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Objects: . | \

The object of this thesis is-to study the phenomena known a
ferroresonjance. The problem is to find a method to predict the
behav%ur of a ferroresonﬂant clrcult.
What is ferroresommance: | | .

A circuit is said to be ferroresonfljant when it contains ca-
pacitance and an iron cored reactor. The‘fundamental equation o;

a?eeries ferroresonpant circuit is:
Q>ILL)+RifiSM+:Emmawb (1)
Ak C
which is the more general case of the well known equation .dealil
with RLC series circuits: '

Lgt:'-\—R'\, ‘\'—C:s"/('\’\—-- E/\,V\MV\ Wb (2)

‘The coeff1c1ents of equation (2) are constantg parameters, ther
fore independent of the variable.I. Such an equation could be e
51ly solved by the usual mathematlcal tools.

Equation (I) involved the term t(Li) where L is a function
of i. Such an equatlon is cumbersome to solve mathematlcally.

~Why ferroresonnance occurs: :
'The presence of the term (Ll) is due to the concept of 1n{
ductance itself
L= v odd (3)
o o
where § is flux in webers

I the current in amperes

N number of turns which llnk flux g
L inductance in henrys. .

When the circuit contains an iron cored 1nductor, the flux ¢ 1e
related to the magnetomotive force (mmf) by means of the magne-

tigation curve of the iron- core.

1
The term gﬁ appears as the slope of the magnetlzatlon curve

of the magnetic material. Since the relation § vs I is a nonli-
near one, the slope: of this curve is not constant and gherefore
related to T.( gu; 4) . . o ‘



L= N F'(,I} (5)

How ferroresog&ance occurs:

The effect of a ferroresofp-
nant circuit is a non linear
volt ampere_charaqteristic, with
an unstable part. By unstable

. part is meant a section on the
‘ NT = volt ampere curve where for a

fig. I MagnetisatiOn curve. single value of voltage two va-
1ue$of current appears The volt ampere relation of such a circuit
‘is shown in flg. 2 and graph 1. Referrlng to fig 2 it is seen that
for value of voltages .

' Vige V & Vo

the current has two different values. IncreaS1ng the voltage from
0 to Vzmakes the current follow the curve Oa; then a very small
increase of voltage will
‘meke the current jump to v
" b. A further increase of
voltage causes the current
to follow the portion of the 1 a
curve 1abelledkc. When the Var
voltage is reduced down o |
to V =‘Vi, the current fol- V, - - - =
lows the curve cd, where at
d it jumps directly to the
point e of the curve oa..
‘With further decrease of V

to V = 0 the current fol- o %%
low the curve e0. in the fig 2. Volt ampere relation

practical set up studied- S a ferroresonnant c1rcu1t.

(graph 1) the currentlat v, = I7 Voolt, ¥ jump from O.I7 ampere
to 0.75 ampere, and at V; =15.6 volt, I is reduced from 0.60 '
ampere to 0.I3% ampere. - |

A

hY

Effect of ferroresonjiance:
- 'The presence of ferroresonﬁance could be desirable or unde-
31rable. It could ve desirable mn the field of relays and control
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_'circuits, where an appreciable change of current for an Ainfini-
tesimal change of voltage could have many practical appllcatlons
As undesitable phenomena/one may state its presence in. power
dlstrlbutlon systems. In power systems condenserg are frequent-
ly used in order to correct the power factor or to reduce volta-
ge: drops on long line(lq?)Transformers could be considered as sa
tzrable inductors, the loads are highly resistive, therefore all
thc conditions of ferroresonnance‘afe satisfied, resulting in th
unexpected presence of hlgh currents whlch could damage the inde
fallations. A
, In order to show the 1mportahce of sueb currents a 51mple ca
se W111 be con51dered(5). The circuit studied does not contain
'any condenser, however 1t will be shown that the initial current
| could be many time as b1g as the full load current. One can well
1ma01ne the serious consequence of- capac1tance.

Solution of a circuit containing R and L(i).
- The differential equation of the-circuit shhown (fig. 3) is:

SubStituingv(B) into (6) | S
R N A

CNd +Ri: e Wr )
My _LJL)('Z)

$ is related to i through the magne-

- tisation curve of the transformer;fur-
thermore it is neceSsary to eliminate
one of the variables i or 8. Since”ﬁi
i8 Si\smﬂ‘ftd) 1567 cgg.aahmny 5({\045“6(4:.,‘1
smnlﬂlt is better to eliminate i of e-
quation (7). in transformers where R
is small we could state: |

e

W :

Ri ¢ Lgu Rie VAL

(1), (5) The bracketed numbers indicate referenceSlisted in the
appendix. -
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and it is possible to approximate'the value of i in the Ri ternm f
only. by the relation: | | |

o

L e . (9)
_ Lous--

, Thls i could not be used in the L%% term, we did not mean that

L. ‘is equal to L, this is a trick used in order to s1mp11f1ed

av .
the mathematlcal derivation. Equation (7) becomes

w _C}_.q.’ + B Ng = e (k) (10)
but e being a sine function we'get
‘ (,ut" ' v
Q'Lt @i& L 43 E ' - (ID)
where E m& + 3Em2’ Em1 and Em2 belng real constants. The
steady state solution of (IO) is given by:
b= G L e’ C(12)
where ' ; o
d) - | E/\m L(‘,w— . _
Mmoo~ NLR‘\’ /X chuP) R . (I3)
‘The tran31ent solutlon is R .
. -‘-r .

and thevcomplete solutlbn becomeS' «E“ _ 4 ,
i et QL ¢ -

introducing the initial conditions t=0 ,i =0, § = ¢r.(Residual.
flux)

G b RLET

hY

- and finally



R & o

PR o id) mt(bw]l e an

'If]wh_enf t = 0,E_. = O, Em = - E_ then from equatn.on (13)

ml 2 ,
- | =~ Q L(\V‘ E wa ‘ , .
o 3 | qs»wx - NviRA (&u, Lmr) . (18)
- from (13) v | .
| i 0 . - . : ' i
O o (W)
‘ Nco - . : |
wh:.ch substitued in. equatn.on (17) glves for the switching imstant
: : ‘ﬂj—~ t |
¢~'—"E/\M mcut-\-—(fm +¢ )((,Lc“’ |  (20)
Nco Mo f,

The flrst ma.xn.mum of this last equation occurs when % —%y ) B8=

- suming _ﬁ____ 0.0 s

o Lew

- — e — .

A
i tow Q-

@ IFL . . ' ‘ _ I;n

fig. 4 Wnen § = I.8 ¢ﬂ)§1m =8 Iy .
f

~°~05Tl' oy SOCST
¢«'\m = 4 Egm.(-ﬁf-l*f,y v )':



P .  Bage 6
(p‘m“. O-%G wy + 4‘8€ _E_:_Wn_ .
- Neo '
| N (21)

Under this condition the maximum flux is almost twice the
normal flux amplitude. Taking into consideration that usually a
transformer is rated in such a way as to work just below the knee
of its,magnetization curve, it is easily sedn that twice the rate

flux means many times the rated current (fig. 4), sometimes the
meximum inrush current could be as high as 9 or 10 times the full

:1oaa current. This would result in producing considerable electri
and magnetic forces, which could damage the installation.

‘The necessity to be able to predict the behaviour of c:.rcu::.tc
conbaining such inductive propertles is now evident.

How to0 predict the behaviour of a ferroresonant circuit:
3Suit(I) in his work has shown empirically that ferroresonance
occurs nearly on the knee of the magnetisation curve, which counlc
be expected, because here L is swept through a wide range of va-
: lues. Thérfore, when the voltage across the transformer in a powe
system is a?ittle higher than the working voltage, ferroresonande
could occur. However, ferroresonance is also closely associated
with the value of capacitance .in the circuit, fortunately thls
' value of capacltance is qulte hlgh and difficult to reach in a
power system. In splte of this, more detailed and accurate tools
for predicting the critical values (E, I and C) 1n such a c1rcu11
are needed.
Weber(z) has developped a graphlcal approx1mat10n method in-
troduced first by Margrand, and succeeded in analysing ferroresox
circuits. '

o lpeey

y“—-w——~411?%3%?— - VWeber starts from the basic
i . N ' =l
| ‘\ o .‘ F: 17 (22)
| | R
1 ‘ s *
~E Since

‘z_zv R (ot -r.‘_:lc)‘— (23)

we obtain

fig. 5 Ferroresonant
circuit.
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if we called

1

L~ wLlX= o (29)

L béing L(i).
Equation (24) becomes

E VQIR\ t\Eul\ " (26)

Solv1ng for EL

1
EL: (TR « LEL-I ) (27)

*V EL~\1R,\"1'+£—L (28)

The first member on'the‘right,side of equation (28) forms an

ellipse g . -
Y 1 1
_*’E - (TR

whose principal axes have values E and E/R respectively. The

 addition of the ténméétfto this ellipse has for regult another
ellipse whose axes did not coincide with the coord¢nate axes.

This rotated ellipse represents the voltage drop across the
inductor, from the circuit point of view. But'the volt ampere
characteristic -of the inductor which will be called F(i), represe
also the voltage drop occuring in the inductor when a certain
current I flow through it. The intersection of these two curves
. EL and F(i), should be a solution of the circuit. $he‘position
.0of such points should give indication about the stability of the
system. .' '

From equation (28) we get

Fei) = i\/'EL“— CFRIT (29)

Weber had shown that the positive sign should be used when the
characteristic curve cross the upper part of the ellipse.

Any such point is stable if for a sllght change of current
F(i) correspondingly changes at a greater rate then the right
- hand member of (29) (Point I fig 6), taking cogniiance of the ser
~of variation of the current. ‘

Thus for an increment of I. the ordinate of the resctor char:
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Flx)

fig. 6: Weber; solution of ferroressonnant

circuit.



Vedk

< Page 9

| (Ict Fa) / Cow{mcﬂ,.@l‘f*

. 1 f I'r ‘ »

ewb

-Fd)




Page I0
teristic must be greater than that bf the upper part of the elli
and less if the current is assumed to decrease sllghtly.l

’ For intersections a55001ated with the lower part of the elli
the ‘graphical solution is glven by taking into account the minus
sign. Inthis case the condltlon of stabiliyy is reversed, a poin
is stable if the right hand member of equation (29) change at a
greater rate than F(i) corresponding to an assumed deviation of

current. (Point 2 fig. 6)

'i Similarly the current a functﬁmn of frequencmes may be adequ

'a,ly descrlbed if the reactor voltage is assumed to be directly pt
portlonal to PR

B C- LT

: i .—l‘- - el | | , :
g (J-) ey \/ b (_IR) £ I/CULL, (317

e{BO)n;

Now an attempt to determlne crltlcal values w1ll be made (fi
7). For 1nstab111ty to occure the ellipse ‘

S'\/ BL-CERIY v+ T/
dnd the reactor must have a common tangent The point of tangeno

is. (I4~E*‘) The intercept of the common tangent and the voltage
axis is Ei ‘ :

é{ = E&.. “1'_9\(.'

O{ELk g | o v
AT )‘( ‘ (52)
| O (33)
where
St G\FL - R

With E 4 and Io(being the critical values of voltage and current1
Equatlon (28) appears as .

1 |
a7 E*-(TaRIE ¢ & (34)
| - . A
Ay - - R (3%)
AT ET- (R e

lInserting (33), (34) in (32) solving for I

‘ - |
1;L”vv~(5 o (36)
'd‘ R ‘ E:'l) |

C is determined from (33), (35) and (3%6)
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Ca ka\mmck X RW ‘- (37)

By maklng use of the expr9331on for current and capa01tance the
"reactlve voltages are obtalnedw

Bl i‘” V- (— (W d. *W)} (38)
'?éifvzi;fﬂ(ﬁ&—¥VF~ ff)L mmr’

The 51m11ar1ty between Efa and ECd remlnﬁﬁéfe fact that in
ferroresonnance, the voltage drop in the 1n_guctor equalsthe
voltage drop in the capa01tance, durlng one -part of the cycle.

Weber had succeeded to predict’ graphlcally the critical va-
lues’ of voltage and current in ferroresonnant clrcults.-- .

N McCrmmm(a),on the other hand -studied the effect of ferroresoﬁ
nance from the subharmonic currents p01nt of view. However, a stu-
dy of the ferroreson#ant phenomena from thls approach would be
beyond the scope of this the51s.

Simulation on the computer: . S »
 Another solution would be to simulate the physical chrcuit on
an analog computer. However, to be able to simulate this circuit
on the computer one?exneeQSto know the relation between I and I.

This relation should be simple'and capable of being generated
on the computer itself. | |

L versas I:

Ihe proposed solution to this problem is based on the volt
ampere (rms) characteristic of the reactor..If we study the cir.-
cuit of fig. 8 we get the basic relation:

V=IZ | .

(40)
where

ze Rk ()

CIf

)(,_"77."('\ .' o (42) -



bt (= D

then
\V -
i | (42;)

it should be understood that the
‘current is 90° out of phase with
the voltage. ' ‘

' Referrlng to flg 9-it is rea
dlly seen that for different va-
lues of rms volts. Vl, V2, and
V3 we get ﬁhe relations:

Xz W s Y2 X V3
fig.8 Series LR circuit.' T, 0 S L. ® e
ir we examine one of these term, we see that it represent the
equatlon of a straight line pa551ng through the origin,and it is
in a way the average value of the varlatlon of XLdurlng one C¥-
cle of current. Plottlng
kow the value of XL ver-
sus I .. we get a curve
representing XL = F(Irms)
but o '

\) i Ms)

(43)

-~ wvhere Il; Iz‘and I, re-
present' the maximum values
of the components of the curs
rent expressed in Fpurler
series. Now if we neglect _
the effect of Harmonics we

T

fig9 V,versus I.

get:

Tvmes o | (44)
I belng the maximum value of the current So 1t is 90331ble to
shift from XLversus I g %o X;, versus Im, and furthermore we
- get also§i vs 1, curve. Another aproximation is made in saylng
that the magnltude of L for a certain Im is the same as its ins-
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- tantanepus value for a certain tnstantaneous. value of I, having
‘the same magnitude as I . Therefore it is easy to plotathe curve
representing LﬁS%.functlon of I. After the curve being traced,

it is necessaby to flndvdmgthematlcal relation to fit this curve.
This is known as curve fibting. One of the easiest method is to
first guess.fromvthe shape of the curve the general form of the
mathematical expression needed, then put values from the epperi—
ment in it and check if 1t'ic01nc1de§ From the general shape of
our curve, (appendlx . Graph 2) an expression of the form:

L=— L - (45)
ai™ + b1 + ¢

should be expected to fit the curve. In the appendix will be

'found different expression for the constants a, b, and c. The
" resulting curves are also plotted with the experimental ones.
(appendix Graphs 2 and 3).

Solution on the computer:

‘The bas1c operations which an electronlc dlfferentlal ana-
lyzer can perform are: v
a) Summation, with multiplication by constant coefflcients. Sign
changes. See flg IT a
b) Integratlon with respect to machine time from 1n1t1al values,
coupled with operation 4a). See fig. II b '
'c)_MuftiplicatiOn'by,cbnstant coefficients. See fig. Ilc
d) Multiplication of two variables. See fig IId
U31ng these setups it is pOSSlble to generate on the computer

voltaeges: which would be related in such a way as to simulate the
phy51cal relation involved ik the problem.

The point is now to pass from the physical differential e-
quation to the machine equation, and. to relate the values of the
different functions and parameters of the physical system to vol-
tages on the computer. Thisvoperation is known as scaling.

The Limitation of the computer:

Before introducing scaling it is necessary to say something
about the computer and its limitations. The computer used for
this study is 2 DONNER Model 3000 Analog Computer, equlpped with
-a, Model 307I Multiplier. 10 operational amplifiers are avallable.

The putput is recorded on a Brush Mark II Recorder. -
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Fig II. Operations performéd on the computer

It was said that each function appears‘on the compdter as an |
output voltage of an operational amplifier. This voltage, to be
kept in the range of linearity, should never exceed 100 volts. -

This applies also to the electronic function multiplier, where.
‘also the output should never exceed 100 volts. In opder that

. two voltages of 100 volts each fed into the multiplier should -
not glve a. product of 10,000 volts, the output of the multiplier
in volts is equal to the product of the two inputs divided by
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hundred -

Examples :
V, = 50 volts v, 28X 20 10 volts
V, = 20 volts o ° ‘

‘Due to these 11m1tatlons it was necessary to 1ntroduce the

ﬂfnew concept of Machlne Unit (MU) (6) If by definition we state
that- ‘

1 MU = 100'volts ' (46)

the limitation of an output of maximum amplitude equal to 100

volts becomes that the output of any amplifier should never ex-

ceed 1MU. Furthermore, the output of'the multiplier using'relaé

tion (46) becomes the product of the two inputs expresses in MU.

Taking the same example as before
) V, = 0.5 MU

v°=fo.5'x 0.2 = 0.I MU

Therefore the introduction of. the concept of Machine Unit is jus-
tified, since it shows at once the limitation of the operatlonal
ampllflers, and, 31mp11f1es the output of the function multlpller.

Scaking:

The problem is now to relate the different functions involved
in the phlisical system to,voltages (expressed as MU)on the com-
puter in such a way as not to have any output greater than 1.

The solution. i@ to use the so-called transformation equations. A
transformation equation is defined as the relation which changges
1 unit of a function in the physical system to.one unit on the
computer. | ;

Example: : ' : : |

If we ge% have a certain variable x, this varlable would ap-f
pear on the computer as a voltage ¥ related to the phys:.cal vatiat
by the relation o

K=K en

the termﬁ* is called the scale factor.
1?‘urthe1:'mmreh1: is necessary to introduce also a time factor, |
that would belate the time in seconds of the physical system to J
|
;

the time on the computer. The use of such a time factor is neces
sarﬂb—ecause the computer can not handle responses of- relatlvely

high frequén01es.,

SR SR N s
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SSM’\ qucb\': ’...J.‘——-(«U)v.uc g
(Y
L . » .
wolud complicate the setup due tolthe presence of the factor <«

To avoid this difficulty’it is¢advisible to use a transformation
equation similar to equation (47)

T= O(tt . ; N - (48)

v@e}e t = real time, T equal domputer time.

It is pos51ble by ch0051ng prOperly the term °Q, to get only
relations in the form

without the appearance of (u -

In order to keep the amplifiers in the range of lineafity the

output of any ampllfler should not exceed 1 MU, as stated prevmous
ly. The scale factors should then be choosem accordingly. Korn .and

K‘orn(s7 gives a formula for determlnlng the magnitude of the sfbaee
P2 factors:

E 1 :
osntivmum '\ra—Q,\-u_ «>-% A. ‘- '(49)

t.\j 7;—:

The general procedure ik solving differential equatlon on an

| analog computer cen be summarised as: :

a) erte down the dlfferentlal equations describing the phy51cal
phenomenaa _

b) Détermine all the functions involved in the physical system.

c) Relate them to voltages on the com@uter by means of scale fac-

" tors. . ' ’

d) Write the machine equations.

e) Develop the setup that would be used on the computer.(Block

, diagram).

.;'f) Determine 1f any additional, or auxillary, functlons appear.
g) 1If yes,chose their scale factors. :

h) Determine the relation between different scale factors.

i) Depermine the maximum values of all the functions that woulg
- appear on the computer. -0 ,

j) Choose the’ magnltude of the scale factors accordlng to restric-

' tions (1) and (h).

UL YU T YO L Y W WP S S BT
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Practical setup: )

Now that‘the general theory has beén outlined the actual pPro-
cedure used in setting the differential equation (1) on the com-
puter will be explained.

-~ As a first step equation (1) is rewritten:

= (Qﬁ)i—RL A :\C SLGL\-: Em fb&—n wbl

(1)
L .
Sg?gtltulng operator-g = EE,
Fe o (50)

assuming C initially uncharged.
The functions will appear in the machine equation w1thyscript

letters. So the machine equatlon would be of the form:
( c\f\co bing T:w i)

PgD) v @+ Bt (51

| ’?& |
As,ékirst\approach we.éssume that there is no capacitance in the
physical circuit.)Assuming that we have available a voltage re-
presenting the term P(%), ang the following block diagram is
suggested: ‘

/,‘\

- é%.MT.. '

fig. I2 Solution of eguation (51)

It is seen that, knowing the term Q’ij) for getting‘3it is
‘necéssary to multiply it by 1/3; 2 So on the computer we -heed to
generate the function 1/51' . In the phyéical'syStem L was given |
by equation (45), or | ' ) s

/‘/L:: 'OLJK’L'\-‘ -Qri + O | " (52) . B /
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Equation_(52) would appear in the machine equation as:

Mo AT +1RIY + 8y (53)

‘The block diagram of this_equéfion would be:

1.

! e a1 > S
3y T ~ — —

. i
3 Ba :

fig. 13  801ufion of equation (537
,it i§ also necessary to generate a sine wave of the form
g CanT B

Such a sine wéve is the solution of the differantial equation

Gy o e fase e

(‘3“36 (55)

The block diagram of the sine wave generator is therefore

P » .

%’] ' \i‘} °

. ““_\ \ ) f\‘* J«\’.'T* ‘
e | e | e

fig. 14 Solution of equation (55)
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Introdu01ng capacitance in the physical c1rcu1t would have ﬁS”
result the ptesence of the term:

/Pcﬁ . (56)
'3}1the machlne equatlon, this term should be added to the sum-

' ming amplifier (fig. I2) with the same sign as® ). The block
dlegram of the capacitance voltage drop is therefore:

fig. I5 Solution of equatlon (56)

: xhe p01nt is now to determine the magnltude of the scaling
factors, and to calculate the coefflclents which would appears
" on the machine equatlon. ‘
The functions which appear on the physical system are:’
s (LI) and tjpherefore on the machine equation three scale fac-
tors would appear. .
e Xel e (57)
On the other hend we generate on the eomputer the function lAgi
Therefore another scale factor is needed, agd the final scale
factors are '

AL K Xk (5‘8)
However the relation LI x 1/L would appear as %i“] X 1/1&1
therefore we get the relation "
L7y x z - o
3xe =T Tl

T

friviva 1l . =T
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Q{(Qi") K ?(C,lle): N& ' (59) ».
On the other hand the function l/L given by the relation (56) is

,related to the relation (57) by the scale facror Og; This scale
factor affect dlrectky the parameters ¢

B" ) ,/2)7, ) /53.

-'foiiowing the relation: -
= a2 \fsulwf&s Mz aTtalrac
:/IL&_ *afy NI *\Az]ﬁwﬂz ) "3/0“

1
, ﬂ£§ y X s
o+ ‘<j4

ol PR L s oAy
& A “  (60)

‘Now that wh have determined the relation between the various
scale factors, it is necessary to find the maximum expected values

of the function involved in order to find the magnitude of the dif
ferent scale factors. RN o :

The maximum values of the different functlons are determined ,
in the appendix. According to the different requirements the mgg-
nitude of the scale factors are choosen as

&C;'o.ﬂ Xei) = & o<4/L_go.e'w

ol L= 00T
(61)

Now it is pos51ble to pass from equatlon (50) to eguation (51),
but it would be 1nterest1ng to note the effect of the time factor
on the dlfferentlal operator P . '

Ab=T  £r o de: 4T
d ;; . . | \, :' :
o g \F, 3%¢f= F) “ :' x A

PP )
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Therefore in passing from (50) to (51) we get:
D('LI') FRI 4 ~—-.\."E»m fm st
PC

“{’6 gy ®12 _1..:3__ : Baw pon 0T

P8 + A et ¢ o 'SO(LQA) &(Ql, B v o %
A ai Pl o(b%u T (63)

Equatlng identically equation (63) and equatlon (517 ve get
®’= Rates . R -

AeRki Lm _
@' 4 Rel) . 5.0€xi0]
Ot 3 @ o4,
s Ao B, Ean
| Feo o zem e (64)
Using relation (60) we get also |
ﬂ)‘; m: za Aa - (ko(«f‘ - 6'."?,‘9,.
B S ' Aa
Da: WAL . g.02C . (65)

Following the requirements given by (64) and (65) we get:

R =1 ohm | & = 0.1595
R = 6.28 ohm o A =1,
-6 ; -1
C =88 x 107" Farad : € =5.75"
a = 6,82 ’ Dy = 13.64
b = 2.20 . he = 0,44
c = 0.0454 MU

= 2.27 i

Slngularltles 1n the practlcal setgp- :
Referrlng to fig I3, generation of the function ]_./S,Q

/,

that the coefficient /3, has an order of magnitude of I3.64, this
wouid're'qui'réﬁ a‘ potentiometer setting of 0. 1364 'and an amplifi
cation of 100 on the summing amplifier . (fig 11 4 and a). This.
ran1A nroduce unbalance and overload::.ng, furthermore the multip &.

we see
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lier workSllnearly only if the 1nput is nearer shen: loo volts '
than a fractlon of a volt. So the follow1ng block dlagram is
,suggesteé, ' ' ‘

x| — (30,

fig 16 Twpiovewwt of fig I3

This setup would requiréﬁfan additional operational amplifier,
however an economy could be" mb&e,on fig I5 (Capac1tance voltage
drop.), due to the fact thax %f 5.75 which would requireg

a potentlomater setting of O. 575 and an ampllflcatlon of I0
somewhere. The followmng block dlagram @Q Sngngaq

o
&

fig .IT'Amelioration of fig. I5

Generatlon of the absolute value of J:

Referring to fig 1€ we see that & box has an 1nput of :&nj},
and an output of 4“){. The connection used needsa 1xxvy‘ “Jf ex -
planation. Referring to fig I8, we see that.lf the input v, o |




Page 23

is positive the voltage at point 2, Vg/iﬁ negative and equal to

V, providing the ratio of amplificatioh Xfb = 1. The voltage V,
being negative, the dioder}act as R1 short circuit, and
the voltage V, appearfa$ point 3,x£2£nt’3 is now negative with

respect t0§1,-and the diodetaiacg;as an open circuit, and V1

’GL cannot appear at 3 through the upper
Fq o ; circuit. | .
- 5¢. ir v, is negative,ktherpointfz
=3 | V, is positive, diode (b ld¢z5 not con-
L A Ly . ; ; {tive wi
PR -—{::>- 2{§.3 duct; but point 3 being positive with

respect t0 point 1, diode(a)conducts
and the voltage Vy appearSat point 3
through the upper circuit. ,

;it is seen that for either a positive or negative input at

fig I8. Generation of
an absolute value.

,poiht 1, the voltage at point 3 is always negatife leading to

the relation:
Va = —1Val (66)

.1f the voltage Vy is proportional to 7y, the output of the
amplifier, taking at point 3 is equal %o - |-3|.

‘Now everything is ready to draw the final connection dia-
gram, fig 19, .The circuit shown in this figure is supposeito

simulate the physicak ferroresonnant circuit relative to equation

).
Note: In fig I9

a) When no initial condition appeai on- an integrator, thaqﬂ mean.

that at t= O V = 0. .

" b) Amplifiers I and 2 with the multiplier XY correspond to figlI2

S 7, 8 and IO - W - - figlé
) - 9 o ' - - figl7
e) - 3% 4 and 5 | - - figl4

Points: S SRR
(a) is the output of the 1/§ generator
(p) - - dinput - - - -
(¢) = - dinput - - capacitance term.

(d) - - output - - - -
(e) - - - - - sine wave generator.
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'-ks:
"&" .

>
4 - RI- :}E = PCRT)
P

Fig. I9 . Solution of equation (51)
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Results: :
Part A: Study of a IR circuit, R = I ohm, L = £(I).

Physical Circuit

"m0, Computer
Ems = 12.%5 V. [—-‘\k‘\e—/m"ﬁ é¢“s= .I98 MU= 425 V.
E, =1I7.6V T : E, = 28 MUE ARGV
Igns = 0.1 amp. “1vhs= .0106 MU= 00 o
I; = 0.14 amp.

oy = 015 MU= o.0gew

% difference for I = 6%
Oscillogram 1: Speed: 5mm/sec
scale: Current, .2 volt per chatt line

ol .2 volt per cBart lige

— ==
EEeE e
== o m=====

= RS j,:+; The upper part of the oscillogran

== === Sheiwse the current. ()
R e e The lower part & hdiws; the dwesrhe
e E =] of the inductance. ( %l'q)
7 BECO}R?E}R} Mr Irragularitiea end unspumetrie
W in the £ 'part is due to the pre— _
EE==SE=Sssss sence of a small dc eurrend vdlthgo
EEEEESESS = which appear as a noise at the ent-

=E===C=CSS =S ut of the multiplier.
====c==c=c==c=-1 ¥ v

The error is negligiple, and the shape of the current is
similar to the physical current.

.

BOGAZIG! ONIVERSITESI KUTUPHANESI
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Physical Circuit i computer

A |ihouy
E_. = I7.6 V. AP Eppm 268 MUSTIGY
E, =249V -2 g“ = 38 M= u-w*”
I = 0.222 amp. H S _egsm=oh‘#

% difference for I = 2%

Oscillogram 2 : Speed: 5 mm/sec
scale: Current, .2 volt per chart line

.2 volt per chart line

7;«4# F—“;Iﬂ == _Current ‘. ﬁ)

T e =

- rd ;-

7 = = - ‘

E ====5 S

E===e======

S e .

SLEYELAND, OHIO PRINTED IN US Sme re k as for 0.011-
E=SEESEE logrem I
=

=y ==Fao=s oy
== ==

inductance™ ( i')

T =
o —— 1

4 i
}-

1T i-
e

=== _\—{:HT‘ et

The error is less due to the fact that the relative

de noise of the multiplier i® reduced, because the
input of the amplifier is increased.
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Physical Circuit Canutor

Mo limag,
E_ = 22.2 V. [ € = 352 MU =221 Vel
E, =31.4V5 ), 2 E,,.,: .50 MU :31-G ves
fr@s = 0.5SamP. L - Y= ,ogyjuu : 0 24
3 o = 2 1T5 ; : "J,Ms .0425 HU as b“""
% difference in I = 45.6%
T Tong & dom
Oscillogram 3 : Speed: 5 mm/sec
scale: Current, .2 volt per chart line
(g~ .5 volt per chart line

EELEEEEEEE

== i _'f'*hlff——

i:__ E\ = 1 __ —§

2;5; ﬂj ;;j2§a* < Current (Jj)

e

B e

EVELAND, OHIO PRINTED IN U.S.A.
7 ==

i

T

it

n
'1...
W
Y

inductance™ ( ¢ )

it

Lo |
4 i
eet1 ]

1
RE
w11 i-
L

HH

The error is big because the effect of the harmonics have
been neglected in approximating L, but as it is seen from the
oscillogram, there is a strong harmonice current in the cur»eat
wave. The shape is similar as seen ok the oseilloscope when
ghe current of the physical circuit is examined. However it is v
nec@asary to §dy, that the peaks of the physical current are

midn pronounoed than &hawtin the oscillogram taking from the
computer.
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Part B: Study of a RLC circuit, R = 6.28 om, L = £(I)
C = 88 microfarad. :

& P
i 1

Physical Circuit Sauiladl . Computer
B = 9.75 V. oW G 2,155 MU A3S Y
E, =13.8V. Yy Em = 422 MUSAZ IV
I_ . =0.08 amp. s 1, = .083 My =004
I 0.II3 amp. T, = .0I6 MU = . J&

B
n

% difference in I = ngf& % Time: —2

Oscillogram 4 speed: I mm/sec VA
scale: Current, .2 Volt per chart line
Veltaqe, 2 volt per chart line

' SIS = e =t
S EIEE RIS
O WY Current S
» . 8 n W . 1 + . 3 1

Voltage £ &

source of error is also the fact that the multiplier,XY, drive §

; !
The error is due to @ fr‘haj’ approximation of L, an appreciabls
|
!
three smplifier§causing an appreciable voltage drop. |



Physical Circuit S fses Computer
Eong * 9+8 Volts -4} | Evme= 161 MUZQ-8V-
E, =13.9 Volts -~ ﬁl EM'= 23 MUZ13.9V
Iopg = 0-09 amp L _ Vo= o354 MU T M2
Iz = oy 5 ' {\‘M= .50 MU= .g:
Oscillogram 5 speed Imm/sec '
scale: Current, 5 volt per chart line :

voltage, 2 volt per chartlline I&mgﬁzqim

ST =
=

current ('])

f
l;-‘TL?T
! :\-HJ

(!

IH
LW
im0

(L x‘a.‘_l

}M:

|

I
}FI.*

i::.gﬁZ; ib = = voltajge ( 6-)

It is seen that the ferroresonnance phenomena is accentued
on the computer, the current jumping for a lower voltage (9.8

volts instead of I1I6) to a much higher value (3.54 amp instead

of .6 amp). Furthermore the current on the computer is in reality
even higher than the values given new, because overloading of
amplifiers 10, and 7 reduce the value of *) .The only reason

for not having similar results dn the physical circuit and on

the computer is a wrong approximation of L, however the fact

that the multiplier XY drive three amplifiers should not be

overlooked.
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respectively show the response of the network to a
scale

Volt/ch. Li.

speed
mm/ sec

)

No
&

oscillogram

The following oscillograms labelded, oscillogram 6, 7,
se.
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From these oscillograms it is seen that the natural frequenciy
of oscillation is not constant but varies with the applied dec
step impulse. For example, the flrst os01llat10n 'in osc1llogram

6 has a period- of I2 seconds. The flrst 0301llatlon 1n’osclllogram
-9 last 5.6 sec. Furthermore it is seen that the ‘péeriod of ‘oscil="

lation is not constant at the beginning and the end of the same
as oscillogram. Reffrring to oscillogram 8, it is seen that the
first cycle last 11 sec., the following cycle duration is 12 sec.
‘  The reason of this behav1our is that the natural oscillation
vfrequency of a 01rcu1t is glven by the relation - R

}: (61
TN 'V ' ' -
L varying with the magnltude of the current, as the applled
dc;;mpulse increase, L becomes smaller and f 1ncrease.




Conclusion:

The results are encouraging as a first attempt. It is seen
that it is possible to simulate a @erroresonant circuit on an
~analog computer. The quality of the results depends on the accurac
of the‘approximation of L.

For further studies of ferroresonant circuits, the following

steps are suggested.

a) Improved approximation of L, not neglecting the harmonics in
the currant wave.Another approgch would be to take the slope of
the magnetization curve of the inductor, at different values ofl.

'b);Approximate L by two straight lines, the circuit suggested is

the following:

Page 32

ten' L2

v

Take I at point b' of fig I9. This I should closed the con-
tact”C, when it reach a predetermined value Il. For I smaller than

Il’v

contact C is open and the voltage at point 1 is equal to I/Xy

When I is greater than Il’ contact C is ctosed, the voltage 1/&1,
being greater than l/glithe diode does not conduct, and l/@q’appea
at point 1. If point 1 is connected to point a' of fig 19 the
computer would simulate a circuit, having a certain igductanc% Ll

for I £ I;, and an induckance L, for 1”7-1?

¢) Study parallel resonnance, its application as voltage stabilize

h Y

Faruk Sarc
R .. +4n FE
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The saturable reactor used is an sutotransformer

Powerstat
Type 116
Pri. V. 120
Out. V. 0 - I40-
Max. amp. T.5

Page I

Phasel'
50/60 cps

max.

The Superior Electric Company
_ . Bristol Connecticut U.S.A.
'~ This transformer is uded during the experiments its dial set-
téd on 20 (twenty)., feeded from the output, primary winding o-

pen cigcuited.

. 1ts internan dc resistance is 0.5 ohm.

Determination of the magnetisation curve and of L:

f The following values had been obtained:

KVA 1

v 1 X, L I
volt amp. ohiis henrys amp.
Irms Py ks max.
6.4 0.05 128 0.406 0.0707
10 0.08 125 0.398 0.I13
I 0.I0 120 0.382 0.I4I
14 0.12 116.6 0.37I 0.I70
16.8 0.I5 112 0.357 0.2I2
19.2 0.20 96 0.3055 0.28%
20.7 0.30 69 0.22 0.424
21 0.34 61.7 0.1965 0.481
L 2I.4 0.4 53%.5 0.1705 0.565
22 0.5 44 0.140 0.707
- 22.5 0.6 37.3 0.II9 0.848
' 20.8 0.7 32,6 0.104 0.89
23,2 0.8 .29 0.0923 I.IT
2% .6 0.9 26.2 0,0835 1.27
24 1.0 24 0.0763 I.21I

»

The circuit used is the circuit of fig. 8 with an ammeter
(Evershed N° 108%23%) in series, and a voltmeter in parallel

(Weston Model 433 N° I7302I)

The values of the table were calculated using equatlons (42)

and (44).

Approx:matlon of L vs I:si

h Y

From the graph of L vs I some sultable points are taken and
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vf} substitued in the equation

. ~ 1
L= aI% + bI + ¢
Sample calculation:
' 7, = ===_1 in this approximation we take a = O
' 1; al® + bl + c ‘
'thé'points chosen are I=0 L = 0.46
; ‘ I=0.707 L = 0.I4
we get _
o 0.46 = £  therefore ¢ = 2.18
z - _ 1
s e () R a=T7.05
and I 1 |

15 7.056 I + 2.18

5 approximations for L were found, the best one chosen;'these
approximations are shown on tha accompanying graphs.

I=0 L = 0.46 L
I=0.2 L=0.354 | I, = 5
I=1" L = 0.1I02 , 5.5 1% + 2,22 T + 2,18
I.= O ' L = 0.41I9 _ L'.= 1
I=0.707 L =0.1I4 | 3 7 6.74 I + 2.39
37 101, 1l L, = '
- - - (s}
R > 2 4 T T ¥ §.34 T ¥ 2.28
IL=0  L=0.44
I=20.7 L =0.14 6.82 1° + 2.2_1 +.g,27

Maximum values of the functions appearing on the computer:
0¢ 1 f2 X4 & 0.5
'530 Aaf, ¢ O.033
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