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Stability and control in spacecraft dynamics

Mircea Puta

Communicated by W. A. F. Ruppert

Abstract. An optimal control problem for the spacecraft dynamics is
discussed and some of its properties are pointed out.

1. Introduction

Recent work in nonlinear control has drawn attention to drift—free systems with
fewer controls than state variables. These arise in problems of motion plan-
ning for wheeled robots subject to nonholonomic controls [12], [13], models of
kinematic drift effects in space systems subject to appendage vibrations or artic-
ulations [5], [6], models of self-propulsion of paramecia at low Reynolds numbers
[16] and autonomous underwater vehicle dynamics [8].

The goal of our paper is to discuss a similar problem for the spacecraft
dynamics. The case with drift can be found in [11].

2. The spacecraft as a drift-free left invariant system on SO (3)

Let us consider a spacecraft free to move in R3. Let (b1, ba, b3) be an orthonormal
frame fixed on the body and let (r1,rs,r3) define an inertial frame with the origin
coincident with the origin of the body-fixed frame. Then we define X (¢) € SO(3)
( = the special orthogonal group, i.e., SO(3) = {A € Ms3,3(R)|A" - A =
I3, det(A) = 1}) such that r; = X (¢)b;, i.e., X(t) determines the attitude of
the spacecraft at time t. Let e; = (1,0,0)T, es = (0,1,0)7 and e3 = (0,0,1)7.
Define

il 0 —XI3 T2
Crrx= x| ERP I = | a3 0 —x1| €s50(3)
I3 —x9 X1 0

and
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Then {A;, A2, A3} is the standard basis for so(3) and X () satisfies:
. o 3
X=X0 Q=) Q)4 (2.1)
i=1

where Q = (Q1,5,Q3)T is the angular velocity of the spacecraft in the body-
fixed coordinates. If we let

i.e., if we interpret the components of the angular velocity as our controls, then
(2.1) takes the form

3

We shall be most interested in the case when only two components of the
angular velocity can be controlled. For example, if we can control the angular
velocity about the b; and by axes, then X (t) satisfies

X = X(u1A1 -+ UQAQ).
This realization of the spacecraft dynamics is due to Leonard [7].

Theorem 2.1.  The system (2.3) is controllable and it is a single bracket one.m

Let us observe that the above theorem tells us in fact that we can reorient
the spacecraft as desired by controlling only two of the three angular velocity
components (e.g. roll and pitch velocities).

Remark 2.1. Similar results hold for the controls about:
(i) by and b axes;
(ii) by and bs axes.

3. An optimal control problem for the spacecraft dynamics
Let J be the cost function given by

ty
1

J(ur,u2) = B /[clu%(t) + coua(t)]dt; ¢1 >0, c3 > 0. (3.1)
0

Then we can prove:
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Theorem 3.1.  The controls that minimize J and steer the system (2.3) from
X=0att=0to X=Xy att =ty are given by:
1 1
u = —Pi; up=—P,
€1 C2

where the functions P; are solutions of

;. 1
P =——PP;
C2
. 1
Py = —PPs (3.2)
C1
1 1
P; = (— — —) PPy
\ C2 C1

Proof.  Simply apply Krishnaprasad’s theorem [4]. It follows that the optimal

Hamiltonian is given by

1 1
h=-—P2+ _—P2 3.3
9%, 1‘1'202 9 (3.3)

It is in fact the controlled Hamiltonian H given by
1
H = Piuy + Pyug — 5(011@ + cou3),

which is reduced to (s0(3))* via the Poisson reduction. Here (s0(3))* is (s0(3))*
together with the minus Lie—Poisson structure

0 —-P; P
g =| P 0o -P|. (3.4)
-P, P 0
Then the optimal controls are given by
1 1
up = —FP; upy=—P,,
C1 C2

where the functions P; are solutions of the reduced HAMILTON’s equations (or
momentum equations) given by

[Py, Py, P3] = TIgp - Vh,
which are nothing else but the required equations. [ ]
Remark 3.1. The function C given by

0:;ﬁ+ﬁ+ﬁ) (3.5)
is a Casimir of our configuration ((s503))*,Igrp) ~ (R? IIgR), i.e.,

(VO -TIgp = 0.

Remark 3.2. The phase space curves of our system (3.2) are the intersections
of the elliptic cylinders
Py P;
_ = _l’_ =
C1 C9

=2h

with the spheres
P} + P} + P =2C.
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Theorem 3.2.  The dynamics (3.2) is equivalent to the pendulum dynamics.
Proof. Indeed, h is a constant of motion, so
PP
a1 C2

2.

Let us take now

Py =1./cy cosf
Py =1,/cysinf.

Then ) )
P1 = —\/asinﬁ -0

= —l«/g\/@smﬁ-é
C2
= - 2P26.7
\/02

or equivalently,

0= — a by
CQPQ
B c1 PP\ 1
a5
1

Differentiating again, we get

jo_L (L 1 in 20
= — — — | C1C2 81N
4/C1C2 C2 C1 172 ’

L2
0= 5\/0102(01 — ¢9) sin 26. (3.6)

Thus, pendulum dynamics as required. [ ]

or equivalently

In the particular case ¢; = ¢ = 1 we refined BAILLIEUL’S theorem [2],
namely:

Theorem (BAILLIEUL).  The controls which minimize
ty
1
Hunyuz) = 5 [+ ud)at
0

and steer the system (2.3) from X =0 at t =0 to X = Xy at t =t; are given
by sinusoids.

Proof. Indeed, let us take in (3.6) ¢; = co = 1. Then 6 = kit + ko and the
optimal controls are given via theorems 3.1 and 3.2 by

uyp = lcos(kit + ko)
Uy = lSiIl(k‘lt + k‘g)

as required. [ ]
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Theorem 3.4.  The system (3.2) may be realized as a HAMILTON—POISSON
system in an infinite number of different ways, i.e., there exist infinitely many
different (in general nonisomorphic) Poisson structures on R® such that the
system (3.2) is induced by an appropriate Hamiltonian .

Proof. Indeed, to begin with, let us observe that our system can be put in an
equivalent form:
P =VC x Vh,
where P = [Py, P, P3]1 and C, h are respectively given by (3.5) and (3.3).
Now, an easy computation shows us that the system (3.2) may be realized as
a HAMILTON-POISSON system with the phase space R?, the Poisson bracket
{-,}ab given by
{f,9}ar = —=VC"-(Vf x Vg),

where a, b € R and

a b
C'=-C+=h
2 + 2
and the Hamiltonian A’ defined by
W = cC + dh,
where ¢, d € R, ad —bc=1. [ ]

Finally, we shall discuss the integrability of the equations (3.2) via elliptic
functions. More precisely, we have

Theorem 3.5. The equations (3.2) may be explicitely integrated by elliptic
functions.

Proof. It is known that
P1202 + P2201 = l, [ = 2h6102

and
P} + P} + P} =2C

are constants of motion. Then an easy computation shows us that

Cy — Cq (&)
and
C1 — C2 C1

Using now the third equation from (3.2) we get

(P3>2 _ L (P32 _ 2062 - l) (2001 —1 _ P32) :

C1C2 C2 C1

that is
P

dt

P) \/ & (P - 20t (2a=t - p2)

which shows that Ps, and hence P;, P» are elliptic functions of time. [ ]

t =
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4. Numerical integration of the equation (3.2)

In this section we shall discuss the numerical integration of the equations (3.2)
via the Lie-Trotter formula and the midpoint rule, and we shall point out some
of their geometric properties.
To begin with, let us observe that the Hamiltonian vector field X}, splits
as follows:
Xp = Xn, + Xhy,

where . .
hi = —P} hy=—P%
! 261 ! 2 202 2

The integral curves of X}, and X, are given by

P(t) = exp(tXy,) - P(0) = ®4(t, P(0))
and respectively,

P(t) = exp(tXn,) - P(0) = Da(t, P(0)).

Now, following [10] (see also [15]), the Lie-Trotter formula gives rise to an explicit
integrator of the equation (3.2), namely:

P = @4 (t, @o(t, PY))

or explicitely:

( P: P:
PF = PFcos 2(O>t — P¥sin 2(O>t
Co Co
P P P P P
PP = PFsin 1(0) tsin 2(0) t + Py cos 1(0) t + PYsin 1(0) t cos 1(0) t
a1 C2 €1 €1 €1
Py (0 P> (0 Py (0 P (0 P (0
Pf“zPlkcos 1 >tsin 2( )t—Pkain 1 )t—I—P:fcos 1 >tcos 2( )t
\ C1 C2 C1 1 C2
(4.1)

Some of its properties are sketched in the following theorem:

Theorem 4.1.

(i) The numerical integrator (4.1) preserves the Poisson structure (3.4).

(ii) The numerical integrator (4.1) preserves the Casimirs of our config-
uration (R3,TIgp).

(iii) Its restriction to each coadjoint orbit (C = 1ka, wyp = £ (PadPy A
dP3 — P3dPy NdPy — PydPy N dP3)) gives rise to a symplectic integrator.

(iv) The numerical integrator (4.1) does not preserve the Hamiltonian h
given by (3.3).
Proof. The items (i) — (iii) hold because ®; and ®, are flows of some
Hamiltonian vector fields, hence they are Poisson maps.

Item (iv) is essentially due to the fact that {hq,ha} # 0. u
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An alternative way for the numerical integration of the equations (3.2) is
given by the midpoint rule of Gauss—Legendre integrator. In our case it is given
by the following implicit formula:

( h
P1k+1:Pf—r@(P§+1+P§)(P§+1+Pf)
h
Pyttt = PF + 4—61(Pf+1 + PR (Pt + PY) (4.2)
h(ci —¢
Pyt = pf 4 MO C) (prs | ply(pit 1 B
\ 1€2

Using now the same arguments as in [1] with obvious modifications we can prove

Theorem 4.2.

(i) The numerical integrator (4.3) preserves the Hamiltonian (3.3) and
the Casimir (3.5).

(ii) The numerical integrator (4.3) does not preserve the Poisson struc-
ture (3.4).

(iii) The numerical integrator (4.3) does not preserve the symplectic
structure:

1
u)k:E[Pgdpl/\dpg—PBdPI/\dPQ_PldPQ/\dP3]7

hence its restriction to each coadjoint orbit (C’ = %k}Q,wk) s not a symplectic

integrator. [

5. Stability

It is not hard to see that the equilibrium states of our system (3.2) are
er1 = (M,0,0); ez =(0,M,0); e3=1(0,0,M),

where M € R. Now we shall discuss their nonlinear stability. Recall that an
equilibrium point p is nonlinearly stable if trajectories starting close to p stay
close to p. In other words, a neighbourhood of p must be flow invariant.

First consider the system linearized about c;. Its eigenvalues are given
by solutions of the equation

/\()\2— cl;CQMQ) =0.

If ¢; > co, then a root of the characteristic polynomial has positive real part, thus
ey is unstable. If ¢; < ¢y, then the characteristic polynomial has two imaginary
eigenvalues and one zero eigenvalue. Is the system stable? We shall prove that
it is, via the energy—Casimir method.
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Recall that the energy—Casimir method (see [3], [9] or [14]) requires
finding a constant of motion for the system, say H, usually the energy, and
a family of constants of motion C such that for some C' € C, C + H has a
critical point at the equilibrium of interest. C'’s are often taken to be Casimirs.
Definiteness of §2(H + C), the second variation of H + C' and the critical
point is sufficient to prove the stability if the phase space of the system is finite
dimensional. We use this method to prove the following

Theorem 5.1. The equilibrium state e; = (M,0,0) is nonlinear stable if
c1 <cCy.

Proof. Consider the energy—Casimir function

1/ P? P2 1
he == (-1 +—2 —(P?+ P} + P2
@ 2(01‘1‘62)‘1‘@(2(1"‘ s +P3) ),

where ¢ : R — R is an arbitrary smooth real valued function defined on R. Let
¢, ¢" denote its first and second derivatives. Now, the first variation of h,, is
given by

P P
Shy, = c—lapl + C—Qapg + ¢/ (-)(P1OP; + P26 Py + P33 Ps).
1 2

This equals zero at the equilibrium of interest if and only if

¢<ﬂﬁ):—i. (5.1)

2 C1

The second variation of h, at the equilibrium of interest is given via (5.1) by

0%hp(cr) = ¢ (%M) M2(§P)? + =2 (5P5)> — —(6Py)>.

1
C1C2 C1

Since ¢; < ¢2; ¢1, c2 > 0 and having chosen ¢ such that

1
‘PH <_ MQ) < 07
2
we can conclude that the second variation at the equilibrium of interest is negative

definite and thus e; is nonlinear stable. |

In a similar manner we can prove

Theorem 5.2.  The equilibrium state ex = (0, M,0) is
(i) unstable, if ¢1 < co;
(ii) nonlinear stable, if c1 > co. u

Theorem 5.3.  The equilibrium state es = (0,0, M) is nonlinear stable. n
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