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Nonlinear adaptive pose
motion control of a servicer
spacecraft in approximation
with an accelerated tumbling
target

Ali Kasiri* & Farhad Fani Saberiz**

Removing a limited number of large debris can significantly reduce space debris risks. These bodies
are generally exposed to extreme environmental disturbance torques or consecutive accidents due
to their large wet area, which causes them to experience accelerated high-rate tumbling motion.

The existing literature has adequately explored the approximation operations with non-cooperative
targets exhibiting 3-axis tumbling motion. However, the research gap lies in the lack of attention
given to addressing this approximation for targets undergoing accelerated motion. Agile, accurate,
and large-angle maneuvers are three common necessities for safely capturing such targets. Changes
in the moment of inertia brought on by fuel slushing cannot be disregarded during such a maneuver.
To deal with nonlinearities, adverse coupling effects, actuator saturation constraints, time-varying
moment of inertia, and external disturbances that worsen during accelerated agile large-angle
maneuvers, a novel adaptive control approach is developed in this paper. The controller’s main
advantage is its adjustable desired acceleration, which maintains its performance even when

dealing with accelerated motion. The control law is directly synthesized from the nonlinear relative
equations of motion, without any linearization or simplification of the system dynamics, making

it robust to a variety of orbital elements and target behaviors. Adaptation laws are extracted from
the Lyapunov stability theorem in a way that guarantees asymptotic stability. Moreover, control
actuator roles (delay, saturation, and allocation) are accounted for in modeling and simulation.
Finally, a comprehensive numerical simulation based on three different realistic and strict scenarios is
carried out to demonstrate the effectiveness and performance of the proposed control approach. The
controller’s robustness against time-varying dynamic parameters (sharp and sudden change, smooth
and slow change, and periodic change) is extensively demonstrated through simulation.

Keywords Agile attitude maneuver, Large-angle attitude maneuver, Accelerated pose motion tracking,
Adaptive control, Space rendezvous

List of symbols

Chaser data

S(E) Skew-symmetric matrix of vector &

73) Earth’s magnetic field [T]

" Geocentric gravitational constant [km’s™2]
J2 Second zonal harmonic

Z))@ Earth’s rotational velocity vector [rad/s]
He Magnitude of the earth’s magnetic moment [Tm?]
Rg Radius of Earth [m]

(0,0, V] Euler angles [rad]

me Chaser’s mass [kg]
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Actuators data
F,
Ts

Total angular momentum of the chaser [Nms]
Chaser’s moment of inertia [Nm?]
Chaser position vector [m]

Control torque acting on chaser [Nm]
Chaser’s angular velocity [rad/s]

Chaser’s angular momentum [Nms]

Chaser’s quaternion parameters [rad]
Chaser’s orbital angular velocity [rad/s]
Semi-major axis [m]

Total disturbance torque acting on chaser [Nm]
Random white nose

Gravity Gradient (GG) torque acting on chaser Nm

Target’s mass [kg]

Target's moment of inertia [Nm?]

Target’s position vector [m]

Target’s angular velocity [rad/s]

Target’s quaternion parameters [rad]

Target’s orbital angular velocity [rad/s]
Moment of the magnetic dipole [ Am?]
Magnetic moment torque acting on target [Nm]
Gravity Gradient (GG) torque acting on target [Nm]
Random white noise

Relative disturbance acceleration [m/s?]
Perturbing gravitational acceleration [m/s?]
Drag disturbance acceleration [m/s?]
Atmosphere density [kg/m?]

Reference density [kg/m?]

Actual altitude of the spacecraft [m]

Reference altitude [m]
Scale height m

Surface normal to the atmosphere flow [m?]
Drag coefficient

Spacecraft velocity relative to the atmosphere velocity [m/s]

Atmosphere velocity [m/s]
The magnetic latitude deg

Rotation matrix from target to interface frame
Rotation matrix from target to chaser body frame
Rotation matrix from interface to target body frame

Rotation matrix from LVLH to chaser body frame [rad/s]

Error angular velocity

Interface frame angular velocity [rad/s]
Relative quaternion [rad]

Error quaternion [rad]

Relative distance [rad]

Mean anomaly

Eccentric anomaly [rad]

Eccentricity

True anomaly rad

Control force acting on chaser [N]
Thrusters time-constant [s]
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Isp Specific impulse [s]

[A*] Reaction wheels torque distribution matrix

—>

Ty, Each reaction wheel torque [Nm?]

Owpas Maximum angular velocity of the reaction wheel [rpm]
Ty Maximum torque of the reaction wheels [Nm]

I, Reaction wheel’s moment of inertia [kgmz]

%

h Reaction wheel’s angular momentum Nms

Controller data

Saugx > Saugy > Suugz

Attitude motion controller augmented sliding surface

Sx> Sy Sz Attitude motion controller sliding surface

ex> €y, €z Relative attitude error [rad]

Vi, V) Vs Attitude motion controller Lyapunov function

€xx> Cyys €2z Relative position error [m]

Vi Viys Viz Translational motion controller Lyapunov function

aug,.> Suugyy: Saugzz

Translational motion controller augmented sliding surface

Sxxs Syys Szz Translational motion controller sliding surface
Desired data
Xd>Vd>2d Desired relative translational acceleration [m/s?]

Wey > Wey, > De,,

Desired relative orientational acceleration rad/s?]

Subscripts

c Refers to the chaser spacecraft
t Refers to the target spacecraft
r Refers to the relative quantity
e Refers to the error quantity

Research problem
On-Orbit-Servicing (OOS) missions such as in-orbit refueling, in-orbit maintenance’, active debris removal®?,
and on-orbit assembly will occupy a unique position in the future of the space economy. This fact provided suf-
ficient motivation to pass the academic research phase and enter the implementation stage. MEV (by Northrop
Grumman), e.Deorbit (by ESA), O.CUBED (by AIRBUS), SSL (by MAXAR Technologies), and Phoenix (by
DARPA) are just a few examples of OOS projects that are followed by great space companies or agencies all
around the world**. Rendezvous and docking are the two common phases of the OOS missions. The rendezvous
itself can be divided into (i) far-range (from the initial condition to P1 point) and (ii) close-range (from P1 to
P2) approach sub-phases (see Fig. 1). It is quite understandable that the risk of collision increases as the distance
between vehicles decreases, and for this reason, accuracy and robustness are especially important in close-range
rendezvous®. Accordingly, unlike the long-range approach, in which only the translational distance reduction
is a matter of concern, attitude synchronization is also necessary in addition to reducing the relative distance in
the close-range approach’.

The behavior and specifications of the target have a significant impact on the challenges of the close-range
approach phase. The target spacecraft can be categorized from the structure, cooperation, and stability view-
points as follows:

Structure point of view

e A small rigid satellite (which doesn’t have any long, large, or flexible components)
® A large flexible satellite (which is equipped with extendable solar panels, antennas, large robotic manipula-
tors, or other appendages)

Cooperation point of view
e Cooperative (which can transmit information/data about its attitude, velocity, and position)
e Non-cooperative (which doesn’t communicate, or transmit data. It may not be a live satellite)

Stability point of view

e Stable (which can keep its attitude in a stable manner or even perform a requested/desired maneuver)
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Figure 1. Schematic of rendezvous and docking sequence.

® Unstable/Tumbling (which is dead, or alive but uncontrollable due to a severe failure of its Attitude Control
System (ACS))

Without losing generality, capturing a large non-cooperative tumbling target has become a hot topic that
has attracted huge attention in the last decade®. Because, the efficacy of mitigating the risk of space debris can
be significantly enhanced by selectively removing a limited number of big debris objects (like launcher fairings,
dead heavy satellites, orbital transfer modules, and so on). The point is that due to their large area, these debris
are exposed to both (i) large disturbance torques (atmospheric drag and solar radiation pressure) and (ii) fre-
quent accidents, and therefore experience time varying accelerated motion. The final close approach with such
a target is the most challenging part of the mission, which deserves more investigation®. Getting close to a large
tumbling debris without enough accuracy and agility runs the chaser spacecraft directly contrary to the purpose
of its mission. For a real example, when a servicer or delivery spacecraft is performing a docking or berthing
mission in the proximity of the dead Envisat'®, which has huge extendable solar panels, antennas, and many other
external appendages, even a small control error or delay may cause a disastrous accident and produce countless
amounts of debris. Consequently, in contrast to traditional space missions (remote sensing or communication),
where preserving the attitude (usually in nadir condition) with high accuracy was the only crucial matter, the
ability to make agile and large-angle attitude maneuvers are two additional requirements for chaser spacecraft
that play an important role in OOS mission reliability/safety'!. However, the impact of fuel slushing resulting
from such maneuvers, which alter the chaser’s moment of inertia, must not be disregarded. On the other hand,
both the hardware (actuators) and software (control algorithm) parts of the ACS contribute to satisfying the
mission requirements (accuracy, agility, and robustness).

Hardware part considerations. Reaction Wheels (RW) are reliable, accurate, and cost-effective actuators that
produce smooth and continuous torque in a wide range (regardless of the orbital elements)'?. As a result, RW's
are the most suitable attitude actuators for the final close-range approach (also called “approximation”) phase of
the OOS missions, whose accuracy and agility are two essential requirements’. At least 3 orthogonal reaction
wheels are needed for full 3-axis attitude control'. However, many spacecraft benefit from 4 RWs to achieve
more reliability and extra maneuverability. Although 4 reaction wheels can be arranged in different configura-
tions known as pyramidal, skew, and tetrahedral'>!6, the pyramidal configuration has attracted more attention
and been investigated comprehensively. In this regard, the tilt-angle of RWs in pyramidal configuration has
been optimized to achieve minimum power consumption'’, highest pointing accuracy'®, highest momentum
management performance', and the widest angular-momentum envelope coverage °. Zhang et at.?! compen-
sated for the RW's misalignment (installation deviations) effects to perform high attitude precession. Reference®
proposed an optimal use of 4 RWs in the pyramid configuration to improve the agility performance of a rigid
spacecraft using a novel minimum infinity-norm scheme. Hablani** optimized the tilt-angle of the 4 RWs in
pyramidal configuration to perform a specific sun-tracking mission with minimum power consumption and
control effort.
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After reading the research mentioned above, it seems that 4 reaction wheels arranged in a pyramidal configu-
ration (shown in Fig. 5) might be the best choice for OOS missions as a tradeoff between mass considerations,
accuracy, reliability, minimum power consumption, maximum torque envelope, and momentum management
performance level.

Reaction thrusters are widely used for orbit transfer, station keeping, inclination correction, orbit raising,
maintenance, and so on. Different types of thrusters (electrical, chemical, ion, cold gas, etc.)*, and modulators
(PWM, PWPE etc.)” are available, which each of them is suitable for a specific mission. PWPF hydrazine-
based thrusters are an appropriate option for the propulsion system of chaser/servicer spacecraft, due to the
high operating frequency, precise and stable output thrust, high specific impulse, and wide range force they can
produce?®®. We assumed that the chaser’s propulsion system is equipped with a hydrazine-based thruster array.
In summary, the combination of 4 RWs and 16 thrusters forms a reasonable and reliable attitude and position
control system for OOS missions.

Figure 2 shows the schematic of the chaser spacecraft from the front and aft views. As is clear, the chaser
uses a set of 4-dimensional reaction thrusters in the side faces (right, left, up, and down). These thrusters can be
used both for attitude control (for reaction wheel dumping/desaturation) and position control (producing pure
force without torque). Different relative navigation sensors and antennas can be implemented on the front side.

One of the factors that can significantly affect the controller’s performance and also the system’s output is the
actuator’s model (delay, saturation level, etc.), although, despite its significance, this topic has not been covered
in the majority of literature.

Note that the attitude determination subsystem is not restrictive for achieving high pointing accuracy because
the combination of the star sensor and three-axis fiber optic gyroscope can provide an accuracy of about 3 to 30
arcseconds with stability of order 0.001 degrees per second.

Software part considerations. Relative equations of motion are highly nonlinear, and due to parametric uncer-
tainties along with unknown external disturbances, classical controllers are not applicable anymore to meet the
OOS mission requirements. Even all dynamic parameters might be known at the Beginning-of-Life (BoL), but
uncertainty will arise gradually. Changes in mass, the moment of inertia, and the location of the CoM (caused by
fuel consumption, internal mechanism activation, load and shape adjustments, and accidents) are particularly
important here?. This issue may result in accuracy degradation or even instability, which is not permitted in
OOS missions. We are interested in covering these issues without redesigning the controller’s structure. Given
this fact, many researchers turned to adaptive control methods to deal with the problem.

Literature review

A direct model reference adaptive control approach is used by® to control the linearized orientational and trans-
lational motion of two Nano-satellites in proximity missions. But the linearized model (like CW or HCW model)
has strong weaknesses/shortcomings when used for the close-range rendezvous phase (specifically in the face
of an uncooperative tumbling target). Based on the nonlinear equations of motion expressed in spherical coor-
dinates, Yoon et al.?® proposed an adaptive controller to cope with thrust misalignments and the chaser’s mass

4-dimensional RCS X
thruster array

Front side Rear side
3
@)
Front side — .
“ Reaction thrusters
| (—
l . Launcher's Docking port /
Rear side connector/interface . o
ring Relative navigation sensors
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Figure 2. Schematic of chaser spacecraft.
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uncertainties. For spacecraft rendezvous and docking problems subject to parametric uncertainties, a novel
switching controller is developed by combining a direct adaptive control approach, neural networks, and a back-
stepping technique®. However, forming a neural network with a large active region entails a complex structure
and high calculation cost. In order to reduce the number of fuzzy rules and computational burden, an adaptive
fuzzy controller is constructed?, so that proximity maneuvers are achieved in the presence of unknown model
uncertainties and complex kinematic couplings. Despite the helpful results obtained in this work, actuator satura-
tion was ignored, while the simulation results show high control effort. An anti-saturation sliding mode surface
based on a modified auxiliary system is proposed in* to guarantee the exponential convergence of tracking
errors in the presence of inertia uncertainty and compensate for the actuator saturation-related constraint. In
this work, the chaser’s unknown parameters were estimated based on a novel and ingenious adaptation law, and
its main drawback was the chattering phenomenon. Sun et al.*! proposed an adaptive backstepping controller
considering input saturation and full-state constraints. Both element-wise and norm-wise adaptive estimation
techniques are used in this paper for handling parametric uncertainties, kinematic couplings, and matched and
mismatched disturbances. An adaptive nonlinear control approach is developed by*? for synthesizing the relative
pose controller of autonomous space proximity missions under actuator saturation, actuator faults, relative state
constraints, dynamic couplings, parametric uncertainties, and unknown disturbances. Nevertheless, this strategy
is rather challenging to implement due to the large number of controller parameters that should be tuned. The
formulation of adaptive control laws typically necessitates extensive feedback, even full-state feedback, which
demands the employment of diverse measurement sensors. Conversely, every measurement tool introduces
errors, noise, miscalibration, bias, and the like, necessitating the utilization of intricate filters. To address this
problem, an adaptive output feedback control (based on an indirect adaptive control strategy) is proposed by**
that minimizes the need for measurement sensors (beyond the relative navigation sensors such as rate gyro).
But an adaptation law is extracted based on exact knowledge of the dynamic model of the system and is really
sensitive to model uncertainty. Another bold flaw of this paper is the high-frequency fluctuation in outputs and
control signals, which is not ideal for close-range approximation. To deal with the non-constant parameter uncer-
tainty problem, Xia et al.** developed a novel adaptive fault-tolerant control strategy for spacecraft rendezvous
maneuvers in the presence of unknown time-varying inertia parameters.

Apart from the controller capabilities, a safe approaching trajectory is an essential need for the close-range
rendezvous to prevent hard collisions with the target. On the other hand, radar and lidar-based navigation may
not be suitable for very close distances. In this regard, motivated by the idea of an image-based path planning
method proposed in*, reference®® presented an Image-based Field of View (IFoV) constraint to ensure the vis-
ibility of the target and introduce image features in the controller design. In this paper, a potential field is devel-
oped using the pixel coordinates of the image features to interpret the IFOV constraint. By integrating a novel
Artificial Potential Function (APF) into the sliding mode technique, an adaptive control strategy is introduced
by Ref.* to realize the arrival of the chaser at the docking port without any risk of collision or loss of target
features. Considering the docking port’s Line of Sight (LoS), an Immersion and Invariance (I&I) adaptive pose
control scheme based on artificial potential functions (APFs) is proposed by Ref.*’ for constrained spacecraft
proximity operations with a freely tumbling target, under mass and inertia uncertainties. A very high control
effort, which leads to unreasonable fuel consumption, is the main drawback of this method that makes it unfair
for OOS missions. Considering the spatial motion constraints and docking ports LoS, Shao et al.*® presented a
novel adaptive pose tracking control scheme for spacecraft proximity operations with a freely tumbling target.

In the field of capturing a non-cooperative target, without the need for real-time orbit determination or com-
munication between two spacecraft, the autonomous rendezvous with a target orbiting in an elliptical orbit is
addressed in Ref.**. The main weakness is that only relative translational motion equations have been considered
in this work. However, attitude synchronization is of the utmost importance in close-range rendezvous that can-
not be ignored at all. By proposing a globally defined relative pose motion model in the presence of couplings
between translational and rotational dynamics, parametric uncertainties, and bounded external disturbances, a
robust adaptive control approach is developed by Ref.*’ for rendezvous with a non-cooperative tumbling target.
Considering the gravity of two spacecraft, complete relative position dynamics developed in Ref.*!. Then, a
robust adaptive controller is designed to control the relative nonlinear pose motion of a chaser spacecraft with
a tumbling non-cooperative target.

Research gap
The desired angular or translational acceleration of the chaser’s maneuver could not be set/adjusted as an input
in any of the earlier control approaches.

Beyond that, all the above-mentioned papers proposed a solution to a distinct problem. With respect to all
this research, all of them have drawbacks in at least one of the following aspects:

(1) The RW’s role/term has been neglected in the relative attitude equations of motion, while its gyroscopic
torque is not negligible in fast and large-angle attitude maneuvers.

(2) Most of the previous research has considered the simple rest-to-rest maneuver problem, which is far from
OOS nature most of the time. Moreover, a rest-to-rest maneuver is not a good choice for challenging the
controller’s capabilities.

(3) Only a few researches (e.g. Ref.**) have investigated the effects of time-varying parameters on controller
performance during the docking phase.

(4) A considerable body of literature has been devoted to the "Clohessy-Wiltshire" equations, which are valid
exclusively in the context of far approach in a circular orbit.
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(5) Except for a few reviewed studies (such as Refs.>**!)

target has not been investigated.

, approximation with a non-cooperative 3-axis tumbling

Contributions

This paper addresses the problem of pose motion control for a chaser spacecraft in a close-range approach with a
non-cooperative tumbling target orbiting in an elliptic orbit. The chaser is assumed to be over-actuated equipped
with 4 reaction wheels and 16 reaction thrusters as the rotational and translational motion actuators, respectively.
The main contributions of this paper are as follows:

e To deal with the time-varying dynamic parameters (sharp and sudden change, smooth and slow change,
and periodic change), actuator saturation constraint, and bounded external disturbances acting on chaser
spacecraft during large-angle agile maneuvers, a novel adaptive control approach is developed.

e Unlike all controllers reviewed in the literature review, the controller introduced in this paper allows for the
input of desired angular (w,) and translational accelerations (V). This feature turning it into a particular case
for tracking an accelerated desired motion. This term also gives more flexibility to the controller designer to
adjust the gains of the control law, which may lead to faster time responses of the chaser and a lower steady
state error. In fact, the controller is also capable of tracking the accelerated motion of the target, accurately.
This is a major benefit for safely docking with a wide-body non-cooperative tumbling target that is under
high perturbations.

® Model accuracy has a significant impact on model-based control algorithms, especially in the case of large-
angle agile maneuvers where nonlinearity and coupling effects are very strong. Thus, reaction wheels’ terms
along with their gyroscopic torque are taken into account in driving the relative attitude motion. Consider-
ing uncertainties and disturbances in the controller design procedure makes it robust at a variety of orbital
altitudes and conditions. The designed controller exhibits two key advantages: it is free from chattering and
doesn’t need a large number of control parameters to tune.

e In this paper, the motion of the target satellite in an elliptical orbit, a more generic scenario, has been taken
into consideration.

e The control law is directly synthesized from the nonlinear equations of motion, without any linearization or
simplification of the system dynamics. The importance of this issue stems from the fact that the performance
of the designed controller is not dependent on orbital elements or orbit shape.

e The controller uses a simple parameter adaptation mechanism instead of complex and computationally expen-
sive estimation, system identification, prediction, or compensator algorithms. This makes the controller more
lightweight (which is practically essential in the approximation phase) and efficient, while still maintaining
its effectiveness. Also, the adaptation law/mechanism is not sensitive to the initial condition.

® We have also rewritten the equations of motion based only on the relative navigation parameters (relative
distance, relative velocity and attitude), instead of absolute navigation parameters.

This work is organized as follows: Section "Mathematical modeling" presents the problem formulation within
the relative pose equations of motion. The controller laws are developed in Section "Simulation". Section "Conclu-
sion" presents the study case scenario considering a non-cooperative tumbling target. The performance evaluation
of the controllers is also presented in this Section. Finally, the conclusion is outlined in Sect. 5.

Problem statement

Due to the large distance in the far-range approach, there is no risk of a harsh collision between the chaser and
the target spacecraft. The chaser’s only task in this phase is to reduce the relative distance (P1in Fig. 1). However,
the problem is more delicate in the close-range approach, particularly when dealing with a tumbling wide-body
target that is equipped with large solar panels and antennas (such as geostationary telecommunication satellites).
In the case of a cooperative target, the chaser is aware of the location (latitude, longitude, and altitude), veloc-
ity (both translational and angular), and attitude of the target at every step-time, which makes the close-range
approach navigation easier and more accurate (more information about navigation and guidance methods in
space rendezvous missions can be found in Refs.”*>*). In the case of a non-cooperative target, only relative navi-
gation sensors (RADAR*, LIDAR®, or vision-based*) can be relied on, while each of them has its own limits,
constraints, noise, and errors. The fly-around and inspection are the necessary steps to define the docking port/
interface or proper capturing structure (usually a solar panel strut or York)*”. The chaser may have to fly around
the target several times while looking for a suitable docking port/interface. As part of this procedure, the chaser
will need to do an accurate large-angle maneuver. Eventually, the two most important characteristics for chaser
spacecraft to face a wide body non-cooperative tumbling target are compact size and agility. In real-world condi-
tions, there are many extra challenges, such as fuel slushing, delay, noise, hardware operating frequency, actuator
saturation, and so on. To wrap it up, all these issues create the need for a controller that is robust to uncertainties,
time-varying parameters, and disturbances. The use of 16 high-frequency hydrazine-based thrusters gives the
chaser the ability to perform integrated pose (i.e., concurrent position attitude) maneuvers*. 4 reaction wheels
provide smooth and accurate attitude synchronization (pointing accuracy of about 0.1[deg] and precision of
about 0.001[deg/s]) in the last docking phase. Thrusters are also used for RWs momentum dumping (desatura-
tion). The target spacecraft is subject to external disturbance torques and forces which cause its 6 DoF acceler-
ated motion. One important characteristic of the controller that can boost the performance of relative motion
synchronization is adjustable acceleration. This is the main gap/deficiency of the previous research. Also, model
accuracy has a significant contribution to model-based controller performance level. Thus, we tried to cover the
actuator’s role in the equations of motion.
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After finding the docking port/interface or other proper capturing structure, the chaser moves toward it and
captures the target. It should be noted that the capturing and post-capture phases have distinct sub-phases that
can be followed in related research®-%2,

Essential coordinate systems
There are 3 essential frames that should be defined for attitude motion.

(1) Earth Centered Inertia frame (ECI): is a Cartesian right-handed system with the origin at the center of the
Earth. It doesn’t orient with the Earth and its longitudinal axis X is toward the vernal equinox. Z; is toward
the north pole, and Y7 completes the system.

(2) Orbit Reference frame (R): its origin is fixed on the mass center of the spacecraft (no matter the chaser or
target). Its longitudinal axis Xr is toward the orbital velocity vector. Z points toward the earth’s center and
Yr completes the right-handed system.

(3) Body Fixed frame (B): its origin is fixed on the spacecraft’s Center of Mass (CoM). We assumed that the
body frame matches/coincides with the body principal axes.

There is 1 more essential frame that should be defined for translational motion.

(4) Local-Vertical Local-Horizontal frame (LVLH): its center is fixed to the target’s center of mass. Xy is along
the radius vector from Earth’s CoM to the target space. Y, corresponds to the velocity vector. Zp is perpendicular
to the orbital plane in a way that completes the right-handed system.

Introduced frames are shown in Fig. 3, schematically.

Xr

A: Target Body Frame B: Chaser Body Frame Xc

Extendable-retractable solar panel

Yr 1 1
. - ©) - (&
/ \A G é@ )

Docking port r's

Zr Zc

C: ECI, LVLH and R frames

X

Vernal Equinox

~—>

Orbital velocity

Figure 3. Schematic of different frames ((A) shows the target body frame, (B) shows the chaser body frame.
ECI, LVLH and orbit reference frames are shown in (C)).
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Figure 4. Chaser and target position vector.

Assumptions

(a) Asshown in Fig. 4, the distance between the chaser and the target (r.) is very small compared to the target
(r¢) and the chaser (r¢) spacecraft position vector (r, K r:&r, K r¢).

(b) The target orbit is elliptic.

(c) External disturbance forces and torques are unknown but bounded.

(d) The relative distance in the approximation phase is less than 100 m, and the relative navigation tools are
capable of producing data with good accuracy.

(e) The chaser is equipped with all essential sensors and actuators: star trackers, fiber optic gyroscopes, GPS,
reaction wheels, and thrusters. Thus, the absolute attitude, angular velocity, and position of the chaser are
always available, and its pose motion is controllable independently and accurately.

Mathematical modeling
In this section, the equations of rotational and translational motion will be derived.

Attitude motion
The chaser can be modeled as a normal/nominal (healthy and actuated) spacecraft. The rotational dynamics of
a spacecraft about its center of mass are simply given (expressed in the body frame) as follows:

— = —
ZMtut: hiot+ Bex hior (1)

— T
where Moy = [me,Mmy,Mm,Z} eR3*1 is the total external (for example disturbance) and internal (for

T
example thrusters) torques acting on the chaser spacecraft body. D= [wcx » Wy wcz] €R3*1denotes the angular
velocity vector of the chaser body with respect to the ECI frame, which is measured by Fiber Optic Gyroscopes

— T
(FOG) in real-world conditions. & 1 = {hmzx; hiot,» hzotz} eM3¥1is the total angular momentum vector of the

satellite about its CoM that is defined as follows:

_h)tot =nh ¢+ _h)rw (2)
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— T — T
where h . = |:hcx> he,, hcz} eR>land h,, = {hrwx, Brw,> Brw, €R>*! are the angular momentum vector of
the chaser spacecraft’s body and RW’s, respectively.

ﬁ tot can be calculated as follows:
— — —
M tot =MGGC +Mr[ (3)

% T
where M gg = [MGGX »Maa, MGGZ} eR3*Lis the Gravity Gradient (GG) torque. Both chaser and target space-
craft have non-uniform/non-homogeneous mass distribution, this is the main cause of GG disturbance torque.
—
The relation of GG disturbance torque for the target and the chaser is quite similar. Two symbols "M gg," and
"M Ga," will be shown so that they can be distinguished. Obviously, "M GG, represents the torque applied to the
chaser and "M GG, represents the torque applied to the target.
The mathematical model of GG torque is given as®*:
=3 ; 2
Mgg, = % (I, — I)sin(2¢)cos*(8)
Mgg, = 35 (I: = Losin(26)cos(¢) (4)
Mge, = 237’:3 (It — I,)sin(260)cos? ()
where 11 = 398600,435507 km>s~2 is the geocentric gravitational constant, 6 and ¢ are the pitch and roll angles
of the chaser/target spacecraft. I, I, and I, are the moment of inertia elements of the chaser/target spacecratft. r

denotes the distance between the center of the earth and the chaser/target spacecraft.
—>

T
M, = [M,x, M, M,Z} eM3*1 denotes the random white noise signal with zero means (that acting on both
spacecraft).
M,, = 0.3randn(3,1) (5)
Finally, Eq. (1) can be rewritten as follows:

. — —
Ic?())c = _S(wc)lc?-’)c — S(we) h oy + Tc+ﬁGG+ﬁr (6)

— = T
where T =—hpy = |:Tcx) Te,» Tcz] eR3*1 is the reaction wheels’ control torque (will be calculated in section

"Simulation"). I, = diag

~/

[ch, L, Cz} ) denotes the chaser’s moment of inertia tensor. S(E) denotes the skew-

ot

= [E1, 2, B3] vector which is defined as follows:

0 —E; B
S8 =| &

0
-8 E1 O

symmetric matrix of the

(7)

Quaternion representation is free from singularity and required low computational cost. Thus, it is the most
. . . T . > s .
useful method for kinematics modeling. § . = [chv qe, | €R**Vis the chaser’s attitude quaternion. g, and
T .
chv = [4c1»qc0qc;] €R® x MR are the scaler part and vector component of the { .- respectively. In real-world
conditions, quaternion parameters can be measured by star trackers directly (with an accuracy of 3 to 30 arc

seconds).
Spacecraft kinematic equation based on quaternion parameters can be presented as follows:

i]cl 0 Wc, —We, + ne W, qdc
g | _ l W, 0 We, @, + ne 9e,
i]53 ) W, — N¢ — W, 0 W, 9dcs ®)
ey —@, W — N —We, 0 qeq

where n. denotes the angular velocity of the chaser’s orbit (also called mean motion), which can be roughly

calculated as follows:
Ne =\/ M / }’3 (9)

where 7. denotes the distance from the chaser’s CoM to the Earth’s CoM, respectively. Clearly, n. is a time-
dependent variable for an elliptical orbit™ (because r. is not constant in this case).

Note: due to the close distance between the chaser and target spacecraft in the close-range approach phase
we can assume that n. = n,. The process of calculating n; will be discussed in section "Relative Translational
Motion" (Egs. (31) to (35)).

Without the loss of generality, the target’s attitude motion can be modeled in a similar way. The only differ-
ence is that there is no control torque for the target spacecraft.

The dynamics and kinematics of the target spacecraft are given as follows:
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. —
@ =—S(); & + M to1, (10)

qtl 0 wt, _U-’ty + ng wt, qu

(?tz — l —wt, 0 W, @, +n qt, (11)

93 2|0y —M —, 0 ors qt,

qts —y, Ty — Nt —Wt, 0 Gty

T
where @& = [a)tx,w,y,wtz} eRr>land I, = diug( {Itx,lty,ltz] )e%3X3 are the angular velocity vector and
Lo ) T .
moment of inertia tensor of the target, respectively. 7 , = [ g7 qi, | €9® x 2 denotes the quaternion param-

% T
eters of the target spacecraft. M 1o, = {Mtottx s Moty Mtottz} eM3*Lis the external disturbance torque (gravity

gradient (as mentioned in Eq. (4)), magnetic and random (as mentioned in Eq. (5))) applied on the target
spacecraft.

Magnetic disturbance torque arises due to the interaction between the accumulated/residual magnetic field
in the target (because of magnetorquers, batteries, electronic boards, and so on) and the magnetic field of the
earth. The magnetic disturbance torque expressed in the target body frame can be estimated as®:

— — —
Mym, = Myres X B (12)

—
where M s = [0.3,0.3,0.3] T €931 [Am?] is assumed as the sum of the individual magnetic moments caused by
permanent and induced magnetism and the spacecraft-generated loops. This parameter is obtained experimen-

tally and is very dependent on the elements installed in the satellite. B denotes the magnetic field of the earth
that can be estimated as follows:

Ko . 5
= ?(1 + 3sin’@) 2 (13)

B

where © is the magnetic latitude measured from the magnetic equator, which can be considered as 90[deg] in

the worst case (at the magnetic pole). j1g = 8.1 x 10'°[Tm’] represents the magnitude of the earth’s magnetic
moment vector along the magnet axial direction®.

Note that the target is assumed to be a wide-body spacecraft operating in LEO, thus it is equipped with power-
ful batteries and magnetorquers. Therefore, its residual magnetic moment will be significant.

The total disturbance torque acting on the target is given as:

— — — —
Mtatt = MGGt + Mn + MMM[ (14)

Note that the GG and random disturbance (Eq. (4) and (5)) are common disturbances acting on both space-
craft. Although the relation of these disturbances is the same, however, the domain/intensity of them are dif-

- = = =
ferent for the chaser and target. Thus, M Gg,, M r, denote disturbances acting on the chaser and M gg,, M, are
disturbances acting on the target.

Relative attitude motion
The relative navigation systems are installed on the chaser spacecraft. Thus, we are interested in developing the
relative attitude motion in the chaser spacecraft body frame. As clear from Fig. 4, the docking port of the chaser
spacecraft should point toward the docking port of the target. In other words, Z¢ must be aligned and in the
same direction with —Zr. To achieve this goal, we need to define a new frame called “interface frame”, which is
obtained by rotating the target body frame by +180[deg] around X7.

The rotation matrix from the target body frame to the interface frame can be represented by the following

direct cosine matrix:
710 0 10 0
Ci=10 cos(r) sin(m) | =|{0—-1 0 (15)

0 —sin() cos(mw) 00 —1
The quaternion parameters corresponding to this rotation can be written as follows:
— T
qii= [Qtﬁil > Qt—iy> Gt—i3» Qt%i‘;] = [1,0,0, O]T (16)
The relative angular velocity (between chaser and interface frame) is given as:
Be=0.—Cd; (17)
T

where @, = |:wex > Wey,» wez] €93*Lis the error angular velocity that should converge to zero to achieve the goal

T
of attitude synchronization. @ ; = [a),'x, Wiy a)iz} €R3>*Lis the interface frame angular velocity with respect to

the ECI frame given as:
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T

' 10 07[e,
Z))i = C;Z))t =(0-10 Cl)[y = [a)tx,—wty,—a)tz (18)
00 —1] |,

C¢eR3*3 is the rotation matrix from the interface frame to the chaser body frame that can be calculated as
follows:

Cf = CeCt (19)

where C! = transpose(C!) is a constant matrix, and C¢ is a time-varying matrix that denotes the rotation matrix
from the target body to the chaser body frame given as follows**:

@ — a5 — 4, + 49, 22(% ar, + 4 qr,) ) 2(an9r;s — 4r,9rs)
Ci=| 2(9nan —9n9) —49, + @, — 49 + 4@, 22(% ary +dn qr,) ) (20)
2gndn +dnd)  2ldndn — dndn) —a;, — 4, + a5, + 47,

where |, = [ qVTV qr, | Temd x | represents the relative attitude quaternion between the target body and chaser
body frame, which can be calculated as follows:

7,=7,®7. 1)
The symbol ® denotes quaternion multiplication.
Similarly, the error quaternion between the interface and chaser body frame can be calculated as:
T.=7; ®7. 22)
where _q>l- can be calculated from ¢ ,_ ; as follows:
Qty =9t —q9t, — 9t (1) qu
- _2 o= - _ |9 9 —95 49n — | 49n
g;=4: ® q;,;= 4, Gn 9n Q. —qn 0 an (23)
95 —9n 9 9y 0 qs

Now, the attitude synchronization problem achieves if the attitude quaternion error (¢ .) and angular veloc-

ity error (@ ) become zero together. Because the chaser should be synch with the interface frame not the target
body frame.
Similar to Eq. (11), the relative attitude kinematics is a function of error angular velocity (&) and error

quaternion parameters (¢ ,) as follows:

Qel 0 We, —We, We, qe
6_182 — l —We, 0 We, wey e, (24)
Qeg 2 We, —We, 0 We, e
Gey —We, —We, —we, 0 Gey
To extract the relative attitude dynamics, we need to calculate the time derivative of @ . from Eq. (17).
Be=Bc+Sw)CT; —CB; (25)
Note that C! is a constant matrix (% (ch = 0), thus from Eq. (18) we have Tgi = % (Cfﬁ,) = Cf?)),
Therefore, the Eq. (25) can be rewritten as follows:
Bo=Be+S0ICT; - C (D) (26)

Substituting Z.))C and Z‘))t from Egs. (6) and (10) into Eq. (26), also replacing C{ Biwith @ — B (according
to Eq. (17)) gives:

: = = e
Z}e =f(a)rel) +Ic 1<Tc + Mtot) _I[ 1CtEMtot, (27)

where f(wy) is defined as follows:

F(@re) = —I 8@ e + S@c)hn] — S(@)we + CE (It_IS(Cf_l(a)C — a)e))>It (Cf_l(wc — a)g))

(28)
As a summary, the relative nonlinear attitude motion is given as:
— —
@ f(@re) I [—> - I v
. _ Ll Tt M| = [5'G] [Fi]
_q)ev:|6><1 b@&tz’)e — $(@e)e,) :|6><1 [0 I fesl QRN 01 [l lana
(29)
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Relative translational motion
The relative translational equations of motion of the chaser with respect to the target spacecraft in LVLH frame
are given as follows®”"8:

x—znty+n,x+nty+ 3 M<fr+X) + CLVIH L F

V= —2mk + nZy — ntx - fy—f— CLVIH L -Fe, +aq, (30)
Z__TZ_,FCLVLH lF +adz

o T ad,

where x, y, and z are the relative distance between the chaser and target spacecraft (re€ R lin Fig. 4) in 3 dimen-
sion. r;eMR3* ! and r.eMR3*! are the position vector of the target’s and chaser’s CoM from the center of Earth,

T
respectively. m, is the chaser’s mass, and F, = [ch,Fcy, FCZ} eR3¥! denotes the control force produced by the

T

chaser’s reaction thrusters. a; = [adx, ad,> adz] eR3*1 denotes the relative disturbance acceleration. r, is avail-
able and measurable using GPS or ground station based navigation. 7 is not available directly but is calculable
as: 1y = r. — 1. and r, is measurable using relative navigation systems®. CCLVLH is the rotation matrix from the
chaser body to the LVLH frame. #; is the target orbital angular velocity.

According to Eq. (30), the translational motion dynamic is coupled in the orbital plane (X;-Y; plane) and is
independent in out of plane (Zp).

Note: the following sequence can be followed for generating r; in simulation®.

Using a given time to fly from perigee, the mean anomaly (M,) can be calculated as follows:

t
M, =21 (31)

where T is the orbital period.
Eccentric anomaly (E) can be found by solving Kepler’s equation (based on Newton’s iterative method)
E — esin(E) = M, (32)

True anomaly (4,,.) can be calculated as follows:

tan(wm’e> = Lt etan<§> (33)
2 l1—e 2

Finally, the target radius vector norm is:

— M (34)
1 + ecos(Vitrue)

Angular acceleration of an elliptical orbit can be calculated as:

. dar  dYirue
"= 2r5/2 fdwtrue dt (35)
r ae(1 — ) sin(Yirue) 36)

d‘//true B 1+ eCOS(Wtrue))2

Disturbance force modeling
The most important disturbance forces acting on spacecraft in LEO are gravitational acceleration and atmos-
pheric drag.

Earth is an oblate spheroid, which has a non-uniform/non-homogeneous mass distribution. For this reason,
the satellite feels different gravity in different orbital positions (latitude). The perturbing gravitational accelera-
tion vector (71) gmv,-ty) acting on a spacecraft (expressed in the body frame) given as™:

3 w)aRg r2 r r2 !
_a)gmvity =1 57= 51,5 x| 5 _: 5 -1 > Ty 5% —1],7,|5 _: 3 -3 (37)
2|7 7] 7] 7]

where J, = 0.00108262668 is a constant known as the second zonal harmonic of the earth, and Rg = 6378[km)]
is considered as the radius of the earth 7 = [rx, Tys rz] T€%3X1 is the position vector of spacecraft (chaser or
target) from Earth’s CoM. In the end, @ gravity sShould transfer to the LVLH frame.

The atmospheric drag depends on the spacecraft’s size, shape, and orbit altitude. Drag acceleration (@ drag)
can be modeled as follows:
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—CI)dm = lip}_V}D‘ZSCD _V)D
J 2 m |_V>D|

(38)

where p is the atmospheric density. Cp indicates the drag coefficient, S represents the area (cross-section) that is
normal to the airflow, m is the spacecraft (chaser or target) mass, and v p is the spacecraft velocity vector with
respect to the rotating atmosphere.

In LEO (from 0 to 1000 km), the atmosphere density (p) can be calculated as®:

hetty — h
p = poEXP (—7"”PH 0) (39)

where pg and hg are reference density and reference altitude, respectively. k., denotes the actual altitude of the
orbit and H is the scale height. These parameters can be found in reference’. The relative velocity vector can be
calculated as follows:

- — |LVLH —» |LVLH
VD= Vi — V atm| (40)

where V am ‘LVLH is the velocity vector of the atmosphere, and V. /c can be the velocity vector of the chaser or
target spacecraft expressed in LVLH frame that is given as:

T
LVLH
Vel = {O,Vt/cy,o} (41)
1 1
Vije, =4[ 214 w2 (42)

where v¢/c denotes the target or chaser spacecraft velocity, which is moving in a Keplerian elliptical or circular
orbit. rg and a are the radius of (chaser or target) spacecraft from Earth center, and (chaser or target) orbit semi
major axis, respectively.

The atmosphere is assumed to be fixed to the Earth and rotates with the Earth’s angular velocity. Thus, the
velocity vector of the atmosphere at spacecraft altitude can be calculated as:

_V>atm = Z))QB X _r)t/C (43)

_r)t/c denotes the radial vector of the chaser or target spacecraft expressed in the ECI frame. and
@ = [0,0,7.26 x 107°] TeR¥1 is the earth’s angular velocity in [rad/s]. Finally, using the rotation matrix
from ECI to LVLH frame we have:

- LVLH LVLH —>
V atm =ULCgcr Vam (44)

The relative disturbance torque actually is the difference in disturbance forces acting on the chaser and target
spacecraft (expressed in LVLH frame).

— — — —
aq = ( A drag, + 4 gmvity[) - ( d drag. + 4 gravityc) (45)

Note: this paper assumes that the center of mass (CG) coincides with the aerodynamic center (ac), and
therefore, atmospheric drag force does not generate any torque.

Actuator modeling
A significant number of satellites utilize more than three reaction wheels both for extra maneuver capability and
redundancy. Choosing four reaction wheels is actually a trade-off between the satellite’s overall reliability and
mass considerations. Four reaction wheels can be arranged in different configurations, and this issue has a direct
impact on ACS performance (torque envelope, momentum management, pointing accuracy, power consumption,
and so on)'®. Among various arrangements of the four reaction wheels, the pyramidal arrangement has attracted
more attention and has been deeply investigated'’~'°. We assumed that the chaser is equipped with four reaction
wheels installed in pyramidal configuration as shown in Fig. 5.

In Fig. 5, B denotes the tilt-angle of wheels which plays an important role in wheels torque distribution.
Regarding Fig. 5 the RWs control torque vector acting on the chaser body frame can be stated as follows.

7ﬂ)c = [ *]?w,‘ (46)

cosBp 0 —cosp O
[A*] = 0 cosp 0 —cosp (47)
sinf sinf sinf  sinf

= T . .
where Ty, = [Tyw,> Tw,» Tws» Tw, | €R**1is the reaction wheels torque vector.

Note that the components of RWs” angular velocity (@ ,,) and momentum ( / ,,,) along the principal body
axes can also be calculated the same as Eq. (46).
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Figure 5. Reaction wheels’ tilt angle in pyramidal configuration.

In a simple overview, reaction wheels can be modeled by saturation (both for torque and angular momentum)
and delay block in MATLAB-Simulink as shown in Fig. 6:

In Fig. 6, Iy, wy, and @, are the moment of inertia, angular velocity, and angular acceleration of the wheels.

In the case of impulse controllers, the relation between the controller’s input and output is non-linear. This
feature arises due to the On-Off nature of thrusters, too. Such a non-linear relation can be modeled using the
pulse modulation method in a quasi-linear way. Among the different types of pulse modulation, the PWPF type
is more popular due to its features such as near-linear performance, high accuracy, and the ability to adjust the
width and frequency of the pulse. As can be seen in Fig. 7, the PWPF modulator simple model consists of a
Schmitt trigger section and a post-phase filter. Considering the trust level to be fixed, this loop has four unknown
parameters that must be adjusted to achieve the desired response?®.

In Fig. 7, Ky, is pre-filter gain and T, is the time-constant. Also, Uy, and Upg are known as the activation and
deactivation values of Schmitt trigger, respectively. These parameters are inherent characteristics of the thruster,
which are also affected by technical and technological limitations. But in general, these parameters can be opti-
mized in the thruster design stage*®.

Controller design
In this section the controller law is designed for both (i) the relative attitude motion and (ii) the relative trans-
lational motion, on the basis of Egs. (29) and (30).

Relative attitude motion control
Consider the following format for a nonlinear plant:

Measured by Fiber-optic Gyroscope

Chaser’s absolute angular rate

Current

Desired Angular Velocity

angular

(calculated by relative O ©e 1 Attitude Actuators velocity
navigation method) + @,
—( }_Pqe Controller /\/\—— Reaction wheels f\ Chaser’s Attitude
Desired Attitude + Required Torque array dynamics
(calculated by - Currenln
relative navigation quaternion
method) / paragleters
Measured by Star tracker e
Chaser’s absolute attitude
7. Ty, [T Ty T
> z72 » [47]! > » [47] >
Delay block Torque Saturation
(2 ms) block . [ ]
(0.1 Nm) Wy, 1 | @wi Wy, Wy, Wz
It = » (471 >
: |
Rate Saturation
block
(7500 RPM)
Figure 6. Block diagram of reaction wheel modeling.
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Desired Velocity
(calculated by
relative navigation
method)

Desired Position
(calculated by
relative navigation
method)

Measured by GPS or ground

Chaser’s absolute velocity relative to the ECI
Disturbance force Current
absolute
T .. veloci
¢ Position Actuator Fe > ty
3 ve
) N
s A e 1| Y I,
| _ g aser Translationa -~
Controller  PWPF V! On-Off fsl_ >
| modulator | |  actuator | motion dynamics
- Nemmee N 4 J\_ Current
absolute
position
Measured by GPS or ground t: FC
Chaser’s absolute position relative to the ECI
I,’ ---------------------------------------------- \\\‘
,’ Schmitt Trigger !
E Post phase filter To thruster i
| K Ly
| TS +1 i
: 1
| I
1 1
1 1
| |
\ )
’
Figure 7. Block diagram of reaction thruster modeling.
X+ aify + arfy + -+ anfy, =bu+d (48)

where a; are unknown constant or slowly time-varying parameters, f, are known nonlinear or linear functions
(including states or any measurable variable). b is the control gain and d denotes the external disturbance torque
that is unknown but bounded.

From Eq. (28) and (29), @ . can be expanded as follows:
e, + IC;I(ICX — Icz)wcchz + Ic;l (hrwchz — hrwza)cx) + (a)cza)ex — a)cxa)ez)
— [Czﬂt;l (Itz - Ity>8253 + szlt;l (I, — I, ) 8183 + 623151 (Ity - Itx)(Sl(SZ] (49-a)
= I;ITcy + Ic;lMtDty - (CZIMtattx + c22aMor,, + 523Mtot[z>lt;l
e, + Ic;l (I, — I, ) w0, + chl (hrw, e, — hyw,0c,) + (e, e, — wc,@e,)
- [6211;1 (Itz - Ity>5253 + szlt;l (I, — I, ) 8183 + 6231;1 (1ty - Itx)SISZ] (49-b)

-1 -1 -1
= Ity Tcy + Icy Mtoty — (C21Mtottx + C22Mtot,y + 023Mtot,z)1ty

d’ez + I,;l <Icy - ch)wcchy + I;I (hrwywcx - hrwchy> + (wcxwey - wc),wex>
- [6311[:1 (Itz — Ity>8283 + C321[;1 (I, — I, ) 8183 + 6331,;1 (Ity - sz>5152} (49-c)
= I:Tcz + I;1Mtotz - <C31Mtot,X + C32Mtotty + C33Mtottz)lt:1
—
where 8§ = [81, 67, 53]T69‘i3Xl can be calculated as follows:

81 = e * (@, — we,) + €12 % (¢, — we,) + €13 * (W, — We,)
82 = e * (0, — we,) + €22 % (¢, — we,) + €23 % (W, — @e,) (50)
83 = c31 * (wcx - wex) + c3p % (wcy - we},) + ¢33 * (wcz - wez)

where Cij> iandj = 1,2, 3 are the entry of matrix Cf_l.

The relative attitude motion equations (Eqgs. (49-a) to (49-c)) can be rewritten in the form of Eq. (48), where
au,band f,, are defined in Table 1:

In this section, only the controller design process for X-axis will be mentioned, then we will generalize the
results for the other two axes.

Note that ay, = 1is known and can be canceled by the feedback linearization method. Thus, we don’t have
to estimate it.
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y =1

ay, =1 a; =1
= 0, e, — W, e,

1
=1 (L - L)
= “)cchZ

_11

Jn = hrwxsz = by, 0,

{
{
W -1) { a, = *ﬁil(ffz ~ 1)
{
{

=1t
fx; = hrwzwc} - hrwywcz

{
1 (-
{ {
ot
(= (»3
(= 1

= 611525% fu = 5213253 fo = 318283
Iy~ 1) =1 (I, ~ I,) a = =1 (I, — I+,)

S5 = 6125153 fys = 6225153 fas = 328183
=17 (1, — I, = —Itz I[y - Itx) az = —If, (I,y - 1,‘)

fro = 5135152 = 23618, Sz = 338182

Table 1. Variable change.

All the disturbance terms I,;_letotX — (C31M¢attx + C32Mmtty + 33 Mior,, )Itj) are assumed to be bounded
and follow the following relationship:

-1 -1
o Mtot, — <C31Mtottx + 532Mtott), + C33Mtotzz>ltx

<Dy (51)
First of all, the sliding surface is given as:
Saugx = sy — dysign(sy) (52)

where d, is a constant bounded gain that can be considered as the bandwidth or manifold of the discontinuous
control part. This term also gives more flexibility to the designer to set the time responses of the satellite and

the steady-state error.
d
Sx = at + 4o |ex

Sx = éx + Aoex (53)
where the position error along x-axis (ex) is defined as:
ex =4q1 — 41, (54)
The controller signal is:
R 6
U, = —by [ulx + (Dx + Sx)Sign(Sx)} + axlf;q + Zaxi Xi (55)
2
where u;  is defined as follows:
Uy, = _d)exd + Joeéx (56)

ay, and b, will be estimated online according to adaptation law/rule yet to be defined. 49 and &, are positive con-
stants. we, denotes the desired relative angular acceleration between the chaser and target spacecraft.

To find the adaptation law that guarantees stability simultaneously, we have to propose a Lyapunov candidate

as follows:
6 2
N dy; o~ _ 2
S (ax[— ") +(bx—bx1> (57)
i=2 by

Note that outside of the boundary layer Saugx is equal to $y, while inside the boundary layer Sqyy = 0and we
have for the time derivative of the Lyapunov function:

1
zsﬁug + sz
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Vx = Suugxsaugx + by

6 A
Zéx; (Exi - %) + by (bx - b;l)} (58)
X

i=2
°, Ay BN
Zaxf <axi - %) + bx (bx - b;l):| (59)
X

i=2

Vx = Saugx (€x + Zoéx) + by

6
Vi = Saug @e, + Sag, <—d)exd + ),Oéx> 0> (ax,, -2 ) + beby (b - b;l) (60)
i=2 *

Substituting @, from Eq. (49-a) into Eq. (60)
Vx = Saugx <_Ic:1 <Icz - Icy)a)cya)cz - 15:1 (hrwzwcy - hrwywcz) - (wcywez - wczwey)

lenti (I = 1y ) 8285 + el (I, = 1) 818 + el (T, — 1, ) 816

6
B e Ay PN —~
HI Mo — 17 CE Mo, + 151 T o) + Saug, (=0, + Joti ) + b2 Y (axi - i) + bbb — 1)
i=2

by
N (61)
Now substitutingu, = T . from Eq. (55) into Eq. (61) gives:
Ve = Saug, (—I;1 (ICZ - Icy>wcywcz - I;l (hrwzwfy — hrwya)cz) - <wcywez - wczwey)
+ [cnIt:l (Itz - Izy)5253 + Clzlt;l (I, — I,) 8185 + cia I (Ity - Itx>5152}
6
AL Moot — 7 CEM o, + 1 (—Zx (1, + (Dx + £)sign(s:)] + Zax-fx,-» (62)
1

6
. . EO BN ay; A ~
+ Saug, (—a)exd + Aoex> + by E Ay, (ax,. - b—x) + by (bxbx — 1)
i=2 x

For simplicity, using the first column of Table 1, Eq. (62) can be rewritten as follows:

6 6
. I = ~ . R
Vi = Saug, <— Z ax,fy + ICXIMm —I 1Cmett + by (—bx [ulx + (Dy + ex)szgn(sx)} + Z axjxi>>

i=1 1

6
. , . A~ ax; =~ ~
+ Saug, (—wexd + Aoex) + by ; ax; (axi — b’; ) + by (bxbx — 1)
(63)
By simplifying and sorting the above equation, we will have:

Vx — (banZ — axZ) (fo Saugx +;.Z\X2> + (bxﬁx3 — ax3) (fx3 S‘ng + 3)53) + ( xax4 ax4) (fX4 Saugx + ax4>
+ (bxaxs - axs) (fxssaugx + il\xg) + (bx/“\xﬁ - axs) (fxssaugx + "lxs) + < )“1,( Saug

~ i = _ — A ~
— byby(Dy + Sx)SIgn(Sx)Saugx + <ch1Mt0t - It ICtCMth)Saugx bx( bxbx)

(64)
Equation (65) represents the simplified model of Eq. (64).
6 . ~ ~
Z xaxl Ax; (fx;saugx + axi) + (1 - bxbx)ulxsaugx — byby(Dy + gx)Sign(Sx)Saugx
i=2 (65)
(15 Mo = 17 C Mo, ) Saug, — b (1-b.by)
Selecting the adaptation law as follows can guarantee Vy < 0
Gy, = —fuSaug,i = 2.3,...,6 (66)
Ex = ulxsaug)C + (Dx + Sx)Sign(Sx)Saugx (67)

Then, substituting ﬁxi and @x into Eq. (65) leads to:
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Ve = —(Ds + £0sign(s0)Sag, + (1 Mot = I CE Mo, ) S, <~/ S, | (68)
The upper bound of IC_XIT/IM — Ifl thﬁmtt is shown as D*.
Vi = [~(Dx + £x)sign(sy) + D Saug, < —ex[Saug, | (69)
Moreover, Eq. (70) is a correct algebraic fact:
— (D + £)[Saug, | + D*Saug, < —(Ds + £:)|Saug. | + D*|Saug, | (70)
The relation that results from combining Egs. (69) and (70) is as follows:

—(Dx + 3x)|Sang| + D*|Saugx| =< _'9x|saugx| (71)

—(Dx +&x) + D* < —&x (72)

As an extra explanation, inequality of Eq. (70) is definitely correct because as mentioned before in Eq. (51) we
have Dy > D*. In other word, when it proved that — (D, + sx)|Saugx | + D*!Saugx ‘ is less than _8x‘saugx , it can
be claimed that [—(Dx + &x)sign(sy) + D*] Saug, is definitely less than —8x|Sng . Thus, Eq. (69) is established.

Thus Vy < 0, it means that the Lyapunov candidate was positive definite and its time-derivative is negative
definite.

Without loss of generality and similar to what is said for the X-axis, the control signal for Y and Z axis will
be equal to:

6
s, = by [, + (D, +,)sign(sy) | +anfyy + > (73)
2
R 6
1, = —b:[ur, + (D + e)sign(s2)] + azfo, + Y dsfs (74)
2
Also, the parameters adaptation laws are:
ay, = ~fSaug,i=23,...,6 (75)
by = 41, Saug, + (Dy + &y)sign(sy) Saug, (76)
Gz = —foSaug, i = 2.3,...,6 (77)
/l;z = ulzsaugz + D+ gz)Sig”(Sz)Saugz (78)
And sliding surfaces will be as follows:
Suugy = &y + Aoey — dysign(sy) (79)
Saug, = &z + Joez — dzsign(s;) (80)

Relative translational motion control
As we mentioned previously, the target is assumed to be non-cooperative and its absolute position (7 () or

motion (_v)[, Z?t) data is not available. Replacing 7 with 7, — 7.in Eq. (30), gives:

c rC

. . 2 . "W 2 1
X =2ny+ nx — 7395 Ty — =+ Mfix, (%) + }jfxxl (x) + CCLVLHm*Cch + aq, (81)
c

where 5 is a time-varying but known parameter in every step time, fix, (x)and fix, (x) are nonlinear terms and

S () = (\/ x4 y2 + Z2> (82)

1

(e~ Ve Ty 4 2) (83)

deﬁnedcas follows:

fxxz (x) =
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For the sake of simplicity, we used xx; = )>&xx; = X 8xxs = Y and oy, = 21, lxy, = n? — %,am = nand

Ay, = rﬁ},am = u transformations.
C

The sliding surface for X-axis is defined as:

Saugxx = Sxx — AxxSIgN(Sxx) (84)
Sxx = €xx + Aoexx (85)
The control signal (u5_ ) is given as:
3 2
u,., = _b71 [ulxx + (Dxx + Sxx)Sig”(Sxx)} - Z axx,'gxx,- - Z axx;fxx,- (x) (86)
axxizl axxizl

where D, is a positive constant that will be calculated in the next. b and u;__ are defined as:

1
p—ctvin L
L (57)
U, = —X4 + Aoxx (88)

where X, is the desired acceleration along the x-axis.
The Lyapunov candidate function is selected as:

ot B[S - %) G- %) 6]

i=1 i=1

-1
where h = % = mCCCLVLH

Time-derivative of Vy is given as follows:

=S, S, 3 %)+ S 5) 5-8)]
i=1 i=1

3 2 .
Vie = Saug,, (B + Axxplxe) — b {Z U, (am _ O‘in> + Dy, (ﬁxx,. _ azx,) _ E(Z - h)} (91)
i=1 i=1

3 2 .
Vxx = Saugx)C (x - xd + j~xx0 éxx) -b |:Z &xxi (axx,- - Olzx,' ) + iz:;axxi (axx,' - azx,‘ > - Z(E - h>:| (92)

i=1

Substituting Eq. (81) in Eq. (92) gives:

. . . u u " 1 . .
Ve = Saugxx (znt}’ + ”l%x + iy — 1‘7 + #fxxz (%) + rjfxxl (%) — :,)x + CZJVLHWTCFCX + a4, — xq + )voex)
c c

c

Y (e = %5) 0 i - 55) 4615 )

Substituting F, . = u,_ from Eq. (86) in Eq. (93) gives:

: . . M |2 2
Vie = Saug,, (Zmy +nix + iy — ot Wy (%) + r—3fxxl O
c c [
2

3
+b<_h [le,, + (Dxx + gxx)Sign(sxx)] - Z&xx,-gxxi - Zaxx'fxx,- (x)> +agq, — Xg + )voéx> (94)
i=1

i=1
-b 23: &\xx,- (axx,- - aZXi ) —b zz:axxi (axx,- - aZXi ) + b/h\(/ﬁ - h)
i=1 i=1

Equation (94) can be rewritten as follows:
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. PN . ES 13 PN ES . PN A
Fac = 0 ) (3 + ) (7 1)~ ) (S ) 5 68 (S + )
C
~ ES 12 IS ES 22
+ (,bL - baxxl) frxa (x)saugxx + axx, | + F — by, | | fux, (x)saugxx + axx, | — ﬁsaugxx
C c

+ Saug,., (—bﬁ[ulxx + (Dxx + €xx)sign(su)| + aa, — %a + ioéxx> + Z(bﬁ - 1)

Choosing the following adaptation laws (Egs. (96) to (101)), will change Eq. (95) to the form of Eq. (102()9.5)
ey = —FSaug,, (96)

Uy = —XSaug, (97)

Oxe; = —YSaug,, (98)

e = —fron, (0)Saug,, (99)

ey = —fos () Sag,, (100)

Z = (Dxx + €xx)sign(Sxx)Saug,, + U1, Saug.., (101)

Vi = —%saugm + a4, Saug, — (Dex + £2)578(Sx)Saug.. (102)

We are going to show that Vy,, < —&y, |Sﬂugxx
thus Eq. (102) can be written as:

, where ¢y, is a positive constant.

‘_% + aq, ’Suugxx’ =< _Sxx’Saugx‘ + (Dxx + Sxx)Sign(Sxx)’Saugxx‘ (103)

C

The asymptotic stability condition is:

7
‘——2 + Ag,| < Dxx (104)
o
r% is a positive calculable parameter and A4, denotes the upper bound of ag,.
Despite X-axis that fi, (x) and fix, (x) were nonlinear terms, there is no nonlinearity in Y and Z axes.
For Y-axis, by selecting Oy, = =214, 0y, = <nf - %), and oy, = 71; we have:
j} = a)%x + Qyy,) — Oyys X + bFCy + ad, (105)

Applying the expressed process to Y-axis and choosing the following sliding surface, control signal, and
Lyapunov candidate will lead to

Saug,, = Syy = dyysign(syy) (106)
Syy = &y + Aoy (107)
uy, = —h {ulyy + (Dy + '9yy)5ig"(syy)] = Gy X = Uy y + Uy x (108)
whereuy,, = —y; + oéyy.
v, = %siugyy - %b(&m - 2 )2 - %b(&m - 2 )2 + %b(&% - o )2 + %b(ﬁ— h)z (109)

where ), and D), are positive constants.
The time derivative of V, is:

V)’J’ = Saugyysaugyy - bé}’)ﬁ (&J’J’l - a}Z/l ) - ba\)’)’z (a{\)’)'z - ayibyz) + ba\)’% (ayy3 - a}Z/S) +/};<bﬁ_ 1)
(110)
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. v . 5S P Ayy 5S ~ Qyy ES ~ Uyy N

Vyy = Saug,,, (7 = Ja + 2oéyy) — bayy, ("‘yyl - Tl) — ba,y, ("‘yyz - TZ) + boiyy, (a}’J’a - T3> + h<bh - 1)
(111)

Substituting Eqs. (105) and (108) in Eq. (111) gives:

Viy = (2, — by, (’.‘Suugyy + am) + (o, — bayy,) ()’Saugyy + &yyz) + (—yy, + by, (xsaugyy + &yys)

+ bSaugyy (—il\ {ulyy + (Dyy + &y )sign (syy)D + a4, — ja + doéyy + E(bﬁ — 1)

(112)
The adaptation law is chosen as follows:
a\yyl = _"Csuugyy (113)
yy, = —¥Saug,, (114)
a\yy3 = _xsuugyy (115)
h= (Dyy + syy)sign (syy)Saugyy + ulnyuugyy (116)
Substituting adaptation laws in Eq. (112) to prove that Vyy < —&yy|Saug,, | where &), is a positive constant,
give:
Viy = —(Dyy + &5y sign (Sy7) Saug,, + Saug,, ad, < —€yy|Saug,, (117)
The asymptotic stability condition of the Y-axis is:
Dy = |dq, (118)
where Ay, is the upper bound of a4,
As same as Y-axis, we can design the controller for Z-axis as follows:
Saugzz = Szz — dzzSign(szz) (119)
Sz = €z + Aoz (120)
up,, = —h [ulzz + (Dzz + szz)Sign(Szz)} — Az, 2 (121)
wherea,,, = — r%, and u;_ is defined as:
C
ul, = —Zd + Aoz (122)
The Lyapunov candidate and its time-derivative are:
1, 1/ am\2 1/~ 2
Ve = 58%,, = 56(3 — =)+ J0(h =) (123)
. . - . a 2~
Vez = Saug,, Saug,, — bz, (“w - Z; ) + h<bh - 1) (124)
. . , . EUON a N
Vi = Saug, (2 — Z4 + Joézz) — baz, (azzl - Zl ) + h(bh - 1) (125)

Substituting Z from Eq. (30) and F,, = u,,, from Eq. (121) in Eq. (125) gives:

sz = (azzl - bazzl) (Zsuugzz + a\zzl) - il\suugzzh(Dzz + SZZ)Sign(Szz) + Suugzz ad, + (1 - i’l\b) Suugzz (ulzz) + ﬁ<bﬁ - 1)

(126)

Adaptation law is chosen as:
Ozzy = —2Suug., (127)
h= (D + ezz)Sig”(Szz)Suugzz + SaugzZ Ui, (128)
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Substituting adaptation laws (Egs. (127) and (128)) in v, gives:
sz =—(Dz + Ezz)Sig”(Szz)SaugZZ + Saugzzadz (129)

Selecting D,, > A, guarantee the inequality V, < _SZZ‘SW&Z

, where &4, is a positive constant and
Adz = max(|adz|)'
Note: One of the important specifics of the proposed controller is that both translational (¥4, ¥4, Z4) and

orientation (d)% , d)gm , d)ezd> accelerations (for example see Egs. (56) and (88)) can be set by the user.

Simulation

In this section, the results of numerical simulations are presented to demonstrate the abilities and performance
of the controller. In this regard, three simulation scenarios are considered based on three different OOS missions.
In all three scenarios, the mass and moment of inertia tensor are considered as follows:

11 —0.09 —0.4
—0.09 14 —0.08 |[kg.m?]
—04 —0.08 13

m. = 100[kg] I, =

3336 —135 —154
ms = 5425[kg] I; = | —135 3184 —135 |[kg.m?]
—154 —135 2423

Also, the control parameters are chosen in Table 2:

The actuator parameters are presented in Table 3:

The numerical simulations are implemented using MATLAB-Simulink. The differential equations associated
with the mathematical models of the pursuer, target, adaptation laws, and controllers are integrated using a fixed
time-step Runge-Kutta integration method (100 Hz).

Scenario |
For the first scenario, we assumed that the chaser spacecraft is approaching a wide-body communication sat-
ellite orbiting in Geostationary Orbit (GEO), which is running low on its fuel tank and needs refueling. The

target is alive and stable in the nadir-pointing attitude (_q>t(0) =[0,0,0, I]T) and its initial angular velocity is
equal to the orbital mean motion (Z))t(O) = [0, ny, O]T[deg/s]). The initial attitude and angular velocity of the
chaser spacecraft is assumed to be (_q) c(0) = [-0.3257,0.5957,0.6722, 0.2954] T) and @ ¢(0) = [3,1,5] T[deg/s],
respectively. The relative distance is assumed to be about 80 m ([x, y, z] = [50,0,60][m]) and relative velocity

is ( [56,)'/, é} =[3,0,0] [%]). The control objective is to drive the chaser spacecraft to the distance of [0, 0, 0][m]
from the target in the LVLH frame, while the relative attitude is synchronized.

The block diagram of relative pose motion control is depicted in Fig. 8.

The variations in chaser mass that represent uncertainty are seen in Fig. 9. At the first time, it is assumed that
mass decreases by 20% at t = 20s (suddenly), then rises slowly and continuously from 80 [kgat t = 50s to 116
[kg|att = 170s before experiencing periodic sinusoidal changes from 114 to 118 [kg].

The variations in the chaser moment of inertia are illustrated in Fig. 10. For Ic,, we have a sudden increase
att = 20s from 11 to 22 [kg.m?], and two slow changes during 40s with different slopes and a sudden increase

Attitude motion controller:
Dy =D, =D, =05

Translational motion controller:

&x =& =&, =0.05

do=dy=d. =05 [l=3

Dy =Dy = D, = 50 ‘smzs},},zsuzo.OS ‘dx =dy=d, =2 ‘/10=o.1

* The initial amount of all the parameters (for adaptation laws) is assumed to be zero

Table 2. Controller parameters.

Reaction wheels:

Max Torque (Ty,,,,): 0.1 Nm Max Rate (wy,,,,): 7000 rpm | Delay: 2 ms | Incidence angle (8):30[deg]

Inertia (I,,):0.001364kg - m® | Mass: 0.9 kg

Reaction Thrusters:

Max Force: 1 N I 227 s Uopn: 0.25 Uos:0.15

km: 10 Ts:0.2s

Table 3. Actuator specifications.
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Figure 8. Block diagram of relative motion control.
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Figure 9. Chaser mass variation profile.

att = 200s. Ic, experience a sudden change att = 30s from 14 to 21 [kg.m?| before a smooth periodic change at
t = 100s with domain from 19 to 23 [kg.m?]. I, arises from 13 [kg.m?|to 27[kg.m?|att = 30s and then decreases
from 27 to 13 [kg.m?| with the same slope.

Note: obviously, the changes in mass and moment of inertia of a satellite (chaser) due to fuel consumption,
the activation of a mechanism, etc. are much milder than what is considered in the above figures. In real-world
conditions, the mass of the satellite decreases slowly due to fuel consumption, or a piece of satellite equipment
may be cut off by a space debris collision, which leads to a sudden decrease in the mass. The moment of inertia
may also show a periodic behavior due to fuel slushing (at the end of life). So, a sharp increase in the mass or
moment of inertia is not a realistic phenomenon. We have done a strict simulation only to challenge the robust-
ness and performance of the controller. The changes in chaser dynamic parameters (mass and moment of inertia)
are considered similar in all three scenarios.

The simulation results of the first scenario are discussed in the next.

Quaternion parameters and the angular velocity of the chaser and the target spacecraft are shown in Figs. 11
and 12, respectively. The relative quaternion and angular velocity of scenario 1 are depicted in Figs. 13 and 14,
respectively. Clearly, the controller was successful in achieving tracking goals after 60s.

Figures 15 and 16 show the relative position/distance and linear velocity of the chaser and target spacecraft.
The relative distance converges to zero after about 100s.

The control effort (calculated by the control algorithm) and the attitude actuators” output torque are depicted
in Figs. 17 and 18, respectively.

Similarly, control effort and thruster’s force are depicted in Figs. 19 and 20.
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Figure 10. Chaser moment of inertia variation profile.
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Figure 11. Chaser and target quaternion parameters (Scenario 1).

The sliding surface of both attitude and translational motion are shown in Figs. 21 and 22, respectively. The
sliding surface is known as an interpretation of the error, which has reached zero in all three axis as seen in the
figures below.

Note: the external disturbances were negligible in scenario 1 due to the GEO high altitude and a simple slow-
rate rest-to-rest maneuver. Indeed, the uncertainty of mass and moment of inertia were the only challenging
parameters in this case.

Scenario ll
In the second scenario, it is assumed that the target satellite is out of control and rotates around itself with a con-
stant angular velocity. The target’s initial attitude is (_q>t(0) = [—0.3289.,0.1927,0.2366, 0.8937] T) and its angular
velocity is (& =[3,5 —4] T[deg /s]). The initial attitude and angular velocity of the chaser spacecraft is assumed
to be (_q>c(0) =[0,0,0, I]T) and & .(0) = [0,0, O]T[deg/s], respectively. The relative distance is assumed to be
about 80 m ([x, ¥ z] = [54, 0, 60][m]) and relative velocity is ( [5c, ¥ z] =[-3,0, 5][%]). The control objective is
to drive the chaser spacecraft to the distance of [5, 0, 0][m] from the target in the LVLH frame, while the relative
attitude is synchronized.

The quaternion parameters and angular velocity of the chaser and target spacecraft are shown in Figs. 23
and 24, respectively.

The relative attitude and angular velocity of the two spacecraft are depicted in Figs. 25 and 26, respectively.
As it is clear from these plots, attitude synchronization is achieved in a short time.
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Figure 12. Chaser and target angular velocity (Scenario 1).
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Figure 20. PWPF thruster’s force (Scenario 1).
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Figure 26. Relative angular velocity (Scenario 2).
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Figure 29. Attitude motion control effort (Scenario 2).
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Figure 34. Translational motion sliding surface (Scenario 2).

Relative position and velocity of the spacecraft are shown in Figs. 27 and 28.

By putting plots 25 to 28 together, it can be concluded that the error of relative attitude and translational
motion have reached zero simultaneously.

Control effort and the torque produced by wheels are shown in Figs. 21 and 22, respectively.

Control effort of translational motion and thrusters output are illustrated in Figs. 31 and 32.

As indicated by the sliding surface (Figs. 33 and 34), which provides an interpretation and expression of the
error, the mission requirements have been satisfied.

The simulation results (Figs. 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34) prove that the controller is successful
in meeting the requirements of the approximation with a target under constant rotational velocity.

Previous articles in the simulation stage dealt with scenarios similar to scenarios 1 (stable) and 2 (constant
angular velocity) and tested their controller’s performance under these two conditions. What is exciting and has
not been investigated in previous studies is the accelerated rotational motion of the target presented in scenario 3.

Scenario lll

The third scenario is more challenging. In this case, the chaser spacecraft should approach an uncooperative
3-axis tumbling target with a high initial angular rate. In this scenario, the target satellite’s angular velocity varies
with time (accelerated motion), and this is the same movement that shows the power of the controller designed
in this article. Both the chaser and the target are assumed to be in an LEO with 400 km perigee altitude. Orbit
inclination is assumed to be 55[deg]. Eccentricity is set to 0.138, and the argument of perigee and right ascension
of the ascending node (RAAN) are set to 270[deg] and 0[deg], respectively.
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Figure 36. Chaser and target angular velocity (Scenario 3).

Initially, both the chaser and target spacecraft are located at the perigee with a relative position of

7 ¢(0) = [60,0,25]T[m] and relative velocity of _i‘)e(O) = [3,—0.5,5][ 2 ]. Target’s initial angular velocity is

sec

Z))t(O)z[%{;8;’,20/\,1.2/\}[%}, and its angular acceleration is
—
w+(0) = [0.23a)ya)z,—29cuxa)z,0.063a)ya)x] {%} The chaser’s initial angular velocity is assumed to be

D (0) = [0,0,0] [%] The initial attitude of the chaser and target spacecraft are preselected as

4 .(0) = [—0.3257,0.5957,0,6722,0.2954] " and { , (0) = [0.38831,0.22356, —0.34408,0.82512] ", respectively.
wherey = 0.5,A =1 — (I, /I;;; ) = 0.04556,ando = 0.1.

Simulation results of the third scenario are discussed in the next.

Both chaser and target spacecraft quaternion parameters and angular velocities are shown in Figs. 35 and
36, respectively. These two plots show that the controller was able to synchronize the chaser’s orientation with
the target. The attitude error and angular velocity error are also plotted in Figs. 37 and 38. The results show that
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Figure 39. Relative position (Scenario 3).
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Figure 42. Reaction wheels torque (Scenario 3).
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Figure 43. Translational motion control effort (Scenario 3).
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Figure 44. PWPF thruster’s force (Scenario 3).
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Figure 45. Attitude motion sliding surface (Scenario 3).
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Figure 46. Translational motion sliding surface (Scenario 3).

tracking goals are achieved even under tough disturbance, uncertainty, actuators’ delay and saturation, and
accelerated motion.

The relative position and velocity of the two spacecraft are depicted in Figs. 39 and 40, respectively. Accord-
ing to these plots it can be claimed that the controller was successful in reducing relative distance along with
tracking the target’s attitude.

Control effort and reaction wheels torque are plotted in Figs. 41 and 42.

Translational motion control effort and reaction thrusters force are depicted in Figs. 43 and 44.

The sliding surface of attitude and translational motion are shown in Figs. 45 and 46.

These three simulation scenarios demonstrate that the proposed control strategy is able to track the integrated
position and attitude motion of the target spacecraft precisely both for (i) rest-to-rest and (ii) fast high-angle
accelerated maneuver, under external and internal disturbances, parameter uncertainty, and actuator delay and
saturation. In addition, a great advantage of the proposed controller is its implement-ability for OOS missions
since it does not demand much computational load. The controller is also shown to be robust to extreme time-
varying mass and moment of inertia uncertainties.

Conclusion

This research specifically investigates the chaser’s approximation to a wide-body non-cooperative tumbling target.
An important point about such targets is due to their huge size, they are susceptible to major disturbances and
frequent incidents that cause their motion to accelerate. These dead bodies are typically equipped with various
external appendages, including solar panels and antennas, which pose a significant challenge to their safe capture,
particularly during accelerated motion. Thus, agility and the ability to perform accurate large-angle maneuvers
are the primary requirements for capturing such targets. On the other hand, performing agile and large-angle
maneuvers with high accuracy is really difficult due to the effects of dynamic nonlinearities and coupling, fuel
slushing, actuator saturation, and parameter uncertainty that arise during such maneuvers.

To deal with the problem stated, an adaptive trajectory tracking control based on the sliding mode technique
has been designed in this paper for space on-orbit servicing applications. The desired acceleration (target’s
motion acceleration) can be regarded as an input to the control law, and this is a key advantage for capturing
large debris that experience uncontrolled accelerated motion. In other words, the time-varying relative accel-
eration error can also be fed back to the controller. Parametric uncertainty (sharp, smooth, and periodic) and
external disturbance are handled by the adaptation law and variable structure term, respectively. It is proven via
the Lyapunov stability theorem that the tracking errors and adaptive parameters converge to zero asymptotically,
under external disturbances. The proposed controller is easy to extend and implement in practice because it’s
not time-consuming and is free from huge observers, filters, estimators, or iterative optimization loops. Also,
there are no multiple control parameters for tuning, and the adaptation laws are not sensitive to specific initial
conditions. There’s no need to simplify the dynamic equations during the controller design phase because the
controller algorithm is entirely compatible with the nonlinear equations of motion. From the modeling point
of view, the reaction wheels’ term is considered in the relative attitude motion, and both reaction thrusters and
reaction wheels’ roles (delay, allocation, and saturation) are taken into account in the simulation phase. The rela-
tive kinematic equations are developed in such a way that ensures the servicing spacecraft’s docking port always
points to the docking port of the tumbling target. Even the theoretical analysis and simulation examples prove
that the proposed control scheme can satisfy the autonomous control requirements of close-range proximity
missions under multiple strict conditions and scenarios.
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