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Abstract This study develops a coupled multiphysics finite element method for the dynamic analysis of a

bare flexible electrodynamic tether. Contrary to the existing methods, the new method discretizes and solves

the orbital motion limited equation and the dynamic equation of an elastic flexible tether simultaneously.

First, the new method is verified via comparison with the existing methods in a straight tether situation.

Second, the number of tether elements, tether bending deformation, and two design parameters at the

cathodic end affecting the electrical current are investigated. It is determined that the tether bending

deformation and the two parameters i.e., the impedance ZT and ΦPW have a significant impact on the

electron collection efficiency of an electrodynamic tether system. The results indicate that the proposed

method should be applied in the refined mission analysis.
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1 Introduction

The ever-increasing population of space debris poses a significant threat to the on-orbit serving spacecraft;

thus, it has been a growing concern for the academic and industrial communities [1]. Many novel space

debris capturing and removal methods have been proposed and developed [2]. Among these, the electro-

dynamic tether (EDT) system is an appealing technology as an active space debris removal system owing

to its advantages of low mass, compact size, lack of propellant, and ease of operation [3, 4]. Over the past

few decades, significant efforts have been devoted to the study of dynamics and the analysis of stability

of a rigid/flexible EDT system [3], and many control strategies based on different kinds of mechanisms

have been proposed to stabilize the EDT system [5–10]. Among them, the electrical current regulation

strategy is a simple implementation method [5, 6, 8, 9]. Therefore, the understanding and evaluation of

the induced current of the EDT system with high accuracy is an important issue. However, in reality,

the conductive tether experiences a bending deformation in the deorbit process owing to perturbative

forces [11, 12]. Therefore, a high accuracy calculation method with consideration of the realistic tether

geometry is necessary.

Electron collection occurs in the orbital motional limited (OML) regime if the effective diameter of

the tape tether is smaller than the Debye length [13, 14]. Moreover, the generation of electrical current

is constrained by the boundary conditions at each end, and it is a two-point boundary value problem as
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presented in [13, 15]. Many approaches based on the rigid or flexible tether model have been proposed

and developed [9, 13, 14, 16–18]. For instance, the optimization methods have generally been applied

to solve the non-dimensional OML equations of the rigid tether model [13]. Subsequently, the flexible

tether model of the EDT system was developed; however, the empirical formulas [19] and the OML

equations based on the rigid tether model are still used [7, 9, 18]. The dynamic equations of the flexible

tether model and OML equations are roughly combined together. The electrical current is calculated

independently in a straight and vertical tether situation; subsequently, it is manually projected onto the

tether, which may be bent. As presented in [12, 15], the electrical current is dependent not only on the

environment parameters, such as the magnetic field strength and electron density of ionospheric plasmas,

but also on the tether parameters, such as the width, thickness, and electromotive force (EMF) Em of the

tether. It was determined that the existing approaches for the evaluation of induced current are mainly

based on the following assumptions: (i) the effective diameter of the tether is assumed to be smaller

than the Debye length [13]; (ii) the conductive tether is a straight and rigid tether, and it always aligns

in the local vertical direction [13]; (iii) the EMF Em is constant along the whole tether and its value is

calculated at the center of mass of the EDT system [13, 20]; (iv) the boundary condition at the cathodic

end is simplified [15]; (v) the OML theory and tether dynamics are not fully coupled and simultaneously

solved [17, 18]. Many efforts have been made to address the aforementioned assumptions. For instance,

the G function is introduced to consider the beyond OML effect caused by a wide tape tether [15]. The

results demonstrate that the beyond OML effect should be considered in the refined mission analysis. The

ad-hoc method of the OML theory is proposed, where a scaling factor α = L′/L is introduced to consider

the bending effect of the tether affecting the electron collection efficiency, and the modified electromotive

force is expressed as Em = α ·Em. This method has been successfully incorporated into the flexible tether

model to predict the dynamic response of the EDT system in the deorbit process [17]. Furthermore, the

ad-hoc method is unable to differentiate different bending profiles of tether with the same end nodes, for

example, the difference between the semicircle and the S-shape profiles with the same end nodes [11, 12].

It indicates that the variation of electron collection efficiency along the tether cannot be considered.

Accordingly, a finite element method is introduced to consider the coupling effect between the tether

deflection and electrodynamic force [11, 12]. The results show that this method is effective to capture

the coupling effect between the tether deflection and the electrodynamic force. However, this method

has two drawbacks: (i) the computation load is high owing to the calculation of the non-dimensional

element length by using the Gaussian integration [12]; (ii) the mathematical stability of this approach

is poor when the tether experiences a large bending motion. The non-dimensional OML equation is

solved in a piecewise manner and the values of electrical current and potential bias at the common

nodes of adjacent elements may be different and require manual adjustment. Subsequently, sets of

parameters αi and βi (i = 1, . . . , n) are introduced to enforce the continuity of the electrical current

and potential bias when the tether experiences a large bending motion. The poor numerical stabil-

ity is attributed to the significant changes of these scaling parameters [12]. In order to address these

two drawbacks, a new discretization method is proposed based on the dimensional OML equation [21],

wherein both the Gaussian integration process and the parameters αi and βi (i = 1, . . . , n) are cancelled

out. In this approach, a two-loop procedure exists—the first loop is intended for the fixed-point iteration

of the tether dynamics, and the second loop is intended for the Newton-Raphson iteration of the OML

theory [21]. Furthermore, the tether dynamic equations and discretized OML equations are not simul-

taneously solved. In addition, the sensitivity analysis of the parameter of the configuration of electric

circuit at the cathodic end is not performed [21]. Therefore, a fully coupled model between the tether

dynamics and the OML theory with good mathematical stability is desired, and they should be solved

simultaneously.

In this study, a fully coupled multiphysics finite element method is developed to solve the OML theory

and tether dynamics simultaneously. In this approach, the tether is spatially divided into a series of

finite elements, and the dynamics of the flexible tethers and OML equations are discretized by using the

same mesh. The nodal position, potential bias, and electrical current are the state variables, and they

are simultaneously solved by using a symplectic algorithm.
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Figure 1 (Color online) Profiles of electrical current and potential bias along a bent tether.

2 Multiphysics formulation of flexible electrodynamic tether satellite system

Consider the flexible EDT system shown in Figure 1. It consists of a conductive bare tape-type tether,

and a main and sub-satellite. It is assumed that the main satellite deploys the tether and sub-satellite

downwards. A field emitter array is used as a cathode to expel electrons into the ambient plasma to

complete the electric circuit [8, 22]. The emitter is installed on the main satellite and sub-satellite in

order to improve the efficiency of the EDT system in highly inclined orbits, where the electrical polarity

reverses in one orbit [19, 22]. The tether is spatially discretized by the nodal position finite element

method, where the nodal positions, as opposed to the displacements in the conventional finite element

method, are used as state variables. The governing equation of motion of tether dynamics is derived from

the principle of virtual work [23, 24]. Considering the kth element as an example, it can be expressed as

MẌe +KXe = F k0
e + F g

e + F d
e + F sp

e + F l
e , (1)

where Xe and Ẍe are the position and acceleration vectors of the element [20, 24]; M and K are the mass

and stiffness matrices of the tether element; F k0
e F g

e , F
d
e , F

sp
e , and F l

e are the force terms of the element

resulting from the stiffness of the tether, gravity, atmosphere drag, solar pressure, and electrodynamic

force, respectively. Here, the subscript “e” stands for element. All these orbital perturbation forces, except

for the electrodynamic force F l
e , can be found in [9, 20]. Notably, the internal damping is not incorporated

here owing to the lack of experimental data in space. Nonetheless, the damping effect generally stabilizes

the dynamics of the tether system and thus, neglecting the damping will not affect the validity of the

current investigation. The final dynamic equation of the tethered satellite system can be obtained by

using the standard assembly procedure in the conventional finite element. The electrodynamic force F l
e

depends on the electrical current in the tether, which will be determined in the following subsection.

The electrodynamic force F l
e exerting on the tether element in (1) results from the interaction between

the current carrying tether and the earth’s magnetic field. In the current study, the equivalent diameter

of the tape-type tether is less than the Debye length; hence, the current-potential bias relationship (I−Φ

of a bare EDT system obeys the OML theory [25]. The governing equations of electrical current I and
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potential bias Φ can be expressed as















dI

dx
= a1a2

√
Φ,

dΦ

dx
= a3I − Em,

Φ > 0, (2)















dI

dx
= −µa1a2

√

(−Φ),

dΦ

dx
= a3I − Em,

Φ < 0, (3)

where a1 = qptNe/π, a2 =
√

2q/me, and a3 = 1/σAt are the parameters of the tether, pt = 2 (w + t) is

the perimeter of tape tether, q is the elementary charge, Ne is the density of electron. Further, Em is the

EMF. Notably, the parameters a1 and Em are not constant, and they vary significantly along the tether

when the tether experiences a large bending motion [12, 19].

Moreover, the boundary conditions at the anodic and cathodic ends and the position of null potential

bias point inside the tether are defined as

x = 0, I = 0, Φ = ΦA,

x = LB, I = IB, Φ = ΦB = 0,

x = LC , I = IC , Φ = ΦC ,

(4)

where LB is the unknown length of the positively biased segment, and it should be updated at each

iteration step.

There are two design configurations of the field emitter electric circuit at the cathodic end as shown

in Figure 2. In the first case, an additional battery is required to neutralize the potential bias of point

C in order to maximize the electron collection efficiency of the EDT system [12]. In the second case,

the tether directly connects to the base of the field emitter. The mathematical expressions can be

obtained as

ΦC = |ΦPW| − |ΦCHE|+ ICZT , (5)

ΦC = − |ΦCHE|+ ICZT , (6)

where ZT is the equivalent impedance of the emitter electric circuit, which is determined by an exper-

imental test, ΦCHE is the potential bias of the battery of the emitter, and ΦPW is the potential bias of

the additional battery.

In the current study, Eqs. (2) and (3) are directly discretized in space by using the same shape function

in the tether dynamics [20, 24]. Altogether, three types of elements are defined according to the variation

characteristic of the potential bias along the element length. They are categorized as the positively

biased element (Φ > 0), the negatively biased element (Φ < 0), and the transition element where the

null potential point resides and the potential bias inside the element is partially positive and partially

negative. As shown in Figure 1, the tether is divided into n elements with n + 1 nodes, and the null

potential bias point is temporarily assumed to be located inside the kth element.

First, regarding the positively biased element located inside the electron collection regime, e.g., the jth

elements (j < k), the discretized OML equations are expressed as (7). Second, regarding the negatively

biased element located inside the ion collection regime, e.g., the jth elements (j > k), the discretized

OML equations are expressed as (8). Finally, for the transitional element, i.e., the kth element, the

discretized OML equations are expressed as (9).
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, j = (0, 1, . . . , k − 1) , (7)
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Figure 2 (Color online) Design schematic of electrical circuit at the cathodic end.
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, j = (k + 1, k + 2, . . . , n+ 1) , (8)

where Lj is the instantaneous length of jth element, Ej
m is the EMF of jth element, and a1,j , a2,j , and

a3,j are the tether parameters as defined in (2) with the subscript denoting the jth element.









b11 b12
1

LN
k

0

−a3,k
Lk

LN
k

−a1,ka2,ka3,kL
P
k√

Φk

− 1

LN
k

0
1

LN
k









·























Ik

Φk

Ik+1

Φk+1























=



















−µa1,ka2,kL
P
k

√

−
(

Φk − Ek
mLP

k + a3,kIkLP
k

)

Ek
m

−Lk

LN
k

Ek
m



















, (9)

where LP
k and LN

k are the unknown lengths of the positive and negative segments of the transition element.

They can be initially approximated as LP
k = |Φk|Lk/(|Φk|+ |Φk+1|) and LN

k = Lk − LP
k , where Lk is the

instantaneous length of the kth element, and it should be updated by using the same technique at each

iteration step. The element entries b11 and b12 in (10) are expressed as

b11 = − 1
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P
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(10)

There are 2(n + 1) unknown variables of the potential bias and electrical current for the discretized n

elements; however, there are 2n algebraic nonlinear equations and two additional algebraic equations

are required to obtain the true solution. These two algebraic equations can be obtained through the

discretization of the boundary conditions at the anodic and cathodic ends, and they are expressed as

{

1 0 0 0
}

·
{

I1 Φ1 I2 Φ2

}T

= 0, (11)

{

0 0 −ZT 1
}

·
{

In Φn In+1 Φn+1

}

=

{

|ΦPW| − |ΦCHE| ,
− |ΦCHE| .

(12)
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Thus, the final discretized OML equations of a bare EDT system can be obtained by assembling (7)–

(12) by using the same assembly procedure as in the nodal position finite element. The finalized OML

equations can be expressed as

K ′ ·Z = F ′ (13)

where K ′ is the global coefficient matrix with dimensions (2n+2, 2n+2). Notably, it does not explicitly

contain the position vector X = (X1, Y1, Z1, . . . , Xn+1, Yn+1, Zn+1)
T. Further, Z = {I1, Φ1, . . . , In+1,

Φn+1}T is the column vector of the unknown electrical current and potential bias and F ′ is a 2n + 2

dimensional column vector.

When the discretized equation (13) is numerically solved, and the profiles of electrical current and

potential bias along the flexible tether are obtained, the exerting electrodynamic force F l
e listed in (14)

can be evaluated as

F l
e =

∫ Le

0

NTf l
gds =

Le

2

20
∑

t=1

wtN
T

[

Le

2
(1 + κt)

]

f l
g

[

Le

2
(1 + κt)

]

, (14)

where f l
g = Tl2gf

l
l and f l

l = (−Bl × Ite) are the electrodynamic force vectors per unit length in the

global and local tether frames, respectively, Tl2g is the transpose matrix of the transformation matrix

Tg2l presented above, (wt, κt) are the weight and abscissa of the Gaussian integral, respectively, and NT

is the shape function matrix of a two-node tether element as defined in [23, 24, 26].

In the current study, the set of 2n + 2 nonlinear algebraic equations (13) can be treated as a set of

constraint equations of the tether dynamic equation, and the coupling model of the OML theory and the

tether dynamics can be obtained by combining (1) and (13) together such that

{

MẌ +KX = F ext(t,X,Z),

K ′(X)Z = F ′,
(15)

where F ext is the superposition of all the external forces as listed in (1).

As presented in [11, 22], the deorbiting process of a defunct satellite by using bare EDT equipment is

a long-term process. Consequently, a desirable numerical integration algorithm for the deorbit process

should have long-time stability and preserve the global geometric structure in the phase space. Further,

the Symplectic integrator preserves a Symplectic transformation at every point of the phase space. More-

over, it imposes a stringent condition on the global geometry of the dynamics. Thus, the Symplectic

integration algorithm should be normally applied for the deorbiting process of a defunct satellite. In the

present study, the implicit middle point scheme is employed, and it can be expressed as

Xn+1 −Xn =
∆tn+1

2
(Ẋn+1 + Ẋn), (16)

Ẋn+1 − Ẋn =
∆tn+1

2
(Ẍn+1 + Ẍn), (17)

where X, Ẋ, and Ẍ are the vectors of nodal position, velocity, and acceleration of discretized EDT

systems, respectively, with the subscripts n + 1 and n representing the variables in the current and

previous steps, respectively. Further, ∆tn+1 = tn+1 − tn is the time step-size at the current time.

Finally, Eqs. (15)–(17) can be combined together, and a series of algebraic nonlinear equations are

obtained as follows:

G =













G1

G2

G3

G4













=













Mn+1Ẍn+1 +Kn+1Xn+1 − F ext
n+1

2Xn+1 −∆tn+1Ẋn+1 − 2Xn −∆tn+1Ẋn

2Ẋn+1 −∆tn+1Ẍn+1 − 2Ẋn −∆tn+1Ẍn

K ′
n+1 ·Zn+1 − F ′

n+1













= 0. (18)

In total, the system has 5 (n+ 1) unknowns including 3 (n+ 1) position related unknows and 2 (n+ 1)

potential related unknowns. The former includes vectors of acceleration Ẍn+1, velocity Ẋn+1, and



Li G Q, et al. Sci China Inf Sci February 2018 Vol. 61 022201:7

Table 1 Physical parameters of EDT system

Parameter Value

Tether material Aluminum

Elastic modulus of tether (N ·m−2) 7.2 × 1010

Density of tether material (kg/m3) 2700

Tether length (m) 500

Tether width (m) 0.004

Tether thickness (µm) 35

Mass of main satellite (kg) 2

Mass of sub-satellite (kg) 2

Dimensions of main satellite (m) 0.1 × 0.1 × 0.1

Dimensions of sub-satellite (m) 0.1 × 0.1 × 0.1

position Xn+1, while the latter includes the vector of potential Zn+1. Notably, the number of nonlinear

algebraic equations is equal to the number of unknown variables. Therefore, in principle, a unique solution

of the coupling equation of the tether dynamics and OML theory can be obtained. In the current study,

the iterative Newton-Raphson method is employed, which can be expressed as
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where ∆ indicates the Newton difference, the superscript m denotes the mth iteration, and G1, G2, G3,

and G4 are defined as























G1 = Mn+1Ẍn+1 +Kn+1Xn+1 − F ext
n+1,

G2 = 2Xn+1 −∆tn+1Ẋn+1 − 2Xn −∆tn+1Ẋn,

G3 = 2Ẋn+1 −∆tn+1Ẍn+1 − 2Ẋn −∆tn+1Ẍn,

G4 = K ′
n+1 ·Zn+1 − F ′

n+1.

(20)

Notably, the element entries of the Jacobian matrix are calculated using the numerical differentiation,

except ∂G4/∂Zn+1, which can be obtained in an analytical form. Moreover, the explicit forward Euler

method is applied to generate the initial iteration values of the vectors of velocity Ẋn+1 and acceleration

Ẍn+1. The accuracy of this iteration solver is controlled by a set of parameters called the tolerance

ε =
∑4

i=1 |Gi|/(5n+ 5) 6 10−10 and the maximum iteration number m = 50.

3 Simulation results and discussion

The newly developed coupled multiphysics finite element method is applied to investigate the variation

of system parameters affecting the results of electrical current and potential bias of a bare flexible EDT

system. First, the new approach is compared with the existing solutions based on the continuous electrical

current profile solved by the reference method in [12, 17]. The physical parameters of the EDT system

used in the current study are given in Table 1, which are based on the demonstration mission of space

debris removal by the EDT system [27].

3.1 Benchmark study

In this subsection, the proposed method is compared with two reference methods — the first method is

based on the non-dimensional OML equations [12], and the second reference method is a discretization

method of the dimensional OML equation [21]. Notably, the only difference between the current approach
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Figure 3 (Color online) Comparisons of current profiles along a straight tether in different orbits with different calculation

methods. (a) Equatorial orbit; (b) 53◦ inclined orbit; (c) Polar orbit.

Table 2 Maximum current at the anodic end (A)

Name The first reference method The second reference method The proposed method

Equatorial orbit 0.1070854 0.1070634 0.1070633

53◦ inclined orbit 0.0301559 0.0301567 0.0301569

Polar orbit 0.0074935 0.0074924 0.0074921

Table 3 Length of positively biased segment in different cases (m)

Name The first reference method The second reference method The proposed method

Equatorial orbit 497.5217 497.5222 497.5222

53◦ inclined orbit 498.5358 498.5365 498.5365

Polar orbit 482.3310 482.3293 482.3293

and the reference method is the combination procedure between the electrical current generation module

and the tether dynamic module. In order to maintain the accuracy of these comparison methods at a

similar level and ensure that they are comparable, the integration method of the reference method [12, 21]

is changed to the middle point Symplectic method. The tether is assumed to align with the local vertical

with the main satellite on the top, and the initial altitude is assumed to be 450 km. In this subsection,

the values of ZT , ΦCHE, and ΦPW at the cathodic end are set as 5 Ω, 50 V, and 50 V, respectively.

The numerical simulations are carried out in three orbits, i.e., the equatorial orbit, 53◦ inclined orbit,

and polar orbit. The 53◦ inclined orbit is chosen as the orbit of the demonstration mission of the EDT

technology. In this section, the tether is discretized into 20 elements as shown in the convergence study,

which will be presented in next subsection.

The comparison results are shown in Figure 3 and Tables 2 and 3, where Figure 3 shows the com-

parison results of the profiles of electrical current along a straight conductive tether in different orbits.

It can be observed that the results of the proposed method are consistent with the results of these two

reference methods. The difference between these two methods derived from the dimensional OML theory

can be ignored in a vertical straight case. As explained in the previous section, the only difference is

the combination procedure between the tether dynamic equations and the discretized OML equations.

Regarding the second reference method [21], a two-loop procedure exists at each time step — the first

loop is the fixed-point iteration for the tether dynamics, and the second loop is the Newton-Raphson

iteration for the discretized OML equations. However, in the proposed method, there is only one-loop

procedure for the fixed-point iteration of (18). Moreover, the comparison results of the maximum current

IB and the length of positive bias segment LB demonstrate that the difference between these comparison

methods can be ignored in a straight tether case, as listed in Tables 2 and 3. However, the integration
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Figure 4 (Color online) Analysis of the number of tether elements. (a) Electrical current profile along tether; (b) EMF

profile along tether.

Table 4 Maximum current and potential bias

Name 5 elements 10 elements 15 elements 20 elements 25 elements

Current IB (A) 0.116 0.110 0.108 0.107 0.106

Potential bias ΦA (V) 109.991 109.818 109.777 109.753 109.744

process for the calculation of length of the non-dimensional element is avoided [12], which saves the time

computational efforts.

3.2 Parameter analysis

In this subsection, the number of tether elements, tether bending effect, value of additional battery po-

tential bias ΦPW, and equivalent impedance ZT of the cathodic electric circuit affecting the profiles of

electrical current are thoroughly investigated. The initial altitude is set as 450 km with a circular equato-

rial orbit. The potential bias of emitter ΦCHE is fixed at 50 V according to the characteristic of field emitter

array [9].

First, the number of tether elements affecting the accuracy of the induced electrical current is investi-

gated in a straight tether situation. The potential bias of the additional battery ΦPW and impedance ZT

at the cathodic end are set as 50 V and 5 Ω, respectively. The results are shown in Figure 4 and Table 4.

As evident in Figure 4, a larger number of elements leads to a better approximation of the profile of EMF

along the tether, and consequently, higher accuracy of the results. The same conclusion can be obtained

from the results of the variation of maximum current IB and potential bias ΦA, as listed in Table 4. For

instance, the accuracy of the electrical current IB increases as the number of tether elements increases.

However, the difference between the length of positive potential bias segment LB of 20 elements and

25 elements is smaller than that of 15 elements and 20 elements. However, the computational loads

will be significantly increased if the tether is divided into 25 elements. Thus, the tether is divided into

20 elements in the following sections after the tradeoff between the accuracy and computational loads.

Second, a parameter γ is defined to investigate the bending effect of tether geometry in [12, 21]. In this

subsection, the bending effect is investigated by varying γ from 0.04 to 0.32 as shown in Figure 5(a), and

nine cases are analyzed. The values of ΦPW and ZT at the cathodic end are set the same as in the previous

case. The results are shown in Figure 5(c)–(d). Further, the EMF, electrical current, and potential bias

change significantly as the tether bends more. This significant change of EMF of a bent tether indicates

the assumption of constant EMF along the tether length is not reasonable [13, 20]. Moreover, the results

show that the tether geometry profile significantly affects the electron collection efficiency of an EDT

system [12]. For instance, the current IC at the cathodic end decreases from 0.105 to 0.080 as shown in

Figure 5(c). The same phenomenon can also be observed in the results of the length of positive potential

bias LB as listed in Table 5, as it decreases from 497.53 m to 471.55 m. Consequently, the effect of tether

bending deformation must be considered in the evaluation of the electrical current.

Third, the value of impedance ZT and the potential bias of additional battery ΦPW at the cathodic

end affecting the electrical current are investigated. The tether is assumed to be straight and aligned

with the local vertical, and the initial altitude is 450 km in a circular equatorial orbit. Further, ZT varies
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Figure 5 (Color online) Analysis of the tether bending effect. (a) Tether profile; (b) EMF profile along tether;

(c) electrical current profile along tether; (d) potential bias profile along tether.

Table 5 The length LB in different cases

Name δ = 0.04 δ = 0.09 δ = 0.13 δ = 0.17 δ = 0.20 δ = 0.24 δ = 0.27 δ = 0.30 δ = 0.32

Length LB (m) 497.53 497.44 497.28 497.01 496.58 495.85 494.44 490.74 471.55

Table 6 Length LB and maximum current IA in different cases

ZT=5 Ω ZT=50 Ω ZT=100 Ω ZT=150 Ω ZT=200 Ω

Length LB (m) 497.52 476.77 456.56 438.71 422.68

Current IA (A) 0.1071 0.1006 0.0943 0.0890 0.0844

Potential bias ΦC (V) −0.5353 −5.0297 −9.4338 −13.3458 −16.8703

Table 7 The length LB in different cases

ΦPW (V) 0 10 20 30 40 50

Length LB (m) 273.96 317.84 362.07 406.72 451.85 497.52

from 5 to 200 Ω with increments of 50 Ω while the value of ΦPW is fixed at 50 V (see Table 6). As shown

in Figure 6, it is observed that the potential bias at the cathodic end ΦC is significantly affected by the

change of electric impedance ZT . Thus, as shown in Figure 6(a), the variation tendency of the profiles of

electrical current along the conductive tether is evident. For example, the potential bias ΦC changes from

−0.5353 to −16.8703 whereas the maximum current IC decreases from 0.1071 to 0.0844 A. This indicates

that the variation of impedance ZT can significantly affect the electron collection efficiency of the EDT

system. Moreover, the phenomenon of significant change of impedance may occur when the additional

battery is draining out. Therefore, the effect of changing the impedance ZT should be considered in the

refined mission analysis. Further, ΦPW varies from 0 to 50 V in increments of 10 V while the impedance

ZT is fixed at 5 Ω (see Table 7), and the results are shown in Figure 7. It can be observed that the

variation of ΦPW has a huge impact on the electron collection efficiency of the EDT system. For example,

the length LB decreases from 497.52 to 273.96 m, which indicates that the electron collection efficiency

of the EDT decreases by 45%. Therefore, we can conclude that the variation of ZT and ΦPW has a

significant impact on the electron collection efficiency of an EDT system. Furthermore, the draining out

of the additional battery may occur in the demonstration mission, as shown in Figure 2. Therefore, the

battery drain out affecting the electrical current should be considered in the mission analysis.
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Figure 6 (Color online) Analysis of the impedance ZT . (a) Electrical current profile along tether; (b) potential bias

profile along tether.
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Figure 7 (Color online) The analysis of the potential bias of battery ΦPW. (a) Electrical current profile along tether;

(b) potential bias profile along tether.

4 Conclusion

This work develops a fully coupled multiphysics finite element method for the dynamic analysis of an

electrodynamic tether system. In the proposed approach, the OML equations are directly discretized by

the nodal finite element method in space, and synchronously solved together with the tether dynamics

by using the same mesh. The effects of the number of elements, tether bending profile, orbital inclination

angle, and design parameters ZT and ΦPW at the cathodic end affecting the electrical current have been

investigated. The results of parameter analysis demonstrate that the flexible tether geometry and the

parameters ZT and ΦPW at the cathodic end have a significant impact on the electron collection efficiency

of a bare EDT system. These effects should be considered in the refined mission analysis.
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