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Optimized Rotation-Axis Attitude Maneuver Controller
for the Space Shuttle Orbiter

D. C. Redding* and N. J. Adams*
The Charles Stark Draper Laboratory, Cambridge, Massachusetts

This paper describes a controller for automatic attitude maneuvers of reaction-control-jet-equipped spacecraft.
It is based on a new, real-time algorithm for solution of fuel-optimal maneuvers, assuming on-off control and
linearized dynamics. These solutions provide efficient model trajectories that are easily tracked using a feed-for-
ward, feedback controller structure. This approach was developed as a software upgrade to the Space Shuttle
Orbiter on-orbit autopilot, for which it shows a very substantial performance benefit in a wide range of simulated

maneuver tasks.

I. Introduction

HE design of an efficient, reliable attitude maneuver

controller for the Space Shuttle Orbiter is complicated by
several factors. Control accelerations, provided by two sys-
tems of reaction control system (RCS) jets, are highly cross-
coupled and low in magnitude, due to the Orbiter’s asymmet-
ric mass distribution and restricted placement of RCS jets
(Figs. 1 and 2). Control accelerations can change significantly
in direction and magnitude, due to changed mass properties
during payload operations, and depending on which RCS jets
are selected. The Orbiter is required to perform a variety of
different maneuver tasks, including inertial maneuvers and
maneuvers-to-a-track, where the Orbiter rotates to point at a
particular external object, such as a point on the Earth’s
surface or an object in Earth orbit. Finally, the controller
design is constrained by limited on-board computation capa-
bility.

The Optimized Rotation-Axis (ORA) controller presented
in this paper overcomes these problems, providing reliable,
efficient, and precise attitude maneuver capability for the
Orbiter and similar spacecraft. It explicitly accounts for the
effects of mass asymmetry and RCS jet placement, cross-axis
coupling, and variable thrust levels, to achieve excellent
maneuver predictability, allowing efficient, precise maneuver
control. It uses optimized maneuver jet firing sequences that
do not require jet pulsing to uncouple control accelerations. It
works in ten different RCS modes, as required by operational
considerations. It has demonstrated significant performance
improvement in all Orbiter maneuver tasks, as compared to
the current Orbiter maneuver controller,'? at the cost of an
increase in computer memory usage.

The main innovation of the ORA controller is a new
solution for open-loop, optimized, three-axis maneuver trajec-
tories. The ORA trajectory algorithm solves a two-point
boundary-value problem for fuel-optimal (or near-optimal),
fixed-end-time maneuvers, using linearized spacecraft dy-
namics with three-axis coupled, on-off control for arbitrary
initial and final rate and attitude. It solves these trajectories in
under 100 ms of CPU time using the on-board IBM AP-101
computers. The solutions provide open-loop jet firing com-
mands and set-points for the standard digital autopilot (DAP)
attitude control feedback loops'® that track the optimized
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trajectories. The trajectories are easily and efficiently tracked
by spacecraft that operate at relatively low rates, providing
that the control torques 7 satisfy
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This is the case with the Orbiter, as the jet torques are at least
10-100 times larger than the gyroscopic coupling terms in
normal operations. The ORA trajectories are derived in Sec.
II, and their solution and implementation discussed in Sec. III
of this paper.

The ORA controller uses a feed-forward, feedback control
structure. At the start of each maneuver, the trajectory solu-
tion algorithm computes an open-loop optimized trajectory to
take the spacecraft from its current attitude and rate to the
specified final attitude and rate. Following computation, the
open-loop firing commands are fed forward to the appropriate
jets, while the open-loop trajectory states provide time-varying
set-points for the DAP phase-plane attitude controller. Devia-
tions from the nominal maneuver are countered by feedback
firings, which are added to the feed-forward firings. A change
in the target attitude, due to a change in crew command or
kinematic effects, will cause recomputation of the maneuver.
Upon completion of the maneuver, the DAP switches to the
attitude-hold (or track) mode. Examples of ORA performance
in the Orbiter DAP are presented in Sec. IV.

The Orbiter is sketched in Fig, 1 with a large payload held
on the Remote Manipulator System (RMS) arm. The vernier
reaction control system (VRCS) shown consists of six 24-Ib
thrust jets; these are capable of providing control angular
accelerations of between 0.002 and 0.02 deg/s?, depending on
payload and acceleration direction. The primary reaction con-
trol system (PRCS) is sketched in Fig. 2. The PRCS jets
produce 870 b of thrust; this plus the greater number (14 jet
groups) and more advantageous placement of the jets combine
to produce control accelerations for the PRCS of up to 1
deg/s?. Maneuvers of the Orbiter are normally limited to 2.0
(PRCS) and 0.2 (VRCS) deg/s.

There is relatively little work published recently on fuel-
optimal, RCS jet controlled rigid-body attitude maneuvers.
Single-axis fuel-optimal maneuvers appear in textbooks.*
Dixon et al.® give a thorough analysis of nonlinear fuel-opti-
mal rest-to-rest maneuvers for axisymmetric “rod-like”
vehicles assuming impulsive thrust. More recent articles have
emphasized pure feedback methods and momentum-wheel

" actuation using quadratic cost functions.5’ A feed-forward,

feedback model-following controller similar in concept to the
ORA was developed and test-flown on the Infra Red Astro-
nomical Satellite (IRAS) spacecraft. This controller flies time-
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optimal rather than fuel-optimal tragjectories, using momen-
tum wheels rather than RCS jets.® Nonoptimal feedback
controllers have been designed using Lyapunov functions.®!
The standard Orbiter DAP is described in Refs. 1 and 2; it is
derived from the single-axis feedback controller developed for
the Apollo.!* A further refinement of the single-axis approach
is given in Ref. 12.

II. Three-Axis Fuel-Optimal Attitude Maneuvers
Using Linearized Dynamics and Coupled On-Off
Control

This section presents a discussion of the general problem of
optimal attitude maneuvers for spacecraft that satisfy Eq. (1).
The necessary conditions for fuel-optimal, fixed-end-time solu-
tions, showing general characteristics of optimal three-axis
maneuvers, are derived. Solution of these maneuvers is ad-
dressed in Sec. III.

The attitude motion of a rigid body about its center of mass
can be expressed in terms of the body-fixed attitude rate
vector & and the spacecraft inertia matrix I as

o=I"'"[T-oxI o] 2
In the case of a spacecraft controlled by » distinct RCS jets,
the 7th of which produces torque vector 7., the external torque
T is expressed (neglecting disturbance torques) as

- n
T= Z u;
i=1

A

i (3)

Here u is a control vector with n elements u;, such that

1,
0,

if the ith jet is firing
otherwise

(4)

i

We are concerned with the case where |T| > |& X I-®|, so
that we drop these nonlinear coupling terms from Eq. (2). The
rate equation becomes

©)

n
w= Z Qu;
i=1
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Fig. 1 STS Orbiter with a 32,000-1b payload,
showing the VRCS.
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where the column vectors @, represent the angular accelera-
tion produced by the ith jet,

1

g =1 (6)

1

We choose body-attitude states 8 to represent attitude
motion, so that the second state equation [with Eq. (5)] is

(7

Note that using 6, rather than Euler parameters or another
general representation of attitude, introduces potential diff-
iculties in determining target states 6, from an inertial
target attitude. The value of §,,, depends on the path taken
to achieve it. This is discussed at the end of this section.

The attitude maneuver problem is to find functions u(¢)
that take @ and @ from an arbitary initial state (&, f,) to a
target final state (&, ,,,,). In keeping with standard Orbiter
practice, the maneuver is to be done at a specified total rate
magnitude w,,, where

=0

max|@| = w, ©)
Perhaps the most direct formulation of the optimal control
problem for these maneuvers would be to strictly constrain
the maneuver rate to satisfy Eq. (8). Then the cost function J
would contain a fuel term and a time term. The resulting
solutions could involve complicated discontinuities in the con-
trol, however.

A simpler approach is to enforce Eq. (8) indirectly, by
adopting a fixed-end-time formulation and then choosing #; to
give approximately the desired rate. In this formulation, which
is the one we have chosen, the cost function is the integrated
jet on-time (which is proportional to the total fuel use for jets
with the same mass flow rate)

= [ “
J—j;o(iglu,.)dt

The optimal time history for the control u is determined by
minimizing the Hamiltonian H*, formed from the state vari-

)
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Fig. 2 PRCS jet location and direction.
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Fig. 3 Behavior of the switch function §;.

ables and adjoint vectors A, and A},
—_ G —
H*=Xp o+ 3 [A, & +1]y (10)
i=1
Applying the minimum principle to Eq. (10), by inspection

_ u=1 if[A,-&+1]<0
n[H*] - erx
u; u=>0 if[A,-@+1]>0

(11)

Thus, the optimal controls are given in terms of the adjoint
variables by switch functions S;, where

S;=A,-&+1 (12)

The S; indicate a burn for the ith jet when §;<0, and no
burn when S;> 0.

The time-dependency of the adjoint vectors is found by
applying the Euler-Lagrange equations to H*. Thus,

As=0 (13)

A= —Ag (14)
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Fig. 4 Typical ORA trajectory.

procedure: TRAJECTORY_JET_SELECT(@,,®y) assign(ig, Tg.Jg);
Tg=%;
do for all eligible i,j,k;
Gij=lAjd ! @rag);
T=li+ti+tk; .
if T<Tpg and >0 and t>0 and t,>0 then
do;
Je=T:
te=tiji;
Jg=vector(i,j,k);
end;
end;
close TRAJECTORY_JET_SELECT;

Fig. 5 Trajectory jet selection routine in pseudocode.

The behavior of §;, and so the time history of the control #, is
fully determined by initial adjoints (A, Ay), through Egs.
(13) and (14). Corresponding attitude motion is determined by
(@, 6,) and Egs. (11), (12), (5), and (7).

Over the time course of a typical maneuver, there are five
possible histories for each S;, as deteriined by the adjoint
Equations (13) and (14). Four of these are illustrated in Fig. 3.
The fifth is singular control, occurring if S, is identically zero
throughout the maneuver, indicating an intermediate vatue for
u; (chatter). Nonsingular control cases are limited to one
switch per jet during the maneuver, a consequence of the
linearity of A ,.

The general characteristics of nonsingular, optimal, fixed-
end-time, three-axis maneuvers can be deduced from this
information. Because there is at most one switch per jet during
each maneuver, no jet will burn more than once. Thus, for a
total of n jets, there is a maximum of » burns during an
optimal maneuver. Furthermore, if a jet is fired at all it burns
at the beginning of the maneuver, at the end of the maneuver,
or throughout the maneuver. The result is “staircase” optimal
jet firing patterns (Fig. 4); with an acceleration phase, where
several jets turn on at ¢, turning off in staggered fashion as
the maneuver progresses; a coast phase, with no firings; and a
deceleration phase, where several other jets turn on as ¢
approaches ¢, all of which turn off at r=1,.

In summary, the necessary conditions for optimality pro-
vide that 1) no jet burns twice, and 2) firings will be of the
pattern illustrated in Fig. 3. This behavior is sketched, along
with the corresponding attitude motion, in Fig. 4 (see also Sec.
V).

It is useful to define jet mapping arrays that identify the
acceleration and deceleration jets. Thus, J,; is the jet ID
number of the ith acceleration jet and Jj,; identifies the ith
deceleration jet, & is the acceleration vector of the ith
acceleration jet, etc. Similarly, the switch-off time for
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the ith acceleration jet is denoted ¢,;, and the switch-on time
for the ith deceleration jet is denoted ¢;.

Optimal trajectories can then be expressed in terms of
initial attitude states and jet burn times by integrating the
system dynamic equations while following the optimal jet
firing patterns. This integration gives expressions for the coast
rate », and final conditions @, and §, that incorporate the
conditions for optimality, except for the condition that no jet
turns on twice. These are

i
B = Y 8y, ta; + & (15)
i=1
np
@ = Z a, (t,—1p,) +a, ‘ (16)
i=
74
0f= _JA,[tftAz 2tAt]
i=1
"p
1_ 2l =
+2X 3 Jm[(tf—tm) ] + @yt + 0, (17)

where n, and n, denote the number of acceleration and
deceleration jets. Note that, in general, @, will not parallel the

procedure: TRAJECTORY_COMPUTATION (qg.dtarg. @mpyp-MNVr mode)
assign(1a.Ja.tq.dg 1)
tg=fen(@o. At Omnyr):
irecomp=0;
restart:
irecomp= frecomp*!;
call TARGET_COMPUTATION((T)o,ao,('ﬁf,ﬁtarg,tf,mnvr mode)
assign(&c,étarg);
do until A8<0.17;
call TRAJECTORY_JET_SELECT(E)O,E)C) assign(-t-a,Ta,ja);
call TRAJECTORY_JET_SELECT(@,.®¢) assign(?d,Td,jd);
teoast=trTa T
if (tcpast<d seconds) or (@e>1.2 @pynyy) then
do;
t=fen (g, 80.01.81arg ta-td Ja-dd Hlrecomp Cmnvr):

go to restart;
end;

9f=fcn(ao,ﬁo,E)fjafd,Ja,Jd,lf);
AB=By5,0f
if |AB[>0.1° then
0 =(dBy/dBy) AB+ wg;
end;
close TRAJECTORY_COMPUTATION;

Fig. 6 = Trajectory solution algorithm in pseudocode.

TRAJECTORY SOLVER

. + COMPUTES BOUNDARY CONDITIONS
Fig. 7 ORA controller.
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maneuver eigenaxis. Solving for a particular maneuver trajec-
tory amounts to finding values for . that cause §; to equal
0.ary > as discussed in the next section.

Transformation between the burn switch times ¢,; and 7,
and initial adjoint parameters follows from the corner condi-

tions, which yield
f=—n—— (18)

where ¢; is the switch time for the ith jet, regardless of
whether the jet is for acceleration or deceleration. The initial
adjoints are expressed as

.1 [~ &
2l (19
’ —ag | agts 1

Several spacecraft, including the Orbiter, use eigenaxis
(single axis) rotations directly between the initial and target
attitudes as a basis for generating maneuver commands. An
advantage of this approach is that the kinematics of true
single-axis rotations are linear, enabling simple prediction of
inertial maneuver targets in body states. A disadvantage of
eigenaxis controllers is that, in order to produce accelerations
that track the eigenaxis, jet pulsing may be required. In the
case of the current Orbiter controller, this pulsing reduces
efficiency, shortens jet lifetime, and makes it difficult to pre-
dict acceleration levels and maneuver times. Also, eigenaxis
trajectories do not satisfy all boundary conditions for
maneuvers between states with rates not parallel to the eigen-
axis. To compensate for this, the Orbiter controller continu-
ously recomputes the eigenaxis during each maneuver; chang-
ing maneuver commands accordingly.

The min-fuel trajectories discussed in this section allow the
maneuver to deviate from the eigenaxis during acceleration
and deceleration, making up the difference by using an opti-
mized single-rotation axis @, for the coast (hence the name
ORA). Using these ORA trajectories as the basis for a
maneuver controller offers advantages of nonpulsed, optimal
rate changes, satisfaction of body-attitude and rate boundary
conditions, and highly accurate prediction of maneuver accel-
eration levels and times. Because the ORA trajectories differ

from the eigenaxis, however, our assumption of linear kine-

matics for determination of 6,,, becomes a source of error.
The magnitude of this error depends on the extent to which
the maneuver deviates from the eigenaxis, which is primarily a
function-of the spacecraft control jet orientation and accelera-
tion level relative to the commanded rate changes. In Orbiter
operations, this error exceeds attitude-hold deadbands in ex-
treme cases, such as high-rate VRCS mancuvers with heavy
payloads held on the RMS arm. In such cases, targeting errors
are recognized by the controller, - which commands the

- COMPUTES ORA TRAJECTORY
» COMMPUTES FEED-FORWARD BURNS,
PHASE-PLANE SET POINTS

« TRAJECTORY SOLVER IS
CALLED TO START EACH
MANEUVER

MANEUVER MONITOR
« STARTS MANEUVER WHEN CURRENT |

)
PHASE PLANE REGULATOR )
+ COMPUTES BODY-AXIS - A !
ACCELERATION COMMANDS | ®com [JET SELECTION ! "ORBITER
P . COMPUTES JET ON- DYNAMICS
- § OFF COMMANDS

STATE ESTIMATOR

AND COMMANDED ATTITUDE DIFFER ¢
» RESTARTS MANEUVER IF TARGET -

4

B st - COMPUTES ESTIMATED
STATE

ATTITUDE CHANGES '

STANDARD DAP ATTITUDE CONTROL LOOP
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maneuver to be recomputed near its conclusion; targets are
subsequently achieved in good order (see Sec. IV).

For comparison’s sake, we have also computed a few opti-
mal trajectories using fully nonlinear spacecraft dynamics.
These solutions were obtained by a relaxation process or
continuation method,'*!* which is neither robust nor practi-
cally implemented in a digital autopilot. Starting iterates for
initial adjoint variables are those obtained from Eq. (19),
which is essentially the solution of Eq. (2) after zeroing the
nonlinearities, and is subject to the firing pattern discussed
previously. Adjustment of the initial adjoints is done by
analytically computing partial derivatives of the final states
with respect to the jet switch times, followed by adjustment of

" the switch times and reapplication of Eq. (19). Participation of
the nonlinearities in Eq. (2) is increased by varying a multi-
plier of them from 0 to 1 in a systematic fashion, thus creating
a sequence of neighboring optimal solutions that converge to
the solution of the fully nonlinear problem. This technique
works best, however, for weakly nonlinear cases; ie., those
involving low rates or rotations about principal axes. These
nonlinear solutions differ from the ORA trajectories by having
nonconstant coast rates connecting the acceleration and decel-
eration firings. '

III. Solving for Model Trajectories

In the preceding section, Eqgs. (15-17) were derived, which
express the final body-attitude §, for an ORA trajectory in
terms of boundary conditions @, 6, and @, and jets and
burn times Jy;, Jp;, {45 tp;s and ¢;. These equations imbed a
necessary condition for optimality; namely, the optimized jet
firing pattern (Fig. 4). The second necessary condition is
satisfied for any solution that does not fire the same jet for
both acceleration and deceleration. Closed-form analytical
solution of these equations, in terms of 6,,,, cannot be
obtained for the fully coupled, asymmetric, three-axis prob-
lem. Our solutions are obtained using an iterative numerical
algorithm developed for this application. This algorithm is
very fast and highly reliable—characteristics achieved by di-
viding the nonlinear problem into two linear subproblems.

The three elements of the coast rate w, are used as optimi-

zation variables. The first step of the algorithm is to estimate a
value for f, that will allow Eq. (8) to be approximately
satisfied, and to compute a starting iterate for @,, based on a
single-axis approximation of the maneuver. Having chosen a
value for ,, the first, inner subproblem is to select the jets,
J,; and Jp;, and burn times, ¢,; and ¢}, that will satisfy Eqs.
(15) and (16) while minimizing total jet on-time. These are
used in Eq. (17), together with the boundary conditions and
t;, to calculate the final body-attitude 0f, which will differ at
f{rst from 6,,,,. The second, outer subproblem is to find values
for &, that cause 6, to be driven to equal 8,,,,.
" The jet selection problem is simplified by assuming that
three or fewer jets will be used for any acceleration or deceler-
ation burn. This assumption loosely reflects a physical plumb-
ing constraint on the Orbiter jets (in general, it is preferable to
use all jets pointing in a desired direction, because this reduces
the time required for a given rate change). Equations (15) and
(16) can be rewritten to solve for burn times in terms of an
acceleration matrix 4, ;, whose column vectors are the angular
acceleration vectors for jets i, j, and k. Then the jet selection
can be formulated as the following linear programming prob-
lem. Using any eligible VRCS or PRCS jets, solve

[att] "= [ 4] 7 (3~ @) (20)
subject to

Lyt >0 (21)

J. GUIDANCE
while minimizing
T=t+1+1, (22)

There exist several methods for solving this problem. A mod-
ified search approach that provides a good compromise be-
tween fast computation and compact code is used herein. This
algorithm is summarized in Fig, 5.

The speed of this search procedure is improved by restrict-
ing it to examine only those three-jet combinations that are
optimal for some rate change. Which three-jet combinations
are optimal depends on the mass properties and RCS geome-
try of the spacecraft: Jets that oppose each other, or that
produce little net acceleration, will never be chosen together.
Thus for the VRCS, with six jets, there exists a total of
6!/31(6 — 3)! = 20 possible three-jet combinations. For nor-
mal Orbiter mass properties, only eight of these possible
combinations are actually used.

In PRCS modes, the search for the best three-jet-group
combination for a particular rate change is reduced further, by
screening out combinations based on the direction of the rate
change request. Thus combinations that are never selected for
+ pitch commands are not searched when the rate change
request includes a + pitch component, and so on. The result
is that the number of three-jet-group combinations eligible for
a particular rate change is reduced from a maximum of 19 to
between 3 and 8, so that the selection of PRCS jets for ORA
maneuvers is, in general, faster than the selection of VRCS
jets.

The outer loop uses Newton’s method, as shown in Fig. 6,
to find values for w,., which cause 0f to be driven to equal
0\acs- Successive iterates of @, are computed, based on the
error due to the previous w,, as follows:

dw

5(' = d _; (gtarg - gf) + aCprevious (23)
where
do,
dé,
[(,-2) 0 0
= [Aijk] ‘ 0 ([f_tj) 0 [Ai.ik]il
L 0 0 (tf - tk) accel
(. 0 0 -
~[ 4]0 ¥ [40] B (24)
..O 0 tk decel

The new @, is used in the subsequent iteration to compute a
new 8, closer to f,,,; the process is repeated until it con-
verges, usually in two or three iterations.

Determination of the starting values of ¢, and @, to start
the outer loop depends on the initial and projected final
inertial attitudes, g, and g;, on the requested maneuver rate
Wyners and on the current maneuver mode. Standard Orbiter
maneuver modes are inertial (rest-to-rest) maneuvers relative
to the local vertical (LVLH), and maneuvers-to-a-track. The
latter mode rotates the Orbiter to an attitude and rate that
point a specified body vector at a specified external object.
Such objects include: objects in an Earth orbit, the center of
the Earth, Earth landmarks, the sun or a star.

For an inertial maneuver, the starting value of ¢, is esti-
mated as the time required for a coast at w,,, about the
eigenaxis connecting the specified 7, and g, plus a simple
estimate of the time required to accelerate and decelerate. This
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ORA CONTOLLER:
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Fig. 8 A 25-deg VRCS yaw maneuver with w,, = 0.33 deg/s.
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ORA CONTROLLER:

ORBITER ATTITUDE AND ATTITUDE RATE
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CURRENT CONTROLLER:

F ORBITER ATTITUDE AND ATTITUDE RATE
true = solid, desired = dashed lines (deg and deg/s)
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Fig. 9 A 130-deg VRCS maneuver with a 32,000-Ib payload and @, = 0.5 deg/s.

estimate is usually accurate enough so that Eq. (8) is satisfied
within 10%. In some more taxing VRCS maneuvers, Eq. (8) is
not satisfied to within 20%. In these cases, ¢, is recomputed
using much more accurate estimates of acceleration level
obtained from the first round of jet selections, and the
algorithm is restarted (Fig: 6). A second condition for restart-
ing the algorithm is attained when w,,,, is too large for the
maneuver angle and available acceleration, so that the acceler-
ation and deceleration periods overlap and there is no coast
period. When this occurs, ?; is recomputed to allow a lower
maneuver rate and at least a 5-s coast period. This condition
also has the effect of enforcing the linearity of the outer loop,
as , is a more linear function of &, when burn times are
short. ,

For maneuvers to track moving targets, the final attitude g,
itself depends on #,. In these cases, the starting value for ¢ is
computed based on the line of sight to the object at the
maneuver start time. Then g, is determined by extrapolating
the position of the target relative to the Orbiter at time ¢,.
This is straightforward for all but orbiting objects; these
require solving Kepler’s equation in an iterative fashion!316
When the relative position of the target at ¢, is known, an
inertial rotation to intercept the desired track attitude and rate

is computed, defining final conditions for the maneuver. The
remainder of the trajectory calculation proceeds as for inertial
maneuvers. If the computation is restarted, new, more accu-
rate target conditions, based on improved estimates of acceler-
ation levels and target location, are used.

Experience with this algorithm shows it to be highly reli-
able. By automatically checking that the acceleration and
deceleration phases do not overlap, the robustness of the outer
loop is assured. While not guaranteeing global optimality, the
inner, jet selection problem is linear, robust, and very fast.
The result is that, in roughly 200,000 test maneuver calcula-
tions, estimated maximum computation time was 128 ms of
CPU time on the Orbiter on-board computers. Real time
required for trajectory computation is greater than this, how-
ever. In order to keep total DAP CPU time requirements
below about 15 ms per 80 ms DAP cycle, the algorithm is split
into several subfunctions. These are executed sequentially,
over three or more DAP cycles. Average real time required
ranges from 320 to 960 ms, depending on RCS option and
maneuver mode. Maximum real time observed thus far is 1.84
s.

The ORA controller consists of three major modules. The
first is the trajectory solution algorithm just described. The



JAN.-FEB. 1987

ORA CONTROLLER

ROLL

180 240 280

PITCH

X TARGET MOTION

40 0 120 180 200 280

w0 00 120 280

OPTIMIZED ROTATION-AXIS ATTITUDE MANEUVER CONTROLLER

AOLL

PITCH

11

CURRENT CONTROLLER

180 200
.10
w w T s o ¢ s ————————_
e = o.00 TRER
g ooos I 13 e e
« « e
3 oo g 05 o
Q — o o
= =
- 0.50 v
° 70 140 210 280 3s0 420 asc
|s]
w 1=,
& - '
< <
-3 & 0.8+
3 5
= . e
= = e SO
T a
-0. r - T - -0.5 ; -
40 80 120 180 200 240 280 Q 10 40 20 280 180 420 48C
0.2 0.80~
w
2 oo = 026
< < L
< b i
Aataled p e L
2 o == 2 oo00 -
< ;_J <
> >
-0. - ., - . _ 0.28 r v T
[ 40 00 120 180 200 240 280 ° 70 uo 20 80 80 420 490
104 B0
I_,_,ﬂ._—-—r—’_’—— “ 471b
-
fr [.E .= pameeo SRR PP RUPS P PO Y . u:J (//_k
2 2 o{ R,
0 - - . - - - 262 r T T r -
40 (1) 120 0o 200 240 280 [ 10 40 210 0 %0 420 49
264 9 200
7] 7] 100
o G 100
Z 04T T e e i e z
< o
[ @ 1
-26 v v - - - : 100+ - - - —_
] <0 80 120 180 200 240 80 o 70 140 20 180 180 1410 480
TIME IN SECONDS TIME IN SECONDS _
T t,=403s

= 1355

Fig. 10 PRCS maneuver to frack a landmark directly under the Orbiter at 1=0.

second is an ORA data initialization function. The third is a
maneuver monitor procedure, which is executed cyclically
whenever the DAP is in automatic mode, comparing current
and commanded attitude to determine when a maneuver is
required. It initiates maneuvers by calling the trajectory solver,
which computes specific maneuver commands (see Fig. 7).

The initialization function is required because the ORA
controller supports a total of 10 different RCS options for
maneuver firings. These include six VRCS modes, correspond-
ing to normal and alternate mass-properties operating modes,
and four PRCS modes. The first of these allows unrestricted
jet selection, the second preferentially selects forward jets, and
the third selects aft jets only. These modes are used primarily
to manage propellant distribution. The fourth PRCS mode
selects only those jets that do not point upward, and is used in
operations near other spacecraft.

The initialization function is executed whenever the crew
changes RCS option. It takes prestored information defining
which three-jet combinations can be used in the new RCS
mode, and computes an array of jet pointers and an array of
the [4, jk]‘1 matrices for each eligible combination, using
standard prestored angular acceleration data. This process
converts required data from compact structures used to mini-
mize storage, to structures that allow rapid computation of
trajectories. Similar to the trajectory solver, it is split into

several functions, each of which is executed in a subsequent
80-ms DAP cycle, until the initialization is complete. The
initialization process takes between 2 and 12 80-ms DAP
cycles, or from 160 to 960 ms of real time, depending on RCS
mode. Total DAP CPU time per cycle during this process
remains below 15 ms.

Starting and stopping automatic maneuvers is the function
of the maneuver monitor procedure, which is run at a.1.04-Hz
rate while the DAP is in automatic mode. When not
maneuvering, it continuously compares the current Orbiter
attitnde with the current target attitude. If these differ by a
specified amount, it starts a maneuver by invoking the model
trajectory computation function. During maneuvers, it con-
tinuously compares the maneuver target attitude with the
current target attitude. If the maneuver target has changed by
a sufficient amount, the maneuver is restarted at an ap-
propriate time. Following each maneuver, the maneuver moni-
tor switches to attitude hold or track mode.

IV. Results

In this section, three detailed example maneuvers—illustrat-
ing typical performance of the ORA controller and comparing
it with the current controller—are presented as body-axis time
histories, showing the evolution of # and w throughout each
maneuver. These are shown in Figs. 8-10 as solid lines. The
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commanded and target states are also shown as dashed and
dotted lines, respectively. The examples were computed using
a rigid-body engineering simulation program that does not
include atmospheric drag or other environmental disturbance
torques. The results compare very closely with results from
other, more complete simulations.

The first example (Fig. 8) is a straightforward, 25-deg yaw
maneuver chosen to illustrate normal performance of both the
ORA and current DAP controllers. The current controller
moves the Orbiter along the maneuver eigenaxis, pulsing jets
so that the pitch and roll states remain near zero. It completes
the maneuver in 120 s using 18 1b of fuel and 118 jet firings.
The ORA controller improves these figures, completing the
maneuver in 107 s using 14 1b of fuel and only six jet firings.
This improvement comes from allowing the roll and pitch
states to move away from the eigenaxis in optimal acceleration
and deceleration burns, yielding higher overall yaw accelera-
tion at a lower fuel cost.

The second example (Fig. 9) is a three-axis maneuver with a
32,000-1b cylindrical payload held vertically on the RMS arm.
It is an extreme maneuver, performed at a 0.5-deg/s rate (well
beyond operational limits), and in a direction chosen to pro-
vide near worst-case coupling effects. The effect using the
ORA controller is to cause the body-attitude target 0,,, to
“drift,” as the maneuver deviates considerably from the eigen-
axis during the 100-s acceleration phase. The target states are
shown as dotted lines in Fig, 9. This error is recognized by the
controller, which recomputes the maneuver at about 280 s,
and again at about 415 s, before achieving the target at 577 s.
Fuel expenditure was 57.2 1b; the VRCS jets were cycled 160
times.

The standard controller does not perform nearly as well in
this example. The jet pulsing required to track the eigenaxis
has the effect of drastically reducing roll control authority in a
way not accounted for by the controller. As a result, the
controller is unable to estimate the maneuver deceleration
time accurately enough to avoid a track overshoot, and the
maneuver is repeatedly recycled. Final time for the maneuver
was well in excess of 900 s, fuel use was in excess of 155 b,
and firings were in excess of 1800.

The improved modeling of the Orbiter by the ORA allows
greatly improved performance in all payload-extended cases,
not just this extreme case. .

The final example (Fig. 10) is a maneuver to track an Ear
landmark using the PRCS. At the start of the maneuver the
landmark to be tracked is directly under the Orbiter, which
has a large, mostly pitch, initial error to overcome before
achieving the commanded track by pointing the payload bay
at the target. The track is specified as a three-axis track, with
the nose of the Orbiter pointing nominally forward in the
orbital plane.

The current controller commands the Orbiter to rotate
around the instantaneous eigenaxis between the current atti-
tude and the current maneuver target; as shown, the maneuver
target changes significantly as the Orbiter moves past the
landmark. The commanded rate is the maneuver rate magni-
tude times the eigenaxis, added to the target line-of-sight rate.
As a result, the maneuver starts out in the wrong direction,
delaying completion of the maneuver to 403 s. Fuel cost to
complete the maneuver and establish the landmark track is 47
Ib; 100 firings were required.

The ORA controller performs much better, mainly because
it extrapolates the target line of sight to the maneuver end
time and computes the maneuver to intercept, rather than
chase, the desired track attitude. In this case, a relatively small
maneuver is required, with time, fuel, and firing figures of 135
s, 5 1b, and 9 firings, respectively.

V. Conclusion

Optimal attitude maneuvers for linearized spacecraft dy-
namics controlled by on-off jets were considered, deriving an
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optimal jet firing sequence and showing that these trajectories
differ from single-axis maneuvers. A parametric solution al-
gorithm was presented that is capable of solving these trajec-
tories in real time in the Orbiter on-board computers. A
feed-forward, feedback controller was developed to exploit
this capability. In comparison with the current Orbiter con-
troller, this Optimized Rotation-Axis maneuver controller has
shown reduction in average maneuver fuel usage of 40%,
reduction in jet firing cycles of 70%, and reduction in maneuver
time of 10%, in over 100 simulated maneuvers. We anticipate
an overall reduction in vernier jet fuel of 26% per mission, and
a reduction in vernier jet firing cycles of 51% per mission.
The Optimized Rotation-Axis controller is applicable to
jet-controlled spacecraft for which Euler coupling torques are
significantly less than control torques. As demonstrated on the
Orbiter, it overcomes problems such as variable, three-axis
coupled control jet torques, low-thrust jet torques, and multi-

. ple modes and tasks, using limited-capability on-board com-

puters, to provide excellent attitude maneuver performance.
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