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Power generation can be realized in space when current is induced on a bare electrodynamic tether system. The performance of
power generation is discussed based on a debris mitigation mission by numerical simulation in the paper. A Li-ion battery
subsystem is used to complete the energy conversion—harvest and supply the energy. The battery can provide 10–300 W
average electric power continuously during several hundred hour mission time. The energy conversion eﬃciency ranges from
1% to a maximum value 30%. With constant power consumption on board, the battery operation generally experiences a
discharging phase, a charging phase, and a stable phase. The ﬁrst two phases determine the mission risk coeﬃcient. The heating
problem in the stable phase cannot be ignored. The optimization of battery design and tether design should be considered for
each debris mitigation mission. An extra control circuit or small battery voltage with large capacity for battery design is
suggested to eliminate the stable phase. Wide or long tether designs are more appropriate for mission with high or low power
demands on board, respectively. The power generation is aﬀected by the system mass and the mission orbit parameters.

1. Introduction
The bare electrodynamic tether is a promising device with
which to expand the range of a space mission [1]. It utilizes
a bare conductive tether and an electron emission device to
complete the charge exchange with the space plasma. The
concept of “bare” was ﬁrst introduced by Sanmartin et al.
[2] to avoid the problem of electron collection limitations.
The bare conductive tether is used as the anode to absorb
electrons and is much more eﬃcient and easier to implement
than previous strategies such as anodic plasma contactors or
spherical collectors. As the bare electrodynamic tether
enables a large current, it can complete many space missions
better in LEO (Low Earth Orbit) with high speciﬁc impulse
and non-or-less propellant consumption when compared to
traditional systems [3, 4].
When external energy is applied to the tether to change
the direction of induced current, the tether works in thruster
mode: the Lorentz force component has the same direction as

the tether velocity which can be used for orbit raising and
drag compensation [5], but more attention has been paid
to the passive mode (or generator mode). The bare electrodynamic tether can produce the induced current and significant drag, leading to two impressive functions: power can
be generated on board by a load and the system can
transfer to a lower orbit. There has been great interest in
the latter since the tether was introduced. Due to the characteristics of simplicity, light weight, and no external energy
requirement, it is considered to be a potential active debris
removal system for unusable satellites and upper stages in
LEO [6, 7]. Much work has been done to better understand
the system design [8, 9], electron collection [10], stability
problems [11–13], system survivability [14, 15], and mission performance [16, 17].
Although Sanmartin et al. [2] proposed that a bare electrodynamic tether can generate power as far back as 1993,
related research mainly appeared after 2000. With the
increasing demand for electric power on board, power

2

International Journal of Aerospace Engineering

Geomagnetic field
Endmass

Original orbit
Electrons

New orbit

3. Orbit height
reduction
Electrons

Bare tether
Spent/mother
spacecraft

1. Tether system
spread out

Lorentz
force
Current direction
2. Tether system
begins operation

Figure 1: Working principle of the bare electrodynamic tether system.

generation by bare electrodynamic tether was gradually taken
seriously as the energy can be harvested at any time. Much of
the research [2, 18–20] focused on the theoretical analysis of
power generation performance to estimate the power and
eﬃciency and to suggest the optimization method thereof.
The performance of the power generation system will be
inﬂuenced by the equivalent resistance of each part and the
plasma parameters; however, the plasma parameters change
during tether operation, so the theoretical formula is usually
applicable for point analysis. Numerical simulation with a
speciﬁc environmental model should be employed to show
the long-term performance in terms of power generation.
The power and eﬃciency vary because of the changeable
plasma parameters; nevertheless, simulations show that the
bare electrodynamic tether was typically eﬃcient for space
mission around Jupiter [21] and was a viable device with
regard to meeting diﬀerent power requirements on board
[22]. The ProSEDS (Propulsive Small Expendable Deployed
System) mission [23] proved that there is no principle problem of power generation from the tether in engineering
applications, although the project was later cancelled.
For most published research on energy analysis, there
remain some debatable problems: ﬁrst, the energy storage
subsystem model was not accurate, and generally, it was simpliﬁed to a constant resistance. This made it convenient to
analyse when all parts can be transformed to a uniform
parameter, but it is impractical. A normal energy storage subsystem may be thought of in terms of its voltage-current
characteristic and maximum capacity. A supercapacitor
[24] is more common by contrast. Second, power generation
suﬀers from orbit height reduction which is intolerable for
most commercial uses when the tether system is designed
merely as a generator. Relevant measures have been proposed
by Sanmartin et al. [20] and Hoyt [25] which, however,
directly increase system complexity and control diﬃculty. It
is more reasonable to adopt the approach of Sanjurjo-Rivo
and Peláez [26] and McTernan et al. [27] who combine the
debris mitigation mission and the power generation function.
Third, all of the energy analysis was based on maximization
of the total cumulative amount; in fact, the energy is harvested and consumed constantly, which means that the
energy may not be fully utilized. The dynamic operation of
the energy storage subsystem is of practical signiﬁcance.

Fourth, the inﬂuence of tether design and orbit parameters
on power generation remains unclear. The equivalent resistance of the energy storage subsystem is usually changed.
Theoretical formulae can indeed give estimates under diﬀerent conditions, but long-term results are unavailable. To
make the power generation more practical, these problems
cannot be ignored, and they are all considered in the present
research.
In this study, the power generation analysis of bare electrodynamic tether is based on a debris mitigation mission.
Due to the long mission time (usually weeks or months), a
large amount of energy is required to maintain the operation
of the electrical appliances on board. Compared with common power sources, this energy source is simple, economical,
and sustained. In the numerical simulation, a Li-ion battery
system is used as the energy storage subsystem to harvest
energy from the tether and provide power for the system at
the same time. The battery subsystem is directly connected
to the tether. The dynamic behaviour is calculated to assess
the working performance in certain situations. Figures and
data will show the ability of this power generation system.
Furthermore, optimization of the battery design and tether
design is discussed. The performance of the system under different mission requirements (mainly system mass and orbit
parameters) is also studied.

2. System Model and Numerical
Simulation Settings
2.1. Physical Process of Power Generation by the Tether
System. When the system begins to perform the orbit transfer
mission and generate electrical power, the bare tether (of km
in length) is spread out at a low initial velocity from the
mother spacecraft (Figure 1). Exploiting the braking system
and the gravity gradient, the long, thin, tether ﬁnally reaches
a steady state in which it is fully straightened, and the vector
coincides with the local vertical location. The long conductive tether keeps cutting the geomagnetic induction line at a
high speed (typically 8 km/s), creating a considerable induced
electromotive force which can be as high as 0.15 V/m. To
produce the induced current, a bare tether and a plasma contactor, both of which will be explained later, are applied. Due
to the potential diﬀerence resulting from the induced
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electromotive force, the bare tether can collect electrons at a
positive potential to the local space plasma potential while
the plasma contactor will emit electrons absorbed at a negative potential in a self-consistent manner. Then, power generation is achieved when the induced current ﬂows through
the energy storage system. Meanwhile, the Lorenz force
whose direction is opposite to the system velocity is created
by the current and geomagnetic ﬁeld, completing the orbit
transfer mission.
2.2. Simulation Process and System Components Embodied.
The simulation process (Figure 2) consists of ﬁve parts: initialization, system state determination, tether current distribution and movement calculation, energy storage system
operation, and a result. After initialization, the simulation
begins to cycle in timed steps. According to the present information pertaining to the tether system, the current and the
force on tether can be calculated so that the performance of
the power generation can be analysed. Meanwhile, the system
updates its location which makes the current in, and force on,
the tether changes. The simulation cycle continues until the
termination condition is met.

The system is simpliﬁed to a combination of a mother
spacecraft, a cathodic contactor, a battery system, a bare
tether, and an end mass, in turn. The mother spacecraft is a
point mass at one end of the tether. The battery system and
cathodic contactor are treated as a single massless device
but with unique characteristics. The bare tether is regarded
as a line with a certain mass distribution and deﬁnite shape.
The end mass is also a point mass at the other end of the
tether. All parts are well connected, both physically and
electrically.
2.3. System State Determination. The system state is determined by time, position, and environment. Coordinated
Universal Time (UTC) is the time system used to describe
orbit propagation. Classical orbital elements in the Earth
Centred Inertial (ECI) (Figure 3) coordinate system [28] are
employed to furnish detailed information pertaining to the
orbit parameters. Six elements can be converted from, and
to, the system centre of mass velocity v and position r, including semimajor axis a, eccentricity e, inclination i, longitude of
the ascending node Ω, argument of periapsis ω, and true
anomaly θ. The six elements can only be used to describe
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The tether potential is caused by the current ﬂowing
through the tether resistance while the plasma potential can
be regarded as a function of induced electromotive force
and is related to the position distribution of the tether [2]:

Cathodic contactor

Ib

Figure 4 shows the general voltage and current distribution
along a bare tether [32]. The tether is so long that it will experience variable conditions in diﬀerent positions. It can be
divided into many short segments (each of length dl), each
of which has its own potential, current, velocity, and local
plasma and geomagnetic ﬁeld parameters.
For a tether with length dl, the collected current dI can be
described as Equation (1) [2] on the hypothesis of the orbital
motion limited theory:

+
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Figure 5: Schematic of the Li-ion battery system.

the movement of the system centre of mass: the velocity and
position of other parts in the tether are all inferred therefrom.
The space environment around Earth is complex and
changeable. Most parameters vary with time and position.
The plasma parameters are obtained from the International
Reference Ionosphere (IRI) model [29]. For a given location,
time, and date, IRI provides monthly averages of the plasma
parameters in the ionospheric altitude range. For example,
the plasma density can be as high as 5 × 1011 m−3 in sunshine
while as low as 5 × 109 m−3 in an eclipse at 500 km height.
The geomagnetic ﬁeld information is provided by the
World Magnetic Model (WMM) [30]. From the model,
three direction component intensity of the geomagnetic
ﬁeld can be obtained. The total intensity ranges from 2 ×
104 nT to 5 × 104 nT. The NRLMSISE-00 model [31] gives
the atmosphere total mass density from which the atmospheric drag may be calculated. The air mass density is of
the order of 10-14 or 10-13 kg∙m-3 in the given conditions.
All the results showed above are at a height of 500 km and
at UTC 2010.01.01.12.00.00.
2.4. Tether Current Distribution and Movement Calculation.
The current distribution on tether is self-regulated according
to the ability of electron collection and emission of the system. Electron collection is realized by the bare tether, and
the electron emission is completed by the plasma contactor.

dV t
I
=
,
σAt
dl

ð2Þ

dV p
= Em ,
dl

ð3Þ

where Em is the value of vector Em = v × B at the local tether
part. For a certain system position, the distribution of V p is a
known quantity. The plasma potential at the end mass point
l = 0 is usually set to be zero so that the V p distribution is
obtained:
V p ð0Þ = 0,
ð
V p ðLÞ = Em dl:

ð4Þ

L

The current at the end mass point l = 0 and the other end
point l = L yield:
I ð0Þ = 0,
I ðLÞ = I C :

ð5Þ

The plasma contactor is located at the other end point
l = L where the electrons are emitted as well as the energy
storage system is located before the plasma contactor. The
potential distribution at this point is then written as:
V t ðLÞ − V p ðLÞ = −V C − V b :

ð6Þ

In the simulation, hollow cathode plasma contactor
(HCPC) [33] is employed as the electron emission device.
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where the direction of vector S is the normal of tether
windward side and the value is the equivalent area thereof.
The drag coeﬃcient C D is set to 1.
The whole system is regarded as a centre of mass when
describing the movement which means that the libration
on the long tether is ignored. The kinetic equation of the
system is:
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Figure 7: Comparison with the results of deorbiting durations
obtained by Sánchez-Arriaga et al. [34].

According to the available data from the experiment conducted in our laboratory, we obtain:
(
VC =

−172:251 ⋅ I C 2 + 176:166 ⋅ I C

if I C ≤ 0:5A,

0:069 ⋅ I C − 1:027 ⋅ I C + 4:890 ⋅ I C + 42:823

if I C > 0:5A:

3

2

ð7Þ
Equations (1)–(7) delineate the current distribution as a
nonlinear boundary value problem. The MATLAB™ inbuilt function “bvp4c” is used to solve the BVP problem by
ﬁnite iteration. The Lorentz force can be calculated once
the current distribution is clear:
dFEDT = −B × ILdl:

ð8Þ

The force caused by the ambient electric ﬁeld is not considered as it is usually negligible [24].
The atmospheric drag is:
Fair = CD ⋅

1 2
ρν S,
2

ð9Þ

μ
F
r+ ,
r3
m

ð10Þ

where F contains all the forces except gravity force. In the
simulation, only the Lorentz force FEDT and atmospheric
drag Fair are included. Other perturbations are ignored as
the mission time is relatively short.
2.5. Energy Storage System. In primary design, a Li-ion battery system is used. The power generation strategy relies on
the positive electrode being directly connected to the plasma
contactor while the negative one is connected to the bare
tether. Figure 5 shows the inner circuit which consists of
the battery module, stabilizing circuit, and protection circuit.
The energy storage system can generate and supply electrical power to the battery module and provide energy to
maintain on-board electrical appliances. The battery module
can also maintain a relatively stable voltage. The protection
circuit is used to avoid overcharging of the battery module.
For simpliﬁcation, the voltage of the whole battery system
V b is treated as a constant during operation. The eﬃciency
of power generation for the battery module under diﬀerent
and changeable current draw is supposed to be 100%. The
performance of the power generation can be represented by:
Pb = V b I b ,
ð
Eb = Pb dt:

ð11Þ

The dynamic operation of the battery system is also
reviewed. The battery capacity Qmax is set to be 10 A∙h. The
working performance under a constant electric consumption
on board Po is described by SOC (State of Charge), showed in
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Table 1: Basic input parameters.

Component
Mass distribution

Tether

Battery system

Orbital parameters

Parameter

Value

Mother spacecraft
End mass

1500 kg
30 kg

Cross-sectional length
Cross-sectional width
Conductive length
Resistivity

0.5 cm
40 μm
10 km

Mass density

2:8 × 10−6 Ω∙cm
2:7 × 103 kg∙m-3

Voltage
Maximum electrical power

41.9 V
10 A∙h

Initial semimajor axis
Final semimajor axis
Inclination
UTC

6900 km
6600 km
30°
2010.01.01, 12 : 0 : 0

Table 2: Inﬂuence of time step on energy and mission time
(normalized to time step 60 s).
Time step (s)

Energy harvested

Mission time

1.000
0.999
0.994

1
0.998
0.992

60
90
120

Equation (12) and DOD (Depth of Discharge), showed in
Equation (13).
ð
SOC =

I bi

dt
,
Qmax

DOD = 1 − SOC:

ð12Þ
ð13Þ

where I bi is the current ﬂowing through the battery module.
When current ﬂows into the battery, it is a positive value;
otherwise, it is negative. The battery system has four working
modes: (1) if SOC < 1 and Pb > Po , tether current ﬂows into
the battery module and stabilizing circuit; (2) if SOC = 1
and Pb > Po , tether current ﬂows into the protection circuit
and stabilizing circuit; (3) if Pb = Po , tether current ﬂows into
the stabilizing circuit only; and (4) if Pb < Po , extra tether
current will ﬂow from the battery module into the stabilizing
circuit to make up the power deﬁcit.
2.6. Energy Distribution on the Tether System. The electric
power generated arises from the orbital energy of the spacecraft. The orbital energy is the sum of the gravitational potential energy and the kinetic energy of the spacecraft:
−mμ mv2
Eorb =
+
:
r
2

drag lead to an energy change, and the change is equal to the
work done thereby:
ð
ΔEorb =

ð
Fdr =

ð15Þ

The orbital energy is then transferred to electrical energy
and frictional heating energy, respectively (Figure 6) [24].
Electrical energy is reﬂected by the current induced on the
tether. It is distributed to four parts: the tether anode, tether
ohm resistance, battery system, and tether cathode. Energy
dissipated on the tether anode EA is used to absorb the ions
and electrons while the tether cathode EC is employed to emit
electrons. Meanwhile, part of the electrical energy is lost to
ohmic Joule heat Eohm . The energy stored by the battery
system Eb is an energy recovery strategy that can power the
electrical appliance. Therefore, the performance of the power
generation is mainly determined by the tether current and
the equivalent volt-ampere characteristics of other parts.
Lastly, a small part of the orbital energy is transferred to frictional heating energy E F caused by aerodynamic drag.
ð
〠 ΔV t ⋅ ΔIdt,

EA =
ð

n

V C ⋅ I C dt,

EC =
ð

〠 ΔV t ⋅ Idt,

Eohm =

n

ð14Þ

This will be constant if there is only gravitational force
acting thereon. When the tether system begins its orbit transfer and power generation, the Lorentz force and atmospheric

ð
FEDT dr+ Fair dr:

EA + EC + Eohm + Eb =
ð
EF =

Fair ⋅ dr:

ð
FEDT ⋅ dr,

ð16Þ
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3. Results and Analysis
As shown in Figure 7, to verify the HCPC model with variable voltage (AC mode in Figure 7) and code, a comparison
was made with a research by Sánchez-Arriaga et al. [34] on
the inﬂuence of diﬀerent constant bias voltages (0, 20, and
40 V in Figure 7). The deorbiting mission ranges from 800
to 500 km in altitude, and the dimensions of the tether are
3 km, 4 cm, and 50 μm, respectively. The deorbiting durations under diﬀerent inclinations are not signiﬁcantly diﬀerent from that of the constant voltages, and the growth pattern
for the duration is also similar to that of the reference.
Table 1 shows the basic parameter settings. The resistivity
and mass density are values representative of aluminium
which is the preferred material used for such tethers at present. Other parameters may be changed based on this table in
the following variable parameter research.
The accuracy of the result is aﬀected by the time step
length: a short time step can make the result closer to reality,
but it requires more computing resources. In the simulation,
an appropriate time step should be set as the maximum time
step when using the Runge-Kutta-Fehlberg 4/5 method.
Table 2 shows the total energy that can be harvested by the
battery subsystem and the orbit transfer time for diﬀerent
time steps. Actually, the deviations are acceptable, given they
are all less than 1%. For higher resolution in describing SOC,
90 s is chosen for all calculations.

3.1. Dynamic Characteristic of the Battery Subsystem. For the
battery subsystem is directly connected to the tether, it
should work all the time to ensure the current loop on the
tether and operation of the system throughout the mission.
Figure 8 demonstrates the dynamic behaviour of the battery
subsystem under the conditions set by the basic input parameters. The power consumption Po of the electrical appliances
on board is set to be 39.7 W which is the maximum value that
the battery subsystem can aﬀord. The initial electric quantity
is 10 A∙h while the whole energy power consumed is about
350 A∙h. At the beginning of the mission, the plasma, in high
orbit, cannot induce enough current in the tether, so the
average power harvested by the battery subsystem (nearly
36 W) is lower than the total power required. Due to the lack
of energy, the battery begins to provide energy to the system,
especially at night (in the shadow of the Earth). Although
sometimes the power harvested exceeds the power
demanded, the battery system mainly works in discharge
mode. The SOC decreases until it reaches the maximum
DOD at normalized time 0.41. After that, the average power
increases as the plasma density increases in low orbit. The
battery system begins to work mainly in charging mode,
and the SOC increases. In the last part of the mission, the
power that can be harvested is much greater than the power
consumption. The battery is full for most of the time, while
the excess electrical energy has to be consumed in the protection circuit. In the mission, the tether is ohm-dominant so
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that the energy dissipated on the tether (78.18%) is much
larger than that stored in the battery subsystem (2.61%).
The energy conversion eﬃciency (the ratio of Eb to ΔEorb )
is small, but the battery subsystem can provide the required
power. For this application, the average harvested power, or
maximum available power, is more important (these are
40.5 W and 39.7 W, respectively). The eﬀect of the atmospheric drag accounts for 6.46% of the orbital energy change
such that it reduces the mission time.
The dynamic variation curve of the SOC of the battery
subsystem looks like a “valley.” It reaches the maximum
DOD only once and does not have typical chargingdischarging cycles (it is charged and discharged to certain
SOC values several times). As explained, the process can be
divided into three periods of time: discharging phase I, charging phase II, and stable phase III. The initial stored electrical
power in the battery is used to help pass through phase I
which determines the success of the mission. If suﬃcient,
the battery can enter its charging phase and then the stable
phase which means that the mission can be completed. Generally, a well-designed battery subsystem will at least experience all of phase I and most of phase II which represents

achievement of its maximum capability. The phrase “welldesigned” suggests that the battery characteristics V b and
Qmax should match debris mitigation requirements (tether
parameters, orbit parameters, and power consumption Po );
otherwise, it will be problematic with regard to the battery
subsystem.
3.2. Diﬀerences with the Strategy Employed in ProSEDS.
Regardless of the power consumption on board, the same
bare electrodynamic tether system can complete the debris
mitigation mission under diﬀerent conditions, as long as
the mission time can be accepted by the user; however, the
ﬂexibility of the battery subsystem is much lower than that
of the tether. Figure 9(a) shows the working performance of
the battery subsystem at diﬀerent power consumption levels.
A smaller power consumption leads to a low DOD. The duration of the discharging and charging regions decreases as the
power consumption decreases as the diﬀerence between
demand power and harvested energy is reduced. The behaviour of the stable region is opposite to that in regions I and II.
The low power consumption means a large stable region;
however, the presence of this stable region implies that the
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Figure 11: Power generation performance for diﬀerent battery voltages: (a) average power v. V b ; (b) normalized energy v. V b ; (c) mission
time v. V b ; (d) induced electromotive force v. mission time for the basic parameters.
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Figure 12: Battery performance for diﬀerent battery parameters, and the capacity (W∙h) is normalized to 10 × 41:9 (W∙h): (a) maximum
available power; (b) maximum waste power.

energy harvested by the battery system is not all transferred
to useful ends (battery module or electrical appliances): the
longer the stable region, the worse the utilization rate. The
ratios of useful energy (including consumed on board and
stored in the battery) to total energy which has been har-

vested by the battery are 0.738, 0.860, 0.934, and 0.976 when
the power consumption is 30 W, 35 W, 38 W, and 39.7 W,
respectively. A large amount of energy should be dissipated
in the protection circuit of the battery subsystem in the form
of Joule heat, leading to a critical problem which has not been
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Table 3: Battery performance under diﬀerent tether parameters.
Condition 1: constant tether length l
Tether
Width, w (cm)
Thickness, h (μm)
Maximum available power (W)
Deorbiting time (h)
Energy conversion eﬃciency (%)
Maximum waste power (W)

0.25
80
35.3
417.50
2.82
29.81

0.5
40
39.7
358.95
2.61
23.56

1
20
42.4
316.98
2.31
0

Condition 2: constant tether thickness h
Tether
Width, w (cm)
Length, l (km)
Maximum available power (W)
Deorbiting time (h)
Energy conversion eﬃciency (%)
Maximum waste power (W)

0.25
20
23.6
302.30
1.21
0

0.5
10
39.7
358.95
2.61
23.56

1
5
54.4
487.65
5.50
69.21

Table 4: Battery performance for diﬀerent debris masses.
Debris mass, md (kg)
750
1500
3000
Maximum available power (W)
Deorbiting time (h)
Energy conversion eﬃciency (%)
Maximum waste power (W)

41.9
182.44
2.61
0

39.7
358.9
2.61
23.56

38.1
705.6
2.61
28.33

considered in previous energy analysis of tether systems.
Figure 9(b) shows the cumulative time for a certain wasted
power range in which the battery system will suﬀer. The
value of waste power can be higher than 24 W, and the cumulative time is considerable. To radiate the heat generated at
such a high power and for a long period, a special structural
design or electronic components are required. If not, the performance and lifetime of the battery subsystem will be
impaired.
The battery subsystem is directly connected to the tether
so that it cannot be cut-oﬀ to stop the energy harvesting in
the stable region. This is the most basic diﬀerence when compared with the strategy employed in ProSEDS [23]. In ProSEDS, high-voltage relays were placed between the tether
and the battery system and tether and contactor
(Figure 10(a)). If necessary, the battery subsystem can be disconnected from the tether main circuit, and the current in the
tether can ﬂow through another line, directly reducing the
heating power. Figure 10(b) illustrates the dynamic behaviour at constant power consumption under the hypothesis
that the mode transition points are SOC = 0:5 and SOC = 1.
The tether fails to complete the mission when Po is 39.7 W
(the maximum power drops to 38.3 W). When Po is large,
the SOC change also looks like a “valley” at the beginning
of the mission. In other situations, the battery works as normal. In these cases, the number of mode conversion is no

more than 10 times. Mode conversion frequency mainly
depends on the ratio of energy harvested to that consumed.
The impressive advantage of this strategy is that the system
can complete the mission with a wide range of power
demand without heating problems. The concern is that the
relays need extra energy and are potential failure points. By
comparison, the advantage of our direct connection strategy
is that a relatively stable voltage drop can be maintained
along one end of the tether, avoiding potential dynamic oscillation due to change in current transient.
3.3. Battery Performance of Diﬀerent Battery Parameters. As
mentioned above, the design of the battery subsystem should
match the mission parameters. The available power for electrical appliances is mainly determined by both V b and Qmax .
V b determines the maximum energy that the battery system
can harvest, while Qmax determines the proportion of the
energy which can be actually used. V b is more important as
it is directly proportional to the power so that past research
only focuses on it or the equivalent resistance. Figures 11(a)
and 11(b) show the battery performance for diﬀerent V b
(normalized to the value in Table 1). The energy conversion
eﬃciency for the battery subsystem is nearly linearly proportional to the battery voltage; however, the high battery voltage makes the voltage of the tether anode small (Figure 4),
leading to a small tether current which further results in long
mission time (shown in Figure 11(c)). Due to the decreasing
tether current, the average power increases gradually to a
maximum (about 260 W here) with the energy conversion
eﬃciency rising to nearly 30%. If the voltage increases further, the average power will instead decrease [24, 25], which
was not calculated in our simulation. It is worth mentioning
that there should be a limitation on the battery voltage selection. Once it exceeds the minimum of the induced electromotive force on tether, the whole system will repeatedly suﬀer no
current situations. From Figure 11(d), the maximum proposed voltage is no more than 600 V (a normalized value of
about 14).
By contrast, Qmax does not aﬀect the amount of power
generation: it determines the actual available power supply
for the appliances, but its eﬀect on available power is not as
obvious as that of V b . Despite this, it is necessary for power
supply optimization. Figure 12 shows the maximum available
power and waste power in diﬀerent battery parameters. For a
given power requirement (from those electrical appliances on
board), several combinations of battery parameters can realize the demand: a larger battery voltage means less system
mass; however, the maximum waste power on board limits
such design; large battery capacity can reduce the waste
power but that makes the system heavy and also directly
decreases the economy (the ratio of battery capacity to total
power consumed by on-board electrical appliances). Therefore, the trade-oﬀ between battery system mass and maximum waste power should be considered. From Figure 12,
small battery voltage with suﬃcient capacity is preferred.
For the conditions given in Table 1, when Po is 40 W, a battery voltage at 1 with a battery capacity of 1.4 is a better
choice. Meanwhile, a higher output makes the DOD lower
which means a lower task risk. If the power requirement is
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Table 5: Battery performance for diﬀerent orbit parameters.
Variable

Value

Maximum available power
(W)

Mission time
(h)

Energy conversion eﬃciency
(%)

Maximum waste power
(W)

Initial semimajor axis
(km)

6800
6900
7000

44.7
39.7
33.4

235.32
358.95
457.42

1.74
2.61
3.03

0
23.56
29.22

0
15
30
45
60

52.1
48.4
39.7
29.7
18.7

232.87
260.40
358.95
575.52
1032.6

2.15
2.27
2.61
3.18
3.72

0
20.58
23.56
23.03
18.7

Inclination (°)

too high (>60 W), optimization of the tether structure design
is recommended.
3.4. Energy Harvesting Performance of Diﬀerent Input
Parameters. Table 3 lists battery performances under diﬀerent tether parameters. The tether mass is set to be a constant.
In condition 1, the changes in maximum available power,
deorbiting time, and energy conversion eﬃciency are all
about 10% when the tether cross-section perimeter is about
5 mm, 10 mm, and 20 mm. A large perimeter means a high
tether current, which leads to a higher maximum power, less
deorbiting time, and a lower energy eﬃciency. It is suggested
to increase the perimeter to generate more available power
with less heating. The changes in condition 2 suggest the
opposite. A long tether leads to a higher thrust, although
the current is reduced because of the perimeter. The ﬁrst
three indices in Table 3 can change by as much as 66%,
40%, and 100%, respectively, when the tether length is
20 km, 10 km, and 5 km. This implies that a long tether
design is more appropriate for missions with a low onboard power demand.
The debris mass (the mass of mother spacecraft) is changed to half or twice the basic value in Table 4. A smaller
debris mass naturally means a shorter mission time which
is proportional to the mass. The ability to harvest energy
from the orbit is little aﬀected by the debris mass because
the current in, and force on, the tether changes little. The
energy conversion eﬃciency of the battery system is nearly
the same which means that the maximum available power
should be almost the same, but as the burden of electrical
power needed to make up the energy deﬁcit is reduced by a
shorter discharging section, the maximum available power
is increased when the mass is reduced.
As shown in Table 5, the performance of the battery system changes regularly when the orbital parameters change.
The low semimajor axis brings a higher plasma density, while
the low inclination mainly means a higher plasma density
with higher eﬀective geomagnetic ﬁeld intensity (the part
which is perpendicular to the system velocity). When the
semimajor axis and inclination are low, the current induced
in the tether is large, so the maximum power is large, and
the mission time is reduced. The ratio of maximum power
to maximum waste power decreases as the semimajor axis
and inclination increase: if the inclination is too high (greater

than 60°), the maximum power drops to an extremely low
value such that a battery system with a high battery voltage
will be required.

4. Conclusions
(1) A numerical model is developed to calculate the
power generation performance of a bare electrodynamic tether based on a Li-ion battery subsystem
debris mitigation in space. The basic working performance, power generation strategy analysis, battery
optimization, and applicability of the tether system
are all discussed
(2) Four parameters can be used to describe the performance of the power generation: mission time, energy
conversion eﬃciency, maximum available power,
and maximum waste power. The ﬁrst three are used
to view the mitigation mission and the performance
in power generation, while the last is employed to discuss the applicability of the battery system
(3) Generally, the SOC of the battery works as a “valley”:
this is unavoidable because of the large variation in
space plasma parameters during orbit transfer. In
the last part of the mission (in some cases), the power
harvested will be much larger than that demanded.
The excess energy should be dissipated for the battery
subsystem cannot be cut oﬀ from the current loop,
leading to a heating problem in the battery system.
The extent of the problem is represented by maximum waste power. Extra control circuit which help
the battery subsystem cut oﬀ from the tether can
avoid the heating problem
(4) The battery voltage directly determines magnitude of
the maximum power while the battery capacity
aﬀects the ﬁnal available value and waste power. It
is suggested to ﬁnd a combination of a low battery
voltage and a large battery capacity for the battery
design to avoid the heating problem; however, this
choice will lead to the mass of the battery system
increasing so that the trade-oﬀ between mass and
waste power should be considered
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(5) A wide tether can increase the maximum available
power in an eﬃcient manner, while a long, thin, tether
is more advantageous for low power-requirement missions. The debris mass does not have a signiﬁcant eﬀect
on battery performance except with regard to the
required mission time. A high semimajor axis and a
high inclination of orbit increase the mission time,
and the maximum available power is lower therewith

Data Availability
The data used to support the ﬁndings of this study are available from the corresponding author upon request.

Conflicts of Interest
The authors declare that there is no conﬂict of interest
regarding the publication of this paper.

Nomenclature
B:
F:
Fair :
FEDT :
L:
r:
S:
v:
At :
e:
EA :
Eb :
EC :
EF:
Em :
Eohm :
Eorb :
h:
I:
IA:
Ib:
I bi :
IC:
l:
L0 :
m:
me :
mi :
N e:
N i:
p:
Pb :
Po :
Pw :
Qmax :
r:
t:
v:
V A:
V b:
VC:
V p:
Vt:
W:
μ:
ρ:
σ:

Geomagnetic ﬁeld vector, T
Perturbation force vector, N
Atmospheric drag vector, N
Lorentz force vector, N
Tether vector, m
Tether position vector, m
Tether windward side vector
Velocity vector of system mass centre, m/s
Tether cross-section area, m2
Electron charge, C
Energy dissipated by tether anode, J
Energy harvested by battery system, J
Energy dissipated by cathodic contactor, J
Work done by atmospheric drag, J
Induced electromotive force, V/m
Energy dissipated by tether resistance, J
Orbital energy, J
Geographic height, km
Tether current, A
Tether anode current, A
Battery system current, A
Battery module current, A
Cathodic contactor current, A
Tether length, m
Distance from anode to a point where V p = V t , m
Whole system mass, kg
Electron mass, kg
Ion mass, kg
Electron density, m-3
Ion density, m-3
Tether cross-section perimeter, m
Battery system energy harvesting power, W
Demand power on board, W
Battery system waste power, W
Battery capacity, A∙h
Magnitude of position vector, m
Time, s
Velocity of system mass centre, m/s
Tether anode potential to plasma potential, V
Battery system voltage, V
Contactor bias voltage, V
Plasma potential, V
Tether potential, V
Work done by perturbation force, J
Gravitational parameter, m3/s2
Atmospheric mass density, kg/m3
Tether conductivity, S/m.
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