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Abstract

The attitude control of an asteroid-orbiting spacecraft based on immersion and invariance
(I&I) theory is the subject of this paper. It is assumed that the moment of inertia matrix and
the gravitational parameters are not known. The objective is to attain nadir pointing attitude
on an elliptic orbit. First, based on the I&I principle, an adaptive attitude control system
using the Modified Rodrigues Parameters (MRPs) is derived. Through the Lyapunov
stability analysis, the asymptotic convergence of the MRP trajectories to the origin is
established. Interestingly, in contrast to traditional adaptive systems, the trajectories of the
closed-loop system converge to an attractive manifold in an extended state space. Then, for
the purpose of comparison, this MRPs-based control law and a quaternions-based control
system (also designed using the 1&I principle) are simulated for the attitude control of the
spacecraft in eccentric orbits around asteroid 433 Eros. It is observed that while each I&I-
based control law can accomplish precise attitude control, for identical design parameters in
these two control systems, the MRPs-based control law requires smaller control magnitude
and accomplishes smoother convergence of trajectories to the attractive manifold, but
requires larger settling time for the attitude trajectories, compared with the quaternions-
based adaptive control law.
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Introduction

For scientific exploration, missions to small bodies in the solar
system, such as asteroids and comets, are extremely important. There
have been several successful missions, such as NEAR, Hayabusa I,
and Rosetta, and future missions (DART, Lucy, and Psyche) have
been planned. Transporting near-Earth asteroids to halo orbits in the
Earth-Moon system is of special interest to NASA. Additionally,
transmitters can be stationed on asteroids for interplanetary flights.

Asteroids have irregular shapes and non-uniform density, and
their gravitational force varies with the spatial coordinates of orbiting
spacecraft. Researchers have analyzed the effect of the non-uniform
gravity field of asteroids on attitude dynamics.'* It has been found
that certain combinations of orbital and asteroid rotational rates can
cause pitch resonance.'? Based on the Poincare section, the attitude
motion of spacecraft has been analyzed.3 The authors have analyzed
orbit-attitude coupled dynamics around small bodies and obtained a
natural Sun-synchronous orbit and Sun-tracking attitude.* For a linear
time-varying model, an inverse control law for the yaw, pitch, and roll
angle control has been designed.? A nonlinear attitude control law for
spacecraft with a large captured object (asteroid) has been derived.’
Researchers have also designed control systems for position and
attitude control of spacecraft operating in the vicinity of asteroids.®!
The design proposed by authors’ yields a finite time control law. Also,
an adaptive sliding mode controller,® a robust adaptive system,’ and
a nonlinear control law based on the Lyapunov theory!® for orbit
and attitude control have been derived. Based on a Hamiltonian
representation of the coupled orbit-attitude dynamics, a control law
has been obtained.!

For the control of nonlinear uncertain systems, a design
methodology based on the notion of immersion and invariance (1&I)
has been developed by Astolfi and Ortega'? and Astolfi et al.'* This
design method yields a noncertainty-equivalence adaptive (NCEA)
control system. Unlike traditional certainty-equivalence adaptive
(CEA) schemes,'* the 1&I-based designed identifier provides a net
parameter estimate as a sum of a signal derived from an integral
adaptation rule and an algebraic function. The identifier of NCEA
systems provides stronger stability properties in a closed-loop system.
The original design methodology, developed by the authors,'*!*
requires solution of a partial differential (matrix) inequality, which is
not an easy task. Seo and Akella'® proposed use of the filtered signals
to overcome this difficulty and designed a quaternion-based NCEA
law for the attitude control of a rigid body. The solvability requirement
of the partial differential inequality can also be avoided by using
dynamic scaling.'® A dynamic scaling-based NCEA attitude control
law has been developed.'® An NCEA law has been designed for the
pose control of a 6-DOF Earth-orbiting spacecraft described by dual
quaternion.'” Also, a filter-free NCEA attitude control system has been
proposed, which yields faster responses, compared with a controller
with filters.'® NCEA laws have also been considered for hovering and
the orbit control in the vicinity of asteroids.'”?* Recently, 1&I-based
adaptive control systems for the regulation of the yaw, pitch, and roll
angles®’ and quaternion trajectory* of asteroid-orbiting spacecraft
have been developed. A supertwisting control system for the control of
spacecraft orbiting around asteroid has been developed.”® In a recent
paper, based on the immersion and invariance principle, a generalized
composite adaptive control law for asteroid-orbiting spacecraft has
been designed.*
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Immersion and invariance based adaptive attitude control of asteroid-orbiting spacecraft using modified

Rodrigues parameters

The attitude parameterization using a quaternion vector of
dimension four is often made. However, for simplicity, the modified
Rodrigues parameter (MRP) vector consisting of only three elements
can be used for attitude representation. But the modified Rodrigues
parameters (MRPs) are limited to eigen-axis rotations in the interval
[0; 360) degrees. Of course, this limitation can be overcome by the use
of shadow MRP.>?¢ The authors have proposed sliding mode, CEA,
and passifying control systems for MRP attitude control.””* It appears
from the literature that an MRP-based NCEA attitude control law has
not been designed for asteroid-orbiting spacecraft. Because NCEA
laws provide parameter estimators with stronger stability properties,
it is of interest to design an MRP-based attitude control system for
asteroid related missions.

In this paper, the development of an adaptive attitude control law
for nadir pointing of spacecraft - orbiting in elliptic orbits around
rotating asteroids-is considered. This is important for the continuous
observation of specific region of asteroid. It is assumed that the
moment of inertia matrix of the spacecraft and asteroid’s gravity field
parameters are unknown.

The contribution of this paper is three-fold. First, an I&I-based
NCEA attitude control law for the spacecraft model-including
kinematics described by the MRPs-is designed. For the derivation
of control law, a backstepping design method is adopted. Second,
the asymptotic regulation of the MRP trajectory to the origin using
Lyapunov stability analysis is established. Interestingly, unlike
classical CEA systems, closed-loop system’s trajectories converge to
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amanifold .# (to be defined later) in an extended-state space. Third,
numerical results are presented for the MRP trajectory regulation of a
spacecraft orbiting in eccentric orbits around asteroid 433 Eros. The
results show precise attitude control despite uncertainties in the model.
Also, for the purpose of comparison, the closed-loop system including
the I&I-based adaptive law22-designed for quaternion trajectory
control-is simulated. The results show that for identical feedback
gains in the two control systems, the MRP-based control law requires
a smaller control magnitude and achieves smoother convergence of
trajectories to the manifold .4 compared with the quaternion-based
controller, but the settling time for the attitude trajectories is larger.

Asteroid-orbiting satellite dynamics

The spacecraft orbiting in an equatorial orbit - around an
irregularly-shaped asteroid-is shown in Figure 1. In the figure, (X,
Y, Z), (X, Y, Z), and (X, Y, Z,) represent an inertial frame (with
its origin at the center of mass of the asteroid), an orbital frame, and
a body-fixed frame (both centered at the center of the mass of the
satellite), respectively. The asteroid is rotating about Z normal to the
equatorial plane with a constant rate Q. Another frame()}' DA ),
fixed to the asteroid (not shown in the figure), is aligned with the three
centroidal principal axes of the asteroid. The axis X, is in the orbital
plane and points in the transverse direction; Z, is along the radial line
pointing towards the asteroid’s center of mass; and ¥, = Z X is normal
to the orbit plane. For equatorial orbits, (X, ¥, Z)) frame is obtained
from (X, Y, Z) by a single rotation angle equal to the true anomaly 0.

XI Asteroid

Figure | Asteroid-orbiting spacecraft.

For this study, the dynamical model of the spacecraft, developed
by Reyhanoglu et al.'’, is considered, but their model uses a four
dimensional quaternion vector g, to represent the kinematic equations.
In this paper, it is of interest to describe the attitude, using the MRP
vector o € R? for simplicity. Therefore, certain modifications in the
spacecraft dynamical model' will be necessary. Now, the attitude of
the spacecraft with respect to the orbital frame is described by the

MRP vector o = [0},0,,03] € R, which satisfies:

J:tan(%jé )

where ¢ and @ are Euler’s principal rotation axis and principal
angle of rotation, respectively. Thus, Eq. (1) has singularity at® =
+360 [deg]. However, this limitation can be removed by switching ¢

to the shadow MRP ¢ = —cr(ch )71 , when ||o-|| >1 .22 The direction
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cosine matrix C* (O') from the orbital frame to the frame (X, Y, Z))
can be written in a compact form as:*
[85(c)-4(1-[oT")s(o) |
C" (o)=L + )

(1+]et)’

where o] = (o-Ta) , and for any vector & =[&,&,,&]T,5(¢)
is the skew-symmetric matrix defined as:

(1/2)

0 -& &
S (5 ) = 53 0 _é:l
-5 g 0

The angular velocity of the orbital frame with respect to the inertial

frame expressed in the orbital frame is @, = [0,—77, O]T , where 7 is the
true anomaly. Let the angular velocity of the spacecraft with respect to
Y,.Z))beweR’

. Also, denote the relative angular velocity of the spacecraft with

the inertial frame (expressed in the body frame (X,
respect to the orbital frame as @,, € R’ . Then ,, can be written as:
@y, =0 -C"(0)o, =0+ncy’ (o) 3)

where C” (o) = [cf’”,cé’”,cf"} and ¢’ (') € R” is the ith column of

C" . (Often the arguments of functions and matrices are suppressed
for simplicity.)

The MRP vector o satisfies the following differential equation:2¢

1
UZZB(U)%O 4)
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Where:

B(0)=| (1=l )1+ 25 () + 200" | 5)
The rotational equations of motion of the spacecraft are:
Jio==S(w)Jo+M,(c)+u+d (6)

where u = [u,, u,, w,]", J = diag{J,, J,, J.}, Mg [Mgl, Mgz, ng]
andd e R* are the control torque vector, principal inertia matrix,

gravity gradient torque vector, and disturbance input, respectively.

T
>

For the computation of M, the following functions are introduced: 10
¢ =[~1.5C; +9Cy c0s(24,) |(ry/R.)’

7 =6Cysin(22,)(ry/R.)’ (7

where A_is longitude of the center of mass of the satellite, R, is
the radial distance between the centers of mass of the asteroid and
the spacecraft, and r; is the characteristic length. Here, only the
most significant spherical harmonic coefficients C,, and C,, of the
gravitational potential are considered.!’ (Of course, the design method
is applicable, if additional coefficients are used.) The gravitational
parameter of the asteroid is 4 = GM,, where G is the universal
gravitational constant, and M is the mass of the asteroid. Here, the
satellite’s orbit in the equatorial plane is considered. For prograde
orbits, one has 4, (n,t) = (77 - Qt) , where Q is the asteroid’s constant
angular rate.

The gravity torque M, (i =1, 2, 3), derived by Reyhanoglu et
al.'’, are considered for design, but now, the MRP-dependent matrix
C" (o) s used for computation. Thus, M (o); (i =
by:

1, 2, 3) are given

Mgl(cr)zﬁ[(%—w)(ksz)cé’g’cfg’+2.5;({70.4J1c1b207(J1+J27J3)c§j’c§’§’ (S =Jo+ L)l = va (o) p ®)
MgZ(O-):%[(3+5¢)( J3)Cl3c33+25?({ 04]2022+(J1+J2 J})Cllc33 (J2+J3 J1)¢1§C3bf}Ji‘//b1(O')P 9
Mg3(0'):%[(3+5¢)(J2 J)elgehs +2.57 {047,688 + (S + Ty =) )elseht = (4, =Ty + L) elieli} | = v (o) p (10)

where ¢;” (o) is the ijth element of matrix C* (o), and:
T
P =[J12:73,Ca01,Ca02,Cop 3, Con1,Cip S5, Cp S5 € R

is assumed to be an unknown parameter vector. Define a regressor
matrix y, (o) = [V/Zp'/’ ,,TI,I/ICTIJ e R*® . Then, the gravity torque takes
a compact form as:

Mg(O'):l/ll(O')p (11)

Substituting Eq. (11) in (6) and assuming that disturbance input d
is zero, one obtains:

Jo=-S(o)Jo+y,(c)p+u (12)

The objective is to (}g:Slgn a control law for the system (4) and
(12) such that(o- a)ba) asymptotically converges to zero, despite
uncertainties in the parameter vector p. Then, it follows that the

spacecraft will attain a nadir pointing attitude.

MRP trajectory control system design

The design is based on a backstepping method. For the design, it is
assumed that the disturbance torque d(?) is zero. (Later, robustness of
control law will be examined by simulation for d # 0).

Step 1

With an objective to regulate ¢ to zero, consider a Lyapunov
function:

W(o)=2mn[1+0" ] (13)
Its derivative along the solution of Eq. (4) is:
. 1 1
7z =4[1+GTG}UT[Z}B(J)% (14)
Using B from Eq. (5), one can verify that:
O'TB(O')I(1+"O'"2)UT (15)
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Letw,be a virtual stabilizing signal, and define the error
w, = oy, — o, . Then, using Eq. (15), Eq. (14) gives:

W =o' [, +o,] (16)
Selecting w, as:
0, =-ko,k >0 17)
and then, substituting Eq. (17) in Eq. (16) gives
W, =—k|jo| +o" @, (18)
Step 2
Now, it is essential to regulate the error
0, = @y, — 0, =o+1icy’ (o) + ko (19)

to zero. Noting that C”’(c) =—S(a,, )C"” (o), the derivative of

¢° can be written as:

&’ (0)==S(,)e’ (o)

Next, differentiating @, and using Eq. (12) gives:

(20)

Jo, ==S(0)Jo+y (o) pru+ it ~iS(a, ) +ke | QD)

e

where 6 =0.25B(0) w,,

The remaining part of the derivation of the control law is similar
to Lee and Singh,? in which quaternions have been used as attitude
parameters. Of course, differences arise in the computation of the
regressor matrix by the use of MRP. Therefore, the derivation will be
presented briefly.

Let s be the Laplace variable or a differential operator. By adding
and subtracting J [kza)e +ky (s + a)cr] in Eq. (21), and defining:

¥,,= —S(a))Jw+J[i7'c§” -nS(, )¢, + ko + ko, + ks (s +a)a}

and ¥ =¥, + ¥, € R*’ , one obtains:

o, =J " [¥Yp+u]-ko,-k(s+a)o (22)

where a, k

, k,, and k, are positive design parameters.

For the design of control input, a filtered version of Eq. (22),
using a transfer function H (s) = (s + o:)f1 , is considered. The filtered
signals satisfy the following equations:

¥, =—a¥, +¥ (23)
Wy =—QW, + @, 24)
up=-au,+u 25)
Then, filtering both sides of Eq. (22) with H(s), gives:
oy =J ¥, +u, |~ ko, —ko (26)
Now, in view of Eq. (26), u, is chosen as:
up ==, (p+plo,. ) 27)

Copyright:
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where p+ f is the net estimate of the unknown parameter vector
p. The component S is an algebraic vector function, and p is the
partial estimate of p. This choice of full estimate (p + ) differs from
the parameter estimate of CEA systems. In CEA systems, f is zero.
The use of an algebraic function in the net estimate provides stronger
stability properties in the closed-loop system.

Define the parameter error as z = p + f — p . Then, substituting the
control signal in Eq. (26) gives:

iy ==Y 2=k, —ko (28)
For stability analysis, consider a Lyapunov function:

W, =W+ [qu/-a)gf /2}

With the choice of & + k, —a =0, after some manipulations, one
can show that [22]:

W, <= (ki + 26)of + 4,

@,

V(e e

Parameter estimation

Now, the derivation of parameter estimate is considered. The
algebraic component /3 is chosen as:

B=Mio.y>0 (30)

For the derivation of an update law for p , consider the dynamics
of the parameter errorz= p+ f— p . Its derivative using Eq. (28)
takes the form:
LA T T -1
2= pa Vo, + V[TV 2 - ko, — ko | 31
where one has ¥ s =—a¥,+¥from Eq. (23). Now, an update
law is selected as:

p=-Wo, - [ -ko, ko] (32)
Next, substituting Eq. (32) in (31) gives:
=MV 2 (33)

To examine the stability of the estimator, consider a Lyapunov
function W, = vy~'z"z /2 with v > 0. Its derivative is:

W= W 2, (F)W T GY)

‘max

where 4, (J 71) and 4 (J - ) denote minimum and maximum

eigenvalues of J™', respectively. SinceWe <0, it follows that z is
bounded.

Closed-loop system stability

Now, the stability of the closed-loop system is examined. For this
purpose, consider a composite Lyapunov function:

W(q,a)ef,z)ng (q,a)ef)-rWe(z) (35)

Using Eqgs.(29) and (34), after some simplification, the derivative
of I takes the form:

Citation: Lee KWV, Singh SN. Immersion and invariance based adaptive attitude control of asteroid-orbiting spacecraft using modified Rodrigues parameters.

Aeron Aero Open Access J. 2021;5(2):57-64. DOI: 10.15406/aa0aj.2021.05.00128


https://doi.org/10.15406/aaoaj.2021.05.00128

Immersion and invariance based adaptive attitude control of asteroid-orbiting spacecraft using modified

Rodrigues parameters

. 1
W (g.0,.2) <= | (1 + 20 o + Ky

Note that v is a free parameter. Thus, for a sufficiently large v, there
exists /"> 0 such that:
2 *
} + -/

Because W is positive definite and W <0, the signals o, ®,,z, and
w,; are bounded. Of course, the boundedness of the filtered signal w,,
implies that the input w, is bounded. This also implies the boundedness
of . Thus, all the signals in the closed-loop system are bounded.
Now, based on the boundedness of the derivatives of the signals, using

W< —%[(kl +2k3)|o]* + &, ¥, <o 37

@,

Barbalat’s lemma, one can prove that (o-,a)g W fz) converge to zero.
Furthermore, using arguments similar to those of Lee and Singh,*
one shows that ¢ and w,, =0 —-C bo (a) ®, asymptotically converge to
zero. Thus, the controller accomplishes nadir pointing control.

Remark 1: It is interesting to note that in the closed-loop system, the
trajectories converge to a manifold .4 defined as:

M, ={(‘I—’f,z):‘l’fz=0} (38)

This property of the NCEA system is not possible in CEA systems
using the classical update law.

Now, for the implementation of the controller, computation of u
from u/.is considered. Using Egs. (25) and (27) gives:

w=i, +au, =—‘i’f(i)+ﬂ)—‘I’_/»(ﬁ+[3)—a‘}’f(ﬁ+ﬂ) (39)

Computing the derivative of # given in Eq. (30) and using Eqs.
(23) and (32) in (39) gives the control law:

u==Y(p+p)- ¥ ¥ {(k,-a)o, +ko+a,| (40)

This completes the design of the controller based on MRP attitude
parameters.

Simulation results

This section presents the results of simulation. It is assumed that
the satellite is in an equatorial elliptic orbit around asteroid 433 Eros.
Simulation is done using the MRP control law as well as the 1&I-
based adaptive control law of Ref.??~designed for quaternion vector

(qa = (qT,q4 )T eR q= (ql,qz,q3 )Tj control. The quaternions
satisfy:26
g =sin(®/2)éq, = cos(®/2);q] g, =1
The MRP vector ¢ is defined in terms of quaternions as follows:
o, = q,.(l+q4)71 ,i=123

Itis assumed that (J,, J,, J,) = (33, 33, 50) [Kg.m?], and the mass of
the spacecraft is 600 [kg]. The remaining parameters of the model are:

r,=9:933 [km], C,, = -0.0878, and C,, = 0.0439.2 The gravitational

ol o[t ) ot o o

Copyright:
©2021 Lee etal. 01

(36)

parameter of 433 Eros and its rotation rate used for simulation are u
= 4.4650%10* [km?/s?] and Q = 3:312x10*[rad/s], respectively. The
radial distance R and the orbital rate are:

af1-<) [u 2
R(n)=— L= [* |
(1) 1+ ccosyy i ( - (1+ecosn)

where a is the semi-major axis, e is the eccentricity, and
p, = a(l—e*) is the semilatus rectum. The initial conditions are q,0)
=0.5,(i=1, ..,4) and w(0) = (0.0004, 0.0004, 0.0004)" [rad/s]. Thus,
one has ¢(0) =0.5/1.5, (i=1, 2, 3).

The selected feedback gains are k, = 0.1, £,= 0.3; k,= 0.2, and the
filter parameter o is 0.5. The adaptation gain is set as y = 5500. The
initial value of the parameter estimate is arbitrarily set as p(0) = 0y, .
The filter initial values are @, (0) = 05,; and ¥ (0) = 0,4 .

It is assumed that the spacecraft is in a prograde elliptic orbit. The
semi-major axis is 40 [km] and eccentricity is 0.3 or 0.4. It should be
noted that for the purpose of comparison, the design parameters of this
controller have been set equal to those of Ref.??, which was designed
for quaternion control.

Case A. Adaptive MRP and quaternion control of spacecraft in
prograde elliptic orbits: e = 0.3, 0.4, a =40 [km], d=0

The simulated responses of the closed-loop systems for MRP (left
column) and quaternions (right column) control for (¢ = 40 [km],
e = 0.3, d(t) = 0) are shown in Figure 2. It is observed that ¢ and
g converge to zero in about 30 and 20 [sec], respectively. Also, g,
converges to one. The maximum magnitudes (u, , », ) of (u, w) are
([1.2369, 1.2012, 1.5021]" [Nm], [5.1234, 4.6384, 4.7175]" [deg/s])
for o control, and ([2.6971, 2.5942, 3.3546]" [Nm], [8.0291, 7.4175,

7.6238]" [deg/s]) for g, control, respectively.

Simulation was also done for larger eccentricity (e = 0.4). The
responses are shown in Figure 3. One observes that despite large
eccentricity, responses are somewhat similar to those of Figure 2. It
is seen in Figures 2 & 3 that for both eccentricities, compared with
the quaternion-based control law, the MRP-based control system
achieves attitude control with smaller control magnitude, but requires
larger settling time. Additionally, the convergence of trajectories to
the manifold .#, for o control is smoother (see the plots for "‘{’ fz"
in Figures 2 and 3).

Case B. Adaptive MRP and quaternion control in prograde elliptic
orbit: e=0.4,a=40 [km],d #0
For simulation, random signals d, (i = 1, 2, 3), were generated
5x107
52 +0.65+1

. The mean value and the variance of the white noise were assumed
to be 0 and 1, respectively. The signals d, (i = 1, 2, 3), are shown

by passing white noise through a filter transfer function

in Figure 4. (Disturbance torque caused by solar radiation pressure
can be expected to be of similar order (10-%) [Nm] or even smaller.*)
Simulated responses for (¢ = 40 [km], e = 0.4) are shown in Figure
4. It is observed that o and ¢ converge to zero despite the parametric
uncertainties and random disturbance torque.
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Figure 2 Adaptive control of spacecraft in prograde elliptic orbit (R_= 40 [km], e = 0.3;d = 0): (a) MRP control (b) Quaternion control.
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Figure 3 Adaptive control of spacecraft in prograde elliptic orbit (R_= 40 [km], e = 0.4;d = 0): (a) MRP control (b) Quaternion control.

Citation: Lee KWV, Singh SN. Immersion and invariance based adaptive attitude control of asteroid-orbiting spacecraft using modified Rodrigues parameters.
Aeron Aero Open Access J. 2021;5(2):57-64. DOI: 10.15406/aa0aj.2021.05.00128


https://doi.org/10.15406/aaoaj.2021.05.00128

Immersion and invariance based adaptive attitude control of asteroid-orbiting spacecraft using modified

Rodrigues parameters

Timefsec)
E . 1
.
o 2 o
m
)
1. ™~ 2
1 w, W3
i
0 10 20 T a0 50
Timefsec)
2
7
A
0
0 10 20 20 a0 50
Timesec]
(a)

% mi
i‘%,
=
mqf?

Copyright:
©2021 Lec etal. 03

=1 e 2 d;
] 1a 0 k] 40 50
Tirme[sec]
2
1
fi] .
] 10 20 i} 40 50
Time[sec]
(k)

Figure 4 Adaptive control of spacecraft in prograde elliptic orbit (R_= 40 [km], e = 0.4;d # 0): (a) MRP control (b) Quaternion control.

Conclusions

In this paper, an I&I-based adaptive controller was designed
for the attitude control of spacecraft orbiting around asteroid. For
the representation of attitude, the modified Rodrigues parameters
were used. The inertia matrix and the gravity field parameters were
assumed to be unknown. By the Lyapunov analysis, the convergence
of the MRPs and system’s trajectories to the origin and to the
manifold .#, respectively, was accomplished. Also, for the purpose
of comparison, the quaternion-based NCEA law?* was simulated. The
responses showed that with identical design parameters in these two
control laws, the MRP-based control law required smaller control
magnitude and accomplished smoother convergence of trajectories
to the manifold .4, but required larger settling time for the attitude
trajectories.
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