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significant amounts of thrust are being applied to the coupled system are unknown and complex 
[7-12]. Figure 1 shows the overall configuration of Envisat, including the definition of the body 
fixed reference frame axis directions. The origin of the body reference frame is at the interface 
plane of the spacecraft interface ring. Table 1 shows the mass properties, dimensions and orbit 
parameters of Envisat. Table 1 shows the orbital parameters of Envisat in September 2015 [13]. It 
is expected that by the time the mission is launched the orbital altitude will have decayed 
somewhat. 

 
Figure 1: Envisat body frame 

Table 1: Envisat properties 

Parameter Value 
Mass [kg] 7827.867 
Ixx, Iyy, Izz [kgm2] (17023.3, 124825.7, 129112.2) 
Ixy, Iyz, Izx [kgm2] (397.1, 344.2, -2171.1) 
CoM (x, y, z) [m] (-3.905, -0.009, 0.003) 
Dimensions (body) [m x m x m] 10.02 x 2.75 x 1.6 
Dimensions (Solar panel) [m x m x m] 14.028 x 4.972 x 0.01 
Length [m] 26.024 
Eccentricity 0.000117 
Inclination (°) 98.3274 
Perigee height (km) 765  
Apogee height (km) 766  
RAAN (°) 303.2 
Argument of perigee (°) 81.03 

 
The work from [13] collects and analyses available Envisat attitude data from different kind of 
observations (optical, Satellite Laser Ranging and Radar measurements) from the end of life of 
the satellite on April 8, 2012, and from simulations performed. Since then, the attitude of the 
satellite has experienced important changes, but several facts can be assumed: 
i. Consistency of observation data and models: There is qualitative matching between radar 

measurements and SLR measurements but the high rotation rate measured does not fit the 
predicted rotational state with models and the cause is currently unknown. Several causes 
are considered such as a micro-meteoroid impact or energy release from the non-passivated 
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Table 5: Attitude Stabilisation test cases 

Case # Description Thrusters (N) Tether stiffness (kN/m) Frequency (Hz) 
1 Nominal 4 x 220 4100 5 
2 RCS only 4 x 22 4100 5 
3 Low stiffness 4 x 220 194 5 
4 Low OBSW frequency 4 x 220 4100 1 

 
During the initial stabilization phase the assist thrusters are used to ensure that the attitude 
motion of the target can be stopped. The assist thrusters are active during the first 700 seconds 
after capture. 

2.3.2 De-orbit burn 

The initial rotation rate of the target is 0.5 °/s around the body y-axis. This value is lower than the 
5 °/s at the start of the stabilization after capture case, considering that the target has been 
successfully stabilised during the manoeuvre. The length of the tether varies from 100 m to 400 
m, and its stiffness varies from 100 N m-1 to 2050 N m-1.  

Table 6: De-orbit burn test cases 

Case # Description Thrusters  
(N) 

Tether  
(m) 

Tether stiffness   
(kN/m) 

Frequency  
(Hz) 

1 Nominal 2 x 425 100 2050 5 
2 High thrust 4 x 425 100 2050 5 
3 Long tether 2 x 425 400 512 5 
4 Long, soft tether 2 x 425 400 100 5 
5 Low frequency 2 x 425 100 2050 1 
6 Long soft tether low frequency 2 x 425 400 100 1 

The burn manoeuvre starts after 10 seconds. After 10 seconds the target rotates away from its 
initial attitude that is perfectly aligned with the tether. That is to say, waiting 10 seconds ensures 
a more realistic attitude at the start of the burn. The burn manoeuvre lasts 500 seconds and then 
a stabilization phase begins for 1000 seconds. The assist thrusters are active during the first 700 
seconds after burning. 

2.4 Attitude Control ADR Model, Simulations and Analysis 

A tethered flight simulator is used for tethered de-orbiting.  The simulator consists of a 
dynamics/kinematics environment (DKE), the on-board software (OBSW) and an output handling 
block. The simulator runs with a variable step-size in order to ensure proper simulation of the 
tether, avoiding singularities in the forces generated in the tether. A rate transition is included 
between the DKE and the OBSW to ensure that the DKE runs with a variable step size, and the 
OBSW runs at a fixed, user-defined frequency (for example, 1 Hz or 10 Hz). This set-up ensures 
that the simulator as a whole is stable, while the on-board software runs at the correct 
frequency. The Simulink model used uses the rapid accelerator functionality of Simulink. By using 
the rapid accelerator, simulations of the order of 2000 seconds of simulated time with a tether 
stiffness of the order of 8000 N/m, a tether length of 50 m and a mass of the order of 150 g with 
a discretization of 9 segments can be run in under 5 minutes. 
Figure 4 shows the dynamics model used to simulate the tether with the chaser spacecraft 
connected to a target spacecraft by means of a tether. The tether is simulated using the Kelvin-
Voigt model, which uses discrete mass points connected by spring-damper elements that only 
generate force when the tether is in tension. That is to say, a tether element only generates force 
when the elongation of the element is larger than zero. All mass points are simulated in inertial 
space and experience the effect of the central gravity term plus J2. No other disturbance forces 
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Figure 7: Target attitude and attitude rates, nominal case 

The next simulation presented is the case in which only RCS thrusters are used (22N). Figure 8 
shows a simulation still taken at the moment that the rotation rate of Envisat is brought to zero. 
The simulation image shows that Envisat rotates more than 90° from the original orientation. 
Envisat rotates approximately 100-110° before it stops rotating. 

 
Figure 8: Simulation still at the moment the rotation rate is brought to zero 

 

  
Figure 9: (a) Tether tension (b) Chaser forces in LVLH frame - RCS only case 

Figure 9a shows the tension in the tether for the RCS thrusters only case. As expected the 
maximum tension in the tether is lower than in the nominal case. Figure 9b shows that during the 
initial stabilization, the chaser applies the maximum force (88 N) in the x-direction of the LVLH 
frame, that is, the thrusters are saturated. Figure 10 shows the attitude of the target and the 
attitude rates. The target starts with an angular velocity of 5 °/s, which is brought to zero in the 
itch/yaw axes, in about 40 s. The maximum angular deviation is difficult to establish from this 
plot, because the target simultaneously pitches, rolls and yaws. The maximum angle between the 
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target body x-axis and the x axis of the LVLH frame is 106°, which is in line with the attitude 
shown in the simulation still. The roll angle requires further control as it begins to diverge, 
however a slow roll spin can prove useful as it provides gyroscopic stability. 
 

  
Figure 10: Target attitude and attitude rates, RCS only case 

The next case to be investigated is for a low tether stiffness. Figure 11a shows the tension in the 
tether. The maximum tension in the tether is about the same as in the nominal case.  Figure 11b 
shows that during the stabilization, the chaser needs to fire the RCS (assist) thrusters several 
times. The plot shows 8 distinct thruster activation events (that is, the thrust in the x-direction of 
the LVLH frame). This indicates that the stabilization takes a lot longer than in the nominal case. 
 

  
Figure 11: (a) Tether tension (b) Chaser forces in LVLH frame - low tether stiffness case 

Figure 12 shows the attitude of the target and the attitude rates. The target starts with an 
angular velocity of 5 °/s. The stabilization shows considerable overshoot. The maximum angular 
deviation is about 60°, or about 10° larger than in the nominal case. The target attitude 
overshoots several times. It should be noted that the controller gains were not modified between 
the nominal case and the low tether stiffness case, such that the controller behaviour could 
potentially still be improved. On the other hand, it should be noted that the decreased stiffness 
causes the desired force on the target to be applied with a delay and with lower precision when 
compared to the nominal stiffness: the tether needs to be extended considerably before it starts 
delivering the desired force on the target. This means that it takes longer to apply a force on the 
target and the chaser would need to move further away from its original position to achieve the 
same force when compared to the nominal tether stiffness. 
 
Figures 13, 14 show the low frequency simulation scenario. Figure 13b shows that during 
stabilization the thrusters are much more active, and that the actuation signals are much noisier. 
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Figure 12: Target attitude and attitude rates, low tether stiffness case 

  
Figure 13: (a) Tether tension (b) Chaser forces in LVLH frame - low OBSW frequency case 

Figure 13a shows the tension in the tether. The maximum tension in the tether is about the same 
as in the nominal case. The tether tension stays at a high level for far longer than in the nominal 
case, which indicates that the controller is not able to bring down the rotation rate as effectively 
as in the nominal case. Figure 14 shows the attitude of the target and the attitude rates. The 
target starts with an angular velocity of 5 °/s. The maximum angular deviation is 50°, which is the 
same as in the nominal case. The target attitude retains an oscillation with an amplitude similar 
to the maximum deviation until the assist thrusters stop being used at 700 s. This indicates that 
the controller does not succeed in stabilizing the attitude of Envisat. 
 

  
Figure 14: Target attitude and attitude rates - low OBSW frequency case 
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2.4.2 De-orbit Burn 
In this section the ADR simulation results for scenarios 1, 5 and 6 presented in Table 6, for the De-
orbit burns. Figure 15a shows a slight overshoot at the beginning of the burn, followed by a 
constant tension profile until the end of the manoeuvre. Figure 15b shows the forces applied to 
the chaser for the nominal case. The x-axis force shows a slight overshoot to stabilize the 
elongation of the tether, where the forces along the y and z-axes are above the forces shown 
during the stabilization. 

  
Figure 15: (a) Tether tension (b) Chaser applied forces in LVLH frame - nominal case 

The tranquilization after the de-orbit burn shows a tension level similar to that of the 
tranquilization after the capture phase. Figure 16 shows a constant frequency low amplitude 
oscillation during the burning phase, caused by the constant force on the target. After the 
propelled manoeuvre, Envisat rolls, pitches and yaws at the same time, with an amplitude of 30°. 
Pitch and yaw are damped, using the same gains used in the stabilization after capture case, 
which could be further adjusted for this case. The current controller is not capable of controlling 
the roll motion. 
 

  
Figure 16: Target attitude and attitude rates, nominal case 

 
Figure 17 shows in detail a full period of oscillation, close to 36 seconds. 
























