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INTRODUCTION

In the past 10 yeart, magnetic amplifiers Have received
mach attention in many.differeht fields of engineering. Al-
though the primciptes of phﬁf' amplifier have been knowr since
1915, 1t has been foréed-into‘tﬁe backgrodnd'by'the deﬁelbp-
ment 6f the vacuum tube amplifier, the need of ﬁette? core
material, and better dry dlek rectifiers.

The basic magnetic amplifiér, or saturable reactor, is
nothing more than an iron core reactance coll whose a-c im-
pedénce'is controlled by & d-e¢ premagnetization of the dore.
This d-c premagnetlzation may be obtained in a number of ways,
the d1lmplest of whiéh‘is a separate d-c source.

The name amplifier_applies because, by a small variatlion
of the d-c control eurrent, a larger variation of the a-c
output current may be-bbtained. The ratio ofvthesé currents
15 known as current gain end is a very importent quentlty in
the study of magnetic amplifiers. It will be shown that with
certain refinements, namely that of feedback, it is possible
to greatly increase this gain, ,

The maln purpose of this thesis is to analyze a geries
typé magnetic amplifier in two different ways and then to
compére these analyses. 4 »

More specifically, a half wave magnetic amélifier cir-
cult ﬁill first be consldered in which an attempt 1s made io
conslder all aspecte bf the problem. This analysis will be
shown to be impractical because of mathematical complica-

tioms and will then be abandoned. A new approach to the
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problem with certain simplh&ing assumntions will be made that -
will lead to an appl*emima‘tca :aathematical solution.

A full-wave series magnetie circuit will then ﬁe ana~-
lyzed assuming a.powerlserieslapproximation vathe B-H char«’
acteristic, This tjpe Ofvapproach’haégitélshortcomings; how-
ever, but serves quite nicely 6 yield 1nrormation which
other approachea fail to give.

Finally, an approach to the problem will be made by ag=
suming straight line magnetization curves. This analysis
glves quite a lot of useful information as will be shown la-
ter in this thesis.;-Thesesanalyses will then,be compared-as
to acecuracy of results, assuﬁptidns'made,land validiﬁy of the
lnitial assumptions., |

._A shortwdiscussiqn on magnetiéxamplifiers used'as mixers

and as audio amplifiers will be given,



REVIEW OF LITERATURE

Although much material has been publishéd in periodicals
under the heading of‘magnetic émplifierg, very 1itp1e has
been released in the analytical approach to the problem. The
great majority of materiél beingvpuﬁlished at the present
time is qualitative.

Some of the articles professing to be of an analytical
nature are in fact a céllection'of enmpirical formulss and ex-
perimental results which were obtained from a partiqular set-
un and specific operating conditions.

A. G. ¥ilnes(1)(2) 4f the Royal 2ircraft Esteblishment

(1) Milnes, . A. G. A New Theory on the Magnetic Amplifier,
Proceedings of the Institute of Electrical Engineers.

(2) Milnes, A. G. Magnetic Amplifiers. ;?roceedings of
the Institute of Electrical Engineers. Vol. 96 po.
329-338 (1949} ‘

Has published so6ome articles whiéh are quite'good ag far as
giving an accurate picturé of:the mechanics of operation 1s
‘concerned, |

In any mathematical dlscussion of a non-linear element,
such as the magnetic amolifier, it becomes necessary to make
cértain simplifying assumptions 1f any results are to be ob-
tained which are useful.

Dr. Uno Lamm has published 2 book on the magnetic ampli-
fier wnich, unfortunately, 1is not puﬁlished in the United

Statee. and 1s not written in English,



The only book on magnetic amplifiers which is presently

being published in English(B) is by Mr. J. H. Reynor and,

(3) Reytior, J. H. The Magnetie Amplifier. 1st ed. Lon-
don, Stuart and Richards, 1948, 120 p. ‘

unfortunately, contalns no analytic discussion of the subjebt.'

Several articles(4)(5) heve been written, giving an ac-

(4) Cohen, Sidney B. Analysis and Design of Self-Satura-
ble Magnetic Amplifiers. Proceedings of the Insti-
?ute 3f Radlio Engineers. Vol. 39. pp. 1009-1020

1951

(5) smith, E., J. Self-Saturating Magnetic Amplifiers.
Transactions of the American Institute of Electrical

curate picture of the half-wave circult. One, the article by
' S. B. Cohen, has been used in this thesis.

At the present time, the Carneie Tnstitute of Technolo-
gy 1s actively engaged in investigating magnetic amplifiers
but is not releasing very much for publication.,

A number of companies, such as Westinghouse and General
Electric, are doing theoretical research on this prbblem but
are not releasing any information because 6f the military use

to which these ampliflers are being put,



LIST OF SYMBOLS

/Y = number of turns on coil, specified by subscript; a for
output eircuit, b for feedback circuit, and ¢ for con-
trol circult. , :

¢ = total flux in core as caused by winding, specified by
subscript (lines or maxwells).

inductance (henrys).

N

¢ : lnstantaneous current in winding, specified by subscript;
a for output circuit, b for feedback circult, and ¢ for
control circuit, (amperes),

load resistance (ohms).

R

'Rg: control circuit resistance (ohms).
,Q = effectlive 1engt.h of flux path in each core (meters)
LW = angular frequency .(radians/second). -
X =reactance of a-c circuit::l__di:# (ohms).

M =absolute permeabllity of core.

I‘Q’S average value of current in a-c circuit (amperes).
Ic': d-c component of current in control circuit -(amperes)v.
A-: cross section of a single core (sguare meters).

L

»
h

total resistance in output circuit of half—wave magnetic
amplifier (ohms).

!\ ..
h

a specific d-c current in control winding of half-wave
circuit (amperes).

Kl’ = average power amplification.
X, = angular position at which core % saturates.(radians).
e

2 angylar position at which the current in the output cir-
cuit is zero (radians). :

¢‘ = saturation flux per single' core (lines or maxwells).
£m = maximum value of a-c supply voltage (volts).

B = flux density, Bt as a function of time, B, as evalu-
ated at £= 0 (lines/square meter).

K .2 1s defined as Evm /0 ¢
2 Na O ¢,

H = magnetic intensity (ampere turns per meter)



DISCUSSION OF SIMPLE HALF-WAVE SERIES
MAGNETIC AMPLIFIER CIRCUIT

The magnetic amplifier in its most elementary form 1is
the well-known saturable circuit showﬁ in Figure la. The
outﬁut of this simple series mégnetic eireuit consists 6f a
source 'of alternating voltage in series with a load resist-
ance, dry disk rectifier, and one side of & resctor. The
other slde of the reactor is in series with & source of d-c
voltage, a control resistance, and a large inductor (L) which
serves to smooth out the d-c¢ control current and to keep the
outpuat - 6f thé’reactor from indueing current into the control
winding.

There will be only one assuﬁption to begin with, namely
that the B-H curve can be represented by a single curve as
shown in Figure 1b. This means that the hys£§resis effects
are neglected. This is not an unreasonable aésumption con-
sidering the high-permeablility core materials in present-day
use. During the past twenty years, much advancement has been

made(s)(7) in the processing of magnetic materials making it

(6) Storm, H., F. Series Connected Saturable Reactor with

' Control Bource of Cdmparatively Low Impedance. Pro-
ceedings of the American Institule of Electrical En-
gineers. Vol. 69. pt. 2. pp. 756-~76% (1950)

(7) Ver Blanck, D. W., Finzi, L. A., BeRumariage, D. C..
Analytical Determination of Characteristics of Mag-
netic Amplifiers with Feedback. Proceedings of the
American Institute of Electrical Engineers. Vol. 68,
pt. 1. pp. 565-570 (1949)

possible to assume a single-valued B-H curve with very little

error.



The assumed B-H curve shown in Figure 1b can be repre-
sented by a slinh curve Quite well for all practical purposes.
The excitation, H, is directly prbportional to phe sum of the
control -current and the output current. The equétion of the
B-H curve may now be written as - . '

;aﬂm}l»b¢ ."........".,-(1)
thre a and b are constants of the particular core material,

Writing the differential equation for the output circult
gives

| Z R - EmAmwE L, (2
Solving for ¢from egmation (1)
¢=—LAMJC’J- N .
L d" is the VOltage dron across the reactor ‘and may also be
written as.ﬂ/ /27 " Taking the time derivative of equa-
tion (3) and multiplying by A /a‘%ives ' '

axflo L ‘ o . .. . .. s o @ -(4)

R : bYc**a
Substituting eguation 4) int.o egquation (2).
-§ Jdi
AN + R'C zEmbonwk, . . . .. .(5

bJiT7a "Z
This equation is valid only for@&wR<4 /7 because the rectifier

prohibits curren“b flow on the.negative half-cycle of the sup-
ply voltage. It should be noted thet R’ 1s t];i'e total forward
resistance ofbth»'_e'_ output circuit. This 1ncllié.eé the resist-
ance of the rectifier which, striqtly speaking, 1s a function
of the current through 1t.

'i‘he .only omisslion in the previous discussion is the ef-
fect: of the c\‘ontrol circult. The added effeét. of the con-
trol circult will.be"éimply to shift the operating point a-

1ong the 2-H curve. The currents induced into the control



winding afs assumed too small for consideration due to the.
inductor, L.

The difficulty of this type of approach is that the re-
sultant differential squation is unsolvable by ordinary meth-
ods and a poini-by-point]or mechanical integration is the on-
ly type of solution possible. |

Because of this, certain simplifying assumptions must be
made in order to abtain a satisfactory solution. An analysis

based on these assumptions 1s given in the following section,



DISCUSSION OF SIMPLE HALFSWAVE SERIES MAGNETIC
AMPLIFIER CIRCUIT WITH SIMPLIFYING ASSUMPTIONS

As dlscussed in the precedlhg:; analysis, simplifying as-
sumptions are necessary to gain an approach to the_problem of
magnetic amplifiers. The following #=sumptions will be made
in the analysis of this ecircuit.

l. The rectifier has zero forward resistance and infi-
nite backward resistance.

2. Hysteresis effectS'and eddy currents are neglected.

3. The reactor winding resistances are small and are
lumped in with the load resistance (RL)a.nd control
resistance(ﬁc) .

4, A1l magnetic leakage effects are neglected.

5. A B=-H curve ig assumed as shown in Figure lc.

It 1s obvious from the B-H curve thet the reactor can
exhiblt two different values of inductance, The reason for
this 1is shown below. From Lenz's Law, @<= Lﬂ* Nf£~/0"§
where L 1s inductance in henrys and N 1s the nﬁmber df turns-.

From this relation, £* Nﬁl—i-,, but dgp= AdB wnere A 1s the

area of the iron and B is the flux density. Now
ﬁ ;
_ disof 44/ dﬂ 73 4
where H is the magnetic intensity in the 1ron" core. The ra-

dﬂ
of the magnetlc material. When the reactor operat.es 6. the
5%“ :

right of point b in Figure lc, the 1rfauct.ance 1s zero since

tio is the slope of the B-H curve and ie the pemeabili-ty‘»

the core permeability is zero. When the rea;cter- is operated
in the reéglion between b' and b, then the Ené&ct&ﬁ;eftis large
and depends upbn the numbex: of turms on the reactor, frequen-

cy of apvlied voltage, and core dimensions.
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‘When e is negative, the entire supply voltage must nec-
essarily appear across the rectifier, assuming infinite back-
ward resistance, and hence nd output. current Vwill flow. When
the supoly voltage, e, 18 positive s it will either appear
across the reactor as an induced voltageﬂﬁ or as an Ca R
1 dron across the output resistor, depending on the value of

Co. - | |

Let us now assume that_the reactbr is pre-excited (bi-
ased) by a control current (.', such that Nel, = —Ha. . The
outvut circulit supgf_l.y voitage,- e, is assumed to be a sine'
wave and ié shown in Figure 1d. Before the point 0O is
reached, the a-c supply is negative and, therefore, is com-
pletely absorbed by the rectifier, the output current being
zero. As wt’ proceeds from O to <, , the time rate of
. flux change is very great and the majority of the supply.
voltage will appear across the reactor as /5: with only a
small value of output cdrr'_ent flowing. This small value of
output current will cause an additional flux in the core un-
til at lut:O(, the knee or point b of the B=H curve, Figure
lc, feached and most of the supply voltage will appesr across
the outnut resistor as ia?& drov. From -(.to'slightly before
T, th.e reactor is saturated and can no longer support a
voltage across itself. At 4 £=7T the supply voltage reverses
pblarity and appears across the rectifier as 1hverse voltage.
The output voltage wave form is shown also in Figure 1d.

A small current flows from 7T to X, since the energy

stored in the magnetic field during the interval O-®, must
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be returmned to the circuit. After é)i-‘aﬂ— is reached, the
same cycle of events again takes place.

The point ©X, 1s often called the point of firing or
the firing angle and can be varied by the magnitude of the
control current, 4.6 . If the foregoing events were assumed
to take place when the core is biased at //=-/‘/¢, then when
it 1s blased at#He. the point of firing, o, , will take
place sooner in the cycle. The output current needs only to
supply an 1ntensity of ﬂb H., before the core is saturated
while previously it had to supply//57‘//“ .

The point’ °()~w111 be called the extinction angle since
it is the voint where the load current and hence the load
voltage return to zero. It also is dependent upon the cur-
rent in the control winding. The extinction angle 1s obvi-

ously equal to or greater than 180°,
The firing angle may be calculated as follows: The dif-

ferential eguation for t.he output circuit is:

129l Ly Rla s Epn pn w0t

From O - o, d the majority of the supply voltage 18 across

the reactor, i.e. A..‘ii“ S>Rila- S0 it may be said

sz‘-"’;fm ,a«,.wt . N;T’eix/o‘

Jdd.E En./oswwt JdZ bt dpz AIB oo
AT = Lo 10 °,4.u;~wt JE
B AN
(¢ 3) v .
B]vs = A___ZQ /A«thdt where O<WZ <o,
L 3 AN .

Bct) ~Bo = £m /08 (/- Con wt)
: N AW
The B, term is the value of flux density evaluated

when time is zero. This term 1s comnosed of two parts. The

first is the flux density caused by the d~c in the control
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winding, and the second is the d-c comvonent of current which
- flows in the outovut circuit. When/()t--"d. s the firing an-
gle, B(L) » 1s equal to the flux density of firing, B(-F) .« BSo

4
heve B =By +Eng /0 (/- Cat> X .
we he £ S s C c) Let the
quantity % be called Bu—\ which 1s the maximum value
of flux density. Now By=Be + Bm (1- Coo x,) or

- -
K, = Coar l.-E’”"f R B{J Because of the rectifier
B
action0< X, < 71
In closing the analysis of this half-wave circult type
of nagnetic amplifier, an expression for current will be de-

rived which will be good untll the point of firing, l.e. for
0 Swt LeX, |

15—‘;—: +Rila =Em et N €

where the rectifier forward voltage drop (if any is assumed)

The general differential equation ig

1s included inK,La along with any assumed drop in the coil
resistance. Re
3 ) “f ‘l
The solution for eguation (6) is (a(#)=AE r<p
where A is a constant to be determined and €, 1is the par-
ticular solution which will be solved for now:
lp= C, Cantot +Ca 4 c0Z AN .

jl_éf = - G Avnwt +Caw Cow w# : & & 5 =08

where C‘.j and Cj are constants of integration. Substituting

equation (8) and (7) into equation (6) gives

[‘C:(A)M&O# + Catw Conw¥® r f.c, c,.,oi
A .

- Enn .
*?ZC_*Lth]= Z Aen o
Equating like coefficients of the terms zives -C,W 7 £.C. = g

A
Cw f,_g."'c' =0 from which C,» —4L W Em and A
L K‘m*w :.LL

C,* —&-_i’r——a_
RS- +w *L
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Y . _-
Finally ((#)- ATt _ LG Em C«-wt +-REn  pune?t
Rireori ?"‘w""'

wien £=0, ()= O 0 A=z _LLoLm
RElr o™

c(t) LLokE Ry £ + R oo
kmu';[e,. C.uw] ;;foﬁ Air o

ft

%) L Em [ -/-_EL- w75 Cot w7

L( AT A _]
-1

let Tm S Lo and 9 2 Lot
Vo 2

then Aen 9; é.z/-__.‘ and Coae ._E___
JR L AT

80 L(ﬁ)‘ Im[Amat-O) +MOQ"’£J

This ,expressien gives the .output current for any time until
wiﬂx,, where the induetance (L) is 2 constant.

A continuous increase of control cufrent cannot produce
an unlimited inerease of output current. When the control:
excitation eompletely saturates the core, the output voltage
will appear across the output resistor at the very beginning
of the cycle so the -maximum power will be delivered to the
output resistor. If a further increase in control current is
realized it 1s obvious that t.he maximum output power cannot
be increased further since the amplifier cannot fire sooner
than [uizo « At this point, the load current is limited on-

1y by the value of circuit resistance. This region is called
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the resistance limited region. Actually, the value of cur-
rent will be slightly lower because of air-core reactance.
The value of load current from &, to 77 18 Ca: £m Aun ¥
since the drop across the reactance part of the reactor ﬁ
now zero.
The foregolng analysis was taken in part from two arti-

cles.(B) (9) The results of these articles have been expanded

(8) smith, E. J. Steady State Performance of Magnetic
Amplifiers., Proceedings of the American Institute
of Eleetrical Engineers. Vol. 69. pt. 2. pp. 1309~
1317 (19250)

(9) Cohen, op. cit., pp. 1009-1020

in the previous section.

The figure below shows a tyolcal transfer curve for the
haelf-wave magnetic circuit just considered and was obtained

by experimental.methods,

é"‘"‘ Curren #

AVcragc O«

Ala

—4a ’-"c.

Dc. Control Caurremnt +
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As can be seen from the figure, the outout vs input is linear
over a considerable portion of the curve.

Al though this half-wave magnetic circuit is simple to
analyze, it 1s very seldom used in practice. One reason for
this is the necessity for using the large series induetor in
the control winding. If this were not used, the amplifier
would act somewhat like & short-circuited transformer since
the control cirecult is generally of very low impedance. The
two-core reactor is in general use today since it can be made
to handle greater amounts of power and because the sensitivi-
ty can be improved, Also with two reactors, the control cir-
cult can be so wound as to cancel out all odd harmonics of
the supply frequency which eliminates the series inductor in

the control circult thua lowering cosﬂ.(lo)

(10) Esselman; W, H, Steady State Analysis of Self-Satu-
rating Magnetic Amplifiers Based on Linear Approxi-
mations of the Magnetization Curve. Transactions
6T the American Institute of Electrical Engineers.
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DISCUSSION OF A SERIE3 MAGNETIC AMPLIFIER CIRCUIT
WITH FEEDBACK ASSUMING A POWER SERIES B-H CURVE
Consider the magnetic amplifier shown in Figure 2a., This
amplifier consists of two saturable reactoré, each wound wlth
an a-~c and a d-c¢ winding. The d-c control windings are wound
in series opposition to cancel out the odd'harmonic voltages.
This does away with the sefiés inductor (L) in the control
eircuit., In the first portibn of this analysis the load re-
sistance will be neglected since considerable difficulty 1is
encountered 1f an attempt is made to include 1t.
With a d~-c excitation applied to the d-c colls and an
,a-é voltage (sinusoidal) applied to the output windings, the
wave of flux density in the & core can be written as
B, A w& + B N )
_and the wave of flux density in the ;3 core as '
BrmAmwE =B, ... .......(0)
since the d-c winding is in series opposition. A plot of the
flux density vs time 1s shown in Figure 2b.
Asgume now that the B~H characteristic can.be expressed
as
HaB+b'B+C'B O ¢ 23
All the previous assumptions are made in thils analysis;
i.e. perfect rectifiers, negligible control circuit impedance,
etc. By negligible control circuit impedance, it 1s meant
that the control circuit 1s supplied by a éenerator of negli-
gible impedance.
Substituting equation (9) into (11) we get the equation

for the excitation in the © core as
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V') . & c f
Het = @' (Brn iin e £+ BY # b (B into £ £Bo)1C € Brasiote )12

This glves (see Appendix 1):

Hx-(azs.wa. +SB 13488 ,.,fs'cn B +45cB.BL)

'f‘(abm +3éBo bm *6‘65591‘ _§.b 3 %ic’ﬁotlsi;

5 v
-C ABG 7‘6'(:/6 6 +--5¢56M)Cou.zwz£

-(4 rs,,, +£c B, ISM f——c. /.3M ),o.w. 36«32’:
+(§$ /sozsm)cwawt

c Lo S eo 2
* ) . (13)
Writiﬁg the ecuation relating Hx and ampere turns
gives
Ha R = Nolo + Ne Ce O 2%
and : .
/-/’5/Q /Va.Log "/Vc(-c » ........(15)

The const.a.nts a, b, and c depend upon the particular core
characteristics,

Thé expression for H)B is similiar to that of /L/,( ex-
cept that Bo is replaced everywhere by —Bo . The expres-
sion for }/‘B is given in Appendix 1.

Adding equations (14) and (15) and solving for Ca gives

Ca - (H“+ H#)a”& Y ° * (3 . [ . . ° (16)
Subtracting eguation (15) from equation (14) and solving for

{c gives
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[.c 3 [//d -}/’6)&/\/& "% & % % % » 5 ® LD
Substituting for /i* and /%ﬂ in equation (16) we have
. 4' » X s | . 3
('0.. _._/_{%b (5% 73»» + 36 6», 5° +dc fsollﬁ)m * 43; B,

’ 2 3 s .
+ M B, Pm '+£g'ﬁmj /Ry -
P § g ' ’

2 w'p, S8 Bt 5w
g.&[;‘_/smfzc > Pu t = ém_]/\LLMSwt

Lrc o7,
A " Ry AT N ¢ 1:3)
/Va.[/é ]M

Similarly, from equation (17) we have

‘ 7 2 s 2 - % 3 3
2% % [a'(’)ofé B, fc’zsff-%b RBoBa 75, B
L .

f_;_fc'ﬁoﬁ,:]

7 2 > 3 *- r 4 »
- _£ 36 BB, +5c By P t5 S BB, | Lo 200t
N(, Pl L2 '

1.;/@ e K'DQISMI*] Coo 4o £ N € 1)
<L ¥

Equation (19) shows that the_currént in the d-c circuit
consists of'g d-c component, a negative second harmonic, and
a forth harmonic. Thus, all odd harmonics are canceled in
this winding by virtue of the manner in which it is wound.
The current in the output circuit consists of a2 fundamental,

a negative third harmonic, and a fifth harmonic.
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The d-c component of Cc could only have been caused bysad-c
current In the control winding, which will be called Ic. + There-

fore, the d-c excitetion for the X core is

Tete= BJamt b6 18,703 60,85 » 5 6065 206,

It is easily seen that this d-c¢ excitation is‘influenced by
the maximus value of a=-c flux,fxﬁ. This is because of the
non-linearity of the assumed B-H characteristic. Eqguation

(20) is actually the averege value of equation (13) between

e
'O0-277, This is true because 51-7-7/4(',,, rwXtd(wt) =0
) (-]

277
.anrli—:é—T/(:ta rwit d(wt) =0 where /7. /2,3 7" oo
°

27T 77
L : ' _—
sk /Jz e deot) o [Tl = 7

Referring to Figure 2b, it may be seen that the excita-
tion curve of the ¢ core during the‘intervalti- 71s iden-
tical to that of the & core during the interval 7-27. The
output current excitation can now be obtained by taking the
average of equation (13) over a period of‘OfZT.and subtract-

| ing the d-c excitation. The same result may be obtained by
averaging the total exeitation in the /6 core from#7-27 ana

then subtracting the d-c excitation,

-
I;aw%_/\/a= 7‘47_?' //‘log d(w:é) '—Ic/\/c, e o o o (21)
O .
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But, as was just shown,.Lc,/V is the average of H over a
period of 0-A7T . That 1s .

fl&d(&;ﬂia-%; : /,/.a(wf) . (22)

o /Vc. R [Hadceoh) z%- :
i;_'Substit.uting 'bhe Falue of

i:'LfI-I.L d(w#)

of equation (22) into equa.tion (21) gives

am;/ﬁﬁ. c.l/VE.Z. --—id//ﬂkld'ehfb,~

.,> ',. o ~ 2l ' ' .
7 ’ . ] L] L] * L L] 2
Ly avg Na = NMZ, -—Q/H,cdcw:é) : (23)

From Figure 2b it may be seen t.hat the exeitation of the
'q core from ’r'-;.rl' is much less than that from o-T The

#H«& d(wg)_

is actually the' product of Ha and ‘Otduring the inter'val

term

7T347T' From Figure 2b it may also be seen that as the 1ni-
tial slope of the B-H curve increases, the 1ntegra1 will be-
come very small. If it were possible to have an 1nf1n1te
slope, the integral would ‘become 'equal to O. At this condi-
tion an infinitesimal amount of~excitation-would'Cause the
reactor to saturate. A B-H curve of 1nf1nitéléiope can never
~be»realized, of course; but_in most magnetic amplifier mate-
rials such.as Mu Metal, Hipersil, and Hipernik, the initial

slope is very steep so that equation (23) reduces to

.-.....Zaa.va /V“ = -Z-C-'/\/e—. A | (24)’
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'If a third winding i1s added, the result is a circult of
the type shown in Figure 3. The third winding is called a
feedback wiﬁding, The outout current 1is rectified by the
bridge-type fullwewave rectifier and fed back through the
feedback windings. The feedba.c:k'windi..ngon ;—:?ach reactor has
N turns and is wound so that its mm £ aids the output cir-
cult mmnf. The equivalence of ampere turns }.’m this amplifier

circult also holds true, i.e.

Z a = L6MNMb +I’c/\/°» - % w s om % » » [D5)

a av
where Icwas defined previously and L is the average value

of current in the feedback circult. Rearranging equation
(25) gives
I¢ /\Ic. ‘-'_Z;o.03 No — Lo N :-ZLGUSA/a (i=a) - - - (26)
where a 18. Ze Nb
.-z:a,va NO-
Now

I;a.va . /\/c.
Ic ) = Na C/_a) e o o o o o s o (27)
With the addition of the feedback winding, the ratio of

output current (average) to control current has béeen increased

by the facto‘r—7—_|1'a_“.. The current gain can easily be made

infinite. by making @ =/ although the oifsult tends to become
unstable under these conditions, It will be noticed that e-
quation (27) is a general equation since the quantity, a, is

e ratio of feedback ampere turns to output ampere turns. 1In

the case of the circuit in Figure 3 the current through the
feedback winding 1s the ssme as the current throush the out-

put winding, i.e. éa= Ceend Ia“”ﬂz Icassuming perfect rec-
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Series Type Magnetic Amplifier
with Feedback

Figure 3
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tiflers. 1In this case the feedback factor, a, reduces to
i o
a= ﬁ; which will be defined as A

If a resistive load is assumed';n the output circult,

the average power amplificétion can be defined aé
A : ’
Kf: RL [-1;“"; : ’ . . ® . . L] g L (28)

This 1s the ratio of averagé power out to average power in.

Putting equation (27) into (28) and settingd = A gives

Kp = 1‘"' Re R =)
f’ /Vﬁ- (7‘32) 7ao '

Mhere‘A=-%¥P « Thils eguation shows that-£!9 should be large
o

o .
(close to unity) for large power amplifications. It is also

seen that for the speclal case where./Vb’/Vh » this equation
gives infinite power gain. In general, the feedback turns
/V£<n:a.magnetic amplifier are less than the output tufns
No - A value of):Q 9 is the general order of mégnitude
in actual amplifier circuits.(ll) '

(11) Milnes, A. G. In reply to a discussion of his arti-
cle, Magnetic Amplifiers. Proceedlings of the In-
stitute of Electrical Engineers. Vol. 96. pp.
362-363 (1949)

It.wl1ll be noted that the second term on the right hand

side of equation (23), f.e.
27T
-/(-f/a.CJ(hﬁt)_
_'T
was nexlected. If, however, thls were not neglected, the ex-

pression for current and power gnin would not give a value of

infinity for 100% feedback. Actual experiments have showm



2%

' ey
£ A .
alues o
' >3 at high v
t be neglected a
: rm canno » T
; “this te
that h

' 1d.,
(12) Milnes, ib
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DISCUSSION OF A SERIES TYPE MAGNETIC AMPLIFIER
CIRCUIT ASSUMING A~ STRAIGHT LINE B-H GURVE
Consider the circult shown in Figure 4. - This 1s identi-
:al to the circuit of Figure 3., |
The principal difference 1n this analysis and the previ-
ous analysis is 1n the assumed B-H curve., In this analysis a
straight line” B-H characteristic will: be: assumed.

_If a careful study of gctual operating conditions 1is
made, 1tvwiil be found, iﬁ éeneral< thét the reactance of the
>out0ut circuit An the unsaturated portion of ‘the B-H curve is
much greater than the output (Qr“load) resistance,v This 1s
an assumption which will be uséd’preSently."It”will alsb}be..
assumed that the imoedance of the source of. control signal is
negligible., If this is true, only a very small a-c: voltage a.
is required in the output e¢ircult to induce even narmonic-
voltages into the control circuit

The straight line B-H curve will be similar to the one
shown in Figure lc. The firstrportion ‘has a very steep slope
which represents a high inductance. This is followea by a
horizontal ﬁqrtion which fepresénts:thé-saturate&'condition.

The feedback circult is coupled clogely to the contfol
circuit, which has negligibie'impedénce3 and is fed by the
"perfect" rectifiers. Because of the low impedance of these
circuits, even harmonic currents will circulate freely through
them. This was shown for the control circuit in the previous -
analysis. ‘This circulation Qf even harmonic éurrents results

in voltage waveforms as shown 1in Figure 5a and 5b.
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Since the control circuit is connected in series opposi-
tion, this causes core eX to saturate at Wi < ,, and core
/6 to saturate in the ovposite direction 180° later 2t
'wi= Q(,f7T (see Figure 5). During the interval O<L£ AJZS-(«, ,
the supply voltage applied to core &4 produces an output cur-
rent which has an mmf in the same direction as the control
mmf. During the same intefval, this output current produces
an mmf in cor‘e/6 which is in opposition to the control mmf,
During this interval, the 'supply voltage 1s increasing until
core of saturstes at WZ=2X, . Core P has no impedance
when sgturated; and, therefore, all windings on this core are
effectively short circuited. The total a-c induced currents'
during this interval, 0L w# <%, are then induced across the
windings on core ,8 which has the effect of reducing the im-
- pedance of all windings on that core. Thus, in effect, ﬁhe
whole supply voltage between <, ana 7 appears across the
outout resistor, &’A =

Thus, in the interval O to J7  , the only useful output
current which flows is from o< to 77. The firing angle,
o(, , may be decreased or increased by 1lncreasing or de-
creasing the d-c¢ control current respectively. This condition
“is x-:it.hiﬁ keeping of the original assumption that from O to
O(, , the reactance 1ls large as compared with the resistance,
while from o4, *to 77°, the resistence is much greater than the
‘resctance (which is essentially zero).

Between the interval J <wZ<LA7] , the same cycle of e-
vents is reveated, this tine with core }5 saturating and in

the ovposite direction.,
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* Flux Waveforms in the Cores

Figure 6




| The analysis of this circuit will be made by breaking -
; ea.ch ha.lf- ycle Into t.wo nart.s.v._ The first port.lon is

szé-(o(, , lr.za.»z.‘<7rfo<, ,' 5 etc. The second port.ion 18
d,«ot-a‘r T, <b£4 &’T i etc.- For the interval o< wz<oy.

.:"assuming)(>> Qt. 5. 1t can be writ.ten

"’and

where ¢4_ and’ $ﬁ are, ‘che tot.al instantaneous values of flux 4
in the & and g  cores respectively.  Equation:i30) is simply
- a loop’ equation relating the appliedivoltage:to the voltage
. drops. ' Equation (31) states that the rate of. flux change
llinking the cont.rol winding on the. °<'_ . core 1s t.he ‘same as:
{.the rate oi‘ flux change linking the control winding on t.he ;5
rjfcore. 2
» g it will be - found convenient 1n the following ‘discussion
:eto let
| = k ‘E ~— / 0

s 2 w ¢.r
_.purely for t.he sake of brevity. : ¢_g 19 the value of flux )

required to’ saturate either core.'. S " _
The values of ¢o( " and ¢/g may now be found from equa-
"t.ion (30) by not.ing that

.4_954= Jl’
d&

during the interval o < w#(% ’ .
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2ANa c_/jx_b’m w L
oy g Aeon N 1)

Integration of equation (32) gives

;Na ¢¢( :—'_.5—9" waf‘g' e e .. (33)
/0% «

where ﬁ‘ is a constant of integration to be determined. It
was assumed originally in this analysis that ¢d is at the
saturation value, ¢.s , when wf-‘-o(, . With this informa-

- tion, the constant of integration in equation (33) may be de-

termined.
.2/\/a.$$= __é'_mco,a,ogf-‘%. C e e e e . (38)
/0% cw

Solving for ﬁ, from equation (34), substituting in into e-

guation (33), and solving for i‘* gives

¢ . _Em-/os 8 (35)
(- O Jm ]watf¢s*5m-/o.cm.‘ :

A Ny D
but a

8
OQ/VQ’(A)

80

4%@-/(@4; thfq‘s *kdsc‘ﬂ,o(, o« o o (36)

It has been shown also that ¢,6= ¢.£ when &Jt*?rio(, .
Since the flux waves are periodical, ¢/5 muét also be equal

to - ¢: at GoZf=0 . From equation (30)

.2/\/ad¢,a=£_m . g S 10

/0% dZ£
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Integration gives

AN PP - _LEm Covwt r R,
/08 (79} }

vhere ,@L is another constant of integration. When wt=o

¢6= -¢J so

’

%).: _9./\/a.¢s 4 L
/08 <
NaBp . _ Em conwk — A ds , En
/o ® « /ef .
bo sk beConik-herhde

Figure 6 shows the flux wave shapes in the two cores.
The flux in core /5 starts from a2 negative saturation value
when WZ= 0O , and the flux in core X is at a maximum half
a cycle later. From equation '(31) it may be seen that if
eilther flux 1s not changing, the other flux must also remain
constant. This accounts for the flat looking portion of the
flux curves w.hen either core is saturated. '

From Figﬁre 6 it may be seen that the average value of

flux, ¢‘"f) , in core o 1is

4(955"#0)‘ | A........'(39)}

where 4:5 and ¢o are shown on the figure. If this is not
obvious, 1t may be s-eenv by integrating the qge‘ wave over a
period of 8 to AW and .di‘viding by A7 . To do this
will require the derivation of ¢,& during the interval
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TT<w £LiT#e, ; but knowing that $¢= é.t when AJLL:ﬂ' , this
is easily done. | By | , '

The equation for ¢{ may ‘easily be obtained elther by
letting WAL= O in equation (36) or by 1etting zo.lf e<,, in _
equation. (38). Either way

B = K s Conox,~(4~K) $s e e (40).

¢a05 may be writt.en as

¢ao3 : j[?‘.s */‘9“%'%0‘- + (/~K) 4&]

- " ~ d ‘ . s o o o 41
-5L¢S[(.z KR+ K Camcti | (42)
A.similar expression'hoylds true for the average flux in ‘core

In the 1ntervrav1 O-( w£-<°(, i1t may be wriltten. for core X

that e
éa/\/a frcic/\llc. f'C‘b/‘/b :Hdl L et e e G w (42)\
'wh'er_ewH,c * "(Lff} “and for core/G

laNa~ CNe~CoNb ’,”ﬂﬂ N €5))

wher(-:»/‘{&e ——éfa . Adding equations (42) and (43) and

solving for (q AN 8ives

laNa - 'Q(”oc 4‘//; =‘—‘ (‘é« $e) - - (40
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By subtracting the same ecuations,

Ce e I-cb/\/b = g,«A[¢°‘ ¢Aj

If now, the express 1ons for ¢°{ and ¢,4 from equations
(36) ana (38) are substituted into _equations (43) and (44),-
the result is,

e < B JHh Oty o wt] sy
and

Equation (46) may‘be rewritten as

Zafa-rork coa]

‘:‘.N‘, f;('b Nb =

but from equation (41)

q&aua. 42‘*‘[(2#() +K coom]

so equztion ‘(’46) .may be expressed as

L'GNG*C'.bNb: %{%—’0 s s o ees o Bserane .(47) -\

gy

Thus, the cornbined maf of ’thé “cobntrol»vand féedback circui“b is |
constant dur'irfg the 1ntervala< wi-«x, , and the output cir-
cuit mmf is a cosine f'unction of time,

The previous eguations in this 'malysis apply. only dur-
ing the tlméatumted regions, l.e. during the 1nterva1 (4] to
e, , 77 %o ﬂ‘fo(, , 'ete. The equations‘-for the saturated
regions, 1.e. X, to W , T#eX, to AT , etc will now be

developed.



37

When core o is saturated from <€, to 77 , the total
supply voltage must appear across the output reS‘iStor, RL .

The a-c output current during this interval is then

ba* &5 pinwk Ce e (49)
or by multiplyilng both sides by Na

R , : ¢« oo e o s s o« (49)
but |
/0 &
so :
: A B
CaNagz= 2W N, K &s DERPRY -
R. 70 &
Let FHm be ‘defined as 4 “’/dek d.r
3 /?;-/08
then
zd/‘/az //Mth oW 6 @ s @ (50)

Since the rate pf‘ flux change in core o 1s the same
haj.s the rate 'of‘flux change in core / , by equation (31),
both core fluxes aré constant sinceA core o{ 1is saturated.
It will be noted that in the unsaturated region of the B-H
curve that the magnetic intensity is dire'ctlf,' proportional to
the flux 1ln the core, i.e. //= ;(% , while during the satu-
rated portion the magnetic >1n‘tensity is independent of the
flux,
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During the portion of the cycle from ¢, to T , the
flux level in core A is equal to @b, while the flux in
core e 1s the saturation flux, ds , see Figure 6., -The
flux in core fg can remain cc:ln's;’t.a.nt only g0 long 'as all the

mmf's acting on that core remain constant. Heﬁce, for core;g
//ml-wwt ‘(‘Ubdef'!:c/‘/c) =_é°,"0 e ¢« o o o (51)
A
or
~(CoNb +Cc) = —(Hmawnr -éﬂj) e e oe (52)

During the same peri:od, the combined control and feedback am-
pere turns on core eX 1s the same but of opposite sign and -

is

(“b/\/b fc‘c/\/r_): f(”m,d(a‘qbi—%j . ._'. . (53)

If the rectifiers are perfect and A= MNe , then the
feedback mmf 1s at all times equal to the output circuit mmf.
In general, though, the number of feedback turns in the feed-
back winding 'a're not equal to the number of turns on 't,he" out-
put winding. vThe ratio of %’: has been defined 'as the
feedback factor or degree of self-excitation and will be used
in the following discussion.

From Figure Ta, the average value of the output circuit

ampere turns is as follows:
T

10‘4.3 Moz L [larta d(wt) N 1))
b ¢
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=<,
Lavg M= 7 [~ Care dlwd) f’#/;/"a dew#) s
6 .
T
loNa off w ﬁ)

ol,

where @ 1s the value of wé at which £g=0 .

When equation (55) 1s integrated and the value

/s = Kd’s J

inserted, the result is
[ ]IM No= (200 - Aw\o() + (/# C@oo(,)() -9)

t X (’*C(/.uo(.

Re ) e e . .. (56)
(see Appendix 2). It will be noted from equation (56) that

the output current is indevendent of the feedback ratio, A .
The value of @ used in equation (56) may be obtained from

equation (45) by letting &&= € vhen Ca Na=0 ., This

gives
2 Cao 6 = (/+ Cors ) N €10

If an expression for the average value of control ampere

turns is written, the result is (see Appendix 3)
a

WAYL/AE Ce IV, d(wﬁ) R 1))
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od,
LN, = 77. [¢“"2’ ~Co Vo Jlewi) fij%p“"ﬂﬁJ(wi)
é

m
L : 2)-9.4
fﬂj(ﬂmhwt)(/ ) %—A;—]let.). - (59)

By integration of equation (59) the result is

A AT 7T A o [ ] _ /A
k(ﬁs)ﬁ lcc 2 7]_[/ C&GO(:]*E

_ )[( % _0)(/F Canot,) (I An 6 ) |

+0~)\)A[F': (/meoc\)J
> w = & & » » (BO)

Equations (56) and (60) relate the average control cur-
rent and the average output current. It should be noted that
this is the average output current instead of the R.M.S. out-
put current.

Some typical plots of output ampere turns, conf,rol am=-
pere turns, and feedback. ampere turns are shown in Figure 7.

Ther’é‘ are two speclal cases of A , hamely /\: o) and
A >~/ , which represent the two extreme cases of self-
excitation. ¥When }) = ® , the case of no self-excitation ex-
ists, Conversely, when }\ =/ s the nun;ber of turns in the
feedback winding is the sazne' as the number of turns on the
output windi_ng; and, since the currents in these tvo windings
are equal, the mmf's are egual. Vhen /\: 6 , equation (60)

reduces to



42

ﬂ?&l’] M [O(' 77)// 064'0‘)*—— f—-—-(”‘cy.ua() )

and Whan;\~

[ :,* [ AKX, -2 b O 4 (746 ) Coaex,

e - a) + 27 '
(77'9)*&] ..vv..v.....(62)

Cne method of expressing the circuit sensitivity is by
dLag
d T

taking the derivatives of equations (56) and (60) with -

the current amplification, i.e. . This is done by

regpect to O(, and -dividing, i.e,

d[Taogta] | I/ L., ta]
— O 3 = m“:ﬁ——-
I, 4[-7' ’Vcl ~ oI M

This gives (see Appendix 4)

d _av N&

c /VOJ
/~Cana c{,

] (/& e)ﬂw:x 5 ( )
AR I LA (G c«»"‘-"‘"Z[ b+ 5 -] ek, -4 - Coomt)
' i &.e.s L63)

It is obvious that this eguation is much too complicated
to be of-.much use., It would be very desirable if a more sim-

plified equation expressing-this ratio could be obtained.
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By plotting equation (56) vs (60) 1t is easily seen that
the plot of output ampere turns vs the control ampere turns
for various values of ﬁf and Véﬁkk as parameters ( see Fig-
ure 8) is nearly a straight line. By obtaining the mean
slope of this curve an expression much lesa complicated than
that given in equation (63) will result. It was stated pre-
viously that the angle o, 1s a function of,the control cﬁr- :
rent and may be increased or decreased at will by a variation
of thie current. It is obviode that the limits of %<, are
between © and #7 ., For X,=06° , 6 <0 °, also, from
the definition of @ glven in equation (57). Similarly at
oty= T N { . Obtaining these ehd‘ values from the two
ampere turns equations: for 5!’:‘-‘ o_. sy =0 * s in eque.tion

(60)
]I/\/‘,= 7T.,. (/~A)'3—x 2 X2 ... ... (68)
/<¢sﬂ -

and from equation (56)

| ax a
I" N - — - 3&
[K ¢SJJ r R | i 2/.
For &, 7Tand 6= Srwe have :

x

‘é‘—l_"rr -Z:,Ng : ”.-.77'"’2 A "-é- x”

T A K

and

where the quentities X, ., X, Y, » Jaare definea by
their respective equations and are used to simplify the writ-

ing. These values are shown on Figure 8.
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From Figure 8 the ampere turns ratio is obviously the slope

of the line.and is

Ya- ¥

Xa— X

This glves
_€GV3 N&. 2 %‘. -4

. N [ 1-(/)) ][&“7’ .1>.J

X, -
R ~! . (65)

X %r]m[,, ) e

For the particular cases of )\21 and Aia there results,
for ]) =0 _
X,
Iuva Mo o /Rt. - |
2 — ———————————————

) s ° ° [ ') . ° : 4 (66)
L
and for A=
7 ava A XR. -
_L‘Oﬂ 1‘.‘;_;££.7—7:- ..00000'(67)-

Le ./\/c FY
With a resistive load, RL » in the output, the mean
p'ower' gairi', i.e. the ratio of average output vower to average

input power can be expressed as: for' A-‘ (o]

K'o'z F“N kl..
Re Na l'yﬁ‘*"

and for /) =/

K K" N X/'el--
r. Na { + T




s

Transfer Curve for Circuit
in Figure 4

Figure 8
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MAGNETIC AMPLIFIERS AS FREQUENCY MIXERS

It is aFWell-known_fact that'most.non-linear,elements
~have mixing properties, the_magnetic amplifief being no éx-
ception. Mixing is the ability'gina device tc.convert-pwqgor.
more signals of}different freguency in£0'definite sums anaj
différences of furidemental and harmonic frequencies. Every
home radio, for instance, has a mixing aevice in it which re-
duces the higher frequency signals to lower freouency for the
purpose of amplification. 4 ‘ '

The following is a duscussion illustrating the mixing
properties of magnetic amplifiers. Cossider a circuit like
thexonelin the previous analysis where the B-H curve can now

be represenﬁed by an expression such as
_ .3
T 7 P4
H=aBrb6R c e o o . (68)

It is obvious that a straight line B-H analvsis would not
yieid any mixing characteristics since it is then a linear
element, or B H .« Now assume that |3 for one

core can be represented as

By=Be * 3,4443\ W+ Braviw,. L | .. (69)
where ‘0 and w)_ are two’ angular- frequencies. B is the
mean value of flux density in the core, and B, ana By are
the respective values of flux density associated ‘with signals

&9, and- OJ 2+ That this assumption is not unreasonable
may be seen from the previous analysis where the flux wave
was a constant plus a sinusoidal variation. A possible blcck

diagram of such a mixer is shown in Figure 9. The voltage,
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Co

MQSHQ 'llc,

< =¢,(f,) ~ Ampli fierm > Ou*fu'/

an(f,)

/‘-;j urc 7
S, , is a function, é (%) , of the freduency, .[,- 3
and the vol“tage, €, ,1is a function, ¢}[lz.) , of the fre-

-

quency, {1 . The voltage, Qg ,» 1s éimply a d-c voltage
assgsoclated wi‘th the bo term and is a function of the d-c

bias. 'Substitutirig equation (69) into equation (68) gives

Hoz @ [Bst B, Aintid #8, sein o]

3
b Bt donto h Buai it ]

It will Dbe sufficient to state that a2 mixing of frequencies

must come about by a muitiplication of terms rather than an

addition or subtraction. With this in mind, equation (70)



may be expanded as

Hoa= a’fB, # a’B, Lo w.t fa’'li g wi L
2 3 @ 3 .3 , 3 3
*b B, +6 B, 4w, L +6' B, 4w, £
2% ' ~ e
+ 36 'Be B, e o, 136 BB Ao, £
4 e V4 T
736 8, 05 pon £ + I B, dein b,
166 B, /3, Ba Aonn @, £ Mo buy -

by
P36 BB ATt A Lt

»36'B,8, 4wt

Only the last three terms of this expansion are products of
different frequencies and have possibllities of mixing.

These terms may be written sepafately as

CLBBB, dntoZ kaf ..... (72)

36°B, Py 4o Mo F o b E e e e e (T3)

and
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‘36"'/3,:46':40;\40,1-%‘7”&14 | N ¢ £

By the use of certain trigqhbmetfic relations, equations f7ay,
(73), and (74) may be rewritten réspectively as equations .
(72a), (73a), and (T4a). These are

€6 B,8,8, [‘fz Cots (w,~w,) & ~} Contew, }lu,.)‘t] ¢ L
3A '6, 6,.1:{%‘0).£ “—: {a_.,;\(wz_f.z%) é-fM(w’-\dw')?] . (73&)

38,8, Z} Ao, X *,7’ Z,;Iu(zu,u wn) tf@(w,* ~dw, )4}] <(T42)

If both signal windings are connected ‘in the same way as
the output winding of the previous analysis, then the total

flux density for the other core may be wr‘*ittexi as
8o B, ~B, At B, Aewrw, t

and a similarf ‘expression for ”/4 may be derived.

The 1mpoxf‘bant thing 1s that with a certain t.ypé of flux
wave, there exists definite mixing characteristics in this
mf.ype of ni;.gnetic amplifier. It has just~bee_n shown thét the

frequencies, S -[;_ " -f:f‘fl s .f:;-f,_ ,-Fa_,-l-.l‘[,‘,

‘Fg *J-'Af s are present in the excitation wave of the core
(where W samfL ). It may be said that, iﬁ_ general, with
certain other types of circuits and inputs, different compo-

nents of frequency will appear in different magnitudes.



MAGNETIC AMPLIFIERS USED FOR AUDIO AMPLIFICATION

It 1s possible to use magnetic amplifiers as audio am-
plifiers. The Navy 1s pregeﬁtly using one of these on one of
‘their ships aa a public-address system. It is a five-thoummd

watt amplifier, snd a possible schematic diagram is shown in

Figure 10.
o ' ' /S K.C.
Audio Tnput - Carrrer

R .
] T

Modutated Emn./op c

Fiqure /o

In the magnetic amplifiers so far consldered, the con-
trol voltage has been assumed constant so that the envelope
of the output voltage is a straight line. If, now, the con- |
grol voltage is caused to vary at an audlo rate, the envelope
of the 15K.C. voltage across the output resistor will be var-
‘ted at the.audio rate. This; in principle, is the operation
of a magnetic audio'amplifier. The modulated output may be

detected in the conventional method.’
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VACUUM TUBE VS MAGNETIC AMPLIFIER

A comparison of today's vacuum tubes with present-day
magnetic amplifiers is no more Justifiable than a comparison
of the magnetic amplifiers of 1980 with vacuum‘tubesrof 1920.

The progress of vacuum tubes is,thé reault of many years
of research and development.  Maznetic‘ampI1f1ers, a8 suéh,
have just come. into being in the past ten years and are a-
walting similar years of research and development.

Magnetic amplifiers are not a suiiableisubstitute for
the vacuum tube; put they afe, in many applications, é com=-
petitor.

Some special advantages of the magnetic amplifier are
(1) a low stand-by power is possible, (2) no 6utput trans-
former*is'heeéed; (3) no d-c power supply is require&, (4);
the amplifier is as rugged as a transformer, and (5) no warm-

up time is required.
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A COMPARISON OF THE POWER SERTES ANALYSIS
WITH THE STRAIGHT LINE ANALYSTS

Comparing the results obtained in the two preceeding a-
nalyses, it is found that for a condition of A O , or no
self-excitation, the current gs.ins compare quite favorably. :

The analysis for a pover series B-H curve gives

Ia.\l - (3
Lywra o £

forl"Owhile the stralight line analysls gives

Loavg N [Xg ~1
h_IT;: ;/Va. X/Kfi}‘

However, the ratio% is usually very large, equal to or

greater than 10, so that thé current gain, ’i_z‘_':_ﬁ"_ﬁ., is equal
[

o o

The current. gain for a condition of }:I is not'as fa-

in the first case and almost so in the second case,

vorable since the power series_gives 2 value of o while the
other does not.: This is because at larger values ofJA.(clos;
to 1) the magnetization cﬁrfent cannot be neglected.és'was
done in the pbwer sefieé analysis. The magnetization current
is that Dort*on of the control ampere-turns which produces |
the working flux. The agsumption of equal ampere turns 1is
_valid onlj if the saturating ampere turns 13 much smaller
than the working ampere turns. As the control ampere turns
approach zero, the output current can never be zero since
this would reéuire X +to approach 1nf1nity;',This, of course,
is never realized, When the value of ;\ approaches one,
this mesns that less and less control current is required
since the majority of the d-c¢c excitation 1s belng produced by

the feedback windings. The equivalence of ampere turns fails
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to hold at wvalues of )\ approaching 0.95.(13)

‘(13) Milnes, op. cit., p. 363.

The power gains for a condition of A= 0 also show very

close agreement., For the power series solution, a value of

Kp-= %[’x‘%‘]l

was obtalned, whlile for the straight line B-H curve, a value

2% [

X
was obtained. Agaln in this last equation if R =10 e

- of

value of Kf in both casses becomes very nearly equal to

Lo [2e]”

Again the power gain for a condition of4a= / is unfavorable

for the reason mentioned previously.

It is somewhat gratifyling that there is any agreement
whatsoever in these two types of analyses. There could hardly
have béen more difference in so far as the =2ssumption of the
.Qriginal B-H curve is concerned. It will be noted, however,
that the validity of the flux denslty variation which was as-
sumed in the power series analysis holds true for the siraight
line analysis, namely that of a constant plus 2 sinusoidal
variation. The difference, however, lies in the fact that it
1s impossible to determine Jjust what components go into the
making of 15°,.the constant term of the vower series solu-
tion, while the components of the constant term of flux are

fully known in the straight line analysis.
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In general, it seems that the assumption of a straight
line B-H curve 1s more straightforward and yieids more infor-
mation than does the power series'anaiysis. In the straight
line assumption, 1t was possible'to derive ekpressions show-
ing flux and ampere-turn waveforms, while in the other solu~
tion 1t was not. o _

The powervseries_analysié, however, should not be con-
demned as having no useful value, It ﬁas qulte readily shown
in this soiution that all odd harmoniecs of output circuilt
supply frequency are rejected from the contfol circuit, while
no even harmonics are allowed in the output circuit. This

same condition holds true/in any circult of this type regard-
| 1esé of the B-H curve but is pemaps more. easlly seen in the
power series B-H curve analysis.

Most present-dey authors(1#4)(15)(16) assume a straight

(14) Storm, op. eit., p. 756.
(15) Smith, op. cit., p. 1309.

(16) Lamm, A, Uno. Some Fundamentals of a Theory of the
. Transductor or Magnetic Amplifier. Transactions of
the American Institute of Electrical Engineers.
Vol. 66. p. 1078 (1947)

line B-H curve in any analytic discussion concerning magnetic

amplifiers., Somé(17) even go so far as to assume an infinite

(17) Storm, op. cit., p. 756.

initial slope. <fhis puts the éaturation flux density at the
value of zero excftﬁ%ion. his is the same as sayihg the
core saturates with negligible excitation: In some special
cases this may be quite accurate, depending,of course, on the .
core material and‘on what that particular analysis is supposeﬁ

to show.
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APPENDIX 1

Ho- a'Br6'8 tc'8°
B : B, desniot + B |
Ho = @ (Bp tnwit +8,) +b'(Bmasiwt +6,)
P L (B tiinio #8,)°

Multiplying and collecting like sin terms |

/Hxs Ca'B, fé'63 fc’Boéjf(a’ﬁ 1‘3625.5,..#566,2,,‘) ool
7‘(34:'/5 B 270", B, ) 2o ot |
7 (& ,6 10 BN, )sz,(scarj )A.Mcdzs

# (R, %) o T

From trig. tables

M”w,i?"{- ’4\ Con 200 £
AP ot = Y A wE Yy Ao 3c0F
doneotd - % A Coa.rolwi-f—gl Cow g %
AT W -5% Ao -éMSwé " Fg Aen 30T
F R Aot L i Sk F L ik

Wk = 5 gt ~5 MinSwh 2L ginSwh
& < . /6
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Collecting like temg
’ ’ 3 I‘f 4 .» Lol ’ S o
Hoa= (a’'B, +6B, B 7 34 AB., +85 B, B
KB ART)
’ = ’ ’ 3
+ (o’ B, +3bB, B +r5c 6,1/3»,.‘ +36' B,
2. 3 . 3 . .' od
' ’ Lo 7 ' ’ i
- (367682578, 87 + 5 68, )it

(L b S8 BN A b ) iin ek
S ., 4 c’ 5y 4 ~ :
f(?‘ C—Ao/3w\) Cw%ut;/-(f ?M)/a—(/\ﬂspwt

Similarly
/—{6= ~(a’ﬁ. fb'ﬁ,,;fc’ ,‘f%yﬁ, B, +5¢ B, B |
#15  ByBE ) # (A B +36"B B, +sC B B,

,‘ 3 B 3 6/" e .
£36° p,. FEC By P F -—%"6,,.),&4”.@1
74 2 -

. T N 3 L) ’ L4 ' )
1'(_:%4’ »6°4m rse’s, B, r'%:s— s, B,h)c-aoawt
’ 3 2, 3 Ky
4 S .7 N

r S’ oo ‘A e 2,
-(% BohB, ) Cow st # (£L2= ) pen Sw £
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8 APPENDIX 2
Y . y - 5
L g Nz = [-Caladiws) # L [0 drurk)
0 - | :
P

X,

T

| -/J/Wé;/v‘ JCw £)
o/ _
o<y

.The first and second integrals are eve.luated by obtain-
ing (aNe from equation (45). The thi®d integral 1is e-
valuated by subsfituting V4 4 Na  from equation ( 50).. For
the first . 1ntegral we have

JT/[ [/kg(/fcuu.) késwwij} Jdcw#)

__d [ré (1 ool cot) ~k & A—u-wt]
ZY A

;‘% “3_“&‘ (/#Co0et) 6 -k s ,&m?]

For the second integral

_L CaNo. deewt) = A /[ £¢x(/fwa«x ) ~r¢: Coowﬂ Jew#)
A |

A de (/*c,cx)(a‘- 0) K ¢ (Ane /49\49)]
AT |2



58

For the third integral

74
_.L/A/,,..,d.o;.wi Srwh)

—”_[//m /Cuwt‘] = Hm[/f-ca,oo(-]

. X [kédsh](C o, )
?[ /% coo

Ausr

%QVS /\/Q = Tx k é&j (/7‘ Cont) - k_i-i‘p (._/f Q’O"") e

L Aunm Aur A

,«-kd.s/?,a_w\e 7‘-/£¢pr (//-Co-qcli)(a( e)
/4,4(77‘ Au

— Kgs A ( Lo, —4es, 0)
Aalr

AT _ - X (/#Cooot) ~ 8 (/+Coaet,) +.4u0r 6
[&eT [ ag ™ g, 2

7 (1 Covt ) (A1~ 8) — (i, - A 0)
5 .

= (2hen 6 denot) *(1#canx) (5 ~0)

X
* B ( /# Cao )
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APPENDIX 3
LoNL = [_é_“l'd_‘e _a./\/]g/(wij
n
£ Z‘(/\_,\)H'"th ~%/( o(w)

o,

The portion Q_f%_v}:( 1s equal to CcM ? CoN® from e-

quation (47) between O-e, ; and when CoNb is subtracted
from this, 1t simply leaves (¢ /¥, . In the second integral,
refering to equation (52), the value of (¢ A, will be equal

to ' )
/7/}4‘, ,d«uw&dt = .éi‘_:? ~ (o No
A

but, in general,
o = A (CaNa) = A Ham Lemw 2

The integral between O- X, may be broken uvp into two inte-
a:rals, one between 0- © , the other between & -o, . So

we can now write

/Vc = ”ﬂ; ob,v]c/(wi.) +4 ‘v £_ c‘./v] Jcew £)

*l/[’(/ ) Hm denw t - "‘( J(waé)

It may be seen from Figure 72 that from O0- 6 , 6‘4,19 nega-
tive and from Figure T7c that éb is positive. Since these

currents are equal in magnitude but opposite in sign during
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the interval O- e s We may é.aLy t.hat ‘:a,"-—‘b . Also,
during @ -, » Ca = Cb - We may write now that

T.Ne = { / ¢av5 Pavg L, ) c,,,vj] Jew4) +%““"9 £_2 wv] dcw£)

4 lj(,/-/\)/'/,., YNTRY ] -égj] Jlwi)
’A”‘/Cjz‘/ (.z.«)r/( wxj*yd‘(’fc““)«d‘c””‘j‘l@é

/(fé(,z,k) fkca/yoi] A kl&(/fooa‘)-ké,c.owﬂ}d@()

deu
,qA.IT An +K Ps Comol, +(1~K) ésj J(wi)

When this 1s integrated between the indicated limits

[@i’ﬂﬁ - (“"”)(' cuont) # 7

_,\[(;-9)(/ #Co000) + (2 hem 6-0net,) |

T~ ) é(lfw,aﬂ
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APPENDIX 4

Loy o[22 | (2000 0 tiiict) (1 4 conet ) (T -6)

X |
A ry .
fARL ¢ fwd_)

L&gg] S wgM] . - Comcts # K (17 o)
K@s

de, . (2 - é)[-ng,)ﬁpé‘ (4on )

= F (Fcooet ) #(0-F -F) A,

,aa{}]fc/\/c : (_;1: fﬂ)(I-CodJac.)f x

dl
Al T -¢)(1* caw.)
— AN(22an 8 -4t )+ (1-)) X (/#coqex.)

r's

A7T J[J;A/c (% g an X, +4 (/- coo x,

-2l %’ -0)(~4uv~et) +(/#+csat)(~2)
7"'/) Ceoc< v‘ (/- /)) Amo(:

=(§‘-‘ -77)4..,;,“. fﬁ-&«nm) & et

# )[(5 =6) guno, - (1 # Covnt. )

#Conol, # Mo(]
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A‘r o X /(/-c‘od,)
7] dea [[ -7 2 ) #4 |

+»9[ (3 -0vF ) e, <4 (- Mﬂ

HZ oy M) -
dT ML)

[/ # —' ~9]4-o;~"v "21 (/~Cen ,)

y T Y7y /-ao.@
{[ #+7T ]Au-_d‘ﬁ(/ c«wﬂ?} ?/;;’:{ of A4t
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