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AN ALL SOLID STATE HIGH VOLTAGE POWER SUPPLY

FOR NEUTRAL BEAM SOURCES

Halter Praeg
Electromagnetic Technology Group

Argonne National Laboratory
Argonne, IL 60439

ABSTRACT

The conceptual design of a high frequency solid state, high power, high voltage, power

system that reacts fast enough to be compatible with the requirements of a neutral beam

source ts presented. The system offers the potential of significant advantages over conven-

tional piwer line frequency systems; such as high reliability, long life, relatively little

maintenance requirements, compact size and modular design.

1. INTRODUCTION

Neutral beam sources (NBS) use high voltage (HV) accelerating structures whose grids

must be protected from overcurrents. This requires that the buildup of voltage on the grids

be within a short time (< 35 us) and that i t tracks buildup of voltage on the arc electrodes

in order to limit heating caused by ion bombardment. In case of an arc fault within the

NBS, the current must be limited until the power source i s removed. Conventional power

systems use 60 Hz rect i f ier transformers for HV, arc and filament supplies. They are large,

expensive and have large capacitances to ground. The HV i s applied to the NBS via a switch

tube (ST) which serves both as an on-off switch and as a voltage regulator. Presently,

switch tubes limit neutral beam sources to < 160 kV, < 90 A. For higher voltages and/or

currents new switch tubes must be developed. The l ife-t ime of switch tubes i s approximately

15000 hours, and they are subject to damage from sparking. Required switch-tube-modulators

are also expensive and need considerable maintenance.

The essential components of a large convential system comprising many NBS's operating

simultaneously are shown in Fig. 1. A motor-generator-flywheel-set (MGF) buffers the pulsed

load of > 100 MW from the u t i l i t y by storing energy between pulses; such a buffer i s not

required for smaller loads or when a "very s t i f f u t i l i t y line i s avai lable . The generator

output i s transformed into HV and rect i f i ed . A ST i s turned on when a neutral beam i s to be

injected and turned off to stop the beam. This ST regulates the HV to ± 2Z by absorbing

several MW's of plate power, e . g . , 30 kV at 65A, to accomplish this goal.

r"**" ill ) l J SNUBBER

_ . f °* plHlARCl S "BS
LINE

OF

Fig. 1 Conventional Power Supply System.



The HV leads of the filament power supply (FIL), the arc power supply (ARC) and the HV

power supply of the NBS thread through magnetic core assemblies (SNUBBERS). When the NBS

sparks to ground the snubber absorbes the HV for a few us and limits the fault current while

the ST regains its full voltage blocking capability. The latter is initiated via a current

transformer (CT) which detects the fault current. After the spark has quenched, operation

can be resumed by again operating the ST as a series regulator. In case of a spark in the

ST or if the NBS keeps on sparking, the overcurrent detector via a crowbar-time-delay (CTD)

circuit initiates operation of the crowbar and of the circuit breaker (CB) on the primary of

the HV rectifier transformer (XFMR) thereby extinguishing the fault current.

In addition to the fault current fed from the power source, the energy stored in the

stray capacitances to ground Cj and C^ must also be discharged without causing damage to the

NBS.

A nodular, high frequency, all solid state power supply system is proposed which has

significant advantages over a conventional power line frequency system; such as high

reliability, long life, relatively little maintenance requirements and compact size.

2. Solid State Power Supply System for an NBS

2.1 General Circuit Description

A solid state power system can react fast enough to be compatible with the requirements

of an NBS if its ac input power is of relatively high frequenc" (HF) and controlled by solid

state switches.
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Fig. 2 Block diagram of an al l solid state power supply for an NBS.

In the example illustrated by Fig. 2 the energy buffer is a superconducting energy storage
coil in conjunction with converters and inverters. The buffer, which also could be a MGF-
set, provides a regulated dc source for the HF poly phase inverters. The HF inverters
generate 3-phase power. Distortion of the 3-phase voltage wave is kept low by generating i t



with a 24- or 48-phase inverter system. In our example 3-phase power of 12.5 kHz is

generated by a 24-phase inverter made from two 12-phase inverters comprising four sets of

identical but phase displaced 3-phase bridge inverters. Figure 3 is a diagram of the

transformer interconnections for obtaining a sinusoidal 3-phase output voltage with

distortions corresponding to a 24-phase inverter [1]. Voltage control is obtained by

changing the phase displacement between the two 12-phase inverters. The 24-phase inverter

waveshape occurs only at one phase position, with the lowest significant harmonic being the

23rd. The principle harmonics of a 12-phase inverter (the 11th or 13th) are introduced back

into the output voltage as the fundamental is reduced; the lowest theoretical harmonic

present even at low values of the fundamental is the 11th (137.5 kHz).

Fig. 3. Diagram of transformer configuration for a 24-phase inverter.

For still further improvement in the unfiltered waveshape a 48-phase configuration could be

used containing two 24-phase inverters with phase displacement between their outputs for

voltage control. However, the further improvement in output waveshape will be overshadowed

by the increased circuit complexity unless the total kVA rating of the system is quite

large.

A NBS represents an ohmic load of typically l-2kfl, e.g., 120 kV 65A. For a required

rise time of "35MS the response time of circuit components—especially of the transformers-

-must be <35us. For this reason the high frequency inverters operate during standby into a

light load resistor RQ. This keeps the inverter transformers magnetized, thereby avoiding

switching transients. At the start of an NBS pulse the suddenly rising load current will

encounter the leakage reactances of the transformers. The leakage reactance of the summing

transformers, represented by La, in conjunction with the circuit stray capacitance to ground

Co and damped by resistance RQ may suffice as a spike filter for the 3-pbsse inverter output

voltage. Similarly, the leakage reactance of the rectifier transformers, in conjunction

with Cj and damped by the NBS load, will act as a filter for the dc output voltage.



An NBS pulse is initiated by turning on phase-controlled, bipolar, solid state switches

(SSS), which apply the inverter output power to the low-voltage (LV) primary of the HV

rectifier transformers. The secondary HV transformer windings are phase shifted in respect

to each other and feed diode rectifier circuits that are connected in series to obtain an

output dc voltage with 24-phase ripple (300 kHz). With only a few degrees of phase delay

applied to the SSS, the 24-phase ripple causes a voltage fluctuation of only " ± 0.5%;

therefore, no dc filter is required. The HV output is connected to the NBS through a

saturated tine delay transformer (STDT) [2] which has a time delay, At, compatible with the

inverter frequency f, (At »0.5/f « lOOus). The HV output voltage can be controlled by

phase control of the SSS and/or by changing the phase displacement between the two 12-phase

inverters through feedback loops.

In the event of a spark in the NBS, the STDT absorbs the HV thereby preventing appreci-

able transfer of energy into the spark. The STDT immediately initiates removal of the ac

input power to the HV rectifier transformer by means of the SSS; this will de-energize the

rectifier transformers within approximately one half cycle ("40us). After the spark has

been quenched and a suitable time has elapsed (a few ms) to prevent a spark restrIke, the

SSS are re-energized to resume NBS operation.

If for any reason the spark continues for approximately 70 us, a solid state crowbar on

the LV side of the rectifier transformer is triggered via a crowbar time delay circuit (CTD)

to short out the power source; this will also initiate opening of a CB between the light

load resistor RQ and the crowbar.

At 12.5 kHz, the inverter and the rectifier transformers are very much smaller and less

expensive than 60 Hz transformers. The NBS arc and filament power supplies will also be

powered from the 12.5 kHz source, thereby reducing their size, cost and capacitance to

ground.

The discharge of the energy stored in capacitor C2 is limited during sparking of the

NBS by a longitudinal inductor (LI) in series with the arc, filament and control circuits

[3].

2.2 Rectifier Transformers

For a given flux density B and volts V per turn N, the core area A of a transformer is

inversely proportional to the operating frequency f; A • V/(NBf). Therefore, the core area

of a 12.5 kHz transformer is only about 0.5% of that needed for a 60 Hz transformer of equal

power. However, the permeability of the core material decreases and the core losses in-

crease significantly with frequency; therefore, at 12.5 kHz, the core material can only be

operated at a fraction of its saturation flux density. For a given current value the cross

section of the transformer windings is independent of frequency. However, the conductor may

need to be made up from a number of smaller insulated conductors, connected in parallel, to

reduce the eddy current losses. For the above reasons the transformer size is approximately

l/10th the size of a 60 Hz transformer. The lower flux density is of advantage when

switching the ac voltage to the transformer primaries in order to apply HV to the NBS. When

a transformer is first energized, a transient exciting current flows to bridge the gap

between the conditions existing before the transformer is energized and the conditions

dictated by stead- -state requirements. For any given transformer, this transient current



depends upon the magnitude of the supply voltage at the instant the transformer is

energized, the residual flux in the core, and the Impedance of the supply circuit. By

restricting the steady state flux density change to be less than the difference between the

peak flux density (before saturation) and the residual flux, the peak transient inrush

current will be negligible (less than approximately four times the steady state magnetizing

current).

A suitable core material for high frequency (10kHz-50kHz) power transformers where high

saturation inductions, low losses and temperature stability are essential is metallic

glass. Particularly Metglas 2605S-3A of Allied Chemicals [4] which Is produced in ribbons

20 to 130 um thick and up to 50 mm wide. The major characteristics of 2605S-3A are:

Composition 81% Fe, 13.5% B, 3.5% Si, 2% C

Saturation Induction 14 kG

Resistivity 130 iiftcm

Density 7.3 g cm

Curie Temperature 358°C

With a resistivity 2.6 times higher than that of grain oriented silicon steel Metglas

can be operatied at a much higher flux density for a given value of core losses per pound.

As shown In Fig. 4 it can be annealed for 60 Hz or for HF performance. By limiting the

steady state flux density changes to ± 5 kG the 12.5 kHz corf, losses will be "25 W/kg and

the worst switching transient would cause a peak flux density of only -12 kG.

Fig. 4 Magnetization curves

of METGLAS 2605S-3A

2.3 Modular NBS Power Supplies

For a given power rating, e.g., 8 MW, the output voltage of the power system of Fig. 2

can be changed to suit different NBS loads by replacing only the HV rectifier transformers,

the HV diodes, the LI and the STDT. These components amount to approximately 15% of the

total power supply system cost—not counting the energy storage system which energizes a

large number of NBS's. With a conventional system besides the above mentioned components

one also has to replace the ST, if one is available for > 200 kV, the ST auxiliary systems

and the crowbar.

The proposed solid state HF design could be used to standardize HV power supply modules

for NBS's. There would be no need to develop ST's of ever increasing voltage rating. Since

switching, regulating and crowbaring is all done on the LV primary of the rectifier trans-



formers, power modules, Including all components up to the rectifier transformers shown in

Fig. 2, could be standardized, e.g., for 1, 2, 4, 8, 16, 32 MM. The rectifier transformers

and HV diode assemblies could also be standardized to a large degree. The primaries of

identical rectifier transformers are operated in parallel and their HV secondary windings

and associated HV diode assemblies can be connected in series and/or parallel to produce a

dc output voltage that matches the load and produces a ripple voltage corresponding to 24 or

48 phase circuits (300 kHz or 600 kHz).

In Fig. 5 the essential features of a conventional and of the proposed all solid state

HF power system are shown for comparison. The proposed system could be tested with a 200 kW

model.
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Fig. 5 Comparison of a conventional and an all soli 1 state KBS power system.
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