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Abstract: This paper analyses the concept of using an electrodynamic tether to provide 

propulsion to a space system with an electric power supply and no fuel consumption. The present 

work is focused on orbit maintenance and on re-boost maneuvers for tethered satellite systems. 

The analyses of the results will be performed with the help of a practical tool called 

“Perturbation Integrals” and an orbit integrator that can include many external perturbations, 

like atmospheric drag, solar radiation pressure and luni-solar perturbation.  
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1. Introduction 

 

 Space tether is a promising and innovating field of study, and many articles, technical 

reports, books and even missions have used this concept through the recent decades. An 

overview of the space tethered flight tests missions includes the Gemini tether experiments, the 

OEDIPUS flights, the TSS-1 experiments, the SEDS flights, the PMG, TiPs, ATEx missions, etc 

[1-6].  

 This paper analyses the potential of using an electrodynamic tether to provide propulsion 

to a space system with an electric power supply and no fuel consumption. The present work is 

focused on orbit maintenance and re-boosts maneuvers for tethered satellite systems (TSS). This 

type of system consists of two or more satellites orbiting around a planet linked by a cable or a 

tether [7]. A conductive tether with electrons passing through a magnetic field generates 

electromagnetic propulsion due to the induced Lorentz force. The direction of this 

electromagnetic force depends on the directions of the magnetic field and the current flow.  

 The control of the magnitude of the induced Lorentz force can be easily achieved with a 

variable resistance through the tether. One of the most known proposed tethered missions that 

include a battery to re-boost the orbit is devoted to the International Space Station (ISS) [8,9,10].  

 Low-orbits with drag-free considerations is studied in many articles and it has already 

reached the level of real missions, with the goal of extending the life-time of the satellite using 

fuel-consumption methods in order to overcome the atmospheric drag [12,13,14,15]. The drag-

free orbits are essential to missions that must have a low orbit and no drift in the orbit. 

 The analyses of the results is performed with the help of a practical tool called 

“Perturbation Integrals” and an orbit integrator that can include many external perturbations, like 

atmospheric drag, solar radiation pressure and third body perturbation of the Sun and the Moon 

[16,17].  
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2. Mathematical Models 

 

 This section describes the mathematical models used in the present paper.  

 

2.1. The Electromagnetic Tether 

 

 The idea of the paper is to create an electromagnetic propulsion in the opposite direction 

of the disturbing forces. It is considered two main situations for the station-keeping maneuvers. 

One of them includes the reduction of the magnitude of all the disturbing forces considered in the 

model and the other one includes only the reduction of the atmospheric drag. 

 The mathematical formulation of the induced Lorentz force on an electromagnetic tether, 

whether it is used for thrust or drag, is given as follows [6,7,8,9,10,11]. 

 

     ∫    
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where      is the force exerted on the tether by the magnetic field [N]; I is the tether current 

[A];     is the differential element of the tether length and it points in the direction of a positive 

current flow [m];   is the magnetic field [T] and L is the tether length [m]. In Eq. (1), it is 

assumed that the current I is not uniform across the system. The non-uniformity is due to the bare 

tether system that is considered in this work and later explained. 

 The magnetic field model used in this paper is the International Geomagnetic Reference 

Field (IGRF-12) and it is well explained in the literature [18,19,20,21]. 

 The electrodynamic bare tether is proposed in this paper. The bare tether is a 

breakthrough that allows the tether to capture more electrons and exempt an anode as the tether 

itself collects the electrons [6,8].  

 The tether itself requires a power supply to overcome the induced EMF and it must be 

linked to m1. The battery is understood as the load resistance. There is a need also to have an 

electron emitter m1. The end masses of the tether are considered to be rectangular shaped. The 

side of each end mass is the same and its area is given by a1 for the end mass m1 and a2 for m2. In 

mathematical terms, the electron collection in bare tethers, when the bias is positive, is given as 

follows [9][22]. 
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where                       ,    denotes the ionospheric electron density,    is the tether 

radius,    is the motional electric field [V/m],    is the electron collection length,      is the 

maximum value of the current and it does not change after the voltage bias becomes negative and 

      is the impedance load [6]. The       can be understood in this context as the battery that is 

used to drive the current against the induced EMF. The induced EMF £ is given as follows [3]. 
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where    is the velocity of the spacecraft relative to the magnetic field and   is the magnetic 

field. It is assumed that the magnetic field rotates at the same rate of the Earth. The tether 

electron collection length    is given by Eq. (5) [6]. 
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 For the interval where the voltage bias is negative, the maximum current is given by [6] 

Eq. (6). 
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 The bias voltage V* can be written as shown in Eq. (7) [9]. 

 

                 (6) 

 

 The first term on the right side of Eq. (7) can be understood as the induced EMF and the 

second is the rise voltage that the battery must apply in order to guarantee that the current flows 

in the opposite direction. 

 

2.2. The Disturbing Forces 

 

 The disturbing forces included in this work are: atmospheric drag, solar radiation 

pressure and third-body perturbations from the Sun and the Moon.  

 The magnitude of the atmospheric drag is proportional to the product of the atmospheric 

density  , and the square of the relative velocity,   ̇ . The relative velocity is actually the velocity 

of the spacecraft with respect to the velocity of the atmosphere. The acceleration of the 

atmospheric drag,        is given as follows [23]. 
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where    is the drag coefficient, m is the mass of the spacecraft,    is the area of the cross-

sectional area facing the flow. 

 The model of the atmosphere for the density   that was implemented in this paper is a 

hybrid standard atmosphere model that follows the 1976 U.S. Standard Atmosphere [24] for the 

altitude from 0 up to 86 km and the 1962 U.S. Standard Atmosphere [25] that models all the 

layers from 86 to 2000 km of altitude. 

 The mathematical formulation for the acceleration due to a third-body             is 

given by Eq. (9) [23]. 
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where    is the mass of the third-body, G is the gravitational constant,     is the vector from the 

spacecraft to the centre of mass of the third-body and     is the vector from the centre of mass of 

the Earth to the centre of mass of the third-body.  

 The solar radiation pressure perturbation occurs when a light beam collides with the 

surface of the spacecraft. If the solar radiation centre of pressure acts on the centre of mass of the 

spacecraft, then the change of the energy results in an orbital modification. This situation is 

assumed in the present paper. The acceleration due to the solar radiation pressure            is 

given as follows [26,27]. 

 

            
 ̅ (   )

 

   
 

  
 

 

 
      

(9) 

 

where   defines the shadow region,   is the area of the surface illuminated by the Sun,  ̅  is the 

solar radiation power (          ),   is the reflectivity coefficient that depends on the type 

of the material of the surface that varies from zero (absorbers everything) to one (reflects 

everything),     is the mean distance from the Earth to the Sun,    is the distance from the centre 

of gravity of the spacecraft to the Sun and   describes the angle of the incident light over the 

surface of the satellite.  

 

2.3. The Perturbation Integrals 

 

 The integral approach obtains the integral for one orbital period of the magnitude of the 

disturbing forces. It is given as follows [16]. 

 

     ∫ | |  
 

 

 
(10) 

 

where   is the disturbing force per unit mass [m/(s
2 kg)] and   is the period of the orbit. 

 

3. Results 

 

 The coordinate system presented in the results is a non-inertial one that defines the 

attitude of the tether. The X-axis is parallel to the position vector of the centre of the mass of the 

system from the centre of the Earth. The origin O is the centre of the mass of the system. The Z-

axis points towards the direction of the angular momentum of the orbit and the Y-axis completes 

the right-handed set of the coordinate system. The Pitch angle α is the angle between the 

projection of the second end mass of the system m2 on the X-Y plane and the X axis. The Roll 

angle   is the angle between the position of the vector m2 and its projection on the X-Y plane. 

 

 

3.1. The Initial Parameters 

 

 A number of simulations are carried out to analyze the effects of the electromagnetic 

tether control. The initial parameters may change for each simulation. The new initial parameters 
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are given, if there is a modification of the parameters given in Tables 1 to 4. The tether resistance 

is neglected [8][9][10][11][22] in the simulations made here. 

 

 

Table 1.  Parameters of the Sub-satellites 

Dimensions (a1, a2) 100 m
2
,10 m

2
 

Mass (m1,m2) 1000 kg, 10 kg 

   2 

 

Table 2.  Parameters of the Tether 

Tether core material Aluminum (2219-T851) 

Core density (kg/m
3
) 2850 

Core resistivity (Ohm*m) 27.4x10
-9

 

Tether radius (mm) 0.2 

 

Table 3.  Parameters of the Electron Density    (e
-
/m

3
) 

Illuminated Area 2.0 x 10
12

 

Penumbra Area 1.0 x 10
11

 

Umbra 0.1 x 10
11

 

 

Table 4.  Nominal Parameters for the Simulations 

Nominal semi-major axis (km) 6978 (600 km of altitude) 

Eccentricity, Inclination, Argument of 

Perigee, Eccentric Anomaly, Right 

ascension of the ascending node 

0 

Tether length (km) 5 

Initial Time  01/01/2014  12:30 GMT 

 

 

3.2. Introduction of the Tethers 

 

 Now it is presented how the electromagnetic tether works for one orbital period of the 

spacecraft. The analysis is performed by keeping the satellite in a Keplerian orbit all the time. It 

is also assumed that a thrust is applied to compensate the disturbing forces that the tether cannot 

reduce.  

 Figure 1 shows the acceleration considering only the atmospheric drag disturbing force 

and on the Y axis of the OXYZ reference frame. The orbit is circular and Keplerian, therefore, 

the Y axis is actually the direction of the orbital motion. 
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Figure 1. The acceleration of the tether and the atmospheric drag on the Y axis vs. time. 

 

 Figure 1 shows that the tether can apply a disturbing force at the opposite direction of the 

atmospheric drag with almost the same magnitude. There are some intervals where the tether 

cannot reach the required magnitude. Figure 2 provides the explanation for this limitation. 

 

 
Figure 2. The ionospheric electron density and the illuminated region vs. time. 

 

 Figure 2 shows the ionospheric electron density   . The    is strictly related to the 

incidence of solar rays. The electron density also defines the current that flows in the tether, as 

given by Eqs. (2) and (5). The current is related to the magnetic force (Eq. 1) and, if the current 

is not sufficient to guarantee the optimal magnitude, the tether cannot fully control the disturbing 

force. 

 The attitude that the tether must have in this case to reduce the disturbing force of the 

atmospheric drag is shown in Fig. 3. 
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Figure 3. Pitch and the Roll angles vs. time. 

 

 The pitch angle remains steady all the time, at 180 degrees. The 180 degrees means that 

the direction of the tether remains parallel to the position vector, as expected. The current flow 

requires a battery to drive the current into the opposite direction of the induced EMF, therefore 

the pitch angle is 180 degrees. In the case of a de-orbit, the tether would be required to act as a 

drag, so the pitch angle should be zero. The roll angle is not zero. The attitude direction of the 

tether is based on the centre of mass of the system. At that point, the roll is optimal and 

guarantees that the direction of the electromagnetic tether force along with the pitch angle is 

opposite to the direction of the disturbing forces. The power and the current that the tether must 

provide in order to perform this maneuver is shown in Fig. 4. 

 

 
Figure 4. Current and power vs. time 

 

 The power shown in Fig. 4 is the power that the battery must apply in order to guarantee 

that the current flows in the right direction. The current is the one that must flow in the tether to 

guarantee that the magnitude of the tether force is coherent with the magnitude of the disturbing 
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force. The current shown in Fig. 4 is not the maximum value that the tether can deliver to the 

system (see Eq. (5) for the maximum current definition). For this simulation, the maximum 

current is around 20 A. This means that the tether itself can also allow a current flow larger than 

the one shown in Figure 4 to overcome the gap of the current through the passage by the umbra 

region.  

 The PI integral, without the averaging technique (    ), as given by Eq. (10), can provide 

the amount of the magnitude reduction of the disturbing force for this maneuver. Table 5 

provides the      values for the tether and for the disturbing force.  

 

Table 5.       values based on Eq. 10 

Atmospheric Drag 1.7127 m/s 

Tether only 1.2173 m/s 

Atmospheric Drag + Tether 0.6299 m/s 

 

 Table 5 shows the efficiency of the tether proposed in this context. The atmospheric drag 

has the      value of 1.7127 m/s. This means that the velocity delivered to the spacecraft due to 

this disturbing force for one orbital period is 1.7127 m/s. It would be required a thrust with a 

total velocity change of this magnitude for one orbital period to guarantee that the satellite does 

not deviates from its orbit. The tether itself delivers a      value of 1.2173 m/s to the system. 

The combination of the atmospheric drag and the tether has a      value of 0.6299 m/s. The 

optimal direction of the tether requires a long processing time for the computer. The method of 

defining the attitude of the tether based on the centre of mass of the system is fast, but it involves 

also some errors due to the asymmetry of the magnetic field and its fluctuations. The price of not 

computing the fluctuations on the magnetic field of the Earth is that the subtraction of the      

value of the atmospheric drag and the tether itself is not the      value of the atmospheric drag 

and the tether. 

 The tether proposed in this work for this specific maneuver could reduce the magnitude 

of the disturbing force of the atmospheric drag up to 63.22 %. The tether has 5 km length, which 

is enough for the proposed mission. The current necessary to reduce the magnitude of the 

disturbing force (    ) is far lower from the maximum value (     ). 

 The next step is to study the case where the tether will not only reduce the atmospheric 

drag, but also the other disturbing forces: third-body perturbation of the Sun and the Moon and 

the solar radiation pressure. Figures 5 and 6 show the acceleration of the tether and the sum of all 

disturbing forces as a function of time. The component of the Z axis was omitted, because the 

magnitude of the disturbing force on this axis is much smaller compared to the other two 

components. 
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Figure 5. Acceleration of the tether and all the perturbations on the X axis vs. time. 

 

 

 
Figure 6. Acceleration of the tether and all the perturbations on the Y axis vs. time. 

 

 

 It is clear that the accelerations of the tether and the disturbing forces are almost opposite. 

Since the initial time of the simulation and the initial parameters are the same, it is possible to 

note that there is the same gap of the acceleration of the tether for an interval of the time. This 

occurs, as shown in Figure 2, due to the passage of the spacecraft by the shadow of the Earth. It 

is also interesting to note that the acceleration of the disturbing forces shown in Figs. 5 and 6 

also has a discontinuity. The passage by the shadow area reduces the solar radiation pressure 

perturbation to zero and, therefore, there is a decrease in the sum of all perturbation for this 

interval as well. 

 The attitude of the tether, given by the pitch and the roll angles, is different from the 

previous maneuver. Now the sum of all the disturbing forces changes the direction that the tether 
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force must be applied. Figure 7 shows the pitch angle that the tether must have for this 

maneuver. The roll was neglected, since it does not play an import role in this simulation.  

 

 
Figure 7. Pitch angle vs. time. 

 

 There is a discontinuity of the pitch angle due to the decrease of the solar radiation 

pressure perturbation at the shadow region. Besides this discontinuity, the change of the pitch 

angle is smooth and changes from 180 to 167 degrees. If it is possible to build a tether that can 

change and control of the pitch angle, then it is possible to reduce all disturbing forces included 

in this paper. The advantage of reducing all the disturbing forces is to reduce the secular and 

periodic variations. The PI reduction with this maneuver is given in Table 6. The reduction of the 

magnitude of the disturbing forces is 62.46 %. 

 

Table 6.       value based on Eq. 10 

All perturbations 1.7177 m/s 

Tether only 1.2223m/s 

All perturbations + Tether 0.6449 m/s 

 

 

3.3 The Perturbation Integrals Results 

 This section shows the PI obtained using the averaging technique. The PI is the      

integral with an averaging technique that provides the mean value of the      for one year. This 

method evaluates in a fast and easy way the potential that the tether has to reduce the magnitude 

of the disturbing forces.  

 The initial parameters are given in section 3.1. The first result, shown in Fig. 8, changes 

the semi-major axis of the orbit from 6678 to 6978 km (300 to 600 km of altitude). The 

integration of one orbital period is multiplied by the period of a nominal reference orbit and 

divided by the period of the current orbit, to avoid a time dependence of the results. The nominal 

reference orbit is given in Table 1 (6978 km of semi-major axis). Figure 8 shows the PI when the 

tether is used only to reduce the atmospheric drag. 
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Figure 8. PI vs. Semi-major axis. 

 

 Figure 8 shows that the tether is efficient in reducing the magnitude of the disturbing 

forces. This reduction could be better, if different tether lengths are considered for each semi-

major axis interval. The reduction of the magnitude close to the 6678 km of semi-major axis is 

low, due to the magnitude of the atmospheric drag. The magnitude is so large that, even using the 

maximum current Imax, the tether is not able to guarantee that the disturbing forces can have the 

same magnitude (see Fig 9). 

 

 
Figure 9. Current and Power of the Tether vs. Semi-major axis. 

 

 Figure 9 shows the maximum current and the nominal current to reduce the disturbing 

forces. From 6678 to 6750 km of semi-major axis, the nominal current of the tether is the 

maximum value. Therefore, for this case, the magnitude of the tether cannot be the magnitude of 

the disturbing force due to the current restriction of the bare tether.  
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 Figures 10 and 11 show the use of the tether to reduce all the disturbing forces that this 

paper considers.  The range of the semi-major axis goes from 6978 to 7278 km. 

  

 
Figure 10. PI vs. Semi-major axis. 

 

 
Figure 11. PI vs. Semi-major axis. 

 

 The tether can reduce better the disturbing forces when the semi-major axis increases, 

because there are fewer passages by the umbra region, so the spacecraft has more electron 

density to reduce the disturbing forces. 

 The next simulation shows the study of the PI as a function of the inclination of the orbit. 

As the inclination of the orbit increases, the induced EMF decreases. The power used to drive a 

current on the opposite direction of the induced EMF decreases. Figure 12 shows a simulation 

with the initial parameters given in section 3.1, except for the orbit inclination, which in this case 

varies from 0 to 90 degrees. 
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Figure 12. PI vs. Inclination of the Orbit. 

 

 The magnitude of the force due to the tether increases as the inclination increases. The 

induced EMF decreases when the inclination of the orbit increases. Therefore, there is less power 

that the battery must provide to overcome the EMF. Nevertheless, although the tether works as 

an efficient way to reduce the disturbing forces, the roll attitude at the orbital inclination of 90 

degrees varies from 0 to 90 and from 270 to 360 degrees along one orbital period and the pitch 

angles varies from 0 to 360 degrees. This occurs due to the geometry of the magnetic field. 

Although it seems promising the application of this method for highly inclined orbits, the pitch 

angle variation demands more challenges from the attitude control. Figure 13 shows the pitch 

and roll angles for the simulation with 90 degrees of inclination. 

 

 
Figure 13. Pitch and Roll angles vs. time. 

 

 The pitch angle varies from 0 to 360 degrees. It means that the direction of the current 

changes. This change occurs with the signal change of the EMF as well. This means that, even if 
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the current changes the direction, the battery still has to provide power to overcome the EMF. In 

this case, it is assumed that the current can flow in both directions of the tether and that both end 

masses can emit electrons. The drastically change of the pitch angle is related to the direction of 

the magnetic field at the poles of the Earth. At the poles, the direction of the magnetic field 

becomes radial and this fact results in a change of the tether direction from mainly radial to the 

direction of the orbital velocity, to guarantee that the tether can reduce the disturbing forces, 

mainly the atmospheric drag. Figure 14 shows the power that the battery must provide or the 

induce EMF and the current to perform the maneuver for different orbital inclinations. 

 

 
Figure 14. Current and Power of the Tether vs. Inclination. 

 

 The current required for the station-keeping maneuver is almost constant, although the 

power required from the battery decreases as the inclination increases. The maximum current 

decreases, as well as inverse EMF and the motional electric field decreases (see Eqs. (2), (3) and 

(5)). 

 

3.3 The Orbital Propagator Results 

 This section simulates the spacecraft trajectory with an orbit integrator. The initial 

parameters of the simulation are given in section 3.1. Figure 15 shows three trajectories: i) 

considering only the external perturbations (no tether), ii) considering the external perturbations 

and the tether to reduce only the atmospheric drag; iii) considering the external perturbations and 

the tether to reduce all the perturbations. The integration is performed for 13.5 days (20 orbital 

periods of the nominal orbit). 
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Figure 15. Altitude vs. Time in days. 

 

 It is clear that the tether reduces the deviations caused by the atmospheric drag. The 

decay of the orbit using the tether is much smaller for the same integration time. The situation 

where the tether is used to control the atmospheric drag and all the disturbing forces provides 

almost the same results. This occurs because the atmospheric drag is the main perturbing force in 

this trajectory. 

 

4. Conclusion 

 

 The main objective of this paper is to study how much an electromagnetic tethers can 

help in reducing the external disturbing forces received by a spacecraft in the orbit of the Earth. 

The idea behind this paper is very powerful for future missions, when this technology can be 

used. When the spacecraft achieves the end of its mission, the electromagnetic tether can also be 

used to de-orbit the spacecraft to eliminate this large potential space debris. 

 The results show that the tether can reduce a large portion of the disturbing forces. 

Nevertheless, the efficiency of the tether depends on the sunlight. The passage by the umbra or 

the penumbra in part of the trajectory reduces the efficiency of the tether.  

 A first analysis of the potential that the tether has to reduce not only the atmospheric drag 

and re-boost the orbit, but also to reduce others disturbing forces, is extremely positive.  

 The idea of reducing the perturbations at every step of time has some advantages, if 

compared to re-boosting rapidly the spacecraft with the tether. The method proposed here 

provides low currents as the magnitude of the disturbing forces are reduced at every step. The 

control attitude deals with less internal torques and with lower currents flowing through the 

tether.  
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