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MAGNETIC. AMPLIFIERS

ABSTRACT

Direct current controlled transductors,now known
as magnetié amplifiers,were used successfully by the Germans
in the 1939-1945 war for the amplification and mixing of
powers down to a mlcrowatt.The desire to know more about
their operations than has been given in various periodicals:
prompted this thesis,

An explanation of magnetic amplifier action is
given and the waveforms-of flux and output current predicted.
The behaviour of azcircuits contalning asmagnetic amplifier
is then explained by the use of waveforms and a mathematical
investigation is made.A use for a magnetic amplifier in an
oscillator tank circuit i1s described,

Graphs of the characteristics of the magnetic
amplifier and photographs 5f the waveformg are shown and
the observed waveforms compared with the predicted ones.

A sénsitivity test'on three circuits containing a magnetic:
amplifier is described and results given,showing that by
placing azcondenser acrosssthe supply windingscincreases
the sensitivity considerably but decreases:the power
amplification. |

The proper way to secure a thorough ﬁnderstandiné
of the properties of the magnetic amplifier by the use of

an oscilloscope is discussed and the thesis concludes - by



listing the advantages and disadvantages of a magnetic
amplifier.

The mathematical approach to the solution of
thé magnetic amplifier problem using Frolich's equation

for the magnetization curve 1s given in a special appendixs

 John C.Tebby
U.B.C.
April,1951
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MAGNETIC AMPLIFIERS
I INTRODUCTION

The: purpose of this: investigation is to develop a-
theory for a-circuit containing RIC in: series: or im parallel
with asnonlinear elememnt such as: & magnetic: amplifier.Since
little work hass been done om the theory of thecmagnetic ample-
ifier the initial investigation wlill concern the magnetic
amplifier,

The: terms magnetic amplifier,saturable reactor,
inductor,transductor and amplistat hawve been used to denote-
lronecored inductors in which the asc.lmpedance is controll-
ed by means of an suxlillary d;caexcitation.They have been
known ‘and applled for some fifty years being used mainly im
the dimming of lights In theatres,They had also been used to
a very Ilmited extent in heavy current and light current
power control.In the latter two cases asince 1935 much prog-
ress has been made on their design particularly in England.

| During the 1939-1945 war considerable progress was
made in Germany on the development of single phase amplifiers
for servo applications,while in.Sweden the main work seems to
have been on three:phase inductors sultable for large power
outputs.In the German long range rocket an inductor weighing
three pounds with a core: of Mumetal malintained the alter-
nator frequency to within* 1%.Applications were also found in
auto-pllots,servo mechanisms and blind approach systems.From

various accounts it would appear that although German technice

lans obtained excellent results they gained most of their

1



knowledge through trial and error not by the use of theoretical
design principless
Many articles dealing with the magnetic amplifier
have been published however the majority of them are non-math-
ematical.None,this authbr included,has been. able to devise a
non-linear method for the solutionvof the magnetic amplifier.
A general solution by non=linear methbds does not exist,however
step-by—siép integration,yieldsva'particular solution applying
only to a particﬁlar curve.For'this reason all of the authors
have eliminated the solution by non=linear methods in favor of
an epproximate solution by linear methods.In order to obtain
the solutlons b& linear methods assumptions must be made.The
published articles-have for the most part made the following
approximations to convert the non-linear equations to linear
ones$
l, The BH curve can be approximated to be made up of three
stralght lines,a region of constant permeability foll-
owed by complete saturation,
2. The reactance of the transductor with zero control is
80 large compared with the resistance of the load that
the difference in phase between the applied'voltage and
that acrosssthe transductor 1s negligible,
3. The rectifiers are perfect and the back leakage 1s zero,
With the preceding approximations 1t has:-been possible
to predict in advance the characteristics of a particular mag—
netic amplifier,Thls has: contributed greatly to the progress

that has been made in the past few years,



13 THEORY OF THE MAGNETIC AMPLIFIER
) The most important component of a magnetic amplifier
is the inductor which gonsists of two a.c.chokes with a
superimposed d.c.winding as shown in Fig.l.In Fig.l an Inductor
is shown where the d.c.windings are connected in series oppos-

ition.
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As the 1nductor d.c.windings are comnected in series
opposition the superimposed d.c.excltation will cause one core
to saturate in the negative flux direction and later in the
cycle the other core will saturate in the positive flux
direction as shown in Fig.Z2.

The voltage applied to the a.c.windings during the
period O to <« is positive and the flux in both cores increases
until eventually core 1 becomes saturated positively and remains

gso untll the voltage enters the next half cycle.
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Core 1 has no impedance when saturated and increases-

the current through core 2 which ailso becomes saturated and
therefore the whole of the supply voltage between< andg is
transferred to the load resistance.Between O and«C the output
voltage across the load resistance 1s small because belng
unsaturated the transductor reactance is large compared to
the load resistance.During the next half cycle the action 1is
repeated with the difference that 1t is core 2 that saturates
in the negative flux direation;

Because the applied voltage 1s sinusoidal the flux
waveforms must be sinusoidal and each core must contribute
helf the flux l.e.the supply voltage will divide evenly
between each core.When we add d.c.excitation one flux will
be increased and the other will be decreased because of the

reversal of the windings.The flux denslities may be represented



by the following two equations:

JEi.sﬂva;thZZn
B, s/ ot -Bom

Neglecting hysteresis effects,the magnetization

curve for Stalloy 1s represented by the following equation;

/f"a_zg+1LZ?1*1h£?4;C£Z?'AnpeneZZMVS/u»-c»z
When we have a material requiring a low number of
ampere-turns to saturate 1t we have to add 9th.or llth.
powers and the equation is altered.By putting equation 1
into equation 3 we get the excitation for core 1 as- obtained

by Hauffe L

#,=aB,+bBa+cBi+36RB,+§B'B, +5c BB’
s(@B+$bB*§cR*36BBE+§ BB} +50.B B )sinwt
~-(FbB B, +#cBB,,+*5cR°B] )cos zwt
~(§6B+Ec B ¥ BB )sinzat
+ [gfﬁfan)fo&‘fwf *//2"6'.3;6)—5/0 Sw?
The a.é.excitation is repreéénted by the equation
o= (aB+E6BHFcBR+IbRBI+ ¥ BB}
+5eB BY)sinwt~GbB) % c B % FoBB)ve3wt
‘*iftalzssvarJWulf
and thus the output current will contalin a third harmonic
which accounts for the peaky shape of the waveform.
The control circult excitation consists of a steady
gtate and a second,fourth etc.harmonic with the harmonics

beilng contributed by the supply voltage.We have therefore:

L=3#lB(@a+3bB} 15t Bl )8 Gb+¥cB,,)rEcR”



The curve of inductor output against control current
- shows that we have a symmetrical curvé about zero input
current however there is a small magnetizing current which
varies with supply veoltage.With two transductors it is desir-
able to have ldentical characteristics and this is accomp=
'1ished in two ways,by self-excitation or by bias excitation,

‘ The mathematical theory of the magnetic amplifier
is the next step and this willl be worked out for an amplifier
with a reslstance load,with a condenser 1n series,finally for
a condenser in parallel with the supply windings of the
amplifier,

We will not work out a mathematical theory for the
oscillator illustrated in the last part of £he next section
since it is a-standard osclllator circuit.The purpose of
mentioning the osclllator will appear in the text of that

section.



III MATHEMATICAL INVESTIGATION

One of the approximations to convert the non-linear
equations to linear ones was that the BH curve could be
approximated by three:straight lines-a region of constant
permeability followed by complete saturation.Thus we will

agssume a characteristic of the shape shown in Fig.3.
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The first circuit to be analyzed will be the one of
Fig.4 where we have two cores with no additional windings: as:

. in the conventlional amplifier,
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Considering Fig.5a,as the voltage at point A of Fig,
4 increases sinusoldally from O to point a,the value of éo is
very low because of the high reactance of core: 1,therefore the

voltage drop-Ej,,q~-across the resostance is low and

M ﬁ = Epy SinT
/ot At

is shown in Fig.5c.Between O and a;, the flux weveform will be

dY, _ M
sinusoldal as: 7% = o Em sinw? At a5 core 1 saturates
at /i . ]

E = & z
therefore - % 20 awd Elonp= “m IV

This saturated condition exists until the voltage drop across
the supply winding 1is no longer hbgh enough to maintain the

saturation current and therefore g—? 750 .When this occurs
the reactance of core 1 becomes very high and again approx-
imately the whole of the supply voltage is ackoss core 1 from

b, tof.lﬁuring the next half cycle core 2 follows: the conditions

Previously outlined for core 1 and core 1 is inert,



Consider next the circuit of Fig.6 which is the
same as that of Fig.4 with asd.c.control winding.This d.c.

flux alters the BH curve as shown in Fig,7
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As shown in Fig.7 the fequired ae.C.magnetizing

current for saturation will be less than for the previous



The circuit of Fig.6 will have the equation as: follows:

£, + d[(/j-—E' Stnwt
7o?

7 =Cact Yo

As the voltage at point A of Fig.6 increases
sinusoidally from O to point a the value of € is very low

and thus Eload will be small and therefore

I/;V%d l{;]: Em 5/0wz—
Since% is a constant,f,will consist of a sinusoidal flux

and a steady value flux as shaown in Fig.8c.
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F16 &
At point a, t.he core saturates and thus 4,15 a constant.Sinces

Od‘._g_::o 5 Ceear= Epy S1n@T

which is shown in Fig.8b.As
the supply voltage passes from &, to b Ithe core will remain
saturated,however at b ,the supply voltage is not high enough
to malntain saturation conditions i.e, f—;{i{ O and therefore

Ca is very low and the flux decreases to the steady d.c.value,

o0
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For the next half cycle the proceés is lrepeate'd on.core 2.
| When ¢4 is negative the BH characteristic will be
altered as in Fig.9 and the a.c.magnetizing current required
for saturatlion will be larger than previously,The waveforms

wlll be shown in Fig.1l10,
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Note the length of the saturated portion of the flux wave
and how 1t has decreased from the length when 1:4 was:- positive.
The cores will saturate later in the cycle and unsaturate

earlier in the cycle.For this condition the equations are:

5,,@“7/‘!,‘)2(56=5,,‘8/ow z
AR



IV CIRGUIT THEORY
Consider a-circuit as Fig.ll where we have a cond-

enser and a-resistance inserted for the load.

Kz Ca O(/-‘ £, smwl
- A <
€ —
A/
nh:ah P/ "/’Ya’—’
&L—

- ~
Core 1 [Contz
N AAN

A4 &d\l . “d /;dv
R Eu
WW— ‘ —

The: general equatlions: are:?

_L/z_'c(tf/\éd( Y
qua."'cra aQ /o'—i m
The  load voltage wlll be approximately zero for the period

0 to &of Fig.8a.f'aznd for that period

Ep snw?”
/0? df@
and the flux.wlll have the waveform previously shown in Fig.

8c.From a‘:to b ’c.he core is saturated and therefore: g=a

which gives us: Na c.,-l—- ¢, Y- & 7 wZ

the steady state solution: for which is' given in Appendix: A

/
[w S/n Ut""‘ "”[7 Mdf)g:%f‘ o

and is




From b, to# the flux waveform will be sinusoidal as: in Fig.8c.
Consider next the magnetic amplifier with a resist-
ance load.A condenser is connected across:- the asc.windings.

For the circuit see Fig.l2.

Ra,

AN @ £, Sinwt
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ta “L
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> ‘2 7
/ya / /V‘Ln )
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’ CoRE / CORE R
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/Vd ‘,d /Vd
|
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Fig 012

The general equations:are: ‘a =0, c,_

'R4£“+ &A‘ﬂ) Ep, S/ﬂwl‘
//
Ca _/ ¢, dt = ;u—[// )
As the voltage at po:.nt A (Pig.l2) increases from
0 to a,(Fig.lja) the reactance of c-ore 1 is very high and
therefore L',_small,however a current will flow through Go.a,nd
thus a voltage drop will occur across the load.For this
cendition the circuit reduces-to a series RC circuit and the
equations are: ¢ta= ‘) |
Ra ¢, ré/:‘,df:é-;smwl‘

the steady state solution for which is (Appendix A )

_,—- ]
l = Epw | W Sinwt — Calon Sm(ﬁ ,méjj

/ . T
Ra Gige + w




Let the voltage across the corecbe E if the voltage
across: the core required for the saturation current to be
developed is Eg.From O to &, &, smwi= ReiatE AL a, the
supply voltage 1s such that E is equal to EB;therefore the
core saturates.Under this conditlion the negligible impedance
of the core being intparallel with the capazritance reduces
the reactance of the parallel circuit to a-low value and

therefore the value of E l1s low and so

Na ‘{_ZL——va

0% 4t
o Al ) Ruio—> Rule =Em Sinwl
/0

From a,to b,the core remains saturated until the
supply voltage reaches:such a:value that the voltage across
the core:is no longer able to malntain the core in satur-
ation.From b,to1fthe‘suppiy woltage 1s divided between R,
and C, .For the next half cycle the wawveforms are repeated
except‘that core 2 will be involved instead of core l.,It
will be noted that a.s:l; and é, are added the resultant
waveform of Filg,.l3f is almost a- sine wave.Since this 1s also
a representatioh of the load voltage it will approximate

a s8ine wave of the same form as the current wave.
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With the: circuit of Flg.ll it is:pqgaible to hawe
a: condition where: there: 18 no load woltage nor will the core
be: saturated,for this to occur the reactance of the condenser
wlll have to be high.By carefully choosing Cawe can have a-
condition where:the core will be saturated for only & fraction
of arcycle thus giwving a: sharp current pulse.Thlis results
when the voltage across: the amplifler is high enough to
cause saturatlon and desaturation only when the supply woltage
is near its- peak,

Consider next the circult of Fig.l12.With this
circuit 1t is possible to have a-condition where there ls
zero output yet the core 1s saturated.The current through the
capaclty will be between‘QO'and 180°out of phagse with the
current flowing through the saturated core:winding,thus a
condition can exist where these two currents: cancel,hence
the load current 1sziero.The reactance of the capacity im
this circult will have to be high otherwise the current
flowing through it will be very much larger than the current

through the amplifier.With that condition the amplifier

will be unable to exert any control over the outpute.
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. IVC OSCILIATOR USING AN IRON CORED INDUCTANCE

Consider next the circuit illustrated in Fig.l4.
This-is: actuned grid oscillator circult with a magnetic
amplifier as the inductance in the circuit.The purpose of
using the magnetic amplifier in this clrecult i1s to find out
how the inductance varies as the d.c.control winding is
excited up to saturation.We will also have from the results

an indication of the shape of the BH curve.

_J , . = L
Letf= L E for this oscillator,then £ o e

2
While this is not the correct formula the approximation

will suffice for our purpose,

g~ [ R,
Ry g~ b —c
%“ > T

CaL/BRATION

Fige.l4
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v APPARATUS

The magnetic amplifier used in the investigatiom
was a Vickers Electrlc Educatlonal Magnetic Amplifier(see
footnote).The control current was measured with a Weston
decemilliameter,the load current with a Weston aic.,ammeter
and the load voltage with a General Radio vacuum tube
voltmeter.

For the oscillator circuilt of Fig.l4 a 635 tube
was used.The oscillator was callbrated on a:Cossor
Oscilloscope by comparing its frequency with that from
a-Hewlett~Packard oscillator,

. The photographs of the waveforms were: taken on e
Westlinghouse six element osclllograph using Verichrome
# 122 f£ilm.
\ Various values of resistances and condensers were:
required,both fixed and variable,as-well as sources of

direct current and a 110 volt,60 cycle supply.

For additional information on thls amplifier see the
"Laboratory Manual of Specifications,Instruction Notes:
and Experiments for the Educational Magnetic: Amplifier"
- published by the Vickers-Electric Division,1815 Locust
Ste,S5t.Louls 3,Missouri,U,.S.A,



VI FROCEDURE

Testslwereﬁmadé on the circults of Figs.6,11 and
12.The graphs and photographs following are the results of
these tests.The data on the graphs and photographs states-
what circult was used and what was: varied.,

For Fige.l6 the circult of Fig.l4 was connected up
and various values of control current were used to vary the
frequency.For each value of control current the frequency
was measured,Thls was accomplished by placing the oscill-
ator output on one set of the Cossor oscillloscope deflec-
tion plates and the output of the Hewlett-Packard
osclllator on the other set of deflection plateSfof‘the
same beam,The Hewlett-Packard oscillator frequency was: then
altered until both frequencies: were the same as indicated
by the circle,oval or straight line wawveform being motlon-
less,the shape of the waveform depending on the phase
displacement and voltage difference between the two outputss

A test comparing the sensitivitliesc of the circuits
of Figs.6,11 and 12 was made.R_,and C, were 150 ohms and
10 microfarads respectively.By using the graphs of Figs.1l5
and 23 the mid point of the steepest portion of each graph
was found.The control current was then varied 2 ma.around
this value,i.es ? 1l ma,,and the change in output current
measured,

A test to find the time lag of the amplifier in
responding to a change in control current was made,The
control current was abruptly changed from O ma.%o 13 ma,

and a bhotograph made while this change was taking place.

2
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VII  EXPERIMENTAL RESULTS

The graphs and photographs following this page show
the results of the various tests: made on the magnetic
amplifier,Other tests were carried out with‘intermediéte
values and also values outside the ranges indicated however
the results obtained were very similar to those for the
ones shown and thus they were not included.

The sensitivity tests on the circuits of Figs.1ll,
6 and 12 gave the following results:

1l. For the circuit of Flg.6,a change in control current
from -5ma,to-Tma.gave a change in load current
from 40 amps.to .36 amps,

2+ For the cireuit of Fig.ll,a change in ¢ontrol current
from -14 ma.,to - 16 ma.gave a change in load
current from .22 amps.to .14 amps.

3. For the circuit of Flg.l2,a change in control current
from -l11 ma.to ~13 ma.gave a change in load
current from .18 to .32 amps.

The photograph,Fig.31,made to find the time lag of
the amplifier in responding to a change in control current
shows that the amplifier required one cycle of the 60 cycle
timing wave,l.e.1/60,8econd,to respond fully to the change.
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Waveform showing load current with a resistance load

Top Waveform Control current
Load current
Load woltage
Load resistance

Bottom Waveform Sine wave of

- -5 ma,

- o415 amps.rms.
- 78 volts rms,
- 150 ohms.

60 cycle supply frequency

.
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Waveform of load current with a- 100 ohm resistance as load

Fig. 26

Top Waveform Control current - O ma.

Load current - 58 amps.rms,
Load voltage - 71 volts rms,
Load resistance: - 100 ohms

Bottom Waveform 60 cycle sine wave of supply frequency
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Waveform showing load current with a condenser in parallel

Flge 27

Top Waveform Control current
Load current 37 ampsS.rms,
Load voltage 73 volts rms,.
Load resistance - 150 ohms
Condenser of 7.5 mfd.in parallel
Current in condenser branch - .31 amps.rms,
Current in amplifier branch - .54 amps.rms.

O ma.,

Bottom Waveform Sine wave of 60 cycle supply freguency



Waveform of load current with a condenser in parallel

Fig. 2%

Top Waveform Control current - =10 ma.
Load current - 19 amps.rms,.
Load voltage 31 volts rms.
Load resistance - 150 ohms,
Condenser of T.,5 mfd.in parallel
Current in condenser branch = .36 amps.rms,
Current in amplifier branch - .36 amps.rms.

Bottom Waveform Sine wave of 60 cycle supply frequency

Jo



Waveform of Toad current with a condenser in parallel

ij

ige X9

Top Waveform Control curreat - =25 ma,
Load current - o34 amps.rms,
Load voltage - 94 volts rms.
Load resistance 150 ohms
Condenser of 6,5 mfd.in parallel

Bottom Waveform Sine wave of 60 cycle supply freguency

3/



Waveform of load current with e condenser in series

Fig, 30O

Top Waveform Control current - -25 ma.
Load curreht = 27 amps.rms,
Load voltage -~ 91 volts rms,
Load resistance 150 ohms
Condenser of 2,5 mfd.in series

Bottom Wave form 60 cycle sine wave of supply freguency




Wavefroms showing the time lag in the: amplifier response

to a . change in control current

Fige J/

Top Waveform 60 cycle sine wave-supply frequency

Middle Wavefrom control current waveform showing
the second harmonics.,.

Bottom Waveform 1load current

Control current changed from O ma.to 13 ma.

Load current changed from .l amp.to .47 amp.rms.
Load voltag changed from 50 volts to 120 volts rms.

Load resistance - 150 ohms.,

T - PO 1 .
Note the time lag in the bottom waveform which is seen to

a
be one cyecle of 60 cycle supply frequency.



vz DISCUSSION

In magnetic amplifier design the maximum output
within the 1inear range of the amplifier curve is an
important factor,under certain conditions more so than the
amplification factor.In determining this range the proper-
tles of the coré material and the nature of the load
are important.

More and better core materials are constantly
being produced and the assumption that the BH curve cah be
approximated by three stralght lines is becoming more and
more correct.The knee of the curve is gradually being
eliminated as Filg.l6 shows and is almost absent from
the material of the core in the magnetic amplifier used
in the invéstigation;

The performance of the amplifier under different
load parameters ﬁas been investigated and it has been
found that the sensitlivity was increased by the addition
of a serles or parallel condenser,This addition has a
profound effect on the shape of the ocutput wave causing
a variation from a sine wave to a very peaky wave and
also causing an output wave apparently twice the frequency
of the supply voltage.The production of an output sine
wave would be very useful 1f the outovut were to be fed to
thermionie valves for the next stage of control.The
production of a very peaky wave from the series circuilt
of Fig.1ll might be of use where a large pulse of power
was wanted without the use of thermionic valves.The range

of the output impedance of the amplifier is in the range 25

to 2500 ohms and above that the outout pover is too low to

34



be of any use.

The size of the magnetic amplifier used in this
investigation and the comparable size of a transformer of
the same rating shows that the magnetic amplifier is
almost three times the size of the transformer.This would
be detrimental if large power outputs were desired: at 60
cycles,This can be overcome by raising the supply frequency
where possiblérsinCe the size of the magnetic amplifier is
proportional to the the reciprocal of the frequency.

The investigation carried out has proven how
difficult it is to analyze the performance of a magnetic
amplifier.A special mathematical approach has still to
be devised before any proper theoretical design principles
can be found,.The Germans in using trial and error methods
.of design have proven this to be true.Thus at present the
only way to arrive at a real understanaing of the
properties of the magnetic amplifier 1s to use aﬁ oscill-

ograph to trace the course of the currents.
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X CONCLUSION

In conclusion it may be interesting to reacpitulate

some of the characteristics of practical magnetic amplifiers.,

This 1s done in order that potenﬁial users may judge for

themselves thelr adaptability to various fields.These

characteristics are:

1.

2.

10.

11.

12.

They are very rugged,with no moving parts. .

They have no filaments nor do they require a power
pack .

They do not require time to heat up and are ready
for action immediately the switch is closed.

There is no internal heat loss.

.The input and output circuits can be completely

isolated,

D.C.information can be converted to a.c.information
and amplified also.

Signals at different voltage levels can be mixed.
Their size is three times that of a transformer of
the same power ratinge.

Thelr size varies as the reciprocal of the supply
frequency.

They take from 1 to 100 cycles of the supply freque-
ncy to respond completely to a change in control
current.

Power galns of up to 10,000 can be obtained,

They have a low inputvimpedance,.l to 3000 ohms,

and are sultable for amplification of thermocouple

3¢


file:///tfith

13.

14,

output,photocell output etc.

Their output impedance is 25 to 2500 ohms thus they
can be used where the load is to be a.c.or d.c.
motors,heaters,recording apparatus etc.

They are 1n general low-impedance current-operated
devices,and as such are complementary to electronic
equipment and are not to be qonsidered as rivals.
‘Quite often it 1s found that a combihation of a-

magnetic amplifier and valves is the best solution,

27



35

APPENDIX A

The circuits-referred to this Appendix.approximate
to a:serieérRC cirenit across: sz sinusoidal input.

Let ¢ Be the current through the circuit,R and C the:
values:of the resistancecand capacitance: respectively and

E sin t the applied voltage.Then 45.5

R "'/df"‘fﬂ Sin w

P,Oo 7‘“ - Em
j ca.ﬁuf
z

_L”_..

R _z
=Epw — coswt‘-/-w stnw? —gc € "‘)

R

*g&

h\\

L rw®

kx>



APPENDIX B

THE USE OF FROLICH'S EQUATION

For any of the magnetic amplifier circuits: when the
variation ofqﬂcan be expressed as a slmple function of the
currents inveolved the relationship between current and time
may be. established mathematically as follows:

The basic relatlonship is:

Re+ & /s)= £, Stnwé
Ze(4¢) = Em
or Reeldde, ¢ 24 - &, Sinw? -~ — ~
however Fr8lich's equation,neglecting hysteresis:
effects,will glve the relationship between flux and current
2
to a reasonable degree of accuracy.Frdlich's equation is

p - M

/1+nce

whereMand n are emplrically determined constants:
for the particular magnetic circuit.
Cf is the flux produced in the core by a d.c.

current and an a.c.magnetizing current

Therefore, Stnce /. = /V(/ L=

JFNnE
Substituting in equatlonﬂlgives Re . ,,,,,z Q*”‘)»”

- I+no
or Z? [E sinw¥ - 'eo_]
Let us now consider briefly the possibilities of

finding analytical expressions for the results given in
using Frolich's expression for the magnetization curve,

the magnetic problem can be described by

%;' - /i—nc)l-[t 5 1nwt- eo] ) 6(0):0_

This equation is not a standard type(Bernoulli,

Riccati,etec.) and the solutions are therefore not likely

a NMac a& E Sinwl

319
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to be elementary functions.However,the right side is contin-
uous in¢ and € and possesses a constant partlal derivatlive
with respect toé sTfom Picard’sztheorem,then,we now that &
unique solution exists and can be found by the method of
successive approximations.This method conslsts in choosing
any zero-order approximation to the soluﬁion,say¢¥21then
defining o‘,(g, Coft)sennnnns .through to

G‘K[f) ""[“-é"' ’i\‘;'g-.a 3-[:;‘ smawl=-Reé,. ]aﬁl‘
Picard's theorem ensures the convergence of this series of
functions to the solution.Expressions other than Frolich's
can be treated in a similar manner.In any event the ‘

procedure would probably require the use of computing

machines or numerical methods.
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APPENDIX C

List of Symbols:

a,p,c,d -~
B, -
Bm-
h, -
H-
E,-
E -

Eg -

coefficients of magnetization equation
amplitude-of sinusoidal flux density

steady component of flux density

excitation:in core 1

magnetizing force in core émpere&turns/om.
amplitude of the supply voltage

voltage drop acrosssthe magnetic amplifier
voltage across the magnetic: amplifier reqyired
fior saturation.

voltage drop across the load

control circuit voltage

load’ current

current in the condenser branch

current in the magnetic amplifiler supply windingse
current in the magnetic amplifier control windings
2 7 f,where:f is the supply frequency

point on time base of supply voltage where core:
saturates -

point on time base of supply voltage-where:cores
désaturates=<

mumber of turns on each supply winding

number of turns on each control winding

tobal number of turns required to produce

the fluzzqgif there were only one winding

total flux in the core



IS

flux produced by the a.c.magnetizing current
flux produced by the control current

flux in core 1

flux in core: 2

total resistance in the supply circuit

total resistance in the control cirquit

capacity added in series or in parallel
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