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36-INCH CYCLOTRON PHASE SERVO CONTROL ~YSTEM 

Bob H. Smith 

·Radiation Laboratory, Department of Physics 
University of California, Berkeley, California 

.·INTRODUCTION 

. The Servo Phase Control. System· was, developed .. to :fulfill the need for 

automatically co~trolling the phase relationship of the accel~rating voltages 

ori the "deesn of the 36-inch cyclotron. Without this system the phases must 
t I 

be adjusted laboriously .by hE~nd.; ·This Js a very slow process and one· which 
. . ( . ~ . . . . . ,. 

requires continualadjustme,nt eg., ir~ probe ·is in_~erted. Af:ter obtaining 
' . . . .. . .. , 'I. 

the pr!)per:phase, it will detune the circuit and alter the phase relation~ 
' 

ships. Thi.s is all compensated for automaticall!. by the .servo contro.l system. 

The phase angle generally desired is 120° but othe~ ~gles within a ± 30° 
. . .. 

may be OQ,tained and. automatically controlled •. If a manual control of phase 

angle is desired ~t also may be obtained. Metering points are provj.ded 

throughout the system • 

I· 
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PHASE SERVO CONTROL SYSTEM 
COMPLETE BLOCK SYSTEM 

FIG. I 
MU257 
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ZN-1227 

Fig. 2 a 
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ZN-1226 

Fig . 2b 
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D!i:SCRIPTION OF SYSTEH 

The servo syst.om consists of a freq~1enc:y con·1.re:i: tr.:r, a loc~al OL>C;illa tor, 

an audio pre-amplifier, 3 phase meters~ a D.C. &mpl.ifier) 3 servo motors and 

3 'variable capacitors. A block diagram of these compGJnents ~ wi t.h their r·E,·· 

la tionship to the final amplifier and the electron cyclc,t:cony is sho'W'r: in 

Fig. 1. 

In general, the function of this system is to control. the relative phase 

differences of the three voltages applied to the cyclotron. Thii3 ph&se dif·-

ference must be controllable to within 1; 5 elect:cical degrees •. This is a(>-

.complished by changinG the value of variable capacHors connected across the 

plate tank circuit of the output tubes, of each phase of the 3 phase final 

amplifier. The capacitors are varJ.ed autornati(~!illy by the servo .motors to 

1r1hich they are mechanically connected. In b1·ief 1 the manner; in which the 

control voltages for the servo-mctors are obtained, is a.s follo,.,rs: 

The frequency of the final amplifier is first t.ranslated to JKC, as . . 

measurements and design of equipment to operate at this frequency are less 

critical.· Part of the output of· each phElse o.f the fi.nal cUnp.lifier is tapped' 
. . 

off and fed into the frequency converter. Th·?l· grid input signaf .of tho final 

amplifier of "A" phase on1y1 also is fed int.o the fr~quenc.:y, .:.onverter. 'l'hesF.l 
.. 

signals are mixed with a ·signal for the ·local oscillator. The frequenc.y of 

this signal is 3 KC less than that from the final amplifier. As will be . 

shovm later, the outputs from the converter eac.:h has a fr·equenc~y of 3 KC and 

has an amplitude e,qual to the amplitude of the local oscillator' input,. The:;e 

amplitu~es must be equal or the phase meters Hill not function pl'oporly. 

relG tfon~;}lips are not a.ffeoted by the tran:::~la Uon to J KC. 

The 
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The O\.ttp\,tts of the converter are fed int.o an audio alliplifier which 

serves as a pre-amplifier for the phase me1ters. The amplitude of the input 

to the phase rueter may be varied by varying the gain of the pre-amplifier. 

The signal from the plate of the A¢ final amplifier, Ap is compared 

uHh th~ signals from the B,ej final amplifier, Bp, the c¢·final amplifier, 

Cp, and from the grid of A~ final in the A-Bi A-C, and Ag~Ap Phase Meters 

respectively. If the phas~ difference in any one of these meters is within 
0 ' ± 5 of the desired value, the two outputs from the phase meter will be 

approximately equal. If the deviation is greater than ± 5°, the two inputs 

will differ by an amoun~ proportional to the angle of deviation. 

These two signals are fed into one channel of the Servo Control Ampli

fier. ·The difference between these :i.npu.ts is amplified and is used to operate 

two relays controlling the direction of rotation of the servo motor. When

ever the phase deviation exceeds t 5°, power·is supplied to the motor which 

turns a variable .capacitor correcting the deviation. 

THEORY OF FREQUENCY CONVERSION (SUPERPOSITION METHOD) ,_. 

When two alternating voltages of di~ferent frequencies are su:perim

,posed, the result is as shown in Fig e 3. The two waves alternately add and 
' ' ' 

subtract as the higher frequency wave continuously adv·artces in .relative phase 

because of its greater ~gular velocity. The resulting envelope accordingly 

goes through one cycle of amplitude variation in a time interval corresponding 

to the time required for the.higher frequency wave to gain a cycle. Thus, 

the envelope pulsates at a frequency that is the difference between the fre·

que:ncies of the two alternating waves.involved. The equation of the envelope 

is: 

Eq. 1 



' . 
'0 

,,~2ICV'J\JVV\AA/V\AA 12 CYCLES 

•'IAJVNv¥Mf\v 10 cvcLEs 

2 CYCLES 

FIG. 3. SUPERIMPOSING 2 WAVES OF DIFFERENT 

FREQUENCIES 
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Hhere E and E
2 

are tho ampli tude.s of th~: two a~c ·wa:v·es belng supel"'impo.sed~ and 
. 1 

W1/211"' and !JJ2f21T'ar-e their- respective frequencies. When one wave is much 

smaller than the other, i.e., E1:>~E2 , thon Eq. 1 may be simplified to: 

E=E1 [1+ !~ c•os(Wl'.W2)~ Eq. 2 

Under these conditions the instantaneous envelope amplitude varies in 

·accordance with the amplitude of the smaller -wave E2• Rectificati.on of the 

combined wave will produce an output.which is modulated exactly as is E2 :, but 

\-Thich has a carrier frequency equal to the difference betw·een the carrier fre-

* quencies of the waves originally combined. Any frequency modulation.possessed 

b;y· E2 likewise appears as an identical frequency modulation of the new carrier 

frequency. It is to be noted that even phase relationships are maintained, a 

certain phase difference~ y1, existing before frequency conversion still being 

present as the same phase shift, ¢, after the frequenc:y change. 

FREQUENCY CONVERTER OPERATING PRINCIPLES 

As may be seen from schematic 6Wl843~ eaeh of the inputs is combined 

with the signal from the local oscillator. T'he inptits .are chosen so as to be 

at least ten times the amplitude of the local oscillator·. As shown above 

each output will then be equal in amplitude to the ampli tu 1e. of the local 

·oscillator s.ignaJ., and each will have the same difference frequency of J KC • 
. 

Therefore all of the outputs will be equal both in amplitude and fr·equency, 

but the phase differences will remain the same as in the finals. 

11' When neither of the two waves being superimposed is small compared with 
the t;>ther, so that Eq. 1 applies, then the alternating component of tho 
rectified output will be exactly proportional to E-.~ only :l.f ~ square--law 
detector is employed. Linear detection under these conditions does not r,ivo 
an output porportional to E2 • Where Eq. 2 applies, either .linear or ::;q11m·o 
law detection may be employed. 

... 
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FIG .. 4 VECTOR REPRESENTATION OF 
ADDITION OF TWO WAVES OF 
DlFFERENT FREQUENCIES 

MU 2572 
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The method by wbL;h these frequencies are superimposed may be seen from 

the basic circuit Fig. 5. 

The RFC appears as an open circuit to both the 6l.HC fr·om the finals and 

the 60.997HC from the local oscillator. These are by-passer to ground by C-1 

and C-.3. The JKC ·beat freque11cy ~ however _q wlll pass the RFC. A vol tae;e to 

ground is developed acYoss the R
1
-e2 circuit. 

This is the voltage that HE-1 will measure (:ME-2 measures the magnitude -

of the input from the local oscillator) .• The 3KC signal then passes through 

the 120 cycle filter consisting of a parallel 11 T11 network v)hich gives a very 

narrow elimination band. 

V-1 is used as a cathode follower to provide a more fmitable impedunce 

for driving the coaxial line. 

PHASE HETER AUDIO Pll.E-1\MPLIFIER. 

This unit consists of four i.denth::a1 channels~ Each channel contain:3 

a two-state, R-C coup~.ed amplifier with 98 percent negative feed back. It 

has a very good frequency rElSponse~ being down lDB at 25 cy and 300KC- and 
F 

consequently negligible phase shift at the frequency of operation. The first 

stage uses a 6AU6 while the second uses t of a 12AU'/. The maximum ga:l.:n of 

the amplifier is 34.DB. 

PHASE METER 

Operating Princ~ples. 

The operating principles of the phase metor may be most 8&sily shO\m 

. by the vector diagram i.n Fig. 6. As the voltage a·t C. should be 120° out of 

phase ,.fi th that at A, let us assume that this is the case~ Point B is any 

po:illt at ground potential. Taking the potential of A nbove. B as a r~~f(:n.·ence .• 
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0 the voltage BC will be 120 out of pru:;.se with a BA. Now BA== BC~ as \-Tas shown 

in the discussion of the frequency converter. Since R-3 and R-4 are matched 

resistors, the voltage at point D w-ill be halfway between A and C. Therefore 

CD= DA. From trigonometry < "'CB= <DAB=-30° and DB is therefore equal t.:> t 
BC or BA. (BD/BC = S:!.n <. DCB = Sin 30° = 0. 5) If one applies t the vol tag a from 

C to groUnd to one side of the meter~ ME-l, and the voltage from point D to 

ground to the other side, the meter should read zero if the < CBA is 120°. 

·If< CBA is more than _120° there will be a positive reading on the meter; if 

it is less the reading will be negative. If a differential meter is used, 

it will give a direct reading of any deviation in phase from 120°. 

The manner in which.the foregoing is accomplished may be seen by re-

ferr:ing to the basic phase meter circuit, Fig. 7. Two signals from the audio 

amplifier are applied to phase meter. If the phase meter is to measure the 

angle between A¢.to B¢ then these two signals will originate at A plate and B 

plate. Simila~ly for A¢ to c¢~ the signals will originate at A plate and C 

plate; for A grid to A plate, the signals will originateat A grid and A 

plate. The signals are applied to PG-1 and 2, and are rectified by V-4, 5 

and 6. The gain is controlled by ganged helipots R~7, 13 and 32. One half 

the voltage from point 0 to ground is tapped off bet'wee~ the equal resistors 

R-9 a~d R-10 and, passing through V-la is applied to ME-l. The potential from 

point D to ground is applied, through the gain control, to the opposite side 

of ME-l. 0 If the phase is 120 , ME-l will r~ad zero and the output voltage to 

thf servo control amplifier will be zero. If the phase is more than 120° the 

output from Terminal 3 of TS-1 will be less than from T.erminal 2 while~ if the 
/ 

pha~e is less than 120°, the output from Terminal 3 Hill be more than from 2. 

ME-2 is used to indicate any difference in amplitude between voltage BA and BC. 

ME-~ indicates the magnitude of voltage BC. 
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ANGLES OTHER THAN 12cf 

If a phase angle other than 120° is desired~ it may be obtained by 

balancing the output to the servo control amplifier with R .... 39. A variance of 

~· ± 30° or greater may be obtained in this manner. 

The angle of. variance may be determined by entering the reading of the ~ER 
. . 

meter on the graph of Ll~ versus Q, Fig. 9, and reading the phase angle Q where 

G is the variance in degrees from 120°. (See Fig. 8). 

SERVO CONTROL AMPLIFIER - OPERATING PRINCIPLES 

The function of the Servo Control Amplifier is to supply a.c. power to 

the servo motor such that it will run in a "forward" direction when the de~ 

. viation from the required phase angle exceeds a+5° and in a "reverse" direc

tion for a deviation greater than -5°. Between a +5° and a -5° no a. c. power 

is supplied to the motor. This is a static condition. 

The magnitude of the voltage difference between the two inputs is de

pendent upon the phase angle deviation. The amplitude of the 60 cycle square-

wave from the converter, Fig. 10~ is equal to this voltage difference. If the 

two inputs are equal, the output from the converter will be a steady d-e value. 

Consenser C-1 blocks any d-e from the converter and also removes the d~c com-

ponent contained in the square wave. The output of the converter is amplified 

by V-1 and V-2a and combined with the 60 cycle a.c. voltage from R-3. The 

combined ~oltage is amplified by V-2b and V-3, rectified and applied to the 

relay network. 

The basis relay circuit is shown in Fig. 11. Note that a resistor, R-4, 

is added in series with RE-2 in the "Auto" position thus requiring a higher 

potential at point "A" to energize RE-2 than to energize RE~l. The voltage 
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115V At;. 
INPUT 

Ill "FWD" 
"REV" } TO SERVO 

~-------~---------------~~-- MOTOR 

NOTES: 
I. NETWORK SHOWN IN 'MANUAL" POSITION. 
2. All RELAY CONTACTS SHOWN IN NON· ENERGIZED f'OSJTioN. 
3. FOR AUTOMATIC OPERATION PLACE S-1 IN "AUTO" POSITION. 
4. FOR STATIC CONDITION 1 RE ·liS ENERGIZED 6 RE-2 IS NOT ENERGIZED. 
5. FOR FORWARD CONDITION 1 RE- I IS ENERGIZED a RE- 2 IS ENERGIZED. 
6. FO.R REVERSE CONDITION 1RE·I' IS NOT ENERGIZED 6 RE- 2 IS NOT ENERGIZED. 

FIG .. II : SERVO CONTROL AMPLIFIER RELAY NETWORK 

MU2578 
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at "A" required to energize RE-1 is appr-oximately 40 volts while 60 volts is 

required to energi.ze RE-2. When RE-1 is energized and RE-2 is not energized, 

Fig. 11, tlw relay network :is in the static condition and there is no c..c. 

power supplied to the servo motor... To allow the motor to run in a forward 

direction, both relays must be energized, to run in a reverse direction neither 

relay may be energized. 

Similarly» LT-1 will light up 111hen both relays are energized and LT-2 will 

light up when neither relay is energized. When only one relay is energized 

neither light will work. 

The foregoing positions of the relay contacts for forward~ reverse and 

statis conditions hold for "Automatic" as well as "Manual" operation. 

AUTOMATIC OPERATION (See f~l2} 

Case 1 More than t5° Deviation 

The phase shifting network of C-2 and R-~ controls the phase of the a.c. · 

input to R-3. R-2 is varied until the a.c. is in phase With the square wave. 

The imphase addition results iri the magnitude of the combined wave being in-

creased. R-3 is adjusted, with no output from V~2a, to give 50 volts at point 

"A". If the input from V-2a is sufficient to increase the potenti~l of point 

11A11 to 60 volts then both relays will be energized and the motor will run in 

a forward direction. The value of R"··l is adjusted so that RE-2 ,,rill be 
0 

energized whenever the dev-iation is greater than plus 5 • 

Case 2 More than -2° ~viation 
'ti, 

The condition is identical with Case 1 with the exception that the square ~y"' 

0 wave is 180 out of phase with the a.~. voltage of R~J. The magnitude ,of the 

0 combined wave is· decreased and for any deviation gr-eater than ··5 th.~ voltage 

at "A" will be less than L~O volta and neither relay will be energized •. The 
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CONVERTER R-3 COMBINED 
. OUTPUT OUTPUT VOLTAGE 

% 
HIGH AVERAG£ VALUE OF VOLTAGE 

11 /\. BOTH RELAYS ENERGIZED 

~I '\.../ MOTOR DIRECTION: FORWARD 

11 /'\ ~ 
LOW AVERAGE. VALUE OF VOLTAGE 
NEITHER RELAY ENERGIZED 

I 1-. -v MOTOR D.IRECTION: REVERSE 

"" ~ 
AVERAGE VALUE SUFFICIENT TO 
ENERGIZE RE·I BUT NOT RE-2 -v MOTOR DIRECTION, NONE 

(STATIC COOOITION) 

FIG. 12: ILLUSTRAnNG THE EFFECT UPON THE MOTOR OF COMBINING 
THE CONVERTER 8 R -3 OUT PUT VOlTAGES. 

MU2!579 
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motor will, the:refore, run in a reverse direction. If this does not occur at 
. 0 . 

-5 , R-3 will have to be readjusted. 

Case 3 Within +5° Deviaticn 

If the deviation is not more than +5? the ampiituda of the square wave _;; 

is not great enough to eith~r close RE-2 or to open RE-1 as the case may be. 

This is the static condition and no a.c. power will be supplied to the 

servo motor. · 

Manual Operation 

For the manual operation S-1 disconnects th~ amplifier from the relay 

network. Also R-4 is removed. The relays operate as previously described to 

supply power to the servo motor. In the static condition power flows through 

. PB-1, to RE-1 to neutral thus energizing RE-1. · RE-2 will not be energized 

as PB-2 is not closed •. For these conditions there ·will be no power delivered 

to the servo motor. However if the "FWD" pushbutton 1 PB·-2 is closed both relays 

will be energized and the motor will run in the forward direction. If the 

"REV" pushbutton, PB-1 is pushed it will open the circuit~ de-energizing both 

relays and the motor will run in the reverse direption. 

Dynamic Br.aking 

To prevent the servo motor from overshooting the "dead zone" (the'!:.;~ 

deviation within which the amplifier is in a static condition), dynamic braking 

is applied. It· may be seen in Fig.'·ll that, when the Servo Amplifier is in the 

static condition, R-5 supplied d-e power to the servo motor via the reverse 

lead. This voltage will set up a field resisting motion whenever the rotor is (v~" 

turned. As the amplifier is in the static condition within a t5° deviation, 

the d-e voltage applied to· the motor tends to s top the motor within these 

limits. 
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PHASE HETER ALIGN!-!ENT (S6e Fig. 7) 

Step 1 Cathode Bies Adjustment 
..;...;;.~"-""-;.....;...-~.. ._ . 
a. Turn Power on. · 

. b. Wait 45 seconds to alloi.J" filaments to warm up. 
c. Adjust R-.35 until 7 volts appears on the cathodes of V..-1, 2 and 3. 

Step 2 Zero_lh1lustment 

a. Place S-5 and S~6 in 11High11 position. 
b. Press S-1 and adjust R-19 until ME-l reads zero. 
c. Press S-2 and adjust R-24 until ME~2 reads zero .. 
d. Repeat b and c with S~5 and S~6 in 11 Low11 position. 
e. Press S-3 and adjust R-28 until ME-3 reads zero. 

When any of these switches are pressed the. grids of the respective 
tube are grounded. Thereby insuring zero griq signal. 

Step 3 Balancing Circuit. to Nullify Effect of V-4, 5 and 6. 

a. 
b. 

c. 
d. 
e. 
f. 
g. 
h. 
i. 

Turn Power Off 
Connect test signal plugs PG-5 and 6 to input plugs PG-1 and 2 
respectively. . 
Put 1::. Ea and 6 E scales in high range position. 
Turn pouer on and allou 45 seconds for filament to warm up. 
Adjust R-30 until I::.E (ME-2) reads zero. 
Ground PG-6 with S-7 (located at rear of chassis). 
Adjust R-11 until 1::. Ea (ME-l) reads zero. 
Turn Power Off. 
Remove test signal plugs. 

Step 4 For Phase Differences Other than 120° 

-a. Accomplish ste:P'l 1 through 3. 
b. Apply two signals to PG-1 and 2 with the desired ampunt of 

Phase difference. 
o~ Push PB-1 and adjust R-39 m1til ME-2 reads zero. 
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APPENDIX 

SCHEMATICS AND PARTS LISTS 

Fig. 13 Phase Servo Interpanel Connection Diagram. 

Fig. 14 Phase Servo Control Frequency Converter. 

Fig. 15 Phase Meter Audio Pre-amplifier and Parts List. 

Fig. 16 Phase Meter 30 cps to 61 me and Parts L~st. 

Fig. 17 Servo Phase Control Amplifier and Parts List. 

/ 
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P}.H'fS LIST FOR S·~H:J.!ATIC 6N1644 

DESIG. QU~N. 

C-1,5,6,10,11, ~ 
15,16,20,21 
C-2,7 112,17, 4 
C-3,8,13,18 4 
C-4,9,14,19 4 

F-1 

LT-1 

PG-1 thru 8 

R-1,10,19 1 28 
R-2,11,201 29 
R-3,8,121 17,21, 
26,30,35 
R-4,13,22,31 
R-5,14,23,32 
R-6,15,24,33 
R-7,16,25,34 
R-9,18,27,36 

S-1 

TS-1 

T-1 

:V-1,'3,41 5, 
!V .... 2,6 

v.c;..:1,3A.~ 

. v's -.z, ' 

1 

1 

8 

4 
4 
8 

4 
4 
4 
4 
4 

l 

1 

l 

4 
2 

4 
2 

SPECIFICATION·· 
8 afG 450 v E1ectr~lYtic Capncit~~ 

1 afd 600 v Paper Capacit&r 
.02 nfe 600 v Pa)ler Capacitor 
10 afd 25 v lloctro1ytic. Capacitor 

.. 

3 AG 1 Aap fuse w/Litte1fuso #342001 post, .. 

115 v cand, base pilot 1uJ1 w/1005 socket 
and ret! jewd 

~phenol 83-lR female receptacle 

100 K ohms 2 W pot, 
220 K " i W carboA rosiater 

1 " " " " II II 

560 " II II II II II 

51 II II II " II II 

1 ~ II II II II II 

20 K II 10 11 wire llowul r .. iltor 
. 5.1 " II 1· II carben resistor 

S.P.D.T. Teg~~:1e Switch Buc Nlll8 

Jonea 142-4 Tera, Strip 

~tancor P-4019 Transf, 115/6.3V C,T, at 4A 

6AU6 Tubea 
'12AU7 Tubes 

Cinch 7 EY Tube Sockets 
Cinch 9 EM Tube Socketa 

FIG. ·15a 
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~rk~l I fT .PftRTS LIST FOR S~H"l!ATIC 6'Nl644 

f--
D1tA"'ING LIST 

;~-, ,,-r -r-
nv·c NO. NO. lim'D THLE 

~W/1 _ _1_[_. 6w1644 ~tic 
6Y.'l651 Parts List (thie) I--

6'111663 1 Panel 
(\ 6'1-'1674 1- .:has sis ·,; . .. , 

'· 1022973-1 1 pr, Chassis Bracket 'f--•() 

1023072-1. 1 pr •. C:ha~eis Bracket Br•.ce :r ! 
~ . 1023421-2 2 Botto11 Clips ~ 
"' 'I 1024053-1. 1 Cal cane Bottoa Cover 
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