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Abstract: The autonomous control of landing procedures can provide the efficiency and precision that
are vital for the successful, safe completion of space operations missions. Controlling a lander with
this precision is challenging because the propellants, which will be expended during the operations,
represent a significant fraction of the lander’s mass. The mass variation of each tank profoundly
influences the inertia and mass characteristics as thrust is generated and complicates the precise
control of the lander state. This factor is a crucial consideration in our research and methodology. The
dynamics model for our lander was developed where the mass, inertia, and center of mass (COM)
vary with time. A feed-forward neural network (NN) is incorporated into the dynamics to capture
the time-varying inertia tensor and COM. Moreover, the propellant takes time to travel through the
feed lines from the storage tanks to the engine; also, the solenoid valves require time to open and
close. Therefore, there are time delays between the actuator and the engine response. To take into
account these sources of variations, a combined time delay is also included in the control loop to
evaluate the effect of delays by fluid and mechanisms on the performance of the controller. The
time delay is estimated numerically by a Computational Fluid Dynamics (CFD) model. As part of
the lander’s control mechanism, a thrust vector control (TVC) with two rotational gimbals and a
reaction control system (RCS) are incorporated into the dynamics. Simple proportional, integral, and
derivative (PID) controllers are designed to control the thrust, the gimbal angles of the TVC, and the
torque required by the RCS to manipulate the lander’s rotation and altitude. A complex mission with
several numerical examples is presented to verify the hover and rotational motion control.

Keywords: dynamics with time-varying mass; inertia; COM; CFD; lunar lander; PID control; neural
network

1. Introduction

The race to establish a presence on the lunar surface has grown in recent years,
with both commercial companies and national agencies competing [1–4]. However, this
pursuit has been fraught with setbacks and challenges, as evidenced by the numerous failed
attempts that have characterized recent endeavors in lunar exploration [5]. While significant
research has been conducted on landing technologies such as propulsion systems, guidance
algorithms, and landing mechanisms [6–12], there appears to be comparatively limited
focus on modeling dynamics, stability, and control.

This paper focus on propulsion systems that use liquid oxygen and liquid methane
(LO2-LCH4) as propellants [13]. It is important to note that for this iteration of the study,
the model employs the properties of the Earth’s gravitational environment. A significant
portion of the total mass of such a lunar lander is the mass of the cryogenic propellants. As
the lander operates, propellant is consumed to fuel the propulsion system, which leads to
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the reduction in the mass of each propellant in the lander. Properties such as mass, moment
of inertia, and center of mass in the dynamics are crucial in the modeling and control of
the system. The stability of the lunar lander is very sensitive to the moment of inertia and
the COM as rotational motion is highly coupled with these two time-varying properties.
This variation requires the careful consideration and adjustment of control strategies to
maintain stability and ensure the successful execution of lunar landing missions. In earlier
studies [14], researchers explored the control of a lunar lander’s position and orientation
using a single thruster, without knowledge of its mass and velocity measurements. They
proposed a controller with an invariance-based mass estimator and a sliding velocity
observer but did not account for variations in the center of mass and inertia. Sliding-
mode control has also been used to reduce the effect of noise without considering time-
varying mass and moment of inertia [15]. In [16], the control system designed does not
incorporate a mechanism that accounts for the change in mass, center of mass, and inertia
that affect the lander dynamics during descent and landing. In [17], numerical optimization
and bending filters are employed to increase control robustness under uncertainty, but
again without considering time-varying mass properties. Ref. [18] employs a nonlinear
controller divided into the thrust vector control and the position control that is based on the
sliding mode theory. The test conducted to prove the functioning of the controller for the
altitude, attitude, and position did not consider the variation of mass and moment of inertia.
Ref. [19] introduced the design, modelling and control of a lander with semi-active control,
assuming also that inertia parameters do not vary during the entire landing maneuver. The
use of neural networks along with reinforcement learning and augmented optimization
algorithms has proved beneficial for solving nonlinearities during a landing procedure.
In [20,21], the use of neural networks and deep reinforcement learning for optimal control
proves an improvement for real-time performance, while augmented convex–concave
decomposition (ACCD) developed by [22] enhances the feasibility of optimization by
ensuring a more robust convergence.

There are additional nonlinearities that must be managed by a lunar lander control
system. For instance, it takes time for the fluid to travel through the pipeline to reach the
engine. In addition, valve actuation is not instantaneous but has a time delay. These effects
combine to create a time delay between the actuator and the engine response. To take into
account these sources of variation, a control-oriented model for a lunar lander is developed
where a time-varying mass, the moment of inertia, and COM are modeled in the dynamics.
A combined time delay is also incorporated into the TVC responses to evaluate the effect of
the delays and the controller’s performance. The time delay is estimated numerically by
a computational fluid dynamics (CFD) model. As a part of the control mechanism of the
lander, a TVC with two rotational gimbals and an RCS are incorporated into the dynamics.
A combination of PID controllers are designed to control the TVC gimbal angles and RCS
torque input to manipulate the rotation and the altitude of the lander.

Furthermore, a complex flight path mission is introduced to test the lander altitude
and attitude motion control. The mission individually tests each controller at different
time intervals.

2. Modeling the Dynamics

In Figure 1, a conceptual diagram of the lunar lander model is shown. This lander
is developed and integrated as a testbed of a LO2 and LCH4 propulsion system [23].
The model shows three vertical cylinders containing liquid oxygen, liquid methane, and
pressurized helium. Fully fueled, the lander has a gross mass of 372 kg, of which 103.7 kg is
tank propellants and pressurizing fluids. The height of the lander is 3.7 m, and the diameter
at the base of the legs is 1.3 m. The helium tank is at the top and the oxygen tank is at the
bottom. The lander model is oriented with the reference frame where the z-axis is vertical
and passes through the center of gravity of the lander when standing vertically up, see
Figure 1a. A TVC is installed directly below the liquid oxygen tank, 0.6 m below the center
of mass of the fully-fueled lander, see Figure 1b. Individual fuel lines are directly routed
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from the liquid methane and liquid oxygen tanks to the engine located between the liquid
oxygen tank and the TVC.

The TVC manipulates the direction of the thrust and the magnitude of the thrust to
control the lander’s angular motions and attitude. The TVC has a gimbal that controls the
roll and pitch angular directions. The gimbal angle α manipulates the roll, and the gimbal
angle β manipulates the pitch. The TVC is placed so that the thrust vector results at an offset
distance from the model’s center of gravity on the center-line (on zb axis). This distance is
represented as dg in Figure 1b. As the propellant constitutes a large fraction of the vehicle’s
mass, the mass properties are expected to change dramatically as the propellant is burned
off during the landing maneuver. Realistically, simulations and control of the lander’s
dynamics must thus account for changes in mass, COM, and inertia.

(a) (b)

Figure 1. The model shows three vertical cylinders containing oxygen, liquid methane, and pressur-
ized helium. The gimbal angles α and β are the angular rotations of the thrust vector T with respect
to xb and yb axes, respectively. (a) Lunar lander concept. (b) Gimbal angle orientation.

2.1. Modeling the Mass Variation

The change in mass is related to the thrust required by the controller to perform desired
outputs or maneuvers. Assuming specific impulse is constant throughout achievable
throttle settings, the rate of change of the mass as a function of thrust is given by

dm
dt

= −ṁnom
T

Tnom
, (1)

where ṁnom is the nominal mass flow rate of the fuel (different for LOX and LCH4), T
Tnom

is
the throttle, T is the magnitude of the thrust and Tnom is the maximum thrust that the engine
can produce. Applying Forward Euler approximation to Equation (1), the instantaneous
mass can be written as

m(t) = mold(t)− ṁnom
T

Tnom
dt, (2)

where dt is time step and mold(t) is the mass at the previous time step. The mass flow rate
of the two fuels is different. Since the mass of the pressurant fluid is so small, only the
concentrated depletion of pressurant mass and volume in its original tank is observed, but
the addition of pressurant fluid mass in each of the two fuel tanks is not simulated.

2.2. Modeling the Variation in COM and Moment of Inertia

The lander computer aided design (CAD) model is used to calculate the inertia tensor
and the COM. As seen in Figure 2, the lander is positioned with the gimbal pivot axes
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aligned with the environment x and y axes. This ensures that the calculated COM will be
with respect to the gimbal pivot axes. The resulting distance between the model origin
and the calculated COM, dg, is the moment arm of the thrust actuation with respect to the
estimated COM.

(a) (b)
Figure 2. Lander with fuel-level/orientation combination [L-3, O-16] (See Tables 1 and 2).
(a) Fuel-level/orientation combination in XZ plane. (b) Fuel-level/orientation combination in
XZ plane.

The reason for changes in center of mass of the lander and in inertia tensor is fuel
consumption. The change in COM will affect the TVC as the distance dg and the inertia
Ib varies with time. Each tank is initially filled with fluid of different physical properties,
which makes it difficult to estimate how the center of mass and inertia tensor change over
time as the fuel is consumed. Our analysis employs different mass flow rates for each liquid
in each tank. Using the CAD model, we then calculate the change in COM and inertia
tensor matrix Ib of the lander by emptying each tank. The fuel depletion is achieved in
6 separate stages, where the same amount of fuel is consumed in each subsequent stage
until all tanks are empty, refer to Table 1. This data only captures part of the COM and
inertia change, specifically when the lander is in its upright orientation. The COM and
inertia are affected by the different orientations the lander could be in as it is performing its
flight mission. For this reason, the same procedure was performed for various orientations,
particularly changes in the x and y axes, refer to Table 2.

Combining each orientation with all 6 fuel levels yields 132 fuel-level/orientation
combinations. Figure 2 depicts the lander with an arbitrary fuel-level/orientation combi-
nation of L-3 and O-16. The internal shape of the liquids is assumed to be level towards
the negative Z direction. At this point, we are not simulating any other fluid movements
due to viscosity or external accelerations. The COM with respect to the TVC gimbal pivot
location and the inertia tensors for each combination are captured.

Table 1. Lander fuel levels for LOX, LCH4 and He.

L-1 L-2 L-3 L-4 L-5 L-6

LOX Tank Fuel Levels (kg) 63.61 50.88 38.166 25.44 12.72 0

LCH4 Tank Fuel Levels (kg) 39.27 31.42 23.56 15.71 7.85 0

He Tank Fuel Levels (kg) 0.79 0.63 0.48 0.32 0.16 0
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Table 2. Orientations for COM and inertia tensor approximation.

O-1 O-2 O-3 O-4 O-5 O-6

X Axis Orientations −30 −20 −10 10 20 30

Y Axis Orientations 0 0 0 0 0 0

Z Axis Orientations 0 0 0 0 0 0

O-7 O-8 O-9 O-10 O-11 O-12

X Axis Orientations 0 0 0 0 0 0

Y Axis Orientations −30 −20 −10 10 20 30

Z Axis Orientations 0 0 0 0 0 0

O-13 O-14 O-15 O-16 O-17 O-18

X Axis Orientations 10 20 30 10 20 30

Y Axis Orientations 10 10 10 20 20 20

Z Axis Orientations 0 0 0 0 0 0

O-19 O-20 O-21 O-22 - -

X Axis Orientations 10 20 30 0 - -

Y Axis Orientations 30 30 30 0 - -

Z Axis Orientations 0 0 0 0 - -

The captured data are then used to train a feed-forward neural network to estimate
the COM and inertia tensor of the lander live as the Simulink simulation runs. The network
is first trained and tested in a MATLAB algorithm before generating a Simulink block
containing the trained network for use in the model. The input signals for the network
block are the individual masses of the three fluids and the attitude of the lander [ϕ, θ, ψ]. The
output of the network block consists of the COM coordinates [COMx, COMy, COMz] and
the 3 × 3 inertia tensor estimated by the NN block with the instantaneous lander properties
for fluid masses and orientation. The COM coordinates are normalized to calculate the
magnitude, dg.

2.3. Modeling the Time Delay of the Engine

When the engine receives the signal uT from the TVC controller to produce the required
thrust T, the engine opens a valve at each tank, and propellant flows through the feed lines
to the engine to produce required thrust. This process is subject to two sources of time-
delay; one is the time to open the valve, and another one is the time that the propellants
take to travel through the feed lines. As the properties of LCH4 cause it to flow more
slowly than LOX we compute the overall feed time-delay from the LCH4 response. To
compute this delay, a 3D transient CFD model of a fuel pipeline is used to estimate the time
LCH4 takes to travel through the line. The pipe diameter is considered to be 1 in. by 4 ft.
of length. The boundary conditions include inlet velocity and outlet pressure equal to 0
gauge. The inlet velocity is approximated from the known mass flow rate by enforcing the
continuity condition:

ṁnom = ρAv f , (3)

where ρ is the density of liquid LCH4, A is the cross sectional area and v f is the fluid
velocity. Figure 3 below shows CFD results indicating that the LCH4 takes 0.035 s to pass
half the distance from inlet towards the outlet. The inset scale shows the volume fraction of
LCH4. Therefore, LCH4 takes 0.07 s to travel the pipeline from inlet to the outlet.
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Figure 3. CFD model results the LCH4 take 0.035 s to reach half way of the line from inlet towards
the outlet. The inset scale shows the volume fraction the LCH4.

To include the valve and other miscellaneous delays, a total delay td is approximated
by considering the total delay to be twice of the pipeline delay obtained in the CFD
simulation; that is td = 0.14 s. This time delay is incorporated in resulting engine force
(and torque as well) from the TVC as follows:

F(T)
b (α, β, t − td) = F(T)

b (α, β, t)e−td/t, (4)

where F(T)
b (α, β, t) is the resulting force from the TVC without time-delay. The associated

resulting torque is given by

M(T)
b (α, β, t − td) = d(t)× F(T)

b (α, β, t − td) (5)

where d(t) =
[
0, 0, dg(t)

]T .

2.4. Modeling the Dynamics

The lander’s dynamics are modeled through the use of the 6 degrees of freedom
(DOF) variable mass block that is part of the Aerospace Blockset in Simulink [24]. The
block is modeled after the Flat-Earth Equations of Motion by Stevens et al. [25] and the
lander’s dynamics in inertial frame are described by 12 ordinary differential equations
(ODEs) [26]. The block considers the rotation of a body-fixed frame (Xb, Yb, Zb) about a flat
Earth reference frame (Xe, Ye, Ze). The lander’s COM position is described by its inertial
Cartesian coordinates, r = (x, y, z), and its orientation with respect to the inertial reference
frame by three Euler angles ϕ (roll), θ (pitch), ψ (yaw). For this effort, our system assumes
forces and moments due to gravity and propulsion only. For the propulsion effects on the
vehicle, the TVC and the RCS are assumed to be working in parallel where the RCS controls
only the yaw of the vehicle.

2.5. Control Mechanism

In this section, we present the dynamics of the lunar lander with TVC and RCS
mechanisms active. Figure 4 depicts a block diagram that shows the dynamics of the
lunar lander with a time-delayed TVC and RCS controllers. The TVC consists of three
components: PID controllers, a gimbal mechanism, and the engine. The controller sends the
signals uϕ, uθ , and uT based on the absolute error e = [eϕ, eθ , eu]T of the current and desired
set positions of the lander’s roll, pitch, and altitude, respectively. The gimbal mechanism
calculates the required gimbal angles α and β, and the engine calculates the required
thrust. As the pipeline has a time delay, the resulting force and torque are computed by
incorporating the time delay as discussed in Section 2.3.
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Figure 4. Block diagram of the lunar lander system with a time-delayed TVC controller and instanta-
neous RCS controller.

The RCS consists of two components: PID controller and thrusters. The controller
sends the signal uψ based on the absolute error e = [eψ]Q of the current and desired set
positions of the lander’s yaw. Note that the RCS thrusters for this platform and analysis
have not been designed. For this reason, the RCS input to the system is considered to
be a moment rather than a thrust. The thrust could be approximated to be the moment
commanded by the PID divided by the distance dRCS, which is the distance from the z-axis
of the lander to the thrust output location of the RCS. It is assumed that an even number
of RCS units would be attached to the lander. The total thrust required would then be
divided by the number of RCS units present. A time delay for the RCS thrusters has not
been modeled, but we approximate it by using the same delay as the TVC. The lander’s
inertial measurement unit (IMU) evaluates the current position and orientation and sends
the state feedback to the controllers.

3. Numerical Results

In order to verify how the dynamics and control of the lander work in the presence
of time varying mass, moment of inertia, COM, and the engine’s time delay, we employ a
complex flight mission with various changes in altitude and orientation. Table 3 provides
the values of the parameters used in modeling the lander’s dynamics. In addition, both of
the gimbal mechanisms’ saturation limits are set to ±10◦. The angular actuation speed of
the gimbal angles is assumed to be 0.3218 rad/s (about 18.4 ◦/s) based on similar work [27].
This is implemented to keep the PID controller from attempting to command the TVC
gimbal angles to go from 0–10◦ instantly.

Table 3. Parameters used in the dynamics modeling.

Tnom 8896 N Gimbal saturation limit ±100

m (full tanks) 372 kg m (empty tanks) 269 kg

mLOX 63.61 kg ṁLOX 2.26 kg/s

mLCH4 39.27 kg ṁLCH4 1.40 kg/s

It is important to note that the lander’s initial position is [0, 0, 0] meters while its
initial orientation is [2,−2, 4] degrees. This initial orientation is set to test the controller
capabilities at take-off and replicate a take-off where the lander is not perfectly vertical.
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3.1. Mission

The mission consists of specific maneuvers: change in altitude for ascent and descent
(∆z), rotation about x (∆ϕ), rotation about y (∆θ), and rotation about z (∆ψ). Figure 5 shows
a diagram of the maneuvers performed by the lander. The desired altitude and orientation
changes for our complex mission are depicted in Figure 6.

Figure 5. Visualization of desired mission maneuvers.

Figure 6. Mission control with variable desired altitude and orientation.

3.2. Altitude Control

To test the altitude control, we specify desired altitude changes at t = [0, 45, 55] s. The
total simulation run time is 60 s. No external disturbances take place as we are already
testing the controller capabilities with a complex mission path plan. The PID gains for
the altitude controller are set to KP = 110, KI = 14, and KD = 250. The resulting altitude
response is plotted in Figure 7 along with the commanded altitude by the mission planner.
The thrust resulting from the altitude controller is also plotted. Figure 7 also helps display
how the thrust input directly affects the changes in altitude. Figure 8 displays the vertical
velocity of the lander throughout the mission. Note that the altitude controller maintains a
hover of height 20 m at 20 < t < 45 s. The vertical velocity vz is near zero during that time.
Also, it can be seen that the landing procedure produces a soft landing depicted in the last
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seconds of the simulation where vz also nears 0 m/s. Recall that the mass properties vary
for each propellant, as seen on Table 3. Figure 9 depicts the mass variation with time of
each of the propellants.

Figure 7. Altitude control with commanded and response altitude.

Figure 8. Vertical velocity (vz).
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Figure 9. Time history of the lander propellant mass.

3.3. Rotational Control

The complex flight mission also tests the lander’s roll, pitch, and yaw performance.
The PID controllers’ gains are given in Table 4. The resulting roll response is plotted in
Figure 10 along with the roll angle commanded by the mission planner. The TVC gimbal
angle α is also depicted in that figure. Note how the gimbal angle α is limited to 10 degrees
in each direction and how it directly affects the angle ϕ. Figure 11 displays the same but
for the TVC angle β and lander orientation angle θ. Figure 12 depicts the commanded and
response angles ψ for the yaw control, as well as the RCS moment generated to reach the
desired angle ψ.

Figure 10. The roll commanded and TVC gimbal response as mass, inertia, and COM change
with time.
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Figure 11. The pitch commanded and TVC gimbal response as mass, inertia, and COM change
with time.

Figure 12. The yaw commanded and RCS moment response as mass, inertia, and COM change
with time.
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Table 4. PID gains used in TVC and RCS controllers.

Angle KP KI KD

ϕ 0.5 2.7 × 10−5 1.4

θ 0.5 2.7 × 10−5 1.4

ψ 1 0.007 30

Although a normal force acting on the lander from the ground is not simulated at this
time, a PID actuation delay is applied to prevent the lander TVC and RCS systems from
attempting to control the lander attitude before the lander loses contact with the ground. In
order to thoroughly test the controllers, the mission planner employs overlaps in orientation
adjustments. That is, each subsequent orientation maneuver begins before the previous
one has finished executing. This provides the controller execution of two separate angles at
the same time. This process can be seen at 25 < t < 30 for ϕ − θ interaction, 35 < t < 40
for θ − ψ interaction, and 45 < t < 50 for ψ − z interaction, as seen in Figure 6. We see that
the lander reaches the desired orientations proving the efficiency of the controllers.

4. Discussion

This paper introduces the dynamic modeling of a lunar lander considering time-
varying mass, moment of inertia, and center of mass. It is important to note that mass
depletion is considered for two individual propellants and one pressurant liquid in their
respective tanks and different mass flow rates are assumed for each liquid depletion. Our
model employs a feed-forward neural network trained with calculated COM and inertia
tensor data for the lander at various fuel levels and orientations. The neural network
provides live approximation of the COM and inertia for use in the propulsion and plant
blocks of the lander system. Time delays between the actuator and engine have also been
taken into account and a delayed response for the thrust has been incorporated.

A complex flight mission was planned and executed which test the individual altitude
and attitude controllers. Both the altitude and attitude controllers account for the thrust
time delay and the time variation in mass, moment of inertia, and COM. Although the thrust
time delay and the variable mass, moment of inertia, and COM have a major influence on
the dynamics of the lander, the controllers are capable of reaching the desired altitude and
attitude. In the altitude graph, Figure 7, it is observed that the thrust required to maintain
the desired altitude decreases as propellants are depleted. Figures 7 and 8 depict the hover
capabilities of the controllers. It is also evident that the velocity of climb and descent of
the lander can be controlled by adjusting the rate of climb and descent in the altitude
mission control. No external translational disturbances were executed as the flight mission
is complex enough to test the altitude controller capabilities.

Because the mass of the propellants are dependent on the individual mass flow rates
of depletion and the throttle of the thruster, Equation (2), we are able to see that the mass
variations in Figure 9 are non-linear.

The attitude control of our model is also tested. Initially, all the orientations are
set to arbitrary degrees to simulate a takeoff where the lander is not placed perfectly
vertically. Since all three orientation angles are set to non-zero values, the attitude controller
must maneuver the lander in the first seconds after takeoff to align the lander perfectly
vertically with the TVC and RCS systems. This is achieved without issues as depicted in
Figures 10–12. The mission planer then tests the attitude control for each angle individually.
No external rotational disturbances were executed as the flight mission is complex enough
to test the attitude controller capabilities. Although lateral control of the vehicle with a
desired landing position has not been developed for this system, it could be developed in
a future iteration of this model. The position PID control could be coupled in cascade to
the existing orientation PID control of the TVC. The lateral position control would provide
desired roll and pitch angles for the TVC control that would reduce the position error
between the current and the desired position.



Aerospace 2024, 11, 370 13 of 14

This article has focused on the modeling the dynamics of the lander in a realistic way.
The implemented control algorithm is conventional and, in the future, the authors intend to
design an optimal control problem to achieve more robust maneuvering with a minimum
amount of fuel.
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