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Abstract. An extended study of optimal thruster combina-
tion for simultaneous attitude and orbital maneuvers of a jet-
controled spacecraft is conducted, In this case, the spacecralt
has not enough number of thruslers to control the rotation and
translation separately. Therefore, thrusters are employed by
combining to eliminate their coupling effects. The combina-
tions are determined 1o minimize the fuel consumption. The
redundancy study for some thruster failurc cases is also pre-
sented.
1. INTRODUCTION

For a spacecraft equipped with reaction control jets, transla-
tion and rotation are coupled by virtue of using the same ac-
tuators. In the case where we have enough freedom of ac-
tuators, we can control both maneuvers separately,but unfor-
tunately in early design stage of our spacecraft "HOPE", the
number of thrusters and the freedom of their possible loca-
tions have been quilely limitted. In the case of NASA's Space
Schuitle where there is too many redundant thrusters, the
thruster combination is obtained by employing the linear pro-
graming in real-time, however, in our case we have to develop
another algorithm. The proposed method is as follows. First,
calculate the optimal selection of thruster combinations and
duty cycles for every possible requests of force and torque
components. (up to (wo simultaneous components request)
These calculations are implemented by a gradient method
where the performance index is selected to minimize the fucl
consumption and to minimize the nuiber of thrusters in the
combination. These results are summarized to make a deci-
sion table, which can control the spacecraft in real-time on the
request of the force and torque components from the conirol
system. In the case where more than three components are
simultaneously requested, the control system devide the con-

trol phasc in lime sequence according to the importance level

of the requests. The lables for some thruster failure cases are
also simultancously made. As the full process of making these
decision table is not so time exhausting, we can easily apply

the algorithm to satisfy the required specification changes.

2, ALGORITHM
The optimal thruster selection problem, under the
requirment of desired force or torque components from the
spacecraft control circuit, is expressed as a lincar programing
(LP) or a nonlinear programing (NLP). As for a former, the
simplex method is often employed. Ref.(1) shows an algo-
rithm of real-time implementation for the Space Shutiie, by
LP. In the case, there are {oo many [reedom of thruster selec-
tions, therefore it has many merits to decide the thrusters in
real-time, in regard to control redundancy and fuel efficiency.
However, in the case of our spacecralt HOPE, the number of
thrusters is far smaller than that of the Space Schuttle, and
sclecting the thrusters based on the decision tables which are
off-line calculated is easier to implement and has a merit, as
the exacl optimal solution is obtained by (he off-line calcula-
tion. As the design of HOPE is greatly changed since this
study has been conducted, therefore the resulfs. are not that of
the current actual HOPE, but the method is easily applicable
to any modified confliguration. The dccision tables are made
by a gradient method by the following algorithm,
Let the m thrusters are employed, and the duty cycle of the i-

th thruster of m, w, then

0<uy, <1 (i=1~m) @))]

These thrusters are fixed to the body. Let the three compo-
nents of the force and torque in the body frame, produced by
the i-th thruster as Fui,Fvi,Foi, T, Tyi, and T, then they are ex-
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pressed as follows.
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Let K; as the penalty coefficient to the sum of the j compo-

nent of all thrusters.
b= I('thlj,.u,. 3)
i=1

Let the fuel consumption rate of i-th thruster as ¢, then, total

fucl consumption rate Pois given by

"

P o= zc.n )

it
i=

The employed thrusters and their duty cycles are calculated
following to the next iteration algorithm.
(a) Let select appropriate (producing the desirable compo-
neats, and effective to cancel the subsidial components) m

thrusters and give their duty cycles
OLu, <1, i=l~m) (3)
as intial values.

(M)Calcuiate the value of the performance index z, and their

graddicnt 1o o

T
2 &
digi=| 2 % & 6
M= o o ©
(¢) choose the correction (crm A, as follows.
&Y
AT =-W| = 7
T )]

where W is an arbitrary positive definite m dimensional ma-
trix, however for simplicity, we will select the next diagonal

malrix

0 w ®)

"

(w, >0 i=1~ m)

Let the new values of U as

e =y + AT 9)

new

“If some components of ifiew violale the constraints (5), then the

limited values 0 or | are selected for these ui's.

The z value changes by Aw given in (7) becomes

Az =—JE—A1—
1
2 0)
= —iw, % <0
i=1 o,

thercfore so far as there is a room for improvement, z de-
creases. The buew componens given by (9) is applied as new
ui's in (5), and from step (a)to (c) are repeated until the z value
can not be decreased any more.

The employed performance index is as (ollows.

z=k0Pn—2kjpj+ijpjz o

jely jely

L ={1.2.6}.
L={l L} Ly=L-1,

(12)

|

__\T
(p, ) =(Fy, . F, Te T, Ty) (13)

where L is the numbers of the required force or forque com-
ponents and L2 is the other (undesired) components.

The first term of (11) is to minimize the total fuel consunp-
tion. While the second term is to maximize the required force
or torque conponents where the signs of Kj's are determined
following to the signs of above components. The third term is
introduced to minimize undesirable force or torque compo-

nents,

3. RESULTS AND DISCUSSIONS
In the early design of HOPE, the total of fourteen thrusters,
namely F1 through F6 and Al through A8 are provided. The
symbols "F" and "A" are derived from their location (Front or
Aft of C.G.) Table 1 shows the thrust and torque component
produced by the thrusters per unit fuel consumption. Table 2
shows the basic thruster combinations obtained from section
2, for corresponding to required force or torque components.
As for discribed efficiency values, the value 1.0 for force
means that there is no loss. For torques, the torque armlength
are multiplied to the force, therefore the values exceed 1.0,
however, the larger values mean the higher efficiency. From
Table 2, six thrusters have (o be employed to produce +Fx

force, which is a little complicated. Decision tables are also
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made for simultaneous control of arbitrary two components of
force and torque, which show higher efficiency than control
those components separately based on Table 2. Table 3 shows
a part of decision table for simultancously controlling two
components. For example, two candidates exist for control-
ling +Fx and +Fy simuitancously. The described efficicncy
shows the produced +Fx and +Fy per IN thrust, therefor their
suim is consideres as the tolal efficiency. Although both candi-
dates produce very small undesirable torque, however the to-
lal cfficiency is higher than controling +Fx and +Fy sepa-
rately. Considering the redundancy, the substitution tables are
also made for arbitrary one thruster failure cases. Table 4
shows a part of decision tables. for these substitution tables.
For example, nominal combination to produce +Fx requires
thrusters F3,F4,A3,A4, A7 and A8. The table shows the sub-
stitutional combination in the lack of one of these thrusters. In
this case (he failure of any thruster is substituted by another
combination without employing the failed thruster, although
it brings about a small reduction of the effliciency, or produce
a small undesirable subsidiary torque component. However,
there are some cases where these substitution are not possible.
The study shows that, if F5 failes, -Fx control become impos-
sible, and if F6 Tails, +Fz and -Ty control become impossibie.
Al failure brings about very low efficiency for +Fy and-Tz
controls, and A2 failure also prduces (he same problem for
-Fy and 4Tz controls. As the current thruster design of HOPE
is perfectly ehanged fromy that of this study, but the design
method expressed in this paper is easily applicable and can be

employed to improve the spacecraft jet control system.

4. CONCLUSIONS
A spacecraft optimal thruster combination study with an in-
sulficient number of thruster is conducted. The study em-
ployed a gradient method which can calculate optimal thruster
combinations and their duty cycles. The results are summa-
rized to make dccisipl}ru\blcs, and the spacecraft is controlled
in real-time based on these tables. The algorithm and -an ex-

ample is shown in the paper.
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Table 1. Normarized thruster force and torque components

Thruster Thrust (N) Torque (Nm)

0. X y z x y z
1 o] 1 0 -0.15 o : 3
F2 4] -1 o] 0.15 0 -3
F3 [o} 0.7071 -0.7071 0.3536 2.1232 2.1232
I“4 (o} -0.7071 -0.7071 -0.3536 2.1232 -2.1232
F5 -1 0 0 [o] 0.45 (3]
IF6 o 0 1 0 -3 1 .o
Al o | 0 0.25 V] -2.8
A2 o) -1 o -0.25 4] 2.8
A3 5] 0 1 -0.8 2.8 o
A4 (o] [§] 1 0.8 2.8 o
AS [¢] 0 -1 0.8 -2.8 [§]
AG 0 : 0 -1 -0.8 2.8 o
A7 1 (o] o (¢} -0.25 0.8
AB 1 o] (o} (o} -0.25 . -o.8

Table 2. Basic thruster combinations and their duty cycles for arbitrary force
or torque components

Required force { Thruster combinations Efficiency Thrust  (N) Torque (Nm)
and torque (Duty cycle) (N) (Nm) FX FY Fz p— P =z

F3 + FA +A3 + A4+ AT+A8

X 061 061 043 043 10 10 | 0960 | 2000
F5 3 76 + AST AB

-FX 10 078 .039 039 0.865 -1.000
Fl + Al + Al 4+ A6

+FY 933 10 069 .069 0.934 1.933
F1+ A2 + Ad + A5

-FY 933 10 069 069 0934 -1.933
F6+ A3 + Ad

+FZ 10 5% 5% 1.000 2072
F3 + T4 + AS 7 A6 ‘

-z 10 10 758 .758 0833 -2.930
A4+ A5

+TX 10 10 0.800 1.6000
A3 + A6

X 10 10 0.800 -1.6000
F3 + F4 + A3 + A4

+TY 10 1.0 707 07 | 2404 | 8208
F6 + A5 + A6

Y 10 .500 .500 2.900 .5.802
Fl + A2 + Ad + A5

+TZ 10 10 250 250 2320 5.800
T3+ Al + A3 A6

Tz 10 10 .250 250 J 2320 -5.800
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Table 3. Simuitaneous controlling two components

Required force

Thruster combinations

Efficiency

Thrust (N)

Torque (Nm)

and torque (Duty cycle) (N).(Nm) FX FY FZ TX TY 1Z
D
X AFY FI+ F3+ Al+ A3+ A7+ AR 0.493
2.000 1.934
NO.I R4R8 122 1.0 087 1.0 1.0 0477
AFXAFY Fl+ F3+ Al+ A3+ A6+ A7+ AR 0.479
; 2.000 1.934
NO.2 .847.122 1.0 .146 060 1.0 1.0 0.463
EX EY 2+ Fa+ A2+ Ad+ A7+ A8 0.488
HEN-EY , 2.000 -1.934 0.133
NO. 1 912 .03111.0 155 1.0 1.0 0.472
HEXFY 12+ Fd+ A2+ Ad+ A5+ AT+ AR 0.479
P 2.000 -1.933
NO.2 847.122 1.0 .147 060 1.0 1.0 0.463
16+ A3+ A4+A7 +A8 0.471
+FX +FZ 10 625.625 1.0 10 0,579 2.000 2.250
34 Fa+ AS+ AG+ A7 +AB 0.375
+PX.IZ 1.0 1.0 .669 .669 1.0 1.0 0.516 2.000 -2.753
F2+ F3+ Ad+ A5+ AT+ A8 0.485
+HPXATX 086.121 1.0 914 1.0 1.0 0.385 2.000 1.587
T+ Fa+ A3+ A6+ A7+ AR 0.485
+FX,-TX 086.121 1.0 914 1.0 1.0 0.385 2.000 -1.587
13+ Fa+ A3+ Ad+ A7 +AR 0.369
HFEXATY 1.0 1.0 707707 1.0 1.0 1.423 2.000 7.706
IF'6+ A5+ AG+ A7+ A8 0.500
+FX.TY 10 05 05 10 1.0 | 575 2.000 -6.300
+FX+TZ Fi+ F3+ D6+ A2+ A7 0.264
+ 4 1.000 -0.082 6.603
NO.1 .385.870.5331.0 1.0 1.743
TFXA1Z FI+ F3+ F6+ A2+ Ad+ A7 0.263
1.000 6.603
NO.2 .438.795.519 1.0 .043 1.0 1.740
Required force Thruster combinations Efficiency Thrust (N) Torque (Nm)
and torque (Duty cycle) (N),(Nm) X FY Fz TX TY Tz
X TZ F2+ F4+ F6+ Al+ AT+ A8 0425
2.000 -0.166 -5.802
NO.1 385 .870.4491.0 10 1.0 1.233
+FX ~TZ F24 F4+ F6+ A+ A3+ A7+ AR 0.424
2.000 -5.801
NO.2 491 720 .423 1.0.086 1.0 1.0 1.229
FXA4FY Fi+ F5+ F6+A L+ A6 0.324
NO.1 9341.0.077 1.0 078 0.626 -1.000 | 1.934 0.048
FX +FY Fl1+ F5+ I°6+ Al+ A3+ AG 0.318
-1.000 1.934
NO.2 934 1.0.077 1.0 .030 .108 0.614
-FX.-FY F2+ F5+ Fo6+ A2+ AS 0.324
NO.1 93410 07810 077 0.626 -1.000 1 -1.934 -0.048
-FX,-FY F2+ F5+ Fo+ A2+ Ad+ AS 0.318 )
NO.2 933 1.0 078 1.0 029 .108 0.614 -1.000 | -1.933,
) F5+ IF6+ A3+ A4 0.344
FXATL 1.0 1.0 .455.455 0.656 -1.000 1911
F3+ Fa+ I'5+ A5+ A6 0214
FX-rz 10 1.0 1.0 839 839 0.661 -1.000 -3.092
. ) F5+ F6+ Ad+ AS 0.333
IXATX 10 077922 1.0 0513 -1.000 1.538
o I'S+ I'6+ A3+ A6 0.333
-IFX-TX 1.0 077 .922 1.0 0.513 -1.000 -1.538
FXATY F3+ Fa+ 5+ A3+ Ad 0.226
NOA 10 1.0 1.0 708 708 1 961 -1.000 8.659
FXATY E5 1.000 | 000 0.45
NO.2 1.0 0.450 o 450
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Table 4. Substitution table for thruster failure

cases

Required force Thruster combinations Efficiency Thrust (N) Torque (Nm)
and Lorque (Duty cycle) (N),(Nm) FX FY FZ T TY TZ
+FX F3+ F4+ A3+ Ad+ A7+ A8 0.906
nominal 061 .061.043 .043 1.0 1.0 2.000
+FX 1+ F4+ Ad+ A7+ A8
F3 fail.l 086 .121 086 1.0 1.0 0.872 2.000 0.013
+FX Fl+ 44 A3+ Ad+ AT+ A8
F3 fail.2 085 .121 .008 .078 1.0 1.0 0.872 2.000
+FX F2+ IF3+ A3+ A7+ A8
T4 fail1 086 .121 086 1.0 1.0 0.872 2.000 0013
+X 12+ F3+ A3+ Ad+ AT+ A8
14 fail 2 086.121.078 .008 1.0 1.0 0.872 2.000
+FX samc as IF3 fail.]
A3 fail
+I°X same as F‘i fail. 1
A4 fail.]
+FEX F2+ I3+ F6+ A3+ A7+ A8
A4 f4il2 105 .149 020 .085 1.0 1.0 0.848 2.000 -0.004
+FX Fl+ F3+ A2+ Ad+ A8
A7 fail 094 061 137 043 1.0 0.749 0.007
+FX 2+ Fd+ Al+ A3+ A7
AR fail 094 061 .137 043 1.0 0.749 -0.007
FX IS+ F6+ A5+ A6
nominal 1.0.078 .039 .039 0.865 -1.000
Required force Thruster combinations Efficiency Thrust (N) Torque (Ntn)
and torque (Duty eycle) MN).(Nm) [ e T Ry FZ TX TY TZ
-FX no alternative substitute exists
IS fail
-FX 5+ AS+ A6
F6 fail 1.0.080 .080 0.862 -1.000 -0.161
-FX F2+ F3+ F5+ T'6+ A6
A5 fail 095.134 1.0 172 .077 0.677 -1.000 0.005
-FX Fl+ Fd+ 5+ F6+ AS
A6 fail .095.134 1.0.172 077 0.677 -1.000 .0.005
+FY Fl+ Al+ A3+ A6
nominal 1935 .1.0 .069 069 0.934 1.933
+FY F3+ F6+ Al+ A3+ A6
FI fait 1.0 .708 .758 .340 .339 0.466 1.465
+FY Fl+ F5+ I'6+ A5+ A8 .
Al fail 267 1.0 .035.034 1.0 0.114 0.267 -0.012
+FY Fl+ F4+ F6+ Al
A3 fail.1 1.0 217 .153 .907 0.770 1.753
+I-Y IFil+ Al
A3 fail.2 93310 1.000 1.933 0.110
+FY samic as A3 fail.l and A3 fail .2
A6 fail
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