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Abstract—This paper presents a new procedure to design a
control law using the classical interconnection and damping as-
signment technique within the passivity-based port-Hamiltonian
framework. The sought goal is to reduce the complexity of
solving the so-called matching equations. The proposed approach
is applied to two case studies of planar rolling nonprehensile
manipulation. Namely, the ball-and-beam and the eccentric disk-
on-disk. The performance of the resulting controllers is illustrated
through both simulations and experimental results, showing the
applicability of the design in a real set-up.

Index Terms—Nonprehensile rolling manipulation, passivity-
based control, dynamic manipulation, underactuated systems.

I. INTRODUCTION

Port-Hamiltonian (pH) formalism has gained the attention
of the control and robotics research communities in the last
decade as a methodology for modeling and control design
of complex system [1], [2], [3], [4], [5]. Rooted in the
classical mechanics, the pH formalism is a representation
of the system dynamics that explicitly reveals energy and
physical properties related to the energy exchange, power flow,
and interconnection structure. Such physical information is
exploited for the design of control algorithms within non-
negligible dynamics tasks. In particular, the method of infer-
connection and damping assignment passivity-based control
(IDA-PBC) is here considered [2], [5]. The IDA-PBC aims at
finding a control law such that the closed loop preserves the
Hamiltonian structure, with a minimum of the potential energy
at the desired equilibrium, and a further damping injection
to ensure asymptotic stability. The IDA-PBC method differs
from other nonlinear control methodologies, typically applied
in robotics, such as feedback linearization, where a linear
dynamics is imposed at the expense of exact-cancelation of
the nonlinear system dynamics, which may cause robustness
problems. The control law is then obtained by matching the
open-loop and desired closed-loop dynamics. Such a match is
guaranteed by solving a set of partial differential equations
(PDEs), the so-called matching equations, which is also a
bottleneck of the IDA-PBC approach despite the existence
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of constructive and explicit solutions for many structured
problems (e.g. [6], [7], [8]).

In this work, a new procedure to solve the matching
equations for a class of mechanical systems is proposed. The
carried out approach reduces the complexity of the IDA-
PBC design, while preserving its effectiveness. Under certain
conditions, the proposed method consists in giving the explicit
solution of a subset of PDEs resulting from the matching
equations, while transforming the remaining PDEs in a set
of algebraic equations. This novel procedure for the IDA-
PBC design can be applied to underactuated planar mechanical
systems with separable and non-separable Hamiltonians, i.e.,
with constant and non-constant mass matrix, respectively.
Such class of systems includes nonprehensile planar rolling
manipulation tasks, which are here proposed as robotic case
studies to illustrate the design procedure outlined in this paper.

Nonprehensile planar rolling manipulation systems address
those tasks that involve an actuated manipulator referred to
as hand, and an object which is manipulated without form or
force closure grasps [9]. The disk-on-disk [1], [10], [11], the
ball-and-beam [12], [13], [14], [15], and the butterfly robot
[16], [17], [18] are some robotic benchmarks used to simulate
different nonprehensile planar rolling manipulation tasks. In
detail, the disk-on-disk is composed of an upper disk (object)
free to roll without slipping on the rim of a lower actuated disk
(hand). The ball-and-beam consists of a beam (hand) actuated
by a torque around its center of mass (CoM) together with
a ball (object) rolling on it. The butterfly robot is composed
of an actuated butterfly-shaped link (hand) on whose rim a
ball (object) can freely roll. In all these cases the control
objective is to balance the object and drive the hand towards
the desired configuration. In this paper, two nonprehensile
planar rolling robotic systems with non-separable Hamiltonian
are considered as case studies: the ball-and-beam and the
eccentric disk-on-disk. This last example is a variant of the
disk-on-disk system, where the center of rotation of the hand
and its geometric center are not coincident. Simulation tests
on the ball-and-beam, and experiments on the real physical
prototype of the eccentric disk-on-disk system are presented to
confirm the performance of the proposed control methodology.

The outline of the paper is as follows. Next section
highlights the novelties proposed within this work. Existing
control designs for the selected case studies are described
in Section III. A summary of the IDA-PBC is presented in
Section IV. The main result of this work is shown in Section V.
The general dynamic model for nonprehensile planar rolling
manipulation systems is derived in Section VI. The ball-



and-beam and the eccentric disk-on-disk case studies are
deeply analyzed in Section VII and Section VIII, respectively.
Section IX concludes the paper.

II. NOVELTIES

As it will be detailed in Section IV, the matching equations
are split into two subsets of PDEs, namely the kinetic and
the potential energy matching equations. In this paper, under
certain conditions and through a suitable parametrization of
the desired closed-loop mass matrix, an explicit solution is
provided for the potential energy matching equation. This new
procedure reduces the complexity of the IDA-PBC design by
simultaneously finding the desired potential energy function
for the closed-loop system and simplifying the choice of the
desired mass matrix. Once the solution of the potential energy
matching equation is found, the procedure to solve the kinetic
energy matching equation takes inspiration from [19], without
solving any PDEs.

The approach here proposed differs from [3] where the
PDEs derived from the kinetic energy matching condition
are transformed into a set of ordinary differential equations
(ODEs). Moreover, in [3] and [14], a necessary condition for
the validity of the methods is that the mass matrix of the
system depends only on the unactuated variable. Differently,
in the proposed control approach, the open-loop mass matrix
and the desired closed-loop mass matrix can be dependent on
both actuated and unactuated variables.

It is worth underlining that the proposed control approach
can be applied to many two-dimensional underactuated me-
chanical systems having the structure outlined in Section V.
Nonprehensile planar rolling manipulation systems fit into
such a class. Therefore, the generalized dynamic model of non-
prehensile rolling between arbitrary shapes in 2D, presented
in [20], is extended by formulating the dynamics in the pH
form. Besides, the assumption that the center of actuation of
the hand and its geometric center are coincident is dropped.
This small technical contribution, in addition to the above-
outlined control approach, overcomes the limitation in [20]. In
that work, nonprehensile planar rolling manipulation systems
are shown to be differentially flat only if they have a constant
mass matrix (i.e., a separable Hamiltonian). The method
proposed in this paper, instead, can be applied to systems
with both a separable and a non-separable Hamiltonian. The
proposed control can be thus elected as a unifying approach
to solving the stabilization problem of nonprehensile planar
rolling manipulation systems. As sketched in [21], finding
general strategies to settle a class of problems is yet an open
issue within the nonprehensile manipulation domain.

III. EXISITING CONTROL DESIGNS FOR THE SELECTED
CASE STUDIES

In the following, a brief the state of the art about the mod-
eling and the control of the ball-and-beam and the eccentric
disk-on-disk is provided. These case studies are considered to
bolster the proposed control approach. A more comprehensive
analysis about nonprehensile manipulation is tackled in [21].

On the one hand, the ball-and-beam system has been
extensively studied in the past years due to its peculiar feature:
it fails to have a well-defined relative degree. Hence, feedback
linearization cannot be applied. The authors of [13] propose
an approximate input-output linearization. Whereas, an output
feedback controller is introduced in [22]. The authors of [12]
show a technique for obtaining stable and robust oscillations
for such system consisting in two steps: the former aims
at finding a control law such that the closed loop of a
reduced model of the dynamics is a second-order Hamiltonian
system which presents stable oscillations; in the latter step, the
controller is extended to the full system using backstepping.
A control method for a redundant manipulator to balance the
ball-and-beam system is showed in [15]. A force/torque sensor
attached to the end-effector of the manipulator is used for
estimating the ball position. Since it involves significant noise,
a state-feedback controller is employed along with an observer.

On the other hand, the eccentric disk-on-disk has some
characteristics that make it attractive as a benchmark. In [1] an
IDA-PBC controller is designed ad-hoc via a coordinate trans-
formation for the traditional disk-on-disk (separable Hamil-
tonian), but it cannot be directly extended for the eccentric
disk-on-disk (non-separable Hamiltonian). It is worth noticing
that the dynamic behavior and the stability properties of the
eccentric disk-on-disk are similar to the circular ball-and-
beam investigated in [23], [24], [25]. In [24], the Jordan
form of the model of the circular ball-and-beam is linearized
near the unstable equilibrium to design a linear controller. A
linear control approach is also used in [23], where the limits
of the beam actuator are taken into account. A geometric
passivity-based control approach for this system is presented
in [25]. Also in that work, the authors propose a technique to
avoid the solution of the matching conditions. Nevertheless,
the gyroscopic term is not addressed for the control design
within [25], since the energy shaping is applied to a modified
dynamics resulting from a geometric feedback transformation.

IV. IDA-PBC IN A NUTSHELL

The pH framework allows modeling of mechanical systems
including the information about the energy transfer explicitly.
The canonical Hamiltonian equations of motion are

q O, I, Onxm

|:p:| = |:In On:| VH(q,p) + [G(Q):| u, (1
where g € R™ is the configuration vector, p € R"™ is the
momenta vector, u € R™ is the control input, G(g) € R"*™
is the input mapping vector, I, O,, € R™*" are the identity
and the zero matrices, respectively, and Oy, ., € R™*™ is a
n x m matrix with all-zero entries. The function # : R?" — R
is the Hamiltonian, which represents the total energy (kinetic
plus potential) stored in the system, having the form

Ha.p) = 3p" M (@)p + V(a),

where V(q) € R is the potential energy function and M (q) =

M7 (q) € R™*™ is the positive-definite mass matrix.
Stabilization of (1) to the desired equilibrium (q,p) =

(g*,0,,), where 0,, € R" is the zero vector, is achieved using



the IDA-PBC by assigning the target dynamics to the closed
loop [14]

M~ (q)M(q)

o
= " VHa(q,p),
J2(q,p) (2. P)

m - [—Md(q)M_l(q)
2

where J2(q,p) € R™*™ is the desired interconnection matrix,
and M 4(q) € R™*™ the desired mass matrix. The desired total
energy function is given by

1 _
Hailg,p) = ipTMd "(@)p + Va(a),

with V;(q) € R the desired potential energy function. Then,
(g*,0,,) will be a stable equilibrium configuration of the
closed-loop (2) if

C.1 M ,(q) is symmetric and positive definite;

C.2 g* = argmin Vy(q);

C.3 J:(q,p) is skew-symmetric.

The stabilization of the desired equilibrium is achieved by
identifying the class of Hamiltonian systems that can be ob-
tained via feedback. The conditions under which this feedback
law exists are the matching conditions, i.e., matching the
original dynamic system (1) and the target dynamic system (2):

|:OTL I'IL

Onxm
1, On] VH + [ } u

G
- 3)
o, M~ M,

- [—MdM‘l J> ] Ve,

where the dependency of the functions on their argument
has been drop to simplify the notation. The first line in (3)
is straightforwardly satisfied, while the second line in (3)
corresponds to the following set of PDEs

G (VoH(a,p) — Ma()M @)V Ha(a,p) 4
+J2(q,p) M7 (q)p) =0,

where G is the full rank left annihilator of G. The PDEs (@)
can be separated into the two subsets of PDEs:

G+ (Vy(p" M (q)p)
~ My(@M @)V, (p" M7 (g)p) ©
+2J2(q,p)M " (q)p) =0,

G (VyV(g) — Ma(@) M (q)V,Va(q)) =0, (6)

where (5) and (6) are the kinetic and the potential en-
ergy matching equations, respectively. By solving (5)-(6) for
M i(q), Vi(q) and J2(q,p), subject to C.1, C.2, and C.3,
the energy shaping control is given by

ues = (GTG) G (V,H(g, p)
~Ma(q)M " (q)V,Ha(a,p)+J2(a,p) M, (@)p).
(7
It is worth remarking that not every desired M ,(q), Va(q)

and J2(q,p) can be chosen, but only those solving (5)-(6)
subject to the conditions C.1, C.2, and C.3.

By applying (7) to the Hamiltonian dynamics (1), the
closed-loop target dynamics (2) is obtained. Damping aimed
at achieving asymptotic stability is then injected through

ug = —K,G"V,Ha(q,p), (8)

where K, € R™*™ is a symmetric and positive definite
matrix. The damping injection (8) and the energy shaping
control (7) are then assembled to generate the IDA-PBC

U= Ues + Ug;. )

Therefore, through this adjustement, the closed-loop dynam-
ics (2) is modified as follows

m - [Md(qo);\/ll(q) VHa(q,p),
(10)

in which dependencies have been dropped, and R; =
GK,G" € R™ " is the positive-(semi)definite dissipation
matrix [4], [14].

M~ (q)M(q)
JQ(qap) - Rd

V. MAIN RESULT

Consider the class of underactuated Hamiltonian systems (1)
withn=2m=1G=e =[1 O}T, and, consequently,
G' = el = [0 1]. The first step towards the proposed
resolution to solve the matching conditions is related to the
potential energy PDEs and the conditions of symmetry and
positive definiteness of the desired closed-loop mass matrix.
Let g = [ql qg]T be the configuration vector, and let

_ |bui(g) Dbi2(q)
M(q) = [blz(Q) b22(‘1)}

be the expression of the mass matrix in (1). To look for a
solution of the potential energy matching equation, the desired
inertia matrix is parametrized as follows

(1)

My(q.c1) = A [an(q,cl)

a12(q; c1)
a12(q,c1) } ’ 12)

(122(41, 01)

where A = by1(q)ba2(q) — b35(q) > 0 is the determinant of
M (q), and ¢; € R™ is a set of gains, with n.; > 0, useful
to design the controller. Under this assumption, the potential

energy matching equation (6) becomes
eg (VqVi(a) —T'(q)V4Va(g, c2)) =0, (13)

where co € R™2 is a set of gains, with n. > 0, useful to
design the controller, and

T(q,c1) = a11ba2 — a12b12  a12b11 — a11bi2

14
a12b2a — agabia  agobi1 — ai2bio (14)

The PDE (13) can be equivalently written as

V. V(@) +a(q)Ve, Va(g, e2)+8(q) Vg, Va(g, c2) = 0. (15)
with
a(g, 1) = aza(q, c1)bi2(q) — a12(q, ¢1)b22(q), (16)
B(q,c1) = a12(g, €1)b12(q) — az(q, c1)bi1(q).

The main advantage of the proposed approach is the use of
the scalar functions «(g, c;) and (g, c1). A suitable choice



of these functions allows the possibility to have an explicit
solution of (15) (see Appendix I). Notice that the form of
a(q,c1) and B(q,c1), and the gains ¢; and cs, are selected
such that V;(q, ¢o) satisfies C.2. Once a(q,¢1), f(g,c1), 1
and ¢y are chosen, the terms a12(g, ¢1) and a22(q, ¢1) of the
desired mass matrix are retrieved as

(g, e1)bii(g) + B(g; €1)bi2(q)

az(g-e) = A , 17
ass(q,¢1) = — a(g, c1)bi2(q) Z B(a.c)ban(a)

Through this choice, the proposed desired closed-loop mass
matrix is structurally symmetric, while the condition C.1 is
fulfilled only if a11(g,c1) > 0 and aq1(g, c1)ase(g,c1) —
a?y(q, 1) > 0. Therefore, by selecting ajq as

kaa%Q(qa cl)
a22(q, 61)

where k, > 1 is a constant parameter, the conditions for M,
to be positive definite are met if

a(q, c1)bi2(q) + B(q, €1)b2(q) < 0.

Hence, the gains ¢; have to be chosen to fulfil (19) without
destroying the conditions found to satisfy C.2. If this is
possible, then the desired mass matrix takes the form
kq(abiy + Bbi2)?
— —(ab11 + 5b
(b2 + Bba2) (abuy + fbrz) )
—(abiy + fBbia)  —(abia + Bbao)

otherwise it is necessary to re-design «(g,c;) and 3(q,c1)
and find another solution for (15).

Subsequently, the degree of freedom given by the matrix
J2(q,p) is used to satisfy the kinetic energy matching equa-
tion (5). The approach proposed by [19] is followed to deal
with the kinetic energy matching equation without solving any
PDE again. The interconnection matrix J5 is chosen through
the following structure

a11(q,c1) = >0, (18)

19)

Ma(q) = (20)

0 J2(q,p)

—Jj2(q, p) 0 @1

J2(qap) =

Since el J2(q,p) = —j2(q,p)el, the kinetic energy match-
ing condition (5) can be expressed as

e;Vq(p" M~ (q)p)
— eI M y(q)M " (q)V,(p" M (q)p)
—2ja2(q, p)ef M ;" (q)p = 0.

The scalar function j2(q,p) can be obtained solving (22) as
an algebraic equation

(22)

jo(a,p) = (267 M (q)p) " (eXVy(p" M~ (q)p)
— el My(g)M ' (q)V,(p" M7 ' (q)p)) .

The IDA-PBC law can be finally computed from (9). The
proposed constructive solution is resumed in the flow chart
depicted in Fig. 1.

The method used to satisfy the kinetic energy matching
equation, inspired by [19], provides a solution that is not
always well-defined. Close to the equilibrium, the numerator

(23)

[ From (1), take M (q) as in (11) and V' (g). Compute A. ]

Design «(q, ¢1) and 3(q, c1) suitably, to ]

[ avoid solving (15) explicitely (see Appendix A).

Vd(Qz 62)

Verify with a
proper choice
of ¢1 and ¢2
that Vy(q, c2)
fits C.2.

no

Solve (19) for
c1 without
violating the
prior conditions.

no

l

a11(q,cy) as in (18), and j2(g, p) as in (23).

Compute a12(q, c1) and a22(g, c1) as in (17),
Finally, compute the control law w in (9).

Fig. 1. Flow chart of the proposed constructive solution.

of (23), which has a quadratic dependence on p, tends towards
zero faster than the denominator, which depends linearly on
p, thus avoiding any singularity issues. Despite this, a study
about the denominator of the relation (23) reveals that, far
from the equilibrium, it might be nullified if the equality
(a(g,e1)bi2(q) + B(g,c1)b(q))pr = (a(g,c1)biilq) +
B(q, c1)b12(q))p2 holds, with p = [p pQ]T. This situation
is addressed in practice by saturating the denominator of (23)
when its absolute value is under a small enough threshold. The
simplification of the design proposed here is at the expense
of the presence of possible singular solutions of (23), but
these can always be numerically managed in the controller
implementation.

Remark. The main result of this section can be thus applied
to any underactuated mechanical system, with both separable
and non-separable Hamiltonians, whose dynamic model can
be expressed as in (1) withn =2, m =1, G = e;.

VI. DYNAMIC MODEL OF NONPREHENSILE PLANAR
ROLLING MANIPULATION SYSTEMS

In this section, the dynamic model of nonprehensile planar
rolling systems is derived in the pH form. This formulation
extends the works in [1], [11], [20] by removing the somewhat



Fig. 2. A general nonprehensile planar rolling manipulation system with the
center of rotation of the hand (indicated by the x symbol) not corresponding
to its center of mass. The world fixed frame 3, is in red. The hand frame
¥ and the object frame 3,, in green and blue, respectively, are placed at
their respective centres of mass.

restrictive assumption that the hand can only rotate around
its center of mass, which allows considering a more general
class of tasks as shown in Fig. 2. Consider the inertial world
fixed frame X,,, which is without loss of generality attached
to the holder where the hand is actuated (i.e., the center of
rotation of the hand). Also, let ¥; be the frame attached
to the center of mass (CoM) of the hand, while ¥, is the
frame attached to the CoM of the object. Let 6, € R be the
angle of the hand in ¥, while p, € R? and 0, € R are
the position and the orientation, respectively, of X, in X,
(see Fig. 2). The shapes of both the object and the hand
are represented by an arclength parametrization: s, € R
and s, € R are the arclength parameters for the hand and
the object, respectively. At least locally, the shapes should
be of class C2. Any point of the hand shape is given by

the chart ¢f(sp) = [un(sn) vh(sh)]T € R?, expressed
with respect to X, while any point of the object shape
is given by ¢%(s,) = [uo(s0) vo(so)]T € R2?, expressed

with respect to 3,. Notice that sj, increases counterclockwise
along the hand, while s, increases clockwise along the object.
With this choice, the pure rolling assumption is s, = $,.
Without loss of generality, the frames X,, and X, coincide
at 0, = 0, the point s;, = 0 is at the intersection between
the vertical (gravitational) axis of X,, and the hand shape
(e, c,(0) = [0 vh(O)]T in ©,), and thus s, = s,
at all times during rolling. Therefore, the contact location
will be specified only by s; throughout the remainder of
the paper. As the first assumption, the hand and the object
maintain pure rolling contact for all time. The arclength
parametrization implies the property |lc}’[|= 1, with the
symbol ' indicating the derivative with respect to the parameter
sp. The same holds for ¢2(sp,). At the contact point c}'(s,),
the tangent vector to the shapes is expressed as t'(s;) =
el € R? forming an angle ¢y, (s,) = atan2(v} (sn), u,(sn))
in Xj;. The same tangent can be expressed with respect
to ¥, with an angle ¢,(sp) = atan2(v)(sp),u,(sp)). The
signed curvatures of the shapes are defined as: rkp(sp) =
@ (sn) = ujp(sn)vy (sn) — up(sn)vy, (sn)s Ko(sn) = do(sn) =
ul (sp)vl(sp) — u(sp)vl(sp). The relative curvature at the
contact point is given by

Kr(Sp) = kn(sh) — Ko(sh)- (24)

Fig. 3. A representation of the ball-and-beam system. The world fixed frame
Y is in red. The hand frame ¥} and the object frame X, in green and
blue, respectively, are placed at their respective centres of mass.

Notice that xp(sp) > 0 and £,(sp) < O denote convexity
at the contact point for the hand and the object, respectively.
Hence, k. (sp) > 0 guarantees a single contact point at least
locally [11]. The following constraint expresses the angle
of the tangent t(s;) with respect to ¥, 65 + ¢n(sp) =
0o+ ¢o(sn). Therefore, taking into account (24), the following
relations hold

(25a)
(25b)

0o = On + dn(sn) — do(Sh),
éo = éh + I{T(Sh)s'h.

Assuming that R(6) € SO(2) is the rotation matrix in the 2D
space, notice that the relation R(0) = R(6)6 holds with § =
¢ + 5. The position of the CoM of the hand in X, is denoted
by p,(0n) = [ww(On) vw(9h)]T € R2 The coincidence
between the contact points on both the hand and the object
is expressed by p;, (05) + R(05)cl(sy) = p, + R(0,)cS(sn),
yielding to the equation p, = p;(0n) + R(0n)ch(sn) —
R(0,)c(sy), and, consequently, p, = v(q)0n + n(q)sn =
[v(@) n(q)] g, with

v =p), + R(0n)c) — R(0,)c,
n=R(0,)c) — R(0,)c” — k.R(0,)c2

0

(26a)
(26b)

in which dependencies have been dropped, while (25b)
is included and (25a) has to be plugged in. The sym-
bol \ indicates the derivative with respect to 6, and
the configuration vector is defined as q = [Hh sh]T
For this class of systems the kinetic energy is given by
T = 3 (16} +mapk 0)bn(0) + moplp, +1,02) =
%pTMfl(q)p, with p = M(q)q and the elements of the
mass matrix are given by: bi1(q) = I, + I, + mpp) ), +
moy (@)y(@), bi2(q) = Lokr(sn) + moy(q)"n(q), and
baa(q) = I,k2(s1) + mon(q)Tn(q). The potential energy is,
instead, given by

V(q) = ge3 (mopo(a) + mupy(q))- 27)

This class of systems can be then expressed in the pH form
(1),withn=2,m=1, G=ej.

VII. CASE STUDY 1: THE BALL-AND-BEAM

The ball-and-beam is a standard benchmark belonging to the
class of nonprehensile planar rolling manipulation systems. It
is composed of a ball rolling on one degree of freedom linear
beam. In the following, the ball-and-beam dynamic model is
retrieved from the general formulation presented in Section VI.
Afterwards, the procedure proposed for the IDA-PBC design



is applied. Simulations are finally performed to evaluate the
performance of the controller.

A. Dynamic Model of the Ball-and-Beam

The ball-and-beam system is shown in Fig. 3. It is
composed of a beam that can rotate around its CoM and
a ball that can only roll along the beam. The shape of
the hand (i.e., the beam) is parametrized through the chart
ch(sp) = [—sh dh]T, with d, € RT a fixed distance
between CoM of the beam and the surface where the ball
rolls. The shape of the object (i.e., the ball) is parametrized by
the chart €5 (sp) = —p, [sin 3= cos Z—’;]T , with p, € R* the
radius of the ball. For this system, the center of rotation of the
hand corresponds to its geometric center. By considering (24),
the signed curvatures of the beam and the ball are x;, = 0
and k, = —1/p,, respectively. The relative curvature is thus
given by s, = 1/p,. The ball’s angular velocity is instead

given by (25b) as 0, = 0, + S—h. To compute the mass matrix

of the system, the vectors 7(23 and n(q) in (26) are v(q) =
[—(po + dn)co, + snsg, —(po+ dn)se, — Shcah]T ,
n(q) = — [co, Sgh’]T. The resulting elements of the mass
matrix are: by = ¢p1 + Cszh, bia = I + modp, + Mopo,
bogy = 2 +mo, where ¢p; = I, +1, +modh+2modhpo+mopo
and Cbg = m,. The potential energy (27) for this system
becomes V(q) = mog[(dp, + po) cos(0r) — sp, sin(6)].

In the literature, it is usual to neglect the square of s; in
b11(sp). This assumption holds for slow angular rates of the
beam, balls with a small mass, and short beams [26], [20], but
it is not included in this paper .

and

B. Control Design for the Ball-and-Beam

The sought goal is to stabilize the equilibrium ¢* = (0, s7,),
where s7 is the desired location of the ball on the beam.
Following the procedure outlined in Section V, the quantities
M (q) and V(q) are retrieved from the previous subsection.
The amount A can be thus computed. For this case study, the
functions «(g,c1) and (g, c1) are designed as a(fy, k) =
ksin(0)/0y, = ksinc(0y) and 5(0y) = —sinc(fy), where
k € R is a gain. Notice that the sinc(-) function is analytic ev-
erywhere. Assuming the domain of interest as —m < 6, < 1,
then 0 < sinc(f},) < 1. Replacing the chosen functions in (15),
the potential energy matching equation becomes

—meg sin(fy) + ksinc(0,) Vo, Va(q) —sinc(0r) Vs, Va(q) =
(28)

Taking into account the results provided in the Appendix A,
a solution of (28) is given by

megl

2 On + ks
Vd(q762) = 2% L + f (hkh7c2> )

(29)

't is worth noticing that the model here derived is slightly different from
other models addressed in the literature. For example, the model in [3], [14]
does not take into account the distance between CoM of the beam and the
surface where the ball rolls, as instead addressed by dj, in this case study.

where f(-) is a generic function of its arguments. To satisfy
C.2, the function f(-) is chosen such that the desired potential
function (29) results as follows

mog6s

k
ok — COS <kf[0h + k(sh - S;)]) ) (30)

with k¢ € R a gain. To verify that ¢* is a minimum for (30),
the corresponding Jacobian is firstly computed as

00 + (s — 57) )
ks sin (%f[ah + k(sn — 82)])

where it is possible to verify that VV;(q) is zero at g*. Then,
the corresponding Hessian is given by

2 2
k
Ted L cos¢g L cos gb]

k2
- cos ¢ k% cos ¢

Vd(qa kf) =

mog kiogin (k2
2 9h+ksm<k

VVa(q) = ;3D

VVa(q) = (32)

with ¢ = %f(ﬁh + k(sp — sj)). It is possible to verify
that V2V,(q) is positive definite at the desired equilibrium
g if & > 0 and ky # 0. Through these conditions, the
desired potential function V;(q) has a minimum at the desired
equilibrium gq*.

Afterwards, inequality (19) must be solved. With the choices
selected above, such an inequality becomes

kbia — baa <0, (33)

which has the straightforward solution k£ < Ziz Since it is
easy to verify that b” > 0, such a solution is not in contrast
with the condition k > 0 necessary to make V2V,(q) positive
definite. Therefore the gain £ has to be chosen as 0 < k < %

Finally, the entries a12(q) and ag2(q) of M 4(q) are com-
puted as in (17)

_sinc(6y)(kbii(sp) — bia2)
ai2(q) = — A ’

sinc(6y,)(kbis — b
az(q) = — ( h)(Am 22)»

(34)

while a11(q) is taken as in (18). Therefore, the desired mass
matrix is positive definite and it can be written as follows

kaEQ o —
M(q) = | Bhi—b2) sine(6)b , (3%
—sinc(0y)b  —sinc(0y)(kbio — bao)

with b = kby;(s5) —bio. The Kinetic energy matching equation
(5) is satisfied using (23), while the IDA-PBC control law is
computed from (9).

C. Simulations of the Controlled Ball-and-Beam

Numerical tests are proposed to assess the performance of
the controller for the ball-and-beam case study. The values
of the parameters of the dynamic model are m, = 0.05 kg,
Po =01 m, I, = mopg, dy, = 0.01 m, I, = 0.02 m2kg,
and g = 9.81 m/s?. The controller gains are instead chosen as
k=4, k, =10, k, = 10, and ky = 1. The sought goal is to
stabilize the ball at the position s} = 0 m on the beam, that is

= (0, 0). Simulations are performed in the Matlab/Simulink
environment.
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Fig. 4. Simulation test for the ball-and-beam system controlled by the
proposed IDA-PBC controller.

1) Test 1: In this first test, the chosen initial conditions
are 6, (0) = 0.2 rad, 6;,(0) = 0.01 radss, s,(0) = 0 m, and
$1(0) = 0 m/s.

Figure 4 shows the results obtained in this first simulation.
In particular, the figure depicts the time histories of 6y (t),
0(t), sn(t), and 35 (t). The plots show that the controller can
drive the states to the desired configuration while demanding
a sufficiently smooth control torque.

2) Test 2: In this further test, several simulations are
carried out starting the ball-and-beam system from dif-
ferent initial configurations. The performance of the pro-
posed controller is evaluated through the phase por-
trait shown in Fig. 5. In particular, the different ini-
tial conditions (6,(0),85,(0), s,(0),3,(0)) are assigned as
follows: (0.1,0,0.1,0) in black, (—0.1,0,0.1,0) in blue,
(0.1,0,—0.1,0) in red, and (—0.1,0,—0.1,0) in green. All
the trajectories arrive the origin of the phase plane, meaning
that the sought goal is reached.

Besides, as an example, Fig. 6 depicts the surface of the
desired potential function V. This exhibits a minimum at
the desired equilibrium point g*, as expected. Moreover, the
red line of Fig. 6 represents the trajectory of 65, (t) and sp(t)
upon the surface of V; when the controlled system starts at
the initial condition given by (—0.1,0,—0.1,0). The trajectory
approaches the minimum of the potential energy as desired.

VIII. CASE STUDY 2: THE ECCENTRIC DISK-ON-DISK

The eccentric disk-on-disk system is composed of a disk
freely rolling in full gravity upon a one degree of freedom
actuated disk. The difference from the standard disk-on-disk
system is given by the fact that the center of actuation does
not coincide with the center of mass. Besides, the design
of a stabilizing controller for the eccentric disk-on-disk is
complicated by the presence of two unstable equilibrium
configurations and gyroscopic forces. In the following, the
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Fig. 5. Evolution of the controlled ball-and-beam system in the phase
plane for different initial conditions (65(0), 604(0), sp(0), $,(0)):
(0.1,0,0.1,0) black line, (—0.1,0,0.1,0) blue line, (0.1,0,—0.1,0) red
line, (—0.1,0, —0.1,0) green line.
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eccentric disk-on-disk dynamic model is retrieved from Sec-
tion VI. Afterwards, the procedure proposed for IDA-PBC
design is applied. Experiments are finally carried out.

A. Dynamic Model of the Eccentric Disk-on-Disk

The eccentric disk-on-disk system is represented in Fig. 7.
In this system, the shape of the hand (i.e., the bottom
actuated disk) is parametrized through the chart c}(s;) =
pp, [—sin b cos %] g , with p;, € R the radius of the hand.
The shape of the object (i.e., the top disk) is parametrized by

. T,
the chart ¢)(sp) = —p, [sin 2 cos 2" | with p, € RT



Fig. 7. A representation of the eccentric disk-on-disk system is shown in this
figure. The center of rotation of the hand (indicated by the X symbol) does
not correspond to its center of mass. The world fixed frame X, is shown in
red. The hand frame X, is represented in green, while the object frame 3, is
represented in blue. X, and 3, are placed at the respective centers of mass.

the radius of the top disk. The position of the CoM of
the hand in ¥, is given by p,(0,) = A[-sq, ceh]T,
with A € R~ the distance between the center of actuation
and the CoM of the hand multiplied by a minus sign, and
|A|< pr. By considering (24), the relative curvature is given

by Kr = %. The upper disk angular velocity is given

by 90 = éh + Ky$p. To compute the mass matrix of the

system, the vectors ~y(q) and n(q) are v(q) = —(pn +
T

Po) [cos (Hh + Z—Z) sin (Hh + Z—Z)} - X co, SG,JT, and
n(q) = —pokr [cos (9h + ;—’h) sin <9h + ;’h)lT There-
fore, the mass matrix has the following elements: b1 = cp1 +
Cp2 cos(Z—Z), bi2 = cp3 + Cpa cos(Z—:), bao = I,k2 + mep2K2,
where cyy = I + I, + N2(mp + mo) + mo(pn + po)?,
b2 = 2Amo(pr + Po)s Cbs = Lok + mo 2222’ and ¢y =
meApokr. The potential energy (27) for the eccentric disk-
on-disk is given by V(q) = g(mo(pn + po) cos <9h + %) +
(mo + mp)Acos(6p,)).

B. Control Design for the Eccentric Disk-on-Disk

The sought goal is to balance the upper disk at the upright
position of the hand. In this configuration, the bottom disk can
present its CoM both above and below its center of actuation.
With a proper change of coordinates, it is possible to express
the desired equilibrium point as g* = (0, 0) in both cases.

Following Section V, the quantities M (q) and V(q) are
retrieved from the previous subsection. The amount A can
be thus computed. The functions «(qg,c;) and B(q,c1) are

designed as (0}, s,) = sinc (Hh + ;—f and B(0y, sp, k) =
ksinc <9h+ %), where £k € R is a gain. Assuming the
domain of interest as —m < (Oh + /ST:) < 7, then 0 <

sinc (9;,, + Z—f) < 1. Replacing the chosen functions in (15)
yields

—cp sin <9h + Sh> + sinc (Oh + Sh) Vo, Va(q)
Ph Ph (36)

4+ ksinc <¢9h + ?) Vs, Va(q) =0,
h

where ¢, = m,g2: L2 s a positive parameter. Taking into
Ph

account the results provided in the Appendix A, a solution
of (36) is given by

cvﬂi(ph — k) + 2¢,0nsn

Va(q, c2) = 20n

+ f(Sh — kb, Cg)7

(37
where f(-) is a generic function of its arguments. To satisfy
C.2, f(-) is chosen such as the equation (37) becomes

b2 (pr, — k) + 2¢,0n5n
2pn

Va(g, k) = +ky(sn—kOn)?, (38)

where ky € R is a gain. To verify that g* is a minimum
for (38), the corresponding Jacobian is firstly computed as

¢y (—kOp+0 s
W + 2Kk (kO), — s1)
Culn — 2kk 0y, + 2k ysn

h

VVa(q) = [ ] (39

where it is possible to verify that VVy(q) is zero at g*. Then,
the corresponding Hessian is given by

Cy + 2k7ky — &k

h

—2kks + ;*Z

—2kky + ;*Z

2 _

(40)

It is possible to verify that V2V, (q) is positive definite at
the desired equilibrium g* if k > —pj, and ky > m
Through these conditions, V;(g) has a minimum at the desired
equilibrium q*.

Afterwards, inequality (19) must be solved. With the choices
selected above, such an inequality becomes

bia(sp) + kbaa <0, 41)

_ bia(sn) Since
22

which has the straightforward solution £ <
it is possible to verify that p; > %, such a solution
is not in contrast with the condition k£ > —p; necessary to
make V2V, (q) positive definite. Therefore, the gain k& must
be chosen as —pp < k < —<5—cet,

Finally, the entries a12(q) and as2(q) of M 4(q) are com-
puted as in (17)

sinc (Gh + ,%) (b11(8n) + kb12(sn))
aia(q) = — A ’

sinc (Gh + %) (b12(3h) + kb22)
ax(q) = — A :

(42)

while a11(q) is taken as in (18). The desired mass matrix is
thus positive definite and it can be written as follows

Aall

B —hs(b11 + kbi2)
Malq) = [—hs(bu + kbi2)

43
—hg(b12 + kba2) |’ “43)
where hs(q) = sinc (Hh + 2k
equation (5) is satisfied using (23), while the IDA-PBC control
law is computed from (9).

2. The kinetic energy matching
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between two plexiglass. Rubber bands of
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Fig. 8. Experimental prototype of the eccentric disk-on-disk system.

C. Experiments on the Eccentric Disk-on-Disk

The performance of the proposed IDA-PBC controller is
evaluated on the experimental eccentric disk-on-disk set-up
shown in Fig. 8(a). The lower disk (i.e., the hand) is actuated
by a DC Minertia RO1SA motor, able to give a peak torque of
0.54 Nm and mounting an RSD-14B Harmonic Drive model
whose gear-head ratio is 50 : 1. With this configuration, it
is possible to reach a continuous torque of 5.5 Nm with a
maximum peak of 27 Nm, while the position accuracy is of
about 13 arcsec. The rotation axis of the motor is placed at a
distance |A\|= 0.04 m from the geometric center of the hand
as shown in Fig. 8(b). The lower disk is homogeneous, and
then the geometric center coincides with its CoM.

The control algorithm, coded in C++, runs on an external
PC with a Linux-based operating system. A full-custom 120 W
motor driver provides the motor commands. This device can
give an accurate measure of the current as feedback thanks
to an ad-hoc designed circuit, while the encoder signal is
instead elaborated by a dedicated high-frequency device able
to manage the considerable quantity of interrupts of the
encoder. The feedback control signals are elaborated by an
ARM CORTEX M3 microcontroller (32 bit, 75 MHz), on
whose firmware the low-level inner control loop for the current
runs at a frequency of 4 kHz. The microcontroller receives the
inputs from the external PC through a universal serial bus. The
low-level controller outputs the current reference for the motor
servo, which provides the torque to the hand. Therefore, the
torque u resulting from the IDA-PBC controller is transformed
into a current reference, u,, for the inner-control loop as

1 . . . ~ X .
U = F(u+ﬂd9h + fssign(0n)) +kp(0n — O0n) +ka(0n —0n),
(44)

where 6, and 6, are the desired hand position and velocity,
respectively, obtained by integrating the following expression
of the hand acceleration, resulting from the dynamics of the
eccentric disk-on-disk derived in the subsection VIII-A,

X b biah
- () ().

45
Do 45)

where h; = ¢110) + c128n + Vo, V, ha = c210p, + ca2ép +
V,,V, while the Coriolis terms are: ¢i; = —.)\mo(ph +
Po)Snsin(sn/pn)/pn, c12 = —Amo(Sn + Onpn)(pn +
Po)sin (sn/pn)/pis ca1 = Amo(pn + po)Onsin (sn/pn)/pn,
and cgo = 0. The gains and the parameters in (45) are
experimentally tuned as k, = 3, kg = 30, the motor
constant k,, = 0.054 Nm/A, the viscous friction coefficient
ta = 0.13672 Ns, and the torque required to overcome friction
from rest f; = 0.2118 Nm . The values of ;14 and f, are found
through some preliminary tests as in [11]. The microcontroller
executes the computation of u, at a frequency of 1 kHz.

A visual system provides the measurement of the an-
gular position of the object, v € R, that is the angle
that the center of the upper disk forms with respect to
Y, increasing counter-clockwise. This measure is elabo-
rated from the geometry of the system to retrieve the cur-
rent value of the arclength parameter of the hand: s, =

Ph (1/) — 6}, — arcsin (poiph sin (¢ — Hh))). The visual sys-
tem consists of an uEye UI-122-xLE camera providing
360x340 pixel images to the PC at 75 Hz, which is also the
high-level controller sample rate to compute u from the IDA-
PBC controller. With the aim to increase the efficiency of the
vision processing, the image elaboration algorithm focuses on
an 80x80 pixel region of interest.

The values of the parameters of the eccentric disk-on-disk
dynamic model are m, = 0.224 Kg, m;, = 0.33 Kg, p, =
0.075 m, pj, = 0.125 m, I, = mypZ, I, = mppi, A =-0.04 m,
and g = 9.81 m/s%.

In the following, two tests are carried out. The objective is to
stabilize the equilibrium ¢* = (0, 0). The controller gains are
experimentally tuned as k£ = —0.121, k, = 2.05, k, = 0.057,
and ky = 3550. The video of the performed experiments is
attached to the manuscript.

Notice that an open question is how generalizing the IDA-
PBC approach to set constraints in the contact forces. For
this reasons, the friction cones are not explicitly addressed
in the formulation. This means that for particular choices of
either control gains or initial condition of the system, the
upper disk may slip or even loose contact with the lower
disk. An analysis would be thus necessary to verify whether
the continuous rolling assumption is satisfied during the entire
experiments. Such analysis can be performed by empirically
measuring the frictional coefficient between the two disks,
and comparing it with the minimum frictional coefficient
necessary to ensure rolling computed from the normal and
frictional forces employing the measured experimental data.
The procedure is detailed in [1] for the disk-on-disk set-up,
and it is not reported here since it is out of the scope from
the purposes of this paper.

1) Test 1: In ghis first test, the chosen initial conditions are
01,(0) = 0 rad, 0,(0) = 0 rad/s, s,(0) = —0.01 m, $,(0) =
0 m/s. Through these choices, the upper disk starts with an
initial angle of about ¢(0) ~ —6 deg with respect to the
vertical axis of X,,.

Figure 9 shows the results obtained in this first experimental
test. In particular, the figure depicts the time histories of
Or(t), O (t), sp(t), $n(t), u(t), and ¥ (t). The plots show that
the controller can balance the object at the upright unstable




40 400
30 200
20
= g °
310 B4
= =200
0
10 -400
20 600
0 1 2 3 4 5 6 0 2 4 6

time[s] time[s]

(a) Time history of 6y, (). (b) Time history of 6y, (t).

=)

-0.02

m
[m/s]

004

-0.06

-0.08 0
0 2 4
time[s]

o

2 4
time[s]

(d) Time history of 6}, ().

N

(c) Time history of sp, ().

o
o

0 1 2 3 4 5 6 o 1 2 3 4 5 6
time[s] time([s]

(e) Time history of wu(t). (f) Time history of ().

Fig. 9. First experimental test for the eccentric disk-on-disk system controlled
by the proposed IDA-PBC controller.

position, see Fig. 9(f), while demanding a sufficiently smooth
control torque, see Fig. 9(e). However, from Fig. 9(a) and
Fig. 9(c), it is possible to notice that 6, and s; do not go
exactly to zero, respectively, while instead, the angle v does.
In particular, the steady-state value of ) is around 1.5 deg,
while sj, is around 0.0024 m. These small errors are mainly
due to calibration uncertainties of the vision system, plus
some uncertainties on the model parameters. These last are
rationally related to the experimental identification carried out
to estimate the parameters of the motor.

2) Test 2: In this second test, the chosen initial conditions
are 6,(0) = 0 rad, 9;,(0) = 0 rad/s, sp(0) = —0.0043 m,
$1,(0) = 0 m/s. Through these choices, the upper disk starts
with an initial angle of about 1/(0) ~ —2.5 deg with respect to
the vertical axis of 3,,. The goal is the same as in the first test.
Besides, the upper disk is voluntarily perturbed after around
10 s to test the robustness of the proposed control technique
against external disturbances.

Figure 10 shows the results obtained in this second experi-
mental test. As before, the figure depicts the time histories of
0n(t), O1(t), sn(t), $,(t), u(t), and ¥ (t). The plots show that
the controller can balance the object at the upright unstable
position, see Fig. 10(f), while demanding a sufficiently smooth
control torque, see Fig. 10(e), and rejecting an external dis-
turbance. The effects of the external perturbation are easily
appreciable from all the plots. As for the first test, from
Fig. 10(a) and Fig. 10(c), it is possible to notice that 6, and s,
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Fig. 10. Second experimental test for the eccentric disk-on-disk system
controlled by the proposed IDA-PBC controller.

do not go exactly to zero, respectively, while instead, the angle
1 does. In particular, the steady-state value of 6}, is around
—0.55 deg, while sy, is around 0.001 m. The same discussion
regarding the source of the small steady-state error expressed
in the Test I applies also for the Test 2.

IX. CONCLUSION

A novel method to reduce the complexity of the IDA-
PBC design is proposed in this paper. The achieved results
can be applied to any underactuated mechanical systems
expressed in the pH form, with both separable and non-
separable Hamiltonians, whose dynamic model has dimension
two. While the proposed approach aims at reducing the design
complexity, it preserves the effectiveness of the IDA-PBC
method. The proposed procedure employs a target potential
energy matching equation, depending on a parametrization
of the desired closed-loop mass matrix, to simultaneously
simplify the identification of the desired mass matrix and
select the desired energy function for the closed-loop system.
The control methodology has been applied to the class of the
nonprehensile planar rolling manipulation systems, overcom-
ing some limitations appearing from a literature review. Two
benchmark examples have been addressed: the ball-and-beam,
and the eccentric disk-on-disk case studies. Simulations and
experiments on the real physical set-up have been presented
to evaluate the performance of the controllers.



Hence, the proposed methodology proposes a systematic
procedure to design the control law for the broad class of
underactuated mechanical planar system through the IDA-PBC
framework, without explicitly solving the PDEs of the kinetic
matching equation and providing a closed-form solution for
the potential matching equation. The introduced design is
also a generalization of [20] since it addresses non-separable
Hamiltonian systems without the constraint that the hand
must rotate around its center of mass: this means that is
thus possible to solve a general nonprehensile planar rolling
manipulation problem through the proposed IDA-PBC frame-
work. The chosen benchmark examples highlight the benefit
of employing the described methodology. In particular, it is
possible to consider a more complicated, yet accurate, dynamic
model for the ball-and-beam example rather than, for instance,
in [3], [14]; while neither linearization nor simplification
of the dynamic model is needed for the eccentric disk-on-
disk example as in [24] and [25], respectively. Moreover, as
remarked in Section V, the main result of the paper can be
applied to any underactuated mechanical system with both
separable and non-separable Hamiltonian. Academic examples
that are not classifiable as nonprehensile manipulation case
studies are the Acrobot and Pendubot system, the inertia-wheel
pendulum, and the TORA system, with and without gravity.

Future extensions of this work aim at the development of
analytical solutions to remove any potential singularity, which
is inherited from the procedure proposed in [19]. Besides, the
generalization to systems with higher dimensions than n =
2 and m = 1 (i.e., 3D nonprehensile rolling manipulation
systems exhibiting nonholonomic constraints [27], [28], [29],
[30]) is indeed a current work.

APPENDIX I

In this appendix, given V(¢q1,¢2), «(q1,¢2,¢1), and
B(q1,q2,c1), the explicit solution of (15) is provided for
some particular cases. For the sake of clarity, given a generic
function f(a,b,c) of its arguments, the function f(d, e, h) is
computed by substituting a = d, b = e, and ¢ = h. Some
possible cases of interest are reported in the following, but
the analysis can be extended.

Case 1. Conmsider «(q1,q2,¢1) = ki1v(q1,92) and
Blq1, g2, €1) = k2y(q1, q2), with k1, kz € R and (g1, q2) €
R a common function. This case is the one employed in
Sections VII and VIII. The explicit solution is

k1

v ‘r k1 q27IﬁQQ] +koo
11 q2 (C ) )
k —k +k
q q o
k ,y (0'7 192 241 2 )

a

Va(g, c2) = —/1

+f(h@;fwgﬁ>

(40)

with f(-) € R any function of its arguments.
Case 2. Consider a(qa,c1), (g2, ¢1), and V(gz), that is
they depend on the variable g5 only. The explicit solution for

this example is

2 1  dV(o)

1 Blo,e1) do

2 (o, 1)
+ f <—Q1 + . 7ﬁ(a, cl)dg’ 02> .

Case 3. Consider a(q1,q2,c1) = 0. The explicit solution
for this example is

2V, Vig,o
Va(g, e2) = _/1 (;(cn :7) :

do

Vd(q,CQ) = - (47)

do + f(qi,¢2). (48)

Case 4. Consider 5(q1,q2,¢1) = 0. The explicit solution
for this example is

<I1VV
%@mﬂz—/ VaV19.92) 45 | fgares). @9)
1

a(o, q2)
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