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* 8 MVA MODULATOR/REGULATOR FOR NEUTRAL BEAMS 

Douglas B. Remsen, Jr., and Trevor H. Overett 
General Atomic Company 
San Diego, California 

Summary 

Thi c pop r 1· ,],...~·· Li.b oll vc.L y gen~rally the modulator I 
regulator (Mod/Reg) being built for Transrex by Systems . 
Science 11nd Snfr-r.,arc for u;,e: un the neutral hP"m pm>cr 
Rnppliec that TLdllsrex ~s building for General Atomic 
Company to power the neutral beam heating systems that 
will be used on the Doublet III fusion device . 

The Mod/Reg is required to provide an 80 kV, 100 A 
pulse for a second every 90 sec. The voltage is to be 
regulated to 3%, and in case of fault the pulse must be 
interrupted within 10 ~ sec . An additional requirement 
was that the total system have very low capacity such 
that the total energy stored would pe ]RRR than 15 
joulcn. Tlt.i.s is a restriction imposed by the source 
designer to prevent destroying the source in case of an 
arc within the source . 

Gene r al Description 

The Mod/Reg (illustrated in simplified form in 
Fig . 1) is contained within a metal enclosure 12 ft 
long by 7 ft wide by 10ft high (Fig. 2). The enclosure 
is divided lnto two parts: (1) the high voltage section 
and (2) the control and power input compartments . These 
parts of the Mod/Reg are separated by a conducting wall 
for EMI reduction and protection of system controls. 
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Fig. 1 . Nud/Reg basic approach 

The power input and con trnl:o compar uit:llLS are 
lucated at one narrow end of the overall enclum1rP 
(Fle; . 7). Double Juur~ prmrirle .:tcccns Lu 480 V power 
lnput components contained therein . The water cooling 
manifolds for the X2062K tetronP-" are nl r1n , •.•uLulncJ 
"'iLhln tlu_, t.:umpartment, but a sp 1 "sh shield separates 
the water system from the /180 V sy;,Lem . 

The controls secrinn of the sy:>Lem is lor,tAd 
anj"rPnt to the 480 V and water manifold c 0mp~rtm~nt . 

St:~nciarrl dwo::Ji.:; _, Lt.l.!Js ilrP provided fu1 mounting of 
the circu]t hreakcr panel a11d control rh,ssis . 

The l'l)ntrols 3ectluu is sepil r fltPrl from tho: o',Oo '-I 
p .• ,,.,_ L LUlllpartmt:llL by a conducting wall. Thus, the 
controls compartment is shielded both from the high 
voltae;P "lnd t,80 V powe:r components of the syctcm . 

1< 
Work supported by Department of Energy, Contract 
DE-AT03-76ET51018. 

Fig. 2 . Mod/Reg enclosure 

The high voltage section of the Mod/Reg enclosure 
is equipped with six large doors, three on each side 
(Fig . 3). The high voltage neck is shown ln Fig. 3. 

All high voltage subsystems and components within 
the enclosure are ambient air insulated, with two excep
tions. The high power tetrodes are housed within 
dielectric enclosures containing SF6 gas at atmospheric 
pressure for electrical insulation of the tube insula
tors. The dielectric enclosures are ronnected by gas 
lines to a regulated source of SF6 gas, although under 
normal conditions no flow is required . Also, the input 

NEUTRAL BEAM POWER SUPPLY 
MODULATOR/ REGULATOR 

Fig. 3. High voltage section of Mod/Reg enclosure 



a~d gradient grid voltage monitors, which are purchased 
assemblies, contain SF6 gas for insulation of the 
resistive and capacitive elements from which the moni
tors are fabricated. The monitors are sealed units and 
require no replenishment of gas. 

The principal electrical subsystems which comprise 
the Mod/Reg (Fig. 1) are described in more detail in 
the following paragraphs, beginning with the 480 V 
three-phase input. 

480 V Three-Phase Input 

Five wire, 480 V three-phase power input to the 
Mod/Reg enters the enclosure top at the control compart
ment end of the cabinet. Conduit is provided for the 
wire run from the top to the control section where the 
input power connections are made at a terminal board. 

Power (120 Vac one-phase) is also supplied to each 
Mod/Reg for conveniencP. outlets and lights t~ithin the 
high voltage section of the enclosure. 

Transformers, associated circuit breakers, and 
fuses are provided in the power distribution system to 
supply 120 Vac and 24 Vac for ground-based control and 
interlock circuitry. 

Isolation Transformer 

The Mod/Reg isolation transformer is an air
insulated dP.sign. This approach, in contrast to oil
insulated designs, was taken specifically to minimi?.P. 
the stray capacity from the secondary windings to the 
primary and ground. 

The transformer, manufactured by Stangenes indus
tries, Mountain View, California, is illustrated sche
matically in Fig. 4. The input to each of the three 
phases is nominally 277 V supplied from a 480 V (line
line) system. Each secondary of the isolation trans
former contains two windings. The 120 V secondaries 
from each phase are combined to form a three-phase 
208 V supply to power the X2062K screen power supplies. 
Two phases each contain 12 V center tapped windings, and 
these supply filament power to the two X2062Ks. The 
secondary winding of the third phase contains a center 
tapped 240 V winding which provides general deck power 
requirements, including the regulator/amplifier and its 
associated power supply. 

Two shields are provided over each of the three 
windings which comprise the transformer primary, and 
these shields are connected by low inductance copper 
straps to the cores and frame (safety ground). The 
shields are 0.010 in. thick copper sheet and are 
wrapped around and completely cover the primary windings. 
The two shields over each 1-'rimo.ry \·Tinding are separated 
from each other by mP.ans of sheet plastic insulation. 

The transformer secondary windings are contained 
within relatively thick copper shields which are 
electrically "smooth" to minimize corona. The secondary 
shields are electrically connected to the high voltage 
deck. 

The stray capacity from the secondary shields to 
ground with the unit installed is approximately 180 pF. 

Current limiting reactors and shorting contactors 
are provided in series with the tube filament windings 
to limi.t filament in-rush current to an acceptable 
value. These reactors also provide the means for 
reducing tube filament power when the Mod/Regs are in a 
standby condition. Thus, as a result, tube filament 
life can he significantly extended. 

Water Cooling System 

The system for distribution and monitoring of 
X2062K cooling water ls located within the control 
compartment of the enclosure. The system providP.s 
valving, temperature, pressure, and flow monitors for 
control and measurement of relevant parameters and for 
ptOtecllul"• of th11 tuhes. 
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High Voltage Deck 

The high voltage deck, which contains the high 
voltage series tubes and supporting equipment, is 
located within the high voltage section of the enclosure. 
The deck is 64 in. long by 52 in. wide by 30 in. high. 
It is supported on standard station post insulators; the 
21 in. spacing between the bottom of the deck and the 
common conductor (gr·ound) is more than adequate to 
safely sustain the 80 kV output voltage. 

The spacing between the deck. sides and the enclo
sure walls is about 15 in.; this spacing is also quite 
safe electrically. The deck has successfully sustained 
hipot testing, iu situ, to 1)0 kV de. 

X2062K Screen Power Supplies 

Screen power for the two X2062K high power tetrodes 
is supplied from two separate power supplies on the high 
voltage deck. 

Screen supply input power is derived from the pre
viously described high voltage isolation power trans
former by way of a three-phase SCR controller. The 
SCR controller is used as a fast switch to turn off the 
screen supplies in the event of a series tube fault. 
In addition, the input to one screen power supply is 
equipped with a variable transformer which provides the 
capability for independent adjustment of screen voltages 
for the two X2062Ks. 

The screen power supply transformers are three
phase units equipped with two secondary windings. The 
secondaries are delta and wye connected and when recti
fied and connected in series provide a low ripple 12 
pul~e de output voltage, The de output is capacitively 
filtered to provide low source impedance agalust the 

. transient screen power demands that exist during turn
on of the series tubes. 



One ampere bleeders are also provided at the output 
of each screen supply to offer, in conjunction with the 
large filter capacity, a low impedance path for the 
negative current "islands" which exist in the operating 
characteristics of the high power tetrodes. 

Screen supply output voltage is nominally 1100 Vdc, 
and each supply is capable of supplying 3 A continuously. 

The screen power supplies are contained within 
modular chassis installed into one side of the high 
voltage deck. The chassis are equipped with slides for 
ease of access or replacement if necessary. 

X2062K High Power Tetrodes 

The Mod/Reg is a conventional series regulator 
circuit. Its function is to regulate the flow of power 
to the neutral beam source (NBS) and to protect both 
the NBS and primary power subsystem in the event of a 
load fault. 

In operation at maximum*output conditions, the 
series tubes must pass 108 A and regulate the output 
voltage (80 kV) to within 3%. The output pulse current 
risetime and maximum pulse width are 50 ~sec (10%-90%) 
and 1 sec, respectively. In the event of a load fault, 
the series tubes must reduce the current to near zero as 
rapidly as possible, in a time less than 10 ~sec. 

The voltage regulation range of the series tubes is 
limited at one extreme by the maximum plate dissipation 
that can be sustained and is Jimited at the other 
extreme by screen dissipation. Tests conducted at 
EIMAC have clearly demonstrated the capability of each 
X2062K tetrode to continuously sustain a plate dis
sipation of 750 kW. Thus, for 54 A per tube, the 
maxi.mum tube drop is 13.9 kV. 

The maximum screen dissipation for the X2062K is 
3500 W, and thus for a screen voltage of 1100 V, the 
minimum tube drop (to result in a screen current less 
than about 3.2 A) is approximately 3.5 kV. Therefore, 
the resulting total series tube regulation range at 
full output voltage and current conditions is 10.4 kV. 

The grids of the X2062Ks are driven in paralle.l 
from a common driver circuit. Screen voltage is ad
justed such that the required maximum output current 
(108 A) is achieved for a grid voltage of SO V. Diode 
clamping is provided to assure this condition. Spark 
gap protection is provided at the grids for protection 
uf the driver in the event of a tube fault. 

Separate ccreen supplies are provided for the 
X2062Ks, as previously described, to permit independent 
screen voltage adjustment. This approach is used to 
assure equal output current sharing,- for equal grid 
Jrivei botwgqn the tubes,** 

X2062K screen protection circuitry (illustrated lu 
Fig. 5) is provided for proteclian of the X2062Ks as 
well as for protection of the screen supplies them
selves. If a tube fault occurs, the large SCR associ
ated with the screen circuit crowbars the screen voltage. 
Nearly simultaneously, additional circuitry detects the 
fault condition and interrupts screen input power.. 

X<!062K filament power (12 Vac, 660 A) is provided 
from the previously described isolation transformer 
secondary. High frequency bypasses are provided from 
each side of the directly heated cathode to the output 
connection. FilamP..nt current and voltage monitoring 
are provided. 

* The NBS load current is 100 A, but the series tubes must 

** 

pass an additional 8 A to supply the gradient grid resis
tive divider. 

Screen voltage adjustment is a "one time" adjustment 
performed during initial system testing. However, the 
cathode current of each X2062K is monitored to assess 
.:.urrcnt Ghari.n_g on a shot-to-shot basis. 
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Fig. 5. X2062K screen protection 

Regulator/Amplifier 

The regulator/amplifier employs a feedback loop 
and is closed at the high voltage deck by means of a 
highly stable resistive divider monitor which samples 
the Mod/Reg output voltage. The reference signal which 
sets the Mod/Reg required output voltage is transmitted -
to the deck by means of an optically coupled data link. 

The regulator/amplifier circuit is illustrated in 
simplified block diagram form in Fig. 6. 

The series tube grid driver consists of three 
basic elements: (1) an error amplifier circuit, (2) a 
transistor amplifier stage, and (3) a cascade drive 
stage employing two vacuum tubes. 

The error amplifier consists of high quality 
differential amplifiers which compare the feedback 
signal with the reference signal. The output is buf
fered to drive the following stage. 

The transistor stage amplifies the error output 
signal from a nominal 10 V level to a level requjred to 
drive the final amplifier stage. 

The tube stage employes two EIMAC 4CX1000Ks in a 
cascade configuration. The output stage voltage "swing" 
is 800 V and its output impedance is low (~50 n). A 
low impedance output driver is required to drive the 
X2062K's grid capacity for fast blocking of the Mod/Reg 
output. Baaed upon an assessment of the stray capacity, 
the series tube is capable of blocking the output in 
ahout 2 ~sec. 

The regulator/amplifier system ha~ Leen the subject 
of eonsidar~hlP testing in support of the present Mod/ 
Reg systems. Detailed analyses have been pertormeu Lu 
define the stage gain and frequency response necessary 
to achieve overall regulation requirements in conjunc
tion with stable operation. Testing of the amplifier 
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Fig. 6. Mod/Reg amplifier feedback system 



system through the driver stage and the results of anal~ 
ysis demonstrate that the required regulation and fast 
block characteristics of the regulator/amplifier system 
can be successfully achieved in a system that is stable. 

Gradient Grid Circuit 

The gradient grid resistive divider consists of 200 
50 n wire wound resistors (Ohmweve Co.) connected in 
series. The mass of wire contained in each resistor is 
14 g. The peak temperature rise of each element is 
approximately 6oo•c. Even at 6oo•c, the wire which com
prises each element is well below the fusion temperature 
for the material (1210°C). 

Air cooling of the gradient grid resistor assembly 
is proposed to extend its power dissipation capability 
through a water cooled heat exchanger at the top of the 
enclosure to minimize the heat load "<lumped" into the 
building that houses the Mod/Regs. 

The remaining components which comprise the gradi
ent grid circuit, resistors, capacitors, diodes, and 
the resistive divider tap changing mechanism are iden
tical to those used in the present units. 

Controls and Monitoring 

The principal feature of the controls is that 
multiple-parallel optically coupled data link channels 
provide continuous monitoring of "on-deck" functions 
at ground level. The analog links use a voltage to 
frequency conversion for transmission of the data via 
optically r.oupled "light-pipes." This information, 
upon receipt, is re-converted from frequency to vollage 
before interfacing with the control system. Analog 
channel bandwidth is 30 kHz (0 to 30 kHz) and is suffi
ciently broad for satisfactory reproduction of the 
input analog signals. 

The digital transmission links, i.e., links which 
provide "on-off" information or fast conttnand functions, 
are identical to the described analog channels except 
that V/F and F/V conversion is not employed. In this 
case the data channel upper 3 db point is 250 kHz, con
sistent with the need for fast response in some cases. 

The second principal feature of the control system 
is the use of a microcomputer for integration, coordina
tion, and control of the Mod/Reg. The microcomputer is 
physically located at ground level (safety ground) and 
accepts inputs from the high voltage "deck" (via.the 
optically coupled data links) and from the ground-based 
subsystems and components. 

The microcomputer coordinates and controls the 
startup, normal operation, and shutdown of the Mod/Reg. 
The computer also drives a display panel to visually 
indicate the Mod/Reg status, as well as to accept and 
execute commands from the Mod/Reg and the local control 
system. 

The primary mission of the microcomputer·is to 
protect the high voltage tetrodes and critical circuitry 
and to protect personnel. In these vital tasks ·:ther:com
puter is assisted by fast-acting hardwired circuitry ·in 
critical areas to ensure personnel and high-voltage 
circuitry protection even in the case where the computer 
might not be fast enough to act alone. 

An Intel 8080A microprocessor is the brain of the 
computer that, along with a uprogrammable-read-only
memory," allows for flexibility. Should modification in 
control, size, or capability of the Mod/Reg become 
desirable in the future, the present control circuitry 
could still be used and the additional functions imple
mented by simply revising the computer "program" and 
adding minimal extra circuitry. 

Control of the Mod/Reg is accomplished through the 
use of status, interlock, and control lines. The 
computer constantly monitors the status of items such 
as filament and plate water flow to the high voltage 
tubes, water temperatures, fans, ground hooks, and doors. 
It also monitors the currents, voltages, and power dis
sipations that ar.e the key to the operational status of 
the high voltage tetrodes and associated power supplies 
and circuitry. 

When the status of an item meets certain minimum 
requirements, it "makes up" an interlock. These inter
locks are grouped by function in the computer and called 
"chains," e.g., Filaments, Safety, Cooling, Screen 
Supply Enable, and Ready. All of the interlocks within 
a chain must be in the proper condition before the chain 
is made up. The chains themselves are interlocks and 
must be completed before the Mod/Reg can operate. 
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