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ABSTRACT 
The three-phase magnetic amplifier with parallel control windings 

is incrementally represented by the difference equations in Laplace 
Transform notation, 

-
E_o_(s) 1 

----==----~~ L- ]!!na e-Ts + e-2Ts + e-3Ts +(l _]!!no.)e-4Ts-J_ 
NE (s) - 1 + GN2R _ e-3Ts 

c c 
for greater than half-output, and 

Eo(s) = 1 [ -2Ts -3Ts -4Ts
NE (s) 1 + GN2R. _ e-3Ts e · + e + e J 

c c 
for less than half-output; when the speed of response is eight half-cycles 
or greater. These transfer functions are experimentally. verified after 
an unstable region is eliminated by degeneration. 

The time constant expression from the difference equation is 

l 
half-cycles. 

ln (1 + GN2R ) 
c 

1: = 

This expression is verified by experimental time constant measurements 
on a test magnetic amp1ifier. The difference equations are modified if 
diode unblocking occurs or the resetting cores share voltage rather than 
the core coming out of saturation absorbing all the voltage. For a control 
resistance high enough that the exponential portion of the transient re
sponse is eliminated, the delayed sixth-cycle steps which occur in response' 
to an input step are predicted by transfer functions incorporating the · 
diode unblocking and voltage sharing modes of operation. 

The unstable region occurs below half-maxim1rm output and is caused 
by the positive feedback from the output through the gating core to the 
resetting core becoming greater than unity. This regeneration is related 
to ·voltage spikes coupled into the resetting core from the saturated gate 
core when a core in another phase saturates. Sufficient degerieration to 
eliminate the instability can be achieved by adding small chokes in each 
parallel control branch, or slightly unbalancing the output by adding a 
choke iri one branch only. High control resistance or an inductive load 
also eliminates the regeneration. 
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I. INTRODUCTION 

The object of this thesis is to develop a dynamic representation 

of the three-phase bridge magnetic amplifier with the control windings 

of each phase in parallel. A further object is to describe the insta

bilities inherent in the circuit and the means of eliminating them. 

The three-phase bridge magnetic amplifier is used extensively where 

the power requirements are in excess of one kilowatt. In these high 

power applications the larger number of components used with three-phase 

power in comparison to those used with single phase power is more than 

compensated for by: 

1. Greater utilization of magnetic components and rectifiers. 

2. Output ripple components greatly reduced. 

3. Even distribution of the load over all three phases of the 

supply system2 , 

The most commonly used control circuit for the three-phase magnetic 

amplifier has all six control windings connected in series. Severe 

instabilities can occur throughout the range of operation. The insta

bility causes output voltage to change ten to twenty percent of the 

maximum voltage without any change in the applied control voltage. Two 

or three of these instabilities might occur over the range of operation, 

giving a multiple step appearance to the transfer curve of the output 

voltage versus control voltage. 

The cause of these instabilities can be traced to dissimilarities 

in the characteristics of the magnetic cores. The different excitation 

current requirements of the cores creates a situation where a given 
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average control current satisfies the equilibrium requirements for two 

different output levels. When one of these current levels is reached, 

the instability will result. '•' 

A solution which has proven successful on large supplies is to 

connect in pa~allel th~ three sets of two ·control windings per phase. 

A resisto~ is also connected in each of these thiee branches. This 

connection allows the sets of reactors w share dynamically the average 

control voltage. This connection has been used ext~nsively at the 

Lawrence Radiation Laboratory in Be~keley where forty-two of this type 

of large magnetic amplifier are now being used to power large magnets. 

For many applications the three-phase magnetic amplifier must 

perform in high performance closed-loop systems. Ih the operation of 

iarge magnets used in experj_mental physics the current must be regulated 

to better than t 0.1% in the face of substantial perturbations in the 

line voltage and magnet resistance. It is therefore most desirable to 

know the dynamic characteristics of the magnetic amplifier in order to 

determine the stability and re·sponse to perturbations of the system. 

The need for accurate analytical representation is even ~reater when 

the system is to followa dynamic function where the absolute error is 

~iitical. Becaus~ of the need £or accurate rep~esentation and a cl~arer 

underst~nding of the modes of operation of the three-phase magnetic 

amplifier with parallel~connected control windings; this study was 

undertaken. 
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DEFINITION OF SYMBOLS 

e ,E = instantaneous arid half-cyCle average gat"l supply voltage 
s s 

e ,E - instantaneous and half-cycle average output voltage 
0 0 

e ,E = instantaneous and half-cycle average control voltage 
c c 

eA,eB,EA,EB = instantaneous and half-cycle average induced voltages in 

reactors A and B of any chosen phase 

G = core cdnductance (mhos) 

G(s) = transfer function in the Laplace notation of 
E ( s) 

0 

E ( s) 
c 

i = instantaneous current in control winding of reactor 
c 

I = magnetizing curtent corresponding to zero reset 
rna 

K = normalized voltage gain 
vo 

L = control circuit inductance in each parallel branch 
c 

N ,N ,N = control turns, gate turns and turns ratio 
c g 

n = one-sixth cycle designation (n =·1,2,---6) 

N 
.;..___}!._ 

N 
c 

R = control circuit resistance in each parallel branch c 

sgn e =instantaneous polarity'of voltage e 

(T 1 
T = sixth cycle period of supply voltage = 6f) 

't = time constant (seconds) 

(l = saturation angle 

!::,¢; = amount of flux change during gating and resetting periods 
s 
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II. THl~OHETICAL ·HESPONSE 

The dynamic relationship between the control voltage and the output 

voltage of·any magnetic amplifier al\'lays involves a. time delay, Changes 

made in the control voltage during a reset period do not start to appear 
' . ' 

as changes in the output voltage until after the reactor gates during a 

following period. Usually the total excursion will extend over many 

periods before the output reaches the new steady state operating point 

required by the changed control voltage. This time delay is caused by 

the feedback from the output through the gating core to the resetting 

core. To gain faster speed of response the control ·circuit resistance 

is increased~ Higher control resis~an9e requires greater control voltage 

which decreased the affect of the feedback and gives faster response but 

lower gain. 

The purpose.of this cha.pteris to develop the relationship between 

the control and output voltages of a three-phase bridge magnetic ampli-

fier with parallel control windings as shown in Figure l. In developing 

the equations for this circuit the ~aveshapes shown in Figure 2 are very 

useful in determining the states of the various.eircuit elements at a 

given time. The three-phase bridge magnetic amplifier with all the 

2 
control windings in series has beenanalyzed by Flairty and Storm. The 

··'' 

circuit operation with parallel control windings is more readily analyzed •/ 

than that of the series connection. With the control windings in series 

all the gating core voltag~s are effectively summed and then divided 

between the resetting cores. 
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This summation results in complicated core-resetting voltages whose 

characteristics logically divide the output range into four regions for 

purposes of analysis. There are two regions of operation when the out

put voltage is below one~half maximum and two regions of operation when 

it is above one-half maximum. With the parallel connection of the three 

sets of two control windings per pahse only the two cores of a given 

phase act upon each other through the control circuit.. The control 

source must be low impedance compared to the series resistors in each 

parallel branch for this isolation of the phases in the control circuit. 

With the parallel connection there are two modes of operation which occur 

above and below one-half maximum output. 

The actual waveshapes of the output voltage of the model three-phase 

magnetic amplifier constructed for this study shown in figure 3 are in 

good agreement with those of figure 2. The high degree of uniformity 

maintained at all operating levels is due to the fact that factory 

matched grain-oriented fifty percent nickel-iron alloy cores are used 

in the circuit (see Appendix 1 for the parameters). The B-H loops shown 

in figure 4 and 5 for control resistors of 10 ohms and 100 ohms show 

that the increased control voltage required with greater control resist

ance to maintain the average exciting current produces a larger percent

age of the reset flux. 

Core voltages waveshapes and the corresponding B-H loops are shown 

in figures 6 through ll for output voltage levels of 10, ~and 5 volts. 

In addition the diode current waveshapes are shown in figures 6 and 8 

and the diode voltage in figure 10. These curves in conjunction with 

those of figure 2 are useful in following core lA through its cycle of 
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Fig. 3 Voltage wave shapes for 
Eo = 3,6,11,18 volts - 5 volts/em 

Fig. 4 Reactor B-H loop with 
R - 100 ohms 50 mv/cm vert. 

c 5 mv/em horiz. 

Fig. 5 Reactor B-H loop with 
R = 10 ohms 50 mv/cm vert. 

c 5 mv/cm horiz. 

ZN -3 799 

• 

• 
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operation. Figures 6 and '7 are for an output voltage ,jw~t above half-'

maximum (a<60°) and are representative of the characteristics for 

0°<a<60°, T:he negative polarity half of the voltage waveshape is the 

gating half-cycle, and the corresponding saturation current through the 

core is shown in the upper part of the figure. The saturation current 

is continuous as core JB saturates before e - e goes to zero (see 
21 SP, 

figure 2). 

When the output voltage i•s less than half-maximum the spike of 

voltage generated by core 28 saturating moves into the gating period of 

core lA as shown in figure 8. The 8-H loop of figure 9 also shows the 

occurrence of the voltage spikes that couple into core lA from other 

saturating cores. These spikes occur when core lA is at the beginning 

of gating, the beginning of resetting, and during the period of low reset 

occurring at the end of the resetting period. This last period of reset 

occurs when core 18 has saturated and core lA is acted on only by the 

control voltage as expressed in equation 2.8 with e18 = 0. The small 

runount of resetting done with e18 = 0 moves the core closer to its static 

excitation level on the 8-H loop which is most clearly observed with 

higher control resistance, as in figure 4. The effect of the higher 

control voltage necessary with larger R on the excitation level is 
c 

observed in comparing figures 4 and 5 for control resistances of 100 ohms 

and 10 ohms respectiyely. 

The diode voltage shown in figure 10 exhibits a blocking voltage 

during the entire reset half cycle. In the analysis which follow~ this 

continuity of blocking voltage at low outputs determines the mode of 
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operation assumed in this region. The presence of blocking voltage when 

there is no pulse of output voltage is due to the magnetizing current 

voltage drop across the load and the approximately 0.7 volt drop required 

across the silicon diode before current flow~ both opposing the unblocking 

vdltage of the resetting core, The derivation of the expressions for the 

operation of the three-phase magnetic amplifier will follow the approach 

used by Professor H. C. Bourne in describing single-phase operation1 and 

unpublished notes on three-phase magnetic amplifiers. The expression for 

the behavior of the core in the active region will also be that used by 

Professor Bourne, The core function if:; approximated by 

i = I sgn e + Ge m mo core core 2.1 

in which all quantities are referred to the output or gate circuit. 

This expression states that the total exciting current at any instant is 

equal to the static exciting current plus the exciting current required 

for a given rate of change of flux. Square-loop core materials do not 

normally require an inductance term. 

The description of the operation of the three-phase magnetic amp-

lifier is divided into two modes because as the output-goes through half-

maximum output the saturation angle moves from one-sixth cycle period 

into the next period. The change of the period during which saturation 

occurs requires two sets of equations to describe the output voltage. 

Designating the sixth-cycle periods as (n+l)---(n+7) as in figure 2 the 

following expressions may be written for outputs greater and less than t 
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Fig. 10 Top: diode voltage 
bottom: reactor voltage 
E0 == 5 volts 
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Fig. 11 B:....H loop for E0 == 5 volts 
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- s 
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E { . ( \ ,A.,n+);, 
j_ . 

2.2 

-r;·• I r7) 
- 1:'1 A\ n-t- · ' ' 2.3 

These expressions and most that follow are in terms of the sixth-cycle 

averages of the variables. The output, val tages during the ( n+6) and 

(n+7) periods are chosen to permit expression of these voltages in 

terms of the control voltages and output voltages during the preceding 

six periods. As the amount of flux change during resetting and gating 

must be equal, the net voltage applied to a core over a cycle must be 

zero. Therefore, the expression for core lA duri~g a cycle of operation 

is for a <60° 

ElA ( n+6) + ElA ( n+5) + ElA ( n+4) + ElA ( n+3) + ElA ( n+2) + ElA ( n+ l) = 0. 

2.4 

Substitution into equation 2.2 gives 

E
0

(n+6):;:: Es + E
1

A(n+5) + E
1

A(n+4) + E
1

A(n+3) + E
1

A(n+2) + E1A(n+l). 

2. 5 

For a >60° the core voltage over a cycle is 
I 

E
1

A(n+7) + E
1

A(n+6) + E
1

A_(n+5) + E1A(n+4) + E1A(n+3) +'E1A(n+2) = 0 •' 

2.6 

Substitution into equation 2.3 yields 

E 
E

0
(n+7) = / + E

1
A(n+6) + E

1
A(n+5) + E1A(n+4.) + E

1
A(n+3) + E1A(n+2)'. 

2.7 

The core 1A voltages for the (n+l)---(n+5) sixth-cycles for a <60° 

and the (n+2)---(n+6) sixth-cycles for a >60° can be found as functions 
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of the output and control voltages during each period. 

By describing a complete cycle of core lA of phas8 1, all the 

possible states of all the cores are described since the other phases 

are displaced in time from phase l. Having chosen core lA to .follow 

through a complete cycle of operation, the ( n+6) and ( n+?) periods are 

designated as the output periods because the periods which precede and 

control these periods are sho1-m in figure 2. A requirement of this type 

of piecewise-linear analysis is that the starting point is again reached 

after one complete cycle. In all the periods to be described the control 

voltage is related to the core voltages by writing the control circuit 

equation, which in the case of the parallel control windings studied 

here only involves the control voltage and the 6ore voltages of one 

phase, 

Tne control circuit loop equation is 

2.8 

referred to the gate winding, During the sixth cycles other than 

those of equations~2.2 and 2.3 core lA is resetting. The control 

current must satisfy the requirements of equation 2.1 because only the 

exciting current for the resetting core lA .flows as long as diode lA 

is blocked. The diode is blocked for the test magnetic amplifier with 

R = 20 ohms as is shown in figure 10 and previously described. The 
c 

core voltage is n<"..gative during resetting and therefore equation 2.1 

becomes 

i __ c_ 
N 

2.9 

>' 

• 
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Substituting into equadon 2.6 ;::nd averagil'}g over a sixth-cycle gives 

2.10 

where m is the sixth cycle under considera tj_ on. 

Equation 2.10 will now be used to solve for E
1

A during all the 

resetting periods. Trw relation.ships wi11 first be developed for a <60°, 

Period i!:ttJl 

E1A(n+1) = 0 2.11 

as the core is saturated during this period. 

Period ( n~:2) 

When core 2A saturates durL-tg the (n+2) period, diode lA blocks 

and core lA comes out of saturation. Two possible illodes of operation 

can then occur for the remainder of the (n-+-2) period. Core lA and core 

lB (which has been resetting) can share the control voltage. The second 

possibility is that core 1A will absorb all the control voltage because 

it has just come out of saturation and therefore requires less exciting 

current. Assuming the second alternative and substituting E18(n+2) = 0 

into equation 2.10, the expression for ElA is 

1- _lg_ 
IT (NE +I N

2
R )(n+2). 

c mo c 

Equation 2.12 shows that E1A(n+2) goes to zero as a~60°. 

Period i...D.±Jl 

The output voltage during the (n+3) period is described as 

Solving for E
18

(n+3) and substituting in equation 2.10 gives 

2.12 

2.}3 
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E1A(n+3) = l [ ( N E + I N
2

R ) ( n+ 3) + E ( n+ 3) - E ] • c mo c o s · 2.14. 

Period i..D±.il 

Stnce core 18 is saturated during this period, E
18 

= 0, and equation 

2.10 gives 

E1A(n+4) = 2.15 

Period iD.±.2l. 

The voltage absorbed by core lA during the (n+5) period is the 

complement of that absorbed in the (n+2) period as here it is core lB 

that comes out of saturation and absorbs all the control voltage for 

the remainder of the period. Equation 2.10 yields 

E
1

A ( n+ 5) -
TT 

(NE + I N
2

R ) (n+5). 
c mo c 2.16 

Substitution of these five voltage expressions into equation 2.5 

yields 

E (n+6) = l [ (1- ~~)(NE +I N
2

R )(n+2)+ 
o · l + GN2R c mo c 

c 

E (n+J) + GN
2

R E J 
0 c s 2.17 

which is the difference equation representation of the output voltage 

for greater than half-maximum output. 

The same procedure will now be followed to determine the output 

lt f >600. vo age or a 
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Period (n+2) 

E (n+2) = 0 lA 
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as the core is saturated ali during this period. 

Period iD±ll 

2.18 

The saturation angle of core lA has moved into the (n+4) period~ 

and therefore 
E 

____lL E
1
_8( n+ J) ='= 

2 

Substitution in equation 2.10 and s;lution for E
1

A gives 

ElA ( n+3) -
1 

[ (NE + I N
2

R ) (r1+3) - Es] 
c mo c 2 

Period ~ 

Substitution into equation 2.10 and solution for ElA gives 

2.19 

2,20 

2.21 

ElA ( n+4) -
1 

[(NE + 1 N
2

R ) (n+4) + E (n+4) 
· c mo c o 

E -t J. 2.22 

Period ~ 

, Core lB is saturated during the (n+5) period and core lA is being 

reset by the control voltage during this time only as long as diode 

lA is blocked. During the period after core lB has saturated and 

conducted load current, but before it saturates again when core 3A 

fires, the only voltage blocking diode lA is the voltage across the load 

resistor generated by the exciting current for ~ore 3A. Of course, the 

diode itself requires approximately 0.7 volt before appreciable forward 

current \oTill flow. In the magnetic amplifier shown in figure 1 the 
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exciting current through the 25 ohm load resistor is 0.7 volt which 

is sufficient to block diode lA since only 0.4 volt appears across 

resetting core lA f~ the opposite polarity (see figure 10 top). The 

equation for E1A from equation 2.10 is then 

ElA ( n+ 5) --
1 

( N E + I N
2

R ) ( n+ 5) • 
c · mo c 2.23 

If the diode is unblocked during part of the cycle, gate-limited 

resetting results i-.Jhere the resetting core is clamped to the load volt-

age after the diode unblocks. When gate-limited reset occurs equation 

2.2:3 is modified by introducing a coefficient before the existing term 

'Nhich goes to zero wheh the diode unblocks, and by adding a second term 

representing the gate-limited reset which appears when the diode unblocks. 

When the control resistance is much greater than that required to cause 

unblocking, the gate-limited reset term is negligible and the expression 

becomes 

ElA ( n+5) 
[1 - ; (a - ~.)J 

= - (NE +I N
2

R )(nt-5) 
l + GN2R c mo c 

2.24 

c 

Period (n+6) 

2.25 

as the core is saturated all during ,the period. 

Substitution of theee five expressions for E1A into equation 2.7 

gives 

E ( n+7) = 0 . 
1 L(NE + I N2R ) (n+J) + (NE + I N~:R ) (n+4) 

c mo c c mo c 

+(NE + I N2R )(n+5) + E (n+4) - E J 
c mo c o s 

2.26 
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which .Ls the representa tiori of the ()Utput vcfl tagf3 for 1et3s Ch;1n 

·haJf-maximum output. 

gansformed output equation and transfer function 

To transform equations 2.17 arid 2.26 into useful anaJ.ytical 

expressions, the nature and limitations of the sixth-cycle averages 11sed 

in the previous analysis must be understood. To use sixth-cycle averages 

to describe the output voltage the actual waveshape cannot be of impor-

tance. This is generally true in pulse-vJidth modulated systems where 

the carrier is a much greater frequency than the signal, and only the 

average output is important. Since the change of flux in a core is a 

function of volt-seconds, the control voltage can assume any shape as 

long as abnormaJ. behavior does not result and the sixth-cycle averages 

of the different inputs remain the same. Normally, however, the input 
, 

is a continuous functicin of much slpwer frequency than the carrier and 

can be approximated by a train of pulses which have a constant magnitude 

during any sixth-cycle period. If the input and output are represented 

by a train of pulses, then an extended Laplace Transform technique, the 

1 
,jwnp function transform, is applicable. With this technique the Laplace 

transfor~ed output during the n period is now E (s) and that during the 
0 

(n+l) period is E (s)esT. 
0 

The incremental portions of equations 2.17 and 2.26 may now be 

transformed as 

E (s) = 
0 

1 

2.27 
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. for a <6a0
, and 

E { s) 
.0 '• 

·.···. 1 2 [NEe( s){e -2!fs + e"'"3Ts + e ~~Ts) + Eo(s)e-3Ts] 2.28 
.1 +. GN R . c 

. ., . . : . . . . . . .. 
.. · .. , ..... _ ,_· '· .. ·· 

~· . . 

Fact~rirtg. equations 2~27. anct · 2.28. pr6\Tid_es the r0;I.1owlng 
'·. . . ·, . . -

... ··. ·· t.ransfer· fun~tions: . · .... 

. 1 [ £ . :.:.Ts+·· .. .:.2ts ~3Ts( 1 ...•..•.. .'1!f)·.· --4Ts-j··· ·. 
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1 +. GN R .-e · ·.· c . .. _,' 2.29 

·r ' . '(6. a· O ... · a·.·•n··a.· · .· or a · · . i 

.. 2.30 

for .a >6d 0 ~ .··• The steady-state ~~i tage gaih ma.Y be. bbt~±,A~d 'by letting 

s = a< to yield 

· ·... ,Kvo 

.-<;· . 

··-· . E .. ·· 
~-· =··<j 
NE ·.···a . '<·:G···N2 .. ·R< .· . c s=~ •. · 

.·. ·. C. 

· for both expressions.· .. 
. . . . . . 

' '.· 

' ... 

. The poles. of.the ·transfef ftirictiOns a~e the same :ahd 'mS:Y be 

'. · .. ·. 
. ·' ·.~· · ....• 

: ln. e·~JTs· ·= ln (1+ GN2R ) .·· 
. . . . ··. . c 

: -':'" 

. . . .. . .. . . .·· .. ''. 2 
· 3Ts ± j2rtk = -:- 1n {1 + .GN Ref · k = ·o ,1,2,3---

.· . 1 . (1 .G·N,2R-'). j.· 2TT k. : 
s = - 3T ln . . . + •. . ·. · .. c + Y ~. 

. \ 
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The dominant pole on the negative real axis corresponds to a time 

consta.nt of 

't = JT ,., 
ln (l + GN.:.R ) 

c 

seconds. 

Therr., are an i.nfini. te number of complex poles associated with this 

2.32 

pole with the same negative real parts and spaced at phase intervals 

of 2n on the imaginary axis. 

or 

') 

If GN""R << l, a useful approximation for the time constant is 
c 

_;rr__ 
1: = ~ seconds 

GN""R 
c 

't = -· K 
VO 

sixth-cycles. 

Equation 2.34 is also obtained by using the expansion for the time 

delay 

-mTs 
e = 1 - nTr; 

in equation 2.29. 

Swnmary 

If the time response is long enough to permit the use of the 

approximation 

't = = K vo 
sixth-cycles 

then the time delay terms in the numerators of equations 2.29 and 

2.33 

2.35 

2.30 may be neglected. The approximate and exact expressions for the 

time constant are very nearly equal at eight half-cycles, so for speeds 

faster than this the exact expression should be used. In the limit as 

Rc approaches infinity the time constant goes to zero, and the delay 



-22-

functions predict ramp responses in three successive steps, delayed 

by one or two sixth-cycles. 

The assumption made for the (n+2) and (n+5) period that a core 

coming out of saturation will require less excitation than a core 

already resetting is difficult to observe experimentally. The alter-

native of assuming that the cores share the control voltage equally 

leads to the following transfer function for a <60°. 

E ( s) 
0 

1 + GN 2
R 

~2Ts -3Ts + e-Ts JQ_ + c it(l _ JQ_na)(e-Ts + e-4Ts)J. 
e + e n 2 + GN2R l 

NE (s) -
c - e -3Ts 

2.36 

For a = 60° this expression gives the same ste,tdy-state transfer function 

as equation 2.31 

E 
0 

NE c s=O 
= K 

VO 

3 

However, when a = 0 and GN2R >>1, the gain is increased by the added 
c 

term in the nmnerator to become 

K 
VO 

2.37 

Many magnetic amplifiers exhibit a higher gain region just before the 

maximum output is reached for perhaps this reason. 

A second assumption which was justified for the parameters of the 

magnetic amplifier of figure 2 with R = 20 ohms is that the diode of 
c 

the resetting core will remain blocked throu'ghout the (n+5) period for 

0 a >60 . When R = 100 ohms, however, the diode unblocks, and gate
c 

limited reset occurs until core 3A saturates. The diode is unblocked 

•. 



since the available resetting voltage is 2.6 volts referred to the gate 

winding, five times that for H := 20 ohm~;. The transfer function for 
c 

unblocked operation, which follows from the resetting voltage equation 

? . 2/._, is 

E (a) 
0 

NE (s.) ·-
e 

-JTs 
- e 

[[ 1 r 2:.) l 1 - n('l - 3 ·' 
-2'J's -JTs + -I .. Ts] e + e e . 

1 

2.38 

For n = 60° the steady-state -gain is that found p~eviously, but for 

u ::: 120° it is 

I\ 
vo 

The lm;er gain produces a "tailing-off" of the transfer curve as 

mi ni:num output is approached, which often is observed experimentally. 

( 
\ 
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III. AN INSTABILITY 

The second purpose of this study was to discover any interesting 

operating characteristics inherent in the three-phase magnetic amplifier 

with parallel control windings. To further this end six factory matched 

cores were used in the model magnetic amplifier, which proved to be very 

closely matched in operation (see figure 3). Nevertheless, an instability 

was still present in the region just below one-half rnaximwn output. This 

tin~table region of the transfer curve is shown in figure 12, along with 

the transfer curves for the stabilized circuits described in this 

chapter. 

The same instability as a function of time i.s shown in figures 13 

and 14 for decreasing and increasing output voltage. The vertical 

position of the voltage on the oscilloscope was not changed in the two 

pictures, so the width of the hysteresis effect between decreasing and 

increasing voltage is observed. The pictures were obtained by making 

very small changes in the control voltage as the horizontal oscillo

scope trace moved to the right. Eventually as the critical unstable 

region was reached the small change kept increasing, and during the 

next horizontal trace, the picture was taken. This technique was 

possible only because the positive exponential takes a few seconds to 

get into the rapidly changing region. When a new operating level is 

reached which satisfies the equilibrium requirements of the control 

voltage, the regeneration dies away rapidly. 

The instability is able to occur if the output voltage can be in 

'< 
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Fig. 13 Output voltage during 
instability from 9 to 7 volts 
0.5 volt/em vert. 
0.5 sec/ em horiz. 
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equilibrium with the same control voltage at two different ()uf'.[M·ts. 

The spike of voltage which couples into the slowly resetting co¥e at 

the bottom of its B-H loop (seen in all the B-H loop figures) is a central 

part of the instability due to the nonlinear response of the core to 

equal but opposite applied volt-seconds. Although this spike is present 

over the whole range of operation, the instability only occurs in a 

small region below one-half maximum output. The state of the various 

elements in this region is shown in figure 15 in a simplified circuit 

diagram. 

+ 
R

1 
~ e 

0 

Figure 15. Simplified Circuit Showing Critical Elements J~st Before 
Core 3A Saturates. 

At the time of this schematic the phase voltages of phase l and 2 

are approximately equal. The ability of the core to saturate is repre-

sented by the switch in parallel with the winding of the core. Core lB 

has already been in saturation once at the moment shown here when it had 

a return path through core 2A, Now core 3A is ready to sattirate at 

which time core lB will again be driven far into saturation. When core 

3A saturates, the current through the load increases suddenly, and there 
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is enough leakage inductance in core lB to generate a spike in the / 

control circuit. Core lA has been resetting from the time when core 

lB saturated the previous sixth-cycle, and is easily reset by the 

vo1t-seconds applied by the spike. The equal and opposite volt-second 

area applied when core lB first comes out of saturation does not cause 

equivalent amount of gating because most of the volt-seconds are 

absorbed by the control resistor. 

Ths instability only occurs in the region below half output due to 

the changing characteristics of the spike in association with the regen-

erative feedback that occurs. It is difficult to determine exactly the 

sequence of events which occur during the period of instability or how 

stability is regained. The regeneration starts when the saturatior; 

0 angle reaches 60 , which is where the mode of normal operation changes 

and also where the derivative of th~ core voltage reverses. The magnet-

ic amplifier then goes into the regenerative region where a small change 

during the reset period causes a change in the output such that during 

the next reset period the change is greater. fhe regeneration goes 

on for a second or mors (figure 13) until a new operating point is 

reached where the magnetic amplifier is again stable with the same value 

of steady-state control current. 

The characteristics of the lower portion of the resetting B-H loop 

where the spike occurs are shown in figures 16 and 17 at the beginning 

and end of the instability respectively. The percentage of reset caused 

by the spike compared to the d.c. control voltage is seen to increase 

substantially from the upper to the lower voltage end of the instability. 

The re-entrant loop at the beginning of the spike reset in figure 17 is 



vie": of B-H loop 
@ 9.5 vol~s with 7 mh in each 
control circuit branch 
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. 17 
loop @ 
1 I 
~i mv; em hori z. 

ed view of B-H 
volts, 2 vert. 

Fig. vie'd of B-H loop 
@ Eo 6.2 volts with 7 mh in each 
control circuit branch 
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due to the voltage reversal occurring in the gating core as the current 

decrea~3es to zero from saturation before being driven out the second 

time. As mentioned previously, the core would have to be driven to 

the gating side of the B-H loop before any appreciable change of flux 

could occur in the gating direction. The core is already resetting on 

the static B-H loop from which it is easily excited towards the dynamic 

loop as it is reset by the voltage spike. 

Placing an inductor in each of the parallel control circuit branches 

is a way of reducing the feedback. The choke alters the spike voltage 

which is applied to the resetting core. As can be seen, in figures 18 

and 19, the runount of flux reset contributed by the spike with the.chokes 

inserted remains constant throughout the entire region of interest. The 

gating volt-seconds seen pr~viously in figure 17 never appears iri this 

mode of operation. The overall gain characteristic now appears as in 

figure 12, curve A. 

The value of inductance re_quLred for this type of regeneration 

cancellation is related to the magnitude of the nonlinear impedance 

of the resetting reactor. Neglecting the resistive and capacitive com-

ponents of the impedance, the slope of the B-H loop at the time of the 

spike can be used to find a dynamic equivalent inductance. The value is 

found to be 9 millihenries (see Appendix B for the calculation). An 
' -

inductance of 4.5 millihenries is required in each branch of the control 

circuit to eliminate the regeneration. To determine the effect on the 

time constant of the magnetic amplifier, the indu'ctance added to the 

JT circuit must be compared to the core parameter GN2 which is the 
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equivalent inductance of the approximate t:i. rne constant exprer.::;J_on. 

For the cores used i~ this circuit 1. henry. An added induct.or 

of 9 millihenries is therefore approximately 100 times smaller than 

1L. and will not effect the speed of response of the magnetic amplifier. 

GN
2 

A seco~d approach to this problem eliminates the instability by 

altering the firing angles of the phases with respect to each other 80 

that the spike cannot regenerate. This unbalancing is accomplished by 

introducing an inductor of 1.5 millihenries in only one of the three 

parallel 6ontrol branches. With chokes in all three branches having one 

choke differ in value from the others by at least 1.5 millihenries will 

give the same results. The cha.racteristics are shown in figure 12, 

curve .o The output voltage waveshape with this type of control is 

shown in figure 22 for two values of output. The phase voltage remain-

ing highest is that which has the choke in its control winding. One of 

the disadvantages of this approach is the higher amount of 120 cps 

ripple introduced into the output. 

Increasing the control resistance R will decrease the instability 
c 

by absorbing a larger percentage of the spike voltage. The price paid 

to eliminate the unstable region in this fashion is lower gain and 

greater r~quired 'control power. The effect on the B-H loop is shown in 

figures 20 and 21 for an increase in R from 10 to 100 ohms. 
c 

The instability can be visualized from the difference equations 

of 2.27 and 2.28 as-an added coeffecient of the output voltage feedback 
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Fig. 20 Expanded view of B-H loop 
R = 20 ohms, top: 6.5:Vo, bottom: 
l0.5=V0 ,20 mv/cm vert.,5 mv/cm horiz. 

Fig. 21 Expanded view of B-H loop 
R = 100 ohms, top: 6.5=Vo, bottom: 

c 
10.5=V0,20 mv/cm vert.,5 mv/cm horiz. 

Fig. 22 Output voltage unbalanced by 1.5 mh in 
one control circuit branch. Top: E0 = 10 volts, 
bottom: Eo = 4 volts, 5 volts/em 

ZN-3804 
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tenn (1 + GN 2Rc)-1 . In the region of instability the coefficient of 

the output voltage feedback term must be greater than unit./ as regener-

ation does occur. The coefficient of the output voltage feedback term 

may be determined from the positive exponential curves of figures 13 

and 11+. Plotting these curves on the semilog paper as a function of 

time determines the power of the exponential, which in turn determines 

the coefficient of the voltage feedback term (see Appendix C) . In this 

ca~e the coefficient is 1.017, whereas the normal coefficient 

(1 + GN 2R )-l = 0.87, for R = 20 o~1s. The very small runount of 
c c 

positive feedback accounts for the many Cj cles required to move through 

the unstable region. 
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IV EXPERIMENTAL TIME CONSTANTS 

The two time constant expressions developed in Chapter II must now be 

compared to actual time responses to determine the accuracy and range 

6f the representation. The time constant expression, equation 2.23 is 

't = 1 

ln ( l + GN2R ) 
c. 

half-cjcles, 

and the approximation when GN
2

R >> l, equation 2,33, is 
c 

l 
K 

= ----.::!..Q_ half ·-cycles. 
3 

The approximation can be used for time constants greater than eight' 

half-cycles. For responses where the exact expression must be used the 
0 

half-cycle delay contributed by the three sixth-cycle steps should also 

be included. 

To calculate the time constants the gain of the magnetic amplifier 

for the different control resistances must be known. Three gain curves 

for R = 5, 20 and 100 ohms are plotted in figure 22A. The greater 
c ' ) 

excitati~n required as the control re~istance is increased is not predict-

ed by the core function of equation 2.1. This linear representation of 

the core can only approximate a.ver.r complicated nonlinear phenomena 

which is sensitive to the changing waveshapes in the control circuit and 

the change in coupling between the gate and control circuits caused by 

the increased control resistance. The translatiori of transfer curve to 

higher currents as the control resistance is.increased occurs in a 
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similar manner in single-phase magnetic ampJ:ifiers. 

It is interesting to note the increased gain at high output exhibit-

ed by the magnetic amplifier when R = 100 ohms. In Chapter II it was 
c 

noted in the summary that if the core coming out of saturation shared 

the control voltage with the alreadJ resetting core rather than taking 

it all, an additional term appeared in the output expression for a.= 0°. 

This additional ·term would cause the gain to increase near maximum 

output in the same Hay it does for R = 100 ohms. 
c 

The other possible mode of operation introduced in Chapter II occurs 

when the diode of. the resetting core unblocks at low output. In figure 10 

the diode was shown to remain blocked for R = 20 ohms. With high control 
c 

resistance the diode would be more likely to unblock because the resett-

ing voltage applied by the control voltage after the gating core has 

saturated is greater, This resetting voltage is in a direction to unbiock 

the diode. If the diode unblocks, the gain falls off below half~maximum 

outptit. As can be seen from figure 22A, the curve below six volts for 

R = 100 ohms falls off more rapidly than the other two curves. The 
c 

unblocking of the diode for R = 100 ohms can be observed with an 
c 

oscilloscope. 

The time constants for the exponential portion of the response are 

calculated by equations 2.23 or 2.33 depending on the speed of the re-

sponse (see Appendix D) and are tabulated in table 1. The actual time 

constant measurements of figures 23 through 26 are also in table l. 



Fig. 23 Transient response from 
Eo 15 ~ 12.5 volts. R = 20 ohms 
. 5 volts/em vert., 20 m~ee/em horiz. 

~/ "~ 
• 

....... ..,~ 
i ... a !!:I· ' 

:::iii' .... 

~3·!;' :·-· !:iii ::.'!1111 

:a !:.1111 lllililiil'illl:il 

rill·· 

• 

Fig. 25 Transient response from 
E0 = 15+±13 volts. R = 5 ohms 
.5 volts/em vert., 50emsee/em horiz. 
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Fig. 24 Transient response from 
E0 = 6 :;;o::!:3. 5 volts. R = 20 ohms 
.5 volts/em vert., 20emsee/em horiz. 

Fig. 26 Transient response from 
Eo= 6~3.5 volts. R = 5 ohms 
.5 volts/em vert., 50emsee/em horiz. 
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R E Calculated Actual 
c 0 

!--· 

half msec half 
ohms volts msec cycles rising_ falling cycles 

5 15-12 358 44.7 355-315 L~4. 3-39.3 

20 15-12 89 11 100-110 12.5-13.8 

100 15-12 24.5 3 40- 36 4.8- 4.1~ 

I 
Table 1. Theoretical and actual time constants for R = 5, 20 and 100 ohms. 

c 

The data in table 1 is plotted in figure 27 on semilog graph paper 

to show the divergence of the actual and calculated responses as the 

control resistance is increased. 

. 
0 
Q) 
(/) 

8 

t' 

+' 
;::: 
cU 
+' 

·~ 
0 

0 

Q) 

8 
·r-1 
E-< 

Figure 27. 

300 
' i. 

. i' ;: I 'I:J,j;:: .. ;, ... , .. : . 
, i ! I ' ;.! ~:! ;; (id:• . ;·:·: 

:; l_'lt I "[[!!:.I !:• ... •' .. 
. : ,· ' i J!ll·i'''' '':·:· .: .. ,,_ 
. ' I ' : I I i! II' i ',. .. ·'· . 

: :I' II 

'·'' ·t 

. ;,;; 

,;, :!! 

! '; 

200 

_~ I ,Jj~~jlj. ::1\\ I ~~ c:;:-+r, I;' h ~S ~1J.a J_; . . '' 
H
_ .. ~~. ,1 1 ; 1., 1-\\.-~.· :ILf-· 11 neo~.~ucal t 1i:···, 
I • I I ill .:. ,, c\ 1 , , i 11, , . , , .. , . -· I . : : I , :: t ~~. •. : .. 1\.. I I • ,_; ! ! : r· i; .. ~. ;: '· -~~ . :: 

I ' ' I' ··! I ' I\ ' , ' 1 I ' 

100 

l 10 100 
Control Resistance (ohms) 

Theoretical and actual time constants as functions of R c 



.• 

-39-

The core conductance, G, may be calculated from the transfer 

curves of figure 22A to be 
1 

1920 mhos for R = 20 ohms, and ·c 

l 
2200 

mhos for R = 100 ohms (see Appendix D) • 
c 

By exciting 'one of 

the cores from the magnetic ampHfier independently with a variable 

frequency sine-wave generator, another G may be obtained. The variable 

frequency generator is used to determine the approximate d.c. exciting 

current by extending the curve of exciting current as a function of 

frequency (s~e Appendix D). The G for 60 cps operation can then be 

calculated from equation 2.1 as follO'v1s: 

G - = (9.2 - 5.0)ma 
8.2 v -1-9=-~0- mhos. 

By this technique the approximate characteristics of the three-phase 

magnetic mnplifier may be predicted. The variance between the G 

obtained with the sine-wave g'enerator and that found 'in the circuit 

\-Jhile operationg is a result of the com plica ted voltage waveshape 

actually impressed on a core. 

When the contra] resistance is large enough, the output response 

approaches the response that occurs with a control current source. 

The expon~ntial portion of the response disappears, and only delayed 

steps are predicted by equations 2.36 and 2.38. These stups are the 
L' 

"rnmp" response discusf>Bd bJ Ellert .. ) ?or largt; contro1 re[oistance 

equation 2. 36 and 2. 38 acc:urately predict the tram~ient behavior 

rather than equations 2.29 and 2.JO whJch were deveJ.oped for Jow 

conLroJ resistance. A:; noted carl:icr in this cb:1pter, the higher r;ain 
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at the upper end of the transfer curve for .R = 100 ohms compared 
c 

to the curve for R = 20 ohms in figure 22A indicated t.he change in 
c 

gain described by equation: ;~.36 for steady state conditions. Equation 

2.38 must be used as unblocking occurs for control resistances greater 

than approximately 50 ohms. 

To measure responses of approxirnatel,y a half-cycle duration a 

Cyclic Integrator which takes an average of the output each sixth-cycle 

is convenient to use. To use this basic type of Cyclic Integrator, 

tirn.e must be allowed for the capacitor to reset, so the output re-

sponse was taken between 6.5 and 2.5 volts where the output voltage 

goes to zero each sixth-cjcle. The output responses recorded bj the 

Cyclic Integrator for increasing and decreasing control voltage steps 

are shown in figures 28 and 29 for R = 1000 ohms. The shorting 
c 

transistor around the integr~ting capacitor takes approximately 0.6 msec 

to discharge the capacitor and therefore the resetting period appears 

to form the second part of a half-sine wave with the integrated 

signal. 

As the output is less than half-maximum, equation 2.38 is used to 

determine the transient response. The delayed steps are predicted to 

occur in the (n+2), (n+3) and (n+4) sixth-cycles for a change in the 

n sixth-cycle. As u approaches 120° the response during the (n+2) 

sixth-cycle will not occur. The mercury relay which shorts out a 
( 

small series resistor in the control circuit to initiate the step also 

triggers the oscilloscope, and therefore the first sixth-cycle in 

figure 28 is n. No output change occhrs in the (~+1) sixth-cycle, 

and none is discernable in the (n+2) sixth-cycle. In the (n+3) and 



Fig. 28 Transient response from 
E0 = 2.5•6.5 volts through cyclic 
integrator. Rc = 1000 ohms. 
150 v/cm vert., 2 msec/cm horiz. 

Fig. 30 Transient response from 
E = 6.~2.5 volts. R = 1000 ohms 
4°v/cm vert., 2 msec/cg horiz. 
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Fig. 29 Transient response from 
E = 6.5-2.5 volts through cyclic 
iRtegrator. R = 1000 ohms. 
.05 v/cm, 2 ms2c/cm horiz. 

Fig. 31 Transient response from 
E = 16.5-8.5 volts. R = 1000 ohms 
4°v/cm vert., 2 msec/cm Roriz. 

ZN -3806 
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( n+4.) ~;ixth-c.Jcle changes occur as predicted for large a vii th the new 

steady-state output level reached in the ( n+L.) sixth-cycle. The output 

response for a step occurring at some point other than at the beginning 

of a sixth-cycle must be determined by superposition of the predicted 

res~onse foi the average of the fractional sixth-cjcle step plus the 

predicted response to the remainder of the step-change ave_rage beginning 

the next six~h-cycle .. 

The output voltage step rr:;sponses for R = 1000 ohms without 
c 

cyclic integration are shown in figures JO and 31 for low and high 

output levels respectively. The response at low output in figure 30 

duplicates figure 29, except that changes in the average voltage level 

must now be detected as changes in the firing angle. The response at 

high output of figure 31 exhibits changes in the sixth-cycle average 

voltages during the (n+l), (n+2) J (n+J) and ·(n+4) sixth-c.;cles, where 

n is the first complete sixth-cycle. This response is predicted by 

equation 2.3(, when a is smalL These delayed step responses at both 

low and high outouts provide, along 'vJi th r~he long time constant data, 

verification of the basic difference equation representation. 
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0 The difference equations in Laplace transfonn notation, 

E (s) 
0 = --·=1 _______ [ n3u_ e -Ts + 

8 
-2Ts + e- JTs + ( 1 _ }~11 ) e -4.Ts~J 

1 + GN 2R - e-JTs 
c 

NE ( s) 
c 

2.29 

.. 0 
for u <60 , and () 

Eo(s) _ 1 [ -2Ts JT 1 T J -~-...:::._______ e + e- s + e -". s -
2 -3Ts NE (s) 1 + GN R e 

c c 

2.30 

for u > 60°, accurately represent the increment~l operation of the 

three-phase magnetic amplifier with parallel control windings when 

the speed of response is eight half-c;cles or greater. These equations 

are derived by expressing the average output voltage over a sixth-cycle 

as the difference between the sup J.t v6ltace and the gating core voltage 

averaged over that sixth~cycle. The gating core voltage during this 

sixth-c_yc1c: in turn may be describr,;d in terms of the control and Gut-

put vo1!;.a.ge during the preceding five sixth-CjC1E;s by uti1izi.ng the fact 

that the net vo1t-::.econd area app1ied t.o a core over a cycle of resetting 

and gating is zero. By factoring and combining terms the r:xpressions 

for E (s) as a function of NE s) 
0 c 

are obtained. The difference in the 

delays associated with the s:i;:th-cyc.le average control voltages in 

equationc; ~~. 27 and 2. 28 ari::,es from exprer;c-ang tlw variable in terms of 

f3ix th-cycle avLTage<>. For a change in the control vel t,age in a gi vcn 
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dxth-cycle, the first change in the load voltage occurs in the next 

sixth-cycle if a <60° er1,1d in the next sixth-cycle plus one if a > 60° ~ 

Therefore at a = 60° the expressions are not identical because the 

output is resolved oilly to the nearest sixth-cycle. 

The denominator of equation 2.29 may be equated to zero to deter-

mine the expression for the dominate pole on the real axis. This 

dominate pole corresponds to a time constant for the exponential 

portion of the response of 

't = half-cycles. 
ln (1 + GN 2R ) 

c 

1 

When the time 90nstant is greater than eight half-cycles, the 

approximation 

't = 1 half-cycles 

may be used. In the latter case the half-cycle delay inherent in 

the response can usually be neglected. Experimental time constants 

are found to be in agreement with those calculated using equations 

2.32 and 2.33. 

2.32 

2.33 

In deriving the difference equation representation of the three-

phase magnetic amplifier with parallel controJ windings, choices must 

be made at two ~oints during the cycle of operation regarding the 

characteristics. The first choice occurs when the core chosen to 

follow through a cycle of operation comes out of saturation and is 

read; to reset. At this point the core can either share the resetting 

~ontroJ ~rol tage with the other core or take it all. If the core and 



circuit characteristics are such that the. cores share the voltage, then 

the difference equation 2.27 is modified by additional terms so that 

when u = 0 the gain is increased, 

· The second time in the cycle of operation where the ~ircuit 

characteristics determine the mode of operation is when u > 60° and the 

diode of the resetting core may unblock and cause gate-limited reset. 

The unblocking will occur if the resetting voltage applied to the core 

referred to the gate winding is great enough to overcome the blocking 

voltage applied by the magnetizing current flowing through the load 

resistor. In circuits using germaniwn rather than silicon diodes the 

unblocking will occur more readil; due to the lower-diode forward voltage. 

Unblocking of the diode modifies equation 2.28 and results in a lower 

steadJ-state gain at minimum output. 

As the control resistance is increased to give step responses of 

fewer half-cycles, the diode unblocking and voltage sharing modes of 

operation mentioned previously both occur. The transfer curve shows 

an increase in the gain at high output and a tailing-off in gain as 

minimum output is approached. 

For a control resistance high enough that the exponential portion 

of the transient response is eliminated, the delayed sixth-cycle steps 

which occur in response to an input step are predicted by transfer 

functions incorporating the diode unblocking and voltage sharing modes 

of operation. 

The experimental three-phase magnetic amplifier used in this study 

with parallel control ~Jindings and factory matched square-1oop cores 

exhibits an unstable region just below half-maximum output. This 
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regenerative region is caused by compJ.icated nonJ.inear characteristics 

which can be approximated by letting the coefficient of the output volt

age feedback term in equations 2.27 and 2.28 assume the p:r:.9per values 

over the range of operation. For the instabiJ.ity to occur the coeffi

cient must be greater than unity during the regenerative period. The 

numerical value of this coefficient was caJ.culated from the positive 

exponential of the instability to be 1.017. The coefficient over the 

remainder of the output range is 0.87. 

The spike of voltage appearing across the resetting core when it 

is being reset only from the control voltage i.s closeJ.y related to the 

instability. This spike occurs when the already saturated gate core 

is redriven into saturation when the core of another phase fires. The 

resetting core accepts the volt-seconds of reset generated by the spike 

easily, whereas the reverse voltage generated by the gated core when 

first returning from saturation does not gate the resetting core. 

There is no gating as the core is excited for resetting, and the opposite 

?olarity of voltage must first move the core tb the gating side of the 

13-H loop. 

Chokes int~oduced into_the parallel branches of the circuit or an 

inductive load reduce the coupling of thiS spike into the resetting core 

and eliminate the unstable region. High control resistors which reduce 

the percentage of reset caused by the spike are also effective in 

eliminating the regeneration. 
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APPENDIX A 

Core Characteristics: 

Core 3T4178D2 Deltamax 2 mil 

A -- 0. 68 5 2 em 

1 -- 17.87 em 
c 

'AA --2.471 
c w 

h - 0.08 oersteds de 

· h, = 0.23 oersteds 
()o~ 

h = 0.38 oersteds 
,,oo~ 

for N c_,_ 300 turns 

E - 4.44 BANf- (4.44)(1.5 x 10-4)(0.685)(300)(60) = 8.2 V 
core-rms60~ 

let 

E - 2 E - 16.4 V line to line-rms core 

E' 
'de 

J 
r:]r:; 

I md 

--" --

E 

l omp 

h600J 
0./, T1 

line to line-rms 
-- 22 v 

R -- 22 Q 22 vJatts L --- -
1 

Q__!_~ (17. g) ·~ 10.6 -- = N 0 .I~ 1T JOO 
ma 

To :tllm.r /,00 cps usap,e nnd variations in the number of control turns 

[ivr wlnJing of AWG #24 wire wer~ wound with 25, 50, 100, 200, and 300 turns. 



.. 

-1~9-

APPEN!HX D 

~~qut_va.l cnt lnductanc'~ of CorG when Absorbing Spike Volti1ge 

e :.: I dl 
' d t~ 

and therefore 

tl ,.i 

.f edt = J Ldi = HCe 
0 0 0 

when: H.C is the time constant of integrating network and e the voltage 
0 

across the capacitor. Solving for the inductance L gives: 

l .. 

., 
.L.• g :J t (:-": 

·-

HCe 
0 

_ (100 K)(l ufd)(2 mv)_ 
80 

mh 
( 2. 5 mv) ( J t2) 

•) 

,100\ '· 
- r-::-:::-::- 1 80 mh - g mh · 300· · 
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APPENDIX C 

Calculation of the· Output Voltage Feedback Coefficient of Equation 2.17 

During Regeneration. 

The equation 

E ( s) 
0 

NE ( s) = _c.:;.__. __ 

1 + GN
2

H 
c 

( -Ts -2Ts -3Ts) (.) -3T e +e +e +xEse s 
0 . C.l 

represents the output during regeneration where x is the unknown coefficient 

of ~he voltage feedback term. This coefficient x can be found from the time 

constant of the positive exponentials of figures 13 and 14. This time con-

stant can be found as the inverse of. the slope of the linear portion of the 

natural log of figure 13 plotted as a function of time. 

1.4 

1.2 

l.O slope= l 
2.0 

l. 85-l. 35 = (Y) 

,-4 

Q) -~ 
~ 0.8 let f( t) - in the - e 
·rl region of linea!' slope, 
<"t-1 then ' <"t-1 0.6 _L- -2.0 0 

""(; 

+> ....__.... 
-0.5 <"t-1 o;4 ""(; = 

s::: 
,-4 

0.2 

1.0 1.5 2.0 

Time (seconds) 
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APPENDIX C (cont.) 

Solving equation c .. l for E (s) as a function of NE: (s) and 
0 c 

--~Ts 
approximately e ' ~ 1 - 3Ts gives 

E ( s) 
0 = 

NE ( s) 
c 

l - X (l - 3Ts) 

Solving for the time constant gives 

__.TIL 
1: = 1 - X 

which in turn yields 

X = 3T + -c ' 

To avoid taking small differences (1-x) is found which in turn gives 

new expression for x. 

1-x 1 1: = - 3T + 1: 

1-x = ;2T 
3T + 1: 

1 1 -- 1 X = - - - 1 - 1 + 1 
- - 1.017. 

1 + _L 1 _L 

3T 59 ( 0 . 5) ( ]_ 20) 

The coefficient 'of the voltage feedback tennis 1.017. The coefficient 

• being greater than 1 creates posit{ve feedback which causes the insta-

bility. The coefficient is 0.9 over most of the rest of the range of 

operation, 
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APPENDIX D 

Gain and Time Constant Calculation. 

From figure 2 for 15-L~ volts output, H --- 20 (~ 
c 

E -
o (18-9)(volts) 

K vo - _N_E_c = _r_g_§ __ (__,_5o=-_=-3 .... r..J'-L)~ffi1.;::.;·_:=-u""'ie...J.a_m_p_s_2-_G-, 3-,~, :-- 32 

32 
't = K voT - --:-( 6~)~(-,-60__,.)- = 89 msec. 

From figure 22A for H = 100 '& 
c 

.K = 
\TO 

T _ ___.,:_;;:_____ - ')T l _....,;,__:;,_ ___ -- __ _.;;::. __ -- 24.5 msec, 't ---

ln(l + GN
2
H ) 

c 
ln(l + .406) (120)(0.34) 

G Cal,.:::ula tion from Gain 

? 

K 
vo 

- ---"'--- G = ----'---
K N

2
R 

for R - 20 '• c 

l G :::: ---'---- = _....:;:;:__ 
~32)(3) 2 (20) 1920 

for R ·- 100 '& c 

l 

G- ::::; --'------- = _,.!.;__ 

(7.4)(3)
2

(100) 2200 

vo c 
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G Calculation from Variable,FteguencyGenerator 

Test setup for B-H loop; 

oscillator 

Curve of magnetizing current vs. core voltage. 

10 

m 8 s 
.).) 

~ 
Ql 6 H 
H 
~ 

u 
bD 4 .::: 

·r1 
N 

·r1 
+' 
QJ r) 
.::: '--
b.O 
m 

?-::, 

lp,fd 
vert. 

---~__, _ ___.... ___ ..__ .. ___ ___t, ____ ,_ •. p. ··~-j _____ _.__..L.-__ ...___L __ __.__--A,. __ _ 

2 4 6 8 10 12 

Core VtJ1tage (volts) 

i = I sg.n e + Ge m mo J core core 

G = 
I - I md mo 

e core 

= ( 9 . ;2 - 5 . 0) rna 

f',. :::: voJ t::; 19'50 
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APPENDIX E. 

Cyclic Integrator fot Magnetic Amplifier 

Ri-lMiJ 

O.lp.fd. 
R2•1,8KQ - Cl 

E (to be measu~ed) 
0 + . 

GRl 

oMi1io.soope 

When there is output voltage the diode conducts, turning off 

transistor TRl and charging capacitor Gl, As the output voltage goes 

to zero, diode CIU stops conducting and 1'R1 turns on, discharging the 

capacitor OL 
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