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General Adaptive Guidance Using Nonlinear Programming
Constraint-Solving Methods

Lisa Skalecki* and Marc Martint
Boeing Defense & Space Group, Seattle, Washington 98124

An adaptive, general-purpose, constraint-solving guidance algorithm has been developed by the authors in
response to the requirements for the advanced launch system. The algorithm can be used for all mission phases
for a wide range of space transportation vehicles without code modification because of the general formulation
of the nonlinear programming problem, and the general trajectory simulation used to predict constraint values.
The approach allows onboard retargeting for severe weather and changes in payload or mission parameters,
increasing flight reliability and dependability, while reducing the amount of preflight analysis that must be
performed. The algorithm is described in general in this paper. Three-degree-of-freedom closed-loop simulation
results are presented for application of the algorithm to advanced launch system ascent, re-entry of a low lift-to-
drag vehicle, and Mars aerobraking. Flight processor throughput requirement data are shown for each of these

applications.

Introduction

URRENT space transportation systems require extensive

preflight analysis to generate and validate nominal trajec-
tory profiles and guidance commands for a given mission.
Often, multiple sets of command profiles must be generated
preflight and stored in the onboard computer to ensure that
the mission will not be delayed due to environmental condi-
tions, contingencies, or minor last-minute changes in mission
objectives and constraints. This approach is operationally
slow, complex, and costly.

An alternative approach is to make the vehicle more auton-
omous so that the nominal commands can be targeted and
corrected by the vehicle’s onboard computer, both prior to
and during flight. This level of autonomy can be provided by
an integrated guidance and targeting capability that utilizes
trajectory optimization techniques to tailor the nominal com-
mands such that the mission objectives and constraints are
satisfied. In addition, making the software modular and gen-
eral can allow it to be used for a wide variety of vehicles and
mission phases without recoding the onboard algorithm. Cur-
rently, there are no such systems operating in the field.

Previous research in applying trajectory optimization to
onboard guidance has included calculus of variations (COV),!
Hamiltonian methods,? and nonlinear programming methods
(NLP).># COV and finite-element methods such as the weak
Hamiltonian principle are limited in that they must be explic-
itly recoded for each application. In addition, the weak
Hamiltonian formulation has not yet been developed to the
extent that it can handle inequality constraints. Nonlinear
programming methods have the advantage that they can be
generalized, as demonstrated by existing trajectory optimiza-
tion programs.>® They can also flexibly handle both equality
and inequality constraints anywhere in the mission. However,
prior applications of nonlinear programming optimization
techniques to developing guidance algorithms®* resulted in
excessive throughput requirements and were not generalized.
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The authors determined that eliminating optimization in
nonlinear programming guidance would significantly reduce
the throughput requirements. In addition, using a generalized
trajectory simulation would allow the algorithm to be applied
to a wide range of vehicles and missions. These concepts were
used to develop a new guidance algorithm called FAST (flight
algorithm to solve trajectories) for the advanced launch sys-
tem (ALS). Because it was designed to be general, the al-
gorithm was later successfully applied to a wide range of
vehicles and missions with no code modification.

In this paper we present an overview of the components of
the FAST guidance algorithm. Application to ascent, re-entry,
and aerobraking is demonstrated, with detailed data on
throughput requirements, targeting accuracy, and mission
constraints. Robustness is demonstrated through dispersion
analysis.

FAST Guidance Algorithm Overview

FAST combines nonlinear programming with the shooting
method for two-point boundary-value problems to calculate a
set of command profiles that satisfy the mission constraints.
At each guidance update, the onboard computer predicts the
remainder of the mission by explicitly integrating the trajec-
tory and solves a nonlinear programming problem if any of
the mission constraints are violated.

The constraint-solving algorithm in FAST is loosely based
on a subroutine from the NLP2 optimization package.” The
constraints can be linear and/or nonlinear, equality and/or
inequality. The problem is to solve for the # command vari-
ables u such that the m constraint equations

Ce(x,u,t)=0 (equality constraints)

Ci(x,u,t)=0 (inequality constraints)
are satisfied, where x is the state of the vehicle and ¢ time.
Constraints can be any trajectory simulation or user-defined
variable imposed on specific points or over regions of flight.
The constraint values are predicted using an explicit three-
degree-of-freedom trajectory simulation with a fourth-order
Runge-Kutta integrator. The mission is simulated as a series of
events, which represent changes in the environmental or vehi-
cle definition. The environmental model allows general oblate
planet models, winds, and atmospheres to be included. The
vehicle model permits multiple stages, multiple engines, and
complex descriptions of the aerodynamic force and moment
coefficients. A static moment balance option may be used to
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On-board database:

COMMAND
DEFINE inPitch

AT
AT
AT
AT
AT
AT
AT
AT
AT

first
clearTower
dropBoost
time230
dropFairing
time350
time400
timed25
last

DEFINE inRoll

AT
AT
AT
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AT

first
clearTower
rollDone
dropBoost
dropFairing
last

Mission data load:

?

?
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0.000000E0
0.000000E0Q
-74.873666
-70.862320
-81.765260
-90.932520
-97.843471
-101.17229
-103.89821

-180.00000

= -180.00000

R

?

CONSTRAINT
AT last coreProp
AT last height
AT last inFlight
AT last invVel
AT last inclination
AUXILIARY

DEFINE height =
DEFINE galpha =

-91.028391
-91.217530
-91.350888
-91.547421

> 5000
= 80

= 25766
= 28.5

TOL =
TOL =
TOL =
TOL =
TOL =
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.001
.001
.01

.001

(radius-equatorRad) /6076.1155
dynPres * attack

Fig. 1 Sample database and mission data load.

gimbal the engines to balance the aerodynamic moment in the
pitch and yaw planes. Vehicle attitude may be specified using
inertial Euler angles, relative Euler angles, or aerodynamic
angles. Commands are specified at nodes along the trajectory
and linearly interpolated between these nodes.

The trajectory simulation includes only the basics, making
no assumptions on the vehicle characteristics, command pro-
file values, mission objectives, or constraints. These parame-
ters are obtained preflight from either the onboard database
or mission data load, using a standard equation reader. The
equation reader also allows the basic trajectory simulation to
be easily extended with user-defined constants, variables, inte-
grals, and multidimensional tables.

Figure 1 shows a portion of the guidance input file used to
simulate the mission data load and onboard database for
closed-loop computer simulations to illustrate how easy it is to
define the mission and constraints. The guidance command
tables are initialized in the COMMAND section. Inertial pitch
angle (inPitch) and inertial roll angle (inRoll) are standard
commands for launch vehicles. Anything that makes sense and
has an effect on the vehicle’s flight can be commanded. The
tilde designates commands that the guidance can vary to sat-
isfy the constraints, whereas an equal sign designates a fixed
value that cannot be altered. The mission constraints are de-
fined in the CONSTRAINT section and user-defined variables
in the AUXILIARY section.

During flight, the guidance algorithm requires the current
vehicle state to initialize the onboard trajectory simulation.
This includes the current time, position, velocity, propellant
levels, and control values. Position and velocity are obtained
from the navigation system, whereas current propellant levels
are estimated based on the number of engines operating, if
any. Control values are determined from other onboard sensors.

Since the algorithm predicts the remaining trajectory, com-
mands are generated to the end of the mission or phase. This
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Fig.2 ALS ascent targeting.
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Fig. 3 Low L/D re-entry errors.

Table 1 Sample FAST command tables

Command tables at time =24 s

results in a table of commands rather than simply instanta-
neous commands, as illustrated in Table 1. This table is mod-
ified during each guidance update if any constraints are not
satisfied. The control system can then obtain instantaneous
commands by interpolating from this table. This feature aids
in increasing flight reliability, since a set of converged guid-
ance commands is always available for the entire mission.

The FAST algorithm is written entirely in Modula-2,% a
modern programming language based on Pascal. Modula-2
was designed especially for the development and maintenance
of large programs and has made it possible to implement an
efficient and sophisticated code that would have been much
more difficult and time consuming to develop in older lan-
guages. Modula-2 is also very similar to Ada, which will
simplify the eventual conversion of the algorithm for imple-
mentation on a flight processor. The benefit of using Modula-
2 for algorithm development is that it is easier to learn and
does not have the slow compilation or overhead of Ada, which
allows rapid prototyping on time-shared computers.

To demonstrate the FAST adaptive guidance algorithm,
results of three-degree-of-freedom closed-loop simulations are
presented for a generic ALS launch vehicle, a low lift-to-drag
(L/D) re-entry vehicle, and an aerobraking vehicle. The al-
gorithm has also been successfully applied to single-stage-to-
orbit (SSTO) vertical and horizontal takeoff.

ALS Ascent
The closed-loop simulation that incorporates the FAST
guidance algorithm includes an interactive graphics capability.
Figure 2 shows a screen dump of the algorithm in target mode

Time, inPitch, inRoll, it k " .
s deg deg for ALS ascent application. The constraints imposed are listed
on the left side of the screen. When a constraint is satisfied, an
25.0 —-17.4 -90.9 P .
30.0 208 —91.0 asterisk is shown after the constraint value. The number of
68.2 _46.7 913 function evaluations, which includes evaluations to form the
112.7 —69.9 —91.6 Jacobian matrix, is shown above the constraint values. Events
155.9 —~80.0 —91.6 are used to define the command nodes, as well as points along
180.3 -79.4 -91.6 the predicted trajectory where input data are to be varied (e.g.,
205.4 —-87.1 -91.7 drop booster weight at ‘‘dropBoost’’ event), and are desig-
229.7 —92.8 -91.7 nated by plus signs on the graphics. For this example, the
251.0 ~96.8 —9L.7 inertial pitch angle is commanded at 12 nodes along the trajec-
%éz _‘lggg :g}g tory, whereas the inertial roll angle is commanded at only 5
313.2 ~106.4 -91.8 nodes. . .
333.9 ~109.6 ~91.9 Prior to launch, the vehicle’s onboard computer would be
able to retarget the initial standard trajectory stored in the
Table2 ALS ascent dispersions
ALS ascent dispersions Apogee Perigee Inclination Max Max Reserve propellant Max
ETR to 50 X 220 n.mi., 28.5 deg error, n.mi. error, n.mi. error, deg Q-alpha, psf-deg Q-beta, psf-deg consumed, lb CPU,s
Nominal _ —-0.028 0.00048 —9E-08 1993 886 0 1.3
Engines
Vacuum thrust 2.00% —-0.025 0.001 2E-06 2409 932 —236 1.4
~2.00% —0.035 —0.002 —4E-06 1563 843 921 1.7
Vacuum I, 0.50% —-0.029 —9E-06 —4E-08 1987 886 —2866 1.3
—0.50% —-0.029 —4E-06 3E-08 1999 887 2868 1.3
Weights
Inert 0.50% -0.031 —0.0006 —1E-06 1978 885 1262 1.3
~0.50% —0.027 0.0006 2E-06 2008 888 —1260 1.3
Aero
CL 20% —-0.026 0.0008 —-2E-07 1962 883 2614 1.4
—20% —0.031 —0.0006 1E-07 2116 890 —2453 1.4
CDo 20% —-0.029 0.0002 6E-08 1992 886 12 1.3
—20% —-0.029 0.0001 6E-08 1994 887 —-10 1.3
Winds and atmosphere
100 GRAM winter runs
Worst case values -0.07 0.001 0.00004 3872 2576 720 1.6
30 values 0.08 0.002 0.00004 4020 2857 — —_—
Overall RSS values
Worst case values 0.1096 0.00304 4E-05 — —_— —_ —_
Reserve required —_ - — —_ — 4245 R
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database for current weather conditions or changes in pay-
load, etc. For this example, FAST used 3.04 CPU s to perform

80 prelaunch targeting, if we assume a MIPS R3000 flight proces-
sor with a 20-MHz clock rate. The retargeted trajectory,

60 shown in Fig. 2, satisfies all of the mission constraints, and the
vehicle is ready to be launched.

40 During first-stage flight, the ALS vehicle follows open-loop
commands. After booster separation, FAST performs updates
every 20 s. The vehicle used for this example was designed to

570 tolerate g-alphas near 6500 psf-deg and has approximately
5200 1b of reserve propellant allocated for dispersions. The
180 guidance injection accuracy requirements for apogee, perigee,

90 and inclination are +1 n.mi., =1 n.mi., and 0.1 deg, re-

. spectively.

0 The results of guidance dispersion analysis, including the

-90 Global Reference Atmospheric Model (GRAM)’? wind and
atmosphere dispersions, are shown in Table 2. Note that the
injection accuracy errors are within the allocated margins,

- MARSNHME |.. indicating that FAST is relatively insensitive to dispersions.
= COSPARVL Therefore, the overall guidance, navigation, and control injec-
wee COSPARVH tion accuracy error will be primarily due to navigation errors
= VIKING 1 (particularly errors in the knowledge of the engine cutoff
......... VIKING 2 velocity), which cannot be corrected by guidance.
During ascent, guidance update rates are on the order of 20
s. Table 2 illustrates that the maximum CPU used for each
: e dispersed case is well below 2 s. These are the CPU-intensive
100 200 300 updates that occur when closed-loop guidance first becomes
Time (sec) active after booster separation, where FAST must compensate
. . . . . for the wind and atmosphere dispersions experienced in first-
Fig. 4 Mars aerobraking guided trajectories.
Table3 Mars aerobraking results
Inclination Argument of periapsis Longitude of ascending
Atmosphere Delta-V, m/s error, deg error, deg node error, deg
MARSNHME 17.3 —0.008 —0.018 —0.00005
COSPARVL 125.2 0.139 —-5.6 0.056
COSPARVH 248.7 0.149 4.5 0.015
Viking 1 89.6 0.042 1.4 0.002
Viking 2 40.5 —-0.024 -0.8 —0.0004
T T L
mean = -0.477, sigma = 7.698 mean = -0.051, sigma = 0.643
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Fig. 5 Mars wind and atmosphere dispersions.
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stage flight. At this point, the predicted trajectories are also
the longest. A 2-s delay in obtaining the updated guidance
command tables at this point has a negligible effect on the
final accuracy, since any errors incurred due to the delay are
corrected in later updates. To verify this, the closed-loop
simulation was modified to implement a computer delay such
that the updated guidance commands could not be used until
the CPU time required for processing had elapsed. There was
no significant change in orbital injection accuracy, CPU re-
quirements, or constraint values.

The CPU data presented for this application demonstrate
that nonlinear programming shooting methods are feasible for
ascent applications with currently available flight processors.
In view of the historically rapid improvement in processor
speeds, CPU requirements will become even less of an issue in
the years to come. The benefits to the operational efficiency
and in-flight reliability of a general approach such as the
FAST algorithm are too significant to ignore. The ability to
autonomously and quickly perform prelaunch targeting within
the vehicle’s flight computer simplifies the ground operations
(no need to upload a new solution since the computer can
generate the retargeted solution by itself) and increases the
launch reliability and dependability (the vehicle can retarget
for actual environmental conditions).

However, although the shooting method works well when
the initial estimate of commands is close enough to the actual
solution and the constraints are well behaved, it is difficuit to
apply to problems in which a reasonable estimate of the solu-
tion is not available. An example of this is engine-out during
ascent. Unless multiple initial command profiles are stored
preflight, or some correction factor is developed and applied
to the stored profile to force the initial guess to be in the
neighborhood of the final solution, the algorithm may not be
able to converge. One possible solution to this problem is to
utilize multiple shooting, which is more capable of solving
problems with poor initial estimates or highly nonlinear con-
straints. This would further increase the reliability and auton-
omy of the algorithm. Multiple shooting takes advantage of
knowledge of the form of the state vector as a function of
time, which, for guidance application, can be taken from the
previous update. The application of nonlinear programming
and multiple shooting to closed-loop guidance is discussed in
Ref. 10.

Low Lift-to-Drag Re-Entry

The FAST constraint-solving algorithm was then applied to
the re-entry of a generic, low L/D (~0.2) vehicle. Re-entry
typically consists of a deorbit burn to the proper re-entry
orbit, an aeromaneuver phase, and a parachute or other termi-
nal guidance phase. The goal is to minimize the acromaneuver
targeting error so that recovery operations are simplified,
reducing the operating cost of the system. Low L/D, precision
re-entry is a much more difficult problem than ascent. As the
vehicle approaches the target, it loses control authority and
experiences severe wind and atmospheric perturbations. This
is in contrast to the ascent case, where wind and atmospheric
perturbations are less significant since the vehicle exits the
sensible atmosphere long before orbital injection.

Therefore, the guidance commands at each node are not
always active. Instead, commands near the end of the trajec-
tory are reserved for use during later updates, so that correc-
tions made during upper atmospheric flight do not saturate
the commands near the end of the trajectory. This is similar to
the approach taken in Ref. 3, where the third-phase angle-of-
attack command was not used until the vehicle was actually
flying in the third phase. The use of nodes, as demonstrated
here with the FAST algorithm, rather than phases of constant
commands, as in Ref. 3, allows greater flexibility in defining a
strategy.

The constraints imposed on the re-entry problem are the
aeromaneuver terminal latitude and longitude error at 15,000-
ft altitude, as well as the maximum bank-angle rate. The

vehicle uses atmospheric angle of attack and bank angle as
guidance command variables. Using monthly mean wind and
atmospheric data for the predicted trajectory, FAST is able to
guide the vehicle to within 1.5 n.mi. of the target. This is
illustrated in Fig. 3, which shows targeting errors for 100
closed-loop simulations through GRAM-dispersed winter
winds and atmospheres. If a ground- or aircraft-based lidar
system (which measures and uplinks the wind components
from 0 to 60,000 ft altitude) is used, the FAST guidance
algorithm is able to guide the vehicle to within 122 ft of the
target for all 100 cases. However, studies to date have shown
that lidar is particularly sensitive to vibrations and relatively
ineffective in rain or heavy cloud cover, limiting its practical
application in the near future.

The FAST guidance algorithm has not yet been applied
successfully to high L/D re-entry. Further research in this area
is required.

Mars Aerobraking

The FAST algorithm has also been applied to an aerobrak-
ing Mars mission with a vehicle L/D of 0.5. The approach
trajectory is a hyperbolic orbit with a C3 (twice the specific
mechanical energy) of 50 km?/s2. The targeted final orbit is
highly elliptic (3644 km X 37,183 km radius). The imposed
constraints are velocity at periapsis to give the correct apoap-
sis, the final inclination (30 deg), the final longitude of the
ascending node (0 deg), and the maximum bank rate (30
deg/s). Since there were no specified accuracy requirements
when this study was performed, the constraint tolerances were
arbitrarily set at 50 m/s, 1 deg, and 1 deg for the respective
velocity at periapsis, inclination, and longitude of ascending
node constraints. The guidance commands consist of the bank
angle at 18 nodes, with a fixed angle of attack.

Figure 4 shows the resulting trajectories for flight through
five different atmospheres, including the Viking 1 and Viking
2 measured atmospheres. FAST has information only on the
mean (MARSNHME) atmosphere. The resulting delta-Vs re-
quired to correct the final apoapsis and periapsis are given in
Table 3, as well as the resulting errors in inclination, argument
of periapsis, and longitude of ascending node. Figure 5 shows
the results of 100 closed-loop simulations through dispersed
winds and atmospheres generated using the MarsGRAM!!
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