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FAILURE-ROBUST THRUSTER COMMANDING FOR SPACE 
VEHICLES CONTROL 

 

Fabio Curti, * Riccardo Bevilacqua, † and Marcello Romano ‡ 

In this paper we study the problem of controlling dynamics of a spacecraft by 
on-off thrusters only in the case of actuators’failures. We assume that one or 
more thrusters can fail and that the logic driving the translational and rotational 
dynamics does not have any information on these events. In particular, the me-
thodology guarantees the Lyapunov-stable tracking of linear models for both the 
translational and the rotational dynamics of the spacecraft. 

INTRODUCTION 

The problem of controlling dynamics of a spacecraft with only the thrusters’actuation is pecu-
liar in the proximity operations such as rendezvous and docking. Such operations are of great in-
terest for future manned missions, on-orbit servicing missions and for the autonomous on-orbit 
assembly problem1,2,3,4. In the case that a thruster fails, there are methods that use failure detection 
algorithms to guarantee robust controllability of the space vehicle5,6. 

The approach here proposed is based upon a previous work by the authors of this work7. In 
particular, the methodology guarantees Lyapunov-stable tracking of linear models for both the 
translational and the rotational dynamics of the spacecraft. An on-off command is sent to each 
thruster, depending on its contribution to the Lyapunov function whose first time derivative must 
be negative throughout the maneuver. When one or more thrusters fail to turn on, there is still in 
many cases the capability of controlling the spacecraft since the algorithm keeps selecting thrus-
ters contributing to stabilize the tracking error dynamics. At the moment of a malfunctioning the 
tracking error increases, thus provoking the remaining actuators to work differently and for longer 
intervals of firing, in a completely automatic fashion. This means that the algorithm does not 
know which actuators are failing and it keeps functioning as if they were all active.  

 The method is experimentally tested on the third generation of spacecraft simulators of the 
Spacecraft Robotics Lab at the Naval Postgraduate School. 
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FULLY-ACTUATED SPACECRAFT WITH THRUSTERS ONLY 

 The roto-translational dynamics of a fully-actuated spacecraft with only thrusters is written 
here for the three-degree of freedom spacecraft simulator used in the experimental tests. The gen-
eral equations for a six-degree of freedom space vehicle are found in Reference 7.  

The spacecraft simulator consists of a floating platform, named AMPHIS (Autonomous Multi- 
Agent Physically Interacting Spacecraft), and a sketch of it is given in Figure 1.  A detailed de-
scription of the spacecraft simulators, the on-board avionics and the in-door navigation system is 

given in Reference 8. The frame ( ),x y is the Local Reference Frame (LRF), the frame 

( ),body bodyx y  is the Body Reference Frame (BRF), while ψ  is the orientation angle of the 

spacecraft with respect to the LRF; the thrusters are numbered from 1 through 8 and are placed 
around the platform at a distance of d from the center of mass. The main parameters of AMPHIS 
are listed in Table 1: 

Table 1. AMPHIS parameters 

Mass: 10.5 kgm=  

Size: 19 cm; 19 cmx yL L= =  

Moment of Inertia 20.032 kg mzJ = ⋅  

Thrusters placement: 5 cmd =  

Thrust: 0.159 Nau =  

Minimum impulse duration (valves mechanical limit): 50 ms 

 

Figure 1. AMPHIS representative sketch. 
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Let [ ]T
x yξ ψ=  be the vector of the generalized displacements, the roto-traslational dy-

namics is: 
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ɺɺ  (1) 

in which [ ]1 2 8

T
u u u u= ⋯ is the vector of the thrusts of the thrusters with: 

 
0 ( -th thruster OFF)

1,2, 8
( -th thruster ON)i

a

i
u i

u i


= =


⋯  (2) 

where au  is the positive value of the available thrust. ( )L
BR ψ  is the rotation matrix from the 

BRF to the LRF: 

 ( ) cos sin

sin cos
L

BR
ψ ψ

ψ
ψ ψ

− 
=  
 

 (3) 

 The matrix H  is the thrust distribution matrix related to the geometrical structure of the 

thrusters’ placement on the spacecraft. Let B
cF  and B cM be the vectors of control forces and the 

control torque in the BRF, respectively; then: 

 

B
c F

B
Mc

F H
u H u

HM

   
  = = 
    

 (4) 

where: 

 
0 1 1 0 0 1 1 0

1 0 0 1 1 0 0 1FH
− − 

=  − − 
 (5) 

and: 

 [ ]MH d d d d d d d d= − − − −  (6) 

MODEL-BASED THRUSTERS COMMANDING 7  

The method consists of imposing a reference dynamics that the system must track to make the 

derivative of a suitable Lyapunov function negative. Let [ ]Tx yρ = be the position vector; we 

write the reference dynamics as:  
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where 1K  and 2K  are 2 2×  symmetric positive definite matrices, 3 0k >  and 4 0k > . The 

variables cvρ  and cvψ  are reference commands. If we define the error variables mρε ρ ρ= −  

and mψε ψ ψ= − , we find the equation of the tracking error: 

 ( ) ( )me A e B Hu wψ= + −ɺ  (8) 

where T T Te e eρ ψ =    with ,
TT T T Te eρ ρ ρ ψ ρ ρε ε ε ε   = =   

ɺ ɺ and:  
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In Eq. (10) 1 2lv K Kρ ρ ρ= +ɺ  and 3 4lv k kψ ψ ψ= +ɺ . It is noteworthy that if the vector w  

takes the place of the term H u  in Eq.(1), the variables Fw  and Mw  linearize the equation and 

they force the system to have the dynamics: 
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+ + =

ɺɺ ɺ

ɺɺ ɺ
 (11) 

Therefore, the variables Fw  and Mw  are the ideal controls for the system in Eq. (1) to yield 

the behavior of Eq. (7). In fact, in Eq. (8) the term ( )Hu w−  forces the dynamics of the tracking 

error. If this term was zero, the tracking error would go exponentially to zero.  

To study the stability of Eq. (8) under the thrusters’ actuations, we use the Lyapunov approach 
by selecting as a candidate function: 

 ( ) TV e e Pe=  (12) 

with 0TP P= > . Differentiating Eq. (12) along the trajectories in Eq. (8) we find: 
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 ( ) ( ) ( )2T T T
m mV e A P PA e e P B Hu wψ= + + −ɺ  (13) 

For a given symmetrical positive definite matrix Q , the matrix P  is found as the unique solu-

tion of the Lyapunov equation T

m mA P PA Q+ = −  and Eq. (8) is asymptotically stable if  

( ) ( )2 0Te P B Hu wψ − ≤ . In particular, if we select: 
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with 1 1 0TQ Q= >  4 4× -matrix and 2 2 0TQ Q= >  2 2× -matrix, the solution matrix P  has 

the form9: 
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Eq. (13) and Eq. (14) yield: 

 1 2 2T TV e Q e e Q eρ ρ ψ ψ= − − + ∆ɺ  (16) 

where, using Eq. (15): 
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(17) 

Eq. (16) implies that the tracking error 0e →  if 0∆ ≤ , that is, by a suitable activation of a set 
of thrusters. Actually, the tracking error cannot reach zero because in the dynamics of Eq. (1) the 
control is on-off only. As a consequence, the error reaches a limit cycle whose amplitude is a 
function of the control parameters Q , 1K , 2K , 3k  and 4k . 

THRUSTERS’ SELECTION STRATEGIES 

We seek to establish the asymptotic stability of the reference model tracking error equation 
Eq. (8) under a suitable selection of the thrusters to be activated. From Eq. (17) we rearrange the 
two relations: 
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with: 
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In Eq. (18) we express the control vector u  as a function of the binary vector û , that we call 
active thrusters’ configuration, for which: 

 
0 ( -th thruster OFF)

ˆ 1,2, 8
1 ( -th thruster ON)i

i
u i

i


= =


⋯  (20) 

and therefore ˆ
au u u= . 

 

The β-strategy  

In this section we recall briefly the strategy we developed in a previous work for the selection 
of the thrusters to be activated7. This strategy is named β-strategy because is established on the 

signs of the vectors’ components Tρβ  and T
ψβ . We write the table below, Table 2, where in the 

first row we put the identification number of the thruster and in the second and third rows the 

components of the vectors Tρβ  and T
ψβ : 

Table 2.  The vectors T
ρβ  and T

ψβ  . 

Thruster
T

T

ρ

ψ

β
β

 2 1 1 2 2 1 1 2

1 2 3 4 5 6 7 8

ϕ ϕ ϕ ϕ ϕ ϕ ϕ ϕ
π π π π π π π π

− − − −
− − − −  

 

where: 

 1 1 2 2; ;a a au u d uρ ρ ψϕ γ ϕ γ π γ= = =  (21) 

Note that the functions iϕ  and π  can be positive or negative according to the tracking error 

behavior. If they are all zero, this means that the tracking error is zero. Therefore, the vectors T
ρβ  

and T
ψβ  have always positive or negative components. Because these components are added in 

order to give contribution to the derivative of the Lyapunov function (see Eq. (16) and Eq. (18)), 

the thrusters are selected according to the positions for which the components of the vectors T
ρβ  
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and T

ψβ  are negative. We assume that the ideal controls 1Fw , 2Fw  and Mw  satisfy the following 

conditions: 

 1 2; ; 2F a F a M aw u w u w u d≤ ≤ ≤  (22) 

The values of the ideal controls are not known a priori, because they are a function of the ac-
tual state variables (Eq. (10)) of the system controlled by the thrusters’ activations. Assuming the 
asymptotical stability of Eq. (8), the values of the ideal controls can be predicted by computing 

1Fw , 2Fw  and Mw on the reference dynamics of Eq. (11). As a consequence, the control parame-

tersQ , 1K  , 2K , 3k  and 4k , and the reference commands cvρ  and cvψ  must be chosen to fulfill 

the conditions in Eq. (22). These conditions are equivalent to take into account the saturation lim-
its of actuators. From Eq. (14) and Eq. (16) and Table 2, the β-strategy is: 

1. If 0Fδ ≥  and 0Mδ ≥ : no thrusters’ activation is needed, because ∆  is not always 

positive. 

2. If 0Fδ <  and 0Mδ ≥ : in this case 0ψ∆ ≤ . We apply the following procedure that ge-

nerates control forces only and minimizes the number of activated thrusters: 

a. Find the maximum between 1ϕ  and 2ϕ . Let 1ϕ be the maximum; then the 

couple of thrusters in the positions ( ),i j of Table 2 are selected. The posi-

tions ( ),i j are where 1ϕ  or 1ϕ−  appear in Table 2 and for which the com-

ponents of T
ρβ  are negative; therefore, if 1 0ϕ >  the couple is (2,3), that is a 

force in the opposite direction of the x-axis; otherwise the couple is (6,7), that 
is a force in the direction of the x-axis. 

b.  Compute ( )ˆT
Fuρ ρβ δ∆ = − with only ˆ 1iu =  and ˆ 1ju =  while the others 

components of ̂u  are set to zero;  if 0ρ∆ ≤ , we stop the procedure, other-

wise we would have to activate in addition the couple of thrusters in the posi-

tions ( ),h k of  Table 2 where 2ϕ  or 2ϕ−  appear and for which the compo-

nents of T

ρβ  are negative; therefore, if 2 0ϕ >  the couple is (1,8), that gives a 

force in the opposite direction of the y-axis; otherwise the couple is (4,5), that 
gives a force in the direction of the y-axis. 

3. If 0Fδ ≥  and 0Mδ < : in this case 0ρ∆ ≤ . We apply the following procedure that 

generates control torques only and minimizes the number of activated thrusters:  

a. Activate a couple of thrusters in the positions ( ),i j of Table 2 for which the 

components of T
ψβ are negative and no forces are applied. If 0π >  the 

couple is (1,5) (or (3,7)), that gives a negative torque; otherwise the couple is 
(2,6) (or (4,8)), that gives a positive torque. 
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4. If 0Fδ <  and 0Mδ < : in this case forces and torques must be given at the same time. 

The procedure is to select the thrusters in the positions where both the component of 
T
ρβ  and the component of Tψβ  are negative. We apply the following procedure to mi-

nimize the number of activated thrusters: 

a. Let π  be positive. Find the maximum between 1ϕ  and 2ϕ . Let 1ϕ be the 

maximum; then if 1 0ϕ >  the thruster 3i =  is activated, otherwise the thrus-

ter 7i =  is activated. 

b. Compute ( ) ( )ˆ ˆT T
F Mu uρ ψβ δ β δ∆ = − + −  with only ˆ 1iu =  while the oth-

ers components of ̂u  are set to zero; if 0∆ ≤ , we stop the procedure, other-
wise in addition we would have to activate the thruster in the positionj of  

Table 2, where 1j = , if 2 0ϕ >  or 5j = , if 2 0ϕ < . 

c. If π  is negative, we can easily repeat the similar procedure in the items (a) 
and (b) , in order to find the thrusters to be activated. 

The β-strategy with the conditions of Eq.(22) ensures that 0∆ ≤ , and therefore, the tracking 
error asymptotically reaches the limit cycle.  

 

Strategy in the presence of thrusters’ failures 

The β-strategy cannot tolerate failures of the thrusters. To cope with the failures a new thrus-

ters’ selection strategy is devised. We define ρ ψβ β β= +  and F Mδ δ δ= + , and write Table 3 

with the same meaning of Table 2. 

Table 3.  The β-vector. 

Thruster
Tβ

 
2 1 1 2 2 1 1 2

1 2 3 4 5 6 7 8

ϕ π ϕ π ϕ π ϕ π ϕ π ϕ π ϕ π ϕ π− − − + − − + − + − − +
 

 

From Eq.(17) and Eq.(18), the thrusters to be activated are those for which: 

 ˆ 0T uβ δ∆ = − ≤  (23) 

As a consequence, if 0δ ≥  no thrusters must be activated because Eq.(23) is satisfied with 
ˆ 0u = . On the contrary, the strategy is to select the thrusters in the positions where the compo-

nents of the vector β  are negative. Using this approach the following thrusters’ selection table is 

found: 
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Table 4.  Thrusters’selction table. 

π  1ϕ  2ϕ  No conditions 1ϕ π>  1ϕ π<  2ϕ π>  2ϕ π<  

> 0 > 0 > 0 3         1 2 7 8 5 

> 0 < 0 > 0 7         1 6 3 8 5 

> 0 > 0 < 0 3         5 2 7 4 1 

> 0 < 0 < 0 7        5 6 3 4 1 

< 0 > 0 > 0 2         8 3 6 1 4 

< 0 < 0 > 0 6         8 7 2 1 4 

< 0 > 0 < 0 2         4 3 6 5 8 

< 0 < 0 < 0 4         6 7 2 5 8 

Failure variables 1nf      2nf  1cf  2cf  

 

According to the signs of the functions1ϕ , 2ϕ  and π , in Table 3 we indentify the positions 

for which the components of the vector β  are negative. These positions are related to thrusters to 

be activated with no conditions as shown in Table 4. Moreover, under the conditions on the func-
tions 1ϕ , 2ϕ  and π  of  Table 4, additional thrusters are selected.  

As an example, the first row of Table 4 states that thrusters 1 and 3 are activated. Assuming 

that 1ϕ π>  and 2ϕ π< , the thrusters 2 and 5 are activated as well. Looking the thruster’s 

placement in Figure 1, this is equivalent to have a negative torque and a force in the opposite di-
rection of the x-axis. Because the functions 1ϕ , 2ϕ  and π  are positive or negative, and, 

kϕ π>  or kϕ π< , four thrusters are always selected. These thrusters give the simultaneous 

combination of torques and forces to control the spacecraft. Now, we include in the strategy the 
presence of failures. We introduce the failure variables 1nf , 2nf , 1cf  and 2cf . If no failures oc-

cur all these variables are zero, otherwise from Table 4: 

 

• 1 1nf =  a failure occurs on the first selected thruster in the no-conditions column; 

• 2 1nf =  a failure occurs on the second selected thruster in the no-conditions column; 

• 1 1cf =  a failure occurs on the selected thruster in the column related to 1ϕ ; 

• 2 1cf =  a failure occurs on the selected thruster in the column related to 2ϕ ; 

 

From Eq. (19) and Table 4, for all the cases listed in the table Eq. (23) yields: 
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( ) ( ) ( ) ( ) ( )

( )
1 1 2 2 1 1

2 2 1 1 2 2

1 1 1

1

n n c

c F F M

f f f

f w w wρ ρ ψ

ϕ π ϕ π ϕ π

ϕ π γ γ γ

∆ = − + ⋅ − − + ⋅ − − − ⋅ − +

− − ⋅ − − − −
(24) 

As stated above, if 0δ <  thrusters must be selected. The worst case is when δ  has the most 
negative values that occurs when at the same time1 1 0Fwργ < , 2 2 0Fwργ <  and 0Mwψγ < . 

Therefore, in this case Eq. (23) becomes: 

 
( ) ( ) ( ) ( ) ( )

( )
1 1 2 2 1 1

2 2 1 1 2 2

1 1 1

1

n n c

c F F M

f f f

f w w wρ ρ ψ

ϕ π ϕ π ϕ π

ϕ π γ γ γ

∆ = − + ⋅ − − + ⋅ − − − ⋅ − +

− − ⋅ − + + +

ɶ

(25) 

By using Eq. (21), Eq. (25) yields: 

 

( ) ( ) ( )
( ) ( )
1 1 2 2

1 1 2 2

1 1 2 2

2a F a F a M

a n a n

a c a c

u w u w u d w

u d f u d f

u d f u d f r

ρ ρ ψ

ρ ψ ρ ψ

ρ ψ ρ ψ

γ γ γ

γ γ γ γ

γ γ γ γ

∆ = ⋅ − + + ⋅ − + + − + +

+ + ⋅ + + ⋅ +

+ − ⋅ + − ⋅ −

ɶ

(26) 

where: 

 1 2a ar u d u dρ ψ ρ ψγ γ γ γ= − + −  (27) 

Eq. (26) shows that if the conditions of Eq. (22) hold, ∆ɶ  is upper bounded by the following 
expression: 

 
( ) ( )1 1 2 2

1 1 2 2

a n a n

a c a c

u d f u d f

u d f u d f r

ρ ψ ρ ψ

ρ ψ ρ ψ

γ γ γ γ

γ γ γ γ

∆ ≤ + ⋅ + + ⋅ +

+ − ⋅ + − ⋅ −

ɶ

 (28) 

From Eq. (28), if no failures occur that 0∆ <ɶ  because ∆ ≤ ∆ɶ  and the stability of Eq. (8) is 
ensured. We demonstrate in the next section how the strategy supports failures keeping the track-
ing error dynamics stable.  

FAILURE-TOLERANT BETA-STRATEGY 

The above designed strategy is based on the signs and the values of the components of the 
vector β  of Table 3; we analyze the cases in which one or more failures occur. Table 4 helps us 

in the following. 

 

One Thruster-Failure 

If one failure of type ckf  occurs, from Eq. (28) and Eq. (29) yield 0∆ <ɶ . Assume a failure of 

type nkf , we have from Eq. (16): 
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( ) ( )2 2

1 2 2 2 2m m a k aV Q e Q e u u d rρ ψ ρ ψλ λ γ γ≤ − − + + −ɺ

 (30) 

where ( )1m Qλ  and ( )2m Qλ  are the minimum eigenvalues of 1Q  and 2Q , respectively, that 

are positive. From Eq. (17) we can write: 

 
( )L

B

T

R K e

k e

ρ ρ ρ

ψ ψ ψ

γ ψ

γ

= −

=
 (31) 

where 2 3
1K P Pmρ ρ ρ = ⋅    and 2 3

1T

z
k p pJψ ψ ψ = ⋅   . As a consequence, we find: 

 ( ) ( )
1

2 2 2
1 2 M K e

k e

ρ ρ ρ ρ

ψ ψ ψ

γ γ σ

γ

+ ≤

≤ ⋅
 (32) 

in which ( )M Kρσ  is the maximum singular value of Kρ . The first equation of Eq. (32) states 

that the pair of values 1ργ , 2ργ  belongs to the set shown in Figure 2. 

 

 

 

 

 

 

 

Figure 2. 1ργ  and 2ργ boundaries. 

Therefore we can take the upper bound ( )k M K eρ ρ ργ σ<  (with 1or 2k k= = ) and Eq. 

(30) becomes: 

 1 2 2V rα α< − − −ɺ  (33) 

where: 

2ργ  

( )M K eρ ρσ  

1ργ  
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( ) ( )
( )

2

1 1

2

2 2

2

2

m a M

m a

Q e u K e

Q e d u k e

ρ ρ ρ

ψ ψ ψ

α λ σ

α λ

= −

= − ⋅
 (34) 

 If the variables 1α  and 2α  are not negative, the derivative of the Lyapunov function is 

upper bounded with a negative value. This happens when: 

 
( )

( ) ( )1 2

22
,

aa M

m m

d u ku K
e e

Q Q

ψρ
ρ ψ

σ
λ λ

≥ ≥
 (35) 

When a failure occurs the tracking error can increase, but after a threshold the derivative of the 
Lyapunov function becomes negative and the tracking error does no longer increase. Note that 
even if the derivative of the Lyapunov equation is not negative, it does not imply that the tracking 

error dynamics is not stable. Therefore, even if 0V ≥ɺ  the tracking error can be bounded. 

Eq. (35) gives a simple numerical test to verify if the assumptions on 1Fw , 2Fw  and Mw  in 

Eq.(22) hold. In fact, the values of 1Fw , 2Fw  and Mw  are predicted on the reference dynamics. 

Therefore, the smaller the lower bound in Eq. (35) is, the fewer the actual dynamics moves away 

from the reference dynamics, and as a result 1F aw u≤ , 2F aw u≤ and 2M aw u d≤ . 

 

Two Thruster-Failures 

If the two thruster-failures are of type ckf  the condition 0∆ <ɶ holds. For one failure of type 

ckf  type and one of  typenkf , the derivative of the Lyapunov function is upper bounded as: 

 1 2V rα α< − − −ɺ  (36) 

For two failures of nkf  type, from Eq. (16) and Eq.(28) we have: 

 ( ) ( )2 2

1 2 1 22 2 4 2m m a a aV Q e Q e u u u d rρ ψ ρ ρ ψλ λ γ γ γ≤ − − + + + −ɺ  (37) 

Using the first equation of Eq. (32), and looking Figure 2, we have 

( )1 2 2 M K eρ ρ ρ ργ γ σ+ ≤ , and as a consequence: 

 1 2' ' 2V rα α< − − −ɺ

 (38) 

where: 
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( ) ( )
( )

2

1 1

2

2 2

' 2 2

' 4

m a M

m a

Q e u K e

Q e u d k e

ρ ρ ρ

ψ ψ ψ

α λ σ

α λ

= −

= −  (39) 

which implies: 

 
( )

( ) ( )1 2

42 2
;

aa M

m m

u d ku K
e e

Q Q

ψρ
ρ ψ

σ
λ λ

≥ ≥
 (40) 

As in the previous case, the lower bounds of Eq. (40) help us verify the assumptions on the 
ideal controls 1Fw , 2Fw  and Mw  . 

 

Three or Four Thruster-Failures 

The strategy is able to cope with more than two thruster-failures. For three thruster-failures the 
derivative of the Lyapunov is upper bounded by: 

 1 2V α α< − −ɺ

 (41) 

if there are two failures of type ckf  and one of type nkf . On the contrary, two failures of type 

nkf  and one of type ckf , the upper bound is: 

 1 2' 'V rα α< − − −ɺ

 (42) 

For four thruster-failures we obtain: 

 1 2' 'V α α< − −ɺ

 (43) 

The result is that if 1' 0α ≥  and 2' 0α ≥  the method guarantees that 0V <ɺ  and the tracking 
error dynamics is asymptotically stable. 

 

Controllability in the presence of Thruster-Failures 

The analysis has shown that the strategy is able to manage up to four failures. Actually, some 
sets of thrusters cannot fail at the same time. As an example from Figure 1, if thruster 1 and thrus-
ter 8 fail at the same time, we lose the controllability along the negative direction of the y-axis. If 
thrusters 1, 3, 5 and 7 fail, we cannot apply a positive torque. Therefore, to keep the controllabili-
ty of the system some failures are not allowed, as listed in Table 5: 
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Table 5. Critical failures. 

Thrusters Actuation lost 

1    8 Force –y 

2    3 Force -x 

4    5 Force x 

6    7 Force y 

1    3   5    7 Torque <0 

2    4   6    8 Torque >0 

EXPERIMENTAL RESULTS 

This section reports the results of two experimental tests performed by implementing the fail-
ure-tolerant β-strategy on board of one AMPHIS. The robot starts maneuvering from the initial 
state vector  

 [ ]0 0 0 0
deg0 1 0deg 0 0 0m mx y x y m m s s sψ ω  =

  
ɺ ɺ  (43) 

and it is intended to track a one meter radius circular trajectory at constant speed, while chang-
ing its attitude between 30 and -30 degrees following a sine wave command. The commanded 

trajectory’s frequency is 0.025 sec
rad

ρϖ = , the angle’s command frequency is 0.05 sec
rad

ψϖ = . 

This means that the circle is intended to be run in approximately 250 seconds while the angle’s 
oscillation between 30 and -30 degrees occurs twice within the same time frame. Therefore the 
reference commands (Eq. (7)) have the expressions: 

 
1 2

3 4

c c c c

c c c c

v K K

v k k

ρ

ψ

ρ ρ ρ
ψ ψ ψ

= + +

= + +

ɺɺ ɺ

ɺɺ ɺ
 (44) 

where ( ) ( )cos sinT
c t tρ ρρ ϖ ϖ =    and ( )0.5233 cosc tψψ ϖ= .  

In the first test the robot has no thruster-failures, while in the second test thrusters 1, 2 and 6 
fail after 90 s from the start time. The gains of the reference dynamics of Eq. (7) are: 

 1 2 2 2 2 2 3 410.6 , 35.13 , 0.24 , 0.5K I K I k k× ×= ⋅ = ⋅ = =  (45) 

while the matrices used in the Lyapunov equation are:  

 1 2 2 2 2 25 , 50Q I Q I× ×= ⋅ = ⋅  (46) 

Experimental Test 1: No Failures 

Figure 3 shows the snapshots of the robot during the tracking of the commanded trajectory. 
The bolded side of the square is used to visualize the heading of the spacecraft simulator. 
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Figure 3. Experimental Results: Bird’s Eye View for No Failures Trajectory Tracking. 

The behaviors of the tracking errors are depicted in Figure 4. The results show that the posi-
tion errors are kept within 1 cm forx  and within 2cm for y . The attitude parameter ψ  is track-
ing the maneuver with the accuracy of 0.5 deg.  

 

Figure 4. Experimental Results: ,x y and ψ  Tracking Errors. 
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Experimental Test 2: Failure in the Thrusters 1, 2 and 6 

Using Eq. (44) and (45) we find ( ) 0.0237M Kρσ = and 30.98kψ = , while ( )1 5m Qλ =  

and ( )2 50m Qλ = . Now, we compute the bounds of Eq. (39) : 

 

 
( )

( ) ( )
3 2

1 2

42 2
2.13 10 ; 1.97 10

aa M

m m

u d ku K
e e

Q Q

ψρ
ρ ψ

σ
λ λ

− −≥ = ⋅ ≥ = ⋅  (46) 

Therefore, from a theoretical point of view, we expect that the strategy can manage the thrus-
ters’ failures.  

In Figure 5 we find the snapshots of the robot during the maneuvers and it is shown the point 
where the three failures occur at the same time. The behavior of the tracking error is given in Fig-
ure 6 and the increasing error is clearly visible after the malfunctioning. This affects the x-
component of the position more than the other displacements’ variables, but the strategy is able to 
recovery the increased error. Figure 7 shows the history of the thrusters’ commands during the 
robot maneuvers.  

 

 

Figure 5. Experimental Results: Bird’s Eye View with Three Thruster-Failures. 
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Figure 6. Experimental Results: ,x y and ψ  Tracking Errors with Three Thruster-Failures. 

 

 

CONCLUSION 

The paper has presented a failure-tolerant thrusters’ commanding strategy for controlling 
translational and rotational dynamics of fully-actuated spacecraft with thrusters only. In particular 
the analysis has focused on the control problem of the spacecraft simulator AMPHIS of the 
Spaceraft Robotics Lab of the Naval Postgraduate School.  

It has been demonstrated in this work that the method is able to compensate up to four thrus-
ters’ failures. The experimental tests have compared the behavior of AMPHIS, accomplishing 
commanded tasks, in the case of no failures and when three failures occur. The experimental re-
sults have shown that the tracking errors increase after the failures’ event, but the strategy recov-
ers the malfunctioning and reduces the tracking errors. 
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Figure 7. Experimental Results: Thrusters’ Commands History with Three Failures. 
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NOTATION 

1 2 1 2, , ' , 'α α α α  = Terms in the upper bounds of the derivative of the Lyapunov function 

, ,ρ ψβ β β   = Vectors of the Thrusters’ selection 

, ,F Mδ δ δ   = Activation variables 

ρε    = Position tracking error vector 

ψε    = Attitude tracking error vector 

1 2, ,ϕ ϕ π   = Switching variables 

λ    = Eigenvalue 

ω    = Angular velocity 

ϖ    = Command frequency 

ψ    = Attitude angle 

ρ    = Position vector 

σ    = Singular eigenvalue 

∆    = Term of the time derivative of the Lyapunov function 

eρ    = Tracking error vector of the translational dynamics 

eψ    = Tracking error vector of the rotational dynamics 

1 2 1 2, , ,n n c cf f f f = Binary variables representing failures  

3 4, ,k k kψ   = Gain coefficients  

u    = Vector of the activated thrusters 

û    = Binary vector of the activated thrusters 

au    = Thrust of a thruster 

1 2, ,F F Mw w w  = Ideal controls 

mA    = Model reference dynamics matrix 
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( )B ψ   = Control distribution matrix 

, ,F MH H H  = Thrust distribution matrices 

1 2, ,K K Kρ  = Gain matrices 

, ,P P Pρ ψ   = Lyapunov matrices 

1 2, ,Q Q Q  = Positive definite matrices 

V    = Lyapunov function 
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