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36-INCH CYCLOTRON PHASE SERVO CONTROL SYSTEM
Bob H, Smith

+Radiation Laboratory, Department of Physics:
University of California, Berkeley, California

- INTRODUCTION

.The Servo Phage Control'SYStem'wasxdevelopeduto:fulfill the need for
automatically cortrolling ohe phase reletionship of the'accelerafihg voltages
on the "dees“ of ﬁhe'36;inch cyolotron. ‘Without thislsystem the phases must
be edjusted laboriously by hand -This is a‘very slow process aod one‘which'
requires continual adJustment eges. if a probe 1s inserted - After obfeiniﬁg
the prOper ‘phase, it w1ll detune the circuit and alter the phase relation-
ships, This is all compensated for automatlcally by the servo control system.
The phese angle generally desired is 1?O° but other angles within a ¥ 30°
may be obtained and’ automatically controlled - If a manual control of phase
angle 1is desired it also may ‘be obtained. Metering points are. prov:ded

throughout‘the system,
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DESCRIPTION OF SYSTEM

The servo system consists of a frequency cohveiter, a local oscillator,
an gudio pre-amplifier; 3 phase meters,ﬂa D.C, gmplifier, 3 servo motors and
3'variéb1e capacitoré. A block diagram of ﬁhéSGACOWPGHGDtsy with their re--
lationship to the final amplifier and thelelectron cyclotron, is shown 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. Thia phase dif-

ference must be controllable to within + 5 electrical degrees.. This is ao-

_complished by changing the value of variable'capacitors connected across the

plate tank circuit of the output tubes, of each phase of the 3 phase fiﬁél
amplifier. The capacitors are varied automatically by the servb(motérélto
which they are mechaﬁically connected, In brief, the mgnner;'in which the
contrgl voltages for the servo-mctors are obtained, is as followss

The frequency of the final amplificr is first translated to 3KC, as
measurements and design of equipment to operate at this fréquency gre'less

critical. Part of the output of each phaseé of the final amplifier is tapped’

- off and fed into the frequency converter. The grid input signé}vof the final

amplifier of "A" phase only, also is fed into fhe frequency, converter, Thege
51gnals are mixed with a 31gna1 for the local osc 111ator. The frequency of -
this signal is 3 KC 1ess than that from the final amplifier, As will be .
shown later, the outﬁuts_from the converter each has a frequency of 3 KC and
hasvanvamplitude'equal to the amplitude.of the local oscillator'inpup.- These
amplitudes must be equal or the phaée meters will not function properly. The

relationships are not affected by the translation to 3 KC,
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The outputs of the converter are fed into an audio amplifier which
gserves as a pre-amplifier for the phase meters, The amplitude of the input
to the phase meter may be varied by varying the gain of the pre-amplifier,

The signal from the plate of the Ag final amplifier, Ap 1s compared
with the signals from the Bf final smplifier, Bp, the Cf final amplifier,
Cp, and from the grid of AP finel in the A-B, A-C, and Ag-Ap Phase Meters
respectively, If. the phase difference in any one of these meters is within
+ 5° of the desired value, the two outputs from the‘phase meter will be
approximately equal. If the éeviation is greater than % 50, the two inputs
will differ by an emounn proportional to the angle of deviatlon,

, These two signels are fed into one channel of'the Servo Control Ampli-
fier, The difference between these imputs 1s amplified and is used to operat
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 twovalternating4voltages of different frequencies are superim-
pOSed, the result is as shown in Fig, 3. The two waves alternately add and
subtract as the higher frequency wave continuously edbances in,relativeephase
because of its greater angular velocity, The resulting envelope accordingly
goes through one cycle of amplitude variation in a time interval correspondihg
to the time required for the. higher frequency wave to gain a cycle, Thus, o

“the envelope pulsates at a frequency that 1s the difference between the fre-
quencies of the two alternating waves involved, The equation of the enveibpe

1s:

2, 2. ' :
E:JEI.JFEZ + 2B1E, cosuy-uh)t Pl N
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_Where E andvE2 are the amplitudes of the two a-c waves being superimposed, and
ua/27r'and (U2/2/4are their respective frequencies. When one wave is much

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

E=E, {u% cos (W)~ 2)t] " | Eq. 2
Under these coﬁditions fhe instantaneous envelope émplitude varies in
.hccordance with the amplitude of the smallesr wave E2 Rectificétion of' the
combined wave will produce an output. which is modulated exactly as is E2, but
which has a carrier frequency equal to the difference between the carrier fre-
quencies of the waves originally combined° Any frequency modulation. possessed
by Bo likewise appears as an identicallfrequency modulation of the new carrier
freqﬁency, It is to be néted that even phase relationghips are maintainéd, a

certain‘phase difference, @, existing before frequency conversion still being

present as the same phase shift, @, after the frequency change,
FREQUENCY CONVERTER OPERATING PRINCIPLES

As may be seen from schematic 6W1843, each of the inputs is combined
with the signal from the local oscillatof, The inpﬁts‘are chosen s¢ as to bé:
at least ten times the émplitude of the local oscillator, As shownlabOQB
each output will then-be.equal in aﬁplitUde to the amplituié.of the local
oscillator sighal,and‘each wiil have the same differenéé frequency of 3 KC,
Therefore all of the oﬁtputs will be equal both in émplitude.and'frequency,

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

" When neither of the two waves being superimposed is gmall compared with
the other, so that Eq., 1 applies, then the alternating component of the
rectified output will he exactly proportional to Eq only if a square-law
detector is employed, Linear detection under thess conditions does not iva
an output porportional to E Where Eq, 2 applies, either linear or squarc
law detection may be employed°
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Thg method by whish these frequencies are superimposed may be seén from
the basic circuit Fig, 5, |

The RFC appears as an open circuit to both the 61MC from the finals and
the 60,997MC from the local osecillator, These are bywpasséd to ground by C-l
and C—B.' The BKC'beat frequency, however, will pass the RFC, A voltage to
ground is developed acruss the Rlucz circuit, |

This is the voltage that MBE-1l will measure (ME~2 measures the magnitude“
of the input from the local oscillator). The 3KC signal then passes through
the 120 cycle fllter con51st1ng of a parallel "T" network which glves a very
narrow elimination band,

V-1 is used as a'qathodé follower to prbvide a more suitable impeaance

for driving the coaxial line.

PHASE METER AUDIO PRE-AMPLIFIER

Thié unit consists of four identical channels, Bach éhannel contains
a two-state, R-C coupled amplifier with 98 percent negative feed back, It
has a‘very good frequency response, being down 1DB at 25 cy agd 300KG-and
consequently‘negliéible phase éhift at the frequency of opéfa'tiono The first
stage uses a 6AU6 while the second uses 4 of a 12807, The maximum gain of

the amplifier is 34,DB,

PHASE. METER

Operafing Principles.

The operating principles of the phase meter may be most easily shown

by the vector diagram in Fig, 6. As the voltage at C should be 120° out of

4

phase with that at A, let us assume that this is the case, Point B is any

point at ground potential, Taking the potential of A above B as a reference,
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the voltage BC will be 120° out of phase with a BA, Now BA=BC, as was shown
in the discuséion of the frequency converter, Since R—B and R-4 are matched
resistors, the voltage at point B will be halfway between A and C., Therefore
Cb=DA, From trigonometry < CB=<DAB=30° and DB is therefore equal to & ' NS
BC or BA, (BD/BC==315 < DB = S$in 30°= 0,5) If one applies % the voltags 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 ﬁhan ;290 there will be a positive reading on the meter; if
it is less the reading will be negative, If a'differeptial.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-
ferring 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 Ag to B then the:e two 31gnals will originate at A plate and B
plate. Similarly for Ag to Cﬂ, the signals will orlglnate at A plate and C
plate; for A grid to A plate, the signals will originate.at A grid and A
plate, The signals are applied to PG-1 and 2,lané are rectified‘by Vel 5
and 6, The gain is controlled by ganged helipots R-7, 13 and.32° One helf
. phe voltage from point C to ground is tapped off between the qualiresistors »
R-9 and R-10 and; passing through V-la is applied to ME-1l, The potential from
| point D to groupd is gpplied, through the gain control, to the opposite side |
of ME-1, If the phase is 120°, ME-1 will read zoro and the output voltage to
the “servo oontrol amplifier will be zero, If the phase is more ‘than 120° the.
output from Terminal 3 of TS-l will be less than from Terminal 2 While if the Q/«
phase 1s less than 120° , the output from Terminal 3 will be more than from 2.
_ MEQZ i1s used to indicate any différencé’in amplitude between voltage BA and BC,

ME-3. indicates the magnitude of voltage BC,
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ANGLES OTHER THAN 120°

If a phase angle other than 120° is desired; it may be obtained by
balancing the output to the servo contrqlvamplifiér with R-39, A variance of
+ 30° or greater may be obtained in this manner,

‘The angle of variance ﬁay be determined by entering the reading of the AE@

' meter on the graph of ZXER versus 8, Fig, 9, and reading the phase angle ¢ where

0 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® directionrwhen the de-

'_>§iation from the required phase angle exceeds a +5° and in a "peverse" 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 deé

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

' wave from the converter, Fig. 10, 1s equal to this voltage difference, If the -

two inputs are equal, the output from the converter will be a steady d-c value.
Consenser C-1 blocks any d-c from the converter and also rémoves 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 voltege 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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at "A" required to energize RE-1 is'approximafely AO.volts while 60 volts is
Arequired to energize RE-2, When RE-1 is energized and RE-2 is not energizéd,
Fig, 11, the_relay network is in the static condition and there is no a.c.
power supplied to the servo motor, To allow the mctor to run in a forward 2
direction, both relays must be ensrgized, to runlin a reverse direction neither
relay may be energized, '

i Similarly, LT-1 will light up when both relays are energized and LT—2.will
light up when neither relay is energized° When only one relay is enefgized
neither light will work. |

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

statis conditions hold for "Automatic" as well as "Manual® operatiohé

AUTOMATIC OPERATION (See Fig, 12)

Case 1 More than 45° Deviation

A The phase shifting network of C-2 and R-2 controls the phase of thé a.co’
input to R-3. R-2 is varied until the a.c. is in phase With.the squareIWave. .
The imphase addition results in 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
AN, If the input from V-2a is.sufficient to increase the potential of point
"A" to 60 volts then both relays will be energized and the motor will run in
a forward direction. The value of R-1l is adjusted so that RE-2 will be
'enérgized whenever the deviation is greater tﬁan plus 50.. - : .

Case 2 More than u5° Deviation

The condition is identical with Case 1 with the exception that the square &/~
wave 1is 1800 out of phase with the a.c. voltage of R.3, The magnitude of the
combined wave 1s decreased and for any deviationgreater than ~50 th: voltage

at "A" will'be less than 40 &olts and neither relay will be energized. The
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CONVERTER R-3  |COMBINED
. . OUTPUT OUTPUT - | VOLTAGE
HIGH AVERAGE VALUE OF VOLTAGE
CASE | ] N\ BOTH RELAYS ENERGIZED
8 <i20° | /. U MOTOR DIRECTION: FORWARD
CASE 2 .- _ LOW AVERAGE VALUE OF VOLTAGE.
R v 1 Av_ V.{LA NEITHER RELAY ENERGIZED
6 > 120 T MOTOR DIRECTION: REVERSE
ASE B : AVERAGE VALUE SUFFICIENT TO
CASE 3 JAN JAAN ENERGIZE RE-) BUT NOT RE-2
-, 8= 120° A4 \_/ | MOTOR DIRECTION, NONE

(STATIC CONDITION)

FlG I2 ILLUSTRATING THE EFFECT ‘UPON THE MOTOR OF COMBINING
.- .. THE CONVERTER & R-3 OUTPUT VOLTAGES.
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motor will;-therefore, run in a reverse direction. If this does not occur at
-5%, R-3 will have to be readjusted,

Case 3 Within :50 Deviaticn

If the deviation is not more than +5° the ampiitude of the-squére wave -
1s not great enough to sither close RE-2 or to open RE-1 as the case may be.
Thisvisvﬂhe static condition and no a,c; power will be gupplied to the

servo motor,

Manual Operation

For the manual operation S-1 disconnects the amplifief from the relgy
. network, Also R-/ is removed. The rélays operéte as previously descfibed to
supp;y power to the servo motor. In thelstatic condition power flows through
'FB-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 délivered
to the servo motor, Howe?er if the "FWD" pushbuttoh, PB-2 1s closed both relays
© will be eﬁergized and the motor will run in the forward direction, If the
"REV" pushbutton, PB-1 1s‘pushea it will open the circuit, de-energizing both

relays and thelmotor will run in the reverse direction.

Dynamic Braking

vTo prevent the servo motor from overshooting the "dead zone" (the %»°
deviation withiﬁ which the émplifier is in a static condition), dynamic braking
is applied, It may be seen in Fig.fll that, when phé Servo Amplifier 1s in the
staﬁic condition, R-5 Qupplied d-c power to the servo motor iia the reverse
lead, This voltage Qill set up a field resisting motion whenever the rotor is
turned., As the amplifier is in the static condition within a £5° deviation,
the d-c voltage applied to the motor tends to sfop the motor within these
1imits, " | |
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PHASE METER ALIGNMENT (Sze Fig, 7)

Step ‘1 Cathode'Bies Adjustment,

a., Turn Power on,
‘b, Wailt 45 seconds to allow filements to warm up,
c. AdJust R-35 until 7 volts appears .on the cathodes of V-l 2 and 3

Step 2 Zero Adjustment

a, Place 5-5 and S-6 in "High" p031tion.

b. Press S-1 and adgust R~19 until ME-l reads zero,
c., Press 5-2 and adjust R-24 until ME-2 reads zero.
d, Repeat b and ¢ with S-5 and S-6 in "Low" position.
e, Press S»B 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 1nsuring Zero grid signal,

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

a, Turn Power Off ’ ’

b. Connect test signal plugs PG~5 and 6 to input plugs PG—l and 2
~ respectively,

¢, Put ER end AE bcales in high range position,

d, Turn power on and allow 45 seconds for filament to warm up.

e. Adjust R-30 until AE (ME-2) reads zero.,

f., Ground PG-6 with S-7. (located at rear of chassis),

g

h

i

. Adjust R-11 until AER (ME-1) reads zero.
. Turn Power OfF,
. Remove test signal plugs.

Step 4 For Phase Differences Other than 120°

&, Accomplish sters 1 through 3.

b, Apply two signals to PG-1 and 2 with the desired ampunt of
: Phase difference.

¢y Push PB-1 and adjust R-39 until ME-2 reads zero,
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APPENDIX

SCHEMATICS AND PARTS LISTS

.Sérvo Interﬁanel Connection Diagram.
Servo Control Frequency Converter.

Meter Apdio Prefamﬁlifier'and ngts List.
Meter 30 cps to 61 mc‘énd Parts List.

Phase Control Amplifier and Parts List..
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i Il PARTS LIST FOR SCHAMATIC 641644 |73
of I ) DESIC. SU-N, SPECIFICATION - ‘ A
) . €-1,5,6,10,11, 9 8 afd 450 v Electrelytic Capacitoer
. [, : 15,16,20,21 ,
sl €-2,7,12,17, 4 1 mfd 600 v Paper Capaciter
N Mt c-3,8,13,18 4 .02 nfd 600 v Paper Capaciter |
Cc-4,9,14,19 4 10 afd 25 v Zlectrolytic. Capaciter
N 4
I:A :
o v o
é’ q F-1 1 3 AG 1 Amp fuse w{Littelfuso #342001 pest,
i CLT-1 1 115 v cand, base pilet lamp w/100S seckst 3
- and red jewsl
Ex 2E
éé %E Eg §§§ PG-1 thru 8 8 Amphenel 83-1R female receptacle
- e = -
Eiz %% § 24 i
83
ggg Egg E E R-1,10,19,28 4 100 K ehms 2 W pet.
ggg 8 g R-2,11,20,29 . 4 220 K W carben resister
ggg ég £3, 8 R-3,8,12,17,21, 8 1nmon  wan w " : :
5§§ ] E 26’30,35 : Eg
gg- R-A,13,22,31 L 560 " n "non L] " 5"‘
z ! R-5,14,23,32 4 51 n n "won ] "
25 32 =9 §§ E R‘6;15,24.33 4 1Mo " on " " . ‘
\"" ql $1%¢ " R=7,16,25,34 [ 20K " 10 " wire weund resister
DNUARY h\ ' R-9,18,27,36 IR 5.1 m o 1.% carben resister
VR | - o
% té ‘I: §5
w 5-1 1 5.P.D.T. Teggle Switch Bud #1118
&
ONENE
(QI N . 3 B3
RS TS-1 1 Jenes 142-4 Term, Strip E o
SlE[E |2
H » | B | . .
5= = ’ ) - a
EolB|G 2 -1 1 Stancer P-4019 Transf. 115/6.3V C.T. at 4k | |G
40 2 la .
@) [
g @ = ?‘ V=1,3,4,5, 4 6AUS Tubes
3 8 o | S V=26 2 12AU7 Tubeas
30 118 .
=< Ej = Vs5-1,3.4.5 [N Cinch 7 TM Tube Seckets
o 5 |\ Vs-2,6 - R Cinch 9 BM Tube Seckets
ol o » '
® =, y
A o
sl & | 7
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=
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g
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