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DESIGN OF A SELF=S&TUR§TING MAGNETIC AMPLIFIER
UTILIZING HIGH FREQUENCY EKGITATEON

by
Brayton M. Perkins

~ The generallﬁransfefkfunction f0$ a selfoéaturating
magnetie amplifieﬁvﬁwith low @oﬁﬁrol cirecuit reéisténee)|is
'&evelopedg using the eleméntary parallel-connected s&ﬁurable ,A‘
reactor amplifier as a basis., Other equations pertaining to
operatlon and. design of a selfmsaturating ampliflersjwlth a
high frequeney power supply (10 ke, to 50 ke.),.: _aTe derlvedo
 <£ Slmplifleatlon of the time eonstant_and thergain expression
in the transfer equation is @arried out,. A sample design pro=
A@@dure is set up for tne 6851gn of an ampilfler by runnlng 7
relatively 31mple tests on praposed ccre material amﬂ diodes
~ and by using the equations Gevelopsd, then an/a@tual é631gn
iis @arrieé oﬁt gstep by step‘t@.illustraﬁé_théAsample proeedure,
An éxpéfiméntal'bridge seifasatur&ting‘magﬁéﬁi@ amplifierVWQs
,eonstrﬁétédufrom-the design; and a eomparison of D.C, inpub-
‘ @utput charaeterlstles and frecuen@y response Gurves were made
"b®tween experlm@ntal results and Lnese predicted by equatlonso
Othexr @omparlsons are made- eoneernlng'magn@tle feedba@k and
-ehange of iipuﬁ resigtance. ,AlllreSults appear o check with-

in the limits of the approximations made in the equationso
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ENTRODUCTION - |

One of the chlef advantages of uslng magnetl@ ampllflers
has ceen ruggedness and rel;ab;lltyo - Power soufces in the lOW
<'1requen@y rang@ (60@400 cycles per seecna} ‘have been no pr@bn,
'lems but’whgn requ;rements demand hlgher frequen01839 g:eatv
diffi@ulfy’isréxpérieﬁeedb Uﬁtil receﬁtly there were few B
power supplles capable of operating at hlgh freQu@nales with
‘jfequlvalent relmablllty and. rugg@dnesso f '
| Several papers are n@W lndlcatlng means of u51ng fre=
;qaency multlplier te@hnlqneso- G Ho R@yer d@serlbes a:
switehing tranglst@r Devﬁ %o Ao GG converter whi@h,has an -
Leutput frequen@y Whl@h 13 proportianal ﬁo a Bo Gb 1nput

'voltag@9 and’ this d@Vl@e appears %0 have premlse in tn@v
'/-futureoﬁ,f. S - | |
Available llﬁerature appears te 11dlcate a lack of informa-
‘tion concernlng the d851gn and operatlon of many ﬁypes of mag=
netwe ampllflers at hlgher exaltatlon frequeneles@
| In v1ew of this fact it 1s propesed to eheose a standard :

'typeg uhe selfmsaburatlng magnetlc ampllfler Wlth low @ontrol

'}clrcult res;staaee, and 1nvesslgate its operatlan at hlgher

‘_ezcltaulon fr@quencles (l@m5@ Kc } as a veltag@ galn deVlce

far low. 1nvut signalso

17 G, H, Eoyer» WA Swmtehmng Tran31stor D=0 to A=C Gonverter
Hav1mg an Output Frequenecy Proportional to the D-G Input Voltage,®
? ﬁIEE Lrangaetmonsg Volo 7&» p% l July9 1955, DPPo 322=26 .




CHAPTER 1 -

THE SATURABLE REACTOR AS & SOWTR@L DEVLCE
(2.1, } Intro&u@tion : N
_ There are at least two mainiéléésés'of,mégneti@
.ampllflersl ‘ L |
{as) Saturable rea@tor ampllflers controlled by a
-s1gnal magn@tom@tlve force (a.c., excitabtion is
'applled to the core by the lead or reactance w1nﬂing}
(b, ) Satnrable transformer amgllfiers @onﬁrolled by
a s;gnal ma@netomotlve force {aoeo axcitation is
'applled t@ the core by a separate primary Windlnﬁ)m
T Kt is the purpose here o @ons1der enly the class listed

as. saturable rea@torso Falling in the_g:oup of magnetic

‘}ampliflars under consideration, are such basie types as the

series denné@@ed the parallel‘connectéd anﬁ the so-called
sell=sauuratlng ampllfler59 all of whlch can be operated with
free even=harmonlc or with’ suppresseé evenmharmenlc currents
in the @ontrol clrcuitse Fre@ evenmharmonle cnrrent operation
1mp11@s-1gw conﬁrol‘clreult re31atan@@9 and suppressed even-~
hammonic'@ufrent éperation implies high @oﬁtrql cireuit re-

' gistance®, Indications of suppression are usually given by a

' 1030 Go Miles "iypes of Mﬂgnetl@ &mpllflers,w AIER
Trans., Volo 71, pt I, 1952, Ppo 229 38

' RoH, T, ‘Storm, Magnebtic gllflersg J@hn Wll@y and Sons,
InQOQ 19559 Ppe 6L4=65, . _



sugpressibn inﬂeio  |

Of the types mentlened abovag 1nvest¢gatlon of hlgh
‘frequency adantatlon Wlll be. essentlally llmlteé to a sbudy
‘_of the selfasaturatlng amnli¢ler,uslng low control circuit
rSSlstan@eo o | i

(l 2 9 Dlscu851on of Core Materlals

The basis element c@mprlslng the magnretic ampllflew 159
of QmmsemJ the saturable. feactor° and the heart of the satur=
able rea@tor is its eore.

A study of the saturable reactar core w1119 of ne@9531ty;_

'~3'eoncern itself Wlth a study of the eore hystefe81s loopo The o

’E? most de31rable hysteres1s loop thas could p0331bly be obtalnedf1‘-’

would: have the form sh@wn in ﬁlgure lﬂf FlgureLz mors
'_ac@ufately snaws the hyst@r@31s loap as it is found in pracm'T 
4’ tlce¢ N@ matber how ol@sely the loep abpr@aches the 1deal9
| as sooa ‘as the frequen@y 1s 1ncreased W1&en1ng of %he 1oon
oc@u¢so‘x A A | A ‘
Meihods to redu@e eddy @urrent iosses tc assure falthful
tramsm1s51on of lnformatlon and to reduce heatlng has led to
such eore conflgura%lons as magnetlg powﬂered ‘cores (1mpracu1=
_cal*because of three dlmen31onal subd1V181ons @¢ the mater1al}
ana uhln punohed lamlnated cores glmpraetleal from the stand»'

palnm of iabrlcation9 hanéllngg and 1nsulatlon}o ,Lamlnated‘;

cores have tha\addlt;onal drawback Lhat as lamlnaticns are

‘ 3o H0 H. Lord '”Dynamla Hyster931s Loopg of Several Core N
Materwals Bmpl@yed in Magnetic Ampllflersﬁ ATEE Transactions, =
Vol.: 72» pt I, 19539 ppo 85 88, : ,
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mede thinner for high frequencies, the lamination number
for a given stack-up increases beyond practical limits.h

The present trend appears to be toward permalloy cores
of tape (2 mils and less in thickness). With this type of
core a median l1s reached between the need for small eddy
current losses and the need for a magnetic circuit as nearly
closed as possible.

At present, high quelity cores of thin magnetic tape are
being manufactured commercially using cataphorésis (deposition
of charged colloidal particles under the influence of an
electric field) as an insulating method.5
At any rate, it appears that the hysteresis loop

characteristics determine to a great degree the characteris-

tics of the magnetic amplifier,

(1.3.) Inductance as the Amplifier Controller

FigurelJ depicts an ideal sinusoidal voltage source
supplying excitation to a saturable reactor and a load re-
sistor in series. (Hereafter, the term saturable reactor
will be designated only as SR.)

The equation of this circuit is

ey = 4R, + L3t = i(R, + L) 1.1
p 1s an operator, %t

bep, G. Ganz, "Application of Thin Permalloy Tape 1n
Wide-band Telephone and Pulse Transformers", Electrical
Engineering, Vol, 65, 1946, p. 177.

2«H, L. B. Gould, "Magnetic Cores of Thin Tape Insulated
by Cataphoresis", Electrical Engineering, Vol. 69, 1950,
Pp . 5li'l-l—'5l-l-8o
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Solving for i and multiplying by Ry, glves
Ry, + Ip 1.2

If it were possible to control L in such a fashion
that we could let L be ideally finite and zero according

to imposed control orders, then,

6., R
eo-_R]—c_-_L-f.p: ex
+
L L:O
% = _3§_EE_ - Sx Ry
RL+LP RL'*LP
L is finitse 1.3

It can be shown that inductance can be represented by
the physical parameters of the coil and its associated core
in the following mannerb:

L= ku, l.4

where uy. = relative permeability of the coil core material;

k

1

a congtant peculiar to the coil and core.
For derivation see Appendix A.
It becomes only necessary to vary u,, and then a method

7

will have been devised for switching L in a two-valued manner';

6. . R. Peck, Electricity and Magnetism, McGraw-Hill
Book Co., Inc., 1953, Chapters 7 and 9.

7. P. A. Vance, "Saturable Reactors for Load Control,
I and II," General Electric Review, Vol. 50, Aug., 1947,
pp. 17-21, and Sept., 1947, pp. 42-Li.




although, generally speaking, L camnot be reduced to exactly

zero as was set forth in equation 1,.3.

(Lo4.) Method of Varying Inductance

Let

o
n

flux density which would be present in a material

if it did not have ferro-magnetic properties.

B3 the flux density due to the intrinsic megnetism
of the ferromagnetic material.
And define B, and B; as,

B

ozuoH

By =uy H 1.5
Every ferromagnetic core material has the property
B =B, + B 1.6
Consideration of the hysteresis loop of ferromagnetic
materials will show that these can be represented by what is
commonly termed the normal magnetization curve, which is the
locus of the end points of minor hysteresis loops. A straight
line approximation of the normal curve is shown in Figureli.
A close look at the magnetization curve in Figurel5 will
show that if a magnetizing force H is applied, it is possible

to drive By into saturation and then only By increases.8

8'H. F, Storm, Magnetic Amplifiers, John Wiley and Sons,
Inc., 1955, pp. 4-6.
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Since it has been shown that,

B = By + By
Bop = ug H
By =uy H
then,
ul = ugH + uy H
uH = H (up + uy)

r =3
Yo 1.7

and the general expression for u, is

=1 + El
Up 1.8

U

Now in the saturated region,

Uy

1.9

]
[

Uy

and in the non-saturated state,

- u
u, =1+ _1

1.10
Uo

It now becomes apparent that if H can be controlled,

then it 1is possible to switch u, from
u - l loll

to

U, 1.12
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As a consequence it follows that

-k
L=ku, for air (core is saturated); 1.13
ur-l
or
L=kup uy for core not saturated. 1.14
ur-_-l"'ﬁ‘;

The control of H which controls u, is in turn controlled by

current, since,

P LT N. I
Hwg—— = 2 oerstead
re 1fe lols
where Ny = number of controlling turns on SR;

I; = controlling currentin SR;
lre = mean magnetic path of the core in centimeters.
Knowing that H can be controlled by a current, H can be
driven so that B; saturates or does not saturate by adding a
set of control turns to the original SR and increasing or de-

creasing Ii as desired.



CHAPTER 2

SELF-SATURATING MAGNETIC AMPLIFIER TRANSFER FUNGTTON

(2,1.} Introduction

The adopted prééeéure ‘here will b@'to develop the
‘transfer functlon f@r the basi@ parallel=canne©ted SR magnet1@
ampllflerg anﬁ %0 uﬁlllze this tranufer funetion as a basis
for develeoping the general transfer fun@tion for the self-
saturating magnetic aﬁplifier with reetifief reverse eufrent
and megnetie feedback. |

Assumpﬁlﬂns Will be made that - ,

(a} the frequenoy range of the power supply Wlll be such

uhat the eapaoity effeets in between winding turns

““_ls negllglble, ‘ o

.gb),uhe freguency range of. the p@wer supply and the

; ‘Sapurable_rea@tor parameters pefmit negLig%ble

Séturation’reactance to exisé {This asSUmétion will
generally be valid for the case where the frequency °
range of the power supply is held to within 10. to
A50~k@o and fhe'ﬁumber éf,@ﬁtput turns of ﬁife’ﬁo not
}became excess;veo}g | .
ané' éq} the diodes pr@senu in the self=saturat1ng amp11¢1er

are not ideal diodeso
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(2.2.) The Parallel-connected SR Magnetic Amplifier

The basic parallel-connected SR magnetic amplifier can
be represented as shown in Figure 2,1, A summation of all
the voltages present in the input circuit shown in Figure 2.1
reveals that

Ny 49a _ Ny ddp
108 dt 108  at 2.1

Ei-i/‘Ri+

where Ny = number of input turns;
Ry = the input resistance.
An integration process over one-half cycle, with time as
a divisor, will obtain the average value of the quantities

in the above summation, as is shown below:

a¢ at At )
[d o - dﬂhJ at
Esdt = i; Ry at » M —at at
at -
/ A 108 /. at 2.2

where 4t =<%-r;
Ei = a step input of voltage;
13 = I; + 1,, (denoting a
direct current and an
alternating current}.
Taking each term in equation 2.2 and performing the

integration gives

at %
Bt | Bt |° Ejat
At 4 o © Tavt o E 2.3a
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2t a4t
o | L Balit | RT
i —dt - -
at 4% t

(7} o

Ry I3 2.3b

4t (4@ adq
Ny </ a-_2) at. Ny 4t

-dt dt )
lO8 a? 108 d&a - d&b:.‘ Ni‘!@
0 at 8
/, 4t 10
2.3¢

where4® is the change in flux (after a step input of
E;) at the end of each half cycle of power
supply voltage.

(It can be easily shown that equation 2.3c¢c holds for the
case of the input resistance assumed zero, and the same general
procedure is involved in showing the case in which the re-
sistance is not zero.)

The result of substituting equation 2.3 into equation
2.2 is that

N
Ei = IiRi + 1 AQ

108 at : 2.4

For the situation where the transient duration is many

times the length of 4t, it is possible to let
a9 = 4¢

at at 2.5
This assumption appears to be approximately wvalid for

even short transients.’ With the assumption, equation 2.4

l.H, F. Storm, Magnetic Amplifiers, John Wiley and Sons,
Inc., 1955, p. 146.
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becomes

S— H

108 dt

2.6

where Ei., Ti and & denote the steady state value
of the wvariational components of Ey, I; and ¢ .

This equatlon represents the transfer equation of the
parallel-connected SR amplifier circuit, but it would be
desirable to express it in terms of E{ and E,. This means

that relationships of the following form must be found:
Ii = fl (Eo)
o =ty (E.) 2.7

f; (Ep) can be determined quickly:
E &

I, =13 (o) = %o

kp Ry 2.8

Where KE = voltage gain of the amplifier;

E steady state value of variational

(o]
component of Eo.

In order to determine & = f, (E.), the following re-
lationships will be determined:
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—

a. & = £5 (cos=)

b. Go8= = £, (EsR)
Ce ESR = f5 (EO) 2.9

where ESR is the steady state value of the
variational voltage across the SR;
Cosx< is the steady state variational
component of cos«<,
This set of relationships indicates the following procedure:
o= 1 (B) = f3[fh (t5 [E )] 2.10
The first function, g= fq (cos<), can be found by the

following process:

e - NO .d;q
SR~ g
10° dat
8
a0 -2 o at 2,11
N
o
From Figure 2.2, the following integration gives
% 108 - 108 =
d&:m EPSR sin wtdut = g * &l - c:)_N-; EpS.R(—cOSwt)
& A o
Fg *+ & = 108 Ep., (l-cos«) 2.12
S 2T TN, SR

Once again from Figure 2.2,
~Bg* ==
& =5 = & 2.12
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and by substituting equation 2,13 into equation 2.12,

8
.+ I, - = 100 Ep (1l-cos«)
S 8 “ 2TEN, SR

108
&= 284 - 27N, EPsp (1-cosx)

8
@ = 10" Ep
— SR mowm . £ (TOTS)
2TEN 3
' o 2.14
By determining the average value of eSR (as shown in
Figure 2.3) for a half cycle of power supply frequency, it is

possible to obtain

[~
ZTESR = =EP. cos wt
o
Ep
B, = SR (l-cosx)
SR T 7
ESR: —EPSR O0S e
—
= 7 £, (Eap) 2
0r=z B Bgx 7 i Ve -5

In order to determine Esg = f5(§o): another look at
the parallel-connected SR amplifier will be taken. See
Figure 2.4.
2.16

Let IL =1 + I 21

La ¥ ‘b T “t1a’

I
then, Epg = (EL R, + Bgp + IRy 2,17
Solving for Iy and substituting into
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will give,
Ep_- &
R L 2.19

where R = R wo - Ry, (in this case only, but

in general R represents the total re-
sistance presented to the flow of
current from the power supply during any
half cycle of operation).
It is now necessary to find the steady state variational
components of the average rectified values of the voltage

relationship above. Therefore, let

= dE
B, = 2
° at
-ESR: dESR
at 2,20
dE 4 |:Ep - K i]
o= = | 2*Pg "sRp | = "9 g B, . _F.=R
@ a R L <t K SR L

Now, by following the operation indicated in equations
2.9 and 2.10,

108 EPSR

= £ (cosx) =
2 TEN,

co8gx<
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COSK = fh (ESR) = =7 Esp

Epgp

Eop = 75 (B,) ¢~ 0
> 18R E
£, (By) = &= £y { ), (£f5 [E‘o} )} = 2R Ey

2,22

Taking the differential of the steady state variational
component above, utilizing equation 2.8, and substituting into
equation 2,6,

(02

R 1o =
d& = S 4 s}
RL 2be
B} Eo
E N; R =
i - —— -z-f— 0 2.23
KE No Ry,

. o
Rearranging terms and solving for E; in equation 2,23
gives the trangfer function for the parallel-connected SR

amplifier:

Ky

|

l+pkg Ty 2.2
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N
where KE =t EL = voltage gain of the

N .
parallgl-%onnected SR amplifier;
N, Rg, 2F ;

p is the operator—%f'

(2.3.) The General Transfer Function

Before continuing, it will be necessary to define
reference directions for feedback for the three types of
magnetic amplifiers under consideration. Since the self-
saturating amplifier is actually of chief interest, feedback
directions will be defined using it as the reference.

When bk has a positive number, the implication is
positive, extrinsic, magnetic feedback for the
self-saturating magnetic amplifier only.

When hp, has a negative number, the implication 1s
positive, extrinsic, magnetic feedback for the
series and parallel amplifier types.

When h, has a positive number, the implication is
negative feedback (imperfect rectifiers always
result in rectifier reverse current effects which
always give negative feedback.) for the self-
saturating amplifier.

See Figure 2.5.
The foregoing merely serves to indicate that future nota-

tions will be set up to accommodate the sign convention just

prescribed.
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From servo mechanism theory,2 equation 2.24 can be
represented by a serﬁo block diagram as shown in Figure 2.6.
From the black diagram shown in Figure 2.6, a more
elaborate servo diagram will be construected to account for
additional factors present in a self-saturating amplifier.
The additional factors will be in two categories.
Category A: those factors indlgenous to the machine.
Category B: those factors not indigenous to the machine.
If magnetizing current flows and is a part of the load

current,
TLS - (TLIl + ILIZ)

Tixl - I
TL - TLS 1,-__.—'_ Lx2

ILS TLS

IL’ILS [l"jl";g] = ;:—EA (1- bl“bz)
2.25

where TI;q = steady state variational com-
ponent of the average rectified value
of the load current flowing as a re-

sult of saturation.

2<Harold Chestnut and Robert W. Mayer, Servomechanisms
and Regulating System Design, Volume 1, John Wiley and Sons,
Inco, 1951 ppo l "202.
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where TLx = steady state variational component

of the average rectified value of the load

current flowing as a result of magnetization;

E,; = steady state variational component

of voltage output as it appears in the

parallel-connected amplifier;

- Irx]
TLs

21
T1x2
Is .

72

In the case of category A, the portion of the exciting

current being transformed into the control circuit of the

self-saturating amplifier can be looked upon as feedback.

Assume that Iy, is the portion of Eix'which is fed back.

Then,

= Eol
Tixz = 7, .R_:'..

Trx2 Ry

__IE.E_= 52

= kg

Eqy

Ee2
Eol

2.26

Rectifier reverse current (as a result of imperfect

diodes) might be classed in category A.

Here, the current

which is fed back into the control circuit is a fraction of

the saturation component of load current:
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I
hy = _Ls
ILs
?
ILs R
h, ILs R =L kg . Er3
kg (ILs ®p) kg Ty Ry ol 2.27

-
where Ti ~ the part of the saturation load

S
current that is fed back.
If a part of the load current is fed back extrinsically
to the input circuit, then that which is fed back can be

listed under category B:

I - [—hm:] T = [-nm] I, (1- )

] . IL
[ hm] T I
v oI = (o] (1 4)
S ="
S L
kg Trskg Trg
By, [I" % _
kg g = ["bm] (- 2) . Efa
Tis?L kE iol

2.28



























































































































































































































































































































