CARNEGIE INSTITUTE OF TECHNOLOGY

DEPARTMENT OF ELZCTRICAL ENGINEERING

Pirrasunai 13, PENNSYLVANIA

STATIC PROFERTIES OF TORGIDAL MAGNETIC CORES

MAGNETIC AMPLIFIERS - TECHNICAL REPCRT NO. I3

Work rerFormMED UNDER QFFice oF NavaL ResearcH ConTracTs

N7 ONR 30306 axn 30308 - PROJECT NO. 075-272 ano 275



MAGNETIC AMPLIFIERS - TECHWICAL REPORT NO. 13

STATIC PROPERTIES OF TOROIDAL MAGNETIC CORES

by H. M. McConnell

Work perforwsd under Oflice of Naval Research Contracts N7 OMR 30306 and 30308
Project No. 075-272 and 275

p

B B R B B B B B B I B _J B

Department of Electrical Engineering
Carnegie Institute of Technology
Pittsburgh 13, Pennsylvania

- e S RN ) YO NN

June -~ 1953




STATIC PROPCRTIES OF TOROIDAL MAGHETIC CORES

Synopsis: Recent reports (refereunces i and 2) have stressed the impartance of
the static hysterssis loop of the core as information needed to predict
the transfer characteristics of certaim kinds of magnetic amplifiers. An
attempt is made to express the siatic properties of the core in terms of
the separate effects of core configuration and core material.

IFTRODUCTION

In & recent paper (1), Batdorf and Johnson discussed the correlation
between the static properties of certain magnetic core materials and the unstable
behavior known as "triggering” when such a core material is used in the totally
constrainsd single core magnetic amplifier. In another recent pubdblication (2),
Dieterly bas discussed the effect of core dimsnsions upon the static and dynamic
properties of the core. It was showvn that a core mads of so-called "rectangular”
core material actually has a more nsarly rectangular hysteresis loop if the ratio
of inside diamester to ocutside diameter is made as nearly unity as possidble. The
purpose of this paper is to establish a correlation between ths work of Dieterly
and that of Batdorf and Johnson.

INFLCENCE OF RADIAL DIMERSIONS OF THE CORE

First it will be demonstratel that the hysteresis loop vith parallel but
inclined sides, advanced by Batdorf and Johmson as & property of the material
alone, can be predicted using the idea of Dieterly. It will be assumed that the
magnetic propertiss of a small sampls of the core material, laid out flat, follow
the slemsntary rectangalar hysteresis loop with flat top and vertical sides. A
long strip of this material is wound into a toroid whose mear radius is R
contimeters and wvhose thickness in the radial direction is 2X centimsters. The
problem is to find the static hysteresis loop of this core.

This static loop is really a plot of average inductions versus average
mgnetic field intensity. This implies that the ordinate will be the net flux
in the core divided by the cross section, while the abscissa will be (47 /10)
times the ampere-turns of the exciting winding divided by the mean length of
magnetic path.

Nov & more specific meaning for the elementury rectangular loop vill be
assigned. It is assumsd that the dipols axis of every magnetic element in the
material is aligned perfectly with the rolling direction in the strip. By
symetry, this is also the direction of the magnetomotive force applied by tie
exciting winding. Nov it is {urther assumed that every dipole is oriented
either parallel or anti-parallel with the rolling direction, there being no
other stable magnetic state. The field intensity necessary to re-orient the
dipole from parallsl to anti-parallsl, or vice versa, is the cosrcive force H.
osrsteds.




The magnetic material is arrangsd in the form of concentric circles
(neglecting the spiral effect and resultant air gaps). If there is ome region
in the core vhose magnstic state is parallsl oriented and another whose state
is anti-parallel oriented, then by symmstry the swrface of separation between
the two regions must be a circular cylinder. Each region is magnetized to
saturation but in opposite directioms.

A change in the nst flux of the core is accomplished by moving this surface
of separation from ome location to another. Tc illustrate the process, lat the
entire core be initially magnetized to negative saturation, and let a positive
magnetomotive force be applied. The innmermost layer of the toroid will re-orient
iteelf vhen the field intensity at that radius is E,. The surface of separatiom
batween nsgative saturation and positive saturation migrates ocutward as the field
invensity is increased until finally the complete core is re-oriented when the
f1eld intensity at the outer layer of the toroid has reached K.

The slope of the static loop may be expressed simply in terms of the
saturation induction, Bg, the coercive force, Ho, and the dimsnsions R and X
(Figure 1). It will be assumed that the initial state is -Bg throughout.

Ilst the surface of separation between the states -Bg and +Bg be located at
x. Since the field intensity is necessarily H, at that radius,

_ 4 (n))
He = 10 27 (R+ (1)

The field intensity we wish to plot on a static hysteresis loop is the msan
intensity

— _ 4mw (ni)
10 2nR (2)

Therefore, wvhen the core is being altered megnetically,
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The average induction will be

— By (X+x)-Bs (X-x) X

B= 5( +;x 'S = BS X ()
Eliminating the paramster x yields

B= Bs ;(%C') (5)

The slope of the hysteresis loop of the eatire core is




' Equation (6) shows that the slope of the static hysteresis loop dspenis

. only upon the saturation inductlion, the coercive force, and the ratio of msan
diameter to core thickness. The validity of this expression has been checked
experimsntally by numerous tests on ten cores made of C.00k by 0.5 inch Orthomol
strip, wvound into toroids. This test data is summarized in Table 1, vhere the
permsadility }4 d is the "dimensional” psrmeability computed according to
equation (6), using in each case the msasured valusg of Bg and X;. In computing ‘
By, the stacking factor of §5% as recommended by the manufacturer was used. The ¢
permeability U, is the maximum slope of the static hysteresis loop, as msasured
point by point using a flux meter. In every case, the messured perwsabilily
Mo 18 smaller than the value U4 predicted on the basis of ihe dimensions, as
wvould be expected since ths core material cannct be idealized to the extent
shown in Figure 1.

Equation (6) gives a result identical to the hypothesis used in reference
(1) to explain the triggering phenomesnon. The implication is that the static
hysteresis loop with inclined parallel sides may be explained in terms of core
configuration, as well as in terms of the magnetic material. That ths core
configuration has an important bearing on the performance of magnstic amplifiers
has already been recognized by Dornhoefer (3).

The process cf changing the averags induction by mmans of shifting boundary 3
surfaces also explains the existence of alternate regions oppositely magnatized
to saturation as proposed in Figure 10 of reference (1). The chargs of magnetic
state always procaseds from the inside surface of ths toroid to the outside. How
far the change of state extends depends (for currents) upon the highest net
magnetowotive force, or (for voltages) the volt-seconds absorbed by the core. 4
(By applying positive and negative voltags pulses of decreasing lsngth but :
constant amplitude, it would be possibls to set up a number of these alternately
ragnetized regions.) Experimental evidence that ths change of magnatic state
does in fact travel from inside to outside in a toroidal core is offered by
Mita (reference 4).

The results so far obtained indicate that soms attempt should be mamde to
separate the effects of core configurations from those of the core material.
If this can te dons, it will be possible to predict the static hysteresis loop
of a proposed core in advance of manufacture. Also, it will be possgibls to
more accurately check on the quality of the material during manufacture (2).

. EFFECTS OF HON-IDEAL CORE MATERIAL

Experimental observation of hysteresis loops reveals that the sides of
the loops are not quite straight lines, but have a curvatwre, whils the curners
are rounded., This indicates ths nsed for a more careful assumption concerning
the behavior of ths dipoles than is given in Figure 1. The suggestion wade in
Pigure 2(c) of reference 1 will be accepted, and it will be assumsd that a
smll flat section of ths magnetic material contains dipoles which re-orient
themselves according to a normal probability curve with respect to increasing
field intensity. (It will still be assumed, however, that the magnetic state
is irreversible - that is, there are no stable states other than parallsl and
anti-parallsl alignment.) Such a functional behavior is ehown in Figure 2.
The constant h could be considered as a measure of quality since it expresees
the "sharpness” of the probability function.
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Consider nov a flat shset of the material initially magnstized to negative
saturation, to vhich a field intensity H is applied in the positive directiom.
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If H is small, a further incremsnt & H will cause relatively few dipolse tc

be re-orianted; at higher values of H. the same ircremsnt & H causes a larger

number of dipolss to be re-oriented, At F s HEc this sams increment causes the
greatest number of dipole reversals. Also at H = Hc, due to the symmetry of

the probability curve, the average induction will be zero since half the total
number of dipoles have been reversed.

Let N be the total number of dipoles in a unit volume of the material. Assuming
all of the dipoles to be initially oriented anti-parallel, the number m vhich
can bes reversod by appiying a field intensity H will be

Z
m= %’{ e A% (7) ‘

O

vhere the upper limit is

Z= 3 (H-Hd) ©) 2

Ths number remaining with anti-parallel orientation will be (M - m). In the
closed magnetic circuit the inductiomn will be the saturation inductiom multi-
plied by the ratio of axcess dipoles of one orientation to the total number of
dipolas; or

B= -B M;/Z\m = -B5(1-25%) (9)

Then the induction is 5 Z
B=-B +BSF[ e-%’l?f (10)

In equation (7) the limit (-o©) wvas used as the beginning point for
integration, wvkile the hypothesis was set by assuming the integration to
start at zero. In thoss materials bhaving "sharn" hysteresis loops this
apparent inconsistency will not lsad to any difficulty because the probability
integral takes the value 1.0 correct to 5 significant figures at z = 3.08. :
Howsver, a "smooth” material could be definsd qualitatively at least by al- J
lowing k tc become larger., The integration from z = -<oO© takss on the meaning :
that if substantial numbers of dipoles assume parallel orientation before the
field intensity has become positive, then there is a portion of the re-
orientation process that is reversible.

If a material having the properties of equation (10) is wound into a
toroidal core, the upper limit Z takes the value

A 4r i
Ll = k\ 10 2rR+x) a




Here the coordinate x is merely the location in the toroid where calculatiomns
are to be made. However, if h = 0, x becomss the locatiom of the boundary
between regions having -Bg and regions having +Bg inductioms.
The average induction in the toroidal core will be
5= ("5
o ZX) X - p S

(12)
Subatitution o equation (10) yields 3
Z = 1KB 4+ g—J égda—})x
B=5¢¥ " S T ) oo (13)
i = B+ ( [Z ‘3J dx
B =-S5t px F}xl 2 (1b)
The obJject is to determine dB / dH where
= (ni)
H = 4]"3 Zr.:‘.R (15)
Pirst, B 1s substitutad into the function Z , and the limits Z] and Z 2 are
defined: R .
Q -
2= 1 [ A5 - Hc] \
B/ R N\_H
2R v % (16)
H
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The double integration in (1k) is jerforwed with respect to x first, them

(4B / 4H) is found by differentisting under the ro-ining integral sign. First
equation (14) is re-written in the form

Z(x)
- 2 (% [B®_, st
Bz'Bs*"ZB_%'fﬁ{f_x i e’ dydx + (X) dydx (a7)




Interchanging the order of integraticz in the doubles integrel and perforxing
the first integration over x yields Z (X)
2

— [ —K
B=_BS+85%R é%A} + .‘_B_.i.% e?‘.Y;-R*.‘\;*Hc]dz (19)
S £{X)

Nov the derivative dB / dE may be formed by differentiating under the integral
sign. The details of this process will be omitted. The result is, assuming

IR and h <XH;: ,
- Bl R ot £)
Sk H X R (20)
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The maximum values of the error function is unity, wvhich occurs as h —»0. Thus

the result in equation (20) reduces to the result of equation (6) for such a

"perfectly sharp” core material.

In ordsr to better interpret equaiion {(20) it may be re-written in the form

H
48 _ B edfiz ) o
T TR Y He K
AR 1H-R = %)

If h can be determined experimsntally &s a constant of the material, then
equation (21) is expressed in a form convenient for comparing different cores
made of the same material. Unfortunately, the experiments performsd so far have
not confirmed this equation. Rather, the results shown in Table 1 indicate that
the slope of the hysteresis loop depends primarily upon the effect of the radial
dimensions as predicted from equation (6). That equation shows the meximm
slops which can be obtained in a given core in the case of an "ideal” core
material. The actual slcps will be smaller. (The experiments reported here
show the actual slope to be about 70% of the ideal in every case).

The difficulty mst in the conduct of experimsnts to msasure the quantity h
may be a reason for the present inability to properly demonstrats the statistical
behavior of the dipoles assumed in the second part of this paper.

Table 1
Core R X Bg Ec fb‘s Ma An
Number Inches Inches Gausses Osrsteds xl10~ x10 Fd
1 1.62% 0.125% 12,630 0.0701 1.643 2.34 0.702
2 1.625 0.125 12,630 0.07%0 1.292 2.18 0.592
3 1.375 0.125 11,880 0.0588 1.611 2.22 0.726
b 1.375 0.125 13,090 0.0567 2.180 2.53 0.861
5 1.125 0.125 13,210 0.0770 1.042 1.544 0.67h
[ 1.125 0.125 13,900 0.0T11 1.250 1.758 0.711
T 0.875 0.125 13,330 0.0773 0.721 21.205 0.598
8 0.875 0.125 13,330 0.0688 0.810 1.355 0.597
9 0.625 0.125 13,140 0.0643 0.7T3 1.041 0.742
10 0.625 0.125 12,800 0.0604 0.732 1.060 0.691
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