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Multiple Optima in Abort Ascent during Lunar Powered
Descent
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In the course of a human mission to land on the Moon, adverse circumstances can turn
success into chaos. Minimal effort has been spent to improve previous abort guidance tech-
niques since the Apollo era. An abort guidance approach based on the indirect method of
optimal control has shown that a solution to this complex problem can be found online for most
of the descent trajectory. A deeper examination of the abort guidance solution identified an
undiscovered phenomenon that caused some trajectories to converge to lower altitudes than
their neighboring solutions. The discovery of multiple solutions in the abort guidance problem
gives an explanation to this phenomenon and is the focus of this work. The complete formu-
lation of the problem and method of solution are shown, as well as the implications for future
lunar landing missions. The findings are pertinent to any abort guidance regardless of its
implementation and it becomes an important topic for discussion regarding mission planning
and astronaut training. Validation and verification of the algorithm and its results has been
achieved with an implementation of the problem with the direct method of optimal control.

I. Introduction

IXTY years have passed since President John F. Kennedy committed this nation to reach the Moon by the end of the

decade. Amid a period of great uncertainty and tension with Russia, the space program in the United States set its
sights to the Moon and started to work in one of the greatest endeavors of humankind [1]]. Testing and development
between 1961 and 1969 led to the historical landing on the Moon on July 20th, 1969. As part of the development, flight
simulations with astronauts were performed routinely to practice maneuvers and improve spacecraft control and handling
[255]. Computational capabilities of the era were much less competent than any computer of our time [6]. Despite the
absence of computer power, the demands of the space program were by no means easily accomplished and engineers
at that time had to solve these problems with the tools available. Ever since Apollo, there has been a period of great
technological development that has sparked interest in applying the most recent techniques in optimization to solve some
of the same problems in a more efficient way. Thanks to all these technological advances, difficult problems involving
more rigorous computations can be solved. These changes have taken place in many areas of research, particularly in
the areas of optimal control and numerical optimization.

During the planning of Apollo, abort capability was a subject of much attention [7, 8]]. The importance of crew
safety was evident by the amount of redundancy and studies of a multitude of possible emergency scenarios. Each
one of these scenarios was analyzed and appropriate abort techniques were put into place at any given time during the
mission. Part of this process was the constant training of astronauts in simulators to practice as many contingencies as
possible. By spending a great amount of time training in preparation for such events, a high level of confidence could be
attained to guarantee that every single member of the crew would return safely to Earth. In contrast, there has been
minimal attention on the subject regarding abort guidance during powered descent for Artemis.
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Recently, an optimal control guidance approach was shown to have solved the complex problem of abort during
powered descent landing on the Moon [9]. The technique is based on the indirect method of optimal control and
utilizes an advanced propellant-optimal guidance approach named the Universal Powered Guidance (UPG) [10]. A
version of ascent guidance with this approach is called UPG+A. UPG+A was used to insert a spacecraft from an initial
descent trajectory into a safe pericynthion orbit around the Moon. A free-attachment-point was implemented to allow
the algorithm to find out the best insertion point. The task was accomplished by the implementation of a two-phase
maneuver: a pull-up phase and a fuel-optimal ascent phase. On the first phase, it is the responsibility of the pull-up
maneuver to turn the velocity vector of the vehicle by changing the flight path angle from negative to positive. This is
necessary to point the vehicle in a more favorable direction to start ascent. Then, the optimal ascent guidance takes
over the final state of the pull-up maneuver and controls the spacecraft until the preplanned safe orbit is reached with
minimum propellant consumption. Reference [9] shows how this operation was performed flawlessly for a mission to
land the Apollo lunar lander at the South Pole of the Moon. The concept of operation for the abort guidance developed
in Reference [9] is shown in Fig. E}

-
insertion into a safe orbit m
powered descent

ascent

abort: pl;li-llp S

Fig.1 Abort Guidance Concept of Operations [9]

The flight time of the nominal powered descent trajectory from the start of the powered descent initiation (PDI) until
touchdown is of 610 seconds, and a solution was found for abort scenarios between 0 and 600 seconds. For most of the
trajectory, UPG+A was able to obtain a solution and it only failed to converge in cases that were very late in the descent.
After 600 seconds, it is safe to assume that the spacecraft is so far down that it would be implausible to rotate the velocity
vector fast enough to avoid a collision to the ground. Perhaps, at that point it would be safer to continue the powered
descent guidance all the way to the ground and try to reduce the velocity as much as possible. Moreover, Monte Carlo
simulations were performed to test the algorithm under more stringent conditions. Dispersions on the initial conditions
of the powered descent trajectories were enforced at 3000 uniformly distributed times during the descent flight. The
algorithm performed this task without a problem even when amplifying the dispersions by up to 5 orders of magnitude.

Despite the amazing results obtained, an unforeseen circumstance lingered among the solution without a clear
explanation. Almost all the trajectories obtained followed an altitude pattern that ended at an orbit radius similar to
its neighboring solutions. Amid the solutions, some of the trajectories separated from the final altitude pattern and
successfully converged to a lower altitude. Figure [2 shows the resulting trajectories of 3000 abort cases along the
powered descent trajectory in a mission to land a spacecraft on the Moon.

The figure demonstrates that some of the abort cases appear to be inconsistent with the rest. At first sight, it appears
that these cases failed to meet the terminal conditions successfully, but a closer look shows that each of the abort
trajectories successfully delivers the vehicle to the specified final orbit. Given that the safety of the crew is the most
important part of the mission, gaining an understanding of the potential outcomes during an emergency is of vital
importance. This is particularly relevant during to astronaut training since a large portion of it involves exercises
to prepare for unexpected circumstances. Through careful exploration of the solution, these inconsistent cases were
analyzed to find the cause of the sudden discontinuity in orbital insertion altitude. Analyzing the elements of the final
orbit such as eccentricity, semi-major axis, and inclination, demonstrated that the discrepant cases were indeed inserted
into the correct orbit. Furthermore, sampling some of these cases at different true anomalies and recording the propellant
consumption revealed that multiple optimal solutions exist for most of the abort scenarios during powered descent. An
inspection of the true anomaly across the different cases uncovered that some of these cases end up at local minimum
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Fig. 2 Abort-ascent trajectories at different points throughout powered descent

rather than the global minimum of the ascent problem. It is the goal of this paper to demonstrate the rationale behind
this phenomenon and to provide validation and verification of this discovery using the direct and indirect methods of
optimal control.

I1. Abort Guidance Problem

The abort guidance problem is separated in two phases: a pull-up maneuver and an optimal ascent guidance
phase. The pull-up maneuver is necessary to position the vehicle in a suitable direction to start optimal ascent. This is
accomplished by the rapid change of a negative descent flight path angle towards a positive flight path angle ready for
ascent. The fastest way to achieve these changes is by pointing the thrust vector in a direction perpendicular to the
velocity vector of the vehicle. Three different guidance laws were developed in to complete this maneuver. The complete
derivation of the pull-up maneuver can be found on Reference [9]. In this paper, a general ascent guidance problem is
solved. The three-dimensional equations of motion for a vehicle with rocket propulsion defined as a point-mass system
in a Cartesian coordinate system are defined as follows:

F=V (1)
. T
V=g(")+m1T 2
T T
= — = —— 3
gOIsp Vex ©)

The origin of the equations is at the center of the Moon. The equations describe the dynamics of the rocket as it
moves around the Moon with 7 € R and V € R? specifying the position and velocity, respectively.

In an abort scenario, the thrust magnitude 7 is always at full throttle, T'(¢) = T;,,x. Hence, the only control variable
available is the thrust direction 17 (7), changing with time. For a small variation of the radius, as it is the case in the
ascent problem, the following formulation for the gravitational acceleration of g can be applied [11]:

7
gr)=-Lr 4)
r
The performance index is selected to minimize the propellant consumption of the vehicle at full throttle:
ty T
J=/ — 2 dt =m(ty) —m(to) 5)
Iy Vex
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Where T, is the constant maximum thrust of the rocket required to escape as fast as possible during an emergency
and v, is the escape velocity of the rocket on Earth. This is equivalent to minimizing the propellant consumption
during ascent.

A total of 7 algebraic equations are solved simultaneously by UPG+A to solve the ascent guidance problem. These
equations represent the orbital insertion conditions for the final orbit and the corresponding reduced transversality
conditions [12].

(ry xVe)'(ry xVy) —pa*(1-¢?)=0 (6)
V2
M H
. _ 2 =0 7
2 vy 2 @
15 (ry xVy) = |ry xVelcos(i*) =0 (8)

The final altitude and velocity vectors to be found by the optimization algorithm are represented by r and V¢, with
their norms ry = ||r¢|| and Vy = ||V ||, respectively. The predetermined values of semi-major axis, eccentricity, and
inclination for the final orbit are defined by a*, e* # 0, and i* # 0. The vector 1, is unit vector parallel to the polar axis
of the Moon pointing towards the North. The orbital conditions selected correspond to a free-attachment-point case,
where the final position and velocity of the spacecraft is not specified. It is the duty of the algorithm to find the best
position and velocity for orbital insertion.

The 3 transversality conditions required to solve the indirect method problem are related to the 3 free orbital elements
of the problem that are argument of perilune, longitude of the ascending node and true anomaly at the insertion point
[12]:

(Pry x1p +pv, XVe) (rp xVy)=0 9)
(pry X1y +pv, xVp)'1,=0 (10)
T v . H T _
prVy T3Py TS =0 (In
f

In these equations, the costate vectors for radius and velocity at the final time ¢ in the optimal ascent problem are
Pr, and py, . A final transversality condition at 74 related to the Hamiltonian for free-time optimal control problems
completes the set of 7 algebraic equations that UPG+A needs to solve [12]]:

vl
m(ty)

The complete set of equations to solve the optimal ascent problem with the indirect method of optimal control are
(6)-(12). Solving the problem with the direct method of optimal control only requires the orbital insertion conditions
given by equations (6))-(8).

It is important to recognize that the equations shown above are in dimensional form. In numerical optimization,
scaling optimization variables appropriately contributes to the efficiency of the algorithm [13]]. Variables with similar
orders of magnitude result in faster convergence. In this investigation, scaling played an important role in the
implementation the ascent problem using the direct method of optimal control, where the algorithm takes longer to
converge. Besides longer simulation time, incorrect scaling also caused convergence issues in some cases. One way to
accomplish this is by nondimensionalizing the equations required to solve the optimal ascent problem. A common
approach is to normalize the distance by the equatorial radius of the planet, velocity by y/goReq, and time with \/R.4 /g0
[14]. The complete set of normalized equations can be found on Ref. [14]].

Pl Vs = upy, s+ Tnax 1=0 (12)
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I1I. Direct and Indirect Methods of Optimal Control

Optimal control problems emerged from a challenge to minimize time in the Brachistochrone problem [15].
Eventually, it expanded to the minimization of more complex problems that require a more formal definition. For
an optimal control problem to find a solution, there must exist a state and a control. The control is the element that
drives the state by giving it the command to build a trajectory to reach a final state. The last component of an optimal
control problem is a cost function or performance index that defines the parameter to be minimized. Nowadays, an
optimal control problem is defined as finding the control required to transition a state from an initial condition to a final
condition while minimizing the performance index [[16]. Additionally, constraints on the trajectory or the endpoints can
be added to the problem. Optimal control problems need to be solved numerically due to the difficulty in finding an
analytical solution. To solve the problem numerically, it must be implemented as a direct or an indirect method [[17].
Each of these methods makes use of the Pontryagin’s Minimum Principle, despite having significant differences in
formulation. In the direct method of optimal control, the problem is transcribed into a nonlinear programming problem
(NLP) by discretization of the state and control functions [18]. The problem is solved using optimization algorithms to
find the minimum value of the cost function. The indirect method requires the calculus of variation to find the first-order
optimality conditions [[19]. The problem is solved as a multi-point boundary value problem (MPBVP). Solving a system
of nonlinear equations results in the optimal control solution. The following are two examples of algorithms that
implement the direct and indirect methods. These algorithms were employed for the results of this paper.

A. Implementation of the Indirect Method with the Universal Powered Guidance (UPG)

The Universal Powered Guidance (UPG) is a three-dimensional optimal powered guidance formulated on the indirect
method of optimal control [[10]. It is a multipurpose optimal control algorithm that has been applied to various scenarios
such as descent, ascent, deorbit, and orbital transfers [20-22]]. The ascent version of the algorithm is labelled UPG+A,
but it will simply be referred as UPG for the remainder of this paper.

Based on Pontryagin’s Maximum Principle, this method follows the necessary conditions of optimal control. The
dynamics and performance index of the problem are as defined by equations (I)-(5). Seven nonlinear algebraic equations
on the orbital insertion conditions, transversality conditions and Hamiltonian for a final free-time problem are specified
in equations (6)-(T2). Given some initial conditions and a final targeting condition, the problem is formulated as
a two-point boundary value problem (TPBVP). The 7 nonlinear algebraic equations are solved simultaneously as a
root-finding problem in closed-form using the Powell’s dogleg optimization method. The optimization method requires
an initial guess to solve the problem. The optimal solution finds the control and trajectory that satisfies all seven
nonlinear algebraic equations. The thrust direction is found as the optimal solution that minimizes the performance
index.

B. Implementation of Direct Method with OpenMDAO

OpenMDAQO is a Multidisciplinary Design Optimization (MDO) framework used to solve large-scale optimization
problems efficiently [23]]. It was initially developed to solve large-scale design problems with coupled numerical models.
The need to implement modern algorithms with better efficiency resulted in a new problem structure that improved
performance by taking advantage of hierarchical strategies, distributed-memory parallelism, and high-performance
computing [23]. Although OpenMDAO was initially developed for large-scale design optimization problems, its
efficiency and simplicity facilitate the use in multiple applications [23].

In this study, OpenMDAO was used to verify and validate the results obtained previously with UPG in Ref. [9] and
new discoveries developed in this paper. A version of the fuel-optimal ascent problem based on the direct method was
implemented in OpenMDAO. The problem was transcribed as an NLP and solved with gradient-based optimization
using Newton-type algorithms. Since transversality conditions and the Hamiltonian are not required, only equations
(T)-(8) are considered. The system dynamics are defined as ordinary differential equations (ODEs). Time steps are
vectorized by a parallel time integration algorithm, while a framework of linear methods is used for numerical integration
[24]. In the implementation, an Explicit Midpoint method was utilized to solve the problem without sacrificing too
much computational efficiency.
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Table 1 Initial Conditions for a Crewed Landing Mission on the South Pole of the Moon [9]

Initial Condition Value

altitude (km) 15.24

longitude (deg) 41.85

geocentric latitude (deg) -71.6
inertial velocity (m/s) 1,698.3

inertial topocentric flight path angle (deg) 0.0

inertial topocentric azimuth angle (deg) 180.0
downrange (km) 559.41

crossrange (km) 0.48
total vehicle mass (kg) 15,103
total fuel mass (kg) 10,624

vehicle dry mass (kg) 4,479

IV. Analysis of Solution and Verdict

A. Nominal Powered Descent Abort Mission
The Apollo Lunar Module (LM) was used as the vehicle in the simulations of this study [25]]. The LM propulsion
system is divided in a descent propulsion system (DPS) and an abort guidance system (AGS) [8]. The descent propulsion

system (DPS) is used in both powered descent and abort guidance solutions to emulate a sudden emergency scenario.

A total of 45,000 N of thrust are available with the DPS. The specific impulse of the engine is of 311 sec. All the
remaining fuel in the vehicle at the time of abort is assumed to be available. The nominal powered descent part of the
mission was conducted by the Fractional Polynomial Powered Descent Guidance (FP2DG) for lunar landing mission
[26]. The landing location is at the South Pole of the Moon. The initial conditions of the mission are the same as those
in Ref. [9] and listed in Table[T} The pull-up maneuver was solved by the Universal Powered Guidance (UPG+A). The
fuel-optimal ascent guidance is the only part of the mission that is relevant to the results of this paper. The powered
descent and pull-up maneuver are necessary to obtain the initial conditions for the fuel-optimal ascent guidance, but
their terminal conditions do not affect the discovery of this investigation. The target orbit for all abort scenarios is a 10
km x 150 km pericynthion orbit around the Moon. The orbit has a 90 deg inclination and a perilune altitude of 10
km. Simulations were performed in 3 degrees-of-freedom (3DOF) with a guidance update rate of 2 Hz and a perfect
navigation. UPG + A was used to solve the fuel-optimal ascent guidance.

B. Discovery of Multiple Optima in Fuel-Optimal Ascent Guidance

The novel abort guidance developed in Ref. [9] has shown that a solution to the complex problem of inserting a
spacecraft safely into a specified final lunar orbit can be found online. This can be achieved during the entire powered
descent trajectory using the indirect method of optimal control. The method utilizes an advanced propellant-optimal
guidance algorithm called the Universal Powered Guidance (UPG). In this methodology, the abort guidance problem
is implemented as a two-phase maneuver: a pull-up phase and a fuel-optimal ascent guidance. In both abort phases,
thrust is kept at its maximum level to ensure a fast transition to the final orbit. In the first phase, the pull-up maneuver is
responsible of changing the velocity vector of the vehicle from its current state towards a more favorable direction to
begin ascent. It does this by increasing the initial flight path angle from a negative initial value to a positive value. In
the second phase, the optimal ascent guidance (UPG+A) takes over starting from the final state of the pull-up maneuver
and guides the spacecraft towards a safe pericynthion orbit around the Moon.

A set of “free-attachment” orbital insertion conditions are used to allow maximum flexibility to achieve the specified
orbit. The true anomaly at the orbital insertion point is kept free for the guidance to find. This allowed the algorithm to
select the optimal final position and velocity regardless of where the actual insertion occurs in the orbit. The advantage
of the free-attachment point is that the algorithm is free to choose the best orbital insertion condition in every abort
scenario. Within UPG, a system of 7 nonlinear algebraic equations is solved as a root-finding problem to find the
thrust direction vector and time-to-go (tg, =t — to) to reach the abort orbit [10]. Depending on the selection of the
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targeting conditions, the 7 algebraic equations are a combination of orbital insertion conditions and their corresponding
transversality conditions [[12]]. The Powell’s trust-region method is used to effectively solve the system of equations.
Simulations revealed that UPG can achieve the desired orbit from anywhere along the powered descent trajectory
wherever it is physically feasible [9].

Despite the successful results obtained by the abort guidance algorithm, an unexpected phenomenon appeared
among the solutions without a clear explanation. In each of the abort cases tested, the algorithm reached the orbital
insertion conditions successfully. In most cases, the altitude corresponding to the orbital insertion conditions followed
a consistent pattern, see Fig. E]from 0 to 200 seconds and 300 to 600 seconds. However, a cluster of cases between
200 and 250 seconds converged successfully to a lower altitude than the rest of the solutions. See the cluster in Fig.
between 200 and 250 seconds. A closer examination of the final conditions confirmed that the spacecraft ended in the
correct orbit in these “out-of-family” cases. Figure [3|shows the propellant consumption of every abort case along the
powered descent. In all cases, propellant increases as the abort cases start later in the descent.

4000

3500
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1500 -

Propellant Used for Abort (kg)

1000 -

500 -

. . . . .
0 100 200 300 400 500 600
Abort Time (s)

Fig.3 Propellant Consumed by Abort Cases at Different Points along the Powered Descent Trajectory

The latest abort guidance approach solved the problem of a contingency during descent; however, it left one question
unanswered: Why are some of the solutions ending at different altitudes? Looking at the results, it was evident that
all trajectories successfully converged to a correct solution. This was confirmed by the agreement found by the fuel
consumption comparison among neighboring solutions. In all cases, fuel consumption increased as expected without
any jumps or discontinuities. The abort cases converging to a lower altitude followed the system dynamics and ended at
a feasible solution. The fact that the algorithm implemented a free attachment point raised some questions about the
way in which these points were being chosen by the algorithm. The first encounter of a difference in orbital insertion
conditions was found in the true anomaly at the time of orbit insertion. Fig. [4]shows the true anomaly at insertion for
each of the abort cases studied.

This figure reveals two curves that encompass all the potential final true anomaly angles for the abort cases in this
study. An upper curve for cases that started an abort between 0 and 340 seconds and a lower curve that includes cases
for aborts from 340 to 600 seconds. The cases in the higher curve insert the vehicle at a true anomaly angle between 10
and 30 degrees, while the lower curve inserts vehicles at true anomaly angles between -25 and 3 degrees. Unexpectedly,
some of the cases that were predicted to fall under the upper curve ended in the lower curve. These cases were the same
that formed part of the out-of-family cluster found before!

The plot of true anomaly at insertion point gave an insight into one of the possible reasons to the existence of a
discontinuity. To understand the cause of the mismatch, a new approach was developed to investigate this phenomenon.
A fixed orbital insertion point was selected instead of the free attachment point used previously. This allowed the exact
angle of insertion into the orbit to be chosen by the user. The new strategy consisted in solving the ascent guidance
problem at different true anomaly angles on the same final orbit. The final orbit was defined by the known semi-major
axis, eccentricity, and inclination. These orbital insertion parameters along with the user-selected true anomaly were
used to calculate the final position, velocity, and flight path angle required to insert the spacecraft into the abort orbit.
Unlike the free-attachment solution that optimized for the orbit insertion point, in the fixed-point solution it is required
to specify the position, velocity, inclination and flight path angle of the desired final condition. Thus, leaving the
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Fig. 4 True Anomaly at Orbital Insertion Point

arguments of periapsis and ascending node as free parameters.
Abort cases activated at every 100 seconds along the powered descent trajectories were selected and their initial
conditions recorded. Using the initial conditions for each case, a true anomaly scan between -100 deg to 100 deg

was performed to investigate changes in propellant consumption as the spacecraft entered the orbit at different points.

Each angle in this range was solved to generate a total of 201 solution points and optimal fuel consumption at each
true anomaly angle was recorded. This range was selected to compare the behavior of the algorithm before and after
perilune. Cases at different abort times during powered descent were selected for testing. Figure[5]displays the propellant
consumption of the spacecraft at different insertion points along the final orbit caused by changes in true anomaly.

Propellant vs True Anomaly Scan

Propellant Used (kg)

+ Abort Time = 150 Sec
+ Abort Time = 200 Sec

Abort Time = 250 Sec
+ Abort Time = 300 Sec
+ Abort Time = 350 Sec

Abort Time = 400 Sec
+ Abort Time = 450 Sec
“|+ Abort Time = 500 Sec

60 80 100

2000

Fig. 5 Propellant Consumption at Different Insertion Points along the Final Orbit

Each curve in Fig. 5] represents the propellant consumption for an abort guidance with the same initial conditions.

The different points along the curve represent a different orbital insertion true anomaly. The bottom curve represents an
abort case activated at 150 seconds from PDI, while the case at the top represents an abort case activated at 500 seconds
from PDI. As we move along the powered descent trajectory, contingencies arise at later times and the optimal solution
changes. The true anomaly scan shows the evolution of the propellant curve as abort guidance is initiated at different
times. Early on, the curves are more pronounced and characterized by two minima, but they transform into a global
minimum as the abort guidance is activated afterwards. The fact that the solution changes from two minima to a single
global minimum can be explained by the fact that early on the algorithm has more space and flexibility to decide which
way to go. That is, for some time, the flight time from the initial conditions to the two local minima is roughly the
same and the difference in propellant consumption is negligible. This surprising result shows that more than one local
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minimum exists for the same abort cases at different orbital insertion conditions. Figure[f]is a representation of the two
guidance solutions available for abort cases early in the descent.

Powered
Descent

Abort
Trajectories :
Solution 2 Solution 1

Per:gee
Fig. 6 Representation of Multiple Ascent Solutions in Abort Scenario at the Moon

Notice that both solutions end at the same orbit despite entering at a different true anomaly angle. In each curve, one
of the solutions is a local minimum and the other is a global minimum. The global minimum appears to favor a positive
true anomaly after perilune. Further analysis showed that the global minima is always associated with the solution at the
highest altitude, but that the propellant consumption differs by a very small amount. The fact that in some cases the

solution ends at a different altitude means that the algorithm found the local solution instead of the global solution.

It is evident that the previously unanswered phenomenon is a result of this property. The altitude pattern that most
abort trajectories follow corresponds to the global minimum from the propellant consumption curve. However, there
are some cases that end up trapped in the sphere of influence of the other local minimum that has a similar propellant
consumption.

Furthermore, as the descent progresses, aborting from a lower altitude becomes more challenging and the algorithm
starts to lose some leeway. Eventually, there is only one clear optimal solution, and the algorithm must choose that
orbital insertion point. The orbit perilune, defined as 10 km for this problem, is the closest point from the orbit to
the Moon. The latest cases start abort at an altitude below perilune, therefore the only possible solution is to abort to
perilune. Only abort cases that begin after 400 seconds are guaranteed to find a unique global minimum. These cases
begin ascent at an altitude below perilune, and the only possible solution is to target perilune. It should be recognized
that perilune is not fixed to a specific point relative to the Moon and can be changed by the guidance solution. Given
that abort is such an important safeguard of a landing mission, exploring the solution and getting answers to all the
unknown behavior is the focus of this work. The implications of this discovery are important to understand any potential
drawbacks or unexpected situations that might arise from abort maneuvers. In addition, future missions to the Moon can
take advantage of this discovery for mission planning or astronaut training. Since the possibility to abort into the same
orbit at a different altitude is present for a big part of the descent, it is important to be aware that such a situation might
emerge. Should there be any question about the expected ending conditions during a particular mission to the Moon, the
information revealed here has the potential to influence the selection of the best decision given a particular scenario.

V. Validation and Verification

Validation and verification (V&V) of the algorithm was performed to establish confidence in the results. The solution
to the abort guidance problem was obtained by UPG, an optimal control guidance algorithm based on the indirect
method of optimal control. Considering that a spacecraft landing on the Moon would require onboard computation
to perform all the maneuvers, the indirect method finds a fast and reliable solution to the abort problem. However,
replicating these results with a different method would confirm the accuracy and validity of the solution.

To corroborate these results, we resorted to the direct method of optimal control in which the problem is solved as a
nonlinear programming problem. The goal is to provide a comparison with a clear agreement between the direct and
indirect method solutions. For the direct method approach, the abort guidance problem was solved using an open-source
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Fig. 7 (a) Optimal ascent trajectory when abort is activated at 200 seconds after PDI (b) Optimal ascent
trajectory when abort is activated at 250 seconds after PDI

software named OpenMDAO. Solving with both methods would allow us to trust that the algorithm is finding the correct
solution. Since both methods solve the problem differently, matching the solutions would signify that we can trust both
algorithms with great confidence.

In testing, the free-attachment problem was implemented to allow the algorithm to optimize the orbital insertion
condition. The formulation with the direct method consisted in implementing the equations (I)-(8) in the abort guidance
problem. The transversality conditions and the Hamiltonian are not required to solve the problem with the direct method
of optimal control. OpenMDAO was able to successfully obtain a solution to all the abort scenarios analyzed, thus giving
confidence that the formulation with both methods was appropriate and that the solution is trustworthy. Furthermore, it

was shown that most abort scenarios converged to the same solution and followed the same trajectory in both methods.

The outcomes of the analysis demonstrated the effectiveness of UPG to find an optimal solution. Notwithstanding, an
unexpected revelation showed that some of the abort scenarios analyzed with OpenMDAO converged successfully to
different final conditions than those from UPG. This was surprising since this behavior was only evident in selected
abort cases solved with UPG. In Fig. [2] this outcome is shown for two cases that initiated abort at 200 and 250 seconds
after PDL.

In Fig. , the solution with UPG inserts the vehicle at an altitude of 19 km, while the solution with OpenMDAO

does the same but ends at an altitude of close to 15.5 km. The difference between both solutions is of more than 3 km.

Similarly, in Fig. [7p, the solution obtained by UPG enters orbit at close to 18.4km, while OpenMDAO ends at 14.6 km. In
this case, the difference is of almost 4 km. Note that in both cases, even though the solution ends at different altitudes, the
total flight time is essentially the same. Since thrust is always at full throttle, this means that the propellant consumption
is indistinguishable in both trajectories. The reason this result is surprising is because the solution that gives the highest
altitude in both cases alternates between UPG and OpenMDAO. Before this comparison, the multiple optima were
noticed in the solution with UPG. Since each one of these methods converged to a viable solution, detecting multiple
solutions with the direct and indirect methods implies that this behavior is not dependent on the implementation, or the
method used. Effectively, any method that finds an optimal solution to the abort guidance problem will encounter this
phenomenon. This reiterates the belief that this discovery is an important tool for contingency planning in preparation
for future missions to the Moon.

Motivated by this new discovery and certain that the results found with the indirect method could be replicated with
the direct method. A new true anomaly scan was performed using the direct method of optimal control to examine the

propellant consumption obtained with this method. The propellant curve for varying true anomalies is presented in Fig.

Bl

The resulting propellant consumption at different orbital insertion points exhibited the same behavior with
OpenMDAO. Albeit more computationally expensive, a closer look revealed that the propellant curve matched exactly
the curves obtained with UPG. The existence of multiple optima is evident in both cases and confirms the results
obtained previously. In Fig. [0 a glance at the abort solutions for cases throughout the descent exposes their ascent
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Propellant vs True Anomaly Scan with OpenMDAO
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Fig. 8 Propellant vs True Anomaly Scan with OpenMDAO

trajectories.
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Fig. 9 Abort Solutions at different points along the powered descent trajectory

Starting from a powered descent trajectory generated by FP2DG, abort can begin at any time during the descent. The
complete abort solution presented in Ref. [9] performs a pull-up maneuver to align the vehicle and a fuel-optimal ascent
guidance to determine the best orbital insertion condition. The black line represents the powered descent guidance
without any abort and the red portion is the pull-up maneuver. The fuel-optimal ascent guidance is differentiated by
a continuous blue line for UPG and a dashed green line for OpenMDAQO. In this paper, only the fuel-optimal ascent
guidance is involved in the multiple optimal solution.

Abort cases initiated at the first or final portion of the descent converge to the same solution. At the beginning, the
initial conditions and initial guess of the optimization algorithm favor the global minimum. Although the propellant
curve reveals a more pronounced minima for earlier cases, it seems that the position of the vehicle and the direction of
the ascent trajectory benefit an insertion into the orbit before perilune. On the other hand, cases closer to the end of
the descent are bound to only one solution at perilune. The middle portion of the trajectory contains all the cases that
exemplify the subject of having multiple solutions to the same problem. Cases in the middle are more complex, as
they depend on the initial conditions of the problem, the initial guess and the type of optimization method used. Using
the final ascent conditions, the true anomaly at insertion can be calculated for each case. Figure[I0]combines the true
anomaly calculated with the propellant curve for 3 different abort cases and unveils important information about the
orbital insertion altitude as a function of true anomaly.
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Fig. 10 True anomaly at insertion point

Propellant curves for abort cases starting at 200, 250 and 300 seconds are plotted. These cases were selected because
they are part of the cluster cases for both UPG and OpenMDAO. Each of these cases clearly shows the two local minima.
Adding the true anomaly resulting from the orbital insertion conditions for these cases demonstrates that the difference
in altitude is related to the true anomaly at insertion point, with a higher altitude entering at a negative true anomaly,
while the lower altitude enters orbit at a positive true anomaly. The uncovering of multiple solutions gives reassurance
on the nature of this phenomenon. Every abort scenario has at most two solutions and neither of them are arbitrary.
Understanding the solution helps predict the outcome of an emergency before it happens. Furthermore, knowing that
both solutions are near fuel-optimal allows the manipulation of the solution to be forced to enter the orbit at a specific
location.

The last component of this investigation involved a more detailed inspection on the nature of the cluster cases in
the middle. A comparison of the results obtained by OpenMDAO and UPG would give an insight on the similarities
and differences among these cases. A comparison of the ascent trajectories for some abort cases between 200 and 300
seconds after PDI is shown in Fig. [TT]

Descent Trajectory
Pull-Up
Ascent UPG

20 — Ascent OpenMDAO ||

Geocentric altitude (km)
>

I . . I I I .
200 250 300 350 400 450 500
Time since PDI (s)

Fig. 11 Abort Trajectories in cluster converging to different altitude

In the case of OpenMDAQO, it appears that the cluster of cases ending at a lower altitude starts a little bit later.
The ascent solution by UPG converges to a lower solution in cases that started abort at 200 and 225 seconds, while
OpenMDAO converges a higher altitude in the same cases. On cases that started abort at 250, 275 and 300 seconds,
OpenMDAO converges to a lower altitude, while UPG enters orbit at a higher altitude. Due to the computational
time expense of the direct method, 3000 Monte Carlo simulations were not performed with this method. But a small
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experiment with UPG revealed that changing the initial guess of the optimization method influences the range of the
cluster cases. For instance, the nominal ascent guess time for UPG is of 200 seconds. Reducing the ascent guess time
caused the cluster cases to shift to the left, while increasing the guess time caused them to move to the right. Changing
the initial guess time did not eliminate the cluster. Although OpenMDAO utilizes a vector of normalized times rather
than an initial guess, it is possible that the mechanism used to solve the solution acts similar than the initial guess
implemented in UPG. This would explain the different ranges found for each method. This is merely an observation that
goes beyond the scope of this paper.

Pull-Up
Ascent UPG
Ascent OpenMDAO

1800 -

1700 -
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1400 [

Relative Velocity (m/s)

1300 [

1200

1100 -

1000 /
;
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Fig. 12 Velocity profiles for different abort cases in the cluster

Additionally, velocity profiles for each abort case revealed similar patterns among all solutions. Figure[12]shows
a velocity profile comparison for the cluster cases tested. This demonstrated that the velocity is the same using both
methods, regardless of the final altitude achieved. The implication of this result means that the propellant consumption
should be very close among solution to the same case using different methods. The fact that the velocity profiles were
identical, implied that the total ascent time must be similar since both implementations are running at full throttle. This
was confirmed by the propellant comparison in Fig. [I3]

*  Ascent UPG 1
Ascent OpenMDAO

6000 - 4

6500 -

5500 | »

5000 |- -

Propellant Consumed (kg)

4500 -

4000

. . I I . .
200 220 240 260 280 300
Abort Time (s)

Fig. 13 Propellant Consumption Comparison between Direct and Indirect Solutions
Propellant consumption increases as the abort occurs later in the descent. Since the vehicle gets closer to the
ground as it moves through the descent trajectory, it requires more propellant to ascend into the final orbit. The

propellant consumption among the cluster cases tested is indistinguishable between the two methods. This means that
both solutions are near-optimal despite entering the final orbit at a different altitude. Knowing that either solution is
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near-optimal, there is no impact in propellant efficiency by the selection of a specific final altitude. The discovery of
the two minima in the propellant curve indicates that at every point before 400 seconds, multiple fuel-optimal ascent
solutions exist. This is an important discovery for crewed lunar landing missions on the grounds that in case of a
contingency, the crew and support team should be prepared to encounter this type of behavior. The only concern is to be
able to predict the altitude that the algorithm will choose at any given time. This could be predicted by testing different
initial conditions in Monte Carlo simulations.

Although a spacecraft insertion to a lower altitude is also a safe solution to the abort ascent problem, it is not ideal to
deviate from the rest of the solutions. This is especially concerning if the propellant consumption is the same and there
is no added benefit to take a different route. Furthermore, being unaware of the expected result is an idea that goes
opposite to the principle of contingency. Perhaps a better solution is to require the guidance to end above a specific
altitude in case of abort. This can be accomplished by forcing the solution to insert the vehicle at a negative true anomaly.
Multiple methods can be implemented to ensure that the guidance selects a particular solution. The important takeaway
is that Inowledge of the two possible solutions enables multiple approaches to influence the result. The fact that the final
condition can now be predicted is the greatest advantage of this discovery.

VI. Conclusion

In any human mission, the priority is the safety of the crew. A great deal of attention is spent on the guidance,
navigation and control system to create redundancy and reduce the risks involved in space missions. One such component
of GNC is the abort capability that the spacecraft possess to take a spacecraft from an emergency situation into a secure
orbit around the Moon. The problem of abort guidance during lunar powered descent was finally resolved with an
innovative approach that updated abort guidance methods that were in place since the Apollo missions. Among the
set of solutions obtained from this new algorithm, an unexpected phenomenon caused some of the abort trajectories
to converge to a different altitude than anticipated. In this paper, an analysis of the abort solution finally puts an end
to the unsolved mystery. A new fixed-point formulation allowed the discovery of multiple optima on many of the
abort guidance solutions. This realization gives a better understanding of the characteristics of an abort trajectory and
allows future missions to plan in advance for this phenomenon. The results found in this study are not unique to this
implementation and will emerge in similar optimal control approaches. The implications of this finding pertain the
contingency planning in future missions to the Moon. Validation and verification of the algorithm is performed to
demonstrate the efficacy of the algorithm and the reliability of the solution.
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