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Featured Application

This is the first time that the implementation of model predictive control for trajectory
tracking of a robotic spaceplane descending on Mars is suggested.

Abstract

This paper proposes a closed-loop nonlinear model predictive control for the first time for
the trajectory tracking of a spaceplane descending and gliding on Mars. Previous studies
presented the optimization of descending trajectory solving optimal control problems to
reach a specific region (longitude, latitude, and altitude) by the end of the atmospheric
flight. Following those approaches, in this work, an optimal trajectory was selected for a
semi-optimal controller, specifically the nonlinear model predictive control. This controller
and its robustness were validated through Monte Carlo simulations, demonstrating that it is
robust enough to direct the spaceplane along the reference path, even when the atmospheric
density changes by 15% of the standard deviation.

Keywords: aeromaneuvers; astrodynamics; closed-loop; guidance; model predictive
control; planetary entry; spaceplane

1. Introduction
Over the last few decades, scientific interest in Mars has grown. Several missions,

including rovers, have been deployed, increasing the knowledge of the planet and its
atmosphere. New players, including private companies, are investing in and developing
spacecraft aimed at future Mars missions. An example of this is NASA’s Mars Exploration
Program, which spans 2024–2044.

Travel to Mars highly depends on the interplanetary heliocentric trajectory from Earth
to Mars, which could take several months. When the mission requires the transportation
of either scientific instruments or payloads to the surface of the planet, the spacecraft
must survive the atmospheric entry. This is a critical phase of the mission, as most of
the spacecraft’s kinetic energy is dissipated through friction with the atmosphere, thereby
increasing the thermal and structural loads on the spacecraft’s surface, as presented in [1,2].

After high-speed or hypersonic entry, the spacecraft is surrounded by a dense enough
atmosphere to deploy aerodynamic actuators, such as parachutes, to increase drag, a
technology that has been successfully applied in several missions. More details about the
aerodynamics of space missions are discussed in depth in [1,2]. On the other hand, another
possible system to be used during the Entry, Descent, and Landing (EDL) phase is gliding
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spacecrafts, similar to Space Shuttles and the robotic X-37B, also known as spaceplanes.
The large surface and aerodynamic shape of the spaceplanes allow them to increase the
lift force, which could result in a gliding flight if the lift is controlled. A characteristic of
this technology is the ability to control descent with greater precision than a parachute,
thereby increasing the flight range. It is essential to note that this technology is beneficial
for transporting larger payloads and demonstrates its suitability for reusing spaceplanes
for future missions, a concept proposed in [3–11]. The optimization of re-entry involves the
use of lift to optimize the trajectory. This is a problem that has been discussed for many
years, adapting new solutions from the state-of-the-art technology available at each epoch.
One of the earliest studies describing lift control during gliding re-entry is presented in [7].
With the evolution of space technology, new ideas are required that are more complex
computationally and adapt to the most advanced systems. For instance, a second-order
convex optimization was analyzed for high lift to drag hypersonic gliding vehicles on Earth,
solving optimal control problems in less time than traditional nonlinear programming [3];
another approach of a hypersonic gliding flight above the Earth tracking the velocity to
control the angle of attack and avoiding specific zones was presented in [4]. An analytical
guidance approach was proposed in [5] to reduce the computational cost of hypersonic
re-entry above the Earth. The final deceleration and increase in weight of the control angle
of attack were proposed in [6] as a short-range guidance strategy for re-entry of a vehicle
on Earth. For the case of Mars, deployable devices are designed as an alternative as a
decelerator for atmospheric entry on future missions [8–10]. As presented before, to date,
most applications of gliding hypersonic technology have been analyzed for missions above
Earth. In the case of Spaceplanes, such as the Space Shuttle and X-37, they were validated
through multiple missions in Low Earth Orbit (LEO), which makes spaceplane technology
a good candidate for missions above atmospheric planets; this is the reason it was selected
for analysis in the present paper.

Multiple missions and scientific papers show that a spacecraft designed to leverage
the atmosphere of the planet (like the spaceplane) reduces the cost of the mission because
it uses the aerodynamic forces to control its trajectory, compensating for the use of chem-
ical propulsion [12–25]. Unlike drag, the manipulation of lift enables us to control the
direction of the spacecraft during atmospheric flight, including range and cross-range, and
also reduces vertical speed. In the case of hypersonic maneuvers above the planet, the
spaceplane performs an aeromaneuver known as an aerogravity assist maneuver (AGAM),
which has been widely explored by various authors over the last 30 years [12,14–25]. Hy-
pothetical high-lift-to-drag spaceplanes, like waveriders, could perform AGAM to increase
the performance of the fly-by, as described in [12,14–23]. For instance, the control of lift in
AGAM increases the curvature angle of the swing-by, which is equivalent to a significant
gravitational effect from the planet. Additionally, it is possible to direct part of the lift
outside the plane of the trajectory, resulting in a change of the orbital plane (i.e., a change in
inclination) [13,24,25]. The AGAMs are a good example of the possible uses of spaceplane
technology in aeromaneuvers, but, as it is outside the scope of this paper, we invite you to
obtain more information from the references cited earlier.

One of the challenges of aeromaneuvers is the uncertainty of atmospheric conditions,
such as density. This stochastic system is influenced by several factors, including solar
activity, the spacecraft’s attitude and position, date and time, atmospheric dynamics, and
weather conditions, among others. Therefore, planning aeromaneuvers depends on the
dynamics of the system, constraints, and boundary conditions, which are standard features
of an optimal control problem (OCP). As a result, most approaches to determining space-
craft trajectories in the atmosphere are solved via OCP, with promising results [12,15–26].
In 2024, the OCP was explored for a gliding descent of a spaceplane on Mars, aiming to
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increase the flight range to reach specific coordinates at the final time [27]. This research
demonstrated the successful application of the OCP for multiple trajectories, taking into
account variations in the atmosphere and initial conditions. However, the paper analyzed
open-loop trajectories without control to correct the course in real time, due to multiple
perturbations along the flight path. Therefore, this study investigates the application of a
closed-loop system for the same problem described in [27], proposing a new approach for
an embedded (real-time) controller during a gliding descent on Mars.

MPC is proposed as the real-time controller for the spaceplane during descent due to
its ability to solve an OCP at each time step, applying the initial solution to the system and
recalculating the control action for the subsequent state [28–43]. Unlike Linear Quadratic
Regulators (LQRs) or other kinds of controllers, MPC has the same constraints, dynamic
model, cost, and boundary conditions as an OCP, which is interesting for solving complex
trajectories in the field of astrodynamics. At the same time, the advance in computation
makes this technique feasible for on-board computers of spacecrafts [28–32]. On the
other hand, new research has shown that it is possible to implement MPC in complex
maneuvers [32]—for instance, in cases such as decay [33], atmospheric descent [34,35],
rendezvous [37], and re-entry [36,38].

In the specific case of re-entry using MPC, new methods employing nonlinear MPC for
hypersonic re-entries have recently emerged [44]. The use of flaps and LQR was examined
for blunt bodies in [45]. Additionally, a reachability analysis for designing MPC controllers
for re-entries was presented in [46], demonstrating feasible results. A robust approach,
employing a different method explored in this paper, analyzes the robustness of hypersonic
re-entry while avoiding specific points to solve a trajectory tracking problem [47]. However,
the literature review shows that there are no applications of a spaceplane using closed-loop
MPC for trajectory tracking on gliding descent above Mars, which is the novelty of this
paper. This paper is proposed as a proof of this concept to determine the feasibility of the
closed-loop maneuver via MPC.

The manuscript is arranged as follows: Section 2 presents the mathematical model.
Section 3 presents the simulation results, followed by a discussion in Section 4.

2. Materials and Methods
In Section 2, the equations that describe the dynamics of the spaceplane above Mars

are presented; the assumption and formulation of the aerodynamic model, as well as the
cost function to minimize the trajectory tracking problem, are discussed, which represent
the main components of the MPC.

2.1. Equations of Motion

Mathematically, the spaceplane is modeled as a point of mass, where the forces of
weight (product of the mass by the gravity mg), lift (l), and drag (d) are acting. This point
is the origin of the inertial velocity vector (V). The distance from this point to the center
of the planet represents the magnitude of the position vector (R). The angle between the
local horizon and the velocity vector is the flight path angle (FPA, γ), and the projection
of the velocity on the horizon, in clockwise direction from the north, is the azimuth (A).
Completing the spherical coordinates are the angles of longitude (θ) and latitude (φ). The
baking angle (β) represents the angular distance between the lift and the local vertical or
unit vector of R.

A spaceplane without variation in mass (gliding, without propulsion), flying on an
isothermal static atmosphere above the spherical planet, with a uniform distribution of
mass, is assumed. The planet is assumed to be static, without rotation. Those assumptions
regarding the atmosphere and the gravitational model are selected due to the lack of
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information on a more recent and comprehensive model available to the international
scientific community. The six differential equations, also known as state equations (first-
order dynamic constraints of the OCP), on the local rotational reference frame are as
follows [12,14–17,22–25,27]:

.
R = Vsinγ, (1)

.
θ =

V
R

cosγ

(
sinA
cosφ

)
, (2)

.
φ =

V
R

cosγcosA, (3)

.
V =

d
m

− gsinγ, (4)

.
γ =

[(
l
m

cosβ

Vcosγ
− g

V

)
+

V
R

]
cosγ, (5)

.
A =

l
m

sinβ

Vcosγ
− V

R
cosγtanφsinA. (6)

2.2. Aerodynamic Model of the Spaceplane

The total aerodynamic force is composed of a perpendicular component to the velocity
relative to the flow—in this case, lift, and the opposite force to the movement, which is drag.
Both forces are a function of their specific coefficients, cl and cd, which are determined by
the shape and material of the spacecraft. Those coefficients are a function of the properties
of the continuum flow, and, in this particular case, are a function of the angle of attack
(AOA- ∝). The AOA is the angular distance between the velocity vector and the axial axis
of the spaceplane [1–3]. An ideal spaceplane was selected, with the ideal aerodynamic
configuration similar to X-34 due to the availability of the experimental data to calculate its
aerodynamic coefficients as a function of the AOA [11,24,27]. This is also the spaceplane
with better aerodynamic performance due to its large lift-to-drag ratio. This angle is one of
the control variables to be adjusted by the MPC along the flight path. The other control
variable is the banking angle, described in Equations (5) and (6). The functions of the
aerodynamic coefficients are presented in Figure 1. The aerodynamic model could be
affected by flow and atmospheric variations; for this reason, and to model the uncertainties,
it is proposed that a Monte Carlo analysis be used in Section 2.3. A detailed aerodynamic
analysis is outside the scope of this research.

The model of the aerodynamic force depends on the density (ρ) of the flow. For this
analysis, the atmosphere was assumed to be hydrostatic and isothermal, with density
varying as a function of altitude (h). The model is considered in this way due to the lack
of information about a more comprehensive model of Mars’ atmosphere available to the
scientific community. The exponential model of the atmosphere is

ρ = ρ0exp(−h/H) (7)

In Equation (7), H is the scale height, and the value used here is 11.1 km. The density
at the surface (ρ0) is 0.02 kg/m3 [48]. Then, it is possible to model the aerodynamic forces
as follows [12–19,27]:

l = Cl
A
2

ρV2, (8)

d = Cd
A
2

ρV2. (9)
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Figure 1. Aerodynamic configuration selected for the spaceplane: lift coefficient as a function of the
angle of attack (top); drag coefficient as a function of the angle of attack (middle); top and lateral
view of the shape of the spaceplane, adapted from [11] (bottom).

2.3. Constraints

The trajectory tracking problem described here follows a reference trajectory calculated
from [27], which aims to direct the spaceplane to minimize the distance between two final
coordinates of longitude and latitude. The path constraints within which the changes of
the controller on the trajectory, from an initial time (t0) to a final time (t f ), were selected
from [27]. The range of motion of the variables to find a solution via MPC is the same
as that of the OCP. In the case of the control variables, or the aerodynamic angles, the
boundary conditions are restricted to the functions presented in Figure 1.

The boundary conditions of latitude and longitude describe the full range of the
sphere of the planet, just as the azimuth. In the case of the FPA, it is selected to have its
main component on the horizontal line, like a gliding horizontal flight, without abruptly
increasing the AOA. As mentioned before, the initial altitude and velocity are selected



Appl. Sci. 2025, 15, 10400 6 of 13

according to [27], allowing solutions to reach the planet’s surface and reduce the velocity.
The aerodynamic angles are a function of the model presented in Section 2.2.

t0 < t ≤ t f

RPlanet ≤ R(t) < RPlanet + 92 km
0.0 m/s ≤ V(t)

−180 deg ≤ θ(t) ≤ 180 deg
−90 deg ≤ φ(t) ≤ 90 deg
−20 deg ≤ γ(t) ≤ 20 deg
0 deg ≤ A(t) ≤ 359.9 deg


(10)

−4 deg ≤ α(t) ≤ 28 deg
−180 deg ≤ β(t) ≤ 180 deg

}
(11)

2.4. Objective Function

Similar to the OCP, a cost function is required for the MPC because it is continuously
solving an OCP at each step. In Equations (5) and (6), it is possible to observe that the
FPA and the azimuth are functions of all of the variables of the dynamics, aerodynamics,
and control. For this reason, the cost function is selected to minimize the error between
the real flight and the reference values of the FPA (γRe f (t)) and azimuth (ARe f (t)) as a
function of time calculated previously from the OCP. Then, the objective function (J) for
the MPC is to minimize the quadratic difference of the two angles as a function of time
between the initial (t0) and final time (t f ) of flight, subject to the dynamic constraints given
by Equations (1)–(9), and the path constraints, Equations (10) and (11).

min
t0,t f

J(x, t) =
∫ t f

t0

[(
γ(t)− γRe f (t)

)2
+

(
A(t)− ARe f (t)

)2
]

dt (12)

In this case, a single optimization function was selected for a trajectory tracking
problem to reduce computational cost, as the change in azimuth and FPA involves changes
to all components of the state vector, as presented in Equations (1)–(6), and because it is
possible to find solutions on the interval of time of the step, as demonstrated by [49] in the
case of an aerogravity-assisted maneuver.

3. Results
A reference trajectory from the solution of the OCP was selected following the method-

ology presented in [27]. The spaceplane, with a mass of 8200 kg and an area of 332 m2 [24],
begins its atmospheric descent at an altitude of 92 km, at a longitude and latitude of 0◦.
The inertial velocity at this point is 6.5 km/s, pointing below the horizon due to the −4 deg
of FPA, and directing the flight to the east, with 90 degrees of azimuth, as described in [27].

The software selected to solve the OCP and the NMPC is GEKKO in Python 3.13 [50].
This software was used for dynamic optimization problems, finding optimal trajectories
for spaceplanes on gravity-assist maneuvers [25]. For the graphics presented in this paper,
the Matplotlib (Version 3.10) library was implemented in Python [51].

The MPC is selected to have the possibility of estimating 4 s at each discretization
point (4 s of horizon), requiring two control actions at each second (2 steps). This setup
was selected because it is possible to calculate an optimal solution in less than 0.3 s, a
time sufficient to execute the actuator and observe the new state. It is assumed that the six
variables of the state vector and the two of the controllers are observable along the trajectory.
Two modules are created to simulate the trajectory. The first one is the MPC, where the
OPC is solved to find the control action to apply to the plant. The second module is a
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simulator, where the dynamics of the system are solved at each discretization (0.5 s) using a
numerical integrator (RK45), applying the control action calculated by the MPC. Then, the
result is sent to the MPC as the initial condition of each step to complete the closed-loop
guidance. The mean computational time to follow the complete trajectory is less than 400 s
on a PC with a Core i5 (12th) processor and 16 GB of RAM, which is significantly less than
the estimated time of flight above 810 s. Figure 2 presents the flowchart of the process.

Figure 2. Flowchart used to describe the control process over the maneuver.

To explore the robustness of the NMPC to variations in atmospheric density,
100 trajectories from Monte Carlo simulations were analyzed, where the density was mod-
eled as a normal distribution with a standard deviation of 15%. Results are presented from
Figures 3–10. The reference trajectory from the OCP is presented as a dashed black line, and
the colored lines represent the results of the simulations for each trajectory. In the figures, it
is possible to observe that when the density decreases to values lower than 80% (blue and
green lines, which are farther from the reference), this is represented in Figure 10 by the
Density Scale, with dark spots indicating density lower than 0.8 or 80%. The drag is not
enough to reduce the velocity, so increasing the time of flight makes it impossible for the
controller to follow the trajectory.

Figure 3. Resulting trajectories from simulations, with altitude as a function of time.

Figure 3 shows how the spaceplane’s altitude changes over time during its descent.
By analyzing this graph, you can assess the descent rate and determine how well the
spaceplane maintains its planned trajectory. Any deviations might indicate atmospheric
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variations or control issues. In general, we observe that the spacecraft initiates a de-
scending trajectory until a level near 50 km in altitude, and then it rebounds into the
atmosphere, transitioning to an ascending trajectory until near 70 km in altitude, before
finally descending rapidly.

Figure 4 illustrates the changes in velocity as the spaceplane descends. It helps to
evaluate the effectiveness of the drag and lift forces in controlling descent speed. It shows
two decreasing regions separated by an almost flat region, indicating a region of near-zero
resultant force in the spacecraft. Deviations from expected velocity could suggest areas for
improvement in control strategies.

Figure 4. Velocity as a function of time resulting from Monte Carlo simulations.

Figure 5 shows the flight path angle throughout the descent. There are strong oscilla-
tions in the final parts of the trajectory, where the drag increases due to the higher values of
atmospheric density. It is essential to remember that maintaining the correct FPA is crucial
for achieving an accurate trajectory. Significant deviations may indicate control issues that
require further investigation and adjustment.

Figure 5. FPA as a function of time resulting from Monte Carlo simulations.

Figure 6 illustrates the changes in the azimuth angle, showing how the direction
shifts during descent. The same pattern of strong oscillations in the final parts of the
trajectory appears here, as the drag increases due to higher atmospheric density. Precise
azimuth control is crucial for hitting the intended landing target. Analyzing this graph
helps evaluate how well the spaceplane maintains its intended flight path.
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Figure 6. Azimuth as a function of time resulting from Monte Carlo simulations.

Figure 7 represents the spaceplane’s trajectory on a horizontal plane, showing its path across
the surface of Mars. This figure can help evaluate the overall accuracy of the landing trajectory.
Deviations from the planned path might suggest atmospheric or control-related influences.

Figure 7. Longitude vs. latitude of the spaceplane resulting from Monte Carlo simulations.

Figure 8 shows how the angle of attack changes during the descent. Monitoring the
AOA is crucial for maintaining aerodynamic efficiency. Any significant deviations might
require adjustments to the control system.

Figure 8. Results of AOA as a function of time for the simulated trajectories.

Figure 9 shows changes in the bank angle, which affects lateral control. Proper bank
angle management is essential for steering and stabilizing the spaceplane. Analyzing this
figure can help identify areas that need refinement in control strategies.
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Figure 9. Banking angle as a function of time calculated from MPC during simulations.

Figure 10. Distribution of longitude and latitude at the end of the simulated trajectories.

4. Discussion
This paper presented a novel approach to using model predictive control (MPC) for

the trajectory tracking of a spaceplane during a gliding descent on Mars. It builds upon
previous research that focused on optimizing descending trajectories through open-loop
optimal control problems. The current study addresses the limitations of open-loop systems
by implementing a closed-loop MPC, which is capable of real-time adjustments in response
to atmospheric variations.

The results indicated that the MPC is effective in managing trajectory deviations
caused by fluctuations in atmospheric density. However, it is noted that when atmospheric
density decreases to below 70% of the expected value, the controller struggles to maintain
the reference trajectory, highlighting a potential area for further research and improvement.

Therefore, in the context of previous studies, this paper makes a significant contribu-
tion by demonstrating the feasibility of real-time control systems for spaceplanes on Mars,
a concept not previously applied to gliding descents on the planet. The implications of
this research are broad, suggesting potential applications for future Mars missions where
precision landing is critical.
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The following abbreviations are used in this manuscript:

AGAM Aerogravity-Assisted Maneuver.
AOA Angle of Attack.
FPA Flight Path Angle.
LEO Low Earth Orbit.
MPC Model Predictive Control.
NMPC Nonlinear Model Predictive Control.
OPC Optimal Control Problem.
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