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However, as will later be shoﬁn, it is unfortunate
that the self-inductance of the coil depends on input
amplitude'and thus cannot be separated from the hysteresis
nonlinearity. h '

As previously mentioned (Section II.4), a hysteretic
element tends to cause a lag in the phase of the output
component. All the methods and techniques previously desc-
ribed give the phase shift of the hysteresis element as a
laé. ‘This hol® true when dealing with mechanical hysterésis
" and measurement of the transfer function is made between the
'1nput and output positions, but, is not the case when dealing
with nonlinear‘elements having characteristics similar to those
of magnetic cores,

| A phase diagram illustrating what actually takes place
whlle driving the cores is shown in Fig. 5.10.

|
Output voltage from coil.

(Secondary)
out

: %L'Phase lead angle.
. input voltage to
coil,

Viq (Primary)

Input current to coil,
I;, (Primary)

Fig. 5.10: Phase shift between lnput voltage and output voltage.
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It is evideht that whille the current lags behind the
input voltage, the output voltage leads the input voltage, (or,
1ﬁ the lossleSs case where the coil 'is a pure inductor in the
same phase as the input Voltaée). Thus, the critical locus
is not in the third quadrant as would normally be expected,
but is in the second quadrant. The critical loci are shown

in Graph 5.4, p. 82.

V. 4.2 Tésts on 4T4162-D2

Up to this point, we have seen that to some extent
both theory and practical application have been in agreement
with one another, but, from this point and continuing onward
we unfortunately find increasing differences between theory
and practice; theée'will be discussed on the following pages.

The behaviour of the Deltamax specimen is shown in |
Figs. 51, p.59, and 5.2, p.60, as well as Photo 6, p.70. The
resulté of the measurements in this specimen are illustrated
in Graph 5.5, p. 83. (See Appendix B for numberical data.)

The behaviour of the describing function for this case
differs conslderably from either the‘describing funetion of
4-79 Mo Permalloy or the theoretical results obtained in
Chapter IV, because the describing function starts from zero,
rather than from its maximum value, reaches a peak value, and
‘decreases again. These differences lie in the characteristic

behaviour of the individual speclilmens under examination.
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The gain In the reversible region is given by’

%% f/“o + VH.

That is, for H=0, the gain 15/10. By looking at Figs. 5.2, p.60

and 5.4, p. 63, it is seen that while the magnetization curve

for Permalloy has/b%:$20,000 (Supermalloy hag/“o:éloo,ooo)

Deltamax has an initial permeability og/nggl,ooo.' This

means that while the hysteresis loop for Permalloy and Super-

malloy begins to build up as shown in Fig. 5.11(a), the

Deltamax loop begins as shown in Fig. 5.11(b).

Thus, there is a range for which there is no output

for a given input.

B B

///7 7T TN

; / (AR B \

4 / {7 \\

yare, 1=y

/ / H \—..—.’/

A"’/ \\__./
-

(a) Permalloy and Supermalloy

Fig. 5.11: Benaviour of hysteresis

~

(b) Deltamax

loops near the origin.
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That 1is, there is‘a kind of backlash effect for small
amplitudes, and therefore, in the initial range the shape of
the describing function fof such cores would be similar to
the describing function derivéd for backlash. The behaviour
of this core for intermediate and large signals is similar to
Permalloy. Graph 5.5, p. 83 also presents the relation between
Hc and Hm. The describing function remains approximately

constant over the range in which g@ = const., that is,
c

Hc = mHﬁ (excluding of course the region near the origin).

The critical loei for this core are shown in Graph 5.6, p.86.

V.5 Source Impedance Influence on The Derivation of The

Describing Function

It was previously mentioned that for most applications,
the transfer function in which we are malinly interested should
be measured between the input and output voltage. |

Prevlious experiments show that when the input voltage
is sinusoidal, the theoretical models yield satisfactory
results (some types of cores only) for inputs which were beyond
the saturation level. However, magnetic nonlinear elements
usually have low input impedance (1.e. generators, motors,
amplidynes, tranaformers) and therefore require a larger
current drive."_If the driving generator has no internal
impedance the‘input voltage to the nonlinear element would

remain sinusoidal, although the current supplied by the generator

—~
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is not sinusoidal, also, no attenuation in the magniﬁude of
the applied voltage would take place between the generator

and the driven element.

On the other hand, if the source does have an output
impedance, the applied voltage would no longer be sinusoidal
due to non-sinusoidal voltage drop across this 1mpédanée.
Also, due to the formation of a voltage divider between the
internal impedance of the source and the input impedance of
the nonlinear element,attenuatioﬁ'between the driving and
driven element will occur.

Unfortunately, the attenuation of this voltage divider
1s not a constant quantity that can readily be accounted for,
but rather chénges in an intricate manner. Obviously, under
such conditions the describing function would differ consider-
ably from the describing function measured before.

The problem is of great importance in cases when one

tries elther to limit the current through nonlinear elements

having low input impedance by placing a resistor in series,

or, while using-driving generators of high output impedance

in order to obtain sinusoidal current drive,
When dealing with control systems, one should be oo

aware thét when placing impedance in series with such elements,

the stability of the system may be affected.
In order to predict operation under such conditions,

a serles resistance of 600 ohms was placed 1n series with the

coils (thus representing an artificial source impedance).

This value was chosen because it is a typlcal output impedance
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]

of many standard sources. Results of these experiments are
shown on the following pages.

V. 5.1 Tests on 3IT4178-P1

Graph 5.7,.p.A89, showé the shape of the describing
function for varidas frequencies. (See Appendix B for data
corresponding to this graph.) Comparison with Graph 5.1, p. 75
~accentuates the differences between the two. The phase shift
for low input signals is much larger than previously, and while
the previous describing functioﬁ began from its maximum value,
it now begins from a lower value. The effect of frequency on
the describing function is much more noticeable, and for low
frequencies the gailn of the nonlinear element is considerably
decreased. ' )

A plot of the input voltage required to drive ﬁhe
core into saturation vs. the frequency, and maximum equilvalent
gain of the nonlinear‘element vs. frequency are shown in
Graph 5.3, p. 77. It is seen that the saturation value vafies
linearly with frequency. Thus, normalization with respect
to this value is actually the same as normalizing the curves
from a frequency point of view.

If, by so doing, all the curves shown in Graph 5.8, p.90
were to coincide, this would prove that the nonlinear element
could be separaﬁed into a linear storage element (self-inductance

of the coil) whose impedance linearly increases with frequency,
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and a hysteretic nonlinearity having an output dependent
only on the amplitude of the input signal.

Graph 5.8, p. 90 shows the normalized curves from which
it is seen that such an assumption (found in most textbooks) |
is, in this case, not valid. Graph 5.8 also shows that the
effect of frequency on the cores isespecially noticeable for

Inputs below the saturation level. For high frequencies the
describing function becomes similar to the describing function
of the theoretical models.

_ Let us examine the reasons for these deviations more
closely. As mentloned before, one of the reasons for the
discrepancy between the two series of tests i8 due to the
presence of a“nonlinear voltage divider between the driving
generator and the non linear element. Graph 5.9, p. 92
shows curves for input impedance of the coil vs. input amplitude
for various frequencies. (The input impedance was calculated
by dividing the input amplitude (R.M.S.) by the first
harmonic of the input current.)

From these curves 1t 1s seen that for low signal inputs
the impedance 1s very low because.the permeability of the core
in this region is low. Thus, muéh of the applied voltage
appears across the 600 ohm resistance and the Input to the
coll is very_low. Increasing the input amplitude moves the -
working point into the high permeability region, thus increas-

Ing the coil impedance.
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Hence, the value of the describing function is
increased. Once the saturation point is exceeded, the

permeability of the core becomes very low and its impedance

drops considerabiy. As a reéult, the value of the describing
function is rapidly decreased. Using Graph 5.9, p. 92 and

the value of the source impedance, it is possible to construct
an attenuation curve which will show the attenuation for

each frequency and input amplitude. Then, by multiplying
Graph 5.1, p. 75 by the attenuation curve‘shown in Graph 5.9,
p. 92, one arrives at a corrected form for the describing
function. (See Graph 5.10, p. 94.)

It 1s shown that the original graph and the corrected
graph do not completely overlap. This is because Introducing
reslistance in series also changes the current wave shape.

(See Photos 8 and 9, p. 71.)

The describing function and the factors affecting it
are shown 1q Graph 5.11, p. 95, and it is thus shown that the
describing function is more or less constant where Hm/HC """"
assumes a constant value. Its maximum value and rate of

increase or decrease depend closely upon the input impedance

and variations of coil impedance with amplitude and frequency.

Graph 5.12, p. 96 shows the critical locus for this new
- case. Comparison with Graph 5.4, p. 82 shows that it is not
difficult to arrive at a system which would be stable in the

one case and unstable in the other.
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V. 5.2 Tests on 4Th178-5L

A similar set of tests was conducted on Supermalloy.
Bécause of the similar behaviour of these two materials, the
results obtained are much the.same as for 4-79 Mo Permalloy.
These results are displayed in Graphs 5.13 through 5.15, pp.

98 - 100. The data for these graphs is given in Appendix B. S
V. 5.3 Tests on 4T4168-Dp2

Somewhat different results were obtained for Deltamax.
Aé mentioned before, the initial slope of the magnetization
curve for this material is relatively low. Hence, for a
certain range of input amplitudes there is actually no output.
As a result, this element acts much the same as a backlash-
nonlinearity. |

Verification of this conclusion may be obtained by
examination of Graph 5.16, p. 101 (See Appendix B for data),
where the combined effects of series resistance are added. o
As expected, thé‘curves develop from zero gain due to "backlash"
effects and the high attenuation which 1s caused by the nonlinear
voltage divider.

Normalization of these curves with respect to saturation
amplitudes (i.e. with respect to frequency) and to the
maximum gain is given in Graph 5.17, p. 102. It is again
seen that any attempt to deliverately separate the linear

storage device from the nonlinear characteristic would not

yield satisfactory results.
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The inpﬁt impedance for this material is given in
Graph 5.18, p. 104 . Again we can form an attenuation curve
by using these graphs with the value of input impedance from
which one set of curves may be derived from the other set.
(Although the derived curve and the measured curve do not
coincide with eachother completely, still, this curve can be
employed 1f one wishes to take into account the influence of
source impedance.) Graph 5.19, p. 105 shows the two sets of
measured curves - the attenua tion curve and a derived curve
for 6_and 10 cps.

Graph 5.20, p. 106 shows the critical locus for this

case. It 1ls seen that the relative location of these loci

is approximatély the same as previously, however, the amplitude

scallng is different. Also, in this case, a stable system
may become unstable when source impedance is varied.

V. 6 Analog Computer Verification of The Results

In order to verify the results for the measurements

referred to in previous chapters, a typilcal control system

was simulated on an analog computer*. A transfer function of

& voltage regulator having as its elements an amplidyne and
generator was chosen, and the cores were inserted in series

wlth the system as shown in Fig. 5.12, p. 107.

*The computer used was: Pace TR-10, Electronics Associates, Inc.

Long Branch, New Jersey, U,S.A.
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10 uF | 10 uF 10 4
I
— i 1}
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308Q

Fig. 5.12: Simulated control system.
Tests were carried out for the Permalloy and Deltamax

cores, and the gain of the system was varied in order to

obtain a limit cycle within the closed loop. The transfer

‘function of the linear elements is

G(s)

_ K __
— (1+S) (1+0.258) (1+1.1I35)
The Nyquist diagram for thils function is plotted in

Graphs 5.21, p. 108, and 5.22, p. 109, together with the

critical locl for Permalloy and Deltamax respectively.

It is ciearly seen that intersection between the
critical locl and transfer loci occurs in the second quadrant
rather than in the third, due to phase lead rather than phase

lag of the outpUt voltage from the nonlinear elements.
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By comparing Tables 5.1 and 5.2, pp. 110 and 111, which
represent results obtained from the computer, with Graphs 5.21
and 5.22, pp. 108 and 109 respectively, it is seen that the
predicted results conform witﬁ the measured results. .Slight
differences occur due to the fact that the input to the non-
linear element 1s not purely sinusoidal; and also because for

~each 1limit cycle frequency we must use a critical locus
corresponding to this frequency. This can be done only by
the "cut.and try" method.

The effect of the source impedance on the stability of the
system is also i1llustrated in Graphs 5.21 and 5.22, pp. 108

and 109.
Oscillations
System Gain Amplitude Frequency ¢/s w_rad/sec.
Source Impedance = 600 Ohms
2500 ' 3.17 Volts 3.58 22.5
2000 2.65 3.33 20.9
1500 2.16 3.12 19.6
1000 1.7 2.86 17.9
500 1.06 2.38 14.9
| Source Impedance = O Ohms
675 2.65 Volts 2.78 17.4
500 2.27 ‘ 2.63 16.5
© 350 1.77 ' 2.38 14.9
250 1.43 2.28 : 14.3
200 1.23 2.08 13
150 1.06 1.92 12
100 .706 1.79 ' 11.2
50% : .354 - - - -

* Oscillations die out.

‘Table 5.1: Frequency and Amplitudé of Limit Cycle for Permalloy
Core.



%-Oscillations
Amplitude

System Gain

7520
6250
5000
3750
2500
1250
1000

750

500

375

250%

1250
1125
1000
875
750
625
500
375
250
125
100
75

50%*

P R EREDDDDWEUTONOY

N A

Source Impedance

.55 Volts
.37 '
.65
.95
.89
A48
.12
.9

A2
.2l

Source Impedance

77 Volts
7
.7
.59
A3

* QOscillations die out.

Table 5.2: Frequency and Amplitude of Limit Cycle for Deltamax

Core.

critical locus, one needs to simulate a transfer function
which would intersect the locus in the manner shown in

Fig. 5.13, p.ll2.

In order to check the low amplitude branch of the

Frequency c¢/s w rad/sec.

600 Ohms

FHOMPDMODDWWWW =

FHEEFEEDMDMDNDND D DWWW
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Real
L/étable Oscillations

Fig. 5.13: The requirements for low amplitude limit cycle.

Locus (1) may be simulated by a transfer function of
the type.__gg__., locus (2) by inverting locus (3) which is
the locus of an R-C lag network. |

| By simulating these models, oscillation took place in
the'system; however, the results were not in complete
agreement with those predicted, as it is difficult to
synthesize a transfer function which woﬁld intersect the
critical locus exactly at the frequency for which this
locus was derived. Photo 14, p. 79 shows the computer set-
up, and Photos 15 and 16, p. 79, show oscillation when

there 1s a limit cycle in the system.



CHAPTER VI

CONCLUSION

It was shown that the theoretical models representing

hysteretic elemenfs would not'yield satisfactory results when
used generally, and without distinction, to derive the |
describing function fog hysteresis nonlinearities. -
A common misconception is to identify a hysteresis
nonlinearity with a backlash nonlinearity. This cannot be
done in cases where the width of the hysteresis loop is
dependent upon the input signal.
Although only magnetic elements were considered in
this thesis, it should be noted that the concept of hysteresis
covers a multitude.of sins in other areas as well. For
example, there is the known mechanical hysteresis phenomenon
which is to be found in transducer components such as springs

Oor pressure capsules and which arises from the imperfect

response of the microscopic crystal grains integrated over the

macroscopic dimensions of the strained transducer elements.

When load-cycling a steel spring for instance, it is observed

that lIncreasing numbers of distorted and partly dislocated

crystals do not return to their ofiginal shape and position

after the load has been restored. The magnitude of the

~'resldual deformation depends on the maximum stress applied,

but, is independent of time (frequency)(48).
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The load deformation diagram is shown in Fig. 6.1.

)\ Load

~
Deformation

s

Y

Fig. 6.1: Mechanical hysteresis for a steel spring.

It can be shown that the area of the loop represents
the energy dissilpated in heat. Another example can be
teken from the area of ferro-electric materials which are
the dielectric analog of ferromagnetic materials, (that is,
they have a high dielectric oonstént and electrostriction
‘similar to highvpermeabil;ty and magﬁetostriction, ete.).
Thus, their uses are also parallel to those of magnetic materials,
and they can be used for électrostrictive transducers, dielectric

amplifiers and storage devices.
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Ferro-electric materials are dielectrics which

exhibit a hysteresis type relation between the applied field

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

F-L_j
[,_J
o
-t
o
w
ct
}—\
o
o

Fig. 6.2: . Hysteresis Ioop for dielectric materials.

The quantity Ec is a function of E, and also, in this

case, of the frequency. The area of the loop 1s again pro-
portional to the heat loss (49).

Thus, 1t is seen that treatment of such elements by
use of the conventional describing function (2.5, 2.8) cannot
be Justified, since this does not take into account either
the relationship between input voltage and input current for

example, or the losses which occur in the material.
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In order to modify the above mentioned function, one
should first derive eguivalent parameters which reflect the

fundamental nonlinear properties of the element in question.

These parameters may depend upon amplitude as well as
frequency, and must be found experimentally for the interval
of interest, since pure theoretical assumptions do not yield

satisfactory results. When investigating the system over

wide frequency ranges, it may be advantageous to introduce a
éuitable number of sub—fanges within which the frequency may

be taken as a constant. The derived theoretical models

(Chapt. IV) would yield satisfaotory results only 1f the
element 1In question were to behave according to the assumptions
made while deriving these models. Since the materials that
incorporate the hysteretic phenomena differ greatly from one
ahother, it is felt that rather than meke a generalilzed
analysls, a particular analysis for each element in question

is required.
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ALPPENDIX B

Numerical Data for Graphs

Table B.l: Data for Graph 5.1, p. 75
Input Voltage 1st Harmonic Qutput Phase Lead D, B.%
=3 ¢/s8
0.05 Volts 0.014 volts 22 Deg. 0.922
0.25 0.704 L 0.930
0.5 1.42 1 0.935
O.75%™ 2.14 3 0.940
0.80 2.25 4 0.925
0.85 2.35 7 0.910
0.9 2,44 10 0.895
0.95 2.45 13 0.850
1 2.50 15 0.825
T =6c¢/s
0.1 0.029 8 0.955
0.25 0.072 4.5 0.950
0.5 0.143 2 0.945
0.75 0.216 1 0.950
L#% 0.285 0 0.940
1.5 0.426 1 0.930
f = 10 ¢/s
0.1 0.029 7 0.955
0.25 0.072 L 0.950
0.5 0.143 2 0.942
0.75 0.215 1 0.945
1.25 0.36 1 0.95
1.5 0.435 5 0.955
1.75 0.501 1 0.945
2 0.575 1 0.947
2,25%% 0.65 1 0.955
2.5 .72 1 0.950
2.75 0.753 4 0.905

* = In order to obtain the describing function (D.F
t

The 1st harmonic output by the turns ratio(1250); then divide by
the input voltage. y

%% = Saturation.

v

.), multiply




Takle B.1l: (Continued)

Input Voltage lst Harmonic Output Phase Lead D, F.*
£ =20 ¢/s

0.01 Volts 0.003 Volts 6 Deg 0.99

0.03 0.0088 o 0,970

0.05 0.015 3 0.99

0.2 0.06 2 0.99

0.4 0.12 2 0.99

0.5 0.15 2 0.99

1.5 0.45 0 0.99

2.5 0.73 1 0.982

3.5 1.05 1.5 0.99

L g 1.38 1.5 0.99

5 1.35 2 0.98
* = In order to obtain the desceribing function (D.F.), multiply
the 1st harmonic output by the turns ratio ( ; then divide by
the input voltage. (517

*¥* = Saturation.
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Table B.2: (Continued)

128

Input Voltage 1st Harmonic Output Phase Lead D.RLF
£ =10 ¢/s
1.1%% Volts 0.245 Volts 1 Deg 0.935
1,2 0.273 1 0.955
1.3 0.285 6 0.92

o= T

In order to obtain the describing function (D.F.), multiply

the lst harmonic output by the turns ratio (2000); then divide by

the input voltege.

*% = Sagturation.

(5007
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Table B.4: Data for Graph 5.13, p. 98

nput Voltage 1st Hermonic Output Phase Lead D.F.*
f =3 ¢/s
0.1 Volts 0.04 Volts 66 Deg. O.4
0.2 0.11 Lo 0.5
2.35 0.25 20 0.71
0.5 0.39 12 0.78
1% 0.77 21 0.77
1.5 0.90 36 0.60
2 0.94 43 o0.h7
2.5 0.97 Lg 0.39
3 0.99 55 0.33
3.5 0.99 56 0.28
4 0.99 60 0.26
4.5 0.99 60 0.23
5 - 0.99 6L 0.21
£ =6 ¢/s
0.1 0.045 54 0.45
0.2 0.12 30 0.60
0.35 0.27 20 .77
0.5 0.42 14 0.89
1 0.93 6 0.93
1.5%% 1.4h2 6 0.94
2 1.74 17 0.87
2.5 1.87 28 0.75
3 1.96 34 0.65
3.5 2.00 38 0.57
4 2.03 Lo 0.50
4.5 2.05 45 0.45
5 2.07 48 0.41
£ = 10 ¢/s
0.1 0.075 39 0.75
0.25 0.21 20 0.84
O.4 0.34 14 0.86
0.5 0.43 12 0.87
1 0.96 L 0.96
1.5 1.45 L 0.97
2% 1.96 4 0.97
2.5 2.49 4 0.99
3 2.88 10 0.96
* = In order to obtain the describing function (D.F.), divide

The 1st harmonic output by the input voltage.

*% = Saturation.




132

Teble B.L: (Continued)
Input Voltege 1st Harmonic Quiput Phage Lea D.F.#
r = 10 ¢/s
3.5 Volts 3,06 Voits 18 Deg. 0.87
= 3.18 ok 0.78
L5 3.27 28 0.72
5 3.31 31 0.66
£ =30 ¢/s
0.2 0.165 17 0,325
0.35 0.3 11 0.855
0.5 0.45 S 0.9
1 0.975 5 0.97
1.5 1.47 4 0.97
2 1.96 . 3 0.97
3 3 2 1
5 5 2 1
7 7 1 1
G 8 2 1
8.5 8.5 U 1
9 8.9 5 .99
S.5 9.2 8 0.97
10 9.35 10 0.935
= 50 ¢/s
0.2 0.161 13 0.805
0.35 0.3 9 0.855
0.5 0.455 7 0.91
1 0.95 5 0.95
2.5 2.49 3 0.99
5 5 1 1
8 8 0 1
14 14 2 1
15 14.9 I 0.99
16 15.5 6 0.98
* = In order to obtain the describing function (D.F.), divide

the 1st harmonic output by the input voltage.

3%

= Saturation.



Data for Graph 5.10,

In order to obtain the
the Ist harmonic output by

= Saturation.

Input Voltage 1st Earmonic Output Phase LB,
£ =3¢/s
0,1 0 Vol%s 58 Deg. 0
0.2 . 42 0.1
0.3 . 23 0.26
0.5 . 12 0.h2
Q.7%% . 10 0.50
0.9 0.37 24 0.41
1 ©0.38 28 0.38
1.5 0.42 Lo 0.28
2 0.42 49 0.21
2.5 0.42 52 0.16
3 0.42 56 0.14
3.5 C.h2 &0 0.12
i 0.42 61 0.10
4.5 0.42 63 0.09
.8 0.42 63 0.08
f =6 ¢/s
0.1 0 49 O
0.2 0.021 43 0.105
C.4 0.147 19 0.36
0.6 0.29 5 0.49
0.8 0.46 5 0.57
1%% 0.61 5 0.61
1.5 0.7S 21 0.52
2.0 0.82 33 0.41
3 0.84 Lo 0.28
3.5 0.84 L8 0.24
4 0.84 50 0.21
L.,5 0.86 54 0.19
f =

0.2 c.021 Ll 0.1
0.4 0.126 13 0.31
0.6 0.294 39 0.4g
0.8 0.460 35 0.57
1 0.63 30 0.63
1.5% 1.02 23 0.68
2 1.24 i2 0.62

unction (D.F.), divide
voltage.
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Table B.5: (Continued)

nput Voltage 1st Hermonic Output Phase Lead D.F.®
£ = 50 ¢/s
.2 Volts 0.0L2 Volts L9 Deg 0.21
0.4 0.126 20 0.31L
0.6 0.273 6 0.455
0.8 0.4k 3 6.55 .
1 0.61 0 0.61
1.5 0.01 0 0.672
2 1.45 0 0.725
2.5 0.85 @ 0.74
3 2.25 0 0.75
. 3.5 2,64 0 0.775
I 3.1 0 0.775
L.,5 3.5 0 C.777
5 3.92: 0 0.782
5.5 L .32 0 0.785
5 L7k 0 0.79
6.5  5.16 0 0.795
7 5.56 0 0.795
7.5%% 5.56 0 0.785
8 6.12 0 0.765
g 6.42 6 0.715
9.8 6.55 10 0.667

* = In order to obtain the describing function (D.F.), divide
the 1st harmonic output by the input voltage.

wH

= Saturation.




