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ABSTRACT the tether and Lorentz force occurs to a failed satellite.
When Lorentz force occurs in the line of the satellite
and the same direction, the satellite aerks. When

Lorentz force occurs in the line of the satellite and
objection, the satellite slows down. With the slowdown
mode of the EDT system, the removal satellite can
generate electricity. However, this system cannot
always generate electricity. Whehis system cannot

generate electricity, an electricity of batteries will be
used to functionalize the system. The generated

Electro dynamic tethers (EDT) can be completely or
partially made of an insulator material and be used for a
wide variety of applications such as power generation,
propulsion, remote sensing, orbital maneuvers,
microgravity experiment, artificiagravity generation,
etc. When tethers cross ingeomagnetic field, duced
electromotive force occursiadhe tether. By the duced
electromotive force, the tethers collect electrons and

'tﬁ?sufr%m;::ﬁgnql'_?l%r?lafgghés firi;eesugéﬁrgegtnﬂm S electricity is distributed into an electron emitter and a
9 ) ’ cammunication device and charges batter

. ith the
;cietlerhati :';m. d S|O\II:V ' doOwLn ngogt 'as 0 eFIIaImte VT”']en %|8c?nc.t ?that femaied. Thgr&oar‘egthe Cpurpoéc,fe\{gf thig &
prop study is to simulate the energy valance of EDT system

ggctﬁg?cebcragonzlgt\?r"s g%vgtr;on;etgr?(;s io(rzgn frc?rinfrrlzte and evaluate it. And if a switch is inserted between a
y by Y tether and a satellite in order to protect the internal

surroundlngplasma._ Ther(_afore, this research focuses on equipment, after turning on the switch, it was inspected
a power balance simulation on EDT generation system how satellite potential changed

and a satellite potential change. This simulation results
assuming an a_ctual EDT syster_n will bg con5|_dered and 2 POWER GENERATION SYSTEM
satellite potential change experiment will bensidlered

about how satellite potential change after turning on The EDT power generation systeremployeda zener
switches being between a satellite system and the diode. Figure 1 shows a power generation system. The

electro dynamic tethers. electron is released in plasma by an electron emitter. An
electron collector collects electrons from surrounding
1. INTRODUCTION plasma. The electron emitter and the electron collector

form a closed circuit through trembient plasma. Until

the battery is charged, the current does not flow towards
the zener diode. The Battery is charged, and the battery
voltage rises. When a battery voltagpemmes the
breakdown voltage of the zener, the current begins to
flow through a zener diode. Then, thmattery was
charged fily.

We performed various space developments such as an
acquisition of the GPS, a weather forecast using a
satellite. The space development gives a great benefit to
us and is essential for further prosperity. However, we
have to solve a problem about space idebw push
forward further space development. Space debris was
produced by space development carried out in the past.
They are very dangerous existence for a spacecraft and
they have to be removed. EDT (Electro dynamic tether) _L__
system is one way to removpase debrfd. The EDT —
system is comprised of an electron collector, an electron
emitter, a communication devicand battery. A power
supply is necessary for an electron emitter and
communication deviceln this system, amncontrolled
satellite can install electro dynamic tethéWwhen the
satellite which tether was attached to crosses the
geomagnetic field,an irduced electromotive force
occus in tether. By the ihuced electromotive force,
tether collects much electren and ions from
surrounding plasma. As a result, a current flow through

Zener diode \/,

Electron emitter

Fig. 1. Generation system
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Table 1. The difference between the proposed ED"

system and past experiment
Proposed EDT system Past experiment
Battery Capacitor
Electronemitter Filament

Electron collector Bare tether

Table 1 shows the difference of proposed EDT system
and past experiment. The proposed EDT system was
equipped with a battery, an electron emitter, an electron
collector and a communication device. Ipast
experiment, the capacitor was used in substitution for a
battery,the bare tether was used as an electron collector
and the filament was used as an electron emitter. The
generation system was verified. Figure 2 shows the
result which experimented with htharging circuit.

2 —— Circuit current
Potential difference of [:

plasma potential and tether voltage, 84.9V

| , ]

70

69

v uaund unaai)

('Il:.‘flClk‘vf' \'(\lfﬂ';'(‘.

62

80 100

60

Time, s

Fig. 2. Relation between a generating electricity volte
imitation line voltage and a tether current

Red line shows a capacitor voltage used as a battery.
And, blue line shows a circuit current. This result
indicates thathe capacitor was chargduly the electron
current The power generation circuit was verified

3. EXPERIMENT PRINCIPLE

Power supply for
electron emission

Plasma environment

Fan Filament

Filament power supply
to apply

Fig. 3. Rlament properties measurement experimer
circuit

3.2 Bare tether current collection performance test

Figure 4 shows a current collection of bare tether
performance test circuit diagram. A positive bias was
applied to the baréether by a variable power supply.
The bare tether collects electrons in the chamber. The
electron current was measured.

Plasma environment

Vacuum chamber

Fig. 4. bare tether electric current collection
performance test circuit diagram

3.3Potential fluctuation experiment
Potential fluctuation experiment wapsiformedusing
a filament, a bare tether and transistor as a switch. The

In this experiment, a bare tether was used as an electronswitch was controlled by a microcontrollé\t first, the

collector and a flamenwas used as an electron emitter.
At first, a performance of the filament and the bare
tether were measured.

3.1 Filament properties measurement experiment
Figure 3 shows a filament properties measurement
experiment circuit diagram. The filament becomed:
hot by a current from a power supply for electron
emitters. Theredhot filament produces thermionic
electronemission. The released electron flows into the
positive side of the filament power supply through a
chamber ground. A current flow is shown in Fig. 3. This
current wascalculatedby measuringvoltage of both
ends of a resistance

reply speed of the surface electrometer was measured.
Figure 5 shows a replypsed examination circuit.

Power supply voltage watOV. After turning on a
transistor, a surface potential of metal plate was
measured by a surface electrometer.
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Fig. 5. Reply speed examination circuit 38aF
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Next, figure 6 shows a potential fluctuation experiment
circuit diagram. The filament emits electrons, and the
bare tether collects electrons in a chamber. After turning
on the switch, the filament and the bare tether form a
closed circuit. Theurrent flow is shown ifrig. 6. A
tether voltage and a circuit current were measured.
Figure7 shows a potential fluctuation examination 4. EXPERIMENT RESULTS
considereda capacitor of a tether (about 870m). The 4.1 Filament properties measurement experiment
tether voltage was measurddhe tether voltage was i
measured by using a n@ontactingsurface .F|gure 8 shows the perf(_)rmance test result of the
electrometer. In addition, the whole circuit was floating ~ filament as the electron emitter. Table 2 shows a plasma

electrically from the chamber ground. environment during the experiment.

Fig. 7. Potential fluctuation experimeaitrcuit
diagramconsidered capacitance of tether

Table 2. Plasma environment

20,67V
I 4754 Parameter Value
2.9k Power supply .1'ur Vacuum degree 8.0 p Tt [0 ]
el Plasma density 13 pmfa ]
1.5M Plasma potential 15V]
j L -
I o] 8
ﬁ ]l;ﬂ[cr)] ; 7
Induced electromotive force E“
simulation power suppl —l_ Vacuum chamber E 6
o
Surface electrometer ] 5
Tether voltage - 4
Sy
Fig. 6. Potential fluctuation experimeaoircuit diagram 23
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Potential different of plasma potential and filament voltage, V

Fig. 8. Filament properties measurement experim
result

The horizontal axis is the potential differences between
filamentvoltage and plasma potential. The vertical axis
is the electron emission current which flowed through
resistance in a circuit by the thermionic emission of the
filament. In addition, a potential distribution for the size
of the filament power supply voltagvas existed on the
filament.
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42Bare tether current collection pbperformance test
Figure 9 shows the performance test result as an 0
electron collector of bare tether. Table 3 shows the 0

plasma environment during the experiment. 200250 300 350 400 450 500

o -
Table 3. Plasma environment $ 2
Parameter Value £
Vacuum degree 6.0 p1[0] > 30
Plasma density 17 pm[d ]
Plasma potential 17[V] 0
50 = Time, us

Fig. 10. Reply speed of a surface electrometer

E
H Figures 11 to 13 show each of the resistance of tether
£ voltage fluctuations when generating electricity voltage
5 imitation power supplywas 73V. And figures 14 to 16
z show circuit current fluctuations.
110
100
9 90
-0 =10 = 0 10 20 30 40 50 60 70 80 - 80
Potential different of plasma potential and tether voltage, V é’; 70
=3
s
Fig. 9. Bare tether electric current collection 5 10
performance test S 30
20
The horizontal axis is the potential differences between ‘E
tether voltage and plasma potential. The vertical axis is 0 01 02 03 04 05 06 07 08 09 1
tether current. Figur8 shows that the collected current Time, ms
amount of the bare tether increased as a potential Fig. 11. Shunt
dlffere_nce_z between the tetherltage and the plasma (voltage simulation power supply voltage=73V)
potential increases. 110
100
4.3 Potential fluctuation experiment 5 9
80
Table 4 shows a plasma environment during the ;c 70
potential fluctuation experiment. = 60
= 50
5
Table 4. Plasma environment § ;2
Parameter Value 20
Vacuum degree 30 pm[0] 12
Plasma density 12 pmfa ] 0 01 02 03 04 05 06 07 08 09 1
Plasma potential 14]V] Time, ms
: Fig.122 2. 2kq
An applied voltage to barether was changeid 25V, . . _
asvand 73V. In addition, a rédfRELsTyaionpowergupRly voliagerrsVl, 5y g,
1.5Mq) in each voltage was changed and was tested.

Figure 10 shows a result of reply speed of the used
surface electrometer.
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Fig. 14. Shunt
(voltage simulation power supply voltage=73V)
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Fig.l5. 2. 2kq
(voltage simulation power supply voltage=73V)
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Fig. 16. 1.5Mq
(voltage simulation power supply voltage=73V)

From Figs. 11 to 13, an electric change is slow when a
resistancewas big. From Fig. 14~16, a momentary
current value in each resistance value did not change
very muchin turning on a switch.Next, potential
fluctuation examination resultgith a capacitor of tether
are shown in Fig 17,18, and19.
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Fig. 17. Shunt
(voltage simulation power supply voltagtsV)
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Fig. 18. 2.2kq
(voltage smulation power supply voltagdsV)
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Fig.19.1 . 5 Mq
(voltage smulation powesupply voltage45V)

In the shunt mode and 2@kmode, overshoot was not
found in those results. And, electric potential changes
slow than the results when not consideringapacitor

of tether.

5 SIMULATION FOR AN ENERGY VALANCE

This simulation waperformed using some parameters
when this system went around the earth. For example,
some parameters is altitude, magnetic field, latitude,
longitude, a length of this tether, diameter of this tether,
a characteristic of used emitter, a powesltage,
numker of partitions.It was assumed circular orbit
(Inclination: 83 degreesyand simulated. Figre 20
shows the orbital data.
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100 Table 5. Simulation conditions

80 S Sfftaiiinan Parameter Value

o @ i Altitude 1000[km]

- © Orbital inclination 83°

. 20 Satellite weight 350[kg]

= 0 Debris weight 3400[kg]

.g 20 0 30 6 90 120 150 180 210 P10 270 300 330 360 P|asma density 10 p T[[é( ]

s .0 Tether length 1,5, 10, 15, 20, 30[km]

~ 60 k Powervoltage 100, 150, 200[V]

50 +—o* o
-100 The simulation was carried out under those parameters.
Longitude, deg Figure 22 showeffective magnetic field for generating
Fig. 20. Orbital data electricity.
12

At first, the tether is divided depending on number of N
partitions. After the tether was divided, tether current, .
potential and thrust values at each partition are
simulated. The tether current changes depending on the !
characteristic of the electron emitteFEC (Field s
Emission Cathode) was assumed as an electro emitter. =
Fig. 21 shows a characteristic of FEC. : 6

s of the FEC control unit

o
0 30 60 S 120 150 180 210 240 270 300 330 360

East longitude, deg

Fig. 22. Effective magnetic field

Power consumption, W

Emission current, A

Direction of effective magnetic field is positive that the

P electric potential of electro emitter is negative for
Satellte veltge, V plasma potential. Figure 23 shows schematic diagram.
Fig. 21. FEC
Debris Debris
If the difference of FEC potentiand plasmapotential
was less tharl0V, it can work. When FEC potential is V(—'—> F v

-100V, the emissioncurrent is the maximum. Even if
the FEC potentiabecomeslower, it is assumed that
emission current is fixedat 1A. Also, when power

voltage was considered, FEC ppten_tialcomt_a$ig by B @ =+ -+ B ®
power voltage. If FEC potential is positive, the ) .

simulaion was finished at the positioihe emission Possibility | Tether >l Impossibility
current of the electron emitter is decided by the electric _

potential of the emitterWhen the electric potential of =l  Electron emitter =l

the electron emitter considered the power voltage is
positive, the simulation at the ptish ends. The
simulation is carried out at the next position. This
simulation is repeated. This simulation is assumed that
tether current always flow through the tether.

Fig. 23. Schematic of magnetic field direction

Figure 22shows that effective magnetic fieldpssitive
at all range. Therefore, this system alwags generate
electricity under the conditionsFigure 21 shows an
6 SIMULATION FOR AN ENERGY VALANCE induced electromotive force on the tether.

Table 5 shows simulatioronditions for an energy

valance.
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Fig. 24. EMF
(Power voltage=150V)

Figure25 shows a tether current on the tether.
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Fig. 25. Tether current
(Power voltage=150V)

Figure 25 shows thatether current did not flow through
the tether when tether length is 1kBecause induced
electromotive force diafi be produce very muchin
this range, the electric potential of the electro emitter
did not fall down tooperationpotential Thus, tether
current cannot 8w through the tether. Figuré 2hows

a simulation result about a thrust.
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Fig. 26. Thrust
(Power voltage=150V)

The simulation was carried out about the electricity
income and expenditure. Figuré 2hows a result when
power voltage wa100V and tether length was 30km.

Fig. 27. Electricity income and expenditure
(Power voltage 00V, tether length = 30km)

Figure 27 shows thatwvhen power voltage was 100V
and tether length vea30km, emitter power consumption
was larger than generation electricity. In this case, this
system cannot work by a sglbwer generation. This
means that power voltage was not enoudte
simulation was carried out when power voltage is 150V
and tether length is 30km.

Fig. 28. Eectricity income and expenditure
(Power voltage = 150V, tether length = 30km)



