ﬁ Sensors

Article

Common Frame Dynamics for Conically-Constrained
Spacecraft Attitude Control

Arnold Christopher Cruz and Ahmad Bani Younes *

check for
updates

Citation: Christopher Cruz, A.; Bani
Younes, A. Common Frame
Dynamics for Conically-Constrained
Spacecraft Attitude Control. Sensors
2022, 22,10003. https://doi.org/
10.3390/5222410003

Academic Editor: Sandra Verhagen

Received: 17 October 2022
Accepted: 13 December 2022
Published: 19 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Aerospace Engineering, San Diego State University, San Diego, CA 92182-1308, USA
* Correspondence: abaniyounes@sdsu.edu

Abstract: Attitude control subjected to pointing constraints is a requirement for most spacecraft
missions carrying sensitive on-board equipment. Pointing constraints can be divided into two
categories: exclusion zones that are defined for sensitive equipment such as telescopes or cameras
that can be damaged from celestial objects, and inclusion zones that are defined for communication
hardware and solar arrays. This work derives common frame dynamics that are fully derived
for Modified Rodrigues Parameters and introduced to an existing novel technique for constrained
spacecraft attitude control, which uses a kinematic steering law and servo sub-system. Lyapunov
methods are used to redevelop the steering law and servo sub-system in the common frame for the
tracking problem for both static and dynamic conic constraints. A numerical example and comparison
between the original frame and the common frame for the static constrained tracking problem are
presented under both unbounded and limited torque capabilities. Monte Carlo simulations are
performed to validate the convergence of the constrained tracking problem for static conic constraints
under small perturbations of the initial conditions. The performance of dynamic conic constraints
in the tracking problem is addressed and a numerical example is presented. The result of using
common frame dynamics in the constrained problem shows decreased control effort required to
rotate the spacecraft.

Keywords: attitude control; lyapunov control; common frame dynamics; constrained control

1. Introduction

Spacecraft missions regularly require reorientation maneuvers subject to various con-
straints such as mechanical limitations and orientation constraints. Mechanical limitations
are defined by maximum available torque for a reaction wheel array, or angular velocity
limits of the spacecraft. Attitude constraint limits are defined for mission hardware which
can be separated into two categories, inclusion zones or exclusion zones [1]. Inclusion zones
are required for equipment that require a certain attitude to be considered for maximum
performance such as solar panel arrays to pointing at the sun or communication antennas
to point towards a ground station. Exclusion zones are required for sensitive equipment
such as a telescope or camera boresight to be pointed away from the sun at a given angle
to prevent severe sensor damage. Attitude pointing constraints are common for various
spacecraft, from small cubesats to very expensive and complex satellites [2]. One notable
example is the James Webb Space Telescope (JWST) which has an exclusion zone of 85°
from the sun and 45° anti-sun [3]. An artist rendition is shown in Figure 1.

The autonomous attitude unconstrained problems, both in the constant reference
regulation problem, and the moving reference tracking problem have been extensively
researched. Some methods that have successfully solved the unconstrained problem are
non-linear control [4,5], optimal control [4,6,7], sliding-mode control [8,9], and adaptive
control [10,11]. The addition of pointing constraints to existing nonlinear kinematics
and dynamics adds a challenge to solving the constrained attitude control problem since
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removing constrained zones from the feasible rotational configuration of the spacecraft
creates nonconvex regions [12].

Exclusion zone i
< 45° from anti-Sun

Exclusion zone
< 85° from Sun
Anti-sun
Los <~ T . I
Allowablg
field-of-regard

(a) (b)
Figure 1. (a) The James Webb Space Telescope artist rendition. Source: European Space Agency.
(b) JWST Field of Regard with two exclusion zones [3].

Hablani used geometric relations in order to determine trajectories that avoid con-
straint volume by defining an intermediate waypoint located outside the constraint [13].
From here, the spacecraft would maneuver to the final orientation. Although simple to
implement, the algorithm does not scale with an increasing number of constraints [14].
Frakes et al. uses a different method that was implemented on the SAMPEX mission shown
in Figure 2a that would avoid an orientation that would maximize the flux of orbital debris
and micrometeoroids by monitoring the angle between the Heavy Ion Large Telescope
(HILT) boresight and that condition [15]. If the boresight enters the conic constraint, a target
attitude is redefined outside the constraint. This method is not guaranteed to converge.

Constraint Monitor Algorithms (CMT) are real-time algorithms that actively monitor
constraints of all types and creates a trajectory avoiding them using a predictor-corrector
approach [16]. In CMT, the current attitude motion is propagated forward for a short
duration of time, and when the predicted motion violates the constraints corrective actions
are taken. These algorithms have been originally designed for the Cassini mission [17]
shown in Figure 2b and has also flown on the Deep-Space 1 mission. Although it is a
sub-optimal solution, it guarantees the desired path and can be extended to a moving
reference. However, CMT’s convergence is only guaranteed in some cases and not the
general case [14].

(b)

Figure 2. (a) SAMPEX Satellite, artist rendition (b) Cassini Satellite, artist rendition .

Randomized motion planning has been used to solve the constrained problem [18], uti-
lizing graph and random search to achieve the spacecrafts final orientation while avoiding
constraints. The procedure is as follows [14]:

1.  Initialize a graph Gy with a distinct vertex at vg. This represents the initial states
(attitude and angular velocity)

2. Atthe k + 1iteration, perform a random graph search starting at the kth vertex vy to
determine a set of feasible vertices in the graph G;.



Sensors 2022, 22, 10003

3 0f24

3. Chose a feasible vertex found in the second step that minimizes the cost function. This
is the next vertex vy, 1.

4. From this vertex, repeat the second and third step from vy, . Update k to be k + 1
until the final attitude is obtained.

5. Apply the optimal control torque for each attitude trajectory.

The technique solves the constrained problem in the regulation problem; however,
convergence is guaranteed only in probabilistic manner, and computational time increases
dramatically as the graph size increases.

Optimal control methods can be used to solve the constrained problem, given a
cost function that minimized control effort subjected to its initial state and terminal state
bounded by spacecraft limitations. Although being a Non-Linear Optimization problem,
Kim and Mesbahi developed a method to simplify the Non-Linear optimization Prob-
lem (NLP) to a Quadratically constrained quadratic programming problem (QCQP) and
then solving the maneuver as a Semi-Definite Programming optimization problem by
convexifying the constraint [16]. This method has been used to solve the constrained
regulation problem and not the tracking problem. However, the method used by Walsh
and Forbes solves both problems by transforming the constraint into the Direction Cosine
Matrix (DCM) [1] representation and formulates the control problem using Semi-Definite
Programming (SDP). This method is singularity free, as a characteristic of using the DCM,
but is computationally expensive.

Lyapunov methods incorporate potential functions to create mathematically traceable
control laws that converge to the target attitude while evading constraints and work with
any number of conic constraints. Using these methods allows the use of backstepping
control methods [19], allowing separate development of kinematics and angular rates.
Ramos solved the constrained problem under bounded angular velocity by developing a
kinematic steering law subject to a smoothing function and torque limitations by extending
the constraint angle as a function of the spacecraft characteristics [20]. The technique
conducted in reference [20] solves the regulation and tracking problem under an arbitrary
number of constraints, but in the tracking problem the angular velocity is not guaranteed
to be bounded; however, Ramos’s results present boundedness in angular velocity.

Adaptive optimal control methods have also been used. Kulumani and Lee [21] de-
veloped a geometric adaptive control system designed to asymptotically converge to the
desired attitude while avoiding pointing constraints in presence of unknown disturbances
using Special Orthogonal Group 3 (SO(3)) and various attitude representations. The con-
straints are also modeled using logarithmic barrier functions, modeled as attractive surfaces
for inclusion zones and repulsive surfaces for exclusion zones and can be superimposed.
The control system minimizes the negative gradient of the attitude error function. This
method is singularity free and has been shown to solve both the tracking and regulation
problem under an arbitrary number of constraints.

The key contributions of this paper are summarized below

1.  The paper solves the constrained attitude control problem using common frame
dynamics. Hence, a complete elegant constrained attitude control formulation in
the common frame dynamics, where the angular velocity is defined in the estimated
attitude axes frame. Conventionally, such as in the existing solution by Ramos [20],
the problem does not consider the difference of frames between the body frame and
the reference frame. It is required to use a different definition of the state error since a
spacecraft’s Attitude Determination and Control System (ADCS) does not measure
the attitude directly, but by using a set of angles to objects using sensors such as star
cameras or sun sensors, while gyroscopes are used to measure angular rates [22].
More accurate sensors were developed during the space age and introduced new
technology in Inertial Navigation Systems (INS) called the Inertial Measurement Units
(IMUs), consisting of three gyroscopes and three accelerometers [23]. Despite the rise
of improved INS sensors, IMUs are well known to drift. One example of this is the
Apollo mission’s gyroscopes which drifted at a rate of one milliradian per hour [23].
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In addition, since position measurements are only given, the calibration parameters
of attitude and gyroscopes are weak since it is dependent on the spacecraft’s motion.
In addition, the reference frame, which could be a solution from another spacecraft’s
guidance algorithm, also contains the same type of errors as the body frame.

2. The paper develops the common frame dynamics in the constrained attitude control
problem. Common frame dynamics is introduced in previous work conducted by [20],
which uses Modified Rodrigues Parameters (MRP’s) as minimal attitude descriptors.
The backstepping control law is adopted to develop the kinematic steering laws and
servo subsystem blocks, which simplify the design of the control laws by permitting
the division of attitude and angular rates into separate control loops.

3. The paper adopts the Lyapunov methods to develop mathematically traceable, closed-
form control laws for both subsystems.

4. In addition to implementing common frame dynamics, this paper also extends the
constrained tracking problem in presence of dynamic constraints. These types of
constraints are important in spacecraft formation flying, such as the European Data
Relay System (EDRS) in Figure 3a and the upcoming Starlink satellite constellation
with the purpose of providing low-latency satellite internet access globally (Further
information can be seen at starlink.com (accessed on 1 March 2020).) in Figure 3b.
Each satellite is equipped with a laser communication device and receiver with strict
pointing inclusion constraints to transmit data across the constellation.

5. The paper presents validation of the algorithm by performing a Monte Carlo analysis
on two boresight trajectories under both exclusion constraints and explicitly under
exclusion constraints. The constrained tracking problem is also examined in presence
of dynamic constraints and exclusion constraints.

(b)

Figure 3. (a) European Data Relay System Satellite Constellation. Source: European Space Agency

(b) One of many Starlink satellites, artist rendition. Source: SpaceX.

2. Common Frame Dynamics
Consider Figure 4, where N represents the Inertial Earth Frame with unit axes

[f NI N} , B represents the moving body frame with axes {13, i5, RB} ,and R repre-
sents the reference frame with axes FR, iR/ RR} .

The angular velocity of the body frame is represented as ®w, while the reference
angular velocity is represented as R w. If the attitude is represented as ¢ in the body frame
relative to the inertial frame (noted as o,r), then w is the angular velocity of the body
frame relative to the inertial frame written in the body frame coordinate system (noted as
Bwg, ). For derivatives, the over dot symbol @ represents the inertial derivative, while the
prime symbol e’ represents the body frame or reference frame derivative.

In Figure 5, let 5C represent the Direction Cosine Matrix (DCM) in the body frame
attitude with axes [Bx By £z] and let *C be the DCM in the reference frame attitude with

axes [Rx Ry Rz].


starlink.com
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Figure 4. The relative coordinate system, with the inertially fixed earth axis N\, reference trajectory
R, and spacecraft body 5.
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Figure 5. The body and reference frames and angular velocities shown in [24,25].

Bani Younes and Mortari [24,25] described the attitude error as the rotation error

between the both frames:
6C = BcRcT 1)

If the product between JC and the reference attitude RCis taken, then the result is the
attitude in the body frame:

6CRC = (BcRch)Rc = Bc

Therefore, the matrix 6C in Equation (1) is the transformation matrix from the reference
frame to the body frame.
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Similarly, let 3w represent the angular velocity vector of the body frame with the same
axes as ®C and let ®w represent the angular velocity of the reference plane with the same
axes as *C. The angular velocity error can be defined as:

bw=Bw— Rw 2)
The dynamics for Equation (2) is:
bw=Pw-Faw @)

If the body attitude is known, then Equation (2) represents the angular velocity error
between the body and the reference frame. Equation (2) is used in simulation cases where
the body attitude is known. In real applications, the body attitude is not known and
the reference frame angular velocity must be transformed into the common frame. The
Common Frame angular velocity error can be defined as:

dw = Bw—6CRw 4)

The dynamics for Equation (4) is:
b = Ba— 6CRw — 5CRa ()
where §C = —6C[6@] and [6@)] is the skew symmetric matrix. For Equation (4), 5C used as

the corrective rotational matrix that maps the reference frame into the body frame.

The Modified Rodrigues Parameters (MRP) are a minimal attitude parameter set of
Special Orthogonal Group 3 SO(3) and is defined in terms of the quaternions or in the
principal rotation set [24-26]:

_ 90 _ ¢
o= T+ a3 —etan(4) 6)

where ¢, is the vector portion of the quaternion and g4 is the scalar part of the quaternion.
Some properties of the MRPs are the geometric singularity and being a non-unique atti-
tude representation. The geometric singularity is located at a principal angle of
¢ = £360°, correlating to g4 = —1, allowing for large rotations. The non-unique character
of the MRPs is expected, since it is a geometric projection of the quaternions, which are also
non-unique since 4 = —¢ and as a result, a corresponding shadow set, ¢S also represents
the same orientation:
=1 )
oclo

The MRP inverse transformation to the quaternions are given by:

20 1—02
9= 112 A =0 ®
and the DCM mapping of the MRP is:
8[c]2 —4(1—0?)[c
[C] = [Ix3] + 7] ( )[@] )

(1+02)°

where [I3,3] is the identity matrix, and [¢] is the skew symmetric matrix of the MRP
defined as:
0 —03 (%)
[5’ ] = 03 0 —01
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To calculate the MRP Kinematic equation in the simulation case in Equation (2), the
time derivative of Equation (6) is taken:

. qv ¢74qv
o= — (10)
1+qs  (1+4q4)°

and the corresponding derivatives for the quaternion components are:

o= 51— (15@] +2[%6] ) g0 + 4 ") ay
s = _% B‘UTqv

Combining of Equation (10) and the quaternion kinematics in Equation (11) results in
the MRP Kinematic differential equation when the true attitude and angular velocity are
known [24,25]:

o= }I[fz([%]u[%])w (1+0?) Bw] +%(BwT(r)¢T (12)

where [@] is the skew symmetric matrix in the form of:

0 —Ww3 wy
(@] = | ws 0 —w
—wy W 0

To obtain the MRP Kinematic differential equation in the Common Frame case pre-
sented in Equation (4), the time derivative presented in Equation (10) is used and the
corresponding quaternion kinematics are taken.

, 1 -
go = 5{~[P@lgo + waa} (13)
_ 1
qa = ) Bquv
Using the inverse mapping of the Common Frame quaternion kinematics presented in
Equation (8), the MRP Kinematic Equation in the Common Frame simplifies to:

o= i[(l—(TZ)Ing—l—Z[BGJ]—i—ZO'TU'} By (14)

Equations (2) and (12) represent the exact analytical solution for the true frame and
Equations (4) and (14) represent the exact common frame analytical solution by [24].
In [27-30], the kinematic differential equation is derived for multiple attitude representa-
tions such as quaternions, Classical Rodrigues Parameters (CRP), and Direction Cosine
Matrix (DCM) in the true and the common frame scenario.

The rotational equations of motion for a rigid spacecraft with Nryy perfectly symmetric
and balanced Reaction Wheels (RW) is given by [26]:

[Urw]@ = —[@]([[rw]w +[Gs]hs) — [Gs]us + L (15)
where [Iry] is the spacecraft total inertia tensor with the RW system:
Nrw

[Irew) = 1]+ Y, (Judlgn + Joi8h ) (16)
i=1
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[Gs] is the RW projection matrix with respect to the spin axis:

(G| = {gsl,gsi,. ..,gsNRw} (17)

h;s is the RW angular momentum vector:

T
e = [Joy (8hw + 1) o (81w + i) o Joy, (8, @+ O] (18)

[I5] is the inertia tensor of the spacecraft. A principal-axis frame W : {gs;, &1, §¢; } is applied
to each RW. [I,] = diag(Js,, ]+, Jg;) is the inertia of each RW relative to the center of mass
within the W. (); is the angular velocity of the RW relative to the spacecraft. The vector
us is the control torque vector applied to each RW axis. L is the external torque applied to
the spacecraft.

3. Common Frame Control

The unconstrained tracking problem can be solved using Lyapunov’s direct method
which allows similar methods in developed in backstepping control. This results in pro-
ducing a cascaded control design where the output of one sub-system is the input of
another [19]. Figure 6 describes the control design used in [20]. The kinematics block
represents Equation (14), the MRP kinematic differential equation in the Common Frame.
The dynamics block is represented by Equation (15), the rigid body dynamics of a spacecraft
with a RW array. The outer loop of the control block is the Kinematic Steering Law, re-
sponsible for controlling the attitude of the spacecraft and taking inputs from the reference
or /N and the current attitude o3, r. The inner loop is the servo sub-system, responsible
for controlling the angular velocity and takes inputs from the reference wy s, the solution
of the kinematic steering block wpg, ;% and the current angular velocity from the dynamics
block wg/pr.

S w 3 S
‘ BIN | Kinematics
Dynamics » (Commen Frame)
o e

ug TBIN

. .
W
Servo < B'/R |Kinemalic Steering Law
Sub-System - | (Commen Frame)
! A ! ! A !
_______________________ Arbitrary R A
Reference
WR/N
TRIN
WR/N

Figure 6. Control block proposed by [20]. The outer loop consists of the Kinematic Steering Law,
while the inner loop consists of the servo sub-system.

3.1. Unconstrained Kinematic Steering Law
Consider the Lyapunov candidate function given by [26]:

V(eg/r) = 21“(1 + Ug/RUB/R) (19)
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Taking the time derivative:

405 R 0B/R

(20)
1+ 05,208/R

V(og/r) =
Using Equation (14) and knowing that Ug /=08/r] = 0, Equation (20) can be rewritten as:

V(eg/r) = o/ Pwp/m (21)

In order for the system to be asymptotically stable, Equation (21) must be negative
definite. Let wp- /¢ be the desired angular velocity of the body frame, B* relative to the
reference frame, R. The steering law command is represented as:

Swp.r = —flop/R) (22)

where f(o3,) is an even function [31] such that:
clf(o) >0 (23)
Substituting Equation (22) into Equation (21):

V=—0ch/rflog/r) <0 (24)

Equation (24) is represents a general steering law expression in which f(og,%) can be any
even function and guarantees global asymptotic stability.

Since the MRP shadow set parameters in Equation (7) are being used to avoid the MRP
singularity at £360°, then |og,%| upper bound is limited by 1. f(cog,%) is modified to
control how fast the commanded rates approach w.x by making f(o3,%) an odd function
with the inclusion of a cubic term [26,31]:

i 2Wmax ‘ U
f(o) = filey) = =2 arctan( [Ki0i + Ka? | 2me> 25)
3.2. Servo-Sub System

In order to track the desired body angular velocity commands, a servo sub-system is
necessary to produce the required torques. The angular velocity tracking error is defined
as [26,31]:

Wp/B = WB/N — W /N (26)

where wpg- /s in the common frame is defined as:
wps /N = wpe R+ 0Cwg/ \r (27)

where 6C = BCRCT and remaps the reference frame coordinates system to the body frame
coordinate system. To create a rate-servo robust to unmodeled torque [26], an integral term
must be added. The integral state z is defined as:

t
Z:/f B(UB*/B dt (28)
to
Now consider the rate servo Lyapunov candidate function [26,31]:

1 1
Vo(wp:/p,z) = Ewg*/B[IRW]“’B*/B + EZT[KI]Z (29)
The required torques for each RW can be found by moving [Gs]us to the left hand side

of the equation:
[Gslus = L, (30)
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where L, represents the right hand side terms:

L, =[Plwp+/p + [Ki]z + L — [@p/n]([Irw]wp, A + [Gs]hs)+

~ . (31)
[Irw][@p/R16CwR /N — [Irw] (W 5 + 6C(WR N — WB/N X WR/A))

For the general case of a redundant set of RW present, the minimum norm inverse is used
to map the motor torques [26]:

ws =[G (16]1G]T) L, )

A full derivation for the right-hand side terms and numerical derivatives are discussed
in [32].

4. Attitude Constrained Maneuver

Attitude pointing constraints that often appear in spacecraft missions are exclusion
and inclusion constraints, which is further classified into four different categories [14]. Type
I constraints are static hard constraints, defined by relatively stationary celestial objects
with respect to the inertial frame. These are strict exposed or non-exposed constraints
defined by sensitive equipment. Type II constraints are relaxations of Type I constraints that
allow some violations. Type III constraints are dynamic constraints in which the constraint
is time dependent. Type IV constraints are a combination of Type I to Type III constraints.

4.1. Static Conic Exclusion and Inclusion Constraints

Figure 7 is a diagram for the static exclusion and inclusion constraint. For the static
exclusion constraint, the objective is to maneuver the spacecraft with sensitive equipment
in the body frame defined by the unit vector b while avoiding the exclusion cone defined
by a celestial pointing unit vector fi, with a minimum security angle of 0,,;;,.

(b)

Figure 7. Static Pointing Constraints. The satellite in (a) has to keep its sensitive equipment from

entering the exclusion cone defined by the sun while the satellite in (b) has an inclusion constraint
defined by the sun while keeping its solar array pointed towards maximum power absorption.

Since the boresight vector and the celestial pointing vector are in different reference
frames, the inertial vector must be transformed to the body matrix. For an exclusion
constraint, the static constraint is defined as:

Clan) = VAT[BN]™b — cos(6yin) < 0 (33)

In a similar way for the static inclusion constraint, the objective is to maneuver the
spacecraft with equipment in the body frame defined by the unit vector b inside an inclusion
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cone defined by a celestial pointing unit vector fi and security angle of 8,,;,,. Mathematically,
an inclusion constraint is described as:

Clgy = VAT[BN]™5b — cos(6yin) > 0 (34)

Since inclusion and exclusion constraints use the same conic formulation through a
function Cy([BN]), the following inequality constraint must be true [20]:

—2 < Cjpn)([BN]) <2 (35)

C (8N]([BN]) is computed using the transport theorem and the circular shift property
of the triple product [26]. Taking the derivatives in the inertial fame, assuming that fi is
inertially constant and b is body-fixed, then:

Ndan Ndb

Cian([BN]) = —; bthr— =1 (wB/N XB)

Applying the circular shift property of the triple product:
ﬁo(wB/leA)>: (Bxﬁ>~wB/N

Finally, Cigy;([BN]) becomes

Cion (BN]) = ([5B] (BNVa) g 36)

Equations (33), (34) and (36), can be written in terms of the MRPs by transforming
oeg /N to the DCM. These equations can be rewritten as:

Cian)([BN](o/N)) = NaT[BN(op/n)) "8 — cos (i) (37)

Cipn) ([BN](o/n)) = ( [BE} [BN(UB/N)]Nﬁ) TBWB/N (38)

4.2. Dynamic Conic Exclusion and Inclusion Constraints

In Figure 8, a dynamic conic constraint is shown. For a dynamic exclusion constraint,
the goal is to maneuver the spacecraft while avoiding a body-fixed unit vector b from
entering the exclusion cone defined by a moving unit vector 7(t), and a security angle 0,,;,:

Chiy = V()T [BN(05/)] % — cos(B) < 0 39)

In a similar way, the goal for a dynamic inclusion constraint is to keep the bore-
sight vector b inside an inclusion cone defined by a moving unit vector #(t) and security
angle 0,,,,:

C[IBN] = Va(t)T[BN(cp/n)] b — cos(Oyin) > 0 (40)

The inequality condition presented by Equation (35) also holds true. The derivative
of the dynamic constraint, C [BN] ([BN]) is computed in a similar way shown in Section 4.1.
Can([BN]) becomes:

: Naat) . ~ B
Clony(BN)(@5/n) =~ b 1 (58] (BN(es/m)V8) wsw @)
The first term becomes:
N G N d—n[BN]TB

dt dt
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Therefore, Cgy ([BN]) for the dynamic constraint becomes:

Clan) (BN)(e5/n)) = V()T [BN(o5n)| 6 + ([7B) BN (o5 )1 V8) s (42

(a) (b)
Figure 8. Dynamic Inclusion Constraint Geometry. A laser device is attached to a satellite on the
left and must be pointed at another satellite’s receiver on the right. (a) is the initial position of the
satellites and (b) is an arbitrary position after some specified time.

4.3. Constrained Attitude Control

For the constrained problem, consider Ng, the number of exclusion zones defined by
CEF:50(3) - Rand N jI : SO(3) — R, which can be functions described by Equation (37).
Let D be a feasible attitude set such that [20]:

D= {xe 50(3) : [cf(x) <0 A Cl(x) >0]}

The objective of the controller is to drive the attitude error oz, and the angular
velocity error wg,r to zero while moving in D. The first necessary condition is:

[BN] € DVt = [0,4/]

To design control laws using Lyapunov’s direct method that considers attitude con-
straints, logarithmic barrier functions are used to convexify the constraints, resulting in
smooth and strictly convex control functions [12].

4.4. Constrained Kinematic Steering Law Design

The goal of the tracking problem is to steer the spacecraft such that o5, — 0 and
wp/r — 0. Similar to the unconstrained laws in Section 3.1, a servo sub-system and a
steering law is required to control the angular velocity and attitude, respectively. The servo
sub-system does not change; however, the steering law must be modified to consider the
attitude constraints.

The Lyapunov candidate function becomes, V : D — R™ [20]:

Vies/r) = 21“(1 + ‘75/730'3/72)
1 ¥ CRes) 1 & (Clesw) (43)

Compared to the unconstrained counterpart in Equation (43), the Lyapunov function
depends on o3, and o, ,. Note that the Lyapunov function, Equation (43), is split into
two parts:

*  unconstrained, which is given by:

Vncon = 21n(1 +oh R0 /R)
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1 N CE 1 M (Clos/n
Veon = —721I1 —M —th’l 7]( / )
Ne (o & N = B
The parameters a; > 0 and f; > 0 are chosen such that:
[*CIE(UB/N) < w;,Ci(op/x) < .Bz} Vog/n €D (44)

One possibility arises from the inequality constraint imposed by Equation (35). As
a result, one choice is for a; = B; = 2e. Then the logarithmic constraints to be bounded
between 1 and +co. Equation (43) has the following characteristics [20]:

1. Vis continuously differential in D
2. V(O0)=0
3. V(eg/r) >0V op/r €{D—{0}}

If the parameters are chosen such that a; > 0 and ; > 0.The conditions in Equation (44)
are satisfied. Since Equation (44) and — In(x) are strictly decreasing functions:

1 N CE(op/n) 1 N (Cllos/n)
e () - (T

=

> —1In(1) —In(1) =0

Given that ln(l + Ug/RU’B/R) > 0Vog,r € {D—{0}}. It can be concluded that
V(eg/r) >0V op/r € {D —{0}}.

4. Forwo; =p;=2e

5. V(op/r) — +oo when either CE — 0 or C]l —0

Proof. AsCF — 0or C]l — 0: —In(x) — 400 and since In(1 + Ug/RO'B/R) — +o0, then
it follows that V(op,z) = +o0 O

By conditions (1), (2), and (3), Equation (43) is a proper Lyapunov Function, bounded
by domain D by condition (5). The time derivative of Equation (43) is given by:

T i
Vionm) = —camiEm | LS Chlosn)) L gk (G
1+0f,pos/r | Ne{H o N = Bi

+2In(1+ 0} p0 —— - —
(b WR)[ Ne & CHoan) N1 5 Cllom)

(45)

Using Equation (14) and knowing that U'z; /=l08/%r] = 0, Equation (45) can be rewritten as:

. 1 Ne CE(op 1 N (Clop/n)
V(es/r) = og/r Pwi/r l_M Zln<—l (“./N)> Y Y In{ F——— B;
‘ i S

=1

; o TR (46)
1 & Cilogny) 1 G080

+2In(1+ ok N CEo ) N Tl )
n(1+ok/ros/m) [ Nk l; Chesw)  Ni = Cj(on)

Substituting Equation (38) into Equation (46):
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E I I
T ) z()l

& j
(47)

1 3 (B0 [BN}Vi

Bb} ]NA)T
+2In(1+0k, o —_—
(1 b >[ Wk CHenn)

n B

WB/N

== \

Clos/n)

The angular velocity error in the common frame is Bwp /R = By N — 0CRwp /n

and can be rewritten as BwB/N = BwB/R +6CRwp /\:

1 N CRogn)) 1N Cl(os/n)
Ngzln< & ) leln< Bj

iz =1

V(es/r) = <‘7£/7z

135 (BolBNY)T 1 S ((PB]BNM )T
+21n<1+U£/RUB/R) [_NEIZ; CEes/v) N3 Clog/n)

) Swgm (48)

1 Ne (1BpBNIVA)T 1 N ([ Bp|[BNVa)T
+2in(1+ o o) [NZWNZW] I e

Define v and urt to be:

135 (BolBNIYa)T 1§ ((BB]BNM )T
ur =2In(1+ 0 pop/R) |~ L~ (49)
( IR /R) Ne & Cflos/w) N j=1 C]I(‘TB/N)
1 Ne C-E((TB/N) 1 N Cl(‘TB/N)
=0 —— VY| 2N Vi L) |+ 50
uT = 0B/R [ Np 7:21 n( . N, ]; n B ur (50)
Then, Equation (46) is rewritten as:
V(op/r) = vfPwp/r + utéClwr x (51)
The commanded angular velocity for this steering law is:
B vTUy R
wp« /R = —f('UT) L 6C WRIN (52)
UTUT
such that f satisfies the condition:
V(U'B/R) = —v%f(vT) <0 (53)

A detailed derivation is conducted in Reference [32].

5. Results

The tracking performance is tested on a reference hill orbit frame with the following
orbital parameters shown in Table 1. The reference frame R is built as: # is in the nadir
direction, #; is in the direction of the angular momentum, and #3 = #; X #. The spacecraft
parameters and attitude pointing constraints are listed in Table 2. The spin projection
matrix [G;| represents a four wheel RW array in a pyramid configuration with an interior
angle of 55°.

A camera is placed in the x-axis of the body frame b; = Bx that must not enter the
four exclusion zones. An antenna is placed in the y-axis of the body frame b, = By that
must maintain pointing in the inclusion zone. MATLAB’s ode45 was used to propagate
the states with a integration tolerance of 10~8. The initial conditions are an attitude of

oy = [ —-067 0 O ]T, correlating to a —135° rotation about the x-axis, and angular

velocity of w = [ 0 0 Wyax ]T.
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Table 1. Orbital Parameters for Reference Frame, Values obtained from [20].

Orbital Parameter Value
Earth Radius 6378.0 km
Earth Gravitational Parameter 398,600.00 km?3 /s?
Right Ascension of ascending node 0°
Inclination —90°
Orbital Altitude 400 km
Initial argument of Latitude 180°

The common frame results are shown in Figure 9. The exclusion zones are shown as
solid red circles, while the inclusion zones are shown as a dark green dotted circles. The
simulation presents convergence to the target reference frame between 100 to 150 s without
violating any pointing constraints. The MRPs switch to the shadow set at around 30 s into
the maneuver. It is important to mention that the purpose of the presented work is to
present the constrained attitude control formulation and simulation in the common frame
dynamics. No attempt is made to tune the control parameters for better performance to
arrive at a specific settling time for the problem.

(a) Spacecraft Attitude (b) Spacecraft Angular Velocity

1 [
\ 2 “BN,, “BIN,, “BN,
05 ; i ., AN

—~ |\ |- “RIN “RIN “RIN
2 ' 3
—~
: &
>
5 0 Z ookt
© =
3
Q1
0.5 BN, BIN BIN 3
\ ————— RN, T RN RN, 2
-1
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Time (s) Time (s)

(c) Angular Velocity Error (d) Attitude Error

(e) Boresight 1 Trajectory

o
=]

x
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o
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(f) Boresight 2 Trajectory

0.8
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w 0.6
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=z S
S © o2
&
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3
ok
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End

&
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Declination (°)
o

Declination (°)

5 606

0
450 -100 -50 O 50 100 150
Right Ascension (°)

—1;50 —160 —5;0 (; 50 1(;0 150

Right Ascension (°)
Figure 9. Unbounded Tracking Results in the Common Frame: (a) is the Spacecraft Attitude, (b) is
the Angular velocity of the spacecraft, (c) is the Angular Velocity Error in the Common frame, (d) is
the Attitude Error. (e f) is are the boresight trajectories with respect to the constraints.

The constraints represented by Equations (33) and (34), representing how close the
boresight approaches the security angle of the constraint are plotted in the transient time in
Figures 10 and 11. It is shown that the first two exclusion constraints, C; and C; are more
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negative while the last two exclusion constraints C3 and Cy are less negative as an effect of
Common Frame terms. In terms of the inclusion constraint Cs are relatively more positive

in the common frame.

Table 2. Spacecraft and Pointing Constraint Parameters, Values obtained from [20] .

Description Variable Value
Spacecraft Inertia Tensor [Is] diag([ 4415 4415 3.83 |) km - m?
Max Angular Velocity Winax 2°/s
[I] diag([ 0.03 0.001 0.001 ]) km - m?
(Gy] 0.819 0 —0.819 0
RW P " s 0 0.819 0 —0.819
arameters 05736 05736 05736 0.5736
Us,r 15mN - m
0 501 -1 1 —1]"rpm
P 10[I33
Control Gains P a3
[Ki] 0.01[I3x3]
Smoothing Constants [K1], [K3] 0.1
Nty By, [0 —034 —096 ]",10°
N ity i, [0 -1 —09 ]",30°
Exclusion Constraints T
N3 pin, (11 0] 20
N iy B, [-1 1 0]",20
Inclusion Constraints N5, 0,mins [1 0 0 }T, 70°
Moving Average Window fouter 0.5s

----- Common Frame
— Original

0 50 100
Time (s)

R Common Frame
— Original

0 50 100
Time (s)

C,

Cy

-0.2

-0.4

Time (s)

061" Common Frame
— Original
-0.8
-1
0 50 100
Time (s)
-1
-1.1
-1.2
-1.3
----- Common Frame
-1.4 — Original
0 50 100

Figure 10. Comparison of Equation (33) in the Common Frame and the Original representation.
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----- Common Frame
Original

0 20 40 60 80 100
Time (s)

Figure 11. Comparison of Equation (34) in the Common Frame and the Original representation.

5.1. Analysis of Standard and Common Frame Steering Law and Control Effort

The absolute error was taken from the original definition of the steering law and the
new definition defined by Equation (52) for the entire maneuver. The transient time of
the maneuver is shown in Figure 12, From Figure 12a, the Common Frame steering law
requires relatively less angular rate compared to the original formulation as a result of the
additional terms needed to remap the reference to the body frame and Figure 12b shows a
relatively decreasing trend of the steering law effort. The Mean Absolute Error of the entire
maneuver is about 1%.

3.5

3t

251

nmon|| = ||wd,standaral|(°/5)

Error (||wa.cor

-0.1 Total Error: 0.01

—— Common Frame
————— Original

0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)

(a) (b)

Figure 12. Transient time of the maneuver for the steering law where (a) is the overall commanded
rates of the steering law, and (b) is the error plot of (a).

The norm of the control effort was taken and the results are shown for the transient
time of the maneuver in Figure 13. In Figure 13a, it is shown that the overall control effort is
significantly reduced at about 7 seconds and that the common frame formulation converges
faster than the original formulation as a result of additional terms presented in the servo
subsystem as well as the steering law presented in Section 3. The average error throughout
the entire maneuver is about 16%.
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-6r Total Error: 0.17

Error (||ucomm

0 20 40 60 80 100 ~o 20 40 60 80 100
Time (s) Time (s)

(a) (b)
Figure 13. (a) is the Control Effort Norm in the Standard and the common frame in the transient time.
while (b) is the error plot between the common frame and the original formulation.

5.2. Monte Carlo Analysis

Figure 14 show the boresight trajectories given 100 runs with variance of given by
the Table 3. The initial position of the boresights are marked as black circles and the end
position is marked as a cyan x. The variance is multiplied by a random normal distribution
given by the MATLAB function randn. Figure 15 shows the angle progression of boresight
1 with respect to the four exclusion constraints as well as the angle progression of boresight
2 with respect to the inclusion constraint, the dashed line is the minimum angle for each
constraint from Table 2. In Figure 16, the histogram of the calculated constraints throughout
the entire maneuver are shown for each constraint.

Table 3. Variance Parameters for the Initial Attitude (03, 47,) and Initial Angular Velocity (wp, s) -

Description Value
Attitude Variance 0.1
Angular Velocity Variance 0.1
Boresight 1 Boresight 2

N A OO ®
o o o o

n
o

Declination(°)
Declination(®)
o

& A
S o

&
S

150 -100 50 0 50 100 150 450 100 50 0 50 100 150

Right Ascension (°) Right Ascension (°)
Figure 14. Monte Carlo results for sensitive equipment placed in the x-body axis with respect to the
exclusion constraints (Boresight 1) and for equipment placed in the y-body axis with respect to the
inclusion constraints (Boresight 2).

Another 100 Run Monte Carlo Simulation was conducted with the inclusion constraint
removed. Comparing the trajectories of boresight 1 in Figure 17, the trajectories do not
approach exclusion constraint 2 with the inclusion constrained removed.
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Figure 15. Angle progression of equipment with respect to the constraints. 6; to 64 represent the angle
between Boresight 1 and the respective exclusion constraint, and 65 is the angle between Boresight 2
with respect to the inclusion constraint.

4 4
2 %10 4z 10
1.5 3
1 2
0.5 1
0 0 1l
-2 -1.5 -1 -0.5 0 -1 -0.5 0
cE cy
8000 6000
6000
4000
4000
2000
2000
0 0
-2 -1.5 -1 -0.5 -2 -0.5
o
8000 T
6000 - 8
4000 - 8
2000 - 8
0 I =
0.4 0.45 0.5 0.55 0.7

G

Figure 16. Histogram for the Constraint calculated in Equation (33) and Equation (34) under exclusion
and inclusion constraints.
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In Figure 18, the angle progression between boresight 1 and the each exclusion con-
straint is shown and in Figure 19, it is shown that the minimum value for exclusion
constraint 2 is more negative and exclusion constraint 4 is slightly less negative than in
Figure 16.

Boresight 1

Declination(°)

-150  -100  -50 0 50 100 150
Right Ascension (°)

Figure 17. Monte Carlo results for sensitive equipment placed in the x-body axis (Boresight 1). The
Inclusion Constraint is removed from the simulation.

150
= 100
60
g k
< 50k
0
0 100 200 300 0 100 200 300
time (sec) time (sec)

0 100 200 300 0 100 200 300
time (sec) time (sec)

Figure 18. Boresight 1 trajectories with respect to the four exclusion constraints with the inclusion

constraint condition removed.
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Figure 19. Histogram for the constraints calculated in Equation (33) purely under exclusion constraints.

5.3. Dynamic Constraint Performance

The proposed control design in Chapter 2 is tested on a combination of Type I (static
constraints discussed previously) and Type III Constraints, or simply called dynamic conic
constraints, where the position of the conic constraint varies with time. In this section, the
same four static exclusion constraints are present along with a dynamic inclusion constraint.
The reference frame is the same as previous sections from Table 1 and the same spacecraft
parameters with exception to the inclusion constraint from Table 2 Consider the dynamic
attitude inclusion pointing constraint:

WB/N;

T
Et 5), o] 45° (54)

NﬁDynamic/ Opmin = |:0.93, sin( 1

where wg/ A7, is the z-component of the spacecraft current angular velocity, and v is a
scaling term for the angular velocity. In order to track the inclusion constraint, y must be
implemented such that the dynamic constraint does not move faster that the spacecraft in
order to converge. The derivative of the dynamic inclusion constraint in Equation (54) is:

T
A w w 7T
N Dynamic = {0, BW/NZ Cos( B4Mt+ Z)’ 0} (55)

Figure 20 shows the simulation results of the constrained tracking maneuver under a
dynamic inclusion constraint and four exclusion constraints under no torque bounds. The
dynamic inclusion constraint seen in Figure 20f. In Figure 21, the inclusion constraint at
different time steps are shown. For the dynamic constraints, the spacecraft reorients to the
reference trajectory without violating any exclusion constraints as the dynamic constraint
moves with time.
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Figure 20. Tracking Performance with Dynamic Inclusion Constraint described by Equation (54). A
v = 1.5 was used for the dynamic constraint, or half of w, current angular velocity. The spacecraft is
unbounded in torque. (a) is the spacecraft attitude history, (b) is the angular velocity history, (c) is the
attitude error, (d) is the angular velocity error, (e) is the trajectory of boresight 1, and (f) is the angle
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6. Conclusions

Constrained attitude control is a relatively new technology and is an active research
topic with many proposed solutions. There are numerous advantages and disadvantages to
using each solution. Geometric methods determine an intermediate waypoint outside the
constraint in order to avoid the constraint. While geometric methods are relatively simple,
these algorithms do not scale well when adding many constraints to the control problem.
Methods using Constraint Monitor Algorithms is a real-time algorithm that actively moni-
tors pointing constraints and creates a trajectory using a predictor-corrector approach, but
convergence in the general case is not guaranteed. Optimal control methods can handle
different types of constraints; however, these methods are usually complex in algorithm
development. Lyapunov control methods have low complexity in implementation, but
cannot solve the tracking problem alone and are not rate-bounded or torque bounded
without modification. The main advantage of Lyapunov control is that the control laws are
simple and ideal for real-time attitude control. In conjunction with using a backstepping
control block that contains a steering law and a servo subsystem, the angular velocity rate
can be bounded. Extending the conic constraints as a function of the maximum torque
available for the reaction wheels array, a maximum moment of inertia, and maximum
angular velocity bounds the control method in torque. This paper extends the benefits of
this method by accommodating a common frame of reference for a scenario in which the
true attitude is unknown as well as introducing dynamic constraints, where the constraint
location is not an inertially fixed point and works well with static constraints. The main
benefit of using common frame dynamics is that the result is more accurate to the maneuver
than in the original constrained tracking problem.
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