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The phenomenon of hysteresis is observed in
many branches of science. Several attempts have been
made in the past for fhe mathematical modelling of

this phenomenon.

In this thesis, hysteresis is considered
from a general point of view. Basic features are
described and the most known models are reviewed.

Finally, two types of models are proposed.
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Hysteresis has been widely studied.in the past
Years. The earliest document available now is J. A.
Ewing's book "-Magnetic Induction in Iron and Other
Related Metals " (1) published in 1900. In that book,
Ewing gave the name 'hysteresis"to the.closéd loop
relation between the magnetisﬁ B and the magnefic force
H from the Greek word' 'yrrepéw' which means 'lag
behind!, # '

After Ewing's discovery, many attemps have
been tried to use conventional mathematical techniques

to describe that mysterious phenomenon.

However, to take a fast review, those works

can be classified into two types:

1. From the microscopic point of view, the

Physicists and chemists paid their attention to the
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internal structure of materials which present hysteresis
and studied the possible factors which might contribute
to the forming of that phenomenon. Those include the
interactive forces among molecules in solid materials

( like magnets and iron ) and the different phases

among nonhomogeneous.thermal states. In the former case,
Welss (2) proposed a ' domain ' model fof the explanation
of the hysteresis phenomenon in ferromagnetic materials.

This model has been repeatedly used in various books. #*#*

(3) (4) (5) | \

/
In the latter case, Everett and his co-authors

studied the hysteresis phenomenon observed in chemical

processes, and a series of papers were published. (6)

(7) " (8) (9) (10) (11)

2. From macro-séopic point of view, the
engineers ~ electrical and mechanical - studied the
input-output relations of systems with hysteresis and
tried to use various conventional mathematical formulae
to express or to approximate them. Some useful methods
like ' describing function ! (12), ' harmonic analysis®
(13), and ‘'complex equivalent gain' (14) have been

applied in some problems in electrical and mechanical



AR

-3-
systems containing nonlinear elements with hysteresis.

This thesis will study the hysteresis pheno-
menon from engineers! stand. However, it should be
emphasized here that, Ernst Weber, in his celebrated
paper *Nonlinear Phisical Phenomena'(15) stated that
'No mathematical formulation of this double valued

function ever exists which can be used for computation=-

al purposes!.
The purpose of this thesis is:

1. To review the most known models of

hysteresis.
2. To describe the general features of

hysteresis.
3. To set up some assumptions on making models

for hysteresis. and

4, To propose reasonable approaches to the

modelling of this phenomenon.




* Ewing's naming of hysteresis, from author's point
of view, is nbt quite correct. 1In the latter. part
of this thesis, it turns out that besides the
"lagging behind" magnetic hysteresis, there does
exist a "leading ahead" hysteresis.. For example,
the hysteresis formed on the stress-strain plane by

elasto-plastic materials is of such type. (16)

*# Everett claimed that the idea of ' domains ' was !!
introduced by Ewing. (6)




HYSTERESIS PHENOMENA °

2.1 Introdution
In this chapter, the general nature of
hysteresls phenomena.is outlined and some basic

features are described.

2.2 The Nature of Hysteresis

Generally speaking, hysteresis is- a kind of
rhysical phenomenon occuring in avsystem which
presents‘a nonlinear, non-single valued relation
betweeh its input and output.(6) Different types of
systems present different forms of hysteresis.
However, they still have some common behavior.
A list qf those hysteresis types ;S in the
following Table 1.
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2.3 Features of Hysteresis

The following features are common for all

types of hysteresis;

2.3.1 The amount of energy loss in hysteresis is
finite. (4) The output of a system with
hysteresis is usually bounded. A saturative
nonlinearity is usually present. This is
obvious for magnetic hysteresis. (Whereas
in elastofplastic hysteresis, the gpecimen

under test breaks at certain stress. )

2¢3.2 The primary trajectory of hysteresis is
shown in Fig. 2-1

ovTPYUT

Fig. 2-1 Primary magnetization curve



It is the input-output characterestic of an
untreated specimen. This characterestic curve

is symmetric to the origin.

It 18 known that for any nonhysteretic
nonlinearity of this type, ( Fig 2-2 ) with
sinusoidal input, the corresponding output
contains a large portion of odd harmonics,

especially the third harmonic.
ov7pLUT

INPUT

Figo 2"2

For a system with hysteresis, the input-
output relation is usually of the form in Fig.2=3

;/
X
. L Fig 2-3




An experimental result (19) shows that with
sinusoidal input, the output also contains a large
portion of third harmonics. The difference between
nonhysteretic and hysteretic nonlinearities is
that, the former one shows no phase shift and the
latter one 1ndicates phase shift between input
and output signals. This type of hysteretic non=-

linearity is also called complex nonlinearity.*(20)

2¢3.3 In magnetic hysteresis, the primary hysteresis
curve does not change smoofhly with increasing ‘Qgg
input, but by Jumps, which are called Barkhau=-
ssen Jjumps. (3) Analogously, in elasto-plastic
hysteresis, there is also a vibrating region
between lbwer and upper ylelding-points in
elongation test.(16) Ewing (1) explained the
Barkhaussen jumps as a result of the "changing
role" between"domain rotation " and "domain
wall motion". The vibration can be considered
as the result of the interaction betﬁeen molecular

| attréction and repulsing forces in the solids.

(16) From this, a term called nonhomogeneoug
§§rugture is defined as: * A systenl-haV1n8 more

than one factors which react to the 1nput"" it



For example, the domain wall motion and domain
rotation in the magnetization process ##i# gpe

nonhomogeneous. (10)

2.3.4 All hysteresis characterestics corresponding

to periodic inputs are closed curves (6), which

are also called loops. In all hysteresis pheno-
mena, there is a largest closed curve ( it is
finite ), which encloses all other trajectories.
This is called the boundary curve (or major loop).
The other closed curves are called minor loops.

They are shown in Fig. 2-4,

Y

‘t/VUGJCUQ
Loop

/

Loop

Figo 2"""

b



2.3.5 At any specific point within a hysteresis loop,
there are two possible directions of next
move which depend on the past history of thé
trajectory and the present input. This will
be shown in Fig. 2-5 .

X

Fig. 2-5

2.3.6 The impulse responses of a system with
hysteresis are - points on the boundary
curve. Those are called the ‘"remanence

roints" of hysteresis. They are shown in

Figo 2-60 ’ y

/7

Fig 2-6




2.3.7 In a system with hysteresis, if a
process is taken throuth a series of oscill-
ations qf the input x(t), after the n-th.
reversal, the process moves toward the point
at which tpe n-1 th. reversal occurred. If
the process is carried through the n-1 th.
point, it moves toward the n-3 th. reversal

point, etc. (8) A sketch of the process is
in Fig 2+7.

Y

Figo 2"7

2.3.8 If two periodic inputs to a system with
hysteresis have responses of equal magnititudes,
the areas of the corresponding minor loops
are equal. It has been shown by Everett and

Smith in an experiment. (7) See Fig. 2-8a.
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Pig. 2-8a

2:3.9 If two periodic inputs to a éystem with
hysteresis vary between the same magnititude as
in Fig&?ZrSh{{then the areas of the corres-
ponding minor loops are equal. (8) | . \
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2.3.10 A system with hysteresis generates con-
tinuous output signals with continuous input
signals. Whenever the input signal reverses,

- the corresponding output signal reverses at
the same instant. This is called the principle

of synchroneity.

2.3.11 The slope of any ascending trajectory
ingside the boundary closed curve is always
less than the slope of the'ascending boundary

curve corresponding to the same interval of

input valués. The slope of any descending

trajectory inside the boundary curve is

always less than the slope of the descending
-— boundary curve corresponding to the same

interval of input values. It is shown in

Fig. 2-9 and 2-10.
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ay
Y X |
Z
b4
b
X
Figo 2-10

2.3.12 All the ascending trajectories converge
to the ascending boundary curve, and all the

descending trajectories converge to the descen-

ding boundary curve. (6) They are shown in

Fig.:2-11 and Fig. 2-12,

Y

Figo 2=11
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2.3. 13 If the input signal is in the form as
" 15 shown in Fig. 2-13,

a _f__\_;;‘f;

A
Figo 2"13

then a minor loop is formed with the
‘trajectory shown in Fig. 2-14 .
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Figo 2-14

It is'the same trajectory as if the part
(a,b) is deleted. (81) This is called the

rin f retrieval. ( Fig. 2—;5)
Y
B
X
c
Fig. 2-15

N
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Complex nonlinearities, in general, are characterized
by describing functipns which have at least nonzero
phase aﬁgles, and sometimes both amplitude ratios

and assoclated phase angles are depepdent on both

input amplitude and frequency. ( 14 )

There is no evidence indicating whether those

factors are independent or not.

Curie Point : If a magnet is heated to a specified
temperature ( ie, for iron, T= 500 =700 C ), it
becomes nonhysteretic. ( 3 ) The authour suggests
that this phenomenon is the evidence of the
homogenization of nonhmmgeneous structures under

special circumstances.
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CHAPTER III
MODELS FOR HYSTERESIS

3.1 ZIntroduction

In this chapter, a brief review of previous
models will be presented. Some examples are given for
illustration. Several assumptions are abstracted.

Finally, two types of models are developed.

3.2 A _Historical Sketch

A short review of the most known models of
hysteresis is provided in this section. Comments on

those models are also listed.

3.2.1 Middleton's Model (21)

Middleton's model is a pair of parametrized

equations for input h and output b ’

sin (t+4 )
= tan' ( k sin t ) / tar'k ( 3-1 )

o
I

where k 1s the amplitude and § is the delay

angle.



If h is applied to the horizontal deflection
plates and b is applied to the vertical plates
of a cathode ray oscillloscope, then the resulting
display on the screen of CRO is a closed loop
similar to a hysteresis loop. This simulation,
however, didn'f provide a satisfactory represent-

ation to hysteresis, because:

1. In this model, the nonlinear part is played
by an arctangent function s While in
practical cases, the saturative nonlinearity

is not that simpile.

2. This model is subject to steady state sinu-
soidal signals only. The shape and the size
of the loop is a function of specified para-

meters k and § .

3. As it has been mentioned before, besides the
' lag behind ' hysteresis, there does exist
a kind of hysteresis which is actually look
like ' leading ahead ', # for example, the

elasto~plastic hysteresis. ( 3 ) A comparison



of these two types of hysteresis is givenin

Figo 3-1 and Figo 3=2.

/ H

HBf
Vr

Fig. 3-1 ' Lagging behind ! hysteresis

®» 2

-

/ €

o—

Fig. 3-2 ! Leading ahead ! hysteresis

S m
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In the lagging hysteresis, the loop is a
counter clockwise oriented closed curve,
whereas in the leading hysteresis, the loop
is a clockwise oriented closed curve. The
work which Middleton had done was only a

. nice curve-fitting work.

2.2 Functional Model

A mathematical approach to the representa-
tion of hysteresis has been provided by V. Volterra
(23) and Kostitzin (24) , by the use of integral

operators.

y(t)=MF(x(t)) '+/ k(t,u)F(x(u))du ¢ 3=2 )

¢
° ( Kostitzin ) - nonlinear heredity
+ :
‘y(t)=ax(t) +/{’k(t,u)x(u)du ( 3=3)
to ( Volterra ) = linear heredity

The integral operator models have the follow-

ing characteristics:

1. They form a close@ loop in the x=-y plane when the

input signal is periodic.




- 23 -

2. If input is periodic with period T, then ‘the
output will also be periodic with the same
period. ( after sufficiently many periods have

elapsed )

3. Due to the integration sign, there is a time

lag between input and output.

A linear integral model can be easily

realized by an R-L circuit:

"

z’zz-)t £

Fig. 3-3 An R-L circuit

t
v(t) = Ri(t) + (1/L{L;1(t) at
vV

)
oot

Fig. 3-4 Display of v-i on CRO
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which looks like a hysteresis loop. It is obvious
that this circuit has a time (decay ) constant

T = L/R which means ( according to Volterra )
that the memory built in the hysteresis will

fade away gradually when time passes. .But, in
‘general cases; the memory in hysteresis is. supposed
to be permanent ( although it is 1mpéssible to say
how permanent it is )} (23 ) According to Artly
(28 ) and Distler (22 ), a good approximation can
be achieved when L/R)»» 1/f, where f is the fre-
quency of the input signal.

Another obvious différence between'a hysfere-
sis and a R-L 'circuit i-v display is that: in
the hysteresis loop, all slopes are positive, but
in a R-L lppp, 1n some regibn, the slope is

negative. ## (10 ) (25 ) They are shown in Fig.3=-5.
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_-----..__--;_----__.\_;x‘)

Fige 35 Density function of v-i curve

" 3.2.3 ‘Densify Function Model
A density function method in representing
magnetic hysteresis was suggested by Weygéndt and
Charp.***‘( 25) They used a pair of “moviné "
Gaussian functions in the dB/dH vs H axis, 1ie,
dB/dH=P(HtH ) .
B=By erf(HsH )/H_] ( 3<k )
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Where

Bs= saturation value of flux density.

Hc= coercive force.

P( ) 1is the Gaussian function, ie.
1 2
Px:n—-ex -x®/2
(x)=o—exp(~x3/20)

erf( ) is the error function.

The sign of H, 1in equatién 'f3-4) is
plus when H is increasing, and is minus
when H is decreasing. .

The density functions are shown in Fig. 3-6.

X

-He ' He M
Fig. 3-6 Density functions

A loop is formed as shown in Fig. 3=7.

Fig. 3=7 A hysteresis loop
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Everett (6) and Otheru (18) proposed
similar approaches in later years.
Some comments on the density model are

listed in the following:

1. For a general hysteresis » there might exist
more than one kind of density functions,
and those density functions might be
strongly correlated. (26) (27 )
2, It was claimed that the area of hysteresis
changes with the frequency of the input
signal. Then the mean value and the variance ‘§§§
of the density function in that model should |
be a function of di/dt and d%x/dt? etc.,
but it is not easy to set up such relations.
3. It is very difficult to represent minor loops
by using density funcéion model.
k. It should be noted here that the density
function mentioned above has nothing to do

with probability.

Duhem (11') and Takagi (28) made models
for hysteresis by using a family of monotoni-

cally increasing and decreasing curves to
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represent the branches of the hysteresis loops,
with the following formula:
dy/dx=aF(x,y)+bG(x,y) (3-5)
where

a=1 when x(t) increasing

a=0 when x(t) decreasing

b=1 when x(t) decreasing

-b=0 when x(t) increasing

x(t) is the input signal.

The curves are shown in Fig. 3-8,

S A

77

Fig. 3-8 Duhem and Takagi's model

Actually, this model is only an alternative

expression of the density model.
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/

*  The Caugality has been discussed by Bridgman. (5)

## The authour accepts that there is not.enough theor-
etical / experimental evidence to support the
statement thnat the slopes ( the ratio between input
and output ) are always positive. Howevér, the

density function model follows from that fact.
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3.3 Examples J¢f- Hysteresis
Basic features of hysteresis have given

in section 2-3. In this section, some examples of

hysteresis will be discussed.

3.3.1 Hysteresis in Gear transmission (backlash)

l
|

’OBIW'I{G GEAR CINPUT)
b, |

10

e
ORIVEN ?;9/2 ¢output)
' .

Fig. 3-9 Gear transmission

In Fig. 3-9, the driving gear fotates
between +6, and -8, ¢« When it rotates towards
'+em, ét the beginning of the motion, there is
no contact (hence noAfriction) between the
two gears. Therefore, in the region béfqre
the tbotﬁ contact, the driven gear doesﬂotrnove
(or moves very slowly due to cohesion).
In this regién, the ratio of two angular velocties
1s very small, let it be denoted by d . |



=
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When the driving gear rotates and its tooth
contacts the tooth of the driven gear, the
ratio of angular velocities will be

- ag/ae =¥y, =1. |
Since this is independent of whether the driv-
ing gear rotates clockwisely or counter-

clockwisely, a symmetrical relation exists

between d®/d6 and” @ , as in Fig. 3-10.

gﬁ?

Fig. 3-10 Angular velocity ratio
in gear transmission

The corresponding relation 'betweeny and © 1s in

Figo 3‘110
¢

Fig. 3-11 ¢ -8 curve
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When the driving gear arrives at +em,
if it changes 1@ direction towarding -em,
then the driven gear at beginning rotates with
low d¥P/de =§ and follows with a®/de =1,
as is shown in Fig . 3-12,
e

om ©

Fig. 3=12 Forming of & hysteresis loop

Recycling the same process, a loop can be

formed and is shown in Fig. 3-13.

P

..9,": ém ©O

Fig. 3-13 Hysteresis loop in ' backlash !




Discussion:

1. The angular velocity ratios ( or, clearly,
the density functions ), contain two parts. One
part is very ! sensitive ' to the variation of
the input, and the other part is 'less sensitive!
From another point of view, there is a priority
between the two factors. In a special case, if
4= 0, ( see Fig. 3-14 ), then one can simpiy

say that there is a ' moving ' density function,
which moves according to the variation of the
input ( as Weygant and Charp have proposed ),

g2

de

e

Fig. 3-14 ' Moving ! density'in
gear transmission

2. Within the region of dP/de =4, the process

is reversible ( in ideal case ).

3. The minor loops will occur when the input
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is with maximun value less than )emp It is
shown in Fig. 3-15.

¢

Y Iy

_a'h' " e
)
|
)
]

Fige. 3-15 Minor loop in backlash

k. The hysteresis is of counter-clockwise ‘

type.

3¢3.2. .Elasto~-plastic Hysteresis.
| This kind of hysteresis is caused by the
‘nonhomogeneous factors in molecular attraétion

forces and repulsion forces. The relation among

those forces is in Fig. 3-16.
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reputsion. force

N2 X
Worw

Fig. 3-16 Forces among molecules

Thé.attraction forces are strongly ag-
ainst '} the applied stress on the material,
and.repuls;on forces play: a negative role
and with small effect to the stress. (elongation)

The density functions corresponding to ‘Q!

a unstressed material are shown in Fig. 3-17.

i

Fig. 3-17 Density functions

It can be idealized as is shown in

Figo 3"180




(4
Fig. 3-18 Idealized density function

And with corresponding stress-~strain

is shown in Fig. 3~-19

c

- Fige 3=19 o = curve
After the material has been stressed,

the density function becomes:

-

P______

o

1

Fig. 3-20 Density function corresponding
to stressed material
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Following the procedure described

in 3.3.1. , a loop can be formed as in Fig. 3-21,

o

Fig. 3-21 Hyéteresis loop on o~ - /] plane

it should noticed that this hyster-
esis loop is quite different from the loop in

3¢3.1 . A comparison between those two is in

the following:

1. The density function with larger value is
sens;tive to the variation of the input, while
in 3.3.1, the density function with smaller value

is sensitive to this variation.

2. The reversible part is on the lines with

larger slope. ( which is also in an ideal case)
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v

?

Fig. 3-22 Reversible part in hysteresis

3. The minor loops are in the following form :
(gee Fig,3-23 )

o
mifior
/oop

Fig. 3-23 Minor loops in o~ -7 hysteresis

b, The hysteresis is of clockwise oriented type.
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3.3.3 Magnetic Hysteresis:

The magnetic hysteresis is more compli-
cate in making models as compare to the cases

in 3.3.1 and 3.3.2 . The reasons are:

1. Instead of two kinds of nonhomogeneous
factors in the other types of hysteresis, there
‘are ( possibly )'three kinds of nonhomogeneous
factors, ie,

a. reversible wall motion

b. .irreversible wall motion

¢c. domain rotation

2. Each of the factors corresponds to a density

function and those density functions are correla-

- ted. (26)

3. The parameters of those density functions

vary with frequency of the input signéls.

A typical density function and magneti-
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zation curve are in the following:

ﬁ%g

H

Fig. 3~24 Density functions of magnetic
hysteresis

with hysteresis loop:

muhor /oops

H

Fig. 3-25 Magnetic hysteresis
It should be noted that:
1, There are still priorities among those density

functions, but the orders are not easy to be

described.
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2. The density function is defined over (=-og )

and its normalized range lies in [0, 1] .

3« There is no reversible region in any part of
the loor. ( according to the condition that the
density function for irreversible wall motion

has 1ts domain on ( 0, 00 ) ).

4. The minor loops may be formed anywhere in

the major hysteresis loop.

J.4 Assumptions for Mathematical Modelling

Thomas K. Caughey, in a series of papers (29)
(30), considered ‘'heredity —'in a system with the
following differential equation:

R+ @ ktwox+ g g(x, %, t)=£(t) ( 36 ¥

| Where f(t) is the forcing function . The
function g( ) contains both velocity and displacement

?

terms SR e R L A Y N ,i~’--'~,'L5(."f-’)."\§-,‘f§( ~-J’“ W T

4
' '
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Instead of trying to define the so called
'heredity;:' and building a model for g(%, %, t),
Caughey derived an approximation method (equivalent

linearization technique) to treat the whole dynamic

system. ( 29)

Henry D. Block, in his paper " periodic

solutions of forced systems having hysteresis" (31),

dealt with the following system :

el L L L L LLLL

Eguilibhiom Posifion

-
- J ,E of mass

v Pet)

Fig. 3-26 A dynamic system with hysteresis

The system contains a unit mass supported

by a rod and acted on by a force p(t).
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Letting x(t) denote the displacement of
the mass from the initial equilibrium and F denote
thejrestoring force exercised by the rod on the mass,

the equation of motion is:

X+ F = p(t) ( 3=7 )
Where F is the restoring force, whiéh
relates the stress and strain, and has a hysteresis
character.
To discuss the'property of F, an expériment
was.perforﬁgd in Block's paper, as is shown in
Fig. 3-27. .-
Fl Ps

Do

NS

B

Fig. 3-27 The function F(x )
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With x increased from Xq to x4and then‘
reduced x to Xy increased it to x3, decreased it
to X increased 1# to x5, decreased it to Xgs and
finally increased x back to Xo e The corresponding
point in (x , F) plane runs along the path shown
from Po' to P1, Py to P2, coese P6 to P7 « Then

Block had the following conclusions on hysteresis:

1. F 1is not a 'function' of the value of x.

( Recall the mathematical definition that Fis a
function of x if, for each specified value assigned
to x, a corresponding value for F is uniquely

determined. )

2. When x is at the value k, for example, théfe are
four possibles for F ,(as shown in Fig. 3-27) and
there would be also many other possible values for

F if x arrived at k by a different sequence of events,
The'specification of the value of x, X, etc, will not
help to determine F. Therefore, it is clear that F
is not determined as a function of ¢, valid for
arbitory loading histories. Thus F is not a function

of one or more real variables at all, and so the
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equation X+ F=p(t)
is not the usual type of differential equation.

3. If the function x(t) is specified, for 0£t< T, |
then F is determined as a function of t for 0st<T.
In particular, if x(t) is given for all t >0, then

F is determined for all t >»0. Thus F is a mapping of
the function x(t) into another funétion F(x(t))oye

( Thus it is deterministic. )

4, In a very special case, F would be written in the
form f(x,%,X,t). When the whole function x( ) is |
specified, then, at each t, x(t), x(t) and X(t) are
determined and f(x,x,X,t) becomes a function of t,
hence it is of the type F(x). For the purpose of
distinguishing between the two types, the former
f(x,X,X,t) should be referred as a point=-function

restoring force and the latter F(x) as a hysteresis-

type restoring force.

A modern approach to the mcdelling of hys-
teresis has been suggested by M. Brilliant. He adapted
system theory terminology to define hysteresis and

created a ! hysteretic system '. See Fig. 3-28.
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Yet)
X(t) H

Fig. 3-28 The hysteretic system

In his report, (32) he defined the following as basic

properties of a 'hysteretic system' :

1. It is possible to specify two inputs different for
t{0 but equal for t2>0, for which the di;‘fe_rence
between the corresponding outputs does not converge to

zero as t approaches to infinite.

2. It is possible to specify an input for t>0 in
such a way that for any two inputs, arbitrarily differ-
ent for t«4£0 but with the specified form for t 0,

the difference between the corresponding outputs always

converges to zero as t -»oo.

The first property shows that a hysteretic

system conserves some past history of input, and this
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conservation is ' permanent '. The second property shows
that the permanent conservation can be discharged by a 2hnet

special type of input.
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3.5 An Approximation Model

This model considers hysteresis as a linear
combination of a nonlinear memoryless part and a linear

part with memory.

It was proposed by Chihiro Hayashi in the

study of the influence on nonlinear resonance. (34)

A description of this model is in the fol-

lowing:

A nonlinear circuit, as shown in Fig. 3-29,

I

Fig. 3=29 A circuit containing nonlinear
element

under the assumption that the magnetic flux v
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varies sinusoidally with a fixed amptitude, a form

of the magnetic hysteresis can be expressed as:

u(t) = ey v(t) + ¢y Vt) +%1*§,r, g‘é(t) ( 3-8 )

where Cq» 03 and a, b are constants which characterize

the hysteresis loop » and r is the amptitude of the
flux v, ie. ,

v(t) = rsin(w t + @)

The first two terms

Uy = ¢y w(t) + ¢4 v?(t)

represent the saturation curve of the magnetic core, !
( which is an odd function ) the third term

- 1 a__ dv(t)
u(t) = 5 e ot

1s associated with the memory part of hysteresis.

The hysteresis is represented by an ellipse
in the u,-v pPlane and oriented along the saturation

curve. ( see Fig. 3-30 )




Fig. 3-30 An approximation model for hysteresis

~ Since this model is in a conventional ‘Q!
,mathematical form, it can be inserted directly into '

any différential equation other than the above one.

Some comments on this model are in the
following:

L4

1. . The memoryless part, which represents the satu-

rative nonlinearity, can be expressed in a more general

form,- -

uo(t) ‘= 01V(t) + CBVB(t) + $5ecenet 02n+1 V2n+1(t) +eo

which should be bounded for all value of v( ). ( 3.9 )
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An analytical expression provided by

Langevin is in the following: (24)

av -av
us( vyt ) =-2_-+e _ _1 ( 3-10)
o " e?V . g-av av

which satisfies the condition .that

|u0(t)| <1 for all v.

2, If c3 = O,'then

u(t) = oy v(t) + o T ped (341 S

which is a linear differential equation, and is

very similar to Volterra's integral equation model.

L 3. This model does not represent permanent memory

storage.

4. The model can be extended in tﬁe following
way: '
. Let.x(t) be the input, y(t) be the output.
Lét R(x) be é nonlinear membryless function.
Let F(x) be an iﬂtegral type functional.
Let G(x) be a differential type functional.
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then there are various cases of combinations which

representing the model for hysteresis. *

y(t) =
R(x) + F(x) R(x) = F(x)
- (inductive)
- R(x) + F(x) - R(x) - F(x)
R(x) = G(x) R(x) + G(x)
: (capacitive)
- R(x) = G(x) - R(x) + G(x)
R ©R -R YER,(x) o
1(X) Z(X) 'l(x , 2 (resistive) bl
=B, (x)® ~R,y(x) | =R, (x)@R,(x)
( All loops in ( All loops in
the above are the above are]| .
counter-clockwiseq clockwise )

TABLE 2 VARIOUS TYPES OF HYSTERESIS
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* The inductive type hysteresis agrees with the

Kostitzin's and Volqerra's models.

*it 1. Some of them might not be phycically realiza-
ble. |

2. It should be noticed that in the resistive -
casé, there 1s no memory type subsystem, but there °
is a memory dependence between each memoryless
subsystem, ie., R, and R, intefchange when x( )
changa- its sign .« ( @ means that R, and R,

are not necessarilly operating simultaneously. )‘



3.6 A Special Function Model

Consider a squre loop hysteresis with input
-output relation shown in Fig, 3-31. (35)
Y

»!

=l

Fig. 3=31 Square loop hysteresis

Where +a and =-a are coefcive points and
+1 and -1 are normalized ranges of output.( which are

assumed to be on the same lever of remanent points)'

Let the input be a sequence of discrete real
numbers, x(n), n = 1,2, ceeee o Let y(n) =+1, 0

or -1. Theh the relation between input and output can

be expressed as.:

y(n) = & (y(n-1)-1) sgn(x(n)+a) + & (y(n-1)+1) sgn(x(n)-a)
( 3=12 )
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Wwhere &§( ) is the Kronecker delta funstisn
and sgn( ) will be defined in the supplement of this
section. . The above equation is valid only when the
magnet is in one of its remanent states, ie., ﬁhen

y(n=13=+1 or -1, If. y(n~1)=0, the equation should be:

y(n) = %-(sgn(x(n)+a)+sgn(X(n)-a)) C(3-13)

It is the primary magnetization curve. (Fig.3-32)

1+

Fig. 3=32 Ideallized primary magnetization
» curve
This model can be derived from the density

function model. For a general type hysteresis curve

shown in Fig. 3=33



/
7

Fig. 3=33 A general type hyste'resis

with density functions N(+m,o" ) and N(-m,o ),where

N( , ) 1is the Gaussian function.

o

;i

X

3
1
1 IR,

Fig. 3=34% Density function for hysteresis in 3-33

The functions are defined over (-o02,00) and

are parametrized by mean im and variance o-. (28 )
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Let 0%*-0.‘ The two density functions become

g%{

two impulses.

-m +m X

Fig. 3-35 The limiting case of density functions

Hence a loop is formed by integrating the
density functions over x, ie, when y(n~1) = -1, the
integration over x gives y(n) = sgn(k(n)-a), when

y(n-1) = +1, it gives y(n) = sgn(x(n)+a).

A

In equation (3-12), it is obvious that y(n)
depends on y(n-1), which means an one-stage memory

dependence.

For a higher stage loop, see Fig. 3~36.
The density functions are shown in Fig. 3-=37.



, -2
Fig. 3=-36 A higher stage loop.

¥
i

Ll |
=8 A ¢ c A4 B8 X

Fig. 3=37 Density function for the higher
stage loop.

An analytic expression can also be derived and
it should have a two-stage memory dependence, ie, y(n)

is a function of y(n=1) and y(n-2).
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Supplement to 3=6

A list of special functions

Def. 1. u(x-xo) 1 if x»xo

=0 otherwise

) Def. 2. & (x-x5) = 1 if x = xo
=0 otherwise

Def. 3. sgn(x=A) = +1 if x»A

= =] if x¢ A

Therefore, the following relations can be
represented by the above speclal functions:
1. The plecewised saturative nonlinearity:

Yen)
L+ /

x(n)

Fig. 3-38




y = +1 if x»aA

y = =1 if x<-=A

y=x if -A€x<A
with representation equation

y(n) = x(n) + %(sgn(x(n)-A) + sgn(x(n) +4))

2. The Coulomd friction:

Y
| +/
-A o A X
1=/
Fig. 3-39

where y =0 for =-A<£x<LA

has representation equation

y(n) = 3(sen(x(n) - A) + sgn (x(n) + 4))
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3. A single square loop:

4

+l

-
Fig . 3-40

]

A Y
]
[ary

y(n) = =1 if x(n)< +A al_ad y(n=1)

y(n) = +1 if x(n)»+A and y(n-1) = =1
y(n) = -1 if x(n)g=-A and y(n-1) = +1
y(n) = 41 if x(n)>-A and y(n-1) = +1

Hence - . ,
y(n) =6 (y(n-1)-1)sgn(x(n)+A) + & (y(n-1)+1)sgn(x(n)-4))

4, An orientated square loop:




- 62 =

with representation equation
y(n) =& (y(n-1)=1) ((x(n)-A) (u(x(n)+C)-u(x(n)-B)
+ %(sgn(x(n)+c)+sgn(X(n)-B))
+6 (¥(n=1)+1) ((x(n)+A) (u(x(n)=C)=u(x(n)+B)
+ 3(sgn(x(n)=C)+sgn(x(n)+B))

5. A double loop:

L

' Fig . 3"43

with representation equation

y(n) = § (y(n=1)-1)(1/2) (sgn(x(n)-B)+sgn(x(n)+A))
+§ (y(n=1)+1)(1/2) (sen(x(n)=A)+sgn(x(n)+B))
+§ (y(n=1)) (1/2) (sgn(x-A)+sgn(x+A))
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CONCLUSION

Different types of hysteresis models have been
mentioned in this thesis: Middleton's model, Weygandt &

Charp's model, Volterra's model, Kostitzin's model and .

Hayashi's model.

All the above models can be classified into
two catergories: 1. Approximation by continuous opera~

tors, and, 2. Expression by discrete special functions.

We, also, proposed a model in each of these %
' All those models, while quite

catergories.,
useful for simulation purposes, have many limitations.

The coﬁblexity of the hysteresis phenomenon, observed

in so many different branches of science, is the main

We now believe that a more unified

reason.
approach and a better model may be obtained from the

study of the microscopic behaviour of materials. This

-

is proposed for further study.
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