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Abstract

This paper describes a procedure for incorporating artificial gyroscopic forces in the method of con-
trolled Lagrangians. These energy-conserving forces provide additional freedom to expand the basin of
stability and tune closed-loop system performance. We also study the effect of physical dissipation on
the closed-loop dynamics and discuss conditions for stability in the presence of natural damping. We
apply the technique to the inverted pendulum on a cart, a case study from previous papers. We develop a
controller which asymptotically stabilizes the inverted equilibrium at a specific cart position for the con-
servative dynamic model. The region of attraction contains all states for which the pendulum is elevated
above the horizontal plane. We also develop conditions for asymptotic stability in the presence of linear
damping.

1 Introduction

The method of controlled Lagrangians is a constructive technique for stabilizing underactuated mechanical
systems. The method has roots in [8], where it was shown that an internal rotor can be used to effectively
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shape the kinetic energy of a spacecraft in order to stabilize steady rotation about the intermediate principal
axis of inertia. As initially developed by Bloch, Leonard, & Marsden [9, 10, 13], the method of controlled
Lagrangians provides a kinetic-shaping control design tool for a class of underactuated mechanical systems
which exhibit an abelian Lie group symmetry in the input directions. This class includes the spacecraft
example described above and the classic inverted pendulum on a controlled cart. Later work on controlled
Lagrangians [6, 11] introduced additional control freedom by allowing potential shaping and by relaxing
the symmetry condition on the original and feedback-modified potential energy. Still more control freedom
may be introduced by allowing for generalized gyroscopic forces in the closed-loop dynamics. Gyroscopic
control forces predate the method of controlled Lagrangians, appearing in the work of [28] and later in the
developments of [7]. In related earlier work in [27], Poisson control systems were introduced and studied.

Concurrent with the development of the method of controlled Lagrangians, others have explored kinetic
shaping in more general settings. A very reasonable question is: What are the general conditions under
which a feedback-controlled, underactuated mechanical system is Lagrangian or Hamiltonian? That is,
without imposing any a priori requirements on an underactuated mechanical system, when is it possible
to choose feedback such that the closed-loop equations are Lagrangian or Hamiltonian? This question was
addressed in [2] and [20] on the Lagrangian side and in [4] and [25] on the Hamiltonian side. The question
is one of feedback equivalence; one obtains conditions in the form of partial differential equations.

Chang [17] investigated the use of artificial gyroscopic forces to enhance the controlled Lagrangian design
process in some depth. An example, involving stabilization of an inverted pendulum on a rotor arm,
illustrated the utility of this idea. In [18], the appearance of generalized gyroscopic forces in the controlled
Lagrangian dynamics was related explicitly to a modification of the dynamic structure in the Hamiltonian
setting. It was also shown in [18] that the most general formulation of the method of controlled Lagrangians,
in which one places no prior restrictions on the class of eligible mechanical systems, is equivalent to the
interconnection and damping assignment, passivity based control (IDA-PBC) technique described in [4] and
[25].

While it is important and worthwhile to understand feedback equivalence of general Lagrangian and Hamil-
tonian systems, there are advantages in restricting one’s view to a smaller class of systems. For example,
the control design procedure defined in [13] is algorithmic and does not rely on case-by-case solution of a set
of PDEs. In this paper, we continue in this spirit and restrict the form of kinetic energy modifications to
that described in [13]. We also allow forces due to a modified potential energy in the closed-loop dynamics,
as in [6], as well as artificial gyroscopic forces. The approach strikes a physically motivated balance between
the algorithmic simplicity of the method described in [6, 13] and the elegance and generality of [18].

We apply the technique to the inverted pendulum on a cart system, a case study from previous papers. A
feedback control law is derived which makes the desired equilibrium a strict minimum of the control-modified
energy. In the absence of physical damping, the control law provides stability in a basin that includes all
states for which the pendulum is elevated above the horizontal plane. The addition of feedback dissipation
provides asymptotic stability within this same stability basin. This region of attraction is larger than any
given earlier by the method of controlled Lagrangians. Two features distinguish the present example from
our previous results and those of others, such as Acosta, Ortega, & Astolfi [1], Auckly, Kapitanski, & White
[2], and Hamberg [20]. First, the closed-loop Lagrangian system includes artificial gyroscopic forces. Second,
we consider the issue of physical damping in detail and study its effect on the closed-loop dynamics.

Modifying kinetic energy through feedback affects the manner in which damping enters the system. The
problem is well-illustrated by the cart-pendulum example. Even though the desired equilibrium is a strict
minimum of the control-modified energy, simple Rayleigh dissipation makes the closed-loop system unstable.
Careful analysis shows that asymptotic stability may be recovered through an appropriate choice of feedback
dissipation, however it is not “automatic.” Working in the Hamiltonian setting, Gémez-Estern & van der
Schaft [19] suggest procedures for recovering asymptotic stability in systems with feedback-modified kinetic



energy. An essential requirement is that the system satisfy a dissipation condition involving the original and
modified kinetic metrics and a matrix of damping coefficients. As an alternative to this type of controller
re-design, one may attempt to address the issue of damping during the matching process, as in [3].

The controller presented here has been implemented experimentally [26]. For the experimental apparatus,
the damping of the pendulum motion is well-modeled as linear in angular rate. The damping of the cart’s
motion, however, follows a nonlinear friction model. Static friction degrades the energy-shaping controller’s
local performance by inducing limit cycle oscillations. A well-designed linear state feedback control law,
on the other hand, eliminates these oscillations. To recover the best features of both controllers (the large
region of attraction and good local performance), a switching control law was successfully implemented.
These experimental results further illustrate the importance of considering physical dissipation in systems
whose kinetic energy has been modified through feedback.

Section 2 reviews details of the method of controlled Lagrangians as it was originally presented in [6, 13].
In particular, this section defines the form of the closed-loop kinetic energy metric, a form inspired by
geometric mechanics. Section 3 describes how to include artificial gyroscopic forces and presents a general
procedure for “matching” the original dynamic equations with the closed-loop equations. Section 4 explains
how additional external forces, such as physical damping or feedback dissipation, affect the control-modified
energy. Section 5 describes control design and stability analysis for the example of a pendulum on a cart.
We discuss conclusions and future directions in Section 6.

2 Review of the Controlled Lagrangian Formulation

This section provides a brief introduction to the method of controlled Lagrangians. One begins with a
Lagrangian mechanical system with Lagrangian L = K — V, where K is the uncontrolled kinetic energy
and V is the uncontrolled potential energy. We modify both kinetic and potential energy to produce a
new controlled Lagrangian. We also allow generalized gyroscopic forces in the closed-loop system; these
correspond to a modified dynamic structure when one passes to the Hamiltonian setting [18].

The Setting. Suppose the system has configuration space Q and that an abelian Lie group G acts freely
and properly on Q. (See [22] or [23] for a brief discussion of Lie groups and group actions.) The goal of
kinetic shaping is to control the variables lying in the shape, or orbit, space S = /G using controls that
act directly on the variables lying in GG. This approach differs from the idea of locomotion via shape change,
where one controls the shape variables in order to effect group motions; see [5] or [16], for example.

Assume that K : TQQ — R is invariant under the given action of G on ). The modification of L involves
changing the metric tensor g(-,-) that defines the kinetic energy K = % 9(q,q). The tangent bundle T'Q) can
be split into a sum of horizontal and vertical parts defined as follows: for each tangent vector v, at a point
q € QQ, we can write a unique decomposition

vy = Horv, + Ver vy,

such that the vertical part is tangent to the orbit of the G-action and the horizontal part is the metric
orthogonal to the vertical space; that is, it is uniquely defined by requiring that

9(vq,wq) = g(Hor vy, Hor wy) + g(Ver vy, Ver w). (1)

for every vy, wy € T;Q and that Verv, and Ver w, are vertical. Figure 1 depicts the decomposition of T,Q
into the horizontal space Hor, and the vertical space Ver,. Define local coordinates z® for @)/G and 6% for
G. (In examples, the latter coordinates are often cyclic; hence the notation #%.) The kinetic energy may be
written as

1 T
K = 59053"3" + g 0" + 5 a0°0",



Orb(q)
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Figure 1: Decomposition of T;(Q).

where gn8, gap, and gqp are the local components of g(-,-). Requirement (1) may be thought of as a block
diagonalization procedure or “completing the square,” since it suggests rewriting the kinetic energy in the
form

1 L 1 . . . .
K = 5 (gas Goag™ gyp) il + 5 9ab (0 + 9% Gea®®) (0% + g gapi”). (2)

(Note: If [gq) represents the matrix form of the tensor gq, then [g?] is the matrix inverse of [gap).) Let the
pair (£, %) represent the local expression for velocity v,. Then

Verv, = (0, 0% + g“bgab:ito‘) (3)
Hor v, = (2°, —g“bgabj;o‘). (4)

The given choice of horizontal space coincides with that given by the mechanical connection. Let g denote
the Lie algebra of G. The mechanical connection ( is a Lie algebra-valued, vertical one-form, i.e., a map
from T'Q) to g which annihilates the horizontal component of velocity,

C(vq) =C((Vervy) € g.

Let &g denote the infinitesimal generator corresponding to an element § € g. For each & € g, {g is a vector
field on the configuration manifold @) and its value at a point ¢ € @ is denoted £g(g). In coordinates, the
infinitesimal generator [((v,)]o(q) € T,Q corresponds to (0,g®gapdi®). This term appears as the “velocity
shift” in the expressions (3) and (4). For a thorough discussion of the mechanical connection, and its
relationship to more general connection forms, see [5].

The Controlled Lagrangian. An essential feature of the controlled Lagrangian is the feedback-modified
kinetic energy. The modification consists of three ingredients:

1. a different choice of horizontal space, denoted Hor,
2. a change g — g, of the metric acting on horizontal vectors, and

3. a change g — g, of the metric acting on vertical vectors.

The first ingredient above can be thought of as a shift in the mechanical connection. Let 7 be a Lie algebra-
valued, G-equivariant horizontal one-form on @Q; that is, a one-form with values in the Lie algebra g of G



that annihilates vertical vectors.! The 7-horizontal space at ¢ € () consists of tangent vectors to Q at ¢
of the form Hor; v, = Hor vy — [7(v)] (¢), which also defines the T-horizontal projection v, — Hor: v,.
The T-vertical projection operator is defined by Ver; v, = Ver vy + [7(v)]g (¢). The left half of Figure 2
depicts the role of ¢ in the original decomposition; the right half depicts the analogous role of 7 in defining
the new decomposition.

T4Q Ver, e
4 . Ver (v,
N \\
~ o .
Ver (vy) ~ \\:‘ J Ver, (vy)

e

~
S

[ (vq)];?\.

Figure 2: Original (left) and modified (right) decompositions of T;Q.

Given 7, g5, and g,, define the control-modified kinetic energy

1
Krop(v) = 3 9o (Hory v, Hor- vy) + g, (Ver, vy, Ver, vy)] .

Assume that g = g, on Hor and that Hor and Ver are orthogonal for g,. Then, as shown in [13],

Krplv) = K(v +7(V)) + 505 (r(¥)g m(¥)Q) + 5 (g — 9) (Verr(v), Vers(v)). (5)

The controlled Lagrangian is
Lrop(V) = Krop(¥) = (V(a) + V(a))

where f/(q) is an artificial potential function which modifies the effective potential energy in the closed-loop
system. We define V'(q) = V(q) + V(q) to be the complete, control-modified potential energy. Then,
using (5),

Lrp¥) = K(v 4 7(¥)Q) + 500 (r(V)a:m(¥)Q) + 5 (9 — ) (Ver, (v), Verr(v)) = V(@) (0

The goal is to determine conditions on the original kinetic energy, on the energy modification parameters
(7, 9o, and g,), and on the potential functions V' and V such that a particular choice of feedback yields
closed-loop equations which are Euler-Lagrange equations for L., ,. These conditions are referred to as
“matching” conditions. They ensure that no inputs are necessary in uncontrolled directions in order to
effect the desired closed-loop dynamics. In examples, the matching conditions often leave freedom in the
control parameters which can be used to satisfy conditions for stability.

1One of the basic requirements of a connection is that, when applied to an infinitesimal generator of the group at any point
g € Q (say £@(q) € T4 Orb(q)) one recovers the Lie algebra element (£). For this condition to be maintained when 7 is added

to ¢, the one-form 7 must be horizontal; this means that it should vanish when applied to vertical vectors which are vectors of
the form £g(q).



3 Matching
Assume that the Euler-Lagrange equations hold for a mechanical system with Lagrangian
a pa Lo pa 1 s 3 - anb 1 ranb a pa
L(:E 797:17 70)259(1533 T +go¢b$9 +§gab90 _V(:E 70) (7)

The control effort u, enters in the 8% direction so that the open-loop equations of motion are

4oL 0L _
“Wor or
g 900 = e (8)
Suppose we wish to stabilize an unstable equilibrium
(z%,0%, &%, 0%, = (x%,62,0,0) 9)

for the uncontrolled system (8).2 The method of controlled Lagrangians provides, under certain conditions,
a control law u, for which the closed-loop equations are Lagrangian with respect to a modified Lagrangian
Lo p(x®,0% 2%, 9“) In prior treatments, the closed-loop Fuler-Lagrange equations included no generalized
forces. More generally, one may seek conditions under which

d 8LT,U,P aLT707p

dt 01 ox®
iaLT,U,p . aLT,mp

dt  9fe 00e

= Sopi? + Supb’, (10)

where the terms S;; are the local components of a velocity-dependent two-form &. In coordinates, S is
a skew-symmetric matrix whose components depend on both the configuration and the velocity. More
formally, S € T'(TQ,T*Q AN T*Q); a more thorough discussion appears in [17], including the special case
where S defines a closed two-form.

Skew-symmetry of S ensures that the control modified energy corresponding to L, , is conserved; the
corresponding generalized forces are referred to as “gyroscopic.” The conditions under which equations (10)
hold are the “matching conditions.” These conditions ensure that equations (10) require no control authority
in unactuated directions.

Let

Cg = goccgca and Tg

represent the coordinate expressions for the mechanical connection and the 7-parameterized modification to
this connection, respectively, as depicted in Figure 2. Also, let o4, and py, represent the “ab” components
of g and g,, respectively. Then, in coordinates, the controlled Lagrangian becomes

) ) 1
Lo p(x®,0% 4% 0% = L(z“,0% 2%, 0% + 152%) + éaangTﬁbia:ﬁﬁ

1 ha ac a\ ..o 2 . 7 o pa
+ 50— 9a) (0% + (9% gea + 72)3%) (8" + (6905 + 7)) — V(% 6°)
1 Coe cah 1 Na a pa
— 5(gmp)aﬁgc 7 + (gr.0p) b 0" + 5(gm,,)abe 6° — V' (z*,0%). (11)

2 As described in [13], in cases where 8 is cyclic, one may instead stabilize steady motions of the form

(z,&%,0%) = (z2,0,0).



Equation (11) introduces the coordinate form of the modified kinetic energy metric gr 4 ,. Let

Bog = gap — 9aad™ s (12)
and let

Aag = Baﬁ —i—TéO’chg. (13)
It is readily shown that

(grop)ap = Aag + (C5 + 78)pealCF + 75)
(9r0,0)ab = (Ca + 76)Peb
(g'r,a,p)ab = Pab (14)

As may be seen from equation (2), Byg represents the original horizontal kinetic energy metric. Noting that

1 ; . ; .
L = 5 At + 2 pun (604 (3 7208) (84 (¢h + 7)) — V'(a®,6°), (15)
one sees that A,z plays an analogous role as the “7-horizontal” kinetic energy metric.

In the matching process, the terms 045, pap, and 77 provide freedom to ensure that no inputs are required
in uncontrolled directions. The artificial potential energy term f/(xa, 0%) provides more freedom. Still more
freedom is introduced by allowing energy-conserving gyroscopic forces in the closed-loop system. After the
requirements for matching are satisfied, the modified energy can be used to derive criteria for closed-loop
stability. Any remaining freedom in the control parameters can then be used to satisfy these criteria and to
tune controller performance.

The matching conditions are derived by comparing equations (8) and (10) and then choosing the control u,
and the energy modification parameters 7, g,, and g, so that (10) holds. In what follows, it will sometimes
be convenient to use matrix notation, following conventions used by the robotics community. Define the
local matrix forms of g and g, , as follows,

_ (9a8]  [9as] an _ [(9rop)asl  [(9rop)ab]
M = ([gam [gab1> 4 Mrop <[<gT,U,’,§>aﬁ] [(gT,UZ)ab]>'

xa
-11-(5)
Thus q is an (r + n)-vector where r is the dimension of [x®] and n is the dimension of [#¢]. Next, define the
matrix C' whose components are

r+n 7"+n
Cotad) = 3Tt = 3 3 (gt + gt~ )

Define the concatenated state vector

where M;; is the ijth component of the mass matrix M. The elements I';;;, are the Christoffel symbols
associated with M. The matrix C' is often called the “Coriolis and centripetal” matrix associated with M.
It can be shown that M — 2C is skew-symmetric; see [24]. We make use of this property shortly when we
develop sufficient conditions for matching with artificial gyroscopic forces. The matrix C ; , corresponding
to M, , is defined similarly to C.

Let &£ represent the “Euler-Lagrange operator” defined as follows: given a Lagrangian L and a generalized

coordinate y*,
d 0L oL

)= oyt oy

)

7



With these definitions, equations (8) may be written

[&ca(L)]) S o ([Va]> < 0 >

=Mqg+Cq+ ; = . 16
(o) Val) = \ful 10)
(By convention, commas in subscripts denote partial differentiation. For example, V, is the partial derivative
of V' with respect 8%.) Solving for ¢ and substituting into the desired closed-loop equations (10) gives

(i) R TR (e | RS (1) R
o= (8 )

To find the matching conditions, we partition the input into two components,
ug = u/B (%, 0%, &% 0%) 4 ub (2, 0%), (19)

and match velocity-independent and velocity-dependent terms separately. The first term ug/ & shapes the

closed-loop kinetic energy and introduces gyroscopic forces into the closed-loop Euler-Lagrange equations.
The second term uh, shapes the closed-loop potential energy.

Velocity-dependent terms. Referring to equations (17), we must find the velocity-dependent component

of the control law (ul,;/ g) and conditions on the system and control parameters such that

0
MT,U,pM_1 <<[u§/g]> — Ci]) +Cr0pq=38q. (20)

Motivated by the form of the terms in (20), we let

<[u1§/g}> = U(z", 6% &%, 60%q (21)

where
0 0

v= <[Ua6] [Uab]> 22

Substituting in equation (20), we require
(M6, M (U-C)+Crs,-8]qg=0

for all ¢ € T,Q. Recognizing that C and C,,, are linear in velocity, these are n equations which are

quadratic in the components of velocity; these equations provide the necessary and sufficient conditions for

matching as well as the functional form of the velocity-dependent control term ulé/ g,

More modest conditions, which are sufficient for matching, are obtained by assuming that U and 8 are also
linear in velocity and requiring that

M.,,M(U-C)+C,,,=S8.
By skew symmetry of S, we need

(MTvo'va_l (U - C) + CT,O’,p) + ((UT - CT) (MTvo—va_l)T + C;I':OHP) =0. (23)

8



Recalling that M rop — 2C+ 5, is skew symmetric, we may rewrite equation (23) as

M.,,M ' (U-C)+ (U -C") (M,s,M )" +M,,,=0. (24)

For convenience, define
M| [MB] _1
M = s o | = M;,,M"".
M| M)
Also, let tilde denote a component of a transposed matrix; for example, [./\;(g} represents the upper right
block of M. Equation (24) implies that

= (~M3Ch + ME(Uss = Cop)) + (=Can M} + (Uae = Cad) MG ) + Mz (25)
= (~MLCp + ME(Ugy — Cp)) + (—OMM;; + (Uae = Cadd MG) + (M) (26)
= (~MCyp + M5(Uey = Ces)) + (~Con M)y + (Ve = Cae) M) + (Mg )as (27)
= (~MICyp+ MU~ Cp) + (~Can M + (Tae = Cac) M) + (Mr)ar (28)

Solving equation (28) for U, one finds that it is linear in velocity, since all other terms in (28) are linear
in velocity. Substituting the solution for Uy, into equation (26) or (27), one obtains the solution for U,g,
which is also linear in velocity. Substituting the control terms U,y and U,s into equation (25) gives the
final conditions for matching. Since each term in (25) is linear in velocity, and the identity must hold for
any velocity, there are %r(r + 1) independent equations which are linear in velocity. Since % and 0 are
independent each of these 27’(7‘ + 1) equations can be decomposed into r +n independent equations. In all,
there are 37 (r+1)(r +n) partial differential equations. These equations involve the n(n+r+ 1) unspecified
functlons T, 0ap, and pgp, and their first partial derivatives. Matching involves using freedom available in
T2, Oap, and pg, to solve these equations. Ideally, some parametric freedom will remain after the velocity-
dependent matching problem has been solved. If so, this freedom can be exploited in later analysis to help
obtain conditions for closed-loop stability.

Note, in the procedure described above, that the components of S do not appear explicitly in the matching
process; S is a product of the procedure, to be computed after matching has been achieved.

Velocity-independent terms. Since the terms in (17) involving the potential energy V' are independent

of velocity, we require that
[Vl Vol _ (0
Moo (L o)+ () = (0): 2

)

Written explicitly in terms of the component matrices

M, ,M™*
_ <[Am +(¢d+, )pde(@? +79)] [(¢E+ Té‘f)%]) . ( [Bﬂ — [BY¢] >
[paa(¢4 + 7] [Pac] —[¢sB°7] [g + ¢5BO L]
[Aar B + (¢4 +7D)paets BYP] [~ Aar BYG + (€5 +78) peaD”] 20
[pacT BPY'B} [pacDCb] ( )
where
D" = g — 79B(}. (31)



Substituting (30) into (29), one obtains two equations. The second equation of (29) requires that
0= pac7iB" (=Vg) + pacD? (uh — V) + V. (32)
Solving (32) for the control law gives

uh = Via+ Do (5BV,5 = oV ) (33)

The problem remains to find a condition such that the first equation in (29) holds under the control law (33).
As shown in Appendix A, the appropriate “potential matching condition” is the following partial differential
equation for V' (z%,0%):

0= (Vi = Via) = (7500a9™ + &) Deyr{ BV,5
+ ((70eag™ + 5) Degp™ = 70eap™ = b = 72) Vi, (34)

Remark 3.1. If the potential energy remains unaltered by feedback (V' = V) and is independent of 6%,
then condition (34) is satisfied by choosing

To = —0%Gea-
If the potential energy is not modified in the uncontrolled directions (V, = V), then condition (34) is
satisfied by choosing

a

T8 = _O_acgca and O,ab + pab — gab'

This choice of 7§ is common to several previous matching results, including the “first matching theorem”
of [13], the “Euler-Poincaré matching conditions” of [14], and the “general matching conditions” stated in
[12]. The choice of pg is common to the “Euler-Poincaré matching conditions” and the “general matching
conditions” of [12] where the problem of stabilizing the rotary inverted pendulum was considered. In all these
previous cases, the choices were made to satisfy matching conditions for kinetic energy shaping rather than
potential energy shaping. Because the term M., ,M ~1 appears in the kinetic shaping identity (20) and
the potential shaping identity (29) in precisely the same way, it is not surprising that conditions developed
for kinetic energy shaping also arise when shaping the potential energy.

4 Dissipation

To determine how dissipation, either natural or artificial, affects the closed-loop system (10), consider a
more general version of the open-loop equations (8):

4oL oL
doze gz o

d oL oL

doge  oge et e (35)

The term F, represents generalized forces which are inherent to the system, such as friction. The term
F, represents some combination of natural forces within the system and user-defined control forces applied
to it. With u, determined according to the procedure described in Section 3, we consider stability of the
equilibrium (9), where it is assumed that F,, = F, = 0 at the equilibrium. (See [18] for a general discussion
of external forces in controlled Lagrangian and controlled Hamiltonian systems.)

10



We assume that the control-modified energy E ; , is a Lyapunov function in the conservative setting. That

is, the energy and structure shaping control law u, = ulé/ & 4 ub stabilizes the system about a minimum or a

maximum of E ; ,. Under this choice of feedback, the closed-loop dynamics with the external forces become

(tiron) = sa aree, a7 ().

Referring to equation (30) for M, , ,M ~1. the control-modified energy satisfies

d ) _1 [ [Fa
EET,U,;) = qTMT,U,p M ! <[[Fa]]> (36)
= % A B (Fﬁ - gng> + (9’“ (¢ Tg)) Pac (DCbe + TﬁBvﬁFﬁ) . (37)

The desired equilibrium will remain stable in the presence of damping if Eﬂmp is semidefinite with opposite
sign to E; 5 .

Remark 4.1. Feedback dissipation with no physical damping. Suppose that F,, = 0 and that F,
can be specified as a dissipative feedback control law. Then

d .
—Ergp= (D% pue (6 + (G5 +75) #%) — (4B 4537 ) Fo.
Therefore, choosing
Fy =™ = K (D"peq (07 + (¢ + ) 3) — B 45,37 (33)

makes E"T@p quadratic. The modified energy rate can clearly be made either positive or negative semidef-

inite, as desired, by choosing k;g}fs appropriately. For example, if E., , is positive definite at the desired

equilibrium, one may choose k‘glifs negative definite so that E;,, will be negative semidefinite. The equi-
librium thus remains stable and asymptotic stability may be assessed using LaSalle’s invariance principle.

When the system is subject to physical damping, asymptotic stabilization is more subtle. By “physical
damping,” we mean dissipation which opposes velocity in the sense that

iF, + 0°F, <0

whenever the velocity is nonzero. Consider the simplest case of linear damping

(7)) = - w

where R is a matrix of damping constants. Then

d ) _ .
%ET,U,/) = _qTMT,J,p M ! Rq

- _%qT (MT,U,p M_l R+ RT M_l MTvUvP) q

If M., ,, M, and the symmetric part of R are all positive definite, one might expect that

M,,, M'"R+R" M M,,,>0 (40)

11



and therefore that Eﬂmp < 0. In general, this is not the case. Thus, one must take special care when
considering the effect of linear damping in systems controlled using kinetic energy shaping feedback. The
example described in Section 5 illustrates this issue. The importance of physical damping in general con-
trolled Lagrangian systems is acknowledged in [3]. The issue is also discussed, for special classes of controlled
Lagrangian systems, in [29] and [30].

The problem of physical dissipation is not unique to the method of controlled Lagrangians, but arises
whenever the kinetic energy metric is modified through feedback. As observed by a reviewer, and also by
Goémez-Estern & van der Schaft [19], the problem can be understood as a lack of passivity in the closed-loop
system. Taking E , , as the natural storage function, and referring to (36), one sees that the passive output
for the closed-loop system is M~'M ro,p4- The dissipative forces (39) depend on the open-loop passive
output g rather than the closed-loop passive output. Observing that ET,o,p fails to be negative semidefinite
under these damping forces is equivalent to observing that the theorem of passivity does not apply.

5 Example: The Pendulum on a Cart

To illustrate the results of Sections 3 and 4, and to maintain continuity with previous work, we consider the
problem of stabilizing an inverted pendulum on a cart. In [13] the “simplified matching conditions” led to a
choice of feedback which recovered a closed-loop Lagrangian system with no gyroscopic forces. Conservation
of the modified total energy and the modified translational momentum allowed the construction of a control
Lyapunov function for the desired equilibrium. There, the desired equilibrium was the pendulum in the
upright position with the cart moving at a prescribed constant velocity. Conservation of the translational
momentum was used to reduce the order of the dynamics, and the desired equilibrium was shown to be a
maximum of the closed-loop potential energy and of the horizontal component of the closed-loop kinetic
energy.

In [6], the approach was made more powerful by introducing an additional control term to modify the closed-
loop potential energy. The modified potential energy broke the symmetry, and the translational momentum
was no longer conserved. In this case, the desired equilibrium, corresponding to the pendulum in the upright
position and the cart at rest at the origin, was made into a maximum of the closed-loop energy.

Here, we go a step further by allowing gyroscopic forces in the closed-loop system. The desired equilibrium,
corresponding to the pendulum in the upright position and the cart at rest at the origin, becomes a minimum
of the control-modified total energy. The basin of stability is the set of states for which the pendulum is
elevated above the horizontal line through its pivot.

This same example has been considered in numerous other papers on energy shaping, including [1], [2],
and [20]. Two features of our control design and analysis distinguish our treatment from others. First, the
closed-loop Lagrangian system includes artificial gyroscopic forces, illustrating that such energy-conserving
forces can play a useful role in the matching process. Second, we consider the issue of physical damping and
its effect on the closed-loop dynamics. As the example illustrates, such analysis is crucial if one wishes to
implement a feedback control law which modifies a system’s kinetic energy.

5.1 Conservative Model

The inverted pendulum on a cart is depicted in Figure 3. The cart location is denoted by s and the
pendulum angle by ¢. A control force u is applied to the cart. The configuration space is @ = R x S! and
the uncontrolled dynamics are invariant under the action of G = S on Q. (See [6, 13].)
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Figure 3: Pendulum on a cart.

We introduce the following nondimensional variables,

M
§:§, v = £m7 and T =wt where w= % (41)

We denote differentiation with respect to nondimensional time 1" with an overdot. Using the notation of
Bloch, Leonard, & Marsden [13], and dropping the overbar from 5, the nondimensional Lagrangian is

1 ngT 1 cos ¢ gb
L_§<é> <cos<;5 ol ><é>—cos¢.

In the conservative setting, the open-loop equations of motion for this system are
Es(L)) _ (0
E(L)) \u)’

Because this is a two-degree-of-freedom problem, we may define the scalar parameters

T =[r9], o=[owl, and  p=|pa]

without ambiguity. From (14), the modified kinetic energy metric is

2
(1—%0082¢)+O’T2+p<T+%COS¢> p(T—F%COS(b)

Mo, = 1
p T—I-;cosgb )

(42)

As described at the end of Section 3, we first compute the terms Uy, and Ugyg from (27) and (28). We then
consider the two PDEs obtained from (25). To preserve symmetry in the modified kinetic energy, 7, o, and
p are independent of the cart position s. The two PDEs reduce to a single ODE in the three unknown
functions 7, o, and p. As a two degree of freedom, single-input system, the cart-pendulum problem is
obviously quite special. In general, solving the %7’(7‘ + 1)(r + n) PDEs for matching may be challenging.

Aided by Mathematica, one finds that the following choices satisfy the equation:

2

T = _—

cos ¢’

4— (24 cos? ¢) (1 — 1 cog? <;5>
o = il and

4 cos ¢ ’
2

p =

cos ¢ (1 - %0082 <;5> '
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For this matching solution, no parametric freedom remains in the control-modified kinetic energy. Remark-
ably, the closed-loop kinetic energy metric is positive definite and the parametric freedom obtained through
potential shaping is sufficient to allow stabilization.

The velocity-dependent component of the energy shaping control law is

k/g — ; 2 o 2 _ 2 . 2 12
u 2 (7 + cos? ¢)2 ( (’Y (5’}’ 4 cos <Z5) secptan ¢ — 3 (5’y + 2 cos QS) sin ¢ cos (b) o
+ (72 (’Y — 2cos? (b) tan ¢ — 3 sin(bcos?’ (b) qﬁs) (43)

Next, solving the potential shaping PDE (34) and substituting the solution into (33), we find that we may

choose 1 dv(p(0, 5))
v ,S
= g (07 ans s () — o) UEC), o

where v(-) is an arbitrary C! function and where

©(¢,s) = s + 6 arctanh <tan <%>> .

Note that ¢ is well-defined for all s and for all ¢ € (=7, 7). The input uP effectively alters the system’s
potential energy; the modified potential function is

Vo) = (g 1) +oletens)) ).

Figure (4) shows level sets of the modified potential energy with v(p) = %/{902 and with k = 0.5.

80

40

-80

I
45 90

P(deg)
Figure 4: Level sets of V'(¢, s).

Letting
u = u® + P, (45)

the closed-loop equations of motion are

(G =59 0)
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where the control-modified Lagrangian is

1/6\" ' ,
Liop= B) <f> M, <f> - V'(9,s)

and where 5
2 2 P
S — . 4
S o2 o) ((7 3 cos qb) sec” ¢ tan ¢(3¢ + § cos ¢)) (46)
Proposition 5.1. The control law (45), with u¥/¢ given by (43) and uP given by (44), and with
1
o(e) = gre® (47)

stabilizes the equilibrium at the origin provided k > 0. Moreover, for all initial states in the set
W={(6,5,6,8) € S' xR | |¢] < 3}, (48)

trajectories exist for all time and are confined to compact, invariant, level sets of the modified total energy
. T .
1 /¢ ® 1
Eropo==")] Ms;s,|" -1 , . 4
w0 =5(5) Moo (5) + (55 1) +otot6.00) (49)

Proof: The desired equilibrium is a strict minimum of the control-modified energy, which is conserved
under the closed-loop dynamics. Thus E., , is a Lyapunov function and stability of the origin follows by
Lyapunov’s second method. Level sets of E., , which are contained in W are invariant because E;, , is
conserved. To check that these level sets are compact, apply the change of coordinates

((ba S, é7 S) = (X7 S, X7 S)

where Y = tan¢. This change of variables defines a diffeomorphism from W to R*. In the transformed
coordinates, the control-modified energy E; ; , is radially unbounded. It follows that the level sets of E , ,
contained in W are compact; see [21]. [

5.2 Conservative Model with Feedback Dissipation

Next, we apply dissipative feedback, as described in Remark 4.1. The complete feedback control law is

u = u/8 4 uP 4, (50)
Setting
diss _ . 2sec? p(y + cos? ¢) (3¢ + 5 cos @)
U = Rdiss | — 5 5 , (51)
(7 — cos2 9)
where kgiss is a dimensionless dissipative control gain, gives
. 2
. 2sec? ¢(y + cos? ¢) (3¢ + $ cos @)
ETO’ = kqj . 52
10,0 diss ( (/7 ~ cos? @)2 ( )

Choosing kqiss < 0 makes E.T,U,p negative semidefinite.

Proposition 5.2. The control law (50), with u*/e and uP given as in Proposition 5.1 and with u® given
by (51), asymptotically stabilizes the origin provided kqiss < 0. The region of attraction is the set W (48) of
states for which the pendulum is elevated above the horizontal plane.

Proof: The proof is given in Appendix B. [J
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5.3 Dissipative Model

We have shown that one may choose x to make the equilibrium a strict minimum of the control-modified
energy E;, ,. We have also shown that one may choose kgjss to drive E; ; , to that minimum value, in the
absence of other dissipative forces. Interestingly, when kq;ss = 0 and physical damping is present, the control
law does not provide asymptotic stability. Suppose a damping force opposes the cart’s motion in proportion
to the cart’s velocity. Suppose also that a damping moment opposes the pendulum’s motion in proportion
to the pendulum angular rate. This simple linear damping destabilizes the inverted equilibrium unless it is
properly countered through feedback. This phenomenon is consistent with previous control designs based
on the method of controlled Lagrangians, as discussed in [29].

Assume that the closed-loop system described in Section 5.1 is subject to (nondimensional) dissipative
external forces of the form .
[Fo| = —dy¢  and [F,] = —dss, (53)

where dy and ds are dimensionless damping constants. We assume that dgs > 0. The value of d, on the other
hand, can be modified directly through feedback. Indeed, one may impose arbitrary dissipative forces in
the controlled directions and may thus modify the components in the bottom row of the matrix R through
feedback. Regardless, it can be shown that there is no choice of linear feedback dissipation which makes
inequality (40) hold for this example. (The proof is an extension of the proof of Lemma 4.2 in [26].) Because
E"T@p cannot be made negative semidefinite when dgy > 0, E;; , is no longer a Lyapunov function in this
case.

Rather than search for a new Lyapunov function, we analyze nonlinear stability locally using Lyapunov’s
first method. That is, we examine the spectrum associated with the linearized dynamics. The local analysis
provides a valuable assessment of the nonlinear controller’s performance. In practice, one would not likely
implement a nonlinear control law whose local performance compares poorly with available linear control
laws.

As will be shown, the given controller, with an appropriate choice of linear feedback dissipation, is still quite
effective at stabilizing the desired equilibrium. Moreover, even though we lose the Lyapunov function, and
thus the proof of a large region of attraction, simulations suggest that the region of attraction remains quite
large.

Encouraged by converse theorems for Lyapunov stability, one might search for a new Lyapunov function
for the given controller. One approach might involve complementing Eﬂmp with another function, and an
appropriately defined switching sequence, such that the pair of functions proves asymptotic stability; see
[15], for example. A more challenging approach, perhaps, would be to seek a new modified energy for the
given control law, for which the equilibrium is a minimum (or a maximum) and for which a dissipation
inequality such as (40) can be made to hold with suitably defined feedback dissipation. (In the case of
nonlinear damping, the inequality (40) would have to be modified. Nonlinear damping often arises in real
systems, including the system considered here; see [26].) Additional freedom can be obtained in the matching
process by relaxing the symmetry requirements and allowing a more general Ehresmann connection; see [5].

Linearizing the closed-loop equations about the desired equilibrium gives
g =Agq+hot., (54)

where ¢ = [¢ s ¢ 3|7 is the state vector and the state matrix is

0 0 1 0
0 0 0 1
A= —a — 3bk —bk _% + 3 ckaiss ,Yd_51 + ckgiss (55)
d
2a + 3bk + 'y—-lH br —=7 — 3ckdiss —Wd_sl — ckiss
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with ) 5 )
i b:77— and c= (y+1)

a=—-:, , —.
y+1 2(y +1) (y—1)3

We point out that x and kgjss are control parameters and v and dy are system parameters. Because the
dissipative force corresponding to the parameter ds enters in the controlled direction, this parameter can
be modified through feedback; still, we treat ds as a system parameter. Because v > 1, the constants a, b,
and c are all positive. We examine stability in the x-kqiss parameter space for different system parameter
values. Specifically, using Routh’s criterion, we find values of k and kgjss such that every eigenvalue of A
has a negative real part for given system parameter values. We use Routh’s criterion to find conditions on

k and kgjss such that exponential stability is guaranteed.

The eigenvalues A of A satisfy the fourth order polynomial
A+ psA® + paA? + prd 4 po =0

where the coefficients are

ded
posz/ P2 = a—+ (25_81+2b/€+Cd¢k’diss
—d vdy +d
b1 = > - bdqb/’i — ckgiss b3 = SN 2¢c kgiss
y—1 y—1

Necessary and sufficient conditions for every eigenvalue to have negative real part are that
po>0, p1 >0, p2>0, and p3 >0,
and that

0=pop3—p1 >0
51 =6p1 — pipo > 0.

Ky

iss

YLZTITI000E 2 V0 e i

’\ o

;=0
6 =0
(51=0 =0

Figure 5: Stabilizing values of control parameters (dy = ds = 0) in gray shaded area.

First, consider the simpler case where there is no physical dissipation, i.e., dy = ds = 0. Figure 5 shows the

curves
po=0, p1=0, pp=0, p3=0, 6=0, 6;=0
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in the k-kqiss plane. The hashed areas are control parameter values for which the conditions for asymptotic
stability are violated. The region of stabilizing control parameter values is seen to be the entire fourth
quadrant, which is consistent with Remark 4.1.

If ds and dg are nonzero, the region of stabilizing control parameter values shown in Figure 5 changes slightly.

Proposition 5.3. If V2 > dy > 0 and ds > —~vdgy, then there exist control parameter values k and kgiss
which exponentially stabilize the origin of the linearized dynamics (54)-(55).

Proof: See Appendix C.

The proof of the above result also shows that if kqis = 0, one can not find a stabilizing value of k£ when
ds > 0 and dg > 0. That is, the control law developed for the conservative system model will fail to stabilize
a system with generic, linear damping. One must introduce feedback dissipation to stabilize the system.

As an alternative to the feedback dissipation term (51), one may instead apply feedback which makes d;
negative. (Although we have treated ds as a system parameter, the damping force associated with this
parameter occurs in the controlled direction, so one may effectively change ds through feedback.) If ds
satisfies —ydy < ds < 0, one may obtain closed-loop stability even with kqiss = 0; see the sketch on the
right-hand side of Figure 6. Applying feedback to make ds negative corresponds to reversing the natural
damping force acting on the cart.

Proposition 5.3 asserts that, under quite reasonable conditions on the physical parameter values, there exist
control parameter values which exponentially stabilize the linearized dynamics. For these parameter values,
it follows from Lyapunov’s first method that the nonlinear system is locally exponentially stable. In fact,
simulations suggest that the region of attraction is once again the set W of states for which the pendulum
is elevated above the horizontal plane. We point out that exponential stability of the linearized dynamics
also implies that the control law is, at least locally, robust to small uncertainties in the model parameters.
k, k

iss | iss

-15

(a) (b)

Figure 6: Stabilizing control parameter values (in gray) for v = 2 and dy = 0.1 with (a) d; = 0.05 and (b)
ds = —0.05. The solid line is §; = 0; the dashed line is § = 0.

Numerical results. Figure 6 shows the region of stabilizing control parameter values for particular values
of the system parameters. We fix v = 2 and dy = 0.1 and consider the two cases d; = 0.05 and d; = —0.05.
Figure 6(a) shows that, when ds = 0.05, the k-axis lies outside the region of stabilizing control parameter
values. Thus, in absence of feedback dissipation (i.e., with kqiss = 0), no value of the control parameter
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can stabilize the system when d; > 0. When ds; < 0, however, a portion of the k-axis lies within the region of

stabilizing control parameter values. This observation is illustrated in Figure 6(b) for the case ds = —0.05.
100 w w 500
400
50
300
)
g o0 = 200
<
100
-50
0
-100 : ‘ -100 ‘ ‘
0 50 100 150 0 50 100 150
T T

Figure 7: Pendulum angle and cart location versus time with dg = 0 (solid) and dg = 0.1 (dashed).

Figure 8: Control-modified energy E;, , versus time with dy = 0 (solid) and dy = 0.1 (dashed). Note the
non-monotonic convergence in the case where physical damping is present.

(From Figure 6(b), we see that the values kK = 0.5 and kqgiss = —0.25 lie in the region of stabilizing
parameter values. Figure 7 shows closed-loop system trajectories with these parameter choices in response
to the (nondimensional) initial conditions

89 .
60 =(5)3 s0=0 d0=r =0
Note that this initial state is far outside the region where the linearized equations provide a reasonable model
for the nonlinear dynamics. It corresponds to an almost horizontal pendulum which is rotating downward.

We assume a perfect actuator; the magnitude of the control force is unlimited and the actuator responds
instantaneously to reference commands.

Figure 7 shows two cases. In the first case, denoted by solid lines, only feedback dissipation is applied
(dyp = ds = 0). In the second case, denoted by dashed lines, there is also physical damping in the unactuated
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direction (dy = 0.1) and “reversed damping” in the actuated direction (d; = —0.05). In both cases, the
system converges to the desired equilibrium, although more slowly in the latter case.

Figure 8 shows the control modified energy for the two cases described above. In both cases, the energy
decays to its minimum value. In the presence of physical damping, however, the function does not decay
monotonically. The control-modified total energy is mot a Lyapunov function when physical damping is
present.

6 Conclusions

We have modified the method of controlled Lagrangians, as presented in [13] and [6], to include artificial
gyroscopic forces in the closed-loop system. These forces conserve the feedback-modified system energy and
thus preserve its role as a control Lyapunov function. The introduction of gyroscopic forces allows additional
freedom which can be used to expand the basin of stability and to tune the closed-loop system performance.
Having stabilized a given system in this way, one may introduce feedback dissipation in an effort to achieve
asymptotic stability. While the approach described here is less general than the formulation given in [18],
it is more algorithmic.

The control design technique was applied to the problem of stabilizing an inverted pendulum on a cart. The
control-modified energy was constructed such that the desired equilibrium is a minimum. The addition of
feedback dissipation provides asymptotic stability within a region of attraction that contains all states for
which the pendulum is elevated above the horizontal plane. Despite these results, generic physical damping
makes the control-modified energy rate indefinite, thus invalidating the nonlinear stability argument. How-
ever, in this case, linear stability analysis provides a range of system and control parameter values which
ensure that the desired equilibrium is locally exponentially stable. Moreover, simulations suggest that the
region of attraction remains quite large.

As is clearly demonstrated by the example described here, physical damping must be carefully considered
for systems whose kinetic energy has been modified through feedback. In previous work, such as [29], the
stabilization problem was broken into three steps. The first step involved stabilizing a conservative model
of the system. Parameters for the control-modified kinetic energy metric were chosen in this step. The
second step involved adding feedback dissipation to the conservative system model. The third step involved
considering physical damping and, if necessary, modifying the system damping through feedback. It may
be advantageous to instead consider physical damping at the outset, that is, to choose parameters for the
control-modified kinetic energy metric and for feedback dissipation at the same time.

The example of a pendulum on a cart motivates further study. For example, encouraged by the local
analysis and simulation results, one might take a more general approach to energy shaping to search for a
true Lyapunov function for the given closed-loop system. Alternatively, one might consider the problem of
proving (non-monotonic) convergence of the control-modified energy in cases where the rate of change is
indefinite. Of the two possible approaches, the former is more consistent with the control design philosophy
and is perhaps more promising.
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A The Potential Energy Matching Condition

The upper term of equation (29) requires that
0= (AM +(¢d+ Tg)pdeT,(;) B (~Vg) — (AMBV‘;Q? — (¢ + Tg)pcdpdb) (up = V) + Vi (60)

Noting that
Ay B =68 + 100qmi B, (61)

from the definition (13) of A,p3, we may rewrite (60) as
0= (Vi) + (eouan™ + (5 + 7)) (pesmI BT (~Vp)

— (A BYG = (¢ + 78)peaD™ ) (u = Vi) + Vi (62)

Using (32) in (62) gives
0=Vt (7éouan™ + (¢ + 7)) (~pacD (uf = Va) = V)
(A0 BTG = (¢ 75)peaD™ ) () — V)
=V = 7600a (D™ (uf = V) = p™V) = (o + 78V — Aay BYCE (uf = V)
=Va— <T§0’cdDdb + Aa'yBM;Cg) (up — V) — <T§0'cdpdb +¢+ 73) Vi (63)

)

Using the definition (31) of D® and the identity (61), equation (63) simplifies to
0= Vo — (reag™ +C2) () = V) = (roean™ + o+ 72) Vi, (64)
Substituting the potential shaping portion of the control law
ul = Vo + Dae (T5B77V,5 = pV)
from equation (33) gives
0=V, - (T;acdgd” + gg) D (ﬁBWVﬁ — et V&) - (Tgacdpd” +C+ gﬁ;) Vi, (65)

Collecting coefficients of the partial derivatives of V' gives the potential matching condition (34).

B Proof of Proposition 5.2

Consider any compact, positively invariant set {2 C W, where W' is given in (48), and let E be the set of all
points in Q at which E;, , = 0:
E={(¢,s,6,8) € Q|30+ scos¢=0}.

Lasalle’s invariance principle asserts that every trajectory starting in {2 approaches the largest invariant set
M contained in F¥ as T — oo. If the set M contains only the equilibrium at the origin, it follows that the
equilibrium is asymptotically stable. The set {2 provides an estimate of the region of attraction.
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By definition, E;, , is constant along trajectories contained in M. Also, since

d _d &
ﬁgo(qﬁ, 5) = aT <s + 6 arctanh (tan <§>>>

:sec¢(3(ﬁ+écos¢),

©(¢, s) is constant along trajectories contained in M. Noting that ¢, given in (46), is zero within the set M,
the Euler-Lagrange equations restricted to this set are

d OL
d_Tﬁ = — (2tan ¢ sec® ¢ + 3rpsec @) (66)
d aLT7a—7p —_
Because ¢ is constant, (67) implies that
aLTcr
Tjgm =T+ c
where ¢; = —k(p and ¢y are constants. But, because the equilibrium is stable, trajectories in €2 are bounded.
This implies that ¢; = 0 and co = 0. Thus, ¢(¢,s) = 0 and
aLT o,p
—2=L =0. 68
0s (68)

Restricted to the set M, the momenta conjugate to ¢ and s are

8LT707p 2

2 =3 sec? (s (69)
L;, 2 .
% = g sec @s. (70)
It follows from (68) that $ = 0, since sec¢ # 0 in W. From (69), we see that
OLrvp 0
9 '

From (66), it follows that ¢ = 0. Finally, since ¢(¢,s) = 0 and ¢ = 0, it follows that s = 0 as well. Thus,
for any Q C W, the set M contains only the origin. Asymptotic stability within the set W follows from
Lasalle’s invariance principle.

C Proof of Proposition 5.3

We note that the coefficients pg through ps given in (57) are linear in kgiss and . For convenience, we let

po = —bok p2 = az — bak + cakagiss
p1 = a1 — bik + c1kaiss p3 = a3 + c3kgiss (71)

where the coefficients a;, b; and ¢; are defined by comparing with (57). Referring to (58), we have

b a
po > 0< —bgk > 0 p2>0<:>kdiss>—2l€——2
C2 (&)
b1 aq as
p1>0<:>/€diss<—/€—— p3>0<:>kdiss<__ (72)
C1 C1 C3
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The condition on py implies that £ > 0, since by = —b < 0. The lines (in the k-kgiss plane)

as by as by a
kdiSS:__a kdiss: —KR =, kdiss: —Kk—— and k=0
C3 C2 C2 C1 C1

are boundaries of stability. It can be checked that —‘C’—j < -4 <0 and ﬁ—i <b <0for0< dy < V2.

c1 C1
The two lines p; = 0 and po = 0 have negative slopes and negative kgiss-axis intercepts. Moreover, the line

p2 = 0 is steeper than p; = 0 when dy < V2 and the kgjss-axis intercept of py = 0 is greater in magnitude
than that of p; = 0. Assume that dy > —~vdy, so that the line p3 = 0 is above the x axis. See Figure 9.

Next, we need § > 0 where
0 = p2p3s — p1- (73)

We make the following observations:
e By the definition (73) of 4, we see that
p=p1=0=0=0 and ps=p;=0=46=0.

Thus the curve § = 0 passes through the intersection of p; = 0 with po = 0 and also through the
intersection of p; = 0 with p3 = 0.

e Using (71) and (73), we have

0=0= (CL3 + C3k7diss)(a2 — bok + C2k7diss) - ((11 — bk + Clkdiss) =0

L (a3 + c3kgiss) (a2 + cakaiss) — (a1 + Clkdiss)‘ (74)
ba(as + cskgiss) — b1

It can be seen that
as b1
K — oo as kgigg — —— + —— (75)
C3 b263

Thus the line kqies = —‘C’—g + bb—é3 is an asymptote for 6 = 0. Also b;’é3 = j—ﬁ > 0. This implies that the
asymptote lies above the line p3 = 0. From (74), we see that
cokdiss | a2 | azca —c1

- 7 - kiss +oo.
K — by +b2+ caba as kgiss — £00 (76)

Now, p2 = 0 has the form
k= C2kdiss %
bo bo
This means that the asymptote given by (76) is parallel to po = 0 and to the right since

asCy — C1 _ (’Yd¢ + ds)d(j) I i >0
Cgbg 4b(’y — 1) 4b

since dg > —ydg.

The observations made so far are illustrated in Figure 9. The asymptotes given in (75) and (76) are shown by
dashed lines. There are two possible cases. In the first case, shown in Figure 9(a), the point of intersection
of the lines p; = 0 and py = 0 lies below the point of intersection of p; = 0 and p3 = 0. In the second case,
shown in Figure 9(b), the point of intersection lies above that of p; = 0 and p3 = 0. Since 6 = 0 is quadratic
in kgiss and linear in k, it cannot intersect p; = 0 or py = 0 at points other than those shown by the filled
circles. Thus, the possible branches of § = 0 must be as shown in Figure 9, for the cases considered above.
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Figure 9: Preliminary boundaries for stabilizing control parameter values. Hashes denote regions where the
conditions for exponential stability are violated.

The above observations help us to determine the possible regions of stabilizing control parameter values. At
the origin,
0 = p3p2 — p1 = agzas —ag > 0 since ag,as > 0> a;

Thus, by continuity of ¢ in x and kgjss, the possible region of stabilizing control parameter values (6 > 0)
lies between the curves for § = 0 in one case (Figure 9(a)) and does not lie between the curves in the other
case (Figure 9(b)).

Next, we need
&1 = dp1 — papo > 0.

Thus 6; = 0 forms another boundary on the range of stabilizing parameter values.

e Note that
01 =0 when 6=0 and p3 =0,
and when 6 =0 and py =0,
and when p; =0 and p3 =0,
and when p; =0 and py = 0.

Thus the curve 9; = 0 passes through the intersections of § = 0 with pg = 0 and p3 = 0 and also
through the intersections of p; = 0 with pg = 0 and p3 = 0.

e One can check that

0 =61 = ((a3 + cakaiss) (a2 — bak + cokdiss) — (a1 — b1k + c1kaiss)) (a1 — b1k + c1Kdiss)
+ (ag + C3k‘diss)2b0/€
= 0 = (a3 + c3kqiss)b2 — b1 for large «
as b1

= kqiss = —— + —— for large k.
C3 b203
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Thus kgjes = —Cc”—g’ + b;’ég is an asymptote for d; = 0.

e We note that §; = 0 is quadratic in £ and cubic in kqjss. This means that for a given kqigs, there can
be two roots for £ (including repeated roots) or none. Likewise, for a given &, there can be three roots
for kqiss (including repeated roots) or one.

The above observations, along with an examination of Figure 9, give a clear idea about the nature of §; = 0.
This is schematically shown in Figure 10 where §; = 0 is sketched along with the other curves. Figure 10(a)
corresponds to the case discussed in Figure 9(a) and Figure 10(b) corresponds to the case discussed in
Figure 9(b).

5=0 k, \ kd

iss

AT
p3=0

(TRRTETTRRIRRINONY

K

(a) (b)

Figure 10: Sketch showing the region of stabilizing control parameter values (in gray).

The crucial observation is that there is some part of §; = 0 that lies in the fourth quadrant. At the origin
(K/ = kgiss = O)a
01 = (a3a2 — al)al <0,

since az, az > 0 > aq. Thus, by the continuity of §; in k and kgjss, 01 > 0 inside the §; = 0 loop as shown in
Figure 10. The region of stabilizing control parameter values is shown in gray in Figure 10. This completes
the proof.
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