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A robust IDA-PBC approach for handling uncertainties in
underactuated mechanical systems

Mutaz Ryalat, Member, IEEE Dina Shona Laila, Senior Member, IEEE,

Abstract—Interconnection and damping assignment passivity based
control (IDA-PBC) is a method that has been developed to (asymptot-
ically) stabilize nonlinear systems formulated in port-controlled Hamil-
tonian (PCH) structure. This method has gained increasing popularity
and has been successfully applied to a wide range of dynamical systems.
However, little is known about the robustness of this method in response
to the effects of uncertainty which could result from disturbances, noises,
and modeling errors. This paper explores the possibility of extending
some energy shaping methods, taking into account the robustness aspects,
with the aim of maintaining (asymptotic) stability of the system in the
presence of perturbations which inevitably exist in any realistic appli-
cations. We propose constructive results on robust IDA-PBC controllers
for underactuated mechanical systems that are quite commonly found
in practice and have the most challenging control problems within
this context. The proposed results extend some existing methods and
provide a new framework that allows the implementation of integral and
input-to-state stability controllers to underactuated mechanical systems.
The results are validated on two physical systems: an inertia wheel
pendulum and a rotary inverted pendulum that represent separable and
nonseparable PCH systems, respectively.

Index Terms—Hamiltonian systems, nonlinear systems, passivity-based
control, robust control, input-to-state stability, underactuated systems.

1. INTRODUCTION

Control design methods for systems described by port-controlled
Hamiltonian (PCH) model have been developed in several works
(see [1] and references therein). Adopting the PCH structure that
geometrically describes a large class of nonlinear models gives a
number of advantages such as the obvious relation between the
dynamics and the energy of the system, the energy conservative
property that makes the model marginally stable to start with, and
the coupling between the non-damping and the damping elements.
However, this modeling approach results in exclusion of important
ingredients of the system’s dynamics such as the frictions. Hence,
relying only on the pure PCH model, often results in a controller
that works very well in simulation, but needs further adjustment in
implementation [1], [2].

Besides the issue of modeling, complexity of systems, nonlinear-
ities, and demand for control accuracy have made control design
problems more challenging [3]. System’s perturbations such as mea-
surement noise, disturbances and model uncertainties are common
problems that affect the performance of the control systems in real
applications. This motivates the establishment of the robust control
paradigm, with the adaptive and integral control among the main
approaches. Broadly speaking, the integral action control is the most
popular approach to deal with such effects, that so far has kept the
dominance of PID controller in practice.

The interconnection and damping assignment passivity-based con-
trol (IDA-PBC) [4] is a physically inspired control design method that
invokes the principles of energy shaping and dissipation, formulated
for systems described by PCH models. The main objective of
this method is to stabilize the dynamical system by rendering its
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closed-loop passive (by shaping its energy) with a desired storage
function (which is a proper Lyapunov function) [5]. Furthermore, the
system can be asymptotically stabilized if it can be rendered strictly
(output) passive by means of damping injection [6]. While IDA-PBC
controller is theoretically proven to asymptotically stabilize classes
of PCH systems; in real applications, the effect of disturbances,
uncertainties or reference signal may deteriorate the performance of
the control system [7], and the closed-loop system is more likely to
suffer from steady-state errors or even instability. Apparently, when
it comes to parametric uncertainties, the real-time implementation of
control system requires a real-time and reasonably accurate estimate
of these uncertainties. Thus, the main objective of this paper is
to investigate the robust stabilization of perturbed PCH systems to
encounter the effects of system’s uncertainties.

A solution to deal with robustness issue of PCH systems has
been recently reported in [7], while the problem of robustification of
IDA-PBC for fully-actuated mechanical systems has been recently
addressed in [8]. However, it is well recognized that underactuated
mechanical systems represent the most challenging class of PCH
systems. This is due to restrictions on control authority on all degrees
of freedom, and restrictions on the extensions on the PCH structure.
This implies that any extensions in the system coordinates, such as
adding integral action, must preserve the PCH structure matrix as well
as, preserve the passivity and (asymptotic) stability of the closed-loop
system. In our earlier work [9], we proposed a novel framework to
incorporate integral control for underactuated mechanical system. The
design, though dedicated for separable class of mechanical systems
where the mass matrix is constant, was the first toward solving the
problem of robustification of IDA-PBC for this class of systems.

This paper provides some extensions to results presented in [9]
and proposed some novel results in robust IDA-PBC that extend [10].
First, we propose an integral control for non-separable underactuated
systems, which are the most complicated class due to non-constant
mass matrix, while actually represent the largest set of underactuated
systems [11]. Then, we address the problem of matched and un-
matched disturbances for both separable and nonseparable systems.

The rest of the paper is organized as follows. In Section II, a brief
review on IDA-PBC design is presented. Section III introduces the
problem under consideration. The first main result, namely the inte-
gral control of underactuated mechanical systems is discussed in Sec-
tion IV. The robustness of underactuated mechanical systems under
the presence of matched and unmatched time-varying disturbances is
discussed in Section V Finally, the results are validated using two
interesting application examples; an inertia wheel pendulum which
is a separable underactuated mechanical systems in Section VI, and
the rotary inverted pendulum, which is a nonseparable underactuated
mechanical systems in Section VII. The paper is then concluded in
Section VIII where final comments and directions for future research
are provided.

II. PRELIMINARIES

The set of real and natural numbers (including 0) are denoted
respectively by R and N. Given an arbitrary matrix G, we denote
the transpose of G' by G'. G denotes the full rank left annihilator
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of G, ie. G*G = 0. We denote an n X n identity matrix with
I,,. For a vector x € R™ and a matrix A € R™*", we denote the
Euclidean norm as || and |A|, respectively, where |z|* = z'x.
Furthermore, the weighted norm is denoted as ||z|[4 := = Az. A
vector e; is a unit vector with unity ith element, or a basis vector
for the Euclidean space. For any continuous function H (i, j), the
gradient is V;H (i,j) := 0H(i,7)/0i. We use Young’s inequality
nlyllz] < %|y|2 + §|z|2 with positive constants ¢ and 1. We use
a standard stability and passivity definitions for nonlinear systems
[3]. Due to space limit, the arguments of functions are often dropped
whenever they are clear from the context.

A. Port-Controlled Hamiltonian Systems

Consider a standard mechanical system whose dynamics are rep-
resented in a Port-Controlled Hamiltonian (PCH) form:

mzmnﬂgﬁbkmw M
y=G'(9)V,H

where ¢ € R™, p € R" are the states, u and y € R"™, m < n, are
the input and output variables, respectively. If m = n the system is
called fully-actuated, whereas if m < n it is called underactuated.
The Hamiltonian function, which is the total energy of the system,
is defined as the sum of the kinetic energy and the potential energy

H(gp) = K(@.p)+ V(@) = 30" M @p+ V@), @

where M(gq) > 0 is the symmetric inertia matrix and V' (g) is the
potential energy function. The PCH system is called separable if M
is constant, or otherwise it is called non-separable.

B. Review on IDA-PBC Design

We briefly review the general procedure of the IDA-PBC design
as has been proposed for instance in [1], [4], [12]. Given a PCH
system (1), IDA-PBC design procedure consists of two parts, which
correspond to its design steps; the energy shaping and the damping
injection
Energy shaping
The main objective of IDA-PBC is to stabilize the PCH system by
state-feedback controller. This is achieved by replacing the intercon-
nection matrix and the energy function (Hamiltonian) of the system
with a desired ones while preserving the PCH form of the total system
in closed-loop. This can be mathematically expressed as

Bl ot = -

MMy [V Hy
J2(qp) | [VpHa|"

The desired total energy in closed-loop is assigned to be

0 3)
—MyMt

1+
Ha(g,p) = Ka(a,p) + Vala) = 5p" My (9p + Valg), &)

with My = M, > 0 the desired inertia matrix and V;(q) the desired
potential energy, such that H, has an isolated minimum at the desired
equilibrium point g, i.e.

ge = arg minHg(q) = arg minV(q). ®)

The following conditions are required so that (5) holds:

Condition 2.1: Necessary extremum assignment: V,Vy(ge) = 0.

Condition 2.2: Sufficient minimum assignment: V2V;(ge) > 0,
i.e. the Hessian of the function at the equilibrium point is positive.

Equation (3) constitutes the matching conditions of the IDA-PBC
method [4], which is a set of PDEs in the form of

GH{VyH — MyM 'V Hy+ JoMj 'p} =0, (©6)

with J, = —J3 a free parameter. PDEs (6) can be separated into
two elements; kinetic energy PDEs (dependent on p) and potential
energy PDEs (independent of p), respectively:

GH{Vo(p" M~ 'p) = MaM™'V4(p" My 'p) +2J2M7 'p} =0
GH{V,V — MgM ™'V, Vi} = 0. @)

If these sets of PDEs (7) are solved, or in other words My, Vg and
Jo are obtained, then u.s is given by

Ues = G* (Vo H — MgM ™'V g Hy + Jo M7 'p) ®)

with
Gt=@'e)y el ©)

Note that this G* is not a pseudo-inverse of G.

Damping injection

The next task after finding u.s is to find the damping injection
(dissipation) controller, which is

wg; = —K,G 'V, Hy, (10)

with K, = K, > 0 is the damping gain, to add the damping
to the closed-loop system that ensures asymptotic stabilization to
the desired equilibrium. ug4; is applied via a negative feedback of
the passive output to achieve asymptotic stability, provided that the
system is zero-state detectable. The system (1) is called zero-state
observable if u(t) = y(t) =0, Vt >0 = (q(t),p(t)) = (ge,0).
It is zero-state detectable if u(t) = y(t) = 0, Vi > 0 —
limy o0 (¢(t), p(t)) = (ge,0). Thus, the total IDA-PBC controller
is

(11)

Given a PCH system (1), by applying the controller (11) we obtain
the following preserved PCH dynamics

il = e SR S

Jo — Rgq| |VpHg
ya =G (q)V,Ha,

Uida = Ues + Udi-

12)

where Rq = GK,G ' > 0 is the damping matrix.

[II. PROBLEM FORMULATION

While the controller (11) guarantees (asymptotic) stability of the
equilibrium (ge,0), it might not satisfy some performance criteria.
This work addresses the problem of finding a dynamic controller
v, that enters the system at the same port as the controller (11),
to eliminate steady-state errors and/or reject disturbances. Hence,
the total closed-loop control law is u = uiq4q + v. For the PCH
formulation, the inclusion of the integral control (IC) depends on how
the inputs act on the states [7]. We call the states that receive direct
action from the input as passive outputs, or non-passive otherwise.

The idea of applying IC on the passive outputs of PCH systems
has been proposed in [1]. The application of IC for fully-actuated
systems has been shown in [8]. In [9], the authors were the first to
propose a framework toward introducing the IC for underactuated
mechanical systems, which is the most challenging class of systems.
A novel method that allows the implementation of integral control
to (separable) underactuated mechanical systems within PCH frame-
work using IDA-PBC has been presented in that earlier work. In order
to develop the result, the following assumption is used.

Assumption 3.1: We assume a stabilizing IDA-PBC controller (11)
has been obtained for the underactuated PCH system (1), i.e. the
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system (1) is (asymptotically) stable with the state feedback controller
(11), and the desired (closed-loop) energy function is given by (4).
The asymptotic stability proof is established by calculating the time
derivative of (4) along trajectories of (12), which satisfies

Hd < _Amin{Kv}‘GTMd_lxp‘Q <0. (13)

Thus, asymptotic stability is concluded using the arguments used in
the proof of [13, Proposition 1] and [14, Proposition 1] by apply-
ing the detectability condition and invoking Barbashin-Krasovskii’s
theorem [6]. This also implies that the partial differential equations
(PDEs), also called the matching equations, have already been solved
and we are interested in incorporating the dynamic controller v as an
extra term to the IDA-PBC controller, to eliminate steady-state errors
and/or reject external disturbances. Therefore, extending the system
(12), we introduce the dynamics

. —1

=Lt R 2]+ o0

D — MM Jo—Rg| |VpHga da G
where d; € R", do € R", are the unmatched and matched
time-varying bounded disturbance, respectively. First, we present
the design of an integral control law v without disturbances i.e.
di = do = 0, then we extend the results to deal with disturbances
adopting the ISS formalism.

In this paper we present our results for general underactuated
mechanical systems, extending the results in [9] which dealt with
the separable mechanical systems. As we explained in Subsection
II-A, for non-separable systems both the original inertia matrix M
and the desired inertia matrix M, are non-constant, but functions of
q instead. Thus, their derivatives are non zero and need to be taken
into account in the construction of the control law. As expected,
more complicated control laws are obtained as a consequence. In the
next sections, we first introduce the integral control for underactuated
mechanical systems, and then we consider the effect of disturbances
on both separable and non-separable systems.

IV. INTEGRAL CONTROL FOR UNDERACTUATED MECHANICAL
SYSTEMS USING IDA-PBC

This section presents the construction of a stabilizing integral
(dynamic) control law for both separable and non-separable under-
actuated mechanical systems.

A. Integral control

Proposition 4.1: Consider the PCH dynamics (14), with dy = d2 =

0 and G constant, satisfying Assumption 3.1, in closed-loop with the
integral control

MM E _ _

v=aGH (dT Z eip Vo, My 'p+ (Jo — Ra)My 'K,

i=1
MaM™!
2

n

— Kioy — Zei(p—&-ICJ:U)TVIqiM;l(p—i—ICxU))
=1

iy =(M'K)"V, H (15)
~ -l _
Vo, H = Ve,V + 5 > eiry Vo, Mz,
i=1
with the desired Hamiltonian function
~ 1 _ 1 -
H = §$;Md 1(xq)xp + ngwv + V(zq), (16)
such that the total control input takes the form
U = Uida + U, (17)
with u;q, given in (11) and
K=GKGT, (18)

with the integral gain matrix K; = K, > 0. Then (q,p,z,) =
(ge, 0,0) is an asymptotically stable equilibrium of the closed-loop
system (14)-(17). Introducing the state transformation

Lg =G5

Tp = p+ Ko, (19)

with 4 € R", , € R", and z, € R", we can realize the augmented
closed-loop system preserving the PCH form:

&q 0 MMy —M'K|[V.,H
j;p = _MdM71 J2 - Rd 0 V.LPH (20)
in| |(MK)T 0 0 V.. H

|

Remark 4.1: As already mentioned in Section III, the energy
shaping procedure has been already done through the design of a
stabilizing controller using IDA-PBC. Thus, the Hamiltonian function
(16) is exactly the same as (4) but rewritten in the new coordinates
and the term %II 2, 1s added to accommodate the additional coordi-
nate x,. i.e no energy shaping for the kinetic and potential functions
at this stage but is assumed being shaped in advance through the
IDA-PBC procedures.

Remark 4.2: 1t is well-known that the control law w4, 1S equivalent
to the proportional and derivative (PD) controller. Thus, the total
control input (15) consists of the integral control v and w4, is truly
a nonlinear PID controller. We first introduced this concept in [9].
Proof of Proposition 4.1: The time derivative of the Hamiltonian
function (16) along the trajectories of (20) is

H =V H iqg+ Ve H i+ Ve H i,
=V, H M 'MyVo,H— Vo, H MKV, H
~ Vo, H' MgM ™'V H+V, H oV, H
~Vau,H RiVu, H+ Vo H' (M'K) V., H

Rearranging and rewriting some terms with a transpose yields:

£ T -1 0 T -1 A\ T
H = =N, T MaM o 0 4 (Vo T MM, 1)
+ Vo, H J2Vy, H Vo, H RaV,, H
. _ . N\NT
+vzvHTICM”VZQH—(VIUHTICM”VIQH) @1
=V, H JoVe H -V, H RiV, H
= —xp M 'RaMj  wp < i {K, }|GT M x> < 0.
Note that because Jo = —J5 , the term VzpﬁTJQVIPFI is equal
to zero. It follows that the system (20) has a stable equilibrium at
(ge, 0,0). Furthermore, asymptotic stability is concluded using the
arguments used in the Remark (3.1). Thus, given M (z,) > 0 and
Mg(xq) > 0, Vi, H = 0 is only true if the system converges to its

equilibrium point g.. Notice that from (19), x, = ¢ = VIQFI =
Vqu. Thus,

V¢Hi =0 = x4 = ¢ge and x, = 0,

as H is the energy function of the pre-assumed asymptotically stable
dynamics (see Remark 4.1). This proves that the equilibrium (ge, 0, 0)
of the augmented system is asymptotically stable. Next, we verify the
coincidence of the position and momenta states of system (14) with
their corresponding states in (20).

(1) For the position states ¢, we have
q =g
M 'p=M"'"MyV,,H—- M 'KV, H
=M 'MyM; w, — M~ Ka,
=M '(p+Kz,) — M 'Kz,.
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(ii) For the momenta states p,
p=—MyM 'V, Hy+ (Jo — Rq)V,Hy + Gu
=1z, — K,
= —MyM 'V, H + (J2 = Ra)Vae, H — Ki.
Using the change of coordinates (19) and rearranging:
— MyM ™'V, Vg — %MdM_l ;eipTtiMd_lp
+ (J2 — Ra)M;'p+Gv=—-MsM "'V, V

1 e T 1
_§MdM ;ei(p—&—leu) Vag, Mg (p+ Kzy)

+ (J2 — Ra)M; 'p+ (Jo — Ra)M; 'Kz, —
Rearranging further, we obtain:

—1
Gv:%

Ky

n

> e Vo My 'p+ (J2 = Ra)My 'Kz
1=1

n

> eilp+Kay) Vo, My (p+ Kay)

i=1

MoM~1!
2

— Kiy.
Notice that MgM 'V, Vy = MgM ™'V, V as ¢ = x4 from (19)

and V,(q) = V(x,) from Remark 4.1. Finally, the integral control v
in (15) is obtained by pre-multiplying (22) with the term G* given

in (9), which completes the proof. |

(22)

V. ISS FOR UNDERACTUATED MECHANICAL SYSTEMS USING
IDA-PBC

In this section we present our results on input-to-state stability
(ISS) stabilization of underactuated mechanical systems with time-
varying disturbances employing IDA-PBC method to obtain the
stabilizing controller. The theory of input-to-state stability (ISS) intro-
duced in [15] is an extension of the Lyapunov stability theory to deal
with systems with inputs. ISS combines the Lyapunov stability notion
and the bounded-input-bounded-output (BIBO) stability notion [16],
and it is a central tool in nonlinear systems analysis that studies the
influence of inputs and disturbances on a system, and the robustness
of the system with respect to such influences. Consider a PCH system
(14), the objective is to provide a control design method to stabilize
the system, in a certain sense, subject to matched, do € R", and
unmatched, d; € R", time-varying bounded disturbances. The terms
matched and unmatched refer to whether the disturbances enter the
system through the same channel/ports as the control or not. We
first discuss the case of matched disturbances and prove the integral
input-to-state stability (iISS) variant of the stability property, and then
we provide a more general result on ISS to deal with both types of
disturbances. We use the definition of ISS and its variants as stated
in [16, Section 3.3], [17, Remark 2.4] and [18].

A. iISS for time-varying matched disturbance

Interestingly, the system (14) subjects to a matched disturbance d2
(d1 = 0) is naturally iISS using the integral control (17) proposed
in Proposition 4.1. Rewriting the PCH form (20) to include the
disturbance as:

g 0 M~'My —M7'K|V.,H] [0
dpl=| ~MaM™' =Ry 0 |V, HHd| . 23)
i | [(MTU)T 0 0 | V., H]| O
The iISS can be proven by taking
~ 1 _ 1 -
H= §x;—Md Yo, + 5;53% + V(z,) (24)

as a candidate iISS-Lyapunov function. The Lyapunov derivative
along the trajectories of (23) is computed as
H=Vao H &p+ Vo, H v+ Ve, H(zg) iq
= —(M"zp) " RaMy wp + (Mg ) " do
(Mg ) " Gllfe, + (M ) " da.

Using the Young’s inequality as defined in Section II, rewritten as

(25)

IA

2 . .
—Clyl* +nlyllzl < —5lyl* + Z]21%, it yields
- /\min{Kv} Tasr—1 2 1 2
HLS ————|G M + —|d
= 2 ‘ d Ll’p‘ 2)\mzn{Kv}| 2| (26)

< —a(|zp]) + o(ld2]),

with a, 0 € K. Without lose of generality, assuming K, a diagonal
matrix, then A\p,in{ K} is the smallest diagonal elements (individual
gains) in K. The inequality (26) proves that the system is smoothly
dissipative. Furthermore, the system is zero-state detectable from the
output G M a4 1;tp. This can be shown as follows, from (23), (25)
and

£ min K’u —
d=0, = H< —%{}\GTMd Y2,

which implies the detectability condition invoking the arguments in
Assumption 3.1. Thus, all conditions of the iISS property [18] are
satisfied, which proves that the closed-loop PCH system is iISS with
respect to the matched disturbances.

B. ISS for time-varying matched and unmatched disturbances

In this subsection, we show the more general case when both
matched and unmatched disturbances are present. The following
proposition provides a constructive ISS control design method, re-
quiring a change of coordinates on both the positions and momenta
states to establish the ISS property.

Proposition 5.1: Consider the system (14) with time-varying
bounded disturbances di(¢) and da(t), in closed-loop with the
dynamic controller

v =G (Malq)M @)V Ha — M (q)p = 2M (@)K,
= 2Ma(zq)M () Ve, H — (J2 = R))My (9)p

+ (J2 = Ra)My ' (xg)p + 2(J2 — R))My ' (zg)Kzy  (27)
— 2Ma(w) M (@), )
. - ~ 1
Ty = M 1(q)/CVz,1H+ §M I(Q)P:
with the desired Hamiltonian function
| _ 1 -
H= iw;Md Yag)zpy + ixjxv + V(zg), (28)
such that the total control input takes the form
U = Uida +V, (29)
with u;q, given in (11). Introducing the state transformation
1
Tq = q — Ty; Tp = ip + Kz (30)
where z, € R", z, € R", z, € R", and K as defined in (18),
the closed-loop dynamics in new variables x := [z4 Zp @] can be
written as
irq ~M7HgK  M7'(q)Ma(zg) —M(g)K
dp|=| =Ma(zq)M ™ (q) Jo — Raq —Ma(zg )M~ (q) | X
@] | (M7 gK)T M '(g)Ma(z,) —M '(g)K
Ve, H] [di
Vo, H |+ - @31
V., H]| [0
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Then the closed-loop system (14), (27)-(28) is ISS with respect to

the disturbances d; and ds and the function (28) is an ISS-Lyapunov

function for the system. |
Remark 5.1: The assumption stated in Remark 4.1 also applies to

the Hamiltonian function (28).

Proof of Proposition 5.1: First, we show the coincidence of the

position and momenta states of system (14) with their corresponding

states in (31).

For the position states ¢, from (30) we have

g =2q+ Ty
M 'p+di=-M'KVe H+M 'z, — M 'Kz, + da
+ M 'KV, H+ M "2, — M 'Kz,
=2M 'z, —2M 'K, + dy

(32)

2
= M71p+d1.

—oMm~t (lp—i— Iva) — 2M711va +d;

Thus, the left-hand side and right-hand side of (32) are equal. For
the momenta p,
p=—MyM 'V Hy+ (Jo — Rq)V,Hy + Gutds
=2z, —
—2MgM 'V, H+2(J> — Ra)Va, H
—2MyM 'V, H —2M 'KV, H
—2M ' MoV, H+2M 'KV, H+ds.

21,

Substituting (30) and rearranging:
— MyM 'V, Hy+ (J2 — R)M; (q)p + Gv =
—2(MT'K + MaM ™)V, H+2(J2 — Ra)M; ' Ka,
— 2MyM 'y —M " p +(J2 — Ry) M (z4)p
Gv=MqM ™ 'VoHy—2(M 'K+ MM~ ")V, H
— (Jo = Ra)M; " (q)p +(J2 — Ra) My *(zq)p
~M " 'p42(J2 — Ry)M; ' Kaxy— 2MaM 'z,

(33)

Finally, pre-multiplying both sides of (33) with G* we obtain
the control law (27). Moreover, consider (28) as a candidate ISS-
Lyapunov function, its time-derivative along the trajectories of (31)
along with (30) is given by
H =V H(xg) dg+ Vo, H iy + Vo, H iy
Vo, BT (= MKV H A+ M Ma¥a, H — MKV,
+dv) 4 Vo, (= MaM 7V, (2 = Ra) Vi, 1
- MdM’lvsz—k%)
+ Vo, H (M 'KV H+ M "MV, H— M 'KV, H).

Following the same procedures as in the proof of Proposition 4.1
by rewriting some terms with a transpose and canceling equal terms
with opposite signs and rearranging we obtain:

H=-V, H M 'KV, H+V,, A d -V, A RV, H
+ %vzp H'dy — V., H MKV, H
= Vo, H M 'KV, H+ Vo, H di — (M 2p) " RaMy 'z,
N H MKV, H + %(Md_lzrp)sz
< —|Va, HK | 3-1 = [|(My ) "Gli%c, — Ve, HK[|3-1
+ Vo, Hdy + %(M;lxp)ng.

Applying the Young’s inequality, rewritten as —C|y|* + n|y||z| <
2

—$lylP+ ;’—C\Z\Q and using the constant p such that pI,, < M~ *(q),

gives

- p | 2 Amin{ Ko} AT ,-1 2
< -5v, — -
H < 5|V, HK| +2p|d1\ 5 |G My @
1

8>\min{KU}
< —af|zg, Tp, 0]) + o(|d]),

(34)

- |da|* — p| V., HKI?

with d = [d; da2]". Now, from (34) and the fact that H is positive
definite, proper and has an isolated minimum (5) due to Remark 5.1,
all conditions of the ISS property from [16, Section 3.3] and [17,
Remark 2.4] are satisfied, which completes the proof. |

VI. EXAMPLE FOR SEPARABLE PCH SYSTEMS: THE INERTIA
WHEEL PENDULUM

The Quanser inertia wheel pendulum (IWP) module [19] is used to
illustrate our proposed results. The module consists of an unactuated
planar inverted pendulum with an actuated symmetric disk/wheel
attached to its end, which is free to rotate about an axis parallel
to the axis of rotation of the pendulum. The system has two degrees-
of-freedom; the angular position of the pendulum ¢; and the angular
position of the wheel g2. Only the wheel is actuated by a motor,
hence the system is underactuated. The dynamic equations of the
IWP system can be written in a PCH form (1) withn =2, m =1
and

k1
ko

] 6= = [i] Vi -

with the motor torque as the control input u, k1 = mplg1 + myl® +
I, + Ly, ko = I, and k3 = g(mple, + myl). The value of the
model parameters are: m, = 0.2164, m,, = 0.085, [ = 0.2346,
le, = 01173, I, = 2.233x 107, I, = 2.495x 107" and g = 9.81.

M= { ks (1 +cos(q1)). (35)

A. IDA-PBC Stabilizing Controller

To start with, an asymptotically stabilizing controller is constructed
using IDA-PBC design procedures proposed in [2]. The main ob-
jective is to first obtain a continuous control law to swing up the
pendulum by spinning the wheel and to stabilize it at its upward
position ¢ = (0, g2) for any g2 € [0, 27]. By fixing My to be a
constant matrix of the form

7’T’L2:|_A mi (%)m1+8
ms (%) my +¢€

where € > 0, A = kiko — k% and having G+ = [1 0], the desired
Hamiltonian (4) is obtained as

mi

Mo=A [m . (6)

ms3

1 _
Hy = 5PTMd 'p+Va(q)

1 ) 37
—k3y1 cos(q1) + QKP(Eleql +q2)°,

Va(q) =

with Y1 =
controller

and K, > 0 the gain of the energy shaping

1
ko(mo—m1)

Ues = Y2 sin(q1) + kpys(ekinqr + q2), (38)

with sz—k:«x’h(mzkz - mskz); 73:—Ek1’71(m2k2 - m3:’€2) -
(—mak2 + msk1). The damping injection controller is

(—map1 + mip2), 39)

A
Ag
with Ay = det(My) = A%(mims —m3) and K, > 0 the damping
injection controller gain.

ug; = —ky
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B. ISS Controller

Following the ISS controller design presented in Proposition 5.1,
the control input is obtained as

. . 1
U = Uidg + c1(sin(q1) — 2sin(q1 + xo, ) + Z(kﬂh — kip2)

2k, kimi A
— (c2 + c3)(ekivi(qr + 2x0, ) + g2) — Tmlmvg
d
2k, kik
— pTl(&‘k’l’}qql + QQ) — 2](12(777,2 — mg)xvl (40)

— 2(k:1m3 — kzmz):ﬁ’m

with ¢ = ’ylk‘gk}g(’IﬂQ — mg),C2 = E’Ylk1k2kp(m2 - m3)703 =
kp(kims — kama).

C. Simulations

The ISS IDA-PBC controllers designed for the IWP system are
implemented in MATLAB and Simulink environment to evaluate
the performance of the control system. In all simulations, the initial
condition [go, po] = [m,0,0,0] for the system is used.

1) ISS simulations: The ISS control law (40) has been imple-
mented on the IWP system for unmatched disturbances case (the
most complicated case) with the design parameters m; = 0.4,
m3 = 5, e = 1. The disturbance vector is selected as d = X tanh(p).
Here, we have selected two different sets of controller parameters
(kp = 1.1, ky = 5.6 x 107°, ki = 1.5, p1 = 0.09 x 10~'?) and
(kp = 0.4, ky = 5.6 x 107°, kio = 1.5, pa = 0.09 x 107!, in
response to two different disturbance gains (A = 60) and (A = 90),
respectively. The simulation results are shown in Figures 1 and 2.
We can see the convergence of all states to their desired values with
reasonable transients. These figures also show that for relatively high
disturbances (A = 90), we have to select a large value of p to
enlarge the domain of attraction and thus the system is ultimately
bounded. This follows the proof of Proposition 5.1. Notice that
we have decreased the proportional gain k, to make sure that the
maximum torque does not exceed the actuator limit.

1000 7

3
—Xx=60 \ —X=60

2 A=90 il A=90
= 1 A \
o i\
2 a
t o0
G’ 1

2

3

0.1

—X-60 —X-60

E A=90|| £ 04 A=90
o oos| a
° | °
g ) g
o~ o
e’ €
g 2
~_-005 T
o a

4 5 4 6
Time (sec) Time (sec)

Fig. 1. Response with unmatched disturbance.

— 2 =60]
A=90

Control effort
Integral state

— A =60]
20 A=90

Unmatched disturbance

Unmatched disturbance

4 6
Time (sec)

4 6
Time (sec)

Fig. 2. Control input, update law and disturbance input with unmatched
disturbance.

VII. EXAMPLE FOR NON-SEPARABLE PCH SYSTEMS: THE
ROTARY INVERTED PENDULUM

In this example we test the control design to a rotary pendulum
system [20], whose dynamics can be represented as a non-separable
PCH system with n =2, m =1 and

= v —o cos(q1)
M(Q) - |:7o' COS(ql) P+ sin2 (q1):| , and 41)
1,y 1 [p+ysin®(q1) ocos(qr)
M~ (q) = A [ o cos(q1) o ] , (42)

where A = det(M) = vp + v*sin*(q1) — o2 cos*(q1), with the
positive constants v = J, + 1mpLy, 0 = smpLyLy, p = Jp +
mpL? + tm.L?, and k = Lm,gL,. The potential energy of the
system is

V(gi) = k(1 + cos(q)) . (43)

A. IDA-PBC Stabilizing Controller

The control objective is to asymptotically stabilize the rotary
inverted pendulum at its unstable equilibrium point g. = (0, g2) for
any ¢z € [0, 27]. Following the control design procedure in [6], the
desired inertia matrix is assigned as

(cos(q1) +€) —o cos(q1)(cos(q1)+e)
Md(Q):A |:g cos(q1)(cos(q1)+e) T)”ZS (44)
Y

and the closed-loop potential function V,=V} is computed as

Va(q) =M ( — eXptanh ™! (/\2 cos(ql)) + In (COS(ql) + e))
kp

2
+ 2q27

where )\;, ¢ = 1,2 are constants. Therefore, the gradient of the
desired potential energy function V,, is computed as

(45)

v, V] [ 2usin@pe@®44?) A sin(ar)
{ a }: Y(pt7)—(02+~2) cosZ(q1)  (etcos(ar)) |, (46)
Vg, Va A1 sin(q1) Kpge

Thus, the IDA-PBC controller that asymptotically stabilizes the
pendulum at its upright equilibrium ¢. = (0, 0) is obtained as

_%(ql) (vms = (p+vsin®(q0)) (e-+cos(an)) )

€>\1A% sin(q1) )\1 sin(ql) 81 2
| B
* (1 —A2cos?(q1) e+cos(q) 2 PLt Sapipe

Bs 2)—(7m3 B o2 cOSQ(ql)(e + cos(Q1)) )kqu

Uida =

-‘r?pQ p”

—ja ’Yid ('ym3p1 +ocos(q1) (e+cos(q1))p2)

B kvA( cos(q1) + e)

vAq (o cos(q1)pr +p2), (47)
where
Ag = det(My)
AQ
= 52 (COS(Q1)+6) (m372—02 cos”(q1) ( cos(q1)+e)) ,

8 (min? — co® eos?(ar) — o cos* (@)
— 0° A% cos(q1) (€ + cos(q1)) (2 + 3 cos(ql))) ,
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B osin(q1) (e + cos(q1))
YA4(msy? — eo? cos?(q1) — 2 cos?(q1))

X (O'QA cos”(q1) (2e+3 cos(q1))+(2 cos®(q1)(v*40?)

B2 =

+ A) (mg,’y2 — €0 cos? () — o’ (:083((11))>7
sin(q1) cos(q1) (6 + Cos(ql))

Bs = —
3 Ag (mg’y2 — €02 cos?(q1) — o2 cos3(q1))

X (2(72 + %) (mgny —eo” cos®(qn) — o” cosg(ql))

+ 0‘2A(26 + 3cos(q1))).

B. Integral Controller
Now, we proceed to compute % > eix; Vg My 'z, of the integral

i=1
control term. We have My(q1) = Ma(xq, ) as ¢ = x4 from (19), thus,
from (44), we have

) Amg Ao cos(qi1)(cos(q1)+e)
- _ A A
Md (ql)_ Ao cos(ql)(zos(q1)+e) A(5+ng(q1))
Agy Ag
Hence, V,, M ' is computed as
_ B B
VoM = {B; Bj : (48)

As M, depends only on ¢; and independent from g2, we obtain

1 — T 1 18122 + Boxp, Tp, + LBsz?
E;eizp Vg My xp = [2 n 161 pe 2 P2

and quf[ in (15) is computed as

- 1< T —1
Vo, H = Vo, Vot 5 Z eixy Vg, My 'z,
i=1 (49)

Ve, H Vi,V

ZTgg Tgg

[qul I;:q _ [qu1‘~/+%81x§1+32%’p1 l’p2+%831’;2,2:|

where V| V and V, @ V are from (46) but rewritten in x coordi-
nates. Thus, @, in (15) is computed as

iy = (M'K) " Va, H

sin? o cos ry
kE, 0]fo o] |2 in (a1) A(fn) vqup!
0 ki |0 1 o cos(gy) 2 Ve, H

A Tqg

Loy 0
. = 0§ 0 COS . s 50
[wvz} {MT(IH)VMI H, + %Vmw Hx] (50)

Substituting (50) into (15), we obtain the integral controller as

=0 0l A

Amsg Ao cos(q1)(cos(q1)+e) 0 0
% Ag YAq Tor
Ao cos(q1)(cos(q1)+e) A(etcos(qr)) 0 1 Logy

YAy Ag
0 0] [0,
o ) Y[ L
j2Ao cos(q koA .
_ <2Td(l) + Td) (€ + c08(q1)) vy — Fuy,
where from (49) and (50)
. kio cos(q 1 1
By = # (531"”51 + Batp, zp, + 53330,%2)
N kio cos(q1) ( A1 sin(qi)e(o® + %) ) (52)
A v(p+7) = (62 +72) cos?(q1)
Mk;ocos(qi)sin(q1) — kiy .
Aletoos(q) T a Qusin(@)koge)-

Remark 7.1: Notice that in (52), ©,, contains both terms qul H,
and V, - H, which are the non-passive components of n = 2
coordinates g1 and g2. Thus, the produced single controller v (m = 1)
contains the integrals of both terms, namely, V., L Hy and Vg, ) H,.
This is an advantage of this method which could provide integral
action on both, (n), coordinates using a single, (), controller though
this is an underactuated system.

C. Simulations

The values of the parameters from the Quanser QUBE-servo rotary
inverted pendulum [20] are used, i.e. m, = 0.024, L, = 0.129,
Jp = 3.33 x 1075, m, = 0.095, L, = 0.085 and .J, = 5.72 x
1075, The effect of uncertainties is evaluated by adding a constant
unmatched disturbance d = 2 Nm to the unactuated coordinate (the
pendulum). First, the simulations are carried out without including the
dynamic integral control action, i.e. using u;q, only, where its gains
were selected as k, = 0.005, ky, = 2 x 107°, m3 = 65, ¢ = 1.1
with the initial conditions [go,po] = [5,1.2,—0.2 x 107%,—0.5 x
10™?]. Figure 3 shows the time history of the position states ¢; and

a, (rad)

a, (rad)

0 02 04 06 08 1 12 14 16 18 2
Time (sec)

Fig. 3. Top graph: Time history of the position state ¢g1. Bottom graph: Time
history of the position state g2. (With u;q, only).

q2. As expected, the performance of the controlled system is highly
deteriorated by the action of big disturbances.

The rotary inverted pendulum is then simulated, under the same
conditions and disturbances, by implementing the integral controller
(51), (52) along with the IDA-PBC controller (47). The value of the
integral gain is selected as k; = 1 x 107°. Figure 4 depicts the time
histories of the pendulum and arm angular positions. It is clear that
the states converge to their desired positions. Figure 5 (top) shows
the time histories of the dynamic extension state z, and Figure 5
(middle) and (bottom) show the integral control and total control,
respectively. It is evident that this controller reject the disturbances
achieving a good performance with acceptable effort.

VIII. CONCLUSION

In this paper, we have proposed a set of control design methods,
which are the various extension of the IDA-PBC method, to deal
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Fig. 4. Top graph: Time history of the position state g1. Bottom graph: Time
history of the position state g2. (With u;4, and integral controller).

5 %10

(Volt)

20 b
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Fig. 5. Top graph: Time history of the dynamic extension z,,. Middle graph:
Time history of the dynamic controller v. Bottom graph: Time history of the
total control u;q, + v.

with several robustness-related issues for underactuated mechanical
systems within PCH framework. In particular, IDA-PBC method
along with a dynamic state-feedback controller that involves integral
controller is used to improve the robustness of the closed-loop system.
We have successfully extended our results in [9] to deal with the non-
separable PCH systems, which are more realistic class of systems in
practice. Although as expected this has resulted in more complex
control law as the derivative of the inertia matrices M and My
are needed to be taken into account, our proposed method keeps
the procedure clean and systematic. The matched and unmatched
disturbance rejection problems are solved using the IC controller with
a particular change of coordinates that involves adding some damping
terms. These results ensure that the ISS property is satisfied.

The approaches have been validated using two interesting illustra-

tive examples, an inertia wheel pendulum and rotary inverted pen-
dulum which are separable and nonseparable underactuated systems.
The effectiveness of the proposed controllers has been shown through
numerical simulations. The simulation results demonstrate that the
system is robust with respect to different perturbations, preserving
the PCH structure, retaining the (asymptotic) stability with high
performance. While only two example are presented as illustration,
other systems belong to PCH class of systems (see for instance [11])
are possible to apply our results to. Future research direction include
a general adaptive control scheme that considers uncertainties in the
potential and kinetic energy function.
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