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ABSTRACT
D e ——

This report is devoted to the description and theoretical and
experimental analysis of a new AC Phase~Sensitive {Push-Pull) Magnetic
Amplifier, invented by the author, called the Split-Feedback Push-Pull
Magnetic Amplifier.

In this new circuit, the feedback windings are split and arranged
in such a manner that the amplification is high when load current flows
and is very low when there is no load current (and circulating current
flows).

This amplifier is- comga.red in detail with the Voltage Doubler
PushePull Magnetic Amplifier. Its principal advantage over the latter

is its low circulating currents, which have a maxirmm rectified average
value of one=half the maximum load current. -The gain capabilities of the
new amplifier are theoretically as great, and in practice, greater than
those of the Doubler. In addition it has significant adtrantages over the
Doubler with respect to :sensitivity to variations in Bias or Line voltagesy
ease of Bias adjustment, and behavior in the saturated range. The price
pald is a slight increase in complexity and the possibility that a larger
number of rectifier discs may be needed.

It is suggested that the reader who is interested in conclusions,
rather than detalls, read Sections I and VII and note Figures MRI-13397,
MRI-13398, MRI-13400a thru 134DOc, MRI-13412a, MRI-13412b, MRI-13413a, and
m-].BhlB bo
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SIMBOLS

43 each gymbsl is introduced it is defined in the report or in
the figures and thereafber used with nc further comment. In addition,
a key te the symbols is herewith presented.

ilg, 11; :i.2 5 12 3 -~ megh currenty
. i, I - load corrents
' I, I, 1, ehs - rectified average values of currents
I’e Ib eta. ~ true average values of currents
I, - maximum rectified average lecad current = (Zl’n)(meRt)
‘B . . 2 Vm
II‘rl - maximum rectified average ciwculating current = e
'ib, Ib; ie, I b ~ bias and control currents respectively
| I, - a cirenit parameter = 2 (Nb/N) Ty,
| Ne; s Nb’ Ns - control, bias and load core tuwms
Rt -~ total mesh resisbance
R o = that portion of the mesh resistance which ig commen
tr both mesbswy, leen, the load resistance.
1 r - that portion of the mesh resistance which is not

cormon to both meshez, R*'r = R4 o

2

Vm - peak value of applied voltage per mesh
m w- peak value of minimum AC woltage whinh safurabtes a
gara of N turne
& - magnetic flux in webers = Vm/wN
, ' &, - magneti.s flux in websrs seesooV_ /full
d=1b - & ciroult pavameber, whose value = 1+ R/R,

.
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I. Push-Pull Magnetic Amplifier Types and the Problem of Excess Currents

This report is concerned with magnetic amplifiers whose output
is an AC signal, (at excitation frequency), phase-sensitive to the polare

ity of the input DC (or low frequency) signal, usually referred to as the
AC Push-Pull Magnetic Amplifier.

A. Classification on the Basis of Load

Such amplifiers may be divided into two classes based on
- whether the load is or is not split and electrically isolatéd into a
. palr of 2-terminal loads. When such a split load is available, the Pushe
Pull circuit consists of two meshes (with half the load in each mesh) »
which are electrically isolated from each other (Fige MRI-13389a); and
80 there are two simple circults unaffected by the manner in which they
are being useds No further comment need be made on this class.

The second class of Push-Pull Amplifiers consists of those
where there is some coupling between the two meshes. This class includes
two-terminal loads as such, (Fig. MRI-13389b), split loads with coupling
; between the two parts, as well as 2-terminal loads with mixing resiators
' (Fig. m-133890§0

B. The Problem of Excess Currents

' The nature of the wnconstrained magnetic amplifler is such that
current flows in any mesh during a portion of 'the cycle onlye. It is con-
venient to divlide the half cycle of excitation frequency into the regions
(Fig. MRI-13390):

(1) from 0 to Ay when neither mesh conducts, iy = i, = O.
1 -1 2

.(2) from A7 to Ay when only one mesh conducts, i; = ¥/Ry,ip = O,
with Ry as the total mesh resistance.

(3) from Ay to n when both meshes conduct, i = v/r = iy, where r
is the winding and rectifier forward resistance.

Load current, i, (= i - i) flows only from Ay to Ap, while from
A2 to %, very large currents, depending on the ratio of ilit to r, flow around
the outside loops Now the magnetlc amplifier must be designed on the

basis of the maximum dissipation in its windings (to a greater or leaser
extent, depending on the duty cycle)s We may define Relative Excess Current
as the difference between the maximum current in the amplifier and the
maximum current in the load, divided by the maximum load current. By currents
here we mean rectified average currents.

et + g st ot <o T4 =<
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Co_Classification into Current and Voltage Type Amplifiers

For the purpose of discussing excess currents, it is appropriate
to distinguish between two amplifier categories, which categories, of course
have nothing to do with the previous classification. Omne of these may be
called the "Current Amplifier” because the output current is (over the
amplifying range) some constant times the input curremnt, independent of the
load or the excitation voltage. There is no excess current problem heree
The mesh currents are held within bounds and although the circulating
currents may be instantaneously large, their duration must be correspond-
ingly small. The disadvantage of this type is its relatively low ampere-
tums gain.

The second category of amplifier may be called the "Voltage Type
Amplifier® because, overt he amplifying range, it is the portion of-the
voltage cycle across the load, which is varied - from O to 100%. The out~-
put is voltage rather than current so that the latter is definitely a
Tuigtion of the applied voltage and resistances There are no other bounds,
as there are in the current amplifier, within which the rectified average
mesh currents must stay. Excess currents, therefore, are a serious
problem with thls highegain amplifier. When the high gain capabilities
of the core are exploited, this is the type that results.

D. The Split=Feedback Circuit as a Solution to the Problem

The questlon is whether we can find a circuit that is a combina-
tion of the better parts of the voltage and current amplifier, so that we
may have high gain with a check onthe circulating currents. Such a cire-
cuit is described and analyzed in detall in 'this thesise It is called the
"Split-Feedback Push Pull Amplifier® (Fig, MRI=13397). Feedback windings
are split and arranged in such a manmer that when the two mesh currents
are equal (ie.e., when the circulating currents flow) There is no net feed=
back effect. However, when only one mesh current flows (1load current),
then there is a feedback effect.

As regards circulating currents it will be seen that at zero
control current (i, = 0)y Iy = Ip = (Ny/N)I}, -—— 'i! capitalized means
rectified average curremts. Thereafter when control current flows, the
circulating current decreases, as can quickly be seen as follows: The
half-cycle may be divided into 3 regions — Region 1, when all cores
are unsaturated and all currents are zerog Region 2, the load current
region, where i; (say) # 0, and i, = O while Region 3 is the circulating
current region where 17 = i2.

‘In Reglon 2 «ee 11 N(1 = Db) = 1,18, and ic2Nc = 1,bN
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In Region 3 eeee 102N° - IL2N and 1.1 = 12 3 d‘cl - 102
Averaging the above results int

T = (N/Nc) (1- b)Iload * (N/Nc) Icirculating

Ic2 = b(N/Nc) Iload + (N/Nc) Icirculating

Subtracting, there results

(Icl. IcZ) Ic
I - N /N —————— N /N
La = (/M (1 - 2b) (/M) (1=2b)

while adding, we have

Icl * Ic?. " 2Ib - (N/Nc) Iload + Z(N/Nc) Icircula.tdng

Therefore,. as IL increases, I , st decrease since the left~hand side
of t he equation”is a constant™ hi’when 2T, = (N/Nc)I (maximm output for
optimum bMasing), I is zero, Thus, the user&l. range the circulate
ing current is always Bounded while the gain is that of a circuit with
100% feedback if b = (N/N) = 1/2, The maximm rectified average value
of the circulating current is (Nb/N) Ib which is exactly half the maximm
(optimm biasing) output current.

A detailed mathematical analysis is presented in Section 3 but
since this circuit possésses many of the properties of t he push=pull
current amplifier, the latter will first be analyzed. While it may be,
of itself, only of moderate interest, its modes of operation are very
similar to those of the more complicated split-feedback circuit and 80,
provides a good introduction to it.

II, The AC Push=Pull Current Amplifier
As An is

The circuit is presented in Fig. MRI~-13391a. Bias and control
currents are taken as flowing in the same winding for convenience in
analysis. Ideal B - H relationship is assumed (Fig. MRI«13391Db).

s

A, PP o
e e T e ein T
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“r® includes coil resistance, and any other mesh resistance not common
(as is R) to both meshes.

ForRo-Rb-Owehave,intheusualmamerlx

+ &

¢ 1b

1a = constant. = e, + <I>°l )
) (0

® + @ -constant.-@ +§2)

2a 2b
We also have the mesh equations:

veRi, =R+ N & )=RL -RL, + 2N&h)

v =Rl #Ri, +2M,, where R =R+ T ; @
The muf equations for the cores aret
Hh?'m-hla- TaaNe * H¥ e ] N-ilN;(a)
hop = Telle * 1N By = LoNe = 12y

We may assume any mode of operation to begin with and find what
1t leads to, At random, then, all cores are unsaturated. Using (8),
currents are gero since all h's are zero. Using (2),

) é o
' b Pl 1

since the inductance is infinite.

=gy, =ty = v/N

At some time, say at wt = A;, a core will saturate and with no
loss in generality take it %0 be in mesh 1, either la or lbe We may also
assume operation until now in the positive half cycle with @, positive: .

(1) Core 1, saturates (11) Core 1, satruates

B =% 5 by =0, L T R PR N
Bp=03ip=15=0 B O0sdp=digp =0

LqNe = 1N = |4 [N = 1 N 1N, = 4N = ol [N = 4 N

,'V/Rt-i-(nc/micl Same
5-2& - 421: - (v/mt) (1+R/ht)-dv/zmh Same
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This will continue until gilther one of Nos. 2 cores saturates
or until the saturated core of Mesh 1 unsaturates. The latter case
will be recognized as the limit case of the formers Following up with
the two alternatives of core 2a or core 2b saturating at wt = A2, less
than =3

(111) Core 2, saturates (iv). _Core 2, saturates
85, = 8, § hy = O dmi =0 8y, = =&,3 hy = Of i=i =0
i - i, = v/r; 1 N, = 12N=|12|N I PR v/rs 1c2Ng'12N"'l12|N

This will go on until one or more cores unsaturates which they
will a1l do simultaneously at wt = n since here all currents are zeroe

In the negative half cycle we begin with all cores unsaturated
untll wt = Ay + n, when one of No. 1 cores saturates first. This follows
from our assamption that No. 1 fired first in the positive half cycle,
since {MT d® = 0, so that there mst be symmetrical operatione

(1) Core 1y, saturatec (11) Core 1, saturates

Bp = B3 Bym O3 1= i, =0 $1a = B Mgy 03 1= 1 = 0
1= v/R = 13 $2a- &,y (=1) =dv/2MR, Same

LNy = <LN = |4 [N =1 N 1Ny = 4N = =L [N =1 N

. The above continues until wt = A2 + 1, vhens

(111) Core 2, saturates (iv) Core 2‘ saturates
@21)-‘ .3 hy = O3 L= i=v/r §2a- “Bg3 hoym 03 1= 1= v/r
1Ny = =i = [1,|N31 =1 =0 LN, = 1N = =1, [Np d=i =0

Bs Modes of Operation

For a complete cycle we have the possible combinationst

‘(1) =i and 431 (2) =2 and iv (3) =41 and 341 (L) = i1 and ive.

Combinations 3 and L require that I, be positive and I negative, so

that for t he polarities of Ey and Ec as in Fig. MRI~13391a, only the first
two are possible. The corresponding wavéforms are drawn in Figures MRI=
13392a and MRI=13392be For Combination 2, it should be noted that Ko = &,

+ $op = =g + D20

ST e

g el AP A “ IR
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To find over what ranges Combinations 1 and 2 are valid, cone
slder the situation when I, = Oy and Isy = I p = Iy, which is a particular
case of No. 1. As I, increases, we have Noe. 1 with the relations:

I N, =INg I N =IN

cle
Ip = (2/T) 412 dto = (I}/2)(1 + cos Ap) where It = (2/n) ¥ /r,
| = : |

Ich - (Ici- IcZ)Nc = IN.

so that

N I
cos A, = 2N2 (Ib-r‘i)/x;l.l, where I, = 1/2 (I 5 +I .)e

Thus as I, increases, cos A, becomes more negative, i.e., Ap shifts to the
right ‘bowards Tte Sinmlta.naou shifts to the left in order that Il
remain equal to (N,/N) = ) (Ib +1./2).

(1) Case I_less than I 2(N.b/N) I, which here = 2(NC/N)I )

The limit of ‘the above mode is reached e:Lther when A7 = O or
Ay = ny whichever occurs first. At Ay = my I2 = Top = 0 so that Ip = I./2
and I = (No/MI, = 20 /M, = I (i, HI{[-13J93:5 Obviously, in ordér
for this to happen it is necessary that I3 I,, where Iy = (2/n)Y,
If Ix” Ipy Ay = O mst occur first. For the condition Im> I when I
is Increased beyond the point where I 2™ 0, I,y goes negatd.ve and com-
i bination 2 applies. But now AIy = AIg - (N ﬁI 2 algebrically, so
that AT = 0, i.e., the output saturates. fis will continue until Ay= O.

- As I, is progressively increased, the cores of mesh 1 remain
saturated througl'nut the entire cycle whlle the relation ATo=A i/2(N’
persists, so that AI; becomes proportional to area E in Fig. 13393b
while AT, - becomes roportiona.'l. to areas E + F. And now Al (O®to «F) =

=(L/I})8I, = (r § Thus I decreases linearly with I, at
a rate oqual to (N

(r )untllAg-O,whenIl 12~I'andall
cores are satura

over the entire cycle.

(2) Case I, less than I

' On the other ha(md if I?<)Ix 1(:.)1:% ? = 0 ci/curs before ;/ e
When A, = 0, I In(l = cos Ao) = (N (I, +1/21 A%NN)
(Ib - 0/2) - 1}/(1 + co# A9), resulting in I:(l r -Ibr

y = 0. This value of I, marks the limit of the main amp range

and he maximum output for this range is therefore

: (N M), - T(Im V-3, &) m T, = (NI, (/R
| T o/,
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Thereafter as I, increases the cores of mesh 1 remain saturated
while AIp = (No/N)AI /2, 8o that now the output increases with I, at a
rate equal to (No/N)r/2Ry until I = I, (Fig. MRI-13393c, AI = H). After
that, as I, increases, I decreases at the same slow rate until it is
gero and Il = I2 = I]"l. -

When I, = I o, A} = O and Ap = n simltaneously, achieving
maximum output wfthin the amplifying range.

3¢ Rating of Cores

| . It should be noted that when A, = n and A =0
,é"‘/ ®ddy, = {"/‘” (d) vat/2N = (d) V N = (d)& <28 .

gc‘f:;:r, so that éms %55 as compared to &< 2@8 for the single mesh

C. Experimental Work

Fige MRI=~1339) compares the theoretical and experimental results
for I,> I, while Fige MRI~13395 does the same for I >I,. The minor dif-
ferences can be ascribed to finite magnetizing current and to the difficulty
in estimating correctly the rectifier forward effective resistance. Fige

' MRI-13396a displays the waveforms for the case where I. > I, near the point
’ where the limit of the amplifying range is reached. TRe résults should
oo be compared to Fig. MRI=13392a containing the theoretical waveforms. To
‘ check for 1,y and i, of Fig, MRI~13392a, note that i, + 1c/2 = 193
ip = 1c/2 = gpe

PSP,

The relatively minor difference in flux waveforms between
theoretical and experimental is of course due to the finite values of
R{ and Ry which were taken as zero in the analysis.

Fig. MRI-13396b displays waveforms in the amplifying rangee.
Again the minor deviations from theory in the flux waveforms are due to
the finite values of control and bias circuit resistance.

Excess Currents

For practical purposes Ix would be made equal to Im’ so that the
) maximum output is obtained in t he amplifying range, together with zero
excess currents. At zero input, the quiescent (circulating) current is
In/2, while the maximum output curfent is twice this value.

In the next section we will analyse the Split-Feedback circuit
on the same basis of ideal B-H relationship.

BTt v -
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IIT, Analysis of the Split Feedback PushePull Amplifier Based on Ideal
B-H Characteristics

A. Analysis (Fig. MRI-13397)

The ideal B-H relation has been drawn in Fig., MRI=13391b¢ While
this will result in infinite gain in the amplifying range, the analysis is
nevertheless very useful in deducing the wvarious modes of operation. In
Section V an analysis will be carried out based on a more correct B-H
relationship.

We proceed now in a mamer very similar to Section II, with
identical notation. As before, for

R, = By = 0 &y &y ‘i’za = L (1)

v = RL'LJ_ Ri, = ?N@ = =R, + R i~ 2N8, o(Fige MRI=13397)

(5) & (6)
H gl = Byg™ =gl = |1 W 3, [N, = 1 N, (7
hyp= b N+ 1 [Ng= [, N 1N, (8)
t By =Ll + |4y [Nem |4, [Nom 1 N, (9)
hyp= =1pN = iy Vgt [2pNe+ 1 0N, (10)

“We shall now prove the following to be trues

(a) When i, » 0 and 1 > 0y by < 0, @h = =By hyy = 0
(v) . " ""<O’h1 Os &p = sh',laso
(¢) " LL 0T PO, FO, By = By, M
(@) " L hla> 05 q’la = 4’ hlb =0
(e) " 1,7 0and1,»0 hy <0y &y, = =@, hyy = 0
(£) " "  "andi oK 0 hy 0y &y = «By by = 0
(&) " 1,< 0and 140705 by 70s &y = &5 By, = 0
(h) " :12< 0 and 102<d, LPYS 4 @aa = ‘I’s" hyy = 0
! ' (1) " :Ll" O liZIN “icl gy 0 h.l.a hl'b-o
A (9 " 3y=0p |4 Ng = 3N, and h?n h‘Zb =0
al () % 4ty =g gy o Oy By gy =y 0,

!
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The above is true providing the parameters of the circuit are
such that both cores of any mesh cannot saturate simultaneously. (i)
is proven by adding (7) and (8) giving hy, 4 hip = O, and then subw
tracting (7) from (8), giving hyy = hyg = 2i N = 2|4, |Np. Since
either hlb or Iy, must be zers, both must be zero in this case and
therefore i,4No = lile " “(js" is similarly proven from (9) and (10),
while (x) follows from fﬁ.) and (3j). .

Statement (b) is proven as follows:

(7) + (8) yield by, + byy = = 2N

(7) = (8) yield by, = by = =2]iy [N, + 2[3, [N, + 2|1, (¥

c

Now, if hyy = O, then

hy, = =24 N = =2J1 [N, + 2]i, [N, + 2|1 ],
and
LN+ 1N, = 1, [N, + licllnc.‘

The left side is negative because 1,0 and N'pNg which doesn't agree
with the fact that the right side is positive. erefore ¥ 0. If
= Oy then =i, M1 + b) = =|is|Np = =|iq|Ng where b = Ne/N, and there
18 no such contradiction. Since hig + hyp is negative, from z"{) + (8),
one of them must be negative, and the obher zerc, and the latter must be

g
Statements (d), (f) and (h) are proven in the same mannere
~The pro@f of statement:(a) runs as follows:

g ¥ By = =215N
therefore one must be negative, the other gero.

Dy, = bayg = 2( l"“lle + AN, - IiZ'Nf)
which is positive if

|"lfl.lsz: * a7 l‘Vi‘2 le‘

If this is always true, them, following the reasoning in proving (b),
hy g€ Oy Mp= 0. We must therefors prove thst |in|Ny + 14N, 7712 [N ge
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If both iy and 1p ¥ 0, 7 = i by considering equations (5) and (6) and
noting that if i7 £ 0, = 0, because of infinite inductance.

=0, and therefore i 1 ;4 0, 12 # 0, i1 = ip from (5) and (6) amzi the
reiation il Nf + ic c” 12 Nf is certainly true. 1f i, ¥ 0, i, =0, it
is certainly tru l‘he only alternative left is that i;"~ 0, i, $ 0, and
it is not temble because it contradicts the assumption u.nder (a), tha'b
il r 0.

Statements (c), (e) and (g) are similarly proven.

We may conveniently begin at that part of the cycle (positive
half when all the cores, are ugsaturgted with all h's zero, so that all
118 are zero and &), = &yp = &, = gzb = «V_ Sin wt/2N. At some time,
say at wt = A), a core will saturate and with no loss in generality take
it to be in mesh 1. The procedure is now the same as in the current am-
plifier. '

1)1 o Saturated (i1) 1, saturated

Pla ™ B3 By %y3 Byp= 1= 0 Bp® B3 0" %y Pm im0
19N = ilN'(l-b)-|i|N(1.-b)-ljllN(l-b) 1N~ -111|N(1+b) = «|i|NM1+b)
10N, Iille; i,= V sin wt/R, 1,oN.= |4, N3 i,= V. sin wt/r,
&, = &y = —vd/2N Qh = & = - vd/oN

At Wt =~ A,, one of mesh 2 cores will saturate, 2a or 2b:

(111) 2-a saturated (iv) 2-b saturated
§2a- '@s’ q’2b‘ CI’025 1= th' 0 <I’2bm "q’ss CI’23.'” 4)025 h2a- i=0
LeoNe" '12|N3 = dpm V/Rt Lele™ 'IiZIN‘ = A= V/Rt

Unsaturation occurs simltaneously for all cores at wt = m, since
at this iustant all ils are zero. From m until n + Ay, then, all i's are
zero and w &)y = Bog = bop =V, sin wt/2N. At wt = nt + Ay one of No.
1 cores will saturate, 1p if 1, has aaturated in the first hnl} cycle and
vice versa:

(1) 1p saturated (1) l‘ saturated

Bp~ B3 B Foq3 D= 1= 0 Ba” Fa Bp” B3 by~ 0
LoNgm [y s dy= w/Rym 2 Sane

1Mo 141 IN(1=b) 1N =1, INQLeD)

e i+ o e
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At wt = Ay + 1ty one of No. 2 cores will saturates:

(111) éB saturated (1v) 2, saturated
Bop= Bg3 Bpa™ 05 197 ig= V/r Boa” 893 B 208 1y= 1y V/r
h2a- 03 ic2Nc- 'iZIN = j‘clNc ' th. 03 iclNc- 'IdllN = icZNc

: Be Modes of Operation

As before the following cambinations are possitles

(1) =1 and 13 (2) =i and iv (3) = i1 and i1 (L) - ii and iv
Here, as in the current amplifier, (3) and (L) may be discarded because
of the assumed polarities of Ey and Eis Thus (3) and (4) result in the
waveforms of i,7 and i.c'2 as in Fige MRI=13399a eand MRI~13399b with Icl
(true mean), negative, contrary to the polarities of Ep and E,» For
combination (1), the waveforms are drawn in Fige MRI-13399c, while the
relations betwsen the various currents may now be worked outs

Aofw n/w Ao/ N Woe
I = (2/7) (fAl /mi adt + { o/ 1,446) = (2/1) @c(l-b){l /m( v/Rt)dﬂﬁcfAz/z/rdt]

N A?jﬂ) A2/co
Tp = /D) [(0) {1, VR, o + () AL af.]

Therefore

: A
T, =Tg =Ty = (2/T) (120) (WA {ﬁ’v/sgm - (12b) IOV,

so that

Gain = (I/Ic) = (1/1-2b) (N/Nc)
For 100% feedback, b = Ng¢/N = 1/2 with theoretically infinite gain.
Ao fo /e
We also have I +4I , = constant = (2/T)(N/N c) [UAI /mildtt‘é /&ildt)] )
Therefore aZ, - (N/Nc), [(I + (Im/(2-d))(l + cos Aa)]

or

2L(N/N) =I_ =T+ (1+ cos A)) (I‘m/2-d) (11)

L e .
i oot e r

)
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This equation is very useful. We know that at I, = O,
1/ : :
T, = (/DA L ofr b = T (N/N,) = TN ) = I,

N I
20 that with zero inputy, I, = I, = I(N /N)=I /2, and cos A = 2y r",’. -1
m
(setting I = 0 and Ay = A, in Equation (11)).

Wehn I, is increased, we have Mode (1) with high gain, until
some limiting point is reacheds Just when this point is reached depends
upon the relative values of Iy = 2Iy(N,/N) and Ip = (2/n)(V,/Ry). This
can be seen by examining Equation (11) and the followings

A/ sin wt .
- (/1) {12: By dty 20 that cos 4y - Ix(z'd)rm a4y (1)

As T increases, A, must increase (shift to the right) in order

that the right~hand side of Equation (11) remain constanr. 8immltaneously,
A1 mst decrease (shift %o the left) from Equation (12). The interval,
Ay = Ay, in which the useful load current flows, increases until either
Ay =Oor Ay = = If the latter occurs firsty I, = I (from Equation (11)),
80 that obviously I, ~Ix to” make ss:xble. If Ay = O occurs first
then I = (I/2) ( cos - cog Ap nfc 2)(1 = cos Ap) while Equatian (11’
]./%(Z-d))(h-d«l cos Az). Nowd =1« Rﬂit so that 1€ dg2.
It can be sem that for 'd¢ in this range, (I, /I )»1, so that when this ig

= 0 occurs first. For this case the ue of T at this point is
obuine} by setting ‘1 = 0 in out equations, resulting in

Z[m = Ix(r/Rt)

I=

If Iy = Iy, Ay = O; and Ap = n simltaneously, and Mode (1) is
over at I = I,. This is the best practical condition, for the maxinmm
output is gotten in the amplfying range.

If I,> I,y Mode (1) is over whenI = I, A #0. If
I,< Ix, Mode (1) i3 over when Ay = Oy I = (2/d)T~ -(2-d/d)Ix.

Another way of seeing this is to examine the flux waveforme of
Fig., MRI=13399c. At the interval, increases (A; shifting to the
left and Ay to the right) there :Ls less t}me for &j4 and ‘ﬁb to depart
from saturation, i.e., #,y increases until at Ay = 0, the cores of No. 1
mesh remain saturated throughout the éntire cycle (Fige MRI=-13402c¢). At
the same time there is more time for #p, and &7, to changs, until at Ay= x
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or sooner (depending upon the relative values of Py and @g) s these cores
remain unsaturated throughout the entire cycle. % fﬁ is too large, com-
.. plets unsaturation will never occur. As to whather the No. 1 cores stay -
. saturated before or after the No. 2 cores become completely unsaturated,

| this depends antirely on the ratio of I, to Im‘

Quantitively, by integrating & from 0 to Aj,

1~ cos A .
QOZL we, - ( ] 1), and integrating from Ay to Ao,

2y =2, (I/Im) imd'_, and since ZI/Im = cos A, = cos A,

ol
we have I, (2-d) + 14
=3, - (5/2) (2« 2T
: .I'x(z-d) - Id
Too ™ By = (8/2) (2 - T
I

As I increases, 4’02 decreases while ¢ ~ increases.

(l)o Cases IX’ Im

What happens when I@ ie increases beyond the limit point of Mode
(1)? If I» Is the corea of No. 1 remain saturated at all times and
from zero to Agy i3 = i = w/R and $, ~ & = (=vd/2N). Since hp, = hop = 0,
1Mo = |ip|bN, and 1, = constant = 1.y. From Ay to m, 1y = i = v/r,
’ hgp = Oy 80 that iN =1 ,N.. Thersfore

(T/2)I,, = W/N, f‘z/:/% db + N/N, j"/“’ v/r dt.
. i o] A2/°°

Ieo ™ 'b(N/Ne) (Im/2) (1= cosAz) + (N/Nc)(ln'rlz)(l + cosAz).

. Rearranging:
N I, R
R SRR
oosA2 " o
X o
K
' .
Rb “@ I@r? : o ‘
. IeI (= = 1;) and AT * (r/Rt) (NG/N) AIc/z, i.6., low gain.
1!
i a B
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With increase of I., I,2 decreases, so that A increases, shift-
ing to the right and I increases until at Ay = n, I = Ip. The value of I,o
at Ap = n, is Iy = (H{I?)/Nc = I = Lof2e If I, is increases beyond this
value, Ap decreases, shifting back to the left but now from zero to Age..

i, =1 = v/Ry %, o = 8oy, ==vd/2N5 hy = B = O3
1goNg = |17 |tN, all as befors. However, from A2 to @, hy,= O (and not .
hoy as before), i.e., Core 2p saturates where 2, had previously saturated,
so that from Equation (9), 1,oNs = = |i,|Ne This can be understood by
considering that at Ao = n, the net mmf of No. 2 cores is zero, i.e., due
to control-bias ampere turns we have NgI.» = bNLy while due to NIy there
is zero (at Ap = n, Ip is zero)s and due to Iy we have =bNI (at Ap = m,
Iy = Im).' That is why the cores remain unsaturated if @mdé2§>s. hen
I, is increased, the net mmf' changes sign and the two cores shift accorde
ingly in the operation cycle. Integrating, we get:

Ip= (N/ZNG) [(b - R[,/r - o8 A2(b + RJr)], 80 that eeee

cos A, = [b -R/r = 2NGI@2/(NIm)]/(b + Rt/r).

From this expression for cos A5, it is seen A, shifts to the
left with increasing I, (decweass of I n)e Also:

I=(I m/2) (1 =coshy) =I(R/re+N cIcz/NIm)/(b + R./r)

and AT & = rN AT ./(ReNo)e The limit (I = O3 A, = 0) is reached when .
(Re/r) = N Io/NI; , by setiing cos A = 1 in the sbove expression.

a .

(2)e Case: Im’Ix

On the other hand, when I,y Ly, if I, is increased beyond the )
| saturation point (which we have found to be at I = I,), then combination
; (2) applied. The waveforms applicable are presented in Fig. MRI-13399d.

The relations between the various currents for this mode araes ‘

(1/2) I o @ (1 =0) N/Nﬁ {:jf’il&b + N/N@ {2/‘/: 1,dt.

T T

-

, (1/2) Ip=Dh N/N@ w(j%)min. dt - N/Nc ;:: 1, dt.
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Adding: (T/2)(I°1 + 102) - (N/Nc) ﬁ/mildt - 1'/2(1~r1)/uc

®
80 thats I = (N/N) (I +I,) = 2N L /=T,

Therefore I remains constant throughout this modes Also:

© /0
I5-I0" ¢2/1) [ N(1-2b)/N ':/:215 ) 11d1;+2N/N c/’; zlmildﬁlnxc

1.6y I, = Input causing saturation +[IpN/(2-d)NJ 1+cos Ap) = Ig+ the balance.
This equabion determines A2. 8ince

and in this range AI = 0, therefore A7 = AI,. Alzo
I, =T+ (2/1) ./n/mvm/rsinwt dt = I +1,.

W2
AT, =(11/2)(1 + cos A,), resulting in (I = I.)/2 = AT /2 -(N/NQAIT

It seems therefore that in this range both meshes behave as current
amplifiers with unity ampere~turns gain with respect to changes in control
current. j

The above will contimue until A3 = O. At this point:
I=I_= (Im/2)(1 ~cos A3 I =TI + I&N/Nc(lé- cos A,y
therefors

I, = I, = 2NN )R/rNI =TI

Henceforth Ay remains at mero, while A decreases (shifts to the
left) and the operation is similar as for the-case Iy> I;.

When separate windings are used for contril and bias curremnts,
then following the procedure inthe current amplifier analysis,
N

) b
L2y Ly

!
and Nc J:t':2’ §

O T e

e

o

and for No I

cl
there should be substituted, respectively,

NIy + l“c]:cla end Nblb* NcIc/z'
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! 3, Summary for Cases (1) and (2)
! (1) 1,71,
{ (1) 0€Io€Ta)
i (where Ig] = 0 +) Amplifying range. Limit of range is
" reached when I = Iy = 2IhN,/N, at which point I3 = Ix, Ip = O At Io= Ow,
Iy = I3 = Iy/2, which is the maximum circulating current.
(2) Is"lsIc(ISQ
(where Igqo + 2( r)(N/N)(Im-J.) I=Ty3I =TI+
(YN (Lm T TRe (OTD) U (T doye ™ 1
(3) 152$ 1041133
(where Igg = Iy + (2/N )(Ry/NI, + MT,)s
I
I 1% . NbI'b'Ng:Ic/z'sothat arenZ Ve a Lo
b+ Ry [“r:“ ¥ IR% ol &
r
. NAT.
oI, = (Ir?/Im) [1/(b + Wr)] NN AIC/Z 2
(W) IPIy T =05 I, =T, =IF
(1) 1L I,
(3) O‘Ic‘IsLx
(Ig), analagous to Iq1)s Amplifying range. Limit of r i
reached whensf = (2T, = Iy r/R-b)/(a-v/Rb) and Ip = I.l(-bl:-):L Nb'(I)b/N;.njc ®
RV ara
(2) Igo€ Io€ Igg
{0 (vhere Iy = Ish# (N/N) (Lg = 28I ).
I (‘Rb - Neleo N, AI -In Yo Lo
‘ n oo AT & M=y N“‘E" SaN AT _/(2N)
. '-‘1.- - b r -
N
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Limit is reached when I = Im.

(where Ipg = Ig) + (2AV)) (NI, + NIY)

«N AI R INAI /2 N, , I,
Al = ¢ ‘¢ by o-rN A1 . me -
T_r'/(b+-r ) c o3 AL, £ wea - T

Ht N2

(L) To»pIgg I =03 I, =I,=IL

0. Experimental Work

Fig. MRI=13400a, MRI=13400b and MRI-1340Oc compare theoretical
and experimental curves for Im7 Iy and I < I,. As expected, there is
di sagreement over the amplifying range, but the agreement is good every=-
where elde, where the theory does clain accuracy. Fige MRI=13401la pre=
sents the current waveforms of the circuit In its amplifying range. These
compare very well with the predicted waveforms of Fig. MRI-13399c.

Fige MRI=13LO1b waveforms are for the-case I, > I, in the saturated
range. These should be compared with the theoretical waveforma cf Fig. MRI&
13399d. A departure from theory is the fact that from A, to w, iy > Ip, =m0
that 1 ¥ 0 int his region. This difference is probably due to the effect
of finite impedances in the control and bias circuits. If one does take
these into account, the algebra becomes quite complicated, but one finally
emerges with the following (in the saturated region): i, = Iy = GUWN2v + §,
where G and H are constants gotien from solving the following pair of
simltaneous equations:

(- 1)) (R, + R +(N/NPR,) + 2BMr(y+ 1,) = 2BNA_ + Loliv
N r

(4, = 1,)200 = (4, + L,)(M :+ )- -2v§g_‘- 2N E_
R, + &,

Thus (I3 = ip) is a fimction of 'vt inthis range which is in accordance
with the waveform observed (Fig. MRI-13,01be

. Figs MRI=13/0)lc presents waveforms of. the output current 'it as
it changes from the positive saturation region (1) (In> I ), to the.exach’
point of saturation (2) and in the amplification range (3}, to correspond-
ing negative values. ’
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The waveforms of Fige MRI=-13402a are for the case.I < I, abt the
point where the amplification range is ending, i.es, A} = O. TFige MRl
13401¢(2) may be contrasted to Figs MRI=13402a (i). ge MRI-13,02b
continues with the circuylt of Fig. MRI~13402a with input increased past
the point where A, = %ty i.e., Ag is now decreasing. The effect of finity
resistance in the control and bias windings is again noted.

Mg, MRT-13402¢(1) exhibits the B-H loop at zero output (similar
for all the cores), while '2¢ and '8! are the loops of Cores 1 and 2 (one
from each mesh) when I is large, almost at its maximum vlaue (Ty = I_)e
It is seen that Core 2 saturates over a very small portion of the cyxcl:L.Le,
as A2 = n, while Core 1 is saturated almost over the emtire cycle, as
Ay = 0. Figures MRI-134026(L) and MRI-13402c(5) aré loops for the sdme
cores, as I; is further increased, so that Core 2 saturates in the other
direction as predicted, while Core 1 remains saturated almost throughout
the entire cycles In this particular case, this change in sign of satura-
tion of Core 2 occurred before Ay went to zero, becamse &,/#s was 46¢5/38.0,
so that it was impossible for Core 1 to |remain unsaturated throughout the
entire cycle.

Sunnnarizﬁ, this gsection has dealt with the modes of operation
of the Sp ee Push=Pull Amplifier, exhibiting clearly both
analytically and experimentally its combination of desirable Voltage type
amplifier and Current amplifier properties.

Because of the ideal B-H characteristic assumed for analysis, it
was not possible to predict analytically and gain of the circuit in its
amplifying (or Voltage type amplifier) range. To do this we must use a
more accurabe representation of the B-H relationshipe We should like to
use as close an approximation to the actual loop as would still permit
relatively simple mathematics.

- In the following three Sections such a representation is used
to analyze firstly the Series circuit with 100% feedback (Sectian L),
secondly, the Push=-Pull Split Feedback circuit with 100§ feedback
(Section 5) and finally the Push~Pull Voltage Doubler circuit in Section 6.

IV. Analysis of Series Circuit With 100% Feedback on Basis of Simplified .
B-H Hysteresis Loop

A. is

The circuit is presented in Fige MRI=13403ae Ng~ N3 Ry~ R + re
If Ry = Oy &) = &5 = a constant. Also:

by = N(L+ [4]) +NL. By =ML 1)) -N 2
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Ifiyo’ h - 2Ni + N1 and h, = «N_ i (13)
If 1<0, h) =N i and hy, = 2Ni - N 1 (1k)

On the basis of an ideal B=H relation of Fig. MRI=13403b, we
have the waveforms drawn in Fig. MRI-13403¢2. But the flux excursions
as a function of 'h! are as in Fig., MRI=-13l04a and this B=H relationship
should be used to.find the actual gain.

We may begin with the positive cc)mduction period -« K in Fig. MRI-
13403c. Here $ = &g, $o = =B,s Since {B) applies, hy = hy = =N,i, s0
that i, = = c and 1 = v/Rys To facilitate the analysis considerably,
Fig. MRI-=1340La is appreximated by -Fig. MRI-13l04b. The following analysis
is therefore restricted to materials where such an approximation is
Justifiable.

When h) = «h,, ¥ begins to unsaturate and this will' happen when
1; = 2Ni + Ni, = 2N = hy = =hy ice., (h =h )/ =V  sin ut/at, which
or the sens{tive materi considered is Vvery nearly at wt = n. Note
that hy, h,, etc. are all positive.

From ® to n + Ay, both cores are unsatupated, with and &5
travelling along paths -Ne In this interval, = &, = v/2N essentially
and since |bo|?> |hy|, 'i? is positive at the start of this interval.

The transitign from iy + %0 1y = cannot take place instantly as this
would cause ¢ to become positive, so that it must actually do so at a
finlte rate witil the instantaneous voltage is sufficiently negative to
canse '® to continue to be negative. Now the path Lo=Mo=No for Core 2
is difficulat to determine and is a function'of several variables, so
the approximation has been made that ib is flat untdl or beyond hy = h. .
In such a case hy = <h, almost instantly with 'i' changing sign, so that
condition (2) apPlies.” Here hy = N.i,.. In this.interval {

2} t/e
dg, = V /2N in wt dte
é.S 1 lﬂ/ .I/l./m °

#) = &, =(2,/2)(1 + cos wt) where & = V /.

hl - Ncic = =h_ -(51“/2)(1 + cos wt)e

This continues until n + A:}*, when & = 33 and from then until
2ny 1 = v/Ryy @ = =B and by = =|h,T = N 1 .
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I = (2/T) jn/w Vv sin wt/R, at = (L/2)(I + cos &;)s
/o

3, =% - 2 (1= cos M) (I/1) + (B 2))/¢ =1.

2n ﬂ+A}h
/2 NI = £+A1|h°| dto/m +_’/l' [/ A L4 cos wt) dtw/w.

NI, = 1/n [Ihol(n-Al) + Al(hx+ wz) - hm/2 sin A]_:l.

Since there is actually no abrupt break at I, (Fige MRI=13LOLD)
as was assumed, it is better to find A N, I, and

AN I, = NI, = hy=1/m E“‘Al)(ho'hx)+ “".I.hm/2 "(hm/ 2)sin Al]

If we let k = | Ags/Ahl', thens

$ O )
S O m t
NI~ 1/kuBn—Al)(—-§-;- ) + (A._L - gin Al)x,-s-]where Al,éoaxxi I/Im
are related to each other as previously noteds
Qs 'o I & I
T'(l'fm)(;!') andooaAl-2r-lo‘ .
8 . n .
Average Gain
WhOHI-I Qﬁ-éo,k ”O‘,Ah’Ol WhGnI-O’Al-"aIﬁ
therefore AN,I, = %,/2k®g. Thus Average Output/Ampere-Twrns Input = ITst/ém.
me

Thus to find the relationship between N,Is and I/I , assume values of
and substitute in the expression for N Ig.

Bs Experimental Work

To clieck on the accuracy of the above analysls, it is essentilal,
of course, that the correct control magnetization curve be useds This
is a study in itself and regrettably there wasn't the time available for
such a study., The experimental transfer curves.for the half=-wave cone
strained, self=saturing circuit were useds On this basis, of course,
differences between the analysis and the experimental. results may be
ascribed either to the analysis or the use of an incorrect control magnee
tization curve. In short, in such a case, only very partial conclusions
may be drawn.

oty

[t
e T

E5

. T W =
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For the halfewave constrained, self-saturating circ.uitsB .
(20/8g) = 1 = 2 8,/3,(1 = 2 I/I;). Thus & /%, may be related to I/Is
and experimentally to NoIge Fige MRI-1340& presents curves for &,/%g
a3 a function of 'h' for the selfw=saturating circuit under differemnt
conditions . All caloulations are contained in the Appendlx. TFor
Curve 1, 1 cores was used with 2 rectifier descs (Radio Receptor DIH1),
and ‘I’u/&’s = 0,97, For Curve 2, L cores with i discs and &,/&; = 1.0
whle for Curve 3, 2 cores in series were ussd with lj rectifier discs
and & /%5 = 1.0. Taking the average sippes of these curves over their
amplifying range, the results are k = 0,683 0497 and 0.6l per Ampere-Turn.

Fige MRI=13)07 presents the experimental results obtained with
the Series 100% Feadback Amplifier. In one case one rectifier disc was
used per bridge armg inthe second case two were usede On the basis of our
analysis, for the three values of k, for the particular parameter values
used in the series circuit, the average slopes should be: 112, 160, 105
as compared to the expsrimeptal values of 70 to 80(depending over what
range the averaging is done).

Waveforms are presented in Fig. MRI=134CH and should be comm
pared with Figures MRI=-13403¢ and MRI=13404ce

Discussion

The differences between thecrstical and experimental results
may be ascribed to the followings

1. The approximations made in the analysis in neglecting control
circuit resistances This can be corrected - we can improve the analysis
by taking it into account, but the result 1s very inwlved indded. For
example, to find the curremts inthe wmsaturated region, we get the follow=
ing expression for hyt

s
2Nch

o 7 NQ‘; ) (QNC hRGl ) hlnc ) E
¢ b Iy e - + - ~ +
iy g B Bylg * wmms) W) < Rt

vwhere m = dh/d®. Again Hime did not permit this more involved analysis. 3
It is reasonable to assume the effect of the resistanee to be significaht i.“
az it i8 with the zelf-zaturating circuitslie ‘4 -

2, The inherent approximation in our assumption of the simplified
B-H curvs.

3. The uzse of the constrained halfewave self satursting circuit
to derive the control magnetization curve.

In view of the above, we may only consider the analysis certainly
as a useful firat approximation, and shall go ahead and use 1t on the
Split-Fesdback and the Voltage=Doubler, pushepull circuits.
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Vo  Analysis of the 8pliteFeedback Circuit with 100% Feedback on ‘Basis
of Simplified Hysteresis Loop

A, An is
The analysis based on the ideal B-H relation resulted in the
waveforms of Fig. MRI-13399c. These will not change in the present
analysis, which will primartly provide us with the waveform of i, = 1.1= 1c2s
which was zero in the idealized case. The actual B-H excursions are as
in Fig, MRI-13408a and approximated in Fige MRI=-13408b.

The mmf equations are repeated here fbr conveniencet

By =N = |4 |N/2 + |1,|N/2 « 1 N
hyy, =N+ |11|1sr/2 - J1,IN/2 + 1N,

since No= N/2
hy, = =1,V + I:L_LIN/2 - |i,In/2 - 1,8,

hyp = =1 N = |51|N/2 + |i2|N/2 + 1N,
In Region M (Fig. MRI=13399c),

q’lb " <I)<>1 and h.l.b = 'Iholl°
Also,

hyy * hy€ O and = =21, N,

so that 1, is positive, as we already know, and

Bog = =My/2 # LN/2 w4 N3 hy=1/2Niy = 1/2 N +1 N = =lhy, |-

hyp = =1/, = /2N + 1N = a|n |5 4 10 WN by |=In ).
In ReEon N3
%™ %28 Bp" Fopd by =Ihgpls b= =Ingy [,

ad since i, and i, are both positives

hgp™ Mgl = /2 T2 ¢ LG8 By =l |- = 10/2 - LW/
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Ncﬂ‘c = Nc(icl' Ei'<:2) = Ih02I - Iho:l.l'

In Region O: Almost instantly g + byyy hogt h2b’ change sign
from udnus plus and because hp + ho = -gizN s Dyg* ﬁlb" =213N, both
1; and 1 must be negative, and:

by o, Nc(ic2' ic:l.) = 03 by = "2"1}‘/2 - :"ZN/2 = 1aNe3 Do = "111'1/2 e LI

In Region Pt h2. + th’ 0, so that 12 is negative; hla+ hlb o,
80 that il 8 negative;

b, ™ |h°1| - -1y N/2 - 12N/2 -1.N
hzn = "ilN/Z - iZN/Z = 1ooNe3 Do~ b ™ h2a" lholl = (icl- 102)Nc°

In Re%on Q¢ by = hoog hyg = hyy3 19 and 1, are negatives
h2a - h’lg - 21 = oll - Nc(ic:l. = 102)°

In Region Rt (analagous to Region 0), hy, + hy,< O, so that
i; and i, are each positive;

hy, = -:I.lN/Z - 12N/2 + 1,83

hyy= ":"lN/2 = iZN/z * 1Nes Pyp= hop= No(dg- 1) = 0e

"Regions N -and Q end almost at wt = n and 2n respectively.
To find N cIc'

From A, to Ayt NI = |hy| « |h | ecceees Region M.

Also 3
2b t
S dd,, = -(d/2N)Vm S° sinwt dt,
q’ol AZl./ @

Therefore
By 81 = £,d/2 (cos Wb = cos &) A gWBLA,

|hop| = |hgy| can now be gotten if the control magnetization curve is
avallable since $,; and Ay are known as function of I.
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. =%, - (2 m/2) re=- "“T——"‘ _J = & /Xl-cosk)) Bee ppel2-13.
Letting ‘!

k = I A gs/ Ah l’ as before,...-..

lhgy | = 1By | = (1/%) %1 = %21 - E (cos Aj~cos wt) =N I =
¥ 8

h
—~~ d (o8 A - cos wt), where b = (1/%)(%,/%.).
From A to n (Region N);

o = lnggl = Iy

. op lm I (2-d) =dI - L1 -y,
02" % =T |2 T E e

From Ay to O: N, :l.c = Ose«« Region R.

Gollecting terms and rearranging ahd averagings

Eas . Y

N ole = (l/nk)[ o1” %2) (n - L) + d@AZ.Al)co- A + 8in Ay- mmz))]
Since '

1. “"mv’"‘d{f sin Wt dte/s oses = /2 I (con Ay = 008 &),

o, I I T S

®31 = %2 = /2 £d(cos Ay = cos &) = & d1/T ,
NI~ (Qnd/ki.n) [in (n-Az) + 1/2 412- Al) cos Ay + gin A= sin A}].
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To find Ay and Ay, the following expressions ars available...(Pg. 11 Eqe 11)

I T (1+cosa,) [I/2-0)],
so that cos Ay = (I =-1) (-gfg'-)-l
m

and
cos Ay = 2I/Im + co8 Aye

The procedure in calculating the transfer curve would be to .
evaluate the circuit parameters d, Bpy P9 Iy and ke Values of I would
be assumed, Ay and found from the’ abote equations and I, obtained from

the last equation on Page 2.

Average Gain ceese for Iy = I, and d = 2%,
At

I = I, = Ix', NcIc = de/ms = 1/k.
1A%N I liwL, LQ
Average Ampere-Turn Gain = l‘T.I/N¢Ic = kNI = m_ == -0
!s iR
Be Experimental Results

Fige MRI-13409 contains experimental curves of I versus N I, for
various combinations of parameters. The results, nsing the same vafues
for 'k' as were used in the last chapter, ares

arimental Thecretical
Curve 1, I »I_ Ooly Amp-Turns 0670, 0450, 0.75
Curve 2, T« I 0.6 146, 1e1, 1.7
Curve 3, I %I 046 1.5, lel, 1.7

Similar comments as were made in the last section, apply here.

C. Transient Response and F‘iﬂzré of Merit

The t ime constant may be derived in the customary manner, which,
for the simple circuits, is fairly accurate for low values of control or
bias pircuit resistance.5 Referring to Fig. MRI- 133973
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E, + B, = Rig* Rc(icl' ic2) = Nc(&la - le)
B, « E, = Ryl =R (1,- ic2) - N, “’2; = &2b)

c (Rb + 21"c:)(icl" ic2) = Nc(ti’Zb = &lb + §la = {’2;)

()
)
L}

or
N ai

- c d c ! =
E, R! + o & (<I>1b- @+ 8, = &) —yp » where B! (1/211!)» R

If the time constant is large compared with the period of the
carrier voltage, average values may be substituted for instantaneous values,
so that '

E,= Rt + 1/2 N, d/d[c (8- @

1ot oam Fop) AT/t

A sdmewhat similar order or approximation is involved in substituting for

o= Hp ad B, - By,
the expressions
%y = °ol and =2, = 2,09

which are correct only for

| - y
Rc 0.
- Now a
B, =R, + 1/2 N ar— (Qol = 02) e s
c D
at
and defining

1/2 N, d/dT, (2, = &)
as the apparent inductance, we have:

& Id
Time Constant =7 = L /R! with L =(L/N, a%-c- -i“;-— =Q/, 8,/1,(d) aT/aT .

We will use the average value of I/I,, but must note that it de=
pends on the relative valnes of I, and I, Forthe case I, =1, , repre=-
senting the best practical situation, the g.verage gain = lﬁ/dn-ﬁI/Nelc, 80
that Lg = 1/2 Nc(én/xm)(drldun)(uq/df = (N°,/N2)L = L, is6s, the inductance
as seen from the control side, so that 7° = L./R'y, and the

Figuwre of Merit = Powar Oain/Mme Constant = FIR/R! I = 7
1677 ReQ/d %R, P (vhere Q = /B, )L 6FRWQ/(aR,) = (a-1/d%) 1s6FPwQ, for

this case where I, = I and & d = 28,, and where F = Form factor.
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D. Experimental Work
Fig. MRI-13411b consists of copies of transient responses
photographed with the aid of a 60~cycle :Ln‘t'.ep-a’oor6 which operates
by integrating over one cycle, indicating the result during the next
cycle; while a twin circyit integrates over this latter cycle and indi-
cates its result while the other is integrating. In this way a good
approximation to the true average output current may be obtained. The
. dotted lines are true experimental curves, tims indicating the divergence
of the latter from true exponentials.
The theoretical and experimental time constants are herewith
listeds
‘ Experimental Theoretical
‘ 1A Rise 0.13 seconds 0.09 seconds

1B Fall 0.15
2A Rise 00‘15 0013
2B Fall 0.25
3A Rise 0.31 0.31
3B Fall 0,50
L Rise 0.22 0.25
SA Load consists of R + jX = 118 + j250 (air-cored) - Rise
6 Rise = Load consists of 85 + j250 olms. '

. In all of the above experimental average gain was used to

v predict the time constant.

In the next section, a similar analysis is made of the Pushe
Pull Voltage Doubler circuit, in order to compare it with the Split-
Feedback circuit.

VI. Analysis of the Push~Pull Voltage Doubler

A. An is

This analysis will be based upon the same simplified B-H hysteresis
' loop that was used in the last section. The circuit diagram is drawn in
Fig. MRI-13411a. The mmf equations ares
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h1 = Nila 013 .hlb = mlb = Ncicl ;
By = Nip, = Nioos hoy = Mgy = Nglops

For Ry = Ry = 0, &14 + &y, = Ky = & + $01, where |85 |< 2,
$oa + $op, = Ko = &g + &5, where |&,5|< @y, with
the customary limitations on the circuit parametera.
We may begin by assuming Core 1 is saturated and 2 is unsaturated,

thig condition existing for Ay wh €Az,

e - v/R t?
so that i3y = 0, if the rectifiers are perfect7.

hyy = =l l:- Niq(=1)3

52 = vd/N, with'v?! positives In Fig, MRI«13lilb, this part of t he cycle
is shown as Region M,

At wt = Ap, $og saturates and i} = 104 = v/r} $op = B2

-|ho2| = =Nglgp since igp = O, while |ho1]™= Noigye This is Region N
for A2 £ Wt ¢ ®, in Figo MRI=-13l11b. This ends when either

by, = Wi/r - lhjln -Ih | or hy = nv/r = B o= P
which occirs very nearly at wh = me
For
(5 + &) gutys, v-u& - =N,
Integrating,

gl&— §8 - -§m(l + Ccos th) - Qg‘-‘?ﬂo

¢2b " Qﬂ + @(32 - QZ‘ ol @02 + @m (l + c08 W‘b)o
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Because of the nature of approximation of the B-H loop, almost

" at onec hyy = hpo? 0, s0 that 15, = 15,» 0 and 13, = O, as only one branch

can conduct. Therefore hy, = <Nylop and similarly i34 = Oy by, = N igye
The preceding constitutes ﬁegion 0y legvy 1 + AgBpwtBn.

For n + Apgwtpn + Ay, region P,
Bp = 8gr Bt e 4 = Ry Ihg| = Niy, & = v/
Integratinges..

B = Bq = Hd (cos wt + cos A._L), with hy, -°Ncic2£

For 2nywtyn + Ay (Region Q)1

§2b - q’s = Q.Lb’ 11 - 12 - v/r; ‘Plu = Qol’ §21 = 4’02’

ha -'-|hol| = =Nlgs By, - 'Iho2"|" = =Nicoe

Sunmmxﬂ.zingx
Fromnto 4 A3 Lo =i m0=dmipe & =38 =2&«a(l+cos wt)
by = Weteg =hpy = Nelop anddg= 4 5= (l/Nc) [lhx' * Ihml’(l * cos wt)].
From it + & to = + At 11"’/”1-.’ 1y =0y &) =& .= &d (cos wt + cos Al),

£ " |h°1I/NQ3 Nelep = Ingy | + |hld (cos wt + cos &),
From n & Ay to 2n1 1, = i, = v/r; g = |h°1|/N°; 1.0~ Ihozl‘/‘Nc.

We also have the following relationsi
Iholl - lhx' + lhhl (1 = cos Ai)) I=21/2 I, (cos A = cos A2).
-®

%02 = %1 = Byl (c08 Ay < cos Ay) = 44 AST

Ingal = I = 24 In,] 15,0




.
B

Be330-53, PLBe266 30

WL/ (T pm Icl)-.’/i ::2 d|h, [(comt + cosk,)d(wt) + {f fz(hoz- b ,)d(wt)

I,- hm/Nc [(u - 4) 'hoz" h, l/hm+ d(sin A - sinA,) +d cos Ay (Ay= Al)]

I, = (lﬂchésu)(de) [(n - ‘2)I/Im*. (Ap= A;)cos ﬁ; (sin A = sin *2)]

which is enct%lz twice the expression for the Split Feedback circuit, on
Page 2l;. e same cores are used for the two circuit, then N, = 2Ng g, 4
However, for the Doubler circuit (for the case Iy . = I, &pq€ ®5/d, while
for the Split Feedback circuit, &pg,r,€ 2%5/de

Since &, ¢, = V /WN, and &, 4 = V_/2wN, V; and consequently
are the same fdr gg%ﬁ circuits.' And as &4 = 1/2%,5#, the expressions for
I, are actually the same for. both circuits. )

The equations for I,; and I.2 may also be gotten:

+‘1 2n
T/2 W I .= {‘ h + B (1 + cos wt) dte + ﬁul by

= Ayl ¢ gl) = Iyl stn & o Iny[Cn e &), e

dtew, therefore

T = Igg= I

Be Excess Currents

The transcendal equations above permit no simple solution. We
may note however that at I, = O,

NcIcl = nNcI'b - Ao (lhx' + lhml) - hmsin Ao + 'holl(n = Aou

which is exactly the expression fox the single mesh doubler circuit, for
the same B-H assumptions Thus A = A3 the conductionangle, at zero input,
is the same for the pushe=pull connection as it would be if the same.amount
of bias ampere-turns were applied to a, single meshe And becmuse the cir-
culating current is a maximum at zero control current we can now determine
the excess current = 1/2 It (1 + cos A)) ~ I e At zero control current,
with the single mesh, I = 1/2 I (1 + 0os A,), S0 that excess current =
(If I,/Iy) - I,s where fo is s:l.rln?)'lg the output current in a single mesh
for that value of Control (or Bias) Ampere-turns equal to the Bias Ampere-
turns used 'in the Push=Pull circuit.
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The average gaip of the Push=Pull circuit may be found by
finding I, at A} = O and at Ay = ne The result is NoI, = &,d/kds, and
setting & = ']}}}d, the best practical value, N,I. = 1/k, exactly the same

t Feed back circuit for the case I, = I,, and @ = 2&;/de

as for the 9p x

This gain (for the Doubler circuit) is achieved only &t the
expense of very large excess currents for it is found that the btlas
ampere turns for this case = }f} + 1/2 hg, which results in a conduction
anfle (for a single mesh) in the neighborhood of 90°. Actually, a transe
cendental equation must be solved for this angle, namely,

x NI, = n(h + 1/2 b)) =-&( Ik&l * |hs|/d) - |ng] sin A /4
+ I'( |hx| + |n | (1 = cos Ao)] (n = a))/d

= a,(h +h /d) - h sinA /d+ [hx + hy (1 - cos Ao)/d] (n = &)

finally ylelding, nd/2 = nt = sin A = (% = A) cos A.

In short, on account of the excess currents involved, this value
of gain 18 not realizable. We will compare the relative merits of the
two pushepull circuits in more detall. in the last sectione It is intereste
ing, however, to note that aside from the excess currents, there is a re-
markable similarity between the two, which extends to the transient re~
sponse as will now be shown.

Cs Transient Response

‘Referring to Fige MRI=-13llla,
E-E = (Rb * Rc) 1 =R - Nc(&la. * a>le>)
l':'b' E, = Rl + (B'b + Rc) 1o2=Ng “’2: <t’2b)‘

E, =R +1/2 N, dfdl (2,+ 8,68 2, )dl /db.
Substituting and approximating exactly as with the splitefeedback circuit:

E, TR I, + (N24/I) (dI/dI) (dI /at).
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We need proceed no further than to note that the parameters hare are the
same as for the other circuit. (There - 1/2dN.%,/L,dI/dI,, but &, there
is twice ¥y here.)

Ds Experimental Work:

Fig. MRI-13409 presents a curve (marked V.D.) of output current
for ecircuit parameters corresponding to those of the Split Feedback
circuitse It is seen that the gain is less as expected when the bias is
not adjusted for maximum gain on account of the very large excess currents
which would then flow. Further experimental results of this nature are
pospcned to the last section where they are compared with the results for
the Split-Feedback circuit.

Fige MRI-13l11lb presents transient response curves of the Pushe
Pull Doubler for various parameter wvalues. The theoretical and experiment-
al values of the time constant ares

Thecretical Experimental
No. 7A - Rise 0,12 seconds 0¢16 seconds,
7B = Fall 0012
8 - Rise 0405k 0,042
8B « Fall 0.033

VII, The Split-Feedback Amplifier Compared to the Voltage Doubler Amplifier

A. Design Figure of Merit

To compare the two circuits, a Design Merit Figure may be defined
equal to the Power Gain of a circutit divided by the Copper Core losses.
For the two amplifiers, we assume identical cores and lcads in order that
this factor have meaning.

It will be necessary to decide what windings, such as the control
and bias, may be neglected in calculating the core coppesr lossese For the
VoD., the blas and eontrol windings are neglected here, while the latter
winding only is neglected for the 'S.F. circuit.

For the 8,F. circuit it is very reasonable to assume optimum
operating conditionsz as they are easily achleved - that is, L
One must make some assumption as to the operating conditions of tHe
VeD. circuit, since adjustment of blas for maximm gain will rewult
in large excess current. For this present comparison, we assume the




|

. R S S

S s

B j‘

R=330-53, PIB-266 33

bias is such that at zero control input, I.jpeylatine = Ims SO that the
Power Gain is only 1/l the maximmum Power Gain. avng

We also take, the maximum gain of the two circuits to be'equal.
Our theoretical analysia have indicated this to be correct. Experimentally
we have found that for eircuit conditions very similar, the S.F. circuit
gain is higher than the V.D, circuit gain. These results are presented
in Figures MRI-13)]2a, MRI-13412b, MRI-13413a and MRI-13413b inclusive.
It is assumed thatt he lower gain of the V.D. circuit if due to the fact
that the bais has been adjusted to reduce the darge circulating currents
and with these, - galn.

Xt may be shmmB that for a constant winding areas; the-copper
digsipation in the core, ig to a good approximation, proportional to L.,
At what point in the cycle is the dissipation, i.e., Iypg, a maximm 7
For both amplifiers this occurs att he quiescent point, when I, =0, when
the circulating currents havé their highest values. The flow angle is
small, the peak current large sc that EMS value (for the same aveguge) is
higher: This s analytically converdent, amyway, for it makes out cal-
culations independent of control current inppt.

252,

The conduction angle at zero control input is a function only
of 'd', i.e., far the S.F. circuitt '

(2/T) {‘ (v /r) sinwt &2 « 1/2T , so that cos A, = (r/R.) = L.
(o]

Ie
Im;\/ (2/T) {: (vfn/rz) gin® wt %‘;“- - 1/-%\/ (n-a +1/2sin2a)n

‘ ’ il T2 y et & 2
and the dissipation is K(Nb L + NI ) = SKIf‘ s » since

I, ol N/'Nb at I, = O.

For the Doubler Circuitt:

| dte :
(2/m) ,}/\"‘ (Vy/r) sin wt == = L, resulting in Cos A! = 2r/R, - 1,
(o]

It -
I{mmﬂﬂn_x’\Jn(n&Ag + 1/2 sin 24),
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because the current flows in each winding for half a cycle onlye. The
dissipation = JXKT.L .2N2, At r = R, the dissipation is almost the
same for both cirglllits, while for r/R; small (customary situation),
the ration of the dissipations

8oF. to VDo = &%E' (1 -I‘/hnt) ?
- t

T =T/2)

which for r/Ry = 10, means 10% less dissipation for the S.F. amplifier.
The 1imtt as r/Ry —) 0, is approximately 12% less dissipation for the

8.F, circuit. Therefore the Design Merit Figure of The Split Feedback
Amplifier is more than | ¥Imes as great as that of the VoE"Eagg Doubler
Push-Pull Amplifiex. ' .

B. Sensitivity to Bias Current Variations

The V.D. Amplifter circulating current at I, = 0, is very sensitive
to Blas currents. A decrease of x% in the bias current will cause an approxi-
mate increase in the circulating current of the Gain times x%. This is a
serious matter and necessitates conservative design, since for example
if the Current gain is 100, a 5% deotease in Biag results in 5 times as
much circulating current, and since the normal circulating current at this
point has a minimum value of approximately Iy = the result is 5I, for a 5%
change in bias current. The amplifying range will be affected by x%.

In constrast, for the SpliteFeedback circuit, if the bias is
gotten from the line voltage which supplies the load ctrcuit, then any
change in line voltage affects I, and I, to the same degree, so that
the range is unaffected while the circulating. current at I, = 0, will be
affected only to the extent of x%. Thus a 5% increase in Bias current
will increase the Circulating current by 5% only. If the two supplies
are independent, the range is affected by x%/Gain.

C. Ease of Bias Adjustment

It 1s clear that the Voltage Doubler circuit requires very
careful bias current adjustment. If it is too large, while it will reduce
Icireylatings it will result in seftous=non-linearities in the transfer «
curve/. In addition the possible line voltage variations must be consider=
ed. If the bias is too small, the circulating currents will be very large.
In considering these factors and the possible line woltage variations,the
permissible bias range narrows downe
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On the other hand the bias adjustment for the Split Feedback cire
cuit is simplicity itself. One can find I, very easily and then makes
I, = 2WI = Iy HAnd if one is off somewhat, it is not a serious matter.

D. The Saturated Range

Again the Split-Feedback amplifier has superior characteristics.
Qne can, by slightly sacrificing output, pbtain a constant output for some
portion of the saturated range, or alternatively a slowly rising output
(at the rate of r/R.) over some range, or if maximum output is used, a
slowly decreasing output, at the rate of r/Rt, in the saturated range.
In contrast, the Voltage Doubler output drops at t he rate of unity in the
saturated range.

E. Possible Disadvantages

One of these might be the added complexity, which however is only
superficial. For the same total number of turns, four more leads must be
b rought out -« i.e., a total of 10 leads compared to 6 for the V.D. For
experienced coil winders this is a minor matter indeed.

Another disadvantage might be the fact that a total of 8 recti-
fier units (L per bridge) are needed as compared to L units for the V.De
However, each of these units in the S.F. circuit has a very low inverse
voltage applied to it (zero for R, or Ry = 0) and so may consist of one
plate only. The inverse voltage for the V.D. is easily seen to be "ir"
and t he instantaneous maximum value of this depénds upon 'd! since fi!
is greatest at zero contrél current. If 'd! is small, the rem.s. value
of the current 1s greater, even though the peak value is smaller - so
that it is quibe likely that one plate will not suffice.

In addition, in the amplifying range, the maximum value of the

small) for the Split-Feedback 1lifier than for the Voltage Doubler.
For example, for Ry/r = 10, I, < (of S.F. rectifier) = 0435 L.

(of V.D. rectifier). Therefore as far as heating ratings are concerned,
for this value of Ry/r, the S.F. rectifier need have only 1/3 the ratings |
of the V.D. rectifier. It is quite likely, thus, that even in this respect, Q‘

B AR

the 8.F. circuit compares favorably with the Doubler circuit.
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APPENDIX

Data for Fige MRI=13400s

Im-hBOm.a.. . Ix-I)Oqloa. Nc-N-N.b-hOO

Rt/r = Lebj T o= 15+ 2(N/Nc)(Rt/r)(Im- Ix) =Ig+2x Le6 x 130 = Iq* 1200m.a.

Fig. MRI-13,00b
I = 2505 I, = 300 mems B/r = Lu3j It = 1075m.as d = 1.8

I=I at 135 I (2/‘Nc) (ML= DNL ) = I * 2(150 - 1/2 250).

Rate of decrease of I = (N/N) x1/(b + Ry/r) = 1/(1/2 + Le3) = 0.2

Fige. MRI-13100c
Limit of Amplifying range at I = (21m - Ix/R.)/(2 - r/ht)
= 286 = 15.4/312/(2=1/3.2) = 138m.as = 55.2 A.T.

Increases until I =I at I = Ilh + (N/Nc)(Ix' 2h'[m) = I+ 210 meas

N,I./2 = 40 x 0421 = 8oli A.T.

Rate of decrease thereafter = 1/(b + Rt/r) = 1/3.7 = 0427

Fige MRI-13%9
N=N, = LOO3 Ny = 100e r = 940 + 2re (rectifier forward res.)

R~ 109 + 2rppe I, = 2x100/400 x 48B3 = 2h2min,

I .2 8) . 2
m X, °

t
Limit of Amp. Range: (70 mea.). Ty (at 70 meas) = Toliy r = 2L, R = 12},
Rt - 1h8, Im - 96 MeRe
I, = (TN, = L5 N /RN (1 = r/2R,) = B2meas

Rate of slow increase and decrease: r, (on basts of 100 meae) = 5.5 therefore
Ry = 10, Ty on basis of If, = 2,5, r = i3 r/Ry = 0.10.
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Fig. MRI-13395
I, o I m2x100x 153/L400 = 76 mems, which is ampe 1limit.

Limit of saturation and beginning of decrease of I, ats:
I, = Nx,juc +2(L- 1) R, 1~1/ertz =78 + 2 (103 = 78) 140/1 = 571 meae

Fige MRI-13406

Qo/cbs as function of N, I_ from half-wave circuits

Ry =R+ Ur. =98+ lr.e I =120 meas V = /2~ 16 volts.
rf'SQSQ

%n is variable on account rg is a variable. The average currents are used
to find rfc

& /2, = 1= 2(%/"3)(1 - 2I/Im). leés = 16/19

Ic NcIc I . Ts Im 21/ Im Qo/ <I’s
1 Oely 5948 120 997 *995
2 0.8 58.3 120 ' 497 «95
3 1.2 57e7 120 .96 93
l " 1.6 5640 120 93 .88
5 - 2.0 h900 6.0 118 083 07
6 2.1 32.0 8.0 111 58 29
7 2.8 12,7 18.0 8s «30 -o18

7‘21 2.88 706 2805 57 0267 -023
.80 + 023

- nQo97

@
R MR-

Similarly for the other two curves in this Figure.

Fige MRI-1307

A X

. Experimental 100% series feedback run:
N-Nf- ;003 Nc'lOO; %'16307.31'21'1.0‘ At I = 150. ;‘f-h.

I, = |[_'§_' x 30 = 152 meas Ry = 178, 4>’/<1>m = 19/30 = 0.633e

Avarage output/amp-turn input = |(I,) giving theoretical values.
Experimentally = 100 = 11.6/(2.2 [?-kg. ¢)h‘“-J- 706

i«
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Fige. MRI=13409 Curve 1

I, = 2(100/L00) x 200 = 100 mege; & /B = 25/19 = 1.3
R = 100, rn13+urf=35. d =1+ 100/135 = 1.74

sin A = 200/266 = 1 = 0,25 NI = a8 1/2 (n-h)) cos A+ sin Al/kmbsuo.hgl(.

1

Figo MRI-13409 Curve 2

Ix = 200, Ix'?Im. All other parameters as for Curve l.
cos A, = 2(1x.. Im) (2 - d)/Imd -1l == 09

NI, =8d E[/Im(n - Ay) +1/2 (A sin Az)]/kn@s - L1/k
Loax ™ [2‘ (Im) - Ix(2 - d)]/d = 160 m.ae

Fig. m-l}hlo No. la

R=86+30=1165 r=13+50 = 63 Ryop = 261 No 957/ = L9
where R, = 261, and R, = 947s

Theoretical Time Constants L = 1/2N d# /T (dT/dI ) = N(R + R,)d
= 0.52 10~ 265 x 57/2 = L. 38 H.

- 4e38/L9 = 0.09 seconds, etc.
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THE SPUT-FEEDBACK  PUSH-PULL AMPLFIER
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