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Abstract. Let SE(3,R) be the special Euclidean group. A controllable
drift-free system on SE(3,R) is considered. The dynamics and geome-
trical properties of the corresponding reduced Hamilton’s equations on
(se(3,R)*,{-, -}_) are studied, where {-,-}_ is the minus Lie-Poisson
structure on the dual space se(3, R)* of the Lie algebra se(3,R) of SE(3,R).
The numerical integration of this system is also discussed.
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1 Introduction

In the last time there was a great deal of interest in the study of control problems on
matrix Lie groups due to their applications in spacecraft dynamics [16], [17], subac-
vatic dynamics [5] or aquatic systems [4]. The goal of our paper is to study an optimal
control problem on a particular Lie group and to point out some of its dynamical and
geometrical properties. Similar problems have been studied on the Lie group SO(4)
(see [6]) and on SE(2,R) x SO(2)(see [7]).

We consider a controllable drift-free system on the Lie group SE(3,R). The dy-
namics and geometrical properties of the corresponding reduced Hamilton’s equations
on (se(3,R)*,{-,}_) are studied, where {-, -} is the minus Lie-Poisson structure
on the dual space se(3,R)* of the Lie algebra se(3,R) of SE(3,R). In particular, by
using the energy-Casimir method, the Lyapunov stability of equilibria of this system
is studied. In the last section of the paper we consider three numerical integrators
associated to the system and we point out some of their properties.
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2 The geometrical picture of the problem

Let SE(3,R) be the 6-dimensional Lie group given by

SE(3,R) = {[ ‘3 71’ } LA € SO3),ve R3}.
Its Lie algebra is given by:

a 0 —c y

— ~ 6
se(3,R) = b e 0 sa,be,x,y,z € R 3 2R,
0 0 0 0
A Dbasis of the Lie algebra is given by the next matrices:
0 0 0 O 0 0 1 0 0 -1 0 O
0 0 -1 0 0 0 0 O 1 0 0 O
A=l 1 0 o™ | 1000 ™ o 0 0 0
0 0 0 O 0 0 0 O 0 0 0 O
0 0 0 1 0 0 0 O 0 0 0 O
0 0 0 O 0 0 0 1 0 0 0 O
A=1o 00 0| o000 o000 1|
L0 0 0 O 0 0 0 O 0 0 0 O
The Lie algebra structure of se(3,R) is given by the following table:

LI A A, | As | A; | A5 | A
A 0 | As | —A, 0 | Ag | —A;
A, | —As 0 | A | —4g 0| A,
Ay | Ay | —A, 0 | A | —A, 0
A, 0 | Ag | —A; 0 0 0
A5 | —Aq 0| A, 0 0 0
As | As | —4, 0 0 0 0

Now, a general left invariant drift free control system on SFE(3,R) with fewer controls
than state variables can be written in the following form:

X=X (i%&) )
i=1

where X € SE(3,R), the scalar functions u;,i = 1,2,...,m, are the control inputs,
and m < 6.

In all what follows we shall concentrate on the following left-invariant, drift-free
control system on SE(3,R) with three controls:

(2.1) X = X (u1A1 + uzAs +usAg)
Then we have:
Proposition 2.1. The system (2.1) is controllable.

Proof. Since the span of the set of Lie brackets generated by A;, A3, A4 coincides with
se(3,R), the Proposition is a consequence of a result due to Jurdjevic and Sussman
([13]). O
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3 An optimal control problem associated to the system (2.1)
Let J be the cost function given by:

I
J(uy,us, uyg) = 3 / [eru (t) + cauj (t) + cquf ()] di
0

c1 > 0,c3 >0,¢c4 > 0.

Then we have:

Proposition 3.1. The controls that minimize J and steer the system (2.1) from
X=Xoatt=01t0 X =X; att=t; are given by:

1 1 1
Uy = —T1, U3 = — T3, Ug = —— T4,
C1 C3 C4

where s are solutions of the following system of differential equations:

. 1
T = —X2x3,
C3
. 1 1 1
&g = (— — —)x123 + — X476,
C1 C3 C4
. 1
T3 = ——T1T2 — —T4Ts5,
C1 Cy4
(3.1)
. 1
Ty = —X3T5,
C3
. 1
Ts = —T1xe — —T3T4,
C1 C3
. 1
Tg — —;$1$5.
1

Proof. Let us apply Krishnaprasad’s theorem (see [15]). It follows that the optimal
Hamiltonian is given by:

1 /22 22 22
Hopi(21,23,24) 1= 3 ((311 + ij + Cj) .

It is in fact the controlled Hamiltonian H given by:

H _ 1 2 2 2
(21,3, Ta, U1, U3, Us) = T1U1 + T3U3 + TaUg — §(clu1 + caui + cauy),

which is reduced to se(3,R)* via Poisson reduction. Here se(3,R)* is the dual
se(3,R)* =2 RO of the Lie algebra se(3,R) together with the minus-Lie-Poisson struc-
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ture given by the matrix:

0 —I3 ) 0 —Tg Ts

T3 0 —x1 T 0 —X4
- —x2 I 0 —XI5 Ty 0
- 0 —Tg xIs 0 0 0
Te 0 —x4 0 0 0
—5 T4 0 0 0 0

Then the optimal controls are given by

1 1 1
Uy = —T1, U3 = —T3, Ugy = —T4,
C1 C3 Cy
where z}s are solutions of the reduced Hamilton’s equations on (36(3,R)*, {, }7)
given by:
[j"h X9, @3, T4, Ts, j:G]t =1II_- VHopt

which are nothing else than the required equations (3.1). O
Proposition 3.2. The dynamics (3.1) has the following Hamilton-Poisson realiza-
tion:
(R, 11, H),
where
0 —x3 T2 0 —xg 5
T3 0 -z 6 0 -4
I _ —X2 I 0 —XI5 T4 0
N 0 —Tg Is 0 0 0
Tg 0 —z4 O 0 0
—I5 Iy 0 0 0 0
and

1 /22 22 a2

— 1 3 4
H($1,$2,$3,$4,$5,.’L‘6) = 5 c +7C +7C .

1 3 4

Proof. Indeed, it is not hard to see that the dynamics (3.1) can be put in the equivalent
form:
[0, &2, &3, 4, &5, 6] = 11 - VH,

as required. O
Via Bermejo-Feiren’s technique [9] we are immediately lead to:

Proposition 3.3. The smooth real functions C1 and Cs given by:

1
Ci(z1, 22,23, %4, %5, T6) = Q(fﬂi + 23+ 23)

Ca(w1, 72,23, T4, T5,T6) = T174 + ToT5 + T3T6
are Casimirs of our Poisson structure.

The goal of our paper is to study some geometrical and dynamical properties of
the system (3.1).
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4 Stability

Let us consider now ¢; = 1 and c3,c¢q4 > 0. Using MATHEMATICA, we can see that
the equilibrium states of our dynamics (3.1) are:

MNP .— (0,M,0,0,N,P), M,N,P € R,

= (

=(0,0,M,0,0,N), M,N €R,
(M70’07N7070)7 M7N€R7
= (0,M,0,N,0,0), M,N €R.

If 0 < ¢3 < 1, our dynamics has two more equilibrium states:
vea(l —
(M,0,N,—M~y/ca(1l — ¢3),0,—N ))MNER
= (M,0,N, M+/ca(1 — c3), ON” ))MNER

Then we have:

Proposition 4.1. The equilibrium states ei\/f N.p , M,N,P € R, are spectrally stable
for any M, N, P € R*.

Proof. Let A be the matrix of the linear part of our system (3.1). It is easy to see
that the eigenvalues of the matrix A7)

N2 M?
Az = 0, A = iy |
C3Cy

and then our assertion follows immediately. O

are:

Proposition 4.2. The equilibrium states 62 , M, N € R*, are spectrally stable if

1-— 1—
0<ecz3<1, N¢€ <—|M| \/@7 M| \/04(6703)>
3 3

Proof. We shall use the energy-Casimir method (see [8] and [6]). Let

Fuy(21, 22,23, 34,05, 26) := 3D (H + ¢(C1) + ¥(C2)) (z1, 22, 23, T4, T35, T6)

R I

= —-— + b

2c1  2c3  2cy

be the energy-Casimir function, where ¢, : R — R are smooth real functions. Now,
the first variation of Fy, , at the equilibrium of interest equals zero if and only if

1
+ o(z124 + z225 + T3T6) + Y <($i + a3 + xé))

2

P(MN) =0,
o () =0
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The second variation of F, , at the equilibrium of interest is given by:

62 Fp (1"F) = L(001) + L (0m)? + & (92)°

1

+G(MN)(Nowy + Pows + Mows)? + 1 (2242 ) (Nows + Pox).

Choosing @, 1 such that
¢(MN) > 0,

5() >0

we can conclude that the second variation of F, , at the equilibrium of interest is
positive definite and thus ejlw’N’P is nonlinearly stable. O

For the equilibrium states eéW’N, M, N € R, the computations are very complicated
and the conditions which are obtained cannot be put in a simple form. Therefore we
will not give other details.

Proposition 4.3. The equilibrium states ei/[’N, M, N € R*, are spectrally stable if

N € (= [M]y/eca, |M|\/ca).

Proof. Tt is easy to see that the characteristic polynomial of the matrix A(eiw’N) has
the following expression:
)\4
L (c3ea\? — N? 4 M?¢y)
C3Cq
and our assertion follows immediately. O

The equilibrium states eéw’N and eéw’N, M, N € R, are unstable.

Let us discuss the nonlinear stability of some of these equilibria. We have the
following result:
Proposition 4.4. The equilibrium states eiW’N’P, M, N, P € R, are nonlinearly stable
for any M, N, P € R*.

Proof. We shall use the energy-Casimir method (see [10] and [8]). Let

F¢,¢($1,$2,$3,$47$5,]}6) = (H + (p(cl) + w(OQ))(le,l'Q,l‘z;,1‘4,.1‘5,.136)

R I T
= 21 E 24 + o(z124 + T25 + T326) + w(ﬁ(% + x5 +x§))

be the energy-Casimir function, where ¢, : R — R are smooth real functions. Now,
the first variation of F, , at the equilibrium of interest equals zero if and only if

¢(MN) =0,

. N2—|—P2
w<i2>:0
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The second variation of F, , at the equilibrium of interest is given by:

1 1 1
32 Fyy(e"™) = —(621)" + —(0w3)” + —(0aa)”
C1 C3 Cyq
. 2 o N2 + P2 2
+P(MN)(Néxg + Poxs + Mdxs)* + — (Ndxzs + Pdxg)?.
Choosing ¢, 1 such that
Y(MN) >0,
.. N2 + P2
U >0,
we can conclude that the second variation of Fi,, at the equilibrium of interest is
positive definite and thus ejlw’N’P is nonlinearly stable. O

Unfortunately, for the rest of equilibrium states the energy-Casimir method does
not work. The nonlinear stability problem should be approached with other tech-
niques, and it is still open.

5 Numerical integration of the dynamics (3.1)

It is easy to see that for the equations (3.1), Kahan’s integrator (see [14]) can be
written in the following form:

(5.1)
n+1 n __ h’ n+1_mn n+l _n
S e 25 (x5 7y + oy f),
h /1 1 h
n+1 n __ n+l_mn n+1l_.n n+1l_n n+l_n
S P, (21" af + xf x1)+2—&1(x4 Tg +xgxy),
n+1 n __ h ( n+l_mn n+1l_n h n+l_n n+l_n
Ty T3 = o T + 531)_7204(%4 zy +ayTxy),
n+1 n h n+1_n n+l_n
Ty B Xy = %(373 x5 +ag o ag),
3
h h
n+1 n __ n+l_n n+l_mn n+l_mn n+l_.n
Ts' —¥5 =5 - (217 g + g 2t) — Sen (x) " ay + a2y,
C1 C3
n+1 n __ h n+l_n n+1l,_n
Tg = — T **E(% x5 + g ar).

A long but straightforward computation or using eventually MATHEMATICA lead
us to:

Proposition 5.1. Kahan’s integrator (5.1) has the following properties:

(i) It is not Poisson preserving.

(i) It does not preserve the Casimirs C1,Cq of our Poisson configuration ((se(3,R))*, II_).

(iii) It does not preserve the Hamiltonian H of our system (3.1).
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We shall discuss now the numerical integration of the dynamics (3.1) via the Lie-
Trotter integrator (see [17]). For the beginning, let us observe that the Hamiltonian

vector field X g splits as follows:
Xy =

where

Hi(z1, 22,
Hy(xy, 2,

Hs(z1, 22,

Their corresponding integral curves

z1(1) z1(0)
z2(1) 22(0)
x3(t) 23(0) '
= A’L ) = 17 27 37
z4(t) za(0) |7
w5(t) 75(0)
x6(t) x6(0)
where
1 0 0 0 0 0
0 cosat sinat O 0 0
A — 0 —sinat cosat O 0 0
1o 0 0 1 0 0 ’
1 0 0 0 cosat sinat
1 0 0 0 —sinat cosat
o= I (0) ’
¢
cosbt sinbt O 0 0 0
—ginbt cosbt 0 0 0 0
A — 0 0 1 0 0 0
2= 0 0 0 cosbt sinbt 0
0 0 0 —sinbt cosbt O
0 0 0 0 0 1
1
b = *Ig(O),

C3

X, + Xo, + Xu,,

I,
353,95471’5@6) = 720 1

1

I 5
133,30473357906) = 720 35

3

I,
3, T4, T5,T6) 1= 2o x3.

4

are respectively given by:
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and
1 0 0 0 0 0
0 cosat sinat 0 0 0
As — 0 —sinat cosat 0 0 0
0 0 0 1 0 0 ’
1 0 0 0 cosat sinat
1 0 0 0 —sinat cosat
c= z4(0) .
Cq

Then the Lie-Trotter integrator is given by:

x?+1 7
i
n n
(5.2) T | = Adaas | T
Ty xy
zptt xl
xptt xg
ie.
2" = g cos bt 4 a} sin bt + ctal sin bt,
x5 = 2 cos at cos bt + ctay cos at cos bt + ' sin at—
ctzy sinat — x7 cos at sin bt,
(5.3) :cg“rl = % cosat — ctxf cosat — x cos bt sin at—
’ ctxg cos bt sin at 4 7 sin at sin bt,
xi T = a7 cos bt + xP sin bt,
22T = 27 cos at cos bt + xf sin at — x7} cos at sin bt,
xp ™ = 2P cosat — x¥ cos bt sin at + 2} sin at sin bt.

Now, a direct computation or using eventually MATHEMATICA leads us to:

Proposition 5.2. The Lie-Trotter integrator (5.3) has the following pro-
perties:

(i) It preserves the Poisson structure I1_.
(i) It preserves the Casimirs Cy,Co of our Poisson configuration (se(3,R)* TI_).
(1ii) It doesn’t preserve the Hamiltonian H of our system (3.1).
(iv) Its restriction to the coadjoint orbit (O, wy), where
O == {(z1, 2, 33,24, x5,76) € RO | (23 + 2} 4 23) = constant,
X124 + Tows + 326 = constant}

and wy, is the Kirilov-Kostant-Souriau symplectic structure on Oy, gives rise to
a symplectic integrator.



An optimal control problem 77

If we make a comparison with the 4th-step Runge-Kutta method, we can see that
the Lie-Trotter integrator gives us a good approximation of our dynamics. Unfortu-
nately, Kahan’s integrator has faild for this example. It is an open problem who is
responsible for this. However, Kahan’s integrator and the Lie-Trotter integrator have
the advantage to be easier to implement, see Figures 6.1, 6.2 and 6.3.

Projection on Oziz2x3. Fig. 6.1: 4th-step Runge-Kutta; Fig. 6.2: Kahan.

Fig. 6.3: Projection on Ozxiz2x3: Lie-Trotter integrator.

6 Conclusion

The paper presents a controllable drift-free system on the special Euclidean group
SE(3,R); this arises naturally from the study of the underwater vehicle’s dynamics
for which the Lie group SFE(3,R) represents the phase space (see [5]). Moreover,
we have discussed the nonlinear stability of some of the equilibrium states and a
comparison between three numerical integration methods. We have seen that two of
them give us a weak approximation of the movement trajectory, unlike some other
examples for which all these three methods provide the same results (for instance in
the case of a control system on SL(2,R) or in the case of the 3-dimensional Toda
lattice).
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