Asymptotic Stabilizability of Underactuated Hamiltonian
Systems With Two Degrees of Freedom*

Sergio D. Grillof Leandro M. Salomone! Marcela Zuccallit
April 29, 2019

Abstract

For an underactuated (simple) Hamiltonian system with two degrees of freedom and
one degree of underactuation, a rather general condition that ensures its stabilizability,
by means of the existence of a (simple) Lyapunov function, was found in a recent paper
by D.E. Chang within the context of the energy shaping method. Also, in the same
paper, some additional assumptions were presented in order to ensure also asymptotic
stabilizability. In this paper we extend these results by showing that above mentioned
condition is not only sufficient, but also a necessary one. And, more importantly, we show
that no additional assumption is needed to ensure asymptotic stabilizability.

Keywords Underactuated Systems, Hamiltonian Systems, Asymptotic Stability, Lyapunov
Functions.

1 Introduction

Consider an underactuated Hamiltonian system with two degrees of freedom and exactly one
actuator (i.e. with one degree of underactuation). Such a system can be described by a
pair (H,Y), where H is a Hamiltonian function on a 4-dimensional phase space and Y is a
(vertical) vector field defining the direction of the actuator. Fix a critical point «g for the
related Hamiltonian vector field Xy and assume from now on that:

1. H is simple, i.e. in any canonical coordinate chart (z,y, pz,py)

HGope) = 5 o) 502 000 () o)

for some function h and with
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a positive-definite matrix;
2. there exist canonical coordinates, that we shall call adapted coordinates, in which:

(a) Y is given by the constant vector (0,0,0,1);
(b) the critical point aq is represented by the vector 0 := (0,0, 0, 0).

A system satisfying above conditions will be called underactuated simple Hamiltonian
system with two degrees of freedom. In Ref. [7], D.E. Chang found, among other things,
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a sufficient condition that ensures the stabilizabilityﬂ of such systems at the given critical point
0. The mentioned condition can be written (in adapted coordinates) as
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<b82h 3%)(0,0)7&0 or %(o,opo. (1)

922 te 0zxdy

In coordinate-free terms, according to [7], above inequalities mean that: either the linearization
of the system at the given critical point is controllable, or it is uncontrollable with uncontrollable
modes given by a purely imaginary pair.

Chang’s work was done within the framework of the energy shaping method (see for instance
[, 21 3] (4 5] 10} 04 [15] [T6, [1°7]), or more precisely, within his version of the method, developed
in [6, 8 ©]. Let us briefly review such a method in the present context. Its main idea is to
construct, for a given pair (H,Y) and a given critical point of Xy, a state feedback controller
u and a simple Lyapunov function H for the resulting closed-loop system. Note that H (to be
simple) must have the form

H (2,Y,pary) = % (Ps Py) {f(x: b) g(x’y)} ( gz > +h(w,y)

with

g(z,y)  l(z,y)

positive-definite. To find the controller u, a set of partial differential equations (PDEs), known
as matching conditions, must be solved. Such PDEs have the pair (H,Y) as datum and the
aforementioned Lyapunov function H as their unknown. According to Ref. [I1], for pairs
(H,Y) as described above, and using adapted coordinates, the mentioned PDEs are

B(z,y) = {f(x,y) g(x,y)] @)

2
Z (8}&@1“ Hkl — 8kHij HM) pipjpl = 0, (3)
1,4,k l=1
the kinetic matching condition, and
Z (8kiLHkl - 8thkl) P = 0, (4)
k,l=1

the potential matching condition, and must be satisfied for all (z,y, ps, py) such that

P 9(x,y) +pyl(z,y) =0, (5)

Here, 01 (resp. 02) denotes the partial derivative w.r.t. = (resp. y), p1 = p, and p2 = p,. Note
that for H to be a Lyapunov function related to the point 0, we need that hisa positive-definite
function w.r.t. (0,0), i.e.

h(0,0) =0 and h(z,y) >0 forall (x,y)# (0,0). (6)

Once a solution H of the matching conditions is given, the method provide a concrete
procedure to construct a state feedback controller. In the case under consideration, such a
controller has the form (see Ref. [11])

w(z,y, pa, py) = (0,0,0, A (z,y,pa, py)) , (7)
with
(n+ 8. HY) @y, 2oy
Pz 9(x,y) + py l(z,y)

(8)

)\(xvyapzvp’y) ==

1By stabilizable at a point oy we mean that there exists a state feedback controller such that the related
closed-loop system is stable at ag.



Here {-, -} denotes the canonical Poisson bracket and p is any non-negative function such that

:u(xayvpxapy) (9)
Pz 9(x,y) +pyl(2,y)

is smooth. Thus, if a solution A of the matching conditions (3) (@) and (B) is found, and satisfies
above mentioned positivity requirements [see (@], the system in question can be stabilized at
the point 0 by means of the controller (7). And, as we said above, such stability is ensured by
the existence of a Lyapunov function for the related closed-loop system: the solution H.

It was shown in [II] that the Chang’s version of the energy shaping method [6 8, [@] is
mazimal among the so-called “Lyapunov based methods.” More precisely, if an underactu-
ated simple Hamiltonian system (with any number of degrees of freedom and any degree of
underactuation) is stabilized by a method that gives rise to a closed-loop system with a simple
Lyapunov function, then such a function must be a solution of the matching conditions and
the related controller is exactly the one given by the energy shaping method.

Coming back to (I), what Chang showed in [7] was actually that (Il is a necessary and
sufficient condition for finding a simple solution of the matching conditions (with the above
mentioned positive requeriments), and consequently a sufficient condition for stabilizability.
Moreover, in the same paper, two additional assumptions to ensure not only stabilizability, but
also asymptotic stabilizability, were presented.

In the present paper, we further study the stabilizability condition (I) and show:

a. A (slightly) different stabilizability characterization: () is a sufficient and a necessary
condition to stabilize an underactuated simple Hamiltonian system with two degrees of
freedom by any method (not only the energy shaping) that guarantees such stability by
exhibiting (or at least by ensuring the existence of) a simple Lyapunov function.

b. The main result of the paper: (1) not only ensures stabilizability, but also asymptotic
stabilizability. That is to say, no additional condition is needed, other than (II), in order
to prove the asymptotic stabilizability for an underactuated simple Hamiltonian system
with two degrees of freedom.

The paper is organized as follows. In §2] we write down a more convenient expression of
the matching conditions @), @) and (@). Then, studying the existence of their solutions, we
give an alternative derivation of the condition (Il) and show the point a above. We could
show that point simply by combining the results of Chang in [7] and the above mentioned
mazimal character of the energy shaping method (showed in Ref. [II]). Nevertheless, we
decided to make a detailed proof because of the involved reasoning and calculations, which
are necessary to prove the second result of the paper. The latter is done in §3] where, by
combining the LaSalle’s invariance principle, a Dirac-like algorithm and the Morse Lemma, we
show that condition () also implies asymptotic stabilizability (i.e. we prove the claim of point
b). Finally, we illustrate our results with an example.

2 Stabilizability of systems with two degrees of freedom

In this section we prove that, given an underactuated simple Hamiltonian system with two
degrees of freedom, condition (IJ) ensures its stabilizability. Reciprocally, if such a system is
stabilizable and that stability can be ensured by a simple Lyapunov function, we prove that
condition (IJ) must hold. All that will be done by using the Chang version of the energy shaping
method [6l 8, [9]. To begin with, we shall write down @), @) and (@) in a way which is more
appropriate for our purposes.

We want to emphasize that the results of the present section represent a slightly modification
of those contained in the work of Chang [7] and, as we said in the Introduction, they can be
proved just by using the maximal character of the energy shaping method [II]. However, we
decide to give an alternative proof here because some of the intermediate steps are crucial for
showing the main result of this paper, developed in §3



2.1 Re-writing the matching conditions
Consider a pair (H,Y') and a set of adapted coordinates (z,y, pz, py) as those described in the
Introduction.

Remark 1. Since H is simple, it is easy to show that 0 is critical for the Hamiltonian vector

field
_ (OH 0H 0H O0H
Op,’ Op,” 0Oz’ Oy
if and only if (0,0) is critical for the function h.
Consider also the matching conditions (3), @) and (B) for the unknowns H and h. Note
first that, since H is positive-definite (see () in the Introduction), then

H= (10)

a,c>0 and A:=ac—0b*>0. (11)
Analogously, regarding H, we have that
f>0 and fl—g®>0, (12)
which implies that [ > 0. To further simplify the notation, define

| — 2
6= filgv V= glv (13)

and
B:=a; —2vb, + % c,. (14)

(From now on, the subindices 2 and y denote partial differentiation). In terms of these new
variables, it can be shown that the kinetic matching condition (B]), combined with (), and the
positivity conditions ([I2) are equivalent to

(@—b7y)dz+ (b—cy)dy=Bd, §>0 (15)
and [ > 0, while the potential matching condition (), combined with (@), adopt the form
(@ —b7y) he + (b—cv) hy = hy 6. (16)

Summing up, the matching and positivity conditions can be described by (), (I6) and
(@) for the unknowns (5, v, iL), plus the condition [ > 0. To go back to the original variables,

we just must use the formulae [see (I3])]

f=6+14% and g=17. (17)

2.2 A sufficient condition for stabilizability

As we said in the Introduction about the energy shaping method, if we find a solution to (@),
@), @) and (6l), then we can construct a vector field u [see (@) and ()] and a simple Lyapunov
function that ensures the stability of the related closed-loop system at 0 (at least locally around
0). So, according to the last subsection, the stabilizability of (H,Y) around 0 can be analyzed
by studying the existence of solutions (5, v, iL) of (I3, [I6) and (6). To do that, let us consider

the next two lemmas. In what follows, we shall call U C R* the neighborhood of 0 where the
adapted coordinates take their values. Also, for simplicity, we shall write 0 := (0, 0).

Lemma 1. Given a function v satisfying

and
[(a=b7) hog + (b= ) hay] (0) >0, (19)

there exist functions & and h such that (5,% ﬁ) is a solution of (IH), (I8) and (6.



Proof. Let us begin with ([IH]). This is a first-order PDE, so we can use the Method of Charac-
teristics to find a solution around 0. But, in order for this to make sense, we need a suitable
boundary condition on a non-characteristic submanifold I'. Let V' be the projection of U onto
the first two coordinates. Observe that the characteristic vector field is A = (a — by, b — ).
Then, we may take the submanifold I' C R? to be the z-axis, i.e. to take

I'={(z,0):z € R}NYV,

so long as we ensure that the second component of A is nonzero around 0. But this amounts
to choose v such that (I8) holds. Since we need § > 0, we can impose the boundary condition
d|p = s, where s : R — R is a function such that s(0) > 0. In this case, the Theorem
of Characteristics states that there is a unique solution ¢ of ([IH) such that 6(z,0) = s(z),
which implies, by continuity, that é(z,y) > 0 around 0. We can shrink V (together with U),
if necessary, in order to ensure that § > 0 along all of V. From now on, we shall use this
shrinking process implicitly (finitely many times).

Let us continue with (I6) and (@). The former is also a first-order PDE, and with the
same characteristic vector field A. Assuming (I8) again, the z-axis is a non-characteristic

submanifold and we can impose h| = r, where r : R — R is a smooth function such that
r

7(0) = 0. This implies that A (0) = 0, which is the first part of (). The second part says
that 0 is an isolated minimum for h or equivalently, O is critical for h and the Hessian of A is
positive-definite at 0. Let us analyze these conditions. Since 0 is critical for h (see Remark[I),

i.e. (hy(0),hy(0)) =0, it follows from (I6) that h must satisfy
[(a=b2)ha + (b= 7)oy | (0) = 0.

Thus, since b(0) — ¢(0) ¥(0) # 0 [see ([IJ)], in order to have that (IA"LJC (0), ﬁy(0)> = 0, it suffices
to ask that h,(0) = 7/(0) = 0. So far, we have that r and s must satisfy

s(0) >0, r(0)=r'(0)=0. (20)
On the other hand, the Hessian of & is positive-definite at 0 if and only if

hee(0) >0 and (ﬁm Fryy — i}iy) (0) > 0. (21)

It is easy to compute the second partial derivatives of h at 0 using ([I8) and the boundary

conditions | = s and h| = r. This gives, omitting the evaluation point O,
r

iL = (0) )
7 htms 0)—(a—b (0
By = ( )(b(imv) ( ), (22)
b — heys(0)  (a=b7) heo 5(0)+(a=by)* r"'(0)
v (b—c) (b—cv)? :
Then, we must have .
hae = 1" (0) >0 (23)

and

n e s () (- . h3, 5(0)
how hyy — by = (b—cq)? <( b) haa + (b Y) hay — 7 (0) ) > 0. (24)

Accordingly, since ([I9) holds by hypothesis, in order to ensure ([2I]) it is enough to take

, B2, (0) 5 (0)
O > T e+ (e = 57) oy (0 (25)

O

The next lemma gives a necessary and sufficient condition, in terms of H, for the existence
of a function « fulfilling ([I9). The proof can be found in the Appendix.



Lemma 2. There exists a function v such that [I9) holds if and only if
[bhae +cheyl (0) 0 or hgy (0) > 0. (26)
Moreover, in such a case, v (0) can be chosen such that
ahaotbhay
7 (0)] > |[ et ] (0) 2
[v (bhgs + chygy)] (0) <O

if [bhag + chyy (0) # 0, and using the following table

Ry (0)=0 hzy (0) <0 Ry (0)>0
b(0)=0 any ~7(0) >0 ~7(0) <0
b(0)>0]1(0) < 50 | X <1(0) <58 | (0) < min (55, 2%) (28)
b(0) <0 | ~4(0) > 52 | 4(0) > max(% f;gg;) a8 < ~(0) < &Y

if hax (0) > 0. All of these conditions are compatible with ([IS]).

Summarizing, if (26) holds, in order to find a solution (6,7, iL) of (IH), [I6) and (@), it is

enough to take v satisfying (I8) and also 1) or [28]), as explained in the last lemma. Thus,
we have proved the following.

Theorem 1. Consider an underactuated simple Hamiltonian system with two degrees of free-
dom and a set of adapted coordinates related to it. Then if (26) holds, the system is stabilizable
at 0, i.e. there exists a state feedback controller u, defined at least around O, such that the re-
lated closed-loop system is stable at 0. Moreover, such a stability can be ensured by the existence
of a simple Lyapunov function.

2.3 A necessary condition for the existence of a simple Lyapunov
function

Using the same notation as above, suppose that an underactuated simple Hamiltonian system
with two degrees of freedom (H,Y') can be stabilized at 0, and that such stabilization is ensured
by the existence of a simple Lyapunov function. More precisely, suppose that there exists a
controller v = AY and a simple Lyapunov function H, both of them defined at least around
0, ensuring the stability of the related closed-loop system. Then, it was shown in [I1] that u
and H must be given by the energy shaping method (or more precisely, by the so-called simple
CH method). In particular, H must be locally given, in adapted coordinates, by a solution

(5,7, iz) of (IT), () and (@) [and by @) and ([I7) and some function [ > 0]. We want to show
from this fact that (26) must be satisfied. To do that, let us consider two cases.

1. [y does not satisfy ([I8)] If v(0) = b(0)/c(0), then [recall (III)]

b(0) _ A(0)

[a=57](0) = a(0) ~b(0) 755 =

On the other hand, if we differentiate (I6) and evaluate the result at 0, we obtain

(Recall that O is critical for 7 and h). As a consequence, using that 6(0) > 0 and
haz(0) > 0,
[CL — bﬁY] (0) By (O)

In other words, condition (26]) must hold.



2. [y satisfies (I8)] Let us call V the neighborhood of 0 where the functions 6,7, h are
defined. Define  (z) := h (z,0) and s(x) := §(z,0) for all z such that (z,0) € V. Tt is
clear that the domain of the last functions is an open neighborhood of 0. Then, as we
saw in the previous section, differentiating (6] and evaluating at 0 (and using that 0 is
critical for h), we arrive at (22]). Thus, the positivity conditions (2] for h can be studied
in terms of (23) and (24). From the latter, and from the fact that s (0) > 0 (since § must
be positive), it easily follows that (I9]) is a necessary condition. But according to Lemma
[l this says again that condition (28] must be satisfied.

Combining above discussion with Theorem [Tl we have the following characterization.

Theorem 2. Under the conditions of Theorem[l, (H,Y) is stabilizable at 0, and such stability
can be ensured by the existence of a simple Lyapunov function, if and only if ([28) holds.

3 Asymptotic stabilizability

In Reference [7], it was shown that the condition? [b hee + ¢ hay] (0) # 0 also implies asymptotic
stability (as previously affirmed in [I2], without a proof). In any other case, in the same
reference, an additional condition is proposed to ensure this kind of stability. We show in the
next subsection that no condition other than (26) is needed to this end.

3.1 No additional assumptions are needed

Let ((5,7, iL) be a solution of (X)), (I6) and (@) defined around 0, with ~ satisfying (I8 and

@) and with boundary conditions given by functions s and r, as described in the proof of
Lemma [l That is to say, 0 and h must satisfy

§(2,0) = s(z) and h(x,0)=r(z), (29)

with s and 7 fulfilling 20) and [25). To ensure the existence of such a solution, we only must
ask that (26) hold. Let H be given by () and (1), i.e.

H (2,y,pz.py) = {pi (f((fz)) —7? (I,y)) +27(2,y) papy + 05| L(2,y) (30)

+h(z,y),

for some positive function [. To write down an explicit expression for the controller, we must
choose a non-negative function p fulfilling [@). To that effect, it suffices to take

1(2, Y, Doy py) = 5 (v (2,9) po +py)° 12 (2,y)

for some positive constant .

Remark 2. According to the results of Ref. [11], the subset x ! (0), which in this case is given
by
P 0) = {(2, 9,90, 1y) 1 P2y (2,) + py = 0}, (31)

is the LaSalle surface related to the Lyapunov function H (see [I3]). Note also that 0 € p~! (0).
With all these elements, the state feedback controller u adopts the form

u=(0,0,0,)), (32)
where A is locally given as [see (8])]

{ﬁvH} (ﬂﬁ,y,pz,py)
v (2,y) pe +py) L(z,y)

A, Y, pa, py) = — 2 (v (2, y) P2 +py) (2, y) — (

2 Actually, a weaker condition is considered there (see Theorem III.3).



Our next step will be to prove that the functions §, -, [ and h can be chosen such that the
closed-loop system defined by u is asymptotically stable around 0, i.e. the origin 0 is an
asymptotically stable equilibrium point of the vector field X = Xy + u. More precisely, we are
going to show, without any additional assumption other than (26), that boundary conditions s
and r [see (29)] and an open subset T’ containing 0 can be chosen in such a way that the largest
X-invariantd submanifold of Sy := ~! (0)NT is the singleton {0}. Taking into account Remark
2 this would imply, via the LaSalle’s invariance principle, that 0 is (locally) asymptotically
stabilizable for X (see [I3]). The proof will be based on the next two lemmas (the proof of the
first one is easy to derive, so we omit it for brevity).

Lemma 3. Given a manifold P, a vector field X on P, a critical point ag of X, and a
submanifold So C P containing «p, let us deﬁncﬁ

Spi={aeS-1: X(a) eTS,—1}, neN, (34)

where we are assuming that each Sy, is a submanifold of S,,—1. Then, the largest X -invariant
subset I of Sy satisfies

{ao} cIC ) Sn.

neN

In particular, if Sy = {ao} for some k € N, then I = {ap}.

Lemma 4. There exist boundary conditions s and r, a function v and an open subset T > 0

such that [see ([B4)]:

e the subset Sy corresponding to So = =1 (0) NT is a submanifold of So;
e Sy is a submanifold of S1;
o S3={0}.

It is enough to take s and r such that [besides 20) and (25)/

O [P (e - 52 )] 00 (33)

and choose v(0) according to (&), (TA) and the additional restriction

(@050 1 (70))
1(0) # o (36)
0.0 (2o
where M is a positive-definite matriz given by
" hos 5(0)—(a—b~y) T//(O)
heo 5(0)—(a=by)r""(0)  hay s(0) (b—cy)—(a—by) haw 5(0)+(a—by)* r"'(0)
(b—cv) (b—cv)?

Proof. According to B1)), 4! (0) can be described as the zero set of the function

§(2,y, Py Py) = (2, Y) pr + Py
We shall proceed in three steps.
1. Let us consider the subset Z; C p~! (0) such that §.(X)(z,y, pz,py) = 0, where F, is
the tangent map of § and [see (I0) and (B2)]

(38)

X_XH+u_(aH O0H O0H (8H )\>>

G p, 05"\ By

3Recall that, given a manifold P and a vector field X on P, a subset S C P is X -invariant if every integral
curve of X with initial condition in S is contained in S.
4Given a manifold P, by TP we are denoting, as usual, its tangent bundle.



That is to say, Z7 is given by the equation

OH 05 | OH 05 _OH 05 _ (0 _\\ 0§ _
Opy 0z Opy Oy Oz Opy Ay o
or equivalently by

OH n OH OH
a5 YzPx T 53— VyPzx — 5
Opz apy Y

39
5 , (39)
and py, = —y(z,y) ps. Using the explicit forms of H and fl, it is easy to see that, on
-1
n=(0),

{ 9 — IBp? +hy, YL =1Cp2+hy,
OH _
Ope

40
a=b9) ps, Hoo = (b—c7) pa, (40)
where B is given by (I4)) and

C:=ay —2vb, + ’yzcy.
On the other hand, and according to (33)), the values of A on points of the form (x, y, p.., =y (2, y) pz) €
pu=1(0), are given by

{HH} (2,9, Pas Dy)
A=— lim
py==pe (Y (2, ) Pz +y) 1(2,9)

1 9{H, H)}
— L, Y, Pxs — x, x)-
[0 opy (2,9, Pz, =7 (2, Y) Dz)

So, by lengthy, but straightforward calculations, from B0), (33) and {@0) we have that

A= %(BHC)—% (@a—b7y) =7y (b—cv) (41)

+2(bw —7%)25[—1?5:5 — céy}

bhy +ch
p§+7hm+hy—%.

We are omitting, for simplicity, the evaluation point for the involved functions. Finally,
combining ([39), [@0) and @I]), we have at x~* (0) that

1 b, +cd bhy +ch
Bo(X) = [ (be —yep) 6 — Tt 0 p2 - e T O
l 2 l
Thus, Z; is given by the equations
7($7y)pm +py =0,
42
{ K(x,y)pi—L(x,y):O, ( )
where bs 5
K = (b —ye,) 0 — 2210 (43)
and R .
L=>bhy+chy. (44)
In consequence, Z; can be defined by the zero set of the function
&(z,Y,pa, Py) = (61(2,Y, Do, Py), B2(2, Y, Pa, Py))
with

S1(,Y, pe, py) = V(2 Y) Pz + Dy,
62($7yap17py) = K(Iay)pi - L(Iay)

©



We want to see that its related tangent map (omitting the evaluation point of the involved

functions)
_ Yz P Yy Pz vl
.= (K:c P —Ls Kypi—Ly, 2Kp, O> ()

has maximal rank around 0. In that case, the Implicit Function Theorem would ensure
that this zero locus is the graph of a smooth function (and hence a submanifold) when
restricted to some open neighborhood of 0. Such tangent map is given at 0 by

(0 0 0) 1
6*75‘(—@(0) 1,0 0 0)' (46)

Note that the gradient of L can be written

() =Gy 5) (005 %) () i

Since 0 is critical for fL, then, at 0,

L\ (haw hay) (b

Ly - hay  hyy ¢/
But we know that the Hessian matrix of / is positive-definite and the function ¢ is always
positive. So, the gradient of L cannot vanish at 0. This implies that ([@G) has maximal

rank at 0. Consequently, there exists an open subset T} containing 0 such that Z; N'Ty
is a submanifold of =1 (0) N T7.

o> D S

. Consider now the subset Zy C Z1NT} given by 6..(X)(z, y, ps, py) = 0. Easy calculations
show that Zs is given by the points of Z; N7} such that

[(a— by) (Ko — L) + (b — ) (K 2 — Ly) (48)
—2K (%Bpi-i—hm)] pe = 0.

We only need to evaluate the second row of &, [see [{@H)] on the components of X [see
(BY), @) and {I))]. In the following, we assume that K (0) # 0. Observe that, since
§(z,0) = s(z), we have §,(0) = s'(0), and using (6] at the origin

B s(0) - (a—by)s (0)
b—cy

5, (0) = [ ](0).

So [see (43)]

KO =| (b7 5 ) 50+ 5 (722 ) ¥ 0] 0.

and consequently, the condition K (0) # 0 is equivalent to (35). Under such an assump-
tion, we can replace p2 by £ in (8) [see [@2)], and we get

0= (Ko g -L) + - (K, - L, ) (49
2K (%B% +hm>} Pz =0,

on some open subset containing 0 (where K is non vanishing). Moreover, since L(0) =0
[see )] and h, (0) = 0, we have at O that

L,K-LK, L, L,K-LK, L

=Y
K? K’ K? K’

10



and then, the bracketed expression in [@3]) takes the following form at 0
(@=by)Ly+ (b—cvy)Ly.

Using (1), this in turn may be written as

Puw h b h
b bax Ty _ b baw
o i ] ()00 i

Then, if we assume that, at 0,

oD SO

")

o 10
” hay  Tyy] \©
v - -
(b,¢) {h ’}w] (b)
hay  Tyy] \€
it follows that ([@J) will hold only if p, = 0 around (x,y) = 0. It is worth mentioning that
this condition is compatible with (I8) and (I9). Note that, using ([22]), the condition above

is given precisely by B8] and [37). In conclusion, there exists an open neighborhood T
(which contains the point 0) such that the subset Z, N Ty is given by

or equivalently
pz:py:LZO' (50)

This means that Z; NT4 can be described as the zero set of the function
‘ﬁ(xv yapzvp’y) = (p’yapza L(.I, y)) :

The tangent map of § at 0 is given by

0 0 0 1
Lo(0) L,(0) 0 0

Again, since L,(0) and L, (0) cannot be both zero, we conclude that $), 5 has maximal
rank. Thus, there exists inside T4 an open neighborhood Ts of 0 such that Z, NTs is a
submanifold of Z1 NT; N T5.

. Now, consider the subset Z3 C Zs N T3 defined by 9.(X)(z,y, ps,py) = 0. Using (B3],
Q) and [T, it follows that, along Zs N Ts [see (B0

X = (07 07 _hmu/th) )

so, in order for $,(X) to vanish, it is necessary that h, = 0. But, if this is the case,
using the potential matching condition

(a—b’y)izz—k(b—cv)ﬁy:(Shm,
or equivalently, aﬁz+bﬁy—~yL:5hz, we have on Z3 that
L:bﬁz+cﬁy20 and aﬁx—kbﬁy:(),

i.e.

IHI(}}””)ZO.
hy

Calling 7 the projection of R* onto the first two components, we can say that above
identity holds if and only if all the points of 7(Z3) are critical for . By the Morse Lemma,
since 0 is a non-degenerate critical point of h [recall (@], there exists a neighborhood V' of
0 such that 7 (Z3) NV = {0}. But p, = p, = 0 on Z3, which implies that Z3 N T3 = {0}
for T3 := 71 (V).

11



Summing up, if we define T := Ty NTo N T3 and Sy := p~ 1 (0) N T, from ([B4) we obtain
S1 = Zy NT, which is a submanifold of Sy, S; = Zs N'T', which is a submanifold of S1, and
83 = {0}. Hence, the three points of the lemma follow. O

Concluding, if (26) holds, asymptotic stabilizability is ensured. Reciprocally, if we can
ensure asymptotic stabilizability by the existence of a simple Lyapunov function, then we can
also ensure stabilizability, and Theorem 2l implies that (26) holds. In other terms,

Theorem 3. Under the conditions of Theorem [, (H,Y) is asymptotically stabilizable at 0,
and such a stability can be ensured by the existence of a simple Lyapunov function, if and only

if H satisfies (20)).

3.2 Example: the inertia wheel pendulum

Now, we illustrate our results with a concrete underactuated system (H,Y") with two degrees
of freedom, the inertia wheel pendulum:

e the configuration space is Q = S* x S, whose natural almost-global coordinates will be
denoted (8, );

e the Hamiltonian is

1 b
H(9,¢7p97pw)=§(pe,pw) [Z C] (gi) + M (1 + cos ),

where a, b, ¢, M are constants and a,b, M, ac — b? are strictly greater than zero;

e and the space of actuators is given by the subbundle spanned by the vector field Y taking
the constant value (0,0,0,1).

We shall find, by using the energy shaping method, a state feedback controller u for this
system and a related simple Lyapunov function H which make the closed-loop system Xy + u
asymptotically stable at (6,1, pg, py) = (0,0,0,0) = 0.

Replacing x by 6 and y by ¢, (20) in this case says that (because hgy (0) = 0)

b hge (0) 75 0 or hgy (0) > 0,

which is equivalent to hgg (0) # 0, since b # 0. And it does hold, because hgy (0) = —M # 0.
Then, the inertia wheel pendulum can be asymptotically stabilized around 0, as it is well
known. On the other hand, according to (I4)), we have that B = 0. So, the kinetic and
potential matching conditions read [see (IT) and (I6])]

(a=0b)dg+ (b—cv)dy =0, (51)

and R R
(a=by)hg+ (b—cvy)hy =—M0 sin, (52)

respectively. Let us construct a solution (5, v, iz) of above equations, with § > 0 and h positive-
definite w.r.t. 0. We shall take v constant. Following the steps of §2.2] it is enough to take ~
such that v # b/c [see (I8)] and, using (217) of Lemma [ [since hgy (0) = —M < 0], also ask
that a

|7|>g and —~vybM <O0.

The second inequality says that ~ is positive, so, above equations only impose the condition
v > a/b. Note also that, since a,b,c,ac — b?> > 0, we have that a/b > b/c. Hence, all the
conditions on vy reduce to

>a
Y b

Remark 3. Note that, for this system, we cannot take v = b/c. In fact, in such a case, according
to the calculations we made in §2.3] the positivity of 6 and A would impose that hgg (0) > 0,
which is not true.
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Regarding the boundary conditions defining § and fL, i.e. the functions s and r, respectively,

we must ask [see ([20) and (25)]

s(0) > 0,

r0) =70 =0 = ad (53)
hpe(0) s(0 M s(0

0) > e = s

And to ensure asymptotic stabilizability, according to Eqgs. (33l), B8) and B7) of Lemma Ml
we ask that
s'(0)

s(0)

#0, ie §(0)#0,
and that v satisfy

n?abr” (0) —n [M s (0) + ¢ 7" (0)] (ac+b%) + (M s(0) + ¢ v (0) be

Y T ER e (0) =2y (M s (0) + Cr (0] bet CM5(0) £ C2 17 (0) 2

(54)

where ¢ :=a — by and 1 := b — ¢~y. Thus, take any number v > a/b, any function s such that
5(0) > 0 and s' (0) # 0, and any functiorE r such that 7 (0) = 7/(0) = 0 and r” (0) satisfying
(B3) and (B4), and let us apply the Method of Characteristics to (BIl) and (52), with boundary
conditions on ¢ = 0 given by s and r. The characteristic equations for (&Il are

6 =a—0by, 6(0)=06,

1/125—0% U)(O):Oa
5=0, 5(0) = s(6o).

Then
0(t) = (a—by)t+0b, v(t)=(b—ct,
and defining T := (a — bvy) / (b — ¢7y) we find
5(0,6) = (60— T ) (53)

The characteristic equation for (52]) (and for ¢ given above) is

h = —M s(6) sin ((a — by)t+6p),
and integrating we obtain

M s(0—Tp)

h(0,1) = (cosf —cos(8 — YT ) + r(6 — T ). (56)

a—by

Finally, with & and A given by (B5) and (58)), and considering any positive function I, we
have from B0), 32) and B3] the controller u and the Lyapunov function H we are looking
for.

A Proof of Lemma

Suppose first that hgs (0) < 0 and (b gy + ¢ hay) (0) = 0. Then, omitting the evaluation point
0,

(@ =b7y) hgs + (b—cy) hoy = ahgy +bhgy — 7 (bhag + chyy)

b? A
(a__) hew = — hze <0
C

C

for any function «. This proves the first implication of the lemma (by denying the second one).
For the converse, suppose first that b hys + chay # 0. Since

(@ —=b7)hgz + (b—cy) hoy = ahgy +bhgy — 7 (bhyg + chay),

5 Additionally, the functions s and r may be taken with period 27 in order to look for a quasi-global solution.
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for

any v with sign opposite to b hg, + ¢ hyy and such that

ahay + bhay
D hag + Chay

Iv| >

3

we have that (I9) holds. This implies (27]). Now, suppose that kg, > 0. If hgy = 0, since a > 0,
it is clear that it is enough to choose v such that a > by. If instead h,y # 0, we distinguish
three cases: b=0,b> 0 and b < 0.

e Ifb =0, then a—by=a >0 and b—cy = —cv, and consequently it is sufficient to choose
v with opposite sign to hgy.

e If b > 0, we show that it is possible to take 7y so as to fulfill one of the following expressions
a—by>0 and b—cy>0,

or
a—by>0 and b—cy<0.
In order to make a — by > 0, we need v < ¢. If in addition b — ¢y > 0, then v < %.

Hence, it suffices to take v < min (%, %) On the contrary, if b — ¢y < 0, then we can take

% <7 < %, which is always possible because

SR~

ac—b>>0 and b>0 = <

S

Thus, if h;y > 0 we choose v < min (%, %) and if h;, < 0 we take % <7 < %. In both
cases we get the desired result.

e If b <0, then a — by > 0 implies v > 7. If in addition b — ¢y > 0, then v < % and so we
can take v such that § <~ < %, which is always possible because
9 a b
ac—b">0 and b<0 = E<7<—.
¢
On the contrary, if b — ¢y < 0, then ~ > g and it is sufficient to choose v > max (%,
Again, both cases lead to the desired result. All these alternatives give the table (28]).

Qlo

).

The last assertion of the lemma is immediate, because all conditions on 7 are inequalities.
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