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Abstract: In this paper, relative orbit and attitude adaptive controllers are integrated to perform
roto-translational maneuvers for CubeSats equipped with a Drag Maneuvering Device (DMD).
The DMD enables the host CubeSat with modulation of aerodynamic forces/torques and gravity
gradient torque. Adaptive controllers for independent orbital and attitude maneuvers are revisited
to account for traslational-attitude coupling while compensating for uncertainty in parameters such
as atmospheric density, drag/lift coefficients, location of the Center of Mass (CoM) and inertia
matrix. Uniformly ultimately bounded convergence of the attitude error and relative orbit states is
guaranteed by Lyapunov-based stability analysis for the integrated roto-translational maneuver. A
simulation example of an along-track formation maneuver between two CubeSats with simultaneous
attitude control using only environmental forces and torques is presented to validate the controller.

Keywords: adaptive control; CubeSat; drag; lift; attitude; uncertainty; gravity gradient; low Earth orbit

1. Introduction

CubeSats have seen an increase of popularity in recent years. Born as an educational
platform inside university courses [1], in the last decade they became a low-cost high
reward platform to perform in-orbit technology development [2], scientific missions [3],
and interplanetary exploration [4]. The increasing popularity of this kind of platform has
generated interest on developing miniaturized technologies to extend their capabilities.

One of the key areas of interest is providing them with maneuverability, momentum
control, and orbit adjustment. Traditionally, propulsion systems have been utilized for atti-
tude control and for delta-V maneuvers; however, most CubeSats do not include on-board
propulsion systems due to volume, mass and safety limitations. For this reason, alternative
solutions are under investigation for orbital and re-entry applications, among others. One
of the possible solutions is based on the concept of exploiting forces and torques that are
usually considered disturbances. Similar to the idea of using the magnetic field of the Earth
for attitude control; atmospheric drag can be exploited in Low Earth Orbit (LEO) by using
variable shape devices to modify the experienced aerodynamic acceleration and torque.

Changes in orbital velocity enable the capability of performing maneuvers in the same
orbital plane, like formation flying or rendezvous and docking, without using on-board
propulsion systems. The introduction of differential drag for formation flying control
dates back to 1989, when the Clohessy-Wiltshire (CW) linear equations for relative motion
between two spacecraft were used to design an algorithm to control the relative in-plane
motion [5]. to regulate the states with a discrete input. An improved solution based
on the Schweighart-Sedwick (SS) linear equations for relative motion that include the J»
perturbation were introduced in [6]. In [7], the generation and use of lift to enable out-of-
plane maneuvering capability was implemented. A Lyapunov-based control strategy was
used in [8] to achieve spacecraft rendezvous using differential drag. In [9], the attitude
of a spacecraft was used to change the experienced drag instead of dedicated actuators
for drag surfaces. An adaptive sliding mode strategy was used in [10] to control the
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relative dynamics using a continuous differential drag input. In [11], a constrained least
squares problem is formulated to find the best achievable set of individual inputs to
control a set of spacecraft consisting of multiple chasers and a single target under mutual
constraints and actuator saturations. Drag-based algorithms and techniques have been
successfully demonstrated in orbit by the ORBCOMM constellation of satellites [12] to save
propellant in thruster-based formation keeping maneuvers, and the Planet Labs satellites
constellation [13] for propellant-less phasing maneuvers along the same orbit.

Variable shape devices consisting of several independent surfaces can be installed on
the spacecraft, locating the center of pressure at distances with respect to the Center of Mass
(CoM) such that significant torques can be applied. This feature allows exploiting aerody-
namic forces for attitude control maneuvers. In [14], a variable shape device has been used
to control the attitude for an earth observation satellite mission; while in [15], an on-line
parameter estimation procedure has been used to improve the performance in the presence
of environmental and spacecraft uncertainties. In [16], several independent surfaces have
been used to control the attitude of a spacecraft also during the re-entry phase, using a
direct force control method in substitution of the classic bank angle modulation control.

Variable shape devices can also be used to de-orbit satellites from Low Earth Orbit [17].
They can also be used to perform a controlled re-entry maneuver to target a precise location
on the ground [18], and be able to sustain the aero-thermodynamic loads [19] typical of a
deployable capsule re-entry profile [20].

The University of Florida Advanced Autonomous Multiple Spacecraft (ADAMUS) lab-
oratory has designed the Drag Maneuvering Device (DMD) [21]. The capabilities provided
by the DMD have been previously studied for controlled re-entry, as well as independent
orbital and attitude maneuvering applications. In this paper, relative orbit and attitude
adaptive controllers are integrated to perform a propellant-less roto-translational maneuver
involving DMD-equipped CubeSats. The capability of changing the aerodynamic torques
as well as the gravity gradient torque are considered in the attitude dynamics, whereas
the effect of differential drag is exploited in the spacecraft relative dynamics. The adaptive
controllers compensate for uncertainties in environmental and physical parameters such as
atmospheric density, drag/lift coefficients, location of the Center of Mass (CoM) and inertia
matrix. Uniformly ultimately bounded convergence is obtained through Lyapunov-based
stability analysis for the integrated roto-translational system.

The paper is organized as follows: Section 2 presents the translational and attitude
spacecraft dynamics, Section 3 shows the individual adaptive controllers and Lyapunov-
based stability result when considering attitude-orbit coupling. Sections 4 and 5 present
results from a simulation example of two-spacecraft along-orbit formation with simultane-
ous attitude control, and concluding remarks, respectively. The foremost contributions of
this paper are:

*  Design and verification through numerical simulation of an adaptive controller capa-
ble of simultaneously achieving three-axis attitude stabilization and in-plane relative
maneuvering.

¢  Compensation for physical and environmental uncertainties such as drag/lift coeffi-
cients, atmospheric density and CoM location.

e  Guaranteed ultimately bounded stability through Lyapunov-based analysis in the
presence of uncertainties and perturbations.

2. Spacecraft Dynamics
2.1. The Drag Maneuvering Device (DMD)

The DMD [21] is self-contained and can be mounted on standard CubeSats [22]. This
device provides the host satellite with the capability of independently modulating four
surfaces so that the experienced environmental forces and torques can be altered. Each
surface is offset 90 degrees and has a fixed inclination of 20 degrees with respect to the
anti-ram face of the spacecraft, see Figure 1. The DMD surfaces are rolled from 0.0762 mm
tick austenitic 316 stainless steel shim stock, each surface is attached to a drum that is
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driven by a brushless DC motor. The width and length of the DMD surfaces are 4 cm and
3.7 m, respectively. The DMD is capable of increasing the spacecraft cross sectional area
by up to 0.5 m? as well as modifying the inertia matrix, resulting in modulation of the
experienced aerodynamic forces/torques and gravity gradient torque.

Figure 1. Drag Maneuvering Device schematic.

2.2. Coordinate Systems
2.2.1. Earth-Centered Inertial Reference Frame

The Earth-Centered Inertial (ECI) reference frame is centered at the CoM of the Earth,
its associated coordinate system has origin at the CoM of the Earth and is denoted by the
basis vectors {f( , Y, V4 }, where X € R3 is the unit vector aligned with the vernal equinox
direction, the unit vector Z € R3 is aligned with the rotation axis of the Earth and Y e R3
completes a right-handed Cartesian coordinate system, see Figure 2.

Figure 2. Coordinate systems.
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2.2.2. Local Vertical-Local Horizontal

The Local Vertical-Local Horizontal (LVLH) reference frame is centered at the CoM
of the spacecraft, its associated coordinate system has origin at the spacecraft CoM and is
denoted by the basis vectors {A%, Aj, A2}, where A# € R3 is the unit vector that points
from the CoM of the Earth towards the origin of the coordinate system, the unit vector
A% € R? is aligned with the orbit angular momentum vector and the unit vector Afj € R3
competes a right-handed Cartesian coordinate system, see Figure 2. These unit vectors are
defined as

r

ARE —, 1
7|

Aj & A2*AR, )
¥

Az E —, 3)
([l

where the vectors r £ [x y z]T € R® and # € R are the spacecraft ECI position and

its time derivative, respectively. The skew symmetric matrix p* € R3*3 for a vector
2 T 3 .

p = [p1p2p3) € R’ is defined as

R 0 —p3 p2
p*={ps 0 —p1|. 4)
—p2 1 0

2.2.3. Body Reference Frame

The body reference frame is centered at the CoM of the spacecraft, its associated
coordinate system has origin at the spacecraft CoM and is denoted by the basis vectors
{131, b, 53}, where the unit vector b; € R3 is aligned with the longitudinal axis of the
spacecraft, the by € R® unit vector on the nadir facing side of the spacecraft, and the
b3 € R3 unit vector is selected to complete the right-handed Cartesian coordinate system,
as depicted in Figure 2.

2.3. Translational Dynamics

Considering the gravitational influence of the Earth including J,, which captures the
largest perturbation on the orbit of the spacecraft due to the Earth’s mass distribution,
and the non-gravitational influence of atmospheric drag and lift; the acceleration of a
spacecraft in Low Earth Orbit (LEO) can be written in the ECI coordinate system as

.n GMs  3(GMgR% x [ 522 ) )

2 _ B e | (e = ) 5
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a» GMy  3(1LGMgRY\ ([ y [ 522 § i}
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.o GMg_  3([LhGMgR%)\ [ z [ 52 ) )
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In (5)—~(7), G € R is the universal gravitational constant, and Mg, Rg € R are
the mass and radius of the Earth, respectively. Vectors #p £ [fpy p, p.]T € R® and
FL 2 [ 7 Lyt 12]T € R3 are the accelerations due to aerodynamic drag and lift expressed
in the ECI coordinate system, respectively.

Assumption 1. Each CubeSat is assumed to be in circular LEO, and the inter-spacecraft distance
is small as compared with their orbit radius.
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The Schweighart-Sedwick equations [23], which include influence of the |, pertur-
bation, can be used to express the motion of a target spacecraft with respect to the LVLH
frame centered at the CoM of the chaser as

Ai £ 2(Qc)Ay + (5¢* — 2) QP Ax + uy, ®)
Aj 2 —2(Qc)Ax + 1y, ©)
Az 2 —g* Az + 2lgcos(qt + D) + us, (10)

where Ar £ [Ax Ay Az]T € R® is the LVLH position of the target, the vector u =
[ux uy uz]T € R3 is the control input (i.e., experienced differential aerodynamic ac-

celeration). Q) € R is the constant angular velocity of the orbit of the chaser; ¢ =

) 1/2
(1 + 355*5 (1 + 3cos(2iref))> € R; 7o, iy € R are the radius and inclination of
ref

the orbit of the chaser. Parameters /, g, @ € R in the decoupled out-of-plane component
are defined in [23].

2.4. Attitude Dynamics

Using Euler’s law, the attitude dynamics of a DMD-equipped spacecraft can be
expressed as
Jo+Jw+w” Jw = Tp + TL + Tee + da, (11)

where w € R is the angular velocity of the body with respect to the ECI frame, ] € R3*3 is
the inertia matrix of the spacecraft, Tgg, Tp, Tr € R3 are the gravity gradient, aerodynamic
drag and lift torques, respectively. The vector §, € R> denotes disturbances torques.

To represent the orientation of the spacecraft with respect to the ECI frame, the quater-
nion g € R* is used. In the body coordinate system, q is defined as [24]

7% (909,717, (12)

where g9 € Rand g, £ [q1 2 43]7 € R?, and the property g, g, + g3 = 1 is satisfied.

A desired attitude trajectory is specified using the desired quaternion g4 = [gos oo )" €
R*, and the mismatch between g and g, is expressed using the error quaternion e =
leo e,7]T € R*, which satisfies the property e, e, +¢3 = 1 and obeys the error quaternion
kinematics [24]

1
by = E(eg +e013) @, (13)
o 2 —%ez,Td). (14)

In (13) and (14), Z3 € R3*3 is the identity matrix, and @ denotes the error in the
angular velocity of the spacecraft

@2 w—Rwy, (15)

where w,; € R is the desired angular velocity with respect to the ECI frame, and R € R3*3
is the rotation matrix used to express wy in the body coordinate system.
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2.5. Aerodynamic Forces and Torques

A spacecraft in LEO experiences aerodynamic drag and lift forces due to the interaction
with the atmosphere. The DMD surfaces, which are significantly larger than the faces of
the CubeSat, contribute to the total aerodynamic drag and lift forces as

_pwajCD,j 5 Vv,

Eh. 2 ; , 16

i 2 LW 1o
pwajCL,j 2 V; Vi

F,2-—1"y, ; 17

Ly 2 L\ ) 47

where the subscript j indicates the jth DMD surface, p € R is the atmospheric density,
Cp,, CLj, wp, Lj € R are the drag, lift coefficients, width and length of the jth DMD
surface, respectively. The vector V, € R3 represents the spacecraft-atmosphere relative
velocity vector, n; € RR3 is the unit vector that represents the direction normal to the jth
DMD surface and V ; £V, -njeR.

Assumption 2. The spacecraft are assumed to be flying with the DMD surfaces installed on the
anti-ram face. Other attitude configurations are considered beyond the scope of this paper.

The torques produced by aerodynamic drag and lift are given by

4
w2) R*Fj, k=D,L, (18)
j=1
where R; L+ rj € R3, r. = [c1 2 C3]T € R3 is the vector that goes from the spacecraft
CoM to the geometric center of the anti-ram face of the CubeSat (O’), and r; € R3 is the
vector that goes from O’ to the center of pressure of the jth DMD surface, see Figure 3.

Figure 3. CoM location and model for obtaining approximated inertia matrix as functions the
DMD lenghts.

2.6. Gravity Gradient Torque

The spacecraft experiences a gradient of gravitational forces along the body. This
effect produces the gravity gradient torque, which depends on the spacecraft attitude and
inertia properties and is given by [25]

A
Toc 2 ) 1
GG EE rJr (19)
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3. Controller Design
3.1. Control Objective

The objective is to develop a control approach able to perform full control of the space-
craft exclusively using the DMD system. Uncertainties in the spacecraft physical parameters
as well as in the environmental parameters are considered. Specifically, the attitude and
relative orbit controllers are required to compensate for uncertainties in the atmospheric
density p, the magnitude of V; opposite to the direction of motion Aj, the spacecraft inertia
matrix J, CoM location r¢, drag Cp j and lift Cy ; coefficients.

Several models for estimating the atmospheric density are available; however, even
the more complex ones (e.g., NRLMSISE-00 [26]) have significant level of uncertainty [27],
and may be difficult to compute on-board due to the need of solar and geomagnetic indices
forecasts. The use of simpler linearly parameterizable models to represent the behavior
of this parameter in the short term (i.e., few days) has demonstrated to be sufficient for
completing attitude and relative orbit maneuvers and even estimating the time-varying
behavior of the atmospheric density online.

Assumption 3. The atmospheric density can be modeled using linearly parameterizable models
such as those proposed in [28-301, which can be generalized in the form

P£Y,0, (20)

where the Y,T € R" is a measurable regression vector containing all the known parameters and
states, and the vector ®, € R" contains n uncertain calibration constants.

An approximate model to represent the variation of the inertia matrix | and CoM
location r. can be obtained by representing the spacecraft as a collection of multiple
geometric shapes. The CubeSat body can be represented as a rectangular box, while
the deployed and rolled portions of the DMD surfaces can be represented as flat plates
and thick walled cylinders, respectively, see Figure 3. However, such approximations
introduce uncertainties in | and r., which are critical quantities to determine the applied
environmental torques. In this work, the components of r. are considered uncertain and
the inertia matrix is assumed partially known.

Assumption 4. The spacecraft is capable of computing an approximate J,, € R3*3 of its time-
varying inertia matrix, provided an on-board simplified analytical model. The real inertia matrix |
can be expressed as

J £ Jm+1], (21)

where A] € R3*3 is the mismatch between ], and ], the parameters in AJ, Af and | are assumed
bounded by known constants.

The differential drag acceleration is the control input considered for the relative
maneuver and is defined as )
FL  F

4—-D_Ip

2D, 22)

where t, and i denotes the target and ith chaser, respectively. From (22), the direction
of the differential drag is approximately opposite to the direction of motion Af, but not
entirely, due to the rotation of the atmosphere. Therefore, for control design purposes,
the differential drag is assumed to act opposite to Ajj and the time-varying magnitudes of
V¢ and V, ; are included among the uncertain parameters. The purpose for considering
uncertainties in ||V;.¢|| and ||V, ;|| is to account for the deviations of V; with respect to A}
due to the rotation of the atmosphere and winds.

Assumption 5. The influence of differential lift and residual misalignment of V, with respect to
Aj are considered to have negligible influence in the spacecraft translational dynamics.
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Provided that the spacecraft is capable of measuring its orientation g and angular
rates w, as well as the relative states Ar and A#, and considering that the differential drag
can only affect the relative dynamics in the orbital plane, the control objectives can be
established as follows

R—1T5 as t— oo, (23)

and
IX]| — 0 as t— oo, (24)

where X 2 [Ax Ax Ay Ay]T € R

3.2. Control Development

The attitude controller developed in [30] ensures ultimately bounded convergence
of ||@|| and |, ||, which results in R — Z3 as t — co. The controller compensates for
uncertainties in p, Cp j, Cp ; and r,, as well as the availability of only an approximation of
the inertia matrix, namely J,,. The proposed control law (25) computes the torques iz € R3,
expressed in the body coordinate system, required for achieving attitude tracking

g = —Kip — Bres, (25)

where u £ @ + e, € R3, Ky, B € R3*3 are symmetric, positive-definite control gains,
and B; € Ry is a control constant. However, the desired control torques are generated by
varying the DMD surfaces lengths. The relationship between the DMD lengths and the
applied environmental torques can be expressed as

ii2Y,0q, (26)

where Y7 £ [YAT %rxfmr - jmw —w” Jpw + ]mwxﬁwd - ]mﬁwd + ]m,Bév} € R3x6
N

is a measurable regression matrix, and the vector 07 € R% is the estimate of ®; £
T
{@ ATT 1} € R%, which contains the uncertain parameters C D,js C Ljs P and r.. The mea-

surable regression matrix Y1 € R3%64 and vector of uncertainties ® o4 € R%, associated
with the aerodynamic torques, are explicitly defined in [30].

The goal is to vary the DMD surfaces lengths such that the difference between (25)
and (26) is as small as possible. In order to achieve this objective, and provided the
expressions inside the regression matrix Y, a numerical algorithm is used to minimize
X = i — iy € R3 by modifying the DMD lengths Ly, L,, L3, and Ly. The minimization
problem is formulated as

‘ i— i biect t {0<L'<3.7, i=1,2,3,4, 27
L],gl,lLI';,L4 |lii —iig4]] subject to <L;< j (27)

and the estimates 01 required to compute i are updated by
01 2 proj (1Y 1), 28)

where I'; € R%*% is a constant, positive-definite adaptation matrix, and proj(-) denotes
the continuous projection algorithm presented in [31], which ensures that @; remains
within known bounds.

The relative maneuvering controller in [29], guaranteed asymptotic stability of the
in-plane relative states between a chaser and the target. However, the control development
assumed attitude stabilized spacecraft and the possibility of accurately computing the re-
quired DMD lengths for achieving the desired control input (i.e., cross-sectional area of the
chaser S; € R+ (). In the case of a roto-translational maneuver, the total cross-sectional area
is a function of both the attitude states and the DMD lengths. Moreover, the DMD lengths

must be computed to satisfy attitude and relative orbit requirements simultaneously.
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The magnitude of the differential drag acting along Aj (i.e., uy), can be expressed as

2CpSt
th !

y = PiCb||Vr,i||22711i -

0tl| Vit (29)

where i denotes the ith chaser. The expression in (29) can be linearly parameterized as

Lly = Yz@z, (30)
with the regression vector Y € R® and the vector of uncertain parameters @, € R°
defined as

Y, £ _S,' S;sin(Qt) S;cos(Ot) _ 5 fisin(ﬂt) - iCos(Qt) , (31)
i 2m; 2m; 2mt
[D,iCh | V7,12
Dy,iCp|Vy,i ||;
D3,iCp || Vil
0,2 3,i“pllVr,i ) 32
> | DyyCh |V %2
D2,iCp| Vit
D3, Cp | VlI?

In (32), the parameters D1 x, Dy, D3, € R with k = i, t, are uncertain constants used
under Assumption 3 to calibrate the atmospheric density at the position of the ith chaser
and target, respectively, see [29] for details.

The control and adaptive update laws, assuming that the target broadcasts its own
area to mass ratio S;/m; to all chasers, are proposed as

oA T\ L C\t St —
Sa; = 2m; (PiCbHVr,in) ( 2lfnt Oel| Vi 12 — KLQRX> ] , (33)
0 2 proj (2r2Y2TBTPTX), (34)

where (-) represents the estimate of the uncertain parameter (-), K{Q r € R%is a constant

control gain vector, P € R¥* is a symmetric positive-definite matrix, [, € R®*® is a
symmetric positive-definite adaptation gain, B £ [00 0 1]7 € R* and C, £ Z?‘Zl Cp,,
with k =t,i.

To integrate the attitude and relative orbit controllers, the minimization problem
in (27) is modified to account for relative maneuvering requirements by introducing the
additional constraint of a required total cross-sectional area, which is the parameter that
can be varied to modify the differential drag. The minimization problem is modified for
each spacecraft as

min  § Wag ||t — iig]| + Wy (S — S)?
min { Wall = ]|+ Wons (S — 54)? -

subject to { 0<L;<37mj=1,23,4,

where S € Ry is the total cross-sectional area of the spacecraft, and S; € Ry is the
desired cross-sectional area. Note that the parameters # and S depend on the spacecraft
attitude and orbital states as well as the DMD lengths, while if; and S; are computed from
the corresponding adaptive control laws.

By using (35), a set of DMD lengths can be computed accounting for both control
requirements; however, residual errors due to the use of a numerical algorithm must be
considered in the stability analysis. In addition to the residual error, the drag coefficients of
the DMD surfaces may change over time due to the spacecraft changing orientation.
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Assumption 6. The time derivative of the vector of uncertain parameters (i.e., ©y), can be bounded
by a known constant.

3.3. Stability Analysis

Stability of the relative orbit and attitude subsystems when applying the adaptive
control and update laws in (25), (28), (33) and (34) has been verified by Lyapunov-based
stability analysis in [29,30], respectively. In this section, the requirement of performing
simultaneous attitude and relative orbit maneuver is included, and the modified stability
result is presented.

The attitude control law computes the required torques for achieving the attitude
tracking objective, and an intermediate step where the a suitable set of DMD surfaces
lengths are computed to generate such torques was proposed using a numerical algorithm
to solve (27). Considering that the proposed strategy to integrate the attitude and orbit
controllers is to modify the minimization problem as in (35), and that the influence of the
residual mismatch ) between the desired and obtained torques was explicitly included,
the stability proof of the attitude controller does not change. The ultimately bounded
attitude tracking result is presented for completeness in Theorem 1.

Theorem 1. Consider the spacecraft attitude dynamics governed by the non-linear system in (11).
The auxiliary controller in (25) and the adaptive update law in (28) ensure uniformly ultimately
bounded attitude tracking in the sense that

lles|] < erexp{—er} +e€3, (36)

where €1, €, €3 € R~ are known bounding constants and provided that 5(0) € S, with 5 =
[eo” uT]T € RO. The set S, and the constants €1, €, and €3 are explicitly defined in [30].

The relative maneuvering control law computes the required cross-sectional area
required by the chaser spacecraft to achieve regulation of the in-plane relative states in X.
In [29], the cross-sectional area could be computed analytically under the assumption of
attitude stabilized spacecraft. For the roto-translational maneuver, variation of the drag
coefficient due to time-varying attitude, and the use of (35) as an intermediate step for
obtaining the total cross-sectional area must be considered.

To facilitate the stability analysis of the relative maneuvering controller accounting for
the influence of a simultaneous attitude maneuver, some definitions are introduced. Let the
AI\X((JA)I\2+7’ s 2 M, e
where {4, A, A, 7, 7 € R-g are known bounding constants.

constants €4, €5, € € R+ be defined as e;, £ ES R % + )Af}‘\,

Theorem 2. Given the spacecraft in-plane relative dynamics in (8) and (9), the controller in (33)
and the adaptive update law in (34) ensure uniformly ultimately bounded requlation of the relative
state X in the sense that

IX|| < esexp{—est} + €. (37)

Proof. Let V be a candidate Lyapunov function defined as
A 5T 1. Tr-18
V(t) = X PX + E@z I;°0,, (38)

where B R
0, £ 0, - 0,. (39)

The candidate Lyapunov function can be bounded by

AMX[P 4+ < V() <X +7, (40)
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where A, A, 7, ¥ € Ry are known bounding constants.

Let X £ AX + Bu, € R* be the state space representation of (8) and (9), where
A € R¥*4 is a known constant matrix. In the roto-translational maneuver, the set of DMD
surfaces that simultaneously generate the required cross-sectional area and environmental
torques are computed using (35), producing a residual mismatch x; £ — Si; €R.

Assumption 7. A numerical optimization algorithm can be used to find a suitable set of DMD
surface lengths (i.e., L1, Ly, L3, and Ly) provided (25), (28), (33) and (34). The residual )1 can be
upper bounded by a constant for the entire maneuver such that |x1| < (1.

Taking the time derivative of (38), using (39), substituting (33) and rearranging
terms yields

(piéiDVyzli)Xl
o (41)
+@2TT51® — ézTrgléz,

Vﬁ):XT@m*+A“P)+zxﬁwn@2+xﬁm

where A* £ A — BK LQR- Since the gain K; g is obtained by solving a Linear Quadratic
Regulator (LQR) problem, then A* is Hurwitz and a symmetric positive-definite matrix
Q; € R*** can be determined so that PA* + A*TP = —Q;.

Using (34) and Assumptions 6 and 7, (41) can be upper bounded as

V() < —M|X|P+ (42)

A

where A1 £ A, {Q1 — %} € R, Ayin{-} denotes the minimum eigenvalue of {-}, {4

2 ~ .
(o + %3 € R+, and Young’s inequality as well as the upper bounds ®2T ry 1@, < 7, and
HPB ( (ﬁi@)Vrz,J)(l /ml-) H < 3 were used.
Provided that the control gains are selected such that A; > 0 and using (40), then (42)
can be rewritten as

. A Ay
V< -Zym+ 2 4, (43)

A A
By invoking the Comparison Lemma from [32], the solution to (43) can be obtained as
VSV(0exps —=tp+—| =+ 1—exps—=tp . 44
<vOesp{-Zth+ £ (4T 4 g (1-exp{ -3 (4

From (38), (40) and (44), then X € L. Since 0c Lo by (34), then S;; € L; therefore,
S; € L from Assumption 7. Using (44) and (40) yields

_ . _ B
X% < (MX(O))L” +7>exp{—);\1t} + (7 )\1 + jf;t) (45)

From (45) the result in (37) can be directly obtained. [

4. Simulation Results and Discussion

The simulation scenario for this maneuver considered a set of two identical DMD-
equipped CubeSats (i.e., one chaser and one target) with their physical parameters shown
in Table 1. The translational states were propagated for each spacecraft independently us-
ing Equations (5)-(7) and transforming to the LVLH relative states to compute (35) and (36).
The atmospheric density used for attitude and orbit propagation, and considered unknown
for the controllers, was obtained by using the NRLMSISE-00 model. The nonlinear attitude
dynamics (i.e., Equation (12)) were simultaneously propagated and coupling with the trans-
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lational dynamics was explicitly included in the computation of the attitude-dependent
cross-sectional area, and the analytical models for the drag and lift coefficients [33].

The spacecraft were required to perform a phasing maneuver while controlling their
attitude to achieve the desired orientation. The desired orientation (i.e., g4 and w, ) was
computed to be equivalent to a regulation maneuver with respect to the LVLH frame.
For visualization purposes, the initial and desired orientations were expressed in 3-2-1
Euler angle representation with respect to the LVLH frame and are shown in Tables 2 and 3
for both spacecraft, where ¢, 8, € R are rotations with respect to Aj, AZ and A%,
respectively. The initial orbit was identical for both spacecraft and its orbital elements are
shown in Table 4. The objective for the relative controller was to perform an along-orbit
formation maneuver where the desired inter-spacecraft separation was 4 km. To achieve the
along-orbit maneuver, a modified reference frame that had a position offset with respect
to the LVLH with origin at the CoM of the chaser spacecraft is considered. A desired
user-defined along-orbit distance Ad € R was specified, which can be expressed as an
offset in true anomaly Av € R with respect to that of the chaser spacecraft as

a Ad

Av — (46)

where a € R is the true anomaly of chaser’s orbit, then the orbital elements for the
origin of the new reference frame are the same as those of the chaser but adding Av to the
true anomaly and the control objective remains to regulate X to zero.

The control and adaptation laws in (27), (30), (35) and (36) could be computed every
time step by each spacecraft since they did not require any iterative algorithm. The function
minimization problem in (37) was solved every 30 s by each spacecraft to produce a new set
of DMD lengths that considered the required total cross-sectional areas and environmental
torques. This update rate for the DMD lengths could be reduced; however, 30 s provided a
practical balance between the transient response and the computational demands. In the
numerical simulation, the function minimization algorithm was implemented using the
fmincon command in MATLAB and the average time required to obtain a solution was
0.3152 s using a Windows laptop, 2.7 GHz quad core Intel Core i7 processor, and 16 GB
RAM. Since the relative maneuvering control law computed the cross-sectional required
by the chaser, the target spacecraft was tasked with the only objective of attitude control
and to broadcast its ECI states and cross-sectional area. The control gains are presented in
Table 5 along with the weights W, and W,,;,, where & € R is defined as

2 (el Plleol <1, )
1, Dlleo|| >1°

2|

Table 1. Spacecraft physical parameters, subscripts 1 and ¢ denote chaser 1 and target, respectively.

St, S1 [m?] mg, my [kg] Stmax, Sl,max [m?] St,minr Sl,min [m?]
0.2 3 0.5 0.01

Table 2. Initial Euler angles and angle rates for the roto-translational maneuver, subscript k = 1, ¢
denotes chaser 1 and target, respectively.

Parameter Value
¢ox [deg] 13.5
0o« [deg] —12
o [deg] 10
Po [deg/s] 5x 1073
0o [deg/s] —15x 1072

Pox [deg/s] 1.8 x 1072
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Table 3. Desired Euler angles and angle rates for the roto-translational maneuver, subscripts 1 and ¢
denote chaser 1 and target, respectively.

Parameter Value
¢o,t [deg] -25
6o+ [deg] 0
Yo, [deg] 15
$oa [deg] 30
60,1 [deg] 0
lPO,l [deg] -10

Table 4. Initial orbital parameters for the roto-translational maneuver.

Parameter Value
Semi-Major Axis [km] 6778
Eccentricity 0
Inclination [deg] 51.94
RAAN [deg] 206.26
Arg. of perigee [deg] 201.07
True Anomaly [deg] 108.08

Table 5. Control parameters for the roto-translational maneuver.

Parameter Value
Wat 1
Wt 5x107°(1 — &)
Ky (x1073) diag(3,3,3)
B (x1073) diag(1.5,5,5)
B1 (x1079) 3.2
I, diag(Ty, Ty, Ty, Ty, 6T, 6T, Ta, Tg, 10720)
T, (x10719) diag(1,10',1,10',1,10",1,10'")
T, (x10722) diag(2,2'1,2,211,2,211,2 211 2 211)
Q diag(180,1,1.8,1)
R (x10716) 6
1 (x10729) diag(45,15,15,45,15,15)

Figure 4 presents the relative states of the target expressed in the LVLH frame with
origin at the CoM of the chaser spacecraft. In this simulation, the chaser required approxi-
mately 55 h to enter the ultimate bounds of 10 and £60 meters along the directions A%
and Ag, respectively, as compared to the convergence to a circle of 10 m radius around the
desired position obtained with the individual, decoupled counterpart in [29]. The resulting
residual error was expected due to the ultimately bounded stability result obtained in the
coupled attitude-orbit case. The uncertain parameters for the relative maneuvering con-
troller are presented in Figure 5, where dynamic variation of the estimates to compensate
for the uncertainties can be observed.



Appl. Sci. 2021, 11, 4606

14 of 21

10,000 7000
I
g 5000 6000
3 0- 5000
Q
R
—5000 ' ' 4000
0 20 40 60 80 —.
Time [h] E. 3000 |
— >~
0 —Trajectory
E 2000 o Initial Point
— % Final Point
> 1000 f
B
3 o}
=~-0.5
0 20 40 60 80 —1000 : '
Time [s] —400 —200 0 200

Figure 4. Relative states for the roto-translational maneuver.
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Figure 5. Parameter estimates from the relative maneuvering controller.

Figure 6 shows the actual and desired quaternion and Figure 7 presents the actual
and desired angular velocities. Note that although the required orientation was fixed
with respect to LVLH, the desired g4 was time-varying and w, was different from zero;
therefore, the controller was really performing a tracking maneuver. Figure 8 shows the
resulting orientations in Euler angle representation for the target and chaser. Although the
orientation of both spacecraft had the same initial conditions, and the control parameters
were also the same, the resulting orientation had different transients and ultimate bounds.
This behavior can be explained by the fact that the chaser spacecraft was the only one
in charge of satisfying the required cross-sectional area for the relative orbit maneuver.
The only goal of the target was to regulate its attitude and to broadcast its cross-sectional
area and ECI states to the chaser so that it could compute (33). While the target required
4.8 h to enter the ultimate bounds of +2, + 3 and £2 degrees of error in roll, pitch and
yaw, respectively, the chaser required 43 h to enter the ultimate bounds of +£2, £6.5
and £5.5 degrees of error in roll, pitch and yaw, respectively. The resulting ultimate
bounds showed an increase with respect to the individual, decoupled counterpart in [30]
of £3, £ 1.5 and £3 in roll, pitch and yaw, respectively. The observed increase was
expected due to the additional requirement of achieving a specific cross-sectional areas for
the relative orbit maneuver.

The required control inputs are presented in Figure 9 for the target and chaser. Satu-
ration due to the physical limitations of the DMD lengths was applied in the simulation.
The DMD lengths reach saturation levels at the beginning of the maneuver where com-
pensation for the initially large errors was required. Significant differences in the DMD
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length profiles could be observed between target and chaser. The chaser spacecraft required
changing the total cross-sectional and simultaneously generate the required torques using
only the DMD surfaces, which can be observed in Figure 9. The DMD surfaces, in the
case of the chaser spacecraft, were significantly more active than those of the target. This
behavior was especially noticeable when the requirements of the relative orbit controller
were demanding (i.e., required cross-sectional area at or near saturation levels), the changes
between maximum and minimum area could be observed during the first 40 h. To avoid
instantaneous and fast changes of the DMD lengths due to the 30 s interval between com-
putations, the points were joined with splines and passed through a low-pass filter with
cut-off frequency w, € R+ of 0.017 Hz. The maximum resulting deployment rate required
from an actuator during the peak of control demand was 2.5 m per minute, as illustrated

in Figure 10.
-
-
42
]

1

= =dqdo 0.5
= —dqa
Qa2
\ — 4
\ \ a3
/ 1IN N
10 15 20 5 10 15 20
Time [h] Time [h]

Figure 6. Quaternions g and g for the target (left) and chaser (right), first 20 h of simulation.
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Figure 7. Angular velocities w and wy for the target (left) and chaser (right), last 20 h of simulation.
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Figure 8. Attitude of the target (left) and chaser (right) spacecraft expressed in Euler angle representation.
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Figure 9. Required DMD surfaces lengths of the target (left) and chaser (right) for the roto-
translational maneuver.
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Figure 10. Zoomed-in view of the DMD lengths applied to the chaser spacecraft. Interval between 16
and 17 h.

The parameter estimates for the attitude controller of the target are presented in Figure 11
the parameters associated with the aerodynamic drag, and Figure 12 those associated with
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the aerodynamic lift, respectively. Similarly, in the case of the chaser, Figure 13 shows
the estimated parameters associated with aerodynamic drag and Figure 14 presents those
associated with aerodynamic lift, respectively. The estimates were adjusted by the adaptive
update law to compensate for the uncertainties. Some estimates exhibited a diverging trend
as compared to others, this behavior can be explained by the fact that the ultimately bounded
results obtained from both controllers ensured convergence of the states but not necessarily of
the estimates. Inside the ultimate bound, an increase of the Lyapunov function could indicate
that the norm of the estimates was increasing, generating the behavior observed in some
estimates. Although this behavior did not affect the stability result, in case the estimates kept
growing, the continuous projection algorithm used in the adaptive update laws would keep
them bounded. However, during the 70 h of simulation, these bounds were never reached.

10—12 —15
37" 1510
2
< 1 )
3 3
~ ~
So 2
@ @
_2 b
-3 : : : -2
0 20 40 60 80 0 20 40 60 80

Time [h] Time [h]

Figure 11. Parameter estimates from the attitude controller associated with the aerodynamic drag of
the target. Components By GDJ' of (:)l,t with j = 1,2, 3,4 (left), remaining components of @l,t (right).

%1072 %1071

0., (Lift)

-0.5

0 20 40 60 80 ) 20 40 60 80
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Figure 12. Parameter estimates from the attitude controller associated with the aerodynamic lift of
the target. Components B; C Ljof 01, with j = 1,2,3, 4 (left), remaining components of ©1 ; (right).
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Figure 13. Parameter estimates from the attitude controller associated with the aerodynamic drag of
the chaser. Components 1§1 C D,j of @1,1 with j = 1,2, 3,4 (left), remaining components of (:)1,1 (right).
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Figure 14. Parameter estimates from the attitude controller associated with the aerodynamic lift of
the chaser. Components B; C Ljof (:)1,1 with j = 1,2, 3,4 (left), remaining components of (:)1,1 (right).

To evaluate the influence that the applied inputs may have on the flexible DMD
surfaces, the first natural frequencies of a fully deployed DMD surface, modeled as a
catilevered beam, were computed using SolidWorks and are presented in Table 6. Since
the attitude dynamics were faster than the translational dynamics, the Fast Fourier Trans-
form (FFT) of the applied torques were computed for both spacecraft and are presented
in Figure 15. The range of frequencies of the applied torques were reasonably below the

first natural frequency of the DMD surface.

Table 6. First natural frequencies of a fully deployed DMD surface.

Freq. Mode1  Freq. Mode2  Freq. Mode3  Freq. Mode4  Freq. Mode 5

0.1624 Hz 0.2310 Hz 0.4040 Hz 0.6597Hz

0.1396 Hz
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Figure 15. FFT of the torques applied to the target (left) and chaser (right) spacecraft.

5. Conclusions

The obtained results have shown that it is feasible to perform simultaneous orbital
and attitude maneuvers by using the Drag Maneuvering Device as the only control means
in conditions where physical and environmental parameters are uncertain.

In particular, adaptive controllers for orbital and attitude maneuvers were integrated
to perform roto-translational maneuvers in the presence of uncertainty in atmospheric
density, drag/lift coefficients, location of the Center of Mass and inertia matrix. The uni-
formly ultimately bounded convergence of the attitude error and relative orbit states is
guaranteed by the Lyapunov-based stability analysis. Validation through numerical simu-
lation of a phasing maneuver with simultaneous attitude control requirement results in
ultimate errors below 60 m and 6.5 degrees for the translational and attitude maneuvers,
respectively.

The algorithms developed together with the Drag Maneuvering Device could be
particularly useful for providing small platforms, such as CubeSats, with propellant-less
translational and attitude maneuverability. In-orbit inspection and servicing are envisioned
as future applications for this technology.

Future work will explicitly include the influence of flexible bodies on the spacecraft
dynamics and will be considered in the controller design. Studies on how to incorporate
compensation for time-varying uncertain parameters, as well as efforts on relaxing the
requirement of using numerical algorithms to solve for the DMD lengths, are considered of
great importance to improve the obtained stability result. Opportunities for improving the
distribution of the control effort between chaser and target without necessarily centralizing
the control algorithm have also been identified as topic of interest for future research efforts.
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