JOURNAL OF GUIDANCE, CONTROL, AND DYNAMICS
Vol. 28, No. 6, November-December 2005

Optimization of Spacecraft Thruster Management Function
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Some new mathematical algorithms related to spacecraft thruster selection problems have been designed, imple-
mented, and tested. The proposed approach is based on the concept of precomputing a set of optimal combinations
of thrusters and storing the according data in the onboard computer (OBC) memory. During the nominal flight of
a spacecraft, only a look-up procedure will be required to select, in the real-time mode, the right combination of
not more than six thrusters (for a six-dimensional task) and their firing times. For “off-nominal’’ situations, when
the spacecraft propulsion subsystem has to often operate at the edge of its capability and provide maximum linear
and/or angular control accelerations, an additional algorithm has been proposed based on a modification of the
parametric simplex method. Real-time software implementing the proposed algorithms requires from 0.05 ms to
0.21 ms to be executed on a SUN workstation with a 550-MHz UltraSparc processor. Regarding the size of OBC
memory required for storing real-time computation data, only 52 KB are needed for a spacecraft with 20 thrusters.
The user is provided with the flexibility to select the option, which better meets specific criteria and constraints
such as execution time and accuracy of the optimal solution (at the expense of execution time or memory). In
addition to C-code implementation, the software module (intended for real time) could be implemented as a stan-
dard SIMULINK library block and can be integrated with different simulators for test purposes. The software
implemented in the project demonstrated effectiveness and robustness of the designed algorithms both in open-

and closed-loop tests including various spacecraft maneuvers.

1. Introduction

HE purpose of onboard thruster management function (TMF)

is to select specific thrusters and their firing intervals to realize
force and torque command values coming from the control system
of a spacecraft.

At the present time, there exist two main approaches for the
thruster management problem: fixed and flexible. In the fixed case,
all possible combinations of thrusters are fixed in a catalog and
directly associated with predefined maneuvers and control modes
of a spacecraft. Control systems of many spacecraft designed in the
1960s through to the early 1980s are based on this approach because
it requires much less onboard computations. However, success in
using this approach depends on many heuristic engineering consid-
erations that are always spacecraft specific and varies significantly
for different spacecraft and thruster configurations. Also, it typically
results in increase of propellant consumption vs an optimal solution
and degradation of other performance of the control system (accu-
racy of control, time to complete a maneuver, etc.). In the flexible
case, special software is used onboard to solve the thruster selection
problem (TSP) in real time to minimize propellant consumption or
optimize some other cost function. As a well-known example of an
early implementation of this kind, the digital autopilot of the space

Received 14 June 2004; presented as Paper 2004-5133 at the AIAA Guid-
ance, Navigation, and Control Conference, Providence, RI, 16-19 August
2004; revision received 27 May 2005; accepted for publication 21 March
2005. Copyright © 2005 by the American Institute of Aeronautics and As-
tronautics, Inc. All rights reserved. Copies of this paper may be made for
personal or internal use, on condition that the copier pay the $10.00 per-copy
fee to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers,
MA 01923; include the code 0731-5090/05 $10.00 in correspondence with
the CCC.

*Senior GNC Engineer, P.O. Box 299, European Space Research and
Technology Center; Finn.Ankersen @esa.int.

Spacecraft Control Engineer, European Space Research and Technology
Center; Shufan. Wu@esa.int. Senior Member AIAA.

¥Senior Software Engineer, Rudower Chaussee 29.

§Codirector and Project Manager, Rudower Chaussee 29; Alexander.
Vankov@d3group.com.

ISenior Research Scientist, Rudower Chaussee 29.

1283

shuttle could be mentioned.' It is based on linear-programming (LP)
task formulation and an algorithm based on the simplex method.
Even earlier, in 1969, Crawford? proposed analytic investigation of
corresponding LP optimization problem to search for appropriate
thruster configurations.

There were several follow-up studies aimed at improving the per-
formance and area of applicability of this approach,*=> and LP op-
timization remains accepted as an adequate formalism for TSP in
the case of orbital and interplanetary spacecraft.

Since the invention of “basic” simplex method in the middle of
the 20th century, there were many successful modifications to in-
crease the computational efficiency of solving LP tasks. The most
popular (in computational practice) is primal-dual interior point
(feasible and infeasible) approach involving various quasi-Newton
techniques.®~® But these researches were focused mainly on large-
scale systems characterized by a very high dimension of variable
and/or constraints. For the specific spacecraft TSP (where LP di-
mension is about 6 x 30), application of these methods would not
result in a significant advantage. The main problems associated with
this approach are significant amount of onboard computations and
difficulties in validating the real-time convergence and output. Some
of the potentially crucial consequences of using computational al-
gorithms just mentioned (simplex method and its “successors”) for
TSP are as follows:

1) It might require too many iterations (unpredictable in advance)
to find the optimum solution within a short time slot allocated for
this procedure in the onboard computer; the latter typically has quite
limited computational resources;

2) The output of standard algorithms often becomes unstable
when input values are near or beyond physical capabilities (con-
trollability envelope) of the system under control (see an example
in Sec. IV.B).

Also, as it will be shown later in this paper, the original space-
craft TSP is more complex than the classic LP problem, for which
the simplex method is used. In many cases it falls into the cate-
gory of nonlinear or even integer-programming problems; all are
characterized by high complexity. Therefore, a special analysis
should be undertaken to correctly simplify the original task to
obtain an approximate solution of the original problem on the
base of the solution of LP problem (it is a special case of much



1284 ANKERSEN ET AL.

more general approach accepted in mathematical programming
theory® ).

As a baseline, the Automated Transfer Vehicle (ATV!!) is con-
sidered. ATV is an unmanned servicing and logistics spacecraft to
be used for the periodic resupply of the International Space Station
SS).

The main goal of the present study is to provide a solution to
the thruster management problem, which would take advantage
of both fixed and flexible approaches and eliminate their draw-
backs. The baseline is to precompute as much as possible in an
off-line mode and then use these precomputed data to simplify
real-time onboard computations. Such a concept was first sug-
gested during an ESA research study on spacecraft rendezvous
and docking, which took place in 1993-1995. Though the software
implemented in that project'?> demonstrated outstanding real-time
performance, it could only work with a certain type of control sys-
tem and specific sampling time, as it was still based on heuristic
assumptions.

One of the challenges of the present study, the results of which
are reported in this paper, was to undertake a thorough mathemat-
ical research, resulting in a set of algorithms that would take into
account specific features of real-time control of space vehicles. As
a result, a number of original algorithms has been designed and im-
plemented. The core algorithm to be used onboard the spacecraft
is not using any simplex procedure at all. It is based on extensive
precomputations of optimal bases of auxiliary LP problem to be
provided off-line before the mission. The results are then stored on-
board along with special look-up tables that enable for a quick search
of either optimal LP problem solution, or a good approximation of
an optimal solution without massive onboard calculations. In some
cases, a special iterative procedure based on parametric-simplex'?
is invoked, which guarantees nondegradation of the solution being
found at every next step. This is especially important for the hard-
real-time mode when computations could be interrupted at the end
of the time slot allocated for TMF.

A brief summary of the theoretical approach and results is pre-
sented in Sec. II. Based on these results, a dedicated software
package was implemented that would help designers and ana-
lysts of spacecraft control systems to build, evaluate, and vali-
date thruster management function. Its structure is described in
Sec. III. Section IV summarizes the test results and performance
achieved.

II. Summary of Theoretical Results

A. Assumptions and Nomenclature

A principal assumption of the present study is that TMF is sepa-
rated from the spacecraft control system, as it takes place with the
ATV spacecraft, for example. The control system calculates the vec-
tor of required forces and torques to be applied to the spacecraft, the
latter considered as a six-degree-of-freedom rigid body. The TMF, in
turn, calculates firing times for each individual thruster to deliver the
required forces and torques with minimum propellant consumption.

Two different cases and corresponding mathematical problems
have been investigated. Each case corresponds to a different physical
implementation of propulsion drive electronics (PDE) and thruster
design.

In the first case, it is assumed that any thruster could be open
for any time within the sampling period that exceeds a so-called
minimum open thruster interval; the latter is subject to electrome-
chanical constraints of PDE, thruster and combustion process. As
an example, the propulsion subsystem to be used on the ATV space-
craft could be mentioned. There, attitude and orbit control thrusters
could be open, with a high accuracy, for any interval that exceeds
25 ms. This case is referred to as the continuous case.

The second case implies that for any thruster there is a discrete
series of open thrust intervals for which the thruster can be opened
(within the control subsystem sampling period). It will be called
hereinafter as a discrete or integer case (referring to integer pro-
gramming as a related mathematical domain). The case when any
thruster can be either open or closed within the whole sampling
period belongs to “discrete” problem formulation.

The following technical parameters of a spacecraft propulsion
subsystem have been considered as inputs for mathematical formu-
lation of the TSP:

1) N is the total number of thrusters.

2) M is the dimension of control vector coming from guidance,
navigation, and control (GNC) (for translational and rotational mo-
tion M =6).

3)Here u = (uy, up, ..., uy) € RM is the vector of input control
coming from GNC, defined in the six-dimensional space.
4)The 7= (11,12, ...,Ty) € RY is the sought-for vector of open

thrusters intervals (the output of TMF module).

5) The ™" > 0 is the minimal open thruster interval (generally
speaking, this value can vary for different thrusters as it is possible
in the software designed).

6) T is the GNC sampling period.

7 A= (Am)m=1:mn=1:n is the M x N matrix of the direction
of angular and translational accelerations that should be produced
by the propulsion subsystem of the spacecraft.

8) Here ¢,(t,),n=1 : N is the function of the module of ac-
celeration produced by the nth thruster (engine efficiency per open
thruster interval).

9) Ipn(ty), n=1: N is the specific impulse of the nth thruster.

10) The ¢n(rn) = [en(rn) N fn]/[lspn(rn) . g] is the fuel consump-
tion function of the nth thruster with respect to thruster time, where
g is the acceleration of gravity.

B. Formulation of Original Mathematical Problem
Now, in the continuous case the thruster selection problem has
been formulated as follows:

N
Z ¢, (t,) — min, s.t. (subject to)
T

n=1

N
ZAmnen(rn)rn =Up m=1:M

n=1

either 7, =0, or it <, <T n=1:N (1)
In the discrete case the following thruster selection problem has

been considered:

N
Zd),, (t,) — min, s.t.
T

n=1

N
ZAmnen(Tn)Tn =Un m=1:M

n=1

H e D i !
r,le{O,t,f) @, T )}, i = g0

> 'n

D) _
T, =T

n=1:N (2

Here the finite set of time values {t?,d =1 : D} represents the
discrete series of open thruster intervals that are admissible by PDE;
we assume for simplicity that 7@ =d - ™",

Both problems (1) and (2) are difficult nonlinear ones, and the
goal of this mathematical research is to elaborate effective computa-
tional algorithms to obtain (at least an approximate) solution to these
problems. The following basic requirements have been formulated:

1) Robustness: That is, the algorithm should return reasonable
results for a rather wide set of possible input vectors # coming
from the control system, even in cases when either input vector lies
beyond the controllability envelope (the set of control vectors that
can be provided by any combination of thrusters working during
a sampling period), or when the computational process should be
interrupted forcedly because of the fixed time slot allotted by the
onboard computer (OBC) to the TMF routine.

2) OBC resource consumption: That is, duration of onboard
calculations should be small enough, for example, less than 25%
of T, and necessary computational resources (memory, processor
performance) should be acceptable for a state-of-the-art onboard
computer.
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C. Reduction of Original Thruster Selection Problem

For real thrusters both engine efficiency and fuel consumption
functions ¢,(t) and ¢,(7), respectively, are nonlinear ones with
respect to the variable t. Fortunately, analysis of typical thrusters’
technical parameters (e.g., for the ATV program'') showed that
¢,(7) can be well approximated by a linear function and prod-
uct ¢,(t) - T by a simple discontinuous piecewise linear function.
Namely, deviation of e, (t,) /[l (T,) - g] from some constant d,
does not exceed a few percent (5-7%), and propellant consumption
can be well approximated by a linear function ¢, =~ f, - 7,. As to
¢, (7) - 7, this function can be well approximated as follows (where

eMn = ¢, (zM") and g, are some small constants):
0, if <z
€n (T) TR . . . . )
(1 +q”) . ez‘un ST —qy - e:;mn . gmin_ if 7> T,imn

Let us introduce change of variables t, to y,, and appropriate aux-
iliary parameters (y,;"", y,;"*, and A,,,) as follows:

min

0, if T, < T
y,(f,): - '”_ min )
N I (AP (50 h
(1+gx) !
) ;z . .[min ) w e fn .[;nin
ynmm — f n s ynmdx — T . fn . q f
(1 +qn) (1+gy)
n=1:N
1 ) - min
Am,,=Amn-% m=1:M, n=1:N

Further reduction is based on the assumption that all thrusters
are “equal” in the following sense: (¢, - f, - T™") /(1 +¢,) =k, n=
1:N. As a result (omitting some set of equations transforma-
tions), we obtain the following reduction of problems (1) and (2),

respectively:

N N
n + k sgn(y,) — min, s.t.
S p kY st =

n=1 n=1

XN:AmHyn:um m=1:M

n=1

either vn =0, or ymn <y, < yma n=1:N
3)
and
N N
Z Vo +k Z sgn(y,) — min, s.t.
n=1 n=1 14
N
ZAmnyn:um m=1:M
n=1
Yo =dy - Ym0, d,e{0,1,....,D,} n=1:N (%)

where new variables y have dimensions of fuel consumption, for
example, y, represents nth thruster consumption (minus some small
fixed amount of fuel spent for thruster transient process), and we
have one-to-one relations between initial variables t, (having di-
mensions of open thrust interval) and new variables y,,. And sgn(-)
is a well-known sign function that takes value (—1) for negative
argument, 0 for zero argument, and (41) for positive argument.
Though problems (3) and (4) are simpler than the original ones (1)
and (2), they are still nonlinear because of the discontinuous sign
function in the goal criterion. Moreover, the continuous problem (3)
has a nonconvex set of feasible solutions because of a specific form
of the third constraint. To avoid these problems, at the final step of
simplification we consider the following optimization problem that

is close to both Eqs. (3) and (4):

N

E Yn — min, S.t.
Y

n=1

N
ZAmnyn:um m=1:M
n=1
O<y=9™ n=1:N (5)
Problem (5) is a classic continuous LP problem with a so-called box
constraint on its variables (the last group of inequalities).

A major part of the mathematical research in the project concerned
elaboration of effective numerical routines to synthesize an optimal
solution to the problem (5), when the right side of the equality con-
straint (vector u) varies. The issue is that the well-known simplex
method!?® with its modern modifications®~%!* and their reference im-
plementations, for example, MATLAB® LINPROG,’ or SIMPLX '
routines, are not optimized for usage in real-time embedded systems
in which computational resources are often limited. Namely, these
routines can return an absolutely irrelevant set of variables [infea-
sible according to the constraints in Eq. (5)] that do not correspond
to the input control vector u neither in length nor in direction in
the following cases: 1) when a feasible solution of Eq. (5) does not
exist at all (It is the case when vector u is too long; it might be
so for a number of reasons, e.g., large state error could cause the
commanded force to be bigger than the maximum force that could
be produced by the thrusters.), and 2) when the optimal solution
exists, but the simplex routine requires too many iterations and the
computing time goes beyond the time slot allotted by OBC for TMF,
and this routine is interrupted forcedly. It can be also shown that any
effective algorithm to solve LP problem (5) enables acquisition of
an approximate solution of continuous and discrete TSP variants in
a uniform manner with explicit error estimation (including optimal
value of the goal function). Not going into details, which lie beyond
the main subject of this paper devoted to real-time TMF routine, it
has been shown that if we have an exact optimal solution [vector
y*(u)] of the simplified problem (5) for a given control vector u,
then we can easily calculate an approximate optimum y (u + Au)
of original problems (3) and/or (4), where the required control vec-
tor is perturbed slightly, that is, instead of exact u, TMF delivers
some u + Au, where Euclidean norm of vector Au tends to zero as
all ™" tend to zero. The value of ¢ () [propellant consumption
for vector y (u + Au)] is greater than optimal [in problems (3) or
(4)] value ¢ (u + Au), which remains unknown (!). But, involving
dual variables' corresponding to exact solution of the simplified
LP problem (5), we can estimate®° the difference by some explicit
value Ag, ¢ (7) — ¢ + Au) < Ap, which tends to zero as all ™"
and £ tend to zero.

D. General Scheme of Numerical Algorithm

A new effective computational algorithm to solve the whole class
of LP problems relevant to TSP (with matrix dimension of approx-
imately 6 x 30) has been proposed as a combination of a new fast
algorithm for the following LP problem without upper bound on
variables (written here in a vector form):

N
E ¥, — min s.t.
Y

n=1
Ay =u
y=0 (6)

and the specially modified parametric simplex method'? as applied
to the following parameterized form of linear problem (5), where s
is a scalar parameter, s € [0, 1]:

N
E Y, — min, s.t.
Y

n=1
Ay =s-u
0<y <y, n=1:N %)
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c(12,3)

Vectors of
matrix 4

Fig. 1 TMF_Cone algorithm detects the optimal cone in problem (6)
(two-dimensional example).

We call this routine TMF_Cone_PS because actually it is a combi-
nation of two distinct subroutines: TMF_Cone and TMF_PS. Both
subroutines are based on the known? “geometrical” representation
of the set of all optimal bases (in terms of LP theory) in problems
(6) and (5) as, respectively, a finite set of convex polyhedral op-
timal cones (each cone is formed by M “basic” thrusters) and a
finite set of convex optimal parallelotopes (each parallelotope is de-
fined by some subset of “full-on” thrusters and M basic thrusters
whose thrust can vary from zero to the upper bound?). Both repre-
sentations can be interpreted as a disjoint (by interiors of optimal
cones/parallelotopes) partitioning of sets of all feasible (in appro-
priate LP problem) control vectors #, where each partition member
corresponds to some optimal basis of the corresponding LP prob-
lem. Two-dimensional (M = 2) illustrations of these representations
are presented in Figs. 1 and 2.

For example, the cone C{2,3} in Fig. 1 represents the set of those
two-dimensional control vectors u, for which only two thrusters,
2 and 3, should be opened to ensure minimal fuel consumption in
problem (6).

As an illustration of a more complex (because of upper bounds
on thrusters’ activities) problem (5), a parallelotope U[@,{2,3}] in
Fig. 1 represents the set of those control vectors for which the
same couple of thrusters should be opened (within corresponding
[0, y,"*] intervals). Also in Fig. 2, parallelotope U[{2},{1,3}] is the
set of controls where for any vector u from this parallelotope optimal
thrusters combination involves only three thrusters (first, second,
and third), and requires the second thruster to be fully opened.

Algorithm efficiency is based most of all on the new fast algorithm
(TMF_Cone) to solve unbounded problem (6). The suggested set of
algorithms consists of 1) effective new computational algorithm
(non-real-time phase) to determine all sets of these cones, including
special regularization of thrusters’ matrix A to avoid ill-conditioning
and degeneracy of problem (6); 2) effective new computational al-
gorithm (non-real-time phase) to construct special tree-like look-up-
table (LUT) data-structure; 3) optimized data structures to store this
cone complex and LUT in OBC memory; and 4) effective new com-
putational algorithm (real-time phase) to find the optimal cone that
contains given control vector # on the basis of LUT data-structure.

TMF _Cone is a result of deep mathematical analysis of optimal
basis’s structure in LP problem (6). This algorithm includes a num-
ber of programmatic features that lead to its computational effective-
ness (in terms of performance and required size of OBC memory).
For example, at the non-real-time phase the algorithm calculates
normal vectors to facets of every optimal cone detected. According
to known results of linear algebra, these normal vectors can be cho-
sen as rows of inverse basis matrices, thus the real-time phase of the
algorithm does not spend time to calculate these inverse matrices
again (that a standard simplex method would do implicitly).

u[23.41.33] u

S

L

Fig. 2 TMF_PS runs over composition of optimal parallelotopes:
controllability envelope of Eq. (5) (two-dimensional example).

Normal vector to .z DN /

facet F({2})

<mz}),a>?o,
‘ (T2}, 0) <0

Fig. 3 Two-dimensional illustration of TMF_Cone algorithm idea.

One of the main ideas of TMF_Cone is presented in Fig. 3.
Take some normal vector to some facet of some optimal cone, for
example, consider cone C({1,2}), its facet F({2}), and its normal
vector 7({2}). In the two-dimensional example there are two one-
dimensional facets formed by vectors a; and a,, and facet F({2})
is a ray formed by vector a,. The normal vector is perpendicular to
a; and is normalized to have (n({2}), a;) = 1 (scalar product of two
vectors at the left side of the preceding equality). We can easily see
that this normalization means that n({2}) is a first row of a 2 x 2
matrix {a,, az}’] , which is inverse to 2 x 2 matrix {a;, a,} whose
columns are vectors a; and a,; the preceding normalization does
not help to illustrate the main idea, but it is used by TMF_Cone to
increase performance of real-time phase of algorithm.

Vector p=n({2}) and corresponding hyperplane {o € R™ :
(n, o) =0} (dashed line in the figure) enable the division of the
whole set of basic cones into three groups: 1) “positive” cones ly-
ing completely in positive (relatively to direction of 7)) half-space,
C({1,2}), C({1,8}, C({7,8}) in the figure; 2) “negative” cones lying
completely in negative half-space, C({1,2}), C({3,4}, C({5,6}); and
3) “indefinite” cones lying partially in both half-spaces, C({6,7})
in the figure. Now, take some control vector u (upper right arrow
in Fig. 3). Our purpose is to detect the basic cone that contains
a given u. At the beginning, we must consider all basic cones as
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“candidates.” Try to reduce the set of possible candidates calculat-
ing scalar product (n({2}), u). If the value of result is negative, we
can be sure that vector # does not belong to any cone of positive
group, and all of these cones can be eliminated from further inves-
tigation; if the result is positive, we can neglect all negative cones.
Thus, we substantially reduce the set of possible alternatives as a
result of one scalar product operation. Note that an indefinite group
of cones remains for further investigation in both cases.

Not going into detail, all steps of TMF_Cone algorithm are similar
to what was described in the preceding paragraph.

As to the LUT, it is a kind of binary tree where each nonterminal
node corresponds to some facet of some optimal cone, and terminal
nodes correspond to the optimal cones themselves. Left and right
descending branches of the node correspond to the dissection of the
set of optimal cones by a hyperplane corresponding to this facet.
At the real-time phase, for the given control vector u the algorithm
seeks a path (over the LUT tree) to the corresponding terminal node
(optimal cone) as a result of a number of few scalar products of
vector u and facet normal vectors corresponding to nonterminal
nodes of the LUT tree. Depending on the sign of this scalar product,
either the left or right descending branch is selected.

In the real-time mode, TMF_Cone finds a combination of thrusters
of not more than 6 (or 7 depending on used modification of
TMF _Cone; see more explanations in the following), which pro-
vides a requested direction of control vector # with minimal specific
propellant consumption.

Note that in practice there are certain constraints regarding the
maximum amount of thrusters to be fired at the same time. Neverthe-
less, it has been assumed in the theoretical study that when multiple
thrusters are fired simultaneously there is no degradation in any
thruster performance. The preceding constraint could be taken into
account by adding a simple routine checking whether the algorithm
provides any forbidden combination of thrusters and discarding it.

If the length of vector u is rather small, it is enough to detect
an optimal solution to the problem (6); see the two-dimensional
illustration in Figs. 1 and 2.

If the length of a given vector u is not small, then the combination
of thrusters found by TMF_Cone might become insufficient. It is in
this case that the TMF_PS routine might be involved to increase the
accuracy of the u length recovering.

TMF_PS is a special modification of the parametric simplex
method; it starts computation from an optimal basis [of problem (5),
not (6)!] found by fast TMF_Cone algorithm. TMF_PS is an iterative
procedure. The value of the scalar parameter s runs over a finite set
of nondecreasing values {Sier}, Sier+1 > Sier- 1t 1S @ pure algebraic
routine based on the analysis of necessary and sufficient optimal
conditions of LP problem (5). Nevertheless, it can be well illustrated
by representation of the controllability envelope for the problem (5)
as a composition of optimal parallelotopes (see Fig. 2), where each
parallelotope corresponds to some optimal basis of problem (5) for
some vector # (and vice versa: each optimal basis corresponds to
some parallelotope).

While ;. < 1, at every iteration TMF_PS routine performs the
following operations:

1) It either determines the next (adjacent) optimal parallelotope
enabling an increase in the parameter s, if the value of s becomes
equal to one, for example, in Fig. 2 it is so for U [{2,3}, {1,4}], then
TMEF_PS reports that the optimum for problem (5) has been found.

2) Or it reports that a subsequent increase is impossible; it means
that the bound of the controllability envelope has been reached, and
problem (5) has no feasible solution for a given vector u; roughly
speaking, the vector u is too long.

TMF_PS requires a fixed and rather small size of OBC memory
to store a kind of its simplex table: 6*(N-6)*sizeof(float), and each
iteration of the algorithm requires approximately the same number
of arithmetic operations.

There are two modifications (so-called zero level and first level)
of the TMF_Cone algorithm. These modifications are distinguished
next (see Sec. III) by suffixes —0 and —1 appended to all designa-
tions corresponding to TMF_Cone (e.g., ATSD-0, ATSD-1, TSD-0,
TSD-1).

Without going into detail, the zero-level modification is optimized
to handle small-sized control vectors u. The first-level modification
is optimized to handle middle-sized control vectors u because it
can find optimal combination of up to seven thrusters providing
required direction of vector u. As a result, the first-level TMF_Cone
can save a number of iterations of the TMF_PS algorithm, which is
slower than TMF_Cone. This feature enables an increase in real-time
performance of TMF_Cone_PS (less computation for the middle-
size controls and/or extension of controllability envelope), but at
the expense of additional OBC memory consumption. In particular,
for a propulsion subsystem having 16 thrusters the size of TSD-0
is about 26 KB, and the size of TSD-1 is about 85 KB; in the
case of 28 thrusters (e.g., like ATV!!), corresponding numbers for
TSD-0 and TSD-1 are 115 and 390 KB, respectively (with no data
compression).

The general scheme of real-time onboard computation on the
basis of TMF_Cone_PS algorithm can be described as follows:

1) TMF_Cone detects optimal thruster activity providing re-
quested direction of u.

2) If necessary, TMF_PS detects the optimal thruster combination
providing more length along the direction of u (s* < 1).

3) Discretization of the TMF_Cone_PS output provides correct
inputs for thrusters’ electronics.

III. Software Implementation

In Fig. 4, a generalized architecture of the software is depicted
realizing functionality described in Sec. II. It is called the spacecraft
thruster management subsystem design and analysis software tool
(STM-DAT).

The following three modes are selectable by the user: 1) mode
of computation of all thruster selection data (ATSD) in non-real-
time (presimulation mode); 2) mode of preparation of the thruster
selection data (TSD-R) in the form suitable for real-time mode; and
3) mode of evaluation and analysis of the simulation results.

Computation of ATSD is performed in non-real-time mode. The
results of execution of the module of all raw data computation are
stored in the repository of ATSD. Each of the ATSD files can contain
the following:

1) The first is level zero of ATSD (ATSD-0), which will restrict it-
self to finding the optimal combination of not more than six thrusters
to be fired simultaneously. This number has been selected to ensure
six-degree-of-freedom control of the spacecraft.

STM-DAT

Non-run-time iy
part of The module of selection
STM-DAT of the operations mode

[E}
Module of

computation of

all raw data for

Repository of
the si i
results

[wa]
Module of
preparation of
the thruster

thruster selection selection data
Module of
[e] analysis
Repository Repository of the
of ATSD of TSD-R simulation
results
Run-time L Internal
: ; Run-time H ||
simulation part of = Simulator
o STM-DAT/  Algorithm-
specific
TSD-R
Third
party ‘1 ™ Thruster
functions

Fig. 4 High-level architecture of STM-DAT software.
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2) The next is level zero plus level one of ATSD (ATSD-1), which
enables fast real-time routines to find the optimal combination of
seven thrusters. By adding an additional thruster (as compared with
ATSD-0), ATSD-1 allows for expanding of the controllability enve-
lope (see Fig. 3), though at the expense of additional OBC memory
(required for a bigger LUT).

Based on ATSD, the algorithms embedded in the module of prepa-
ration of TSD-R form a set of data that will be used by TMF in the
real-time mode. The preparation of TSD-R is performed in non-
real-time mode. These final data form the repository of TSD-R.

During TMF software execution onboard the spacecraft, the main
routine implies the fast search of the optimal solution through the
LUT tree. This could be done using either ATSD-0 or ATSD-1
databases. From the practical perspective, ATSD-0 or ATSD-1 could
be used in nominal situations to control a spacecraft also in some lim-
ited number of foreseen failure situations, when these data could be
precomputed. In more complicated off-nominal situations, the para-
metric simplex routine can be invoked after ATSD-0 or ATSD-1 if it
is necessary to increase the accuracy of the solution being searched
for. As an example, a collision-avoidance maneuver (during the fi-
nal approach to the space station) could be mentioned when it is
of critical importance to provide as “long” as possible thrust vector
along some direction that might be not precisely known in advance.

In the discrete mode, real-time software performs rounding of
continuous solution to compute the time of functioning of each
thruster in such a way that it would be an integer number multiplied
by the minimum open thruster interval. It gives acceptable results
in the case when ™" is much less than sampling period T.

IV. Test Results

A. Spacecraft Controllability Envelopes

Simulations have been performed to test performance and func-
tionality of the implemented family of thruster management algo-
rithms. In these simulations, mass-inertia properties of spacecraft
and configuration of its thruster subsystem are close to those of
the ATV!! (28 thrusters). Figures 5-8 illustrate test results by vi-
sualizing the full six-dimensional controllability envelope through
its three-dimensional “generalized” cross sections done by a three-
dimensional hyperplane that corresponds to the case when three
other components of six-dimensional control vector are fixed. More
precisely, what are seen in these figures are inner approximations
of real cross sections because of the fixed upper limit on TMF_PS
iterations.

Before running each test, the STM-DAT tool prompts the user to
split the control vector components (three force and three torque)
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Fig. 5 Example of force controllability envelope (TMF_Cone-0 only,
zero torques).
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Fig. 6 Example of force controllability envelope (TMF_Cone-0+PS,
zero torques).
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Fig. 7 Example of torque controllability envelope (TMF_Cone-0 only,
zero forces).

into two parts, so-called free and fixed (referred to as “additional”
in figures). The free components vary over surface of the three-
dimensional ellipsoid, which is dashed in figures. The user can set
the required length of half-axes of the ellipsoid. The three additional
components can be set to any fixed values. For example, the user
can choose all three torque components as free ones and fix forces
as F, =100 N, F, = F. =0. This would mean that the tool should
build up a three-dimensional torque controllability envelope with
an additional constraint of always maintaining ¥ = 100 N along the
spacecraft X axis.

Inside the dashed ellipsoids one can see the output (“solid bodies™)
provided by the implemented software. The vertical bar on the right
is illustrating propellant consumption and allows the user to quickly
identify fuel-thirsty directions.

Pairs of figures {Figs. 5 and 6} and {Figs. 7 and 8} illus-
trate how usage of TMF_PS improves the controllability enve-
lope (in comparison with results of TMF_Cone usage only). Each
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Fig. 8 Example of torque controllability envelope (TMF_Cone-0+PS,
zero forces).

pair corresponds to the same settings of free and fixed control
components:

1) For the first pair, all three translation components are free and
vary over the sphere of radius 1000 N; all torques are fixed to zero.

2) For the second pair, all three translation components are fixed
to zero, and all torques are free and vary over the sphere of radius
2500 N - m.

It can be easily seen that the volume of inner approximations of
the controllability envelope presented in Figs. 5 and 7 (TMF_Cone
only) is much less than respective output achieved as a result of
combination of TMF_Cone and TMF_PS algorithms (Figs. 6 and 8;
maximum number of TMF_PS iterations is equal to 10).

B. Comparative Tests

Comparative simulations were performed to test the capabilities
of the designed and implemented algorithm when different combina-
tions of force and torque vectors were used as input data. As an oppo-
nent algorithm, a standard “primal” simplex method (SIMPLX'#)
was tested along with its TMF-specific software implementation
available at ESA since the initial phase of the ATV program (28
thrusters).

A sine-wave model vs time forms input force and torque vectors.
There were always six input waves with different amplitudes and
periods, but because of limited space only a single time diagram is
represented in Fig. 9. Here, a solid sine wave represents the input pro-
cess, the dashed line corresponds to results of the standard-simplex-
based TMF, and the dash-dot line corresponds to the new TMF de-
scribed in this paper (namely, TMF_Cone-0+PS), and upper limit
of TMF_PS iterations is equal to 10. Force is measured in Newtons
(vertical axis), and time is measured in seconds (horizontal line).

The preceding diagram clearly demonstrates advantages of the
designed algorithm, in the case when the six input waves produce
infeasible requirements (i.e., too long input six-dimensional vec-
tor u). Let us, for example, consider the instant # =3.8 s. At this
moment the value of the required input force is —1500 N (it is be-
yond maximum capabilities of the thruster subsystem), whereas the
simplex-based TMF returns the value of +250 N. So, instead of
driving the spacecraft in the —Y direction, the force would be ap-
plied along the opposite +Y axis! Of course, this irrelevant result
is caused by absence of a feasible solution to the corresponding LP
problem, and a standard simplex is not applicable in this case.

Conversely, the designed and implemented algorithm (dash-dot
line) demonstrates much better behavior. Of course, it does not fol-
low the peaks of the input process either (just because it is impossi-
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—-500

ut Y-force
quired).....|:

—1000

“TMF Cone+Ps |
Lreturn . |

—1500
o

Time offset: 0O

Fig. 9 Comparative simulations (presented algorithm vs standard
simplex).

ble), but it always returns the output force/torque vector directionally
aligned with the input one. And integrally, the dash-dot line is closer
to the reference (solid) curve than the dashed one. Note that the dif-
ferent reaction of both algorithms for the same input shown in Fig. 9
(e.g.,att =4 and 9 s) is because inputs along five other components
(not shown in the plot because of limited space) were quite different
(all six components are not phase synchronized). Accordingly, the
resources of the propulsion subsystem were allocated in a different
way near periodically repeated values of input wave shown as solid
sinusoid.

Implemented TMF software was also tested in a closed-loop mode
together with a simulation of spacecraft orbital motion. Different
kinds of maneuvers were tested such as attitude stabilization, angu-
lar reorientation, and translation, including rendezvous and dock-
ing with the ISS that required six-dimensional control at its final
stage. In all cases the algorithms implemented in the reported study
demonstrated stability and robustness.

During algorithm and software design phase of the project, anum-
ber of comparative tests have been performed for dimensions M =6
and N = 16, 20, 28 and thruster matrices typical for ATV spacecraft.
Competitive implementations included MATLAB® LINPROG rou-
tine run with following options: 1) large-scale option that switches
on interior-point method (LIPSOL’); 2) medium-scale option in-
volving reduction of LP problem to quadratic programming and
usage of a kind of quasi-Newton method to solve this problem; and
3) simplex option involving standard simplex-method (available in
MATLAB 7).

It was found that both LIPSOL and simplex routines demonstrated
1) the same “unpleasant” behavior in the case of infeasible con-
straints (when a too long control vector was required), and 2) a worse
performance. They were up to 10 times slower than TMF_Cone_PS
routine for “small” control vectors (when TMF_Cone and, maybe,
one or two TMF_PS iterations were enough to find the optimal solu-
tion) and three to four times slower for “long” control vectors (when
TMEF_PS performed about 10 iterations). In the case of the medium-
scale option, there were even worse results in cases of infeasible
constraints (it returned substantially negative values of variables
subjected to nonnegative constraints) and also worse performance
in all cases (it was better than for large-scale LIPSOL, but at least
two to three times slower than TMF_Cone_PS).

C. Onboard Implementation Issues

Some integral results of real-time simulation are represented in
Table 1 for force envelope (module of required force is 1000 N along
each of three components). Computation time values (for real-time
mode) are presented for different options of the TMF algorithm
(prefix TMF_ is omitted). Represented tests were conducted on a
Sun-Blade (550-MHz) workstation. Roughly, assuming that exist-
ing onboard computers are 20-30 times slower than the preceding
workstation, we get an estimate of 4—6 ms for real-time slot for the
hardest case when 10 iterations of the PS algorithm are needed. Data
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Table 1 TMF_Cone algorithm performance?

Performance

characteristic Cone-0 Cone-1 Cone-0+PS Cone-14-PS

Average time of 0.071  0.094 0.200 0.204
algorithm execution, ms

Average time of one N/A N/A 0.024 0.03
step of PS algorithm, ms

Average number of N/A N/A 5.46 4.29

iterations of PS algorithm

4N/A = not applicable.

in Table 1 correspond to the configuration of a spacecraft with 20
thrusters. However, values for the configuration with 28 thrusters
do not increase dramatically.

Regarding the size of memory to store the data to be used in real-
time computations onboard the spacecraft, for a propulsion subsys-
tem having 16 thrusters the size of ATSD-0 set is about 26 KB, and
the size of ATSD-1 is about 85 KB. In the case of 20 thrusters, cor-
responding sizes of ATSD-0 and ATSD-1 are ~52 and ~194 KB,
respectively. In the case of 28 thrusters (like in ATV spacecraft),
we have ~115 KB for ATSD-0 and ~390 KB for ATSD-1. These
variations are nonlinear; specific functions were not studied, but we
can see that the required size of memory remains acceptable for the
state-of-the-art OBC.

It is obvious that even a simple compression technique would
reduce the preceding numbers significantly, but there was no attempt
at this stage of the study to compress these data.

The concept based on a precomputed set of optimal solutions
suggested by the authors of this paper was taken into account by the
designers of the ATV control system (EADS Space Transportation)
who implemented their own algorithms and flight software.'> The
concept implemented for the ATV is, to some extent, similar to the
TMF_Cone-0 described in this paper. However, the original mathe-
matical task formulation in the paper'> was simplified as compared
with the present paper, and nothing similar to the LUT approach
was implemented, although usage of LUT would help consider-
ably to reduce computational time required by the OBC. Also, the
present approach is much broader than the one described in Ref. 15
because it suggests several levels of ATSD and a special modifica-
tion of parametric simplex, which starts computations based on the
solution already selected by TMF_Cone.

V. Conclusions

Original mathematical algorithms related to the thruster selection
problem have been designed, implemented, and tested covering both
non-real-time and real-time computations. The suggested concept is
applicable to a broad range of propulsion systems, including contin-
uous and discrete cases to control open thruster intervals. Software
implemented on the basis of designed algorithms demonstrated ef-
fectiveness and could be used in state-of-the-art onboard computers.
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