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Introduction 

The present .,~~· of e1<':'nt,.o·-m"lgrc':ltin field~ i~l tne cyclotron 

'n 'h 1:"' or more. NontaJ ly Lr, r!a:'nA+.: c hysteresis of the iron may be 

mus' teld t0 l pert ~n ~ .000 or 0.03 percent. If partial magnetic satura-

+;on of the iron ts ~re&~~~. a larger variation of m&gnet ~urrent may be 

I' 

allowed and the fitld still held to the desired accuracy. 

The four main causes of variation in a closed loop current 

regulaticn system are: 

1. Vt~riatic., l.i;. J o-::..d resistance due to heating, The effect 

of load resiste.nc:e change is reduced if ample loop gain is 

provided in the regulaLin~ systffin, 

2a A chane·o 111 the !"Aference voJtage. Thl.s ·wi.l~. cs.use 

an error prGportiona.i t0 the voltage change, irrespective 

cbuw.·es which _·ef.'.E:;;t; i.n the 
.. > 

U.i; stc.bi · · ti1:.t; effect 1s a function of tl-i,.; loop gain. 
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4o Hunting of the r·egulator·o Hunting is usually due to 

phase shifts associated with the time lags in the control 
• 

systemo 

Stabilization 

If magnet windings are allowed to have a 20 degree C rise in 

temperaturev it will cause a 7o6 percent change in resistanceo This 

requires a stabilizing factor of 250 to reduce the effect to Oo03 percento 

i 
Figo l shows typical values that might be needed in a regulating 

loopo This indicates that for typical values the amplifier voltage gain 

should be 125~000o Most of the voltage gain is required because of the small 

fraction of the output voltage at the shunto 

The present regulator 5Zl694A (Figo 2) is an outgrowth of the 

regulator developed by Frank Trainor·'' and known as 2L2404Ao The present 

regulator has four output voltage ranges; these are selected by the aoco 

voltage applied to the plates of the final power stageo The following table 

shows the output voltages and gains that might be expected in each caseo 

A=c plate voltage input 
to final power stage 

Rated d·.,c power output Max. voltage gainp 

350=0=350 

60-0·~60 

to field of generator ductive load 

240 v at 5 ampu lo5x 

165 v at 5 a.rnp 0 l X 

82 v at 5 ampo Oo5 X 

34 v at 5 ampo 94 

• See Figo 3 for curves of regulator output voltage 
vso a change in test shunt voltage applied to the 
input of the regulatoro 

X 

l06v 

6 
10 v 

10
6 

v 

103 v 

in-
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The standard l'~!.·c:rence voltap;e must have a stability equal to 

or greater than that r~,,~·-<ir.;,c_ 1n the magnet current to be; r·eg:ulHt6do It was 

found that VR105 1 s that have been selected on a VR dynamic tester u.t their 
\ .. 

operating current of' 17.5 millia..."'Ttps have a better temperature stability than 

four aged Burgess Number 4F dry cells that were connected in paralleL The 

batteries will change 0.06 per0ent per· degree centigrade; the VR105Ys are 

at least a factor of six bettero 

Voltage regulator tubes are known to have steps in their 

ope:r-ation 9 but since the loac! on the VR t'.lbe is constant and is fed f:rom a 
·~ 

voltage regulated do Co power supply,, it is thought that the selected tubes 

wi ~ give no trouble. 

It is reconrrnend~d that· the filament power be left on 24 hours 

a dav" to aid in the stability of the standard reference voltageo 

Reference Voltage Control~ 

The r·eference voltage is controllable over two ranges by the 

control panel in Fig. 4; either of these ranges may be selected by a toggle 

switch on the regulator chassiso The low range controls from 0.2 mv to 

5lo5 mv. The high range controls from lo4 mv to 564 mv. See Figs. 5A and 

5B for a simplified diagrama The control consists of a coarse step control, 

and a continuous 25 ohm fine control that overlaps the steps of the coarse 

controL The range of the fine cont1·ol is 3al mv on the low rant;e and 35 mv 

on the high rangeo 

In some cases 9 such as the constant frequency cyclotrons 0 a 

super fine control to cover a smaller range must be used., This is done by 

inserting a 25 ohm ten-turn helipot in place of or in series with the 

present fine controla See Figa 17o 
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Transient Voltage 

Changes in the hne. vol.tage feeding the induction motor would 

probably not be sufficient to effect the output of the generatoro 

The line voltage input to the regulator has been va:r:ied from 
., 

105 to 125 volts without effecting the regulation point of the regulatoro 
'• 

Hunting 

The likelihood of huntlng is reduced because the regulator 

output constitutes an electronic exc. i tel~ wi t:·1 a very short time constanto 

If a rotating exciter were used 11 an addi tiona:i. ti:ne lag would be present o 

' This would limit the allowab1e loop gain and require auxiliary damping and 

control devices to prevent instability., 

In the event a rotating exciter is usedn provision is made in 

the standard voltage circuit for 2.ntroduction c,f a voltage feedback signal 

for reduction of hunting.9 see Figo So This plug may also be used to intro-

duce a correction signal from a. device such as the proton moment field measur-
i 

ing equipmento 

Operation of the Regulator 

For the regulator in Figo l to operateD it is necessary to 

apply a doco vol ta.ge E3 to the field of the generator that is some function ., 
.;.._ 

of the difference voltage between a. standard reference and the shunt voltageo 

The input section of the regulator (Fig" 2) is simplified in Figo 6o 

The output of the Brown converter transformer is approximately 

a. square wave whose magnitude and sign is proportional to the vol te.ge 

difference between the standard and the shunt volte.geo This signal is then 

amplified in a push=pull two star;e amplifier- and applied to the grids of the 

thyratrons in the output stage" See Figso 7 and So The signal on the grids 

of the thyratrons ·" FG ~57 D 1s then the sum of the· amplified square wave and a 
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'7 .. : .... 

phase sh~~tel aoOo signal ~~p~~0d from the 60 cycle power systemo 

When th.e 0:: ,-.p, ~~"lee voltage between the standard and reference 

voltage is zero, th& phase .:;,-,!f-eed 6-oC:o grid VCllte.ge cau~,BS the thyratrons to 

fire at about 90 electrical degrees before the plate voltage goes to zeroo 

When the standard voltage j s higher trum the shunt voltage 9 the firing angle 

is advanced so as to increase the output of the regulator·, conversely, if 

the magnet current is too great, the firing angle is retarded. (See Fig. 3). 

Regulator Testin~ 

General 

In Figo 9 is shown 8. bl.ock diagram of the interconnections 

between the various chassis that corr.prise the regulating unit and generator 

:. :Fc:ld power supplyo Care shou].d be taken in connecting the power supply to 

the p:i.ate transformer of the Hnal &tage (Figo 10) that points 2 anci~ 5 of 

::'8~,1 of the power supply have the same J.nstantaneous aoco pol.arity. The 

regulator and power supply neutral is not tied to the regu.lator cha.ssis b but 

normally has a one point ground at the shunt used as the input signal to the 

:cegulatoro If a separate doe" voltage source is used as an input signal for 

i 

testing~ it is necessary to ground the neut~al of the :regulatcro (See Fig. 9}. 

Power Supply 

The power supply i.n Figo 11 furnishes the following power ·for 

the regulator chassis: 

l 
~- 0 5 V 9 60 cps at 9 ~p" total to filaments of FG57cs. 

2. 6o3 v. 60 cps at L2 amp, .. to filaments of 6SJ7as. 

3a 115 V 9 60 aos at 2 ma for phase shifted a.co to grids 
of FG57 ~s, 

4. 6.3 v,, 60 cps to Brown converter,; this voltage has a 
phase shift c.om:rol Rll that all cws the converter. 
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voltage to be phase shifted ahead between +10 to +40 
electr:ic:.al degrees w1.th reference to the input aoco 
line voltage. 

5. 250 v d.c.~ 17.5 rna to standard reference Vl. 

250 v d.c. at 12 ma to plate and screen of the 6SJ7Vs, 

The regulated 250 v d.c. should regulate over a load 
!"ange of 1.0 to 60 ma with an a.c. ripple not to exceed 
Oo005 Vo 

7o 350=>0=-350 v doCo or l.essn d~·pending upon the load, passes 
through the power supply from the power output transformer 
to feed the plates of the FG=57. 

The following vo:~-ta.ge;; should exist on the various tubes as 

listed below when the regulator amplifier is powered with the interconnecting 

cable from the power supply. 

E Plate E Screen E Cathode -----
Vl. 105 v 0 

V2 85 v 32 v o6 V 

V3 85 v 32 v '• .6 v 

V4 105 v 50 v 1.,2 v 

vs 105 v 50 v lo2 v 

These voltages should be Wlthin 10 peroent when measured with 

a vacuum tube volt meter" but may be changed by selection of the 6SJ7Uso 

(The phase shifted a.c. signal to the grids of the FG57fs should lead their 

respective aoco plate voltage by about 85 electrical degrees to giv·~ proper 

grid control of the thyratrons.) 

The phase of the a.c" applied to the Brown converter should 

be shifted by adjusting Rll of the power supply 9 so that the time when the 
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contacts of c:1e converter a1·e clo::;ed will co1ncide with the time the aoco line 

y( ,·age supplied to the po-.vet· :;upply is zero • 

.tied. :c..[ c.il~·-.,;,, Jeakage from the heater to cathode of the 6SJ1 

amplifier tubes will cause an extraneous 60 cps signal to be applied to the 

grids of the thyratrons in the output stage. This pickup may be detected 

as distortion on the 60 cps [.:;rid signal of the thyratrons. To minim·1ze this 

grid signal distortionD the .:allowing procedure should be usedg 

1. Turn the :r.·egulat::>r amplifier attenuator to z.e.ro 

2 o Connect •~he sco p0 tc pin jack l or ~~ of the regulator 

3. Adjust the filam8nt bal~ncing resistor R28 to give 
miniJnUJT1 distort1('11 on the a.c. grid signa.l of the 
thyratrun 

The relations!·!] ps of the s1e;nal voltages existing jn the 

regui..ator amplifi.er- as compared ;·,ith the a.,c. line voltage may be seen in 

Fi ~c 6 o 

2"~1/25 watt 11eons in series are used as a limiter to limit the 

positive excursion of the plates of the second stage of amplificationo This 

is to limit the amount of power delivered to the grids of the F'G=57 o 

Operational Test 

The regulator is usually used to supply the fiel.d excitation 

of a generator that in turn furnishes the excitation p~wer of a magneto The 

input of the regulator is then a voltage supplied from a shunt that measures 

the magnet current. When h test 1.s desired of the regulator system it is 

usually sufficient to supply a steady doca voltage to the regulator in place 

of the shunt signal 0 and if a generator field is not avai1~ble 9 a resistance 

may be used as a load in place of the generator fieldo 
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The d.c. voltage input can be supplied from either of the 

circuits shown in Figs. l2A or 12B. Fig. 12A is satisfactory to check the 

functional op'eration of the regulator 0 but Fig. 12B should be used when a 

curve of regulator output vs. input is desired. This circuit (12B) allows a 
/ 

curve to be plotted on a direct coupled oscilloscopeD thus making the plot in 

. . a short time~ and thereby eliminating any correction factors due to battery 

drifts in the ~upplied d.c. voltage. 
( 

The controls on the control panel (F!g. 4) are used under the 

test condition to set the difference voltage between the input d.c. voltage and 

the standard reference voltage to within the operating range as shown in 

Fig. 3. For operation the difference voltage should be wi.thin.! 0.3 mvo 

Fig. 3 indicates that the output curve of the regulator is 

dependent upon the load impedance angle. The two curves shown in Fig. S 

show the output for a resistance load and for a typical inductance load as 

found in the field circuit of d.c. generator. The inductive load gives a 

higher amplifier gain. 
• 

When the regulator is used in a regulating loop 0 the only 

ground of the regulator neutral occurs at the shunt through the shunt leads. 

The generator field circuit must not be connected to ground or spurious signals 

will be applied across the 100 or~ resistance that isolates the amplifier and 

output stage of the regulator and cause faulty signals on the grids of the FG-57's. 

Applications 

184-Inch Cyclotron Magnet 

See Fig. 13 for an open loop voltage curve of the regulator as ·~ 

it now feeds the 552 kw M.G. set. A 1500 amp. 0 500 mv shunt is used. These 

curves show that over the normal operating rangeD the loop gain is 
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approxima.te.:y 750. This amOil··,t ·;Jf loop gain will hold the magnet current well 

w· ··hin the limits set up for this circuit" Any drift that occurs is probably 

due to variations in the st<llJ.Hlrd voltage. 

In one test the regulator reference voltage drifted down to 

Oo09 percent over an eight hour period. The ambient temperature around the 

VR standard raised 7 degrees C during the same tim:e. 

20 Kw M.G., Set 

See Fig. 14 ~or a typical application of this regulator as 

used with a 20 kvr portable f,L Go set, The lol)]J g:ain is approximately 500, 

depending upon the load and shunt resi.stance o 

Analyzing Magnet·' Building 10 

See Fig. 15 for the characteristics of this circuit. The loop 

gain is 830 at the 36 amp. operating point of the magnet. This gain will 

reduce the effect of resistance variation during heating to 1 part in 

'60-Inch Cyclotron Magnet 

See Figs. 16 and 17 for the characteristics of this applica-

tion. The loop gain is 100. It should be noticed that in this case an a.c • .. 
input voltage of 350~0=350 is used into the final thyratron stage. This 

loop gain mir;ht be a little low, but since monitoring of the field is neces-

sary for optimu;n beam (the oscillator frequency changes with beam loading) 

it is thought that a loop gain of 100 would be sufficient. 
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