Yo control the relative
phase angle between the components, sn eppreciable reduction ir ccre
loss is obtained, It is hoped in the very near future to publish the
results of these three-phase tests,

Up to this point, the magnetic material has only been considered
to be subjected to two-Trequency megnetization, It is obvious that
this coul? be extended to three- and perhaps four-frequeuncy conditions,
The back-back method can still e used, but the number of identical
cores must be inoreased, A typiesl practical case, which could then be
fully investigabted, is thé core loss ocourring in a smoothing choke in a
rectifier circuit, The magnatizing force would oomprise a d,c, term
and the appropriate even harmonic terms,

From the foregoing, .t is seen that the subject netter of this
Thesis deals only with a very restricted fleld of the general ocase of a
magnetic material subjected to combined magnetization, but is hoped in

the future that other approaches may be investigated.
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Appendix (a)
Measuring Cirouits

1) Alternating ourrent potentiometer

The a.c. potentiometer was used to measure voltage and current
quantities throughout the tests and from these values the power loss was
readily obtained.

Under combined regnetization conditions it was necessary to
measure, for a given magnetizing foree, the volitege and current gquantities
at two different freguencies, These weasureme:nts wereball required as
nearly simultaneously as practicsble, Since the a.o, potentiometer
normally available consists basically of one in-phase ard quadrature wire
supplied at one frequency, say f3, it was necessary %o assemble & switohe-
ing system which would change over the supplies to the measuring wires
from £; to nf;. Due to the chenge of frequenoy, the oirocuit components
in geries with the quadrature wire also require Yo he altered.

The cireuits which require switching are -

1) Input to supply tranaformer
2)  Deteotor cireuit
3)  Quadrature wire components

4) Test input.
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Fip . 52,
Alternating Current Pobentiomeber Cireunit,

The complete cireuit diagram for the potentiometer circuit is
shown in Fig, 52. The supply voltages to this unit were obtained frou
Variac transformers, which enabled the wire currents to be adjusted to
the standard value. A nutual inductance was inserted in tre in-phase
wire to check that there was a 900 shift between the two wire voltapcs.
Any #iscrepancies were adjusted by variation of tre R = C components in
the quadrature wire., hen this check was belng carried out, the

terminals a] ap were connected tu the test voltage terminals f1 or f2.
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For the 50=c¢/s tests the potentiometer was standardized to givé
1V/wire, while for the 150-c/s Yests it was C.5V/wire or 1V/wire, depend~
ing on the voltage available from the 150=-¢/s source, Throughout the
experimental results the wire voltage is stated where it differs from 1V,

The wire current values for emch case were obtained by the normel
method of d.c, calibmtion epainst a Standard Cell,

The detector used for tne 50~c/s case vas a standard vibration
galvenometer which cruld be tuned cver the rrequency range 20 = 60 o/s,
Great care was taken to eﬁsure that it wes sharply tuned when in use, 4s
no suitable vibration galvenometer wes available for the other test
fregquercies, a Baldwin elecironically operated null indicator was uvsed,
This unit could be tuned by suitable external capacitance but even under
‘these conditions was not suificlently {requency sensitive, . To increase
this, = selective amplifier was inserted between the potentiometer and
the detector, thereby increasing the overall accuracy of the jotentiometer
results, The detector circuit under these conditions is showm

schematically in Fig, 53,

f , From q‘g_‘ Selective . Null
potentiometer| ,noyitier  iIndicaton
; ————ned] )
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Theory of measurenuv:ats from potentiowmeter results,

1. Amplitude of waymetizing foree components,

The potlentiometer is used to :easure the r.m.s. value of the
alternating voltage developed across s standerd resistance in the

energlsing oircuit. In this way, the two current values I and I, are

obtained,
I{ = ey + jby and I3 =£7 + b2
T = oy + J4y I, =fof + a%
The amplitudes of the components of the core maynetizing force

are then,

hl o \E.I].Nl and h‘ﬂ = 'réInNn
<D

7D

where D 1s the rean core diameter,

2, Amplitude of fundeucental component of flux density.

The components of the iniuced voltage E1 and Ep in & winding of
Ny turns on the specimen are obtained from the potentl ometer results,
It is us:ally necessary to insert a potential dividor between the
specimen terminals and the poteitiometer, The voltage factor K (<1)

introduoced by it must be teken into account as below,

Let measured voltage at f; be

E

. Voltege at specimen terminals = EZ
v e weber/’m
+ By = P2 weber/m?
* e 4,44 £ lph

and ainilarly for Bp.
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. B Iron Loss in specimen,

The losses in hysteresis and eddy currents can be readily obtained
from the current and voltage resdings,

W o= %-5 (ajap + byby)

and W, = Hp (0102 + dldz)
K*'No
In the test results Ny = Ny = 100 and Ny = 400, except where shated other-

wise,

*  Total iron loss in speoimen'under combined magnetization =

s @

O ajag + bybg o O102 + didz
7Y X

From the core weight (0,639 kg) the iron loss in W/kg can be

readily obtained.
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Appendix (b)

Supply Units

From the theoretical and experimental work in the previous Chapters,
it is evident that the supply units required are of a rather special
nature; The essential requirc-ent that the supply frequencies must be
synchronized to one another sug:ests that mecharioally coupled alternators
would be suitable, The ideal set would comprise & synchronous motor
driving al ternatorswith various numbers of pole-pairs depending on the
frequencies required, The requirement of relative phase change between
the supplies could then be obteined by rotation of the stator of each
alternator, A set of this natire would require to be manufact:red
specially and accoriingly other maéhods mist be sought, Electronioe
cireuits oould be used 4o obtain (by frequency <ivision) the synchronised
voltopes required, These would then esch require power amplifiers and
phagse shift cirouits, Fhile this method could be used, the large number
of’oomyoneﬂts required and the possibility of poor waveshape and
inascurate determination of phase change caused it to be put aside in
favour of the following methods,

1, 5O~=o/s SUPILY UIIT,

This was the baslc frequéncy uged for the excitation of the
reactor cores and was obbained from the corporation 50=0/8 éupply.

To enable phase effects to be investigated, this supnly was obtain=
ed through an 0,6kVA Zenith phase~shilting trensformer capable of ¥ 1800

rotation, The requirement of a high-impedance souree ws obtained by
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"o, : '
. g . S . P S i

sonnecting “he 3-ph prase-shilting trans'or.er in star-star and
inserting a dummy load of 3 adjustable equal resistances in its secondary
¢ircuits The oircuit under test wes connected in series wi th one of
these resistances at the star-point, Yo preveni any lar;e voltage to
neutral developing in the ﬁetering and ~seilloscope cirouits, The com~

plete cireuit diagrem of this supply unit is shown in Fig,. 54,

3-ph ' |

S0<fs A A 'E%:

415V ' ANANA————

supply g

| e R |
Phase-shifting 1600

transformer Test circuit
Turns ratio I:1

Tise D%
50-c/s Supply Cirouit.

2, 100-¢/s SUPPLY IMIT,

To obtain & high-impedance source at the above frequency, looked

to the so-c/% supply, a l=ph alternator and a 3-ph synchronous motor

coupled together were used,

Details of machines,
1) 2kvA, 2207, 1 ph, 50 o/s, 3000 r/m, Alternator (M68)

Stator resistance 250%
Rotor resistance  0.,4%

2) 2 h.p., 3807, 5.34, 3 ph, 57 ofs, 3000 r/m, Synchronous Motor (169)
Stator resistance 3.85/ph

Rotor resistance 2608
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Theory of Operation,

The 3-ph synchronous motor is ‘min up" as an induction motor from
" the 50w=c/s supply and then synchronized in the normsl mammer, The stator
winding of the l-ph alternator is enérgized fron & de.o, source and the
rotor 50=¢/s output voltage observed, To enable the l-~ph machine to run
as & syuchronous mobor, e supply voltage is selected to 5ive zero phase
difference between it and the rotor voltage., The numerical value of the
rotor voltage is adjusted by varialtion of the excitation, When correct
voltage conditions are obtained, the l-ph machine can now run as a
synchronous motor and the supply to the 3~-ph synchronous motor cen be
disoconnected, To provide a sultable synmehronizing torque, an inductance
should be inserted in series with the rotor of the l-ph machine. If two
of the supply leads to the stator of the 3-ph machine are interchanged
and the supply reconnected, the resulting rotating m.m.f, will be in the
reverss direction, The rotor winding of this machine, which is rotating
at synchronous speed in the [orward directicn,wili have a voltage induced
at twice the supply freqnegey.

The number of turns on the rotor winding wué large in comparison
with the stetor winding and conseguently the induced voltage on open-
olreuit at 100 o/é tended to be dangerously high., To protect the
insalation of the rotor windings, & non-linear resistor (Metrosil) Was
connected scross the slip-rings of this machine.

The 100=c/s winding impedance obtained by this method was very

high, which satisfied one of the requirements for the sine-current tests

on the coresd,
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in ¥, 55,

| | 9
. N SR,

3-p \
- S0<fs — T i

SUPPlY___ 8> 0.2, M69 ﬁj
S4 Moving cail

requiator _ S,
C.0.l.
100c S
load o
Fig, 56, o

100=0/8 sunnly cireuit,

3. 150=-0/8 CUTD Y UHIT,

The non-lincurity of the ragnetizetion characteristic for core
materiale enables a 3~nh supnly to be used fo give & l-ph output, The
basic oircui‘c7 ;ogsists of & 3-ph transformer, whose star-connected
primary winding is energized from & balanced d-ph suoply. The flux
dengity in the core is higher than the normal valus, with the result
that & large third harmonic current will flow in the secondary windir;g
which is in delta, If the deli“.a is opened, the third herm-nic ocurrent
cannot flow and hence & third harmonic conrponentr of flux and phase

voltage will reasult."x This voltage will appear aoross tie open delta,

When & load is connected moross it, power will be supplied at the

desired freguency.

¥ A11 triplen components will eppear in the output weve, but the 9th
and above are normally so small that they can bs neplected,
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To obtain suitable values of third harmﬁic voltage, three
identical l-ph transformer cores were used, Tapped primary windings were
on ‘the cores &s obtained, and a conmon secondary winding linking all three
was epplied in the form of two 150 turn coils. A 3-ph core type irens-
former with 3-1¢ggad core is nob suitable for tiis applicé’cion, since the
third harmonic fluxes which are in-phase in the 3 legs must find a return
path through the air., This high reluctunce path tends to suppress the
3rd harmonic fluxes,

The impedance of the source should be as high as possible to
restriot the flow of harmonic currents from the circuit under test.

Due to slipht megnetic differences in the three cores, a small
voltage at fundamental frequency may appear ecross the secondary winding.
To cancel out this small volbage, %the primary turns may be adjusted by

the various primary teppings as indicated in Fig. 56.

- Primary phase winding
1 -2 50% turns

6 2 -3 25%
3 3 -4 15%
3 4 =5 8%
f 5 =6 2%

A Total primary turns/ph = 938
/ " " resistance/ph = 14,38
-~ \  Secondary 1607 22 WG DSG 5,18
‘!Rﬂ” Imw«l 1504 24 ZWEG DSC 8,5%
150" 150 |

Fig. 56,
Detsils of primary phase winding.
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Srould the Sadaneste: volbage o cponent nob Lo eniirely s poressed
by adjustment of the prisery tap-ings; verleble resigtore wers conneetec
in series with emch winding %o give the final edjustments (Fig. 67), Tt
must be realized that the reaistonce inserted was small s otherwise the
primery vollege across the windinga would be Jistorbted, The J=ph sunply
to the unlt wes obiained Irom m moving=o00il resuletor to enable tha }.5"?-«5{/’5

eomponient Yo he eas Ll wried,

: A

Moving- »

coil :
———] regulator ‘X:;il:tt:::s ESOcIs

: , L AAMA
‘1 ¥ph . \
| S0¢/s| - —AA\
| supply -t |

Fig. 87
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Appendix (o)

l., Bingle Frequenoy Fxoitation,

To enable the rcsults obtained under combined magnetization to be
compared with the single frequenoy condition, separate tests were carried
out for various velues of simsoidal magnetizing force at 50, 100 and
150 ¢/sy

The oircuit was connected as shown in Figs 584 The wirdings,

which were not eneryizol, were open=circuited,

Ny ~
II511g11E:
) L
1 S
e -
y —
151181188 $—
» Toac,
. _Jpotentiometer
: 1 ~
} —

The variation of the individvual corseloss values are shown
graphically to a base of megnetizing force in Fig. 59, The variation
of flux density components with magnetizing force is shown in Fig. 60,
These values are used for comparison with conditions under combined
magnotization in Chapter 4,

2, Calibration of valve voltmeter to read peak flux-density valuves.

Under conditions of combined magnetization, the indiced voltage
wave obtained across s secondary winding -n the specimen can be ro-enirant

which prevents the use of the uoving-coil rectlier volitmeter to obtain
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the maximum flux density valﬁa,

Accordingly, the actual peak value of the flux wave was measured
by means of a& oalibrated valve voltmeter. The flux wave was obtained
«rom the astanderd R - C integrating circuit, With a perfeot integrating
oircuit of this type the voltage across C would be zero, i.e. R = ©9,

As this 1s an impractical oase, it is usual to make R as large as
possible and amplify the resulting volitage obtained,

In the circuit shiown (Fige. 61) an amplifier with a gein »f 100 was
insertgd between the integrating circuit and the valve voltnmeter, The

amplifier input impedunce was anproximstely 2Mi, so that the integrating

eircuit was not loaded by the measuring olre its,

Core | R

Amplitier Valve
4007 P
00 | ¢ xi00 voitmeter

 Fige 6l.
The valve voltmeter readings were calibrated against a moving-coil.

rectifer meter (V74, 0-50V) for sihgl@-frequency core magretization,

Bm = 0,0738 x Vgnn7t (£ = 50 ofs).
Calibration,

V74 Valve Voltmeter Faotor

6.2 11.2 0.554

8.9 16.1 0.5654

9.5 17.1 0,585

The valve volimebter scale factor is talen as (5,585,
*, Bp= 0,0738 x 0,555 x V.V,

= 0,0408 V.V, weber/m?
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3. easuren nt ol the r.a.s. volbtage ind:ced in the scoondary windings
oi° the cores,

When the cores are energized under sine-current conditions, the
induoced voltage waveform is non—siﬁusoidal and, hence, to obtain 1is
r.me8, value & thermal instrument was vsed, To prevent loading the
gsecondary winding, & veovo=junction was used with a unipivot micro-
aumeter, which had & square-~law scale, thersby enabling a direct reading
to be obtained, Resistance wes inserted in series with the héater
oirouit of the vacuo-junction. To obtain various voltage ranges this
seriss resistance was altered as given below,

Details of Vacuo-Junetion, (LV 8953/43).
SmA leater resistance 95;152
Cathode " 9%
Details of meter
Cambridge Unipivof
Resistance 10& at 209C

Full Segale 120 divisions

To dc, potentiometer

F “W

Fig,. 62,
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With the cirouit sonnected as overleaf, the values of R were
obtained for various voltage ranges from a d.c, calibration, using the

dl.e, potentiometer,

Meter full scale

voltage 5 10 20 40 a0 80 v
Additional

Resistance, 2000 4090 8300 16900 25000 33900 &

4, Observation and recording of hysteresis loops.

To enable the loss loops obtained under conditions of combined
magnetization to be iuspected a eathode ray oscilloscope was used., The
X-deflection was obtained proportional to the core megnetizing foroe and
the Y-defleotion proportional %o flux, In this menner, the loss loop
was obtained on the t:be screen, which could be photographed,

Details of flscilloscones,

Cogsor Double Beam Nscillograph, Hodel 339,

This unit wes vsed to obiain the loop traces, The freqienoy
response curve of the anplilier used Lo obtain the vertical deflection
is shown in ¥z, 83, It is seen that & flat response is obitained over

the opersting range 504f5134 5T,

| e |
| v \
, o
| S &\&

2-25

5

Q.

5

S-50

10’ 1?10 et 108 \0%cfs

- A Fir. 63, o S

Arnlifier resnonse CUIvVe,
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The flux density and magnetizing force waveforms were dbtained
using & Cossor lodel 1035,

Mapgnetic Deflector Coils,

To obbain the horizontal or X deflections, pairs of magnetic
deflector coils were fibted to the llodel 339 osoilloscope, The
following pairs of coils were wound to give sulteble deflections for
a wide range of ourrent values: 60T and 60T, 40T and 40T, 157 and 157,
107 and 10T,  The eight coil leads were brought out to & terminal
board on the side of the oscillozcope to enaﬁla them to be oanneoted in
series aiding or oprosing depending upon the defleetion required and
the current availadble, This eirecult covld be inserted by an ammeter
switeh in series with either of the sunnlies 4o the test cores or the
total current to them, In this way, horizontal deflections proportional

to '1\11, '}\m or ﬁTm were obbtained,

From secondary? R

winding on Moot
specimen eqative |
P — C fcgcd-baclﬁ C.RO.
T amplitier Y-plates
(gain=m) ——»

Fi{; . 64,
The standard ¥ - C integrating ciroult was uged to oblain a
voltagze proportional to the core flux, The amplilfier input impedance

was apprgximataly‘BMQand hence its loading effect on the K = C circuit

may be neglected,
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L4

» + Instantaneous ourrent in R-C Cirouit = é;f

* ¢ Amplifier input voltage = %fvr dt = %Efv dt

.

* * Voltage applied to Y plates of oscilloscope
~ g v at

As the value of R is. increased, for a given value of €, this
eirouit glves & oloser approximation to j edt but, simultaneously, the
voltage across C decreases, requiring an amplifier with a larger gain,
This is liable to introduce additionel errors due to phase shift and
it is usval %o compromise between voltage across C and axfzplifier gain,

In the circuit used experimentally, R = 24kQ, C = 4;&?, and the
amplifier gain, vhich was adjustable, approximately 100200, This
olreuit gives the ratio %‘2 = 3.3 at 50 o/s. Due to the relatively
large inacouracies (5) imtroduced in the photography and developing
of tﬁe loops, this integrabing cirecuit is guite satisfactory,

Photographic Procedure,

The hysteresis loops were resorded using a Cossor Camera Hodsl
427 and the flux density snd megnetizing force waveforms on a Model 1428
camera, The 36 m.m, film used was Ilford 5B52 with an exposure time of

1 second, The developéd film was enlarged and printed onto B.G.4 paper,
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Appendix (d)

Derivation of eddy current loss under combined magnetization,

Assume a thin plate, of thickness + and width b, the thiockness belng
small in comparison with the width, The plate carries & flux
B= B sinwt + B3, sin 3wk + o o o By sin nwt, The flux density is
assumed uniform over the oross seotion and the flux parallel to the axis
of the plate, The recaction of the eddy currents on the induecing rield
is neglected since an approximate exprescion only is required,

Consider lm axial length end lm width of plate, For an olemental
path with sides x m from the centre of the plate and depth dx, the flux
enclosed in lm width of path is

2x x 1 xB=2x (By, sinwt + Bz sin 3wt + o o o o)
and the e,m.f, induced in this path is

ex = 2x Qp (By, sin wb + By, sin Swb + o o o )

- 2x @ (By,, cos wt + 3 B3y 008 3wk + o o & )
The r.me.s. value is
By = j;‘_"x j(Blm2+(333m)2+. . o)

If the end portions of the path are neglected, then the eddy ourrent is

1, = %‘; = {2m fo(Blmz + 9Bz, % + -+ Jax
= £ ( 4 measured in Swm)

Hence eddy current loss in this path per metre l:nzth and breadth of the

plate is
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el pl L2 2 2 4
ane 0o oxe ( 9.
f X \B}-;";'; + 9B 3?}? P T T )dxd

H

77 «
. 2
4xe 2 x (Blm + 983 "+ .., ) ax

17

* W = loss per metre length and breadth ~f plate

O

T ®
xzt
= 2'2 2 2
4x° £2 (81,° 4 ssﬂmz + o o ) X2 dx
x= 0 '

2 3 ’
= 75‘ fa &~ (Blmg + 93352 * s e e )
64 |
)
, °, Loss/ou.m, = * £2 42 (Blm?’ » 93;5m2 I o (a)

6f

Now a voltmeter measuring r.m.s., quantities (see Appendix (d))

when connected acreoss a winding of N turns on the core, area A, will
read Er.m.ﬂc |
Since e = NA -g-g (B) |
g e
‘= NAEE(-BIKI sinwt+33m 8in 3wt + o o o)
= NAw (Blm cos wt + 3Bz, cos Swt + , o)

. —
: E = HAp 2

* @ 1“.1’1‘“3. '{-_é_-— /Blm + QBsz "'-‘ . »
R z2_ T .

. e jBlm * QBSm ® o Eromoss

Eddy current loss/cu.m. from (&)
37{8 fz tz Er.m.s.z
6 N2AZwR

42 2
- lzr N‘Aé E_r.ln.sl

Hence the eddy current loss under conditions of combined
magnetization can be obtained from core constants and the r.m.s, voltage,
(In the above analysis, the flux density wave comprised only odd rermonicsj
while this is the more practical case the resilt is quite ceneral and holds

for even and odd hamsmics.)
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Eddy current loss for cores used in tests,

Loss/cu.m. ] tz Ervmtsog
: 12p N2AZ
= (3.58 x 10~4)% B2zm,s.
12 x 20 % 108 x 10-2 x 16 x 107 x 1.496% x 10-8
= 14,752
Lose/c.c. = 1,47 x 10~8 E®

i

E = 639 = 82 CeBo

Core -volumet
D 7.8

," , Eddy current logs/core = 121 x 10-8 Ezr.m.a. (aooT)




