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Abstract: In this work, we propose a novel controller based on a simple adaptive controller method-
ology and model predictive control (MPC) to generate and track trajectories of a spacecraft in the
vicinity of asteroids. The control formulation is based on using adaptive control as a feedback
controller and MPC as a feed-forward controller. The spacecraft system model, asteroid shape and
inertia are assumed to be unknown, with the exception of the estimated total mass and angular
velocity of the asteroid. The MPC is used to generate feed-forward trajectories and control input using
only the mass and angular velocity of the asteroid combined with obstacle avoidance constraints.
However, since the control input from MPC is calculated using only an approximated model of
the asteroid, it fails to control the spacecraft in the presence of disturbances due to the asteroid’s
irregular gravitational field. Hence, we propose an adaptive controller in conjunction with MPC to
handle unknown disturbances. The numerical results presented in this work show that the novel
control system is able to handle unknown disturbances while generating and tracking sub-optimal
trajectories better than adaptive control or MPC solely.

Keywords: adaptive control; model predictive control; asteroids; trajectory tracking

1. Introduction

Asteroids are the next frontier for space exploration. From revealing the mysteries
of our solar system to potentially becoming a source of invaluable resources, asteroid-
related topics are quickly acquiring major importance in space exploration. Recently, there
have been several missions to asteroids. NASA recently launched Lucy, a fly-by mission
to explore a record number of Trojan asteroids [1]. JAXA is currently leading with two
launches to asteroids Ryugu and Itokawa with their spacecraft Hayabusa 1 and 2; both
were designed to orbit and bring back samples from the asteroids [2]. NASA also had
a recent success with their mission to the asteroid Bennu with OSIRIS-REx [3]. There is
no doubt that in the future there will be more missions to our neighboring asteroids for
scientific purposes, resource exploitation and hazard avoidance.

Due to the growing interest, researchers in this are field working towards developing
autonomous systems that rely less on ground-in-loop communication and do not require
extensive knowledge about the asteroid’s shape and the environment [4]. From a guidance,
navigation and controls perspective, there have been several efforts made to address some
of the critical aspects of missions to asteroids, including improved control systems that can
explore the asteroids autonomously [5-9]. Currently, most of the control systems are split
into three main categories: (1) adaptive control, where the control system either directly
updates its gains based on some update law or indirectly estimates asteroid parameters
online and generates controller gains [10,11]; (2) robust control, which requires bounds
on disturbances [12] (e.g., a sliding mode control was successfully designed to control the
Hayabusa?2 spacecraft on its way to the asteroid Ryugu [13]); (3) optimal control, which
is highly dependent on system knowledge and requires explicit information about the
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asteroid and spacecraft parameters. However, ideally, an optimal control is desired, due
the limited amount of fuel in the spacecraft [7].

Unlike other approaches that rely solely on the performance qualities of adaptive
controls or the optimality of model predictive controls, this work combines the benefits of
adaptive and optimal control systems. We call this novel system direct-adaptive model
predictive control (DAMPC). We use MPC to generate optimal reference trajectories and
control inputs. Then, we use the control inputs as a feed-forward control in conjunction
with simple adaptive control (SAC). The goal is that the adaptive control handles the dis-
turbances that MPC fails to account for. Another major advantage of using this formulation
is that an online MPC is not required since the adaptive control keeps the spacecraft on
the desired trajectory, thus making the system computationally efficient. Since the MPC
requires a model of the system, we implemented MPC on the two-body approximation
of the asteroid model. The two-body formulation in the asteroid frame only requires the
mass and angular velocity of the asteroid, both of which are usually available prior to
the mission [14] and can be updated online as the spacecraft gets closer to the asteroid. It
should be noted that the two-body model does not require the shape of asteroid, and it is
a valid assumption since the mass of the asteroid can be estimated using light curve and
orbital analysis prior to the mission.

A schematic of DAMPC is shown in Figure 1. It can be seen that the reference
trajectory is generated using MPC. Then, the adaptive control is combined with feed-
forward trajectories using MPC to control the actual spacecraft system. For the purposes of
this paper, it is assumed that the estimated positions and velocities are readily available to
the control system.

COUPLED ORBIT-ATTITUDE DYNAMICS ESTIMATOR
. Estimated Positions
Pusltl.l)!ls " Estimated Velocities
Velocities 2
i
Time
Estimated Positions
Control Input Estimated Velocities
Ref. Positions
ADAPTIVE Ref. Velocities
CONTROLLER MODEL
PREDICTIVE
CONTROL
REFERENCE TRAJECTORIES

Figure 1. DAMPC schematic.

The paper is organized into the following sections. Section 1 presents the dynamical
formulation. In Section 2, the DAMPC control formulation is discussed. In Section 3, the
simulation results are discussed. Finally, the work is concluded in Section 4.

2. Dynamics

In this section, the dynamical formulation of the spacecraft is presented in the asteroid
body frame. The gravitational field of the asteroid is modeled using a polyhedral gravity
model for numerical testing with the DAMPC controller. However, for designing the MPC
control, a two-body approximation of the model is considered.

The controlled spacecraft dynamics relative to the asteroid can be expressed in the
rotating asteroid body fixed frame (SB) as

mi +2m(Q x 1) +m(Q x (Q xr)) = Fgp +foo +f5rp +u 1)
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where m is the mass of the spacecraft and r = [x y z] is the position vector from the center
of mass of the asteroid to the center of mass of the spacecraft expressed in the asteroid body
frame (SB), as shown in Figure 2. The angular velocity vector Q = [0 0 w]T is considered
constant, where w is the magnitude of the angular velocity. The vector Q is aligned with
the unit vector 2gp. Here, Fg = [Fyp, Fgp, Fgp.]” is the force due to the polyhedral gravity
model of the asteroid and fgg = [fgq. fog, feq.]T is the gravitational gradient force arising
from the interaction between point mass gravity model of the asteroid and the rigid body
model of the spacecraft. Furthermore, fsgp = | fsrp fs,py fsrpZ]T is the force due to solar
radiation pressure, which is dependent on the attitude of the spacecraft. The solar radiation
pressure force fsgp is modeled as a disturbance force to further test the performance of the
DAMPC. Here, u = [uy uy uZ]T is the thrust control vector assumed to be aligned with the
principal axes of the asteroid.

Figure 2. Spacecraft rigid body with respect to asteroid.

A polyhedral gravity model was implemented to test the performance of the DAMPC
control system. This model was proposed by Werner and Scheeres [15]. The polyhedral
model calculates the exact gravitational field for the given shape and density of the body.
The main advantage of this model is that it does not diverge in the Brillouin sphere.

A polyhedral model was developed using a triangular facet with three vertices. Each
edge of the facet is the boundary between two facets, as shown in Figure 3. Here, ¢ is the
vector from the field point (spacecraft position in the asteroid body frame) to any point on
the face plane. The vector fif is a unit vector normal to the face plane. Each triangular facet
is associated with its own coordinate frame (f, f, R), where k is aligned with the normal
vector fiy. The vector r, is a vector from the field point to any point at the edge e. Each edge
has a normal edge vector, which is normal to the edge vector e and the face normal vector
fiy. Here, the edge vector e is the vector along the edge of the facet. Each edge is associated
with two edge normal vectors (one for each face plane), namely nZ' and n?. The edge and
face dyad constants are given as

+Afh; 2)
Fp = figfif 3)
The potential due to the edge is denoted by L. and is given as

[reall + lIreal + lle]
[7ex [l + [[rezll = lle]

Le=1In 4)
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where ||.|| is the magnitude of the vectors. The dimensionless factor wy is defined for each
facet and is given as

ffl . ffZ X ff3

= 2 arct:
“f arce an1—|—i‘f1 °f‘f2+f‘f2-f'f3+f'f3-ff1

Q)

where the vectors 11, 1, and 13 are the vectors from the field point to each vertex of
the triangular facet. Given the above-mentioned definitions, the acceleration due to the
polyhedral shape of the body is given as

agy=—Gp ), Eere-L.+Gp ) Fsrs-wy (6)

ecedges fcfaces

where G and p are the gravitational constant and the density of the asteroid. The gravita-
tional force (Fgp) due to the polyhedral gravitational field of the asteroid on the spacecraft
with mass m is simply given as

Fop = magy, (7)

The gravitational gradient force (fg¢) is also added as a result of the rigid body shape
of the spacecraft, as seen in Figure 2. The gravitational gradient is modeled as a point mass
gravity model of the asteroid. This is a reasonable assumption since the mission duration
in this case is short [16].

@ Field Point

P2

Figure 3. Polyhedron facets and edges.

The force due to gravity gradient is given as [17]

3 1
SB __ M ra
B = e[ 300 567 ] ©

where tr(I) is the trace of the inertia tensor and I3 is an identity matrix.

The solar radiation pressure force is modeled using a flat model of the spacecraft.
This model is similar to the model in Hayabusa2’s mission [9]. The model is based on the
assumption that the effect of SRP is primarily due to the solar panels. The SRP is modeled
in the spacecraft body frame (x°C,y°¢,z5C), as seen in Figure 2. Without loss of generality,
the solar panel is assumed to be perpendicular to the z°C axis. A vector A°C is defined as
a unit vector parallel to the z5¢ axis. A sun-pointing vector (§°C) is defined as a vector
pointing towards the the sun with respect to the spacecraft body frame.
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The SRP force is dependent on the attitude of the spacecraft, which is modeled sepa-
rately [4]. The SRP force due to a flat plate model is given as [9]

fsrp = —PA(RC - 8°C)[(2(A%C - §°C)C, + BfCy)n°C + (Cy + C,)8°C] )
where By = % is the Lambertian coefficient, A is the surface area of the flat plate and P = 5—2

is the SRP acting on the surface of the spacecraft. In addition, Py = 1 x 10! k%—zm and
Cs, Cy, C, correspond to optical constants of the spacecraft.

The two-body orbital dynamics equations that are implemented for the model predic-
tive control are simply given as

f+20><f+0><(0><r):—%r+uMPC (10)

where r = [x(t),y(t),z(t)]T and ¥ = [x(t),y(t),2(t)]" are the position and velocity vectors
of the spacecraft in Cartesian coordinates, respectively, and uypc = [ux(t), 1y (), uz()]T
is the thrust control vector. It is assumed that a six-thruster configuration is available for
controlling the spacecraft in the configuration space.

3. Direct—-Adaptive Model Predictive Controller

A direct-adaptive model predictive control (DAMPC) was implemented in this work.
This formulation has two main advantages:

¢ The adaptive control increases the robustness of the DAMPC since the system model
for MPC is based on a low-fidelity gravitational model and other model disturbances
are missing.

¢  The MPC adds optimally to the control system via the feed-forward control inputs
and generates sub-optimal trajectories to be fed into the adaptive control. In addition,
the feed-forward control input initializes the control systems with a non-zero control
input which helps to avoid overshoot caused by zero initial control input from the
adaptive control.

This approach balances the effects of both adaptive and MPC control. Even though the
NMPC is inherently adaptive, it cannot guarantee stabilizing the input for unknown model
and system parameters [18]. Therefore, the adaptive control increases the robustness of the
MPC. In addition, adding MPC control inputs as feed-forward is more computationally
efficient since the adaptive control converges faster than MPC and re-solving the optimal
trajectory is only required if another obstacle is detected, which is unlikely in this case.

Any nonlinear dynamical system as given in Equation (1) can be described in the
following form [19]:

»
Pay
~
Na
I
>

(x, H)x(t) + B(x, H)u(t) (11)
y(t) = C(x, t)x(t) (12)

where, x(t) € R",u(t) € R",y(t) € R™ are the state, control and output vectors and
A(x,t) € R B(x,t) € R"*™ and C(x,t) € R™*". It should be noted that in SAC, it is
necessary to maintain the square state-space form; that is, the number of control inputs (u)
must be equal to number of states being tracked (y) (i.e., dim(u) = dim(y) = m).

The DAMPC system is based on a combination of a simple adaptive control system
and model predictive control, i.e.,

u(t) = ug, +ugs (13)

The feedback control law ug, control is the robust modified version of the simple
adaptive control [4] given as

us, = Ke(t)ey (14)
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The update law for the gain K,(t) is based on the SAC [20]. We implemented a robust
modification based on work by Narendra [21], to further account for noise in the system.
The modified gain update law is given as

Ke(t) = ey(t)eyT(t)Fe — plley 1K (2) (15)

where y is a constant and ||e,|| is the norm of the output tracking error. As the output
tracking error tends to zero for an ideal tracking case, the e modification term also tends
to zero.

The output tracking error e, is defined as

ey = ym(t) —y(t) (16)
e, = Cx; (1) — Cx(t) (17)

The feed—foward control law u is designed using nonlinear model predictive control
(NMPC) due the nonlinear nature of the constraints and equations. However, it should be
noted that in the DAMPC formulation, a linear and convex MPC can also be implemented.

The nonlinear program for NMPC is given as

N-1
min F(xn) + Y [x(k) = x(k)]"Q[x(k) — x(k)] + u(k)"Ru(k) (18)
Upeseee /Wt N—1/ Xk s+ Xk N -1 k=0
subject to:
Xep1 = f(xp ), x €R®, k=0,..,N (19)
Wyin (k) < u(k) < wpax(k), k=0,...,N—1 (20)
Vmin (k) S V(k) S Vmgx(k), k — O, ...,N - ]. (21)

) (5) ()]

1= —=) +{(5) +|— <0 (22)
a b c

where x and x, are the current and desired states of the spacecraft. The prediction and
control horizon length is given by N. Q and R are the weighting matrices, which are
manually tuned. The dynamical constraint is given in Equation (19). The thrust constraint
is given in Equation (20). An ellipsoidal constraint was implemented in this work for
obstacle avoidance, as given in Equation (22) where a, b and c are the half lengths of
the principal axes of the ellipsoid. The ellipsoidal constraint can be seen in Figure 4. It
should be noted that a convex version of this constraint can also be implemented [22]. A
velocity constraint was also implemented, as shown in Equation (21). It was necessary to
include this constraint to avoid overshooting the trajectory. In our previous work [4], we
showed that the adaptive control guarantees asymptotic trajectory tracking for a system
with square state-space form as given in Equation (11). Therefore, the proposed control
system converges for all initial conditions.
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z (km)

x (km)

y (km) 150

Figure 4. Safety ellipsoid.
The term F(xy) is the cost of the final state and is defined here as
F(XN) = [XN — I'N]TP[XN — I'N] XN, IN € R6, Pe R6*6 (23)

The equations of motion for NMPC are discretized using the fourth-order Runge-Kutta
method and the nonlinear program is solved using a multiple shooting method.

4. Simulation and Results

The simulation is divided in to three sections. In Section 1, we present the performance
of feed-forward MPC to show that the feed-forward control is not sufficient to reach the
desired state and a feedback control is needed due to the unknown irregular gravitational
field and solar radiation pressure. In Section 2, the performance of the simple adaptive
controller without the feed-forward term is presented. The adaptive control is designed to
track trajectories generated from the NMPC control. It is shown that even though the adap-
tive control is able to successfully track the trajectories, the control effort overshoots due to
the zero initial condition for the adaptive control gains. In Section 3, the performance of the
DAMPC with and without noise is presented. It is shown that the DAMPC outperforms
adaptive control in terms of noise handling and overall performance.

It should be noted that the MPC control in Equation (10) uses estimated gravitational
parameters, assuming that the true parameters are not available. The DAMPC system is
applied to the full dynamics given in Equation (1), assuming the gravity model is unknown.
Although the gravity parameters for MPC could be subject to errors since they are estimated,
the adaptive control can handle these errors, as shown in the following.

Asteroid Kleopatra was chosen for the simulation. The asteroid properties were taken
from NASA’s Planetary Data System (PDS) [23]. The properties of the asteroid and the
spacecraft can be found in Tables 1 and 2. Asteroid Kleopatra is a metallic ham-bone-shaped
asteroid with a highly irregular gravitational field. The system dynamics were integrated
using the Runge-Kutta fourth-order (RK-4) method with a time step of 1 s.

Table 1. Asteroid 216 Kleopatra parameters.

Parameter Value
Body mass m 5.1732 x 10'® kg
w 3.77 x 10 *rad/s

Brillouin radius 138.24 km
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Table 2. Spacecraft parameters.
Parameter Value
Mass (m) 600 kg
Moments of inertia (I, I, I,) 360, 360, 480 kg-m?
CS-CM distance 0.2m
Optical elements Cs, Cs, C, 0.1,0.1,0.8
The initial and final position and velocity states are given as follows:
t;, = [10 —1000]7 km, i, = [000]7 km/s o

17 =[506025]"km, #;=[000]" km/s

The NMPC conditions are given in Table 3 for Case 2. The adaptive control gains
were initialized with zero initial conditions and the adaptive tuning parameter was set to
T =T, =10%Iz.3.

Table 3. NMPC parameters for Case 2 for asteroid Kleopatra.

N 100
0 a0 fpe B
R 0.5I33
AT 1s
Control Constraint —0.007 < u < 0.007 km/ s?
Velocity Constraint —01<v<01km/s
a 150 km
b 70 km
C 50 km

4.1. Case 1: MPC Feed-Forward Only

In this section, the results for the case with NMPC only are presented. The NMPC is
applied to the full system dynamics as given in Equation (1).

The desired and actual trajectories after implementing MPC feed-forward only can be
seen in Figure 5. In this case, it can clearly be seen that the trajectories diverge significantly.
This is due to the fact that the NMPC control inputs are calculated using the two-body
approximation of the system model as given in Equation (10). In the case of asteroid
Kleopatra, the gravitational model is better represented by a polyhedral gravity model due
to its highly irregular shape and total mass. In addition, as the duration of the mission
becomes longer, the divergence from the desired position also increases and causes even
more drift. The output error can be seen in Figure 6d. The position and velocities are given
in Figure 6a,b, respectively.
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Figure 6. Plots for MPC feed—forward case for asteroid Kleopatra: (a) position vs. time; (b) velocity
vs. time; (c) control effort vs. time; (d) output error vs. time.

It can be seen that the positions do not converge to the desired position and the
velocities do not converge to zero. The control effort from the feed-forward MPC is shown
in Figure 6c¢. It can also be noted that the ellipsoidal constraint for obstacle avoidance is
not met, and the spacecraft eventually becomes located inside the constraint ellipsoid (see

Figure 7).
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Figure 7. Ellipsoidal constraint for MPC feed—forward case for Kleopatra.

4.2. Case 2: Adaptive Control

In this section, the results for feedback adaptive control are presented. As the adaptive
control is an output feedback trajectory tracking control, the trajectories generated from
NMPC are fed into the adaptive control for tracking. It should be noted that only the
feedback adaptive control from Equation (14) is implemented. This is in order to show
that even though adaptive control is able to successfully track the desired trajectories, the
results can be further improved by adding the feed-forward control.

It can be seen from Figure 8 that the adaptive control is able to successfully track the
desired trajectory generated from the NMPC and converge to the final desired position.
This shows the robustness of the adaptive control with respect to the irregular and unknown
gravitational field of the asteroid Kleopatra. However, since the adaptive control gains
are initialized with zero initial conditions, there is signification overshoot in the control
effort before the gain adapts to the error between the desired and the actual output. This
overshoot and chatter is corrected using the feed-forward controller as shown in a later
section.

The position and velocities are shown in Figure 9a,b. The positions successfully
converge to the desired final position and the velocities converge to zero. The adaptive
control effort can be seen in Figure 9c. The output error can be seen in Figure 9d. The
output error is far less (see Table 4) than in the previous case, which shows that the adaptive
control is able to track the trajectories in the presence of disturbances.
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Figure 8. Trajectory of spacecraft around the asteroid Kleopatra for the adaptive control case.
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Figure 9. Plots for adaptive control case for asteroid Kleopatra: (a) position vs. time; (b) velocity vs.
time; (c) control effort vs. time; (d) output error vs. time.

4.3. Case 3: DAMPC Implementation

In this section, the simulation and results for the combined control are presented, i.e.,
direct-adaptive model predictive control (DAMPC). As mentioned before, DAMPC is a
combination of adaptive control and MPC, where the adaptive control is the feedback
control and the NMPC is the feed-forward control, as shown in Equation (13).
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Table 4. Output errors for asteroid Kleopatra.

Errors MPC Only (km) Adaptive (km) DAMPC (km)
Min ey —0.0132 —0.0033 —8x107*
Min e, —0.0132 —0.01 —0.0013
Min e, —0.0132 —0.02 —8x107°
Max ey 0 0.0058 42 x10*
Max ey 16 0.0035 0.001
Max e, 0 0.0081 4x10°4

The NMPC feed-forward control values are similar to those used in Case 1. The actual
and desired trajectories can be seen in Figure 10. It can be seen that the DAMPC is able to
track the trajectories successfully.

-100 -80 -60 -40 20

0
y (km)

Asteroid
== Actual Trajectory
== = Desired Trajectory
® Initial Position

® Desired Position
Actual Position

) x (km)

Figure 10. Trajectory of spacecraft around asteroid Kleopatra for DAMPC case.

The tracking performance of DAMPC is better than that of the adaptive control, as
shown in Figure 11d. This is due to the fact that DAMPC is able to excite the system with
non-zero control effort, unlike the adaptive control system. This prevents overshooting
and chatter in the control system. This effect can be seen in Figure 11c and compared to
the case where only adaptive control was implemented (see Figure 8). The position and
velocities are shown in Figure 11a,b. It can be seen that the position and velocities converge
to the desired values. It should be noted that constraining the velocity helps to keep the
control effort low. Increasing the velocity limit requires more control effort or increases the
duration of the mission, which requires more on-board fuel. The output error (ey) is shown
in Figure 11d and is significantly less than in the adaptive control case, thus demonstrating
the improved performance over the adaptive control.
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Figure 11. Plots for DAMPC case for asteroid Kleopatra: (a) position vs. time; (b) velocity vs. time;
(c) control effort vs. time; (d) output error vs. time.

4.4. Case 4: Effects of Unknown Noise

In this section, the effect of noise on DAMPC and adaptive control is compared and
the results presented. It was found that DAMPC offers a better tracking performance in the
presence of noise and a reduced chatter in the control effort, compared to the case where
only the adaptive control is implemented. A random Gaussian noise of A'(0,1 x 10~%)

was added to the system given in Equation (1) such that the system could be described as
follows:

mi + 2m(Q x £) + m(Q x (Q x1)) =F(r)y, + foe +forp + wtu (25)

The magnitude of the Gaussian noise (||w||) was taken to be one order higher than the
gravity, to further test the robustness of the control system to unknown noise.

Figure 12 shows the plots for the case where only the adaptive controller is imple-
mented with noise and Figure 13 shows the corresponding plots for DAMPC. It can be seen
from the figures that DAMPC is able to handle the noise better than adaptive control, in
terms of the output error and control effort. Figures 12e and 13e show the increased control

effort, and it can be seen that the control effort and chatter for DAMPC are less than for the
adaptive control.
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Figure 14 shows the comparison between the output errors for a noisy system with
adaptive control and DAMPC. It can be seen that although the adaptive control is able to
handle disturbances, the DAMPC control is also able to avoid overshoot in the output error
and keep the overall output error normalized. A zoomed-in plot is shown in Figure 15.

It should be noted that the performance of NMPC is also dependent on the type of
numerical solver used and its various parameters. In this work, CasADi [24] was used as a
solver. However, several other types of solvers and methodologies can be implemented,
and more research needs to be done in order to identify the best solver. It should also be
noted that DAMPC is agnostic to the type of optimal control technique applied. Therefore,
for a linear system, a linear quadratic regular (LQR) or linear quadratic tracker can also
be implemented.
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Figure 12. Plots for adaptive control case with noise for asteroid Kleopatra: (a) position vs. time;
(b) velocity vs. time; (c) control effort vs. time; (d) output error vs. time.
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Figure 13. Plots for DAMPC case with noise for asteroid Kleopatra: (a) position vs. time; (b) velocity
vs. time; (c) control effort vs. time; (d) output error vs. time.
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Figure 14. Output error magnitude for adaptive control and DAMPC.
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Figure 15. Zoomed-in output error magnitude for adaptive control and DAMPC.

4.5. Case 4: Other Effects

In this section, we discuss other conditions that can significantly affect the performance
of the controller. In Figure 16, we show the effects of varying the initial conditions. The
initial conditions are generated using a random Gaussian distribution, and the DAMPC
controller is not manually tuned to accommodate to these new initial conditions. It can
be seen that the controller is able to successfully track the trajectories for these randomly
generated initial conditions. To further show the robustness of the controller, Figure 17
shows the effects of different initial and final conditions. Here, the distances to the asteroid
are varied to show that the controller is able generate and track reference trajectories
without re-tuning the gains.

It should be noted that the gravitational field of the asteroid is difficult to estimate
due to its irregular shape and density. We simulated the proposed DAMPC controller with
different asteroids: Eros and Bennu. These asteroids differ greatly from each other with
respect to shape, gravity and angular speeds. It can be seen from Figures 18 and 19 that the
controller is able to successfully track the trajectories. It should be noted that the controller
is not manually re-tuned for either the MPC or the adaptive control. This shows that the
controller is robust under varying conditions.
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Figure 16. Spacecraft trajectories with varying initial conditions.
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Figure 19. Trajectory of spacecraft around asteroid Bennu.

5. Conclusions and Future Work

In this paper, direct-adaptive model predictive control (DAMPC) was developed and
applied to spacecraft control in the vicinity of an asteroid. The dynamical system was
represented with a polyhedral gravity model, along with the gravity gradient force. The
force due to solar radiation pressure was modeled using a flat plate model. For numerical
comparison, random Gaussian noise was also added to the system to test the controller’s
response.

The direct-adaptive model predictive controller was composed of a feedback controller
based on simple adaptive control (SAC) theory with a robust modification and a feed-
forward control based on nonlinear model predictive control. The combination produced a
robust controller with the ability to generate and track sub-optimal trajectories.

The direct-adaptive model predictive controller was numerically tested for the case of
the asteroid Kleopatra, for a rest-to-rest maneuver. It was shown that the controller was
able to successfully generate and track reference trajectories while avoiding hitting the
asteroid. Furthermore, the controller was compared with adaptive control for the system
with unknown random Gaussian noise, and it was shown that DAMPC was better at
handling the noise than the adaptive control.

In future work, we plan to design an algorithm to implement DAMPC for multiple
moving obstacles for a multi-agent system, with real-time and on-board implementation of
the model predictive controller.

Author Contributions: Conceptualization, M.T.; Data curation, M.T.; Formal analysis, M.T.; Investi-
gation, M.T.; Methodology, M.T.; Software, M.T.; Supervision, R.J.P.; Writing—original draft, M.T.;
Writing—review and editing, E.C. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

Acknowledgments: We would like to sincerely thank Dante A. Bolatti for his input and the MATLAB
code for the polyhedral gravity model.

Conflicts of Interest: The authors declare no conflict of interest.



Aerospace 2022, 9, 159 19 of 19

References

1.  Garner, R. Lucy: The First Mission to the Trojan Asteroids; NASA: Greenbelt, MD, USA, 2017.

2. Tsuda, Y.; Yoshikawa, M.; Saiki, T.; Nakazawa, S.; Watanabe, S.I. Hayabusa2-Sample return and kinetic impact mission to
near-earth asteroid Ryugu. Acta Astronaut. 2019, 156, 387-393. [CrossRef]

3. Gal-Edd, J.; Cheuvront, A. The OSIRIS-REx Asteroid Sample Return Mission operations design. In Proceedings of the 2015 IEEE
Aerospace Conference, Big Sky, MT, USA, 7-14 March 2015; pp. 1-9. [CrossRef]

4. Tiwari, M. Adaptive-Optimal Control of Spacecraft near Asteroids. Ph.D. Thesis, Embry-Riddle Aeronautical University, Beach,
FL, USA, 2021.

5. Bolatti, D.A.; de Ruiter, A.H. Modeling Spacecraft Orbit-Attitude Coupled Dynamics in Close Proximity to Asteroids. In Proceed-
ings of the AIAA/AAS Astrodynamics Specialist Conference, Long Beach, CA, USA, 13-16 September 2016.

6. Lee, KW, Singh, S.N. Immersion-and Invariance-Based Adaptive Control of Asteroid-Orbiting and -Hovering Spacecraft.
J. Astronaut. Sci. 2019, 66, 537-555. [CrossRef]

7. Nazari, M.; Wauson, R.; Critz, T.; Butcher, E.; Scheeres, D.]. Observer-based body-frame hovering control over a tumbling asteroid.
Acta Astronaut. 2014, 102, 124-139. [CrossRef]

8.  Lee, KW, Singh, S.N. Noncertainty-equivalence adaptive attitude control of satellite orbiting around an asteroid. Acta Astronaut.
2019, 161, 24-39. [CrossRef]

9.  Kikuchi, S.; Howell, K.C.; Tsuda, Y.; Kawaguchi, ]. Orbit-attitude coupled motion around small bodies: Sun-synchronous orbits
with Sun-tracking attitude motion. Acta Astronaut. 2017, 140, 34—48. [CrossRef]

10. Lee, D.; Sanyal, A.K.; Butcher, E.A.; Scheeres, D.]. Almost global asymptotic tracking control for spacecraft body-fixed hovering
over an asteroid. Aerosp. Sci. Technol. 2014, 38, 105-115. [CrossRef]

11.  Zhang, B.; Zhang, Y.; Bai, ]. Twistor based adaptive pose control of spacecraft for landing on an asteroid with collision avoidance.
IEEE Trans. Aerosp. Electron. Syst. 2021, 58, 152-167. [CrossRef]

12.  Furfaro, R.; Cersosimo, D.; Wibben, D.R. Asteroid Precision Landing via Multiple Sliding Surfaces Guidance Techniques. ]. Guid.
Control Dyn. 2013, 36, 1075-1092. [CrossRef]

13.  Ono, G;; Terui, F; Ogawa, N.; Kikuchi, S.; Mimasu, Y.; Yoshikawa, K.; Ikeda, H.; Takei, Y.; Yasuda, S.; Matsushima, K.; et al. GNC
strategies and flight results of Hayabusa2 first touchdown operation. Acta Astronaut. 2020, 174, 131-147. [CrossRef]

14. Scheeres, D.; Schweickart, R. The Mechanics of Moving Asteroids. In Proceedings of the 2004 Planetary Defense Conference:
Protecting Earth from Asteroids, Reston, VA, USA, 23-26 October 2004.

15.  Werner, R.A,; Scheeres, D.]. Exterior gravitation of a polyhedron derived and compared with harmonic and mascon gravitation
representations of asteroid 4769 Castalia. Celest. Mech. Dyn. Astron. 1996, 65, 313-344. [CrossRef]

16. Bolatti, D.A.; de Ruiter, A.H.J. Quantification of attitude effects on orbital dynamics near asteroids. Acta Astronaut. 2020,
167, 467-482. [CrossRef]

17.  Schaub, H.; Junkins, J.L. Analytical Mechanics of Space Systems; AIAA Education Series: Reston, VA, USA, 2018; Chapter 4,
pp. 224-227. [CrossRef]

18.  Grimm, G.; Messina, M.].; Tuna, S.E.; Teel, A.R. Examples when nonlinear model predictive control is nonrobust. Automatica
2004, 40, 1729-1738. [CrossRef]

19. Kaufman, H.; Barkana, I.; Sobel, K. Basic Theory of Simple Adaptive Control. In Direct Adaptive Control Algorithms: Theory and
Applications; Springer Science & Business Media: Berlin/Heidelberg, Germany, 1997; Chapter 2, p. 53.

20. Kaufman, H.; Barkana, I.; Sobel, K. Adaptive Control of Time-Varying and Nonlinear Systems. In Direct Adaptive Control
Algorithms: Theory and Applications; Springer Science & Business Media: Berlin/Heidelberg, Germany, 1997; Chapter 5, p. 258.

21. Narendra, K.; Annaswamy, A. A new adaptive law for robust adaptation without persistent excitation. IEEE Trans. Automat.
Contr. 1987, 32, 134-145. [CrossRef]

22. Reynolds, T.; Mesbahi, M. Small Body Precision Landing via Convex Model Predictive Control. In Proceedings of the AIAA
SPACE and Astronautics Forum and Exposition, Orlando, FL, USA, 12-17 September 2017. [CrossRef]

23. NASA. PDS: Small Bodies Node Home. 2020. Available online: https://pds-smallbodies.astro.umd.edu/ (accessed on 5
November 2020).

24. Andersson, J.A.E,; Gillis, ].; Horn, G.; Rawlings, J.B.; Diehl, M. CasADi—A software framework for nonlinear optimization and

optimal control. Math. Program. Comput. 2019, 11, 1-36. [CrossRef]


http://doi.org/10.1016/j.actaastro.2018.01.030
http://dx.doi.org/10.1109/AERO.2015.7118883
http://dx.doi.org/10.1007/s40295-019-00163-6
http://dx.doi.org/10.1016/j.actaastro.2014.05.016
http://dx.doi.org/10.1016/j.actaastro.2019.05.008
http://dx.doi.org/10.1016/j.actaastro.2017.07.043
http://dx.doi.org/10.1016/j.ast.2014.07.013
http://dx.doi.org/10.1109/TAES.2021.3098159
http://dx.doi.org/10.2514/1.58246
http://dx.doi.org/10.1016/j.actaastro.2020.04.029
http://dx.doi.org/10.1007/BF00053511
http://dx.doi.org/10.1016/j.actaastro.2019.10.044
http://dx.doi.org/10.2514/4.105210
http://dx.doi.org/10.1016/j.automatica.2004.04.014
http://dx.doi.org/10.1109/TAC.1987.1104543
http://dx.doi.org/10.2514/6.2017-5179
https://pds-smallbodies.astro.umd.edu/
http://dx.doi.org/10.1007/s12532-018-0139-4

	Introduction
	Dynamics
	Direct–Adaptive Model Predictive Controller 
	Simulation and Results
	Case 1: MPC Feed-Forward Only
	Case 2: Adaptive Control
	Case 3: DAMPC Implementation
	Case 4: Effects of Unknown Noise
	Case 4: Other Effects

	Conclusions and Future Work 
	References

