
























































































































Bo

However, as wttt later be shown, lt 1s unfortunate
that the serf-lnductance of the colL depends on lnput
amplltude and thus cannot be separated from the hysteresls
nonllnearlty

As prevlously mentloned (sectlon rr.4), a hysteret!,o
element tends to cause a rag ln the phase of the output
component. All the methods and technlques prevlously desc-
rlbed glve the phase shlft of the hysteresls element as a
la8- Thls holè true when deallng wlth mechanlcaJ. hysteresls

'and measurement of the transfer functlon 1s made between the
lnput and output poeltlons, but, ls not the case when deallng
wlth nonllnear elemento havlng characterlstlcs slmllar to those
of magnetlc cores.

A phase dlagram lllustratlng what actuarry takes place
whlIe drlvlng the cores le shown ln Flg. 5.10.

Output voltage from col1.
( Secondary)Vout

f= er,."" lead. angle.
_ïnput voltage

vlr, ( errmary¡co11.

ïnput current to coll.
Ilr, ( errmary)

Flg. 5.10: Phase shlft between lnput voltage and output voltage.



,. : --'::

gr

rt ls evldent that wh1le the current lags behlnd the
lnput voltage, the output voltage leads the lnput voltage, (or,
ln the lossless,case where the colr'ls a pure lnductor 1n the
same phase aB the lnput voltage). Thus, the crltlcal locus
ls not ln the thlrd quadrant as would normally be expected,

but 1e 1n the seeond quadrant. The erltlcal Locl are shovrn

1n Graph 5.4, p. 82.

u. 4.2 Tésts on 4T4162-D2

up to thls polnt, we have seen that to some extent
both. theory and practlcal appllcatlon have been ln agreement

wlth one another, but, from thls polnt and contlnulng onward

we unfortunately flnd lncreaslng dlfferences between theor¡¿

and practlce; theoe wlll be dlscussed on the followlng pages.

The behavlour of the Delta¡nax speclmen ls shown ln
Flgs. 41, p.59, and J.Z, p.6O, as well as photo 6, p.ZO. The

results of the measurementg 1n thls speclmen are lLluetrated
1n Graph 5.5, p. 83. (see Appendlx B for numberlcal data. )

The behavlour of the descrlblng functlon for thls case

dlffers conslderably from elther the descrlblng functlon of
4-79 mo Permalloy'or the theoretlcal reeults obtalned. ln
chapter rv, becauee the descrlblnþ functlon starts from zeve,
rather than from 1ts maxlmum value, reaches a peak value, and

decreaseo agaln. These dlfferences Ile ln the characterlstlc
behavlour of the lndlvlduar speclmens under examlnatlon.
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The galn 1n the reverslble reglon Ls glven by'
dB tt 1--
ffi, =,/o + Vl-I.

That ls, for H=Or the galn Ls/o. By looklng at Flgs. 5.2, p.6O

and !.4, p. 63, lt ls seen that whlle the magnetlzatlon curve

for Permalloy has y'o x2o, ooo ( supermarloy ha>þo *,reo ,ooo)
Deltamax has an lnltlar permeablllty otl/rbxrrooo. Thls

means that wh1le the hysteresls Loop for permarloy and super-
malloy beglns to bulld up as shown ln Flg. !.11(a), the
Deltamax loop beglns as shown 1n Flg. 5.ll(b).

Thus, there'ls a range for whlch there ls no output
for a glven lnput.

,\(a) Permalloy and Supermalloy (¡) Deltamax

hysteresls loops near

-i

FJg. 5.11: Bêhav{our of the orlgln.



constant over the range ln whlch Ifu'r¡¡¿v¡¡Ë= const" that
H" = mH* (excludlng of course the reglon near the
The crltlcal Iocl for thls core are shown ln Graph

B¡

That ls, there ls a klnd of backlash effect for smalL

amplltudes, and therefore, ln the lnltlaI range the shape of
the descrlblng functlon for such cores would be slmllar to
the descrlblng functlon oerrveo for backlash, The behavlour
of thls core for lntermedlate and large slgnals 1s slmllar to
Permalloy. Graph 5.5, p. BS also presents the relatlon between
t" and \. The descrlblng functlon remarns approxlmater.y

1s,

orlgln)..

5.6, p.86.
V.5 Source edance Influence on The Derlvation of The

Descrlblns Functlon

-

rt was prevlously mentloned that for most appllcatlons,
the transfen functlon ln whlch vre are malnly lnterested should
be measuned between the lnput and output vortage.

Prevlous experlments show that when the lnput voltage
Ls slnusoldal, the theoretlcal modeJ.s yle1d satlsfactory
results (sonre types of cores o*Iy) for lnputs whrch were beyond
the saturatlon reve.l. However, magnetlc nonllnear eLements

usualLy have low rnput lmpedance (1.". generators, motors,
amplldynes, tranaformers) and therefore requlre a larger
current drlve.' rf the drlvlng generator has no lnternal
lmpedance the. lnput voltage to the nonllnear element would
remaln slnusoldal, although the current supplled by the generator
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ls not slnusold.al, also, no attenuatlon ln the magnltud.e of
the applled voltage would take place between the generator

and the drlven element.

0n the other hand, lf the source does have an output

lmpedance, the applled voltage would no longer be slnusoldal
due to non-slnuso1dal voltage drop across thls lmpedance.

Also, due to the formatlon of a voltage dlvlder between the

lnternal lmpedance of the source and the lnput lmpedance of
the nonllnear elen:e'n!, attenuatlon between the drlvlng and,

drlven element w111 occur.

unfortunately, the attenuatlon of thls voltage dlvlder
ls not a constant quantlty that can readlly be accounted for,
but rather changes ln an lntrlcate manner. obvlously, under

such condltlons the descrlblng functlon would. dlffer conslder-
ably from .the descrlblng functlon measured before.

The probreni ls of great lmportance 1n cases when one

td"es elther to llmlt the current through nonllnear elements

havlng 1ow le,put lmpedance by placlng a. reslstor 1n serles,
or, whlle uslng drlvlng generators of hlgh output lmpedance

ln order to obtaln slnusold.a1 current drlve.
I{hen deallng wrth control systems, one shourd be

aware that when placlng lmpedance 1n serles wlth such elements,
the stablllty of the system may be affected..

rn order to predlct operatlon under such condltlons,
a serles reslstance of 60o orrms was placed tn serles wlth the
co1ls (ttrus representlng an artlflclal source lmpedance).

Thls vaLue was chosen because lt ls a typlcal output, lmped,ance



of many standard sources. Results of these

shown on the followlng pages.

V. 5.I Tests -on 3T4tZ8-Pl

BB

experlments are

Graph 5.7, p. 89, shows the shape of the descrlblng
functlon for varloìs frequencles. (see Appendlx B for data
correspondlng to thls graph, ) comparlson wlth Graph 5.r, p. 75

accentuates the dlfferences between the two. The phase shlft
for low lnput slgnals 1s much larger than prevlously, and whlle
the previous descrlblng functlcn began from lts maximum va1ue,

it now beglns from a lower varue. The effect of frequency on

the descrlblng functtron is much more noticeable, and for lolv

frequencles the galn of the nonllnear element is conslderably
decreased.

A plot of the rnput voltage requlred to årrrr" the
core intc saturation vs. the frequency, and maxlmum equlvalent
galn of the nonrlnear el-ement vs. frequency are shown ln
Graph 5.3, p. 77. rt is seen that the saturatlon value ur"t".
l-lnearly wlth frequency. Thus, normalLzatlon wlth respect
to thls value ls actually the same as normallzlng the curves
from a frequency polnt of vlew

If, by so doing, all the curves shown in Graph D.B, p.9O
were to colnclde, this would prove that the nonllnear element
could be separated into a llnear storage element (seIf-lnductance
of the colI) whose lmpedance llnearry lncreases wrth frequency,
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9l
and a hysteretlc nonllnearlty havlng an output dependent

only on the á.mpIltude of the lnput slgnal

Graph 5.8, p. 90 shows the normallzed curves from whtch

lt ls seen that such an assumitron (found rn most textbooks)

ls, ln thls case, not valld. Graph 5,8 also shows that the

effect of frequency on the cores lsespeclalIy notlceabre for
lnputs below the saturatlon IeveI. For hlgh frequencles the

descrlblng functlon becomes s1mlIar to the descrlblng functlon
of the theoretical models.

Let us examlne the reasons for these devlations more

closely. As mentloned before, one of the reasons for the

dlscrepancy between the two serles of tests t6 due to the

presence of a nonllnear voltage dlvJ-d,er between the drlvlng
generator and the non llnear element. Graph 5.9, p. 92

shows curves for lnput lmpedance of the col] vs. lnput amplltud.e

for varlous frequencles. (rne lnput lmped.ance was calculated
by dlvldlng the lnput amptltude (R.I'I.S.) by the flrst
harmonlc of the lnput current. )

From these curves lt ls seen that for Low slgnal lnputs
the lmpedance ls very low because . the permeablllty of the core
ln thls reglon ls Iow. Thus, much of the apprled voltage
appears across the 6oo ohm reslstance and. the lnput to the
col] 1s very low" rncreaslng the lnput amplltu'de moves the
worklng polnt lnto the hlgh permeablllty reglon, thus lncreas-
lng the colI lmpedance.
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Hence, the value of the descrlblng function 1s

increased. once the saturatlon polnt ls exceeded, the
permeablllty of the core becomes very low and. lts lmpedanee

drops consld.erably. As a result, the value of the dêscrlblng,
functlon ls rapldly decreased. uslng Grapln j.9, p. 92 and.

the value of the source lmpedance, lt ls posslble to construct
an attenuatlon curve whlch wlII show the attenuatlon for
each frequency and lnput amplltud.e. Then, by mult1pLylng

Graph 5.r, p. T5 by the attenuatlon curve shown ln Graph 5.g,
p. 92, one amlves at a corrected form for the descrlbing
functton. (See Graph 5.IO, p. 94.)

rt ls shown that the origlnar graph and. the corrected
graph do not completely overrap. Thls is because lntroduclng
reslstance ln serles aLso changes the current wave shape.

(See Photos B and !, p. Tf .)
The descrlblng functlon and the factors affectlng it

are shown ln Graph 5.11, p. 95, and lt ls thus shown that the
describlng functlon ls more or less constant where VH"
assumci a constant value. rts maxlmum value and rate of
lncnease or decrease depend closely upon the lnput lmpedance

and varlatlons of co11 lmpedance wlth amplltude and frequency.
Graph 5.r2, p. 96 shows the crrtlcal locus for thls new

case. comparlson wlth Graph j.4, p. Bz shows that lt is not
dlfflcult to arrlve at a system whlch would be stable in the
one case and unstable 1n the other.
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V. 5.2 Tests on 4t4t78-54

A similar set of tests iuas conducted on supermalloy.
PrecâDSê of the similar behavlour of'these twe materials, the
resurts cbtained r"" *rr"h the saüre as for 4-79 Mo permalloy.

These results are displayecl 1n Graphs 5.13 through 5.L5, Þp.
98 - loo- The data for these graphs is glven in Appendix B.
V. 5,3 Tests on 4r4f68-le

mer,vhat different results were obtained. for Dertamax.
As rnentloned before, the initial slope of the magnetlzaticn
curve for thls material is relatively 10w. Hence, for a

eertain range cf input amplitudes there rs actualry no ou.tput.
As a result, thls erement acts much the same as a backrash.
nonllnearlty

verrflcation of thls conclusion may be obtarned. by
examinatlon of Graph 5.16, p. IOI (See Appendlx B for data),
where the comblned effects of series resistance are added.
As expected, the curves develop from zero galn due to ,,back1ash,,

effects and the high attenlratlon which ls caused by the nonllnear
voltage dlvlder.

Normalization cf these curyes with respect to saturaticn
amplltudes (i.e. with respect to frequency) and. tc the
maximum galn is given in Graph j.lZ, p. lO2. It is again
seen that any attempt to dellberately separate the linear
storage device from the nonlinear characterlstic would. not
y1eld satlsfactory results.
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The lnput lmped,ance for thls materlal 1s glven ln
Graph 5.18, p. 104 . Agaln we can form an attenuatton curve

by uslng these graphs wlth the value of lnput lmped.ance from

whlch one set of curves may be derlved from the other set.
(attnough the derlved curve and the measured curve d.o not

colnclde wlth eachother completely, st111, thls curve can be

employed lf one wtshes to take lnto account the lnfluence of
source lmpedance. ) Graph 5.Ig, p" 105 shows the two sets of
measured curves - the attenua tlon curve and a derlved curve

for 6 and. 10 cps.

Graph 5.2O, p. 106 shows the crltlcal locus for thls
case" ït ls seen that the relatlve locatlon of these locl
ls approxlmately the same as prevlously, however, the amplltude

scallng ls dlfferent. Also, 1n thls case, a stable system

may become unstable when source lmpedance ls varled.
V. 6 Analog Computer Verlflcatlon of_ The Results

In order to verlfy the results for the measurements

referred to ln prevlous ehapters, a typlcal control system

was slmulated on an analog computer*. A transfer functlon of
a voltage regulator havlng as lts .elements an amplld.yne and.

generator was chosen, and the cores were tnserted. ln serles
wlth the system as shown 1n Flg, 5.J.2, p. 1lOT.

*The computer used was: Pace TR-10, Electronlcs Assoclates, rnc.

Long Branch, New Jersey, U.S.A.
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241r IOO_fL

1-2z Slmulated control system.

Tests were carrled out for the

and the galn of the system was

a llmlt cycle wlthin the closed

n of the llnear eÌements ls

avl

Permalloy and Deltamax

varled ln order to
loop. The transfer'

f7'].n

3oBO

{ ró. -).

cores,

obtaln
f r rn a # .l a¡ u¡^v v ¿v

o(s) = ( l+S) ( 1+o .255) ( 1+1. 15)

The Nyqulst dlagram for thls functlon ls plotted 1n

Graphs 5.2l-, p. 108, and 5.22, p. lO9, together wlth the

critlcal Ioc1 for PermalLoy and Deltamax respectlvely.
rt 1s crearly seen that lntersectlon between the

cr1t1cal locl and transfer Iocl occurs ln the second quadrant

rather than 1n the thlrd, due to phase lead rather than phase

lag of the output voltage from the nonllnear elements.
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By comparlng Tabl,es 5.1 and J.Z, pp. 110 and ll1, whlch

represent results obtalned from the computer, wlth Graphs 5.zI
and. 5.22, pp. lOB and. 10! respectively, lt ts seen tlnat the

predlcted results conform v¡ith the measured results. S1leht

dlfferences occur due to the fact that the lnput to the non-

linear element ls not purely slnusoldar, and also because for
each llm1t cycle frequency we must use a crltlcal locus

correspondlng to thls frequency. Thls can be done only by

the "cut and try" method.

The effect of the source lmpedance on the stablrity of the

system ls also lllustrated ln Graphs 5.ZL and J.ZZ, pp. lOB

ano 109.
0sc i llations

System Galn Amplltude+

Source Impedance =

w rað/sec.
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TabIe 5.lz Frequency and Amplltude of Limlt Cycle for permalloy
Core
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TabLe 5.22 Frequency and Amplitude of Llmlt Cycle for Deltamax
Core.

fn order to check the low amplitud.e branch of the

crltical ]ocus, one needs to simulate a transfer function
which would lntersect the locus 1n the manner shown ln
Fig. 5.l-3, p.112.
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(crfr,ico?.
Locus

lrgaaStable Oscillation

The requirements for low amplitude llmit cycIe.H.ì õ h | < .
a !Êi. J. LJ .

Locus (i) may be simulated by a transfer function of
.'lrqrnthê trrrro r I È 'lnnlre ()\ h., inrrapÈ.1 nn - /^\urÌe uyfJe 

-- 
\-,i 4r¡vvr.-^^si locus (3) which is

\v

the locus oi an n-C lag network.

By simulating these rnodels, oscil-Latlon took place in
the systeni; however, the results were not in complete

agreement wlth those predicted., as it is dlfficult to
at.nàf-'¡^.¡ 

-^ 
a 4..^aq^+1^* <r..*^4r)rrrurlçùr¿ç a bransfer functlon whlch wouLd lntersect the

crltlcal locus exactly at the frequency for which thls
locus v,'as derlved. Photo 14, p. T9 shows the computer set-
up, and Photos 15 and 16, p. 79, show csclllatlon when

there 1s a llmlt cycLe ln the system.
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CONCLUSICN

It was shown that the theoretlca] models representing
hys-r.eret1c elements v¡ou1d. not yield. satlsfactcry results when

used generally, and wlthout distinction, to derive the

describing functlon for hysteresis non11near1tles.

A common mlsconceptlon is to identify a hysteresls
nonlinearlty with a backlash nonlinearity. This cannot be

done ln cases where the wldtf of the hysteresis loop ls
dependent ùpon the lnput signal.

Although only magnetic erements were consldered ln
thls thesls, lt shouLd be noted. that the concept of hysteresis
covers a multltude .of sins in other areas as weLl. For

example, there ls the known mechanlcal hysteresls phenomenon

whlch is to be found 1n transd.ucer components such as sprlngs
or pressure capsules and whlch arises frcm the imperfect
response of the mlcroscoplc crystal gralns lntegrated over the
macrcscoplc dimenslons of the strained transd.ucer elements.

v,lhen load-cycring a steel spring for lnstance, 1t ls observed,

that lncreaslng numbers of distcrted. and partly dlslocated.
crystals do not return to their original- shape and posltlon
after the load has been restored. The magnitude of the
residual deformation depends on the maxlmum stress applied,
but, 1s lndependent of tlme (frequency) (aB).
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The load deformation d.lagram is shown in Fig. 6.1.

Defcrmation

/'Fig. b,1: Mechanical .hysteresis for a steel sprlng.

It can be shown that ihe area.of the loop represents

the energy disslpated in heat. Another example can be

ta.ken from the area of ferro-el-ectric materials whlch are

the dielectrlc analog of ferrcmagnetlc materials, (trrat is,
they have a hlgh dierectric constant and electrcstriction
s'lrni iai. i.n hish ner meabil itrr en| mecr.ot.,qtrainf ìnn ø. n \urr¡r¿rs¡ vv r¡!ór¡ ,Vsf r¡lçov rI¿ UJ o.r,¡.\,È ¡ll4åLlg UUD vr r\z 9J\Jlt¡ c Vlt. ) .

Thus, thelr uses are al-sc paralle} to those of magnetic materials,
and they can be used for electrostrictlve transd.ucers, dielectric
amplifiers and storage devices.
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Ferro-electric mater"ials ere dielectrics r,vhich

avì-rihì-r- ^ i'r'-te-nesi s 'í:rrna ?e1atj-On be'tV¡een the Apptied f ield-¿\rrJ_rr -L r/ a !rJ ù ucL.cÞIÈi uyIJe l.elaLl_orÌ oe-ü'$/e

and the electrical displacement. (See Fig. 6.2.)

!-.: :l'ì .â i ai \i-:':6ììa 'fl. ì\* -v--!- vvr eraOvrr/

Fie. 6.zz . Hysteresis loop for dleiectric materials.

. The quantity E^ is a function of E, and. also, 1n this
case, of the r""qu"n"|. The area of the loop 1s again pro-
nnr¡j-'ì nno'r #a the heai loss (49) 

"
yvÁ v¿vÀ¡sÀ vv

Thus, it is seen that t:'eatment of such erements by

use of the conventional describing function (2.5, 2.8) cannot
be justified, slnce this d.oes not take into account either
the relatlonship between input vortage and input current for
example, or the losses which occur in the materlal.

/n. - , \

i rlsp ra cement J
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I Ir. ord.er tc modify the above mentioned func-r,ion, one

should flrst derive equivalent parameters which reflect the

fundamental nonllnear propertles of the eLement in question.
fTlì.r¿oô ñôÞôñ^J-o.r.q mqrr ¿iananrl ,r,-^^ lmnl -ì f- lrzla n a r.rnì 'l õ õlrrçùs IJc.I'c.r¡lç t/çf Ð rlral uç}Jçr1\,t (,tIJUi.r d.ltlUIJ_ t/L1LIC d,Þ WgIJ- dÞ

frequency, and must be found experimentally for the interval
of interest, since pure theoreiical assumptions do not yield
c¡liqfani-azrr reSultS. VP¡en inVeStigating the SyStem OVerus v ¿uÄ sv vv¿ J

v¡ide frequency ranges, it may be advantageous to lntroduce a

suitabl-e number of sub-ranges within which the frequency may

l^^ 4.al-^*us L,d.¡!vrr. a.Ð d. constant. The derived theoretical models

(Cirapt, IV) would. yield. satisfac-uory results only if the

element ln question were tc behave according to the assurnptions

made while deriving these model-s. Slnce the materials that
{nnnnnnna{-a {-ha }r¡¡a4-ararria nhenOmena fìiffef- øy.eef, lV ffOm One4^¡vv¿ yv¡ q vv v¡¡v ¡¿J u vvÀ r 

":" ¡J¡¡et¡v¡¡rurts uÀ¡ ¿ v¿ ó¿ çq 9!J ¿

:nother'- if; is felt LlnaL rather than makê â qenenatizedsr¡vv¡¡vr t 1v ¿u rvlv vtlsv ¡ qv¡¡ç¿ v¡¡gt¡ ¡¡tqA9 g óvr¡v¿ aLLL

analyslsr a particular analysis for each eiement ln quesiion
i c nonrr{narl4u ¿ vYu+
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Tab.Ie 8.1: (Continued)
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the lst harmonic output by the turns ratio (æ¡q); trrên diviãe bythe input vo ltage . (]JflZ- )

{'-ts = Saturation"
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'r- = Tn order to obtain tire desc:"ibing functLon (1.p. ), rnultilcl;'the l-st harnionic output by rhe turns ratio (a-qqo_) ; then diviãe-by
T-11â ì nnììi- T7^ I r-9ô^ / -^^ \v¡rç rr¿1;r"¿u vvrl;â$ê. (5OO)

-x-å! = Saturation.
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rne :-nput vortege. (5OO)

'Å''o : Saturaiion.
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:r:,! ¿ Saturation.
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Tabie 8.4; Daia f or Graph 5" i3, p. 98

input Vol-iaEe lst ir-aymcnic Output
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'x' : rn order' 'co obtain '¿lie descriÌring function (n,p.), dlvlde
the lst harmonic output by the input voltage.
'x-ts = Saturatlon.
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Table 8"4: (Cont-nued)
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