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IMPROVEMENTS IN MATERIALS, in e are to the control circuts of automat the current throaeh the reactor balds
sign, or 1n basi ,|i\i\]u.|'.mn concepts pots, hire control apparatus, voll i up unhil the induced back emf s lueh
often result in the :r"ilnuur}' of a rel and brequency regalators witiding  enough o establish steady state condi
atively old device, and in ity wide recls, .|-|f|r'~l.i.‘\|f‘ ‘\l"-rll motars, batteny Lrons, permitting the tflow of only a4
spread use in new equipment. Such | chargers, amd many types of industrial small exciting current. It the voltg
the case with the magnelx ampliher cepuipment and hence the magnchizing force. s
. an electrical control tool that i nuany Basically, a magnctic amplificr con pradually increased, the flux  density
instances can outperform  electront sists of a4 saturable core reactor and a0 will increase, By delnition, the per
.llll{‘“frcl\, and can do so without "kul frxed F\.’.lrr- rectihier: T oa low voltage s meability p of the core 15 at any point
_L:]U\'l'” treatment. Present .ll‘]‘]rr attons .|i‘i'[|r-1 1A \m:]'l]r HONCore reacton ciual 1o the slope ol the B I curve
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at that given pomt. Therelore, the
Il rmeability is maximum at the point
of inflection on  the magnctization
curve, and .lI‘i‘!il.hIlL'\ 2cro n the
cegion of absolute core saturation

Examunation of  the fundamental
-'l|||.1li'|rl1.

e e M

wherein o1 and 1 oare core dimensions
(cross seotional area and lenethy, N
15 the number of turns, and K is a con-
stant, shows that the inductance, L,
and thoretore the impedance, Z, of an
inductor is dircctly proportional to the
permncability, . Thus, any  control
scheme which vairnes potsom Lt vary-
iI‘IL: the amount of current that s cir-
culated through the inductor at a fixed
applicd vollage,

This ddea is represented graphically
in-Frg L1707 s chosen as the opes
ating poimnl, an alternating flux, ¢, is
set up, and the back emf,
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Is quite Lirge. Bot if the operating

pomt s noved to . near the satura-
PO reenr, oy, 1 --:Iu”_ ];. ni e the !-_l.‘k
eml

iy
=N

i stall, and o high value of current
can flow,

Although special core materials have
been developed to give nearly recrang
ular hysteresis loops, a saturable reac
tor, as used in the simplest Form ol
magnctic amplificrs, operates in a man
ner similar to that depicted in Fig
1. The .l['&“]h.ltllnl of a \lIII.I_L:L
to individual windings on the corc
serves 1o transhue the aperating point
along the magnenization corve,  and
this regulute the tlow of power cur
rent to the load.,

A \III]}’“.’“P! maenets .!m|‘illl' Cir
cit s shown i Figo 20 along with
oscillograms of  load vouape  corre:
spulhlm:'_ 1o Jdifferent --pc-r.:lm;: pomts
_‘IIHII'L‘ the magnehization carve, In this
circnit, a high unpedance is placed
serics wilth the control circut to man
mize the How of a-c currents el up Iy
transformer  action. The rectilier i
series with the load prevents demag
netization of the core on the negative
one-half of cah power cycle. I opera-
tion occurs ghont point 1, the change
in Hux caused by the altcrnating supply
voltage would not be geeater than the
flux change, a-r, required to saturae
the core: therctore. almost all or the
sapply voltage, F.. would appear
across the reactor. The load voltage,
E;, would be negligible, At point b
on the carve, the available flux change
would be greater than Ao, the amount

Advantages of Magnetic Amplifiers,t.’é‘

® Ruggedness and ability to withstand severe shock and vibration. Mag-
netic amplifiers also require no warme-up period, contain no moving parts,
operate at low cost, require a minimum of maintenance, and have long life.

@ Input circuits can be completely isolated, galvanically, from the output
circuit. Multiple input circuits can be used to “mix” the separate signals
so the amplificr responds to the composite or algebraic sum of the signals.

® Litdde Cuergy dissipadion.  (‘This is in dircct contrast 1o vacuum tubes,
the internal impedance of which is resistive instead of inductive.) Can be
designed 1o match the impedance of both the load and the signal source,

No mutching transformers are required.
: -
-

® Output is nearly independent of fluctuations in a-c supply voltage. Ampli-
fiers have been designed wherein a thirty percent change in a-c voltage
caused no more than one and one-half percenr change in output current,

® No practical size limitation. Ratings up to 50,000 KVA, and powet

gains up to 100,000 are feastble in muliiple stage unis.

Limitations of Magnetic Amplifiers

@ Because of their iron-core construction, saturable-reactor appl:cadms are &;,
limited to the lower frequency ranges. While this limits some radio and
radar applications, it has no practical effece on most industrial uses. -
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® Specd-of-response is low, especially at lower frequeuaes. IThls time
delay may cause “hunting” in some types of control circuits. “Theuse of a

multiple number of control windings further reduces sMﬁﬁfom

- i

.anltw push-pull circuits are used, “‘zero- 5l§,nal' cotrection can he
achieved only by additional compensating reactors or by the addition of* _
extra windings to the existing reactor. Obviously, q.l;

of the amplificr. ’ BT el :

® Magnetic amplifiers often become unstable when Mt&

inductive loads. A commurating recufier across the foﬁ llqy w =3

3

to short-circuit the current flow initiated by the cellapse of M i

field which surrounds the inductive loads. ¥ "‘:"‘n&’&?a_

® Amplification is low for small signal inputs, unlns pﬂﬂﬁtmﬂ

hiasing or some equivalent scheme is used. ‘&

= - —e B
required for saturation. In this case the supply voltage being absorbed by
the core would be saturated during the  the load. In any case, the voltage on
latter part of the cycle and some cur-  the negative one-half of each cycle
rent would pass through the load, de-  would appear across the rectifier, if
veloping a small voltage, E,. At other the rectifier permitted no reverse-cur-
points along the curve, saturation rent leakage. \
would occur earlier in the cycle, and a A schematic diagram of one type
correspondingly greater load wvoltage  of self- uturmm., magnetic amplifier is
would be developed. Operation at  shown in Fig. 3. The a-c power wind-

point ¢ would result in nearly all of  ings are phrmi on the outer leps of the

Propucr FExciNeErInG — Jaxvary, 1951 133 Z/



Flux-¢

Magnetizing force-NI

Fig. 1—Eflect of saturation on an iron core reactor. How is the operating point, the

back emf is large and only a small amount of current can

low. The converse s

true if b is the operating pomt. A saturable reactor as usad e the sunplest form of

magnetic amplificrs operates i a suoilar manner o regulae coreent flow,

Soturation flux- B,
Sr‘___j"'—r—”‘"‘";' =
| |
- | !
w | I
g I ! Load
g e e
=
- I D-c A — "
é' I control EL A 'fr" "’p‘:{”
F:1 | voltoge e LT
2 : e
High misdance Rectifier
(]
0=¢ cuntrol (voitage)
E E
g ac AC
£
’ £\ / \
’ o Lo ' c s \
" \Eac
E
G
b ‘

Fig. 2— Magnetization curse of a simple magnetic wmplitier, and oscillogeaph traces of

supl';ly voltage relationships ot poines w, b, ¢, o, and s along the curve. The impedance
is circunt minimizes the low of o current resulting from transformer acnon, and

the rectificr prevents demagnetization on the negative hall of the power oyele.

core. Dry-plate rectifiers are inscrted in
series with cach a-c coil 1o prevent
demagnctization of the core on the
negative onc-hall of each cycle. The
d-c control circuit is wound over the
center leg. The unidirectional flux st
up by the d-c winding passes through
the center path of the core and divides

134

into the two outer legs. The total flux
i the center leg is actually a pulsating
unidirectional flux. -

The magnetic amphifier circut of Pig,
4 is simlar to the three-coil circuit of
Fig. 3, but it is designed 1o give a
docoutput. The similarity between this
circurt .UII! 4] fll” waave ('Il\lfllﬂ.il o

et

L1032

tifier circuit is evident from the circuit.

IMe gain or amplificttion factor of
4 smple magnetic amplifier can be
greatly increased if self-exentation s
ased. Figo 5 illustrates the use of
feedback or self-excitation, In thas cir
ciait the a-¢ loud current s restihed
and passed through two windings, one
on vach saturable reactor. Although it
has a pulsating characteristic, this rec
tificd current which s “led back™ sups
plements the separate d-r control cur-
rent in c]l'rr»rmlnmp the posihion of the
aperating point on the saturation cirve
The feed-back current muay ad or op:
pose the separate o control cuerent
Iin either® case the decree of core sat-
uration will -|l‘;1t'lh| on net Hax, and
the magnitude of the .« signal re
quired o prodine o given change in
load current will he relatively small
To indwate this g Il\!lh iy, reference
is muade to P, 6. The curve, XYZ,
represents i typre Al I lot of outpint
cirrrent as a function of total Jc voiitonl
Current ore nuteral and a
given applied ac voltage. The totil
dc control current referred to would
be the sum ol feed-back, carrent andd
signal current, along with b current,
il the latter were psed, Assuming that
the rectiier is perfect (that as, at las
zerto forwand Jnd inhngte
hackward resistance) . the rectified feed-
hack current will be proportional to
the a¢ |mI[u|l current al every mstant,
Therefore, this relationship will be a
stranght line such as €26 The slope of
the line will be determined by the mag
nitude of the feadbak. If no signal
current were apphi A the total -
control current woull be comprised
of the rectified feedback current only.
Since the aperating point would have
tor he on both vurve NYZ and line 1L,
it would be at paint [, the intersection
ol the two. Thus 20 wonld be the
a« lond current that woold flow. Ta
increase the lowd carrenr oo value
fIN. a \!IL_'|||T wrrent uf-l,ﬂ fiy KP |"II1|_\',
wotlld e S (T | Of the totsl
control current, NP, the amount NK
would be furmished by self-excitation

tor 4 miven ¢

resistanoe

[Tnusual charactenstics may be ol
tained by the application of a lirge

amount ol positive feedback.  Con-
sider the courve shown m Fie. 70 Wath
no signal current, but with relative

[eedback proporttonal to the slope af
the line, OR. operation: woull occar
about pomnt P, permitting 3 large ae
lowd enreent. 16 a signal current equal
to (.1 were apphed in opposition to
the self-exaitation current, the position
of line. OR, would be transhited to
position  AC, and the load current
would be reduced. Then if the ap-
wsing  signal current were  reduced
Ilru:n O A 1o some value, OT, the load
current would change from OB” 1o

Fxcisermine . Jaxeawy, 1951
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put. Only second harmonic and higher-
order evencharmonic voltages are induced
in the d¢ winding by transformer action.,
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Fig. 6—How feedback increases ampliication factor. If XY Z
represents a plot of a-¢ outpur current vs. d-c signal current and
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An ancrease in sigmal current KPP icreases ourput OM o ON.
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recatier circuit. netic amplifier can be increased by use ofs
a feedback circuit. Saturation current 13

equral 1o the quantity shown
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Fig. 7 Excessive positive Teedback decreases the linearity of the
output-contral current corve. bt gives a “snap action” when the
signal current is decreased from OA w OT, since the output
current jumps fiest from OB o OF and then quickly to OF,

D-¢ control
signal

A

: Load

A-c
, Supply

Fig, 9 Magnetic amplitier in which both the d-¢ feedback cur-
rene and the a« supply carrent flow in a common winding, Ad-
vantage of this circuit, is licde complexity and Tow cose.

OF’, then jump quickly 1o 87, This
Tsnap” fives a characteristic
similar to the [abeled 2™ in

action tion, the feedback

CUrEve

Fig. 8. A magnetic amplifier desipned  the characteristi
with the proper amount of self-excita Fig. 8 (Curves
tion to gmive “smap’” action might be 7 27))

Thus
excitabion  for

used effectively to operate a relay.
I the sell-excitation windings are

1951
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connected sooas to decrease core satura-
15 negative.
tive feedback improves the lincanity of
curves,
Libeled "—1™

far in the discussion of self- In
magneti

has been assumed that the feedback
was applicd to an isolated set of wind-
ings such as those i Fig. 3. A scheme
wherein both the d-c feedback current
and the ac power current flows in a
common winding 1s shown in Fig. 9.
this circt, d-¢ current flows in
the loop composed of coils 1 and 3

Nega

as seen in
and

amplifiers 1t
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and the two rectifiers. The output
voltage across the load would be an
a-c voltage, but, if desired, a second
rectifier bridge could be added to give
d-c output voltage.

In many applications of amplifiers,
it 1s undesirable to have a static output
current when the input d-c current is

zero. The schematic in Fig. 10 has been .

included in this paper because it rep-
resents one type of circuit that has been
corrected for “'zero signal.” Reference
to the diagram will show that reactor
windings B and € will take a small
exciting current from the transformer
T, even though the signal current in
A is zero. This exciting current will
be rectified by L, and although it will
have only a small I'I‘ilLI"HIUtft. it will
appear as a d-¢ signal in control wind-
ing E of the second stage. Reactor
windings F and G will also take a
small exciting current from transformer
T. In addition, they will take an in-
crease in current because of the false
signal in E. Unless compensation were
employed, this total a-c current would
be rectified by M and would appear as
a steady d-c current through the oper-
ating winding I on the relay, even
though the input current through A
were zero. The circuit of Fig. 10 has
been corrected for zero signal by the
addition of rectifier N and compen-
sating windings H and 5. D< cur-

Fig. 10—Two-stage manetic amplifier circuit corrected for zern

signal input which is necessary when the
to a relay so that the pull on the relay is

.

rent of sufficient magnitude and correct
polarity is fed back from N through
H, to cancel the effect of the false
signal in E. In a like manner, d-c
current is circulated through winding
S to nullify the effect of the normal
exciting current through F and G, rec-
tified by M, and circdlated through
operating winding 1. Thus, by proper
adjustment of the two resistors R, the
inherent effects of exciting current can
be completely nullified, and the pull
on the relay armature is zero when the
input signal is zero. The circuit shown
uses only two amplifier stages. How-
ever, more stages could be employed
and properly corrected for zero signal
by a similar scheme,

The schematic diagram in Fig. 11
shows how the frequency of a 400-
cycle alternator, driven by a sepa-
rately excited d-¢ motor, can be sta-
bilized by a magnetic-amplifier con-
trol. The saturable reactor winding W
is linked magnetically with windings
X, Y, and Z. Winding Z is essentially
a feedback winding. The relative
polarity of d-c ampere turns is -such
that an increase c)churrcnt in wind-
ings ¥ and Z increases the a-c current
in winding W, but an increase of cur-
rent in X decreases the a-c current in
W, Rectifier F supplies shunt-field
current to the d-c motor. A-c cur-
rent to rectifier R passes through a

amplifier is connected
zero with zero inpur,

Fig. 11—Magnetic amplifier circuit for stabilizing the frequency
of a 400 cycle alternator driven by a separately excited d-c motor.
In this circuir, the effect of hunting has been neglected.

series-tuned circuit L, resonant at 350
cps. The filter circuit M supplying
rectifier § is resonant at 450 cps. The
principle of operation is as follows:
Assume that alternator frequency s
400 cps. Reference to the hlter-char-
acteristic curves shows that the two
series filters L and M are drawing
equal currents. Therefore, currents in
windings X and Y are having no net
effect on the saturation of reactor W,
If the motor specd decreases, the alter-
nator frequency will drop below 400

cps. lilter L takes more current;
filter M takes less current. (Operat-
ing points 3 and 1) Under these

conditions, the net flux (¢x minus ¢y)
will decrease core saturation in W,
Then less field current will be sup-
plied to the motor, its speed will be
increased, and the alternator fre-
quency will be increased. Conversely,
if alternator frequency is too high,
filter operation will be at points 5 and
4, and increased core saturation will
increase field current, decrease motor
speed and alternator frequency.

In the circuit described above, the
effect of “hunting' has been neglected.
Furthermore, in practical applications,
it would be desirable to furnish a
regulated voltage to rectifier F. This
would prevent the control circuit from
misinterpreting a low-voltage condi-
tion as a low-frequency condition.
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