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CONSTRAINED ATTITUDE REORIENTATION MANEUVER OF
SPACECRAFT BASED ON PATH PLANNING

Daegyun Choi*, Donghoon Kim†, and Henzeh Leeghim‡

Spacecraft attitude control becomes challenging when light-sensitive instruments
must avoid bright objects. This work proposes a path-planning-based spacecraft
attitude reorientation maneuver considering these constraints to reach the desired
attitude. Constraint-compliant attitude trajectories are computed using a fuzzy en-
hanced potential field approach in the attitude space. Based on the path-planning
output, the control input is determined by considering the dynamics and kinemat-
ics of the spacecraft to satisfy dynamic constraints in the time domain. Numerical
simulation results demonstrate successful reorientation maneuvers without violat-
ing the constraints.

INTRODUCTION

Since the beginning of the spaceflight era, numerous Earth observation spacecraft have been
launched to monitor the Earth’s land, oceans, atmosphere, and carbon cycle in real-time, transmit-
ting information to ground stations.1 Among these, Earth-imaging spacecraft, which use optical
sensors to capture images, account for the largest number.2 A key process for these spacecraft is
adjusting their attitude to align the sensor’s boresight vectors with the desired direction, a task com-
plicated by orientation constraints. These constraints can be categorized as keep-out and keep-in
constraints.3 Keep-out constraints ensure that light-sensitive instruments, such as optical sensors or
star trackers, do not point at bright celestial objects like the Sun or the Moon.3 These instruments
have a cone-shaped field of view (FOV), and the bright object must be kept out of this FOV. Keep-in
constraints require some sensors to face a specific celestial object or direction within a certain an-
gular distance.4 These include solar panels maintaining a specific incident angle to the sunlight for
steady power generation or sun sensors needing to keep the Sun within their FOV.

Researchers have studied various methods to manage these constrained reorientation maneuvers.
Some have proposed incorporating potential functions into the control law, where the potential
value increases near keep-out constraints or the boundary of keep-in constraints and decreases as
the spacecraft approaches the desired attitude.5–7 These approaches are robust and easy to im-
plement but can struggle with complex or non-convex geometries and may get trapped in local
minima.8, 9 Other approaches involve path-planning, such as using probabilistic roadmaps for a
randomized search10 or discretizing the attitude space to find a route from the initial to the desired
attitude.11–14 While probabilistic roadmaps provide smooth trajectories, their randomness does not
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guarantee convergence. Discretized approaches offer a set of attitude waypoints, but these typically
require additional smoothing.14 Some researchers have aimed to find an optimal attitude trajectory
to minimize control effort, but these methods generally require off-line computation.13, 14

This work focuses on real-time, constraint-compliant reorientation maneuvers from an initial
to a desired attitude while avoiding keep-out constraints. Initially, the given keep-out constraints
are represented in the attitude space using modified Rodrigues parameters (MRPs) for a minimal
three-parameter coordinate set.14 The appropriate attitude route is then determined using the fuzzy
enhanced potential field (FEPF) approach,15 which offers intuitive principles and smooth trajec-
tories in real-time without local minima.16 The FEPF avoids the need for additional smoothing
processes and adaptively searches for near-optimal routes based on linguistic variable-based inputs
and outputs and the if-then rules.

Originally developed for unmanned aerial vehicles, the FEPF parameters are scaled down and
revised for spacecraft use. Based on the FEPF-derived attitude information, the motion planning
process considers the spacecraft’s dynamics to determine a dynamics-compliant attitude trajectory.
This results in proper angular velocity and control input trajectories in the time domain. The pro-
posed approach’s performance is validated through numerical simulations using multiple scenarios.

PRELIMINARIES

This work studies the spacecraft attitude reorientation maneuver from the initial to the desired
attitude in the presence of constraints, as shown in Figure 1. The constraints are defined as keep-

Figure 1. Conceptual Representation of a Constrained Attitude Maneuver

out zones, where a boresight vector and a FOV of a light-sensitive instrument (green arrow and
yellow region) should be kept away from bright objects (red arrow) during maneuver. This work
aims to find the constraint-compliant attitude trajectory in the non-dimensional attitude space while
adhering to the dynamics and kinematics of spacecraft.

Dynamics and Kinematics

The attitude of spacecraft is defined by the rotation of the body-fixed frame {OB : b̂1, b̂2, b̂3}
with respect to the inertial frame {ON : n̂1, n̂2, n̂3}. This work considers the MRPs because they
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provide a minimal three-parameter coordinate set.14, 17 Based on the principal rotation vector and
angle, ê ∈ R3 and Φ ∈ R, the MRP set is defined as17

σ =

σ1σ2
σ3

 =
1

1 + cos Φ
2

e1 sin Φ
2

e2 sin
Φ
2

e3 sin
Φ
2

 = ê tan
Φ

4
. (1)

For every principal rotation set (ê,Φ), there exists a shadow set (ê,Φ′), where Φ′ = Φ − 2π that
represents the same attitude. The shadow set also defines the shadow MRP set expressed by

σS
i =

ei sin
Φ′

2

1 + cos Φ′

2

=
−σi
σTσ

, (for i = 1, 2, and 3). (2)

Further explanations for two MRP sets will be described in the next section describing the MRP
space.

The differential kinematic equation of the MRPs is expressed17

σ̇ =
1

4
B Bω =

1

4

[
(1− σTσ)I3×3 + 2[σ×] + 2σσT

]
Bω, (3)

where [η×] ∈ R3×3 is the skew-symmetric matrix composed of each element of a generic vector
η ∈ R3 and Bω ∈ R3 is the angular velocity of spacecraft with respect to the inertial frame (N ),
expressed in the body frame (B). For the notation simplicity, the superscript B will be omitted.

Euler’s equation describing the rotational motion of spacecraft is expressed as17

Jω̇ = −[ω×]Jω + u, (4)

where J ∈ R3×3 is the spacecraft inertia, and u ∈ R3 is the control input.

Constraint Representation

The constraints of spacecraft are defined by the boresight vector and the FOV of the light-sensitive
instrument relative to the direction vectors of bright objects. The bright objects should not be within
the FOV of the light-sensitive instrument during reorientation maneuvers, as illustrated in Figure 1.
This means that the body-fixed direction of the i-th light-sensitive instrument (ŝi ∈ R3) must be
away from the red region, defined by the direction of the j-th bright object (N ĉj ∈ R3). Therefore,
the following constraint must be satisfied:

ŝTi CBN
N ĉj < cosβi (for i = 1, ..., is, and j = 1, ..., jc), (5)

where βi is the half-angle of the FOV of the i-th instrument, CBN is the direction cosine matrix
that maps from the inertial frame to the body frame, is is the number of instruments, and jc is the
number of bright objects. These constraints are usually visualized as a cone shape in the unit sphere,
with the vertex is located at the origin of the body frame, as shown in Figure 1.

METHODOLOGY

The focus of this work is to find the constraint-compliant attitude trajectory for spacecraft to re-
orient the attitude to the desired attitude. This work first introduces a workspace defined in the MRP
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space, composed of three MRP components, and converts the states, including the constraints, into
the components in the MRP space. Then, a path-planning approach is applied to find the trajectory
in the MRP space from the initial to the desired states while avoiding obstacles, which are the con-
straints defined in the MRP space. Based on the output obtained from the path-planning approach,
the attitude and angular velocity can be computed using the kinematic and dynamic equations.

State Conversion to the MRP space

This work considers the MRP space as a workspace to employ the path-planning approach for
finding the constraint-compliant attitude trajectory. The three components of the MRP set represent-
ing the spacecraft attitude can be visualized in three-dimensional (3D) Cartesian coordinate system
as a vector. Note that any MRP set whose norm is greater than 1 (||σ|| > 1) has a corresponding
shadow MRP set whose norm is smaller than 1 (||σS || < 1). That is, for any MRP set represented
by a point outside of a 3D unit sphere in the MRP space, there exists a shadow MRP set within the
same unit sphere representing the same attitude. Therefore, any spacecraft attitude is defined within
a unit sphere centered at the origin in the MRP space.

The constraints defined in the inertial space should be converted into the MRP space. Groups of
MRP vectors that violate the constraints defined in Eq. (5) are represented as areas with volume and
are regarded as obstacles in the MRP space. The constrained regions are illustrated in the simulation
study section. This way, the constrained attitude reorientation maneuver problem is transformed into
finding the MRP vector’s 3D trajectory in the MRP space while avoiding collision with obstacles.

Constraint-Compliant MRP Vector Generation

Given the initial and desired MRP vectors (σ0 ∈ R3 and σd ∈ R3) with obstacles (keep-out
zones) defined in the MRP space, the next step is to find the MRP vectors to reach the desired
attitude while avoiding the keep-out zones. This work employs a path-planning approach, FEPF.15

This method, developed by the authors, was designed and trained to find a near-optimal collision-
free trajectory in the inertial space in terms of the path length based on the concept of the artificial
potential field. At the current state (σ ∈ R3) in the MRP space, the FEPF outputs a vector (σ̇t ∈ R3),
which is regarded as the time derivative of the state, to determine the next state at the next time step.
The output vector is defined by15

σ̇t = maσ̂a(σ,σd) +mrσ̂r(σ), (6)

where σ̂a ∈ R3 and σ̂r ∈ R3 are the attractive (toward the desired state) and repulsive (away from
the keep-out zones) potential field directions, respectively. Also, ma ∈ R and mr ∈ R are the
magnitude of each potential field, respectively. Two fuzzy inference systems (FISs) in the FEPF
approach determine ma and mr, while the enhanced potential field (EPF) provides the directions
of each potential field. The EPF represents an advanced version of traditional potential field-based
path-planning approaches, addressing common issues such as local minima and obstacles that pre-
vent reaching the goal.16, 18, 19

For ma and mr, since the workspace of the FEPF is different from the original application de-
scribed in the authors’ previous work,15 the input range of the two FISs should be revised, especially
for the inputs for determining ma (the Euclidean distance between the current and desired states)
and mr (the Euclidean distance between the current and the closest constrained region). The input
range for this work is reduced to between 0 to 1 because the workspace is inside the unit sphere
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produced by three components of the MRP vector. The rules that map from the inputs to the output
remain the same because the behavior for finding the collision-free trajectory is identical. Detailed
information for the magnitude determination process is described in the reference.15

For σ̂a and σ̂r, the directions are defined in 3D space, although the EPF in the study15 is derived
in 2D space. Therefore, for this work, the direction determination formula of the concept of the EPF
in 3D space is employed as19

σ̂a =
σd − σ

||σd − σ||
, (7)

σ̂r = −Rσ̂c, (8)

where −σ̂c indicates the unit direction vector from the closest point between the current MRP vector
σ and the keep-out zone to σ, and R ∈ R3×3 is a rotation matrix defined as

R =

 o21κ+ cos γ o1o2κ− o3 sin γ o1o3κ+ o2 sin γ

o2o1κ+ o3 sin γ o22κ+ cos γ o2o3κ− o1 sin γ

o3o1κ− o2 sin γ o3o2κ+ o1 sin γ o23κ+ cos γ

 . (9)

Here, γ ∈ R is a rotation angle, κ = 1− cos γ, and oi for i = 1, 2, and 3 is the element of a vector
(ô) defined by

ô =
[σ̂×

c ]σ

||σ̂c||||σ||
. (10)

Once the output vector σ̇t from the FEPF is obtained, the next MRP vector is computed using
Eq. (3) via numerical integration, and the obtained MRP vector will be the target MRP vector σt to
track at the current time step to reach σd ultimately. Here, σt complies with the MRP kinematics in
Eq. (3) and the constraints in Eq. (5).

Physics-Compliant States Propagation

Using the obtained σt and σ̇t from the previous step, one can obtain the physics-satisfied states,
such as the torque, attitude, and angular velocity, based on the dynamic and kinematic equations.
To comply with the dynamics, the control torque should be generated. This work considers a PD
controller to produce the control input u ∈ R3, defined as

u = −Kpσe −Kdωe, (11)

where Kp ∈ R3×3 and Kd ∈ R3×3 are the control gain matrices, σe is the MRP error vector
between the current and target MRP vector, and ωe is the angular velocity error between the current
and target angular velocity. Similar to σt, ωt is defined as the target angular velocity to track at the
current time step and is determined by the kinematic equation as follows:

ωt =
4

(1 + σT
t σt)2

BTσ̇t. (12)

The output of the FEPF (σ̇t) is utilized to determine σt and ωt, which can determine the control in-
put in Eq. (11). Using the control input obtained, one can propagate the angular velocity complying
with the dynamics using Eq. (4). In addition, the kinematics-compliant MRP set can be obtained
via the kinematic equation in Eq. (3) using the current MRP set (σ) and angular velocity (ω).
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SIMULATION STUDY

To validate the performance of the proposed approach, numerical simulations are conducted for
a spacecraft containing one light-sensitive instrument in the presence of three bright objects around
the spacecraft. The simulation parameters are tabulated in Table 1.

Table 1. Simulation Parameters

Parameters Values

Simulation time 150 (s)
Time interval (dt) 0.1 (s)

Spacecraft inertia (J) diag([10, 10, 10]) (kgm2)
Initial MRP set (σ0) Case 1: [0, 0, 0.25]T, Case 2: [0.3, 0.25, 0]T

Desired MRP set (σd) Case 1: [0,−0.2,−0.7]T, Case 2: [0.1,−0.3, 0]T

Initial angular velocity (ω0) [0, 0, 0]T (rad/s)
Boresight vector (ŝ) [1, 0, 0]T

Half angle of the FOV (β) 20 (deg)
Bright object 1 (ĉ1) [0,−0.981,−0.196]T

Bright object 2 (ĉ2) [−1, 0, 0]T

Bright object 3 (ĉ3) [0.958, 0, 0.287]T

Proportional gain (Kp) 5.5 J
Derivative gain (Kd) 3.1 J

(a) Constraints in the inertial space (b) Constraints in the MRP space

Figure 2. Keep-Out Constraints

Visualization of the Keep-Out Zone in the Inertial and MRP Spaces

The constraints related to bright objects defined in the inertial space are converted into the MRP
space. Considering the parameters listed in Table 1, each keep-out zone in the inertial space is
expressed in Figure 2(a), and the converted keep-out zones in the MRP space are illustrated in
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Figure 2(b). The colored regions (keep-out zones) are regarded as obstacles to be avoided while
finding the MRP vectors from the initial to the desired MRP vectors.

Simulation Results

In Case 1, the desired MRP set is given that the spacecraft’s attitude change is dominantly in
the third component of the MRP set, as confirmed by the MRP vector’s trajectory in the MRP
space shown in Figure 3(a). A smooth MRP trajectory in the MRP space is obtained using the
FEPF’s output. The boresight trajectory, including the keep-out constraints in the inertial space,
is visualized by projecting it onto a 2D plane composed of the right ascension and declination, as
illustrated in Figure 3(b). In 2D space, the boresight vector also changes smoothly while avoiding

(a) MRP vector trajectory (b) Boresight vector trajectory

Figure 3. MRP Vector Trajectory in the MRP Space and the Boresight Vector Tra-
jectory in the Inertial Space (Case 1)

the keep-out zones. The smooth MRP trajectories are also observed in the time history of the MRP
set in Figure 4(a). Although the given simulation time is 150 seconds, the maneuver is achieved in
129 seconds. On the other hand, the time histories of the angular velocity in Figure 4(b) and torque
in Figure 4(c) contain non-smooth trajectories. The fluctuations in the states are observed when
the MRP vector is near the keep-out zones. In particular, the torque trajectory includes more peaks
and fluctuations compared to the angular velocity. Also, the terminal values of the angular velocity
and torque are non-zero. This is because the current work focuses on finding the shortest trajectory
in the MRP space, subject to the constraints. Smoothing of both the angular velocity and torque
constraints, as well as terminal angular velocity constraints, will be considered in the future training
of the FEPF.

In Case 2, the dominant attitude change is in the second term in the MRP set. As shown in Figure
5(b), a horizontal and smooth MRP trajectory is obtained. The boresight trajectory in the projected
plane is also smooth and does not violate the constraints. Since the total MRP trajectory length in
this case is shorter than in Case 1, the reorientation maneuver is completed in 72 seconds, earlier
than in Case 1. Similar to Case 1, the time history of each component of the MRP set is very smooth.
However, the angular velocity and torque trajectories contain the same issues, with several peaks
while avoiding the keep-out zones. These undesired behaviors, especially for the angular velocity
and torque, will be addressed in future work.
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(b) Angular velocity
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Figure 4. Time History of the States (Case 1)

(a) MRP vector trajectory (b) Boresight vector trajectory

Figure 5. MRP Vector Trajectory in the MRP Space and the Boresight Vector Tra-
jectory in the Inertial Space (Case 2)
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(b) Angular velocity
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Figure 6. Time History of the States (Case 2)

CONCLUSION

This work proposes a constrained attitude maneuver using a path-planning approach while con-
sidering multiple keep-out constraints around spacecraft. The modified Rodrigues parameters (MRPs)
are used as the attitude representation, and the constraints (keep-out zones) are converted into the
MRP space. To find the constraint-compliant MRP trajectory, the fuzzy enhanced potential field
is applied, and the dynamic and kinematic equations are utilized to obtain the physics-compliant
states. The performance of the proposed approach is validated via numerical simulations. The sim-
ulation results demonstrate that the proposed approach produces smooth MRP trajectories while
avoiding the keep-out zones. However, the angular velocity and torque profiles contain undesired
peaks and fluctuations without considering the terminal angular velocity. Future work will focus on
improving the smoothness of the other states and addressing the terminal state conditions.
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