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Rotational Motion and Guidance System Approximations in
Optimizable Operational Launch Vehicle Simulations

Robert A. Luke
The Aerospace Corporation, Albuquerque, New Mexico 87119

Launch planning and operations for a current U.S. launch system involve the use of 3-degree-of-freedom
(DOF) and 6DOF simulations. To account for statistical dispersions in component weights, engine perfor-
mances, and launch site wind predictions, propellant margin must be left unburned in the final stage of the
vehicle. Additional margin must be held back in the 3DOF simulation only to account for differences in 3DOF
and 6DOF simulated trajectories. Since many missions are weight critical and the 3DOF simulation is used for
initial shaping of the trajectory, any reduction in the 3DOF propellant margin should result in an increase in
vehicle performance that can be significant for planning purposes. This paper seeks to enhance the current
optimizable 3DOF simulation, making it more like the nonoptimizable 6DOF, which should allow a reduction
in the 3DOF-to-6DOF margin component. The simulation is enhanced by simplifying the 6DOF closed-loop
guidance system and using the result as a preprocessor of 3DOF steering commands. This provides a mimicry
of vehicle rotational inertial characteristics in the 3DOF simulation. In addition, approximations of trajectory
quantities are fed back based on what they would be if the enhanced 3DOF were a 6DOF. This paper discusses
the guidance simplification and the trajectory quantity derivations and shows the resulting impacts on a 3DOF

trajectory in terms of vehicle attitude and angle-of-attack time histories.

I. Introduction

N adaptation of closed-loop 6-degree-of-freedom (DOF)

steering for use in open-loop 3DOF launch vehicle ascent
numerical simulations is being developed. The result is an
optimizable 3DOF simulation that can approximate the effects
of vehicle guidance and rotational inertial characteristics. The
motivation behind the work is that operational 3DOF and
6DOF simulations for a current heavy lift vehicle are used in tan-
dem for launch planning and operations. Procedures involve
the optimization or shaping of the open-loop 3DOF ascent to
place the greatest possible mass into a parking orbit. Steering
is then fixed and used in the 6DOF simulation to evaluate
concerns such as aerodynamic loads and free molecular heat-
ing at certain points in the ascent trajectory. Because many
missions are weight critical, differences between the two tra-
jectories are often significant in the context of mission plan-
ning. As planning procedures evolve and methods of selecting
launch site wind data sets that stress the vehicle improve, those
differences are expected to become more pronounced.

The distinction between a 3DOF and a 6DOF simulation is
that the 3DOF integrates only the translational equations of
motion and assumes instantaneous rotational response to
commanded steering. Vehicle inertial resistance to torques is
not modeled, and steering through instantaneous steady-state
angular reorientation is effected. This means that stability is
simply assumed, because the vehicle is rigidly steered through
a series of pitch, yaw, and roll maneuvers. In contrast, the

6DOF simulation integrates the rotational equations of mo-
tion as well so that the vehicle angularly accelerates in re-
sponse to propulsive and aerodynamic torques. Steering is
effected through engine gimbaling, as is maintenance of a
stable vehicle orientation, leading to constantly dithering en-
gine motion. Some of the 3DOF simulations and all of the
6DOFs have closed-loop steering, with certain trajectory
quantities being fed back and combined with the commanded
steering signal.

The simulated trajectory is numerically propagated from
launch to the mission-unique terminal point, usually the point
of insertion into a low Earth parking orbit. An upper stage is
then used to boost the payload to the mission orbit. Open-loop
3DOF trajectories are shaped with a discrete set of optimiza-
tion variables, including steering rates and maneuver coeffi-
cients, optimally chosen with a nonlinear programming (NLP)
algorithm. The objective function to be maximized J is the
propellant margin for fixed payload flights and it is function-
ally dependent on the elements of the parameter optimization
variable vector x. This paper assumes a set of optimization
variables that includes the propellant margin, constant open-
loop steering rates, and a steering maneuver binomial coeffi-
cient. Each of the steering variables is used over distinct time
intervals. Margin J(x) is maximized by varying elements of x
while satisfying equality and inequality constraints based on
trajectory quantities. On the other hand, the closed-loop
6DOF steering is the result of feedback control that alters a
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fixed commanded steering strategy in response to various mea-
sured trajectory-dependent quantities. The purpose of the
6DOF simulation is to determine whether planned propellant
margins are adequate and to monitor such quantities as aero-
dynamic loads, intermediate and terminal point misses, and
the free molecular heating history. (The calculated free molec-
ular heating rate is used to determine the time of payload
fairing jettison.) In doing so, advantage is taken of the more
accurate 6DOF equations of motion. Propellant margin is
held back unburned in both simulations to cover statistical
dispersions in performance quantities, such as vehicle stage
thrust, specific impulses, and weights. Additional propellant
margin is held back in the 3DOF simulation to account for the
differences between the 3DOF and 6DOF simulations. That
component of the margin is increased or decreased depending
on the closeness of the match between the 3DOF simulation,
the 6DOF simulation, and the actual flight.

The 6DOF trajectory is not optimized because the feedback-
based steering introduces dynamics (expressions involving fre-
quency s) that increase the computational cost of propagation
to prohibitive levels: an additional equation must be inte-
grated for every s. Also, the feedback quantities are based on
discrete time processes that are numerically noisy and that can
debilitate the optimization process.!

In the enhanced 3DOF simulation being developed, approx-
imations of 6DOF feedback quantities are used with an ap-
proximation of the feedback guidance to alter the instanta-
neous steering commands before they affect the trajectory.
This makes the shape of the trajectory look more like that of
the 6DOF, although it will not be exact. The goal is to enhance
the already optimizable 3DOF trajectory, causing it to look more
like the 6DOF, as opposed to making the 6DOF optimizable.

Closed-loop 3DOF simulations exist for this booster pro-
gram. However, they are used outside of the normal planning
process, and they differ from what is being developed in that:

1) The trajectory quantities being fed back are direct out-
puts of the 3DOF simulation. Now, approximations of 6DOF
quantities are used.

2) They are not optimizable because they steer with the
(dithering) thrust vector angle. The thrust deflection angle
profile is fixed, with adjustments made in flight only to adjust
body attitude with respect to the wind and to achieve predeter-
mined intermediate and terminal points. In contrast, the en-
hanced 3DOF has variable steering to maximize the objective
function.

With two known exceptions, this method of enhancing
3DOF simulations is new. Lazarus? related the vehicle body
rate to ‘‘commanded body rate, aerodynamics, and load relief
parameters.”” He noted the assumption of instantaneous angu-
lar displacement of vehicles in point-mass 3DOF simulations.
However, he included neither any notes on the implementa-
tion of his methods nor any optimization results. Efforts thus
far undocumented (in the open literature, at least) are ongoing
at (at least) one launch vehicle contractor. However, that
approach involves stripping enough out of 6DOF simulations
to allow optimization. It is the contention of the author that
the discrete time equations used to model the samplers and
onboard computers violate assumptions of constraint smooth-
ness with respect to x upon which NLP is based.! Also, the
integration time steps At needed for this modeling in the 6DOF
simulation are far too small to be practical for NLP.

The methods in this paper apply to a specific operational
launch system, but they can be generalized to other systems
with the appropriate changes. Procedural benefits to planning
and operations will also include a reduced interplay between
engineers running the optimizable 3DOF simulation and those
managing the 6DOF. The 6DOF simulation uses steering re-
sulting from the 3DOF to determine whether various trajec-
tory placards are being violated. Placards are not constraints
in the sense of NLP, but they can be thought of as soft limits
to certain quantities. These limits apply to such items of
interest as the angles of attack at specific events and the free

molecular heating rate at payload fairing jettison. If placards

are violated excessively, the corresponding constraints in the
optimizable 3DOF simulation are modified appropriately and
the trajectory is shaped again. This iterative process continues
until the designers decide that the placards are no longer being
violated. They must also decide that vehicle lifting capability is
sufficient for the mission. The designers generate 3DOF and
6DOF trajectories repeatedly to calculate the effects of statisti-
cal dispersions in component weights and performances. Sev-
eral sets of trajectories must also be calculated while modeling
launch site wind data that stress the vehicle and trajectory.

To make the methods in this paper as general as possible,
the system is described as if it were a generic heavy lift vehicle
consisting of several sequentially burning stages. The rota-
tional equations of motion and the feedback guidance are
designed to affect the trajectory only while the first stage is
burning. This is when the vehicle is still low in the atmosphere
and when the aerodynamic loads and moments are thought to
introduce most of the differences.

The paper is organized as follows: Sec. II discusses the
organization and propagation of the simulated trajectory. Sec-
tion IIT discusses the simplifications made to the given s- and
w-plane guidance feedback diagram blocks. Section IV con-
tains derivations of the feedback quantities as a function of
the thrust vector angle. Sections V and VI derive frequency
domain input-output descriptions relating the commanded ve-
hicle attitude O, to the actual vehicle attitude ©. Section V
does so while including feedback from a lateral acceleration
sensing system (LASS), and Sec. VI does so while excluding it.
Sections V and VI also discuss equivalent time-domain equa-
tions required for use in the Generalized Trajectory Simula-
tion (GTS) system. GTS is a numerical trajectory simulation
and optimization software package developed by The Aero-
space Corporation.’ It is used to independently check launch
vehicle and spacecraft performance estimates made by launch
vehicle contractors. Those contractors often use the Program
to Optimize Simulated Trajectories (POST). The final two
sections present the results and conclusions.

II. Numerical Trajectory Propagation

The GTS numerical ascent trajectory simulation is opti-
mized with NLP algorithms developed at The Aerospace Cor-
poration.*¢ For the purposes of NLP, a function evaluation is
the propagation of a single trajectory. Denoting the state
vector as x and time as ¢ and using the nonlinear vector
operator f, this propagation involves the integration of the
state differential equations X(¢) = fix, x(¢), t] from the
ground to parking orbit insertion. Hundreds of function eval-
uations are typically required to optimize the nonlinear objec-
tive function J(x). The state equations include the transla-
tional equations of motion:

1
v(e) = o [Fp() + Fa()] —g(h, &) ey

where

v = vehicle velocity vector
m = vehicle mass
Fp = propulsive force vector
F, = aerodynamic force vector
g = acceleration vector due to gravity
t = time
h = altitude
x = Earth oblateness effects

Also, x(¢) = fIx, x(t), t] is not just a single set of differen-
tial equations integrated forward from launch to the terminal
point. Rather, they are given in a series of phases, during
which the equations of motion are integrated. Discrete events
in GTS separate phases. Events are placed at points in the
simulation where discontinuities in the equations may occur.
Such points include vehicle staging and the jettisoning of the
payload fairing.?
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The sequence of events is as follows:
t =0 s: Liftoff. The vehicle rises for a few seconds, then

rolls to align the body so that pitch maneuvers will be in the-

correct azimuth,

t =10 s: When the vehicle has developed sufficient Earth-
relative velocity, the initial pitch maneuver begins, heading the
vehicle downrange. The maneuver is time varying in that the
pitch rate linearly changes from the nonzero optimization
variable (OV) to zero. In the closed-loop simulations, two of
the feedback loops are closed, but the LASS loop is open. [To
gain more control authority over the vehicle in the 6DOF
simulation, the vehicle normal and side accelerations are
sensed by the inertial measurement unit (IMU) and are fed
back during certain phases of the ascent.]

t =20 s: The Euler angles are controlled so that the bank
angle and the angles of attack are ramped linearly to zero. The
vehicle continues to head downrange.

t =25 s: Aerodynamic load relief is begun, so called be-
cause in current instantaneous response 3DOF simulations the
angles of attack are held at zero throughout the maneuver
from 25 to 90 s. Zeroing the angles of attack minimizes the
dynamic pressure. In the enhanced simulation, the feedback
steering is used to rotate constantly toward zero angles, even
while experiencing wind gusts. Since the 3DOF is really a
trajectory shaping tool, experience or tradition has it that the
best match between 3DOF and 6DOF simulations occurs when
3DOF load relief begins at this time, 10 s prior to closure of
the LASS loop in 6DOF simulations.

t =35 s: The LASS loop is closed in the 6DOF and en-
hanced 3DOF simulations to further reduce aerodynamic
loads.

~ 56 s: The dynamic pressure on the vehicle typically
attains its maximum within a first seconds of ¢ = 56 s. The
vehicle continues to accelerate and to head downrange.

t = 85s: The LASS loop is opened, with the other two loops
remaining closed in the 6DOF and enhanced 3DOF simula-
tions.

t =90 s: End of the load relief maneuver. A new OV con-
stant body pitch rate begins in 3DOF simulations.

The simulated trajectory continues until parking orbit inser-
tion, but only the first 90 s are studied for the present. In those
phases, only the first steering element of x = [x1, ..., x,]7 is
of concern because the others affect the trajectory after t = 90
s. That element x;, say, is the coefficient of the first-order
term in the pitch attitude maneuver described with the bino-
mial expression (x;¢ + initial attitude). It is used for steering
during the time interval 10 < ¢ < 20 s and is used to head the
vehicle downrange. All maneuvers that occur during
20 < ¢t =90 s are used to zero the angles of attack.

II. Simplifications to the Guidance Feedback Diagram

The 6DOF pitch plane feedback guidance diagram for the
operational system is taken as the starting point. The input to
the system is the commanded pitch attitude ©, with respect to
an inertial reference frame.” The output is the thrust vector
deflection angle 6, required to effect the commanded attitude.
The guidance has pitch, yaw, and roll channels, but only the
pitch is considered here.Three loops negatively feed back vehi-
cle attitude, attitude rate, and lateral acceleration to correct
the attitude and to reduce the aerodynamic loads. The feed-
back diagram contains several ideal samplers, a zero-order
hold (ZOH), and several pure time delays. Diagram blocks in
both the frequency and the pseudofrequency domains (s and w
planes) are present.

Finally, there is a block that represents the airframe equa-
tions of motion. That block precedes the samplers and is in the
frequency domain. To adapt the guidance scheme, the feed-
back diagram is rearranged and a new output quantity is
defined. The 6DOF simulated vehicles are steered by varying
8, superimposed on the constantly dithering thrust vector. The
optimizability of the 3DOF simulation depends on having a
small number of parameters xy, . . . , X, With which to shape

K4 © =

:]0)
Fig. 1 Simplified feedback system.

the trajectory. It may be possible to model the gross motion of
8, with a polynomial or with some other description that has
an integer number of coefficients. But the dithering motion of
the engine would be more difficult. In addition, the current
3DOF simulations steer by instantaneously rotating the entire
vehicle. Since the object is to enhance the 3DOF simulation,
vehicle attitude steering can be retained by rearranging the
diagram so that vehicle attitude © is the output and §, is
relegated to the role of an intermediate quantity with no direct
simulated effect. This is realized in Sec. IV by obtaining an
input-output description of the airframe block, with © as
output and 6, and other trajectory quantities as inputs.

Only the gross vehicle motion as it heads downrange is of
interest. Smaller scale dynamics, such as dithering engines,
vehicle flexure, and propellant slosh, are not. Most of the
blocks present in the 6DOF feedback account for the smaller
effects, so they can be removed. Equivalent Bode gains are
used to take their place. It turns out that the airframe equa-
tions of motion have open-loop poles at the origin of the s
plane, whereas those of the other blocks are displaced from it.
The latter are arbitrarily considered fast enough to discard,
compared to those of the former. The gains are determined by
replacing all nonairframe instances of s and w with zero.

Computational delay blocks preceding w-plane transfer
function blocks are also discarded. The corresponding low
frequency s-plane transfer function of the sampler/ZOH is
unity. Finally, samplers are present only to provide usable
signals to the discrete-time w-plane blocks. Since those blocks
are being replaced with gains and the entire system is being
considered as a continuous s-plane system, the samplers are
simply removed. The rearranged and simplified guidance feed-
back diagram is shown in Fig. 1.

The vehicle center of gravity moves a considerable distance,
and moment of inertia values vary widely as propellant is
consumed. Linearly time-varying gains are used to account for
this. The Bode gains for blocks Ki(s), Kx(s), K3(s), and Ky(s)
in Fig. 1 all depend on coefficients from the original descrip-
tions that were designed to be updated at each sampler cycle.
Those coefficients follow a piecewise linear scheme with
breakpoints located more or less equidistantly in time. To
simplify, there are three possible courses of action: 1) choose
average values for the gains and retain them throughout the
flight; 2) cause the Bode gain to be updated at every integra-
tion At; or 3) retain some or all of the dynamics (poles and
zeroes) in some or all of the blocks.

The second choice is chosen because it is simple and allows
the rest of the implementation to be verified and used. The
third choice, while affording greater fidelity, means an in-
crease in complexity. Significantly more differential equations
would have to be integrated numerically over and above the
usual 3DOF equations of motion. With the second choice, the
tractability of 3DOF optimization can be retained while en-
hancing realism.

IV. Airframe Block

Two input-output descriptions are now determined. The
first, the description of the airframe block, is the method of
including 6DOF trajectory quantity approximations. The sec-
ond describes the entire guidance diagram and is derived in
Secs. V and VI. )















