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ABSTRACT

The potential of achieving up to 30 percent more
spacecraft payload or 50 percent more useful operating
life by the use of electric propulsion in place of conven-
tional cold gas or hydrazine systems in scienee. ¢om-
munications, and earth applications spaceernit is a
compelling reason to consider the incluston of electric
thruster sytems in new spacecraft design, The pro-
pulsion requirements of such spacecraft dictate a wide
range of thruster power levels and operational life-
times, which must be matched by lightweight, efficient,
und reliable thruster power processing systems, This
paper will present electron bombardment ion thruster
requirements; review the performance characteristies
of present power processing systems; discuss design
pnilosophies and aiternatives in areas such as inverter
type, arc protection, and control methods; and project
future performance potentials for meeting goals in the
areas of power process o welght 110 kg /AW, efficiency
(approaching %2 percent), reliability (9, 8¢ for 15, 000
hr), and thermazl control capability (0. 8 to 5 AU,

INTRODUCTION

Space flight has been o reality for less than a score
of years, vet in that time enormous technological
stridas have been made, Unmanned exploration of the
foner and some outer planets Is a reality, The Mariner,
Explover, and Pioneer series spacecraft ave viclding a

wealth of knowledge about the nature of the solar system,

¢l rocket systems,

approximately six to elght times that of the best chemi-
As s shown later, the mass of the
required electrie powerplant does not permit a corre-
spending six- to eightfold increase in the velocity in-
crement {mparted to the spacecraft, but the gains are
substantial, Power processing teehnoiogy is being pur-
nued vigorously to optimize these gains,

ION PROPULSION THEORY

The principal elaments of the lon-thruster propul-
st Bystem are shown in figure 1, The Sun providea
energy, which is converted into electric power by solar
cells, The power is then conditionad to the current and
voltage needed by the fon thruster, Propellant is
ionized in the thruster and electricaily exhausted to
produce thrust, For many migsions, the power source
cun serve the dual roles of providing both thruster
power and power for mission objectives subsequent to
the thrusting pes-iod, The thruster will ke of apprs
priate size to satisly the thrust requirements for the
particular propulsion tagk,

The main advantage of using electric propulsion is
that the eleetrie energy added to the exhaust propellant
greatly increases its velocity, or specilic lmpulse, and
hente more thrust is produced with the same propellant
flow rate, The mass of propellant required to produce
a given thrust decreases with increasing speeilic im-
pulse, as shown in figure Z, The soving in propeliant
mass, however, is offset by the increasingly massive
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Satellites in geosynchronous orbits have begome a prac- powerplant required to accelerate the exhaust to higher i g
tical reality, providing us with physical data ahout the velocities, This increase in puwerplant mass is shown i @
Earth and with worldwide services in communication and in figure 8. The maximum payload aof a spacecraft is z
navigation, achieved at the optimum specilic tmpulse, where the i f-;
sum of the propellant and powerplant masas {5 a mini- 355‘

. To date, virtually all propulsion systems for plane~ mum, as shown in [igure 4, §| b
tary or Earth orbital appiications have been chemical i f‘
devices, As man progresses in space, however, the Figure 4 indicates that at low speclfic impulse the 4
missions will become more extensive and difficult to propellant mass can be excessively larpe, while at high ” L
) accomplish with only chemical propulsion, specific impulse the powerplant mass becomes exces- E fcf
sive, Between these two extremes §s 3 broad usetud !1 77’}

This peper deseribes one type of propulsion system range where sufficient payload remamms for dusign of a i fé

that offers promise of {illing 1 wide range of propulsion practical spacecralt, As defined by figure 4, payload ’E f‘
needs - an fon-thruster propulsion system. The includes the mass of the spacecraft {tself and the useful ’: §
mercury-bombardment fon thruster ol this system has payload, The optimum value of specific impulse to h i
evolved to the point of flicht readiness with a propellant maximize payload usually is between 2000 and 5000 sec- & i
gpecific impulse of 3000 seconds, This impulse s onds, and thus the optimum value of exhaust velocity is 3: "'
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hetween 20, 000 and 50, 000 meters per second, ‘This
range of exhaust velocity is ensily nchieved with jon
thrusters,

ION-THRUSTER OPERATION

The fArst electron-bombardment thruster wis con-
celved and tested by Dr. Harold R. Kaufman in 1959 at
the NASA Lewis Research Center, This thruster oper-
ates by Nowing 2 gaseous propellant into a discharge
chamber, The propellant may be any gas, but mercury,
ceslum, and the noble gases are the most eificient for
propulsion applications, Propellant atoms are {onized
In the discharge chamber by electron bombardment in a
process similar to that in 2 mercury arc sunlamp, This
fonization occurs when an atom in the discharge loses
an electron after bombardment by an energetic (40-eV}
discharge electron, The electrons and the {fons form a
plasma in the ionization chamber, The electric field
bhetween the screen and the accelerator draws {ons from
the plasma, These ions are then accelerated put
through many smuall holes in the sereen and ageelerator
electrade to form an fon beam, as shown in figure 5, A
peutralizer injects an eqi 1l number of electrons into
the fon beam. This beam of electrons allows the space-
craft to remnin electrically neutral and is a require~
ment for successiul thruster oporation,

POWER PROCESSING FOR AUXILIARY PROPULSION
Thruster System

Geosynchronous spacecraft otten requite careful
control of their position ard orientation over long per-
iods of time. This is especially true of the highly direc-
tional antennas presently being used, Electric propul-
sion 18 ideal for the stationkeeping and attitude-control
functions of geosynchronous satellites beeause of their
high specific impulse, which results in considerable
propellant weight savings over chemieal propulsion
gystems,

The most important application of auxiifary-
propulsion ion thrusters is north-south stationkeeping,
Gravitational forces ol the Sun and Moon tend to incredse
the inclination of the geosynchronous orbit, as shown in
fipure 16. Through the usce of proper thrusting, cen-
tered nbout the nodal erossings, as indicated in figure 6,
the geosynchronous orbit will not incline and will re-
main in the equatorial plane, The duration of thrust
each day depends on the spacecralt mass and thrust
level and on how closely the thrusters ean be alined with
respect to a north-south ling and still have a thrust di-
rection through the center of mass of the spacecraft,
Typical thruster oricntations on a spinner spacecraft
are shown in ligure 7,

Auxiliary clectric propulsion employing an Hg ion
bomb can represent a profit when used in place of other
types of auxilinry propulsion for geosynchronous space~
craft, Tigurc 8 compires weights of 4 mercury jon-

thruster system for north-south stnjonkeeping with
those for a hydmzine system,  As can be readily scen,
the use of electric propuilsion can provide a significant
welght suving on o long~-mission-life spaceerait. A
typleal 347-Kilogram (765-1b) geosynchivonous 7-vear
spinner spacecrait could save 51 kilograms {112 1b) by
substitution of mercury lon thrusters for o hydrazine
north-south stationkeeping system,

A typical 1 millipound suxillary propulsion fon
thruster 1s shown {n figure 9. Power processing for
two jon thruster systems are described in the following
sectiom

SIT-8 Thruster Power Processing System

The Hughes Alrcroft Company under contract to the
NASA Lewis Resea-:h Centev initiated, in mid-1973,
development of a power processing system for the §-cm
electron bombirdment Hg ton thruster, To date this ef-
fort has encompassed the implementation of & thermn]-
vacuum breadboard (TBVV} unit and the design of an
Engineering Model (EM) power processor based on the
earller breoudboard circuitry,

The TBVV has successfully undergone substantial
gtatie load and thruster evaluation ground testing and is
presently being operated in a life test with an §-em
thruster at LeRC, Fabrication of the EM system is
scheduled to be completed in late 1975, This will be
followed by an extensive program of gualification test-
ing,

System electrieal deseription. - The 8-cm thruster
requires nine independently controliable power supplies
to achieve und maintain steady-state thruster operation,
A listing of the supply specification curvently incorpor-
ated in the Engincering Model power processor design
is given in table 1 and a functional block diagram de-
picting the power processor's electrienl system con-
fipuration {s shown in fipure 10.

Input power to the power circuitry is derived from
70 V& 20 V solur panel bus, At the 1 mlb (445 dynes)
thrust level the total input power reguired [s approxi-
mately 150 W Sufficient input [iltering hus been ineor-
porated in the design to limit the current ripple to less
than 1 pereent at this power level. Additionnl bus pro-
tection in the form of 2 power monftor limits (under any
concejvable set of anomalous conditions) the maximum
power drawn to 200 W,

Twao busie power conditioning techniques are used
to condition the input power to meect the voltages and
currents renuired by the thruster, The screen and dis-
charge supply are each mechanized using & 10 KHz
pulse width module {PWM paralle] transistorized
DC/DC converter configuration, This standirdized
power stape incorporates current feedback to maintain
efficiency over 2 wide power range and derives its
PWM control with the usc of a small-signal magnetic
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amplifier in the tranzistor base drive cirenitry. Isola-
tion between the control cireuitry and the rectified and
filtered output i3 achieved with magneties,

The remuining supples are implemented using an
AC distribution approach, The line voltage [s down
converted to 48 V by the switching line regulator nnd {s
then used by the AC inverter to generite 96 V AC across
its autotransformer sutput for distribution to the seven
supplies. The inverter power stage uses the same basic
design as employed in the screen and discharpge supplies.
The heater, vaperizer, and keeper supplies each con-
tain self-saturating power magnetic amplifiers with RMS
current control loops and output power transformers to
property match the thruster lond Impedances and to pro-
vide load-source isolation, Additional output rectifica~
tion and filtering {s used in the keeper supplies, Be-
cause the accelerator supply has a very low steady-state
output level, a very simple actively current-limited dis-
sipative regulator wons selected for use in this supply,

Each of the supplies provide 0 to § V DC analog sig-
nala proportional to its output voltage and current, and
in turn, each output level is porportional to an input ref-
erence sipnal in the range 0 to 5 V DC, These signals
establish the point of electrieal interface between the
power clrcuitry and the control circuitry portions of the
power processor, Because these signuls are analog,
low-level, and relatively slow varving, filtering and iso-
{ation eun be effectively incorporated at this interfnce to
eliminate power transients and thruster noise from
reachicy the low-level digital and analog control cir-
cuitry.

The digital interface unit represents the major sub-
section of the power processor, I receives, decodes,
and stores serizl digital commands; converts 0 to §

V DC analog supply data inte the proper serial digital
format for transmission upon command; periorms
closed-loop control of thruster operating parameters
bused on sensed analog supply data and stored reference
commands; and undertakes various automatic sequential
logle operations associated with thruster start-up and
restart, fnult elearanee, and svstem protection fune-
tlons, This unit also contains the houscheeping inverter
which provide * circuft bias power [nr recriving com-
mands and converting data and AC drive signals to svn-
chromize the line regulatar ond AC distribution inverter.
Also housed in the digital interface unst is the login and
power cireuitey for deiving the thruster gimbal motors
to achieve 2-axis thrust vect-ring via inpii comands
ta the power processor,.

The present powesr processer achieves an electrica:
efficiency of 80 percent when operated from the nominal
70 V bus at an output power level corresponding to
1 mlb of thrust, The electrical cotnponent welght asso-
cinted with this electrical design is 8 pounds (3, 6 kg

System mechanieal desien, - The packaging concept
which has been =zelected for the IIM power processor is

depleted In figure 11, The unit is subdivided into 17
modulir sections; six modules contain the power cir-
cuftry and the remaining 11 mrrower modules house
the digital interface electronics. The dimensions of the
unit are 28x11x50 c¢m and its total weight {s 16 pounds
(7. 3 kp).

Each power module holds a diserete functional por-
tion of the power electronics (e, g., one or two complete
supplies, AC distribution inverter pius line regulator.
ete.). This simplifie= fubricution and test of the indi-
vidual moduleg and allows o complete checkout of each
prior to Integration into the overall system, The digl-
tul interface unit modules are constructed with much
the same approach as used for the power. The power
electronie portion of the power processor is built up by
Lolting the tightly {itting modules together and inter-
wiring between modules and output connector as re~
quired, A center web gives the module structural
strength and provides a good conductive thermal path
to the outer portions of the module which form the skin
of tha power processor,

_Power flow in the power processor {8 from the
digital interfoce unit through the power eiveuitry to the
putput power connectors, The system harness {s sepa-
rated into two bundles which run the length of the power
procas«or outside the module structure and beneath the
removable harness cover (fig, 10 backsidel, This
minimizes coupling bebween the power and low-level
control and telemetry interwiring,

The relative placement of an {on thruster ona
gpacecraft can be highly dependent on the overall space~
ceraft configuration, From a propulsicn system stand-
point it is desirable for the power processer to be lo-
ciated near the thruster, Thermal and structural de-
sign constraints have therefore been pliced on the
power processor packaging which considers location of
the unit either intevior of the spacecradt body on an
eqipment shelfl or exterior on a thermally {solated
appendage,

The current EM design assumnes that when the unit
iz mounted to an external appendage that the an-orbit
sun line 1s perpendicular to the harmess cover, With
this additional constraint the thermal endiation praver-
ties are sefficient to maintain  satisfactory upper op-
erating temperature ot its nominal power rating, In
addition. the unit should encounter no low temperature
difficulty in maximum celipse even when unpowered tn
the preceding orbital pass,  Mounting the unit in the in-
terior of the spacecraft represents by comparison lttle
thermal difficulty,

ATS-6 Thruster Power Processing
The ATS-G {on thruster system, shown in figure 12,
s2s designed to produce 1 mib of thrust, 6 hours u dav,

fur 3 years ot svachronous altitude, The thruster re-
« uves power through a 30, 5~cm-long shielded cable
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from Its power eonditioning unit. The system wis con-
cetved as a demonstration of north-south stationkeeping
and of general spacecraft compatibility on an opera-
tional geosynchronsus satellite. The primary consider-
ation In the design of the powor processor, therefore,
was reliability.

System electrical deseription, - The spacecraft
supplles o nominal 150 W at 28 V OC £ 2 percent, The
thrustor can acecept this tolerance on each of the volt-
ages supplied to it; therefore the power conditioner
provides no active repulation other than for the vapori-
zer control loops,

A block diagram of the power processor i8 shown in
figure 13, A total of 16 power outputs is reguired by the
thruster, These are supplied by a totu] of four conver-
ters, with the organization determined by thruster oper-
ating requirements. The converters are of the paraliel
100 percent duty-eyele type, and operate at 10 KHe,

The heart of the system s the master converter.
It {s & two~transformer sell-excited type which provides
the base drive for the other three converters as well as
low-voltage housckeeping power and several outputs to
the thruster, both 10 KHz and DT, The housekeeping
supplies provide about £ W to power the 13 dual com-
mand eireuits and the 12 dual telemetry circuits,

The largest of the converters is the high-voltage
converter, which supplies power to the beam, nominally
+550 V DC at about 0, 5 mA; and the anode and cathode
vaporizers, about 8, 0 and 6,0 W, respectively, The
current drawn from each of these supplies can be much
larger than nominal during certain phases of thruster
operation; the beam supply overload trip point is 200 ma
and the trip puint for the recelernior supply is 20 mA,
If either of these levels is exceeded, the base drive to
the high-voltage converter is interrupted for about 50
milliseconds, A short cirenit condition will resulf in
continuous cyeling with "on” periods which nre effec-
tively less than 1 millisecond,

The discharge, or VareM, converter supplies power
to the plasma anode, nominally +16 V DC at 1. 6 A, and
the boundary anode array, sominally +3 V DC at about
200 mA, The plusma anode supply is referenced to the
beam potential, +550 V DC from ground; the houndary
anede supply i5 refevenced to the plasma anote supply.

The plasma anode curvent {s sensed by means of a
current transformer in series with the converter trans-
former sceondaries, and the trip point is 4,0 A, Ex-
cecding this current causcs the 28-V [nput to the are
converter to be interrupted for about 6 seconds, by
means of a series PNP transistor. This transistor is
part of a special elreuit commonly called an "are
dipper" which is also used to lower the 16 WV DC dis-
charge voltage to 12 V DC during overload cyeles of the
high-voltage converter, This reduces the plasma den-
sity In the thruster and facilitates re-establishing high

voltage on the thruster eleetrodes,

The fourth converter {s the neutralizer start con-
verter, whose sutput, +150 V DC supplicd through a
4000-ohm current-limiting resistor, 18 used to initiate
the neutralizer discharge. A low-voltage kecpoer supply
maintaing the discharge during normal thruster opera-
tion, und the neutralizer start converter is then inoper-
atve, Its efficiency, therefore, §s of [ittle significance,

All three of these externally driven converters in-
eorporate a technigue to prevent collector current over-
lap, This consists of a negative feedback winding on
the converter output transformer which ineludes series
diedes such that the external drive power to the base of
transistor 2 is shunted through the neguative feedback
winding until the stored charge in the bise of transis-
tor 1 is completely removed and its collector voltage
rises, This has been found to be effcetive in reducing
both trans{stor power disgsipation and current spikes on
the +28 V supply bus,

Deflection of the thruster lon beam is produced by
slght shifting of the accelerator clectrode by means of
electrically heating the appropriate pair of its efght
support legs, There are thus four deflection suppiies;
these receive processed power from the master con-
verter,

System mechanical desigm, - The power condition-
Ing package is ap; roximuately 26x25x11 4 cm and welghs
7.8 kg, It consists of an upper chassis which houses
all the commang, centrol, and felemetry cireuitey ia
the fosm of encapsulated plug-in modules. It also
houses the connectors which interface with the space-
craft, and the EMI filters. The lower chassis containsg
ull the power conversion circuitry and the connector
which interfaces with the cable fo the thruster, All
heat-generating components are mounted directly on the
floor ofthe package for mudmum heat transfer,

All magnetic devices {n the system dre toroids and
are uneneapsulated to allow them to sulpas completely,
They are partially embedded, however, in Solithane,
which provides a tough, flexdble meclunical interince
between the toroid and its mounting surtace, without
saceriffeing heat conductivity,

The design {s very conservative throughout. All
components operate at or near 50 percent of rated volt-
age and/or 25 pereent of rated power; nonsaturating
transformers are designed to operate at 50 percent of
rated saturation ux density; and great attention was
given both mechanical ruggedness and thermal path
lengths,  All components underwent burn-{in, magnetic
components were opated in a thermal-vacuum environ-
ment for 2 weeks.

Performance, - The performance of the pawer con~
ditiohing unit {s summarized intable % 1 welght break-
down is provided (n table 3. Two views of the unit are
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shown in flguves 4 and 5, Much of the power loss {8 o
result of the large number of cowpanents required to
perforin functions other than possev conditioning per se;
the converters are reasonably efficlent. The high-
voltage converter exlibits an efficiency of 91 percent
in steady-state system operation; o 'bare® version,
with no low-voltage vaporizer power, has exhibited

84 percent,

One prototype and three flight units were delivered
to Goddard Space Flight Center. During the entire test
program, including flight neceptance testing with oper-
ating thrusters, no component or functional fatlures
were encounterced,  The largest measurcd internal tem-
porature rise, at full power operttion, was 10° ¢,

Two of the units are in orbit nnd have been exer-
clsed; one has accumulated 100 hours of operativn, The
only operating anomily has been a tendency of the de-
flection command registers (low-pewer TTLI t7 respond
to the ceeasional 1100=V thruster transients.

Future, - The system deseribed here represents
the technology of 1970 in a relatively low-power appli-
cation, in which reliability had first priority, efficiency
gecond, and weight third, Practical experience with the
system had gencrated considerable conlidence in the
basic approach,

Future versions of this system would benefit from
weight and power loss reductions stemming from in-
cronsed use of integrated circuits and from a greater
degree of mechanical and thermal integration with the
spacecraft, A switching preregulator was proposed in
1972, which, 1f combined with an improved version ot
the ATS-6 power conditioner, allow operation from an
unregulated solar panel bug with a net efficiency if 84
percent and a welght of under 12 pounds {5, 5 kg).

POWER PROCESSING FOR PRIMARY PROPULSION

Electric propulsion for primary spaceeraft thrust is
of interest for both near~Earth and interplanctary mis-
sions, Near-Earth applications include spiralout
maneauvers from low to high orbit and Enrth escape,
Once at high orbit the thruster may alss be used for
stationkeeping applications, Interplanetary missions
include flights out of the ecliptic and flyby past or
rendezvous with astersids, comets, and planets, A
primary electric propulston stage could offer large pay-
load advantapges 43 2 commerefal tug in conjunction with
the space shuttle,

One way to compitre the capability of an electric
propulcion spaceeraft with that of 4 chemical system is
to consider the total impulse delivered by fwe such svs-
tems. A 1500-kg clectrie propulsion spaceoeralt with
500 kg of propellant can deliver slightlv more total im-
pulge than ¢ 2914 Delta rocket stage, which has o mass
of 5500 kg, including 4500 kg of propellant. To explzin
more fully the characteristics of a primary electrie

——— A -

propulslon system, tho major clements are discussed
fu the following section,

Thruster

Intensive study and development have been under
way at the NASA Lewis Research Center, the NASA
Jet Propulefon Laboratory, Hughes Researceh Lubora-
tory, and the NASA George C. Marshall Spice Flight
Center §n the aren of primary-propulsfon applications,
The candidate thruster for use on all proposed ndssions
is the 30-em thruster {fig, 16). This thruster operates
at a nomina} input power of 2. 75 kKW at a thrst of 30
mib and a speeific impulse of 3000 scconds., Thruster
cfficiencies in exeess of 71 pereent arve schieved at full
thrust, but there {$ some decrease at throttie condi-
tions, The thruster has been designed to throttle over
more than o 4:1 range of input power and hay o degipgn
gonl Ufetime in exeess of 10, 000 hours,

The thruster has been qualific d both mechunically
and thermally and §s compatible with the launch en-
vironment of hoosters ranging from Thor/Delta to
Titan with a variety of upper stages, It [s able to oper-
ato in the thermal envivonment associnted with in-
and out-bound interplunctary miss{ons ranging from
aubout 4, 8 to 5 AU, As verified in the SERT 11 flight,
this thruster ig capable of very long-term space stor-
age and has highly reliable multiple-restart capu-
bility.

Transistorized Power Processing System
for 30-emn Thruster

A L5KW Solar Electric Propuision (SEP) spacecraft
for Eavth orbital or inteplunetary migsions must con=
dition and control 12 kWY of the total power to operate
the primary propulsion thrust subsystem. These pro-
cosses must be lightwelight, cifictent, and capable of
thermally self-radiating to space. One of the concepts
13 discussed here; 2 modularized transistorized design,

The Hughes Aircraft Company veecently completed a
program to develup a 30-cm thruster thermul vacuum
breadboard (TVHE) power processey, This program,
sponsored by the NASA Lewis Research Center, con-
centrated on the {mplementation of o high-performance
power processor system based on a transistorized
bridge inverter power stage,

Prior to delivery of the hardware it was extensively
tested on 2 statie luad and operating thruster., The
electrfeal effieiency achieved by the TVBB power pro-
vessor exceeded the program goals and represents o
significant Jight power system technology accomplish-
ment. At the rated nomins] cutput power the efciency
was 91, G pereent and 01, 9 pereent for fnput bus voll-
pges of 200 and 400 V, respectively, The associated
total electrical component weight {2 less than 35 pounds
{16 kg).
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Systom clectrical deseription, - The 306-cm thruster
TVYBB power processor which |8 nominally rated nt 8 kW
is composed of 12 controllable DC output supplies and an
interface/control subsystem, Specifications of the indi-
vidual supplies are given In table 4. The mudmum and
nomini.; power supply ratings are lsted together with
the type of {nternal regulation (constant voltige on cur-
rent) and the system potential to which the outputs of
the supplies are referenced.

The {nterfnce/control subsystem established, by
{ssuing an analog reference signal, inthe 6 to 5§ V DC
range, the output voltage or current levels of each sup~
ply, The number of setpoints listed in table 4 corre-
gpond to the number of discrete reference levels which
ean he 1ssued by the control electronjes,

The system conflpuration employed is indicated in
figure 17. Prime power to the system from the 200 to
400 V solar array bus {s distributed directly to ‘he
sereen and discharge supplies. Distribution of power to
the remaining supplies is via the switching lne rvegu-
lutor which down converts the line to 180 V. ‘The heater,
vaporizer, keeper, and magnetic baffle supplies are im-
plemented with standardized self-saturating magnetic
amplifier current-feodbock controllers, The output of
each of these supplies 13 transformer {solated and fol-
lowing rectification, Bitered by a single L~C stage. The
aceelerator supply ecmplovs a sinigle-ended energy-
flyback scheme te convert it's 180 V input to meet the
listed thruster reguirements,

The sereen and disclarge sugplies produce the bulk
of the system's conditioned vutput power during normal
thruster operation and represents the power cireuitry
area where most of the technology cifort was divected
during the development program, These supplies use a
standardized transistor bridge inverter module in their
design,

The screen supply {s configured with five fnverter
modules (four operating and one standby) which have
their DC output connected in series to achieve the neces-
gary output voitage, Each {nverter module has a nomi-
nal power rating in excess of G600 W and a peak short-
term capability of approximately 1200 W, Incorporation
of high-voltage, high-{requency switching transistors,
nltra fnst-recovery output rectifiers, and a low-loss
ferrite output transformer hus lead to overall low
gpecific welphts and high efficiencies, DBy staggering
the phase ofthe pulse width modulated lopic drive signals
to Individual invarter modules which operate at 10 KHz
the fundamental power vipple frequency uppearing at the
supply input and output {illers is 80 KHz, This has sub-
gtantially reduced filter weight penalties,

A single operating inverter module {8 used in the
discharge supply, This is supplemented with a standy
fnverter which has its DC output eonnected in parallel
with the operating inverier at a point prior to the final
L~C output filter stage, In the event of a failure the

pulse width modulated {nverter drive siguals are auto-
matieally transferred to the standby (nverter to bring
it ot lins, Post development evaluation of the compo-
nent etress levels actually occurring in the TVBR dis-
charge supply indicates that the redundant pverter {and
{ts weight) could be eliminated from future systems
with Httle detrimental {mpact on total aystem relia-
bility,

Reliable, high-performince operation of the tran-
sfstorized bridge inverter from the 200 to 400 V bus
has required careful attention to drive and stress con-
trol eircultry., The finnlized designa in these areas,
while suphisticated in concept, have proven to be simple
in thelr {implementation and highly effective over an ex-
treme range of load conditions,

The {nterface/contrsl subsystem contains the low-
leve!l system electronies associated with digial com=
mand reception and storage, A/D supply data conver-
slon and transmiosion closed loop thruster operuting
parameter control, and various antomatic systein
gsequencing and protective operations, Communication
between the power processor and external command and
data subsystems {s by photo-isolated data links using a
strobed 1G-parallel bit format; communication between
the interface /control subsystem and the individuul sup~
plies for supply reference control and for voltage and
current data collection is accomplished with O to §

V DC analeg signals,

System mechanical deseription. ~ The packaging
concept used s fabricating the TVBB power procoasul
is reasonably evident from the photograph of the baok-
side of the delivered unit shown in Hgure 17, Indi-
vidual module plates (each containing n geparate elec-
trical function or st of fupctionsy are bolted to 4 grid-
ded aluminum frame fsrming a rigid planar package
with extremal dimensions of 24, 5x54x4. § em. Each
module area {g sized to muintain a worst-case plate
temperature of 50% C under conditions of radiating to
deep space trom the front side {only) with no solar in-
cidence,

To minimize noise coupling between the power and
low=-level signal wiring routing of harnesses has been
given eareful attention. The control and data signal
harness between the interfacescontvol unit (g, 18,
box with vertically mounted ¢ireuft ciards) and the vae-
fous supplies is routed along the horizontal center ine;
[nput and output power cabling is routed along the
perimeter of the power processor frame in an enclosed
channel,

The use of many standarcized low-power cireuit
functions in both the power cireuitry and control cir-
cultry make the use of hybrids {n these areas attractive
for implementing this class of power processor in the
future, Inaddition, the size of electrical components
and the homogeneous distribution of power losses are
well sufted to more compact system packaging concepts
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§ now belng considored which use heat pipes for thermal ' ,
; control, ;
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E CONCLUDING REMARKS | ;
; ! L
‘ 3
7 i Flight power procedsing for electric propulsion : §
i prasents the designer with difficult problems and ¢on- ,‘ A
a‘ ; straints. ‘The concepts discussed here are representa- ! f;
‘;;? = tive of the approachas taken to satisly the unique re- :
f C quirements of the device and its mission function, ;
§ L
i |
i The ATS5-6 power system was designed for unit i E
: , simplicity and reliability which consequently restricts ] i E
i Its flexibility to address in-Night thruster malfunctions, y 33
| The & and 30-cm PPU's discussed hiere represent a ;‘ i
i philosophy of system rellability through in-flight re- ’ f b
j ndjustment of operating conditions, This regules a i i
{ sophisticuted logic and control system whick, while ! §
| operationally simple, 15 complex und requires o com- X :
¢ ; ;
L puter logic inter fuce, ¥ rE
H < 2
| = :
“ All units deseribed have successfully demonstrated 5
j the difficult design festures of high eificienay, low g i
g welght, and the ability to operate an fon thruster, ;! l‘i
2
; Advances In glectronie device technglogy should 5 3
t allow further reduction in system size and wefght with i i
| improved system reliabilty. ¢
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TABLE 2. - (ATS-6 PPU) ELECTRICTAL PERFURLANCE, STEADY STATE

High Voltage Converter Volts Amperes Waus
Beam 560 0111 62 16
Accelerator 560 001 . 56
Cathode vaporizer 4.44 1.11 4
Anode vaporizer 5. 96 1.49 8,88
Total converter power 76.53
Arc Converter
Plasma anode 1600 1.65 2640
Boundary anodes 3.00 08 .24
Total converter power 26.64
Master Converter
1
Anode heater 2.14 1.95 4.17
| Cathode heater 1.65 1.51 2.49
Neutralizer heater 2.13 1. 4.13
Neutralizer vaporizer 5.08 1.27 6.45
Neutralizer keeper 4. 60 .02 .10
Total converter power 17.34
Total power delivered to thruster 120.51
Total power consumed 143.70
Net power conditioner efficiency 83.B6%

TABLE 3. - (ATS=6 PPU) POWER CONDITIONING UNIT WEIGHT

BREAKDOWN
Weight,
ih

Plug-in welded modules (command, TM, control) 2.50
Terminal welded modules (power, rectifier, control) 1.35
Magneti=s (transformers, inductors, magnetic amplifiers) 2.56
EMI filters (total of 57) .70
Power components (semiconductors, capacitors, etc.) .80
Wiring 70
Miscellaneous hardware 1.00
Chassis 5 00
Connectors 14
Circuit boards 1.25
Total 14.00

(7.3 kg
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Figure 11. - 8-Cm ion thruster EM power processor package.
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Figure 17. - Cm-30 ion thruster transistorized TVBB power
processor functional block diagram.
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