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Abstract

We have been studying two new spacecraft
architectures for years; one is a large thin membrane
satellite named “Furoshiki Satellite” and the other is a
spacecraft consisting of large number of miniature
redundant elements, called “Non Critical Spacecraft
System (NCSS).” These new architectures have been
found to have a significant impact on the utilization of
electric propulsion. In Furoshiki Satellite, the large
thin membrane used as solar arrays will provide large
specific power (w/kg), which will enhance the
effectiveness of electric propulsion system. NCSS
architecture  requires  distributed,  fuel-included
propulsion systems, which will provide a new
application area of p—ppt type electric propulsion.
The objective of this paper is to describe these new
architectures and indicate how they opens a new areas
of applying electric propulsion systems.

Introduction

We have been proposing a large membrane space
structure named " ‘Furoshiki Satellite," as a promising
candidate for the future space structure for those
missions requiring large area in space such as a solar
cell or a large communication antenna [1713]. This
membrane is deployed and controlled by a set of several
satellites at its corners (Fig.1) “Furoshiki" comes
from the traditional Japanese square-shaped lapping
cloth, which can be easily folded and deployed with
hands. It is expected that such a structure will reduce
the weight per area of the space structure and, if the
control technology is acquired, it can be efficiently
folded to be launched and easily deployed by the
satellites at its corners.

A novel concept of spacecraft design named “Non
Critical Spacecraft System (NCSS)” has been proposed
and analyzed. In this architecture, a spacecraft is
composed not of small number of ultra-reliable
elements but of large number of not so reliable elements,
and the high reliability is achieved by combining the
functions of these large number of elements, just as the
human brain and body are composed of multi-modules
of neurons and cells. Graceful degradation in case of
element failures and high reconfigurability can also be
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Fig.1 Concept of "Furoshiki Satellite"
exploited in this architecture.

These two new spacecraft concepts will open a new
areas where electric propulsion systems can possibly be
effectively utilized. In Furoshiki Satellite, the large
thin membrane used as solar arrays will provide large
specific power (w/kg), which will enhance the
effectiveness of electric propulsion system. For NCSS
architecture, it would be better to have fuel-included
propulsion systems, which will provide a new
application area of u—ppt type electric propulsion.
This paper will describe these new architectures and
discuss how they opens a new areas of applying electric
propulsion systems.

In the following sections, the research on Furoshiki
satellite and NCSS will be overviewed first, followed
by discussion on which type of electric propulsion will
be effectively utilized for them as well as the new
requirements and constraints these new architectures
will impose upon the electric propulsion system.

Furoshiki Satellite

Dynamics of Furoshiki Satellite on Orbit
Furosiki Satellite has first been studied in primarily

in terms of its dynamics and control. Due to its

largeness, its dynamics on orbit is quite complicated
and as a result its control is not straightforward. The
followings are the major reasons:

1) Due to the difference of the gravity force exerted on
each part of the membrane, each part tends to move
differently.

2) Due to this difference of motion and the complicated
interactions between the orbital motion of each part
and the attitude motion as one object, the membrane
tends to deform such as to converge to one point or
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to bend.
3)The above membrane deformation is large and

beyond the region where linear analysis can be used.
As there is no model for large deformation of a
membrane, the model in Fig.2 has been developed for
simulation study. The membrane is modeled as a
lattice of multiple small rigid panels connected to each
other by springs and dash pods. Satellites are attached
to the four corners of the membrane. As to the shape of
panels, several candidates (triangle, square, etc.) have
been compared and the triangular shape as in Fig.2 is
adopted based on the result of comparison between
computer simulations and the actual behavior of a
membrane.

/satelhte

spring and
dash pod

Fig.2 Model of Membrane

We have studied four types of promising orbit for
membrane structure, considering its use as a solar
power satellite, communication antenna or other Earth-
servicing satellites, such as in Fig.3. a) is Earth-
pointing, b) and c) is inertial pointing and d) is the case
when a membrane is placed along a special orbit named
“a record plate orbit.” A record plate orbit has been

found in {2] as a promising orbit for keeping relative
positions of cluster satellites.

(<)0° inertial pointed

I four satellites at its corners.

(d)60° record plate orbit

(b)90° inertial pointing
Fig.3  Interesting Orbits for Furoshiki Missions

Fig. 4 shows one example of a free motion of a
membrane on orbit in case a) as seen from the Earth.
Earth-pointing requirement cannot be satisfied if
without control, and the shape of the membrane is not
kept planar, which indicates the necessity of an
appropriate control. The same thing can be said for
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(d), the record plate orbit. On the other hand, the
shape and orientation are almost maintained for the case
(b) and (c) (inertial pointing) without control.

_——
.
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Fig.4 Free Motion of Earth Pointing Membrane as
Seen from the Earth (1000km altitude, 500m x 500m)

In summarizing the simulation results, the shape and
orientation of a membrane exhibits complicated
motions except for the case when the membrane
attitude is inertial pointing. We have investigated the
way to control the membrane by the thrusting of the
The theoretical value of
the required fuel can be calculated analytically in the
following way.

1) _Earth pointing membr: ithout any rotati
Without control, the corner satellites will converge
to one point. The required force to be exerted on
the satellites in this case, therefore, is such one that
makes the satellites move in parallel, which is
calculated as:

M,/ X

];‘ _._T /1 sat
1/2¢%

= /1 M&'a/
where ««, 1, land M., are gravitational constant of

1/ 2r
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the Earth, radius of the orbit of the C.G. of the
membrane, side length of the square membrane and the
mass of one satellite, respectively. Using a thruster with
Isp=240, the required fuel amounts to be 0.88 kg per
orbital period (35.6t for one year) per satellite for a
500m x 500m membrane placed on 1000km altitude.

(2) Earth _pointing and record orbit membrane which
rotates in-plane
Using a certain Coordinate, the momentum required
to keep the membrane attitude can be calculated as:
M, = 2w w!cosw t
M, = =21, 0w L sin w!t
Where wand w " are the angular velocity of the C.G.
of the membrane around the Earth, and z-element of the
in-plane rotational velocity of the membrane as seen
from a certain rotating coordinate, respectively. [t is
assumed that the membrane is square, and its thickness
is negligible in the calculation of inertial moments,
which yields 1,=1,=1,/2. If this momentum is
generated by the thrusting of the satellites at the corners,
the required fuel can be obtained as in Table 1.
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Centrifugal Force Type Furoshiki Satellite

Application of Furoshiki Satellite to deep space
missions has been investigated. It is difficult in Japan
to use RTG as energy source for deep space exploration,
and solar energy, which is too weak at the distance of
outer planets, is the only source for spacecraft power.
In order to obtain enough power by this method, the
solar cell should be very large, to which Furoshiki
Satellite has its promising application areca. Table 2
shows the area of solar cell needed to generate 100w at
different distances from the Sun. Cell efficiency of
14 %, transmission efficiency of 75 % and surface
efficiency of 85 % (overall efficiency is 8.9%) are
assumed. If this large solar cell area is supported by the
conventional rigid structures, the structure weight will
be very large, which make the deep space mission very
hard or impossible. The concept of Furoshiki Satellite
is expected to give a solution to this problem. This
section briefly overview the result of conceptual study
of Pluto flyby probe with the capability of 240w power
generation.

Table 2 Required Area of Solar Cells Generating

Table 1 Required Fuel for Attitude Maintenance 100 W for Deep Space Missions
Orbit and pointing Non-rotation Rotation(1/period) Orbit Radius | Required Area | Radius(m) if the
Earth pointing 35.6t 320t (AU) (m’) area is circle
Record Plate Orbit N.A. 155t Earth 1.00 0.83 0.51
Inertial Pointing nearly 0 nearly 0 Jupiter 5.20 22.33 2.67
Fuel weight per satellite per one year period. Saturn Z; 5 3;; ;3 33(5)
. . - . Uranus 19.21 . .
Isp = 240 sec, altitude = 1000km, side length of Furoshiki =
Sspo sec rd u;l'e - m, si Ve ength o iqlll:ﬁ uroshiki Neptune 30.11 748,08 543
00m, mass of satellite = It, mass of membrane = 2.5t Pluto 39.54 1289.94 2026

Other analyses indicate that the required fuel per
unit time is almost linearly dependent on the length of
the side length of the membranes and the mass of the
membrane, and that it is inversely proportional to the
3rd power of the radius of the orbit of its C.G.
Therefore, the required fuel for the Earth-pointing,
geosynchronous membrane is as little as 64g per day or
24kg per year, which is within the realistic weight
fraction of 1 ton satellite.

These results can be summarized as follows:

1) When a membrane is inertial pointing, control is only
needed for compensation of the disturbance

2) When a membrane is Earth-pointing and on a high
altitude, the theoretically required fuel is within the
realistic range.

3) When a membrane is Earth-pointing and on a
medium or low altitude, only thrusting the corner
satellites alone cannot control the membrane with
realistic amount of fuel.

These results indicate that the attitude of low Earth-
orbit Earth pointing Furoshiki cannot be maintained
using the conventional orbit control thrusters. The
answer will be twofold; we must invent other control
methods than merely thrusting the satellites, oi must
search for far higher Isp thrusters. Electric propulsion is
quite promising as the second candidate.

Overall solar cell efficiency: 8.9 %

In the previous sections, we propose a large
membrane supported by three or four satellites attached
to its corner. But for deep space missions requiring
long mission time, it would be better to have a simpler
spacecraft system to make it more reliable. As an
alternative approach to meet this need, we have also
been studying Furoshiki ~Satellite deployed by
centrifugal force, such as in Fig.5, where the membrane
is deployed by and its shape and orientation can be
maintained by rotating the spacecraft located at the
center of the overall Furoshiki Satellite.

Fig.5 Concept of Furoshiki Satellite of
Centrifugal Force Type
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The key research issues for this type Furoshiki
Satellite will be how to fold the membrane at the time
of launch as well as how to deploy it, and how to make
attitude maneuver when needed (for example, when a
spacecraft need to change its orientation for thrusting
orbital maneuvering engines or observation.) For the
former issue, we invented one folding method as in
Fig.6, which has the following characteristics:

1) The folded membrane is easily deployed if the six
corners are pulled towards outside

2) When the membrane is being deployed, the above
six corners can move in one plane

We performed computer simulations to confirm that the

folded membrane is deployed by centrifugal force, and

it was found that a rotational velocity more than about 2

rpm can successfully deploy it.

Ib
i
ai

Fig.6  Folding Method for Centrifugal Force Furoshiki

For the latter issue, we have investigated how the
centrifugal force and angular momentum of the rotating
membrane can keep the planar shape of the membrane
during the attitude maneuver. Assuming practical
attitude maneuvers, we performed computer simulation
of the membrane motion under several rotational
velocities of the whole system. It has been found that
when the rotational velocity exceeds 2 rpm, then the
planar shape of the membrane is almost kept, that is, the
whole system (including the satellite at the center and
the surrounding membrane) behaves almost as a rigid
body, during the assumed attitude maneuvers.

Table 3 describes one example of design of deep
space probe for Pluto fly-by mission. The probe is to
be launched by H-1IA Japanese launcher plus Centaur
class upper stage. After insertion into Jupiter
encounter orbit, the Furoshiki membrane is deployed b'y
centrifugal force. After Jupiter swing-by, it reaches
Pluto with 7.3 years of flight time. It collects
scientific data from Pluto and transmit the data to the
Earth using 9 months after Pluto flyby.

Furoshiki Satellite's Impacts on Electric Propulsion
Furoshiki satellite will open the following new areas
where electric propulsion will be effectively utilized.

1) Utilization as orbit and attitude control thrusters of
Furoshiki satellites. Especially, reduction of
required fuel for orbital and attitude maintenance of
"Furoshiki Satellite," especially for LEO, Earth
pointing missions is essential, which can be realized
using high Isp propulsion system.
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2) Utilization as orbit control thrusters powered by
large Furoshiki-type solar cell with little additional
weight, to improve the payload ratio especially for
LEO-GEO, lunar or interplanetary missions

Table 3 Example Design of Deep Space Probes
with Furoshiki Solar Cells and its Mission

Weight
Total 409.1 kg
Solar cell 49.8 kg
Mission instrument 10.0 kg
Fuel (Hydrazine) 120.0 kg

Communication System

Antenna 2 m ¢ high gain antenna
Uplink 7.2 GHz, 150bps
Downlink 32 GHz, 500bps

Power System

Solar cell a-Si, efficiency 10%, 240w
Thickness 10pm
Specific weight 32g/m’

Primary Battery 7.2kWh, 22.6kg  (used for initial

phase before cell deployment)

Mission Sequence

Launch Nov. 2003
Jupiter Swingby Jan. 2005
Pluto Flyby Feb. 2011
Data transmission end Nov. 2011

Table 4 shows the comparisons of the amount of fuel
required for attitude maintenance of LEO, Earth
pointing Furosiki Satellite. It is shown that the high
Isp propulsion system such as lon thruster can reduce
the required fuel to a practical level.

Table 4 Comparison of Required Fuel for Orbital
Maintenance of Furoshiki Satellite
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Orbhit and pointing lsp=240 s Isp=2000 s Isp=5000 s
Earth pointing, 356t 0.65¢ 0.231
Non rotating

Earth pointing 320t 1.23 ¢ 040t
Rotating

Inertial Pointing nearly 0 ncarly 0 nearly 0

Fuel weight per satellite per one year period.
altitude = 1000km, side length of squire Furoshiki = 500m,
mass of satellite = It, mass of membrane = 2.5t

Table 5 describes the comparison of mass fraction for
Earth-Mars mission using an lon thruster of Isp 3000s.
It is assume that the starting point and the end point of
the calculation is when the spacecraft gets out of Earth
gravitational field and when the spacecraft is inserted
into the Mars orbit of revolution around the sun,
respectively. The initial mass at the starting point is
1000 kg, and an optimal trajectory in terms of payload
mass ratio for Isp 3000 s and flight time of 360 days is
generated, which is used for mass fraction calculation.
Mass fraction for chemical propulsion case is also given
for comparison. It is observed that the electric
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propulsion can enlarge the payload mass by more than required reliability on one elements to achieve a certain
twice, and replacing the power system with Furoshiki system reliability. If we use ten redundant elements,
type low weight power generator, further improvement,  for example, only 0.37 single element reliability can
as large as almost 30% increase above the conventional  achieve 0.99 overall system reliability.

electric power system case, can be obtained. It can be

said that the Furoshiki can make the electric propulsion Table 6 Relationships between the amount of
system even more attractive for this type of redundancy and the required reliability for one element
interplanetary missions. Required Required reliability on one elemnent
S)./Ste.n.] single duplicate Triple 10
Table 5 Mass Fraction Comparisons reliability clements
Mass Fraction Chemical lon Engine lon Engine 0.9999 0.9999 099 0.95 0.60
Isp 4405 Conventional Furoshiki 0.999 0.999 0.97 0.90 0.50
(1 5kg/kW) (2 kg/kW) 0.99 0.99 0.90 0.78 0.37
Initial Mass at Earth 1000 kg 1000 kg 1000 kg 0.9 0.9 0.68 0.53 021
Propulsion System 760* 300 300
(including fuel) On the other hand, the increase of system elements
Power System . 160 21 will increase the weight, power, cost and complexity of
Payload 240 540 679 the overall system. So the key design issue for NCSS

is to suppress these demerits while to achieve the
required reliability and performance at the same time,
by considerately (1) designing the granularity of one
element, (2) designing the connection and structure
between multi-elements, and (3) designing the way of
operation in normal as well as failure modes.

Isp: 3000s  Flight time: 360 days 1:0.6  £:0.10 (proportional to
fuel weight)  Propulsion system weight: proportional to power
(10kg/kW)  * structure coefficient: 0.12

Non Critical Spacecraft System (NCSS)

Concept of NCSS Design Methodologies for NCSS

The idea of NCSS comes from the system’s We are studying two ways of designing NCSS system
architecture of human brain. Human brain consists of as in Fig.7 and Fig.8

about 10" neurons each of which alone cannot perform
any high level functions, but the organization of which _
can perform quite complicated functions such as Thrusters .

: ser . Voter/Sumner Voter/Summer
memory, perception, recognition or inference. The L

important characteristics of brain is that it has quite a :%-:B/ /g lQ—(}Q{J

high level of fault tolerance; it cannot lose much ! Yheels

Sk

performance even if more than several thousands 8 [ ] 3/ Yoter/Sumer o ]j O Totar/brumer 0-0-0-0
neurons are said to die every day. The magic of this P 5_8‘5{ oono 0-0-0-0
amazingly high level of fault tolerance resides in the Computer/Data Processing Subsystes
vast number of the neurons and the way how they are 1
connected. _ %"35; E% EEI?)

This type of system’s architecture, sometimes called Communication Hodules

“swarm intelligence” in artificial life field, has been

recognized as an interesting new design philosophy to

construct complicated systems.  This design philos- _

ophy has the following strong points: | I

(1) The overall system does not fail with one or
several faults of elements.

(2)  In case of faults of its element, the overall system
loses its capability gradually, not dies suddenly.
(“Graceful Degradation™)

(3) The flexibility and freedom of reconfiguration in
case of element failures is very large.

(4)  Ultra high reliability can be achieved from parts
or elements with low or medium level reliability,
which is expected to widen the possibility of .
using civil-use parts or elements for spacecraft. Thruster

Fig.7  Redundancy within Each Subsystem

AT
-
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—

. . . vy eqe CCD Camera
(5) It is easier to predict the “team” reliability of 6D Canera
K Inside of One Bullding Block (BB) .
many elements on-board than to predict the {like & miniature satellite)

reliability of only one on-board element. Fig.8 “Building Block “ Architecture
Table 6 shows the above (4) effect; the mitigation of



1) Redundancy within each subsystem (Fig.7)
Element faults are masked within each subsystem, in
order for the fault not to disturb the other subsystems.
This architecture is just like a normal fault tolerant
system, and the only difference of NCSS philosophy is
that the granularity and the number of elements.

2) Building Blocks (BB) (Fig.8)

Overall system is composed of several “building
blocks” each of which can perform several basic
functions alone such as attitude control, power
management, command and data handling and
communication. Normally there is no redundancy in
each BB. The performance requirement of the overall
satellite cannot be satisfied by a single BB, but can be
achieved by a set of several BBs. This idea is, in other
words, to compose a whole satellite with a cluster of
small, low performance satellites.

The important design consideration for BB
architecture is how to design the inter-BB and intra-BB
flow of electric power, fuel and information. The
most simple configuration is to make each BB
completely independent; if one element of a certain BB
fails, this BB will be discarded. This methodology can
minimize the required harness, power lines, pipes, etc,
and make the operation very simple. However, a BB
will be discarded with only one element fault in it,
which may waste many healthy elements.

In order to rescue some elements in the discarded
BBs, some inter-element connections between elements
in different BBs should be elaborated, which increase
number of parts, system and operation complexity.
The trade-off between this simplicity requirement and
the flexibility in case of element failure should be
studied for each subsystem.

On the other hand, the mission payloads should be
powered from and be able to communicate with several
BBs so that one BB fault-may not terminate the mission
functions.

The first step of the design of a whole satellite in
NCSS architecture, therefore, will be to trade off the
following alternatives for each subsystem:

(1) Whether the subsystem should be made redundant
within itself or should be inserted in BBs.

(2) If using BB architecture, how to design the inter-
element connection between elements in different

BB:s.

Fig.9 to 12 shows the results of these trade-offs for
power subsystem (Fig.9), command and data handling
subsystem (Fig.10), communication subsystem (Fig.11)
and control subsystem (Fig.12). The details are as
follows:

(1) Power subsystem (Fig.9): Each BB has ils own
power source and battery in order to reduce the
heavy power lines between BBs and system
complexity, but the mission payloads are powered
by all the BBs so that one BB down may not
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degrade the mission function very much (graceful
degradation). Each BB had better have its own
solar array paddle (SAP), but if it's impossible,
the power line from SAP should be arranged so
that each BB virtually has its own SAP. Each BB
has its own shunt decipater, power control unit,
ordnance controller and battery charge control unit.

A C
SAP SAP

SAP

EPS EPS EPS

us
Ielemem I % éylg .Payloa
BB

Fig.9  Appropriate Configuration of Power Subsystem

bus bus
element element

BB BB

A B C

DH DH DH

Payload) (Payload) (Payload

bus bus bus
element element element

BB BB BB
Fig.10 Appropriate  Configuration of C&DH
subsystem
AT B c D
COMM
I [ |
DH DH DH DH
] ] T T
BB BB BB BB

Fig.11 Appropriate Configuration of Communication
Subsystem

>
w
(9]

ACE ACE_J ACE
actuy (thru- actu{ lthru- actu- [thru-
Tensolr ator ||ster slensor ator ”s’ter l s;ensorl' ator | ister
BB BB BB

Fig.12  Appropriate Configuration of Attitude Control
Subsystem

(2) C & DH subsystem (Fig.10): The design should
be similar to Power subsystem. Considering the
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current trend towards integrated computers, this
subsystem should be integrated with the attitude
control computer.

Communication subsystem (Fig.11): If each BB
has its own antenna, EMI between the antennas
will be a problem. The appropriate design will be
to make this subsystem redundant within itself and
communicate with the redundant data bas. Other
equipments, such as transmitters/receivers, may be
distributed in several BBs.

Control subsystem (Fig.12): The set of ACE
(Attitude Control Electronics), sensors and
actuators should be inserted into each BB so that
each BB alone can perform certain level of control
functions. ACE manages the control function
within the BB. Each ACE monitors the functions
of all the other ACEs, and if more than one ACEs
detect a faulty behavior of a certain ACE (say,
ACE 1), then they stop the functioning of ACE |
and isolate the BB including ACE 1. One healty
ACE (called “HQ”) supervises the coordination of
control functions of all the BBs, and if this HQ is
labelled “faulty”, it is superseded by another
healthy ACE.

Propulsion subsystem: The weight of fuel
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Table 7 Summary of Specifications of one BB

Thermal control

Items Value
Total wei BB 100 kg
Power consumption to Mission Module : 100W
to Bas (within BB) : 100W

Power subsystem

Power provided 200 W

Bas voltage 50V floating bas

Solar array paddle 330 Wx |

Battery ISAH (DOD 20%) x |
‘ommunication ter (inserted in one BB only)
Frequency S-band
Data Rate
Command 4kbps
Telemetry Ikbps
Mission Data TBD
Antenna Common to BBs (omni x 4)
Attitude control subsystem
Architecture Zero-momentum
Attitude control accuracy | < 3.0 deg
Sensors Earth sensor, sun sensor , IRU
Actuators Reaction wheel (3 axis), magnetic
torquer, thruster
Propulsion subsystem
Fuel Mono-propellant
Tank 1 central tank only (20 kg)
Thrusters 3in cach BB
Structure Frame/truss structure, Al panel

Passive + heater,
BB independent

constitutes a large part of spacecraft weight, and so
it would not be a good way to implement a fuel
tank in each BB which only supplies fuel to the
specific BB. The pipings of fuel between different
BBs also have much weight penalty. Considering
these factors, the fuel tank should be redundant in
itself and placed so that it can provide fuel to all
the BBs. The thrusters, on the other hand, can be
made very small, and had better be distributed in
BBs.

Example Design of NCSS Satellite

Following the results of the previous study, an
example design of a satellite has been made assuming
sun-pointing, observation mission. [t is assumed that
mission payloads requires at least 100 w (the more
power, the better performance) and its life time is 7
years. Fig.13 shows the outer view of the satellite,
which consists of four BBs and one payload module.

Fig.13 Example of NCSS Satellite

Table 7 shows the summary of BB design. The total

weight of the satellite excluding the payload module
and fuel is about 420 kg. The following considerations
have been made to obtain this design:

D

2)
3)

4)

5)

6) As to

Thermal and structure subsystems are self-consistent
in each BB, i.e., no heat transfer is needed between
different BBs, and each BB structure is tolerant
against the environment force in itself. Each BB is
composed of a frame of truss structure and racks on
which bas equipments are installed. Four BBs are
attached to the central truss structure. The solar
pointing requirement makes the thermal design
easier and symmetry.

Payload module is attached to the top of the satellite.
In principle, if an element in a certain BB fails, this
BB is discarded.

Four solar panels are attached to four BBs respec-
tively. Inter-BB flow of power is not provided but
the payload module is powered by all the four BBs.
The control of mission equipments are made by
assigned CPUs in certain BBs; i.e., each CPU
performs their own assigned mission functions. If
one of these CPUs fails, its mission function is
overtaken by another healthy CPU. This overtaking
occurs in the way described in the previous section.
There is one HQ CPU to manage the overall
spacecraft functions.

the sun sensors, Earth sensors and
communication antennae, which require some
apertures opened to specific directions, the sensor
heads or antenna are made redundant in themselves
and connected to all the four BBs’ electronic
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subsystems such as
transmitters/receivers.

sensor electronics or

7) The others are designed considering the results of

the trade-off studies in the previous section.

8) The required reliability for each BB to achieve 0.99
reliability of the total system (the probability that at
least one BB is active) is 0.68; i.e., much mitigation
of the requirement of reliability can be achieved in
this architecture, if some performance degradation is
permitted in case of element failures.

Evaluation of NCSS Design

NCSS has its own merits and demerits; this novel
design philosophy should be compared with the
conventional design concept taking these merits and
demerits into account. For this objective, we employ
the evaluation criteria of “Performance per Cost.”
Details of this function is given in [6], and here, brief
descriptions of what “performance” and “cost”
considers and includes:

Performance considers:

* Graceful degradation in case of BB failures

* Overall reliability calculated as the combination of

BB reliability

- Reliability of single BB is a parameter to optimize
Cost includes:

* Payload/bas R&D, production and operation cost

- Additional cost for NCSS due to complexity

- Effect of “learning factor” for BB cost

Fig.14 shows one result of the comparison studies.
In this parameter setting (see [6] for detail), the NCSS
design is superior to the conventional design by about
10 % in this evaluation criteria. It is also shown that
the reliability of a single BB to achieve the maximum
performance per cost is about 0.89.

@ 2100
2 |
& a0
\ﬁ’ 190 f 0000 —————— Conventional sat.(0.99) |
8 1900 | 4 BB type NCSS sat,
B g [ mmmm e —————— —_—
9 1850 |
C
g 1800 |
S B0 e
IR EEEEEEEEEEEEN
o 8 & & o S © © o© S ©o o\c
Reliability of single BB
Fig.14  “Performance per Cost” Comparison

NCSS's Impacts on Electric Propulsion
The following type electric propulsion systems will
be very suitable for NCSS architecture.

1) Tiny, ultra-light and low power consuming,
propulsion system to be integrated into each building
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block or in highly redundant propulsion clusters.

2) Small electric propulsion systems without fuel feed
system or, in other words, "locally closed"
propulsion systems such as pu—ppt where the fuel
tank is located at the same place as thrusters. The
thruster itself may be expendable type; each thruster
may be expended when its fuel expires. Even in such
a case, the overall performance does not degrade
much thanks to the large redundancy. Low voltage
operation is another important requirement.

Conclusions

This paper describes two new spacecraft architectures
which have been studied in our laboratory and how they
gives new application areas and requirements to electric
propulsion systems. Using with Furoshiki Satellite,
electric power is easily provided with not so much
additional weight, which will make electric propulsion
even more attractive especially for LEQ-GEO, lunar, or
interplanetary missions. For NCSS architecture, large
number of very small and low power electric propulsion
systems will have much contribution.
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