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ABSTRACT 

UCRL-16062. 

Six hundred power transistors on water-cooled heatsinks are connected 

in a Kerns actuator circuit to modulate the power line feeding the Berkeley 

88-in. cyclotron. The regulator senses the rectified three-phase line voltage 

and attenuates the frequency components between 0.001 and ZOO Hz to 0.03o/o of 

the average value. Elimination of these components from the main power line 

removes the need for expensive wide-band regulators for ·each of the many 

, critical high-power loads in the building. The paper discusses the design con­
I! 
'! 

siderations and construction techniques of this regulator. 
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ther~al effects.· .. Thus a wide-band line regulator permits a very significant 

·. simplification o£ the regulating equipment throughout the plant. It refines in-

. dustrial-grade power to research-grade power. . h' 

,, 

The 88-Inch Cyclotron went into operation in January 1. 962, and like other 

· .. sector-focussed cyclotrons subsequently built throughout the country, has proved 

itself to be an extremely versatile precision tool £or nuclear research. During 

the Cyclotron1 s initial period of operation, the Bevatron was shut down, under-

going a conversion .to produce higher beam currents. When the Bevatron returned· 

to operation, it put severe perturbations on the power line. Many regulators 

as socia~ed with the 88-Inch Cyclotron plant did not have stifiicient ba~dwidth to 

attenuate these perturbations, and the precision work underway at the Cyclotron 

could not be continued. 

As an interim solution to the power problem, the power line feeding the 

Cyclotron was transferred to the main Campus in Berkeley which was supplied 

from a different part o£ the power company network than that feeding the 

·· Laboratory. Thus it was possible to continue the .research program at the 

88-Inch Cyclotron and also the high-energy physics program at the Bevatron. We 

realized at the tirne that something would have to be done to allow the Cyclotron 

to return to the !Laboratory power lines. It became apparent that either we had 
I 

to develop an erectronic line regulator with sufficient loop gain in the i- to 1.0-Hz 

region to provide the research-grade power re.quired, or else we had to increase 

the bandwidth o:£ a good fraction o£ the regulators throughout the plant. Because 
/. 

so many o£ the ~oads consist o£ short-time-constant, low-voltage, high-current 
·~ 

magnets, the latter solution was not appealing. It would have meant the in­
").·~ 

stallation o£ t~ehPJ .of thousands 

t' j~ 
':1'1 

of transistors in transistor-bank type regulators. 
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. . 
The former solution, that of removing the perturbation'S fro~ the incoming 

pow~r lines, required a regulator that would pass. the entire ac current for 
) 

I 

critical loads of the 88-Inch Cyclotron. The regulator would have to reduce 

perturbations approaching 1 o/o of the power-line voltage to a few hundredths of 

a percent. This could be accomplished with a transistor bank of approximately 

600 transistors. The relative simplicity :(with the resulting increased reliability) 

of this approach led to the decision to develop the line regulator. 

DESCRIPTION OF THE REGULATOR 

The regulator consists of a sensing device, a regulator amplifier, and an 

actuating device (Fig. 1). The sensing device consists es
1
sentially of an in­

strumentation-type, three-phase, bridge rectifier to determine the average line 

voltage. The regulator amplifier provides gain and contains the necessary com-: 

pensation for stability of the feedback loop. The actuating device consists of a 

transistor-bank type of Kerns 1 actuator.~ 

The Sensing Chassis 

The input signal from the 480-V, three-phase power line is introduced 

into a bank of instrumentation transformers connected in a delta-delta configuration. 

This bank serves the dual purpose of providing electrical isolation from the power 

line and transforming the 480-V to 120 V for electrical safety. The transformers 

were built specifically for this application. Wound on a toroidal core, they con-

tain ~araday sh\elds between the primary and ·secondary windings, and each 

transformer is mounted in four mu-metal shields to prevent introduction of error 
. ' 1 . 

signals from st~ay magnetic fieldsc 
r< 
I . 

The tra~sform~r secondaries are connected to a three-phase bridge 
I 

t . - ,. . • 

rectifier. This ,~rrangement was selected because it simulates the critical loads 
r <~ .. 

used through~tit;the building .(Fig. 2). Because of the imperfect waveform of the 
-~ ~ 
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power line, the output o! the. sensing chassis does not e:xactly simulate the 

output of a three-phase magnetic amplifier, but the difference is insignificant • 

. Additionally, there is a difference between 'the average three-phase-rectified 

voltage of the sensing chassis and the average of three single-phase rectified 

voltages because of the imperfect waveform of the heavily mag-amp and SCR 

loaded power line. 

·The rectifier is resistively loaded by Ri in order to insure that we 

measure the true three-phase average value. The 360-Hz null network is in-

eluded to make the regulator insensitive to the 360-Hz ·:r-crctifier ripple; Ji 
.... ,.· 

This signal contains no information, and if not el.iminated, would waste a sub­
! 

stantial proportion of the transistor bank .range. 

The Regulator Amplifier 

The regulator amplifier, Fig. 3,is a three-stage, vacuum-tube-type 

amplifier with differential input. We found that it was necessary to regulate the 

,. 

, . 

,.J . 

filament voltageb, and a Sola filament transformer is used for this purpose •. The 
I·. j . . . 

. 
1 

B-supply voltag~s are regulated also. The amplifier has a maximum voltage 
. ~:;·\ 

gain of about 1oqo. Compensation for the feedback loop is achieved by means of: 
' . 

. Ri, Ci, CZ, and the effective resistance of R3, RiO, and R6. These are dis-
}~: . 

cussed under th~ section on feedback analysis. 
. .l 

{.·.' 
·;Of,· ., 

The Kerns Actu~tor 

At maxi,bum load, ·the incoming 480- V power line has <!-line current of 

... 

1800 A. 
i ·~_;_ . . . 

We dec~ded to make the control range of the Kerns actuator approximately 
... 

5o/o of the line ;vdhage or 24 V {Figs~ 1, 4). Thus, per leg, transformer Ti must be .. , 
! -~ 

capable of 15 ·y ~tnd 90 kV A. With a _unity turns ratio for transformer Ti, the . · -
: . } . j' t·· 

rectifier must be. capable of producing an average cul,"rent of 4.5 kA at a ma~murn 
~- . ~ ~ . 
t . ' 

voltage of 20 V~ We built the rectifier with 24 International Rectifier 70U50 1 s and 
. '' I ; 

70U50Rt s, all mounted on water-cooled heatsinks • 

~ t,. 



Transistor-bank heatsinks are an expensive item requiring considerable 
. ' . ' 

engineering. Because we had a complete set of drawings and experience with the 

. heatsinks and transistors of Ref. 2, we deCided to duplicate these units. Each 

;J tray. contains 63 Minneapolis-Honeywell DA3F3 transistors which, at 20 V, 

.operate satsifactorily with a dissipation of 150 W per transistor {Fig. 5). At 

this rating, 600 transistors are required ~or the final bank to dissipate 90 kW • 

,, 

. 
Ten trays of transistors are used, but one of the trays (the driver tray) has 25 

of the transistors connect~d as a driver amplifier, which in turn is driven by 

three emitter-follower stages -{Fig. 5). Also, the driver stage includes an 

18-V Zener clamp to protect the transistor bank from over-voltage tra·nsients. 
l 

Figure 4 is a photograph of the Kerns actuator showing details of construction. 

The input stage of the transistor bank also includes a 22-V Zener clamp 

to prevent accidentally overdriving the input transistor. 

Analysis of the Feedback System 

If we assume that the driving-source impedance of the sensing chassis is 

' 
low compared to R1, the combination R1 and C1 produces a pole at 934mHz. ; 

For the equivalent resistance of R2, R6 and RiO, we obtain a value of 638 k!2, 

which, when combined withC2, produces a zero at zero frequency and a pole at 

250 mHz. Thus if we neglect the effect of the null network in the sensor chassis, 

the transfer function of the regulator has a zero at zero frequency, a pole at 

250 mHz, a second pole at 934 mHz and no other poles up.to the kilocycle region, 

which is beyond~the range of interest. If the loop gain is 200 at 500 mHz, unity· 
~ 

gain will'occur at 200 Hz and at 1.2 mHz. Clearly this system is stable and 
, . 

. possesses sufii~ient phase margin to accommodate tlie 360-Hz null network. 



-6- UCRL-16062 

.~: __ : :·PERFORMANCE OF THE REGULATOR · :.- .. - 'r'. 

'· ' [ .. · .. t.·. 
r ~'. 

.. ; -·~- !;;; o-·. :A p~ir of depressed-zero voltmeters were built to monitor the pow~r lines 
: ·~ ' . ~ '' '. ' ,. . . . 

' _.- ; befor~_·and after the regulator. Each voltmeter consists of a three-phase instru-_ 
"'· ;~ ' ·. 

•• ·!,_'. 

,'·' 

I.·· 

_·mentation-type rectifier (similar to that used i:ri the sensing chassis) and a sharp-
' ·~ . 

:i cutoff filter. Both metering _and oscilloscope types of outputs are· provided~ --
' '-. .·· 

Figure 6 is a typical pair o£ oscillograms ·taken from these two voltmeter circuits •. 

. , . The vertical scale is O.io/o per large division, whereas the horizontal scale is i sec· 

per -large division. The incoming line perturbations, which typically amount to 

a'tout 0.5%, are reduced to about 0.03% by the regulator, as shown in Fig. 6~ 

'The lower frequency components o£ the perturbations are 
1
reduced to less than 

o __ .o3%. 

: With the installation of the regulator, the 88.;.Inch Cyclotron was trans- . 

£erred back to the Radiation Laboratory power line and the experimental program 
,-

has continued, undisturbed by the Bevatron operation. 
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Fig •.. ·.z.· ·~·-Schematic' .diagram, of the 
. . . ·~-··. :·': .. ~ ~~- .. 

sensing chassis. :' ·. 
. .: . .. . . . ~ . . . . . . ' ~ . . . 

~. •.; . ' 
3~·.· .Schematic. diagram of the regulator amplifier. ··: 

Fig •. 4. ·.,Transistor bank and rectifier. 1·. ·; . .' .,.: : • . 
', ·~; . .• .. · .. 

.~ . 
'• ~ . ,. 

.·. 

·:···· 

·, 

Fig~ S.··:.Schematic diagram of the .transistor bank showing (a)_ the driver tray and 
. ' . ~ ·: . ; ., . ~ . . ~-

(b) a typical final-amplifier tray . 
..... · 

.Fig. 6/. Input and output line perturbations.· The -~pper t'race is the incoming 

line voltage; the lower trace is the regulated .line';·. The vertical scale is 

0.1o/o per large division, and the horizontal scale is 1 second per large· 

division. ~The regulator reduces the perturbations from 0.5 to 0.03o/o. 
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Notes. 

1. All transistors ore Minneapolis HoneyweJ I DA3F3 and ore 
mounted to heat sink. 

2.Resislors ore water cooled by heat sink. 
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