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Report on Development of ETS~IITI Ion Engine System

ABSTRACT

The objective of this report is to present the results of
research and development of the ion engine system which was boarded
on the Engineering Test Satellite III(ETS-III).

The ion engine system was developé@ to investigate its
feasibility for future application of electric propulsion with high
spacific impulse, through the operation tests under the space
environment. The system consists of two electron bombardment type
mercury ion eﬁgines with 2uN thrust and 2,000 sec specific impulse
and a power conditioner with automatic control Ffunctions. Having
overcome various problems during the developments stage, engines
meeting the specifications were finally produced and are currently
in orbit, showing fine performancs. Discussed in this report are
the research and developmént wf this system, development of its EM,
PM and FM, the system test and the technical achievement brought by

the process leading to the final launching.
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Chapter l: Forewerd T

On September 3, 1982, the Engingering Test Satellite III(ETS~-III)
was launched inftio an orbit at an altitude of approximately 1,000km by
an N-1 rocket from the Tanegashima Space Center. It was given the
name of "Kiku No.4." R

The ETS-III is ah engineering test satellite dasigned to improve -
our independent ability to develop common technology for artificial oot
satellites requiring large power, as well as to carry out in space a 'i ;

number of experiments on the functions of the equipments on boaxd. .

The equipments consisted of the vidicon camera, the ion engine system,
the active heat control system and the maghetic attitude control

system. This report details the results yielded by the development

of the ion engine system. It has been prepared with a view to making
a contribution toward future development.

The ion engine system was developed and mounted on the satellite
in order ta acquire the basic technology for high-specific-thrust

electric propulsion systems of the future. The system itself was

developed by the National Space Development Agency of Japan (NASDA)

and it incorporated the results obtained from research and

development efforts of the Electrotechnigal Laboratory and the .i:f
National Aerospace Laboratory, which are national research institutes. :

Currently on board the satellite in orbit, the ion engine system _:;%
represents the result of some 12 years of independent research effort
by the two institutes. 100~hour sustained jet propulsion experiments

and other in-space experiments are being conducted smoothly, yielding f;'i

- -valuable data. dJapan is the second country to conduct such experiments
in space after the United States and it is the Ffirst to have . ?

successfully conducted experiments on a small-sized ion engine.
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This activity has thereby drawn the interest of those engaged in work
on future propulsion systems around the world and the achievements
of the experiments is thus of great significance.

work on developing the ion engine system was not necessarily an
eésy process. In retrospect, it became clear that the standards of
desigh, production and testing which must satisfy the complexity of
the equipment involved were not set up sufficiently until immediately
before the production of the flight model. It caused many problems.

Thanks to the problems, however, the development process has brought

forth a greaterwealth of technological knowledge and data. Nevertheless,

enquiry should be made as to whether the current success signify
clearance of all the problems to be encountered. To do so, it is
necessary to put in order all the technical details obtained to date.
Further, the development of this ion engine system should be considered
as the first step toward the practical application of such a system,
providing éhe basis for future developments. The results obtained in
this project must sorted out from this aspect as well.

Thus put together was this "Report on the Development of the
ETS-III Ion Engine System." The report covers from the initial
research and development at the two research institutes to the actual
development and production tests conducted at NASDA, and the subsegquent
system test, preparation of the 1aunch site and finally, the launching.
It was decided to include as much technical information as possible
which could serve for reference'purposes'in the future, even if it
did not pertain directly to the main subject matter of this report.
in'drder to make this project complete, some joint reserch was

conducted by NASDA and the two institutes. Since their findings have

been detailed in a separate report, only the most relevant points have
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been extracted here with reference to the original source so as to ,f'j
avoid redundanay. Research engineers fxom the institutes having . .E
participated in writing, this report represents a joint effiort by the ﬁ
three establishments involved in the development. 5
' ' _ v _ f
It is intended to prepare a separate report on the evaluation of ,_j

. . . . S

the in-space experiments conducted on the ion engine system. The ST
authors of this particular report hope that the material provided will : q
lead to the future development of practically applicable ion engine - }
systems and that it will prove worthy of reference for this purpose. , ;
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Chapter 2
Background and Objectives of Development




Chapter 2: Background and Ob-jectives of Development <

2.1 Principle and Features of Ton Engihe

Electric propulsion, a form of propulsion which generates thrust
by accelerating particles using electrical energy, is generally : %
capable of yielding a higher particle velocity than conventional al
chemical propulsion which relies on internal chemical energy to
accelerate the particles. This results in a distinct advantage: the - }
impulse per propellant weight, i.e. the specific thrust, is higher, o
which means that the weight of the propellant required is much less
to do the same job. Among the systems of electrie propulsion devised %;f:
are plasma engines and ion engines.l) e

Fig. 2.1 shows the operative range of all forms of electric h’{

propulsion in tewrms of thrust and specific thrust. The ion engine

obtains thrust by ionizing the propellant and by accelerating and b

i injecting the ions thus cobtained in a high-potential electrostatic

field, and it is characterized by a high specific thrust. In fact,

| the specific thrust is in the range of 2,000 to 7,000 seconds, which
‘i is 7 to 30 times as high as that of a chemical rocket (hydrazine, etec.).

The thrust is in the range of 10™3 to 10~lN, which is relatively low. fi%

i
; Making full use of this feature, ion engines may be employed for r;i
maintaining stationary satellites in orbit or as the main propulsion i
system for spaceships for interplanetary probes or interorbial %
transporters of large-scale space structures. Its low thrust renders
an ion engine suitable also for controlling the attitude of flexible
structures with a high degree of precision.

A relatively large power source is required for the ion engine ' =3

‘to operate which in turns hecessitates a power system. This does not




work out to be an advantage over chemical propulsion in small-scale,
short~-life satellites. In maintaining a stationary satellite in oxbit,
for example, an ion engine is on a par with a chemical propulsion
system 1f the satellite has a weight of 500kg and a service life of

2 or 3 years. Above the figures quoted, the heavier the satellite

and the longer its sexvice life, the more advanhtageous it is to employ
an ioh engine. Fig. 2.2 indicates the weight of each of the propulsion
systems which may be used to maintain a 1,000kg stationary satellite
in orbit for varying mission durations. On an &-year mission, for
instance, it is possible to increase the payload by l20kg if the
conventional catalyst hydrazine is replaced by the ion engine. This

is virtually equivalent to a payload placed in stationary orbit by an
N-l rocket.

Consequently, ion engines are suitable as the propulsion systems
of largélsdaié satellites with a large power source and for long-term
use, offering a substantial weight advantage.

Three different methods of propellant ionization have been
proposed for ion engines so far: contact ionization where cesium or
another element with a low ionization potential is passed through a
high-temperature metal filter; high-fregquency ionization vhere high-
frequenay energy is absorbed; and electron bowbardment where electrons
are bombarded in order to achieve ionization. BEach methed has its own
- distinet advantages but in countries such as the United States and
Japan it has been the electron bombardment type(which is often referred
to as the Kaufmann engine after the name of the man who devised it}
that was choseh for development projeckts.

Fig.'2.3 illustrates the operating principle of_the electron

bcmbardmént type of ion engine which employs mercury as the propellant.
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Liguid mercury sent from the tank is heated and vaporized by the
vaporizer and led to the discharge chamber. The electrons emitted
from the cathode come under the operation of the electrical field
generated by the anode and the magnetic field generated by the
permanent magnet. This puts the electrons into a cyeclotron motion,
with the result that they collide with the mercury atoms and ionize
them. The ions in the discharge chamber are slectrostatically
accelerated by the high voltage applied tc the screen grid and they
are emitted as an ion beam. If ions alone are taken out, the engine
becomes negatively charged and stops accelerating, In orxder to
maintain electrical neutrality, electrons are emitted f£rom the
neutralizer into the ion beam. A high negative voltage is applied to
the acecelerator grid at this time, so that the neutralizing electrongs
do not flow backwards toward the engine., Thrust can easily be
cpmputed by the keam current and acceleration voltage(current and
voltage of PS1), and adjustment may be made by varying the discharge
curxrent (current of PS3) or acceleration voltage. Specific thrust is
proportionate to the sguare root of acceleration voltage and is also
variable. Such ease in control is one of the characteristias of ion
engines. Also, the neutralizer works to maintain a constant electrical
neutrality, eliminating the problem of electrification in stationary

satellites.
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Fig. 2.1 Operative Range of Various Forms of Eleatric Propulsion
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Fig. 2.3 Operating Principle of Electron Bombardment Type
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2.2 Current State of Development Overseas i

The United States is the leader in the development of ion engines.
The f£irst on-ix0ard experiments were carried out in 1970 with SERT-II
(Space Electric Rocket Test) and the total actual operation time of 4]
7,000 hours was accomplished with a 30mN mercury electron bombardment : '¥
type engine. Currently, Smii-class engines are being developed for

secondary propulsion, two of which will be bhoarded on the Satellite

o

P80~1l(altitude 740km and angle of inclination 72.5), scheduled to be
launched(using space shuttle) in November, 1983, for a flight test ;3
mainly of repetitive operations.(See Fig. 2.4.) This is in

preparation for the application to North-South orbit control of a ;iff
),000kg-class stationary satellite with a 7-year serxrvice life. For
main propulsion, basic modules of two each l00mN-class engines, called
BIMOD, have been developed. Used in sets of three to six, they are jpf

planned to be used for a planet probing space ship, space tug acting

tug (NASA Lewis R, C./ Marshall S.F.C.) in which three stationary

\
|
|
i

l

1 as an upper shuttle, ete. Fig. 2.5 illustrates the concept £a space
i

|

|

b

i ten engines in combination with 25kW-solar array. l00mi¥-class engines

satellites are transported from a low orbit to stationary orbit by {'

have been developed up to EM.

Aside from this development direction thait NASA Lewis/Hughes has

ﬁ ' followed, there is another direction that NASA GSFC/EOS has pursued

q which used cesium as a propellant. 5mN electron bowbardment type was
|

3

b
;
|
|
)
I
developed for the purpose of testing its use in maintaining North- '_J
H South orbit, and boarded on ATS-6. Despite the initial success, ]
difficulties in the supply system, peculiar to cesium, have since J
caused the operation to halt. The technology, however, was taken over f

by INTELSTAT/EOS and incorporated'intd'the developmeht of mercury MESC
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(magnetoelectrostatic containment) ion engines of l5mN-class.

In the West Germany, high~frequency mercury ion engines, which
make use of high frequency discharge, are in development. lOmN-class : %
engine, RITA, is planned to be boarded on a television broadcasting
satellite TV~-SAT and used f£or North-South orbit control. It has so
far been developed to RITA-~1 of PM level, whose engine shape and f
boarding configuration (TV~-SAT D3) are shown in Fig. 2.6. Actual l I

. boarding on TV-SAT D3, however, seems to have been passed up. 1: '

Development is also taking place in England (10N mercury electron ﬁ B

bombardment type), in France(cesium contact ionization type), and

more recently in China (5mN mercury electxron bombardment type). All are

for secondary propulsion, and none has been scheduled for actual £light
yet. In the U.S.S.R., although the details are unknown, the emphasis }fﬁ
seems to be on plasma engines. |

In our country, 2 mercury bowbardment type was developed and

boarded on ETS~III. It was the second in-space experiment of ion

engines following SERT~II of the U.S., and, as a secondary propulsion i;

devalopment of 10mN mercury electron hombardment type engines. s

b 4. -',;'—:
f system, precedes P80~l, In addition, NAL is leading the research and ;'l
2

Table 2.1 shows the status of these ion engine system test £lights, @;}

L

launched and plahned.
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Fig. 2.6
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Table 2.1

L A o IR T L A St

_ _ Ion Bngine System Tests

_ satellite
‘. Engine systenm

Developing organization

Name
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Thrust
Specific thrust
. Thruster powar
Propellant until. effiency
- Total power
Launching
Objectivas

Rasults
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disorder in supply system.
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2.3 Objective of Development

The objective of developing ion engine system for ETS-III is to IR
study the performance under the space environment of ion engines, a | %
promising secondary propulsion system with high specific impulse for @ i
large-scale stationary satellites with long serviee life, and acguire
basic data for such future application. V fi

The engine was mercury bombardment type ion engine of anode 3: ﬂ
diameter 5om, developed by our national research institutes, the | }
National Aerospace ILaboratory(NAT) and Electrotechnical Laboratory )
(ETL), Based on the stage of development at that time, this type was §~E
chosen for its compatibility to the development schedule and to the ?5.

power and weight distributions of ETS-III.

2.4 Development Historvy

Reseaxrch and development of ion engine system were started in

out country around 1970 by NAL and ETL. Their emphasis was on mercury
electron bombardment type with thrust of 2mi and anode diameter of Scm,

to be used for maintaining a satellite orbit. They test-produced a

system equivalent of breadboard model and accumulated data from el
-injectioh and other exparimenits. By the time the engine became a
candidate fox equipments to be boarded on Engineering Test Satellite
(ETS-III) in 1973, they had indicated a desire to experiment in space,
as a preparation for practical application. - ETS-III had been planned
with the purpose of aevelcping commong techﬁology for satellite
requiring large electric power, and at the same time, had beén

- designated to accept "equipments for'expériments on-board that are

requested by satellite-users. In April, 1974, NAL/ETL and NASDA
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started a joint technical study on the possibility of boarding ion
engines on ETS~III, and, as a result, a concept design proposal
entitled "Ion Engine System: & Study Of An Electronic Equipment
Proposed To Be Boarded on ETS-III" was presented to NASDA by NAL/ETL
in 1975. In response, NASDA proposed to the Space Activities
Commission the boarding of ion engine systems as a promising source
of future propulsion system technology. The Commission officially
adopted in in August, 1976. A plan for NAL and ETL to develop this
system was initially considered, but due to financial limitations and
other considerations, it was decided that they would continue through
Preliminary Engineering Model and then the project would be taken ovef
by NASDA. DLetters of intention to this effect were exchanged between
the institudes and NASDA. It was agreed that any tests involving
engine injection would be performed using the facilities of the
institutes for cost and schedule reasons; that the institutes wouid
provide assistance over the entire period of development, to ensure
a smooth transfer of accumulated knowledge, by exchanging the staff
and conhducting joint studies; and that the three oxrganizations would
set up the "Ion Engine Development Communications Committee” for
communicating matters concerning development and operation.

It was also decided that based on the strength initially shown,
NAL would provide support for the development of engine unit and ETL,
that of power conditioner and sﬁb—sygtem integration. For hardware,
Mitsubishi Electric was chosen to produce the engine unit and Toshiba,
the power conditioner, both based on the past eﬁperiehce. Toshiba,
the main contractor for the satellite, wes also put in gharge af
sub-system integration. o

Table 2.2 shows the development schedule of ETS-III and ion
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engine system. Production and testing of Preliminary Engineering
Model were started by the institutes in 1976. Starting 1978, NASDA
produced and tested, in oxdex, Engineering Model, Proto~type Model
and the Flight Model. With the examinations given after IES

Acceptance Tast of July 1981, the development of ion engine system

was completed.

Table 2.2 Development Schedules of ETS~III and Ion Engine System

(year)
ETS-IIX: ‘73 24.28 26 77.78 79 80 81 82
48 | 49 |50 | 51 |52 | 53|54 |55 56|57
Concept desigh "ete
. Preliminary design ¢ >
" Basic design N
Production of EM Gt
' " PM “* P
n FM &
Launching A

Ion Engine System:

48 {49 |50 [ 51 152 (53 [ 54 |55 |56 (57
Concepi: design e .
Production of PreEM | | I Sy DU O O .1 ’
Basic desigh s
Production of EM e
n PM E et L MNASDA
. " FM ' otle
Launching | Al
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Table 2,3 Actual Development Process of IES and Its Components

1978 1979 1980 1981 1982
553k 554k sss# S5ém 8574
3 S 1T s N 5 7. ¢ w1 3 s * 9 NN 3 S 7T P NN 35S T o9
A a 8 Ap A
P A P EPNT VT
Rhatelintd FOR CORIN CORID Fq PSR 11Hd 1
ETS=-0
! ——y REAnE 2
. . a A 4 a a
| asares POR €DA1) CORI2) PQR PSR
R
® B " EH PM . g»l
PMMK’&B
- - a & b A a o
Bxroy POR COR cnlétzcnam PaR PSR
1 Ep
v B u EM B FU, EH(EE) 4
|
S a a a a | A a
FDRI PDR@ cDR PGR PSR wamit §
1 E f.'r
B = =M 4 s e
[ BEREKA
A: Milestone 1. Launching
B: Tests 2. Launch site preparation
3. PM evaluation test
4. FM(modified)
PDR: Preliminary design review 5. Installation on satellite

CDR: Basic design review

6,

PQR: Post-qualifying test review
PSR: Post-acceptance tast review
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Chapter 3: Research and Development

3.1 Outline

It was about 1970 that research work on electron bonbardment type
ion engines actively began in our country. Already in the United
States, NASA Lewis had developed, as part of the SERT-II Plan, electron
bhombardment type ion engines of lScm diameter which were being tested
for scontinuous operation in space for over half a year. NAL and ETL
designed and test~produced Scm-diameter f£ilament type ion engines and
cohducted basic experimenﬁsl“4). It was in this stage that the basic
characteristics of ion engihes were studied: discharges using DC
magnetic £ield, the ion source for this type of ionh engine; extraction/
acceleration of ions from plasma; neutralization of ion besam by

electrons and conditions of the beam, etec. Techhnical problems involwved

stuéied, while on one
hand a vacuum device necessary for experiments was set and various
measuring technigues were learned,

The next step was to improve performances, with actual fubture use
in space in mind. Efforts were made to improve the components =~
vaporizers, insulators and cathodes. Central to the ion engine, these
components requird special production technigues and care, and much
experiences were needed to produce products meeting the requirements.
Limited staff and budget did not allow extensive design effort and
iest production of various structures and specifi:ations, and several
vears flaShgd by oh trial and efxor. The U;S;, with the development
of SERT-II ilonh engines, had established the technology of today, and
'the information which gradually became available were extremely helpful.

When the gqualities of main components reached a reaschably acceptable
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level, the concensus was for continuing the efforts into developing an A
engine system that is operable on board an artificial satellite in C
space as a goal. For efficiency, NAL tock charge of the engine unit

(thruster) and ELT, the power conditioner. NAL concentrated on

Spmeatm b

developing a light weight engine of 5c¢m diameter, as weight reduction

Lm,

was mandatory in space application, while ETL designed, test-produced 5/“m

and test power conditioners. Test products, with some modifications,

L e

-

showed satisfactory performance, and it was agreed that with further
improvements they would meet boarding requirements. Thus, On-hoard ol

5) was compiled, requesting operation Lo

Experiment Plan for Scm~Ion Engine
tests on board Engineering Test Satellite III which was in its initial
planning stage. The plan was submitted and accepted.

Up to that point, thruster and power conditioner were test-
produced separately, and interfacing as a system had not been complete.
| In NASDA's taking over and continuing from EM through BM and FM,

making major changes in configuration would be difficult, even in the

% BEM stage. Moving straight onto EM, therefore, secemed unreasonable.
{ Further, for actual boarding, ion engines were to be subjected to the
i same reliability test as other general equipments to ensure that the
| weight, characteristics, performances, and functions wmet the require-
ments. As ion engines required special operating conditions, it seemed
necessary to figure ocut how these tests could be conducted. For this
purpose, PreEM(Preliminary Engineering Model) of the thruster and the
power conditioner were designed, test~produced and tested completely.
The objectives of this process were:

1) vo select and design paris and materials and establish

production methods based on reliability management;

2) to gather information on structure, weight, characteristics,

5
}
i
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performances, etc, in a comprehensive form for input into EM;

3) to establish interface of thruster, power conditicner and the
satellite; and

4) to establish test methods for procurement of reliability.

The process also served to summarize the research efforts by the

two institutes, to be carrxied over into the development phase.
in the following, outline of the reseaxch done on the ion engine

unit and power conditioner from the initial stage to PreEM is presented.

3.2 Ton Engine Unit

3.2.1 Filament-~type Ion Enginelfz)

Studies on ion engines started with a type using filaments in its
electron sources - discharge cathodes and neutralizers., Although
£ilaments @é_électfon éources have limited life and performance, the

structure, production and operation are simple and thus suitable for

5 learning the basic technology for ion engines. Magnetic field for the

discharge chamber was obtained by sending an electric current through ‘;w

¢oils wound on the outside of the chamber. Engine size of total beam

diameter of Scm in the cathode and accelerator grid was chosen. This

is about the smallest of electron bombardment type engines; and while

it lacks in certain performances, it is easier to handle because of
its small size, flow and power. It was alsc applicable to maintaining

- north-south position of stationary satellites.

PR SEPANRITTL . -inh by LG SR

Layout of the engine, pawer sources, wiring and a probe, used ; ’
3
i

for measuring beams, is shown in Fig. 3.1. In this ion angine,

g

mercury was used as a propellant., The engine operates only in a

vacuum. A vacuum_tank as shown in Fig. 3.2 was set up at NAL
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specifically for testing ion engines and gradually ecuipped for
various tests. Diameter of the main tank was 1l.5m and length, about
3m, and an ion engine hanger was placed with a gafe valve inbetween
to facilitate engine installation without breaking the vacuum in the
tank, Inside the tank, a shroud was placed for cooling liquid
nitrogen. The propellant, wmercury, adheres to its surface and helps
to increase the degree of vacuum. On the lower f£low side, a beam
collector was installed. It is electrically ipsulated from the tank
walls and automatically maintains emission current of the ions and
electrons from the engine at the same level, simulating movements in
space. During engine operation, pressure inside the vacuum tank can
be maintained at about 2 x 10~5Torr. A flat-plate probe for wmeasuing
the current density distribution of injected beam and an emission
probe for measuring the potential distribution were installed on a
moveable device. Of discharge characteristics, the dischargé“voléége
level most suitable for ion production, determined by maintaining a
constant discharge power, is shown in Fig. 3.3. Although there are
slight differences depending on the amount of flow, the utilization
efficiency with mercury reaches the maximum level around 40V. The
experiment was conducted at a high specific impulse, and with a high
acceleratoxr voltage the holes on the screen and accelerator electrodes
wers given relatively large diameters of 3mm and 3.5mm. There were
85 holes, 5mm apart(center to centexr). Examples of ion extraction
and acceleration characteristics are shown in Fig. 3.4, It is clear
that when the discharge conditions are steady, total acceleration
current, the sum of beam current oghions which pass through
accelerating electrode holes and shoot out.to the lower flow of the

engine as a beam and the drain current which flows into accelerating
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electrode, is determined by the voltage between the electrodes, i.e.
total acceleration voltage. Also, when the net acceleration voltage
(beam voltage) which determines the injection speed of ions becomes
sufficiently high compared to the accelerating electrode voltage,
drain current almost disappearsl). Taking ion extration, Poisson
Equation which determines acceleration, momentum equation and boundary
conditions into account, ion flows passing through a pair of holes
become similar, provided that 1) size layout of electrodes are

similar, 2) ratio R of the total acceleration voltage and net

acceleration voltage is maintained constant, and 3) parameter/f, given

below, which binds discharge and acceleration conditions, has equal

values2) .
A= mi /)Y 2 (gad) jo v 32

where mj: mass flow of ions
g: electrical load -
ag: distance between accelerating electrodes or a typical
length of electrodes -~ screen hole diametexr, etc.
jo: current density of ions which shoot from the discharge
side to acceleration side and become accelerated
Vt: total acceleration voltage

As Ta2gjo is the ion current per hole, / can be considered a
purveyance per hole. Acceleration characteristic noted earlier can
also be explained by this relationship, and the results of experiments
under various conditions supported that overall ion beam distribution

also followed this principle of similarity. Fig. 3.5 shows that two

types of purveyance obtained by combindtions of beam current and total

acceleration voltage give similar distributions. Examples of space

" potential distribution of beanms, obﬁained by én emission.prdbe, is
shown in Fig. 3.6. Beam potential is influenced by the neutralizer's
electron emission capability and its position withﬁrespect td thé
beam, Potential of the beam collector is thus an index of the beam

potential, i.e. overall neutralization index.
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Fig. 3.1 Filament Type Engine and Layout for Experiment
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Fig. 3.2 Vacuum Tank for Ion Engine Test
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Fig. 3.3 Effects of Discharge Voltage on Ion Production P
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3.2.2. Light Weight Ion Engineb.7)

The next task was to improve those parts that are vital to the
performance and life of an ion engine. Test-produced items weres:
porous vaporizer which provides steady supply of mercury, hollow
cathode which replaces filament as an electron source, and insulator
usihg a wire mesh. Production of these parts required special
processing technigues such as dry sintering, electric discharge
machining, electron beam welding, plasma or flame coating, brazing of
metal and insulated materials,etc. for which production conditions
were difficult to set. When the mercury vaporizer and hollow cathode
reached.a reasonable level of guality, it %as time to consider their
practical use in space. Taking the weight factor as well as
performance and life into consideration, a S5cm light-weight ion engine
was designed and test-produced. ITts structure is showh in Fig. 3.7.
Characteristics of this engine are as follows. )

1) Light weight stxucture of thin plates.

2) Entire engine, including a spherical mexcury tank, was
designed and tesé—produced.

3} Porous tungsten vaporizer was employed.

4) Grid type insulator was employed.

5) Hollow cathode was used in cathode and neutralizer.

6) Oxidant-coated tantalum foil insert was employed.

7) Indépendent assembly of acceleraﬁing electrode system.

B) Use of alumina insulators, compression-assenbled.

9) Length df dischérge chamber, strength of magnetic field, size
and position of baffle‘we:e made variable by repla¢ing in steps.

As the first total design, there were a few problems which

required improvements. Originally, the diameter of the orifice at the
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tip of the cathode was 0.08~0.2mm. With a small Fflow of the engine,
it was to facilitatg easy discharge by increasing the density of
vaporized mercury around the orifice. In actual use, however, ik was
found that discharge ignition was difificult with such a small orifice.
The diameter was consequently inereased to 0.25mm. Also, the hollow
cathode keeper, originally of open type, was modified to a sealed
type, as its low density inoreased the keeper voltage extremely high
(over 20V). The discharge chawber had three different length, 40, S0
and 60mm, and the effects of maghetic field strength on performance
were studied by placing three permanent maghets around the discharge
chamber and changing the diameters to 4,75, 5 and 5.5mme’ 7)., as a
typical example, discharge characterisiics of the combination of
50mm-long discharge chawber and 5.5mm~diameter magnet for large flows
and small £lows are shown in Fig. 3.8. It is seen that the discharge
voltage lowers as the flow increases. Where the diééhafge current,
i.e. dischdrge power, is small, increasing the flow does not increase
the beam current. As changes in the keeper current hardly affect the
bean current, smaller keeper current is more advantageous if a stabel
discharge can be maintained. A relatively small keeper voltage of
less than 12V was due to the use of a sealed typg keeper and oxidant-
coated tantalum insert. Performance in terms of discharge loss (ion
production cost of discharge) vs. propellant utilization efficiency
showed that, in the combinations studied, shorter discharge chamber
with thicker magnet gave better results. With magnets of the same
diameter, however, shoxter discharge chamber produced stronger
magnetic field because of shorter distance between magnetic poles,

as shown in Fig, 3.89. Fig. 3.10 shows the changes in performance

curves for different combinations. In observing actual operation, it
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was found that when the discharge chamber was short and the magnetic
field became strong, discharge tended to become unstable, causing
difficulties in operation, especially with a small flow, The safe
combination was that of a S50mm~long discharge chamber and a 5~5.5mm-
diameter magnet (alnico-5).

Alumina pipe of the insulator was mechanically pressed, instead
of brazed, to the flange for an airtight, linear contact, but a
leadage of mexcury vapor occurred due to an incomplete contact. To
prevent leakage, a thin copper ring was inserted for tighter contact.
No ill effect of mercury vapor on copper was cbserved. In using the
same hollow cathode, keeper voltage gradually increased with time,

presumably due to deterioration by exposure to air.

Fig. 3.7 Structural Outline of Scm, Light-weight Ion Engine
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Discharge Characteristics of Scm, Light-weight Ion Engine
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3.2.3 PreEM Ion Engine8/9)

PreEM ion engine project was planned with the objectives of : §
providing necessary data for designing the subsequent EM, making way : %
for a smooth development of PM, and ultimately producing a reliable B
FM. Development conditions after EM affect the development plan for ,
the satellite in each phase, and in return, are affected by satellite _,/
development. For this viewpoint, a research process was established o
taking various tests required in the development stage inhto 7
consideration. For each test, the device and method were planned to s
be studied and tested. The initial plan is shown in Fig,., 3.11. Some

minor chahges were later made., In the production stage, vital parts

e

were to be tested foliowing the process shown in Fig. 3.12. In
actuality, shock test was eliminated as it was replaced by an
oscillation test, the results of oscillation test were visually

inspected from the outside, and dismantling was eliminated unless a

trouble was found. Also, any engine disorder was to be spotted by

the performance tests before and after the oscillation test. Diffusion L%;;;
angle of ion beam was also measured during performance tests. Of the ﬁgn '
tests relating to ETS-III ion engine development, those tests which A
required techniques specifically developed for jonh engihes and partial '?}¥i

rasults are discussed later.

whe T

Outline of the structurc of PreEM is shown in Fig. 3.13. It is
an expanded light~weight model. Hollow cathode, insulator and
vapcrizer were brazed to ohe piece(CIV assenbly), which gave tighter
assembly than the light-weighi model, eliminating the possibility of
mercury leakage, For stainless sheets used.for dischaxge chamber,
cathodes, etc., thickness of 0.3mm was chosen for guaranteed

reliability, as aompared'to 0.2mm used in the light-weight model.

34—
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Reliability was gxeatly.improved by stricter production conditions
set for two cf the important parts, vaporizer and hollow cathode.
Impregnated type(barium-impreghated porous tungsten) hollow cathode
insert was used for the Eirst time. Compared to the oxidant~coated
tantalum f£foil used thus far, it was to give a wmore stable relationship
betwesn the production conditions and the periormance. There was also
some literature which suggested that it gave hetter performance., An
aluminium flange for assembling onto the satellite was produced for
the first time also for the PreBM. Including mercury tank and wiring,
the ion engine thus became a complete system, wéighing undexr 3kg per
engine including 600gr mercury. Three PreEM were produced, two of
which were used mainly for various engine tests at NAL and the other,
for testing in combination with PreEM power conditioner at ETL.
Photograph of the assewbled PreEM engine is shown in Fig. 3.l14,
Vacuum device used for testing was basically the same as the cné used
before light—weight models. In order to simulate the power
conditioner, test power supply system employed 5kHg short wave for
AC and constant current for discharge, and a general power souxce
having a drooping characteristic was employed for keeper along the
way. This power source, connected to a mini-computer, automatically
controlled ﬁhe operations of ion engine and helped to inarease the
efficiency of data processing. For operation under computer (CPU)
commandé, the keeper power source was also to function as a constant
curr_en'ti source. . . _

In the foilowing sections, tests giwven for research purposes

are explained.

R
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Fig. 3.1l Flow of Ion Engine Development Procass
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Fig. 3.12 Ion Engine Parts Tests(during preoduction) 2 %
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Fig. 3.13 Structure of Scm PreEM Ion Engine
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3.2.4 Performance Test®) of PreEM Icn Engine

Operation parameters were set for PreEM engine using the data

obtained from the light-weight model as a reference. However, : $
parameters actually obtained in many cases did not meet the targeted ?

E
values. The reason, assumably, was that with a different engine, ; é

changes in thermal characteristic, in particular, had subtle effects. lf

Table 3.1 shows typical examples of operation parameters obtained

undexr steady-state operation and the targeted values. In obtaining
30mA beam current, there were such differences between parameters and s

target wvalues as noted below.

(1) Discharge voltage was slightly lower. It is assumably due to

AT TR L

to difference in the strength of magnetic fields, but such a slight

difference could be caused normally by the position of the baffle.

{2) Cathode and neutralizer keeper voltages were high. This was
caused by the change of insert from the foil-wound type to an
impregnated type.

(3) Insulator or cathode vaporizer power was large. This was

caused by a large ‘heat loss from conduction and radiation due to high

operating temperatures of the vaporizer.

(4) Neutralizer vaporizer power was small., As expected, the y:
neutralizer keeper supplied sufficient heat while operating

temperatures of the vaporizer were low.

!
|
{
i
!

Oscillation test was given between OPl and OP2 in Table 3.1.at
the level specified for EM, A movement was observed in OP2 which.
suggésted that mercury passed through the vaporizer in a liquid form,
due to the oscillation test. In other words, OP2 showed a significant

chancse from OPl: discharge was maintained even with drastically

e e e o — 1 ity AN b e B S o P2 3

reduced power in the vaporizer and insulator, but beam voltage could:
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i
L*
it
i

¥

Lk




not withstand 1,000V, In this regard, importance of parts selection T

. at the production level was recognized. In this particular instance,

e

with a high beginnihg operation temperature, an unevenness in the

]

'; vaporizer's porosity, or a crack, was suggested as the cause. As a

countermeasure, stricter testing of static pressure mercury

A W L

transmission was cgonsidered.

St D s e

That there was no difference in oparation parameters between the )

two engines indicated that the production process was satisfactory. R

;} It was necessary to study heat characteristics around the insulator Eﬂ

3 vaporizer to cult power consumption. Temperature characteristic of

-; the cathode vaporizer during repeated engine operationh in relation to b

the rated power was as shown in Fig. 3.15. It took over 40 minutes k

to reach 300C Ffrom the ordinary temperature and there was ho increase
until the hollow cathode was ignited. Once heated, however, the

speed of temperature increase rose because of retained heat. Although

T AT e, i e b e T LR

there was no heat shield around heaters in the early PreEM, operation

test of a CIV assenmbly was performed in orxder to estimate its effects

B

and heat loss due to conduction. As shown in Fig. 3.16, heat shields

were installed around the vaporizer and insulator heaters and a

vaporizer flange was installed on a 0.5mm~thick stainless support

plate. Vaporizer temperature characteristic during this test is shown
» in Fig. 3.17. Rate of vaporizer temperature increase with time was

ghout the same regardless of the presence of a shield. This is becauss

L . ————

¥ there was little heat loss from the flange. It is also evident that
the shield not oniy reduces heat conduction loss but has positive
effects on the maximum temperature that the vaporizer reaches. Based
on the results; béth the in#taliation'of heat shields and thermal

isolation of the vaporizer were incorporated for reducing power
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consumption, In the first EM fest, condensation of mercury occurred

in the low-temperature part of the vaporizer. It was found that the
temperature characteristic around the vaporizer was affected subtly
by its rated operation temperature, heating power, position of the
heater, size of the heat conduction passage(length and thickness of
the pipe between vaporizer and flange), etc. A vaporizer insulator
improved upon these observations was used for thermal vacuum test10)
using a PreEM engine. Although there was a slight mercury
condensation at the start of the engine due to its operating
conditions, a relatively good characteristic was cobtained. Operation
parameters for this thermally improved vaporizer are shown under 0OP4
in Table 3.1.

In addition to these improvements on the engine unit itself,
redistribution of pover was made in the power source device when the
EM phase was started, revising the targeted operation parameters for

easier engine operation.

Fig. 3.1l5 Vaporizer Temperature Characteristic at Rated Power
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Table 3.1 Examples of PreEM of Scm Ion Engine *;
R
Symbol b
& unit '|
_ Operating values ‘I
Operation parameter 7 #\ 1 # i Parget 4'
Name: #2%, w6 | OP1 | OPz | OP3 | oP4 |B 8 th Avalne s 3
Beam voltage (V) Vb o, V 1,000 800 1000{ 1000 1,000 ‘
current (C) Ib » mA 30| 302 339| 287 30 L
Accelerator electrode({Vv) Va » V | -1000|-1200 | —1000 | —1800 ) —1000 o
(@ 14, ma 028 03 027 1 056 b
Discharge (V) Vp + V 40 40 435 42 |- 398 ﬁ
() In + A 035 035 035| 035| 035 * B
Cathode heater (V) Vehy, V 0 ] 0 0 0 !
() Ich, A 0 0 0 0 0
Cathode keeper (V) Veky V 145 158 159 155 12
(c) Tek:, A 0.3 0:3 0.3 0.3 0.3 £
Cathode vaporizer (V) Vevy V 3 24 29 235 26 L
() Ievs A 15 1.2 135 1.26 15
Neutralizer heater (V) Vnh, V L7 0 o 0 2
() Inh, A 2 0 0 0 2
Neutralizer keeper(V} Vnk, V 205 232 26 21.1 18
(© Ink, A 0.25 025 0.25 02§ 025
Neutralizer vaporizer (V) Vav, V 08 17 15 11 2.6
© e, 4 0.5 1 08 0.6 1.5 :
Insulator heatex (V) Vi o ¥V 6.4 0 59 34 3
() 1, a 18 o | 177 10 1
Cathode vaporizer temp.| Tev, © 331 201 348] 2025| 250 o
Neut. vaporizer temp. Tov i 274 239 265 | 2155 250 ‘ ‘
Ton engine operated + 1 ¥ 1 2+ 1 ¥ 5
i
j
~
]
o
- - ~42- ‘E ]
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Fig. 3.16 CIV Assembly Used in Single Unit Temperature Characteristic
Test
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Fig. 3.17 Vaporizer Temperature Characteristic in Single Unit
CIV Assembly
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3.2.5 Measurement of Beam Diffusion’l) /
Relationship between the gatellite and high~speed ion beam is .f‘. i
important in the engine operation on the satellite, In maintaining |
the north-south direction of a stationary satellite, its effect on the
solar cell paddle extending noxrth~south must be taken into
considexation. Thrust loss due to a diffusion of the beam with S
respect to its central axis should be estimated. Diffusion angles are oy
also measured in order %o obtain basic datl necessary for selecting |
an installation method having no negative effect on the satellite and :é: 1
other equipments. For this purpose, smaller diffusion angle is more ';.'i
desirable. Effects of grid systems and accelerating conditions on ﬁéfi
diffusion angles were studies as an expansion of the studies on beams |
already done in the filament type engines. As a beam diffuses almost
linearly from the engine outlet, inn current density was measuved by
moving a flat plate probe horizontally to the axis through the centex

of the beam, mainly in the area where the distance in the axial

direction is 30cm. Effects of different grid distances and hole
sizes, and of ratio R between the net accelerating voltage (roughly
egqual to the beam voltage) and gross accelerating voltage (roughly
equal to the voltage between screen and accelerating electrodes) were
also studied Ffor the cases where ions were accelerated in a two-grid

system of screen and accelerating grids and where a third grid(for

decelerating) was installed. Fig. 3.18 shows the typical distribution
of current density. From this distribution, diffusion angle & is

obtaired by :
a@=Aretanf Th—2.5),730}

with the radius rb cm which is 5% of the maximum value as the diffusion

of the beam. Beam diffusion is smaller when R is larger, ahd also

smaller with a three-grid system than with a two~grid system. Although o

. . ; i . il b
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its support structure is complex, a three grid system ig more
advantageous in view of smaller diffusion and less spattering by S
exchange ions. Beam diffusion can be decreased by reducing the size
of grid holes and space between grids and increasing R while {‘ !
maintaining the same beam voltage. When R is large, difference of L

diffusion angles between two grid and three grid systems is smaller. v

Fig, 3,18 Example of How Accelerating Conditions and Grid Swystem %’ ;
: Affect Beam Distribution
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3.2.6 Measurement of Thrust

Thrust is the most important performance value in any engine. In
an ioh engine, injected particles contributing to the generation of
thrust are mostly univalent ions, and the amount of flow is determined
by the beam voltage(to be exact, plasma potential of dischaige chanber
close to the discharge voltage is added) as a beam current of uniform
speed. In the ideal case where each ion speed is parallel to the beam
axis and the ratio of univalent and bivalent ions is known, thrust
can be determined by the beam current and voltage. As mentioned in the
previous section, there is a thrust loss caused by ions'® speed
component perpendicular to the beam axis and the presence of bivalent
ions, and thus, the actual thrust is smaller than the computed value.
It is therefore meaningful to measure the thrust directly as a power.
With an ion engine, however, thrust is small for its weight and it
must be operated in a vacuum, which makes accuraté-measurement somewhat
difficult. In this section, a measurement method using a twist type
balance and the measured results are discussed. 2as shown in Fig. 3.19,
the arm of the balance is hung by a piaho wire. BAn ion engine placed
on one end is balanced with a counterweight on the other end. Powex
is supplied by soaking a power terminal in a mercury pot, placed for
each channel, for allowing for free movements by thrust. The piano
wire is twisted by thrust perpendicular to the arm, in the horizontal
direction, turning the arm. The displacement of this arm thus caused is
detected by a differential transformer. The displacement is cancelled
by a reverse torque given by a maghet placed on the arm. By using such
a mero displacement method, thrust can be detexmined by the electric
current in the magnet. Coil current was adjusted using accurately

measured weights instead of thrust. This was first done in the air,

- =46
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However, in orxrder to eliminate the efifecls of ailr current and errors
caused by slipping of the balance in a vacuum, a method of hanging a
weight by a fine thread which allows gravitational force to go towards
the direction of thrust, shown in Fig. 3.20, was eventually employed.
Three l00mg weights were chained by a thread and sent out by turning
the thread rod from the outside., By using this method, making
adjustments during operation in a wvacuum became possible and the
measurement accuracy increased. Adcuracy in adjustment is most
affected by the angle & the thread slipping £rom 45-angle, but
corrections were made by measuring the actual angle using tran-~jet(?).
Fig. 3.21 shows the tlirust, measured with an actual engine, plotied
with respect to beam voltage. Smaller thrust at lower voltage is
assumed to be largely due to diffused beams.

It is also possible to indirectly measure thrust by placing a
target instead of an engihe on the balance. This method eliminates
the problem of exposing the engine to airxr during adjustment of the
balance. The target must be able to receive the entire beam, without
any reflection, which resulted in a shape of a large cone. As the
target was smaller than the diffused beam in the measurement of a
light-weight engine, its size was increased for the EM test s¢o that
tﬁe eﬁtire beam would be received. The results with a light-weight
engine are shown in Fig. 3.22. Measured values are smaller especially
at lower beam voltage because the target did not receive all of the
beam. Improved results were obtained with EM, with measured values

being 90-95% of the ideal at the beam voltage of 80-1,400V.
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FPig. 3.19 Twist-~type Balance
For Measurenenit of
Thrust
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Fiq. 3.21 Relationship Between
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3.2.7 Measurement of Electromagnetic Interference®)

Ion engine, because of discharging, has a possibility of

radiating electromaghetic waves. Ihtense radiation can cause faulty

aations in other equipments on board and communication interference.
However, hardly any measurements had been made thus far of electro-
magnetic intexrference of ion engines, especially those of electro~
magnetic radiation, and thus, there was no substantial reference data.
It was therefore necessary to measure the electromagnetic interference
and to establiish the measuring method, as well as to make comparison
with refergnce limit values and locate the source of eslectromaghetic
waves before further development of the engines for ETS-III.

Measuring instrument and its position, limit values and measuring
method for electromagnetic interference are established in MIL~STD
461A and 462. Although it is not pocsible to strictly observe the MIDL
 standards, as ion engines are operable only in a vacuum(in a vacuum

tank on the groun), they should be followed as much as possible to
obtain data which can be compared against reference limit values.

Two methods were considered. One used an antenna placed inside
a vacuum tank, and the other was measurement £rom the outside, by
placing an ion engine inside a wvacuum ténk which permeates electro-
magnetic waves. The latter was chosen for the following reasons:
the vacuum tank currently in use was too small to accommodate the
antenna specified under the MIL standards; exchanging antennas inside
the tank was inconvenient; and reflection of electromagnetic waves on
the innér walls of the tank affected measurement.

Conduction intexrference is not a problem for an ion shgine itself,

as it is electrically connected to the satellite wvia power source

device. Also, there is no possibility that the engine itself receives

T ST
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interference from electromagnetic waves. Therefore, electromagnetic
radiation alone was measured.

(1) Test device and measuring method

Test dewvice consists of an ion engine system test antenna,
amplifier and spectrum analyzer. The device is outlined in Fig. 3.23.
The ehgine system i1s a combination of PreEM ion engine unit and power
conditioner. The engine is placed inside a sub vacuum tank of
eylindrical glass, connected to the main vacuum tank. Inner diameter
of the sub~tank is 30cm, length 50cm and the thickness of glass is
7 .5mm, Glass walls assumably absorbing almost no electromagnetic
waves, measurement can be made with

Measurement was for the frequency range of 0,l5MHz to 1GHz,
using a rod antenna, biconical antenna and log spiral antenna.

Preparatory measurement had confirmed that electromagnetic radiation

~between 1GHz to 10GHz was sufficiently weak compared to the limit

values under MIL-STD 461A. The three antennas were placed, one at a
time, lm from the engine to the side. Signals received by the antenna
were amplified and the frequency was analyzed by the spectrum analyzer.
Maximum values of electromagnetic radiation obtained by CRT's residual
light storage function were taken as the measured values.

An ion engine generally goes through a pre-~heating state and a
state of maintaining discharge before it reaches a beam acceleration
state. In order to study electromaghnetic radiation characteristics
and to estimate the radiation source for:each state, measurements were
made in each operaﬁing condition. Power condikioner was placed in an
alumindium shield box to rgduce_the_effects of its own electromagnetic
radiétion. Power liﬁe betwéén the power conditionexr aﬁd the engine

unit was covered with shield tapes, also to reduce radiation. These

placed outside the tank.




measures were taken so that the radiation from the ion engine unit A
alone could be measured. .

In measuring interference, electromagnetic radiation is
classified into a narrow band(continuous sine wave) and a broad bahd 3
(contains many waves in a set band area). Broad band radiation is S
further divided into impulse type(phases of waves contained are even) =
and random type(phases are not even). The classification is based oh
the changes in power reception with the changes in the band width :
analyzed by the spectrum analyzer. To a l0-fold increase in the .

analyzed band width, power raception increased by 0dB, 10dB and 204B-

g i et —

raspectively in the narrow band, random type broad band and impulse

| type broad band.

As measuremehts were made without using a wave shield room, the !

antenna received electromaghetic waves from the outside along with the

radiation from the ion engine. Radiation from the engine was -

identified by comparing the distribution of electromagnetic radiation

spectrum during operation and that during non-operation of the engine.

Radiation f£rom the engine was mostly of broad band random typs, with

no strong, narrow band radiation detected. : i
(2) Measurement results i
i Radiation distribution in the broad band during beam acceleration
1 is shown in Fig. 3.24. marks indicate data obtained by increasing
the spectrum~analyzed band width by 10 times that indicated by asteriks.
Limit values of electromagnetic radiation according to the MIL~STD 4614
are indicated by a real line as a retsrence. Except for slight
différehées under 1Mz, ﬁhey mostly coincide. This indicates that
electromaghetic radiation is actually of random type at over lMHEz and

partially impulsé type at under 1MHz. Peaks occur at around 4MEZ,
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6MHz and 15MH2Z. Outside these peaks, the strength of radiation is
below the limit wvalues of MIL standards. It exceeds the limit by
about 10kB around 6MHz and 15MHz,

Fig. 3.25 chows the distribution of radiation in the broad band
during pre~heating of the engine. Symbols used are the same as in
Fig. 3.24. An ion engine is pre-heated with main cathode and
nentralizer heater currents and insulator heater current, both at a
low level. Discharge does not occur in pre-heating, which means that
in radiating electromagnetic waves, the engine acts as a passive
antenna that converts conduction radiation from the power conditionexr
into electromaghetic radiation. At under 10MHz, values indicéted in
the figure for the wider analyzed band width are about 10dB higher
than the rest. This suggests that electromagnetic radiation in this
frequency range is not a random type but actually an impulse type.
Normalized as an impulse type, the actual strength of—éiectromagnetic
radiation is about 90-100dBMV/m/MHz. That heater current is a 5kHz

rectangular wave alternate current and that radiation measured with

narrower width of spectrum-analyzed band contained impulses at 1O0KH=z

intervals indicate’thaﬁ this radiation is due to the heater current
supplied by the power conditioner. Peak in the radiation strength
apﬁears around 6MHz also in pre-heat condition, suggesting the
influence of the power conditionex.

Fig. 3.26 shows thé distribution of radiation strength during
discharge. The peak avound 15MHz, observed during beam acceleration,
appears hefe.alSo and is assumed to-be caused by the discharge

phenomenon.
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Pre-heating
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3.3 Power Conditioner

Power conditioner receives power from the power source system
of a satellite, and generates, supplies and controls current and
voltage required by the engine unit, In this section, necessary
functions of a power conditioner and its test production in the

research and development stage are discussed.

3.3.1 Functions of Power Conditioner

Power conditioner must receive DC power from the power source
system of an artif’cial satellite, and generate and supply currents
having various AC and DC voltage/current characteristics required by
the engine unit. Fig. 3.27 is the block diagram showing the
connections between the power supply and the enginhe unit. Table 3.2

shows voltage/current characteristics of each power source.
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3.3.2 Pre~Engineering Model {ﬁ y
PreEM was developed as a way of summarizing all the studies done h -ﬂ

on the power conditioner thus far. Objectives of the development %
were for the power conditioner to 1} completely control the engine '%
unit and 2) satisfy interface conditions with the satellite. From :,.;
v E

the actual designh point of view, the objectives were as follows.

1) For each power source to have necessary and satisfactory
functions.

2} To reduce power consumption. i?

3) To reduce weight while taking various mechanical énvironments é o
expected on board intoc consideration. l

4} To rrevent exrors by taking countermeasures for noise, while j~}
taking electromagnetic compatibility on boarxd into consideration. o

5) To improve engine starting characteristics so that steady-
_state condition can be achieved in asliiétié 2ime as.possible.

Mainly out of noise consideration, the power conditioner was

separated into a power source device which is a collective unit of

‘power sources and a power source control device which is the sequence

logic unit. Appearance of the PreEM power conditioner is shown in

Fig. 3.28.
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mahle 3.2 ERElectrical Specifications of Power Source Device

!
o
PEM Rated Values | 1*
P
fj;
]
Rated output &
, &
Peak ripple T
Voltage Power Regulation S
Leval Curxent ot
wer A i A ;
Pgr[r('e #! Name laTols B 43 B AV eTA s
PS IBeam N. LI 1RV(30wmA| Jow| 3% | 2% (BO00~1400Vaoonstant VOltagE
ps byt M. L| raKkvissma| dow 50mA ]:im:i_terf
| Ps 2 - Accel SV NG LY =RV 1Al aw] as PS1:%M T inkaf +o PSL
| i M. L i~14KV :m! 12w
E PS 3 |PS d :Disharge No L[ davieasajuaw| 23 | 15 [e3~oesa
M. L] 45v| 0sAi225W F. C. #=piR60W _at no load
i PS¢ |PS et (Cathode N, L sv{ sal zsw
| ! hester | H, Li 6V| GA: 36w AC F. G
& 3, 1. L) vl ozsal aw
| PS S ;PS ck;Calhode N Ll ravioaalaew] Drooping characteristic
q keeper 5, L, 300V| SmA| 15W
PS B4PS v {Catiode M.L| 2aviasA}asw) A | S% o onortional control with closed
i veperizer Tooh limitey of 0.4-~1.5A
PS 7 |P5 nh Neutralizer N. L syl sal 2sw N L F. L e output terminal sw:.tched
. “hexter F. L AC by a relay
. 1. L{ 16| 254 4w
PS B PS ak ;Neutralizer N. L 24V 10254 & 2% .Drooping chitracteristic
keepar S. L 300V| SmA; 15W
| PS % [PS nvNambzer | M. L] 25V[ 134] 3sw[ ac | % [Proportionall control with closed
i waporizer loop limitel of 0.4-1.5A.
i PS 10 |PS i1 |lsalator N.L| o sv] b awl F. G
i M. L] svi 1A aw
! N. L : Nominml Laves 8. L : Start Level
; LL i [dling Level F.L i Filament Level
ML ; Maxtum Level F.G ; Floating Ground

HoL ; High Level

; *Changed to 3,5V, 24, 7W in the improved PEM.
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3.3.3 Power Source Device

To obtain the voltage/current characteristics as shown in Table

-3.2, power conditioner is consisted of 4 DC~DC converters and 5 DC-AC

converters. As each power source uses a switching regulator, a
master oscillator is used to integrate oscillation circuits for all
power sources so that they do not interfere with one another. Design
of the power source device is shown in Pig. 3.29. Each power source
is explained below.

(1) High wvoltage power source

Once separated into a beam power source and accelerator power
source, high voltage power sources were incorporated into one
requlator generating power for both, in order te reduce weight. It
is a DC constant voltage power source and variable on command.
Variable range is between 800V and 1,400V. Being a high voltage
constant voltage power source, it has a protective circuit against
beam current, It is a drooping characteristic whereby the voltage
lowers when the beam current exceeds 50mA. Accelerator current has
S0k_¢). resistance connected in series which provides excdess current
protection. For protection against high voltage dielectric breakdowns
which are thought to be caused by unstable plasma, it has a logic
eircuit which switches off high voltage and vaporizer power sources.
As a similar phenomenon occurs when the high voltage power source is
on, a time constant is set so that it does not function in such a case.

(2) Discharge power source

Various methods for stabilizing had been studied for this power
source which directly contrcls plasma formed inside the engine.
Constant current Dc.pcﬁér source was eméloyed, with its current

variable on command for control of plasma density. Variable range is
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0.3-0.5A., With mercury as a propellant, voltage was set at 80V at
no load. Also, feedback signals were cent to ground level via VF-FV
converter in oxder to be on the high voltage power souxce, This
insulator amplifier circuit sometimes made exrors depending on the
discharge current waveform, and was later changed to an AM modulation
method. It incorporates a feedback loop which controls the main
cathode vaporizer power source in such a way that the discharge
voltage stays constant, using the characteristic that this potential
decreases when the f£low increases. Control method is that of
proportional control, with upper and lower limiters. Setting of the
discharge voltage is variable on command. Fig. 3.30 shows the
characteristics of the feedback loop.

(3) Main cathode heater power source

This power source is for heating the tip of hollow cathode to
cause an emission of heat electron which becomes the starter of a
keeper discharge. It has an idling level for pre-heating the engine
unit, heating while discharge is being stabilized and for draining
excess mercury inside the cathode when stopped., Its high level is
for assisting the cathode when its characteristic deteriorates. The
power source ils a S5KHz, DC-AC inverter of unstable type constant
voltage with a current limiter. For efficiency purposes, it operates
at a 50% duty at a steady load. Originally deéigne&‘with a constant
current, the power source incorporated these changed in order to
simplify the circuit and to_avoid.use of unapproved parts. With the

elimination of a complex control loop, structure was simplified and

its weight was reduced.

(4) Main cathode keeper power source

This power source is for maintaining the keeper discharge of
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hollow cathode. It is a DC power source of 300V at no load énd 12v,
300mA, at the rated load. Its voltage/current characteristic is shown ;
in Fig. 3.31. This power source also switches to 50% duty for - ?w
maximizing efficiency. In order to produce the desired characteristic, ' m
the power source uses a transistor switch for'selecting between the ﬂ
two different output bhoth havihg a drooping characteristic., The |

switch replaced two sets of choke coils originally used, for efficiency

and weight reduction purposes. '
(5) Insulator heater power source : ﬁ
This is the power source £for heating the insulator, to prevent %;L}
mercury condensation around it. It is a 5KHz AC power sourge of Ef;f

unstable type constant voltage output, and it has a high level output

for countering high voltage dielectric breakdowns in the insulator. ﬁQ 

(6) Main cathode vaporizer power source

This is a heater power source for vaporizing liquid mercury.
Flow of the propellant is controlled here. As mentioned earlier, it _
is an AC constant current power source with a limiter, controlied by ﬁﬁ f

the discharge voltage. Feedback loop for constant current is formed

by squaring the current transformer signals by RMS/DC converter and

taking the average value.

{7) Neutralizer heater power source

LT zsoE

This power source is similar to the main cathode heater power
source. The difference is that it has a filament mode instead of
high level output. In this model, the ion engine has a hot filament
in addition to the hollow cathode neutralizer for neutralizing beams.
For this reason, it has a relay for switching to large current. The ~

filament was eliminated from EM on.
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(9) Neutralizer vaporizZer power souxrce s
. 'j'_:
This is & heater power source which controls the flow of mercury ' |
b
to the neutralizer. It is basically the same as the mainh cathode oy
b
vaporizer power source except that its feedback signal is the N ;
. 1!
neutralizer keeper voltage and the set values cannot be changed on i
&
command. s '31
Fig. 3.29 Structure of Power Source Device
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Fig. 3.30 Discharge Voltage Contxrol Loop
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3.3.4 Power source control device

Power source control device has the function of controlling the
power source device on command from the satellite. In this device,
necessary power is internally generated; rather than received from
the power source device. Min functions are:l) to receive commands
from the satellite; 2) to generate the sequence f£flow which switches
on/off each power source inside the power source device hecessary for

engine operation; and 3) to communicate sequence conditions to the

satellite.

Each function is explained below.

(1) Command interface unit

This unit receives 4 discrete and 4 magnitude commands and
generates signals required by the power source control device.
Discrete commands are 28V DC signals which activate a latching relay.
Magnitude commands are l6-bit TTL serial signals, and one of the _
commands is for selecting the engine operation mode. The unit also
receives solar modulation signhals. Commands are listed in Table 3.3.

(2) Power source cohtrol unit

Power source control unit switches on/off each power source
inside the power source device by running a sequence flow in response
to each signal received in the command interface unit and the action
of each power source in the power ssurce device. The sequence flow
is shown in Fig. 3.33. This complex flow was produced by

incorporating a logic IL., The flow is modulated by clock pulses, but

"~ the clock'Stops during 'timer wait’ and steadyhstate conditions to

prevent errors by the engine noise. It is possible to use a VLSI
such as micro CPU, but thére was no appropriate f£light-proven product

available at that time and thus an ordinary logic IC was used.
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(3) Sequence status unit

This unit converts ST signals which show the progress of the

sequence f£low and dielectric breakdown circuit from the power source

device into binary sighals of 8-bit each and sends them out as

serial binary codes each totalling 16 bits.

Table 3.3 PEM Commands

Tyvpe Ttem Command
Mode NH Mode Hollow cathode used in neutralizer NR=0
selection* NP Mode Filament used in neutralizer . NR=L
OB Mode Beam injection OR=0
OH Mode Hollow cathode operation test OR=1
CN Mode Nominal level of cathode heater CR=0
CH Mode High level of cathode heater CR=L
IN Mode Nominal level for insulator heater IR=0
IH Mode High Level of insulator heater IR=1
SN Prohibit solar tuning - SR=0
Ss Solar tuning mode — N SR=1
FC Automatic continuation of
sequence flow FR=0
FH Stop seguence flow FR=1
Execution Startl Start engine
commands*¥ Shut Off Stop Engine
Idling Pre~heat engine
_Continue Continue sequence (Start beam injection)
Reference* Vi Beam voltage
Id Discharge current
vd Discharge voltage

* JHMaghitude commands
#*%* Discrete commands
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3.3.5 Measures for Thermal ¥Vacuum ﬂZ 9

High voltage area and other areas inside the power source device o
which are floated by high voltage were potted with epoxy material. !
Potting material was light weight, containing micro~balloons and with ‘L.-“
a spécific gravity of 0.78. The switching transistor for large power }5 m
source was installed on a heat sink which was thermally connected to f/'%i
the base plate, and other ICs with large calorific values were also oo
thermally connected to the base plate. The frame. was coated with
black paint on both sides, the back side especially for absorbing SR

heat radiated from the substrate. Inh the absence of a suitable

e b 7
L
f .

connector for the output source of high voltage power source and those

power sources which become floated, a flying lead wire was soldered

to the high voltage terminal.

3.3.6 Countermeasures for Noise

Emphasis was placed on lowering transmitted noise. Ripples,

caused by switching, were reduced in the power line, except in AC,
from the power source device to the engine unit. This was done by

adding a condenser and choke coil to the output, a task requiring

i
i

caution due to weight factor. In the power line from the satellite,

-

a filter was placed at the entrance to the frame to prevent reverse S
flow of noise. As mentioned earlizr, the sequence flow was modulated

with the clock, with stops during timer wait and monitor modes to

avoid errors in the power conditioner.

3.3.7 Mechanical 8tructure
Mechanical structure was not given major.emphasis. A simple

structural analysis was made.
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3.4 Sub-systeml)

In an ion engine system, interface between the engine unit and
the power conditioner and between the satellite and the engine system
are the major consideration, Here, improvements made on each
interface and tests performed are discussed. PreEMs of the engine

unit and power conditioner were used.

3.4.1 Heat Design Around Main Cathode Vaporizer

The problem here was that due to an insufficient temperature
increase in the main eathode vaporizer, engine did not operate within
the rated heater power. As countermeasures, 1) lower flow pipe in
the vaporizer was extended in attempt to gain as much heat resistance
as possible, and 2) a heat shield was installed around the vaporizar
and insulator in oxder to cut the loss due to heat radiation. On
the power source side, maximum rated power of the vaporizer heater
power éaurqe was inéféésed from 4W to 7W. These measures successfully
eliminated the problem. In addition, some modifications were planned

inthe sequence flow at the start of the engine for the development

models,

3.4.2 sStabilization of Main Discharge

Thera were two problems. One was that discharge sometimes became
intermittent, causing much difficuliy in beam injection. The other
was that this caused errors in the discharge power socurce., For the
latter, it was discovered that exrors occurred in the feedback signals

for converting the power source into a constant curresi power source

- which are insulated by VF-FV converter, especially when the frequency

of discharge waveform approached the modulation frequency, and

incorrect output was resulted. To eliminate this problem, AM

| e PCE, il e



modulation was employed instead, Cause for the former problem was B
estimated to be that the plasma impedance in the discharge chamber

became a negative resistance at the beginning of discharge, which %
resonated with a smoothing capacitor in the power source output. To i
prevent it; output impedance need only to be changed from capacitive x
type to inductive type. For this purpose, capacity of the smoothing 2

capacitor was reduced from S50pF to 1.5pF and choke coil was inereased

L

from l.2mH to 15mH. Main discharge was completely stabilized by
; these measures. Main discharge power source consumes much power, and
its stabilization without powsr loss was a significant accomplishment,

contributing greatly to the subsequent development efforts. 3

3.4.3 Improvements on Transient Response

The problem was two-fold. First, transient response characteristic
of PS1 made the engine inoperable. Next, there was a possibility .

T that the current rise characteristic and peak current expected to be

required by the ETS~III power source system were exceeded.
Inoperable enginhe conditions occurred at the closing time of it

high voltage. It was because regulator characteristics caused the

maximum voltage to be applied,and it was applied too fast, causing

‘a high voltage dielectric breakdown or disappearance of wmain discharge.

Beam injection was impossible under these conditions. Improvements

were therefore mads in the way high voltage was applied, so that it

o - would rise rapidly until it reached 800V where plasma around the

rise was set also not to excesd the input current increase

!
}
i
I
i
i
1
grid stabilized and then slowly increased to the desired level. The }
_ !
characteristics required by the satellite. Discussed next are the i

current rise characteristic(about 100,000 A/sec¢) and the peak current

|

| ) !

(52) expeckted to be reguwired by the satellite. Possible situations ﬁ
|

|

!
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in which they may be exceeded are during bus line closing time and s
main discharge ignition, Both were exceeded at the bus line closing ¢
time, as capacitors on the primary side of each power source were |
charged. In order to correct the situation, it was necessary to

install a ¢hoke in the input unit as well as to send the current via

a limiting resistance during input. As this was struckurally f/ 2

difficult in the EM, it was planned to be incorporated into design

—

£rom the development model on. At the time of main discharge ignition,

the problem phenomenon was that of the peak current exceeding 52 when

L S

the main cathode keeper ignition and main discharge occurred at the g
same time. Especially in the PreEM engine, elimination of this ’
phenomenon was absolutely necessary because all ignitions were

simultanecus. The answer was to limit the main discharge current.
For this purpose, high-speed current-limiting circuit was added to

the primary side of discharge power source to maintain thénﬁéak

current under 5A. However, depending on the time constant chosen,
this circuit sometimes caused a parasitic oscillation in the switching
regulator, creating a condition where control was impossible(PM).. At

this point, however, it did not begome a problem.
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3.4.4 Protective Logic

Neutralization failure due to a high voltage dielectric breakdown or
neutralizer failure could become a serious problem not only in the
engine alone but for the sateliite, Protective logical circuit was
necessary for this reason. Iﬁs useage, however, inVOlvés some
difficulties, High voltage dielectric brezkdowns can occur bhetween

grids by unstable plasma, a shork~cireuit due to flakes generated

inside the engine, or by an internal breakdown of the insulator. A : |

common countermeasure for these ocourrence is to drvop the hidgh
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voltage power supply. However, transient excess current flows at
the nlosing time of high voltage power souvce, at which time such
protective logic need to be prohibited. In view of the flow rate,
prohibition time was set to be one second. Neutralizer breakdown
mode, incorporated into the logical saquence inside the power souxce
control device, could also be effective in the hardware inside the

power souree device., Although not realistice in PrekM, it was planned

to be incorporated in the EM and subsequent models.

3.4.5 Countermeasures for Noinse in the Logical Conhtrol Circuit

Despite the measures taken, errors occurxred in the logical
seguence circuit inside the power source control device. They cccurred
during ignitions of neutralizer hollow cathode, main cathode hollow
cathede and main discharge, and high voltage dielectric breakdown.
The cause is the large amount of ehergy released at the start of
diééharge._ To redﬁce the energy., it would be sensible to reduce the
capacity of the output capacitors of power sources involved in the
discharge so that not as much ensrxgy would be released. The parts
having been potted, the PreEM could not accommodate such a measure.
Alsc, insulating the powexr source and sighal lines would prevent
noise in the power sourcé line from interfering with signals, which
was another measure difficult to be taken at this time. Thus, both
were planned to be raflected in the designs of later models., What
was possible in PreEM was to add a resistance and capacitor in the
signal line as a filter in the power source control device. This
accomplished a fair result, reducing errors by noise.

Table 3.4 shows a summary of problems in the PreEM and

countermeasures taken.
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Table 3:_‘_5,;

Problems in PreEM and Countermeasures

Problem

- Heat design
around CIV

-Engine inopexrable
within the rating
due to insuffi-
cient temperature
increase in
vaporizex.

Countermeasurs

1) Pipe on the lower flow side of
vaporizer extended and heat shields
installed on vaporizer and insulato:x.
2) Maximum rated power of PS6
changed from 4W to W,

3) Sequence control flow changed
({eiecirical and thermal matching)

Stability
of main
discharge

*PS3 sometimes
caused errors
when discharge
was unstable.
Qccasional inter-
mittent discharge
caused impossible
beam in‘jection.

4) Insulator amplifier circuit
c¢hanged (from VF/FV exchahge method
to AM modulation method).

5) Output filters of PS3 matched
(L=1.2mH, C=50(A ; P> L=15mH, C=l.5{iF).

Transient
response

TR R A

*Tin > 53, dIin/dt>
1032/ when IES
power supply
thrown in.

«Lin >5A at main
discharge
ignition.
*Dielectric break-
down when high
voltage is thrown
in.

6) Choke and switch~type dumping
resistance added to bus line.

7) Fast-response type current limiting
circuit added to the primary side of
Psaﬂ

8)PS1/2 thrown in slowly.

Proteckive
logic

*High voltage
dielectric break-
down protective
logic and grid
system transient

9) Recycle protective logic prohibited
at PS1l/2 closing time only and. setting
value between current limiters changed.

response inmcompatible.

*Reliability of
protection of
neutralizer break-
down mode.

10) Protective logic for fast-response
added, to result in a redundant systen.

E

5

h% Logical
gontrol
circulb

“Faulty actions at
ignition of
neutralizer,

- cathode and main

discharge, and at
dielectric break-
dovn.

1l) Capacity of output condensers in
PS3, 5 aml 8 redwed(l/3 to 1/30).
12) R and ¢ added to signhal lines of
command interface to counter hoise.
13) Clock stop circuit added (after
high voltage thrawn in).-

14) Power source line and sighal line
insulated.
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Table 3.5 Typical Performance Values of PreEM Ion Engine System

Ham nal Haximus

Eoxk Valtage Yn{kV ( o4
Leaw Current JhixA 28.4 36.3
Accelepator Valtage val(ky » Lok
Accelerstor Current & (oA . Q.4
Dlschatge Voltage Ya(y) 0.4 40.0
Blscharge Curyent TdfA) o,340 0,500
Cathode Reepar Voltage vek(Y, 13.5 13.2
Cathode Keaper Current TekA 9.320 9.330
Cathode Yaporizar Yaltage Ver (¥ 235 2,35
Cathode Vaporizar Cubrent Icvi{A 1.36 1.3
Heutraliter feaper Voltsge Vakiv 1.5 21,

Heutraliter Fespar Current Ink(A D.275 0.275
Heutralirey Vaparizer Voleage Yov(V .7 0.

Keutratizer Vanorizer Curvent Inv(A 0.4 0.
faolater Voltage vis({V 3.0 3.0
Isotator Current Tia(A 1.0 1.0
Thruster Input Poxer PthiM 60,8 20,3
IES Input Pover Pin N, 97 1t
thrust (g} 0.186 0,287
Spacific Iupulse Iap(s)  =1846 miodl
Mgas Flow Rete alg/h)  =0.36 o034
Propellant Utilization Factor 2m ~).5% =0.81
ton Praductien Cosg Ofevsion) 540 543
Enerpy Efflciency Jbevn/Pin & 0,51 0.40
Ovegall Efficiency L1l ag.1% =0.33
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. 3.34 Operating Time History(PreEM)
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3.4.6 PreEM Tests P
With improvements described in the preceding sections made, 3 :;
PreEM reached a fairly satisfactory performance level§) Thermal $
vacuum test, 100-hour contiguous taest and 100 repeiition testl) were ] ;
given., Fig. 3.34 shows the operating time history under these tests. ; f
Accumulated test hours reached over 1,000 hours. Typical :/ 31

characteristics and performances are shown in Table 3.5. o
(1) Thermal vacvum test
This test wars given at the mount surface temperature of 20-55C.
The reason was hot only the limitation of the test device but also
to £ind ont how each internal part in the power conditiocner held outk

at high temperature. The temperature was increased to the maximum of

NP SR

55C, and stability was maintained without such problems as breaking. e
(2) 100-hour continuous test Rk

The test was given on the assumption that the satellite was on

the full sunshine orbif. Operation was continued after 100Qhours, but

halted after 120 hours due to problems in the test device. Ion engine
system itself was stable, with no sighs of trouble.
(3) 100 repetition test

On the assumption that the satellite rotates around on a 1,000km

orbit, repetitions of 70-minute operation under sunshine each Followed
by a 35-minute rest were performed. A fuse was blown on the primaxry ;ﬂ :
side of the heutralizar vaporizer power source in the early stage, :
but the heat input from the neutralizer cathode was large enough that fi‘ ?
operarion.was continued. With one time exposure of the ehgine to air i:ay
for inspection after 76 cycles, 100 repetitions were completéd

succaessfully.

'As a result, it was found that there were some problems in the

heat design'arouna the neutralizer.

by,
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co- . R, L e b g : - A&l —— - .
L= P S Ll Py A"“'*"" . - : "




3.4.7 Developnment Sypport Systems

With operation inh a vacuum so central to ion engines, a vacuum v
chamber was a mandatory test device. BEspecially in the system test, o
both the engine and the power supply system needed to be placed in a S
vacuum, regquiring the device to be so equipped. However, operating . 1
the engine for the purpose of checking the power source system not
only increases turnaround time but makes it difficuit to concentrate SR
on either the engine or power system. Here, an ion engine simulator
used for this reason, as well as the vacuum chamber for system tests ;:; !
and the test wonitor system, are explained.

(1) Ion engine simulator3) rf'

Ion engine has two principal characteristics based on its
operating principles: one is the plasma characteiistic and the other
is thermal characteristic which affects the engine's propellant

~ supply. Because of its response speed, plasma cannot be simulated

by orxdinary electronic ciruits. However, a model load could be used

for simulating a steady-state condition, and simulation of transient

response seemed possible to an extent by use of a discharge pipe.

Also, thermal response, model of which was easily made, because of a

long time constant, was used in determining the steady-state plasma

Load. A nmicro-computer was used for calculation and the resulted e

"
S
|
t
L}
:

load was a dynamic load with a transistor. This greatly shortened

the power source development process and also played an important

role in determining a heat model of the engine.
(2) Vacuum chamber4)

Vacuum chamber is shown in Fig. 3.35. With the system test

reqﬁirements in mind, a shisld room was installed around the sub-

chanbexr to facilitate measurement of magnetic noise. The sub-chanber B

. _ . £
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also had many ports to facilitate installation of various feed-through
items. The chawber itself had an effective inner diameter of 800mm
and effective length of 2,500mm, and 2 ligquid nitrogen shrouds, and
its target part, with a fin planted at 45C, formed a molecular sink.
Exhaust speed was 2,500t/sec. in the sub-chanber, and the degree of
vacuun reached usinhg licuid nitrogen shrouds was 10™°Pa, The same
device was later used in the subsystem tests of ion engine systems
developed after EM,

(3) Monitor system?)

As mentioned earlier, an ion enhgine system has a complex sequence
control and protéctive logic, and thus it is possible to operate as
a completely independent system. When the whole system 1s in a vacuum,
its conditions can only be known by telemetxy data. A monitor system
was therefore developed to obtain data and observe the engine system.
With this system, unmanned operations over long periods of time
became possible for the first time.

These support systems played important roles in the later
development. The vacuum chamber, in particular, was used all the way

to the sub-system testing of the flight model.
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Chapter 4: Design and Development Tests

4.1 Specifications

Design specifications of ioh engine system are given in the
Development Specifications (NASDA-ESPC~41l) and in the Specifications
for Engineering Test Satellite III Interface Management (NASDA-ESPC-7L).
In these specifications, efforts were made to avoid duplications in
order to simplify revisions after enactment: Development Specifications
emphasize performances of ion engina gystem itself; and Specifications
for Interface Management contain all nece. 2ry interface information
while aliowing satellite technicians to trezt ion engine system as a
black bhox. Development Specifications were written to serve as a
reference guide for possible future use of ion engine system in the
subsequent satellites as well,

Although technical management of the system was provided by the
National Space De%éioément Agency, ion engine unit was produced by
Mitsubishi Electric Co. and Tokvo Shibaura Electric Co. (Toshiba) was
in charge of power conditioner as well &~ irzorporating the syntem.
Therefore, in order to clarify the scopes” of specifications, ion engine
unit specification was treated as a supplement to the Develor.ern
Specifications.

Designing ion engine was based on this Developmeﬁt Spezifications,
incorporatihg, for details, the test results of development models
for finalization. |

Summary of finalized specifications is given below.

4.1.1 Ton Engine System
Ion eagine system(hereafter referred to as IES) will consist of

engine unit(hereafter referred to as IEE) and power conditioner

e
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(hereafter referred to as IEP). IEP will consist of power source
device(IP) and power source control device(IR). The structural concept
is shown in FPig. 4.l. IES, in other words, consists of 2 IEEs, 2 IPs
which supply poWer'to each IEE and 1 IR which controls IPs.

Components of IES and their functions are shown in Table 4.1 and
FPig. 4.2,

Required performances of IES are given in Table 4.2. Weight

distribution is shown in Table 4.3.
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g PR Table 4.1 Diagram of IES Components

—— DC power supply unit

IR Telemetry switching unit
—— Sequence status unit
—— Power control unit

—— Command interface unit

-~ IP #2 ~—— Same as IP #1

— Monitor circuit

— Master oscillator

—— Protective logical circuit

—— Talemetry exchange unit

—— Auxiliary power supply

~— Insulator heating power source
— Neutralizer vaporizer power source

—— IEPA

IES .
(Ion Engine System)

i e E

IP #1 —— KNeutralizer keeper power source

Neutralizer heating power source
—— Main cathode vaporizer power source
Main cathode keeper power source
— Main cathode heating power source
—— Discharge power source

—— Accelerator power source

—— Screen grid power source

—— IEE #1

t—— IEE #2
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Table 4.2 Required Performance of IES

Thrust ——**“"""w“_’d—__ﬂ—-

‘-‘-‘-’_',_-‘—‘

Specific impulse

Mass flow
Propellant efficiency
Propeller power efficiency—
Power consumption:

engine unit

power control device
power source device

cRIGHAL PRES 15
OF POCR QUALITY

Item Reguired value

f# Hlor1stooag
B O# #H1]12000%200 see
i F|(1£025)%x10™ gr/ sec

e At F % o=
HEAETE s
B x ® A
= Atk
WHRAEEE
wEE R

70f£10%
44+5%

1 0 0 WELTF
2,6 BWLLTF
< SWLEF
42 TWETF

Table 4.3 Weight Specification of IES

I B : -
TE . , Maximum M
em Quantity wt. (kg) Remarks
1. IEE 24 | axo=6 Includes wire harness
& 600g mercury
- 1
2 1EP 1X | 1706 Consists of 2.1 & 2.2
: —1
21 IP 15| 366 Includes wire harnes?
' I
22 TR 2% | 670x2=1340 [Includes wire harness
|
Total 2306
. - -84.—

J
]
p
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4.1.2 Engine Unit ;/h?
The shape and the center of gravity of IEE Unit #1 are shown in b -,g

Fig. 4.3. Unit #2 will of the same structure, with the wire harness %
and permanent magnet inverted. This is because the two are installed i
symmetrieélly on the satellite. It also serves to Efset residual  i
magnetism. i/‘%

Overall performance reguirements will be as shown in Table 4.2. S

Item~by~item reguirements are shown in Table 4.4,

Table 4.4 Engine Unit Item~by~Item Specification i

* Weight (per unit) Less than 3kg{including 600+60g mercury weight)
* Shape & dimensions See Fig. 4.3
* Capacity of vaporizers of main hollow cathode and neutralizer hollow
cathode for holding ligquid mercury o
- ' 1 x 10~ %g/sec(1l0kg/cm2 pressure and under
- ordinary temperature

* Leakage g
“Tank assenbly: Less than 1 x 10" 7atm ce/sec He
‘Vaporizer joints: Less than 1 x 10" %atm co/sec He .
* Withstand voltage
*Insulators: Over 3 kvDC (in vacuum)

*Electrode assenbly: Over 3 kVDC (in vacuum)

*Main hollow cathode keeper: Over I kvDC (in vacuum)

"Neutralizer hollow cathode keeper: Over 1 kvVDC {in wvacuum) .
* Temperature measurement - Temperature should be measurable at the

following locations. i oy

*Tank: ~400¢ ~ +150C N

‘Enging units -400 ~ +150¢ . 5

*Main hollow cathod vaporizer: 0C~-+400C

‘Neutralizer hollow cathode vaporizer: 0C~-+400C E
% Heater characteristics ' »

Heater |DC_ resistance at 20C [Temp.Coefficient

Main cathode heating heater |0,425%0.05 (@) 4.9x10:§*1a/d89)

‘Main cathode vaporizer heater 1.62%0.15 3.53:10_4 )
Insulator heater ' 2.84£0.2 - | 5.7%x10 !
Neutralizer vaporizer heatexr|l.62%0,15 3.5x10~4 .
Neutralizer heating heater 10.42540.05 4.9x10-4 N

*yalues of temperature coefficient are the nominal values.

. - : | ~gG 5
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Fig. 4.3 Shape and Dimensions of IEE(1)
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4.1.3 Power Source Contxrol Device

. .=

Power source control device is the interface of satellite and IES:

+
Iy

It receives commands to run and control power source device, and sends

telemetry signals to the satellite telemetry encode:r.

(1) Shape

S

[\ s b

Shapa and the center of gravity of the power source control device ‘

will be as shown in Fig. 4.4.

(2) Input 7
i) Input voltage: 28 tg:gg Vne -

ii) Signals:
9 discrete commands and 4 magnitudé commands, shown
in Table 4.5, will be received. Commands will be as B
specified in Section 4.1.5. i'ﬁ

Clock signals and enable signals will be as

specified in Section 4.l1.5.

The device will also receive monitor signals shown
in Tabie 4.6 and determine load conditions of the power

source device, i.e. engine conditions.

Telemetry signal input will be as specified in

Table 4.7. S

(3) output
i) Power:
Canections to bus lines will be controlled by
discrete commands IES ON, IES OFF, ION1l and ION2.

ii) Power source control signals:

ON/OFF signals, level sighals and reference signals

HH
W~

shown in Table 4.8 will be sent to power source device

to control each power source module.




|

A

Output of telemetry signals to the satellite .

. / "

encoder will be as specified in Table 4,9, F f
ili) Sequence control program: S
i

In response to each command, control signals will R %

be sent to power source device according to the logical K
)

L)

£low shown in Fig. 4.5 and Fig. 4.6. ~§
"l

Table 4.5 Commands i
No. Code Type =
1 | Bus line to ion engine system ON IES ON |\ o
2 | Bus line to ion engine system OFF IES OFF oA
3 Bus line to power source device T
in engine unit #l ON ION 1
4 Bus line to power source device .
' in engine unit #2 ON ION 2 Discreet commands
5 Start ion engine system START
6 | Shut off ionh engine system SHUT
7 Run ion engine system idle IDL
8 | Activate hollow cathode ACT
9 | Continue sequence flow CONT )
10 Change accelerating voltage X1l Vi
11l ¢ Change discharge current X2 Ip Magnitude commands
12 Change mercury Fflow X3 Vp R
13 *Felect mode X4 ‘“ﬁ@
Borm

*Mode selections are shown below.

Code | Mode Code | Meaning L

-

OR ‘| Selection of IES operatibn mode| OB |[Beam injection
: OH |Hollow cathode operation

CR | Selection of main cathode CN {Nominal level

. heating level CH |High level

IR |Selection of insulator _ IN [Nominal level
heating level IH |High level

FR |Selection of sequence Flow FN |Automatic continuation
: ' : FH |Stop sequence flow

ey Wi, i
7Ty
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. ' .
—E;D D LL! ﬂ ﬂ .
| ( IHOEFREEETH S0 i
15L1E20 Numbers in ) are

refarence values.,

.

Fig. 4.4 Shape and Dimensions of Power Control Device
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Tabe 4.6 Moniltoxr Signals

Monitor signal | ' b

- Standard Level %
Signal Nanme : h
pl
. . iy
ﬁigeiaﬁ?ggnt tetem e | [el>014 | L !
A s <014 Dol
Honitar fies IcK=<01 H , __ :l
. S
Neutralizexr Ink iSRS -8 | InK>0124] L " :
keeper current! ™M je-s InK<0124l H o
monitor ,
Discharge Id 024 | L
monitox 4 R
1
Dielectric HVBD=0 L Co
breakdowl-‘ HVBDm &é&ﬁﬁiﬁ%-‘-‘-ﬁ HVBD#%0 H 5‘ ‘ R
monitoxr ST
A LT
Note) £10% error is tolerated in current wvalues. L
Table 4.7  Telemetry Input Signals T
Range of
output voltage r
Beam voltage l
Beam current \\No. Item Code | wamEss Remar];s P
Discharge voltage —— b B " iy
Discharge current \\\:‘; a | wwss v o~sV
Accelerator current -4 ] mERe Ie 0~sv g
: e 5 | TIEIL-INR 0~5 Lol
Main cathode keeper current ——— 7T 2 | ZE27 00 I o~sv i
Neutralizer keeper currente———e o | 7 | stge-.cxn Ink o~5V T
Main cathode vaporizer current s | asmaemcn Lev 0~s¥ | Apadog v {
Neutralizer vaporizer current o | A e ot ey Lo
In}?ut current . 11| EWERALN Pz a~sv .
Main cathode heater power — " __ |12| ®muowes Pah 0~5Y i
3 ; e L3 | ERENR R T o~ S
Neutralizer heater power /| 14] wnnnenes Tov 0~s v e
Main cathede vaporizex temperature;/ 15| weeme—bweoMr | Tha 0~sV g
Neutralizer vaporizer temperature. / 16| sueammns Tret 0~5V 5
‘Powexr device heat sink tempe_ratuﬁ/ P — wvenT LIS VELE g i al
Vaporizer standard temperature g e ALl !

|
)
Nunber of dielectric bregkdowns i+ E
|
H

- A ~90~

. . oo = S N w&m/*‘rj—"f‘f—: TanER A - R ) <AJ.]
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Table 4.8 Power Source Control Signals g
Signal -
,19"61\01\1/0?5'9 signal C
. : ! . © 4
Level sibmal x»Xrasl [p J
f : emarks , 2
, Symbol Name  [roveT ¥ onjoprs o T
Screen grid current LPS1/ aou-vrts rPRn - ON H i |
Accelerator grid current| Ps2 72esverrvsexi| ~ OFF| L Yo%?age level !
T 102

’ Discharge - - ON i 02v E

i g OFF ) & 1150V ;
pgs Main cathodel ... H oN H Bl N
heatexr NLaLL| H/L | QFF | b o
PSS Main Cﬂthﬂdﬁ - _ ON H
keeper OFF | & L

pge Main cathode _ _ o " ?

vaporigZer 8FF L i

Neutralizer |1.1/ N B

*°7 heater mi | "h | OFF | b -
pse Neutralizer.| _ _ | om i S
keeper OFF | L ¥
pse Neutralizer | _ _ | ON i S
vaporizer OFF | & Lg‘
Insulator N.L/ ON w st
PS10 heater wi | #Y | oFp L L
N.L{Nominal Level) _k"::{
H. L{High Laevel) L.L(Idling Level) sl

(a) Level signals, ON/OFF signals E

Svymbol | Name _ |Voltage rance
Vi Accelerator Lass than 5.5VDC
Ia Discharge current Less than 5.5VDC
Va Mercury £low ‘

(discharge voltage) |Less than 5.5VDC

{c) Reference signals
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Table 4.9 Telemetry Output Signals

ORIGINAL PAGE {8

OF POOR QUALITY,

Output

e e P 2.

Engine Unit #1 ON/ engine Unit #2 ON
Beam injection/hollow cathode operation

Insulator heater nominal/high levels

(e) Bi-level

Main cathode heater nominal/high levels

Sequence flow automatic continuation/shut

— —r— voltage ——Sampling —
gios T Symbol rangeg speed
1. |Beam voltage = ey 4
2. |Beam current o8 i, od 171
3. |Discharge voltage v 0~sv 171
4. |Discharge current ld 0~5V 171
5. |Accelerator current la 0~5V 178
6. |Main cathode keeper current ek 0~5V 171
7. |Nuetralizer keeper current Ink 0~5V 171
8. |[Main cathode vaporizer current Tis 0~5V 1 /1
9. |Neutralizer vaporizer current e 0~sV 1/8
10. {Input current tis 0~5V S
1l.|Main cathode heater power pii o~V 2%
12. |Neutralizer heater power ik e (ke
13. |[Main cathode vaporizer temperature e e Lh
14. |Neutralizer vaporizer temperature = sy St
15. |Power device heat sink temperature = '
16. |Vaporizer standard temperature L e b e
17.|Accelerator voltage set value Tt i Lea
18. |Discharge voltage set value RVa =5y 178
19. |Discharge current set value RVd o0~sV 178
Rld 0~5V 1/8
(a) Analog
|
ST L ' 0505V
1. |Status telemetry calihand S g
2. |[Number of dielectric breakdowns HVCNTR (same) 171
(b) Serial digital
Determining
Telemetry item Signal form value
Bus line ON/OFF Bi-level 1/0
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yeu

[PS1CN.LAI LYon, PS5 on |

¢
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yeu no
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yes
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o yes
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PS4 off
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Initialize
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Fig. 4.6 Logical Flow of IDLING, ACTIVATE, SHUTT OFF,
N(C) START
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4.1.4. Powerxr Souﬁce Device

Power souxce device supplies 10 power systems to the engine unit.

(1) Shape

Shape and the center of gravity of the power source device will
be as shown in Fig. 4.7.

(2) Input

i) Input voltage: 28 fg:%g Vpe
ii) Signals:

ON/OFF signals, level signals and reference signals
from power source control device (see Table 4.8) will be
received.

(3) Output
i) Output voltage, current, output stability and ripple:
As shown in Table 4.10.
ii) Response properties and set values for excess current
' protection:
As shown in Table 4.11l.
iii) Monitor output:

As shown in Table 4.6.

iv) Dielectric strength and insulation resistance:

Dielectric strength of output transformer will be
over AC 2.1kV, with the exception of over AC 2.83kV for
PSl and PS2. Also, insulation resistance of output
transformer will be over 20M.. (measured by DCIKV megger)

for PS1l and PS2.

v) High voltage dielectric breakdown protection circuit:
As shown in Fig. 4.8. Number of dielectric break-

downs will be sent to power source control device.

el
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(4) Temperature telemeiry
Temperature telemetry, shown in Table 4.12, will be sent to the

telemetry encoder via power source device.
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1
i

840430

(P83 7)

Length of lead wire

(noninal wvalue)

Length of lead wire

value)

are

270408
250::01 105416
280422 101416
a8 PaFl - IPATE 1AL 8 IBAT 4
3 LS s h w—— 5 P m
S T3) e 4t e oo % 8 F
) - e, ' — Conneactor
P
H symbol
- ;1 (558) (as) [{a0)| {(s0> EE TPATS 640
- 2 )
b IPAJS 600
e
@ S IPATT 480
%_ 1247420 ) . 1PAJS 500
o E Nameplate
= =i (power source device)
2
- < IP (2)
— ~
= - EE g Connactor
g synbol (nominal
i &) & 1PBJS 510
. [ ]

k] ' [ 1PBJG | 460
[2-] ) ~
@ < -~ 1PBJT 820
=] =l (30) - (65) (85} E3 - e
3 ; N IPRJS 6§00
(<o)
c a—
m.————-

~ -

(=]

.

Note: Values in
A 9 reference values.
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Table 4.10  Power Source Spacifications(l)

Voltage Powar Peak rippla (%)
i
: ‘ Level | Current Regulation (%)
- ' - \ _ [ ' Type Control range
| . ' { J' f . R W";"{:- N u7:u Ramark
Powar source PR E[RRR B 217 | 0] (5 emaris
Screan grid . arvesryopaa iR (30 L aow fo b ], | 0 - ey [ Regulation applied for beam current of
- ' Paly alich BN S ML 20-35mA. Ripple at rated load.

'%-Aceelarator N ps2 DI~ 2T e PN ;_’;, _’_:_‘;7__;':"__?:_“;_ Dl @ - Changes with set voltage of PSl.

' rid : sLpTLARTy A 1 E , Ri. a at rated load.

fDischarg'al pea jesa | ®m m aloll SV OREAPAWIDC [, | s | %3v0sA Ripgla at rated load

[ e v [ L[ 45V [05 A [225W P -

. - . . N.L &Y SA 25w

. Main gatggge Apsa |psen{zmE wmm A FL] WV ?X'F'a‘afv“."J AC| . -

g aa ' 1L | nav [ Z8A | AW |
3 | Main cathode (W[ i | Do b — Output characteristics shown in Fig.3-5.
f _ keeper |10 || ERETTIRRIew revi e T8 o Ripple at rated load.
N Ma:.n caii node pas |puer | sm M eamlsr| asv] 22 | w|AC| - £3 | us~za memr | OUEPTE characte:;:.st:.cs shown in Fig. 3-5.
N vaporizer -_, - , Gain: 0.53/V; Discharge voltage: 35-45V.
“§y Neutralizer ps? legm o 68 mmx “___!_I_:_l..”__av_ | sa _| 2sw |AC
N heater L Rl B Lol | L6V ] 2854 w - - ..
't Neukralizer _ (w1 | 24v Jo2sa | _ew | DO Output characteristics shown in Fig. 3-5.
k\[ ' keeper PS8 | Poak *_‘“a*f" R oo (200v ] sen | Lsw > - Ripple at rated load.
' Nautrain.ger pss |psee | wnsneagmlme | 2ov|sea |aow |BC| - | 25 | oserzamey|O@tPUt characteristics shown in Fig. 3-5.
| | vaporizer _ T iGains 0.2A/V; kesper voltage set at 22-24V,
\‘K\ . IHSUligggér PSRRI R ERMER “Ei --H- ;:-‘-t— ""*:‘"‘E"W AC| - -

© @ NaLeLROMINAL LEVELIMHL(HAXITUMLEVEL)YH +L{ HIGH LEVEL JI+L{IDLING LEVEL)SL(START LEVEL)

< e o e T T

A TR0
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Table 4.1l Power Source Specifications(2) Lo
¢
o
Voltage ox current A
fluctuation 5
Response time Condition o
: i ; e
- Response/ Excess current o
: source Symbo \ T
‘: Power sou ymboli = K eyt sy R set value c
; - o
‘ Sereen grid PS 1 220221 5 PRI LS Omu T Ygxq.,ﬁgige' FRAmAORE L | sotsma 0
PSH b vl - . P
‘ Acceleratoxr PS 2 Y T2ESV=XBN - - . . 7£07mA
i Discharge ' PS 3|PSd [ ® X MI1SmuF - pEbmari 2 - |
. Main cathode heater [pssfpseh|zmEmmz x| - - - BHO8A Py
Y - :
Main cathode keeper PS 5 |PEek = K E & =« K B0uF| gameort, | - .
. Main cathode vaporizexjrs slesev|zmmacnzsa| - - - - i
. - Neutralizer heater ps 7|pSan|m A S mmx m| - - - 61054 b
1 Neutralizerckeeper 15 olpsak | fam & = % & L1opaitF - wRmreRE 1 4 - b
{ Neutralizer keepex PS 9|PSny | 0B A - <HB| ~ - - -
| Insulator heater PStopSie(B M B O BT A| - - - - ;
1. No load to rated load
] 2, Current set value
I : fluctuated by £20%
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Table 4.12 Temperature Measurement Telemetry

ORIGIRAL, Df
OF POOR QUALITV

o R

Hia Ul

No.  Item to be measured Coda
1l  Temperature of Engine Unit il TEL
2. Temperature of Engine Unit #2 TE2
3  Temperature of mercury tank #1 PTANK]
4 Temperature of mercury tank #2 TTANK2
5 Temperature of base plate in power sounce device #1 Tisl
6 Temperature of base plate in power source device #2 Ths2

Fig., 4.8 Logical Flow of Dielectrie Breakdown Protegtion
< Jb >50mA or 12> TmA )—‘
no
yes
— — no
P8y ,PSey OFF @@'—
yos
= 45 sec Tiner
HVCNTR+HVCNTR+ 1 Start
HVCNTR1 «~HVCNTR1I+1
i o { 46 sec
(chm'm >12  \yes yos
HVCNTR140
L HV.BDé1 46" sec Timer
BV CNTRi«-p | L-Step
1 zec e
ng
yaz ey
PSyy . PScv O
[eur:28er 00 | —2
*HVCNIR is sent as telemetry signal.
) ~99=
3 ” s e ki e T SoE




4.1.5 Interface With Satellite .
. Basic compcnents having interface with ion engine system are the ’
structural system, power source system, telemetry/command system,

heat control system, attitude control system and gas jet system.

FPield separaticon points are established as follows.

a. Mechanical separation points: mounting surface of each s

component. Weight of mounting hardware will not be included R

in IES,

b. Electrical separation points: 6 c¢onnectors -~ bus power line,

discrete command line, maghitude command line, analog telemetry
line and temperature measurement line - shown in Fig. 4.9.

(1) structural system interface

Boarding position of each component is shown in Fig. 4.10. It is

a roll surface called mission panel II. Alignment of engine unit will

.
RS e S i e e M e ST dFn
B RS R

be determined by an alignmeht mirror which is mounted on a grid.
Accuracy will be set to be within 0.24°%
(2) Power source system interface

+0. , X P
i) Supplied voltage: 28 _g_gg Vpc (IEP input terminal) o

ii) Ripple: Less than 100wV
iii) Disturbance voltage resistivity:

Resistivity to stabilized bus disturbance voltage

(single peak) of +5V, 2504V sec and ~10V, 600uV sec

will be required.

i

¥

|

|

|

. S
iv) Load currents B _ g }
di/dt £ 100,0008/sec |

- Overshoot £ =7 : %
I overshoot total energy & 160 x 10-%A.sec/(per steady i

load current of 1a)




v) Other:

Dicdes requiring series arrangement should not be
used in the power source line which prevents reverse
voltage., Also, care must be taken so that IES will not

be in short-~circuit mcde to bus paower.

(3) Telemetry/command system interface

Commands shown in Table 4.5 are sent and telemetry signals shown

*

in Table 4.9 are received.

i)

ii)

iii)

iv)

(4) Heat

Discrete commands:
Sent according to the command matrix bhelow.
At execution; X line  27.0&41l.5V 1l0.2
Y line 1.2%1.2v 10.2
At non-execution; X line Open, transistor OFF
Y line Open, transistor OFF

Pulse width; 5545ms
Magnitude commandss:

Data format will be as shown ih Fig. 4.1l and
timing as shown in Fig. 4.12, Clock bit speed of data
transmission will be 128 bps.

Analoyg telemetry:

Analog telemetry will be coded to 8 bit (1 bit,
20mV; total accuracy, #0.6% F.S.) by telemetry encodex.
Serial digital telemetry

8 hit-long and bit speed of 2048 bps. Timing will
be as shown in Fig. 4.13.

control system intexrface

Heat environment of each component at the time of launching and

in orbit is 0 ~ 40C (estimated) and desigh temperature will be ~15-55C.

-101-
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Power consumption of each component is shown in Table 4.2. Heat
density of each component will be as shown in Table 4,13, 7Items whose
tamparature are measured, types of sensors and their locations are
shown in Table 4,14, _

(5) Attitude control system

Nominal toxrque arm length of each axis of IEE will be 232.5mm for
pitch axis, Omm for roll axis and l0Omm for yaw axis. Thrust will be
the nominal 0.l8gr wt. and its cumulative operating time will be over
150 hours.

(6) Gas jet system

N/A.

e J‘J
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Fict. 4.9 Connector Nunbers of Ion Engine System Components

J4

H
~~
=
=

Temp. measurement line z P ol
g2 T ——E|a
d it S HV linelzi= =
m|n (l) wle p
B 1 1 L 2= . .
us power line=im IR - (EE T ine |28 v
AR | % lHV(%;ne y
. % ) sy = sls x
Discreet &8 S& w7 HE t
commapd linefgjg @ IEV line'==2 @
To Satellite == — &1 312
. ) Y 2lm T A8
Magnitude l —= ] i nel=is |
. ‘ TT line
command linemim = e o 3
: e . A ) _[F =] I Rl
=" o it ala e
Analog R WE x |BV line HE
telemetry linefsn & e (1) )
~——"*-'§§] — 213 & = a|& i
2w (B8 & . |=|e I
LV line ¥
e fzl3] ® L sl *
. mim T g™
Bus power line El3l @ rv 1inelsE e
Temp. measurement line -l ==
-9 L) - — L l1
S TT Line|&S

lIEE(l)

1. Telemetry monitor
signal line

2. Control signal line
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: High voltage output
I7: Low voltage output
TT: Temperature telemetry
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Fig. 4.10 IEE/IEP Boarding Positions
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Pig. 4.1} Format of Maghitude Command

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1617 18

Address word Data word
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Fig. 4.12 Timing Chart of Magnitude Command

ff

R-—--\‘ 1 . ';-—--—+mv
Enable /, ,\
A e e o e e e

ov
( I—-T.Bms -—I
Data nomihal} 10V
_...:l. v
Ams :ms (nominal)
_O :m | --—--. (ntad Lttt Va Ittt 2 104
clcck m ﬂ ! x ﬂ

Enable and clock sa.gnals are sent as differential .
signals, and agreement of signals is within 2 ys.

Pige 4.13 Timing of Serial Digital Data

S0e8 He
10V
Yo O T T T o I T
{otandard)
Caable | i
o] beogsometti = |z00ksmin ~ [ Zs0t100us i
Clock ' 1oV "
0
-l I——zoommm e
S’Jﬂs&iﬂﬁﬁg - S0ps MIN B i
Caka I o o
o
FALE I i
ecn Bimefér) and fall time(tf)of each signali:trsiops . 1
t1S10ps S
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Table 4.13 Heat Density - ‘{;1

]

%

IR P IEE - ﬁ
C001 1WA el BLTF [40.0 30W/ el T W1 W/elllF | :\

Table 4.14 Temperature Measurement Items, Sensor Types and Location

Item Sensor type Location = =
BEngine Unit #1 temperature Platinum resistance wire Engine Unit #1
R9256P3
Engine Unit #2 ¢ Platinum resistance wire Engine Unit #2
' : R9256P3
Mercury tank #1 " Thermistoxr Mercury tank #1
S311P1l8~07TL5R :
Mercury tank #2 " Thermistor Mercury tank #2
S311P1L8~07T15R
Power source device #1 " Thermistor IP #1 base plate
47C247072
Power source device #2 " Thermistor . IP #2 base plate
47C247072 S
]
o
o
: |
- - . ""3.06- : E
B - —\®)
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4.1.6 Design Standards | o
Only the main subject matters will be outlined in this section. o

Details are given in the Interface Management Specifications and the . - %

Common Specifications.
(L) Mechanical design standards o
i) Natural osceillation: i'

Less than 100 H, for each component. zs'P

ii) TLoad limits: | |
Strength and stiffness to produce permanent S

deformation of no more than 0.2% of load limit (estimated };j

load x 1.5 = approved test load. See Table 4.17) will hg?

be required. ﬁ?;

iii) Ultimate load: m

No failure or breakdown will occur at the ultimate

load(load limit x 1.25).

iv) Safety coefficient: _
IEE employing liquid or air will be designed with
the safety coefficients given in Table 4,15.
(2) Electrical design standands |
Grounding of each component will be electrically insulated from

the satellite frame. insulaticn betwaen bus power return and

{(illegible) will be DC resistance of over 1lMs2.

Insulation between_seGGQany ppwer line returns, primary power
lines and cases will be DC resistance of over 1M« each.

(3) Electromagnetic radiation o S : _ . .:;

IES will follow the electromaghetic compatibility requirements —%
given below. Between 1ES and ETS-III system, compatibility tests will |

be performed successively and standards will be set by the EMC

- ' ~107-
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management plan, test specifications, test execution plan and test

procedure manual.

i) Transmission interference noise in power lines:

In IES and IEP, transmission interference in power

source lines will not exceed the tolerance levels set

halow.

Frequency
band

30Hz ~160Hz
169Hz ~1.6KH=z
1.6KHz ~100KHz
100KHz~10MHz2

-trasient response

Tolerated transmission
- noise interference

107mAP—P, 20dB~ decade
20mAP—P, 20dB/decade
200mAP—P

30mAP—P

100,000A/sec (loat current > 134)

Satisfaction of the standards will determined by

= T e Em i -

T T T

oscilloscope (50MH,) and electric current probe.
ii) Transmission interference sensitivity of power lines:

a) Sine wave wvoltage

action in IES and IEP.

Source
= Amplitude impedance Freguency
Eﬁ .
; _ 01Vp-p 0552 1Hz
01vp-p 0582 60Hz

05Vp-p
05Vp-p
05Vp-p

-b) Transient

-108-

01Vp-p~05Vp-p 052 60Hz~800Hz

(linear increase) (lihear increase)
052 800Hz

052  BOO0Hz~50KHz

059  50KHz~10MHz

Test method will be based on MIL~STD-462.

Sine wave voltage of levels set below, when charged

to power source input, should not cause any abnormal

 Pulse voltage of 60PPS, 25Vo-p, L0 s for a maximum

3
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Ny

/3

o

of 10 minutes, applied to power bus line in either ; %
. . . S

positive or negative direction should not cause any ﬂ
significant deterioration in performance of IES and ﬁ
IEP. Test method will be in accordance with MIL- T
LA

STD-462-CS06. 5;/ i

ii) Magnetic field interference:
a) Radiation interference noise
IEP must hot radiate more than 0.1 Gauss(30Hz~ 1KHz) s

and 0.01 Gauss (1KH;~ 30KHz). Measuring distance

SRS

is 7em from the component surface. Test method
will be based on MIL-~STD-462, REQOL. ?ﬁ?
b) Radiation interference sensitivity
IEP must satisfy performance requirements in the . ;;_i

tests based on the requirements and testing methods

of MIL~STD~-4612 and 462, RS02. Applicable tests

and test standards must be indicated in each test

specifications, test execution plan and test

procedure manual. Testing frequency of RS02 will

be 400H; and amplitude of current source will be 2A. éﬁié

¢) Magnetic dipole moment . iéé

Residual magnetic dipole moment of IEP component

must not exceed 0.8uwbm for each axis. As MAC has

a maximum of 8.l6pwbm magnetic dipole moment, IEP

component must be designed so that a magnetic field

having a Flux density of 1.62 x 10~%wb/m?(estimated |

t0 be 20cm based on MAC) will not be affecﬁed at all. ~
iii) Electric field interference

a) Radiation interference noise

\i
)
!
\
)
)
1t
?
'




Radiocactive inte‘.rference of 14KH, to 10GHz, ,'{ ";
radiated from components, must not exceed the limits P
set by MIL-STD-461A, Notice 3, Fig. 21 and 22. In o %}’
the frequency band of 147 - 149MH,, however, narxow i'%.
band radiation limit is 31 dB V/m. Radiocactive 1’
intexference by radiation from IES must not exceed / g
the set limits. B

b) Radiation interference sensitivity ‘ '|
Normal operation of IEP in the freguency band of ij
14XH,; ~ 10GHz and exposed to the electric field of
1V/m must be verified. For the frequency bands of
135 ~ 137MHz and 1700 - 1710Miz, IEP is exposed to

the electric field of 5V/m for measurement.

Table 4.15 Safety Coefficient

W Proof load | Burst load
Structural division J (Note 1) (Note 2)

Pressure tank 1.50 2.30

Pressure pipings and others 1.'50 2.30

(Note 1) Proof load is the pressure load applied to check

production technigue and material quality of pressure
container. '

(Note 2) Burst load is the pressure load under which pressure { ‘
container must withstand without breaking down.
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4.1.7 Tests | A
: "
Test subject matrix is shown in Table 4.16. Oscillation test S
levels are shown in Table 4.17 and impact test levels are showh in '1
i
Fig. 4.l4. Heat vacuum test will be given with the heat cycle shown I;
. _!’1
in Fig. 4.15. Electromagnetic compatibility test was explained in the *J‘
: &
| preceding section. ' " J
oo
o
| -
i Fig. 4.14 ZImpact Spectrum R
; -
! o
b .L .
§ Tl
! _Firing equipment level for -
1 satellit ¢ separation 1300 Hz b
- —, 3 i- 1
i - o
l \ / I:lzic:uc ©
| . \ /’ 11800
E 00 ——— A= 1400 Hz |
E ! ? 3 2 ! 3 |
' i [ // P
[ 5 A
Og
fU'gg 3 i /,§ Firing equipment level fox
! addle expansion
g g 2 / // A = =
0'!'{ 3
0,0 / | ;
8 5 r
| R = Em =i @
: 7 == = .
X 8 648/ 0CT :
5 5 B
5 4 ;
k a
o Q=10 |
. |
k wm 2 3 4 56785100 2 3 4 5 67890m 23 4 i_ﬂgsmk |
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Table 4.16 Test Matrix | .

Model i
Test subiect PM EM Remarks ‘-!ii
|
Appearance and ]‘
dimension inspection 0 Q E
Weight and position of coo
center of gravity inspection | O @) Ve
Charge and resistance A
inspection : 0 0 |‘1
Performance test Electromagnetic SR
C Q compatibility test |
given for PH. ‘
Oscillation test QT level test for PM.
QT AT AT level test for FM.
o O Random oscillation test
' only for FM.
Impact test N/A N/a .
Heat vacuum test QT AT QT level test for PM.
O 0 AT level test for FM.
Measurement of residual
magnetic moment 4] Q

) PM: prototype model
(a) IEE FM: flight model
QT: qualifying test
AT: acceptance test -

Model Model
Test subject BM_|FM_ Test subject pM | FM
Appearance and ~ | O Function and 1 0 0
dimension inspection U performance test
Weight and center of Measurement of
gravity inspection [0 | O thrust N/A | N/A
Performance test o Q Megasurement of beam
Electromaghetic diffusion angle N/A | N/A
compatibility test |0 |[N/A  Electromagnetic :
Oscillation test QT | O compatibility test | O N/A |
Heat vacuum test o] O Heat vacuum test Q Q ;
Measurement of residual Long-mode test O N/A
magnetic moment O |n/a
Impact test O |n/Aa :
. S . . . (C!) IES
Oscillation test - QF level
for PM and AT level for FM. _
(b) IEP | h
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Table 4.17 Oscillation Test Levels

Sine wave oscillation level

for Qualifying Test:

Random oscillation level for
Qualifying Taests:

Direction of

Rt. angle tc
axis of thrusk

Range of frequency
I

Accel, density
i

Av.

level

Bl ( Hz )

axis of thrust |
Range of —I
vel (c:o0-p)
frequency \Level ¢ - "
T (H2) phwsm oRER
* %+ 3 5
5~«200 12.0% 15.0%
200-2000 5.0 2.0
Sweep rate 2 oet/min

Sine wave oscillation level
for Acceptance Test:

Rt. angle to
_ . axis of thrust
“Direction of

axis of thrust -

MEEER( $He ) | BHv~<a(Grma)
20-230 009
230-350 +6d B/ oct
1564
35¢-200 0.2
900-2000 ~—6dBAoet
Tast duration: 2 min. for each direction

Random oscillation level for
Acceptance Test:

Range of frequendy Ay, level

Accel.’density //

Al e N ars o P

Test duration: 1 min. each direction

Range of }, v~ - (6 0{p) MERAN | MEEER | £hv <
Frequenc — o (Hz) (#/Hz) | (Grms) >
quency Ny | EHEER _ ;
1z S| RraE® 20230 0.04
5-200 8.0 100% 230-350 | +6dB/oct
- 104 :
200-2000 3.3 33 ss0-900 | oo8s :
SWGEP rates ¢ oet/min ) ) _
R » : '$00-2000] —&dB oct ;
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Fig. 4.15 Heat Vacuum Test Cycle I*
ORIBINAL PAESE & a {';
OF POOR @usuﬂa . 4
.
. 3’1‘
Temp. oOf o
basea plate‘ 2% Bun 4% Ban 4» 24%n 4 24%x 2% / -'.'.'J*
3 * o :i
T1 o d
o]
il
. T:l
TO * - 'J
; s
QT. AT Time (hr)
TI| +55T ) +45CT *From high temperature to low temperature, or
0 . ~20C a reverse process, over 4 hours and less than
! - - 8 hours should be spent. Rate of temperature
§ T2 —15¢C -5C change depends on temperature difference.
: . - **Temgﬁxa,ture stability during this period,
i . hi h,{-:ﬂmﬂ ;z‘ﬁgﬂ measured by temperaturs sehnsor which controls
: igh temp. low Eemp. testing device, should be within #3C. S
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4.1.8 Operation requirements

Plan shown in Table 4.18 will be the reference in operating the

ion engine system on the satellite. - i
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Table 4.18 Operation Plan for IES

St anety el IR © e S

No. of Orbit and
Phase |Subject Duration angine Experiment conditions operation
e ' _ : unit used - conditions
IDLING 2 rotations/unit, - 2 IN mode: 1 rotation/unit 2-orbit continuaas
) total 4 rotations IH mode: 1 rotation/unit operation in the
EBarly : : visible rangg.
phase (Hollow 2 retations/unit, 2 Activation of main cathode: 1 rotat/unit |30-minute
cathode total 4 rotations Activation of neutralizer cathode: continuous opera-
activation 1l rotation/unit tion in an orbit.
. , : (per rotat)
Hollow (8+2) rotat./unit, 2 N+l rotat. orbit IDLING 105 min. |IEE operated 20
cathode total 20 rotationg N+2 B Hollow cathode 20 " min. before
tast tast entering visible
N+3 " Ig reference 20 " area by stored
change(3 min x3) command, for
N+4 " " 20 " testing in the
N+5 " SHUT OFF 30" visible area.
P41 " IDLING 1gs "
P+2 " Hollow cathode 40 "
tast
P+3 0" Vg reference 40 v
; - _ change
- Steady P+4 0" o 40 "
rhass B+5 .. SHUT OFF 30_*"
Neutralizey(2+1l) rotations/unit, 2 lst orbit IDLING 105 min.
movement (total 6 xotations 2nd % 0B, FH mode START 40 " "
chack 3rd * " 40 "
Varied (12+3) rotat./unit, lst orbit IDLING 105 min.
parameter (total 30 rotations 2nd " 0B, ¥H mode START,
tast : CONT 40 "
' 3xd " CONT, Ig change 40 " "
4th " " 40 ¥
L 5¢th " "  SHUT OFF 30 "
E' Varied V5 and V, test at the same time.
! Repetition [L00 rorations/unit 1 Parvameters for stable IEE conditions set [First 10 rotat.
: tast o ' from above data. Beam wadiation: 10 min. |in wisible area.
|Long mode [Over 100 accum.hrs/ 1 Parametars for stable IEE conditions set {Beginning and end
tast unit; over 10 cont. hrs, from above data. in visible area.

PrTY
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] 4.2 Engine Unit Lo
&
,,‘ L
| 4.2.1 Design Valuves A
\ 3 Ly . [ & ,I:
Design values of Engineering Model (EM) with respect to the %
required design values in the development specifications of the %
preceding section are shown in Table 4.19. il
! »#1
: Table 4.19 Design Values of ' ]
; Main | Neutralizer
;! Orifice diameter,{ 0.25 0.25 T
i mm b ﬂ‘
Keeper aperture 2 2
; diameter, mm
i
'? Accelerating grid system
i
‘ Screen | Accelerator
; Thickness, mm 0.5 1.5
i Hole diameter, 3.0 2.2 Bt
| mm o
| ¥
i 1”: B I‘
: Number of holes 121 f .
; j I
§ Grid separation, 1.5 =
m
: b
Cl
:ﬁ Discharge chamber
. | |
Chamber length, mm 60 g
diameter, mm 60 %
Anode diameter, mm 50 {
Buffle diameter, mm 9 o

Distributer pole piece inner 12 L
diameter, mm |
| Buffle to pole pilece 1.2
Separation, mm

- o . ~117-
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4.2.2 Structure, Functions and Designs

Componerits, functions and designs of the engine unit are giwven
helow. Cross section of the engihe unit is shown in Fig. 4.16.

(1) Tank assewnbly

Cross section is shown in Fig. 4,17. It has a function of
supplying propellant (mercury), and consists of liquid mercury tank
and Fforce(nitrogen) tank, separated by fluorofubber bladder. Liguid
mercury tank has flanges for joining the tank with main hollow cathode
assembly and neutralizer hollow cathode assembly. Each is connected
through O—riné. Forge gas pressure is 25i0.2kg/bm2abs.

{2) Main hollow cathode assembly

Cross section is shown in Fig. 4.18. The assenbly consists of
vaporizer which holds liguid mercury and controls the flow of mercury
vépor. hollow cathode which is the electron emission source, and
insulator which insulates back flow of hollow cathode and the f£ront
£low of vaborizer under high voltage.

Vaporizer: Porous tungsten plug of sintered thngsten powderx
having particle diameter prﬂlis Joined with tantalum cylinder by
electron beam welding. Sheath heater, mounted on the outside of the
cyiinder, heats and vaporizes mercury held by the tungsten plug,
controlling its flow. Particle density of tungsten plug is 70%(75%
for neutralizer). Sheath heater terminal, composed of ceramic seal
and tantalum cap, converts into nickel lead wire.

Insulatér: 6 molybdenum meshes are placed at equal distances
inside an alumina ceramic pipe. Voltage between the meshes is kept at
less thah 300V to prevent discharge under a wide range of mercury vapos
 pressure. Molybdenum meshes are supported by alumina spacers with

rippled surface, so that short cireuit is not likely to occur between

- -118-
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_thorium tungsten chip. The keeper is mounted on the alumina ceramic

the meshes in the event liguid mercury freezes. Sheath heater is g %g

placed over the ceramic pipe on the vaporizer side to heat mercury .;

. B
— e - -
- RHPANCIEE

vaporized and prevent it from freezing.

¥ Rao

Cathode is a cylindrical tantalum pipe, one end of vhich is

blocked by a thorium tungsten chip. Vaporized mercury passes through

T,

the pipe and is supplied to the discharge chamber through a narrow

N
o .

hole in the center of the thorium tangsten chip. For a cathode insert,
porcus tungsten impregnated with barium compound is placed in the Ffront
of thorium tungsten chip, which, by heat, tuwns into oxide cathode !
having an electron discharge ability. Outside of the tantalum cylinder é“ 3
is coated with alumina, over which rhenium tangsten heater is wound. :
The heater has one end spot~welded to the cylindrical pipe and the
other end to the tantalum lead wire, and is further coated with

alumina. Xeeper electrode is placed on the downstream side of the

surface and welded by electron beam.

(3) Neutralizer hollow cathode assembly
Cross section is shown in Fig. 4.19. Its components are similar

to those of main hollow cathode, except that it does not have an

insulator. During oscillation test of the development test, breaking
of keeper lead wire and slipping of cathode insert cccurred,
necessitating addition of another point of support for the kegper
lead wire and use of tantalum foil cylinder for supportiné the cathode
insert. Also, control of keeper voltage/vaporizer current failed
during IES combination test, which prompted increasing the keeper

diameter from 14 to 24.

(4) Discharge chawber assewbly

Cross section is shown in Fig. 4.20. The assewbly has soft steel

- ~119-~
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pole pieces on the upper- and down-stream sides with discharge chamber
in-between, and a permanent magnet of alnico 5 is inserted and fixed
between them. Discharge chamber has a cylindrical anode which
insulates the chamber with alumina ceramic (insulator). Grid assewmbly,
consisted of screen grid, accelerating grid and alumina éeramic
insulator, is mounted on the pole piece of the downstream side. Dis-
chargé charber, ahode, screen grid, accelerating grid, etec. are made
of stainless steel.

(5) Housing

Housing, the interface of above assemblies, comprises various

support materials, base plate for mounting on satellite, support

materials for wire harness , etc. SUS304, aluminum alloy, is used as

structural material.

R LR
R



Fig., 4.16 Structure of Ion Engine ;;_{%
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Fig. 4.17 Tank Assenbly
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Fig. 4.18 Main Hollow Cathode Assembly (EM) (Slight change from PM on)
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Fig. 4.19 Neutralizer Hollow Cathode Assemby(EM) (Slight change £rom

PM on)
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Fig. 4.20 Discharge Chamber Assembly  ORIGINAL PAGRE L“"
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Table 4,20 Natural Oscillation of Discharge Chamber/Hollow Cathode

it

{

‘¥
4

4.2.3 Structural Design

Feasibility of stxuctural design was evaluated by structural

‘analysis. Oscillation analysis results and test results are compared : 'f
in Table 4.20. Load and stress analysis were made under the following . ﬂ
conditions. ﬁ
(2) Sine wave oscillation load conditions: k 2!
Controlled load 5¢ input S

gig%mate load 6.25G inpukt . o

(b) Random osaillation load:

To horizontal direction of engine, L
f=2350Hz, Se=02G* /Hz, Q=230 wo
Ultimate coefficjent 1.25 e

he -
Gmax=3 { Q27f So/4)2=215Q@, P
To vertical direction of engine,

f=900Hz o
Gmex=345G : Lo
{(c) Steady acceleration:

Controlled ioad -~ 25@ each to the direction of satellite
axis and vertical direction
Ultlmate load - 256 = 1.25

Safety factor, load and estimated stress of discharge chanber,
determined by the load conditions (a), (b) and (¢) are shown in

Table 4.21., Safety factoxs calculated were all positive.

Without tank support with tank support
" |Test resulrs[Rnalysis Test results Analysis results

- I : - _results .
X-direction - 187.22Hz - 27601Hz
S |

4 " 200Hz 193.45Hz 275Hz 27280Hz

i _ _ N

F' " '346Hz | 26257Hz 560Hz 59573Hz
- ], 2w
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. Table 4.2]1 Analysis Values of Structural Design A
: g
i (a) Safety Factor %
| Parts Critical mode Safety factor ﬁ
: Discharge chamber strut Random osgillation, yield +0.1 ‘ ﬂ

Pole piece " " +0.15 4
i Main support scarew(i2) " hreaking +2.0 |
b Flange MCA t " +0.,02 |
: Main support " buckling  >5.0 f

Discharge chamber n " >5.0 1
- Mounting screw(traction)® " +5.4 }
{ Mounting screw(shear)* " +10.4 o
t O
{
.; #1710 steel bolis of Fuu=12300046 ., Fru=750002b ’
, . (b) Load gn
‘1 Rated Sine wave , _
-1 Parts acceleration® oasillation** fot
! N
B4 LK LML D v
! P 0.4 ke - .
Case IOS g-2180 [V a1 & 1L0 b
- M 550 Kema 1789 K-mn
F Main P 06 K -~ P4
} suppori: Adryiiat |V 27 Kk 170 K =
- M 13¢0 ¥-mm 4147 Kp-mm N
b Discharge P “2 % = i
i chawber | &% = 2|V 4.3 K 17.2 K
k. M 1808 Kp-mm BOBA Kr-mm o
| Discharge P 68 ¥ = L
: chambar EEREE |V L6 ¥ 52 K S
! strut M 365 Fp-mm 1219 Kenw
- )
;E P: injection axial force : i |
i V: shearing force meeting P at right angle i
i M: moment o
E{ *Rated acceleration falls at right angles with injection

axis. 25G, simultaneous.

*%(Q=20, input B5G. Oscillation at right angles to
injection axis.

(¢) Stress (unit: kg/mmz) )
Rated Sine wave

Parts Acceleration Oscillation
ENEs =E MANL TEEEG |
D:Lscharge chamber strut ®_X_m_ % &l 220 250
Main suppoxrt screw(#Z) FAryEe b HO($2) 28K () 5.2 (W) | evm(shear)
Pole piece ®_— A~ € -~ Al a0 71
FPlange MCA 7 7 ¥ 2 M C Al 24 3.7
Main® suppoxrt F 4 7w M < F 0.3 0.3
Discharge chawber ® . % al ots es”

#*For this value only, osclllatlon in the direction
- - _ of injection axis. T

~125~ | _ *)-
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4.2.4 Heat Design f{%
(L) Thermal interface with satellite o
In oxder to determine the thermal intexrface, a thermomathemzatical

model of approximately 50 nodes was created and calculator simulation

! was made of 16 cases. For parameters, several combinations of - ﬂ

) [A WY

E (a2) conduction heat resistance between the engine unit mounting panel
1

on the satellite and the housing of the engine unit, (b) coefficient

; of radiation heat exchange between the satellite interioxr and the part

_{ of engine unit which faces the interior (this sentence's meaning ?_y
-: unclear - translator) and (c)o//¢ of screen shell which protrudes to

} the outside of satellite, were taken. Compatibility was determined
Ew using the following as allowable temperature conditions for the engine F;w
B unit. {
| i) Minimum temperature of liguid mercury holding part during -%4

non-operation to be over -25C.

ii) Maximum temperature of mercury supply tank during operation

;j to be undexr 150C.

iii) Heater power, which maintains the rated temperature in the
Eﬁ main hollow cathode vaporizer and neutralizer hollow k'
cathode vaporizer during operation to be over 1IW and less E

than 4W.

Each case of simulation and the results are shown in Table 4.22.
Following conclusions, satisfying the above conditions, were obtained.
(I} Conduction heat resistance between the satellite side engine unit
mounting panélkahd'the engine unié side housing should be over 
1/0.58 (deg/W) .

(IT) Radiation rate of the part which faces the satellite interior

e e it e et s St o ek pie it

should be over 0.9.
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; (III) &¢/% of screen shell should be over 0,9/0.5. Ve
E Tf the internal heat generated by the engine unit under rated ’ ;
: operation is 38.6W, the heat balance when the temperature reaches N 4
balance level is as showu in Fig. 4.21, ' i

1'\

(2) Heat design of engine unit K

. 4

BEngine unit, because of its functional requirements, is designed e

to have strong thermal isolation from the system comprising discharge : ;
chamber assembly and main hollow cathode assembly; and the neutralizex N
hollow cathode assenbly, from the housing. Especially with the main i-: {
hollow cathode assembly and vaporizer and cathode in the neutralizer ho ?: ;
hollow cathode assembly, improvements have been made on heat ;:__j
conduction pass, heat shield, etc. to secure their rated operation T
characteristics during operation and the transient temperature

increase curve at the beginning of operation.

Fig. 4.21 Heat Balance of Engine Unit _
' ORIGINAL PAGE [S
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HC: hollow cathode

~8Z T~

a0 o

!

&

b1

T

B TR0

.

(l e
&

08k

ANTYNG

f

"Rz conduction resistance{deg/w) between engine unit side mounting base plate and satellite side
engine unit mounting panel, Tygzli: temp. of engine unit mounting panel (constant). Eip:radiation
rate in the satellite interiox. o/e: absorption rate/radiation rate anticipating space. Tg/c:

temp. of satellite interior(constant). External heat input: full sunshine, High; high noon, ILow.

toexcessive increass in main HC Ty.

Tablg 4.22 Results of Thermal Interface Trade-off Study Ty: tank temperature
. Ta: engine unit temp.
Tyt vaporizer temp.
Extern All temp.& poOwar approX.
Case heat Required conditions
NOoo | =] & [ are | nant | 7ere Bpul unit for engine unit and compatibility Heat density
x el ] T=15C; Te=17C; ~ o
+ 117003 03 1 15C | ~15C | Le Tv(glén!)—= main HC=L17C: neut, HC=39C
a . i .| T TE=95C; Te=153C; To maintain rated Ty, rwwe
e TS | saE | e main HC=1.4W and neut. HC=2.6W e
Te=15C; Tg=17C;
- a - - - [ s =] s
o=x 3]1/058| 002 1 15C 15C | Lo Ty (m1n°} s maln_}i_fl__?}?g; pe_ll_‘_l::':HC 390
_ T+=B0C; Te=136C; To waintain rated Ty, by
- » - - Xc . Y L T -
e il il main HC=1.7W and neut. HC=2.7W Zazwia
- . _ _ T+=10C; Tao=13C; -
¥ 5[ w00l | ae2 H 15T $5C Low 'l‘v {min.)_:___l‘_[!aiﬁ Hg?l%q_:_na'l-}t_. -HC=BOC
on 5| i | vese | vssc | men Tt » 200C; Te 7_2600: Control failure due e trvone
to excessive increase in main HC Ty,. ~82W/ol
. Tg=15C; Te=Ll/C; 7 7
- —-15C § - ow - -
=2 7 |17058 [+ t 15 25T L vamln,) s main I-:IS-=£?_C—;_ qiut._ HC=£_T_-DC )
53 8} = » " +55C | +55C | Hien ‘I'tf'?SC: T_e=1300? To mainhtaln rated Tre E=bIrrey
wain HC=1.8W and nemt. HC=2.8W ~5W/el
" {d~x 9 {1/058 09 .0.9/&5 =15C | —15C Low Tt=l‘%C? Te=l$C?
Ty (min.) : main HCES14C; neut. HC=22C A
ponio| . o | asse |oise | s T4=75C; Te=134C; To mzintain rated Ty, R
main HC=1.7W and neut, HC=L.9W ko
#-211[1003) Do ogs05| -15C | —1s5C Low Tt:l:!'c?-? Ta-_—l.'.!.c?
' Ty{min.): main HC=10C; neut. HC=20C
Femi2] . . o | 4sst | st | stien T¢=101C; To=160C; To maintain rated Tv, | [|e-rron
_main HC=1,3W and neut. HC=1l.7W Dbt
A#-~213]1/088| a2 |assos] ~150 | -15¢ | Low T'i::l%c; Te=l§0,
- Ty {min,) ;s main HC=14C; neut. HC=22C
snts| e . o | ssse | ssse | e Ty=89C;! Te=140C; To maintain rated Ty, —
main HC=l.6W and neut. HC=1.8W ~asv/
FALS L1003 002 {0905 | ~15C | —15C | Low T=14C; T8=lc_:
' . Ty{min.) : main HC=2C; neut. HC=14C
PRTINE e | e |oesse ] ssse | men Ty >200C; Te »200C; Control failure due ErrIvun

Heat density: heat input to mission panel II/contact area where contact area=22cm2.




|
4.2.5. Electrical Design 7'%
Electrical design of the engine unit can be summed up in the

design of its wire harness. The harness is designed under the

followiny standaxrds.,

' _ j
" (a) In ordexr to keep the temperature increase under 10¢, allowable nﬁ

: electric current is set as follows: ) =3
? Wire size (AWG) Allowable current i
: 20 3.7A
L #22 2.52 \

4 | #24 2,04
a (b) Withstand voltage: under 50% of rated voltage.
{c) Environment (temperature): under 70% of rated temparature.
(d} EMC countermeasure: As a principle, RTN uses an exclusive circuit, Ik
and twists and shields are provided as'necessary.
A (e) Voltage and elecitric current of connectors: ﬁnder 50% of rated
zf? o values (under 25% for voltage). %‘
E (£) Materials that do not degas are seleated. ' E
Parformance requirements and parts used are given below. g
(1) Circuit design | g
a i) Wire harness from power conditioner to engine unit ¥
. a) Connectors to the power conditioner
- For high voltage(over 6kV withstand wvoltage): aMp
: mzlti~pin LGH(7-pin, withstand voltage of 15kV)

For low voltage: Nikko Denki DBM~2LIWL (cannon)
Temperature mohitor lines AMP HD-22 series

CA
\

- . _ b) Wires

For high woltage: withstand woltage of over 3kV and
temperature of up to 260C
For low voltage: temperature of up to 260C; MIL~W-
16878 standard product (withstand wvoltage of
600V and temperature of less than 2600C)
Temperature wmonitorsz: o _
Engine unit temperature(Teg)} and tank
- temperature (Teapni) - ‘
Shield twist pair wire, Raychem 44, ALLl2-24

v e e A —E AL T L e v ne e e - i ————— ¢ ¢ L
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e ——————T

ol
crIEhL PRES 1 at
OF POOR QUALIY Cathode vaporizer temperature{Tey) and o

' neuntralizer vaporizer temperaturs (Tpy) K
Max 180C lf

MIL~W-16878, standard produck .

|

As an EMC countermeasure, wire harness uses 2~strand "

spiral wires which are shielded with copper tape ?

(Scotch #1245). -'f

ii) Inside of engine unit
a) Terminal

Repeating point of wire harness from the power

conditioner and connections inside the engine unit f f
oo
is desighed as shown in Pig. 4.22, repsating b

through a caulking terminal.
b) Internal connections

As the temperxature inside the engihe reaches about

. 300C, anoxia copper wire(EOF CuWJIS H3503 0.8d) of ;9]

0.8d-diameter (eguivalent of #22AWE) is used,
(2) Wiring
Instrumentation wiring diagram covering the connectors to power

conditioner to the inside of the engine unit is shown in Fig. 4.23.

Pig, 4.22 Structure of Engine Unit Terminal £ 
caulking
terminal

f . sheath
2 // stainless .
ceramic o %% ~
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Fig. 4.23 Engine Unit Instrumentation Wiring Diagram
Power source Engine body
Terminal boaxrd . we.., PROBILSP
PIOIC2IP) -
SOPEY ~, , 3] o o ul fe | Ever ‘f—rv”r“ il Li =g Tolengine temp.
pss.t:nm" 122 g o Rioz N i =¥ : em €
psrse | - o 2 35 0 nercgry tank temp.
. s Ioa i) P s empty .
13 46 H 3
psw'zmlz:&rrﬁ s i 2 n < #oat g 2 |eathode, vaporizer temp.
PEIFLE £ & o—a
- 1] Fo) -
" e R v o < To—s?? 3 1:2 neutra :Lzer vaporizer temp.
WL Bl z 3 Tarminal board M :
PS::RRTN h; § ‘hn =0~ Rehf ) njr = empty
wmHEN J16 W x4 Rpv ’ i —I:rs T :
T & |-i-g B—t Ao fas 7 Ishield
s RFR}WT 0 l"l o & Ris
rs1oxk 9 ¢ | I AN T
«  Arei) 20 |88 |
* a FROG &,
. ¢ ) 15 ] —~—
shield |v| ___rr;l @@
' Pugstpt ‘ ol i
empty ‘ r-"-- a C"\% é;’
rsiae |2 g 1 et s
rszzn |2 : & o © s
z;ssl:.l':::nﬂz ; — &l 17 7 s G 1 J i
’ ~ NTH| & :E“ I‘l;‘gl ‘@ i—:
shieidl’ - fp 13
" 1 A
. P{OSITPY i
Shleld 1 W 2 1 ::
PSRN 2 - fi—o <l
. 3 [ |
« am]as 8 B
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4.2.6 Reliability Design ‘aﬂ

3
IR rnﬂ‘q&; %

Engine unit weliability was estimated by the foliowing methods. o
. I
a. Analytical estimation fi

i#
1) Calculation of sitructural reliability by stress/strength model. w

2) Caleulation using accidental breakdown wodel, if the breakdown Qli

rate is known or the breakdown rate of a similar hardware is available.

|
b, Estimation by test |

T
MTBF= —3——> , where T: total operation time
g 2r+e r: # of breakdowns ;
. g{s reliability standard of 50%.

Reliability caleulation method for each assewbly is shown in

Table 4.23. Reliability block diagram and the results of calculations

e Ty o Frecg. ST

i of breakdown rates and reliability levels are shown in Table 4.24.
A For the breakdown rate of main hollow cathode, it was assumed that
tests could subatantlate MEBF 500 houxrs and the breakdown rate of

neutralizexr hollow cathode was assumed to be 2/3 of the main hollow

LA L A

cathode based on its complexity.

e T

R S e e S

Table 4.23 Classification of Reliability Calculation Methods

[N

Analysis
: stress/ l|accidental
No. | Assenbly strength threakdown | Test |[Remarks !
1L | Tank Q il
2 | Main hollow cathode . 8) 4
3 Discharge chamber ) !
4 | Neutralizer hollow Based on similaries i
cathode ‘lto main hollow cathodae.

5 | Wire harness i ‘ _ Breakdown rate of !
C) connectors & thlrmlster '
6 ' Structure 0) o 1

7 Neutralizaer filament Eliminated, ag it is
1 | A N/ N/2 | for back-up. i
. ER ~132 L
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Tahle 4.24 Block Diagram of Ion Engine Unit Reliability »

B i

&

Block diagram of relisbility 4%_}1

, o——itank L_main hollow idischarge] Iheutralizer| |wire lstructure| o j}j

| assenbly] athode rhanber hollow harnese) B
pssenlbly assenbly | jcathods ::;

: assenbly o
| (Neutralizer £ilament is for back-up and .
thus not included in the reliability ]

estimation model.) L

Breakdown rate and reliability { i'

B 1 2 3 4 5 6 L

L Assenbly (tank [main discharge | neutralizer| wire structure F_;j

- hollow |{chamber hollow - harness

i c¢athode cathode N

! Breakdown

e rate 0.467 2000 0.030 1333 0.082 - !

o "l;”

'} Reliabili ty i

L (R1) 0.9959| 0.7408 0.9097 | ©.8188 0.9993 0.9999 ;

[‘T Operation

) time 150 hxs. 150 hrs,

: i

' Mathematical model T

RIEElek"R;XR:XRQXRsXRc =0.6034 E
.
-7 ~133~
. - TR
— f : H, _'_L’f‘ - .-ﬂ"j'tﬂs’/" P - '_T»:—. - - - . e s s
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' Table 4.25 Development Test Flow(Engine Unit) L
| 4
| Test subtject Test items Exegcution date i
: . . - 1979 . -
charge-:.nsulatlp’h resistance :'I:est I EEQ), IEER) 4/15 4'
| T | P2
t wk. & antr. of gravity chec—:I:c‘,(IJ IEEQW, I8BE) 4/15~4/17 L
;o ) oA
performance test(I) IEEQ), IEE@® 4/20~5/1 g
i1 H
wt. & cntyr., of 'gravii:y checEQ(II) IEEG@) IEERE 5/7~5/10 ho
4 L $ i 1
» i
: oscillation test IEEW® 5/25, 26, 27 P
g ——
heat vacuum test 18 EQ) 6/5, 6, 7 fi
; iﬂ per formance test (II) I EEM) 6/7~6/13
; o E— o
. thrust me t -~ . ¢
| «! s mnasgremenu I BE@® 6/14~6/22
El‘ electromagnetic compatibility test I EE®@) 7/3~7/5 2
{ [ rasidual magnei:ic: mjo_nlent measurement| IrE@Q, I EEQ 7/106~7/13
|
N
ki
&
; .
[ L
. o
e li“l ;'
; Co
4
[ ]

[P
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Table 4.26 Characteristics at Rated Flow
4
Nominal {
value o
Parameter 2 % &' 1 EEM 1 EB@
Beam voltage (KV? .1 089 099 N EF
Beam current (mA) 30 36.0 29.0 !
Accelerator grid voltage LKV} -1 -102 -102 o
Accelerator grid current (mAl 4 1T & LHT LT ‘
Discharge voltage Lv) 40 $9.7 s12 1
Discharge current L&) 035 235 0.35 :
Main cathode heater power (w: 0 0 ]
hollow keeper voltage (vl 1s 14.7 160 S
cathode keeper current CA) 0.3 030 0.3 Iy
vaporizer heater power . £ 1T a3 1g TN
Neutralizer cathode heater power (w) o ) 0 ;
hollow keeper voltage ' 24 222 186 L
cathode keeper current azs 0245 nz4s e
vaporizaer heater power £ 39T 06 s i
Insulator heater power 3 21 a1 -
Main hol. cathode vaporizer temp. - 320 are §
Neut. hol. cathode vaporizer temp. - 228 222
Engine potential (v3 - -234 -196
Target potential (v) - 1S 128
Total power consumption (w3 < 683U 650 615
Mercury flow (main hollow cathode) x107/ 8 211 9.35 )
sec e
" " (neut. hollow cathode) x10-e7 1 .06 107 £
Propellent util, efficiency{main HC) (%) 70 69 65 :
Thrust Lek) ¢18 o197 0191 ]
Specific impulse (e 2200 2153, 2032 ‘l
POWGJ‘.‘ Eff.lCleEicY L% 4 156 LE8 ) {
Propulsive efficiency (%) - 313 302 =
Beamt diffusion angle ¢ 30 o S e ok
(R
I

RG]

onenaL, BE ” i
OF PCOR CUALI Y

*Nominal values are based on
NASDA~ESPC-41 "Development
Specifications for Ion Engine )
System, " |

e,
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- 4.2.7. Development Tests ;f p
Objectives of Development Tests were to verify the engine unit J

(IEE) design and to spot any problems in design and manufacturing ; ﬁ
processes by performance and environment tests with an engineering ﬂ
model (EM) as a sample. Another objective was to establish test methods .ﬁ
for Qualifying and Acceptance Tasts. .? 4

In order to accomplish these objective, tests and inspections El f
- shown in Table 4.25 were carried out. Because of an incident in which .
discharge voltage rose abnormally at the time of IEE(1l) beam injection, S

test to find the cause were added to the initial list of tests.

Below are the results which require explanations, Although mest

test results satisfied specifications, heat design was reevaluated

ey e o —— - —
s e e
.

due to an abnormal increase in discharge voltage at beam injection

and structural changes were made due to problems in oscillation test.

(l) Performance test (T)

Followirng tests were given.

| IEE(1) s operdtion check and measurement of beam diffusion

angle
IBE(2) : operation check, testing with varied parameter

. v 1 %
and measurement of beam diffusion angle T

{l-a) Operation check

The test was for checking that main discharge and beam injection

St e ke

were maintained stable., Table 4.26 shows the comparison of operation ?

characteristies at the rated flow between nominal values, IEE(l) and

IEE(2)}, In both IEE(l) and IEE(2) discharge and beam injection were ‘;3

¥
maintained stabla. It was found, however, that discharge voltage of *%
IEE(l) reached an abnormally high Vp immediately after beam injection. %
|

Details of investigation of the cause and the consequent design change




are discussed in Section 6.1l. As a result, improvement was made in ‘f; ﬁ
the heat design of main hollow catheode. B .i
(1-6) Test with varied parameter :
This was performed for IEE(2). Fig. 4.24 shows the changes in
keeper voltage.and discharge voltage and Fig. 4.25 shows the changes
in beam current, drain current, engine potential (between engine and if
grounding) and target potential (between collector and grounding), in ; f
relation to main hollow cathode keeper current. Discharge current is ;
used as a parameter, with 4 variations. Fig. 4.26 shows the changes ffui
in keeper voltage and Fig, 4.27, changes in engine potential, target
potential and drain current, in relation to neutralizer keeper current.
Here, 3 variations of neutralizer vaporization temperature as a
parameter are shownh.

4 (2) Oscillation test

Results of modal survey of IEE(l) preceding oscillation test are

as follows. They satisfied the required natural oscillation of over
3 | 100Ez.
i

! Axis Primary resonance pt. Secondary resonance pt. _ Fff 

} E

: X 280HZ S00Hz e

| ¥ 258Hz 812Hz e
-z 580Hz 1100Hz 27

o
For IBE(l), sine wave oscillation test and random oscillation 1*{
test were given at QT level for each of X, ¥ and_z_axis.
During the oscillatioﬁ test,.following problems occurred.
1) Breaking ofrlead wire in the neutralizer hollow cathode
keeper érea during ¥Y-axls random osc¢illation test.

ii) Slipping of cathode insert in the neutralizer hollow

cathode.

- - S =137~ .

) - - e - - ormn s &
e e b BemirlF TeEE T




Problem 1

Neutralizer keeper lead wire broke off at random ¥Y-axis after
sine wave oscillation of random X~axis. Location of break-off

is shown in Fig. 4.28(a). Following conclusions were obtained by
analysis.

i) Y-direction primary resonance mode was excited and caused
the break-off. This resonance point is estimated to have
been slightly less than the maximum oscillation frequency
2000 H=z.

ii) As a countermeasure, there, ¥-direction raesonance poiné

should bhe moved to over Z2000H=z.

A design change based on the conclusions was made to secure the
lead wire between A and B, as shown in Fig. 4.28(b).
Problem 2
During performance check after oscillation test:"ﬁalfunctioning
of neutralizer hollow cathode occurred: plasma heat from keeper
discharge did not reach cathode insert, resulting in a phenomenon
indicating an insufficient electron emission. Observation of the
inside, by cutting the hollow cathode, showed that welded part of
the cathode insert support wire lifted off,  causing the cathode
insert to slip. As the problem was thought to be caused by the
welding structure rather than welding conditions, supporting
tantalum wire was replaced by a pipe made of tantaluﬁ foil.
Fig. 4.29 shows a cross-section of the hoilcw cathode before and
aftér the change. |
(3) Heat vacuum test
Thé test was given ﬁo IEE(l)'after replacing fhe neutralizexr

hollow cathode which caused problems in the oscillation test.

- =138~
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Operating conditions of the engine under ths conditions given below . o

- j
were satisfactory, and data on temperature changes in each part of i

IEE was obtained. 4
»Constant temperature (+20C) operation.....operation check{once)  ' r

1
*Low~temperature (~5C) non~operation.....heat balance in non- - é
, motion at low temperature (once)

*Low-temperature (~5C)~ high~-temperature (+45C) motion.....motion SRR

under extreme temperature condition o
(once)

*High-temperature (+45C) motion.....heat balance in motion at S
high temperature({once) i

*Low-tamperature (-15C) operation.....operation check under low
temperature condition(4 times)

*Higth~temperature (+55C) operation.....operation check under high
temperature conditions (once)

*High temperature (+55C)~ constant temperature (+20C) motioN.....

motion under extreme temperature
conditions (once)

Notes: temperatures in ( ) are the base blate“temperatures,

(4) Performance Test (IX)
For IEE(l), similar tests with varied parameter as given to
IEE(2) in the performance test(I) was given.
(5) Measurement of thrust
‘The test was given to IRE(2), using two methods(see Section 3.2.6}

direct measurement by hanging the ion engine on a thrust measuring

balance; and indirect measurement by catching ion beam in a cone ;f”‘
hang from thrust measuring balance. Results are shown in Table 4.27.
"Calculated values"” were obtained assuming %hat all ions are univalent
and that beam does not diffuse.

(6) Electromagnetic compatibility test

The followmng sﬁbjects were tested.

Electrmc flald radlatlon interference nomse(REoz)

- | -139- C -




Magnetic field radiation interference noise (REOL) : 4
Conduction interference noise (CE(XZ) R
a )
] (7) Measurement of remahehce momeht

Results are shown in Table 4.28., In the conbination of IEE(L) g

and IEE(2), slope of awis of thrust of the engine units was both 1.1% -7ﬂ
.
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Main Hollow Cathode Keeper
Voltage vs. Main Hollow

Cathode Keeper Voltage and

Discharge Voltage

Fig. 4.25 Main Hollow Cathode Keepear
Current vs. Beam Current, Drain
Current, Engine Potential and
Target Potential
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Fig. 4.26 Neutralizer Hollow Cathode Mig. 4.27 Neutralizer Hollow Cathode Keeper
Keepsr Current vs. Keepex Current vs. Engine Potential,
' Voltage Target Potential and Drain Current
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Fic. 4.28 Neutralizer Keeper Lead Wire Support Method

Neutralizer keepexr

Support
bracket

Lead wire

Y (e - T
! (Lead wire is on
i X%z plane)
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' Eig. 4.29 Neutralizer Hollow Cathode Insert Support Method M
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4.3 Power Conditioner fﬂw

Basic design of power conditioner which satisfies the specifica- 7 ;
tions in Section 4.1 and the results of development tests on EM which

was produced based on this basic design are discussed in this section.

4.3.1 Elesctrical Design of Power Source Device R
Black diagram of the power source device is the same as that given
in Fig. 3.29. The device consists of power sources PSLl ~» PS10 which
supply power to the engine, auxiliary power source, master oscillator,
telemetry exchange unit, moniter circuit and protective logical (anD/ - «
OR) ecircuit, . ¥ﬂf-.f
(1) Scrsen grid power source and accelerator grid power source il
These are the power sources Which prevent acceleration of ion ‘,‘giw
beam and reverse current of neutralized electrons, Power supply of ?ﬁf? f
the former (screen grid power source) reaches 50% of the total powern,
and ikts contribution to the wéigﬁt and efficiency is accordingly large.
This is acﬁ;eved by a combination of a fiwed pulse width converter

and a booster-type chopper regulator for pulse width control. Output

voltage is variable with commands. This power source receives ON/OFF

signals from protective logical circuit(described later) and is R

protected from excess load, Structure is shown in Fig. 4.30. Excess

currert protection circuit (limits cuxrent), because of its tedious W

e o P i e

composition, has been omikted after PM.

(2) Discharge power source

This is a power source used for plasma formation in the discharge "+

chamber and employs a constant-current system. It is characterized by

‘that its input power £loats at the above-desdribed scraeen grid voltage iég;{
with respect to the satellite potential, and it is necessary to detect |

output vblﬁagé and current at the screen grid potential and ko
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insulate and amplify to the satellite potential having a control
circuit. Powexr sources whose output f£loat at the screen potential
ara also used in other power source systems described later, and
insulation of such control monitor circuits employs AM modulation
method (fixed modulation f£recuency)}. Block diagram of insulation
circuit is shown., It ineludes a circuit for delivering ouéput voltage
from the satellite potential which varies output current with
magnitude commands from the discharge power source itself and controls
closed loop for main cathode vaporizer power source. The composition
is shown in Fig. 4.31.

{3) Main cathode heater powar source

This is for heating cathode hollow cathode in the discharge
chember at start, and supplies the maximum of 36W AC power to heater
wire at the hollow cathode ¢hip. Actual circuit is of push/pull typé
inverter which is not stable and controls electric curienf.only when
cold~starting the heater. Composition is shown in Fig. 4.32.

{(4) Main cathode keeper power source

This power source is for starting and maintaining discharge in
the main gathode. As shown in the specifications, it supplies powexr
of 300V and S5mA at start and 15V and 0.33A during steady operation;
Drooping characteristic of load is also required. The circuit uses a
push-pull converter and the drooping characteristic of output is
obtained by combined use of choke coll and transistor constant current
switch circuit. QCircuit composition is shown in Fig..4.33.

(5) Main cathode vaporizer power source

This power source is for producing necessary amount of gas mercury

from liquid mercury for engine operation. It needs to be able to

cantrol a closed loop for stabilizing the amount of mercury vapor in

./_‘
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‘ the main cathode. The circuit employs a push-pull inverter which
controls pulsw width and the elosed loop contxol can be set by
magnitude commands in the constant current AC power source. Composition

. is shown in Pig. 4.34. P

(6) Neutralizer heaer power source R
This is for heating neutralizer hollow cathode, supplying maximum
of 25W-AC output to heater wires. Circuit composition is similar to ;
that of main cathoder heater power source: a push/pull type inverter f 1

with unstable output voltage.

{7} Neutralizer keeper power source
Power source for starting and maintaining discharge in the

neutralizer, it supplies powexr of 300V and 5mA at start and 24V and

e eea ol T g e T 1T

0.25A during steady operation of ion engine. As with main cathode
J keeper power source, drooping characteristic of.load current is
%  required. Circuit composition is also éimilar to that of main cathode
i keeper power source(See Fig. 4.33). ;%5

(8) Neutralizer vaporizer power source

s i

- This circuit controls the amount of gas mercury passing through

;7 neutralizer and its composition is quite similar to that of the

o, —a—n = 3 T

vaporizer power source for main cathode(See Fig. 4.34). 1

(9) Insulator heater power source 1

This power source prevents liquefaction of mercury vaporized in

e A e et

the cathode vaporizer. Circuit system is that of unstable push/pull

inverter.

(10) Auxiliary power source
This power source supplys power to the 10 power drive cuicuit .f
control circuits described earlier and logical circuit. Composition

is shown in ¥Fig. 4.35.
. -~ _ -147~ T '}
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As described above, the power source device consisks of 10 power ‘fﬂ
source circuits, auxiliary power source, master oscillator, telemetry h
circuit, monitor cirecuit, ete. In order to reduce power consumption, | $
CMOS~IC is used in pulse width control and varying elemsnts in the b
converter/inverter units; and sareen grid/accelerator grid power “ H
E source and discharge power source, because of their large output, use ?-:ﬂ
drive transformer for higher efficiency.

Following points were considered in designing.

% (11) Insulator circuits

? Insulator circuits are required in the current telemetry circuit
of discharge power source and cathode keeper power source, because
their output are floated at the screen grid potential., Discharge
current, discharge voltage and main cathode keeper current are detected =

at the screen grid potential, accurately converted to the satsilite

I WeooLs

grounding potential and sent out as output control or telemetry signals. %5'

A combination of pulse transformer and V/F~F/V converter was planned

- 2
B L R

in the preliminary design stage, but it was discovered, during a

combined test of engine and power source device, that faulty movements

could occur when the load change and V/F converter output cycle

reached the same level in the semi-stable condition theoretically held ¢

B

by the engine unit. Therefore, AM modulation method was employed

[PV

LE L
LY

despite its added weight. The composition of the circuit_is shown

(12) Primary and secondary power source insulation
While it is necessary to insulate primary and secondary powex

sourcas with insulation resistance of over 1ML, all power source groups

in the device are secondary and the entire control system is grounded

with secondary power source. Thus, as the prlmary side of the push/pull
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3

i

converter is grounded with primary power source and the control system A
A

: *

of above~described output detection, error amplification, eta, is R
. co s i

grounded with secondary power source, it is necessary to placs a ﬁ
|

circuit having a resistance of over 1M and vwhich transmits signals ; ?
somewhere in the power source circuit. Such a system can be that of . J

_ transmitting analog amount ox transmitting digital amount. In this l?v,
| power source device, the latter proves superior both in accuracy and ’z {
g stability, due to the use of switching regulator., A&As a transmission
element, pulse transformer and photo coupler were considered. Photo i
coupler was chosen because of its power cohsumption. The circuit is 7

.
/ shown in Fig. 4.37. pon s

t (13) Telemetry exchange circuit

’E, Telemetry required by the specifications can be classified into: ?;f
# i) DC currernt and voltage telemetry !

3 ii) Power telemetry

i iii) AC current telemetry

i iv) Temperature telemetry, and
i
I

v} Dielectri¢ breakdown telemetry.

Design points are as follows.
i) DC current and voltage telemetry

They are either at the satellite potential, such as beam
current and beam voltage, or £loating at the screen
potential, such as discharge current and voltage.
Discharge voltage and current share the insulator circuit
used for control,but the main cathode keeper current
requires an exclusive insulator circuit., ILinear IC was

employed for current telemetry, as resistance was reguired

for current detection and the size of detection resistance

- | ~149-
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ii)

iii)

iv)

greakly affected the power source efficiency, and to

seaure ah appropriate output impedance. Amplifier was

Atipm,

also used for measuring voltage.

Power telemetry

=

This applies to main cathode heater power and neutralizer

Wl s

SN

heater power. It uses primary side current, detected

and adjusted, and a circuit system which amplifies current
Eelametry signals with auxiiiary power source which has o
been insulated f£rom signal return and primary power scurce
return. Advantages of this system is that the isolation fxf
between the primary power source return and signal return -
is complete and that voltage drop due to primary power ;E?
source return is not added to the current telemetry |
signals.

AC current telemetry eﬁéhaﬂge circuit

This applies to the main cathode and neutralizer vaporizer

current telemetry. AC current is detected and insulated

by current transformer, exchanged to DC voltage by an

effective AC - DC voltage converter and then sent by IC

having-é reguired amplification.

Temperature telemetry
In a temperalkure measuring circuit, temperature measuring iiﬁ
element is determined by the temperature of the point to
be measured or by the shape of the mounting area. The
element theh becomes a factor in determining a circuik.
Main cathode vaporizer and neutralizer vaporizer
temperatures are measured by a thermocouple, and heat

sink(?) and the standard vaporizer temperature are

~150-

e b e e S IRRES e T T e



b 8

‘c
e Nel

-
r —
T

measured by a thermister. Thermocouple requires a cold

-4

- junction compensator which requires an exclusive power

source and is also heavy in weight. Instead, the cold

o

junction side of thermocouple was measured with thermister

L.

TN

and thermocouple output was adjected by its output.

. h. -

v} Diglectric breakdown anumber telemetry circuit
Beam current and accelerator ourrent are detected inside o1

the power source device and sent to sequence status area

o of the power socurce control device through Schumit

e

trigger circuit of CMOS-IC having a set threshold.

(14) Monitor eircuit
l § This c¢ircuit monitors movements of the engine unit by the output
of its power source device, cohverts it to binary signals of HIGH/LOW

by the threshold value and sends them to power source cohtrol device, i

1
fi e The circuit uses a comparator circuit of linear IC and its threshold
; ; value is determined by the standard voltage of constant voltage dicde. _g*
?J Each telemetry output is used as an input for the monitor eireuit,. ?j
& and, for the transient state peculiar to ion enging, excessive

response is prevented by inserting a primary delay element in the

input side of the circuit.

(18) Protective cirauit

U Sy

This circuit detects beam current and accelerator current and g-

shuts off screen griﬁ/acceierator power source and main cathode

vaporizer power source when excessive current comes in. It turns them
g back on again after a certain time. In consideration to the slow start
L function of ocutput voltage of both high voltage power sources, it
'permanehtly shuts off the seguence when the overload reaches 12 times

per 46 gseconds. Circuit composition is shown in Fig. 4.38.
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(16) Master oscillator

Generally, reduction in weight can be expected as switching
freguency of power source is increased, but its efficiency lowers due
to inareased switching loss of diode and transistor against the total
loss, In each DC pawer source, frequency of 20kHz from the oscillator
is divided in two by £lip~flop to drive the push/pull converter. The
same 20kHz is divided in two and the requlting 10kHz is sent to each
AC power source and divided again in two by £lip-flop to drive a
push/pull converter. Oscillation frequency of the 10 power sources,
auxiliary power source, insulation circuit and power source in the
power source control device was all singularized in order to prevent
interfarence between power sources and to simplify EMI countermeasures.
Hach frequency of 160KkHz, 40kHz, 20kHz and 10Hz, used in the basic
oscillation eircuit, is devided from the main source oscillation of
160kHz by CMOS flip—fiop, or (missing word) and sent out. Its
compositioﬁ is shown in Fig. 4.38. Accuracy of oscillation frequency
can ke evaluated mainly by its temperature characteristics which
depend on threshold value of CMO-IC, power source volktage, protective
diode of gate, resistance, temperature charaz.:teristics of condenser,
eto., and is kept at 3% in consideration te average temperature

increase within the haseboard and design temperature range.

!
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Table 4.27 Thrust /%ﬁ
- A
CalculatediM, ... aredrMeasured/calenlated o
Case # Jd Va Vb Jb value «lue value o
;
(Al (KV) (mA) (g we | (zwt (%) .
g i
1 25 0.15 014 93 » {
0.35 0.8 . Y
2 24 0.15 0.14 93 - FE
3 27 0.18 018 89 . ]
0.35 1 g
4 26 0.17 94 ** T G
§ 34 0.2 4 019 | 79 . A
0.35 L2 |
6 27 0.20 019 95 " : 1
4 32 0.25 0.2 1 84 ®
0.35 14 ; ‘
8 : 29 0.22 021 95 n ‘ o
9 39 0.32 0.24 75 . F
: 0.35 1.6 ;
10 30 0.2 5 0.23 92 *ok B :
11 ' 27 016 0.16 100 * E
0.4 0.8 &
12 26 0.16 015 94 *% 5
13 28 0.19 0.18 95 * i
0.4 L
14 28 0.19 018 95 ®H
15 30 022 0.21 g5 #
0.4 L2
16 29 0.2 1. 0.20 95 o
17 31 0.2 5 0.23 g2 *
- 0.45 14
18 31 0.2 4 0.23 96 S P
19 28 017 0.16 94 *
0.45 0.8
.20 29 017 0.16 94 *x
21 29 019 0.19 100 * Ny
0.45 1 ‘ B
22 30 0.20 018 95 L £
23 31 0.23 022" 96 * IS
0.45 1.2 _ P
24 32 0.23 0.22 ) 96 o o
25 33 0.2 6 0.25 96 % N
0.45 14 — — . _ - A
26 - 33 . 0.2 6 0.25 98 *x R

B e et TR

*Dlractly measured by hanging englne £rom thrust measuring balance.
**Indarectly measurea by catchlng ion beam. in a cone.
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Table 4.28 Remanence Moment QFEW@@ QUALITY
- v W Sial i U;
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Bl st

o Firste . second ' TN
timel time average :
" Lpwbem) {pwb=m) | (pwbem]
I EE(®) component . . - 3.47 359 353
I EB() component 3.6 3 360 362
I EE()/ I EE@combinat'n 033 - -
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Fig. 4.30 Block Diagram of Screen Grid and Accelerator Grid

Bus powen

4

Power Source

é Clock signals

Pulse width

S — —— Accelerator
Booster Push/pull Regtifier grid

type’, inverter smoothingy, | .
{Chopper aircuit circuit —s—~Sexeen grid
Tegulator -

Choppex Push-pull Telemetry

Drive drive exchange ——Telemetry output
lairouit cirouit eircuit

[Bxrror |
amplifier
circuit

control
| ON/OFF 5% excess current
: signals protection
| cirouit
| Reference
| voltage
-
|
|
g Fig. 4.31 -
: ' Pulse width
e Bus power control
; inverter
: ¢ircuit
drive

Clock signals
ON/OFF &%
signals

Reference voltage

circui?

Block Diagram of Discharge Powexr Source

Rectifiex

smoothing
circuit

.t
Insulgtor

Iciféﬁif

Pulse width [Brror [Monitoxr
control amplifiexr Slgnals
circuit circuit Telemetry
I Exchange
~153

Anode

Monitor signals
Pelemetry signals

e, L tees ity



Fig, 4.32 Block Diagram of Cathode and Neutralizer Heater Power Souzce
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Flg. 4.33 Block Diagram of Cathode and Neutralizer Keeper Power Source
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Fig. 4.34 Block Diagram of Cathode and Neutralizer Keeper Power Sources
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Fig. 4.35 Block Diagram of Auxiliary Power Source
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Fig. 4.36 Block Diagram of Insulator Circouit
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4.3.2 Electrical Design of Power Source Control Device A

Block diagram of power source contxol device is shown in Fig. 4.40. R
(1) Command interface unit 3
This unit has 4 selector commands and 5 executing commands as ? ?
discrete commands: and one action command and 3 reference value set e

commands as magniiude commands. Selector commands send the engine

unit selector sighals to power control unit and telemetry switch unit
by memorizing contents with a latching relay and supplying DC+28V bus
power to the power source unit and the specified power sources in the : ;
power source device. Execution commands send the contents to the
power source control unit.

(2) Power source control unit

e gy

This unit receives command signals from the command intexfacs

ey st = G2 BT T

and monitor signals from the power source unit, and controls the 10

——— e e o M et by
R J

systems in the power source device according to the set sequence flow.

It also sends status telemetry for monitoring progress of sequence

flow to the sequence status unit. Block diagram of the powsr source’

|

. . i

control devige is as shown in Fig. 4.40. Control circuit receives .
|

|

i

command signals, monitor sigpals, seguence counter signals, etc.,

determines where in the split sequence f£low they should gé and sends f
the corresponding sequence signals., Upon receiving such signals,
sequence counter circuit sends corresponding split sequence counter

signals. Control circuit sends timer set signals to the timer circuit,

o e g h

which sets time to stop the progress of sequence f£low. Control circuit

also sends power source control signals of the 10 systems to ON/OFF
level signal register.
Power source control unit, under a tuning system, resets sequence

counter, ON/OFF,level sighal register, stc. in tune with the clock

| \) ;
T
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to control the seguence in power source device. Thus, by stopping

s
a

E— i, 3

the clock, the counter and register cannot be reset, consequently

stopping the sequence control. This enables to prevent faulty

movements due to noise when high voltage power source is applied by

et

stopping the ¢lock. When the conditions for high voltage application e

. %

are no longer satisfied, monitor sighals frxom the powar source device Qf'u}
detect it and restart the alock to contrxol the device according to a S

set flow. Fig. 4.4l is a basic timing chart of the power souxrce

L A

control unit whose actions are summarized as follows. Monitor signal

(sighal e) is received at a certain point and sequence counter set

signal(signal £) is sent. Upon receiving signal ¢, timer circuit

CUpE e RN v B8 W Afamcts LI L L

stops clock b by sending a clock stop signal(signal d) to clock
stopping circuit for a set duration. Signal d is withdrawn after the
set duration, and with the start of the clock the sequence counter,

circuit sends a set countex éignal(signal g) to the control circult

which in turn sends control signals(signal h) to the QN/OFF level
register. Upon recoiving signal h, the register sends out power

source control signal i at the fall of clock b.

(3) Telemetry switching unit

The unit selects analog telemetry signals from the two power E%ffi
source devices with selector signals of the engine uhit and sends them i
to the telemetry encoder. .

Ahalog signals can be switched by either a relay system or analog
switch system. Latching rélay shown in Fig. 4.42 was used for cathode
heater power telemetry and analog switch, shown in Fig. 4.43, was used L?;

for others.

Switch circulit fox digital éignals uses CMOS~IC and its

%7 - composition is shown in Fig. 4.44.
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Fig. 4.4) Basic Timing Chart of Power Source Control Unit i .
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4.3.3 Structural Design Vs

Thickness of structural materials was reduced for less weight

and the number of parts was reduced for less number of screws. Also,

monologue construction was employed in view of problems with EMT and

reduction of weight was aimed by the use of thin printed substrate
and by simplifying supporting structure.
Intarnal structures of power source device and power source

control device are shown in Fig. 4.45 and Pig. 4.46, respectively.

LT TR LA TR R TR TR AT T L a

Dead analysis and oscillation analysis were made for the

structures designed according to the conditions required by the

specifications.

Analysis values of nétural oscaillation of the power source device
é e given in Table 4.29 and those of power source cohtrol device are .
! given in Table 4,30.
Load conditions of stress analysis and the analysis results are
given in Tables 4.31 and 4.32. Required safety factor is over 0.

Results of analysis of printed unit for the power source control

% e R X R

B

device and power source device are as shown in Table 4.33.

b S

In the power source device, a potted insulator amplifier was

placed in the center and used as a strength member, which increased

the rigidness of the device. In the power source control device a = F
highly rigid material was also placed in the center. Electrical parts ;

. f
were fixed on this material and further, the printed substrate was ;

connacted by a spacer, By doing so, primary natural oscillation

increr=ad to 4111 H=z,
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Fig. 4.46 Internal Structure of Power Source Control Device i %
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Table 4.28
Basic desigh . |Detailed design
Natural |Natural
No.loscillation |Oscaillation mode osaeillation I0sgillation mode :
1 160 Hz Uasymmetrical bending| 180 Hz |Unsymmetrical bending =
: of connector and side of overhead plate. S
plate .
2 166 Symmetrical bez&ding 213 " " " _
13 ) . ieT
3 191 ' Unsymmetrical bending) 243 Unsymmetrical bending
_ of connector of basge plate and C
heat sink
4 195 Symmetrical bending 281 R I " ;
' - Unsymmetrical bending A
' of overhead plate.
5 235 Bending of connector,| 398 -  [Unsymmetrical bending
: overhead plate- and | = of heat sink
basge plate ' _
ST e R .
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Table 4.3G Natural Oscillation of Power Souxée Control Device

i Bagic design Datdiled design
Natural o Natural
No losgillation |Oscillation mode oscillation |Oseillation mode
i 125 Hz Unsymw. . bending. of 411l H=
connactor
2 138 Symm. bending of 469 Unsymm, bending
connector of cover & & B
3 344 Unsymm. bending of 544 hardware (support)
overhead plate and 1id A & B
4 371 Symm. bending of 638
overhead plate
5 510 Unsymm. bending of 674
side plate

Table 4.21 Safety Factor of Power Source Control Device

tAlLlow-

 Load \able

/éreakdown mode

Name Material gcond.isqgggg [Bafety Factor
Hardware (support) |asosze-m zaxis 1s00 EBNSLO
Cover A AS052P—H34 506G
t B >10
Lid A
I B
- Rage X®506

Table 4.32 Safety Factor of Power Source Device

Overheadplate. T3 7szp-n34 | xwi1s00] 1600 CENS1iON
Side pke A
1" 1 B } YMI50C =10
" B o Z#1206G i
Base X#1500 29
Blccﬂ:: 1 &3 SUs303 xe1s506| z100 [ 3EEp a7
Fixed sorew L |

ORSEIREE, PASE 1F

OF BCOR QUL

Table 4.33 Results of Printed Unit Struckural Analysis

natural

Primary. ’;llowabls

L)

- ~pngaillatio
Sha;%
()

BREED

Loa

cond ke

Paowaer source device
- printed unit
Powar sourca control

230X 455 % 1.2

JR55%120% 16

1453

1853

z00

413

1 1506

50G

.:n-a-oi sit% | at
tensiocn
uualéls-z ‘5-10

=167~

-device printed Rt yony ors-100s (matarigl)
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4.3.4 Heat Design /o

Temperature of mission panel II, onto which power conditioner -

is mounted, is gontrolled to 0 ~ 40C, $

Power conditioner is heat-~controlled by a passive method where ] i
heat is dispensed from the base plate to the mounting face of the : _ﬂ
satellite, as shown in Fig. 4.47 and Fig, 4.48. _ :/ 2

In the power source device, transformers, choke coils, etc. : -é
which are heavy and consume large amounts of electric power are blocked
by potting and glued to the base plate, instructural consideration to H'Ij
vibration and shock. Power transistor is placed as close as possible

to the base plate. RMS/DC converter generates a large amouﬂ:of heat

and, when used thexmally unprotenied, exceeds allowable temperature

of parts. Therefore, RMS/DC cohverts were mounted in such a way that ﬁfﬁﬁ
the back was in tight contact with the chassis® side plate te release. .
heat, as shown in Fig. 4.49. Inside“the printer unit, parts weras

arrangsd oﬁ the base plate in the way that heat could not concentrate.

Power source control device was designed for efificient radiation,

by placing choke coil and transistor whose power consumptions are
{ relatively large close to the base plate. By using a 4-ply multi-
' base plate for printed substrate, temperature is uniform and those

parts with large calorific values do not turn into heat spots.

Rrrangements of main electronic parts which make up the power
source device and power source control device are shown in Fig. 4.50.
and Fig. 4.51, respectively. Heat generated by those electronic
parts during operation and the analyzed temperature of each nodal

point are given in Table 4.34 and Table 4.35,
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Y Fig., 4.47 Heat Design of Power Source Device

| | ?
5 J///ﬂ\?laak paini4.9rinted unit ;j;
I:l - . ; ::5
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o] ﬂ?ll““‘”“tn

o

.7 d Y
) : ) Thermal £ Glued o
3 grease "

5 Powesr transistor

= owm b

Fig. 4.48 Heat Design of Powexr Source Con&rol Device(Outline)
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F:.g. 4.49 Mounting Method of
RMS/DC Converters

Table 4.34 Power Source Device
Analysis Results

mounting face

170

Heat |Tenp.

Nodal point gen. idist.

No Definition BEMROW) | RIITFRCC)
1 pott::l.ng Block (A2) ats 64
2 (a2) 1.2 64
3 " (U5) L6 16
4 " (AS) 1.0 76
51transistor 044 57
6} mount:.ng 0.7 57
7/ hardwa o4 57
. 8 pr::.nted un:Lt {(U4) 24 a7
9 (U3) xz 85
10 overhead board - 76
11l potting block {Alg | 3 86
12 A3 28 &0
13 jtransistox L§2 90
143 mounting { 269 €0
hardware :* ::’

" . <

ﬁ printgd unit fgﬂ o o
18 potting block(ad) | or 74
18 overhead board e 73
20 - - 72
L9 87
2 £ LS S 72
23 Pm%&nglngnﬁardwaré - i
24 side plate - 62
2 L] — 6z

.26 “at - sz
27 (same as 23) - 64
28 side plate - 62
29 -— 62

A - sz - b

31 base plate - 56
32 - 55
33 n — X3
34 (samg as 23) = ] &S
—_— (1]
32 satellite - 55

:
&

) i

P S
o 4

H ! '
b §
o ERD *
pe==sq peessq :
11 1 it
b i
bl
waed Lowadd A
------ - ' »'d'
I S AT
» ]

{

Satellite mounting face “

Table 4.35 Power Source Control
Davice Analysis Results

|Heat

Tenp.
Nodal point igan. |dist.
No Degfinition | REMEW) | BRA%C) ke
1 pr:r.nted unit (U4) 0807 66 :
2 (Us) 03 §8
3 # (U3) 0566 67
4 * (U2) 0034 &5
5 w (Ul) 2.05 52 R
6 cover (upper part) - 6t .
7 support hardwars - 60 TR
8 cover (upper part) - 61" S
9 side plate - 59
~lo " . :: ’} :
th SpYs _ _ {
13 15 _ _ ”I- .
14 " - - i
21 " - -
: . - -
%32 :I - -
24 sup. hdwr (upper pti - 6s '_
25 L (loWer pt - 57
26 cover - 59
28 base plate - - 55
29 resigtance (RB 632 80
30 _ _ 622 sa
31 trans:.stor(Q3) 064 18 ~
- 32 (02) i osose 63 :
33 L (QL) jf eos9e 63
- 34 choke coil(Us) = jf ores |- 85
- 35 transformer (U7) 1} @087 ¢ &3
36 satellite ke ok

mounting face

O s e Bt | e LTI TR




Heat Model for Power Source Device

« 4.50

FPi

Heat Model for Power Source Control Device

a 4‘51
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4.3.5 Reliability Analysis X

Reliability block diagram, reliability estimation model and
reliability block diagram of power source device aﬁe shown in Fig. 4.52. i
Power source device block can be divided into 17, all of which are
series connected.

Power source control device bleek is divided into 8 which are

also series connected. Reliability block diagram of the power

eonditioner is as shown in Fig. 4.54.
’ Estimated rxeliability values are given in the block diagrams. In
| accordance with NASDA SPC-l318, operating time was 150 hours, stand-by E
time was 8610 hours, and breakdown rate during stand~by period was set
| at 1/10 of that during operation. MIL-HDBK-217B data was used in ﬁ:
E calculating breakdown rates of parts. As parameters, surrounding :
%ﬂ; temperatures were set at 60C around heat sink, 75C around potited area.
%
;

and 85C for other parts, based on the results of heat analysis.
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Fig. 4.52 Fowgr Sounce ez Nz b fwaﬁ-b S .
! Device - | (U1) ?usz) o5 (U "
. Rela.aba.l:-.ty Ry =) tRyp =21 Rep =33 (Rp =4) 1]
Estimnation T 087427 Y PRYIIY th
Block Diagram -
O = I < I o N 75 B A .8
5 (Us? Cus) (U7 (us)
2' thyp=3) {Rip =6) (Rip =~7) Ry =93
[ERILNE] 0399045 SALRINE 2933128 H
{ e ANFE .2 BHT ey » 1
? CU: Current Unit ___IE*%}B" %B %%B BSB [ 4
;i PSU: Power Sou:::ce (Ryp =9 CRrp =10} (Ryp =182 {Ree =13} :
. Unit ez oaIEsy esnrane LU ¢
PSB: Power Sourcae L i
) oy . N
Block gy S HZER? L3 A EﬁéB’ n :
s (] @ 1] r
‘ 1 Ryp =133 Ry ~14) (Kip =182 (Rip =16) {
- FTIYTTH PETTITT 0509950 o323
f .
! i:
g Power source ngﬂgﬁﬂ B S
a device main s e ©1 xRy =1 7 .
| unit, e
- | transistors, ovrezts B
'r 1 connectors, eta,, 5
o Fig. 4.53 'Power Souxrge Control L{ .
}. Device Raligkility FPig. 4.54 Power Conditioner i
o Estimation Block Reliability Block =
F‘: a Diagram Diagram '
-
b
- Hem=y | g5~z v b M=y
b cu CcuU cu
v {n @ @
0o ~ — - ‘
3 R T Pover
Lo source
WM sy Hyray 2 fipey 2 @) deyvice
cg %)B C‘% Power CRyp+itl 0937290
- %) { -
asarser | o kol souzcel
_ acontro
mwre-7| [xsemme| |[Fower source device —
CB ¥t lcontrol device Rie 02843 Powaxr
.-mfn ?j’if.ﬂ main unit, l source
a1anez asas7e3 transmstors, ot ) deviioe
.c'hcznn;su:zi:m:sz,_.ej:uc.‘ml

. |
RIRaRIR=1sRTR=20RIR=3xRIB=d #EFAZIFHIR~B AR BT |
£ 9
“HIR-8 #3B4272 CRyedf 05337290

CU: Control Unit
CB: Control Block : -
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4.3.6. Development Tests

Engineering model was tested in order to check the functions and
performances required by the development specifications, to be
reflected in design details. Following tests were given.

*Funciion/performance test

*Electromagnetic compatibility test

Tamperature test and vacuumn test

*Vibration and sheck test

Some problems which came up are explained below.

(1) Efficiency of screen grid/ accelerator grid power source
was low. | |

Efficiency drop was caused by a low self~-resonance frequency of
converter transformer which created capacitive impedance aé the
frequency used, causihg excessive charge current to flow when the
switching transistor was ON. &g a measure, self-resonance frequency
was specified in the transformer specifications Ffor suﬁéontractor.
The circuit was also tast-produced separately to check its efficienay
and to confirm that theré was no impact after PM(meaning unclear -
translator}.

(2) Faulty movement of sequence flow occurred during short—clrcult

test of high voltage cixcuit.

' Noise mixed into discrete command signal line during short-circuit

of power sounce was ﬁhought to be the cause. Integrating circuit was

'-aadad for sighal 1nput.

(3) Measured values were above the speclfled values in the
lOOKHz - lOKHz range durmng Lransm1ssmon lnterference nomsa test of

pqwer source line.

Paulty design of pOWar source llne filter was Ehe cause. Choke
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§' c¢oll was added to the power souxce line. < ﬁ’ﬁ
% A
” {(4) Ripple voltages of PS5 and PS8 did not meet the standards. S
s; . . ‘ij

/: %
! |

; Ripple values were 2% over the specified values, due to reduced T oy
output capacity for suppressing rush current at keeper ignition. %
Studies confirmed that this would not present any technical problems ]
when incorpqratea into the engine unit, and thus, ECP(?) suggestion
was made. |

(5) In response to the axial directional shock during shock test,

: relay transferred by 0.3ms. It returned immediately, however. ié-v."

!
Fl

- Point of relay contact transferred(l800G, 0.3ms applied) for a
split second due to shock. No transfer occurraed at under 1216G when
relay alone was tested and there was nc problem at the shock level
of 900G, 0.3ms, in PM. Thus no action was taken.

(6) Faulty action of discrete command
_Relay in receiving circuit acted faulty to discrete command

signal. Diode was added to the raceiving circuit in a tedious system.

All other test results satisfied the required conditions. &4s a
reference, measurements of radiation noise made during electromagnetic

compatibility test of power source device are given in Fig. 4.55.
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Fig. 4.55 Radiation Noise of Power Conditioner o
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4.4 Sub-svstens

For the two components of ion engine system - powar conditioner "

and the ion engine unit - independent component tests were performed %

using artificial loads and power sources. Heve, results of tests i

given to the combination of the two components to check their o
compatibility and the overall performance of ion engine, as well as 7
to establish testing methods, are discussed.
Following tests were given,
«Electrical compatibility test
 *Measurement of thrust
*Measurement of beam diffusion angle
*Heat wvacuum test

*BElactromagnetic compatibility test

e A e TR s T U 2 < N T Ry
. e o g . .

4.4.1 Electrical Compatibility Test

Electrical compatibility between the ion engine unit and powexr
conditioner was checked under the configuration shown in Fig. 4.56. 3
An example of the results of varied parameter test is shown in Fig. 4.57.

Also, main characteristicas of different ccmbinations of ion engine and

powar conditioner tested are shown in Table 4.36,

e TSRS

Compatibility test brought out the following two points to be
reflected upon PM. ;
i) Contrel of closéd loop to neutralizer vaporiéer power source

for controlling neutralizer kesper voltage was not compatible
with the characteristics of the neutralizexr, caﬁsing a positive
feedback which sﬁopped neutralizer discharge.

changes in neutralizer keéper diametér(1¢.~.2d} and output
range (0. 4~l 58 ~ 0.5-1.2A) of the neutrallzer vaporlzer power

source were made. Detalls are given in Sectlon 6.2.
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Table 4.36 Comparison of Main Characteristies of IES :
Symbgl . Unit o
whs Main charadcteristic oV | 1EE2 | 1EE1 | IBEL s
tgpl | iEpL | 1IEFZ R
Piv Input power w - asz 928 52 \J
L Beam voltage w 10 1.0 1.0 v
It Beam current mA ze 21.5 272 !
I+ | Accelerator current - mA o2 0.3 03s )
v¢ | Discharge voltage v 1z | az 42 P
14 | _Discharce current mA_ | 350 4 350 | 350 Lk
Tek Main cathode keeper current A 2540 242 | 225 :
v { Main cathode vaporizer current| 4 141 17 174
P | Main cathode vaporizer power w 48 j ez &2
I ) Neufralizer keeper current mA azo0 | 252 | 230 X
Ydxid . . . '
~5 | Cost of ion production Wi | se7 | 535 | 540
Dy, Ion englne system % 3ea ] zaz'| | 298
powex eff:f.c::.ency ' R
- ~178- ' o
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ii) In some cases, excess current protection of IEP beam power e

; source and accelerator power source was oo sensitive and

é the transient caused protective logic to act., Time constants : %
i were therefore reviewed, and, as a result, unserviceable time ; ﬂ
2 of protective logic when high voltage was thrown was chanhged 1 ﬁ
} to 1.6 sec. and the protective logic monitor time constant fég?
| for PS2 in steady state was changed to 100ms. i'{
| o
i
% Fig. 4.56 Configuration of Functiaﬁ/berformance Test | i
|
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4.4.2 Measurement of Thrust - “i
N JI

Although thrust was measured during IEE component test, it used h
different power sources. Therefore, thrust was measured again in IES ‘i
using the configuration shown in Fig. 4.58, and compared against g m

computed values. Measured and computed values are shown in Fig. 4.59. f"f
The figure shows that the measured values f£all within 90% of computed '
. . . |
values, similar to the results with IEE component (See Section 4.5.7(5)).
Py
Fig. 4.58 Configuration of Thrust Measurement Test P
Lo
Space chanber P
. JMulti-purpose N
ransformey X-¥ | |measuring -I;;;“‘L b
fhrus juicey ReCOrdSY instrument DC curtent g
balance T !
Powex
P Junat i oWeY |m——) source “““**—-1
ce LEE box ource | contx Ton engine
Cone collector devmce’mj_njmwu£ﬁLw___ System
adjusting
system
e ot M ey,
iy
Venn | &
[::::j’equipment to be boarded . __;ggggégr =
v
Fig. 4.59 Results of : MEASURED VALUE ‘1
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4.4.3 Measurement of Beam Diffusion Angle OF POGR Qut i ',-i-{f' Ll
Beam diffusion angles of mercury ion plume in IES were checked. : 11

Test configuration is as shown in Fig. 4.60. Measurewments made with ‘j‘,d
discharge voltage Vd and discharge current Id as parameters are shown ' %
in Pig. 4.61. Beam diffusion angle is the half angle of a cone P
covering the distance scanned by 95% of all ion current. Maximum / ""'?
diffusion angle was 27.3% f L
Fig. 4.60 Configuration of Beam Diffusion Angle Measurement Test é*L g

/Space chambexr

————é‘rransformer juicer \;\" P
"*! F_ X-Y +28v DC current TR
r — : A

Lza 2 ecoxrdar
e

I Power
b TeE -t~ Tunct i powexr source
- ‘ boze sQurce | control
I i device device

e

Ion engine system

adjusting system

Venn record%r

L . . . ) . - r} |
) . o B - - N - et . : et Tt : % :
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4d.4.4 Heat Vacuum Tast

This test is for checking IES functions under an environment
similar to that of steady orbit. IES was installed in a heat controlled
box and mounting area of each component was maintained at requiread
temperature by a heat control device. Test configuration is shown in
Fig. 4,62, Heat control box controls temperature with methyl alcohol
as a refrigerant. In this test, neutralizer keeper voltage gradually
rose in IEE(1l), and eventually reached a state where there was not
enough power from IEP to maintain neutralizer discharge{Fig. 4.63).
This was thought o be duz to deterioration of hollow cathode, caused
by exposure of engine to air under high humidity. Thus, after PM,
strict standards for air exposure time and humidity were set, and
output of neutralizer keeper voltage was increased in case of emergency.

In order to continue the test, regular power source was conhected
in series to neutralizer keeper power source as a temporary measure
to add power. Fig. 4.64 shows the results of the heat vacuum test.

As clear from the figure, IEP controlled IEE normally.

Fig. 4.62 Configuration of Heat Vacuum Test
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Fig. 4.63 Deterioration of Neutralizer
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4.4.5 Electromagnetic Compatibility Test OF. POOR QUALITY :

This test was given under the configuration in accordance with
MIL-STD-462, whoen in Fig. 4.65. Engine was placed in a glass {
cylinder of 6004 x 1000mm to allow for permeation of radiated 4
electromagnetic wave. No problem was obserwed in neither transmission <
interference noise nor transmission sensitivity in power source lines. ‘ ﬁ
Measured results of electric field radiation are shown in Fig. 4.65. i
Off-standard values are seen sparingly in the narrow band of under
1MHz and the wide band of under lOMHz, but noise around VHF S-band in |
TTC system was below background level. As the cff-standards were
within the range that could be absorbed the the satellite system,
changing the standards was decided. ‘

IES functions were normal in the electric field radiation : b
sensitivity test. Magnetic field radiation and magnetic field : |

radiation sensitivity also satisfied the specification. Fig. 4.66

shows the ion engine during injection inside the glass vacuum container.

A ——
o3 K7
* .

e cparest it gl TS

Fig. 4.66 Ion Engine during Injection(electromagnetic compatibility ;1?
test) ’
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4.5 Ground Support Equipments

Ground support equipments necessary for the ion engine system

’

tests are listed., Those required for the engine unit are shown in
Table 4.37, and those for power conditioner, in Table 4.38, Other
equipments used are a heat control hox and glass vacuum container
(6004 x 1000mm), etc, for IES tesits, and a mercury detector (0,005 ~
0.1mg/m3, 0.03 - lmg/m3) for safety management.

Ion engine injection was tested using facilities at the National
Aerospace Laboratory and Electrotechnical Laboratory. Facilities

used are listed in Table 4,39,
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Table 4.37 Ground Support Eguipments for Ion Engine Unit

aLlpimy

|
Baquipment Specifications %
Container for *Size: large enough for one engine unit 4
transporting ‘Withstand pressure: 2kg/cmZabs €
and storage *Allowable leakage: under 1 x 10~Satm ce/sec =

-It should have an opening for connecting with
a _container exhaust/nitrogen gas purge device.

Container exhaust/|-Container exhaust capacity: Connected to the
nitrogen gas container for transport and storage, it should
purge device ba akle to exhaust the container to the degree of i
vacuum of less than 1 x 10-3Torr. '
-Purge flow: Connected to the container, it should

be capable of nietrogen gas purge at the rated
100/min.

s

T e

EE S

Nitrogen gas *Purge flows: rated 120ce/min. P
purge device *Connected to the engine unit via a purge container,
it should be capable of nitrogen gas purge.

B Y

gas charging/ nitrogen gas to engine unit.

discharging device Mercury charging capability: lkg. Minimum
reading, 29g.

Nitrogen gas charging pressure: Max. 3kg/cm2abs

*It should be capble of discharging mercury from
the engine unit.

Amount of mercury discharged: Max. lkg

. -

i
|
Mercury/nitrogen |-It should be capable of charging mercury and { ﬁ

Alignment devicge -Mounted on the accelerator grid surface of the

engine unit, it should provide a mirror for
aligning the unit,
Mirror surface: surface accuracy of less than
% wave length

I w ax R L




Table 4.38 Ground Support Equipment for Power Conditioner

Item # lUse Function Capabilities
1. Switch Adjustment [Manually ON/OFF signals for 10 systems
box and test of |operates power ON: 10Vi2V
power socurce |source device OFF: 0.5V+0.5V
device(com= |in cowbination|{Level signals for 3 systems:
ponent test) lwith load Over 0.5V, or over 8V
; element Reference signals(3 types):
? Q=5V
2. Sequence | 1 |Adjustment Indicates with{Output
indicatoxn and test of |lamp the con- Clock oscillation:
power source [brol functions 40Hz 10Vgo-p
control of power Monitor signals:

; device(com- [source control 5 items "0"0.5V*0.5V
ponent) and |device “1M10VE2V
printer unit Indicators:

ON/OFF signhals - 10
Level signals - 8
Program counter
Timex »
3. Power 6 [(Adjustment Folloring are |Auxiliary power source:
source ' and test of j:he types of +15v, +l0v, +5V
unit - powar source ithis tester
tester units in having and load Inverter({nom. val.,)
power source lpuxiliary Znn e,
device power source, |1 See BC 4oV _035A
inverter block Ze_} Table [AC Vs
and load: # 1 4.10 Hemva |
Zris AC WV 1A
4. Storage 12 |Storage and
box ' transport
of power
source devige
! and power

sQource con-

trol device

* ZTl'z, ZTB'

214, 2T5. 276 and Zmpig
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Table 4.39

Facility or

Facilities

equipment Chek Use Outline
1. Ion rocket |ETL !IES |Function/perform- [-Exhaust 55004/S
test stand ance, EMI, heat -Degree of vacuum in_test
vacuum and long- over 2x10-Torr
mode tests of IES |-IN2 consumption 400g¢/day
2. Shield room | ETL |IES |Obtaining IES *4.5m x 3.9m x 2.5m
characteristics -Attenuation: 500Ms 48dB
g and data on EMI Sk aat Zoae. sie
: ' 100 + 67+ 40003 - SP-
i 3. EMI measure-{ ETL | IES [Obtaining EMI «Spectrum analyzer
: ment device data -Current probe
B -Bi-conical antenna
= «Test antenna
E 4, Data proces-! ETL |IES |Recording and in- |-Teletype
| sing device dicating telemetry |-Display
: information from +Mini-computer
L IES by teletype
i instructions
2 5. Multi-point { ETL |IES |Measuring tem- -Total 20 channel
i temperature perature of each
7 measuring - part of IES
;g instrument
% 6. IES automat-~| NAL |IES | IEE component Simulates functions of
. ic control test power source control device,
! device records and progesses data.
. !
y 7. Ion engine NAL ;IEE !IEE component Outputs power for 10 systeums
! test power 'test which simulate output
. source | characteristics of IP.
f} 8. Electric NAL |IEE |Tesing functions |Building
= propulsicn IES |and performances
v test facil. ,0f IEE and IES
< 9, Electric NAL {IEE Degree of vacuum reached
2 propulsion IES “ over 1x10~5Torr
= vacuum tank ! Iinternal shroud wall temp.
B ' -185C
il [ Set temp. range of baseplate
i | =40 ~50C
10. Thrust meas-| WAL {IEE  Measuring thrust ?Detection range 0.1~3
uring device 1 .of IEE Detection accuragy <& 5%

(continued to next page)
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ll. Beam diffu-~ | NAL | IEE Measuring beam -Detected ion current 0.1 - 3
sion angle diffusion angle Decection accuracy <4 5%
measuring of IEE
device

|
12, EMI measur- | NAL | IEE |EMI measurement *Spectrum analyzer
ing device of IEE component «Current proke
-Biconical antenna
13. Clean bhooth [NASDA| IEE (Maintaining work 3.5 x 2,1 x 2,2H(m),
IES ienvironment Class 100,000

14. Ion engine | ETL |IEP |Adjustment and Dynamic load of 10 systems

simulator test of IEP
* NASDA: Nat'l Space Developmant Agency

ET
NAL:

*k IEE:
IES:
IEP:

Electrotechnical Laboratory
Nat'l Aerospace Laboratory

Ion Engine Unit
Ion EBngine System
Power Conditicnex
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Chapter 5: Production Tests

5.1 Outline of Tests

Prototype Model (PM) was produced according to the detailed
design finalized with the Development Test results. Qualifying Tests
were given to this PM to verify the design and to study the propriety
of production process. Due to some major problems discovered, the
production process, test methods and procedures, IEE/IEP interface,
etc. were re-examined, results of which were reflected in the Flight
Model (FM) subsequently produced. Acceptance tests were then givén
to the FM. A problem with neutralizer during oscillation test,
relating to production process, was solved by replacing it, and
thus, the FM was found to meet flight requirements.

Tests were carried out consistently in the order of component
test and evaluation of ion engine unit (IEE) and power conditioner
(IEP), and then test and evaluation of the ion engine system(IES),

a combination of IEE and IEP. Progress of test process was shown in
Table 2.3. Each test was given for two units of each component
({zEE(1), 1EE(2)§ , {IEP(1), IEP(2)} , ana {1ms(1), zms(2)}),
although test subjects were not necessarily the same. Subjects

and the flow of Qualifying Tests are shown in Table 5.1 and those of
Acceptange Tests are shown in Table 5.2. Configuration foxr each test

subject is basically the same as in Development Tests.
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Table 5.1 Flow of Qualifying Tests o
g

(a) IEE (b) IEP (c) IES jd]
WM

Begznnlng-stagj Inspection (Inspection ¢l
inspection A i W
Mass characteristid unction/performance .

Mass characterlstic test] ltest test L
without mercury | | L=

Electrical performance| [Heat vacuum test¥
Transpertation (MELCO+ test ! ﬁ

v

NAL) X | Long-~mode test*| : :
[ Electromaghetic , P
Mercuxy £illing] lcompatibility test| lectromagnetic P
| [ ompatibility test* AR

.

IPerformance test (1)) Shock test]| |
iHeat vaFuum test] Qscilﬁgﬁion test]| *Unit #2 only. ;
Mercury discharging Heat vacuum test] %7"
£illing P

1 [Remanence moment test]
ransportation (NAL-»

ELCO) Fipal performance test] ‘ B
| =

Mass characteristic tesﬂ

Qscillauiop tesﬂ

[Remanence moment
geasurement

ransportation (MELCO-»
AL:) ‘

|Performan:e taeskE(IT

Unit #1 Unit #2

hrust Electromagnetic
measurement| |[compatibility test
/

MQrcurvrdischarqinql :

~ ity

G NN L L

[Cransportation (NAL + MELCO)|
i

Einal insEectiom




A
Table 5.2 Flow of Acceptance Tests ; %
d .I‘ﬁ
{a) IEE (b) IEP (c) IES ‘]ﬂ
o
Beginning-stage [Enspection]| C
inspection ! 5 ﬁ
Blectrical performancﬁ unction/performance i &
Mass characteristid tast test . F
ithout mercury P
Mass characteristi Heat vacuum tast E
. [Pransportation (MELCO- test ;
ATL) | Final inspection] :

i Qscill%tion test| ;
!ﬂercurz f£illing !
[Heat vacuum test[ i

lggrform?gce tast (I)i :

Final. performance test]
Transportation (NAL
MELCO)

T e

Mass charactaeristic
test i

Oscillation tesg

Remahehce moment
measurement

Transportation (MELCO-
AL)
i

|Performance testQIIH

[Heat vacuum test)
|

ransportation (NALy
L.CO) '

Final inspection| i

L



5.2 OQualifying Tests

5.2.1 Engine Unit Qualifying Tests

(1) Structural design evaluation

Basic natural oscillation was a2lmost the same as that of EM
(Table 4.20), satisfying the requirements of over 1l00Hz.

Structural design was checked by sine wave oscillation and
random oscillation tests. Five cases of problems occcurred.
Conditions and causes of the problems and countergeasures taken are
shown in Table 5.3. All related to hollow cathode assembly,
requiring improvements in the production process of FM. In PN,
hollow cathode was replace and test was continued.

(2) Heat design evaluation

Propriety was verified by heat vacuum test. Table 5.4 shows the
minimum temperature in non-motion and maximum temperatmre-in motion.

(3) Qerformanéé dééign evaluation

As noted in the previous chapter, after EBM, improvements were
made in heat properties of main hollow cathode vaporizer and the
diameter of neutralizer keeper hole was increased(from 18 to 2d8).

Performance tests of engine unit were carried out using power
sources for ground testing.

For performance characteristics in steady state, data was obtained
by maintaining mercury flow in the main hollow cathode at (0.910.2) x
10~%g/s and (0.1#0.05) x 10™%g/s in the neutralizer hollow cathode.
Interface with IEP was checked with power sources artificially
equipped with IEP output characteristics (PS5 and PS8) and closed
loop contrel (PS6 and PS9). Obtained data are shown in Table 5.5.

Performance characteristics in steady state satisfied the requirements.

- ~196-




Examples of operating conditions are shown in Fig. 5.1l. In (b),
beam injection state was reached about 16 minutes after start.
% Thrust was indirectly measured, 95% of which met the calculated iﬁ

ideal wvalues.

For operation in a transient state, results showed improvements :
over EM. During interface checvk of IEE(l), however, discharge could
E not be maintained due to problems in controlling neutralizer hollow
| cathode keeper discharge, which caused unstable point of action in
discharge. The causes were: 31

i) Keeper voltage was high at rated flow; fﬁ

ii) Xeeper voltage was high at a point where it was supposed

T

5 to be at its minimum in relation to vaporizer flow; and

T iii) Current/voltage characteristics of keeper discharge were i

close to those of power source output.

S PR

They were presumably due to ununiform characteristices of the

TR LI

neutralizer hollow cathode which was then replaced by another

neutralizer hollow cathode having none of these factors. Selection
standards for such hollow cathodes were established before the

production of FM(See 5.3.1l).

(4) Record of problems

.'1.
i
i
|
i
} :

Summary is given in Table A2.1 in Appendix. .
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Table 5.3 Oscillation Test Problem Situations/Causes/Countermeasures

\ Situation Cause Counitermeasure
Breaking of *Breaking near the area -Comparing with IEE(2}, Strengthen clamping in the
thexrmocouple in brazed to vaporizer. clamp was not effective - designated area. For added
IEE(L) (main *Clamp was not effective direct cause. safety, clamp end section on
hollow cathode) at a point about S5S5mm

If there is no clamp
from the breaking point. effect, stress applied to
the breaking point is
ool severe, with stress con-
el centrated on brazed area.

the tank support.

e Breaking of -Twist observed at
cathode heater breaking point.
lead in IEE({2)

+Terminal was rotated
during assembly, causing

Install spanner working face
in the terminal to prevent

N a twist and consequant rotation.
P (main hollow deformation. Stress con-
W, gathode) centrated on this area.
l‘l“ =
L © Breaking of insu- -Breaking at the edge
]

-Stress concentrated on a
slight crack in the
brazad area.

lator sheath af brazed area.

Observe mechanical procedure
heater in IEE(l)

strictly and enforce

appearance test,

' Breaking of va- *Breaking at the edge -Stress was applied to the Provide instructions not to
b; porizer heatar of brazed area. area .near the breaking apply stress to this area
H; neutralizer point during installation during work.

ﬁ. hollow cathode) and removal, loosening Make sure clamp is tight.
o the clamp and causing the

Ly’ gtress to remain.

il

by

Slipping of cath- *Spot-welded part of the

L -Faulty spot-welding. Check spot-welding conditions

L ode shield in IEE heat shield came apart. after waelding, as well as

L (1) (wmain hollow before, as reguired.

! cathoda) Inspect all of the welded

i_ items.

- - It SR TC L o
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Pable 5.4 Minimum and Maximum Temperatures C
{

]

{

Non-motion, low temp. In-motion, high-temp. i

, heat balance test Theat balance test Jﬁ

Bass plate . Base plate +6 ;J

temp. —15_2% temp. +Sé 0 1

K ' Com- 5 om=- AT

QT results! EM |puted QT raesults EM |puted : 1{

Engine unit temp. -22'C/=21C | =19C | —14C | 29C/106C |100C | L34C v
Tank temp. —21C/—18C | —16C | —13C | ¥6%C7 77C | 68C | 76T i
Main hollow cathode temp.| —21C/—19C) -10C | —13%T : 1‘
Neutral:.ze: hollow cathode| — — - - Lo
vaporizeér temp. 17%C/7147 | 20 15 g

*IEEM) 3:14, 4/23/80 data! #%IEEW) 11:50, 4/23/80 data. !
IEBE) 18:00, 5/6/80 data IEE@ 7:00, 5/7/80 data 5
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Tabla 5.5 Engine Unit Characteristics & Performance Data (PM)

Characteristies and

Parformance
Unit
Voéi;:ge/ Curxrents KV/mA | 0997269 099,/271§—~099/292 } C99/285
Accelerator gr id " -1.0/041 | ~$00037] -1.07018 | —1.07033
Discharge V/A |386/035 | 400/035] 431,035/ 399,035
Main hollow cathode: - — - - =
Cathode heater
Keeper " 171,03 17.6/024) 1557030 168,026
Vaporizer heater » 299,178 | 2927178 266159 | 29/1.74
Neutralizer hollow cathode: " — = — -
Cathode heate
Keeper o ” 242/024 | 245,/024| 204,025| 045024
Vaporizer heater ” 126,075 1.10/066] 147,085} 110065
Insulator heater " 256,099 250,7099| 2657099 265,009
Tempexature: c 2857 2815 26 4.5 2699
Main hol. cath. vaporizer 551
Neut. hol cath. vaporizer " 2362 21890 229.7 195.
Bnginé unit P 752 748 7L7 5903
Tank u 391 410 400 294
Base plate " 202 200 208 208
Shround u —168 —178 —-162 —168
Meﬁg’iﬁyhﬁ‘f‘&% cathode xio CAx| 0884 0793 0977 L1l
Neutralizer hollow cathode " 0098 0062 0.098 0039
Thrust gwWE. 0176 0177 0192 . 0187
Specific impulse se 1990 2226 195€¢ 1630
Power consumption w 60.9 60.2 625 617
Propellent util. efficiency | % 63.0 710 62 53
. . 7 444 463 45.8
Powar efficiency ”_ 28 - -
_Beam diffusion angle 22
ORIGINAL PAGE 5
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5.2.2 Power Conditioner Qualifying Tests 4
2 Qualifying Tests of power conditioner were completed without a ,l
. single case of problem. Measured output of power sources(dummy load ¢|
':,‘;{! was used) in the heat vacuum test are shown in Table 5.6. As ‘i
temperature fluctuation was large among unstable-~type power sources, 4
allowable range of output fluctuation was adjusted taking interface "
3 with engine unit into consideration. There was no other problems L

and it was thus concluded that the power conditioner could wall meet

the environment tests on the Qualifying Test level.

Table 5.7 shows the breakdown of weight.

Table 5.6 Thermal Vacuum Test Results

. j \“’- Unit No. 1 Unit No.2
. HE ' Bas'i,-. —15T 20C 55C —~15C 20°C 55C
L PS loutputcteiﬁ' 396 994 992 998 1.000 1000
N PS2 ' (V)| —964 —966 —976 —-870 968 | —078
1 PS3 ' (A)| o348 0352 0351 0346 0351 0349
pss " (v)| 1362 1511 1655 1286 i457 1593
| PS6 " (a) 194 194 1.94 1.94 193 1.94
| pss " (v){ zo92 2368 2659 2153 2490 2733
L PSe " (a)| oasg 0470 0.760 0458 0470 | aszo
= PS10 " (w)| a2 242 281 228 253 285 ]
ot IEP input( w ) | 9047 9248 96.6 9086 9321 98.11 ’
b
gt ORIGINAL PESE i '_,

OF POOR QUALIY
Table 5.7 Weight of Power Conditioner

Power source control device 3.58kg

Powar source device #1 6.60kg

Power source device #2 6.65kg

Powar conditionexr 16.83kg
- ” ~203-
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5.2.3 Ton Engine System Qualifying Tests
Tast configuration was the same as that of Development Tests:
IEP was placed outside the vacuum tank during function/performance
tests (See Fig. 4.5.6) and placed inside during heat vacunm test and
long-mode test, providing the same conditions as on-board{See Fig.
4.62).
(1) Function/pexrformance tests
During the taests, a problem occurred in which output current of
a discharge power source(PS3) latched at 5-6+ mA immediately after
the start of main discharge. This was due to insufficient spare
phase in excuss current discharge circuit of PS3 which caused faulty
action wheu discharge waveform was unstable, and it was solved by
returning the constant in RC c¢ircuit to the same value as in EM.
Next problem was that the neutralizer hollow cathode of Unit
No.l could not be ignited by the neutralizer haeater power of IEP.
Details are‘given in Section 6.4, In conclusion, output of
neutralizer heater power in FM was raised to the minimum of 5.25V,
and at the same time, test procedures and measures to minimize
deterioration of hollow cathode caused by grim during ground testing
were employed. On the other hand, the neutralizer of Unit No. 1l has
had & history of having slight problems with ignitability in the IEE
eomponent test (Table A2.1, item 12). Thus, Qualifying Tests were
performed on Unit No. 1 with which no such problem was expected.
Neutralizer ignition time of Unit No. 2 wa about 20 minutes, with no
problem observed in its functions and performances,
(2) Heat vacuum tests
Temperature profile was a heat caycle of ~5C, 20C and +55C, based

on the specification(Fig. 4.15). Fig. 5.2 shows the characteristic
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changes in relation to temperature. During the heat c¢yele, five
repetitive operations were performed at the base plate temperature

of -15C and +55C. Results confirmed that IES functions and
performances were satisfactory under the heat senvironment of QT level.

(3) Long~mode test

System was operated continuously for 50 hours at the base plate
temperature of 20C., Results are shown in Fig. 5.3. Stable beam
injection was evidenced over a long period of time.

(4) Electromagnetic compatibility test

Noise levels were similar to the measured results of EM(See Fig.
4,.65), satisfying the specifications.

During this test, insulation failure of keeper electrode cause
neutralizer (IEE(2)) to stop iginiting. It seemed to have been caused
by accumulated backspattered metal from the wvacuum chamber long-mode
test, and a shield to protect the ceramic terminal of neutralizer
keeper was édded in FM.

(5) Record of problems

Summary is given in Table A2.2 in Appendix.
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Pig. 5.2 Evaluation of Characteristic Change

in Thermal Vacuum Test

Ink ] Tek | dg) yn
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5.2.4 Summary A

| Qualifying Tests thus completed, there were some major problems f %
| oo
i which remained to be dealt with in FM. To summarize the measures to . %
5 : oo
| be taken, j %
E i) Improve supporting method of lead wire, ete. in hollow cathode 4 f

assembly and further, improve production process{including

e s WA

inspections) to ensure vibration resistivity;
ii) By establishing selection standards for neutralizer hollow 3

i cathede, obtain its control compatibility with power sources:;

iii) Add shield, etc. to protect engine unit from grime during

i L e o e

AR T e

% ground testing: and

iv) Review electrical interface conditions, including output

[P T

fluctuation, of engine unit and power conditioner. Ignition

of neutralizZer must be assured.

As iv) was of particular importance, propriety of the measures

ﬁ was evaluated by testing the combination of PM~IEE No. 1 (neutralizer

replaced) and EM-IEP{min. output of neutralizer heater power source

modified to over 5.25V). Satisfactory results were cobtained, and the

production and tests of FM folleowed.




5.3 Acgeptance Tests Eff 4
Reflecting the results of Qualifying Tests, following was

incorporated intoc FM: increased vibration resistivity of hollow cathode ': ﬁ

assembly and addition of spatter shield in IEE; and increased output of 7?, u

PS7 and PS8 in IEP. Also, a titanium spatter guard was placed inside

vacuum chamber in the testing facilities in order to reduce back- E,/

spattering. Further, procedures for the first operation after exposure ? f

to air were revised({engine preheating step was added).

S.3.1 Engine Unit Acceptance Tests
Changes made in FM as a result of problems in PM are showh in
Table 5.8. A difference made in appearance was that a tantalum spatter

shield c¢ylinder was installed on the neutralizer.

Tests were performed under the flow shown in Table 5.2(a).
Neut;alizer of Unit No. 2 short-circuited in the keeper electrode
during oscillation test. It was found to have been caused by a faulty
spot welding of keeper lead wire, and the neutralizer was exchanged.
Regarding sizing, insulator heater lead wire was abnormally close
(0.4mm) to the main support in the main hollow cathede of Unit No. 2.
As the potential difference between them reaches a maximum of 1.4kV,

igs propriety was studied frxom the point of view of earthquake- and

voltage~resistivities. As a result of oscillation analysis & test
and voltage resistivity check, no change was made.

Both IEE(l) and IEE(2) satisfied performance requirements of
the specifications withowt other problems. Following is the summary
of data and evaluations obtained £from the performance test.

(1) Power source input conditions

Parformance test for the engine was given under the power source

input conditions listed in Table 5.9 by using ground test circuits.

: -208~-
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Power source conditions varied slightly depending on the test subject.

As interface test was to take the output fluctuation based on IEP

s L

output change into aceount, following changes were made Ffrom PM:

[ [ vy
ey

i) DC constant voltage power source was used as a test power

e e

source corresponding to PS7, and input voltage conditions

LA

of neutralizer cathode heater were reviewed. (AC constant

power source (5+0.1A) was used in PM,) }

It 7

1i) Rated output of test power sources corresponding to PSS
and PS8 during interface test were changed. (In PM, PS5 '

was 1530.5V(at 0.33A) and PS8 was 24i+0.5V{at 0.2534).) }

e e o e

iii) Output of test power sources corresponding to PS5, PS6,
PS7, PS8 and PS9 were ranked low, rated and high levels,

and IEE operation was checked at low and high levels

during heat vacuum test., (With PM, operation was checked

only at rated level.)
(2) Di‘scharge ignition characteristics
Discharge ignition characteristics can be evaluated by the
starting time required for discharge. Ignition time was defined as the

time required for each discharge to start after the end of idling.

Fig. 5.4 shows the discharge ignition characteristics of IBEE(l) and

IBE{2). A new neutralizer was used in Unit No. 2 from the third test

on, due to a short cirguit in keeper electrode during oscillation test.
There were two main problems in the characteristius obtained:

i) Main hollow cathode keeper main discharge was hot ignited

after 30 minutes.

ii) IEE(l) and IEE(2) were unstable at the time of neutralizer

keeper discharge ignition.

‘;.‘-.'l._/'..,.i i

As for i), cathode heater input at nominal level is slightly critical

~209~




and ignition was checked at high level input. ii) is a phenomenon
caused by the longer response time(approx. l00mS®C) of the output of
power source used(PS8~-equivalent),than PS8(l0 S€C) in IEP, to load
fluctuation. It is not likely to occur with actual power sources on
board and presents no problem in performance ewaluation.

During low=temperature start tests (1), (2) and (3), neutralizer
ignition was tested under the worst possible interface conditions:
engine mount temperature of -5C and neutralizer heater voltage of 5.2V.
Both No. 1 and No. 2 ignited in about 10 minutes. Thus, ignition
problems with neutralizer observed in PM was considered solved.

(3} Performance in transient state

IEE's transition from the start to beam injection state was
checked using IEP~equivalent operation sequence and control loop, and
their compatibility was evaluated. Representative operating conditions
ére shown in FPig. 5.5. Test results show smooth transitions to beam
injection state, Control property of neutralizer keeper discharge, a
problem in IEE at QT level, was mostly solved in FM. Criteria for
selesting this neutralizer hollow cathode were(see Fig. 5.9):

i) Minimum keeper voltage(Vnk(min.) at 0.254) in the Vnk~Tnv
characteristic of less than 23V;
ii) Discharge impedance in the Vnk-Jnk characteristic of less
than 904L; and
iii) Reeper voltage at the constant current of 0.25A and the
flow of 1 % 10=Jg/sec of less than 26V.

As in PM, increase in discharge voltage, a transient phenomeneon,
was observed in FM at the time of beam injection. The phenomenon
accompanies shut~-off of residual power (about 4W) from heating main

cathode immediately hefore beam injection. Thus, factors such as
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4
' temperature of main cathode vaporizer at the start of main dischaxrge 'ié
T affect discharge voltage. 1In this FM, fast ignition time for main § 4
% discharge was obtained on the whole, which was not preferrable in i %
% terms of dischaxrge voltage increase. The phenomenon, to anh extent, %
cannot be avoided and if the transient increase is less than 500V, ié

i there is enough margin in the power source output {upper limi# aoizvy i%é
. to prevent any problems. i E

(4) Performance in steady-state
Good results were obtained for both beam injection maintaining
properties and performance parameters in steady state. The latter is ; i
shown in Table 5.10. :
N Points of action of main discharge and neutralizer keeper
discharge in steady state, with both Vd-Icv closed loop and Vnk-Inv

closed loop under control, are shown in Fig. 5.6 and Fig. 5.7. It is ;

Ty e Fr A e ramn e et S

ot shown that control arror occurred at high temperature in the closed

loop of neutralizer keeper voltage in Unit No. 2. From this, it is

URNEES)
A
T L e Tt

supposed that the same would happen in the orbit in response to the

changes in heat input. However, this control error was towards lowering

keeper voltage, which was not in the reverse characteristics category

ocbserved during development tests. With no effects on maintaining

discharge, the erxror was allowed.
{(5) Test with varied parameters

Following is the list of parameters varied:

Beam voltage 0.85~1L4KV
Main c¢athods Xeeper current o025~0404
Dis charge current ¢.3~0.54

Neutralizer keeper current 0.2~0,4 A

Main cathode mercury flow IEEQ
0.55~141x10 ‘g/ue

.
|
2




| i

»

" Main cathode mercury flow [EEQ W?

0.6 4~1.51 x10 g/ =

Neutralizer mercury flow IEE(), IEE@ 4

; 0.6~20x10 " g/ F

+ 3

P

Fig. 5.8 shows the changes in parameters relaitive to changes in if

d

discharge current of IEE(1) and IEE{2). Fig. 5.9 shows current/voltage : }

characteristics of neutralizer discharge. 'fé

_ (6) Physical properties ; i

: Tabh. 5.11 shows measured weight of engine unit and remanence EE

moment at the center of gravity. i 3

PooE

Fig. 5.10 is a photograph showing the engine unit appearance. }ij

K The shape is as specified(see Fig. 4.3). } }

I

k {7) Record of problems Vo
ﬁ Summary is given in Table A2.4 in Appendix. ;
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8.

Table 5.8

Problem in FM

Changes Made in FM Based on PM, and Results

Changes made in FM

Results

Breaking of main
hollow eathode
vaporizer thermo-
couple in oseil-
lation test
(MR78~-0115)

*Double bhind + triple bind was
used for the clamp.

*Ends of thermocouple were
clamped on the tank support.

Good (no abnormal-
ity observed in
oscillation test).

Breaking of main
hollow cathode
heater lead wire
in oscillation
test (MP78~0117)

‘Spanner working face was instal-
led on the terminal,

*Tool for installing terminal

was produced.

+Hole on the main support for

mounting terminal was_enlarged.

Crack in the sealed
end of main hollow
cathode insulator
heater

Good (no abnormal-~
ity observed in
oscillation test).

e R o

«Production steps ware specified
in the drawing.
-Angle tool was produced.

Good(no abnormal-
ity observed in
appearance test
at receipt of

hollow cathode).

o o o s =

Insulator heater
voltage did not
maet specification
(MP78-00886)

*Real load was used in adjusting
instrument system,

P S,

Same occurred
partially in AT,
but was covered by
measuring voltage
using instrument
system for monitor-
ing voltage at :
IEE connector end. r.

a3

XIS

Ll

Main discharge
could not be main-
tained (MR78-0087)

*Stabilizing resistance was
changed to 20.n..

'|Good (o abnormal-

ity observed in
performance test I ;
& II and thermal .

vacuum test).

Discoloring of
metal part of D sub-

connector (MR78-0096,} tape during ground test. £inal appearance
MR78-0114) test).

*Connector was shielded with
aluminum foil and capton(sp?)

Good(no abnormal-~ !
ity observed in

3-minute wait for
begam injection was
skipped by mistake
in test procedure
{(MR78-0171)

*Correct procedure was specified
in the test manual.

Good(no abnormal-
ity observed in
performance test I
& II and thermal
vacuum test).

Short=circuilt in
cathode heater
(MR78-0153, MR78-

«Heat shield assembly was
reinforced.,
«Interim testing was reinforced.

0168)

Good(no abnormal-
ity observed in
‘gscillation test).

(continued to next page)
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. g

1 9. Neutralizer hollow [«Controllable cathodes were Good{no abnormal- {’ A

| cathode ¢ould not selected by adding specifica- ity vbserved in : ﬁ

be controlled. tions and tests, performance test I -

(MR78-0155) & II and thermal o

vacuum test). , 1

ld. Repeated flashing Moasuring time of mercury f£low Good{same as | %

of main discharge was doubled for improved accuracy. ahove) . : J

during beam injec~ [-Duration of vacuum exhaust when T

’ tion{(MR78-0156) mercury was filled was increased. ; JJ

] ll. Breaking of neutra- |[-Bending was added to thermocouple |Good(no abnormal- : J

l lizer hollow cathods so that thaore was no space bet- ity obkserved in B %

’ vaporizer heater ween the three when clamped. oscillation test). o

wire during o

. oscillation test : ;

: o

| B

; .
| Item which required changes made in FM: Results ‘L

: Ereatment in PM éﬁr

3 o

] l. Adjustment of «Tast was performed taking output % i

= interface with fluctuation based on powar souvurce Pl

powar source output change into consideration. ool

Good (no O

B! 2, Neutralizer «In the first operation after » abnormality T{?

; ignition exposure to air, IEE was started observed in Gy

3 characteristics immediately after l0S5-minute performance rgﬁ
| idling. test I & I &

| -In other operations, IEE was and thermal .

i started immediately after 60- / vacuum test). o

: minute idling. 3,
E -In the first operation after L

! exposure to air, IEE was operated e
E after 8-hour or longer vacuum T

axhaust period. o

[ T

3. Pollution due to Neutralizer cathode heater power [Good{no abnormal- ! ¢
testing source input was maintained ity observed in ‘
e within the specified range. neutralizer :
, «Spatter shield was installed keeper insulator 4
v around neutralizer cathode. during final i

¥ - -In testing IEE(2), target of electrical
’1 partially pure titanium was used. [performance test).

(No_ target was used in testing
! TEE(1) .}

. ~214-
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Tableg 5.9 Power Source Inpuk Conditions

Powar sgurce

Tast subject: OP~2: interface check OP-1l: rated
TV~2: low temp. motion start test(l) operation
TV-3: transient motion test(l) test
TV~-4: high temp. motion heat balahce test |{QOP=~4: test with
TV-5: low temp. motion start test(2) varied
V-6 " (3) parameters
TV-7: high temp. motion start
TV-8: transient motion test (2)

Operation mode I

Operation mode IX

PSl |Screen grid |DC constant voltage: 1i0.1kV(rated), changed to
(beam) 0.8kV s 1.4KV in OP-4.

! PS2 |Accelerating {DC constant voltage: -1i0.l1kV(rated), changed to
‘ gqrid =~0.8kVar=1.4%V in OP~4.

: PS3 |Discharge DC constant voltage: 0.35%0.02A(rated), changed to

! 0.33~ 0.53 in OP-4, (Output terminal is to maintain
j a series stabilizing resistance of 20.a. for IEE. (2))

PS4 |Main S5KHz
cathode AC constant current: 540.1A(nominal level)
heater 2.5+0.1A(idling level) —

, PS5 |Main At no load: DC constant At no load: DC constant
; cathode voltage of 300%10V voltage of 30010V
i keeper Power source output at At load: DC constant current

: load: see fig.{(a) of 0.3%0.02A(rated),

! changed to 0.25A,0.4A2
X in Op-4.

g PS6 |[Main Current output is determined| Current output is deter-
; cathode by P53 voltage feedback. For |} mined by vaporizer tem~
% vaporizer Vd-Jev characteristic, see perature feedback.

: fig. (b). (5KHz, AC constant| {24£0.05A until main dis-
g current) charge ignition) (5KHz,

% AC gonstant current)

: PS7 |Neutralizer |DC constant voltage: 5.4+0.05V(N.L.(nominal level))
cathode 1.64£0.05V{I.L, (idling level))
heater (N.L.)5.2%+8.05V in TV-2, 5 and 6; and (N.L.)5.8+0.05V

in Tv-7. -0

i PS8 |Neutralizer |At pno load: DC constant At no load: DC constant
keeper voltage of 300110V voltage of 300110V

3 Power source output at At load: DC constant current
d load: see fig. () of 0.25:%0.02A(xrated),

% changed to 0.2~ 0,44

in OP~4.,

(continued to next page)
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PS9 | Neutralizer |Current output determined Current output determined
vaporizer by PS8 wvaltage £feedback. by vaporizer temperature
FPor Vnk-Inv characteristic, | feedback. {(1.2+0.02A
see fig. (d). (5KHz, AC until neutralizer keeper
constant current) discharge ignition) (5KHz,
AC constant current)
PS1l0O| Main cathode | 5Kz
insulator AC constant current: 1+0.053

(2) Main cathode keeper
power source (PSS)

Current (A)

| @IG 1@

T e

-3 035 14,44
HAS a0l

i Ve QR 17
® izz

i' LI mommas 7 |

(c) Neutralizer keeper
power source (pss8)

voltage

current (A)

T 033 @
(18mA)

(b) Main cathode vaporizer
power source(PS6)

current 40 1VaL2A)
(a) N R S
-o; 7 (37+1Vat0aA)
discharge
voltage (V)
PS6 (M, L)

until main
discharge ignition:
OP-2: 20400354

TV=2 L 3, 6

18620054
TV=1, Q) 23340054

(@) Neutralizer vaporizer
power source (PS9)

{215505Var 12A)

~iapae e
o2 L
s T (24£05vatosa)
B neutralizer
keeper voltage
(V)

PS9(M,L) until
neutralizer keeper
discharge ignition:
OF—2 1210024

T aLiGE &

L116£002A
TV-7, 8 1340024
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Fig. 5.4(a)
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Fig. 5.4(b) 1IEE FM(2) Discharge Ignition Characteristics
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Fig. 5.5(a) Operating Conditions(Interface Check, IEE #1)
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Table 5.10 Engine Unit Characteristics and Performance Values(FM)
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Fig. 5.9 Neutralizexr Keeper Discharge Current/Voltage Characteristics
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Table 5.11 Mass Characteristics and Remanence Moment of Engine Unit |

(i
QRIQMmIAY ¢ &

\ i
OF FUUR Oi risg

A ] S | B,

- Unit Wnit
\\_ No.l1 No.2 Specification
Weight (g)|25615 | 25800 k3000 4T
dry wt. 19630 | 19800 £2400 4T

mercury wt,| sgss 6000 | 600460
Center of gravity(m)

X 21 —06
Y 83 8.0
] z 145 162

Remanence moment

PP ot

(4Wb *m) 339 342 Y4OlTF

Fig. 5.10 Engine Unit (FM)
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5.3.2 Power Conditioner Acceptance Tests , Ray
Problems at QT level in IES and the consequent review of P! ]
conditions for powar source interface with IEE were reflected in the ; i
FM of power conditioner: adjusted resistance of PS7 and PS8 were i )
changed to inerease output. With no problem obsexrved, the FM was shown
to satisfy the specifications. Following is the summary of electrical
performance evaluation, weight, etec. -
(1) Electrical performance
i) Power source output
For each output of power source, specification and
production results are shown in Table 5.12., Output
obtained satisfied I1EE-interface conditions. Of the ;
unstable power sources, output fluctuations of PS5, P57

and PS8 are shown in Fig. 5.11 and Fig. 5.12. Measured

B T

values of output stability(regulation), ripple and
transient response property, all of which completely

satisfied the specifications, are shown in Table 5.13.

With PS1l, PS2, PS3 and PS6, particularly, there was

sufficient regulation or ripple for possible future

simplification of ¢ircuits,
ii) Set constant % :
Set values of control constant of sach power source are i F
shown in Table 5.14. Although smaller time constants are :
preferrable ia dielectric breakdown protective logic,
they fluctuate widely due to discharge characteristics of ﬁ
engine(esﬁecially discharge current waveform) which are
difficult to control. Thus, larger values were set.

iii) Power consumption and sfficiency

-226~
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Power consumptions of power source control device and ',f'j

powsr source device are shown in Table 5.15(a). For power i’

source device, converted values assuming the engine was ? 4
under rated load(68W) are listed. Due to the teast §
configuration, efficiency of each power source module in 3
the power source device was not measured, but the overall %L
conversion efficiency was about 75%. T §

(2) Weight
Shown in Table 5.15(b).
(3) Appearance

Shapes and sizes are as specified(see Fig. 4.4 and Fig. 4.7).

.
\
e

Fig. 5.13 shows appearances of power source control device and power

source devica.
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" Table 5.13 Measured Values of Output Stability, Ripple. And
Transient Response

-

g Output

- stability Ripple Transient

DA ; (%) (%5) response

N PS’1 9.6 /0.6 0.7/06 | 20/20ms

: ORIGINAL PAGE 19 PS 2 - 0.2/02 5/4 ms

L PS 3 0.3,703 0.4./0.4 /17

C OF POOR QUALITY pS 4 - - - -

' PS8 § - 22/24 | 23/26us

_ PS 6 .0/0.5 - -

3 PS 7 - - -

T PS 8 - 21,23 | 1.2/1.3u8
PS 8| 32/24 - -
PS10 - - -

Note) Unit No.l/No.2

L Table 5.12 Output Fluctuation of Power Source Device

—
i Power source bevelOutput % | Load Results
- ' condition condition 1EP #1 IEP #2
Ly ps 1| Beam ML | 1000%40V 30mAtzS to0ov® © tooov®*| 1000v* | 1ooav™*
:7 ps 2| Acogelerator N.L 1000723y tmAL2 S 972~976V 975V 970~980V ssov
' rs 3| Discharge N.L | 03sx001A T4ovizs 0343~0350A | 03S0A |0348~03504 03504
N ps +|Main cath.heater 1L LEXCEV 2543 8 L46~218V LBEV 128~L97V L7V
- N ! oselB3Sy SALI0% L9 2~E50V 528V 198~546V | 532V
L HL | eol3d v GAL10% S63~&11V § 95V 569~615V é so8v
l ps s|Main cath.keeper N.L 15722 v LIAkS S L4.0~1 68V 157V 143~169V ’ 150V
' Ps s Main cath. Ll | osidla 0aEvEIOS 0.48~0S0A | 0504 0480494 0494
J vaporizer HL | 20218, 1sviss 207~2134 | z1oa 210~2174 {2134
ps 7|Neutralizer heater| 1. | ustdiv 252108 Las~18sV | 171V 146~184V 165V
N.L soX )8 v S5A+10% 529~573V 571V 532~575V 574V
s 8{Ngutralizer keeper | ¥t 24283 v 025ALSS 241~2 82V 265V 7iS~27.0V 259y
pg o |[Neut. vaporizer L.L 0.5+0054 083 Vit 0% 052~054 A 0534 0.49~0514 . 0504
H.L 12X 230 21VH10% 1251264 LZ4~L25A ‘
ps10| Insulator heater N.L zot g v LOAZL 0% 210~334V azsv 208~336V z8v
H.L st 2% LEAZLO% 4TE~E06V ' 505V 468~502V ' 97V

* Range of output fluctuation at input voltage range of 27.22-~28,.00V and
temperature range of S5~ 45C(base plate temp in vacuum).
*% Input voltage 28.00V and base plate temperature 20C(in vacuum).

: -230~
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o
5.3.3 1Ion Engine System Acceptance Tests E;%ﬁ
PerformanceS of ion engine system - the combination of engine o
unit and power conditioner - were already determined by the Sub-system
Acceptance Tests. This time, objectives were set to check the _
compatibility of engine and power conditioner and to cobtain basic data ;
for experimenting in space. Results of function/performance tests

(hollow cathode test and varied parameter test) and thermal vacuum test,

e .:,L:: L, ek D - T

performed to meet these objectives, are given in Table 5.15 and Table

!
5.17. Based on the data, the performances were evaluated as follows. !
!

(1) Hollow cathode characteristics

um e e i -

Compared to AT, ignition characteristics of main hollow cathode ;,
were not satisfactory. Especially in No. 1, it did not ignite after :
20 minutes, requiring high-level output from the heater power source
(PS4). Pollution around the cathode from prior tests and repeated
exposure to air seemed to be the cause. The hollow cathode was not
replaced, however, as the deteriorated ignition property could be

complemented by switching(by command) the output of PS4 to high level.

Ignition time of neutralizer hollow cathode was within 10 minutes,

same as in the AT of engine unit.

As for decrease inh keeper current - a sign of cathode deterio-

ration - about 280mA was maintained overall, suggesting no problem.

Also, it was determined to be compatible with keeper power sources %
(PS5 and PS9). ‘
There was no problem with compatibility between the keeper i
voltage of neutralizer hollow cathode and £low control of power
conditioner in Unit No. 1. With No. 2, control error, described in

Sec. 5.3.1(4), occurred, but the flow, with the maximum steady state %

value of 7 x 10~3g/s, was within the allowable range.

) -~ -233~ ‘ '




Above results indicate that the compatibility between the main
and neutralizer hollow cathodes and power scurces has been achieved.
(2) Beam injection characteristics f ¥
Beam injection characteristics were studied by testing with t
varied parameters. Data are summarized in Table 5.16., Fig. 5.14 shows g é
the changes of main performance values in relation to set values of Z Vi g
parameters (discharge current, discharge voltage and accelerated fﬂ g
voltage). The figure shows that near the center of set values(Id=0,35A,

Vd=40V and Vn=1.0kV) Unit No. 2 is superior in overall performance, to : 4

£
include thrust, specific impulse, power consumption, etec. In Unit No. 1, , ;
. . . " |
increase in thrust was large with respect to discharge voltage Vd, and

reached the No. 2 level at Vd=44V. Fig. 5.15 shows the discharge power ; li

loss per ion beam, i.e. the cost of ion production. Comparison at the H

propellant u?ilization efficiency of about 70% showed that No. 1 was
SSOeV/ionaga;:StSOOeV/ion of No. 2, indicating that the discharge
power loss of No. 1 was 10% more. While No. 1 and No. 2 slightly
differed in performances they both satisfied the required performance

values.

Control property of discharge voltage during beam injection was

satisfactory, with no fluctuation in beam current observed.

i

}

]
Compatibility with sequence control in power source control b 5
device was also satisfactory. Average starting time before reaching i i
injection was 23 minutes for No. 1 and 19 minutes for No. 2. Discharge
voltage transiently increased by about 5V when high wvoltage was thrown
in, but in most cases returned to steady state in about 10 seconds. In

starting under the worst conditions of 27.22V~bus voltage and base ﬁ

N

temperature of ~5C, disappearance of main discharge, thought to be due '

to a delay in main vaporizer control, was cobserved. This was not 4 :
- ~23 4~ o A
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considezed a problem, as it was a phenomenon particular to this case : -‘:
|

only and it recovered within several minutes by controlling the f
"x‘

seguence. %,
Compatibility between the engine and power conditioner before ; %i

and during beam injection was thus verified. ﬂ‘
4

(3) Record of problems 7
Summary is given in Table A2.5 in Appendix. l 'j
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Table 5.16(a) Beam Injection Operation Test Characteristics (Unit No.l)

{
[ 1« parameter ve parametier  v» parameter fi
Symboll Name ) 0304 | 035A | 040A | 04sa | 0soa | 35V | aeov asv | eskv | rLokv | L2V | 1akv ‘,1
Unitjesu:mnjes vm|es 3] en 1aus|en i3ise|en uio (e 1ia]es w:z[en 10u o9 1434 | 08 10| o8 10 } 3
e |A 5 1 a | 2008 | 088 | 3246 | 3508 | 3746 | 2033 | s0ss | 3121 | 2745 | 2871 | 2196 | 324%e i 4
Ve (A0 2 v | 2800 | 2800 | 2800 | 2800 | 2000 | 2799 | 2m00 | 2799 | 2000 | 2800 | zao: 2800 »
Ve |¢~a 3 KV | 101 101 101 101 102 181 | 01 101 | aso4 191 122 a1 i
w |e-a 4 ma | 209 | 2350 203 3 360 199 250 211 | 238 247 287 262 1
| 773 5 wA | 0353 | e323 | e323 | o313 | azes | osse | as2z3 | azas | e3z3 | esas | esss 0323
: i 2 ® 6 v 40 403 403 403 403 3s2 ‘01 1 «a3 402 I 40 |
' W |»x 7 A | a300 | 0350 | 0403 [ aéso | esos | e349 | 0350 | 03e9 | a3s0o | o3s3 | eses | o3se
lek | e O A | 0208 | a246 | ozes | azse | 0303 | az6e | 0248 | 0218 | 0240 | 0248 | 0239 | 0243 1|
‘f levw men 9 A LTS 173 L7 L70 159 1.1 (%1 ] 185 L8 1.7 L73 2 ‘ ‘
1] Ter |zmEa 10. T 295 | 293 295 298 298 36 293 287 | 290 291 291 293 :
~ ok | orga -1 A | o208 | o287 | ozes | oz2es | azes | oze7 | azse | aze7 | oze7 | eze6 | az2e7 aze1 !
lav |wnga 12 A | 0843 | 0653 | oes3 | oesy | ass3 | aesz | aeaz | oss3 | asez | aes3 | essa 0s74 p
Ter lemsa 13 | ¢ 228 | 231 231 238 238 231 233 220 | 231 238 235 233 P
e fe-be 14 1 T 24 24 24 | 248 248 | 245 245 | 248 s | 2as 24s 23 i ¥
Tw |=-27 15 T 26 26 26 26 26 26 26 26 26 26 26 26 § .
Te |2y 16 T " 0" 92 Y 9 85 s ' 9 [T ) *3 -4
Trew) M2 17 T 0 s 60 60 1) 6 T 61 o o €1 61 4
Vew |B 2 18 T |asxto-t|asxie|asxi0™ [asx10-t| eox107|aoxt0-t|soxt0~|soxt07|70x10°* 27x10"| a3 x10-" [00N10" i
Tah (#0320 19 | T | =112 | =197 | —i27 | =170 | cigr | =p3r [ a7 | cvrr | -irr | =r2r | -i77 | -av
Tt [T 90 % 21 21 21 2 21 21 21 2 21 21 21 21 '
Tre "':’_r: 21 T 2 21 21 21 1] 21 21 21 21 2t 21 2t g
F 8 7 22 |erm| 138 [ oares | a1se | o218 | e239 | o131 | ai1es | o183 | o138 | aie3 | o187 0z0s ¥,
»
Table 5.16(b) Beam Injection Operation Test Characteristics(Unit No.2) 5
in’.
. 14534=2 T Vo9 4-2 ! ¢
w4 s " osoa | a3sa | ocon [oasa [ason | asv [ aov | asv | asev | vowv | rawv | nenv i3
@ |69 122019 123409 12204819 2338l69 13:0619 13:15/619 1326619 13:36[619 13:46]619 1335[619 14 ;oA teciz =
lwm |A 2 & A 291 e 242 162 7 101 120 122 290 120 as2 sz !
Ve |A 2 2799 | 2000 | 2801 | 2600 | 2800 | 2800 | 2800 | 2800 | 2800 | 2799 | 2800 | 2801 {
Ve j¢-4 3 Kv 100 100 1.00 100 190 100 100 100 | 0so00 100 120 141 ;
v |e- 4 4 ma| 234 275 31 340 361 236 202 282 268 281 295 308
1a [7743 § ma| 0348 | 0287 | o257 | 0216 | aiee | 0612 | 0308 | aiss | e3os | o2e7 | es0e | e30s
ve ae © v Y] 02 a1 cat wo | 3s1 400 480 | 400 Y] Pre 402 {
1« (&€ 7 A | 0308 | 0351 | a402 | 0450 | asor | e3sz | o3s2 | o3s2 | e3s2 [ o3si | e3s2 | e3s2 i
lek |EREe O A | 0233 | @7y | o313 | 03«s | 03e7r | a31s | 0zes | o201 | o287 | azes | ozss | o2s2 3
lev [tm@a O A L78 L71 169 165 143 180 165 158 168 168 170 168
Ter tmen 10 T 208 281 281 280 280 | 308 282 274 | 281 | 282 281 | 283V : |
lak [PmBe 1] A | 0276 | 0275 | o280 | 0281 | 0284 | 0289 | 0289 | 0288 | o268 | 0289 | 0206 | 0287 g |
1ae [4wEa 12 A | es21 [ aso0 | asoco | 0430 [ 040 | 0490 | 04v0 | 0490 | 0490 | 0490 | G4s0 | 0490 2
[Tar omaz 13 T 223 221 221 224 22¢ | 224 2125 226 225 228 . 223 222 i
The e-b: L& T 22 228 23 2as | z2as 218 238 238 2as ' 238 215 245 i
(e <-27 15 < 28 25 25 25 25 25 | 238 288 | 283 2ss 258 | 28 1
T 1;5-5; 16 T 72 74 76 17 9 50 19 A 19 | e ! 78 ! |
Trew A®s: 17 T a7 R 498 505 st . s2 52 52 s2 ' s2 . s2 £ i
Ve K v.‘_lé: Tore| 1010 | 10%10% 10%10~ | 10%10°| LO%10" | 78%10 | 78x10~| 7010~ S9=10-"| &7 x10- 12x10-"| 76x10"" : |
[Ton 1vus T | =158 - =139 | 159 | -159 | -159 | -159 | —1s9 | -189 | -159 | -1s9 i -159 | -1s9 &
T (WIW 2- - 20 20 20 20 20 20 20 20 20 20| 20 2 .5
[Tre -‘—.’.?—54 T 20 20 20 20 20 | 20 20 20 20 20 | 20 21 3
F i» 'R er@| oa1es [ 01738 | azo3 [ 0207 [ 0231 [ a1ae | a180 | o1s0 | e1sz | ci7e | oz0s
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Table 5.17{a)

Thermal Vacuum Test:
Characteristics vs. Parameters
in Rated Operation Test (No.l)

! 26V as22v | 2722v | z8v
8| % " 200 | +4sT —-5C +5C | -sC +20¢
111730 | 842 3100 |42 11 | 643 18341 | 624 9287 [44)5 TN
Iiw | A 1 2] 3064 3224 3034 A254 3054 316A
Vie | A 2  E|2000v | z2s00v |2800v 23234 |[2721v  j28004
ve | 3 g{ 1w | wikvy | kv | w18y | Loikv | 101KV
b L1 4 wi 252mA | 270mA | 251mA | 2%émA | 251mA | 202mf
" Ih |77 5 | o0284ma [0304mA [0291mA |0294nA |0300mA |0274mA
vi |2 6 E| 4eav | eoav | s0ov | sosv | toav | 4a3a
- I | & 7 it| as4sa  {o3s2za  |0351A  fe3sza JO3534  [03S1A
ek |=8 g 1l|ozs2a |oazia jo2sza  |03é7a  |0238A  |0312A
-3_: !g fev |XH g ®a| 175a 1674 | t79a  [E704a 1884 | 178A
§ ‘ ";3 Tor fEB IO 2 285 z93c | 289¢C | 292¢ 290C | 2s0T
}i ' Ik |%10 11 4m|o2s2a |0s23a |ozsEa  lozsia  jo237a  |0275A
3 v [#1 9, méjoesea osaca fosian [os3en jossea  [0894A
} Tav |8 1“_13 g nT 225C 239%¢ 224 245C 228C
"ﬁ | Tas |t - ]4 BE] 235T 475 oT 415C ~15% 240¢C
| . Ty |=- 15 @&l za0c 480C wT | 185T 257 240T
| T l=» 16 =E| ss0C tooc | zasc | esot | saer | 7a0T
! Ty | K 8 17 ®&| st 7e0c | 3mwc | sa0v 330C | 495T
*;' Vo |% 1g & {85210 = Turr[15 %00 Moz 0921 07 Terr | 1510 Torr | 43%EG Ty | 435107 Tore
. w [#h o3 mm| o s tuin i i it
"lte iz DA YM) 20udiL) | 23 212ix(HL) |15 2 Zix( HL) |200inl HL)
‘ I _-r:; %50 am] 2T 45T -4 45T -5T 20%
‘ T |*%%91  am| 20T ut | - 46T -sT 20T
' F & o9 #| 0167k [o1765em [o106ger |0181gc 8 {0260prR [0173g0R

note) HL: PS4 high level

Table 5.17(b)

Thermal Vacuum Tesi:
Characteristics vs. Parameters
in Rated Operation Test (No.2)

2BV 2m22V 2722V z8v

s # 5 W +26T +45C -5C +45C -5T +207 N
70 | o220 [tz 2 [ 6431750 | 6% o | 628 1

s | A 1 ;| azoa 1324 iE7A 1324 aza 120A

ve | A 2 E| 2800V 20014 2801V 2822v 2221y {2800A

Ve ¢ 3 E 100KV 1.00KV LOOKY 100KV ;;;{v ;.oum;—

Is ¢ 4 . m| zaima 272mA 268mA 27.5mA ;sn:n_ i 266mA

[ 77 § @R | 0287mA |0294mA  0.284mA 6304mA | 0305ma |0308mA

va & 6 £ v 3gav 404V 401V a5V 403V

1d 4 7 0351a 03514 A3S1A 0353A 03534 03siA

Ik | 28 g RE ) 02864 02984 02534 031048 n1828 Q2724

ey £ 9 =z LT5A 185A 1784 7664 1864 1154

Tev | £t 10 ®&E] 280C 2827C 279T 262C 28 1'cmwzno'c

Ik [ w10 11 @l oz7ea  |osssa  joz7aa 03594 | az4on [0295A

Ine | 790 ]9 RWR| 04584 .T1.1.¥ 05674 04984 us;zlm- luuns-num—_-1

Tor | 78 13 88} 214T z30cC 215C 220C 219TC 257C

Tes | E- 1y 'BE 220C 470T ~3.5C 455T —15T 225

Ter - - 15 l-gn'. 250°C 490C 25%¢ 480T 10T 260°C

Te =¥ ]1g &REK 7Q0C 860C 560T . BAOT 570°C 710T

Trar| %8 17 RE 445C 3Nt 280 595T 280%C 460

Ve K 18 g | 50x10""Torr | 902107 Turs ] 43%10° " Torr]1.0 %107 “Tors | 23%10™ *Torr |34 107 Tosr

tn Pwm 23 &M xia 72 Beia eir | am e

e =R 24 89M 11ais Laem 22ein(HL) Seis 2oudHLY| 218

T | 20 ap 20T 45T -5T 45T —5%¢ 20T

T | %221 g 20C 45T ~5C 45T -5% 20C
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_——‘j“*-v‘{\‘- 2 st e

1 IITND HM00d 40
1 REV TYNIDRIO

_,
3

e T R TN TS



WP W apap e

Symbols for Tables 5.16 and 5.17

Input current

Input voltage

Beam voltage

Beam current

Accelerator current

Discharge voltage

Discharge current

Main cathode keeper current

Main cathode vaporizer current
Main cathode vaporizer temperature
Nuetralizer keeper current
Neutralizer vaporizer current
Neutralizer vaporizer tempzrature
Heat sink temperature

Base plate temperature

Engine unit temperature

Mercury tank temperature

Degree of vacuum

Shround temperature

Power conditioner base plate temperature

Engine unit base plate temperature
Thrust

Neutralizer ignition time
Main cathode ignition time
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. Fig. 5.14 Beam Injection Characteristics, (a) IES #1 and (b) IES #2
v ($)4 (B4 (m)A (WA / /
i 2400 24 120+ .u///,f P }/,/5/,
E3
/ < / T
100 2000 20+ t00 ! /' - ’ / ‘/
! / ‘o(// ’ /’/v
\% 1/, / /‘
' Py
a0 1s004 184 g0/ -
y ' o)
- : a
. e et
L 604 12004 12
< 404 8sood o8-
; 204 300 o4 20
i Vamdov 1d=0354 [d=0.354
] Vn=10KY Va=10KV Vd=40V
i 0 0. 0 od 4 ) L L 1 ' L 1 [ B 1 1 ] 1
. [+1] 05 W 34 36 38 40 42 44 46 o8 10 12 14 (KW
—— —H— v ~-= Id:discharge vd:discharge Vnaccelerator
‘ S
PMO>N o current voltage voltage
o o0 0
t g o U
~ g0 43
n 38y bE u S
it Ood 8 S OF POOR QUALITY
) Rty 0 0 2
: L] A oA 7
‘ =
i ) () | () | (W
8 %
i 24004 2449 120 /
, / ;
1 100+ 2000 - z.::iJ 100 /’, .~
v /.‘
L1 f;
il
g 80 16004 15 @0-
b
L 60 - ‘2°°J 12 4 60+ /
40- go6d o8- 4o
vd=40v 1d=0354 1d=035A !
207 400 049 20 Vas10KV Vn=10KV vd=tov 1 %
o. o.. 0- o.. -l L [} | 1 ] (] (] 1 ] ] 1 | L -
) -— 03 Q4 05 & a4 a6 33 40 42 44 46 W 08 189, 12 14 (KV) t
Ida vd vn

=239~




AT
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5.3.4 Summary

Based on the results of Acceptance Tests of IEE, IEP and IES,
the FM of ion engine system was determined to be acceptable for flight,
satisfying all requirements.

Summar'r of results with FM relative to the main reguirements is

given in Pig. 5.16,
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Fig, 5.16 Ion Engine System(Flight Model)

‘ Character-Character-~
+——Required —istic of Tistic of

Characteristic parameter: [Unit| value #1 #2
Power consumption W K100 KT 856 876
Thrust g ri*’ 01814003 0167 0172
Specific impulse SEC | 2000+200 2183 1938
Propellant flow gr/%| (14025 )x10"* | 0763x10™ | 0.887x10™
Propellant efficiency % |70%10 68.7 613
Thruster power efficiency $ |4435 423 440
Weight* K¢ £2306KeLlTF 2217 Kg
Reliability - Po0soilb 096

*Engine unit .96+ 198Ky

Propellant 0.6 0Kgx 2

IP  6.60+668K

IR 359Ky

Shield tape 0.1 6Kg

TOTAL 221 7Kg

Power source
control device(IR)

oL

o RN o\ Engine unit
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Chapter 6

Problems in Development and Countermeasures
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Chapter 6: Main Problems in Development and Countermeasures

In this chapter, main problems which occurred during production
and testing of EM, PM and FM and the countermeasures are discussed from

the technical point of view.

6.1 Transient Characteristic of Discharge Voltage During Beam Injection

. e
T et

o

L

ST eI T

PN s~ S8

(1) Description of problem

In the EM of IEE Unit No. 1, beam injection caused discharge
voltage to rise from about 40V to 55-70V(see Fig. 6.l), when the main
discharge was maintained with the heater power source(PS10) output at
its nominal level (constant output of 3V).

This phenomenon does not occur when the PS10 output is at a high
level (constant 5V). Normal beam injection state at the nominal level
of PS1l0 can be obtained if PS1l0 outpuf is thrown in at a high level
and then lowered in about an hour, but such an operation is not
practical.

(2) Estimation of cause

The cause first assumed was that plasma density inside the
discharge chamber was low, which may be due to an unbalanced supply of
mercury and electron, or lack of mercury atom supply. As the normal
flow control had been confirmed by the measured flow in component test,
lack of mercury flow could be caused by an inefficient supply of
mercury vapor from vaporizer. In any case, discharge voltage showed
an almost normal value(about 40V) when the main discharge was
maintained, which indicated that the cause was a subtle mismatching of
discharge conditions which could be returned normal by adjusting the

bafifle position.
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(3) Cause-finding steps

Zo s e T .

Steps shown in Fig. 6.2 were taken.

hy {4) Results of cause~finding steps

LRy

Rasults were as follows.

e

i (a) Main hollow cathode in IEE(l) was replaced by a spare
i

EPTREEE  i AT I

cathode: No major change and no major improvement
rasulted.

(b) With (a), discharge chamber was replaced by a spare
chamber: No change resulted.

(c) Cathode removed from IEE(l) was tested independently:
No abnormality foand.

(d) A heat shield was installed in the insulator of the

ié} hollow cathode removed from IEE(l): 54V in transient

and 38V in steady state resulted.

From the above results, it was supposed that the problem was due
to a low inéulator temperature vhich caused mercury to be condensed,
resulting in an insufficient supply of mercury to the discharge chamber.

As the insulator is expected to have the lowest temperature in
the main hollow cathode assembly, the temperature of its flange was

measured. Following was observed.

i) At Vev=3.5V and Viso=3V(nominal value for PS10): i

-Temperature of insulator flange at main discharge

ignition - 150C in IEE(l) and 175C in life test model.
*Minimum temperature of insulator flange ~ 140C in
IEE(l) and 145 in life test model.
These temperatures are critical for mercury condensation.
ii) At Vev=3.5V and Viso=5V(high level of PSlO):

*Tamperature of insulator flange at main dischargs
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ignition - 165C in 1IEE(l) and 205C in life test model.
-IEE(l) increased gradually then on, to steady state
temperature of 192C.
«In the life test model, temperature lowered to a
minimum of 175C and then reached a steady state of
L78cC.
(5) Areas of improvement
Based on the temperature and discharge transient characteristics
described above, following improvements were planned in addition to the
installation of heat shield in the insulator.
i) Match temperature increase characteristics of cathode
and'vaporizer by slowing the temperature rise in vaporizer.
ii} At the same time, increase the minimum temperature range
in the main hollow cathode near the insulator.
For this purpose, the position of vaporizer heater was modified.
Fig. 6.3 shows the main hollow cathode before and after the improvement.
Heater was returned to almost the same position as in Pre-EM and BBM.
Fig. 6.4 shows the insulator tempeféture change before and after the
improvement. After improvement, the insulator flange temperature was
160C at the time of main discharge ignition and slowly rose to the
steady state temperature of 180C.which was a 25C-increase from before
and close to the temperature of case ii) in the preceding sub-section
(PS10 high level). Transient changes of discharge voltage in the
improved IEE(l) are shown in Fig. 6.5. In the improved IEE(l),
response of discharge voltage was more sensitive to vaporizer
temperature changae.
(6) Comparison of characteristics before and after improvement

Characteristic chahges due to the change in vaporizer heater
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position are as follows,

Before After:
i) Abnormal discharge ignition time Yes Ho
ii) Rise of vaporizer temperature About 400C About 270C
in 10 min. in 10 wmin,
iii) Main discharge ignition time About 10 min. About 12 mir%
iv) Steady~staie temperature of
insulator flahge About 155C About 180C
v) Response of discharge voltage to
to changes in vaporizer temp. Dull Sharp
vi) Discharge voltage change due to
insulator power change Sharp None

(Constant vaporizer temperature F)
(7} Recurrence of the problem in PM and the measures taken
é:gggggd to have been solved when above-described steps were
taken. However, the same phenomenon occurred again in a test by the
manufacture; during production of PM.

Deseription of problem In a test during production of hollow

cathode, PMO7(internal code for main hollow cathode) did not start
discharging 30 minutes after power was thrown in, or ignition was slow
and accumulation of mercury on the insulator was observed after ignition.
Cause and measures As described earlier, accumulation of mercury
on the insulator occurred in EM, and vaporizer heater was moved to the
insulator side. As shown in Fig. 6.6(b), the heater was wound once on
the vaporizer case and the rest was wound over vaporizer pipe. In PM,
resistance of vaporizér heater was adjusted by shortening the heater
wire, as that of EM was slightly larger than the standard. Because of
this, the nunber of turns on the vaporizer pipe was reduced, causing
the center of heat to move towards the vaporizer and thus increasing

the heat resistance between the vaporizer and the insulator. In
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A
comparing the two in a simple heat test it was found that the temperature ' |

. . I
increase of PM was 15-20C less than that of modified EM. Therefore, ; ﬁ
heater was wound sparingly around the vaporizer pipe in the second PM, f E
1 £l
as shown in Fig. 6.6(d), so that the end reached insulator flange. ; {
The result was satisfactory, and it was incorporated into FM. i §
T
P
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Fig. 6.1 Abnormal Increase of Discharge Voltags
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FPig. 6.2 Treatment of Problems

} L. Study of countermeasures EZ 1 ]uﬂa
2. Adjustment of baffle
3., Test , ]
4. Cause-finging of problem product B i*>
5. CDR m2
6. Changes made in PM
7. Installation of heat shield on

hollow cathode
8. Test
9. Cause~finding of problem product

10. CDR

1l. Changes made in PM

Study of countermeasures?

13. Cause-finding test for problem product

14, Performance check with internal

facilities

Performance check with replaced dis~

charge chamber using internal facil,

Measuremant of temperaturs

17. Cause-finding test with IEE life test

model

18, Measurement of cathode flow with IEE

life test model

19, Test for modified cathode with IEE

life test model

i 20. (Adjustment of?) baffle position with

. IEE life test model

A Modification of hollow cathode

22, Installation of modified product on

. IEE(1) ,

23. Performance test & 28 .

24, Low-temperature test ' ! 26 ;

25. Test with varied parameters ' " e

. 26. Report , © 20um AP — 1

i 27. Heat analysis based on measurement data I ---------- =

1 28. Heat analysis
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Fig., 6.3 Modification of Main Hollow Cathode ; ?

s, AOam o
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Fig. 6.5 Transient Change in Discharge Voltage of Modified IEE(1) T
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2 . ‘Main hollow cathode: H/C(modified) -

k ‘Discharyge chamber: A3 (baffle position l.5mm)
v -Other conditions:

1. No control on base plate temperature
2. Constant shround temperature

: 3. Early Jcv: 1.9A

% 4, Idling time: 1l min.
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6.2 Flow Control of Neutralizer

Incompatibility of closed loop between neutralizer and vaporizer
was found in the IES development test. The closed loop detects keeper
voltage and sends feedback to vaporizer current, using the sequential
characteristic: with increase in mercury supply due to increase in
vaporizer current, plasma impedance between cathode and keeper decreases,
reducing keeper voltage. Presumably, this sequential characteristic
was not maintained and - a raverse characteristic appeared instead,
causing the closed loop function to fail and the vaporizer current to
stay at its maximum. Therefore, the diameter of keeper hole was
changed, in an attempt to convert the characteristic of neutralizer
keeper into a sequential characteristic within the operation range.
Fig. 6.7 gives test results showing the relationship between vaporizer
temperature Tnv and keeper voltage Vnk with the keeper hole diameter as
a parameter. It was found that smaller the diameter, closer the range
of sequential characteristic is to the lower vaporizer temperature Tnv,
i.e. smaller mercury flow. Relationship between vaporizer temperature
Tnv and mercury flow is shown on the horizontal axis. Rated mercury
flow(l x 10™7g/s) is obtained at Tnv~(=?)230C. Fig. 6.7 also shows
that when the keeper hole diameter is lg, as soon as Tnv exceeds rated
temperature it moves into the reverse characteristic range. With
increased keeper hole diameter, the point of inflection of sequential
characteristic and reverse characteristic moves towards larger Tnv,
but keeper voltage Vnk increases. It was found that igpition time was
slightly delayed at the same time. Taking the characteristic and
keeper voltage into consideration, diameter of 2¢ was chosen.

On the other hand, upper and lower limits of vaporizer power

gsource current were narrowed so that a mercury flow which facilitates
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normal neuwtralizer operation could be maintained even in case of control ; ,f ﬁ
failure of the closed loop. Characteristics of control device for ?' %
neutralizer keeper voltage(Vnhk) and neutralizer keeper currenk (Inv) are % %
shown in Fig. 6.8, Lower limit of Inv was changed from 0.4A to 0.5A ‘ %
and upper limit, from 1.4A to 1.2A. Upper limit affects the rise of ; ﬂ
neutralizer vaporizer temperature at the start of ion engine operation, j,/ 51

i.e. ignition time. The relaticonship between neutralizer vaporizer

current Inv and ignition time is shown in Fig. 6.9, for the keeper hnle
diameter of l#. After the change from 1,4A to 1,23, about 2,5-minute
delay was observed, but ignition time of 7 minutes was considered %

satisfactory. 1
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Fig. 6.7

Hole Diameter as Parameter
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Fig. 6.9 Maximum Current of Neutralizer Vaporizer vs. Ignition Time
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6.3 Mercuryv-pressure Resistivity of Vaporizer

(1) Description of problem

At the time of production (PM), inspection showed that the
discharge voltage of main hollow cathode was high and unstable. It
changed with time, but with a dull response to vaporizer temperature
change, showing a similar pattern as in Development Test. As
accumulation of mercury in the insulator was expected, its heater
power was set to high level. This lowered discharge voltage,
confirming mercury accumulation. At the end of operation, vaporizer
heater power was shut off and insulator heater power was set to high
level, in preparation for natural diminishing of discharge. Hwever,
discharge was still maintained after 3 hours. Temperature of main
vaporizer was about 230C at this time, but the mercury flow registered
on & mercury column was 3-4 times the normal amount. Mercury column
continued to lower after the operation ended, suggesting a high
possibilitf of liquid mercury leakage from the vaporizer.

(2) Developments around neutralizer

Due to an abnormal discharge wvoltage increase at the time of
beam injection during Development Test, it was necessary to allocate
part of vaporizer heater power to insulator side. Because of this,
permeation coefficient of porous tungsten was increased in PM so that
vaporizer could operate at a lower temperature: the temperature at
which rated mercury flow cc ild be cbtained was 310C in EM, while in
P01-001l, for example, it was 264C. This was accomplished by
Sgureasing the pressure in sintering.

(3) Cause and measure

In chserving a cross section of a vaporizer which lacked in

pressure resistivity for static pressure mercury, enlarged Ta crystals
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were observed near the welded area. There was also a crack in the E ﬁ
porous tuﬁ%ten plug near the same area, which appeared to have been i 1
caused by heat stress(See Fig. 6.10). From these observations, lack ?
of pressure resistivity seemed to have been caused by the crack and ?
the permeation coefficient of porous tungsten which was sliqhtly too i Q
large. _f K

Therefore, as countermeasures, welding conditions were modified % ?
and the density of porous tunsten was increased from 70% to 71% in ﬁ ,
main hollow cathode and from 75% to 76% in neutralizZer hollow cathode, :g g
a 1% increase for each. ié %

Fig. 6.10 Crack in Vaporizer

Welded area
—Enlarged Ta crystals

B ......L_,J_l%’— Tz pipe
Crack \
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6.4 Ignitability of Neutralizer

(1) Description of problem

During neutralizer operation test of IEE(l) in the function test

of QT, neutralizer was not ignited after power supply was on for 30

= etk
B 1=t =Sk

minutes. This was a preliminary test with power sources installed on

e

the outside of vacuum tank, using a junction box and extension cable,

o p—

and not an official configuration. Heater input power measured in the |
junction box was 23.3W, .
(2) Steps taken and results
i) Under configuration shown in Fig. 6.11, power source PS7
was replaced by an external DC power source and a)main-
tained at 25W for 20 minutes and b) if not ignited, power
was increased every 2 minutes until heater current reached
5A. Results: a) neutralizer did not ignite: and b) ignited

at heater current of 5.0A and supplied power of 29.5W

{junction box measuring terminal). Heater resistance at
this time, calculated from voltage and current, was 1.180.«.
ii) Neutralizer was operated with PS7 replaced by external DC

power source of 25W(junction box measuring terminal) for

30 minutes. Result: Neutralizer did not ignite. Its
heater current was 4.73, voltage, 5.34V, and power, 25.1W
at this time.

iii) DC resistance from the junction box measuring terminal to
the engine unit was measured and compared with resistabpce i
of the engine unit at the connector end. 25W power was
supplied to the connector end for 30 minutes by adjusting ?%
the external DC power source. DC resistance was 0.490.42 at

the junction box measuring terminal and 0.459.0Q. at the

~260- - @
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connector end. Results: Discharge was ignited 16 minutes

after the power source was switched on. Meusuring terminal

J

voltage was 5.48V, connector voltage, 5.33V{calculated % ﬁ
value) , current, 4.80A and power at the connector end was E ﬁ
25.6W (calculated value) at this time. 2/ $

iv) 25-25.3W power was supplied to the connector end of engine ; ?

unit when the temperature of neutralizer vaporizer reached
under 0C. Result: Discharge was not ignited. Connector
voltage was 5.28V(calculated value), current 4.75A and
power was 25.l1W(calculated value).

Results called for re-examination of interface of ion engine unit

Tamalll B Aot e e s s ER

and power source device. Power source output specified in Table 4.10
were nominal values that could be interpreted in different ways. This
was not appropriate, especially with separate production of the engine
unit and power conditioner, respectively by Mitsubishi Electric Co.

and Tokyo Shibaura Electric Co. And, while the output from the power

gonditioner was AC(5kHz) constant voltage in the engine unit component

test, it was actually tested with AC constant current and DC constant

voltage due to the testing facilities at the National Aerospace

Laboratory. Further, changing the diameter of neutralizer keeper hole

[P -
. o

from 1g in EM to 2¢ in PM seemed to have worsen the ignition property.

Thus, it became necessary to provide a unified interpretation of power !

source output, and clarify and plan for any improvements necessary for

£light model. ; 1
In actuality, it was decided to go ahead with the Qualifying
1

Tests for IES(2), while countermeasures for IES(l) were being planned. N

Preparation for FM was particularly important.

(3) Power requirements of ion engine unit FM and power supply

. R
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range of power conditioner
The status as of the beginning of September, 1280, was as Ffollows.
1) Neutralizer heater power
Engine unit
Power at the start of discharge({PM, IEEHL):
*With AC constant c¢urrent power source
5.041A(constant current), 5.072V
Effeqtive power (95% of observed power) 24.29W
Ignition time 26 min.
*With DC constant voltage povwer source
5.02V(constant voltage), 4.872
Effective power 24,459

Ignition time 18 min.

Required power: Min. 25W of effective power

Power conditioner

Estimated output range:

25W+5%(set deviation) f%%(input voltage fluctuation)

+15% .
_lgé(temperature £luctuation)

2) Neutralizer keeper voltage

Engine unit

In QT, operation checked at 0.253A and 24%0.5V
Required vecltage: over 23.5V

Power conditioner

Estimated voltage range:
24v+5%(set deviation) f%%(input voltage fluctuation)

f;ﬁ(temperature Ffluctuation)
3) Main cathode keeper voltage

Engine unit

In QT, operation checked at 0.32 and 15%0.2V




Powexr conditioner A
Estimated output range: E |

15Vi5%(set deviation) +%¢(1nput voltage fluctuation)

f%%(temperature fluctuation)

4} Insulator heater power

Engine unit
In QF, 120.13, (blank)W L

,A_:“-'»: "_‘_v.-_- .-—-\:-_&-5 -

i
~

Power conditioner

Estimated output range: ;. ,{
3W+5%(set deviation) +3A(1nput voltage fluctuation) ;
+§8§(temperature fluctuation)
Lower limit of 2.64W to be secured.
5) Main cathode vaporizer power source

Engine unit

Vaporizer heater resistance(max. value during operation):

No operational problem.

Power conditioner

Estimated output range: 2Af§%(temperature fluctuation)

(4) Range of nemtralizZer heater power source output under the

conditions of AT heat vacuum test
Causas of output f£fluctuation in unstabilized power source are
i) temperature fluctuation of the environment (-5C~+45C in AT) and

ii) input voltage fluctuatlon(zs*o sz specified). These fluctuations

added to the set deviations give the output fluctuation, estimated
prior to the production of power source device FM. Fig. 6.12 shows

the output power fliuctuation range of neutralizer heater power source & f

of wvoltage is 314W. Power source PS7 is for voltage output which is

(PS7). Due to restrictions by converter transformer, the upper limit 3 ]




based on neutralizer heater resistance of l.r. () indicates a range
of set deviation, taking temperature fluctuation range in AT and upper
limit of converter transformer output into account with a steady input
voltage of 28.0V. During operation, the center value of input voltage
is 27.67V(taking voltage drop from PRU output of 28+1%V to IEP into
consideration). According to heat analysis, estimated temperature
fluctuation of base plate at this point is 9 - 29.7C and the output
power range is an in(é). In ordar to obtain output of over 25W under
the operating conditions, output power must be set between 25.77W and

28.87W, as in (:} and vnder the AT conditions output must be adjusted
to 26.39W 28.55W, as in @).

(5) Finalized interface conditions
Based on the requirements of IEE and IEP, power source input

conditions were determinaed for AT. Input conditions at IEE connector

end are shown in Table 6.1. Corresponding output fluctuation tolerance

of IEP and its results were shown in Table 5.12.

Fig. 6.11 Configuration of Neutralizer Operation Test

Space chambexr Multi~purpose
' measuring Power
instrument source
control
[@[ Jl. . P .
: s unction ower device
Fngine unit=e—p—s— box| sourcej, e
devide
External power source géspchr
for neutralizer heater L source

-

S

R S

~D

K|

Uy sk S

R ITR e - SRR R R N




Fig. 6.12 Output Power of Neutralizer Heater Power Source {PS7)
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Tabie 6.1 Power Source Input Conditions at IEE Connector Terminal

.
o
. , : ‘P
Name of power symbol| level Input conditions at IEE connectqr O
__Source . terminal {allowable range) i
Sereen grid PS 1| N.L 1000V+40V pcl| 3oma : IE
: it
Accelerator grid| Ps 2z | N.L | -1000vi§sy pc|{ 1ma 3 ji
Discharge PS 3| N.L 035A+£0014 pClaov o
I.L Levidiv AC|load 0640 ﬁ
Main cathode PS 4| N.L sovi%siy AC|load1oQ .
heater ' )
H.L soviddy AC|iloagLoQ i
£
Main cathode PS 5| N.L 15.0vi22y pc| esa i
keaper . oot
Main cathode L.L 052004 AClloadlL7s5Q g
vaporirzer PS8 6 ) e
- M. L 20273184 |ac(lcaarsq o
Neutralizer I.L Levi$3v AC |load 0.64Q ;
heater P8 7 ok
Neutralizer g+ 6.5
: . . v 0.2
eeper PS 8| N.L 240vEiSd DC 54
Neutralizer L.L u5VE£005YV |AC|loag 750
vaporizer PS 3 tol
Insulator N.L 20viGigv  [ac|loag s
heater PS10 ~ 0.09
H.L s.0vi00%v AC |1oad 38

Note: 1. Start level of PS5 and PS8 is 3oov+l°8v(nc no load).

2. AC input level given is the input condition when power factor
is 1 at pure resistance load.

3. If ignition of main hollow cathode keeper discharge and main
discharge is difficult with PS4(NL), PS4 (HL) is used.




6.5 Countermeasures for Deterioration ¢of Hollow Cathode
In testing IES in the Development Tests, increase of neutralizer
keeper voltage, thought to be caused by deterioration of neutralizer
hollow cathode, was observed. 1In this IEE(l) (EM), total operation
time was about 200 hours(including 100 hour IES testing) and the total
air exposure time was about 1,500 hours(inecluding 336 hour IES testing).,
and dsterioration of neutralizer was already prominent half way through
the IE® test. On the other hand, in the life test of an EM-equivalent,
total operation time was about 500 hours and the total air exposure
time was about 3,100 hours(including about 2,900 hours under controlled
humidity) and no deterioration was obhserved. Thus, deterioration of
IEE(1l) (EM) is assumed to be caused by the duration of air exposure and
its environment (especially humidity) which were too harsh for the
hollow cathode.
Fig. 6.13 shows the deterioration conditions after exposure

(about 19 hours) to highly humid air{over 90%). Keeper voltage change
before and after the exposure seems to be due to deterioration which
did not sufficiently recover by activating cathode heater but returned
to the prs-exposure performance level when the cathode was heated

while maintaining keeper discharge. For IEP, deterioration of hollow
cathode was deemed unavoidable to an extent, and thus, neutralizer
keeper power source(PS8) capacity was raised from 0.257A and 24V to
0.25A and 31V.

With respect to the problem of non-ignition of neutralizer in

the IES QT, electrical interface conditions of IEP and IEE were
reexamined. In order tc study IEE operation conditions and effects
of repetitive operations, air exposure, etc. on ignition time,

repetition test was performed using 2 neutralizers{¥NOl and FNOS5)
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which are equivalent of FM. The test is explained below.

6.5.1 FNOlL Repetition Test
(1) Purposes

i} With cathode heater input of 5.2Vpe, check tlmt ignition

is smocth.

ii) study effects of idling in the first operation after
exposure to air,
iii) Evaluate ignition time under IEE operation mode of
"Immediate start after idling."
iv) Study effects of heat shield.
v) Study effects of aging.
(2) History of neutralizer up to repetition test
Hollow cathode completion inspection:
Operation time 10 hours, repeated 4 times.
Exposure to air: 14 days
Oscillation test
Operation check after oscillation test:
Operation time 6 hours, repeated twice.
Exposure to air: 11 days

Characteristics study:

Operation time 20 hours, repeated 14 times.
Exposure to air during this time 3 times(tctal 20 days)

(3) Test conditions
Base plate temperature 20+3C

Shroud temperature -100C

Power sources: PS7 IL DC constant voltage of 1.6V
NL DC constant voltage of 5.0~5.2V

PS8 Drooping property equivalent of IEP
PS9 Closed loop to IFP-equivalent PS8
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(4) Test results S
"
Test conditions are shown in Table 6.2, performances under steady : 4

state, in Table 6.3, and the history of cathode heater input and { g

ignition time, in Fig. 6.14. i : g
In regard to ignition characteristics, Fig. 6.15 shows that i %

i) With input of 5.2 Vpe, ignition takes place regardless of }‘/ i

idling after exposure to air; : ﬁ

ii) IEE operation mode of "Immediate start after idling”
reduces ignition time by 2-4 minutes; and %' )

iii) Effects of heat shield are not significant when there is L
sufficient heater power, but at a critical power level,
the shield reduced ignition time by 4-5 minutes.

As for keeper discharge characteristics,
i) Changes in neutralizer vaporizZer temperature seen in the

data of steady state(about 60 minutes after beam injection)

indicate that keeper discharge characteristics are

slightly affected by exposure to air(See Fig. 6.16):

ii) The effect is one time only, and the characteristic

recoveres with repeated operation:; and

iii) There is no problem in control property. S

With respect to aging, it is mostly completed before repetition H
test. Aging doss not affect ignition time before or after heat shield

is installed. (Fig. 6.15)
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Fig. 6.13 Keeper Voltage Characteristic When Neutralizer Hollow
Cathode Is Exposed To High Humidity
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Table 6.2 IEE FM PILOT(1) TAling Tos . <] Test_time 4
L Cycle Test Pkl e ime | e T s [es staer ] accrt] simr |
;o Conditions A 30daye. B (1272 1e:s0~ b
T T10s ®W s2Vee | 9'mic | wi03 | vesir | aeiiz) o

® (r  ifur. ) 1 Hoer, 210 Tere t2/3 T 'ﬂg

( *Neutralizer keeper discharge a] v Tsevec ] viaec ‘Eii‘“_ ..TJ“'.] ERTY I 4}
; ignition time © tHour, ) 1 Hour, 2210™ Torr . R 1;‘
;’ *%*minutes s v |52 | 110037 | e 55 B T ] ts ,'.'_1_..-.____ i
. . © 1taar, [) 1Kz, 2550 Terr u
: g: s’gggﬁglr:vgguZtion o] 1 [ sivge [ 13v3ze | ariza Jarian[asneo] E{%’
t\, c; Beam injection ® iHour, 12/3 15240 SHUT OFF I 210" Tarr, L CR ~ax10Tew) ‘,
i - 5 1 5t Vo | (3°42° 5:50 | 9115 ) tot1s v
‘ D: Rest perlod TQ tHaurs 1) T l}kur.I 2n10? Tuirr—_- l l —L ‘{'
i E: Degree of vacuum A [Eﬁnl;yu-] Trizs [ vies | iEnenl i
1 F: Continuous operation of D ihawr, ) Hesr, 2R10° Torr ' i
vacuum tank 1] 1 | Sove | 17:94e | 13:ss a7 ] asia7 ]
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Table 6.3 Cycle Test Pexrformance Characteristics OF PooR auaLTY

Hum & | 1 2 3 4 5 6 7 8 9 10 1 12 13 14 315 1§ 17 18 19 20 21 22 23 24 25 26 27 {Note:

Jblpa) 264 266 266 266 27.2 276 270 269 268 269 269 269 265 270 269 269 267 268 268 268 260 270 270 269 268 268 260 [output of other
‘ ower sources:
E Jelma) 033 033 0.33 032 030 033 031 031 034 032 032 031 032 032 031 033 033 032 033 032 033 032 033 033 032 033 032 PW Va1V
{ ValV) 398 399 399 399 398 399 398 309 399 399 399 398 398 300 369 309 398 309 379 399 303 400 304 399 398 398 399 | Ja=035A
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(al 4 _ 4 4 025 025 025 024 £ 025 -Data obtained
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Fig. 6.15 FM PILOT(1l) Neutralizer

Fig. 6.16 FM PILOT(l) Neutralizer Ignition
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6.5.2 FNO5 Repetition Test

(1) Purpose

Study operation conditions under which stable ignition character-

isties of neutralizer keepsr discharge are obtained.

(2) Test results

History of cathode heater input and ignition is shown in Fig. 6.17.

Based on the results,

i) Por a certain time after completion, ignition character-
istiecs of hollow cathode are likely to be affected to an
extent by exposure to air;

ii) During this time, ignition conditions can be returned to
normal with 2-~5 operations after exposure({cathode heater
input(s.zvbc) required); and |

iii) After this periol ignition characteristics are stabilized,
with no ill effects from the exposure.

From the above results, following was to be reflected in the FM,

Acceptance Tests and Space Tests:

i) Input to neutralizer cathode heater will be a minimum of
5.25V; and
1i) After exposing to air, the first operation will be started

immediately after 90-120 minutes idling.
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INAL PAGE €
6.6 _Contamination from Back-spattering g?‘%ﬁﬂé\% QUALITY

(1) Description of problem

Neutralizer keeper did not ignite in the electromagnetic compati~
bility test of IES(2) in Q.

(2) Steps taken
*Operation attempted again(twice) - No ignition resulted.

*Keeper electrode insulation resistance measured from the outside
of the tank.
Main cathode keepex Rcek=123,9k £2.

Neutralizer cathode keeper  Rnk=5.98k.2.
1S5«~minute activation

Rok ~20M. 2
Rnk ~ 3K

*‘Neutralizer heated (junction box used)

Inh=2 A, 3 0nin Rok= IB8KQ — 14.2K0)

foh=3 A, 30 « Rak= 183KQ—118K0

Inh=4 A, 30 # Rank= 1LEKQ~12 KO
‘Operation attempted under the original configuration - No
ignition resulted.

Heated again to see if mercury adhesion was
the causa.

Results indicated that there was no possibility of mercury adhesion.
Visual inspection of IEEEZ2 and measurement of resistance of engine
unit as a single component were carried out next,

(3) Results of visual inspection

The entire surface of neutralizer keeper lead support was
contaminated.

. — 2
Measuraed resgistance: kL_ = ‘ ;
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With these results, Mitsubishi Electric was asked to inspect and

treat IEEH#2.

S~y

Dy - ~ .
Bl

(4) Inspection and treatment

el

Recovery of insulation was attempted by self-heating of

neutralizer keeper. Neutralizer was placed in a chamber and voltage g
of 4V and 200V were respectively applied to cathode heater and keeper. ? 3
Keeper voltage was increased to 1.8kV and the final leakage current f :
was 2mA. Insulation resistance recovered to 50M and no disorder was i

}

!

observed during ignition check. oo
|

(5) Causes and measures !

Decrease in keeper insulation resistance was caused by metal

material adhering to the ceramic keeper lead support during long;

i b SSRF R e e
0

duration test. Judging from the conditions of contamination, the

2y
¥

material seems to have been backspattered from wvacuum tank by ion

engine injection beam. Especially with the position of ion engine

inside the chamber, it is possible that injected ion beam hits the

gate valve flange near the engine.

Based on the above, following countermeasures were planned for FM.

1) For operating environment, degree of vacuum of under

2 x 107%Torr during non-operation and under 5 x 10~6 Torr
during operation.

ii) Duration of evacuation after exposure to air of over 8 {
hours. E

iii) Installation of a spatter guard of Ti plate. Ti has the
smallest mercury spattering rate among metals and also _
has a good absorbency of spattered material. Shape £ %
the spatter guard is shown in Fig. 6.19,

iv) As above measures do not entirely prevent contamination,




Fig. 6.19 Spatter Guard

Fig. 6.20 Shape of Neutralizer Shield(See Fig. 4.3 for mounting

i

A

A

: /, . l.' l:

a shield will be installed on a neutralizer, which serves y‘ ﬁ
. .

not only as a spatter shield but a heat shield as well. § ﬁ

Shape of this guard is shown in Fig. 6.20.
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6.7 Reduction of Power Consumption of Power Sources

Main problem in the development test of IEP component and in the
production of its PM was with electric power. For PS1l and PS2, which
use the largest power and high voltage, converter transformers made by
Tamura Manufacturing Co. were to be used.

However, with Tamura's model 301, efficiency of circuits in PS1
and PS2 was found to be considerably lower (73-74%) compared to the
calculated value(83%). When replaced by a converter transformer made
by Toshiba (TNQ2772) used in BBM and PreEM, value equal to the calculated
value was obtained. 1In order to meet the schedule, this Toshiba model
was used in IEP of EM until an improved Tamura model was ready. Model
301-4, reaching the efficiency of 77%, was planned to be used from PM
on, when it was determined that no more improvements could be expected.
This model had 2.8W more power than the Toshiba model, and, with 93.&W

in power source device and 98.0W in IEP, was designed to meet the

specification of less than 95W and less than 1l00W, respectively.

However, there was a calculation mistake of power consumption in the
CDR input package, and it was found that power consumption of IEP 3;43
exceeded 1l00W(105.8W) when the engine unit operated at the specified o
maximum of 68.6W. As the maximum of power source PS9 was lowered from

1.4A to 1l.2A(See Section 6.2) in IEE, specified maximum operation

power of IEE was changed from 68.6W to 68.0W, and at the same time
efforts were made to save pcwer in IEP. 1In spite of this, it became
increasingly difficult to continue the use of this Tamura model in PS1l
and PS2 in view of power loss. It was because NASDA-approved Tamura
model used a special insulation method in order to accommodate high

corona voltage(AC 2.3kV). It was therefore decided that the same

R -

insulation method as Toshiba model would be employed and the corona

v 5 o AV Ve (V7 PROCT S B ol i B
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resisting voltage would be lowered to AC 1.3kV{(equivalent of DC 1.4kV ?
% 3), based on which trial products were made and evaluated. Finally, %
1086W=-loss was obtained with trial product #3, which was selected for }
use in PM and subsequent models. It was also found that about 1W could : {
be saved by eliminating choke coil for EMC countermeasure. In order to ; %
do so, specified value of allowable transmission interference noise of : ;
powear source line was changed from lOmAp~p to 30mAp-p at 100KHz - 1O0MH=. 1
Powar consumption cut was attempted also by switching to a low-loss ) :
operatinal amplifier, reviewing the standard voltage circuit for . i
possible sharing, ete. In this way, input power of IEP satisfied the 1 ?
specified value of 100W or less(93W in PM and 95W in FM). b
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6.8 Msasures For High Voltage Unit of Power Source

T

IEP generates a maximum voltage of 1.4kV and minimum of -1.4kV.

" .

Measures for prevention of high voltage accident in space environment

are summarized below. An accident in the high voltage unit of BS had

just been reported, with which comparison was made.

- ., e i

Configuration of high voltage unit was designed with the following

T eand

guidelines.

i) High voltage circuit will be potted with epoxy resin (STYCAST
1090 SI) to improve pressure resistivity and to scale down. i
ii) Base plate components will be potted with epoxy resin or given o

i conformal coating of polvurethane resin (SOLITHANE 113) to

improve pressure rasistivity.
iii) Flying lead wire will be used for connection between high

voltage circuits, except for interface between devices, and

R oy L R

ends are either potted or given conformal coating.

i iv) In order to prevent deterioration with time, wire-wound part

- AT
S o

T
— = et . Artl“:‘- A

it does not generate partial discharge(corona-free).

;
; whese AC voltage operates will be designed in such a way that i

Parts used in high voltage unit in IEP are listed in Table 6.4. ﬁl
Design and analysis of each part are discussed below.
; (1) Converter transformer
Converter was produced according to NASDA-QTS-39013 (Common i {

L Specifications (plan) for Reliability-guaranteed Low-fregqushcy Coil,

Power Source Transformer and Low-frequency Transformer for Space ]

] Development), and its voltage, withstand voltage and corona voltage

: are shown in Table 6.5. High voltage breakdown/deterioration mode to
be considered and analysis results are given below.

i) Insulation breakdown dus to deterioration caused by

-282~ | o
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partial discharge

Bach converter transformer does not generate partcial

discharge at operating potential level.

ii) Insulation breakdown due to heat/mechanical deterioration

Each part of converter transformer has been tested
for heat shock, partial discharge and withstand voltage
and passed evaluation test, and thus considered safe for
this mode.

Insulation breakdown due to heat deterioration of materials

Withstani heat range of main materials used in each
converter transformer are as shown in Table 6.6. Heat

deterioration due to operation temperature can be lgnored.

(2) Printed substrate

Spacing of high voltage patterns inside the printed substrate was

designed with the values set under "conductor gap when protective film

is used" in

for voltage

Table 1, NASDA-QTS-1023/10l. For example, design standard

of 1.4kVo~p is over 4.27mm, but the design value for

minimum conductor gap, under the table, is 8mm.

(3) High voltage connectors

Connect

Table 6.4,

ors made by AMP Co. for IEP are of the standards showh in

Joints with high voltage wires potted, they were used in

cowbination with high veoltage connectors, made also by AMP Co., and

given 3-month continuous tests by applying twice the voltage to be used

vnder a thermal vacuum(55C, 10-87orr) to check that there were no

discharge and detexioration.

(4) High voltage cables

MIL-W~81044 polyalkene wires were used.

(5) Materials for potting and conformal coating

-283-
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Potting resin below was selected for material stability, specific
gravity, resin setting conditions, insulation properties, etc.
Material...Heat-setting epoxy resin
Manufacturer...Emerson & Cumming, Japan, Inc.
Product name...Stycast 1090SI

Its properties are shown in Table 6.7. Glass setting temperature was

about 80C.,

Coating material was selected for material stability, resin
setting conditions, electrical properties, temperature characteristics,
etc. ]

Material...Heat-setting polyurethane resin
Manufacturer...Thickol Chemical Corp.
Product nams...Solitane 113

Its properties are shown in Table 6.8.

These materials have been approved by NASA for potting and coating.

In order to evaluate reliability of potting and coating of printed
board, heat shock test was given. Stycast 1090SI was potted on IEP
high voltage unit (without electronic parts mounted on the board, one

sample) and given the tests shown in Fig. 6.2l. Resulits were good,
as shown in Table 5.9. Similar tests were performed for the coating
material, with distribution capacity and tan? tests added to the early-

stage and final-stage performance tests. Resulis were also satisfactory.

 Further, heat shock test{washer test) was performed to evaluate crack

resistivity of potting material {Stycast 1090SI). As shown in Fig. 6.22,
5 samples with washers potted were tested. No cracking or chipping

was obsexrved on the resin surfaces.
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Table 6.4 Parts Used In High Voltage Unit

@n%furi\rﬂ? ‘. " -":.

Nafa n: Lilig 7

OF POGR Qu.-w.n. y

~Circuit Design  _Design
symbol Name Parts no. Rated standards value
A3CR1 . R9208P1 Vg =3KV |VR<LS5KV{Vz=14KV
~A3CR4 Diode | ( ps3q ) lo=100mA | Io<50mAll,=30mA
A3CRS ] R9208P1 Vp=3KV |Vz<L5KV|Vp=L4KV
Diode
~A3CR8 ( F3o ) I,=100mA | [<50nAlTg= 1maA
A3C1 v3-B30045-003 0OSuF
Papex ] LSKVAT |1L4KVmax |
A3CzZ condenser (CMR1A302502K) 3KV
A3RZ Wire wound MSFC85M03560 15MO 1W | 0.5WMT |013wW
A3Re resistor  sSHV70F1s50S 35KV | 4375KV |1L4KVmax
IPA(B)JS ROuﬁ%E 41~B02345~002 ‘
f 15KV 375KV {28KVmax
IPA(B)J6 connegtor (862004—1)
AlTl Convertef?
transformer D0 284P301 -
—— {
AlT2 Converter
transformerSP0284P302 - - -
—— f
AlT3 Converter
2 0 — - -
tr?n‘sformezf SD0z84p303
¥ i
AlTS Converter
0284 - - -
f'r:lans,formersn 84pP304
1
Wiri
maie?:gal 4406114 25KVrms | 1.77KVo-p | L4KVo-p
Printed
- board MPC30183R - - -

Table 6.5 Voltage Used, Withstand Voltage and Corona Voltage
Specifications For High Voltage “onverter Transformer

Withstand voltage

" - e

| Location (reduced pressure,
. ltage used Corona voltage
Parts no. ysed Voltag (BEESeHg ) © g
§D0284 1EP 1400Vo—p 1750V rom s |>13060Vr.ansik
P301 P81, 2
+1400V t
§poza4 | IEP 0 Floa 1250V r.m s |®1400VD.CHE
P302 PS3 40Vo—p
+1460
§pozs4 | IEP 400V Float 1250V rom s |>1400VD.CEE
P393 PS4 6Vo-p
+1400V t
SD0284 IEF Floa 1250V rom.s (»1400VD.CEE
P304 PS5 300Vo—p
po2g4Visi-con(?)
§ high voltage 5060Vo_p 625V rom s (>1400VD.CELE
P332 power source
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Table 6.6 Main Insulation Materials for Conver Transformer and Their

Withstand Heat

Parts | Material | Product name _ |Withstand heat
Electrical wire PEW Esmet Wire 130C
Insulation tape Poly imid f£ilm | Capton i80cC
Impregnait Epoxy resin Stycast 1090SI 107C

Table 6.7 Characteristics of Potting Material

Subject Unit Value
Electrical characteristics:
Dielectric breakdown strength V/mil 375
Permittivity(1Miz) 29
Dielectric power factor (1MHz) 0001
Volume resistivity —cm 104
Physical characteristics:
Compressive strength Ko/ oxd 703
Elasticity Ko/ et 1.4 %104
Bending strength Ko/ el 281
Shrinkage rate when hardened cm/cn 0.003
Hardness 78D
Thermal characteristics:
Thermal conductivity cal/tm, 6,°C | 4.1x107*
Coefficient of thermal expansion cm/cm'C 54x107*
Temperature used c ~73~+107
Total weight loss{TWL) % 074
Vaporized condensed material(VCM) | g 009
. - ~286-
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Table 6.8 Characteristics of Coating Material

-]
a

TRy

Subjecgt Unit Value o
Electrical characteristics: . %
Dielectric breakdown strength V/mil 378 Do
Permittivity (1KEz) 4.2 f ;
Dielsutric power factor (1KHz) 0162 -
Volume resistivity Q—cm 25x10"* VR
Physical characteristics: : i
Tensile strength K9/cad 28 o
Extension rate % 160 ; :
Tear strength Kg/ et 25 fo
Hardness (27C) 60A f }
TWI, % 031 o
, veM ' % 0.04 A

Fig. 6.21 Heat Shock Test of Potting Material (sample: printed
substrate equivalent of high voltage unit)

Test sequence

1, Insulation resistance test

Ea;vy-stage performange testl—— 2. Corona discharge starting
voltage

3. Withstand voltage test

y
Heat _shock test]

' v D d
Final-~-stage performance testi—— (same as above) C

W/
Vacuum withstand voltage testl— 1. Insulation resistance test Coh
| 2. Withstand voltage test <

Heat shock test conditions: ' :; v

Temperature profile - +85€ v |

_ i

——__ Room
temperature
-20C . |
305} +soﬁ < ;
1l ¢ycle 7
Nunber of test cyeles - 120
- - ~287-
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Table 6.9 Results of Heat Shocok Tes
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OF POOR QuALpy

t

Performance test:

l. Insulation resistance test

2. Corona discharge starting voltage

3. Withstand voltage test

4. Visual inspection of appearance

early final |
stage stage ' |Vacuum test
DC560V DCS00V pcsoav

1) +1400V 1inel100X10Mn. f100x10Mn .P100x10°Mn -

2) —1400V" p p "
AC25KV AC25KV

1) +1400V line|Nc corona{No corona -

2) —1400v " [No corona{No corona
DC28KV1 DC28KV1 DC28KV1

1) +1400V line| Normal Normal Normal

2) —1400v " " P "

Normal Normal Normal

Fig. 6.22 Heat Shock Test of Potting Material (sample: washer)

Sample: Washer pott? in dimensions
shown at ricit.
5 samples.

Heat shock test conditions:

Ll\a
T

[ c3z4z1a ]

g

T

F{d

100¢C

4

104 i 109

1 cycle

—20T

Room
temperature

5 cycles repeated continuously.

B NS A N

afem o3

— et
Mg

I




Chapter 7

Satellite System Test and Compatibility
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Presented in this chapter are the results of system-level tests
with the ion engine system installed on a satellite and the evaluation

of their compatibility. Section 7.3 contains evaluation based on the

system analysis.

7.1 Outline of Tests

Development tests for ETS~III at system level involved, for the
purpose of solidifying design, EM combination tests, structural model
tests(static and dvnamic load structural model tests), heat model test,
etc. OFf special concern to IES were électromagnetic compatibility
test in the combination tests and heat model tests. They are discussed
in detail in Section 7.3. Actual EM of the engine was used in IES
electromagnetic compatibility test, while in other tests dummies of .
electrical load, mass and heat were used instead.

In the production tests, Qualifying Tests were given to PM and
Acceptance'Tests were given to FM. Qualifying Tests were aimed at
establishing design and production schedule, and were executed for the
subject matters and under the flow shown in Fig. 7.l. As an unexpected
trouble occurred in the Acceptance Tests which required a testing
schedule change, the flow is partially irregular. Acceptanca Tests
were given for the subject matters aad under the flow shown in Fig. 7.2.
for the purposes of checking functions and performances and verifying
propriety of production schedule. Acceptance Tests followed the basic
launch(?) sequence, with acoustic test eliminated.

Although power conditioner was installed on the satellite for the
production tests, it was decided that, as a rule, the actual engine

would not be used in the system test for the following reasons:

Deterioration of engine performance due to air-exposure is expected:
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In the event of mercury leskage, safety of people and satellite would
be a problem:; It can operate only in vacuum, etc. Engine substitutes
are indicated iIIC) in the figure. In the Acceptance Tests, actual FM
of the engine was used ohly in alignment test and the rest used dummies
or actual PM. Thus, environment resistivity could be checked only for
the power conditioner in the system tests. In the electrical
performance tests hefore and after environment test, electrical load
dummy was used to check telemetry/command function, power source
device output, and logical control function of power source control
device against telemetry output.

Qualifying Tests were completed in 9 months and Acceptance Tests,

in 7% months. For overall system tests, refer to the "Report on

ETS-III Development Results."l)
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Fig. 7.1 Qualifying Test Execution Schedule for ETS-III PM System

Year % 55(1981) - "i
Month 2 3 ‘ 5 6 7 8 s 10 11 P
day ¢@ 10 20 10 20 10 20 _ 10 20 10 2o 10 20 10 20 . 10 20 106 20 10 20 'F
’ 22 2 i ' + + } 4 .
C———u=n €
1 & 4
wn 2 Fics
w®a N~ !
4] £ 10313 ﬁ
: i 515:32[.31 14 y
B OBET g gl coimerreveriin S 27
3 R& ﬂqﬂs ———/——— : i
m fieR 7 BA¥ gy 28 1 19 2 m__ S
i R BT e 2% = o
s T# B P 11 12 S ~%? ¢
* eeanzToTIn . ] 316 ;
Fee E P 1¥”c==¥ ’ ;
; . @sat ¥ § 5 15— ;4
2 test * 16 % s ;s
= “ g lﬂ 18 =
2 KR ¥ —.. 19 110w }
i R g Do
Trouble-shooting for: wa & -9 22
¥1 out-of-standard leakage -y
zz burned printed substrate inside ACE s B8
g i
®
1. Electrical performance test(I), (II) ard (III)

2. Alignment test(I)

3. RF performance test

4. Paddle turning test(I)
, Mass characteristic test(I)
i 5. Rocket interface
&. Transporting{Tokyo to Tsukuba) and electr:.ca1 performance(II) B
7. Alignment check
} 8. Leakage test
' 9. Osecillation test
10. Alignment check
11. Heat balance
12. Thermal wvacuum ,
13. Alignment check Ty
14. Acoustic test } \
15. sShock test
16, Paddle turning test(II)
17. Magnetic test
18. Electrical performance test (II) (includes leakage test) o i
19. Transporting(Tsukuba to Tokvo) and electrical performance (II) . 1

|

20. Alignment test :
2l. Mass charactaristic test h
22. Final appearance inspection :
23. Paddle irradiation test
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Fig. 7.2 Acceptance Test Execution Schedule for ETS~III FM System

Year ) ss(1981) s7 (1982)
Month m» 9 10 1 12 1 2 3 4
Day a8y 10 20 10 20 10 20 w0 2o 0 20 10 20 10 20 10 20
vlﬁ 6
l =i
=
y 2 '91:12’;
B 3
&.i : 4 =5 1
i P87 5 e ==
© B R o 6 1314 Pe
&® 8% 7“:'&5 13 14
® w8 B B
09 sz L0 =
Wy B 10 MO0 m
18 * ® # z 2
xes & 13 = 1
g’ ® : 15 16 E% a
3 % % % 17 l:‘lzu523
& 2] ‘J: (% R B ;ﬁé }§ 1 s
® Pt © B s 2Q
1I) Ed < 21
® bR S
# W R
@ IEERR actual unit %
® EERRAFS: - electric load dummy
® IEERAri- mass dummy
© 1EEMi- heat dummy
1. Electrical performance test(I) and (III) Q@
2. Alignment test (I)
3. RF performance test
4., Paddle turning test (I @P
5. Mass characteristic test(I) ()
6. Rocket interface

19.
21.

Transporting (Tokyo to Tsukuba) and electrical performance(II) &)

Alignment check

Leakage test

Oscillation test (@)

Shock test

Paddle turnihg test(II) @)
Alignment check

Paddle irradiation test

(Heat test) Thermal vacuum (T)
Maghetic test

Electrical performance test{I) &
Leakage test

Alignment test(II)

Mass characteristic test(II) (@)
Final appearance inspection
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7.2 Test Results

Development tests relating to IES were those of electromagnetic
compatibility and heat model. There was no problem with the formex,
while results of heat model test called for a revicw of some aspects
of heat design of the sate llite, which was reflected in detail design.

In the production test, a troukle occurred during QT of RF
pexrformance test in which telemetry output of IES main cathode keeper
current shut off. The cause was determined to be that the diode
(NASDA TX1S~2204),used for rectifying telemetry signal power source,
opened and failed due to insufficient derating of transient current
when power was supplied. Transient current in similar type circuits
was studied using EM, etc., and 13 diodes with insufficient derating
(50%) were replaced by JAN TXV IN645-l. Same was done for FM. As
this required digging up potted diodes and repotting the replacements,
oscillation and heat cycle tests were performed and any presence of
aracks was checked by X-ray.

Thgre were no other IES-related problems in the system production
tests, and thus, it was determined that functions and performances of
power source device and power source control device satisfied
raquirements. Table 7.1 is a summary of IES-related Qualifying and

Acceptance Tests. As stated previously, performance of the engine

unit was not tested on the system level.
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Tablg 7.1 IES-related Results of Satellite System Tests
v
QT AT
. EP Til) I,, #1 BusOn 0.300A, BeamOn 3.34A }I,, #1 BusOn 03214, BeamOn 3374
i first #2 Bus On 0.300A, Beam On 331A #2 Bus On 0.321A, Beam On 3.42A
time
Alignment(D|#1 8=0096° 6,=0151° #1 0,=—0238° 4, =—0.008°
N #2 6,=—0027° 0,=0050° #2 6,=0022° 0,=0059°
" BREE 007° BHig 003°
At ___After Final —at _ After ____ F%nal
_ s L.paddle stage .+ paddle stage
e Mass charac’:terlst:t.c launch expansion operationltaunch expansion operation
3 IEE position|@ex 005 —07~07 —0.6~0.8 0.01 ~1.0~09 —1.0~11
(=439 y 003 —0.4 -0.3 001 0.4 0.5
: +100 ¢
; 91/5/ 2 7314 6731~6744 6655~6669 [7307 6725~6745 664.9~667
Center / unit s
E of
“ ravity 4
g Y X~com
e Shock SRSponentPeak G Mim Mm - not measured
. 17, 13G
*M(h:Mission Panel II
o X-co
] - 111}
{ Paddle SRS ponent Peak G M - not measured
i expansion *
-Y expansion: 66, 75 120, 93
i ! .
; +Y expansion: 770, 660 160, 90
“ Low temp.High temp
i e b cg *
o Heat balan case**  case*¥%
" l, mifl. nax.
J IP base 0.7C 21.2C
IR base —0.4 148
£ IEE base 20 262
£
o #* solar On/Off, @=90°, IR, 380W/n
T spin, IES off
: *$¥solaron, a=21.5% IR, 380W/n,
Spin, IES On
Puw=35W, Pip,=581W
EpT(D Y, #1 Bus On 0.30CA, Bsam On 336A | I, #1 BusOn 03214, Beam On 340A
Final #2 - not tested. #2 Bus On 0.321A, Beem On 3424
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7.3 System Compatibility

7.3.1 Electromagnetic Compatibility

Ion engine basically generates electromagnetic waves in order to
accelerate discharged and charged particles, Power source device is
composed of many switching regulators which generate higher harmonic
noise., Based on the flight data from the U,S. it was thought that
with grounding system, shield, etc. in the sub-system, noise would
not be a problem. However, data on radiation noise obtained by
operating PreEM engine with ground testing power source in the engine
unit PDR showed that noise level was not within #%olerance. Therefore,
in EM, electromagnetic interference was measured in the engine and in
the powar conditioner separately, and also in the combination of the
two as a sub-system. Further, it was decided that electromagnsetic
compatibility would be tested at the system level.

EM of IES was later produced. Measurements made of the engine
unit with the ground testing power sources were over the tolerance
level, while measurements in a single power conditioner unit and in
the sub-system were within the tolerance(See Section'4.4.5).

In order to study electromagnetic compatibility with TTC system
on the system level, the engine(EM) was placed in an FRP vacuum
chamber called EMI simulator, asshown in FPig. 7.3 and operated under
the similar configuration to that in actual boarding. FRP was chosen
for its superior electromagnetic wave permeability and little danger
of breaking, as it is stronger than glass. TTC system was boarded on
the +X-plane of the satellite, power conditioner was boarded on the
inside of -X-plane and ion engine, on the outside, with -X-plane
separating the vacuum and atmosphere. Satellite(S/C) and vacuum

chamber were placed inside wave darkroom, and simulated S/C power
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source and evacuation system(helium compressor for cryo pump, rotary 4

-

pump, ete.) were placed outside. Outline of the vacuum chanber is %
shown in Fig. 7.4. The chamber was developed specifically for this |
test. It is unique in that its main structural material is FRP, and ‘ ﬂ
with the degree of vacuum of 4 X 10-4Pa, degasing is no longer a : g
problem.2) S

When the engine was beam-injected, AGC level of VHF command {
receiver on the satellite side increased by 8dBm, to ~95dBm. This

was 1ldBm less cthan the worst case reception level of -94,.2dBm (ground

transmitter output of 40W, altitude of 1,200km and elevation of 5%},
but judging from the sub-system test results shown in Section 4.4.5,
it was thought to be a problem of test configuration(effects of | i
multipassing into the wave darkroom of vacuum device, equipments, ete., } ?
or effects of grounding system) No fluctuation of AGC level was :o-
observed with S-band. ;
From these results it was concluded that there was no operational gi

(3

problem even in the worst case if S-band was used in command transmitter

W
3
I

L e et AL e

| or if the output was 400W in VHF. : ' ' ) e
No significant increase in AGC level of VHF by IES operation has

baeen confirmed by the £light data of ETS-III so far obtalned.

e s mam e, B 1
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Fig. 7.3 EMC Test Configuration X
WAVE ABSORBER - fi

'—-—--__. ABABASS - : 1

! SOLAR PADDLE ’ 1

¢

coF

Vs it

x :

I
| » ALY -
| ; ‘.‘-‘\"-. sIGNAL o8
| \ DISTRIBUTOR T
! fon THRUSTER N\ o
' B S IMULATOR ‘gﬁ

{2
| e A e J i

DOOR
: -
YA e |
g?u‘l%cw RP HE comprznsar|
£241 STMULATUR
EVACUATION
SYSTEM
C ]
Sinmisted 8/C
Pener Supply
] !
1
Fig. 7.4 Composition of EMT Simulator
i FRP SUS 304
2,600
1,500 1,100
L cryo pump
1 """b\ 1] - R ‘
750 | © T :
[ FRP | ) N
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7.3.2 Heat Control System

(1) Development test

Engine and power conditioner are boarded on a louver heat control
surface called Mission Panel II (See Fig. 4.10).

To check the propriety of heat design, heat model utilizing a
struvture of a static load structural model was made, and heat balance
test was performed. Heat dummy, described later, was used in place
of engine. ‘

As a result of its evalmwation and analysis, changes in mathematical
model of the saellite and in ACS-related power consumption becames
necessary.

Based on the results of heat analysis it was estimated that with
the present design the temperature increase inside satellite over a
long period of IES operation was large, with some components(batteries,
tape recorder, etc.) exceeding AT temperature. Therefore, it was
decided tﬁat radiation surfaces of TTC and EPS panels would be enlarged
and that the heater on the Mission Panel II would be removed. Also,
with the knowledge that the ion engine was the largest heat generating
equipment on the ETS-III, its mathematical heat model and heat dummy
were reviewed for accuracy.

Bs a mathematical heat model of the engine unit, 3-node model
shown in Fig. 7.5 had been submitted by Mitsubishi Electric Co.

Because of the accuracy improvements required by the heat analysis, it
was changed to a l0-node model shown in Fig. 7.6. Steady-state
temperature distribution. during beam ihjection with a constant satellite
base plate temperature of 55C, determined by the l0~hode model, is

shown in Table 7.2. Overall, the results are higher than the actual

engine, with the heat flow into satellite being about 20% more than
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the actual, Thus, mathematical heat model and engine unit are not in

o lae

complete agreement, which, along with operational analysis, requires

further work.

Heat dummy of the engine used in development test was produced

o~ St e

et o

by Toshiba based on a 3-node model. Because this in itself was a

rough model and because of lack of information on the surface optical
properties of the engine, etc., the dummy’'s heat flow into satellite .
was considerably more than the ac¢tual engine's, J% i

On one hand, heat-simulated ion engine had been studied jointly b

et e ———— ———e R L SRS T e TR
",

Ty

by NAL and MASDA in 1979. It was a structure similar to the actual ;0

- g

engine, with plasma load replaced by a sheath heater. Heater
resistance was matched with plasma impedance. As mercury's effects on
heat capacity and heat transmission could not be ignored, the tank was

1

filled but the supply was cut off by a blind board, inserted between

e A e ————

vaporizer and mercury tank flange. Heat vacuum test of this heat-

simulated ion engine confirmed that it had heat characteristics

similar to the actual engine.3}

The results wers incorporated into the Toshiba model and a

modified version was used in the heat test of the system. Main 38

e

modifications were: surface opticai properties were made closer to ;
those of the actual engine; and in stead of substituting keeper
discharge by a cathode heater, another heater for keeper power source

was installed. The latter improvement was based on the interface

T

regquirements of power conditioner. Diagram of this heat dummy model 3
is shown in Fig. 7.7. In order to study its heat characteristics, ‘
thermal vacuum test was performed under the configuration shown in {
Fig. 7.8 in a space chamber at Toshiba's Komukai plant.4) a relay,

acting as hollow cathode and main discharge ignition, served to connect

LA DL A o R




heater load to the corresponding power source. Power conditioner
(IR and IP) and l.eat dummy were mounted on separate power control boxes
which were cooled by the chamber shrouding liquid nitrogen and
temperature~controlled by the heater. Fig. 7.9 shows the measured
temperature distribution in steady-state(long mode) when the base
plate temperature was 55C., Table 7.3 shows heater power. Temperature
distribution of main and neutralizer hollow cathodes differ
considerably from the actual (for example, in the main hollow cathode,
vaporizer is about 300C and cathode is about 500C, whilein the heat
dummy they are 192C and 230C, respectively). Presumably, this is
due to the structural change required by addition of the heater, which
allowed easier heat transmission. Also, mercury tank temperature was
l06c, against the actual temperature of 70-80C. While internal
conditions thus lack in accuracy, temperatures of the area bordering.
satellite and the shell which radiates heat to the outside, etc. are
cleser to those of the actual engine, and it was considered sufficient
for the testing purposes. Gain/loss of heat control box 1, calculated
from the test results of this dummy is as shown in Table 7.4. Heat
transferred from the dummy to box was 30~40% of the heat generated by
the engine.4) This is very close to the value calculated from the
actual engine data(39%) in the 1979 ETL/NASDA joint research.3)

This heat dummy was used in the heat test of the Qualifying and
Acceptance Tests of the system.

(2) Qualifying Tests

In the Qualifying Tests, heat balance test for checking heat
design and thermal vacuum test for checking resistivity wnder the
environment were performed.

Heat balance was tested for two angles of incidence of the sun(£f),
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shown in Fig. 7.10. Satellite was mounted on a test fixture of 2-axis é 4

gimbals and rotated around Y-axis according to the orbit cycle. Solar
simulator light was radiated from directly above, facing the page.
Effects of earth's infrared radiation and (aru-be-do ?) are simulated

by IR lamp, mounted ¢n a cage. When i is 0% average orbit heat input

O A N e

is at its minimum, and when f =63.5; which is equivalent of the total ?

duration of sunshine, it is at its maximum. p‘=68.5°and IES long mode

A N

operation provide the maximum heat input conditions. Heat balahce was
tested for each case, Temperature measurement points on the Mission :f 1
Panel II are shown in Fig. 7.1l. P
Average temperatures of engine mounting area(20473), power source
device mounting area(2043) and power source control device mounting ] i;
area (2040) are shown in Table 7.5. Inside the parenthesis are the
minimum temperature at minimum heat input and the maxkimum temperature
at maximum input. The table shows that heat is controlled well around
IES and that the temperature at the start is relatively low.
Temperature at the measuring point 2043 is defined as the temperature

of Mission Panel IT. Fig. 7.12 shows the results cbtained by testing

and measuring thermoccouple at p=68.5fduring non-gperation and long
operation. Fiyg. 7.13 gives temperature data on power source device, oy
Migsion Panel II, EPS panel, etc., obtained by a flight sensor when
P =68.5 and IES is in long operation mode.

Although temperatures in the heat balance test do not directly
reflect the temperatures in the orbit because of a slightly different

environment, they are estimated to be close.

Difference between estimated and actual temperatures in heat
balance test exceeded 5C in the Mission Panel II, eath-oriented panel

and RCS panel. After correcting the set wvalues of components'
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calorific values, fixture temperature, interface temperature, etc. /

based on the actual values, remeasurement showed that the difference
was less than 5C in all panels. Propriety of heat design was then
checked and mathematical heat model was inspected.

In the thermal vacuum test, heat stress was applied to each panel

by irradiation from infrared lamp with the temperature profile shown ?

in Table 7.6. Heat control loop was removed in order to reach the QT
level, Table 7.7 shows estimated maximum and minimum temperatures of
IES in orbit and those measured in the test. Functions and periorm-
ances of IES during the test were normal, and heat environment
resistivity was thus confirmed.

(3) Acceptance Tests

On the premise that heat design has been verified, equivalency
of heat design to PM was checked by a. benchmark test in the Acceptance
Tests, and no heat balance test was given. Difference of panel
temperatures between PM and FM under the same heat environment in the
benchmark test was under 1l.5C, which established the equivalency.

Thermal vacuum test was given with the same temperature profile
as in QT with louver attached, assuming that it would exceed the

estimated in-the~orbit maximum and minimum temperature levels, Because

louver control was working well, external heat input by IR lamp was

not enough for setting high temperature, requiring special means to

B B

increase internal heat generation. Tabkle 7.7 shows temperatwe 3

conditions imposed around IES. During this time, IES'functions and

performances were hormal, and its resistivity for heat environment was

verified,
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Fig. 7.5 3-node Model h X
; ﬂ

l. Discharge chamber, main £

hollow cathode, neutralizer : !

hollow cathode and cone i

support !

2. Housing and tank S ¢

3. Shell L

4, Mission

Unit: conductance - W/K; coefficient of radiation
Fig. 7.6 10-node Model

0016 1.

0.00019 0.

Unit: conductance ~ W/K; coefficient of radiation

Interface with outside of system:

« ¥=0,4 and € =0,2 of node 3, 9 and 10; € =0,8 of node 7
*Radiation/absorption area - 0.0016m2 in
in node 7; 0.0339%9m2 in node 9 and 0.

-304~

5. Radiation sink : ]

Panel IT

heat exchange ~ m2

Main wvaporizer and
insulator

Main cathods
Discharge chambexr
Neutralizer vaporizer
Neutralizer cathode
Cone support

Housing

Tank

OQuter tube of shell
Outer rim of shell
Mission Panel II
Radiation sink .

heat exchange - m2

node 3, 0.0436m2
0085m2 in node 10.
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Table 7.2 Sample Analysis of 10-node Model o
4 )
. {
-Heat ——Analysis-Measured . - ¥
Nodel| ; °C . Analysis conditions: . 2
tnput(W) value(t) |value(t) 1.External heat input - 6.57W
1 1003 392 290 in node 9 and 0.75W in node 1l0. ﬁ
2 4.4 543 2.Conductance between node 7 and i
3 1497 364 node 1ll(satellite base plate) f
4 1.67 259 230 is 0.84W/K. L E
5 595 465 3.Node 11 is designated as a ; !
6 0 149 06~106 border node and is fixed at 55C. ! {
i 7 0 73 Note) Measured values were taken
f 8 0 a6 76 during IEE QT and the heat
9 657 170 input were slightly different
10 0.75 157 from the analysis conditions.
11 0 55

Fig. 7.7 Diagram of Heat Dummy

Anode heater i
Main cathode heater

Main cathode keeper heater
Main vaporizer heater :
Neutralizer heater 8
Neutralizer keeper heater
Neutralizer vaporizer heater
Insulator heater
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1 ne2aY 2
| ‘
¥ ;k:[l r|_L F L c‘{i‘
— i
: I w
{
-_I ¢
_"h | ;'{‘
l . :
- .
{725 | 3
? {wromz ) q
=+12wa
; ~% 35 iy
T il ) i #
,ﬁ 1. Power source 6. Harness for relay switch »
#| 2. Manual temperature controller 7. Heat control box 2 o
3 (heat control box 2) 8. Blanket B
: 3. Automatic temp. controller 9. Heat control box 1 i
(heat control box 1) 10. Thermocouple i
{ 4. Harness for power source and 1l. Switch ot
1 command signals 12. Command generator g[
“ 5. Heater harness for temp. control ;o
] %
- : : 1
: i Fig. 7.9 Heat Dummy Temperature Distribution in Long Duration Mode fi
. (at base plate temperature of S55C) L
; "1
: 2
2 *These bolts i
a were loose i
- o during test. {
; ‘ 60 : }j
1
A
1
i
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Table 7.3

Supplied Power in Heat Dummy

HEAT DISS(»I‘{;AAT?TI‘C))N SHORT MODE LONG MODE
Z 3| ANODE HEATER 0 0 140 1497
z ¢| MAIN HOLLOW CATHODE 250 ) L3 ) o
25 | MAINGHOLLOW, caTHODE 0 0 45 4
z ¢ | YALN HOLLOW CATHODE 7.0 693 0.4 3~7.0 7.08
Z 7| NEUTRALIZER HEATER 40 267 0 0
Z8 gggggéleER KEEPER 6.0 585 6.0 595
Z9 gggg%ﬁLIZER VAPORIZER | g43.25 147 0.43~25 167
210 | ISOLATOR HEATER 30 295 3.0 295

TOTAL 4543~475 4117  |2836~37.00 37.02

Note) Short mode is a test which gives the equivalent of average

calorific value of a cycle in repetition test.

Table 7.4 Heat Gain and Loss

ASE PLATE TE%%s -15¢C 20°C 55°C
HOAT OPERAfION SHORT LONG | SH LONG | SH LONG
u WATT) ORT L ORT LO ORT LON
QUANTITY (WATT MOoDp |MODE MODE |MODE MODE | MODE MODE
HEAT QUANTITY RADIATED
FROM BOX(D 399 41.3 68.4 728 1270 1282
HEATER POWER TO CONTROL
TEMP. OF BOX(D 197 259 53.5 633 1084 1155
HEAT QUANTITY TRANSFERED
FROM THERMAL DUMMY TO BOx() | 202 154 149 25| 186 127
HEAT DISSIPATION
IN THERMAL DUMMY '.41.2 375 413 376 412 370
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Fig. 7.10 Heat Balance Test Configuration
iz Solar light(1356W/4)
oRIGIAL FIO Jj v l l 1 l t
OF PODR Qii-tt? X IR lamp cage
! Solar strength \ e\angle set
monitor h
- ] j/{//
—_— ! 4| 1-turn/
Data processing device ) 7] 108min
TDM, jig temp., solar _;" _9
& IR radiation strength, -,
and fixture attitude ]l 7 {—TDM
spin angle
]
IR lamp controller L-shape adaptor
Heate:é controllex
L ]
PG AF v ba—-S /
Test fixture /
| Large-scale space chamber
IR u USolar light
(380W, i) (135 6W/) U Solar light
Z IR s—5%(1356Wn)
(380w/n) Y
=3
z £
X w Y B
X
Case 1; #=0° Casa 2; #=685°
Fig. 7.11 Temperature
Measuring Points _I
on Mission Panel II T _l: .
' Iu:czsson T ATE |3
t:“_:.—_——-——_=_= : 0
LEE pwR 1ES PWR
| | Gison)
<
x: thermocouple for @ I :
measurement
o: £light sensor ' Y
' ~308- - '

C

i)
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e
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Fig. 7.12 IES Temperature During Heat Balance Test ’ i
)
é
(}f\
!
.
Equipments on board o
———— =P RS (2047B) See for experiments OFF <'§
—— RHREROD <zm3)}Fig.7. 1i #2665 ‘
EAMKERRIE( 2040) .
8 (c) ' i1
2
. J
g | *
T - . _ i
- B o~ 'I'.‘._.-‘ '-"'.‘“-_. ’o'--' .\. 2 . i
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e st N T eI e
i
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r
o 1 'l ] L L 1 1
4 H 6 ? 8 9 10 L]
“ 1ES npon-operation
© TTTTom EYOURAM(20478)Y o o IEE long-duration test
m 28L Ut RARERH®(2043) N A=685"
e | ammpe (20s0) JEig.7.11 #yrye~+ hattery mode
L] .
5 LS ==~ o -
%‘ 26 . "l' '\\‘. "0' \\'. "' "‘~~ "l. )
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+ IR 5
z22f
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q Table 7.5 Measured Temperatures of Mounted Area on IES (unit:) | "‘i
. .1'
. f
}- Equipments on board _
¢ for experiments OFF (j;
t
' T T lon
Com?onent no. g=0° {5=685°| #=685° ;
Ion 20478 5.5 80 255 A
engine (mini  20) {max 26.2) .
4 - 2
2043 0.6 7.0 0. oo
Power source. (mazx 212) (
device C

{ F4308 1.5 6.9 207 v
l Power source 2040 1.0 6.0 145 iy

N control device {mini —0.4) (max 14.8) ;

Fig. 7.13 Heat Balance Test

1es long~duration

8AT mode
A=685"

28 r-H—ﬂ/v_v\v—MWvW%.w [EP BASE 1-T
:/B\u_n/n—uwb—-n\u/u——u—n—n—u-_g__ g——T—0 {EP HEAT SINK

20 e/“-‘-"‘-"‘l/x\*\x/‘—-""'l-.bx/\‘--x/‘-_"‘-u—r/“\d M BNL—-RB

&
£
b Q.-c
:‘ E :,,.-A-""A WWWA—-*‘_A ERS PNL T-R
4 s S
‘ +
15 WWW\O_‘: _B—aM PNL-R A

10

- 2 i L 2 1 e L 1
14 15 16 17 18 19 20 21 22 (H)
v ——

aunm Time passed
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Table 7.6 Thermal Vacuum Test

ORIGINAL Prds

OF POOR QUALLYY

| ’ f
' ;‘B" Y 2ai
Satellite v_____J”H
temperature profile 17 174
20H 200
204 H
8H LT
Thermal vacuum test
| K B & @ A TOTw B 11} i i W _D_i73
o ,
| - Name of test 1 ]2 |3(54 15 6" :7 :8 9: 10 13.‘5'I
i . ’
i_ 11aé, performance T . .
:; tRst (I3T) subject 12| 1314 15016| 17 | 18 | 29 | %20 |23 227
0 solar light OFF
§ spin angle 0
H| attitude angle s 0"
e
% 8| infrared}—* .
g Q lamp + X QFF ON OFF ONI ON QFF onN ON | OFF
-~ X oOFF ON OFF ON QFF OoN OFF
A: high temperature 1 12: LAUNCH mode B
B: low temperature 1 13: SUPPLEMENT mode
. C: high temperature 2 14: NORMAL A-l
s D: low temperature 2 153 " -1
: l: evacuate 16: " A-l
: 2: move to high temperature 1 17: " B-2
8 3: expose to high temperature 18: " A=-2
) 4: move to low temperature 19: " B-1
R 5: expose to low temperature 20« " A=2
| 6: move to high temperature 21: " B=2
; 7: expose to high temperature 22: LAUNCH mode B
! 8: move to low temperature
‘ 9: expose to low temperature
7 10: return to normal temperature
| 1ll: return to atmosphere
Table 7.7 Temperature
Measurements in )
Thermal Vacuum .Estmma?ed
Test | o QT 4 AT & |in orbit
Sensor - : .
 point\ |MaX |min|max|minimax|min
1 20478 | 428] 37| — | — |459]| 64
2043 | 457 |—03|377 | L6[334| 26
F4308 | — | — |354[-03
2040 | 476 [—16 288 [—01
. - -311~
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7.3.3 Oscillation and Shock -
(1) Oscillation test L
Qualifying Test was given under severe oscillation conditions of % 4

1.5 times the £light level G for 2 hours. Responding acceleration

rates of Mission Panel are given in Table 7.8. They are considerably

T,

lower than the component test level, which indicates that the IES has A

T

been designed and produced to meet the vibration level of launching,
with sufficient margin.
IES was tested with flight level vibration during Acceptance Test. ? é
No faulty workmanship in the satellite, including IES, was observed. o
(2) Satellite separation shock i
High shock level was observed on the separation surface of the
satellite when the three stage rocket was separated, but it was much
lower on the equipment-boarded surface: peak G level of shock response

|
|
i spectrum (SRS) on Mission Panel II was about 17G(¥-axis) (Fig. 7.14),

considerabiy lower than the component test level (See Pig. 4).

(3) Impact of paddle expansion

Impact from power cartridge operation for paddle expansion is

larger than that of satellite separation. 2An example of SRS of Mission
i Panel II is shown in Fig. 7.15. Peak G level is 90-160G, much lower Co

|
than the component test level (Fig. 4) of 1,190G. i L
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Table 7.8 Results of Oscillation Test( System QT)

Z-axis X-axis Y-axis
. Measured . Measured . Meas
Required| -"yal.=-_ _|Required val, Required| - va‘itfec1
value* |5 oom|<100mz |VRIVEY |5 00mz|< 1000z |VRIUE® |5 j00H:{<100Hz
| 5~200Hz; 5-20%}E§: 5*%%%1{(}2;
3 120G~ 1 5. -p 0 Go~p
Sine LI TP 2G ’ 76 16 7G 1G
Wave! 200~2000Hz; 200~2,000Hz: 200~2000Hz;
1 [ = 50 Ga-p 5.0 Go-p 5.0 Go-p
7 120~2000Hz; 20~2000Hz; 20~2000Hz;
Random 3Grms 2Grms . 2 Grms
‘ I L | 1564 Grms 1564 Grms 1564 Grms
:
i_ *Reguired value at component level (QT)
i
|
3 Fig. 7.14 SRS of Mission Panel II
: During Satellite 2 1
1 Separation Shock Test
nt
i \
i
f T
,E."‘ //\ i T |
b
i o LA L LU ] ] . !
3 12.69 PRI T 10310
b,
: oy ENE atp (L T I 117 ) Fe) $ETAL  nakesals
1T AMsbaLk rPyed SCPMATION TELEY :e‘.“l‘“l‘(‘-l[r-'!
Fig. 7.15 SRS of Mission Panel II
buring Paddle Expansion 200
Test :
(33 \
4
\
N L/
Bl
¢ T T v - T
140 (L E{1%:04] [LH11.]
ee 198 144 CHAmELetE H-i®, 473 oCHWE  nARCRED
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7.3.4 Alignment : 41

As the final installation of ion engine is doen at the launch | q;
complex, the alignment test was for fluctuations caused by removal and :'
for the initial setting. Auto-collimation was used for measuremsnt, i’
with an alignment mirror mounted on a grid. Results were, as shown in o ;
Table 7.1, within 0.24} with good reproducibility. RSS due to i ;
misalignment in FM(including hysteresis, heat distortion, etec.) was 3
0.25% : @

i
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7.3.5 Remanence Moment

Remanence moment of ETS-III is required to be less than 1ATm2 for
each axis. An engine unit uses 3 permanent magnets of alnico-5,
magnetized to about 10,000 Gauss, and, by inverting the polarity of one
of the two units, generation of remanence moment is prevented.
Remanence moment of a single engine unit is shown in Table 5.11l. Flux
direction of the engine is in the X-axis.

Fig. 7.16 shows measured results of magnetic field of X~component
in the system test. Two symmetrical leaf patterns indicate the
existence of the two engines. Difference of remanence moment between
the two is small enoﬁgh(0.03#Wb-nuuo.02ATm2) that there was no problem

as a system.

Fig. 7.16 An Example of Magnetic Field Distribution(X-component;QT)
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7.3.6 Power Source System

SN

(1) Input current

IES is connected to bus power source via fuses(5A x 2) and a relay.

iy o AT

Transient current of IES, as shown in Fig. 7.l17, is about 4.82 and

10-30ms at the maximum at the start of beam injection. Prearcing time=-

“_"s.‘»-"h_f g

.
e T

current characteristic of the fuse is 14A for continuous 30ms, which

gives large enough margin.

O

(2) Power analysis
The worst case of power distribution during IES operation was i f

assumed to be at the orbit altitude of 800km and IRU or battery(l out ; i

of 3) breakdown. Results of power analysis with the assumed IES power
profile of 26.5 minutes starting time and 100W and l3-minute beam
injection are shown in Table 7.9. In repetition test(IES SHORT) DOD
of batteries is tolerated up to 25% and thus it is operable for each
eycle on all orbits in the worst case. On the other hand, DOD is

tolerated up to 50% in long-duration test, in which case accumulated

test hours(over 10 hours of continuocus operation) over the duration of
a mission(l year) are estimated to be as shown in Table 7.10.

Accumulated hours are 30-50 in the worst case. Presumably, close to

the targeted 100 hours can be accomplished if there is no breakdown

(normal case). !




Fig. 7.17 1IES Transient Input Current

ORIGINAL R:;;Q;
OF POOR QUALIIY.

%
[

- | 9
= =
- e

|
|
]
08y * 1
' 16ms (b) Start of beam injection ﬁ
(a) IES on(0.5A/div, 2ms/div) (1A/div, 0.2s/div) ; f
-1
Table 7.9 IES Repetition Test B |
H
VAR
MISSION NAME IES SHORT IES SHORT |
ALTITUDE (kw 80000 80000 i
er————p——. - —_—— - ’4 1
NUMBER OF IRU 1 2 i 5
NUMBER OF BATTERY 2 3 !
SUN ANGLE (DEG> POWER MARGIN(W) MAX DOD(%)| POWER MARGIN(W) MAX DOD(%) = §
ghizsi Do jE e
90.0 23 2397 | 7.0 1681 |2 3
800 7.3 2380 ; 123 1669 2,,?
| X =
700 100 2324 | 152 16.30 [£3
60.0 137 2218 ; 192 1556 i {
50.0 16.7 2035 ! 205 1427 i-= §
400 226 1700 f 213 1192 ]
300 292 962 i 232 6.93 }
21.5 8.4 1356 | 23 997 l
|
b3
i |
|
Table 7.1l0 Possible Hours For 4 i
IES Long-duration |
Test Orbit ]
altitude § 4
PR =
biae ;;;;;ﬁ\\\\\ 800ks 87 Sk &
mode NORMAL 93.9h 1240h : :
IRU 495 71.2 § |
BATTERY 282 443 é |
R

%

!
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7.3.7 Attitude Control System

Ja

—=

Engine has torque arms with respect to the pitch shaft and vaw

shaft., Attitude control system is that of 3-axis zero momentum.

i o

Foelis

Torque around yaw shaft, with a short arm length of 1lOcm, is not of a

R major cohcern, as there are many external disturbances such as earth's

L

;{. magnetism and gravity inclination and angular motion is not accumulated

during a cycle. Torgque arm length around the pitch shaft is

VT

analytically estimated to be 24.4 + 0.1 cm in the early stage and
Al 25.5 £ 0.1 cm in the final stage, based on the test results of mass {
flow charagteristics. <+ range depends on the paddle turning position

and the difference between BOL and EOL comes from the decrease in the

amount of RCS propellant., Amount of accumulated angular motion by a

lO~minute injection of the engine is 0.264Nms in BOL at the thrust of

1.8m., Thus, it takes 70 wminutes for the accumulated angular motion

of reaction wheel to reach from zero to the maximum of 1.856Nms and

42 minutes to the normal unloading level(60%). It is also estimated

|
§
i
O
|

that more than 210 pitch unloadings are generated during 150--hour

injection. Amount of RCS propellant required for this is about 0.4kg.

As alloted amount for IES unloading is 0.97kg, there is enough margin

during operation.

]
|
|
:
i
:
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7.3.8 Contamination

Main waste materials from ion engine are i) mercury ion beam,
ii) neutral mercury particles and iii) spattered grid materials.

i) is the injected ion, and as thrust, it has a speed of about
30km/s and its direction is within a 27-half angle cone, as hoted in
Section 4.4.3. These particles, making up about 70% of mercury £low,
exceeds earth escape velocity and do not return. Thus, they are of no
concern to the ETS-III.

ii) makes up about 30% of mercury consumption and is exhausted
from the grid in the disgharge chamber with maxwell distribution of
average speed 0.22km/sec by heat movement (about 300C) having cosine
direction distribution. It is safely assumed that mercury molecules
do not collide with each other, and thus there is no possibility of
their moving to the inside of the grid(satellite side).

iii) is a result of slow moving mercury ion, produced by charge
exchange of i) and ii), spattering against accelerating grid, having
been pulled by its potential(-1,000V). Angle of incidence of charge
exchanging ions is about 90, and the direction and amount of such -
spattered grid material (stainless steel) are known to be as shown in
Fig. 7.18. Thus, the spattered material is not likely to move to the
inside of the grid. In the case of ETS-III, however, as there is a
louver radiation surface near the grid surface(See Fig. Al, 2 in the
Appendix) contamination was monitored by injection experiments in the
NAL/NASDA joint research. In conclusion, at half angle of over 80°
from the axis of thrust, neither the sunlight absorption rate nor the
infrared radiation rate of a sample(mo;ten silica second surface
mirror) was affected(See Fig. 7.19) and analyeis of adhered materials

(by electron spectrum, fluorescent X-ray and atomic light absorption)
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also showed that they were of insignificant amounts to yield any o
!
!

e@fects.ﬁ) The slight increase of ¥ at #>80C was found to have been

{
contributed mostly by Fe, Al, etc. spattered from the vacuum chawber _ %
wall, a phenomenon peculiar to ground testing. ?

From the above analysis and experiments, it is assumed that i j

4

contamination of satellite by ion engine would be very little during

a mission of ETS-III. » i

Fig, 7.18 Direction and Amount
of Iron Material
Spattered by
Vertically Entered
Merqury Ion

new sample

. sample
Fig. 7,19 o and € of no b © i

Second & az 11212 3 4 5 6§ 7 8§ 9 103132 - |;

Surface j

: . e @ :

Mirror in 15, T s 4 :
Relation to axis of - g 2o
Sample 10~ thrus‘- L - 0.5 o B 1
Arrangement new sample 0 Ty
0s14|—oo FEL e © 3} {
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o e o
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E o il oasr |
H 1] 5 {F et g I|
T ] 59 100 150 ~ ]
@ o |
o Angle of sample arranged £ ui
¥ S
E o
- -— = =320 4
™,
—- . R 2 N q_k) &
e L ey e ks A el BT S Tk A s o




PRE i

Reference

1) NASDA: Report on the Development of ETS~III, to be published
October, 1983.

2) H. Azuma, T. Sasaki, et al: EMI Test Chamber for Ion Engine Mounted
on Satellite, AIAA81-0725.

3) NAL/NASDA: Reporton the Joint Research - Study(I) of Testing and
Evaluation of Ion Engine System(thermal dummy and heat vacuum test).
March, 198l.

4) K. Nitta, K. Machida, Y. Nakamara, Y. Ruriyama, et al.: The
Development of Ionh Engine Thruster Thermal Dummy, ISTS, 1982.

5) ETL/NASDA: Report on the Joint Research - Study(II) of Testing and
Evaluation of Ion Engine System(control functions of power control
device), March, 1981.

6) NAL/NASDA: Report on the Joint Research - Study of Ground
Simulation of Ion Engine(Study of optical characteristic c¢hanges of
satellite surface by ion engine operation), March, 1982.

-321~

e e ri—mma A SRR

R O S T Y AP T ST .

e o S

S - ""“‘5-"’? o et A




Chapter 8
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Launch Complex Maintenance
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8.1 OQutline

IES~related maintenance work flow at the launch complex is shown
in Fig. 8.1. Power conditioner, installed on the satellite, received
maintenance work as a part of the satellite. Engine unit received the
performance test at the NAL testing facility before being sent to the
launch complex and was inspected upon arrival. Wire harness shield
was mounted at the complex, after which the engine unit was installed
on the satellite. Performance check was performed because the engine
unit had been stored in a container for almost one year since the
sub-system AT. Ih oxrder to shorten the air-exposure time the engine
was installed near the final stage, immediately before hydrazine
filling. Thermal blanket was placed arcund the eﬁgine after instal-
lation.

Engine unit's air-exposure time was kept to a minimum by as much
as dry nitrogen gas purge as the configuration allowed. Gas purge
was continued throughout MST until Y-4(?), when the fairing was
installed. As a result, the air-exposure time at the launch complex,
which was a major concern, was kept to 140 hours, well within the
targeted "500 hours or less.”" Connections to power conditioner were
checked by an indirect method of monitoring temperature telemetry of
the engine to see if it agrees with room temperature with the power
condaitioner ON, instead of sending power to the engine.

for the hollow cathode assembly of the engine, which is of
similar structure as electron tube and thus delicate and prone to
deterioration in airx, main and neutralizer hollow cathode replacements
had been prepared in casa of emergency. Fortunately, there was no
need for exchange. The replacement cathodes had been tested for the

same performance requirements as FM in the assembly stage.
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After preparation was completed, ETS-III was launched by the 4
N rocket No. 9(F) from Tanegashima Space Center Osaki launch complex f. i
at 14:00:00 Japan time, September 3, 1983, and became our first | u
medium atlitude, 3~axis attitude zontrolled satellite, "Kiku No. 4."

The series of preparation carried out at the launch complex this
time can basically be followed in the future, but the following should
be noted: Piping of the nitrogen gas purge device not only lowewis the
efficiency of satellite/rocket-related work, but presents danger to
the engine and thus, nitrogen sealing method should be considered
instead; shielding of wire harness, done at the complex, should be
done before AT, and; refilling mercury and checking injection before
transporting have advantages and disadvantages which should be weighed

on a case by case basis.

Fig. 8.1 IES-related Work Flow(actual) in Preparation at Launch Complex

s

1982 :
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| 1+~ 7: Engine unit preparation

. Appearance, charge/insulation and resistance value tests

. Draining and filling of mercury

. Performance test

. Weight inspection

. Transporting

6. Unpacking/inspection(appearance, charge/insulation, resistance
and weight)

7. Wire harness shield installation and weight inspection

8. Electrical performance test of power conditioner (system level)

9, Installation of engine on satellite

10. Inspection of IEE/IEP connections(system level) .

11, Launch : }
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8.2 Performance Test : 3

The test was performed before transporting the engine unit to
the launch complex, for the purpose of draining and £illing propellant
and inspecting performanceé including beam injection. Appearance,
charge/insulation, resistance and weight were checked, mercury was
drained and refilled, and performance test was given. Then, appearance,
weight, charge/insulation and resistance were checked zagain, after
which the engine was sealed in a container with nitrogen gas.

For performance test, rated operation test, interface check and

low-temperature starting test were chosen in order to verify the

performance-maintaining conditions. Test methods were the same as

those of engine unit AT (see Table 5.(blank}). Low-temperature

starting conditions were the equivalent of the worst case of power p
supply interface, i.e. base plate temperature of -53C and neutralizer ‘_ﬁ

heater voltage of 5.2V. : 1

8.2.1 Test Results .

Summary of performance test is as follows. ;'ﬁ

i) Fluctuation in ignition characteristic of main hollow cathode qff
in Unit #1 was cbserved(ignition at 5.34V/5.30A for cathode £ f
heater, against 4.94V/5.0A in IEE AT).

ii) Fluctuation in ignition characteristics of neutralizer hollow
cathode in Unit #2 was observed(ignition at 5.29V/4.82A for

neutralizer heatar, against 5.20V/4.69A in IEE AT). P

iii) Transient and steady state characteristics other than the

above were the same as those shown in IEE AT. ;;
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8.2.2 Evaluation

(1) Ignition characteristics of hollow cathode

e

As noted in the previous sub-section, fluctuation was observed . %
in the ignition characteristic of hollow cathodes. In neutralizer, %

especially, ignition could ne longer be guaranteed in the worst case

B

of interface conditions. Based on the past development results f s i

{(including IEE life test} and data from output voltage measurements of f E
FM power supply., following conclusions were obtained. ﬁ

i) Fluctuation in ignition characteristic seems to have Q: E

been caused by contamination of keeper electrode or ;i 4
cathode from ground testing, and it is not expected to A
worsen as this is the last of the tests. :
Contamination of keeper electrode changes the distribution i
of electric field in the surrounding area and that of j& 4Q!
cathode lowers thermion radiation rate, thus affecting ]

ignition.

Contamination occurs when materials, absorbed during air

B e
Cr

exposure, or air, mixed into pipes during mercury filling,

oxidize cathode or the inside of keeper under high

TR s

temperature in operation, or when spattered materials
from vacuum tank adhere. Which factor contributed this

time could not be determined. So far, many cases of wide

fluctuation of ignition characteristic at the beginning
of operation after exposure to air which recovered with
repeated operations under high vacuum environment have

been observed, and it is expected to be the case this

time also. A

Among the factors of contamination, air-exposure will be
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carried out at the launch complex from now on. It was o4
determined that by sufficiently degasing under high C

: i
vacuum environment after launching and carrying out step- ©

by-step degasing process(preheating and activation) during

= atm
PR S es

operation, its effects could be kept to a minimum.

AU, .

Fluctuation of ignitability in the main hollow cathode of é

=

I, - LR

| Unit #1 had already occurred in the IES AT, and the output
f

} voltage data of main cathode heater power source of the

I power source device #1 indicate that the range of
!

fluctuation has not changed since that time.

ii) Mipnimum output voltage of this cathode heater power source
was slightly above the minimum ignition voltage of the
hollow cathode rwasured this time(margin of 0.29V in :

Unit #1 wmain hollow cathode and 0.10V in Unit #2

neutralizer hollow cathode), and combined with power
source device, there should be no problem with ignition.
From the above observations it was determined that even with the
fluctuation, these two hollow cathodes were useable for flight.
Fig. 8.2 show the histogram of ignition characteristic of the

flight model through IEE and IESS Acceptance Test the performance test

given this time. Clearly, under the same conditicas(worst case
indicated by "L"), ignition characteristic deteriorated with each

ground test. This means the characteristic deteriorates with each

repetition of injection test and air-exposure, at least for tha first
several times after exposure. In this test, ignition of neutralizer
hollow cathode in Unit #2 reached a critical level where no more ground
test could be performed. Therefore, for future development,

i) re-examine ground testing policies

*less tests for flight models (for example, IEE and IES can
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be tested in succession)
.possibility of refilling of propellant; and

ii) study what can be done on the power source side for passing
type of deterioration of the characteristic.

For the deterioration of neutralizer hollow cathode ignition
characteristic in Unit #2, it was decided that cathode orifice would
be cleaned at the launch pad, as it seemed effective in the first
ignition in the space experiment. This involves rubbing the surface
layer of orificne lightly with a pin gauge, removing oxidized £ilm, etc.
to expose the active surface. While a permanent recovery of ignition
characteristic cannot be expected, it is known to be effective for the
first ignition.

(2) Performance in steady state

Final performance data on the engine units are given in Table 8.1.
These values are within the fluctuzation range of previous tests(ses
Table 5.10), which inditates that the same steady-state characteritic

was maintained after 10 months of storage.
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Table 8.1 Performance Parameter in Steady State OF FOOR tenied 4
4
o
1EE FMUI _ IEE Fm2 _ 4;
f Lo
Test TR 17E|BH g& |178 B8 ' 1, Rated operation 'l
subiject ‘ : test P
211 2 3 4 5:| 6 . w
8 ! 2. Interface chec :
Parameter i . 3. Low temperature
i - D=~ 2} [(OP-3) [(OP~1)|(OP-2)|(OP-3) . ) ¢
Unit,J(OP-1)}(0 (op-3jtop-1) operation starc o
Voit. | KV | 099 099 099 099 0.99 099 test FA
Beam 4. Rated operation o
40
Curr- | mA [240 ] 248 242 271 275 1254 tost : f
Volt. | KV |-100 {—-to0¢ |-100 {-~100 |-100 {—10D0 5. Interface check
Accel. | oas | & LoOw temperature o
0 Curr. | mA | 040 035 | 033 | 033 0.3 . operation start o
o Volt. | Vv |[376 393 39.7 387 39.3 395 tast E {
41,&’ Discharge o
o Curr- | A | 0345{ 0345| 0345| 0345]| 0345 0344 i
o o
‘1} Volt- | V Ve Ve e Ve s e il
o | Cath. Heater : EE
- Curr- A Ve e s e e i S
| o Volt. | v {1724 |1757 |1802 |1537 |1582 [1758 ;
' 0y | Cath. Keeper |
o Curr. | A 0.304] 0268 0219] 0300 0302] 0226 i
t sl
a Volt. | Vv | 321 | 304 | 316 | 295 | 296 | 308 3 &
Cath. Vaporizer ' S
S poriz
5 Curr. | A 1.86 1.82 1.89 179 1.79 1.85 hi
3
g Volt. |V /s / s /s /s s
@ | Neut. Heater
o Curr. A s s e e Ve 7
i Volt. | V [258 |245 |255 [|194 [230 [238
© | Neut. Keeper
5 Curr. A 0244) 0275 0224 0246] 0287) 0244
! voit. | v | 138 | 115 | 1s2 | 131 | o078 | 0s3
: 0, | Neut. Vaporizer . .
- Curr. | A 084 066 | 085 | 077 045 | 053
o Voit. | Vv | 274 | 274 | 274 | 283 | 284 | 285
o~ Isolator
H Curr. | A 100 1.00 Loo | 091 1.00 1.00
8 Main Vap. Temp. C 295 291 289 280 278 281
~ |
B | Neut. Vap. Temp. c | 253 { 224 | 254 | 244 204 | 208 - }
.
Engine potential Vv (~187 |—-149 |—-181 |-121 | —935;~102 o
| 5, | Target potential \ 173] 191| 188] 1.81] 201| 22 !
8| He Flow rate (Main) | X107 0 8. 77 8.9 85 9.0
g n gfsec| * ' . :
“ X10%| 10 044 | 10 1.0 036 | 040 8
@ { Thrust gk | 0158 0163| 0158| 0178] 0181 0167 -_‘
2 wtl N
o | Specific Impulse see |1743 | 2005 (2053 |1988 [2123 |1845
o
g Propel. Utilization Eff. % 55 64 65 63 67 59
g Total Power W { 585 589 | 577 | 588 610 57.9
| Power Eff. % | 406 | 417 | 415 | 456 | 446 | 434 .
| m " L
B pate data acquired '82 5.5| '82.5.5 '82 5.6 '82.4.26 | '82.4.27 "824.29 .
- s 13:22}19:02|15:30[19:41{17:18] 7:20 P
i
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8.3 _Installation of Engine on Satellite 4 *
After the performance test, engine unit was sent to the 3-stage %
satellite assembly facility of Tanegashima Space Center. The container ;
was placed in an airtight bag with a dryer sealed in, which was then ?
placed in a cushioned wooden box. Transportation route was the same : ﬁ
¢ S

as that of satellite, and appearance, weight, resistance and

oo

insulation were tested afterwards to check that transporting did not

i cause any problem. Also, at this time, neutralizer cathode orifice of

Unit #2 was cleaned.

Then, EMI shield tape{copper foil) was wound on the engine unit

et T e

wire harness and soldered onto shield cable. At the same time, ' %n
3 scratches on the {zflon f£film of high voltage cable were covered with s
mylar tape.(maximum depth of scratch was 0.25mm, to the film thickness

1 of 0.85mm.) Fig. 8.3 shows the completed shield tape treatment.

,.
Ay

)
- ‘&i_‘,_ 5 )
e v e v et 27

f The surface layer has been reinfornced by mylar tape,and partially by

T st LA

i silicone rubber tape.

i
bl
[

i& Then, the engine was installed on the satellite. The procedure
]

consisted of appearance inspection, thermal grease coating, engine

| installation, blanket installation(i), insulation check, connector

installation, charge check, blanket installation(II), and a final

appearance inspection. Insulation resistance between the engine base
plate and satellite frame was over 6M (above the full digital

voltmeter scale) and charge resistance between the engine shell and

satellite frame after the connectors were placed was less than 0.612.
Clamp torque was 36kg-cm at the engine and 4.5kg-cm at the
connegtor, which were within the standards. Thermal blanket covered
the engine shell 16mm from the £lange at the maximum, also within the

standard. Final appearance was alsc normal. Thus, it was confirmed
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that the conditions of the installed engine had no problem in

»

electrical and mechanical configuration.

In placing a thermal blanket around the engine, several steps
were taken for FM: Capton insulation film was placed over the inside
of the blanket, so tha its conducting surface could not affect the

|
"l
engine insulation; standards were set so that the blanket would not 2 |

cover too much of the shell to cause heat problems; and glued area
of blanket around the engine was increased so that lifting could not
occur to cause heat or insulation problems.

Fig. 8.4 shows the conditions of the engine installed on the

satellite.

Fig. 8.3 Wire Fig. 8.4 Engines Mounted on Satellite ;
Harness (Unit #1 on left) | 24
] Shield Fo
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8.4 Histogram of Ecuipments and Final Conditions A

The final conditions of the ion engine before launching are

1
described in this section. . %
Table 8.2 shows the items on the engine unit with limited life. %

Air-exposure time and operation time for Unit #1 were 80 hours and
220 hours, respectively, and 99.5 hours and 219.6 hours for #2, each iﬁ s
leaving about 4/5 of life before launching. Sufficient effective life
was left for other items as well. Although power conditioner is not

included in this group, the accumulated operation time at delivery f ‘
(before transporting to launch complex) was 75.6 hours for the power 5 :

control device, 167.4 hours for power source device #1 and 92.2 hours

for power source device #2,

Table 8.3 shows the weight of the engine unit of the final
configuration(after shielding) and the amount of propellant £filled.
Values of resistance in the engine unit are shown in Table 8.4.

For about 30 hours before launching, humidity exceeded 60%(max.
75%) due to a typhoon. Nitrogen gas purge was on, however, and it is

assumad to have had no effects on the engine.

Thus, it was determined that the ion engine system was in ready
conditions for launching. ; ?
Fig. 8.5 shows the appearance of satellite and engine immediately

before the fairing installation.
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OF POOR QUALITY 4
Table 8.2 IEE Limitations Table 8.3 Weight of Engine in i

the Final Condition

Effective 3 é
Subject | life | IEEQ | 1EE®@ |
Operation time 500hr. 7995hr.|9951 hr, E”gé“ef'“Pr°Pe%la”t T
. 5 B wt. <
fc\i;;exposure 1000hr.| 220hr./2196hr. Unit #1| 2621g 602¢ |4
|
;S;éigg 500 times 230 o Unit #2| 2634g 596g h‘
Connector ) |
pull in/out j
PSs 250@ 18@ 24@ {
P 250@ 18@ 24@ §
P7 250M@ 1808 23@ i
| P8 250@ 168 218 :
| Fig. 8.5 Final Appearance
Valve of the Satellite
open/close
G 508 208 3@
L 50@E 3@ 5@

4

Table 8.4 Resistance of | A
Engine Unit :
Final B |
inspection j£4d
‘ \ * '] !
Unit #1 ]| Unit #2\ :
LEE AT | M#tsth | IEE AT | stste s h
Main cathode heater| 0440 | 0440 | 0440 | 0440 J
Main ‘'vaporizer heater| 1680 | 1690 | 1670 | 1660 i
Insulator heater| 2750 | 2750 | 2850 | 2860 z
Neut. cathode heater| 2450 | 0450 0440 | 0440 i
Main cathode keeper| »20Ma | >20Ma | >20MQ | >20MQ '
Neutralizer keeper| - * % ¥ ‘
Screen grid| - . e ” |
Accelerator grid| -~ L " “ {
Anode . » = | = |
X |
IEE AT: March 1981 ‘

Final inspection: May 1982
{
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Development of ion engine system, despite some problems encountered
alonyg the way, has resulted in the system that is suitable for flight ‘
on boarc¢ ETS-III. Currently in operation in the orbit, both Unit #1 ¥
;} and #2 are showing fine performance and the operation experiments are
i pregressing smoothly. This is the second successful space experiment

with ion engine following SERT-II of the United States, and the first

involving a small ion engine. A
Technical knowledge accumulated through the development has been .

: significant, to the level quite competitive to that of European and fi
:i American countries. Some of the major accomplishments are as fellows. .
| (1) Necessary technology was acquired for the development of
mercury electron bombardment type ion engine. | fz
i) Production technique for hoilow cathodes was improved, ig

resulting in stable quality products. - |

—_—

Tt

This was achieved by clarifying selection standards in

i " each step of assembly and stricter management of

gl oty

production process.

T T

r[ ii) Much knowledge was gained on the deterioration mechanism
bl of hollow cathodes during ground testing.

With the knowledge, procedure and means to prevent

TR

contamination during ground testing were improved.
iii) Heat design around vaporizer and insulator proved

important for motive characteristic, and necessary

ksl

techniques were learned.

o

iv) For other components, technology developed since basic

design was established.

(2) Necessary technology was acquired for the development of

power conditioner which runs the engine.




i) Through production of power source devices of multi-module
structures, techniques for circuit system, heat design,
layout, weight reduction, electromagnetic compatibility,
efficiency improvement, systematization, etc. were
acquired.

ii) For high voltage power sources, techniques for insulator

eircuit, transformer, potting, ete. were acquired.

iii) Techniques for stabilizing power sourqe for plasma load

(3)

acqguired.

were learned, Also, techniques for control or protegctive
circuit for transient f£luctuation of plasma load were
ac¢guired.

Technigquaes for interface of engine and power conditionwer were

1) Ability to achieve system compatibility such as electro-
magnetic compatibility was proved.
ii) Techniques for incorporating ion eangine into satellite,

testing techniques, etc. were acquired.

On the other hand, following are some assignments for the future.

i) Further improve design and production techniques for hollow

cathodes, with respect to higher reliability and stable

product quality. Also, quantitatively analyze deterioration

mechanism in the ground testing and take sufficient counter-

measures.

ii) By improving heat design of the engine, improve transient

characteristics during operation and control the influence of

axternal heat snvironment.

1ii) Stabilize power supply in those power sources for which

glectrical interfacing with engine is critical. On ths other

;:“‘ J‘
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hand, simplify circuits where there is too much margin in ‘ 4
power source functions and performances. : A
iv) BEstablish management standards for interface of engine unit
and power conditioner in the detailed design stage at the }
latest. If manufacturers are different, standardize the : ¢
system, including sub-system integrater, to avoid faulty :
interfacs.
v) Unify engine dummies in system tests.
vi) Study ah air~tight structure of systems including hollow : !
cathode in order to reduce the influence of air-exposurae. : S
Technological position attained so far in this developmeni can
be summed up as "a stage where, in the development of mN-class mercury
electron bombardment type ion engine system, requirements for practical
use, except for that of longer life, can be met.”

1990's is expected to be the beginning of a new era where

stationary satellites of larger size and longer 1life will be in demand

worldwide. With a stationary satellite weighing several tons, required A

designed life will be about 10 years and higher orbit maintaining

accuracy will be required. In such a system, weight advantage brought

L ad sl

by the application of ion engine system over chemical propulsion

reaches over 10%, and its superiority will be apparant.

|

From this viewpoint, and based on the development results of

ETS~-III ion engine system, plans are being made for the development of

lomiN~class ion engine system which can be used in orbit-maintenance :
of 1 -~ 2 ton, large size stationary satellites of the next generation. %
Also, with the view towards developing the independent space
technoclogy and thrust svstem technology in our country, it is hoped

] that the development of ETS~-III icn engine system will be continued

into the future.
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Al Outline of Engineering Test Satellite III ; i

Al.l Purpose of development 3
Engineering Test Satellite (III) is a medium altitude, 3-axis j

attitude controlled satellite, developed to establish common ?

| technologies for artificial satellites requiring large power of the g g
; future, and has the following four missions. t ;

(1) Verification of 3-axis attitude control function.

Bt -

(2) Verification of solar battery paddle expansion function. j :

(3) Verification of active heat control function.

(4) Experiments with equipments on board:

o e i

i e

l. Vi-si~con (vision-controlled? computerized?) camera Ea
2. Ion engine system '

3. Active heat control system E
4, magnetic attitude control system. B

The satellite will be launched into an orbit of 4% inclination

cagbes pp MR D DA eEy R R kA o

Wil 6 SRl St ihedt Salinditentis it R

Swerd- b

at an altitude of 1,000km by an N-1 rocket from the Tanegashima Space

Center in the summer of 1982 for a one-year mission.

Bttt
: v -:\,t'-l-' ety
L. L A SO OO

Al.2 Composition and shape of satellite

Composition of the satellite is shown in Table Al.l., It is

o A SR B
Lot

grouped into basic equipments and equipments for experiments on board, j-ﬂ

with the former comprising 6 sub-systems and the latter, 4 sub-systems. é |

Dimensions and shapes of the satellite are shown in Fig. Al.l.
Positions of each sub~system and component are shown in Fig. Al.2. i i
System block diagrams are giwvian in Fig. Al.3(basic equipments) and in |
Fig. Al.4(equipments for experiment). ¥Fig. AlL.S5 is a conceptual

diagram of the satellite in orbit.

Al.3 Performance of each sub-systam

Main performances of basic equipments are shown in Table A1.2

and those of eguipments for experimentis are shown in Table Al.3. ”i
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See next two pages

Table Al.l Structure of Satellite
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(Explaunation for Table Al.l)

A,
B.
c-

1.

Satellite .
Basic equipments
Ecquipments for experiments on board

Attitude control system
1.1 EBEarth sensor
Rate measurement assembly
Attitude control electronics
Reaction wheel
Solar sensor
Rate gyro package
t control system
Thermal louver
Parts: Heater/thermostat/temperature sensor HT/THT
Thermal coating OTO
Insulating blanket
Spacer, etc.
owgr sQurce system
1 Sclar battery panel
2 Battery
3 Shunt dissipator
4 Power control unit
5
6
7

00N I e
De = & s @
NP O h W

Power distributor
Ordnance control unit
Solar cell characteristic measurement unit
Harness
ject system
Tank module
Filter module
Thruster cluster
Acacass module
Breaker valve module -
uctural system
Service bay
Mission bay
Satellite adaptor
Gas jet system structure
Equipment panel
Supporting transformer
Solar cell paddle maintaining/expansion structure
Paddle drive unit
Blanket suppert
0 Separation switch
emetry command system
Command receiver/telemetry transmitter
Command decoder
Telemetry encoder
Taperecorder
R & RR transponder
Antenna for telemetry commands
Antenna for R & RR
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7. Camera eguipment PR

7.1 Television camera g :

7.2 Camera head !

7.3 Electronie circuits 3

7.4 Camera control unit ﬁ

7.5 Power source unit A

7.6 Picture transmitter b

7.7 Antenna $

8. Active heat control system s

. 8.1 Device for thermal louver experiment J

: 8.2 Device for heat pipe experiment 1

| 8.3 Instrument unit 1
: 9. Mag
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9.2 Timer driver

9.3 Power source unit
10. Ion engine system

10.1 Engine unit

10.2 Power conditicner

10.3 Power source device )

10.4 Power control device I

- e ey o

-
'1
..:’

e
et ot o i s e ot st em 30

- -344-

R P '. G L e eyt T "y'_‘i"""ﬁ. it
LA S e m#ﬂ"paj{'& e =~




Table Al.2 Main Performances of Main ETS~III Equipments

Sub<ject

Performance

Approximate size

Weight

Box~shaped main body: 0.85m x 0.85m x 2.1lm
Solar cell paddle part: 0.88m x 6m
(paddle cant angle - 20°) +0

At_the beginping in orbit: 385 ckg
Accuracy of Roll Pitc¢h Yaw
attitude control During steady state 0.5° 0.5° 0.7°

{orbit altitude:
1,000km)

Accuracy of paddle
control
Reaction wheel

control (requlation) (0.01/S8) (0.01/S) (0.01¥S)
During thruster i
backup 1.0° 1.0° 1.0°

Angle of incidence of the sun: #5°
Angular momentum: 1,856Nms, three

Thruster
Propellant
Propellant tank

Thrust: 1N, twelve
Hydrazine (effective propellant 18kg)
0.31lm sphere-shape, two

Solar cell element

Solar cell paddle
power generation

Battery

Bus power voltage

Silicon N/P-~type, 2cm x 2cm, 7,140

(perpendicular incidence) At beginning: over 300W
Aftex 1 year: over 260W

Ni-Cd, capacity 8AH, 16 in series, 3 systems

+28VDC £134

Ordnance conditioner Ighition current: 3.5-77A, 16 systems

Duration of current supply: over 20mS, time
difference within 10mS _

VHF tslem.transmis.
*Data format

«Input gate
capacity
VHE command recept.
-Command capacity
«Timer command

S-band reception

S-band transmission

136.112MHz=, 1W, PCM~PM, beacon 0.1W

Measure frame matrix: 128 words .x 8

Word length: 8 bit

Bit rate: 1024 BPS(rezl time):; 26,624 BPS(stored)
PCM coding: bi-phase level

Analeog 256, bi-level 176, sexial 16
148.27MHz, PCM-FPSK-AM-PM
Discrete 255, magnitude 63, stored 16
17 min. (at satellite separation and command) and
10 sec.(at satellite separation only)
2116.6MH=z
{Range finding channel: PN-PSK~PM
Command channel: PCM-FSK-AM-PM
Range f£inding channel frequency: 2.4MHz
1705MH=z, l.4W
{Range finding channel: PN-PSK-AM~PM
Telemetry channel: PCM~-FM-PM
Telemetry sub-carrier frequency: 87.5KHz

(continued to next page)
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(Table Al.2 continued) ;&
[ :

!i

Thermal louver Operation temperature: =15C ~+55C "
Bi-~metal/substrate temperature difference: < 3C ;

Effective radiation rate: blade closed £ 0.11 "

blade open > 0.35 %J

Thermostat For mission panel heater control: 1l6C(standard) f
set temperature For TTC panel heater control: B8.8C(standard) 4
For bhattery and RCS panel heater control: A

ll.eC(standard) et

Insulating blanket Effective radiation rate: 0.01l5 +0.005 ;
_0001 ]

i

Reliability/ :_.
duration of mission Over 0.6/1 vear y
T

!

2 :
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Table Al.3 Main Performances of Equipments for Experiments Boarded
on EPS=IIT

Subiject Performance

Vi-si-con(?) camera
Bffective pickup

range 280km x 2l0km{altitude 1,000km)
Visual field angle
of TV camera 15.9° horizontal direction, Ll20°vertical

Surface picture
element distance 437m{altitude 1,000km)
. Effective no. of scanning liness 480TV
Horizontal picture element: 680
Pickup wave length Channel l: 0.48 - 0.60pm

band Channel 2: 0.60 - 0.70um
Channel 3: 0.70 - 0.88pym
- TV camera CdSe visicon (vision-controlled?} 3-tube type
: Intermittent

exposure type Exposure time: 8, 11, 16, 22, 32 x 10-3sec.
Exposure cycle: 5.25 sec. -
Low~spaed scan Frame scanning time: 1 sec,
Output signal type 3-channel sequential system
Picture signal

band width 180Kz
Picture transmitter 1705MHz, 0.8W, FM modulation
Power consumption During pre-heating:£ 10.3W

During coperations: £ 70W

Active type heat control unit
Heat pipe Variable conductance type
Heat transmission capacity: >15W
Operation temperature(heated part): 5 - 35C
Thermal louver Bi-metal type
Heat transmission capaclty°.»15W
Operation temperature(substrate surface): 0-~40C
Instrument unit Heat pipe: 10(pre~heat) 5, 10, 15W
Simulated heaterlThermal louver: 5, 1.0, 15W
heating level Temperature data: 60 items
Multiplex Heater voltage: 3 items
telemetry Temperature data correcting wvoltage: 1 item
Power consumption {During heat pipe operation: L30W
During thermal louver operation: £25W

h Magnetlc attitude control unit
| Coil
= Magnetic moment 0.171 + 0.026 ATmZ/mA
characteristic linear, 0.15 ATm2 and less
Remanencea moment 4 0.05 ATm
Timer/driver unit
Ma~. coil con-
trol current %37.2mA
Control curzent
steps 0 & 31 steps
Memory capacity 265 words/8 bit

(continued to next page)
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Power consumption £ 100W

W

;4
(Table Al.3 continued) T
i
A
Generated magnetic &
moment 0~ +6.36 ATm? X
__Power consumption 4 L2W §
Ion engine system ¢
Engine unit Electron bombardment type mercury ion engine 4
Thrust 0.2 gr wk. B
Specific impulse 2,200 sec.
Propellant flow 1 x 10~%gr/sec
Propellant util-
ization factor 70% L
Propellant loaded 600 gr. .o
Power source ; §
control device Sequence program control method S
Power source device nominal nominal o
10-system Symbol _Name ' voltage current g
power sources PS1 - beam IV  30mA 8
PS2 accelerator electrode 1KV ima c
PS3 discharge 40 Vv 0.332 S
PS4 cathode heater 5v 5 A [
PS5 cathode keeper 1s5v 0.3 A R
PS6 cathode vaporizer 3.5V 2 A P
PS7 neutralizer heater 5V 5 A T
PS8 neutralizer keeper 24 V 0.252 e
PS9 neutralizer vaporizer 2,1v 1.2 3 ﬁ,;@
PS10 _ insulator heater 3 v 1 A f-?i
!
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Fig. Al1.1(1/2)
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Co-ordinates Xg,
Ys and Zg are
formed on the
satellite
separation surface,
with the center
of the surface as
the origin.
Xg, Y and Zg have
the center of
gravity of the
satellite as the
origin, and are
parallel to Xg,
Yg and Zg.
Insulating bracket
and bracket
support are not
shown.
Unit: mm
(*) satellite
adaptor
(**) service bay
(***) mission bay
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Fiq. Al.1(2/2)

Size and shape of ETS-III (Configuration in Orbit)

xs-axis Xp-axis(roll)

O o
(3]
Yg-axis YB—ax1S-ﬂ
(pltCh) > I/ ¥
/ VA
Notes:
Zg-axis Zp-axis
Zg-axis Zp-axis 1 (yaw)
|

e | ;9°i 1°
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2. Sizes in (
3. Unit: mm.
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1. & indicates the center of gravity
of satellite immediately after
solar cell paddle expansion.

) are reference valyes.



Layout of Sub-systems

Fig. Al.2

7 How s VT Py

l F{Tv?TLPFB
zéll

10 rirvrrsn
1

1

51
L |
83 =
55

z
2
=
o
:
¥
49 *+

7!!4!'!! -~
AL LIS N 3

-
T ————

ELE N

+-r 70

=24
60 ‘*+
RMT

=
FarNqTv=a
40 tam/acwm

{ ., 70 itam

)

.../!!!fi!!
e
| NLN LR R

™~ \

© L TR RRRRW

. ﬁ . | TANRRRRN
:

wn

<t

27
6L «an

- 44

=W
3

-351~




e . vy

A

i 'ﬁi

(Explanation for Fig. Al.2) A

" 1. Barth directional panel 54. Ordnance conditioner , 1
2. ATC thermal louver 55. EPS .panel- , ¢

3. Earth sensor 56. Solar cell characteristic :

4, VC antenna measuring device elesment panel I &

5. ATC heat pipe 57. Solar sensor(2) . .

6. Antenna for R & RR 58. Shunt dissipator -k

7. Antenna for telemetry command 59. Solar sensor(l) 4

8. Support truss 60. Inner panel : .

3. Solar cell characteristic 61, Outer panel L4

measuring device 62, +Y paddle PR

10. S=-band diplexer 63, Reaction wheel (Y) :

11, S=band diplexer LPF unit 64, Paddle drive device @

_ 12, Power distributer II 65. ACS SAD panel :
- 13. MAC timer driver unit 66. Reaction wheel (R} ﬁ i
14, VHF diplexer 67. Attitude control electronies ‘ )

15, MAC coil ¥ 68. Rate measurement assembly : 1

16. MAC coil X 69. Reacticn wheel (P) : i

: 17. Rate gyro packags 70. Tape recorder - i
. 18. Thermal louver 71. Satellite adaptor i |
19. VC camera head 72. Separation switch I

z0. VC camera control unit t
21l. VC picture transmission unit ; :
22. V2 power source unit
) 23. MAC power source unit k i
i 24. Mission Panel(I) oo
% 25. VC electronic circait unit o
26. MAC coil Z
27. Mission bay fram
28, IES power source control unit
29. IES engine unit
30. Thermal louvar
31, Mission panel(Il)
32. ATC instrument unit
33. IES power source unit
34. Tank(l)
35. Blanket support P
36. Thrust cluster o
, 37. Tank(2) i
38. Gas jet system structure .
39, Service bay frame
40, S-band receiver/transmitter
s 41. Telemetry encoder

42, Command decoder ‘
43. VHF receiver/transmittex 4
44, Solar cell element panel II ]
45. TTC panel :
46, Shunt dissipator B
47. Y paddle B 1
48. Outer panel 5
49, Innexr panel ;
50. Power distxributor I |
51. Battery : d
52. Solar cell slement panel III i
53. Power conditionexr 1

i
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Fig. Al.3 System Function Block Diagram (Basic Equipments)
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(Explanation for Fig. Al.3)

ACS

1. +5V from ENC

2. via PWC

3. Resistance module I

4. TRU test connector

5. IRU gyro 3

6. TLM/CMD interface port A/B

7. Analog signal buffer

8. Analog multiplexer A/B -
AD transformer A/B

9. SAD paddle control electronics

10. Start timer

11, RW port/driver x 3

12. Thruster port

13. Sensor SIG

14, Drive SIG

15. Temperature sensor

16. Fire SIG

17. Potentiometer

18. Damper

19. Motor

20. Position indicater

21l. Interface c¢onnector

1. SCM monitor panel
2. To TTC

3. SCM monitor panel
4, Heater hwus

5. Relay mocdule

6. Battery heater

7. Battery disconnect
8. Empirical connector
9. Interface connector
10. Orxdnance tarn-on connector
li. EED test connector
12, Fire SIG

RCS

1. Resistance unit

2. Interface connector

3. via PWC

4. Heater bus

5. Propellant shut-off valve
Open/Close monitor

6. Temperature sensor *
pressure sensor

7. Propellant valve Open/Close

8. Shut-off valve Open/Close

9. Propellant wvalve heater

10. Catalyzer tank heater

11, Propellant tank

12 . Pressure detector

13. Filter

14, N, gas exhaust valve

—
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MNP
[ . 2

H

B

TLM
CLEK, SIG} :

TLM,

Connectors and modules outside the
broken lines(——--—) belong to EPS.

Propellant drain valve
Shut-off valve
Propellant valve
Thruster

Mission Panel I heater
TTC panel heater
RCS panel heater
Heatexr bus
Temperature sensor
Processor A
FSK demodulator A
Stored command memory A

[1] 1 1t

B

Processor B
FSK demodulator B )
Temperature pressure sensor
Resistance module 1
S-pand transmitter/receiver
CMD receilving unit
TLM transmitting unit A
TLM transmitting unit B
Diplexer
Diple xer
Interface connector

From PRU

: Temperature sensor

8/C bus power source

Command signal

Telemetry signal

Clock,
- MIFS

COND)

enable, MAFS ’

Telemetry conditioning
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(Explanation for Fig. Al.4)

vC

1. Stand--by

2. TLM interface

3. Optical unit

4. X3 channel

5. TV gQperator

6. To high voltage power source
7. Pigture unit

8. DC/DC converter

9. DC/DC converter

10. Process amplifier

11. Deflection circuit
12. Drive control circuit
13. X3 channel

14, 1l7-nin. timer CMD

15. Regulator

16. To each unit

17. Multiplexer

18. Pulse generating circuit
19, TLM CMD interface

20. Picture signal

21. Periodic signal

22. Regulator

23. Modulating unit

24, CMD interface

25. Amplifying unit

26, TLM interface

ATC

1. Power switch

2. DC/DC converter
3. Address decoder
4., Heater switch

5. Talemetcsy

6. (Power control unit)
7. (Multiplexer unit)
8. Address signal

9. Multiplexer

10. Heater power

11, Pre-heater

12. Heater A

13. Heater B

l4. Heat pipe

15. Temperature data
16. Heater A

17. Heater B

18. Thermal louver
19. Temperature data

~356~

MAC
1. DC/DC converter

2.

W

L

Gy Ul

7.
8.
9.
l0.
11,

Regulator
Monitor circuit
CMD interface
Mode switching circuit
Memory circuit
Coil selecting circuit
Coil register
D/A converter
TLM interface
Monitor circuit

IES

L.
2.
3.
4,
5.
6.
7.
8.
9.
10.
11l.
12.
13,
14,
15,
l6.
17.
18.
13,

@

&R

Input filter
To each unit
Power source unit
CMD interface
Power source control unit
Reference
Monitor sighal
Switching signhal
TLM switching unit
Control signal
Reference

Monitor signal

TLM signal

Drive power source
Power source unit (PS1-PS10}
Monitor circuit

TLM c¢ircuit

10 system power

{same as above)

: Temperature sensor

S/C bus power source

: Command sighal

TLM) : Telemetry signal

CLK, SI@ : Clock, enable, MAFS,

TLM, COND) : Telemetry conditioning

—_— B |

MIFS

N &
b Ao

ot

e ] el

.'\(\-._ E ey

e o Pl

. s
T e ..k,.._._m,_.\ﬂﬁ



— — —

ﬁ.r.l:whl..;ﬂﬁ!w _—— v

ORIGINAL p;
=357~

ETS-III

Al,5

Fi




k.3
EUSAT

oy
oy ‘= -

~

AR s e et IR,
Lo .

A2 Record of problems

i

A summary of problems recorded during post-PM developmenkts is given.,

4
Lo | o=

Table A2.1 and A2.2 list the problems occurred in QT of the engine unit

component test and in the sub-system test of ion engine system.

Table A2.3 lists the problems occurred in the sub-system evaluation

. “-., Ay el A

(PM engine #1 and modified EM of power conditioner). Table A2.4 and g o
Table A2.5 list the problems occurred in the AT of engine unit component 3‘f
test and in the sub~system test of ion engine system. With power ;fj

conditioner, component test showed no problem in neither QT nor AT. o

SERIE SRR

Table A2.6 and Table A2.7 are the lists of problems in the

Qualifying Test and in the Acceptance Test of the systam. Not listed

here is the problem described in Section 8.2.1, of ignitability ' ‘}
i; fluctuation of hollow cathode during engine unit performance check

before delivery to the launch complex.
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Table A2.1 Record of Problems (IEE QT)

IEE #1

1. ZInsulator heater voltage did not meet the standard range during
rated operationh test of performance test(I). (Measured: 2.593 ~
2,600V. Standard: 3% 0.3V)

S

-,L,T“-u,r'_sv 5 i b

Cause and treatment: Dummy lcad smaller than the actual.
No problem in performance evaluation, and test continued.

L e SO

2. Main hollow cathode discharge could not be maintained after
ignition during interface check of performance test(I).

Cause and treatment: ZInfluence of capacitance on the testing :
power source side. Stabilizing resistance changed to 20« . S

3. Neutralizer cathode was nct ignited 30 minutes after start during fi i
parameter test of performance test(I). 3

Cause and treatment: Insufficient activation of neutralizer
hollow cathade. Retested after activation.

4. Main discharge alone broke down during thermal vacuum test.

Cause and treatment: Main hollow cathode keeper discharge
manually stopped and thrown into forced recovery mode.

5. Base plate temperature was outside the range of testing standard
in the performance test(I) and in thermal vacuum test.

Cause and treatment: Off~-the-standard temperature range and
its duration too insignificant to affect performance check,
and testing continued.

6. Performance characteristic data could hot be obtained due to a
faulty mi~ni-con(? micro computer?) during thermal vacuum test.

Cause and treatment: Data on real time characteristics
cbtainable under this condition. Testing continued.

7. Discoloring of metal part of D subconnector discovered in the
appearance inspection after thermal vacuum test.

Cause and treatment: Caused by chamber test. No afifect on
the connector performance. Testing continued.

D T . W, AT T
el e AR . . Pe ekt t ol e
e VU AN

sy i .

8. Breaking of main hollow cathode vaporizer thermocouple was found
during charging/insulation test after oscillation test(random .
wave, X-axis). N

Cause and treatment: Thermocouple replaced. For prevention
of recurrence, ends of thermocouple secured on tank support.
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9. Appearance defects were found in the vaporizer heater lead wire

of main hollow cathode, i.e. Ni-plating disappeared and turned to
copper color.

Cause and treatment: Due to exposure to temperature of about

970C for the brazing treatment of 8 above. Vaporizer heater
replaced.

10. Neutralizer hollow cathode could not be contreolled during interface
check of performance test(II).

Cause and treatment: Neutralizer hollow cathode replaced,

due to a possibility of its affecting interface with power
source,

11, Short-circuit occurred in cathode heater of main hollow cathode
during rated operation test of performance test(II).

Cause and treatment: Faulty spot welding of hollow cathode

unit. Repairing difficult, and the main hollow cathode
replaced. .

12. Forced ignition was required due to slow ignition of neutralizer

hollow cathode keeper discharge during rated operation test of
performance test(II).

Cause and treatment: This treatment was for checking ignition.
No effects on performance. No action taken and rated
operation retested.

13. Beam injection was started without a 3-minute waiting time, as
manual operation was started immediately after NEU START during
interface check of performance test (II).

Cause and treatment: Secere conditions for .a test. No
effect on evaluation. No action taken.
14, Defects discovered in the f£final appearance inspection.

Cause and treatment: Due to handling in tests. No effects
on functions and performances, and no action taken.

IEE $2

1. Dent was found on the shell in appearance inspection.

Cause and treatment: Mishandling during assembly. Dent
minor, and no action taken.

2. Beam could not be injected during thermal vacuum teast.
Cause and treatment: Misconnection(between beam power sowrce

and accelerating grid power source). Little effects on the
unit. Connected properly and retested.
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11.

Discoloring of metal part of D subconnector found in appearance
inspection during thermal vacuum test.

Cause and treatment: Caused by chamber tests. No effects
on connector performance and no action taken.

Osc¢illation patterns did not meet the standards during oscillation
test (random wave, Z-axis).

Cause and treatment: No effects on strength. No action taken.

Resistance of main hollow cathode heater increased during charging/
insulation test after oscillation test(random wave, Z-axis).

Cause and treatment: Breaiiing of cathode heater lead wire
at the terminal. Repaired and reconnected by spot welding.

Cracking was discovered in the sealed end of main hollow cathode
insulator heater, (Found while treating 5 above.)

Cause and treatment: Mishandling during hollow cathode test.
Insulator heater replaced. :

Appearance defects were found in the vaporizer heater lead wire
of main hollow cathode, i.e. Ni-plating disappeared and turned to
copper color.

Cause and treatment: Due to exposure to temperature of about
970C for the brazing treatment of 6 above. Vaporizer heater
replaced.

Relative humidity exceeded the standard during preparation for
performance test(II). (69-71%. about 30 minutes.)

Cause and treatment: Duration short and no .effiects on
performance and reliability. No action taken.

Main hollow cathode keeper discharge was not ignited after 30
minutes during rated operation test of performance test(II}.

Cause and treatments Faulty ignition due to the first time
operation after exposure to air. Main hollow cathode replaced
because of a short circuit of cathode heater found at the

same time.

Beam injection could not e kested due to repeated disappearance
of main discharge during rated operation test after main hollow
cathode was replaced.

Cause and treatment: Mismeasurement of £low and temperature.
No effects on performance and no action taken.

Breaking of neutralizer hollow cathode vaporizer heater was dis-
covered during oscillation test (random wave, ¥-axis) under MR
treatment.
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Cause and treatment: Oscillation under increased stress from 44
muty installation/removal of MR treatment. Repairing difficult ;
and neutralizer hollow cathode replaced. S0

12. Data on neutralizer keeper voltage, mercury flow, etc. did not meet
the standards during rated operation test of performance test(II).

<4
3
]
Cause and treatment: No effects on performance, and no action ﬂ
taken for neutralizer keeper voltage. Mercury flow remeasured ¢
and the standards met. £

R B rhekna i e
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13. Defects discovered in the final appearance inspection.

| Cause and treatment: Due to handling in tests. No effects
| on functions and performances, and no action taken.




Table A2.2 Record of Problems (IES QT) a4

v B

i~ me—mtm

1. During hollow cathode operation test of functionality test of ion
engine system(combination of IEE#l, IR and IP¥1l), keeper discharge
stopped twice after main discharge was ignited. Xeeper discharge
ignited three times but main discharge current did not flow normally.

RESE S Sty

[
i S
l IES #1 f
|

A

j . Cause: Due to a transient phenomenon during main discharge
of the engine unit, excess current protection circuit for main
discharge unit in the power source device latched.

e

| Action taken: Constant of the excess current protection
' circuit changed. Unit UPC30180B-01(0.01F } eliminated and
1 R8 changed from 1ML to 100k[)..

2, During beam injection operation test of function/performance check

: of ion engine system(combination of IERH#1, IR and IP#L) beam could
X not be injected.

: Cause: Same as above. o
B Action taken: Same as above.

. 3. During neutralizer operation test of function/performance check of
: ion engine system(combination of IEE#1l, IR and IP#L), 23.3W power
from PS7 of the power source device(IP) was supplied to the engine

| (IEE) for 30 minutes, but the neutralizexr in the engine did not
;! ignite.

Cause: Insert loss of extension cable connecting the wain

unit and power source via junction box in the test configuration,
4 and, assumably, higher-than-estimated load impedance (IEE)

o with respect to power source.

Action taken: External power source used for neutralizer
G heater power source(PS7) and testing continued. If the same
¢ same occurred in the cowbination of IEE#2, test to be
i performed withe external power source. TASK LEVIEW given
after the combination test to determine whether to move onto
next TASK,

4., During rated operation test of thermal vacuum test of ion engine

o system(combination of IEE#1l, IR and IP#l), neutralizer keeper
2 discharge did not turn ON.

Cause: Assumed lack of compatibility between power source
device({#1) and engine unit(#1) with respect to neutralizer
heater.

Action taken: Punction/performance on the component level
reviewediceview of IBE#1l requested to MELCO). Testing halted
for ion engine system #1 and test performed for #2.




IES #2

l. (Electromagnetic compatibility test) During QT for electromagnetic
compatibility of ion engine system{combination of IEE#2, IR and
IP#2), neutralizer keeper discharge did not turn ON.

Cause: Contamination on neutralizer keeper and lead support
by backspattering from the lower engine hody.

Action taken: Engine unitit2 sent back to Mitsubishi Electric
for inspection and treatment.

2. (Electromagnetic compatibility test) During appearance inspection
after QT for electromagnetic compatibility test of the system
(IEE#2, IR and IP#2), discoloring(dark brewn) was found on beam

injection surface and on sides of engine body. especially where the
neutralizer was mounted.

Cause: O0il splashed and adhered to IEE#2 duxing EMC test and
discolored under heat, etc.

Action taken: As ion engine unit was placed in wvacuum of
10-6Torr for two days after completion of test, ho possibility
of adhered material further affecting the engine. No effects
on performance and ho action f:aken.
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Table A2.3 Record of Problems(IES Evaluation Test)

1, In the combinaticn of IEEH#1, IR(EM) and IP(EM), power was OFF for
two minutes during idling.

Cause: Based on that IES bus power power source and vacuum
meter both turned off, a temporary ocutage in their power
source system(ACl00V) suspected.

Ac¢tion taken: Following done and testing continued. 1) IES
OFF CMD executed; 2) power source of 28V bus power checked:
3) IES ON CMD executed; 4) Input current checked; 5) MAG CMD
executed; 6) IDL CMD executed, and 7) Input current checked.

(As IES was in IDLING, AC 100V OFF did not affect IES functions.)

2. In the combination of IEE#l, IR(EM) and IP(EM), four minutes after
START CMD was sent, abnormality was observed in the telemetry data
on pen recorder.

Cause: Burning of rush current damping resistance R1 in IR
(EM) , assumably due to some faulty movement of latching relay
which short-circuits RI1.

Action taken: Resistance Rl replaced in IR, Testing
continued after IR component(single unit) check.

3. In the combination of IEEH#1, IR(EM) and IP(EM), neutralizer
vaporizer temperature Tnv was lower than estimated. Estimated:
Tnr 2« 227C, Measured: Tnv=Ll59C,

Cause: Tnv telemetry drifted with a drift in offset voltage
of operational amplifier IC 23(LM108A¥) in the printed unit
of IP(EM#L).

Action taken: IC23(LMLOSAF) repléced and cdrrected Tnv curve
taken.

4, In the combination of IEEH#l, IR(EM) and IP(EM), injection was not
reached when beam voltage of Vi=lkV was applied to the engine unit.

Cause: Beam voltage thrown in before main discharge was
sufficiently stabilized, which caused accelerator current(la)
to flow in excess, activating protection circuit in power
source device which shut off heam voltage.

Action taken: Main discharge maintained for 1 hour after
ignition for stabilization. Then, discharge current changed
from 0,35A to 0.3A immediately before throwing in beam
voltage. (Change to be made in testing procedure manual.)

5. In the parameter test of neutralizer keseper voltage Vnk of the
combination of IEEH#L, IR{(EM) and IP(EM), ion injection was not
reached when beam voltage of Vi=lkV was applied to engine unit.
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4
Cause: Presumably, accelerator current f£lowed in excess i A
when beam voltage was thrown in, causing insulation breakdown. .

Action taken: Time constant of IP(EM) inhibit circuit changed | &
from 0.8 sec to 1.4 sec, same as PM. Amount of mercury flow, o

MAG CMD Vp=38V changed to 36V. Discharge current MG CMD Ig= o
0.35A changed to 0.30A.

. Y
6. During thermal vacuum test of the combination of IEE#1l, IR(EM) and ﬁ
IP(EM), bezm injection was not reached when beam voltage of Vy=lkV S

was applied.

Cause: Presumably, high voltage was thrown in twice without
setting Vy(operation mistake), leaving large amounts of

. {
vaporized mercury in the engine unit and thus causing plasma ﬁ
density to increase. g

Action taken: Discharge current(Ig) set to 0.3A and high co

voltage thrown in; after stabilizing, discharge current(Ip) - i
set to 0.35A to obtain data.

7. In the cowbination of IEE#1, IR(EM) and IP(EM), discoloration
(light brown color) of beam injection surface on the engine unit
was found during appearance inspection after completion of tests.

o
Cause: Presumably, spattering from vacuum tank during ground ‘ N
testing. (This problem peculiar to ground testing.)

Action taken: Discoloring occurred when IEE was in operation,

and not likely to progress during storage and exposure to air.
No action taken.




Table A2.4 Record of Problems (IEE AT)

IEE #1

l.

5.

Defects in appearance and mislabelling found in appearance
inspection of early stage mechanical function test.

Cause and treatment: Defects minor and ho action taken.
Mislabelling of parts numbers and manufacturing dates to be
corrected by the completion of AT,

Main vaporizer heater current did not meet the standards during
rated operation of performance test(I).

Cause and treatment: This data obtained immediately after
ignition and is due to noise generated by ignition. No
effects on performance and no action taken.

During rated operation of performance test{I), 1) propellant
utilization efficiency, 2) beam current and 3) insulator heater
voltage did not meet the standaxds.

Cause and treatment: Does hot occur if mercury flow is
slightly reduced. Also, tolerable overall performance with
respect to interfacing achieved, No action taken.

During interface check ¢f performance test{I), unstable conditions
were observed at the beginning of ignition of neutralizer hollow
cathode keeper discharge.

Cause and treatment: Phenomenhon does not occur when combined
with IEP. Ignition can be achieved by normal recovery
sequence. No action taken.

In the interface check of performance test(I), beam current during
steady state injection 4id not meet the standards.

Cause and treatment: Caused by turbulence of discharge current
waveform. No effects on total performance or intexrface. No
action taken.

At the start of rated operation test of performance test(II),
degree of vacuum did not lowex below targeted value.

Cause and treatment: Due to chamber capacity. No effects
on IEE operation. No action taken.

In the parameter test of performance test(II), base plate
temperature did not meet the standard.

. Cause and treatment: Control mistake. No effects on
evaluation of performance data. HNo action taken.
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8. In the appearance inspection of the final mechanical funtion test,
seratches, etc. were found.

Cause and treatment: No effects on functions. No action
taken. .

IEE i

I

1. Defects in appearance and mislabelling found in appearance
inspection of early stage mechanical funtion test.

Cause and treatment: DNDefects minor and no action taken.
Mislabelling of parts numbers and manufacturing dates to be
corrected by the completion of AT,

2. During rated opsration of performance test(I), insulator heater
voltage and main vaporizer heater current did not meet the
standard during transient state before injection.

Cause and treatment: Insulator heater voltage meets the
standard when measured at monitor terminal, and main vaporizer
heater current a short-lived phenomenon. No effects on
performance. No action taken.

3. During rated operation of performance test{I), beam injection could
not be achieved.

Cause and treatment: IEE was normal during charge chack
before performance test., Ceoanections changed to equivalent
line at the output terminal b ard of power source and testing
continued.

4. During rated operation of performance test(I), main hollow cathode
keeper discharge and main discharge did not iguite after 30 minutes.

Cause and treatment: Input of PS4 changed from 5.0A to 5.2A
(constant current) and keeper discharge ignition resulted
within 5 minutes. Testing continued.

5. During interface check of performance test(I), unstable conditions
were observed at the beginning of ignition of neutralizer hollow
cathode keeper discharge.

Cause and treatment: Phenomenon does not occur when combined
with IEP. Ignition can be achieved by normal recovery
sequence. No action taken.

6. During rated operation of pexrformance test(II0, short circuit
occurred in the neutralizer keeper immediately after operation was
started.

Cause and treatment: Caused by shori~-circuit inside
neutralizer hollow cathode. Neutralizer hollow cathode
replaced and AT given again.
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7.

10.

11.

12,

13.

14.

Main hollow cathode insulator heater lead wire was found closer to
the main support(found as a result of 6 above).

Cause and treatment: Already close when produced. No

plastic deformation and no visually observable abnormality.
No action taken.

There were two spots on the housing insert where screws for

mounting the shell were hard to go through (found &g a result of
6 above).

Cause and treatment: Tapped to let through.

In the acceptance test of hollow cathode, melted area of spot

welding was found larger on the cathode heater side(replaced item
in 6).

Cause and treatment: Unevenness in workmanship. No effects
on strength, No action taken.

During rated operation of performance taest(I), main hollow cathode
vaporizer heater power source and neutralizer hollow cathode keeper
discharge voltage did not meet the standards.

Cause and treatment: Main vaporizer current a short-lived
phenomenon and no effects on performance. With kesper
discharge, no effects on maintaining interface stability and
neutralizing function verified. No action taken.

In the interface check of performance test(I), main hollow cathode
vaporizer heater current did not meet the standard.

Cause and treatment: Short phenomsnon(about 10 sec.)
immediately after neutralizer ignition and no effects on
performance. (Same as 10 above.) No action taken.

In the random oscillation test(X-axis), the pattern exceeded the
standard.

Cause and treatment: Due to control capability of oscillator.
No resonance point near 1,300Hz. Under QT level. No
negative effects, and no action taken.

During rated operation of performance test (II), neutralizer hollow
cathode keeper discharge voltage did not meet the standard.

Cause and treatment: Due to characteristics of neutralizer
hollow cathode. (Same as 10.) No problem in maintaining

interface stability and neutralizing function confirmed.
No action taken.

In the thermal vacuum test, main hollow cathode vaporizer heater
power source loop could not be controlled properly and beam
injection could not be performed.
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Cause and treatment: Caused by faulty action of closed loop ’
control circuit in the power source. Beam injection achieved

by maintaining main vaporizer current at about 2A, indicating

no effects on performance.

B

f

d

&

15. In the low-temperature starting test(2) of thermal vacuum test, :
discharge voltage immediately after the start of beam injection e
exceaded 60V, _ ﬁ

B ¢

Cause and treatment: Due to low temperature of main hollow ~A

cathode va zer at the time of beam injection. Performances
same as PM ®nd no effects on interface. No action taken.

Cparcy

16. In high temperature starting test of thermal vacuum test, unstable
conditions were observed at the beginning of ignition of neutralizer ;
hollow cathode keeper discharge. .

Cause and treatment: Phenomenon does .ot accur when combined o
with IEP. Ignition can be achieved by normal recovery P
sequence, No action taken. ;

17. In the final appearance inspection, scratches, stains, adhesion of
foreign material, etc. were found.

Cause and treatment: Minor. No effects on performance. No
action taken.
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Table A2.5 Record of Problems (IES AT)

l., Ion engine unit #2 was unpacked by mistake instead of #1.
Cause: Carelessness of workers who failed to check product no.

Action taken: Engine unit #2 returned to freight container.
Air-exposure time recorded. Unit #l unpacked and tests given.

2. Instead of 300¢/min rotary pump, 1,500.4/min rotary pump for wmain
vacuum tank was mistakenly switched off.

Cause: Operation mistake due to unclear TD instruction.

Action taken: When the diffusion pump for main vacuum tank
is mistakenly shut off during operation, protective circuit
acts to close clapper valve of the pump and electromagnetic
valve hetween the diffusion pump and rotary pump. Thus,
contamination by diffusion of o0il does not occur.

3. Degreeg of vacuum reached only 5x10~lTorr instead of the specified
5x10~2Torr. '

Cause: Presumably, a leakage from a wvery swmall scratch found
on the flange of heat control box.

Action taken: Metal gasket, inserted into the flange, was
replaced by a fluorine O-ring.

4. When 2BV DC power source was switched on, amperometer of DC power
source oscillated over 5A for an instant and then returned to
1.0 - 1.2A, At that point, DC power source was immediately shut
off.
Cause: Faulty connection of vacuum tank flange connector.

Action taken: No ill effects on hardware found. Pin
assignment of cable changed and testing resumed.

5. In the appearance check of final AT, black binding band was off in
two places.

Cause: Presumably, faulty knots which had come loose.

Action taken: Re-binding requested to Mitsubishi Electric by
NASDA.
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Table A2.6 Record of Problems (System QT)

LY

1. During IES/EEQO compatibility test, TLM9406{cathode keeper current)
dropped from 2.98 TMV(295.28mA) to 0.74 TMV(80,769mA) .

Al ST el

Sl

Cause: Due to a design mistake, surge current exceeding the
standard was sent to diodes CR4 and CR6 (NASDA TX1S 2204) when
power was supplied. Because of the stress, diodes opened,
lowering the main c¢athode keeper current telemetry.

T SRS

SR

Action taken: Diodes replaced by JANTXVING645-1, Same "
treatment given to FM.

2. Gas leak was found in the connecting part of secondary pressura

adjuster and primary pressure meter. !
Cause: Presumably, piping to the primary side was touching B i
the lower part of the frame, and due to vibration, strain/ T
stress was conducted to the connecting part, damaging sealing. . ;

Action taken: The area which caused the gas leak was resealed . t% L
with sealing tape. S
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Table A2.7 Record of Problems (System AT) oo

P |

o

1. In N, gas purge of engine unit(PM), purity of N gas measured did ; ¥
not satisfy the value required by the "Handling Manual for Nitrogen

Gas Purge System."

Cause: While partic¢le counter was adjusted with no pressure,

i
Ny gas particles were measured with the same amnunt of flow T
as in actual use. P

Action taken: Measurement procedure established and
remeasured. No problem observed.
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A3 Svymbols and Formulas

A3.l Symbols
Ion engine-relatad sybmols and abbreviations used in this report
are summarized in Fig. A3.l{electrical). Temperature measurement

points in the engine unit and symbols are shown in Fig. A3.2.

A3.2 Pormulas

Formulas for some parameters used ih evaluaiing ion engine are
given below.

.

i} Thrust

Provided that ion beam isunivalent and there is no diffusion

of beam radius and misalignment,

F=f M 5./¥, where M: mass flow of ion
a g: electric load

ii) Utilization efficiency of propellant
ﬁ=(%.h)/ﬁ whare m: amount of propellant flow
iii) Efficiency of propeller
7,=Jy /R where Pg: input power of engine

iv) Specific impulse

hp=uu[E§% /g where gt gravity accelerationh rate
v) Ion production cost

D=I¢V,,/Jb
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: ORIGINAL RATE 1T
Fig. A3.1 Symwbols (electrical) OFF POOR QUALI

Neutralizer hollow cathode

i ° Mercury ion e § emage, Loy
5 * Mercury atom S v Y
+ Blectron . e t;c’d:\
£ s : eeper -
R ¥ Ligquid mercury hollow cathode N -

! Discharge N

| voltage oo[]::

: Fhe—Lhsulator [1::

i 00 -
" ] Main F]E: Ton beam
' 1 a hofﬁo—go’fi’ - P-}asrqg"_: ,;

| S emag = ,b - vl Q -

: W F‘ ‘200 plasmg.\o ;’ [

g I
: ~3\ s

Mercury supply tank

L Lower flo;\side

D pole piece )
Permanent magnet;. A 1 e ,
7 - ceelerating 8
Upper flow side EJSI]‘S‘:* ::’ :gzj:-gen grid ?;
pole pilece E; & E
r [4

B s

Voltage Current

PS1l Screen grid power source Vn Jb
; . or beam power source Vb

o P82 Accelerator grid power source Va Ia
- PS3 Discharge (anode) power source@—m—m— w0 vd I
.} PS4 Main cathode heater power source——__ )
o PS5 Main cathode keeper power source—— __ Veh Tea
i PS6 Main cathode vaporizer power source Vek  TIck
ek or main vaporizer power source Vev Tev
§/ PS7 Neutralizer heater power source\
iy PS8 Neutralizer keepcr powsr source Vnh Inh
o PS9 Neutralizer vaporizer power source Vnk  Ink
PS10 Insulator heater power source \v I
K é \ nv nv
i Vis Iis
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Fig. A3.2 Symbols {temperature) 4
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Ad.l Specifications p

(1) NASDA-ESPC-35 "ETS~III Development Specifications"

(2) NASDA-ESPC-41 "Ion Engine System Development Specifications"

ek &t

(3) NASDA~ESPC-74 "Ion Engine System/Engineering Test Satellite
III Interface Management Specifications"

A e

A4.2 Reference Materials from Satellite Design First Group

(1) DS-114008 "Management Manual for the Ion Engine Development
Comirunication Committee" May 1978 ; |

(2) DS~114077 "Handling of Engine Unit in the Ion Engine System . !
(from completion of AT to satellite launching)" Sept. 1981 P

(3) DS-114098 "Method of Formulating Ion Engine Simulation ; :
Program" Jan. 1982 D

(4) DS-114101 "Development of ETS-III-boarded Ion Engine System" Do
Jan., 1982 !

-

(5) DS~114104 "Outline for Formulating Ion Engine System Data
Analysis Program(I)" March 1982

(6) DS~114127 '"Pre- and Post-transporting Inspections of Ion
Engine and Spare Hollow Cathodes" June 1982

(7) DS-114153 "Study of l0mN-class Ion Engine System"” Dec. 1982

Ad.3 Reports on the Results of Joint Research

(1) NAL/NASDA "Study on Testing and Evaluating Ion Engine
System(I): Thermal Vacuum Test of Ion Engine System(1978);
Heat Dummy Ion Engine and Thermal Vacuum Test(1979)" Mar. 1981

(2) ETL/NASDA "Study on Testing Evaluating Ion Engine System(IT):
Analysis of Active Characteristics of Ion Engine System{1978):
Control Functions of Power Conditioner(l979)" March 1981

(3) NAL/NASDA "Study on Ground Simulation of Ion Engine System b
(T): Simulation of Ion Engine Operation(1980); Optical
Characteristic Changes of the Satellite Surface by Ion Engine
Operation{(1981)" Mar. 1982 3

(4) ETL/NASDA “Study on Ground Simulation of Ion Engine System : !
(IT): Reverse Characteristics of Hollow Characteristics and ™~
Powar Source Coupling(l980):; Establishing Operation Commands :
for Ion Engine Operation" Mar, 1982, . q
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A4.4 Published Materials ; ﬁ

Some of the published materials on the development results of ion i

{2} H. Azuma, Y. Nalamura, S.Kitamura, S. Kaneko, ‘ :
I. Kudo, K. Machida and Y. Toda " Development y
of lon Engine " AIAAB1-0757, 1981 s

(3) H. Azuma, Y. Nakamura, 8. Kitamura, I Kudo, S
K. Machida and Y. Tada “ Experimental Plan t
for Electron Bombardment Ien Thruster on :
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